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Abstract

Hypertrophic growth of the heart occursin many clinical scenarios, and it confers substantially
increased risk of untoward sequelae. Among them, transition to ventricular dilation, wall thinning,
contractile dysfunction, and a clinical syndrome of heart failure is paramount. Left ventricular
hypertrophy (LVH) istypically diagnosed by either electrocardiography or echocardiography.
However, these two means of assessing hypertrophic transformation of the left ventricle can
sometimes disagree. At one level, this may not be surprising as the two methodol ogies are based
on entirely divergent signals: electrical potential between two places on the surface of the skin and
ultrasound energy reflected from the ventricle itself. Echocardiography is an effective means of
assessing ventricular mass, which isacardinal feature of LVH. Importantly, however, LVH is
characterized by awide range of remodeling events beyond simple increases in muscle mass.
Electrocardiographic changesin LVH are reflective of the electrophysiological aspects of
hypertrophic transformation. Here, | present an overview of the complex biology of left
ventricular hypertrophy with an eye toward enhancing our understanding of its ECG
manifestations.
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Introduction

Hypertrophic growth of ventricular myocytesis a hallmark feature of disease-related
pathological cardiac remodeling. This hypertrophic processis complex, involving a vast
array of transcriptional, signaling, structural, electrophysiological, and functional events
within the growing cell. In addition, other cellular elements within the ventricle — vascular
smooth muscle cells, endothelium, fibroblasts — manifest intricate stress responses, resulting
infibrosis, inflammatory cell infiltration, and vascular stiffness. Current thinking holds that
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these events — the heart’ s reaction to a host of pathological stresses— confer short-term
benefit. However, if hypertrophy-inducing stress remains unchecked, these remodeling
events become maladaptive and predispose to cardiovascular morbidity and mortality.

Hypertrophic growth of the heart occursin many clinical scenarios, conferring substantially
increased risk for untoward sequelae, including transition to ventricular dilation, wall
thinning, contractile dysfunction, and a clinical syndrome of heart failure. Left ventricular
hypertrophy (LVH) istypically diagnosed by either electrocardiography or
echocardiography. However, these two means of assessing hypertrophic transformation of
the left ventricle do not always agree. A moment’ s contemplation reveal s that the two
approaches, which are based on entirely distinct signals — electrical potential at the body
surface versus ultrasound waves reflected from the ventricle itself — query different aspects
of hypertrophic biology. Echocardiography is an effective means of assessing ventricular
mass, which isacardinal feature of LV H. Electrocardiography, by contrast, measures a
voltage gradient between two places on the patient’ s skin, which isin the case of LVH is
influenced by a complex amalgamation of changes in the cardiomyocyte action potential,
cell-cell electrical conduction, contractile events, and growth-related changes. These events,
in turn, derive from multifaceted cascades of transcriptional, signaling, metabolic, structural,
electrophysiological, and functional changes.

As hypertrophic transformation of the heart is an elaborate, multifaceted process, its
manifestations on the ECG are complex (Figure). The aim of thisreview isto provide an
overview of the complex biology of left ventricular hypertrophy with an eye toward
enhancing our understanding of its ECG manifestations.

Hypertrophic growth of the cardiac myocyte

Whereas recent work has revealed that a small fraction of cellswithin the ventricle are
capable of re-entering the cell cycle, the vast mgjority of cardiac myocytes are post-mitotic
and hence do not retain the ability to divide. Rather, they respond to stress by growing,
shrinking, or dying. In the context of many disease-related stresses, cardiac myocytes
undergo hypertrophic transformation culminating in significant cellular growth. As part of
this, awide range of transcriptional and post-translational events occurs, including activation
of a pattern of gene expression reminiscent of that observed during fetal development (“fetal
gene program”).

Increases in mechanical stress stimulate proliferation and recruitment of cardiomyocyte
sarcomeres laid down in parallel with consequent increasesin wall thickness. This,
according to Grossman’ s stress-adaptation hypothesis, is an adaptive response ; based on
Laplace’ s law, ventricular wall stressis proportional to both ventricular pressure and cavity
radius and inversely proportional to ventricular wall thickness. Thus, increasesin wall
thickness tend to lessen wall stress and thereby diminish oxygen demand. Following
myocardial infarction, surviving cardiac myocytes in border and remote zones of tissue can
increase in size in response to increases in hemodynamic demand that arise secondary to
loss of ventricular tissue. When the pressure overload state is persistent, however, the
concentric hypertrophic phenotype of the myocardium inexorably progresses to a state of
decompensation and clinical heart failure. Mechanisms governing this transition from
adaptive hypertrophy to maladaptive failure remain poorly understood.

Myocyte growth is determined by a delicate balance between protein synthesis and protein
degradation. In the setting of elevated afterload, protein synthesis predominates, culminating
in a hypertrophic phenotype. However, it isimportant to recognize that hypertrophic
remodeling is not a simple process of addition of new sarcomeres. Rather, this highly
dynamic cellular remodeling response involves intricate coordination of de novo protein
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synthesis and organelle biogenesis, protein degradation, organelle breakdown,
transcriptional reprogramming, metabolic shifts, and much more.

Cardiomyocyte hypertrophy: Comprehensive reprogramming of the cell

Hypertrophic transformation of the cardiac myocyte involves much more than ssimple cell
growth. Rather, it entails a near-comprehensive reworking of multiple aspects of the cellular
machinery and architecture. One way of looking at the processis to view the disease-
stressed myocyte as undergoing a dedifferentiation process, reactivating numerous
transcriptional, signaling, electrical, and metabolic events which characterized that same cell
during development. In some ways, the “fetal gene program” which was extinguished
shortly after birth re-ignites the day that stressisimposed. For a 60-year old experiencing a
heart attack, surviving cardiac myocytes reactivate genes that had been dormant for the past
60 years!

As part of this, signaling and transcriptional programs emerge wherein awide range of
genes are reactivated. Some evidence suggests that cell sizeis regulated by shared signaling
pathways, but cell shape and sarcomeric organization are regulated by distinct pathways.
Current understanding does not allow us to parse the effects of al those genes and pathways
yet, but it is thought that some confer benefit whereas others are maladaptive. Time, and
further study, will be required to sort out these critical questions.

Thereis substantial evidence that alterations in transmembrane Ca2* fluxes — another central
feature of pathological remodeling — contribute to the pathogenesis of hypertrophy and
failure, both by perturbing excitation-contraction coupling and by abnormally activating
Ca?*-responsive signaling pathways.

Cardiac myocyte death

Fibrosis

Death of cardiac myocytes is characteristic of a number of cardiac diseases, and it can occur
to some extent in cardiac hypertrophy. The major types of cardiomyocyte death are necrosis
and apoptosis, with the former being seen more frequently and to greater extents. [An
emerging body of research has demonstrated that necrosisis a series programmed events,
rather than a simple catastrophic dismantling of the cell. Indeed, programmed necrosis and
apoptosis share certain features and may represent different aspects of a common biology
termed necroptosis.]

Dying cells often manifest evidence of up-regulated autophagy, an evolutionarily ancient
process of ordered recycling of intracellular contents. However, whether activation of the
autophagic cascade reflects a cellular response to stress, serving to promote cell survival, or
isaprocess which, itself, contributes to cell death and disease progression, is context-
dependent. Whether autophagy is capable of actually killing acell is debated.

Another hallmark feature of pathological hypertrophic remodeling is accumulation and
deposition of excessive extracellular matrix (ECM). This surplus ECM, which constitutes
tissue “scar” or fibrosis, promotes dysfunction of both ventricular contraction and relaxation,
perturbations of electrical conduction, and rhythm disturbances. As aresult, cardiac fibrosis
contributes to morbidity and mortality of cardiac hypertrophy. Indeed, the amount of fibrotic
scar in the myocardium correlates directly with increased incidence of arrhythmias and
sudden cardiac death.

ECM deposition and fibrosis formation occur through the action of cardiac fibroblasts.
These cells, the most abundant cell type in the myocardium, proliferate in response to
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pathological stress and differentiate into myofibroblasts, thereby gaining the capacity to
contract and secrete collagen |, collagen 111, and fibronectin. In the setting of hypertension-
induced pressure overload, fibrosisis predominantly reactive (perivascular or interstitial), as
opposed to replacement fibrosis occurring at the site of an eliminated myocyte.
Myofibroblasts derive from activated, resident fibroblasts, but also may be derived from
adult epicardia cells and circulating, collagen-secreting, bone marrow-derived cells. Both
individual myofibroblasts and collagenous septa within the Ieft ventricle facilitate and
propagate the arrhythmic phenotype of the hypertrophied heart.

Cardiac fibrosisis an independent and predictive risk factor for heart failure development in
the setting of ischemic or non-ischemic cardiomyopathy. Interestingly, recent work has
demonstrated that cardiac fibrosis, long held to be irreversible, may regress under certain
conditions.

Electrophysiology

Patients with left ventricular hypertrophy are at significantly increased risk of developing
malignant arrhythmia, which contributes significantly to morbidity and mortality associated
with this disorder. Indeed, arrhythmia, especially ventricular tachyarrhythmia, is amajor
cause of death in patients with cardiac hypertrophy or failure. Underlying mechanisms,
collectively termed “ electrical remodeling”, encompass alterations in multiple electrogenic
transport processes within the cardiac myocyte. Whereas numerous insights have emerged in
elucidating the molecular pathogenesis of cardiac hypertrophy, our understanding of
mechanisms underlying the myriad facets of electrical remodeling islimited. As aresult,
clinical means of treating hypertrophy-associated arrhythmias continue to disappoint, and
device-based therapy has emerged as awidely used surrogate.

The action potential phenotype of ventricular hypertrophy is characterized by delayed
repolarization leading to prolongation of action potential duration (APD). This derives, at
least in part, from disordered transmembrane electrical currents. Delayed recovery of
excitability, in turns, predisposes to early and late after-depolarizations. Hypertrophy is also
associated with myocardial fibrosis (see above), altered electrotonic coupling between cells,
dowed conduction, and dispersion of refractoriness, which together promote re-entrant
arrhythmias. Collectively, these interlacing responses manifest as changes in the QRST
morphology of the ECG and underlie the propensity to arrhythmia, syncope, and sudden
death.

Lengthening of the ventricular cardiomyocyte APD is characteristic of both cardiac
hypertrophy and failure, a finding which contrasts with APD shortening observed in the
stressed (fibrillating) atrium. In the setting of excessive afterload, such asin severe
transverse aortic constriction-induced heart failure, APD was prolonged morein
subepicardial ventricular myocytes than in subendocardial myocytes. Further evidence for
heterogeneity of APD prolongation has been reported in amodel of pacing-induced heart
failure in dogs where APD prolongation in mid-myocardial cells was substantially greater
than in subepicardial cells. Together, prolongation of APD, combined with its spatial
heterogeneity, culminates in acomplex series of changes in the surface ECG, and together
underlies a cellular substrate that promotes emergence of ventricular arrhythmia.

In ventricular hypertrophy, up-regulated inward Ca2* current contributes to APD
prolongation, particularly in models of modest hypertrophy. For example, L-type Ca2*
current (Ic, L) isamajor mechanism of Ca?* influx in cardiac myocytes, and some evidence
suggeststhat ¢, density correlates inversely with disease progression; in models of mild-
to-moderate hypertrophy, I, is often increased, whereas in severe hypertrophy and failure,
Ica L can manifest significant declines. Importantly, as membrane impedance in many
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speciesisrelatively high during phase 2 of the action potential, small changesin I, can
have significant effects on action potential morphology and duration. Finally, entry of small
amounts of extracellular Ca2* triggers release of much larger amounts of Ca2* from
intracellular stores, so modest changes in inward Ca2* flux are amplified within the cell.

A wide range of alterations in myocyte ion channels and electrogenic ion transporters
contribute to APD prolongation (reviewed elsewhere ). Briefly, increases in late inward Na*
current can occur, arising from loss of voltage-gated sodium channel inactivation. Further,
down-regulation of outward K* currents, up-regulation of inward Ca2* currents, and
perturbations in CaZ* current inactivation all contribute to APD prolongation. Indeed,
diminished outward, repolarizing current secondary to down-regulated K* channel levels
(particularly 1to) isa common feature often observed in cardiac hypertrophy and failure. In
fact, reduced Ito density is among the most consistent electrophysiological changes observed
in heart failure. Also, aterations in the function of the Na*-Ca2* exchanger (NCX), amajor
mechanism of Ca2* elimination during diastole, contribute to late after-depolarizations and
triggered ventricular activity.

Electrical activity within the myocardium hinges critically on electrotonic cell-cell coupling,
such that depolarization in one cell is transmitted seamlessly to its neighboring cells. This
coupling is mediated through gap junctions, such as connexin 43, which can become
disorganized in the hypertrophied or failing heart leading to disruption of normal impulse
conduction.

It is worth noting that the atria are also touched by remodeling eventsin cardiac hypertrophy
and failure. Reduced contractility, development of fibrosis, and chamber enlargement can
each be seen leading to heterogeneity of conduction velocity and propensity to atrial
fibrillation. This arrhythmia, in turn, promotes areduction in atrial effective refractory
period and shortened APD, which together promote sustained atrial fibrillation.

The metabolic demands of the myocardium are exceptionally high; never-ending cycles of
ventricular contraction and relaxation consume enormous quantities of ATP derived largely
from fatty acid oxidation. That being said, the heart is a metabolic omnivore which can
flexibly burn fuel derived from awide range of sources.

One of the most dramatic changes occurring with cardiac hypertrophy is a shift in energy
substrate utilization, a process termed metabolic remodeling. Numerous studies have shown
that upon hypertrophic transformation of the myocardium, glucose uptake and glycolysis are
significantly up-regulated, while p-oxidation of fatty acid is reduced. Ballpark numbers are
that glycolysis accounts for roughly 10% of ATP production in the normal heart and 20% in
the hypertrophied heart. Conversely, fatty acid metabolism drops from accounting for 90%
of ATP production to 80%. These shifts are consistent with the overarching phenomenon of
cellular dedifferentiation in the pathologically stressed myocardium; hypertrophied heart
manifests a shift in metabolism which mimics the metabolic program in the fetal
myocardium.

Whereas the metabolic changes characteristic of cardiac hypertrophy have long been
appreciated, underlying mechanisms remain elusive. Among those mechanisms, autophagy
isinduced in heart by increases in afterload. Accumulating evidence suggests that activation
of autophagy may play acritical role in both hypertrophic cellular growth and the associated
metabolic changes.
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Hypertrophic growth of cardiomyocytesinvolves synthesis of new macromolecules and
organelles. To accomplish this, exogenous nutrients, such as glucose, cannot be metabolized
exclusively for ATP production. Rather, metabolic intermediates must be channeled to
support anabolic pathways. Again, interplay between the plasticity of metabolic pathways
and activation of autophagy is critical to providing key intermediate metabolites that feed
into the TCA cycle for ATP production as well as serving to promote macromolecule
synthesis.

Inflammation

Activation of the immune system plays a significant role in ventricular remodeling,
contributing to long-term cardiac injury in certain contexts. Better characterized in heart
failure, where avariety of inflammatory molecules and pathways are activated, it islikely
that these mechanisms pertain at least to some extent in cardiac hypertrophy, as well. For
example, in pressure-overload models, macrophages infiltrate the ventricle leading to
myocardial expression of NF-xB and inflammatory cytokines. Recently, anovel connection
between autophagy, pressure overload and inflammation was uncovered where lack of
autophagy-mediated removal of mitochondrial DNA promoted depressed cardiac function
from increases in a cardiac inflammatory response.

Vascular Remodeling

During the course of pathological hypertrophic growth, the ventricular vasculature remodels.
In the setting of hypertension, vascular smooth muscle proliferates and hypertrophies,
culminating in vascular wall thickening. In some settings, flow reserve is compromised.

Alterationsin angiogenesis occur, as well. Indeed, one model holds that a hallmark feature
of pathological hypertrophy, as opposed to the physiological variety, is that capillary growth
does not keep up with myocyte growth leading to decreased oxygen diffusion capacity.
Also, it has also been postulated that the transition from compensatory hypertrophy to
decompensated heart failure is due to an imbalance in the capillary to cardiac myocyte ratio.
Consistent with this notion, enhancing angiogenesisin a pressure overload model can be
protective.

Summary and perspective

In recent years, significant strides have been achieved in our understanding, and therapeutic
targeting of, pathological hypertrophic remodeling. Looking to the future, the ECG will
continue to serve avital rolein the evaluation of the hypertrophied ventricle. That said, it is
critical to recognize that hypertrophic transformation of the ventricle isjust that —a
transformation involving cellular dedifferentiation and comprehensive reprogramming of the
cardiac myocyte and other cellular elements within the ventricle. Whereas increasesin
myocyte size, and consequent increases in ventricular mass, are hallmark features, awide
range of additional events occurs in these stressed cells. With time, critical information with
clinical relevance regarding this biology may emerge from continued careful analysis of the
electrocardiographic features of LVH.
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Figure. Hypertrophic transformation of the ventricle and its electrophysiological and

electrocar diographic manifestations

In the setting of disease-related stress, the heart responds with a comprehensive array of
structural, transcriptional, signaling, and metabolic events taking place in each of the cellular
elements within the tissue. These events culminate in alterations in cardiac-derived electrica
potentials at the surface of the skin which can be recorded on the ECG.
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