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Abstract 

Aim of the present study was to propose an innovative 
TCE10 index (defined as the T-wave cumulative 
normalized energy at 10 Hz, in %) as a useful tool to 
characterize the T wave in terms of its frequency content, 
and to test the TCE10 ability to discriminate abnormal 
cases of repolarization. To this aim, ECG recordings (X, 
Y, Z leads and vector-magnitude signal, VMS) of 23 
control healthy (CH) subjects and 23 antero-septal acute 
myocardial infarction (ASAMI) patients were analysed. 
Abnormal repolarization was identified when TCE10 was 
below a threshold value, defined as the 25th percentile of 
the TCE10 distribution over the CH population. Results 
indicate that the ASAMI population was characterized by 
lower TCE10 values than the CH population (X: 
93.9±5.9% vs. 98.2±1.2%; Y: 95.2±4.5% vs. 97.8±1.4%;  
Z: 97.4±1.6% vs. 99.1±1.5%; VMS: 95.7±2.8% vs. 
97.9±1.3%; P<0.01). Moreover, the ASAMI patients were 
discriminated from the CH subjects with a lead-
independent specificity of 74% and a lead-dependent 
sensitivity of 78%, 61%, 87% and 57% for lead X,Y,Z and 
VMS, respectively. In conclusion, compared to the CH 
subjects, the ASAMI patients show increased high-
frequency spectral energy and were discriminated from 
the former with satisfactory values of sensibility and 
specificity. 

 
 

1. Introduction 

Sudden cardiac death (SCD) remains one of the 
leading causes of death in developed countries [1-2]. 
Among the possible causes of SCD there are the 
abnormalities in the repolarization phase of the heart, 
which are known to be associated to susceptibility to 
malignant ventricular arrhythmias [3-4]. 

The digital electrocardiogram (ECG) has been widely 
used to evaluate and diagnose cardiovascular diseases. In 
particular, the number of studies on the T wave, 
representing the cardiac repolarization on the ECG 
tracing, have been constantly growing in the last decades, 
and several noninvasive T-wave based predictors of SCD 

have been proposed in the literature [5]. Among these 
predictors, the inverted T wave [6], the QT interval [7-8] 
and the T-wave alternans [9-10] are of particular interest, 
even though they do not provide satisfactory values of 
sensitivity and specificity. 

Abnormalities in the repolarization morphology are 
reflected, in the frequency domain, in a variation of the T-
wave frequency content. Still, as far as we know, no SCD 
predictor is based on this feature. Thus, aim of the present 
study was to investigate the T-wave frequency content of 
ECG recordings, and to design an innovative index which 
could be used to highlight differences between healthy 
and pathological conditions. Performances of such index 
was tested using ECG recordings of a healthy population 
and of patients affected by acute myocardial infarction. 
 
2. Methods 

2.1. Study Population and clinical data 

Our study population consisted of 23 control healthy 
subjects (CH) and 23 antero-septal acute myocardial 
infarction (ASAMI) patients, matched in terms of gender 
and age (Table 1), who underwent a short (30 s to 2 min), 
3-lead (orthogonal Frank’s XYZ) ECG recording 
(sampling frequency, fs: 1 KHz). All ECG tracings are 
available at the Physionet database (Physionet PTB 
Diagnostic Database; www.physionet.org). 

 
2.2. T-wave frequency content evaluation 

From each subject ECG recording, a 10-s window was 
randomly extracted to be processed in order to evaluate 
the T-wave frequency content. The former was 
independently estimated for the three orthogonal Frank’s 
XYZ ECG leads and for the vector magnitude signal 
(VMS), obtained by their combination as in Eq. 1: 

 
222 ZYXVMS ++=   (1) 

 
Before being processed, each tracing (either lead or 

VMS) was prefiltered for high frequency noise removal 
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and baseline subtraction (by means of a band-pass filter 
with passing band between 0.5 Hz and 35 Hz), and R 
peak and T-wave endpoints detection [11-12]. 

Then, the T-wave frequency content evaluation was 
performed on the tracing-dependent T-wave signal 
(TWS), obtained by zero padding everything outside the 
T-wave windows (Fig.1). More specifically, the Fourier 
transformation was used to compute the power spectrum 
(PSTWS(f)) and, subsequently, the energy signal (ETWS(f)). 
The latter, after computation of the total energy, was 
normalized and expressed as percentage (ETWS%(f), 
respectively; Eq.2). 
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2.3. Definition of a new T-wave frequency 
index for discrimination of subjects 
with abnormal repolarization 

A new TCE10 index, representing the T-wave 
cumulative normalized energy at 10 Hz (Fig. 2), was 
defined as in Eq. 3: 

 
%(10)ETCE TWS10 =    (3) 

 
A subject presented abnormal T-wave frequency 

content if his/her TCE10 was below a threshold value, 
THR, defined as the 25th percentile of TCE10 distribution 
over the CH subjects. 

 
 
 
 

 
 
Figure 1. Z-lead ECG signal (panel a) of an ASAMI 
patient and corresponding T-wave signal (TWS; panel b). 
 

2.4. Statistics 

Age, heart rate and four values of TCE10  (one for each 
lead and one for the VMS) were reported for each subject 
of either populations. Mean and standard deviation (SD) 
values (over each population) of each clinical parameter 
were also reported. To be independent of normality, 
comparison between distributions relative to the ASAMI 
patients and the CH subjects was performed by means of 
the Wilcoxon rank sum test for equal medians. The ability 
of our THR to discriminate abnormal repolarization was 
evaluated computing sensitivity (Se), specificity (Sp) and 
area under the ROC curve (AUC) values. In all cases, 
statistical significance was set at 0.05 level. 
 

 
3. Results 

Clinical parameters relative to our CH subjects and 
ASAMI patients are reported in Table 1, which shows 
that the two populations differed significantly in terms of 
mean heart rate (which was lower for the CH than the 
ASAMI). 

Analysis of frequency content of the TWS showed that 
most of the T-wave frequency content of leads X, Y, Z 
and VMS was included within 10 Hz in both populations. 
However, the ASAMI population was consistently 
characterized by lower TCE10 values than the CH 
population (Table 2). This finding indicates that the 
ASAMI patients have more frequency components than 
the CH subjects at high frequencies, as shown in Fig.3 
where typical PSTWS%(f) signals for an ASAMI patient 
and for a CH subject are shown. Consequently, the 
ASAMI mean ETWS%(f) curve was significantly under the 
CH mean ETWS%(f) curve for frequencies greater than 10 
Hz, as represented in Fig. 4. 

 
 
 
 

 
 
Figure 2. Graphical representation of the TCE10 index 
(black dot) defined as the T-wave cumulative normalized 
energy at 10 Hz. 
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THR values (X: 98.1%, Y: 97.2%, Z: 99.1%, VMS: 
97.4%; defined as in Methods) were used to identify 
TCE10 normality region out of which abnormal cases of 
repolarization are expected to fall (Fig.5). Such THR 
values allowed a discrimination of the ASAMI patients 
from the CH subjects with values of Se, Sp and AUC, as 
reported in Table 3. Z was found to be the optimum lead 
for discrimination of abnormal repolarization (Se=87%, 
Sp=74%; AUC=0.85). 

 
 

 
Figure 3. Typical PSTWS%(f) signal for a CH subject 
(panel a) and for an ASAMI patient (panel b). 
 
 
 

 
Figure 4. ETWS%(f) curve over the CH subjects and the 
ASAMI patients for the Z lead. 

4. Discussion and conclusions 

This study proposed a new TCE10 index, which 
represents  the  T-wave cumulative  normalized energy  at  
 
 
Table 1. Mean±SD values of clinical parameters relative 
to the CH and ASAMI populations. NS: Not statistically 
significant. 
     CH 

     (N=23) 
  ASAMI 
   (N=23) 

P 

Male 18 (78%)   18 (78%) NS 

Age (years)        52±14     61±12 NS 

HR (bpm)        71±11     87±15 <10-5 

 
Table 2. Mean±SD values of TCE10 values for the CH 
and ASAMI populations. 
          CH 

       (N=23) 
    ASAMI 
     (N=23) 

P 

X 98.2±1.2% 93.9±5.9% <0.01 

Y 97.8±1.4% 95.2±4.5% <0.01 

Z 99.1±1.5% 97.4±1.6% <0.01 

VMS 97.9±1.3%, 95.7±2.8% <0.01 

 
Table 3. Sensibility (Se), specificity (Sp) and area under 
the ROC curve (AUC) values for the X,Y,Z and VMS. 

 Se      Sp AUC 
X    78%   74% 0.79 

Y 61% 74% 0.75 

Z 87% 74% 0.85 

VMS 57% 74% 0.73 

 
 

 
Figure 5. TCE10 values for the CH subjects and the 
ASAMI patients in the Z lead. The THR is the value 
delimiting the TCE10 normality region. 
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10 Hz, for discrimination of abnormal repolarization 
based on the T-wave frequency content, and tested the  
TCE10 performance on CH subjects and ASAMI patients. 

According to our results both CH and ASAMI 
populations have a T-wave frequency content mostly 
included within 10 Hz, as indicated by TCE10 values 
greater than 93% (thus indicating that no more of the 7% 
of the spectrum is located in the 10-fs/2 Hz frequencies 
range). However, compared to the CH subjects, the 
ASAMI patients show a significant increment of the high- 
frequency (greater than 10 Hz) components, as 
highlighted by significantly lower values of TCE10 
measured in all leads. Such difference between 
populations is only marginally due to a higher heart rate 
characterizing the ASAMI patients, which still has the 
effect to slightly shift their ECG spectrum toward the 
high frequencies. Indeed, an unpublished study from 
ourselves performed on the same ECG tracings used here 
but after heart-rate normalization (i.e. with heart rate 
forced to be 60 bpm to eliminate its effect on the T-wave 
frequency content evaluation) provided results 
statistically analogous to those obtained in the present 
study. Thus, the significant increment of the high- 
frequency components in the ASAMI patients, compared 
to the CH subjects, which is highlighted by the lower 
TCE10 values measured in the former population, is 
essentially due to a more fragmented repolarization 
characterizing subjects with cardiomyopathy. 

The definition of a THR as 25th percentile of the TCE10 
distribution over the CH population allowed the 
identification of a normality region which, by definition, 
is able to discriminate abnormal cases of repolarization 
with a specificity of 74% in all leads. Such value of 
specificity is a consequence of the THR definition and of 
the number of subjects in the CH population, which being 
less than 100, does not allows specificity to reach 75%. 
The sensitivity, instead, was lead dependent. In our 
ASAMI population lead Z appears as the optimum 
(showing a sensitivity of 87%), but it is possible that 
other leads could be optimal for patients discrimination 
when these were affected by acute myocardial infarction 
in other locations or by other diseases. Instead, the X, Y 
and Z lead combination in the VMS seems to 
significantly reduce the TCE10 ability to discriminate 
abnormal cases of repolarization. 

In conclusion, the CH subjects and the ASAMI 
patients have the T-wave frequency components 
differently distributed along the spectrum. Such 
differences can be highlighted by our innovative TCE10 
index, which is significantly lower for the ASAMI 
patients, thus indicating an increment of the high- 
frequencies (greater than 10 Hz) components. Eventually, 
the TCE10 index provided satisfactory values of sensibility 
and specificity when used to discriminate abnormal cases 
of repolarization. 
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