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Abstract 

  

Myocardial disarray is defined as disorganized cardiomyocyte spatial distribution, with loss 

of physiological fiber alignment and orientation. Since the first pathological descriptions of 

hypertrophic cardiomyopathy (HCM), disarray appeared as a typical feature of this condition 

and sparked vivid debate regarding its specificity to the disease and clinical significance as 

diagnostic marker and risk factor for sudden death. Although much of the controversy 

surrounding its diagnostic value in HCM persists, it is increasingly recognized that 

myocardial disarray may be found in physiological contexts and in cardiac conditions 

different from HCM, raising the possibility that central focus should be placed on its quantity 

and distribution, rather than mere presence. While further studies are needed to establish 

what amount of disarray should be considered as hallmark of disease, novel experimental 

approaches and emerging imaging techniques for the first time allow ex-vivo and in-vivo 

characterization of the myocardium to a molecular level. Such advances hold promise of 

filling major gaps in our understanding of the functional consequences of myocardial 

disarray in HCM and specifically on arrhythmogenic propensity and as risk factor for sudden 

death. Ultimately, these studies will clarify whether disarray represents a major 

determinant of the HCM clinical profile, and a potential therapeutic target, as opposed to an 

intriguing but largely innocent bystander. 
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3 
 

Funding. IO was supported by the European Union’s Horizon 2020 Research and Innovation 

Programme under Grant Agreement no. 777204: “SILICOFCM - In Silico trials for drug tracing the 

effects of sarcomeric protein mutations leading to familial cardiomyopathy”; by the Italian Ministry 

of Health (Left ventricular  hypertrophy in aortic valve disease and hypertrophic cardiomyopathy: 

genetic basis, biophysical correlates and viral therapy models” (RF-2013-02356787), and  NET-2011-

02347173 (Mechanisms and treatment of coronary microvascular dysfunction in patients with 

genetic or secondary left ventricular hypertrophy) and by the Ente Cassa di Risparmio di Firenze 

(bando 2016) “juvenile sudden cardiac death: just know and treat”.   

MNS and JW are funded by Cardiac Risk in the Young UK 

 

  



4 
 

INTRODUCTION  

 

Hypertrophic cardiomyopathy (HCM) is a genetically determined heart muscle disease 

characterized by left ventricular (LV) hypertrophy occurring in the absence of a cardiac or 

systemic cause1. Myocardial disarray, which may be defined as disorganized cardiomyocyte 

spatial distribution with loss of physiological fiber alignment and orientation, represents a 

classic histopathological hallmark of HCM. However, more than 60 years after its initial 

description by Teare in 19572 (Figure 1), major uncertainties remain regarding its diagnostic 

value, functional consequences and clinical impact in HCM patients. Myocardial disarray is 

now known to occur in other cardiac conditions and may to some extent represent a 

physiological trait in certain areas of heart. To date, the jury is still out on what matters in 

terms of its amount and localization, and on whether it represents a mere histological 

attribute or an actual driver of disease manifestations. Novel experimental approaches and 

emerging imaging techniques using cardiovascular magnetic resonance (CMR) hold the 

promise for deeper characterization of myocardial disarray, offering for the first time the 

opportunity to address these issues. We here provide an overview of current knowledge on 

the role of myocardial disarray in HCM, confront the main open questions and discuss 

recent advances in the field, in a context where technology leads us to an increasingly 

precise visualization of the microstructural aspects of human heart and to a deeper 

understanding of genotype-phenotype correlations. 

 

METHODS 
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The authors approached the topic formulating the research questions: what is the role of 

myocardial disarray in the diagnosis and prognostic stratification of HCM, and what is the 

link between myocardial disarray and ventricular arrhythmias? Therefore a systematic 

search through the web-based engine Pubmed was conducted in order to identify all studies 

meeting the eligibility criteria. Most relevant studies answering the main research question 

were selected. Finally, results were presented systematically, providing an historical 

perspective and detailing some of the new frontiers in this field, taking in account the 

complexity of the topic.   

 

Historical perspective  

The first histopathological description of HCM in the modern era is attributed to Robert 

Donald Teare, an English pathologist at St. George’s Hospital in London. Teare published a 

series of eight autopsy cases with “asymmetrical hypertrophy or muscular hamartoma of 

the heart”2. Notably, seven of these eight individuals had died suddenly, while one had died 

few hours after a mitral valvotomy. The hypertrophic myocardium was characterized by a 

“pathological picture of bizarre and disorganized arrangement of muscle bundles associated 

with hypertrophy of individual muscle fibres and their nuclei”, i.e. myocardial disarray. As 

disarray was a consistent feature in the cases described, its mere presence was initially 

described as pathognomonic of HCM. However, later studies showed that disarray is not 

confined to HCM, but can be found in a variety of conditions and even in certain regions of 

the normal heart, such as the junctions between left and right ventricle, creating a debate 

between experts around this histological feature and its pathological significance3. These 

controversies ultimately led investigators to adopt quantitative or semi-quantitative 
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approaches to characterize disarray4. In the early 1980’s Maron et al.5 comparing 

histological sections of decedents with HCM and of individuals with normal hearts or with 

other cardiac diseases, found that septal disorganization involving at least 5% of the 

relevant areas of the tissue section was a highly sensitive (86%) and specific (92%) marker 

for HCM. Other investigators suggested that myocardial disarray is specific for obstructive 

HCM when confined to the thickened subaortic septal area, while non-obstructive HCM 

likely presents disarray in a diffuse manner throughout the ventricular free wall6. More 

recently the observation that young decedents of SCD exhibit extensive myocardial disarray 

led to the hypothesis that this histopathological feature may constitute the substrate for 

potentially fatal arrhythmias, especially in young individuals7.  

The last 3 decades have witnessed a gradual permeation of genetics in cardiovascular 

medicine with the first discoveries of HCM-causing gene variants in the late 1980s8,9.  

Certain variants have been associated with greater extent of myocardial disarray, leading to 

speculations on a possible genetic basis of this histopathological feature10.  Interest in 

myocardial disarray has been recently re-ignited by the advances in cardiac imaging and 

specifically by the increasingly widespread use of CMR which holds the promise for an in-

vivo imaging of myocardial tissue to a microscopic level11. 

 

Myocardial disarray: definition and pathological features 

Is there a universal definition? 

The term myocardial disarray generally refers to a profound derangement of normal 

myocyte alignment at histology, as characterized by the seminal studies of Maron et al.5,12,13 
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To an experienced cardiac pathologist the concept of disarray is broader and occurs at three 

different levels14–16. The most typical and common pattern found in HCM specimens at light 

microscopy is an abnormal myocardial cell to cell spatial arrangement: adjacent myocytes 

are oriented in random perpendicular or oblique relationship, creating whirls, twirls or 

tangles in a pinwheel configuration. Additionally, myocytes are typically hypertrophied and 

abnormal in shape, usually have bizarre, enlarged hyperchromatic nuclei and can be 

associated with central foci of fine connective tissue (Figure 2). Interpretation of this pattern 

may be challenging depending on morphology variability, the pathologist’s familiarity with 

myocyte arrangement, and inappropriate sampling sites5,13,17. The second level is the 

herringbone pattern where relatively large bundles of myocytes are aligned in groups 

perpendicularly or obliquely to each other. This type of disorganization combined with 

interspersed collagen bands is sometimes visible to the naked eye at macroscopy (Figure 2 - 

D-F). The third level is myofibril arrangement disorganization within single myocytes, best 

appreciated using electron-microscopy18(Figure 3).  

Is myocardial disarray specific to HCM?  

Although much debated3,5,13 myocardial disarray remains an archetypal feature of HCM19–21, 

distinctively characteristic and consistently present, with rare exceptions22. The degree of 

myocardial disarray varies independently of wall thickness and may be present in both 

normal and hypertrophied areas23. It is typically patchy24 and does not exhibit significant 

variations among the various regions of the HCM hearts, although there does appear to be a 

slight predilection for the interventricular septum19.  However, it is widely recognized that 

disarray cannot be considered pathognomonic for HCM, as it is also found in other cardiac 

conditions including congenital heart disease, myocardial remodelling in ischemic heart 
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disease, systemic or pulmonary arterial hypertension, genetic or acquired cardiomyopathies 

(Figure 4)25,26. Furthermore, it can be found in normal hearts27–29, where it is physiological at 

the junction of the septum and right ventricular walls, especially posteriorly, in 

trabeculations, around blood vessels and in the right ventricle 17. For these reasons, 

assessment of myocardial disarray should be based on sections from the mid wall of the left 

ventricle remote from the junctions. When whole heart examination is not possible and the 

diagnosis relies on endomyocardial biopsies15,30 or small surgical myectomies31, the 

pathologist should exercise particular caution and duly combine the evidence of disarray 

with the broader histological and clinical context. Notably, the specificity of myocardial 

disarray for HCM greatly increases when quantitative criteria are considered17 and especially 

when associated with typical myocyte and nuclear abnormalities.  The amount of 

myocardial disarray proposed for a diagnosis of HCM ranges from 5-20% of the myocardium 

in the slides examined15,32. These thresholds are not based on a robust evidence and at the 

moment we cannot rely on a quantitative model to differentiate between significant and 

non-significant myocardial disarray. Moreover, there are still open questions on significance 

relating to a specific cardiac condition. In other words, as myocardial disarray may be found 

in a wide range of cardiac conditions, its presence and amount in terms of percentage in the 

slides examined may not be particularly useful from a diagnostic standpoint, if this feature is 

taken in consideration outside of the clinical and the macroscopic context. 

Finally, HCM is characterized by both interstitial and replacement fibrosis. Whilst myocardial 

disarray is closely associated with interstitial fibrosis, it does not co-localize with 

replacement fibrosis33: this is plausibly related to the embryological considerations below, 

as interstitial fibrosis appears to originate at the earliest stages of disease, while 

replacement fibrosis is acquired later in life. Of note, myocytes around areas of replacement 
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fibrosis may show disorganisation but this is not specific nor diagnostic for HCM. Of note, 

HCM is also characterized by muscle hyperplasia of the small vessel walls, a feature that has 

no correlation with myocardial disarray34.  

How to quantify myocardial disarray? 

Within an area identified as a “myocardial disarray” region, defining whether the loss of 

fibres alignment is mild, moderate or severe is often challenging. From a geometric point of 

view, the loss of myocyte and myofibril alignment within the tissue can vary continuously 

from a zero degree (in which all the fibres are perfectly aligned) to a maximum degree (in 

which there is a total anisotropy of orientation). 

Currently there are various methods that allow a quantification of this geometric alteration 

which can be analysed by studying the arrangement of structures that have a spatial 

periodicity (e.g. the sarcomeres). The quantification relies on a tensor analysis of the 

myocyte/myofibril orientation, previously performed both on advanced 3D histological 

analysis35 or diffusion tensor CMR (DT-CMR) imaging11. 

Embryological implications 

The morphologic singularity of myocardial disarray recalls maladaptive alterations and it is 

not by chance that a similar myocardial disorganization is found in hamartomas of mature 

cardiac myocytes36–38. Many aspects of HCM (disarray may precede left ventricular 

hypertrophy and be present in utero, it may be diffuse in small children or particularly 

extensive in young patients following sudden death) have led to hypothesise a 

developmental origin of disarray associated with HCM20,38,39.  A fascinating research line on 

the molecular pathogenesis of the disease suggests that interference with migration and 

differentiation of pluripotent epicardium-derived cells, crucial to the development  of 
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myocardial architecture, could account for the striking tri-dimensional disorganization 

observed in HCM hearts20,40. Of note, a role of pluripotent epicardium-derived cells would 

also account for additional otherwise inexplicable manifestations of HCM such as 

microvascular remodelling, interstitial fibrosis and mitral valve abnormalities.  

 

   Imaging myocardial disarray 

Until recently, methods for detecting myocardial disarray in-vivo were lacking and its 

presence could only be inferred indirectly in living patients. Several studies attempted to 

correlate the histological detection of myocyte disarray with an array of echocardiographic 

parameters. Menon et al.41 examined histological specimens from 45 patients undergoing 

septal myectomy for obstructive HCM. On retrospective review of these patients’ 

echocardiographic data, multivariate analysis revealed a significant relationship between 

the degree of myocyte disarray and degree of left ventricular diastolic dysfunction. In a 

similar study, Kobayashi et al.42 analysed histopathological samples from 117 patients with 

obstructive HCM and found an independent inverse relationship between severity of 

myocyte disarray and systolic and early diastolic septal strain rate. The same group 

described a significant association between these histopathological characteristics and 

contractile performance of the resected myocardium in vitro43, using semiquantitative 

histopathologic grading of myocyte disarray and fibrosis. Myocyte disarray was defined as 

areas of myocardium in which adjacent myocytes were oriented either obliquely or 

perpendicularly to each other (type 1a, as described by Maron et al.14). Each of the sections 

derived from myectomy specimens was examined field-by-field and scored as disarray 

present or absent; the number of fields in which disarray was present was then divided by 
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the total number of fields examined for each section and a percentage derived for the 

amount of disarray34. Disarray was further classified, based on the percentage obtained, as 

none, mild (1% to 25%), moderate (26% to 50%), and severe (>50%). Fibrosis was quantified 

using an automated system after staining and as for disarray, was quantified as normal, 

mild, moderate, or severe. Such techniques have been shown to have good reproducibility 

in samples derived from patients undergoing myectomy44.These studies suggest that 

diastolic function and strain rate may be markers of amount of disarray. However, it has to 

be considered that diastolic dysfunction in HCM is likely the result of complex mechanical 

and architectural abnormalities and of a wide spectrum of histological changes and not 

exclusively of myocardial disarray.  

Similar observations have been made using CMR and the technique of tissue tagging, with 

regional differences in LV function postulated to reflect the presence and regional variation 

in the amount of myocardial disarray and fibrosis45. While the implications of these studies 

are intriguing, however, there are important theoretical as well as methodological 

limitations to be considered. Disarray has a slight predilection for the basal septum of the 

LV, and its overall extent throughout the chamber may be overestimated by an evaluation 

based on myectomy samples. In addition, the concept that patchy abnormalities in 

alignment involving ≤20% of LV cardiomyocytes may impact the performance of the whole 

chamber (and be captured by echocardiography) remains questionable given the statistical 

weakness of these associations and the complexity of the HCM phenotype.  

With the development and mainstream use of CMR, novel techniques have for the first time 

enabled in-vivo visualisation of myocyte disarray. Notably, traditional contrast imaging using 

the technique of delayed gadolinium enhancement is capable of identifying increased 
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interstitial space and fibrosis, but does not seem to capture myocyte disarray46. Over the 

last decade, however, greater success has been achieved by the novel technique of DT-CMR 

(Figure 5)47–50. By mapping the diffusion of water molecules, DT-CMR can visualise fractional 

anisotropy, which quantifies 3-dimensional diffusion in a single imaging voxel and is reduced 

in regions of the heart where differing myocyte orientations – i.e. disarray - are found. 

Results from DT-CMR have been extensively validated against histology ex-vivo on both 

animal and human hearts51–55. Although the technique is challenging and was previously 

confined to ex-vivo use, recent advances have now allowed DT-CMR to be performed in-vivo 

on humans56–58. A recent study demonstrated how DT-CMR can provide a reliable 

differentiation of normal versus HCM myocardial architecture, with abnormalities in HCM 

patients (specifically, reduced fractional anisotropy values), matching myocardial 

architecture patterns of disarray reported previously on histology11. As discussed below, 

ongoing studies will clarify if and to what extent DT-CMR, by providing quantification of 

disarray in HCM patients, may contribute to risk prediction and prognostication.  

 

Relation of disarray with genetic background of HCM  

It is unknown whether genetics is a driver of the degree of disarray in HCM. None of the 

major published genotype-phenotype analyses in HCM have assessed whether carrying a 

pathogenic or likely pathogenic sarcomeric variant is associated with differences in myofibril 

organization59–65 in the heart muscle. Such a study would be warranted to expand our 

current knowledge on the molecular mechanisms underlying HCM and its histopathological 

features, but was not feasible prior to the development of non-invasive imaging tools such 

as DT-CMR11.  The publicly accessible database ClinVar 
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(https://www.ncbi.nlm.nih.gov/clinvar, accessed on 13/02/2020) comprises only 6 variants 

unanimously classified as pathogenic/likely pathogenic (in validated HCM genes66) for which 

evidence of disarray is reported in human heart tissue or animal models. These are 

p.Glu173del, p.Arg104Leu and p.Arg102Gln in the TNNT2 gene, p.Arg723Gly and 

p.Gly584Arg in the MYH7 gene, and p.Glu101Lys in the ACTC1 gene. Such a limited number 

of observations is insufficient to draw conclusions, but the predominance of variants in the 

thin filament genes TNNT2 and ACTC1 — estimated to explain approximately 3% of HCM 

cases in cohort-based analyses67,68 — may suggest that disarray could be primarily 

associated with thin filament alterations, or be more pronounced in their presence. While 

this is speculative at this stage, large-scale genotype-phenotype analyses are warranted to 

clarify if specific classes of genetic variation can exert a direct impact on cardiomyocyte 

alignment disturbances in HCM.  

 

Potential role in arrhythmogenesis  

It has long been postulated that myocyte disarray plays a central role in the development of 

ventricular arrhythmias in patients with HCM and therefore represent a substrate for 

SCD5,69–73. McKenna et al.69 reported on two families with a strong history of premature 

sudden death in whom severe myocyte disarray was found at post-mortem, without 

evidence of significant LVH or increased cardiac mass. Genetic testing was subsequently 

performed on these families, and a novel missense mutation in exon 9 of the troponin T 

gene discovered74. Further work by the same group comparing clinical, genetic and 

histological findings suggested that troponin T mutations are associated with a greater 

propensity to juvenile sudden death in the presence of minimal hypertrophy and fibrosis, 

https://www.ncbi.nlm.nih.gov/clinvar/
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but severe myocyte disarray on post-mortem examination, identifying the latter as a 

potentially malignant phenotype in these individuals75. However, subsequent studies have 

found that specific mutations (including those within the troponin T gene) cannot reliably 

predict outcome76–79, except in children80 . 

Varnava et al. assessed the pathological findings and clinical profile of 75 HCM patients at 

post-mortem or after cardiac transplantation, examining the percentage of fibrosis, disarray 

and small vessel disease on histology81. The presence of myocyte disarray was found to 

correlate with evidence of ischaemia, a younger age (<21 years) at death or transplantation, 

a family history of juvenile sudden death and an abnormal blood pressure response to 

exercise. However, while the degree of myocardial fibrosis appeared to correlate with 

ventricular arrhythmia and SCD risk profile, disarray did not. Previous work by the same 

group had also uncovered an inverse relationship between age and disarray, suggesting a 

more malignant phenotype when large amounts of disarray were present, resulting in a 

younger age at death34. At a purely speculative level, these findings may suggest that 

disarray causes electrical instability of the myocardium by proxy, e.g. mediated by 

microvascular ischemia, rather than exert direct arrhythmogenic effects. It is also possible 

that greater disarray may simply represent an innocent marker of more aggressive disease, 

not involved per se in the genesis of arrhythmias. The results of these mainly post-mortem 

studies have to be interpreted with caution as the amount of clinical information was often 

limited and the population included was skewed in order to drive conclusions on the role of 

myocardial disarray as independent marker of ventricular arrhythmias and sudden death.   

Notably, a recent study on DT-CMR demonstrated that reduced fractional anisotropy, likely 

represents myocyte disarray in vivo and was also associated with the occurrence of 
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ventricular arrythmias11. Further evidence is needed to evaluate the link between disarray 

and potentially lethal arrhythmias, as well as the role of this technique in risk stratification. 

 

Myocardial disarray and sudden death in individuals with idiopathic LVH 

A diverse spectrum of diseases are implicated in SCD and the prevalence of specific diseases 

is generally dependent on the demographics of the victims and the circumstances of 

death32,82. Primary cardiomyopathies, including HCM and channelopathies, are the 

predominant causes of SCD in the young83–85. When ante-mortem diagnosis is not available 

or autoptic results are inconclusive, physicians are often faced with the challenge of 

interpreting findings of uncertain significance, whose relationship with SCD is unclear. 

Indeed, the sole identification of significant LVH in a young individual that died suddenly 

may often lead to an erroneous diagnosis of HCM. While often the result of comorbid 

conditions such as long-standing hypertension, in some cases (especially young decedents of 

SCD) LVH remains unexplained in the absence of the typical histopathological features of 

HCM, such as myocardial disarray (idiopathic LVH). Recent studies83,86,87 reveal that in 

selective cohorts idiopathic LVH may be reported in up to 30% of victims of SCD. Definitions 

of idiopathic LVH vary and there is no consistency in various series as to the amount of 

myocardial disarray considered significant. Several studies on decedents of sudden death 

described idiopathic LVH based on general macroscopic and microscopic findings, such as 

increased heart weight and wall thickness, and on the absence of histopathological features 

typical of HCM, without a specific reference to myocardial disarray quantification and 

thresholds83,88,89. Recently, Finocchiaro et al.90 investigated 125 first-degree relatives of 46 

young decedents of SCD with idiopathic LVH at autopsy. HCM was defined by the 
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macroscopic finding of left ventricular wall thickness >15 mm circumferentially or focally 

and/or heart weight >500 g (>400 g in females) or increased heart weight as a function of 

body weight according to established  nomograms91 and by the presence of myocyte 

hypertrophy and myocyte disarray involving at least 20% of surface in at least two tissue 

blocks of 4 cm2. Idiopathic LVH shared the same macroscopic criteria of HCM, but differed 

in terms of microscopic criteria (myocyte disarray < 20% of surface in tissue blocks).  This 

may be considered a high threshold and although myocyte disarray is a recognized 

histological hallmark of HCM due to pathogenic variants within genes encoding sarcomeric 

proteins, it is possible that myocyte disarray is minimal in some cases and go undetected, 

therefore many such cases without overt disarray could still represent HCM.  However, 

family screening did not reveal a single case of HCM despite comprehensive clinical 

evaluation, including CMR imaging, exercise testing and prolonged ECG monitoring, which 

would be expected to identify even very mild phenotypes. In this study idiopathic LVH was 

defined by the combination of LVH and no myocardial disarray, or < 20% in at least two 

tissue blocks of 4 cm2; the absence of a familiar disease after extensive screening in these 

cases, confirms that myocardial disarray is indeed a pivotal feature offamilial sarcomeric 

HCM.  

 

Functional consequences of myocardial disarray: mechano-energetic impairment and 

arrhythmic susceptibility  

Although the pathogenesis of myocardial disarray is unclear, there are several ongoing 

research lines aimed at discovering its functional consequences. Myocardial disarray affects 

LV mechanics and energetics by interfering with the homogeneity of contraction and 
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relaxation92 and by increasing the relative ATP consumption during tension generation. 

Dissecting the functional effects of myocardial disarray is challenging and at the moment 

theoretical, rather than based on direct experimental evidence. Myofilament and myocyte 

misalignment always occur with other changes in tissue architecture, such as alterations in 

cell size and fibrosis. In addition, myocyte disarray goes hand in hand with the molecular 

remodelling of desmosomes and gap junctions93. These alterations appear to be distributed 

rather heterogeneously across the LV wall, creating inhomogeneous mechanical and 

electrical coupling throughout the ventricles. From the experimental perspective, the 

functional consequences of myocardial disarray could be studied in human HCM myectomy 

samples, by employing large multicellular preparations. Animal models, and particularly 

rodents, only partially reproduce this aspect of the human cardiac phenotype.  

Some HCM-related myofilament mutations, such as those in the motor domain of β myosin 

heavy chain, lower the intrinsic force generating capacity of sarcomeres by modifying cross-

bridge turnover kinetics94,95. In most cases, however, HCM pathogenesis is associated with a 

haplo-insufficiency model, meaning that the tension generation capacity of the sarcomere is 

not compromised by the expression of the mutated protein (e.g. thin filament mutations) 

but rather is a consequence of the reduction of amount of the native protein incorporated 

into the sarcomeres (e.g. myosin binding protein C mutations). Importantly, as highlighted in 

figure 6, when the myocytes and myofilaments are not aligned, the resulting force vector 

contributing to generate active stress is reduced. Thus, myocardial disarray may act as an 

independent factor impacting wall stress, even when the force generation capacity of single 

myocytes is not compromised. This theoretical expectation is confirmed by the observation 

of a preserved tension level in thin intact HCM multicellular preparations (i.e. trabeculae) 

from myectomy samples, carefully dissected in order to exclude myocardial disarray96.   
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In HCM, the energy balance is often impaired97. Indeed, abnormal cardiomyocyte 

organization and myofibril disarray may per se decrease tension while relatively increasing 

the ATPase of multicellular preparations, thus leading to an artificial increase in tension 

cost98. This consideration holds also for the healthy myocardium, if areas of myocardial 

disarray are present. In fact, at the single myocyte level, ATP utilization remains constant (or 

even rises), while the force vector that contributes to generate active stress is reduced, thus 

the ratio of “effective” tension on ATP consumption is increased. 

 

Arrhythmias susceptibility 

In a simple model of  action potential (AP) propagation, an axial current flows along a linear 

cellular structure, or cable, from one depolarized myocyte to its quiescent neighbour via 

intercellular channels known as gap junctions99. If this axial current is sufficient to depolarize 

the neighboring cell beyond its activation threshold, voltage sensitive Na+ channels will 

create transmembrane currents capable of propagating the AP. The axial resistance (ra) to 

such local circuit currents arises from the resistances of the cells’ cytosol (the larger is cells’ 

dimeter the lower is ra) and the gap junctions between adjacent cells. Thus, in addition to 

Na+ channels, gap junctions play a critical role in AP propagation and influence conduction 

velocity (the higher the number of gup junctions the lower is ra). In the healthy myocardium 

gup junctions are mode dense in the lungitudinal (end-to-end) junction compared to the 

transversal myocyte junction, guaranteeing an approximately 3:1 ratio between lungitudinal 

and transversal conduction velocity. 

The following alterations are expected as a consequence of myocardial disarray: (i) the ratio 

between longitudinal and transversal conduction velocity would decrease and (ii) different 
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(and potentially longer) pathways for conduction are available. Once again, also from the 

electrical perspective, it is hard to define the role of myocardial disarray alone.  In human 

HCM, primarily cell width is increased100 leading to hypertrophy without dilation of the 

ventricles. This increases in cell volume is paralleled by an increase in cell capacity96. 

Increased cell capacitance per se affects conduction velocity. Computer modelling shows 

that conduction velocity increases with cell size, and, even further, cell size appears as the 

dominant factor affecting conduction velocity101. Besides that, gap junction are 

redistributed when myocardial disarray occur and their asymmetrical density (lateral > 

transversal) is lost. The drop of longitudinal conduction velocity promotes re-entrant 

conduction. The increase of transversal conduction velocity promotes alternative pathways 

for the impulse propagation. The presence of myocardial disarray besides reducing 

conduction velocity, creates additional pathways for the impulse conduction (including 

shorter pathways due to increased transversal and oblique junctions), thus increases the 

probability of this condition to occur. Thus, in a context of increased cellular spontaneous 

activity, with a large increase of local triggers, myocardial disarray constitute a substrate 

that largely facilitates the occurrence and perpetuation of re-entrant conduction. 

  

Mopho-functional mesoscale imaging and correlative studies 

Dissecting the role of myocardial disarray in vitro is challenging, mostly due to the inefficacy 

of standard imaging methods that necessarily imply tissue sectioning and reconstruction. 

Though sections can be rather thin with current technology (e.g. cryo electron microscopy), 

they “sample” the tissue randomly and may fail to quantify myocardial disarray that, as 

mentioned before, can be zonal and non-homogeneusly distributed. The new frontier to 



20 
 

understand the significance of myocardial disarray in HCM (and in cardiac diseases in 

general) consists of two frameworks, the so called “Mesoscale” imaging and the subsequent 

“Correlative” studies. With mesoscale imaging, we intend the possibility to perform high 

resolution imaging (at cellular and sub-cellular level) in massive tissue, i.e. the entire 

sample/organ. The aim would be to reconstruct the orientation of fibers, collagen and 

potentially any cellular protein component in very large volumes with sub-cellular 

resolution. The technique that could allow this type of reconstruction is reported in figure 6 

and could be combined with CMR or other in vivo or ex vivo data.  

Performing high resolution 3D imaging in tissue is very challenging due to the opaqueness of 

the tissue itself.  The most common approaches in perming 3d reconstruction in massive 

tissue is to slice the tissue into thin sections, then stain and image the sections with various 

techniques. However, precise cutting, mounting and imaging take a considerable amount of 

effort and time. Automated, high-throughput imaging methods based on serial sectioning 

have been recently developed102 but tissue deformation introduced by slicing is still a critical 

point. A different approach that does not require sample cutting is to make the sample 

transparent. In fact, the main source of tissue opaqueness is not absorption, but scattering 

and the scattering can be reduced by homogenizing the refractive index inside the sample. 

During last years, different methods have been developed for clarifying fixed tissue. These 

span from approaches based on high refractive index organic solvents103, to approaches 

involving water-based optical clearing agents104. Most of them, however, present several 

limitations such as tissue shrinkage, structural alteration, fluorescence quenching and 

incompatibility with immunostaining. The challenge of producing large, transparent and 

fluorescently labelled volumes has been recently achieved applying a true tissue 

transformation approach (as CLARITY105). This method transforms an intact tissue into a 
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nanoporous, hydrogel-hybridized, lipid-free form that, by removing membrane lipid 

bilayers, allows high transparency, immunolabeling and structural and molecular 

preservation. This method in combination with advanced microscopy, like light-sheet or 

multi-photon microscopy allows 3d reconstruction of massive heart tissue at sub-cellular 

resolution106. Using this approach, a cytoarchitectonic analysis can be employ to identify 

cells and to map fibres alignment in three-dimensions. 

This methodological framework allow the quantification of cellular disarray in 3d in the 

same piece of tissue used for electro-mechanical investigations. In this scenario, structural 

data could be use also used to generate a high-resolution image-based computational 

model to simulate functional dysfunction in terms the conduction pathway of action 

potential propagation as well as tensor force across the whole previously characterized 

tissue. This can elucidate the role of cellular disorganization in the electrical-mechanical  

dysfunctions in a true correlative manner and pave the way for a unifying model which 

integrates functional and structural data enabling a comprehensive investigation of the 

morphological causes that lead to electrical and mechanical alterations after structural 

remodelling.Correlative studies in the context of myocardial disarray are aimed to  correlate 

tissue reconstruction and functional data (e.g. electrical activity, mechanical function, 

energy consumption). With a correlative approach, for instance, we can guess that if re-

entrant conduction is identified and pointy localized, it can be attributed (with a causative 

rather than probabilistic link) to a specific structural alteration that the mesoscale 

reconstruction has identified.    
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CONCLUSIONS  

 

Myocardial disarray appeared as a core aspect of HCM when first described at post-mortem 

examination more than 60 years ago. The following decades witnessed a significant 

controversy regarding this feature, which has been promoted as the central hallmark of the 

disease by some and discarded as non-specific feature by others. Interestingly, the never-

ending debate on myocardial disarray reflects the perpetual quest for the pathognomonic 

biomarker which is a constant aspect in many fields of cardiovascular medicine and 

particularly in cardiomyopathies (Table 1 summarizes the main study findings on this topic).  

The interpretation of myocardial disarray as a defining attribute should be probably looked 

at in this spirit, taking in consideration that this feature was recognized in young decedents 

with “asymmetric hypertrophy of the heart” at the dawn of cardiomyopathies discovery. 

The exponential increase in diagnosis of HCM even after the 6th decade of life, means that 

many cases go undetected for many years or die for unrelated issues with no means of 

pursuing an histological assessment which can potentially demonstrate disarray.  

Novel experimental approaches and emerging imaging techniques for the first time allow 

ex-vivo and in-vivo characterization of the myocardium to a molecular level. Particularly, 

mesoscopic tissue reconstructions could first answer quantitatively to the question: “what is 

the real extent of myocardial disarray?”, an unsolvable question with classical techniques 

that are based on serial random sampling. Such advances hold promise of filling major gaps 

in our understanding of the functional consequences of myocardial disarray in HCM, 

including its impact on left ventricular contractile performance and arrhythmogenic 

propensity. Ultimately, these studies will clarify whether disarray represents a major 
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determinant of the HCM clinical profile, and a potential therapeutic target, as opposed to an 

intriguing but largely innocent bystander. 
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Figure Legends 

 

Figure 1. The original description of myocardial disarray in 8 young decedents exhibiting 

asymmetric LVH by cardiac pathologist Donald Teare2. 

Figure 2. Figure 2. Myocardial disarray in three patients with recurrent ventricular 

arrhythmias who underwent heart transplantation for HCM: male of 51 years; female of 14 

years; male infant of 8 months. A-C: Pinwheel pattern. Misaligned hypertrophic myocytes 

create whirls (A: Azan Mallory trichrome, 200x), twirls (B: Haematoxylin-Eosin, 400x) or 

tangles (C: Azan Mallory trichrome, 200x) with a background of some loose collagen. D-F. 

Herringbone pattern: groups of parallel myocytes lying obliquely (D: Haematoxylin-Eosin, 

50x; E: Azan Mallory trichrome, 100x) or in a more chaotic pattern (F: Azan Mallory 

trichrome, 50x). 

Figure 3. Backscattered electron image of a heart sample from a patient with hypertrophic 

cardiomyopathy. A, Lower-magnification image of cardiomyocytes and myocardial fibers. B 

and C, The higher-magnification image shows A bands as bright zones and I bands as dark 

zones. Myofibrillar disarray (arrows) and sarcomere disarray (arrowheads) can be observed. 

Magnifications are ×300 (A), ×1000 (B), and ×1500 (C). Bar indicates 20 μm. Reproduced 

with permission from Kanzaki et al18 .  

Figure 4. Examples of myocardial disarray in other cardiac diseases. A: EMB of a male of 13 

years suffering from Danon disease (Azan Mallory trichrome, 200x). B: EMB of a female of 

25 years with Fabry disease (Azan Mallory trichrome, 100x). C: EMB of a male of 48 years 

with hereditary transthyretin-related amyloidosis (arrows indicate bundle disarray) (Congo 

red under polarized light, 50x). D: Native heart of a 17 year-old male transplanted for non-
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compaction cardiomyopathy (Haematoxylin-Eosin, 400x). E: Native heart of a 3 year-old 

female transplanted for mitochondrial cardiomyopathy (Haematoxylin-Eosin, 400x). F: EMB 

performed in a 67 year-old male with concentric left ventricular hypertrophy and severe 

pulmonary hypertension diagnosed one year before (Azan Mallory trichrome, 400x).  

Figure 5. Multi-modal CMR assessment of myocardial diasarray using using diffusion tensor-

cardiac magnetic resonance (DT-CMR), late gadolinium enhancement (LGE), and 

extracellular volume (ECV) mapping. The helix angle (HA) is the average myocyte 

orientation, and fractional anisotropy (FA) is a surrogate measure of underlying cell 

organization. 

Figure 6. Drawing representing the functional consequences of myocardial disarray: Force as 

well as longitudinal and transmural conduction velocity vectors are represented in the 

absence (A) and in the presence (B) of myocardial disarray. Panels C and D show 3D imaging 

in the murine myocardium: The challenge of producing large, transparent and fluorescently 

labelled volumes has been recently achieved applying a true tissue transformation 

approach: CLARITY. This method transforms an intact tissue into a nanoporous, hydrogel-

hybridized, lipid-free form that, by removing membrane lipid bilayers, allows high 

transparency, immunolabeling and structural and molecular preservation. This method in 

combination with advanced microscopy, allows 3d reconstruction of massive heart tissue at 

sub-cellular resolution. An image of whole left ventricle before (top) and after tissue 

clearing (bottom) is shown in panel C. In panel D an example of 3D rendering of the 

sympathetic neurons network imaged upon whole-mount. Figure modified from Pianca et 

al.107 
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Table 1. Summary of main studies on myocardial disarray in HCM. 

 

Key points Studies 

Myocardial disarray appears a consistent feature in 8 young 

individuals who died suddenly exhibiting asymmetric 

hypertrophy of the heart  

Teare2 (1958)  

Myocardial disorganization involving > 5% of the relevant 

areas of the tissue section was a highly sensitive (86%) and 

specific (92%) marker for HCM 

Maron et al5 (1981) 

Myocardial disarray is a distinctive aspect of HCM even 

without significant LVH. 

McKenna et al69 (1990) 

Myocyte disarray correlate with evidence of ischaemia, a 

younger age (<21 years) at death, family history of young 

sudden deaths in decedents of sudden death 

Varnava et al81 (2001) 

Patients with HCM harbouring troponin T mutations have 

severe disarray, with only mild hypertrophy and fibrosis. 

These patients tend to die suddenly at a young early age 

Varnava et al10 (2001) 

In decedents of SCD, HCM is differentiated from idiopathic 

LVH by the presence of myocardial disarray >20%  

in at least 2 tissue blocks of 4 cm2 

Davies et al70 (1995) 

Finocchiaro et al32 (2016) 

Finocchiaro et al90 (2020) 

Diffusion tensor CMR can provide in vivo assessment of 

normal versus HCM myocardial architecture, with 

abnormalities in HCM patients (specifically, reduced 

fractional anisotropy values), matching myocardial 

architecture patterns of disarray 

Ariga et al11 (2019) 

 

Abbreviations: CMR: cardiovascular magnetic resonance; HCM: hypertrophic 

cardiomyopathy; LVH: left ventricular hypertrophy. 

 


