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during left anterior descending artery and right coronary 
artery (rCa) occlusion for almost the complete time 
course of the PCI procedure with respect to the control 
recording. regarding S-VrD indices, we observed sta-
tistically significant increases in the ratio of second to 
the first eigenvalue It21, the ratio of the third to the first 
eigenvalue It31 and the t-wave residuum ItWr during 
rCa occlusions. We also found a statistically significant 
increase in the It31 during left circumflex artery occlu-
sions. to evaluate the evolution of VrD indices during 
acute ischemia, we calculated the relative change param-
eter RI for each index I. Maximal relative changes (RI) 
during acute ischemia were found for the S-VrD indi-
ces It21, the first eigenvalue Iλ1 and the second eigenvalue 
Iλ2, with changes 64, 57 and 52 times their baseline range 
of variation during the control recording, respectively. 
also, we found that relative changes with respect to the 
baseline were higher in patients with t-wave alternans 
(tWa) than in those without tWa. In conclusion, results 
suggest that ItPE as well as It21, It31 and ItWr are very 
responsive to dispersion changes induced by ischemia, 
but with a behavior which very much depends on the 
occluded artery.
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Abbreviations
2D  two dimensional
3D  three dimensional
aMI  acute myocardial infarction
aPD  action potential duration
CaD  Coronary artery disease
CgM  Cardiogoniometry
ECg  Electrocardiogram
laD  left anterior descending artery

Abstract In this work, we studied the evolution of dif-
ferent electrocardiogram (ECg) indices of ventricular 
repolarization dispersion (VrD) during acute transmu-
ral myocardial ischemia in 95 patients undergoing per-
cutaneous coronary intervention (PCI). We studied both 
temporal indices of VrD (t-VrD), based on the time 
intervals of the ECg wave, and spatial indices of VrD 
(S-VrD), based on the eigenvalues of the spatial correla-
tion matrix of the ECg. the t-wave peak-to-end inter-
val ItPE index showed statistically significant differences 
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lCx  left circumflex artery
lM  left main artery
MaP  Monophasic action potential
MI  Myocardial infarction
PCa  Principal component analysis
PCI  Percutaneous coronary intervention
rCa  right coronary artery
SCD  Sudden cardiac death
SEM  Standard error mean
SPECt  Single-photon emission computed 

tomography
StaFF-III  Database of the ECg signals
StEMI  St-segment elevation myocardial infarction
SVD  Singular value decomposition
S-VrD  Spatial indices of ventricular repolarization 

dispersion
tP  total population
t-VrD  temporal indices of ventricular repolarization 

dispersion
tWa  t-wave alternans
VCg  Vectorcardiogram
VrD  Ventricular repolarization dispersion
σI  Standard deviation of I index at control 

recording
I  Index
Iλ1  First eigenvalue
Iλ2  Second eigenvalue
Iλ3  third eigenvalue
It21  ratio of the second to the first eigenvalues
It31  ratio of the third to the first eigenvalues
IMtW  Multilead t-wave width
ItE  total energy of the t-wave
ItPE  t-wave peak-to-end in the lead with maximal 

level of St-segment
ItW  t-wave width in the lead with maximal level 

of St-segment
ItWr  t-wave residuum
RI  relative variation of the index I
STJ+60  St level measured at J-point plus 60 ms
TEnD  t-wave end
TOn  t-wave onset
TPEaK  t-wave peak

1  Introduction

Myocardial ischemia occurs as a result of a decompensa-
tion of oxygen supply and demand, and it is frequently 
associated to coronary atherosclerosis. this phenomenon 
is accompanied by a succession of electrophysiologi-
cal modifications affecting the cardiac ventricular repo-
larization [15, 23]. During the first minutes of cardiac 
ischemia, the action potential duration (aPD) is reduced, 

and consequently, the ventricular repolarization ends early. 
almost with a similar timing, the conduction velocity is 
reduced, and therefore, the activation times are delayed. In 
this sense, the effect of ischemia on ventricular repolariza-
tion is a combination of aPD shortening on the one hand 
and the slowing of the conduction velocity [57]. In animal 
cardiac tissues, it has been shown that the endocardial aPD 
is slightly reduced or remains unchanged while epicardial 
aPD experiences a greater reduction [26]. the presence of 
the transient outward potassium current in epicardium but 
not endocardium has been suggested to contribute impor-
tantly to this selective electrical behavior [32].

the main knowledge about ventricular repolariza-
tion dispersion (VrD) during acute ischemia relies on 
data obtained from monophasic action potentials (MaPs) 
recorded simultaneously from several sites in animal mod-
els [16, 27, 60], from human epicardium in patients during 
cardiac surgery [58] and from endocardium in patients dur-
ing catheterization [24, 59, 61]. these studies have shown 
that important changes in aPD and activation times arise 
during acute myocardial ischemia, leading to increased 
VrD and to ventricular arrhythmias [22].

Other studies have shown a relationship between 
increased VrD and severe ventricular arrhythmia [28, 56]. 
Patients who have increase values of VrD present a higher 
risk of developing reentrant arrhythmias [51, 52, 63]. 
Moreover, it has been observed that ischemia creates inho-
mogeneities in the myocardium, not only between ischemic 
and healthy regions but also within ischemic regions [14, 
15]. therefore, acute myocardial ischemia is considered 
as an arrhythmic risk factor, since the probability to suffer 
ventricular arrhythmia and/or sudden cardiac death (SCD) 
is augmented in conditions of increased VrD.

In this work, we have studied VrD measured from the 
so-called temporal dispersion of repolarization (t-VrD), 
based on the measurements of t-wave intervals, and spatial 
dispersion of repolarization (S-VrD) indices, based on the 
principal component analysis (PCa) of the t-wave in the 
available independent leads, with the aim to evaluate which 
ones better reflect the increase in the VrD generated by 
ischemia, therefore constituting potential arrhythmia risk 
markers under ischemic conditions.

Several prior studies have reported that changes in t-wave 
width and t-wave peak-to-end can be considered as markers 
of heterogeneities of ventricular repolarization. Fuller et al. 
[17] found in isolated-perfuse canine hearts that induced 
VrD determined from electrograms was strongly corre-
lated with t-wave width at the electrocardiogram (ECg). By 
inducing VrD artificially in an in vitro rabbit heart model, 
we have previously concluded that ECg t-wave widening 
can result from a combination of apex-base and transmural 
aPD heterogeneities caused by differential shortening or 
lengthening of the aPD in some myocardial areas [3–5].
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Zareba et al. [72] studied t-wave peak-to-end interval 
as a measure of transmural dispersion. However, the trans-
lation of this concept to the standard surface ECg is not 
straightforward, as it is mainly associated with the ECg 
derived from the wedge preparation [2], making it difficult 
the interpretation of the relationship between t-wave peak-
to-end and transmural dispersion in a clinical population 
[55]. nevertheless, a number of investigations have found 
that t-wave peak-to-end interval was a marker of increased 
risk in conditions such as Brugada syndrome [31], long Qt 
syndrome [64], post-myocardial infarction [19], inducible 
ventricular tachycardia [65] or hypertrophic cardiomyopa-
thy [48], among others. recently, aPD restitution disper-
sion has been estimated from the t-wave peak-to-end inter-
val measured at the surface ECg using a two-dimensional 
(2D) model of cardiac tissue [37].

repolarization descriptors based on PCa have been used 
in previous studies to distinguish normal and abnormal ven-
tricular repolarization patterns [1, 71], as well as to calculate 
indices for detection and quantification of the pathological 
characteristics of VrD at higher heart rates [53]. Moreover, 
the ratio of the second to the first eigenvalue obtained from 
PCa has been found to be significantly higher in long Qt 
syndrome than in healthy subjects [43]. Other works have 
demonstrated that PCa descriptors derived from resting 
12-lead ECgs allow independent assessment of post-myo-
cardial infarction risk and an improved risk stratification 
when combined with other risk markers [70]. Besides, it has 
been shown that the t-wave residuum calculated in 12-lead 
resting supine ECgs recordings differed in clinically well-
defined groups such as healthy subjects, hypertrophic car-
diomyopathy patients, dilated cardiomyopathy patients and 
survivors of acute myocardial infarction (aMI) [33].

Other spatial VrD parameters have been used in the 
literature to quantify the increase in VrD induced by 
ischemia, based on the relationship between depolariza-
tion and repolarization [1, 12], the entropy of the ECg at 
various frequency bands [30], several parameters obtained 
from the spatio-temporal technique called cardiogoniome-
try (CgM) [21] or other features characterizing the t-wave 
loop morphology [46, 47].

In the present study, we focus on temporal features of the 
ECg waves and PCa-based indices. the aim of this work 
was to: (1) analyze how well temporal and spatial ECg indi-
ces reflect the known increase in VrD under acute ischemic 
conditions, to identify potential markers of arrhythmic risk; 
(2) analyze the intraindividual and interindividual variation 
in t- and S-VrD indices at control ECg recordings, thus 
providing a reliable reference for the evaluation of ischemia-
induced changes during percutaneous coronary intervention 
(PCI) procedure; (3) show differences between the evolu-
tion of the studied VrD indices during PCI in patients with 
and without t-wave alternans (tWa).

2  Methods

2.1  Data set

the study group consisted of 108 patients at the Charleston 
area Medical Center in West Virginia undergoing elective 
prolonged balloon occlusion during PCI, using nonperfu-
sion balloon catheters, in one of the major coronary arteries 
(StaFF-III study). this study was approved by the Investi-
gational review Board and conforms to the principles out-
lined in the Declaration of Helsinki. Informed consent was 
obtained from each subject.

thirteen patients were excluded from analysis because 
they suffered from ventricular tachycardia, had undergo 
an emergency procedure or presented signal loss dur-
ing acquisition. the remaining 95 patients (60 males 
and 35 females), with ages from 32 to 85 years (mean 
61 ± 11 years), were included in this study. the mean 
inflation duration was 269 s with a standard deviation (SD) 
of 75 s. the occlusion period was considerably longer than 
that of usual PCI procedure since the treatment protocol 
included a single prolonged occlusion rather than a series 
of brief occlusions.

the locations of the 95 balloon inflations were as 
follows: left main (lM) in two patients, left anterior 
descending artery (laD) in 29 patients, right coronary 
artery (rCa) in 45 patients and left circumflex artery 
(lCx) in 19 patients. also, the total population (tP) was 
divided according to whether they presented tWa epi-
sodes (n = 32) or not (n = 63) during the PCI procedure, 
according to the previous study [35], which used the 
same population. three ECg recordings were acquired 
for each patient at rest in supine position: two 5-min 
control ECg recorded before angioplasty within a time 
interval of maximum 1 h and the ECg recorded during 
the PCI procedure. therefore, the patients acted as their 
own controls. the characteristics of the study group are 
presented in table 1. the extent and severity of myocar-
dial ischemia were previously described by ringborn 
et al. [44].

Eight ECg leads (V1–V6, I, II) were recorded using 
equipment by Siemens-Elema aB (Solna, Sweden) and 
digitized at sampling rate of 1,000 Hz and amplitude reso-
lution of 0.6 μV. leads III, aVr, aVl and aVF were derived 
from leads I and II.

2.2  ECg preprocessing

the ECg signals were preprocessed as follows: (1) QrS 
complexes were detected and normal beats selected accord-
ing to the method in [38], (2) cubic spline interpolation was 
used for baseline wander rejection, and (3) t-waves were 
located and delineated using the wavelet-transform based 
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method in [34]. noisy beats were rejected when differences 
in mean isoelectric level with respect to adjacent beats 
were larger than 400 μV. also, the St level (StJ+60) was 
measured at J-point plus 60 ms in all leads of the analyzed 
recordings [45]. Figure 1 shows a block diagram illustrat-
ing the preprocessing, delineation and indices extraction of 
the ECg signals.

2.3  temporal indices of ventricular repolarization 
dispersion

as t-VrD indices, we measured the t-wave width and the 
t-wave peak-to-end interval, as we can see in Fig. 1.

Using a multilead criteria to determine wave boundaries, 
the t-wave width was calculated at each ith beat as

where TONi
 is the earliest reliable t-wave onset at any 

lead and TENDi
 is the latest reliable t-wave in the 12 leads, 

applying the rules presented at [29] and was denoted as 
multilead t-wave width (IMtW).

also, the t-wave peak-to-end interval (ItPE) and t-wave 
width (ItW), computed at each ith beat, were measured in 
the lth ECg lead with maximal StJ+60 at the end of the 
occlusion as

and

2.4  Spatial indices of ventricular repolarization dispersion

as S-VrD indices, we calculated t-wave morphology fea-
tures based on the PCa of the eight independent recorded 
ECg leads (see Fig. 1). From there, S-VrD indices such 
as the ratio of second to the first eigenvalue, It21 (a meas-
ure of the roundness of the ECg loop), the ratio third to 
the first eigenvalues, It31 (representing the planarity of the 
t-wave loop), the ratio of nondipolar components to the 
total energy, also called the t-wave residuum index (ItWr) 
and the three dipolar components were defined as each of 

(1)IMTWi
= TENDi

− TONi

(2)ITPEi
= TENDi,l

− TPEAKi,l

(3)ITWi
= TENDi,l

− TONi,l
.

the three eigenvalues expressed as percentage of the total 
energy (Iλ1, Iλ2 and Iλ3). an illustrative example of singular 
value decomposition (SVD) method is shown in Fig. 2.

It has been shown that beat averaging reduces the vari-
ance of t-wave morphology indices based on PCa analysis 
[10]. In this study, a running average of N = 9 beats cen-
tered at each ith beat was done before applying the PCa 
analysis. the beats were aligned before averaging using 
a cross-correlation technique with a template. Only beats 
whose QrS complex presented a maximal cross-correla-
tion exceeding 0.98 were averaged, tolerating a maximum 
of two rejected beats in the computation of each average. 
the initial template in each ECg lead was built by align-
ing the first ten QrS waveform having a cross-correlation 
>98 %. a new template was computed for each lead every 
30 s to follow the ECg changes.

For the computation of S-VrD indices in each ith 
averaged beat, a window Wi corresponding to the t-wave 
was defined. the beginning of the window was set at the 
median of the t-wave onsets computed in the set of M = 8 
independent ECg leads and the end at the median of the 
t-wave ends in the same leads. then, PCa was applied at 
each averaged beat within the defined window Wi in the 
set of the independent leads, from which M eigenvalues 
were obtained. We will denote them by λi,j ( j = 1, . . . , M

), where they are sorted so that λi,1 ≥ λi,2 ≥ λi,3 ≥ ... ≥ λi

,M ≥ 0. the first three eigenvalues quantify the energy of 
the so-called dipolar components, while the last five eigen-
values represent the nondipolar components of the t-wave 
(see Fig. 2).

then, for each ith beat, the following six indices were 
calculated:

•	 roundness of the ventricular repolarization loop calcu-
lated as the ratio of the second to the first eigenvalues 
multiplied by 100,

•	 nonplanarity of the ventricular repolarization loop cal-
culated as the ratio of the third to the first eigenvalues 
multiplied by 100, i.e.,

(4)IT21i
=

�i,2

�i,1

× 100.

Table 1  Classification of the study group according to the location of the inflation, age, sex, duration of balloon inflation and prevalence of 
t-wave alternans (tWa)

the age and duration were expressed as mean ± SD

lM laD lCx rCa total

# 2 (2.1 %) 29 (30.5 %) 19 (20 %) 45 (47.4%) 95 (100 %)

age (years) 63 ± 11 62 ± 12 63 ± 13 59 ± 10 61 ± 11

Male 1 (50 %) 16 (55.2 %) 11 (57.9 %) 32 (71.1 %) 60 (63.2 %)

Duration (s) 212 ± 45 241 ± 75 285 ± 39 283 ± 82 269 ± 75

tWa 0 (0 %) 15 (51.7 %) 5 (26.3 %) 12 (26.7 %) 32 (33.7 %)
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•	 relative t-wave residuum, quantifying the relative con-
tribution of nondipolar components with respect the 
total energy, calculated as

•	 the energy of the first three components expressed as % 
of the total energy was calculated with the indices

(5)IT31i
=

�i,3

�i,1

× 100

(6)ITWRi
=

∑8
j=4 �i,j

∑8
j=1 �i,j

× 100

(7)
I�1i

=
�i,1

∑8
j=1 �i,j

× 100

Finally, the total energy of the t-wave was computed as 
ITEi

=
∑8

j=1 �i,j.

2.5  t-wave alternans detection and estimation

tWa is considered as a marker of ventricular repolari-
zation abnormality and has been related to malignant 

(8)I�2i
=

�i,2
∑8

j=1 �i,j

× 100

(9)
I�3i

=
�i,3

∑8
j=1 �i,j

× 100

Fig. 1  general diagram of the proposed analysis technique
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tachyarrhythmias and SCD [20]. therefore, we investigated 
in this work whether there were differences in the evolu-
tion VrD indices in patients with and without tWa. For 
that purpose, we used the results of a previous study [35], 
where tWa was quantified using the laplacian likelihood 
ratio method, detecting episodes with amplitudes as low as 
5 μV (table 1). as the detected tWa episodes showed a 
wide range of amplitudes, the episodes were normalized so 
that the maximum amplitude is one [35].

2.6  Ischemic changes index

the ability of each index to assess ischemic changes dur-
ing the balloon inflation was quantified with an ischemic 
changes index RI, modified from [18], which evaluates the 
relative variation in a given I index with respect to the nor-
mal variability observed in a baseline state. this parameter 
is defined as the absolute magnitude of the change in the 
index I at a given time, t, during the PCI with respect to the 
beginning of the occlusion (denoted as ∆I) divided by the 
SD of I index at control recording, denoted by σI

2.7  Variability study

We assessed the intraindividual and interindividual vari-
ability of the fluctuations in the studied indices [45] by 
computing the SD σk

I(j) of each index I for every patient 
(j = 1, …, J) in each of the two control recordings k = 1, 2. 
the differences between the SDs in the two control record-
ings are denoted as dI(j) = σ I

1
(j) − σ I

2
(j), while their aver-

age is denoted as σ I (j) = 1
2
[σ I

1
(j) + σ I

2
(j)].

the interindividual variability is given by the SD of the 
σ I

(j) in the study population (j = 1, …, J) and is denoted by 
χ I�. the intraindividual variability is quantified as the SD 
of the differences between the two control recordings of the 
same patient and is denoted by χ I↔(j) = 1

2
|dI(j)|.

to assess the stability, we tested whether the differences 
dI(j) between both control recordings were statistically sig-
nificant, and we compared the intraindividual variabilities 
χ I↔(j) with the interindividual variability χ I�.

(10)RI(t) =
∆I(t)

σ I
.

Fig. 2  Data obtained from 
a representative patient of 
StaFF-III illustrating SVD. 
Left panel corresponding 
t-waves from the leads I, II, 
V1–V6. Right panel the eight 
reconstructed orthogonal leads 
(S1–S8). the S1–S3 signals 
correspond to the dipolar com-
ponents; the remaining S4–S8 
signals represent the nondipolar 
components
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2.8  Statistics

We applied the D’agostino–Pearson normality test to the 
different S- and t-VrD indices, concluding that some 
of them did not follow a gaussian distribution. Conse-
quently, all indices were transformed by means of a loga-
rithmic function, so that their values approximate better 
to a gaussian distribution, which was confirmed by the 
D’agostino–Pearson normality test. Variables were ana-
lyzed by one-way analysis of variance, and comparisons 
between control and other groups of data were performed 
using Bonferroni post hoc test. Signification of the intrain-
dividual differences in the control recordings and their 
comparison with the interindividual differences were 
assessed by means of Student’s t test. also, the Bonferroni 
test was used to evaluate significant differences in age and 
duration balloon inflation between artery groups. Differ-
ences were considered statistically significant when the p 
value was <0.05.

3  Results

table 1 shows characteristics of the study group. nonsignif-
icant differences were found in all groups for both age and 
duration of balloon inflation (Bonferroni test, nS). also, 
Martinez et al. reported that there were no significant dif-
ferences in the heart rate during PCI between artery groups, 
and tWa significant differences were found according to 
the occluded artery [35].

3.1  Values of S- and t-VrD indices

Figures 3 and 4 illustrate the evolution of S- and t-VrD, 
respectively, at different stages of the PCI procedure. 
results are shown for the laD, lCx and rCa occluded 
artery groups, as well as for the tP. Values are given as the 
median of a 8 s signal window, just before the beginning of 
the occlusion (S), after one (1), two (2), three (3) and four 
(4) min of occlusion, and 1 min after balloon deflation (D).

regarding S-VrD indices (Fig. 3), as the occlusion time 
increased, we observed a decrease in the relative value of 
the first principal component (Iλ1) accompanied by a signif-
icant increase in the second component (Iλ2) and a increase 
in the third component (Iλ3) in the whole study population, 
as well as in the lCx group.

In the rCa group, we also observed an increase in Iλ2 
index (only significant after 4 min of occlusion) and a sig-
nificant increase in Iλ3. Conversely, in the laD group, we 
only observed nonsignificant trends in the opposite direc-
tion, i.e., increasing Iλ1 and decreasing Iλ3.

these changes produce a progressive increase in param-
eters It21, It31 in the rCa group and in the tP, which can 

be understood as an increased roundness and a decreased 
planarity in the t-wave loop. Moreover, we observed (dur-
ing acute ischemia in lCx group) a statistically significant 
increase in the It31 index. again, the laD group does not 
show significant variations in these indices. When quan-
tifying the nondipolar components, the t-wave residuum 
index ItWr presented a significant increase in patients 
with rCa occlusion, but not in those with laD and lCx 
occlusion.

However, 1 min after the balloon release, the 
changes had disappeared and none of the indices 
Iλ1, Iλ2, Iλ3, It21, It31 and ItWr presented significant dif-
ferences with respect to the baseline situation before the 
PCI.

In the t-VrD analysis (Fig. 4), we observed a statisti-
cally significant increase in the t-wave peak-to-end interval 
ItPE during laD, rCa, as well as in the tP. In contrast, 
during lCx coronary artery occlusion ItPE did not exhibit 
significant changes with respect to the control situation. 
When the t-wave width was measured in the lead with 
maximal St deviation ItW, it was observed to decrease sig-
nificantly in all the artery groups (Fig. 4).

nevertheless, when measuring t-wave width using 
multilead criteria IMtW, the differences were not any-
more significant, suggesting that the single-lead reduc-
tion in the t-wave could be due to the difficulties in 
t-wave onset delineation during high St elevation. 
therefore, we discarded the index t-wave width for 
the rest of the study. also, note that after 1 min of bal-
loon release, none of the variables ItW, IMtW and ItPE 
presented significant differences with respect to the 
baseline.

Figure 5 shows an illustrative example of the evolution 
of the studied indices and some ECg leads in a particular 
patient undergoing an rCa occlusion.

We observe that the simultaneous increase in Iλ2 
(Fig. 5c) and Iλ3 (Fig. 5d) indices and the decrease in Iλ1 
index (Fig. 5b) leads to an increase in It21 (Fig. 5e) and 
It31 (Fig. 5f) as the time of acute ischemia increases. On 
the other hand, ItWr (Fig. 5g) and ItPE (Fig. 5h) indices 
present moderate changes during acute ischemia in this 
patient. the presence of a tWa episode can also be seen 
(Fig. 5a) together with a monotonic increase in ISt (Fig. 5i) 
during the PCI procedure. the ECg tracings in Fig. 5j 
(lead II) and Fig. 5k (lead V3), recorded at different times 
of a PCI on the rCa, illustrate a visible change in the ven-
tricular repolarization morphology during acute myocardial 
ischemia.

3.2  Dynamic changes in VrD indices

Figure 6 shows the average time course of the relative 
changes in the S- and t-VrD indices during PCI in the 
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whole population. all relative change indices increased as 
occlusion time prolonged. the RIT21

, RI�1
 and RI�2

 showed 
increases of 64, 57 and 52 times its SD in the control 
recordings, followed by RIT31

 and the relative change of 
third eigenvalue which has showed increases of 26 and 17 
times its control SD, respectively. On the other hand, RITWR

 
(increases by a factor 4) and RITPE

 (increases by a factor 
5.5) presented a much smaller relative change.

also, the RI index computed in the St level was meas-
ured in the ECg lead with maximal StJ+60 at the end of the 
occlusion (ISt) showed an increase of 37 times its SD in the 
control recordings (see Fig. 6).

3.3  VrD indices in patients with and without observed 
tWa

tWa episodes during acute myocardial ischemia were 
detected in 32 out of the 95 PCI, while no tWa episodes 
were found in the control ECg recordings [35].

Figure 7 presents the temporal evolution of the studied 
VrD indices during PCI in the patients with tWa and in 
those without tWa patients. It can be observed that patients 
presenting tWa episodes during PCI have a higher index of 
relative changes during the interventions than those without 
tWa, especially in indices related to the morphology of the 

Fig. 3  Evolution of the studied S-VrD indices and the total energy 
of the t-wave (ItE) both expressed as mean ± SEM at different stages 
of the PCI procedure: control (C), start of occlusion (S), and after first 
(1), second (2), third (3) and fourth (4) min of occlusion, and 1 min 
after balloon deflation (D). results are presented in columns for the 

different occluded artery groups (laD, lCx and rCa) as well as in 
the total population (tP). Significant differences against control (C) 
are marked as ×p < 0.05; #p < 0.01; †p < 0.001 and ‡(p < 0.0001). 
nonsignificant differences were not marked



383Med Biol Eng Comput (2014) 52:375–391 

1 3

dipolar components such as Iλ1, Iλ2 or Iλ21. However, those 
differences were not statistically significant.

3.4  Intraindividual and interindividual variability of VrD 
indices

Figure 8 presents the mean and SD of dI(j) and σI(j). the 
differences between the SDs in the two control recordings 
were not found to be significantly different from zero in 
any of the S-VrD indices. Conversely, the t-wave peak-
to-end ItPE showed a significant intraindividual variability 
(p < 0.05). also, the intraindividual variability χ I↔

k (j) was 
significantly lower than the SD of the whole population 
χ I� in all proposed indices, except when ItPE index was 
evaluated.

4  Discussion

the analysis of VrD from the 12 standard ECg leads pro-
vides valuable information for stratifying patients accord-
ing to their cardiac risk, and it can be used for assessing 
efficacy of antiarrhythmic treatments [13]. On the other 
hand, the ECg technique supplies a unique perspective of 
the condition of the myocardium by exploring its electrical 

activity, which is not depicted by other imaging modalities 
of the heart.

In this study, we have measured the evolution of ECg 
indices quantifying VrD during acute transmural myo-
cardial ischemia. temporal indices of VrD were obtained 
from the duration of t-wave intervals, while spatial indices 
of VrD were obtained from the PCa analysis of the ECg.

4.1  analysis of t-VrD indices

We have evaluated t-VrD indices, based on t-wave inter-
val duration, as a possible surrogate of VrD during acute 
myocardial ischemia. In the early analysis of heterogene-
ity of ventricular repolarization, the apex-to-base voltage 
gradient was assumed to be the responsible of the t-wave 
morphology [62]. Other works suggest that apex-to-base 
voltage gradient has a small contribution to the t-wave 
inscription on the surface ECg [68] and showed (in wedge 
preparation) that the results obtained do not allow a total 
evaluation of the extent to which apico-basal or antero-
posterior versus transmural gradients contribute to the ECg 
[67]. recently, using a realistic model of the human ven-
tricle and torso [39], the authors demonstrated that only 
the combination of the transmural and the moderate apico-
basal gradients produced physiological t-waves in surface 

Fig. 4  Evolution of the studied t-VrD indices (mean ± SEM) at dif-
ferent stages of the PCI procedure. Control (C), start of occlusion (S), 
and after first (1), second (2), third (3) and fourth (4) min of occlu-
sion, and 1 min after balloon deflation (D). results are presented in 

columns for the different occluded artery groups (laD, lCx and 
rCa) as well as in the total population (tP). Significant differences 
against control (C) are marked as ×p < 0.05; #p < 0.01; †p < 0.001 and 
‡(p < 0.0001. nonsignificant differences were not marked
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(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j)

(k)

Fig. 5  time course of VrD, tWa and St indices evaluated in one 
patient during PCI procedure. a normalized tWa, b Iλ1, c Iλ2, d 
Iλ3, e It21, f It31, g ItWr, h ItPE and i ISt computed in the lead with 
maximum modification among 12-leads ECg. j and k ECg signals 

excerpts (lead II and precordial V3) recorded during a PCI of the 
rCa. the x-axis represents the time from the beginning of occlusion, 
in minutes
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ECg. In a previous work, we had known the widening of 
the t-wave duration when VrD was increased across the 
entire myocardium, as a possible result of combined dis-
persion between apex-to-base and/or transmural aPD [3]. 
this seems to be in contradiction to what we can observe 
in Fig. 4, where ItW is shown to decrease during PCI proce-
dure respect to the control situation. However, this decrease 
is not observed when using a multilead delineation of the 
t-wave IMtW, suggesting that the t-wave onset estimation 

can be largely affected by the St-segment elevation, which 
tends to underestimate the width of the t-wave. this sug-
gests that ItPE is a more reliable alternative to quantify the 
increase in VrD. Several studies have concluded that the 
t-wave peak-to-end interval is a marker of increased trans-
mural dispersion of repolarization, which is directly linked 
to cardiac risk [19, 31, 48, 64, 65].

Our results support the hypothesis that an increased 
VrD due to myocardial acute ischemia is reflected as a 
widening in the ItPE index. a significant widening during 
PCI has been shown in the laD and rCa occluded artery 
groups (especially in the last 2 min of the PCI analyzed), 
but not in the lCx artery group, possibly as a result of the 
much reduced myocardial area irrigated by the lCx coro-
nary artery. Despite the statistically significant changes 
with respect to the control recordings, the relative change 
index RITPE

 during the PCI is low (see Fig. 6), probably 
because the limited range of variation in ItPE.

We found that both ItW and ItPE return to their control 
value shortly after reperfusion, not presenting significant 
differences with the control values 1 min after the balloon 
deflation. this was also observed by Savelieva et al. [49]. 
there is limited data in the literature on the reference range 
of t-wave peak-to-end interval in healthy subjects, but in 
general, values below 100 ms are reported [11, 49, 65], 
similar to the baseline values obtained in this work before 
the PCI.

In previous works, rubulis et al. [46] reported that the 
t-wave peak-to-end interval did not change significantly 
during ischemia, and Smetana et al. [55] concluded that 
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it was not possible to relate a prolongation of the t-wave 
peak-to-end interval to an increased cardiac risk. However, 
Haarmark et al. [19] concluded in patients with St-segment 
elevation myocardial infarction (StEMI) undergoing pri-
mary PCI that the pre-PCI t-wave peak-to-end was able to 
predict subsequent mortality. Finally, according to recent 
results, more studies are needed to estimate the normal and 
pathological values of this index and its relevance in clini-
cal diagnosis [55].

4.2  analysis of S-VrD indices

the ECg dipolar model is based on the idea that the myo-
cardial electrical activity is equivalent to dipole placed 
within the thorax changing its module and phase through-
out the cardiac cycle. according to this model, the total 
myocardial electrical activity could be represented in the 
three-dimensional (3D) space and the dipolar compo-
nents should reflect the global morphologic pattern of the 
analyzed t-wave. In the PCa analysis, the so-called Iλ1, 
Iλ2 and Iλ3 are the three eigenvalues that normally carry 
>98 % of the total energy of the t-wave (ItE). likewise, 
the main energy of t-wave loop is concentrated in a plane 
defined by Iλ1 and Iλ2 named preferential plane [72]. In 
normal or healthy patients, t-wave loop has a narrow, ellip-
soidal shape, with a low roundness index It21 [72]. also, 
the t-wave loop planarity is evaluated by It31, so that if 
the t-wave loop was perfectly embedded in a preferential 
plane, the index Iλ3 would be zero.

In this work, we have found some significant changes 
in the dipolar components for occlusions of the rCa (Iλ3 
↑) and lCx (Iλ2 ↑) arteries, but not when the laD artery 
was occluded (Fig. 3). this suggests that the injury cur-
rent during ischemia induced by occlusion of laD goes in 
the same direction as the repolarization at control, while it 
has, in average, a more oblique direction in lCx and rCa 
groups, increasing the relative contribution of Iλ2 and Iλ3 

and leading to an increased roundness in rCa group (It21 
↑) and a decreased planarity in lCx and rCa groups (It31 
↑), respectively.

Several works report differences between healthy sub-
jects and patients with myocardial ischemia and infarction 
using spatial VrD parameters [7–9]. In particular, Badil-
ini et al. [8] found increased roundness but no change in 
planarity in post-MI patients with respect to healthy sub-
jects. they observed a decrease in λ1 accompanied by a 
significant increase in the λ2 in post-MI patients, which is 
consistent with our results obtained during lCx and rCa 
occlusions (see Fig. 3). Furthermore, in a previous study, 
Badilini et al. also report a loss of planarity and increased 
roundness in post-MI patients with respect to normal sub-
jects [9].

an entirely dipolar nature is true for a substantial por-
tion, but not for the entire extent, of the ECg signal of 
ventricular repolarization. the PCa analysis previously 
has been used to distinguish between those parts of the 
ECg signal that can be explained by the changes in the 3D 
dipole and those that cannot be explained by these changes 
and, therefore, are called nondipolar components [33].

We have hypothesized that a real increase in the rela-
tive t-wave residuum (ItWr) implies that the dipolar com-
ponents remain unchanged or change slightly and also that 
this phenomenon must be associated with an important 
change in nondipolar components. However, in this work, 
we found simultaneous changes for both dipolar and non-
dipolar components. this is not unexpected as a complete 
occlusion of any of the three coronary arteries produces an 
important metabolic change, which can induce global and/
or local heterogeneities in the ventricular repolarization. In 
this study, we observed a significant increase in the total 
t-wave energy (ItE ↑) during laD occlusion (Fig. 3). this 
change can also be associated as a monotonic increase 
(from 92 % in control to 95 % at 4 min. of PCI) but not sig-
nificative of Iλ1 index, suggesting that in this case, the acute 

Fig. 8  Mean ± SD over the 
total of patients. Intraindividual 
variations in S-VrD indices (a) 
and ItPE index (b). Interindi-
vidual variations in S-VrD 
indices (c) and ItPE index (d). 
the significance ×p < 0.05; and 
‡p < 0.0001 obtained from the 
statistical analysis (Sect. 2.8). 
nonsignificant differences were 
not marked
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ischemia increases the dipolar component. In contrast, 
under these particular conditions, the relative ItWr may not 
reflect regional heterogeneity of repolarization with accu-
racy during laD acute ischemia.

Conversely, no significant changes in the total t-wave 
energy (ItE) were observed during occlusions in the lCx 
and rCa arteries. these results are in agreement with a 
decrease in Iλ1 and an increase in Iλ2 indices, respectively, 
considering that the dipolar component carries >98 % of 
the total t-wave energy.

In the lCx group, no significant changes in ItWr and ItE 
were observed; which could mean that the local VrD effect 
is quite small. On the contrary, the regional heterogeneity 
of ventricular repolarization truly increased in the rCa 
group, as the total energy remained unchanged during acute 
ischemia.

Previously, Malik et al. [33] reported significant differ-
ences between normal healthy subjects and survivors of 
aMI and showed that the spatial heterogeneity of repolari-
zation is measurable in standard 12-lead ECg. Xue et al. 
[66] also studied the t-wave residuum index for stratifying 
patients with chest pain. they showed that the nondipolar 
component of St-t segment presented significant differ-
ences among patients with aMI, unstable angina and noni-
schemic chest pain. However, in our study, we found that 
the t-wave residuum index was only able to reflect VrD 
changes in the group with rCa occlusion.

Our results are comparable to those in rubulis et al. [46], 
where it was shown that t-wave loop morphology, rather 
than the t-wave vector, discriminated between coronary 
artery disease (CaD) patients and healthy controls. In [47], 
rubulis et al. studied VrD parameters in the vectorcardio-
gram (VCg), such as St vector magnitude, the t-wave vec-
tor angle and the t-wave vector loop morphology at maxi-
mal ischemia versus baseline, and associated repolarization 
changes during coronary occlusion to both the size and the 
location of the myocardium at risk, as estimated by SPECt. 
they report significant changes in the t-wave loop from 
the preferential plane and in the t-wave eigenvalues ratio, 
which is comparable with the changes observed in It31 and 
It21 parameters in patients with lCx occlusion and in the 
total study group. On the contrary, the significant and non-
significant changes during laD and rCa occlusion of the 
t-wave loop from the preferential plane and in the t-wave 
eigenvalues ratio that were observed by rubulis et al. [46, 
47] were not detected for It31 and It21 indices as we can be 
observed in this work.

another spatiotemporal technique called CgM has been 
proposed for CaD detection, as an alternative to ECg anal-
ysis [50]. CgM is an orthogonal vectorcardiographic rep-
resentation of the cardiac activity. recently, Huebner et al. 
[21] have classifed CaD patients and healthy subjects using 
cardiogoniometric parameters. Different subcategories 

were defined in the CaD class, according to the different 
combinations of stenosis site(s) determined angiographi-
cally: three categories with single-vessel stenosis (laD, 
lCx and rCa), three categories with two-vessel stenosis 
and 1 category for all three-vessel stenosis. a set of eight 
CgM markers was proposed: three of them describing St-
segment depressions and t-wave inversions, two param-
eters quantifying the spatiotemporal variabilities of r-wave 
and r–t angles and three parameters describing spatial 
positions of depolarization and repolarization phases and 
potential distribution of the repolarization phase. Huebner 
et al. [21] found that all of them were consistent with CaD 
or ischemia process, and a patient was considered healthy 
when all 8 parameters were located within the range prede-
fined as normal. Whenever a single parameter was outside 
the normal value, the patient was classified as CaD posi-
tive. this concept was used in [21] with the aim to obtain 
an algorithm independent of CaD category under analy-
sis. It must be highlighted that, unlike in our present work, 
Huebner et al. combined both depolarization and repolari-
zation parameters.

Summarizing, we can say that the VrD increase gener-
ated by ischemia and measured by the S-VrD indices is 
very much dependent on the occluded artery and therefore 
on the myocardial area affected by the occlusion.

When the occluded artery is laD, it does not produce 
a statistically significant increase in VrD (as measured 
with S-VrD indices), while for rCa occlusion IT21 and 
IT31 very well capture the increase in VrD. Moreover for 
lCx occlusion was the IT31 index, which detect the increase 
in VrD. this can be a consequence of the lower impact 
in terms of size and location of lCx and rCa occlusions 
which in turn generate higher dispersion when compared 
with the unaffected area. this hypothesis should be tested 
in future studies where the size and location of the affected 
myocardium can be determined.

also, we have hypothesized that when laD is occluded, 
the wider impact at myocardium size made an increase in 
VrD that only can be reflected as an increase in the total 
energy of t-wave quantified by ItE. nevertheless, this find-
ing is not accompanied by a clear increased risk in the lit-
erature for the laD occlusion, rather the contrary [57]. 
this might indicate that the planarity/roundness of the ven-
tricular repolarization is not a risk measurement in itself. In 
other words, the dispersion generated by the ischemia when 
occluding laD is not well detected by these measures.

4.3  analysis of dynamic changes

Figure 6 shows that RIT21
, RI�1

 and RI�2
 are the indices more 

responsive to the increasing course of ischemia, suggesting 
a correlation between the changes in the dipolar compo-
nents and the severity of the ischemia.
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Moreover, we have indices as ItWr with negligible 
relative changes during acute ischemia showing that most 
changes induced by acute ischemia are well represented by 
the dipolar model. also, we observe a small dynamic range 
of ItPE with respect to its variability, but this does not imply 
that the risk significance value is low as Fig. 6. Finally, we 
observed in Fig. 6 that RIT21

, RI�1
 and RI�2

 indices associated 
with dipolar component were greater than the ischemic 
changes calculated from the classical St level segment 
deviation as RIST

 index.

4.4  analysis in tWa patients

We observed that the relative changes in RI�1
, RI�2

 and RIT21
 

tended to be higher in patients with tWa than in patients 
without tWa, but the differences were not statistically sig-
nificant, probably due to the high intersubject variability of 
the relative changes indices (see Fig. 7a–c). Other param-
eters such as the relative changes in RI�3

, RIT31
 and RITWR

 
indices did not present differences between tWa patients 
and no tWa patients (see Fig. 7d–f). We conclude that in 
tWa group, the S-VrD profiles show the largest changes 
in the first two eigenvalues, and results could help to pro-
vide an understanding of the PCa descriptors in tWa 
patients during acute ischemia.

4.5  analysis of intra- and interindividual variability

We evaluated the intraindividual and interindividual vari-
ation in the VrD indices at control ECg recordings with 
the objective of determining the limits of significant VrD 
changes due to the acute ischemic process induced by the 
PCI. the analysis of intraindividual variability of the VrD 
indices showed that all indices (excepting ItPE index) are 
highly stable within each patient in the control situation, 
thus being a reliable reference for the evaluation of VrD 
during acute ischemia (see Fig. 8a, b).

However, the interindividual variability of VrD indi-
ces is significantly larger in the studied population, being 
necessary to propose a normalization criteria (see Fig. 8c, 
d). this supports the need of patient-dependent normaliza-
tion of S- and t-VrD indices for a reliable assessment of 
myocardial ischemia variation, as the one underlying in the 
change indices RI, where the reference σI is computed in a 
control recording of the same subject [see Eq. (10)].

generalization of the present results to other clinical 
scenarios is not straightforward, in relative terms, as there 
is not usually a baseline ECg recorded immediately before 
ischemia followed by another ECg recorded throughout 
ischemia, and thus relative ECg changes are not often pos-
sible to assess, and only absolute changes can be measured. 
therefore, gradual VrD changes may be most likely evalu-
ated in monitoring situations, such as during prehospital 

transport of StEMI patients to PCI procedure and general 
in-hospital evaluation of patients with acute coronary syn-
drome including post-revascularization evaluation of recur-
rent ischemia as well as in stress test situations. However, 
if future clinical studies refer to absolute values of VrD as 
risk marker, this limitation can be overcome.

4.6  limitations

We have used the PCI as an ischemic model in order to ana-
lyze ventricular repolarization inhomogeneities during acute 
ischemia. the PCI procedure is not a perfect model of spon-
taneous myocardial ischemia. nevertheless, its validity and 
reliability have been shown previously [42]. In this work, we 
did not had the information on coronary artery dominance 
data, collateral flow or the precise location of the balloon in 
the coronary arteries, which have a big influence on the size 
and location of the induced ischemia and therefore on the 
observed changes in VrD, as reported in [47]. these factors 
can also explain the observed intersubject variability. also, 
in the present study, we assess the effect of PCI-induced 
ischemia in patients who were already ischemic, consider-
ing the data acquired before the PCI as control data, without 
considering the values of the indices in healthy subjects.

Due to the limitation in the size of the study group, we did 
not study the influence of gender and age in the VrD indices, 
as the number of subjects in each category and group would 
have been too small. Merri and collaborators performed in 
[36] a complete characterization of the normal repolarization 
in the ECg. they showed that t-wave peak-to-end index was 
independent of age and also they did not find statistically sig-
nificant differences between genders in this parameter. How-
ever, gender differences have been reported in other param-
eters. Women have been reported to have longer corrected 
Qt interval and a steeper Qt/rr relationship [25]. also, 
the t-wave amplitude, QrS-t loops [69] and the ventricu-
lar gradient were smaller in women than men [6]. In relation 
to indices based on nondipolar repolarization components, 
Smetana et al. [53] observed that the t-wave residuum values 
were higher in women than in men at all analyzed rr inter-
vals. In addition, Okin et al. [41] have shown that there was 
a significant correlation between the ratio of the IT21 index 
and gender and an inverse relation between this index and 
body surface area. later, in follow-up of 5 years, Okin and 
collaborators [40] have shown that the participants who died 
of all-cause and/or cardiovascular etiologies were older and 
had significantly higher PCa ratios, noting the age influence 
on PCa parameters. gender differences could be due to ana-
tomical and geometrical differences, as it is known that heart 
size, differences in the thoracic muscle mass and fat content, 
shape of the torso and sex hormones may influence cardiac 
repolarization properties and consequently in the ECg pat-
terns [54].
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5  Conclusions

a number of temporal and spatial indices of VrD have 
been characterized during the first minutes of acute 
ischemia induced by PCI procedure.

Within the t-VrD indices, the ItW was discarded as 
an index to characterize changes in VrD, since the meas-
urement of t-wave onset was extremely influenced by 
ischemia-induced St-segment changes. Besides, the ItPE 
interval during PCI was significantly larger than in the con-
trol recording, being useful as risk marker, but the amount 
of relative change during the PCI was too small with 
respect to its variability to consider it for dynamic monitor-
ing of acute myocardial ischemia.

as for the S-VrD indices, we observed that the changes 
in the PCa-based descriptors were very dependent on the 
occluded artery indicating that morphology changes are 
very dependent on the direction of the equivalent injury 
current. In this sense, significant increases in the IT21, IT31 
and ItWr indices during rCa occlusion were detected. 
Interestingly, those patients showing tWa presented more 
prominent relative changes during PCI in spatial indices as 
RI�1

, RI�2
 and RIT21

 than those without tWa.
Most studied VrD indices presented a high stability 

during control, but had a large interindividual variabil-
ity, pointing to the necessity of using indices of relative 
changes adapted to each patient, such as the RI parameters.

VrD indices such as ItPE and S-VrD indices based on 
PCa can potentially be used for ischemia monitoring in 
addition to conventional parameters. Further studies need 
to be made in order to determine the additional value added 
by these VrD indices in ischemia monitoring and their 
ability to predict increased cardiac risk in the short term. 
also, prospective epidemiologic studies need to be carried 
out in order to define the range of normality of the indices 
characterizing VrD.
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