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Abstract 

Increased left ventricular mechanical dispersion is an important echocardiographic indicator of 

ventricular dyssynchrony and enhanced arrhythmogenesis, particularly in patients with heart 

failure. Precise structural and molecular aberrations explaining increased mechanical dispersion 

remain incompletely understood, warranting further investigation. Various ion channels, gap 

junction and calcium handling protein remodeling mechanisms have all been studied in connection 

with increased mechanical dispersion, offering however only partial solutions. This author debates 

that microtubular dysfunction may play distinctive role in left ventricular dyssynchrony and 

enhanced arrhythmogenesis observed in patients with heart failure, highlighted by increased 

mechanical dispersion. Testing this hypothesis may be technically challenging, however not 

impossible and therefore should be encouraged. In case of success potential therapeutic benefits 

could be diverse, including prevention of malignant arrhythmia, delay of heart failure progression, 

and promotion of LV reverse remodeling. 

Keywords: ventricular arrhythmogenesis; mechanical dispersion; heart failure with preserved 

ejection fraction (HFpEF); microtubular hypothesis 

Introduction 

Mechanical Dispersion (MD) – the echocardiographic indicator of left ventricular (LV) 

dyssynchrony – represents a standard deviation of segmental time-to-peak strain measurements. The 

latter strain is further defined as an interval between the onset of electrocardiographic QRS complex 

and maximal fractional shortening of contracting ventricular segment (measured in milliseconds). [1] 

Increased LV MD is associated with higher odds of ventricular arrythmia as well as sudden cardiac 

death (SCD) in patients with heart failure with reduced ejection fraction (HFrEF), defined as left 

ventricular ejection fraction (LVEF) < 40%, [2] and in patients with commonly preceding heart failure 

with preserved ejection fraction (HFpEF), defined as LVEF ≥50%. [3] Two-dimensional (2D) LV global 

longitudinal strain (GLS) obtained with the use of 2D transthoracic speckle-tracking 

echocardiography is another sensitive parameter capable of detecting early or subclinical LV systolic 

dysfunction (peak GLS depicts the relative length change of the LV myocardium between end-

diastole and end-systole). [4–6] Importantly, hypertrophic cardiomyopathy patients with low-normal 

LVEF and reduced GLS were shown to have worse cardiac outcomes. [7] However, utilized 

echocardiographic parameters tend to differ in their ability to predict arrhythmia under various 

circumstances. For example, despite LVEF, GLS and MD all being reflective of the LV function, MD 

was shown to be superior to the GLS in predicting LV remodeling (reversal of abnormal left 

ventricular shape and volume) and seems to have an edge in predicting the ventricular 

arrhythmogenesis. [8,9] Notably, GLS was shown to be predictive of cardiac arrest in patients with 

LVEF >50%, whereas MD was associated with cardiac arrest in individuals with both LVEF >50 and 

variable grade LV diastolic dysfunction. [10] Male sex, LV-GLS, and MD were shown to predict 
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sudden arrhythmic death, (or SAD – a subset of SCD), but not fibrosis (known arrhythmia risk-factor). 

However, after adjustment for age, sex, and LVEF, MD was the only significant predictor of SAD. 

Remarkably, despite the association between MD and fibrosis, MD was a better predictor of SAD 

compared to total fibrosis on histology. [11] Notwithstanding, MD measurements may also be 

predictive of heart failure or arrhythmogenesis in patients with Fabry’s disease (a rare X-linked 

storage disorder caused by deficiency of the lysosomal enzyme α-galactosidase A) and non-ischemic 

(not related to coronary arterial disease, or CAD) cardiomyopathy, respectively. [12,13] Remarkably, 

MD was shown to have high predictive value independent of the concomitant EKG reads. In fact, 

data obtained from over 1400 people with no overt cardiac disease showed that longer corrected QT 

interval was related to increased MD and better longitudinal strain; in a population-based 

environment, QRS was not associated with MD, implying that echocardiography-based 

dyssynchrony did not largely overlap with ECG-based dyssynchrony. [14] 

Reflective of this discussion, it feels only fair to state that at least in some patients with heart 

failure increased MD exhibits significant predictive strength independent of other major 

proarrhythmogenic factors, such as fibrosis, abnormal longitudinal strain or EKG-based 

dyssynchrony. This author suggests there might be an additional and previously not explicitly 

described molecular link marrying structural and electrical aspects of increased MD in various 

scenarios of heart failure. If so, what could be that missing link? 

Understanding the Relationship Between Electrical Excitation and  

Mechanical Force. 

The underlying relationship between cardiac force build-up and ventricular synchrony 

(reflected by change in MD) has not been completely understood. Various ion channels, gap junction 

and calcium handling protein remodeling mechanisms have been studied with regards to increased 

MD. [15,16] 

The onset of local myofiber shortening in viable ventricular wall follows the local electrical 

depolarization by as much as tens of milliseconds. This electromechanical delay, or EMD, is 

comprised of the intrinsic latent period (spreading from membrane depolarization to myofilament 

engagement during myocyte excitation-contraction coupling) and an additional EMD part reflective 

of the myofiber mechanical load variations in the intact heart (e.g., transient over-stretch, volume 

overload). Notably, during sinus rhythm, the EMD distribution is longer at the base and epicardium 

compared to apex and endocardium, respectively. [17] Conversely, cardiac mechanoelectrical 

feedback mechanism can alter the EMD duration: abnormal hemodynamic chamber loading, or 

regional changes in ventricular muscle synchrony affect the pressure and stretch before or during 

electrical activation, in some cases naturally leading to arrhythmia. [18] In theory, virtually any 

structural or functional aberrations occurring within failing cardiomyocytes can potentially affect 

EMD duration thus MD measurements. Furthermore, mavacamten (a recently developed cardiac 

myosin inhibitor) was shown to decrease LVEF and LV deformation but improve LV MD as well as 

symptoms in patients with hypertrophic obstructive cardiomyopathy; none of the patients 

experienced life-threatening arrhythmias. [19] 

Effects of Impaired Coronary Circulation on Mechanical Dispersion. Focus  

on HFpEF. 

HFpEF is a unique case of heart failure and can be divided in several phenotypes, depending on 

predominant underlying pathophysiological mechanism (e.g., metabo-inflammatory, microvascular, 

ventricular stiffening, and cardiac predominant). [20] Interestingly, more recent evidence also links 

the epicardial adipose tissue inflammation to HFpEF onset. [21] With that being said, epidemiological 

data describes cardiometabolic HFpEF as the most prevalent HFpEF phenotype. Furthermore, 

cardiometabolic alterations were shown to be more tightly associated with the development of 

HFpEF than HFrEF. [22] While CAD and cardiac metabolism are immensely complex and are beyond 
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the scope of this article, it is useful to briefly describe the sequence of related proarrhythmic events 

occuring within metabolically failing hearts to underline their connection to structural cell 

aberrations (e.g., microtubular dysfunction). 

Briefly, CAD, either epicardial or microvascular, is a known prerequisite for metabolic 

aberrations occurring in failing cardiomyocytes including mitochondrial dysfunction, poor metabolic 

flexibility (ability to readily switch the fuel sources such as carbohydrates and fats) and energy 

reserve (heart’s capacity to respond to increased workload). [23–27] Resultant deficit of intracellular 

ATP (adenosine triphosphate) and creatine pool [28] in combination with toxic reactive oxygen 

species disrupt normal functionality of organelles and various ATP-dependent channels. [29] Chronic 

myocardial ischemia triggers a sophisticated electro-mechanical remodeling cascade pleiotropically 

affecting the action potential duration (APD) of failing cardiomyocytes. [30] At earlier stages, 

ischemia-related decrease in ATP / ADP (adenosine diphosphate) ratio tends to prolong opening of 

sarcolemmal K+ channels and promote K+ efflux thus shortening of the APD. [31] However, the same 

chronic ischemia also impairs functionality of sarcoplasmic reticulum (SR) – bound phospholamban 

and sarcoplasmic/endoplasmic reticulum Ca2+-ATPase, disrupting normal intracellular calcium 

flows and promoting cytoplasmic calcium build-up. Resultant calcium build-up can delay normal 

relaxation (and repolarization) of cardiac muscle effectively enhancing arrhythmogenesis; to 

counteract the detrimental effects of Ca2+ build-up the repolarization reserve is mobilized (e.g., 

upregulation of reverse mode Na+/Ca+ exchange and suppression of L-type Ca2+ channels, 

respectively). [32–34] Unfortunately, earlier or later ischemia overwhelms compensatory 

mechanisms leading to inward ion current dominance, increase in calcium transients (rapid increase 

and decrease in the concentration of cytoplasmic calcium ions) often leading to APD prolongation. 

As a result, highly proarrhythmogenic early after depolarizations (EADs) frequently emerge within 

failing cardiomyocytes, heralding the possibility of malignant ventricular arrhythmia. [35–37] 

Notwithstanding, other less common proarrhythmogenic events can also occur in failing 

cardiomyocyte (e.g., EADs with shortened APD in atrial fibrillation, hybrid EADs with delayed 

afterdepolarizations, etc). [38] 

Microtubules. 

Microtubules are cytoskeletal structures, made of α-tubulin and β-tubulin heterodimers with an 

outer diameter of ≈25 nm and a length from <1 and to >100 micrometers. In adult cardiomyocytes, 

cortical, interfibrillar and perinuclear microtubules can be defined. [39] Importantly, microtubular 

assembly and microtubule-dependent kinesin transport are all energy-depending processes (relying 

on GTP (guanosine triphosphate) and ATP availability, respectively). Microtubules are ubiquitous 

structural components which also play a pivotal role in electromechanical properties of cardiac 

tissues such as signal transduction and proteostasis (dynamic regulation of various protein 

gradients), [40] stabilization of cytosolic vibrations and calcium waves, [41–43] regulation of tissue 

viscoelasticity (or rigidity), [44] vesicle and organelle trafficking, as well as autophagy (critical 

processes for ion channel/pump functionality). [45–47] In addition, microtubules synchronize 

mitochondrial transport with myofibril formation during muscle development, define proper 

organization of the SR and intercalated disks as they interact with myofibrils, and exhibit 

characteristic microtubule buckling properties (achieved through rapid contraction and posterior 

relaxation) – an important mechanism shown to be responsible for ~ 20% of the cardiomyocyte’s 

contractile force. [40,48–50] 

Relevantly, drastic increase in density and stability of polymerized microtubules (largely related 

to post-translational modifications) has been described in patients with ischemic heart disease, 

cardiac hypertrophy, and dilated cardiomyopathy. These changes facilitate interaction between 

microtubules, microtubule-associated proteins and intermediate filaments thus often translating into 

increased tissue rigidity, disruption of normal excitation-contraction coupling and altered 

mitochondrial functionality (Figure 1). [51,52] Despite available data, precise manipulation of 

microtubular function has been historically very challenging task. Structural and functional 
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regulation of microtubules is highly complex; important post-translational modifications defining 

microtubular polarity, flexibility and longevity include mechanical stress-induced a-tubulin 

tyrosination / detyrosination (regulation through C-terminal tyrosine) and acetylation / deacetylation 

(often involving Lysine 40 on the inner surface of α-tubulin). Interestingly, cardiac gap junction 

microtubule-Connexin-43 regulatory link was shown to suppress arrhythmias and cardiac fibrosis in 

mice with Duchenne muscular dystrophy mice. [53] Nevertheless, full therapeutic potential of the 

aforementioned regulatory mechanisms is yet to be understood. [54,55] To date, clinical applications 

of microtubule-targeting agents in cardiovascular field have been limited, often focusing on the use 

of colchicine in atrial fibrillation and CAD. [56] To author’s best knowledge, microtubular studies 

rigorously investigating microtubular effects on MD have not been widely published. 

 

Figure 1. Proposed multi-factorial model of increased mechanical dispersion in cardiometabolic HFpEF. 

Emphasizing the role of microtubular dysfunction. 

Microtubular Hypothesis of Increased Mechanical Dispersion. 

As described above, cardiac microtubules are directly involved in several paramount 

intracellular processes such as cellular growth, metabolism and aging. Microtubules are expected to 

affect the structural and electromechanical properties of left ventricle, namely its stiffness, 
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contractility and propensity to arrhythmia. According to this author’s hypothesis, microtubular 

dysfunction induced by ischemic (but also possibly non-ischemic) causes may enhance ventricular 

arrhythmogenesis in patients with cardiometabolic HFpEF, reflected by the increased MD. [57–59] 

Microtubules seem to satisfy the functional criteria of universal “carabiners” capable of tying 

characteristic molecular, structural and electromechanical processes occurring within metabolically 

compromised cardiomyocytes, therefore regulating the ventricular wall rigidity, anatomy of 

electromechanical coupling and MD. [60,61] Co-existent factors such as fibrosis commonly present in 

failing hearts, tend to independently affect ventricular mechanics and action potential duration. As a 

result, oftentimes, the metabolically remodeled, stiff and therefore highly arrhythmogenic ventricular 

wall gets formed (Figure 1). [62] 

Conclusion 

Increased MD is a powerful indicator of enhanced arrhythmogenesis in patients with heart 

failure therefore it is highly relevant that we understand molecular mechanisms of its regulation. 

Presently, causative data pertaining to microtubular dysfunction’s role in abnormal MD remains at 

best tangential. Developing cardiotropic microtubular therapy is anticipatorily challenging due to 

their ubiquitous cellular distribution, highly dynamic regulatory mechanisms and limited 

understanding of therapeutic or toxic effects. On the other hand, in case of experimental success 

achieved therapeutic benefits may be quite remarkable, encompassing prevention of malignant 

arrhythmia, slow down of heart failure progression, and promotion of LV reverse remodeling. 

Consequently, further investigation of the MD-directed effects of microtubular inhibitors (e.g., 

colchicine) or experimental post-translational modifying agents could be the reasonable next step in 

the proposed research. 
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