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Background:  Myocardial  infarction  (MI)  alters  spatial  features  of the surface  electrocardiogram.  Spatial
variance of the T-wave  (SVT) describes  the interlead  dispersion  about  a mean  T-wave  morphology.  SVT

was  linked  to arrhythmia  vulnerability  and  sudden  cardiac  death.
Methods:  Herein,  we  studied  the  evolution  of SVT over  the  healing  (MI7, up to  7  days  after  MI)  and
healed  (MI60,  from  60  days  on post-MI)  stages.  A control  group  (n = 49)  was  compared  to  paired  MI7

and  MI60 groups  (n = 39).  Five  representative  sets of frontal  and  precordial  leads  were  analyzed:  I−II−III,
V1 − V2 −  V3,  V4 − V5 − V6, aVF −  V2 −  V5 and  II  −  aVF −  V5.
Results: SVT index  significantly  increased  at  MI7 (p <  0.05)  in  four  out  of  five  sets  and  returned  towards
control  values  at  MI60 (p =  NS).  The  preferential  combination  of ECG  leads  resulted  aVF − V2 −  V5, since  it
showed  the  strongest  modulation.  In  order to  test whether  such  a modulation  was  maintained  on  the

presence  of  ventricular  tachycardia  and/or  ventricular  fibrillation  (VT/VF),  recordings  from  VT/VF  patients
were also  analyzed.  SVT modulation  was  lost  in  the  VT/VF  group,  significantly  increasing  from  controls
at  MI60 (p  <  0.05)  for all sets  of  leads  tested.
Conclusions:  SVT modulation  over  MI7 and  MI60 would  signal  a good  recovery  from  MI,  whereas  lack  of
this  modulation  could  herald  a VT/VF  event.

© 2017  Elsevier  Ltd.  All  rights  reserved.
. Introduction

It is well described the cascade of changes in membrane prop-
rties that myocardial infarction (MI) induces across the entire
eart. More specifically, it can be observed a reduction of peak
-type inward Ca2+ in myocites from the epicardial border zone
EBZ) [1] as well as a delayed recovery of the transient inward
a+ current [2]. Furthermore, myocardium outside the EBZ also
resents changes with infarction, such as a prolongation of action
otential durations (APDs) during chronic MI  [3] or a reduction
f transient outward K+ currents [2]. Besides the changes in ionic
urrents, proliferation of connective tissue and edema contribute

o the nonuniform anisotropy. As a result, it is expected that ECG

orphology is altered. More specifically, the interlead morphology
ifferences appearing simultaneously in one beat are expected to
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746-8094/© 2017 Elsevier Ltd. All rights reserved.
change from health to disease. Second central moment analysis,
also known as variance, helps quantitate the interlead heterogene-
ity (or spatial variance) of the entire T-wave morphology recorded
from multiple ECG leads. In this regard, many reports focussed on
the spatial variance of repolarization in experimental ischemia [4],
heart failure [5], MI  patients [6] or the general population [7]. Cer-
tainly, all these changes are not static, but evolve with time. Pinto
and Boyden reviewed the changes in infarcted and non-infarcted
cells occurring at different times following MI  [8]. During the first
week post-MI, so-called healing phase, there exists a shortening
and shrinking of action potentials [9], while they shift to prolonged
APDs with normal voltages in the healed phase, two months after
MI [8]. Moreover, it is during the healing phase that increased het-
erogeneity of the time course of repolarization in the EBZ is origin
of inducible ventricular tachycardia (VT) and ventricular fibrillation
(VF) [2].

The hypothesis behind this work, is that these two distinc-
tive stages would modulate the spatial variance of repolarization,

which in turn is associated to the cardiac risk that one MI patient is
exposed to. This modulation would be reflected on different elec-
trocardiographic markers, such as the T-wave spectral variance,
as recently described by Arini and Valverde [10]. Therefore, our
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Fig. 1. Relative changes RMI7 and RMI60 in different sets of leads for control, MI7
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Fig. 2. Mean (SEM) values for SVT of the preferential combination of leads
nd MI60 groups. (a) V4 − V5 − V6, (b) II − aVF − V5, (c) aVF − V2 − V5, (d) I−II−III, (e)
1 − V2 − V3. Dotted line signals 50% increase with respect to controls. Notice the
endency towards control values at MI60 for all the sets.

ain goal is to study the modulation of the spatial variance of
he T-wave associated to time elapsed after MI.  More specifically,
uring the healing and healed phases following myocardial infarc-
ion. Finally, assess if this modulation is maintained in MI  patients
howing VT/VF events.

. Materials and methods

.1. Database

We  have used the Physikalisch-Technische Bundesanstalt (PTB)
CG dataset which is available free on the Physio-Bank [11]. This
atabase comprises 52 healthly subjects and 148 MI patients. The
CGs were digitized at 1000 samples per second, with 16 bit resolu-
ion over a range of ±16.384 mV  with 2000 A/D units per mV. The
ecordings are in average 1.35 min  long and include 12 standard
CG leads.

We  have chosen the following subsets of data, according to
he detailed clinical summary included in the PTB dataset [12]:
he ECG of healthy subjects (control), n = 49 (37 males and 12
emales, 43 ± 14 years old), and those infarcted patients without
ocumented ventricular tachycardia (VT) and/or ventricular fibril-

ation (VF), which simultaneously comprised two ECGs recordings,
 = 39 (31 males and 8 females, 53 ± 5 years old): one record within
he first seven days of MI  (MI7, healing phase), and the other 60
ays after MI  (MI60, healed phase). In order to asses differences in
I  remodeling with occurrence of VT or VF, twenty recordings (ten

t MI7 and ten at MI60) from six patients (3 males and 3 females,
6 ± 2 years old) who underwent such events and presented ECG
ecordings at both post-MI stages formed the VT/VF counterparts:

ITF7 for the healing phase and MITF60 for the healed phase.
None of the subjects studied had showed bundle branch block or

ntra-ventricular conduction defects. The QRS durations for healthy
ubjects were comparable with MI  patients. The ECG recordings
ave been analyzed anonymously, using publicly available sec-
ndary data, therefore no ethics statement is required for this

nvestigation [11].
.2. ECG preprocessing

A set L of five representative combinations of leads were
nalyzed: L = {I-II-III, V1 − V2 − V3, V4 − V5 − V6, aVF − V2 − V5 and II-
aVF − V2 − V5, for control, MI7 and MI60 groups. Notice the tendency towards control
values at MI60. *MI7 vs Control, p < 0.05, #MI7 vs MI60, p < 0.05.

aVF − V5}. ECG was  filtered with a notch filter (Butterworth, 8th
order, 50 Hz) to minimize the power-line interference and a cubic
spline interpolation filter was  used to attenuate ECG baseline drifts
and respiratory artifacts [13]. QRS-complexes were detected by
means of the wavelet-transform delineator presented in [14]. For
every lead li ∈ L, a start-up QRS template was  built up with the
ten first beats and then a new jitter-corrected QRS template was
obtained when the cross-correlation coefficient between every new
QRS complex and the QRS template was greater than 98%, otherwise
the complex was rejected.

2.3. Spatial variance of ventricular repolarization

The spatial variance of the T-wave morphology (SVT) was  cal-
culated using several interlead combinations. These leads were
selected from 12 standard ECG leads according to the following
criterion: bipolar frontal leads, right and left precordial leads and
combinations of frontal and precordial leads. The method to com-
pute spatial variance was modified from Nearing et al. [4], and
consists in measuring the splay of waveforms around a mean wave-
form in a certain set of leads. Briefly, sinusal QRS-complexes were
identified and a unique R-wave fiducial point was obtained as the
median of the all R-wave marks. Then, for every jth beat, a segmen-
tation window WT

j
from 60 to 290 ms  after the R-wave occurence

was defined, so that the repolarization process was fully covered.
After that, T-wave amplitude was normalized and isoelectric level
was made uniform for every lead li ∈ L, and T-waves of all sinusal
beats were superimposed along the ensamble. The T-wave inter-
lead average was accomplished as follows,

T̄(n) = 1
N

N∑
i=1

Ti(n) (1)

where Ti(n) was  the amplitude at sample n ∈ WT
j

, of every jth T-
wave in li ∈ L, with N = 3 leads. After that, the interlead variance
was computed along the ensamble as in Eq. (2):

√√

�T (n) =

√√ 1
N

N∑
i=1

[Ti(n) − T̄(n)]
2

(2)
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uperimposed T-waves on which SVT was computed. Numbers in left panel show m

nd the SVT was then defined as the maximum variance occurring
n the analyzed window WT

j
. Thus,

VT = maxn [�T (n)] (3)

The mean value ¯SVT
C

for each lead combination was obtained
or control subjects, and, in the same manner, ¯SVT

MI7 and ¯SVT
MI60

ere computed.
Finally, for each set of ECG leads tested, the relative change

etween MI7 and control group was defined as

MI7 =
¯SVT

MI7

¯SVT
C

(4)

nd likewise,

MI60
¯SVT

MI60
=
¯SVT
C

(5)

n order to test the strength of modulation with the two  post-MI
tages, the ratio RMI7/RMI60 was evaluated.
stages for the preferential combination of leads. Left: aVF − V2 − V5 lead traces. Right:
VT values for that recording.

2.4. Statistical analysis

With the aim to determine the statistical significance of SVT
index between Control, MI7 and MI60 groups, the SVT was  com-
puted for each patient on every single beat. Moreover, in order to
evaluate the influence of the heart rate and the QRS duration in the
estimation of SVT, we analyzed the RR interval and QRS duration
along the total beats considered for Control situation, MI7 and MI60.
Mean values of RR intervals and QRS duration for all subsets were
computed by averaging the mean RR interval and QRS duration of
each subject.

The D’Agostino–Pearson normality test was applied to quantify
the discrepancy between the distribution of the parameters and
an ideal Gaussian distribution. Since normality was not achieved,
the non-parametric two-sided Mann–Whitney U test was  used for
unpaired groups and the Wilcoxon sign rank test for paired data.

When p value was <0.05, diferences were considered statistically
significant.
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Fig. 4. Relative changes RMI7 and RMI60 in different set of leads for control, MI7 and
M.P. Bonomini, P.D. Arini / Biomedical Sig

. Results

.1. SVT and ECG leads

The SVT was calculated for every beat on every patient dur-
ng control, MI7 and MI60 subsets. A non-parametric two-sided

ann–Whitney U test was used between control and MI7 and
lso between control and MI60. A Wilcoxon sign rank test was
sed between MI7 and MI60. The RR interval, expressed as
ean ± SEM, presented statistical significant differences between
I7 (730 ± 19 ms)  and both Control (896 ± 21 ms)  and MI60

843 ± 19 ms), p < 0.0005 respectively. Also, there was  no signifi-
ant statistical difference between Control and MI60. Moreover, the
RS duration showed non-significant differences between Control

84 ± 1 ms)  and both MI7 (87 ± 2 ms)  and MI60 (89 ± 2 ms), p = NS
espectively. Analogously, there was no significant statistical dif-
erence between MI7 and MI60.

In order to test whether the spatial variance of ventricular
epolarization is modulated by the two post-MI stages, the follow-
ng combination of leads were proposed: frontal differential leads
−II−III, right and left precordial leads V1 − V2 − V3 and V4 − V5 − V6
espectively, and combinations of frontal and horizontal leads, such
s, aVF − V2 − V5 and II − aVF − V5. Fig. 1 displays the relative change
MI7 and RMI60 with respect to controls for the above mentioned

et of leads. Dotted line signals 50% increase with respect to con-
rols. The strength of the modulation phenomenon, this is, the ratio

MI7/RMI60 was evaluated and shown in Table 1 together with
he Mean ± SEM SVT absolute values and statistical significance for
ontrol, MI7 and MI60 for the above sets of leads.

The preferential combination of ECG leads chosen to study the
VT modulation with the two post-MI stages was  aVF − V2 − V5,
ecause they showed the maximum ratio RMI7/RMI60 (see Fig. 1
nd Table 1). The mean ± SEM of the SVT values for such leads and
heir statistical significant differences are presented in Fig. 2. Also,

 representative MI  patient and a control subject were put together
n Fig. 3 in order to appreciate the interlead differences for MI7 and
ontrol and the similarities between MI60 and Control.

.2. SVT and VT/VF

A total of 20 recordings, (10 at MI7 and 10 at MI60), all of them
elonging to patients with documented VT/VF, were included in
he SVT analysis and compared to the former “No VT/VF” groups.
n order to test whether modulation in MI7 and MI60 groups was
reserved, the equivalent “VT/VF” counterparts were formed; MITF7
nd MITF60 for the healing and the healed phases respectively. Com-
arison was carried out on the same sets of leads as in Fig. 1.
able 2 shows the Mean ± SEM SVT absolute values and statistical
ignificance for Control, MI7 and MI60, together with strength of
odulation, RMI7/RMI60 , and Fig. 4 shows the loss of such a modu-

ation for these sets of leads on the “VT/VF” patients. Indeed, none of
he sets differed significantly from MI7 to MI60 (see Table 2). Note
hat 4 out of 5 sets of leads increased less than 50% with respect
o controls at MI7 (see Fig. 4, dotted line), in opposition to the No
T/VF patients (see Fig. 1). Furthermore, Fig. 5 compares the tem-
oral evolution of the SVT on aVF − V2 − V5, for a “No VT/VF” patient
left) and a “VT/VF” patient (right). Notice how modulation is lost in
he latter case, with MITF7 significantly decreasing from MI7, p < 0.05.
n turn, MITF7 and MITF60 showed no statistical differences between
ach other, but significantly increased from control, p < 0.05.
. Discussion

Modifications in ventricular repolarization (VR) have been
ound to play an important role in arrhythmogenesis [15]. In this
MI60 stages on VT/VF patients. (a) V4 − V5 − V6, (b) aVF − V2 − V5, (c) II − aVF − V5, (d)
V1 − V2 − V3, (e) I−II−III. Dotted line signals 50% increase with respect to controls.
Notice the loss of modulation for all the sets.

sense, cardiac electrical instability obtained from the assesment
of interlead heterogeneity of T-wave morphology index has been
shown in experimental [16,17] and clinical studies [5] to track
arrhythmia vulnerability and effective antiarrhythmic therapy [18].
Moreover, it has been demonstrated that after MI,  patients have a
high incidence of ventricular arrhythmias and sudden cardiac death
[19]. Also, persistent modifications in heterogeneity of ventricu-
lar repolarization constitutes an important cardiac risk indicator in
patients with ischemic heart disease [20]. As far as we know, no
one has studied the spatial heterogeneity of the T-wave morphol-
ogy and its influence after MI  infarction. More specifically, during
the healing and healed phases following MI,  both stages associated
to electrical remodeling and the reverse remodeling respectively.

4.1. Analysis of SVT modulation during MI stages

4.1.1. Healing phase in patients without VT/VF
We  observed that SVT at MI7 was  significantly higher from

control values for all proposed combinations of leads except for
V1 − V2 − V3, as can be observed in Table 1. These findings sug-
gest that spatial heterogeneity of VR could be dependent on the
combination of ECG leads evaluated. In order to compare quanti-
tatively the strength of the modulation phenomenon among the
lead combinations, we computed the ratio RMI7/RMI60 for every
set, and selected a so-called preferential combination of ECG leads,
aVF − V2 − V5 in this case, reaching maximum differences between
MI7 and MI60 (see Table 1).

In general, we consider that the existence of necrotic area in the
myocardium could create an increase in the spatial heterogeneity
during the healing phase. This assumption relies on two hypo-
thetical ideas. First, the surviving rim of myocites in the epicardial
zone of a transmural infarct has been widely studied and termed
epicardial border zone (EBZ) [21,9]. The EBZ was proved to elicit
VT/VF during the healing phase of MI.  It is during this phase that
membrane properties in cells of the EBZ are dramatically altered,
hence the name of electrical remodeling. There is also presence of
edema and proliferation of connective tissue, resulting in nonuni-
form anisotropy [3]. All these changes could affect the excitability
and refractoriness in this zone producing reentry pathways and

conduction blocks, leading to an increased cardiac risk. Second,
there is evidence that autonomic stimulation modulates the elec-
trical characteristics of the cardiac cells [9]. Besides, transmural MI
could disrupt sympathetic and vagal innervation at infarcted sites



218 M.P. Bonomini, P.D. Arini / Biomedical Signal Processing and Control 34 (2017) 214–219

Table 1
Mean ± SEM absolute SVT values and RMI7/RMI60 for Control, MI7 and MI60 on the above analyzed sets of leads.

Controls MI7 MI60 RMI7/RMI60

I−II−III 0.30 ± 0.011 0.45 ± 0.036** 0.36 ± 0.024† 1.25
V1 − V2 − V3 0.33 ± 0.018 0.37 ± 0.048 0.31 ± 0.038 1.20
V4 − V5 − V6 0.13 ± 0.007 0.55 ± 0.112*** 0.37 ± 0.072#,† 1.48
aVF − V2 − V5 0.25 ± 0.010 0.49 ± 0.057*** 0.30 ± 0.022† 1.63
II-aVF − V5 0.22 ± 0.010 0.49 ± 0.060** 0.31 ± 0.033† 1.58

** MI7 vs Control, p < 0.005.
*** MI7 vs Control, p < 0.00005.

# MI60 vs Control, p < 0.005.
† MI60 vs MI7, p < 0.005.

Table 2
Mean ± SEM absolute SVT values and RMI7/RMI60 for Control, MI7 and MI60 on the above analyzed sets of leads on VT/VF patients.

Controls MI7 MI60 RMI7/RMI60

I−II−III 0.30 ± 0.011 0.32 ± 0.025 0.41 ± 0.020# 0.78
V1 − V2 − V3 0.33 ± 0.018 0.42 ± 0.041 0.53 ± 0.065 0.79
V4 − V5 − V6 0.13 ± 0.007 0.29 ± 0.017*** 0.28 ± 0.038# 1.03
aVF − V2 − V5 0.25 ± 0.010 0.37 ± 0.024*** 0.36 ± 0.020# 1.02
II-aVF − V5 0.20 ± 0.010 0.22 ± 0.016 0.30 ± 0.012# 0.73

*** MI7 vs Control, p < 0.00005.
# MI60 vs Control, p < 0.005.
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ig. 5. Temporal evolution of Mean(SEM) SVT in leads aVF − V2 − V5, for control, MI
owards control values at MI60 for the latter and the distance from controls for the 

nd could produce symphathetic and vagal denervations at nonin-
arcted zones distal to the necrotic area. These denervated areas of
ealthy tissue could produce APDs with differential characteristics

n comparison to those areas which are normally innervated. This
ffect produces spatial heterogeneity of repolarization that may  be
eflected an increase of SVT index.
.1.2. Healed phase in patients without VT/VF
It is noted that SVT at MI60 failed to produce significant

ifferences when compared against control SVT values for any com-
ination of leads analyzed except for V1 − V2 − V3 (see Table 1).
 MI60 for patients without VT/VF (left) and with VT/VF (right). Notice the tendency
r. *MI7 vs MITF7 , p < 0.05.

These results denote that after 60 days of MI, the SVT indexes for
the majority “combinations of ECG leads” tend to decrease toward
the control situation. Specially in the preferential combination of ECG
leads where the modulation strength has the maximum value (see
Table 1). The explanation of this phenomenon could be supported
by the works of Ursell et al. [9] and Wong et al. [22]. Ursell et al.
compared different MI  stages, such as: 1–2 weeks post MI  (healing
stage) and 2–16 months post MI  (healed stage) phases of MI.  They

showed that during the healed phase the APD profiles returned to
almost normal values, suggesting the presence of a process that
has been denominated “reverse remodeling”. Results presented
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NY, 1993.
[22] S. Wong, A. Basset, J. Cameron, K. Epstein, P. Kozlvskis, R. Myerburg,

Dissimilarities in the electrophysiological abnormalities of lateral border and
central infarct zone cells after healing of myocardial infarction in cats, Circ.
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n [9] were consistent with another previous investigation, based
n an animal model, during healed MI  phase [22]. We  can high-

ight that surviving endocardial cells have presented characteristics
ifferent from those studied during acute ischemia and early infarc-
ion, which have prolonged APDs with normal resting membrane
otentials and upstroke velocitities [22]. In this context, our results
upport the hypothesis that, in healed phase of MI there exists a
ecrement of APD differences, phenomenon that could be trans-

ated to a decrease of the SVT index. That is, the so-called “reverse
emodeling”, via normalization of the acute changes occurred after

I,  would be responsible for the recovery of the spatial hetero-
eneity of VR, showing values close to those observed in healthy
ubjects. The “normalization” effects of the reverse remodeling in

 population without VT/VF was also evident in the temporal het-
rogeneity of VR analysis, presented by Arini and Valverde [10],
ho also found a positive modulation over the healing and healed

hases for the T-wave spectral variance, which is strongly associ-
ted to T-wave alternans (TWA) and other patterns of periodicity.
his analogy makes our very consistent results, since SVT is clearly

inked to TWA  [4,5]. Indeed, the rationale for studying the spatial
ispersion of interlead morphologies was the appearance of TWA
atterns before an ischaemia-induced-ventricular fibrillation in a
AD occlusion model in pigs [4].

.2. Comparison of SVT index between patients with and without
T/VF

We  have observed, in patients without VT/VF, an increase of the
VT index during the healing stage, followed by a decrease of the
VT index at the healed stage (as we showed in Figs. 1 and 2 and
able 1). That is to say, the time elapsed after MI modulated the spa-
ial heterogeneity of the ventricular repolarization, phenomenon
uantified by the SVT index. Conversely, this modulation was lost

n patients with VT/VF since SVT increased further at MI60 in most
f the sets of leads proposed (see Fig. 4). In particular, SVT in the
referential combination of ECG leads remained 48% above SVT con-
rol values. These results supports those obtained by Nearing et al.,
here mean T-wave interlead heterogeneity values in a VT pop-

lation were elevated 52% with respect to those patients without
entricular tachycardia [5].

Moreover, the observation of an increased spatial variance of VR,
ustained high, in turn, at MI60 in the VT/VF patients is consistent
ith Kentta et al. [18], who found elevated T-wave interlead het-

rogeneity in subjects dying from sudden cardiac death in a 7-year
ollowup study from a general population survey. Also, other work,
n which the spatial variance of VR was computed over columns and
ows of body surface mapping rather than 12-lead ECG, showed an
ncreased spatial variance of repolarization after MI  [6], although
o information about time elapsed after MI  was provided.

. Conclusions

We  have investigated the influence of the time elapsed after
yocardial infarction, in particular the healing and healed phases,

n spatial variance of ventricular repolarization. Every set of
CG leads analyzed appeared modulated along the two  post-MI
tages, resulting aVF − V2 − V5 the preferential combination, since it

howed the strongest modulation in patients without VT/VF events.
inally, we found a differential behavior in the modulation of the
VT index during healing and healed stages, depending on whether
ave existed prior VT/VF events.
ocessing and Control 34 (2017) 214–219 219
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