
542

Introduction

Left ventricular hypertrophy (LVH) is
associated with increased risk of malignant
arrhythmias and sudden cardiac death1,2. In
fact, LVH is accompanied by specific
changes in ventricular electrophysiology at
the cell and tissue level3-5, which are poten-
tially arrhythmogenic. Nevertheless, the elec-
trocardiographic diagnostic signs for LVH
have a relatively low predictive power for ar-
rhythmic events and sudden death1. QT in-
terval dispersion, late potentials, heart rate
variability, and Lown class have also been ex-
plored for risk stratification in LVH patients,
with varied results6-9. We thought that oth-
er parameters derived from the surface elec-

trocardiogram (ECG), not apparent at visu-
al inspection, might be detected by specific
analysis of electrocardiographic digital
recordings. We focused on repolarization
analysis since it is generally accepted, on the
basis of experimental data10,11, that repolar-
ization inhomogeneity facilitates the reentry
circuits leading to the development of ven-
tricular arrhythmias. This can happen in the
hypertrophied myocardium. 

The purpose of the present work was to an-
alyze repolarization potentials on the entire
chest surface to identify differences between
normal and LVH electrocardiographic digital
recordings, which are likely to reflect repo-
larization heterogeneity, that cannot be derived
from classical LVH diagnostic indices. 
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Background. Left ventricular hypertrophy (LVH) is accompanied by specific changes in ventricu-
lar electrophysiology, which are potentially arrhythmogenic. Nevertheless, the electrocardiographic
diagnostic signs for LVH have a relatively low predictive power for arrhythmic events and sudden death.
We thought that other parameters derived from the surface ECG, not apparent at visual inspection,
might be detected by specific analysis of electrocardiographic digital recordings. The purpose of our
work was to analyze the surface distribution of repolarization potentials and search for subtle alter-
ations not revealed by the usual electrocardiographic processing, which are likely to reflect ventricu-
lar repolarization heterogeneity.

Methods. Body surface potential maps were recorded from 62 chest leads in 16 patients with LVH
due to aortic stenosis and in 35 normal subjects. By applying a principal component analysis of the
ST-T waves, we computed the similarity index. The value of the similarity index is inversely propor-
tional to the variability of T wave morphology and a low value is considered a marker of repolariza-
tion heterogeneity.

Results. The similarity index was significantly lower in LVH patients than in normals both in 62
leads (0.73 – 0.067 vs 0.77 – 0.044, p = 0.03) and in 12 unipolar leads (V1-V8, V3R, VR, VL, VF) extracted
from the map (0.77 – 0.075 vs 0.81 – 0.045, p = 0.03). Moreover, we computed the late repolarization
deviation index , which quantifies the instantaneous variations of surface potential distribution from
peak to end of the T wave. This index was significantly higher in LVH patients than in controls (in 62
leads 0.07 – 0.05 vs 0.028 – 0.016, p = 0.005; in 12 leads 0.064 – 0.052 vs 0.024 – 0.020, p = 0.008). 

Conclusions. The values of similarity index and of late repolarization deviation index found in LVH
patients suggest a higher than normal degree of repolarization heterogeneity, not detected by the usu-
al electrocardiographic analysis. Since both indices maintained statistical significance when calculat-
ed on the 12 leads derived from our map lead system, they could be reliably computed from digital record-
ings of the 12 conventional leads.

(Ital Heart J 2000; 1 (8): 542-548)
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Methods

Study population. We recorded body surface potential
maps in 16 patients (8 males, 8 females, aged 68 – 13
years), with valvular aortic stenosis documented by
echocardiographic examination (mean transaortic gra-
dient > 45 mmHg). LVH was determined by echocar-
diographic measurements of the interventricular septum
and posterior wall thickness, and ventricular mass ac-
cording to the recommendations of the American Soci-
ety of Echocardiography. Ventricular mass index was 182
– 51 g/m2 in our LVH group. 

The ECG showed QRS voltage criteria positive for
the diagnosis of LVH (SV1 + RV5 or RV6 > 35 mm) in 14
patients and ST-T abnormalities (ST segment depression,
flat or negative T waves in precordial leads) in 12 pa-
tients. In 2 cases the QRS amplitude was within normal
limits, but ST-T alterations were present. No patient
had experienced episodes of severe ventricular ar-
rhythmias (sustained or non-sustained ventricular tachy-
cardias). Patients with bundle branch block and atrial fi-
brillation were excluded. All patients underwent coro-
nary angiography, that showed no critical (  50%) coro-
nary stenosis in any patient.

Thirty-five healthy subjects (25 males, 10 females,
aged 33 – 10 years), without any history of symptoms
due to cardiac disturbances, and with a normal standard
ECG, were studied as controls. Moreover, we considered
159 normal subjects older than 30 years as a separate
control group, whose surface potential map recordings
were made available by Dr. F. Kornreich from Vrije
Universiteit of Brussels (VUB, Belgium). As these maps
were recorded using 120 leads, a transformation pro-
cedure12 from 120 to 64 lead system was applied before
analyzing the data.

Body surface potential map recording. The equipment
used has already been described in a previous paper13.
Briefly, we used a 64-channel mapping system, with the
irregular lead array configuration originally adopted by
SippensGroenewegen et al.14 (Fig. 1), with a sampling

543

rate of 1000 Hz and an amplitude resolution of 16 bits.
All the recordings were performed with the subject in the
supine position. One low-noise cardiac cycle was selected
in each recording and baseline correction was performed
on that segment. 

The QRS onset and end, as well as the end of the T
wave were identified manually from the root mean
square (RMS) signal of the map (the signal which is the
root mean square of the amplitudes in each of the leads).
The peak of the T wave was automatically computed as
the instant during the ST-T interval where the RMS sig-
nal had the maximal value. The last 1 ms sample after
this moment, where the RMS still had a value > 50 µV,
was taken as the automatically detected end of the T wave
and was the estimation used during later processing. 

Integral maps. The QRS, ST-T and QRST integral
maps were obtained by calculating at each lead point the
algebraic sum of all instantaneous potentials of a given
interval multiplied by the sampling interval. The values
in millivolts � milliseconds were plotted on the diagram
representing the chest surface, and the isointegral con-
tour lines were drawn. Group mean maps were calculated
using respective mean values at each lead point. 

Similarity index. Each of the ST-T intervals was re-
sampled at 20 ms, resulting in N = (STT duration)/20 ms
samples in each recording. For each recording we per-
formed a principal component analysis of the matrix
with N variables (sets of potentials at each of the re-
sampling points) of 62 values. The result was a set of N
eigenvectors and N eigenvalues for each recording. 

The amount of the body surface potential variation
described by the first principal component is expressed
as the first eigenvalue. The extent to which, after sub-
tracting the first principal component, the signal is de-
scribed by the second principal component, is expressed
by the second eigenvalue, and so on15. 

We defined the similarity index  (SI) as the first
eigenvalue divided by the sum of all eigenvalues13,16. 

The same analysis was repeated in a subset of 12 leads
from the set of 62 available (Fig. 1). The 12 leads used
roughly correspond to: V1 to V6, V8, V3R, V4R, VR, VL,
VF. When a distinction is necessary, SI is denoted SI62

if computed on 62 leads and SI12 if computed on 12 leads. 

Early and late repolarization deviation indexes. At vi-
sual inspection the distribution of the potentials on the
body surface during repolarization is generally constant
in time, apart from changes in amplitude. In other words,
during repolarization the amplitude of the potentials on
the surface increases and decreases overall, but the rel-
ative amplitudes on one lead with respect to another are
generally unchanged (Fig. 2). The early repolarization de-
viation index (ERDI) and late repolarization deviation in-
dex (LRDI) are numerical indices which describe devi-
ations from this behaviour during repolarization, from the
J point to the T peak and from the peak to the end of the

Figure 1. Schematic drawing showing the lead system used with the po-
sition of 62 electrodes on the anterior (left half) and posterior (right
half) chest surface. The leads selected for the 12-lead subset are circled. 
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T wave, respectively. The potential distribution at the peak
of the T wave (peak-T map) was taken to represent the
most well defined distribution of the repolarization po-
tentials. For each instant during the cardiac cycle we com-
puted the Pearson correlation coefficient between the po-
tentials of each lead at that instant and the potentials of
the same leads at the peak-T map. This value is 1.0 if at
that instant the map has identical distribution with the
peak-T map (apart from the amplitude), -1.0 when it is
exactly opposite (again, apart from the amplitude) and
0.0 when it shows no resemblance. Subunit values mea-
sure the extent of the resemblance between the instan-
taneous map and the peak-T map. We called this func-
tion of time quantity the instantaneous correlation with
the peak-T map  (ICPTM). 

The expected normal behavior during repolarization
is to have an ICPTM near to 1.0 level during the whole
repolarization. Some cases, like the one in figure 3A, are
close to this ideal. Some others, like the one in figure 3B,

show a more or less important deviation from it. In or-
der to quantify the deviations from the J point to T peak
and from T peak to T end, we divided the area between
the ICPTM signal and the 1.0 line by the duration of the
respective intervals. We called these values ERDI and 
LRDI. 

Statistical analysis. Data are summarized as sample
mean – SD, where not stated otherwise. The Student s
t test was used to compare means of quantitative variables
obtained in two data sets. 

The Pearson s product-moment correlation coeffi-
cient was used to estimate the correlation coefficient
between different variables measured in the same group
of patients, when not specified otherwise. When the
plot of the pairs of values did not show a binormal dis-
tribution the Spearman coefficient was used. 

The programs used for the generic processing of the
recordings (beat extraction, baseline and lead correction),

A

B

Figure 2. Instantaneous maps of potential distribution during ventricular repolarization in a normal subject (A), and in a patient with left ventricular
hypertrophy (B). At the top of each map the number in milliseconds indicates the time from the beginning of the recording, reproduced in the first (top,
left) box of the series. Isopotential lines with positive values are continuous, those with negative values are dashed; the zero line is dotted. The isopo-
tential line step is adjusted so that there are 10 isopotential lines in every map (so changes in the relative amplitude can be easily seen).
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and for the analyses peculiar to this paper were devel-
oped in our laboratory. The specific analysis programs
were based on the R statistical package (an implemen-
tation of the S-Plus language). Computations were done
on a P90 computer running Debian Linux v1.3. 

Results

The classical signs of LVH in the standard ECG
(increased QRS voltage and ST-T changes) are reflect-
ed on body surface maps as: 1) increased amplitude of
the QRS integral map and of the ST-T integral map
(Table I), 2) relatively low amplitude of the QRST in-
tegral map, due to the cancellation between the depo-
larization and repolarization potentials, 3) opposing as-
pects of the QRS and ST-T integral maps (Fig. 4D, E).

In all 16 patients the ST-T integral maps showed an
abnormal distribution of the values with a minimum lo-
cated on the left mammary region and a maximum on
the right. This distribution was roughly opposed to that

545

Normals LVH p

SI62 0.77 – 0.044 0.73 – 0.067 0.027
SI12 0.81 – 0.045 0.77 – 0.075 0.030
ERDI62 0.21 – 0.24 0.13 – 0.10 0.1
ERDI12 0.20 – 0.23 0.11 – 0.12 0.23
LRDI62 0.028 – 0.016 0.070 – 0.050 0.005
LRDI12 0.024 – 0.020 0.063 – 0.052 0.008
QRS integral (mVms) 69.3 – 26.2 164.1 – 68.1 0.00005
QRST integral (mVms) 148.2 – 56.2 104.8 – 38.9 0.003
ST-T integral (mVms) 130.1 – 49.8 186.5 – 96.7 0.041

Table I. Mean values – SD of various indices in the control and
left ventricular hypertrophy (LVH) groups.

ERDI62, ERDI12 = early repolarization deviation index comput-
ed in 62 and in 12 leads, respectively; LRDI62, LRDI12 = late re-
polarization deviation index in 62 and in 12 leads, respectively;
SI62, SI12 = similarity index in 62 and in 12 leads, respectively;
QRS, QRST, ST-T integral = positive peak to negative peak dif-
ference (in millivolts � milliseconds) in the respective integral map.

A D

B E

C F

Figure 4. Mean QRS, ST-T and QRST integral maps in the control group
(A, B and C, respectively) and in the group with left ventricular hyper-
trophy (D, E, F). Isointegral line step is 10 mVms; the continuous isoin-
tegrals represent positive values whereas the dotted ones represent neg-
ative values. 

Figure 3. Normal subject (A), patient with left ventricular hypertrophy (B). Correlation of the instantaneous maps with the map related to the peak of
the T wave. The dotted line represents the root mean square of the 62 leads. The continuous line is the instantaneous correlation with the peak-T map
signal. The end of the T wave is indicated by the vertical bar. Compared to A, in B there is a clear decay of the instantaneous correlation with the peak-
T map during the descending limb of the T wave. The late repolarization deviation index value is given by the gray area divided by the interval between
the peak and the end of the T wave.

BA

of the QRS map (Fig. 4). The QRST integrals in LVH had
a lower overall amplitude, especially in the regions of
negativity on the back and on the upper right quarter of
the thorax. The shape and position of the zero isointe-
gral line showed little change from normals (Fig. 4).

The opposition of the repolarization over most of the
body surface is also reflected by the changes in the
ICPTM line (Fig. 3). In normals, during the QRS inter-
val, it shows an initial positive correlation with peak-T
map, which extends for the first two thirds of the depo-
larization and a smaller final negative correlation (Fig.
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3A). In LVH patients the ICPTM typically shows a
deep inverse correlation with the peak of the T wave dur-
ing the whole QRS interval (with the exception of a short
period at the beginning of the QRS in some cases) (Fig.
3B). 

Similarity index, and early and late repolarization de-
viation indexes. The SI was significantly lower in aor-
tic stenosis than in normal subjects (Table I), both in the
62 and 12 lead recordings. 

The ERDI computed in 62 and 12 leads was not
significantly different in LVH and in control groups.

The LRDI was significantly higher in aortic steno-
sis than in normals (Table I) in 62 and 12 lead record-
ings. The LRDI62 was not significantly correlated with
SI62 (r = 0.404, p = NS) in LVH patients.

SI, ERDI, and LRDI were also computed in the 159
VUB recordings of normal subjects after appropriate lead
system transformation12. No significant difference was
found between our subjects and those of the VUB (Table
II). The comparison of SI, ERDI, LRDI in the LVH
group and in the VUB normals substantially confirmed
the results obtained using our smaller control group
(Table II).

gral maps. This was expected in patients with LVH, on
the basis of the common electrocardiographic knowledge
and of the findings of surface potential mapping previ-
ously reported17-19. 

The QRST integral maps mainly reflect the intrinsic
repolarization properties and are thought to be largely
independent of ventricular activation sequence20,21. A
multipolar distribution on QRST integral maps has been
related to local disparities of ventricular repolarization
and thus to a cardiac state of vulnerability of arrhyth-
mias22-25. In our study group only 2 patients showed a
multipolar QRST map with one maximum and two sep-
arate minima. These findings could not be related to any
clinical or functional characteristics, except the additional
presence of a marked dynamic obstruction of the outflow
tract in one patient. 

In order to detect and quantify minor electrical dis-
parities of repolarization not apparent from the visual in-
spection of the ST-T and QRST maps, we analyzed the
morphology of all the recorded ST-T waves, using prin-
cipal component analysis. We assumed that the more in-
homogeneous the ventricular repolarization, the more
complex the equivalent cardiac generator, giving rise to
a more complex potential distribution at the body sur-
face. On the other hand, the more uniform is the recovery
process in the ventricles, the more dipolar the surface po-
tential distribution. A smooth dipolar distribution of re-
covery potentials will result in ST-T waves with very sim-
ilar shapes although of different amplitude and polari-
ty. This condition will be reflected by a high value of the
SI. Actually, in previous studies we found that SI was
abnormally low in patients with or at risk for ventricu-
lar arrhythmias13,16. In patients with aortic stenosis SI was
slightly but significantly lower, suggesting the pres-
ence of a degree of repolarization heterogeneity higher
than in normals. 

Correspondence between cellular events and elec-
trocardiographic repolarization waves has recently been
clarified by Yan and Antzelevitch26,27 with simultaneous
and direct recordings of transmembrane action potentials
from intramural sites throughout the ventricular wall and
a transmural ECG. Their findings demonstrated that
the upslope of the T wave is largely due to the repolar-
ization of the subepicardium, during which the ampli-
tude of the subepicardial action potentials gradually
decrease below that of the midmyocardial cells. The peak
of the T wave corresponds to the complete repolariza-
tion of the epicardium, while the end of the T wave marks
the completion of the repolarization of the M cells of the
midmyocardium. Thus, during the downslope of the T
wave the repolarization process is dispersed across the
ventricular wall. 

Although at the body surface T wave morphology is
influenced not only by the transmural gradient, but al-
so by other factors such as apico-basal gradient, inho-
mogeneity of the conducting medium, and geometry of
the chest, we believed that a certain quantitative analy-
sis of the repolarization potentials on the entire chest
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Na Nb p p
(Na vs Nb) (Nb vs LVH)

SI62 0.77 – 0.04 0.76 – 0.06 0.38 0.05
ERDI62 0.21 – 0.24 0.17 – 0.12 0.33 0.23
LRDI62 0.028 – 0.016 0.030 – 0.029 0.43 00.007

Table II. Mean values – SD of some indices in our control group
(Na) and in the group of the Vrije Universiteit of Brussels (Bel-
gium) of 159 normal subjects (Nb).

Abbreviations as in table I.

Correlations with other variables. SI62 showed a weak
correlation with the QT interval duration (Spearman ρ =
0.5, p = 0.052) and an inverse correlation with age (ρ = -
0.662, p = 0.01) in the aortic stenosis group but not in the
normal group (ρ = -0.11 and ρ = -0.06, respectively). It
was not correlated with ventricular mass, ventricular mass
index, body surface area, transaortic gradient or ventric-
ular wall size. The logarithm of LRDI showed a weak cor-
relation with ventricular mass index, at the limit of sta-
tistical significance (r = 0.54, p = 0.058). 

Discussion

The mapping of repolarization potentials exhibited
clearly abnormal patterns in patients with aortic steno-
sis. Specifically, the ST-T integral maps constantly
showed a dipolar distribution of the positive and nega-
tive values contrary to that of the respective QRS inte-
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could reveal signs of heterogeneity of the recovery
process in the heart. 

The ICPTM reflects the extent to which instantaneous
body surface potential distribution resembles that at the
peak of the T wave. We took the peak-T map as refer-
ence because at this time the repolarization potentials
reach the highest amplitude that is when the pattern of
the potential distribution is best defined. Moreover, the
peak-T is theoretically a critical point, in that it corre-
sponds to the moment separating the period when the
ventricles are still more or less depolarized from the pe-
riod when the subepicardial layers have been com-
pletely repolarized.

In our LVH patients the changes during early repo-
larization, as reflected by ERDI, were similar to those
observed in our control group and in the larger VUB nor-
mal group. Then we focused on the analysis of the T
peak-T end period, during which possible heterogeneities
of repolarization should be more probably detected.
This segment also includes the vulnerable period of the
ventricles. The ICPTM departs progressively from the
ideal  1.0 level during the downslope of the T wave, pre-

sumably reflecting the contribution of the inhomoge-
neous and late-to-repolarize regions of the subendo-
cardium and midmyocardium to the surface potentials.
The extent of this contribution is probably measured by
the LRDI, i.e. by the mean value of the difference be-
tween ICPTM and 1.0 level during this period. 

If the meaning we hypothetically attributed to SI
and LRDI is correct, the values of these indices found
in LVH patients suggest a degree of repolarization het-
erogeneity higher than normal. Thus, we could propose
the two indices as markers of repolarization hetero-
geneity, and thus as candidate markers of vulnerability
to arrhythmias in LVH. However, further studies in a larg-
er population of LVH patients with and without occur-
rence of ventricular arrhythmias are warranted. 

The present paper has the limit to be primarily a de-
scription of the methodology and does not report a
demonstration of the clinical value of the findings.
Nevertheless, it demonstrates that the proposed analy-
sis of surface repolarization potentials provides novel,
quantitative information on the complexity  of the
repolarization process, which cannot be obtained by the
usual analysis of the ECGs performed in clinical prac-
tice. 

Since we found that both SI and LRDI maintained
their statistical significance even when calculated on 12
leads derived from our map lead system, we feel that the
two indices could be also computed from digital record-
ings of the conventional 12-lead ECG. This could fa-
cilitate the validation of the proposed indices in a vast
population of normal subjects and patients with various
heart diseases, with and without ventricular arrhyth-
mias, and eventually could provide additional informa-
tion for the usual analysis of the ECG. 
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