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Abstract 

Abnormalities in the cardiac repolarization and, thus, in the electrocardiographic (ECG) T 

wave, are known to be associated to several cardiovascular diseases. For this reason, cardiac 

repolarization has recently become matter of major interest and several T-wave indexes have 

been proposed in the literature in the attempt to noninvasively discriminate pathological from 

healthy conditions. In the present chapter we designed two new indexes based on the T-wave 

frequency content at low and high frequencies, respectively. Abilities of such indexes in 

automatically detecting abnormal cases of repolarization were tested and compared using 

ECG recordings of 39 control healthy (CH) subjects and 39 acute myocardial infarction 

(AMI) patients. T-wave frequency evaluation was performed on the ECG vector magnitude 

signal (VMS) by computing the normalized power spectrum and the normalized energy 

according to the Fourier transformation. In both populations most of the T-wave frequency 

content was within 10 Hz, frequency at which the normalized energy relative to the CH 

subjects and AMI patients reached 97.5±2.7% and 96.3±2.6%, respectively (P<0.01). 

Nevertheless, the normalized energy distribution relative to the two populations was 

significantly different. Indeed, the T-wave energy curve of the AMI patients was significantly 

(P<0.01) higher in correspondence of any frequency between 2 Hz and 5 Hz, due to a reduced 

repolarization variability observed over this frequency range. Consequently, the area under the 

normalized energy curve in the 2-5 Hz band (AUNE2-5) was found to be significantly greater 

for the AMI patients (AUNE2-5=248±15 Hz) than the CH subjects (AUNE2-5=230±15 Hz; 

P<10-5), and allowed a discrimination between the two populations with a sensitivity and 

specificity of 79.5% and 74.4%, respectively. Instead, for frequencies comprised between 10 

Hz and 35 Hz, the normalized T-wave energy curve of the AMI patients was significantly 

(P<0.01) lower than that of the CH subjects, due to an increased high-frequency variability 

observed in the AMI spectra. Thus, the area under the normalized energy curve in the 10-35 

Hz band (AUNE10-35) was found to be significantly lower for the AMI patients (AUNE10-
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35=2467±32 Hz) than the CH subjects (AUNE10-35=2491±28 Hz; P<10-8), and allowed a 

discrimination between the two populations with a sensitivity and specificity of 94.9% and 

74.4%, respectively. In conclusion, the differences in the T-wave frequency content of CH 

subjects and AMI patients can be described using our new AUNE2-5 and AUNE10-35 

indexes. The latter, however, showed a greater ability to discriminate abnormal repolarization 

associated to the acute myocardial infarction. 

Introduction 

Despite recent advances in the treatment of life-threatening ventricular arrhythmias, 

sudden cardiac death (SCD; an unexpected death due to cardiac causes occurring within an 

hour of symptom onset in a person with known or unknown cardiac disease) remains one of 

the leading causes of death in developed countries [1-5]. At the present time, patients are 

selected for clinical evaluation and treatment of ventricular arrhythmias only after they have 

experienced and survived a major cardiac event. Thus, from a public health viewpoint, 

identification and treatment of such high-risk subjects before the occurrence of a cardiac 

event is expected to have a great impact on the problem of SCD [5]. 

The simplest way to diagnose most of the cardiac abnormalities that can lead to SCD is to 

perform an electrocardiogram (ECG) test. The ECG is the recording of the electrical activity 

of the heart by means of surface electrodes disposed on the skin in standardized positions in 

order to obtain determined ECG signal lead leads. Thus, the ECG test is simple, noninvasive, 

painless and affordable. Most ECG recorders acquire the ECG signal in digital format, so that 

it can be stored in a computer memory and automatically processed for information 

extraction. The ECG signal is, by its nature, a pseudo-periodical signal constituted by the 

repetition of a typical waveform-complex representing a cardiac cycle (heartbeat), which 

consists of a P wave, a QRS complex, a T wave and sometimes a U wave (Figure 1).  

The P wave and the QRS complex correspond to the atrial and ventricular depolarization 

(or contraction), respectively, the latter obscuring the atrial repolarization (or relaxation); 

instead, the T wave represents the ventricular repolarization. Eventually, the U wave, when 

present, is believed to be related to the interventricular septum repolarization.  

Among all the possible causes of SCD there are the abnormalities in the cardiac 

repolarization of the heart (electrocardiographic ST segment and T wave), which are known 

to be associated to susceptibility to malignant ventricular arrhythmias and SCD [6]. The most 

popular repolarization marker of risk is the QT interval [7-10], defined as the time distance 

between the onset of the Q wave and the offset of the T wave. Thus, the QT interval 

represents the total duration of the contraction and subsequent relaxation of the ventricles.  

Despite the QT-interval prolongation being the standard indicator of cardiac safety in 

clinical trials, it suffers of several limitations. First of all, the offset of the T wave is usually 

hardly identifiable due to the T-wave varying morphology, the possible existence of the U 

wave, and the presence of noise and artifacts affecting the ECG [11].  

Consequently, QT measurements suffer of a large variability (few tens of ms) due to the 

different automatic algorithms used for its detection [12]. In addition, the QT interval is 

correlated to the heart rate for which it is usually corrected (QTc) using the Buzett’s formula 

[13]. Such correction, however, tends to under correct the QT interval at low heart rates (<60 

bpm) and to over correct it at high heart rates (>60 bpm) [14]. Eventually, there is a large QT 

interval variability among leads, known as QT dispersion [15-18].  
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Figure 1. Schematic representation of an electrocardiographic signal corresponding to one heart beat 

showing all typical waves: P, Q, R, S, T and U.  

The difficulties in accurately measuring the QT interval, together with the clinical 

observation that not all pronged QT intervals necessarily lead to ventricular arrhythmias [19], 

has stimulated the interest in identifying new alternative markers of abnormal repolarization.  

Consequently, the number of studies on the T wave has been constantly growing in the 

last decades, and several noninvasive T-wave morphology based markers of ventricular 

arrhythmias have been proposed in the literature [20], among which T-wave alternans [5, 21-

30], T-wave duration parameters [31-35], T-wave amplitude parameters [36-37] and others 

[38-44]. Still, none of the above-mentioned T-wave indexes for high-risk patients 

identification has shown sufficient sensitivity and specificity to justify diagnostic and 

therapeutic procedures in patients who have not experienced major cardiac events. 

The aim of the study presented in this chapter was to investigate the ECG T-wave 

frequency content in order to design a new repolarization index useful to highlight differences 

between healthy and pathological conditions, and potentially, to identify patients at increased 

risk of SCD.  

To this aim, ECG recordings of healthy subjects were analyzed to identify normal 

distributions of the T-wave energy, which were then contrasted with those relative to ECG 

tracings of patients affected by acute myocardial infarction. Ability of our T-wave frequency 

index in discriminating the two populations was tested by computing sensibility and 

specificity. 

Methods 

Study Populations 

Our populations consisted of 39 control healthy (CH) subjects (30 males, age: 43±14 

years) and 39 acute myocardial infarction (AMI) patients (32 males, age: 59±11 years), of 
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which 23 were affected by an antero-septal acute myocardial infarction, while the remaining 

16 by an antero-lateral acute myocardial infarction. A summary of the clinical characteristics 

of our CH subjects and AMI patients, such as obesity (body mass index greater than 30 

Kg/m2), diastolic and systolic pressure, and concomitant pathologies, is reported in Table 1.  

Table 1. Clinical parameters (reported as mean±standard deviation or number of 

occurrences) relative to the CH subjects and AMI patients 

 
CH 

(N=39) 

AMI 

(N=39) 
P 

AGE (year) 43±14 59±11 <10
-5

 

GENDER (male) 30 32 NS 

HYPERTENSION 0 10 <0.005 

OBESITY (BMI>30Kg/m
2
) 0 3 NS 

DBP (mmHg) NR 128±18 NA 

SBP (mmHg) NR 74±13 NA 

DIABETES 0 6 <0.05 

OTHER PATOLOGIES 0 19 <0.005 

HEART RATE (bpm) 69±13 85±15 <10
-5

 
BMI: body mass index; DSB: diastolic blood pressure; NA: not applicable;  

NR: not reported; NS: not statistically significant; SBP: systolic blood pressure 

Clinical Data 

Each subject underwent a short (30 s to 2 min) XYZ-lead (Frank’s orthogonal leads) 

digital ECG recording (sampling frequency, Fs, of 1 KHz with a 16 bit, 0.5 µV/LSB 

resolution). The ECG tracings of all our CH subjects and AMI patients are available at the 

PTB Diagnostic Physionet database (www.physionet.org).  

The XYZ leads (Figure 2, panels a to c) of each ECG recording were independently pre-

filtered for high-frequency noise removal and baseline subtraction by means of a 6
th
 order 

Butterworth bidirectional band-pass (0.5-35 Hz) filter, before being combined to obtain the 

vector magnitude signal (VMS; Figure 2, panel d) as in Eq. 1:  

  (1) 

Subsequently, the VMS was processed for R-peak detection [45]. Eventually, for each 

VMS, a single 10-second window (Twnd) characterized by stable heart rate (RR-interval 

standard deviation, in s, less than 10% of mean RR interval, in s) was extracted to be 

processed in order to evaluate the T-wave frequency content as described below. Heart-rate 

stability was required to avoid cases of repolarization variability driven by changes in the 

heart rate.  

.ZYXVMS 222 
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T-Wave Frequency Content Evaluation 

T-wave frequency content evaluation was performed only on one VMS 10-s window for 

each subject. After having identified the T-wave endpoints [46], the T-wave signal (TWS) 

was constructed by zero padding everything outside the T-wave windows (Figure 2, panel e).  

T-wave frequency content evaluation was then performed on the TWS by computing the 

power spectrum (PSTWS(k)) and energy signal (ETWS(k)) by mean of the Fourier 

transformation (Eq. 2 and Eq. 3): 

  (2) 

 , (3)

 

where Ns is the number of samples (Ns = Twnd·Fs = 10 s ·1000 Hz = 10000), and n and k are 

adimensional indexes to get time and frequency as tn = n·(1/Fs) = n·0.001 s, and fk = k·(1/Twnd) 

= k · 0.1 Hz, respectively. After having computed the total energy (ETWS_Total; Eq. 4), the 

PSTWS(k) as well the ETWS(k) were normalized and expressed as percentages (PSTWS%(k) and 

ETWS%(k), respectively; Eq. 5 and Eq. 6):  

  (4) 

  (5) 

  (6) 

Eventually, two indexes defined as the area under the normalized energy curve between 2 

to 5 Hz (AUNE2-5, Eq. 7, Figure 3), and between 10 to 35 Hz (AUNE10-35, Eq. 8, Figure 3) 

were defined to characterize the T-wave frequency content at low and high frequencies, 

respectively:  

  (7) 

  (8) 

Being the energy normalized (and, thus, adimensional), AUNE2-5 and AUNE10-35 are 

expressed in Hz. 
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Figure 2. Signal processing steps for getting the T-wave signal (TWS). The three orthogonal leads (X,Y 

and Z; panels a to c) of the recorded ECG are combined to get the vector magnitude signal (VMS; panel 

d), from which the TWS (panel e) is derived by zero padding everything outside the T waves. 

Criteria for Discrimination of Subjects with Abnormal Repolarization  

 

Figure 3. Graphical representation of the AUNE2-5 and AUNE10-35 indexes, defined as the area under the 

normalized energy curve between 2 to 5 Hz and 10 to 35 Hz, respectively. 
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Two independent criteria for discrimination of subjects with abnormal repolarization 

were defined, the first for the T-wave low-frequency content, and the second for the T-wave 

high-frequency content. The abilities of these two criteria to discriminate AMI-patients 

repolarization from CH-subjects repolarization were compared and contrasted.  

T-wave low-frequency criterion. A subject presented abnormal T-wave low-frequency 

content if his/her AUNE2-5 value was exceeding a threshold value, THR2-5, defined as the 75
th 

percentile of AUNE2-5 distribution over the CH subjects. 

T-wave high-frequency criterion. A subject presented abnormal T-wave high-frequency 

content if his/her AUNE10-35 value was below a threshold value, THR10-35, defined as the 25
th
 

percentile of AUNE10-35 distribution over the CH subjects. 

Statistics 

To be independent of normality, comparisons between the distributions over the two 

populations of continuous clinical parameters (age, mean RR, RR standard deviation, ETWS% 

at specific frequencies, AUNE2-5 and AUNE10-35) were performed using the Wilcoxon rank-

sum test for equal medians. Differences in the binary parameters distributions (gender, 

obesity, hypertension, diabetes and other pathologies) between the two populations were 

evaluated using the chi-square test. The abilities of THR2-5 and THR10-35 to discriminate 

abnormal repolarization were compared and contrasted by computing sensitivity and 

specificity. Statistical significance was set at 0.05 level. 

Results 

The normalized spectra relative to the CH subjects were significantly different from the 

ones relative to the AMI patients, as represented by the examples in Figure 4 (panels a and c) 

where two typical PSTWS% are displayed. Most of the T-wave frequency content was included 

within 10 Hz in both populations. Indeed, at 10 Hz, the energy reached 97.5±2.7% for the CH 

subjects, and 96.3±2.6% for the AMI patients (P<0.01; Table 2). Still, the CH subjects 

showed a fundamental component which, on average, occurred at lower frequency and with a 

lower amplitude than the AMI population (frequency of fundamental component: 1.2±0.2 Hz 

vs. 1.5±0.3 Hz, P<10
-5

; amplitude of fundamental component: 28.6±11.6% vs. 38.2±14.6 %, 

P<0.01). Moreover, the components amplitudes were gradually decreasing for the CH 

subjects, whereas they were drastically reduced after the fundamental one for the AMI 

patients.  

Eventually, the CH subjects showed a significantly lower frequency content at high 

frequency (10-35 Hz) than the AMI patients (Table 2). Due to such different trend of the 

spectra relative to the two populations, at low frequencies (2-5 Hz) the ETWS% relative to the 

CH subjects increased more slowly than the ETWS% relative to the AMI patients (at 5 Hz 

ETWS% was 85.9±4.9 % and 89.4±5.2 % for the CH and AMI populations, respectively, 

P<0.01; Table 2), but, at high frequencies (10-35 Hz), approached saturation (100%) earlier 

(on average, ETWS%=99% was reached at 15 Hz by the CH subjects, and at 32 Hz by the AMI 

patients; Table 2). Examples of typical ETWS% curves for a CH subject and an AMI patient 

are shown in Figure 4 (panel b and d). 
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Figure 4. Typical PSTWS% and ETWS% signals for a CH subject (panels a and b) and for an AMI patient 

(panels c and d).  

The mean ETWS% curves averaged over the CH and the AMI populations are displayed in 

Figure 5. The two curves crosses at about 7.5 Hz, identifying a low frequencies region (2-5 

Hz) in which the energy relative to the CH subjects is significantly lower than that relative to 

the AMI patients, and a high frequency region (10-35 Hz), in which the energy relative to the 

CH subjects is significantly higher (Table 2). On average the CH subjects showed lower 

AUNE2-5 values than the AMI patients (230±15 Hz vs. 248±15 Hz, P<10
-5

; Figure 6, panel a), 

but higher AUNE10-35 values (2491±28 Hz vs. 2467±32 Hz; P<10
-8

; Figure 6, panel b). 

The values of THR2-5 and THR10-35, delimiting the normality region for the corresponding 

parameter, were 239 Hz and 2494 Hz, respectively. The number of subjects showing a value 

of AUNE2-5 over THR2-5, and thus showing an abnormal repolarization according to the low-

frequency based criterion, was 10 among the CH subjects and 31 among the AMI.  
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Table 2. Mean ± standard deviation of ETWS% values computed over the CH subjects 

and the AMI patients at specific frequencies ranging from 1 Hz to 35 Hz 

Frequency [Hz] CH (39) AMI (39) P 

1 8.4±9.1 % 5.2±2.1 % NS 

2 50.8±7.7 % 60.1±10.8% <10
-6

 

3 71.0±6.2 % 78.8±7.8 % <10
-6

 

4 81.2±4.9 % 86.4±6.0 % <10
-6

 

5 85.9±4.9 % 89.4±5.2 % <0.01 

6 89.7±4.7 % 91.5±4.4 % <0.05 

7 93.0±4.4 % 93.4±3.3 % NS 

8 95.4±3.3 % 94.6±3.2 % NS 

9 96.8±2.9 % 95.7±2.7 % <0.01 

10 97.5±2.7 % 96.3±2.6 % <0.01 

11 97.9±2.5 % 96.7±2.4 % <10
-3

 

12 98.3±2.4 % 97.0±2.1 % <10
-4

 

13 98.6±2.3 % 97.3±2.0 % <10
-6

 

14 98.8±2.2 % 97.5±1.8 % <10
-7

 

15 99.0±1.7 % 97.7±1.7 % <10
-8

 

16 99.1±1.6 % 97.8±1.7 % <10
-8

 

17 99.3±1.4 % 98.0±1.5 % <10
-8

 

18 99.3±1.2 % 98.1±1.4 % <10
-8

 

19 99.4±1.1 % 98.2±1.3 % <10
-9

 

20 99.4±0.9 % 98.3±1.3 % <10
-9

 

21 99.5±0.8 % 98.4±1.2 % <10
-9

 

22 99.5±0.8 % 98.5±1.2 % <10
-9

 

23 99.5±0.8 % 98.5±1.1 % <10
-9

 

24 99.5±0.7 % 98.6±1.1 % <10
-9

 

25 99.5±0.7 % 98.7±1.1 % <10
-9

 

26 99.5±0.7 % 98.7±1.0 % <10
-9

 

27 99.6±0.7 % 98.8±0.9 % <10
-9

 

28 99.6±0.7 % 98.8±0.9 % <10
-9

 

29 99.6±0.6 % 98.9±0.9 % <10
-8

 

30 99.6±0.6 % 98.9±0.9 % <10
-8

 

31 99.6±0.6 % 98.9±0.8 % <10
-8

 

32 99.6±0.6 % 99.0±0.8 % <10
-8

 

33 99.6±0.6 % 99.0±0.8 % <10
-8

 

34 99.7±0.5 % 99.0±0.8 % <10
-8

 

35 99.7±0.5 % 99.1±0.7 % <10
-8

 
NS: not statistically significant. 

 

Consequently, the two populations were discriminated with a sensibility of 79.5% and a 

specificity of 74.4%. Instead, the number of subjects showing a value of AUNE10-35 under 

THR10-35, and thus showing an abnormal repolarization according to the high-frequency based 

criterion, was 10 among the CH and 37 among the AMI. Thus, in this case, the values of 

sensitivity and specificity were 94.9% and 74.4%, respectively. The number of subjects 

simultaneously identified as affected by abnormal repolarization by both criteria were 2 

(5.1%) among the CH and 27 (69.2%) among the AMI. 
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Figure 5. Mean ETWS%(f) curves averaged over the CH subjects (dotted line) and the AMI patients 

(solid line).  

 

Figure 6. AUNE2-5 (panel a) and AUNE10-35 (panel b) values relative to the CH subjects and AMI 

patients. The gray zone indicates the normality region for the corresponding repolarization parameter. 
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Discussion  

This chapter represents, as far as we know, the first attempt to characterize the 

electrocardiographic T wave in terms of its frequency content, whose evaluation was 

performed on ECG tracings of healthy subjects and patients affected by acute myocardial 

infarction. Such kind of patients, indeed, is known to show abnormal repolarization [47-49], 

and up to 20% of out-of-hospital SCD from malignant ventricular tachyarrhythmias occurs 

during the acute phase of myocardial infarction [48]. Since repolarization may show a 

significant dispersion among ECG leads [15, 16, 50], to be independent of lead selection, the 

T-wave frequency content was evaluated on the VMS, which provides a comprehensive 

representation of the electrical activity of the heart in a single lead. 

Analysis of the normalized spectra of the TWS highlighted the presence of a dominant 

component (typically the fundamental one) which significantly decreased its amplitude within 

few harmonics in a much more marked way for the AMI patients than for the CH population. 

Being characterized by a higher heart-rate (Table 1), the fundamental component of the AMI 

patients was at higher frequency than that of the CH subjects, besides being characterized by 

higher amplitude (see Results). Consequently, the energy curve was significantly higher for 

the AMI patients than for the CH subjects in the low frequency (2 to 5 Hz) range, where the 

second to the fourth/fifth harmonics fall. The spectrum also highlighted higher amplitude 

components at high frequencies (10-35 Hz) for the AMI patients, indicating a more 

fragmented repolarization in these subjects compared to the CH ones. As a result, the 

normalized energy curve relative to the AMI patients was significantly below that relative to 

the CH subjects at high frequencies.  

Overall, compared to the CH subjects, the AMI population showed a significantly 

different trend of the energy both between 2 to 5 Hz and 10 to 35 Hz, in correspondence of 

which the AUNE2-5 and AUNE10-35 indexes were respectively significantly higher and 

significantly lower. Consequently, abnormal repolarization could be identified based on either 

the T-wave low-frequency content or the T-wave high-frequency content. For this reason two 

independent criteria were defined and compared. According to the first one, based on the low-

frequency content, a subject was showing abnormal repolarization if his/her AUNE2-5 value 

was over THR2-5, a threshold value defined as the 75
th 

percentile of the AUNE2-5 distribution 

over the CH population. Thus, specificity was 75% by definition, here reduced to 74.4% 

because of a CH population that counted less than 100 subjects. Analogously, according to 

the second criterion, based on the high-frequency content, a subject was showing abnormal 

repolarization if his/her AUNE10-35 value was below THR10-35, a threshold value defined as the 

25
th 

percentile of the AUNE10-35 distribution over the CH population. In this case, specificity 

was also fixed at 75% by definition. Even though showing the same specificity, sensitivity 

was higher when discrimination occurred based on AUNE10-35 rather than AUNE2-5 (94.9% vs. 

79.5%). Therefore, the high-frequency range appeared as the most appropriate to discriminate 

patients affected by abnormal repolarization.  

Conclusion 

The present chapter was intended to propose an innovative index for cardiac 

repolarization characterization based on the frequency domain. T-wave frequency analysis 
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was performed on 39 CH subjects and 39 AMI patients, and results indicated a significantly 

reduced low-frequency repolarization variability and a significantly augmented high-

frequency repolarization variability, properly described by our new AUNE2-5 and AUNE10-35 

indexes, which allowed an AMI patients discrimination from the CH subjects with a 

sensitivity and a specificity of 79.5% and 74.4%, and 94.9% and 74.4%, respectively. Thus, 

between the two considered indexes, AUNE10-35 appears as the most appropriate for 

identification of abnormal cases of repolarization. Although the number of patients on which 

such index has been tested is quite limited, the promising results here encourage future work 

on much larger populations.  
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