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Abstract: Spatial repolarization disparity is widely 
acknowledged as a substrate of malignant 
arrhythmia vulnerability e.g. [1]. Recently, the beat-
to-beat (B2B) QT variability was also considered as a 
sign of arrhythmia vulnerability e.g. [2]. In this 
study the spatio-temporal action potential dynamics 
were assessed by the use of body surface potential 
map (BSPM) records. The complex spatio-temporal 
dynamics of ventricular depolarization and 
repolarization was compared on a beat-to-beat basis 
in normal subjects and arrhythmia patients. Records 
were taken with a typical length of 5 minutes. The 
spatio-temporal nature of activation and 
repolarization sequence was characterized by QRS 
and QRST integral and integral difference maps. 
Furthermore, RR distances, nondipolarity indices 
(NDI) and the α angle of 192D QRS and QRST 
vectors were used to assess depolarization and 
repolarization dynamics. Results revealed that 
repolarization changes are causally preceded by 
perturbations in the depolarization process. 
Substantial non-overlapping information was found 
in the frequency spectra of the heart rate (RR) 
parameter and in the spatial activation and 
repolarization complexity, represented by NDI. 
 
Introduction 
 

According to basic electrophysiological 
experiments, arrhythmia vulnerability is associated with 
elevated disparity of ventricular repolarization. Several 
possible mechanisms were studied that may result in the 
elevation of arrhythmia vulnerability. Noninvasive 
methods were recommended for the detection of 
pathological repolarization disparity, including 
measurements performed on low-noise averaged 
majority beats, QT dispersion estimates etc. [1], [3], [4], 
[5], [6] and [7]. Other approaches try to get information 
from the beat-to-beat lability of QT duration in ECG 
leads[8], time- and frequency domain heart rate 
variability measurements, as well as from the 
vulnerability changes evoked by single or multiple 
premature stimuli [9], [10], and [11]. 

In this paper the theoretically well understood QRS 
and QRST integral maps and scalar parameters 
extracted from the subsequent beats are used to 

characterize malignant changes in a train of beats. Now, 
a special attention has been paid to the variability of the 
beat-to-beat spatio-temporal QRS and QRST integral 
dynamics in sinus rhythm in health and disease. 
 
Materials and Methods 
 

Noninvasive spatio-temporal depolarization and 
repolatization dynamics was assessed by the use of long 
BSPM records taken on 10 young healthy male and 
female subjects and in 10 documented male and female 
IHD patients, with a typical length of 5 minutes. Map 
data were recorded from 64 chest positions according to 
the electrode layout suggested in Amsterdam by the 
Dutch BioSemi Mark-8 Quad (2048 Hz sample rate, 16 
bit amplitude resolution, see details at [12]). 

Data processing started with the identification of 
individual beats, high-precision determination of QRS 
fiducial points, and classification of beat patterns 
according to their QRS shape. Subsequently, Qon, Send 
and Tend points were marked in each majority group 
heart cycle by an automatic procedure, but the final 
position of these points was adjusted by human 
intervention. For premature beats, when R waves were 
superimposed on the previous T waves, a special 
subtraction algorithm was applied for the separation of 
waves, similar to that discussed in [13]. After a linear 
base-line adjustment from the measured 64 signals, 
unipolar ECG signals were estimated in 128 un-
measured chest locations of the 192-lead arrangement 
introduced at the CVRTI, Salt Lake City. The procedure 
of signal estimations followed the principle suggested 
by [14], (1). 
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 where φmi and φei are the measured and estimated 
potential in the ith point of the body surface, 
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and K12 and K11 are minor matrices of the 192D 
covariance matrix. 

Finally QRS and QRST integrals were computed 
from the data of the 192-lead system (2), (3): 

 
( ) ( ) ( )∫ ∫∫−=

QRS S
SdFPdttP rτrz ,,φ  

(2) 

 
where φ(P,t) is the potential in the P point of the body 
surface at the moment t, z(P,r) is the vector of the 
transfer coefficients between a point of the surface of 
the heart and the P point of the body surface, τ(r) is the 
activation sequence of the epi- endocardial surface and 
Sτ(r) is the source vector in r; S is the endo-epicardial 
surface 
 

( ) ( ) ( ) S
VQRST

dVPkdttP
S
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where φ(P,t) is the potential in the P point of the body 
surface at the moment t, z(P,r) is the vector of the 
transfer coefficients between a point of the surface of 
the heart and the P point of the body surface and ∇µ  is 
the ventricular gradient, Vs is the myocardial volume. 

For the detailed quantitative representation of beat-
by-beat spatial activation and repolarization patterns, 
QRS and QRST integral maps and difference maps 
(indicating departure from the average distributions) 
were drawn. The temporal dynamics in cycle length was 
assessed by the time series of RR distances and the 
angle spanned by the 192D QRS and QRST vectors. 
Depolarization and repolarization dinamics were 
characterized by the Karhunen-Loève (KL) expansion 
parameters of QRS and QRST integral maps, 
respectively and by the non-dipolarity index (NDI) 
introduced at the CVRTI, Salt Lake City. 

RR, KL, and NDI time-series were systematically 
analyzed both in the time and frequency domain, by the 
STATISTICA program package (auto-, and cross 
correlation, spectral density, coherence, etc.) 
 
Results 
 

Individual QRS and QRST integral maps of healthy 
subjects show a stable overall pattern along the time 
coordinate. The relevant Box and Whiskers plot reveal 
no significant scattering in the KL data (Fig. 1 upper 
graph) QRST integral map SD2/M2 (amplitude 
variance/mean signal energy) amplitude values ranged 
in our sample group between 0.0057-0.008, the values 
for the QRS integral variability were similar. The spatial 
pattern of the beat-to-beat integral map differences was 
random in both integral maps. 

In the group of ARR patients both the QRS and 
QRST integral map variability amplitudes increased 

significantly compared to the healthy group, while the 
random character of the pattern changes persisted (Fig.1 
lower graph). The QRST integral amplitude SD2/M2 
values went up to 0.021-0.069. 
 

 
 
Figure 1: Box and Whisker diagrams of the QRST 
integral KL coefficient variability of a healthy subject 
(upper) and an IHD patient (lower). 
 

Correlation matrices of the simultaneously measured 
KL coefficients (representing the spatial pattern of the 
individual QRST integral maps) did show marked linear 
relationships between certain coefficients, especially in 
normal subjects, see Table 1.  
 
Table 1: Correlation matrices of QRST integral map 
coefficients. (Only the first 6 KL coefficient correlations 
are printed of the patients shown in Fig. 1.) 
 

 KL1 KL2 KL3 KL4 KL5 KL6 

KL1 1,00 0,27 -0,07 -0,35 0,14 -0,23 

KL2 0,27 1,00 -0,76 0,10 0,59 -0,72 

KL3 -0,07 -0,76 1,00 -0,06 -0,48 0,69 

KL4 -0,35 0,10 -0,06 1,00 -0,25 -0,23 

KL5 0,14 0,59 -0,48 -0,25 1,00 -0,28 

KL6 -0,23 -0,72 0,69 -0,23 -0,28 1,00 

 

 KL1 KL2 KL3 KL4 KL5 KL6 

KL1 1,00 0,27 0,22 0,02 0,10 0,12 

KL2 0,27 1,00 -0,03 0,21 0,49 0,13 

KL3 0,22 -0,03 1,00 0,25 0,00 0,07 

KL4 0,02 0,21 0,25 1,00 -0,18 0,06 

KL5 0,10 0,49 0,00 -0,18 1,00 -0,02 

KL6 0,12 0,13 0,07 0,06 -0,02 1,00 
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 The correlation matrices of healthy subjects did 
show significant linear relationship between certain 
coefficients, but in patients the correlations had a 
diminishing tendency, suggesting almost independent 
random fluctuations both in the QRS and QRST integral 
KL coefficients. 

Autocorrelation functions each of the KL time-series 
exhibited a (respiration related) periodicity in most of 
our healthy subjects, but almost a white-noise pattern 
was found in ARR patients, see Fig. 2. 
 

 
 
Figure 2: Autocorrelation functions of the 2nd KL 
coefficients for the same patients as in Fig. 1. 
 

In normal subjects the autocorrelation functions of 
the KL components revealed a respiration dependent 
integral map pattern modulation. The pattern 
modulation partly may be due to the passive, respiration 
dependent quasi-periodic rotation and translation of the 
heart and also due to the neural volume control. In IHD 
cases, the autocorrelation functions of each KL 
coefficient time-series did show a white-noise like 
pattern, the modulation due to respiration was hardly 
recognizable. In this case the time-domain signs of sinus 
arrhythmia significantly diminished, the respiration 
dependent peak in the power spectral density was 
significantly reduced. However, the noise-like 
frequency components above the respiration frequency 
significantly increased, see Fig. 3. 

The association of the QRS and QRST integrals was 
studied by a multiple regression model comprising the 
KL components of the beat-by-beat deviations in both 
integral maps. In the examples studied the general 
regression models provided multiple R values in the 
range of (0.73-0.93), while the relevant multiple R2 
values ranged from 0.66 to 0.88. 
 

 
 

 
 
Figure. 3: Example on the IND power spectral density 
in health and in IHD. 
 
Discussion 
 

Based on theoretical assumptions QRS integral maps 
provide the body surface projection of the ventricular 
activation sequence, while QRST integral maps 
visualize the surface projection of the ventricular 
gradient [3, 4]. In both cases the source level 
information is weighted by the very same lead field. 
Consequently the dynamics of QRS and QRST integral 
maps are directly related to the underlying beat-to-beat 
depolarization and repolarization variability. 

Our results suggest that the baroreflex control in 
healthy subjects happens in a harmonic way by the 
modulation of heart frequency and by the distributed 
control of the myocardial contractility. In IHD patients 
the baroreflex heart-rate control is significantly 
compromised. The associated volume control is getting 
fragmented which is manifested in the elevated spatial 
disparity of depolarization and repolarization. 
According to our previous findings the level of 
repolarization disparity in terms of the index of 
nondipolarity (IND) has significant beat-to-beat 
variability [15]. 

R and R2 values of the KL components of the QRST 
integral maps based on the components of the QRS 
integral maps reveals that the phenomena of 
depolarization and repolarization variability is closely 
associated on a cellular basis, but the relationship is not 
simply linear i.e. both the action potential duration and 
shape is a subject of beat-to-beat changes. 
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Conclusions 
 

Simultaneous evaluation of QRS and QRST integral 
maps provide an insight in the complex modulation of 
ventricular depolarization and repolarization. According 
to our preliminary findings, map-type studies, offer an 
unexplored source of information in the study of 
arrhythmia vulnerability. 
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