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Abstract

Cardiac hypertrophy is an increase in the mass of the heart because of the enlargement of existing muscle fibres. It can
be diagnosed in different ways including electrocardiographic body surface mapping. The aim of this paper is to give
a brief qualitative and quantitative overview of the QRS isointegral maps in the left ventricular hypertrophy based on
our original results as well as on published results. Electrocardiograms were recorded and QRS isointegral maps were
constructed using the 24-lead system after Barr in different groups of patients with hypertension and patients with
echocardiographically established left ventricular hypertrophy. Values of patients” map extrema were compared with
those of control subjects without cardiovascular diseases and also correlated with selected echocardiographic
parameters. Increased as well as decreased values of extrema were found in patients compared to controls. Several
extrema correlated well with left ventricular echocardiographic dimensions. In our studies, we found no significant
changes of the QRS complex between controls and patients, although the peak-to-peak values increased with increasing
left ventricular mass. This is in good agreement with some published data obtained with different lead systems. The
disagreement in the results of other papers could be caused by differently defined groups of patients, a different
aetiology of hypertrophy, racial differences, the possible influence of obesity, sex, and/or age. Despite these facts,
considering both anatomical and electrical remodelling in the left ventricular hypertrophy, electrocardiographic body
surface mapping is a useful method for the evaluation of such patients. The obtained detailed information can be
valuable in understanding electrophysiological changes and consequences in left ventricular hypertrophy, and current
clinical management of patients.
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Introduction electrocardiographic evaluation is due to electrical
remodelling in cardiac hypertrophy that can be
Cardiac hypertrophy is an increase in the mass of the connected with prolongation of the action potential
heart because of the enlargement of existing muscle duration, which may affect the whole QT interval in
fibres. It may be localized to separate parts of the the surface electrocardiograms.
ventricles or may be diffuse. Ventricular hypertrophy Identification of left ventricular hypertrophy using
can be divided into concentric or eccentric hypertrophy 12-lead electrocardiographic criteria is based primarily
when the chamber size is normal or dilated, respect- on QRS amplitudes in one or more leads (the Sokolow-
tively. Left ventricular hypertrophy is a compensatory Lyon index, the Cornell voltage criteria) or includes
response to a chronically increased workload on the additional factors such as QRS duration, secondary
heart. It can be caused by different reasons, for ST-T wave abnormalities or left atrial abnormalities
example, pressure or volume overload, coronary artery (Cornell product, Romhilt-Estes point score) [13].
disease, myocardial fibrosis, mutation in genes [1; 13; However, all are limited by poor sensitivity at
14]. acceptable levels of specificity. The product of QRS
The principal method to diagnose left ventricular voltage and duration, as an approximation of the time-
hypertrophy is the echocardiography, while the voltage area (the time-voltage integral) can improve the
cheapest method is the electrocardiography. The accuracy of the 12-lead electrocardiography for the
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evaluation of left ventricular hypertrophy [19].
Nevertheless, there still remain two main limitations of
all these criteria:

= Only a limited number of leads covering only a

small part of the chest is used;

= Increased values of examined parameters in the

case of hypertrophy versus cases without
hypertrophy are assumed.

Increased as well as decreased voltages and time-
voltage integrals were found in multi-lead
electrocardiographic measurements — in body surface
potential mapping — when the electrodes are placed
over the whole chest including back. This non-invasive
method offers much more possibilities for qualitative
and quantitative data evaluation than does the standard
ECG and, therefore, offers more information about the
electrical state of the heart. Because of the increased
number of sensors, it provides more complete picture
of cardiac electric activity, even with details
comparable to information obtained from invasive
methods.

The aim of this paper is to give a brief overview of
the isointegral maps during the complete QRS complex
(body surface potential mapping) in left ventricular
hypertrophy based on our original results as well as on
published results.

Methods

Body Surface Potential Mapping

Electrocardiographic body surface mapping is a non-
invasive method enabling the imaging volume
distribution of the electric voltage (isopotential maps)
and distribution of quantities derived from it (voltage-
time integrals — isointegral maps — or times —
isochronous maps) on the body surface [8].

The isopotential maps give very detailed information
about the electric events in the heart. Their main
disadvantage is that a large number of maps (even over
one hundred per one QRS complex) have to be
constructed and analysed. This can be avoided when
using isointegral maps [8] that show the distributions
of time integrals of electric voltages on the body
surface during a given time interval, in our case the
QRS complex (see Fig. 1). When the signal of each
lead is integrated over time (areas over the zero
isointegral line are taken as positive, areas below the

zero isointegral line as negative), it produces
a cumulative temporal potential at each spatial
location:

15}
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where /; is the voltage-time integral in the i-th
location during the time interval [z;; #2] (in our case
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from the beginning till the end of the QRS complex)
and Uj(?) is the electric voltage (potential) [8].

Isointegral maps of the QRS complex (IIM QRS) in
healthy  subjects (subjects without signs of
cardiovascular diseases) display typical features: the
upper part of the chest is mainly negative, the lower
chest is positive (see Fig. 1 and 2). The zero isointegral
line between the positivity and the negativity resembles
a (deformed) sinus curve. The minimum is located
mainly on the left upper chest, the maximum mainly
over the precordium leftward to the minimum.
Although these IIM QRS were obtained using a limited
24-lead system after Barr [3], similar patterns were
published with different lead systems.
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Fig. 1: An example of a QRS isointegral map of
a healthy man (top) and a healthy woman (bottom).

Each rectangle represents the chest surface; the left
half corresponds to the anterior torso, the right half to
the back. The border between the light green and the
darker green colour corresponds to the zero isointegral
line. The step between isointegral lines is 4 mV-ms.

Echocardiographic Examination

The diagnosis of left ventricular hypertrophy was
based on echocardiographic examination using the M-
mode [6]. Left ventricular mass (LVM given in
grammes (g)) was computed according to the formula:

LVM =
=1.04-[(1vsd + LVIDd + LVIDA} - LVIDd® |-13.6
@

where /VSDd is the thickness of the interventricular
septum, LVIDd is the internal diameter of the left
ventricle, LVPWd is the thickness of the left ventricular
posterior wall. All values are measured during the
diastole and given in centimetres.

The presence of the left ventricular hypertrophy
(LVH) was evaluated according the left ventricular
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mass index (LVMI in g/m?) based on body surface area
(BSA) [4; 6; 16]:

Lvmr =™ 3

BSA

According to this criterion (quantitative values may
differ as given later) and to the relative wall thickness
(RWT - the sum of the septal wall thickness and the
posterior wall thickness divided by left ventricular
internal diastolic diameter):

1vsd + LVPWd (4)
LVIDd

RWT =

patients may be classified into four groups based on
the ventricular geometry as follows [4]:
= normal geometry: LVH not present, RWT < 0.45;
= concentric remodelling: LVH not present,
RWT>0.45;
= concentric hypertrophy: LVH present, RWT > 0.45;
= eccentric hypertrophy: LVH present, RWT < 0.45.

Results

In the first mentioned study [12], the
electrocardiograms were recorded and body surface
maps constructed in 38 patients with essential
hypertension (24 men; 50+ 10 years (y) old, range
25-68y), which were divided into two groups:
15 patients without left ventricular hypertrophy (HT
group: 9 men; 48+ 11y) and 23 patients with left
ventricular  hypertrophy (LVH group: 15 men;
51+ 10y). Hypertension was defined as prevailing
systolic blood pressure exceeding 140 mmHg and/or
diastolic blood pressure exceeding 90 mmHg, or
antihypertensive therapy lasting for more than three
months. Left ventricular hypertrophy was based on the
left ventricular mass index: LVMI > 125 g/m” in men,
LVMI > 110 g/m? in women [4; 6]. Significantly higher
values of evaluated echocardiographic characteristics
were obtained for the LVH group than for the HT
group [12]. Patients with angina pectoris, myocardial
infarction, and/or any conduction disturbances were
excluded from this study. Mean maps were recorded
and constructed for each examination from single beat
maps as described earlier [8]. The patients’ data were
compared with 12 control subjects (group C: 5 men;
43+ 10y, range 30-56y) with no history of
cardiovascular diseases, normal blood pressure, and
normal electrocardiographic and echocardiographic
findings.

The mean QRS isointegral maps of all evaluated
groups revealed a smooth dipolar distribution (see Fig.
2). In the control group, positive time integrals covered
the majority of the left anterior chest and the inferior
part of the torso with maximum located in the left
precordial area. Negative time integrals were in the
upper half of the right chest and on the back with

minimum located in the left parasternal area, located
always higher than the maximum.
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Fig. 2: Group mean QRS isointegral maps of the
control group, of the HT group and of the LVH group
(from top to bottom, respectively).

In the HT group, the distribution of mean maps was
similar, but the positive time integrals covered
a smaller part of the chest, mainly the left half. The
maxima were located in approximately the same
positions as in the controls, but the minimum in the
IIM QRS was located rightwards and upwards to the
level of the maximum. The zero line between positive
and negative time integrals became more vertical. This
verticality was stressed in patients with left ventricular
hypertrophy, where the whole right chest (anterior and
posterior) was negative. Both extrema were at the same
horizontal level (the 4" intercostal space). There were
no significant differences between the mean absolute
extrema of the QRS isointegral maps, although the
peak-to-peak values increased with increasing left
ventricular mass (see Tab.1).

Tab.1: Extreme values of IIM QRS (mean + standard
deviation).

Maximum Minimum Peak-to-peak
Group
[mV-ms] [mV-ms] [mV-ms]
C 27.9+11.8 -32.0+194 59.9+18.6
HT 37.2+22.1 -26.7+11.7 63.9+28.3
LVH 31.2+14.1 -36.2 £20.7 67.4+26.1

We also studied [10] the extrema of the QRS
complex isointegral maps in relation to chosen
echocardiographic parameters in a group of 31 hyper-
tensive patients with and without left ventricular
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hypertrophy (age 52+ 12y, 12 women). All patients
had clinically stated long-time hypertension (systolic
blood pressure at least 140 mmHg and/or diastolic
blood pressure at least 90 mmHg). Eighteen patients
had left ventricular hypertrophy according to the left
ventricular mass index [4].

Echocardiographic examinations were done using the
M-mode. Following diastolic heart dimensions we
measured: thickness of the interventricular septum and
the left ventricular posterior wall and the Ileft
ventricular internal diameter, all measured during the
diastole. We calculated the relative wall thickness, left
ventricular mass and the left ventricular mass index as
mentioned earlier.

The 24-lead system after Barr was used to record
and to construct mean QRS isointegral maps evaluated
through 6 to 14 heartbeats according to the heart rate
[3; 8]. We used linear regression analysis to correlate
the values of maximum, minimum and peak-to-peak
values of the mean isointegral maps with selected
echocardiographic parameters [9].

The group mean extrema values were [10]: maxima
34.6 +17.7mV-ms; minima -28.8 +£16.2 mV-ms and
peak-to-peak values 63.4 +26.9 mV-'ms. Statistically
significant regressions of map extrema (in mV-ms)
with echocardiographic parameters (in cm) and the
corresponding correlation coefficients (») are given in
Tab. 2.

Tab.2: Significant correlations between map extrema
and echocardiographic parameters in I[IM QRS.

Regression formula r Significance
MAX =-29.4-|VSd +70.6 -0.368 p <0.05
MIN =-36.2 - LVPWd +12.3 -0.423 p <0.05
MIN =-24.4 - LVIDd + 93.8 -0.667 p <0.001
MIN =-0.10 - LVM - 1.09 -0.508 p<0.01
MIN =-0.24 - LVMI + 4.05 -0.559 p<0.01
PEAK =23.9 - LVIDd - 56.6 0.393 p <0.05

There was no correlation between any of the
IIM QRS extrema and the RWT. On the other side,
most echocardiographic parameters correlated with the
minima. The only correlation of the thickness of the
interventricular septum during diastole with the IIM
QRS maxima was negative. Best correlation was
obtained between the IIM QRS minima and the left
ventricular internal diastolic diameter.

In the next study, we examined 33 patients (20 men)
with hypertension [11]. From them a subgroup with
concentric left ventricular hypertrophy was chosen,
which consisted of 12 patients (55+ 12 years old,
7 men). Their IIM QRS were compared with a control
group involving 22 subjects (32+ 14 years old,
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14 men) with no history of any cardiovascular disease
and normal 12-lead electrocardiographic findings.

Mean isointegral maps in concentric LVH showed
smooth dipolar distributions, but the IIM QRS
displayed vertical orientation of zero line and
negativities over the left chest with more separated
maxima and minima. All extrema of mean maps in left
ventricular hypertrophy were always significantly
smaller (in absolute value) than those of the control
group. We found lower minima (less negative) in
concentric left ventricular hypertrophy isointegral maps
compared to the controls’ maps.

Discussion

When using isointegral maps instead of isopotential
maps, we achieve a great deal of data compression, but
at the cost of some information loss, namely the time
sequence of activation. On the other hand, we can
emphasise those phenomena that would have only low
amplitudes (at the noise level) in isopotential maps, but
last for longer time.

Regardless the used lead system or mapping device,
we can identify common typical characteristics of
isointegral maps described by distributions of positive
and negative voltage, number of extremes and their
values and positions, for example [14; 15]. These
parameters may significantly differ for physiological
and pathological states.

Isointegral maps of the QRS complex have been used
to monitor the physiological ventricular activity in
children and in adult population as well as in chosen
pathological states or in electric stimulations. In
healthy subjects (without signs of cardiovascular
diseases) the upper part of the chest is mainly negative,
the lower chest is positive (see Fig. 1 and 2). The zero
isointegral line between the positivity and the
negativity resembles a (deformed) sinus curve. The
minimum is located mainly on the left upper chest, the
maximum mainly over the precordium leftward to the
minimum. Although these IIM QRS were obtained
using a limited 24-lead system after Barr [3], similar
patterns were published with different lead systems.

Increased and decreased extreme values in
isointegral maps were published in patients with
increased left ventricular mass in comparison to
healthy subjects. The types of included hypertrophies
from the geometrical point of view were not discussed
there, so both concentric and eccentric hypertrophy
could be involved as well as left ventricular
remodelling.

Igarashi et al. [7] studied 42 men having essential
hypertension (systolic blood pressure over 160 mmHg,
and/or diastolic blood pressure over 95 mmHg),
32 —72 years old, divided into three groups due to
increasing left  ventricular  mass: group A
(LVM =188 £ 20 g), group B (LVM =247 +19 g), and
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group C (LVM =373 £ 59 g). They found significantly
increased I[IM QRS maxima in groups B and C
compared to group A and to controls (40 men, 22 — 55
years old). The next studied extrema revealed no
significant differences. Because of different left
ventricular mass group values it is not possible to
compare the published data with our results more
exactly. Differences could also be caused by higher
blood pressure than in our study and due to sex
difference.

Corlan and de Ambroggi [5] studied 16 patients with
hypertrophy due to aortic stenosis having left
ventricular index LVMI =182 + 51 g/m? (LVH: 8 men,
68 £ 13 y). Their maps were compared with 35 controls
(C: 25 men, 33 £ 10 y). Significantly increased peak-
to-pecak values were found in IIM QRS (C:
69.3 £26.2 mV-ms versus LVH: 164.1 £ 68.1 mV-ms,
p <0.0001). As no data concerning blood pressure
were given it is not possible to compare the data more

exactly.
Oikarinen et al. [18] studied 42 patients with left
ventricular ~ hypertrophy (25 men, 63+12y;

LVM=344+93 g, LVMI=181=+45 g/m?), among
them 27 patients with aortic valve stenosis and 15 with
essential hypertension. Their maps were compared with
11 controls (8 men, 55 + 7 y). The area maps they used
were constructed in a different way than in our studies
and all the other mentioned studies — Oikarinen et al.
took all areas during the QRS complex to be positive,
regardless the polarity of the voltage. Therefore,
a direct comparison is again not possible, although
significant differences between LVH group and control
maps were found (higher values in patients).

Ventricular remodelling may cause left ventricular
hypertrophy in myocardial infarction patients. This
phenomenon was studied by Mozos et al. [17]. Thirty
two patients with post-infarction stable chronic heart
failure underwent a 64-electrode body surface mapping
(isointegral QRS maps) and a 2-D echocardiography.
According to the 2D-echocardiography, the mean left
ventricular mass was 304 + 42 g and the left ventricular
hypertrophy was present in 50 % patients. Isointegral
maxima increased and the minima were more negative
in patients with left ventricular hypertrophy
(3516 mV'ms versus 60+ 21 mV-ms, p=0.0085;
-25+ 15 mV-ms versus - 69 = 14 mV-ms, p = 0.0067).
Isointegral QRS maxima correlated best with the left
ventricular mass (= 0.73).

There are some special features of left ventricular
hypertrophy after myocardial infarction considering the
myocardial infarction location. Only the opposite side
of the myocardium can become hypertrophic (because
of remodelling), therefore, not a circular left ventricular
hypertrophy develops. Old anterior myocardial
infarctions decrease the anterior negative electric
potentials on the electrocardiograms and cause
secondary posterior wall hypertrophy. Posterobasal
necrosis can result in high positive potentials on the
anterior chest leads. These different electric effects of
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the different infarction locations were noticed on the
isopotential and isointegral body surface maps [17].

Sobieszczanska et al. [20] studied 43 patients with
systemic arterial hypertension (52 4+ 8 years old;
29 men). At the beginning of the study, the mean left
ventricular mass was 212+13g with the
LVMI < 106 g/m? for women and LVMI < 114 g/m?
for men taken as normal. The QRS isointegral maps
were referred to the corresponding maps obtained from
the control group of the 30 healthy age- and gender-
matched subjects showing no clinical evidence of
cardiovascular impairments using a 87-lead body
surface mapping system. The I[IM QRS maxima were
comparable at the beginning of the study in both
groups.

After 4 years, the left ventricular mass increased
significantly in 28 patients (252 + 8 g) and a concentric
left ventricular hypertrophy developed. In these
patients, significantly higher [IM QRS maxima were
found than in those whose left ventricular mass
remained at the starting level (214+19g):
167 £ 12 mV-ms versus 137 + 12 mV-ms. This can be
explained by the fact that the hypertrophied left ven-
tricle muscle presents the characteristic pathological
molecular, cellular, biochemical and functional alter-
nations. Structurally changed myocardium generates a
stronger cardiac electric field and reveals the distinct
conductivity properties with inhomogeneous spread of
activation [2].

In our studies, we found no significant changes of the
QRS complex between controls and patients, although
the peak-to-peak values increased with increasing left
ventricular mass. This is in good agreement with some
published data [5; 7]. However, we found significantly
decreased mean extrema in both HT and LVH groups.
The differences between HT and LVH group were not
significant.

The disagreement in the results could be caused by
differently defined groups of patients, a different
actiology of hypertrophy, racial differences, the
possible influence of obesity, sex, and/or age, since all
these factors may affect the QRS amplitudes as well as
the QRS duration [14]. The different lead systems used
may also partially the results.

Conclusion

According to the obtained results we assume that the
mass increase of the left ventricle is not enough to
increase the electric potential on the body surface
during depolarisation. As the obtained results probably
display also different heart geometry and different
heart-chest geometry, more detailed studies have to be
performed including not only the left ventricular mass
but also its geometry.

Considering  both anatomical and electrical
remodelling in the left ventricular hypertrophy, elect-
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rocardiographic body surface mapping is a useful
method for the evaluation of such patients. The
obtained detailed information can be valuable in
understanding  electrophysiological —changes and
consequences in left ventricular hypertrophy, and
current clinical management of patients.
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