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Electrical remodeling in advanced stages of cardiovascular diseases creates a substrate for triggering
and maintenance of arrhythmias. The electrical remodeling is a continuous process initiated already
in the early stages of cardiological pathology. The aim of this opinion article was to discuss the
changes in electrical properties of myocardium in left ventricular hypertrophy (LVH), with special
focus on its early stage, as well as their possible reflection in the QRS amplitude of the electrocar-
diogram. It critically appraises the classical hypothesis related to the QRS voltage changes in LVH.
The hypothesis of the relative voltage deficit is discussed in the context of supporting evidence from
clinical studies, animal experiments, and simulation studies. The underlying determinants of elec-
trical impulse propagation which may explain discrepancies between “normal” ECG findings and
increased left ventricular size/mass in LVH are reviewed. A.N.E. 2007;12(3):260-273

left ventricular hypertrophy; ECG; QRS amplitude; relative voltage deficit; specific potential of
myocardium

Electrical remodeling is a term comprising complex
changes in active and passive electrical properties
of myocardium, these changes create conditions
for triggering and maintaining of arrhythmias. In
a number of articles, growing evidence has been
summarized from various aspects including cardiac
microstructure, ion channels, energy metabolism,
and gene expression.!™®

Electrical remodeling is interrelated with struc-
tural remodeling in a variety of cardiac pathologies
and arrhythmias usually occur as their late man-
ifestations. However, electrical and structural re-
modeling is a continuous process beginning already
in the early stages of cardiac pathology. Naturally,
the question arises — whether and how is remodel-
ing manifested in the electrocardiogram prior to the
manifestation of arrhythmias. The identification of
such early changes in the ECG would be of utmost
diagnostic and prognostic importance.

The pertinent literature on the electrical remod-
eling and arrhythmias deals mostly with the role of

repolarization changes (the prolongation of AP du-
ration, ion channels, etc.). However, electrical and
structural remodeling affects also depolarization.

In left ventricular hypertrophy (LVH), the clas-
sical expectation of the clinical ECG diagnostics is
the increased QRS amplitude in defined leads (so-
called voltage criteria). It is supported by the as-
sumption that excitation of the larger and thicker
muscle mass results in larger and longer living acti-
vation boundaries, which in turn, result in the more
than usual preponderance of the leftward and pos-
teriorly oriented electrical forces. In other words,
the increase in the muscle mass of the left ventricle
exaggerates the normal preponderance of the left
ventricular potential. However, the increased QRS
voltage is seen only in a minority of LVH cases in
both clinical and animal studies and consequently
voltage criteria suffer from a high number of false
negative results and low sensitivity.

In 1976, Mashima’ presented a concept of “ideal”
hypertrophy causing the enlargement of the ORS
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amplitude. The assumptions characterizing the
ideal hypertrophy model are: (i) the hypertrophy is
diffuse and symmetrical, (ii) the sequence of elec-
trical activation is unaltered, and (iii) the strength of
the double layer and the velocity of the activation
wave are the same as normal. The assumption on
"ideal hypertrophy” can be illustrated by the results
of the computer simulation study by Szathmary
et al.® This computer model, using identical electri-
cal characteristics for individual elements of work-
ing ventricular myocardium shows an increase of
maximum spatial vector magnitude with the in-
creasing extent of the activation front.

Mashima points out that discrepancies in actual
cases indicate deviations from the ideal state. He
assumes that myocardial alteration other than hy-
pertrophy, as well as individual variations in the
body build and surrounding tissue obscure the gen-
uine effect of hypertrophy. As regards the strength
of double layer he considers its alteration by my-
ocardial edema and "other pathological processes."

In our previous articles, we have demonstrated
a novel approach to so-called false negative ECG
results in LVH and we formulated a hypothe-
sis that these false negative results might reflect
changes in electrical properties of myocardium
in the LVH development.®!® Using Mashima's
term of “deviations from the ideal state” we as-
sume that these deviations are caused by changes
in electrical properties of the myocardium, at-
tributable to hypertrophy already in the early stages
of LVH progress. We termed this deviations “the
relative voltage deficit” since the QRS voltage is
lower than expected according to the classical
expectations.

The aim of this opinion article was to provide
an overview of changes in electrical properties of
the myocardium in LVH with the focus on changes
of depolarization in the early stage of LVH and
to review the evidence that links altered electri-
cal properties of myocardium to changes in QRS
voltage.

THE HYPOTHESIS ON THE
RELATIVE VOLTAGE DEFICIT

Our hypothesis on the relative voltage deficit as-
sumes that: (i) a unit of pathologically changed my-
ocardium in LVH is a less efficient generator of car-
dioelectric field as compared to a unit of healthy
myocardium, (ii) the relative voltage deficit starts

already in the early stage of LVH development
and varies with the progress of LVH — it is di-
minished in the stage of compensated LVH and is
enhanced again in the stage of developing heart fail-
ure, and (iii) the relative voltage deficit is caused by
altered active and passive electrical properties of
myocardium due to electrical and structural remod-
eling. In terms of the spatial angle theory, the rel-
ative voltage deficit represents the changes in non-
spatial determinants influencing the QRS voltage.
The specific potential of myocardium (SP), calcu-
lated as the ratio of the QRS voltage and left ventric-
ular mass (LVM), has been introduced as a measure
for the relative voltage deficit.!®

Supporting Evidence for the Relative
Voltage Deficit in LVH

In our previous articles, we have demonstrated
that the ventricular mass is not always the major
determinant of QRS voltage in LVH.%™!!

In clinical studies, we showed lower SP values in
hypertensive patients as compared to healthy sub-
jects contrasting with higher QRSmax values in hy-
pertensive patients.!? During a screening program,
lower values of both QRSmax and SP were recorded
in hypertensive subjects with newly diagnosed hy-
pertension as compared to healthy subjects.!3 A de-
crease in QRS voltage was also observed in girls in
the first 21 months of intensive training of compet-
itive sport.1*

We have shown a decrease in both absolute
and relative values of QRS amplitude in the ini-
tial stage of experimental models of LVH due to
volume and pressure overload, respectively.!®1®
Similar decrease in QRS amplitude was observed
also in the experimental model of exercise-induced
LVH in swimming normotensive rats.!” We have
concluded that the decrease in the QRS amplitude
could be an early sign of hypertrophic rebuilding of
the myocardium, reflecting changes in its electrical
properties.

Treatment with antihypertensive drugs provides
another model to study the relationship between
ORS amplitude and LVM. Antihypertensive drugs
reduce increased blood pressure, leading conse-
quently to the regression of LVH by different mech-
anisms. We study changes in ORS amplitude in
relation to LVM changes in spontaneously hyper-
tensive rats treated by lacidipine (calcium antago-
nist) and enalapril (angiotensin converting enzyme
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inhibitor).!® While systolic blood pressure and LVM
decreased significantly during the follow-up period,
no significant changes were observed in the QRS
amplitude. On the other hand, the values of the
specific potential of myocardium increased during
the treatment, in the case of enalapril significantly
— e.g., the relative voltage deficit reduced.
Recently, the problem of the effect of anabol-
ics on myocardium is of increasing interest, es-
pecially in relation to the increasing incidence of
sudden death in athletes. We studied the relation
between the QRS amplitude and LVM in rats ex-
posed to regular training, combined with the effect
of nandrolon.!® We found an increase in LVM in
all groups under study with a maximum increase
in groups after nandrolon administration, but the
changes in QRS amplitude were not proportional to
the increase of LVM. The maximum discrepancies
were observed in groups with nandrolon adminis-
tration. The values of QRS amplitude increased in
the group of swimming rats with nandrolon admin-
istration, accordingly, the SP values increase, what
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was associated with a decrease in physical perfor-
mance.

ELECTRICAL IMPULSE
GENERATION AND PROPAGATION
IN LVH

Figure 1 summarizes the major factors involved
in electrical impulse generation and propagation at
the subcellullar, cellular and tissue levels in a form
of a mind map to illustrate the complexity and vari-
ety of factors involved. The structure of this mind
map was adopted from the review on the basic
mechanisms of cardiac impulse propagation in re-
lation to arrhythmias by Kleber and Rudy.!

Structural Remodeling

The increase in size of individual cardiomyocytes
is the basic characteristics in LVH and a number of
studies on humans as well as on variety of experi-
mental animal models have been published. Table 1
illustrates a selection of findings with a focus on the
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Figure 1. Mind map: Factors involved in the impulse propagation which have been reported to develop changes

in the early stage of left ventricular hypertrophy.
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Table 1. Structural Characteristics of Myocytes in Left Ventricular Hypertrophy (with a Focus on the Changes of
Cardiomyocytes at the Early Stage of LVH in SHR)

Reference LVH Model Finding
Sawada et al.2° Human Concentric hypertrophy: increased diameter of cardiomyocytes, the
length/width ratio decreased
Excentric hypertrophy: thickened and prolonged cardiomyocytes
Increase number of series branches per cell
Thicker and longer series and lateral branches
Yamamoto et al.2' Human Thicker and longer series and lateral branches

Kawamura et al.22

McCrossan et al.23

Aiello et al.2*

Okabe et al.?>

Cagalinec et al.?®

Rithalia et al.2”

SHR 3,5,9,11,15,
21,52 w

SHR 20 w

SHR 16-20 w

SHR 15w

SHR 12,20 w

SHR 20 w

Increase number of series branches per cell — generation of new
branches?

5 week: Increase in cardiomyocyte diameter in posterior papillary
muscle, differences between the size of cardiomyocytes in left
ventricular lateral wall and posterior papillary muscle

11 week: Increase in diameter in left ventricular lateral wall

20 week: Increased volume, smaller length/width ratio

Regional differences in length, width, and volume between epicardial
and endocardial regions

16-20 weeks: Increased length as compared to WKY and Wistar rats

Cell width and cross-sectional area in SHR greater as compared to
Wistar rats, no difference as compared to WKY rats

15 week: Disproportionate hypertrophy (a greater increase in diameter
than in length)

Proliferation of the lateral branches

12, 20 week: Increase in diameter, length, volume

Disproportionate hypertrophy

20 week: Increased length, the regional differences in degree of
hypertrophy — myocyte length greater in subendocardial than
subepicardial myocytes

early stage of LVH in SHR which could be related
to the findings of decreased QRS amplitude in our

animal studies.

Changes in diameter, length, branching and num-
ber of connected cardiomyocytes to an individ-
ual cardiomyocyte can consequently effect the im-
pulse propagation. Applying the cable theory, the
increase in the cable diameter decreases the re-
sistance and increases conductivity. Joyner?® show
the effect of length of cells on the velocity of action
potential propagation. Spach et al.? in their simu-
lation study demonstrate the effect of cell size and
distribution pattern of gap junctions on cell-to-cell
propagation delay and upstroke velocity of the ac-
tion potential, and show that the cell size has even a
significantly larger effect than gap junction pattern.
The contribution of branching to slow conduction
is demonstrated by Kucera and Rudy? in their ex-
perimental and theoretical model. To summarize,
there is evidence on significant changes in size and
shape of cardiomyocytes in the early stage of LVH
that could themselves affect the excitation propa-

gation.

Electrical Characteristics
of Myocardium in LVH

Resting membrane potential and action potential

With respect to active electrical properties of my-
ocardium, the main changes in LVH are observed
during the repolarization phase of action potential
(AP), especially the prolongation of AP duration.
The findings on the depolarization phase of AP are
not that explicit. On one hand, no differences in
resting membrane potential, upstroke velocity or
amplitude of the action potential are reported, on
the other hand however, significant changes are
documented. Conduction velocity in hypertrophied
myocardium is changed, as has been shown in ani-
mal experiments and in clinical studies, however
there is no consistent pattern in these changes.
The findings on the electrical characteristics of hy-
pertrophied myocardium are presented in Table 2.
The reasons for differences can include differences
in the experimental model of LVH, species and
preparation used, variations in the severity of hy-
pertrophy, methodological aspects, etc., but there
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Table 2. Electrical Characteristics of Myocardium in Left Ventricular Hypertrophy. In the Case of Action Potential
only Characteristics Related to Depolarization are Reported

Reference LVH Model

Finding

Hicks et al.3° Perinephritic hypertension

in New Zealand rabbits

Keung and Aronson3!
Gulch et al.3?

Renal hypertension in rat

Scamps et al.3?

Winterton et al.3* Aortic constriction in guinea pig

Brooksby3® SHR

Kleiman and Houser3® Right ventricular hypertrophy
in cat

Ryder et al.3’ Infrarenal aortic constriction in
guinea pig

Nordin et al.38 Banded ascending aorta

in guinea pigs

Yokoshiki et al.3® SHR 12 w

Aiello et al.2* SHR 16-20 w

Cerbai et al.*? SHR 12,72 w

Botchway et al.*! Aortic constriction in guinea pig
Mclntyre and Fry*? Human

Cooklin et al.*3-44 Constriction of thoracic aorta

in guinea pig

Pressue-volume overload
in rabbits

Wiegerinck et al.*®

Coarctation of renal artery in rat

Stenosis of abdominal aorta in rat

No differences in resting membrane potential,
upstroke velocity or amplitude of the action
potential as compared to control animals

No difference in action potential

No differences in transmembrane resting potential,
upstroke velocity or amplitude of the action
potential

No difference in current density

No changes in AP in hypertrophied hearts 50 and 150
days after the operation, a significant conduction
delay in 150-day hypertrophied hearts

No difference in resting membrane difference

More depolarized resting membrane potential

More depolarized resting membrane potential
Lower resting potential

Greater membrane capacitance in SHR, normalized to
the control level during regression of LVH produced
by captopril treatment

Higher membrane capacitance in SHR compared to
Wistar rats

Increase in membrane capacitance

Decreased conduction velocity

Conduction velocity decreased progressively as cell
diameter increased both in septal and papillary
muscle preparations

Declined conduction velocity in the later stage (150
days) of LVH in guinea-pig with constriction of
thoracic aorta, with a conduction velocity increase
in the earlier stage of LVH (50 days post-operation),
conduction velocity increased

Longitudinal and transversal subepicardial conduction
velocities higher in animals with heart failure than in
controls, transmural conduction velocity unchanged

is a solid base of evidence on the changes of
the electrical characteristics of hypertrophied my-
ocardium.

Moreover, it has been shown that changes in pas-
sive electrical properties — the process of uncou-
pling — may itself induce changes in action po-
tential characteristics (duration). Thomas et al.*®
did not find differences in action potential am-
plitude in cultured neonatal ventricular myocytes
between heterozygote connexin43 (Cx43) knock-
out mice Cx43+/- and homozygote wild type mice
Cx43+/4, however, they observed an increased
maximal upstroke velocity of the transmembrane
action potential and a shortening of action poten-
tial duration in Cx43+ . They concluded that the

heterozygote mutation of Cx43 produces a com-
plex phenotype in synthetic strands that is char-
acterized by both changes in cell-to-cell coupling
and ion channel function, with possible involve-
ment of the ion channels remodeling. Similarly it
was shown that a transient change in resistance
results in changes in action potential upstroke for
poor coupling dynamic model.*”

Gap Junction Remodeling

The low-resistance gap junctions are aggregates
of intercellular channels that in heart enable the
functional connections between cardiac cells and
facilitate the transmission of electrical current
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between myocytes. According to current knowl-
edge, they are considered to be crucial for the
propagation of the cardiac impulse, although there
are also some questions of their role.*® In ad-
vanced stages of cardiac pathology, connexin ex-
pression and intracellular coupling are diminished,
and gap junction channels become redistributed,
these changes have been strongly implicated in the
pathogenesis of lethal ventricular arrhythmias. In
the case of LVH, studies on humans, experimen-
tal animal models and cultured cardiomyocytes re-
port alterations in the distribution and expression
of Cx43, the predominant isoform in the adult ven-
tricles. As it is seen in Table 3, there is a growing
evidence of significant changes in density and dis-
tribution of gap junctions, as well as to Cx43 expres-
sion and redistribution in LVH. The changes are ob-
served already in early stages of developing hyper-
trophy, creating a solid basis for changes in impulse
propagation. Similarly as it was already mentioned,
inconsistency in the gap junction remodeling data
may be related to the different experimental pro-
cedures used to induce hypertrophy, interspecies
differences, methodological differences, and/or ra-
pidity and severity of the hypertrophic response
and sampling period. However, there is robust ev-
idence on the changes of gap junction and Cx43 in
LVH, including the early stages of the remodeling
process.

The Effect of Cx43 Reduction

The specific effect of Cx43 reduction on con-
ductivity is studied mainly using genetically engi-
neered murine models of Cx43 knockout mice or
of conditionally knockout mice expressing progres-
sively decreasing levels of Cx43.

Beauchamp et al.®® studied intercellular electri-
cal conductance and electrical propagation in syn-
thesized strands and pairs of ventricular myocytes
from germline Cx43 knockout mice. They observed
reduction in intercellular conductance by 32% in
Cx43+4/— cell pairs and by 96% in Cx43-/- cell
pairs, the propagation was very slow and highly
discontinuous in Cx43-/- strands. In right ventric-
ular hypertrophy in the rat, Uzzaman et al.®® find a
35% decrease in gap junction area per intercalated
disk after 4 weeks, associated with a 30% decrease
in longitudinal conduction velocity.

On the other hand Thomas et al.*® did not
find a detectable difference in propagation veloc-
ity in synthetic strand of cultured neonatal ventric-

ular myocytes from Cx43+/+ wild type mice and
Cx43+/— heterozygote mice in their experimental
and simulation study. Their computer simulation
shows relatively small dependence of propagation
velocity on gap junction coupling, and they sug-
gest the role of ion channel function and cell-to-cell
coupling. Jongsma and Wilders” using a computer
modeling showed that a reduction in total gap junc-
tion content by as much as 40% without changes in
the size of the gap junction plaques may by itself
have only moderate effect on conduction velocity.
Their results point out to the role of the cytoplaz-
matic resistivity and cellular geometry, a conclu-
sion advocated also by Spach et al.%37!

In intact ventricles of Cx43-/- mice, Gutstein
et al.”?> showed a decrease in propagation velocity
to 50% in both longitudinal and transverse direc-
tions, with highly irregular epicardial conduction
patterns. Ventricular conduction was reduced by
38% in Cx43+/— mice compared with wild type.”
In conditionally knockout mice, the decrease in
Cx43 to 59% of control values did not affect sig-
nificantly the conduction velocity, the further de-
crease to 18% slowed the conduction velocity to
50% of control hearts.” Similarly, van Rijen et al.”®
reported that heterozygous expression of Cx43 in
adult mice with inducible deletion of Cx43 do not
affect ventricular conduction velocity, but up to
95% decrease of Cx43 protein reduces conduction
velocity and increases dispersion of conduction.

The reduction in total Cx43 levels in itself
may have only moderate effect on the conduc-
tion velocity. However, in conjunction with other
hypertrophy-induced changes of active and passive
electrical properties of myocardium it can con-
tribute to alterations in conduction of electrical im-
pulses, e.g., a decrease in gap junction conduc-
tance by lowering pH and Ca?* ions concentra-
tion is observed.”® The more, in a pathological
heart, Cx43 expression is heterogeneous, i.e., some
regions have a virtually normal density of Cx43
expression, while others lack Cx43 almost com-
pletely. In conjunction with other disease-related
changes this gives rise to discontinuities in conduc-
tion. It should be also mentioned that measures of
total connexin levels do not provide information on
the quantity of functional (open) channels; hence, a
reduction of Cx43 may not, per se, be detrimental.
(For details see reviews.70:77785)

With respect to QRS amplitude, articles study-
ing the effect of decrease in Cx43 on conduction
in relation to electrocardiogram are focused on
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Table 3. Gap Junction Remodeling in Left Ventricular Hypertrophy

Reference

LVH Model

Finding

Kostin et al.*?

Peters et al.>®

Dupont et al.>!

Emdad et al.>2

Wang and Gerdes®3

Peters et al.>*

Okabe et al.?>

Tribulova et al.>®

Bacharova et al.>®

Itoh et al.5”

Goldfine et al.58

Formigli et al.>®

van Veen et al.t°

Chu et al.®!

Sarkar et al.®?

Human aortic stenosis

Human aortic stenosis

Human cardiomyopathy with
end-stage heart failure

Aortic-band rats 4-12 months
after operation

Aortic stenosis in guinea pigs 4, 6
months after operation

Renovascular hypertension in
guinea pigs

SHR 15w

SHR 13w

SHR 20 w

Arteriovenous shunt in rabbits 12
weeks after operation

Ao regurgitation in New Zealand
white rabbits 1 month, >2.5
year after operation

Volume overload in pig 6, 24, 48,
96, 168 hours 2, 3 months

Transgenic hypertrophic mouse
model of forced retinoic acid
signaling 4-6 month old

Transgenic mice over expressing a
constitutively active for of
calcineurin

Transgenic mice with
cardiac-specific
overexpression of myotrophin
4, 8 month old

44.3% increase in Cx43 protein, augmented number of
GJs per 100 um? intercalated disc, increased GJ
surface density in compensated hypertrophy

Dimished and heterogenous Cx43 distribution in
decompensated hypertrophy

Cx43 gap junction expression per myocyte not
significantly different from normal, reduced by 40%
per unit volume of myocyte

Reduced level of Cx43, spatially heterogeneous

Dispersion of punctuate Cx43 labeling over the entire
cell surface, significantly decreased proportion of
Cx43 label at the intercalated disk, reduction of Cx43
gap junctions in the intercalated disc center

Cx43-containing gap junctions displaced from the usual
locations to form side-to-side contacts distant from
the disk, also appearing as annual profiles

No change at the compensated hypertrophy stage, a
decrease in Cx43 per LV myocyte by 37% at the
congestive heart failure stage

In early phases — a substantially increased connexin43
gap junction expression compared to controls, both
when measured per cell (increased by 45%) and per
unit volume of myocyte (increase by 30%)

Diminution of the number of step-to-step and
side-to-side junctions

No differences in the overall density of myocardial gap
junctions as compared to control WKY rats, a
significant decrease in phosphorylated isoform of
Cx43, a higher number of lateral, side-to-side
connections

Lower values of Cx43 of about 40% as compared to
Wistar normotensive rats, corresponding to lower
values of QRSmax and SP of about 37 and 50%,
respectively

Significant decrease in Cx43 mRNA expression 12
weeks after the shunt operation

Initial tendency of Cx43 expression in AR animals to be
less than that of age-matched controls (1 month), and
its increase as in the > 2.5 year AR animals

Initial increase during the acute (compensated)
hypertrophic response (6 hour after surgery) and
decrease with the progression of hypertrophy (from
168 hours up to 3 months)

Heterogeneous reduction of expression in left ventricle.
The remodeling accompanied by a reduction in
conduction velocity

Cx43 protein markedly down-regulated,
dephosphorylated and redistributed from the
intercalated discs to the lateral borders

A reduction in Cx43 mRNA expression at 4 weeks of
age, with an even further reduction at 9 months
compared to nontransgenic

Continued.
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Table 3.

Continued.

Reference LVH Model

Finding

Cultured neonatal rat ventricular
myocyte, exposed to CAMP

Darrow et al.%3

Cultured neonatal rat ventricular
myocyte, exposed to
angiotensin Il

Cultured neonatal rat ventricular
myocyte, strech model

Dodge et al.%*

Zhuang et al.®®

Uzzaman et al.’¢6  RVH, monocrotaline induced

pulmonary hypertension

Yao et al.b’ Cx43-deficient mice

Gutstein et al.58 Cx43-deficient mice

Wiegerinck et al.*> Pressure-volume overload
in rabbit

Two-fold increase in the total content of connexin43, an
increase in the number of gap junctions after exposure
of neonatal rat ventricular myocyte cultures to cAMP,
significant increase in conduction velocity

An increase in Cx43 content and in the number of gap
junction profile in cultured neonatal rat ventricular
myocytes exposed to angiotensin Il

Upregulation of intercellular junction proteins, paralleled
by increase in propagation velocity. No changes in
upstroke velocity of the action potential or cell size

Thirty-five percent decrease in gap junction area per
intercalated disk after 4 weeks of right ventricular
hypertrophy caused by monocrotaline-induced
pulmonary hypertension in the rat, concomitant with a
30% decrease in longitudinal conduction velocity

Clusters of cells expressing normal levels of Cx43
randomly interspersed among Cx43-deficient
myocytes

Heterogeneous Cx43 expression resulting in conduction
defects

Reduction of connexin43 content in mid-myocardium but
unchanged in subepicardium, longitudinal and
transversal subepicardial conduction velocities higher
in animals with heart failure

arrhythmias and accordingly evaluate parameters
of arrhythmia. However, some of them present also
a "representative” electrocardiogram where QRS
changes can be seen.

Thomas et al.”® found no consistent changes in
the voltage of the QRS complexes in the heterozy-
gote Cx43+/— mice, but the pattern of the QRS
complex, presented in their article in the figure 3,
shows a pattern of intraventricular conduction dis-
order. On the other hand, Morley et al.3¢ showed
progressive diminution in the amplitude of the
ORS complex, indicative of altered ventricular de-
polarization in genetically engineered mice with
cardiac-restricted knockout of connexin43 (OCKO),
although action potential amplitude and maximum
upstroke velocities were not significantly differ-
ent in adult OCKO and controls. Slowing of con-
duction velocity was diminished by about 50% in
hearts from 8- to 16-week-old OCKO mice. Simi-
larly, Danik et al.”* observed a gradual decrease in
ORS amplitude, which closely parallel the loss of
Cx43 expression. Except of decrease in their am-
plitude, the ORS complexes do not show any ad-
ditional changes in their morphology. The loss of
Cx43 is associated with conduction velocity slow-
ing, but not with changes in QRS duration. Ventric-

ular contractility and other invasive hemodynamic
parameters in the OCKO mice did not differ as
compared to controls. The animals did not exhibit
pericardial effusion, anasarca, or gross ventricular
dilatation — i.e., factors which are frequently dis-
cussed as possible causes of the low sensitivity of
voltage criteria in LVH clinical diagnostics. Curi-
ously, the authors found this result interesting, but
it was not further discussed in their article.

Ion Channel Remodeling

Changes in AP shape and duration result from
alteration in the functional expression of depolar-
izing and repolarizing currents. In this article, we
focus on the depolarizing currents influencing the
action potential generation: the fast sodium current
Ina, L-type calcium current Ic,r) and Nat-Ca®" ex-
changer Ina/ca. The fast Iy, is thought to be respon-
sible for the rapid upstroke of the action potential in
ventricular myocytes, the Ic,r is the primary
source of Ca?" entry, triggering release of Ca’*
from the sarcoplasmatic reticulum. The changes in
Na'-Ca?" exchange (NCX) activity influence both
contractile behavior and electrical events, the al-
terations in NCX could also alter the action poten-
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Table 4. lon Channel Remodeling in Left Ventricular Hypertrophy

Reference LVH Model Finding

Chorvatova et al.88 Aorta banding in guinea pig Decrease in Iy, density, slowing in the time course of fast
inactivation of Iy,

Ahmed et al.8° Aorta banding in guinea pig Increase in Iy

Beuckelmann et al.°° Human cardiomyopathy with
terminal heart failure
undergoing transplantation

Mewes and Ravens®' Human

Li and Jiang®? SHR 16-20 w

Scamps et al.?3 Stenosis of abdominal aorta in
rat

Gomez et al.®3 Stenosis of abdominal aorta in
rat

Momtaz et al.%* DOCA-pellet implantation in

uninephrectomized
saline-drinking rat

Brooksby et al.35 SHR

Cerbai et al.*° SHR 12, 72 w

Ouadid et al.®® Human

Ming et al.%® Ascending aortic banding in
guinea pig

Santos et al.%’ Hypertrophied tissue surviving

a healed Ml in rat

Nuss and Houser®® Pressure overload of the right
ventricle in cats

Xiao and McArdle®®  SHR 10 w

Keung'%0 Goldblatt renovascular
hypertensive rats

Ryder et al.3” Abdominal aortic coarctation
in guinea pig

Wang et al.’! Thoracic aortic banding in
mouse

Chorvatova et al.'®2  Isoprenaline induced
hypertrophy in rat

Meszaros et al.'3 Isoprenaline induced
hypertrophy in rat
Ito et al.'0% Aortic stenosis in mouse

David-Dufilho et al.'%® SHR 3-4 w

Nakanishi et al.!® SHR 22 w

Wagner et al.'%’ Syrian cardiomyopathic
hamsters

Andrawis et al.’%8 Renovascular hypertension in
rat

No difference in unstimulated /¢,y densities

No difference in /¢,y densities

Increase in Iy, and I, amplitude, the current density
similar to that of Wistar rat

No difference in Ica) current density

No difference in ¢,y current density

The Icay current density remains unaltered in either state
of hypertrophy

No difference in the magnitude, time course or voltage
dependence of /¢y current

No significant modification of /¢,y density

Lower I,y density

A decrease in Iy current density

A decrease in Icyy current density
A decrease in Icyqy current density

An increase in Icaqy
An increase in Icyy current density

An increase in ¢,y current density
An increase in Icyy current density
Steady state /na/cay) density significantly increased
An increase in the density of caffeine-induced /Ina/ca

An increase in protein levels of Ina/ca

Increased NCX activity in sarcolemmal vesicles of
3-4-week-old SHR, before the increase in blood
pressure

An increase in Nat-dependent Ca®* uptake

Nat-Ca?* exchange in heart is increased by 400% in
30-day old animals, while at 360 days cardiac
Na+-Ca?* exchange is decreased by 50%

The 50% decrease of sarcolemmal vesicle uptake rate

INa = Fast sodium current; Icy) = L-type calcium current; Ina,ca = Na/Ca exchange current; MI = myocardial infarction.

tial configuration.®” Table 4 reviews the findings
on ion channel changes in LVH and demonstrates
that the ion channel involvement in hypertrophic
remodeling is present already in the early stages of

LVH. The ion channel remodeling and mechanisms
involved in this process are reviewed in details by
Richard et al.,'®® Tomaselli and Marban,* Hill,1°
Nattel and Li,® Shaw and Rudy,!!! Sipido et al.®”
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distribution and density

Figure 2. Schematic presentation of interrelations among changes in struc-
tural and electrical characteristics in hypertrophied myocardium.

The factors involved in the structural, gap junc-
tion and ion channel remodeling are mutually inter-
related, as is schematically illustrated in Figure 2.
Their interplay can have significant relevance to
conduction under the conditions of hypertrophied
left ventricle. Kucera et al.!'> demonstrated that
conduction is influenced by cleft currents and po-
tentials that result from localization of sodium
channel to clefts. Under conditions of substan-
tially reduced gap junctional conductance, inter-
action between Iy, and cleft potentials results in
enhancement of conduction when there are nar-
row intercellular clefts. Shaw and Rudy!!! explore
the ionic mechanisms and functional role of the
fast sodium current, In,, and the L-type calcium
current, Icyr) during conduction slowing using a
multicellular theoretical fiber. They showed that
the functional status in propagation of the action
potential is changing when intercellular coupling
is reduced. Thomas et al.*® observed an increased
upstroke velocity in cultured myocytes with re-
duced Cx43, possibly resulting from upregulation
of sodium current.

These results suggest that the passive myocar-
dial structure has a major effect on the role of
membrane currents in propagation of the action
potential. The nonmembrane change (i.e., de-
creased intercellular coupling) can cause the mem-
brane to switch to a different process (calcium in-
stead of sodium current) as the major mechanism
for supporting conduction. It follows, that the func-

tional role of excitation currents (i.e., In, and Icar))
can be determined to a significant extent by pas-
sive structural factors external to the membrane
and not only by intrinsic membrane factors. These
processes are further modified by a broad spectrum
of changes observed in LVH, such as ion concentra-
tion (e.g., Na*, Ca®"), gene expression, metabolic
changes, energy metabolism, and many others.

Microscopic Heterogeneity

Microscopic heterogeneity in the size of hy-
pertrophied cardiomyocytes, Cx43 reduction, gap
junction location, action potential characteristics
and membrane currents might be additional factors
resulting in alteration of the normal ordered pattern
of the microconduction pathway. Kawamura et
al.?? described differences in cell diameter between
lateral wall and papillary muscle. In SHR, it was
shown that cell enlargement is not uniform across
the SHR left ventricular wall. Significant changes in
myocyte length, width and volume are seen in the
epicardial and endocardial regions, and not in the
mid-myocardial region.?3 With respect to connexin
expression, single cells and more complex higher-
order clusters of cells that express normal levels
of Cx43 are randomly interspersed among Cx43-
deficient myocytes in the C-CKO hearts,!!! creat-
ing microscopic cellular heterogeneity, even when
the activation front is not deformed. Similarly, Gut-
stein et al.%® reported that heterogeneous Cx43
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expression results in conduction defects in chimeric
mice. In a rabbit model with pressure-volume over-
load, longitudinal and transversal subepicardial
conduction velocities were higher in animals with
heart failure and Cx43 content was reduced in mid-
myocardium but unchanged in subepicardium.*
Regional differences in action potential character-
istics and membrane currents in left ventricle were
also observed.113:114

CONCLUSION

The broad spectrum of growing evidence on
structural and electrical remodeling and on their
numerous interrelations indicates that the devia-
tions from the original Mashima's "ideal” hypertro-
phy could be caused also by the changes in elec-
trical properties of myocardium due to structural
and functional hypertrophic remodeling. Myocar-
dial remodeling in LVH is multifactorial and com-
plex. This process involves changes in the structure
and function of myocardium, including myocyte
hypertrophy and apoptosis, changes in electrical
and contractile phenotype, and alterations in the
quantity and composition of the extracellular ma-
trix. These complex changes are interrelated and
the relative contribution of individual components
to the QRS amplitude induced by LVH changes
over the time.

In this review we showed that electrical proper-
ties of hypertrophied myocardium are changed al-
ready in the early stages of LVH, and that they have
to be taken into account in the interpretation of
the so-called negative ECG results. Understanding
of these processes will contribute to the improve-
ment in clinical diagnostic and prognostic possibil-
ities of electrocardiogram focusing on the unique
information provided by ECG — on the informa-
tion about the electrical properties of myocardium
— and could bring answers to many clinical ques-
tions including the arrhythmogenic effect of drugs.

The details of mechanisms linking the changes in
electrical properties of myocardium to the decrease
in ORS amplitude in LVH development have to be
established. The meaning of increased QRS voltage
in LVH has to be also re-evaluated, as well as the
discrepancies/agreements in changes in QRS volt-
age and in LVM during the regression of LVH due
to treatment.

Our approach to the false negative ECG results is
based on the complex understanding of the changes
of electrical properties of myocardium in LVH. The

concept of the relative voltage deficit in LVH, and
the specific potential of myocardium:

¢ Distinguishes the anatomical and electrical infor-
mation in LVH diagnostics and utilizes both.

¢ Considers the so-called false negative results as
true results, showing the deviation from “ideal”
hypertrophy caused by electrical remodeling.

¢ Considers nonlinear changes of structural and
electrical characteristics and their interplay in
different stages of LVH development in terms of
LVH stages described by Meerson!!® and Fizel
et al.}1®

This approach stresses the need to differentiate
between the anatomical size and the function of the
heart as a source of cardioelectric field — an ap-
proach repeatedly emphasized by electrocardiolo-
gists.!1”"119 The unique information and the added
value of ECG in LVH diagnostics is in providing
the information on the electrical properties of the
heart and not in the imperfect estimation of the
LVM. Answering the question from the title of this
review it can be concluded that there is growing ev-
idence that the structural and electrical remodeling
in LVH could create a substrate for the relative volt-
age deficit (i.e., the deviations from "ideal” state),
which can be manifested in electrocardiogram as
a decrease in QRS amplitude or as a lack of its in-
crease, what is till now earmarked as "false negative
ECG result.”
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