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Importance of body surface potential field representation
fidelity: analysis of beat-to-beat repolarization measurements

OObbjjeeccttiivvee::  According to previous studies, the complex substrate of malignant arrhythmias needs a detailed spatio-temporal noninvasive 
characterization of low-amplitude dynamic changes in beat-to-beat cardiac repolarization.
MMeetthhooddss::  Body surface potential map (BSPM) records were taken on 14 healthy male and female subjects (age 20-80 years) and on 6 
ventricular arrhythmia patients, 4 of them with implanted cardioverter defibrillators (ICD). Records were taken continuously, for 5 minutes, in
resting, supine position. Beat-to-beat QRST integral maps, Karhunen-Loève coefficient time-series (KLi, i=1-12), RR and nondipolarity index
(NDI) time-series were computed.
RReessuullttss::  The first order statistical properties of the spatio-temporal variability of subsequent QRST integral maps were characterized by the
box and whiskers plot of their KLi components. The SD2/M2 (KLi amplitude variance/mean signal energy) values of the QRST integral maps in
the normal group ranged between 0.0057 and 0.008 (i.e. 0.075≤SD/M≤0.089). In ICD patients SD2/M2 values went up to 0.021-0.069 
(i.e: 0.14≤SD/M≤0.26). Autocorrelation functions revealed that while in normal subjects only 5-20% of the total power had white noise 
character, the rest was bandwidth-limited noise. In ICD patients the weight of white noise component increased considerably. The higher the
SD/M relative KL variability, the higher and more frequent NDI spikes were.
CCoonncclluussiioonnss::  Beat-to-beat dynamics of white noise components of high resolution BSPMs are able to stratify arrhythmia vulnerability. The
temporal distribution of extreme NDI spike formations is random; the frequency is associated with the relative KL component noise levels.
(Anadolu Kardiyol Derg 2007: 7 Suppl 1; 5-7)
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Original Investigation

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 vulnerabili-
ty. Noninvasive methods were recommended for the detection of
pathological repolarization disparity, including measurements
performed on low-noise averaged majority beats, time- and 
frequency-domain heart rate variability measurements, and 
spatial QT dispersion estimates (1-5). Other approaches try to get
information from the beat-to-beat lability of QT duration in elec-
trocardiogram (ECG) leads (6, 7), as well as from the vulnerability
changes evoked by single or multiple premature stimuli (8-10).

In this paper, the theoretically well understood QRST integral
maps and some derived scalar parameters extracted from the
subsequent beats are used to reveal malignant changes in a train
of beats (11). Special attention has been paid to the beat-to-beat
spatio-temporal QRST integral dynamics in sinus rhythm.

Methods

We assessed experimentally the first and second order 
statistical properties of noninvasive spatio-temporal repolariza-

tion (gradient of action potential area) dynamics by the use of
long BSPM records taken on 14 healthy male and female (NOR)
subjects and in 6 documented ventricular arrhythmia (ARR)
patients, with a typical length of 5 minutes. Map data were
recorded from 64 chest positions according to the electrode 
layout suggested in Amsterdam.

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, Qonset, Send and Tend points were marked in each
heart cycle by an automatic procedure, but the final position of
these points was adjusted by human intervention. 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 Lux et al. (12). Finally, QRST integrals were computed from the
data of the 192-lead system.

For the detailed quantitative representation of beat-to-beat
spatial repolarization patterns, QRST integral maps and 
difference maps (indicating departure from the average integral
distributions) were drawn. The temporal dynamics in cycle length
were assessed by the time and frequency domain properties of



RR time-series. The spatio-temporal dynamics of repolarization
disparities were characterized by the Karhunen-Loève (KL)
expansion parameters of QRST integral maps, respectively and
by the non-dipolarity index (NDI) introduced at the CVRTI, Salt
Lake City (13).

Statistical computations (mean-value, standard deviation,
auto-, and cross correlation, spectral density, coherence, etc.)
were carried out by the STATISTICA program package (StatSoft
Inc., Tulsa, OK, USA). 

Results

At first, the reproducibility of our results was studied in terms
of the Q and T wave-limit determination accuracy. The Qonset

time-instant modulation in 5 ms steps around the reference point

(up to±10 ms) and the Tend modulation in 10 ms steps 
(up to20 ms) resulted in only minor changes in the KL and in the
NDI time-series. The correlation matrix of the reference time-
series with the modified series yielded a matrix with nearly unit 
elements in each matrix position. Consequently, a reasonable
error in the wave-limit determination has no significant impact on
the results in NDI, and QRST KL plots.

Typical examples of a compact representation of the beat-
to-beat QRST pattern changes are shown in Figure 1, in terms of
the box and whiskers diagram of the 5-minute-long time-series of
the 12 KL coefficients. The examples clearly show, that the 
variability of ARR patients (lower graph) significantly increased in
some of the KL coefficients, i.e. the variability of the subsequent
QRST integrals increased compared to the NOR subjects (upper
graph). (In the box and whiskers graphs the vertical dimension of
the boxes equal two standard deviations, centered on the mean
values.)

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
(upper truncated correlation matrix in Table 1.). The overall level
of correlations diminished in patients (lower truncated matrix in
Table 1).

Autocorrelation functions at each of the KL time-series 
exhibited a (respiration related) periodicity in most of our healthy
subjects, but a white-noise-like pattern was found in all the ARR
patients. Typical examples are shown in Figure 2, for KL2 
time-series.

Discussion

QRST integral maps of healthy subjects show a stable pattern
along the time coordinate. QRST integral map SD2/M2 (amplitude
variance/mean signal energy) amplitude values ranged in our
sample group between 0.0057-0.008. The spatial distribution of the
superimposed beat-to-beat integral map changes was random.
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Figure 2. Autocorrelation functions of the 2nd KL coefficients for the same
patients as in Figure 1.
KL- Karhunen-Loève expansion parameter

KKLL11 KKLL22 KKLL33 KKLL44 KKLL55 KKLL66

KKLL11 1.00 0.27 -0.07 -0.35 0.14 -0.23

KKLL22 0.27 1.00 -0.76 0.10 0.59 -0.72

KKLL33 -0.07 -0.76 1.00 -0.06 -0.48 0.69

KKLL44 -0.35 0.10 -0.06 1.00 -0.25 -0.23

KKLL55 0.14 0.59 -0.48 -0.25 1.00 -0.28

KKLL66 -0.23 -0.72 0.69 -0.23 -0.28 1.00

KKLL11 KKLL22 KKLL33 KKLL44 KKLL55 KKLL66

KKLL11 1.00 0.27 0.22 0.02 0.10 0.12

KKLL22 0.27 1.00 -0.03 0.21 0.49 0.13

KKLL33 0.22 -0.03 1.00 0.25 0.00 0.07

KKLL44 0.02 0.21 0.25 1.00 -0.18 0.06

KKLL55 0.10 0.49 0.00 -0.18 1.00 -0.02

KKLL66 0.12 0.13 0.07 0.06 -0.02 1.00
KL - Karhunen-Loève expansion parameter

TTaabbllee  11..  CCoorrrreellaattiioonn  mmaattrriicceess  ooff  QQRRSSTT  iinntteeggrraall  mmaapp  ccooeeffffiicciieennttss  ((OOnnllyy  tthhee  ffiirrsstt
66  KKLL  ccooeeffffiicciieenntt  ccoorrrreellaattiioonnss  ooff  tthhee  ppaattiieennttss  sshhoowwnn  iinn  FFiigguurree  11  aarree  pprreesseenntteedd))  

Figure 1. Box and whisker diagrams of the QRST integral KL coefficient variabi-
lity of a NOR subject (upper) and an ARR patient (lower).
ARR- ventricular arrhythmia patient, KL- Karhunen-Loève expansion parameter, NOR- normal subjects



In the group of arrhythmia patients, QRST integral map varia-
bility amplitudes increased significantly compared to the healthy
group, while the random character of the pattern changes 
persisted. The QRST integral amplitude SD2/M2 values went up to
0.021-0.069.

The correlation matrices of healthy subjects did show 
significant linear relationship between certain coefficients, but in
the examined patients the correlations had a diminishing tendency,
suggesting almost independent, random fluctuations in the 
coefficients, which might be a sign of the weakening resistive
electrical coupling in cellular level (14).

Similarly, in normal subjects the autocorrelation functions of
the KL components revealed a respiration dependent integral
map pattern modulation. However, in ARR cases, the autocorre-
lation functions of each KL coefficient time-series did show a
white-noise-like pattern, the modulation due to respiration was
hardly recognizable.

As the integral values in the different leads realize different
weightings of the KL components, the QRST integral variability
should be different in all chest leads; consequently, the QT length
fluctuation should be different in each lead. The surface distribu-
tion of fluctuation may identify the anatomical location of the
underlying impaired myocardial region.

Conclusions

QRST integral maps provide an insight in the modulation of
ventricular repolarization spontaneously or during premature
stimuli. The same methodology provides tools for the detailed and
non-invasive study of the association of repolarization and 
depolarization sequences, as well. According to our preliminary
findings, map-type studies, but even simplified studies based on
NDI parameters offer an unexplored source of information in the
study of arrhythmia vulnerability.
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