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Abstract 

In providing proper treatment for Atrial Fibrillation 

(AF) patients, the clinician must establish the pattern of 

arrhythmia, determine associated symptoms, and asses for 

underlying comorbidities in order to define short- and 

long-term management strategies. To do so, this paper 

describes a preliminary study in which a novel ECG-based 

estimator of the standard deviation of ventricular 

myocytes’ repolarization times (𝑠𝜗 ) called the 𝒱-index was 

computed in simulated data, assessing whether the 

presence of f-waves may corrupt the 𝒱-index. The analysis 

was performed in simulated ECGs generated by combining 

synthetic bundles of 300 T-waves with seven different 

values of 𝑠𝜗, with QRS template and 50 f-waves extracted 

from real data. The results show a strong correlation 

between the calculated target 𝒱-index (t𝒱-index) and the 

𝑠𝜗 (r = 0.99, p-value < 0.001). They also show the effect 

of the f-waves in the computation of the 𝒱-index. The 𝒱-

index calculated with f-waves (f𝒱-index) and after the f-

waves were removed (c𝒱-index) had highly significant 

differences (p-value < 0.001) and significant differences 

(p-value < 0.05) with the t𝒱-index for values below 53.3 

ms,  which proves the corruptive effect the f-waves have on 

the computation of the 𝒱-index and stresses the importance 

of removing them before attempting further analysis. 

 

 

1. Introduction 

The progressive aging of the general population is 

associated with an inevitable rising in incidence of atrial 

fibrillation (AF) [1], which is associated to increased 

mortality. Even if AF is an atrial arrhythmia, it has been 

shown to cause ventricular repolarization remodelling [2], 

and to be an independent contributor to sudden cardiac 

death risk [3].  

Several parameters related to T-wave morphology 

(width [4], amplitude) and duration (𝑇𝑎𝑝𝑒𝑥 − 𝑇𝑒𝑛𝑑 [5, 6] 

and QT dispersion [7]) have been proposed to quantify the 

heterogeneity of ventricular repolarization. However, 

when applied, they showed limitations [8, 9], have been 

questioned [10] or provided controversial interpretations 

[9, 11, 12]. Other parameters such as the one proposed by 

Martín-Yabra et al. focuses on the differences between 

pairs of T-waves when analysing AF patients under Sinus 

Rhythm (SR) conditions, but the index used was tailored 

for chronic heart failure patients only and not tested during 

AF conditions [13]. Having this in mind, a novel method 

to quantify the dispersion of myocytes’ repolarization 

times, rooted on van Oosterom’s biophysical model [14] of 

the ECG was derived [15]. The 𝒱-index is an 

electrocardiogram (ECG)-based estimator of the standard 

deviation of ventricular myocytes’ repolarization times 𝑠𝜗. 

The spatial dispersion of ventricular repolarization is 

responsible for the genesis of the T-wave on the ECG and 

an amplification of the heterogeneity favours the 

development of ventricular tachycardia/fibrillation as it 

creates suitable conditions for re-entry mechanisms [16, 

17].  

Up to now, studies involving the 𝒱-index have been 

focused on patients with symptoms suggestive of non-ST-

elevation myocardial infarction [18], assessing the effect 

of drugs such as moxifloxacin or sotalol [19] and studying 

the survival rate in patients with Chagas disease [20]. 

During AF the T-waves may be corrupted by f-waves, 

typical of AF. Thus, when applying the 𝒱-index to ECG 

during AF, the contribution of f-waves should be 

considered.  This paper describes a preliminary study in 

which the 𝒱-index is computed on simulated data, 

assessing the effect of f-waves on the 𝒱-index 

computation.  

 

2. Materials and Methods 

2.1. Simulated data 

Simulated 12-lead ECGs were generated by combining 

synthetic T-waves with QRS complexes and f-waves 

extracted from real data. The ECGs were 5.57 ± 0.41 hours 

long and had a mean heart rate of 54.1 ± 4.0 bpm. 

The T-waves were simulated using a re-implementation 

of the forward ECG model on which ECGSIM is based and 
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provided the repolarization times across the ventricular 

surface [21]. The model was composed by two 3D 

geometries (meshes) for heart (its surface was discretized 

into 257 nodes) and torso, plus the bio-electrical model. 

The myocytes associated with a given node were lumped 

together and shared the same transmembrane potential 

(TMP). Virtual electrodes were placed on the torso mesh 

to resemble the standard 12-lead ECG configuration. 

Seven different values of 𝑠𝜗 were used, from 13.3 to 73.3 

ms with step of 10 ms and for each one, 300 T-waves were 

simulated (see Figure 1). 

 

 
 

Figure 1. Median of 300 synthetic T-waves in Lead I with 

different values of 𝑠𝜗 (ms).  

 

The QRS complexes from the 12 leads were extracted 

by locating the R peak and selecting a window (-60, +100 

ms) centred around it. Finally, the synthetic T-waves, the 

QRS complex and a 0V baseline were combined with 50 

ms crossfade overlap to create the resulting ECG signals. 

The f-waves were then randomly extracted from 50 real 

AF signals using a spatiotemporal QRST cancellation 

technique introduced by Stridh and Sörnmo (see [22] for 

more details). The real f-wave were 4.74 ± 0.76 hours long 

with mean amplitude equal to 0.10 ± 0.05 mV in Lead I.  

 

2.2. 𝒱-index computation 

In order to calculate the 𝒱-index, the lead factors 𝝎𝟏 and 

𝝎𝟐 have to be calculated. The method used consisted in 

estimating the dominant T-wave (DTW), which can be 

modelled by a linear equation that links the TMP to the 

surface potentials: 

 

 
𝚿 = 𝑨𝑫 = 𝑨 [

𝐷(𝑡 − 𝜌1)
⋮

𝐷(𝑡 − 𝜌𝑀)
] 

 

(1) 

 

where 𝚿 is the vector of surface potentials and 𝐴 [𝐿 × 𝑀] 
is a transfer matrix which is fixed for a given subject, 

where L is the number of leads and M the number of nodes 

in which the heart surface is divided. 𝐷(𝑡) represents the 

average shape of the repolarization phase of the TMP while 

𝜌𝑚 is the repolarization time. (See [14] for more details). 

 Eq. 1 can also be expressed as: 

 

 

𝚿(t) ≈ ∑ 𝝎𝒌

𝑑𝑘−1

𝑑𝑡𝑘−1

𝑁

𝑘=1

𝑇𝑑(𝑡) 

 

(2) 

 

where 𝑻𝒅 is the DTW (the derivative of 𝐷(𝑡)), 𝝎𝒌 is a 

[𝐿 × 1] vector of lead factors and N is the number of 

Taylor terms included. For computational simplicity we 

took N = 2 and so, Eq. 2 can be written as: 

  

𝚿(t) ≈  𝝎𝟏𝑇𝑑(𝑡) + 𝝎𝟐�̇�𝑑(𝑡) 

 

(3) 

 

where 𝝎𝟏 and 𝝎𝟐 are the first two lead factors and �̇�𝒅, the 

DTW’s derivative (see [15] for more details on the 

computation of 𝝎𝟏 and 𝝎𝟐). Finally, the approximate 

measure of the dispersion of the ventricular myocytes’ 

repolarization times 𝑠𝜗 is described by the following 

equation: 
 

 
𝒱𝑖𝑛𝑑𝑒𝑥 =

𝑠𝑡𝑑[𝜔2]

𝑠𝑡𝑑[𝜔1]
≈ 𝑠𝜗 

 

(4) 

 
To assess the influence of f-waves on the computation 

of the 𝒱-index, the index was computed on the simulated 

ECG with f-waves (fECG) as well as on the ECG where f-

waves were removed (cECG). For the removal of the f-

waves, a variation of the QRST cancellation algorithm was 

used. In this variation, once the QRST waves are cancelled 

in the ECG, the result which would contain the f-waves is 

subtracted from the original ECG, obtaining the ECG 

without f-waves (cECG).  

 

3. Results 

First, the values of the 𝒱-index calculated before the f-

waves were added (t𝒱-index) were compared to the 

standard deviation of ventricular myocytes’ repolarization 

times (𝑠𝜗) which the synthetic T-waves were based on. In 

Figure 2a, it can be appreciated that the computed 𝒱-index 

is very close to the real 𝑠𝜗. The figure shows that the 𝒱-

index has a strong correlation with 𝑠𝜗 (Pearson correlation 

= 0.99, p-value < 0.001) proving the validity of the method 

used to calculate the 𝒱-index.  

The 𝒱-index was computed on the simulated ECG with 

added f-waves (f𝒱-index), and after the f-waves were 

cleaned (c𝒱-index). A comparison of their values for the 

different T waves is shown in Figure 2b, with 
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superimposed the t𝒱-index. 

The figure shows the boxplots of the calculated 𝒱-index 

when the f-waves were added (f𝒱-index), when the f-

waves were removed (c𝒱-index) and the target t𝒱-index 

for each of the different T-waves synthesized. It can be 

observed that the presence of f-waves corrupts the 𝒱-index 

overestimating its value, having a highly significant  

difference (p-value < 0.001) between the f𝒱-index and c𝒱-

index. There is also a significant difference (p-value < 

0.05) between the f𝒱-index and the t𝒱-index for values 

below 53.3ms. On the other hand, there is a non-significant 

difference between c𝒱-index and t𝒱-index for the whole 

range of 𝒱-index values studied. 

 

4. Discussion 

Non-invasive assessment of ventricular repolarization 

heterogeneities during AF is not a straightforward task, 

consequence of the irregular ventricular activity present 

under this condition. There have been many ECG-derived 

markers proposed for the assessment of the heterogeneities 

of ventricular repolarization such as the QT interval, QT 

dispersion or T-wave alternans to mention a few. However, 

these markers require the patient to be in sinus rhythm to 

be properly assessed [23] which makes them less 

appropriate for studying AF as the properties of the AV 

node and atrial electrophysiology influence the highly 

irregular ventricular response. 

In respect to QT measurements, 𝒱-index has the 

advantages of being a direct estimator of the spatial 

heterogeneity of ventricular repolarization and of being 

only marginally affected by misdetection of T-waves 

fiduciary points (as for instance the T-peak or T-end). 

However, the 𝒱-index has previously been assessed only 

during SR, thus we aimed at assessing whether it is  

possible to quantify it during AF. As a preliminary study, 

we analyzed simulated data only and the results show the 

importance of removing the f-waves before computing the 

𝒱-index. The 𝒱-index estimates the spatial heterogeneity 

of ventricular myocytes’ repolarization times 𝑠𝜗, yielding 

higher values as the heterogeneity increases. The 
presence of f-waves introduces a bias and the 𝒱-index 

is overestimated. The findings show that the 𝒱-index 

values calculated after the f-waves were removed (c𝒱-

index) are very close to the target t𝒱-index (non-significant 

difference) for the range of values studied.  

 

5. Conclusion 

In this paper, a new methodological approach of pre-

processing the ECG signal before the computation of the 

𝒱-index has been introduced. The proposed method is 

based on an f-wave cancellation algorithm that eliminates 

f-waves before the T-waves are used to compute the 𝒱-

index. The process was tested using simulated ECG signals 

that were generated using synthetic T-waves with 

increasing values of heterogeneity of ventricular 

repolarization 𝑠𝜗, real QRS complexes and real f-waves 

extracted from ECG obtained from patients with AF. It has 

been shown that after the f-waves were removed, the 𝒱-

index values were similar to the target t𝒱-index values, 

presenting non-significant differences. In future works, the 

validity of the method will be tested with the computation 

of the 𝒱-index during AF in clinical ECG data. 

Figure 2. (a) Correlation between t𝒱-index (ms) and 𝑠𝜗, (b) Comparison between 𝒱-index with f-waves (f𝒱-index), 𝒱-

index after f-waves removal (c𝒱-index), t𝒱-index calculated.  

(a) (b) 
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