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Abstract

Alterations in the coronary vascular system are likely associated with a mismatch between energy 

demand and energy supply and critical in triggering the cascade of events that leads to 

symptomatic hypertrophic cardiomyopathy. Targeting the early events, particularly vascular 

remodeling, may be a key approach to developing effective treatments. Improvement in our 

understanding of hypertrophic cardiomyopathy began with the results of early biophysical studies, 

proceeded to genetic analyses pinpointing the mutational origin, and now pertains to imaging of 

the metabolic and flow-related consequences of such mutations. Microvascular dysfunction has 

been an ongoing hot topic in the imaging of genetic cardiomyopathies marked by its histologically 

significant remodeling and has proven to be a powerful asset in determining prognosis for these 

patients as well as enlightening scientists on a potential pathophysiological cascade that may begin 

early during the developmental process. Here, we discuss questions that continue to remain on the 

mechanistic processes leading to microvascular dysfunction, its correlation to the morphological 

changes in the vessels, and its contribution to disease progression.
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Introduction

The heart demonstrates a threshold between mechanical output and blood supply where 

defects in either of these interdependent variables have severe consequences on the other. 

Having the highest oxygen consumption per mass with the highest oxygen extraction 
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fraction renders the heart vulnerable to energy deficits as is likely to occur in hypertrophic 

cardiomyopathy (HCM). Reflecting this, the capillary density of the myocardium is 

estimated between 3000 and 4000 capillaries/mm3. Under increased stress, coronary flow 

can increase many-fold (six) to meet energetic demands [30]. Compared to other organs, the 

heart also has the highest capillary turnover rate as determined by 3H-thymidne, particularly 

in the subendocardium [58]. Evolution has maximized the mechanical output and the energy 

requirements of the heart allowing only brief moments of overloading via sympathetic 

stimulation for a selective advantage in survival and competition. Endothermal birds and 

mammals are at one end of this evolutionary process with heavily vascularized and 

disproportionately compact hearts [31].

Involvement of the coronary microcirculation in cardiac disease mechanisms is becoming 

more evident alongside advances in tools for their analysis. The exact pathophysiology in 

HCM has remained elusive potentially due to the heavy focus on mechanisms intrinsic to the 

myocyte, the bearer of the initial mutational effect, as well as a chasm between basic and 

clinical research. New evidence combined with previous histological observations offers 

insight into how the vasculature may participate in progression into macroscopic 

hypertrophy and clinically symptomatic phenotypes. This review will assimilate some of the 

contemporary concepts and findings in the studies of genetic cardiomyopathies with how 

they relate to and are influenced by the coronary circulation. We end by suggesting a 

probable pathophysiological cascade in the progression of HCM with relevance to non-

compaction cardiomyopathies (NCCMs) and restrictive cardiomyopathies (RCMs).

Epidemiology and clinical relevance

Hypertrophic cardiomyopathy has a widely heterogeneous morphology and is a cause of 

considerable disease burden in developed countries. It is the most common genetic 

cardiovascular disorder with a prevalence estimated around 1 in 500 individuals in the USA, 

Canada, and Europe but can be more common than originally thought [81]. Newer imaging 

techniques and genetic analyses indicate a carrier prevalence, or population at risk, of around 

1 in 200 individuals [125]. A majority of pathogenic mutations involved reside in the thick 

filament, consisting mostly of missense variants in MYH7 or truncation variants of 

MyBPC3, followed by a variety of thin filament mutations (TNNI3, TNNT2, TPM1, 

ACTC1) as well as regulatory (MYL2, MYL3) sarcomeric proteins [136]. Mutations do not 

guarantee disease phenotype however. The incomplete penetrance and highly variable 

expressivity of HCM indicate that understanding factors influencing disease progression can 

lead to improved strategies of prevention. Current interventions are directed at symptom 

management after development of an overt clinical phenotype but efforts are underway to 

increase the proportion of genotype positive, phenotype negative individuals (HCM carriers) 

by focusing on prevention.

Characterization studies of 333 HCM patients by Maron et al. using cine and late 

gadolinium CMR showed hypertrophy to be mostly diffuse (53%), some intermediate 

(34%), and a few focal (12%) with particularly consistent hypertrophy at the anterior basal 

interventricular septum and contiguous anterior left ventricular free wall. Worth noting, the 

cohort consisted of older individuals (43 ± 17 years old) at varying stages of the disease 
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excluding heart failure or surgical procedures [83]. To contrast, a study of young HCM 

patients who died of sudden cardiac death showed 14 of 19 had asymmetric hypertrophy of 

the septum [12], suggesting that besides a negligible survivor’s bias when studying older 

HCM patients, the morphology may change with age of onset [80] and rate of progression. 

Genetic studies also revealed a higher probability of the presence of known sarcomeric 

mutations with earlier onset of disease [120]. Alongside the phenotypic heterogeneity, 

disease onset can occur at any moment in an individual’s life with significant hypertrophy 

capable of carrying on to old age without proportionately significant complications [81]. 

Such features including recent SNP analyses of contributions from non-sarcomeric 

polymorphisms demonstrate the multi-factorial nature of the disease [3, 115, 143].

In a portion of the affected, however, HCM can progress to heart failure with preserved 

ejection fraction. Left ventricular outflow tract obstruction can develop if the hypertrophy 

becomes severe and disproportionate enough with anterior systolic motion of the anterior 

mitral valve leaflet, placing additional stress on the heart. This progression leads to an 

increased risk of complications—arrhythmias, syncope, dyspnea—and is hallmarked by 

severe microvascular dysfunction. As a matter of fact, coronary flow reserve, an indicator of 

microvascular integrity, measured by myocardial blood flow after dipyridamole infusion, 

was shown to be an effective predictor of adverse clinical outcomes including death [19, 23, 

77]. In comparison, microvascular dysfunction in left ventricular hypertrophy of equally 

severe magnitude but unrelated to sarcomere mutations does not have a comparable 

reduction in myocardial perfusion [103].

General features: histological, genetic, and metabolic

As revealed by histological determination, HCM has the general features of cardiac 

remodeling: myocyte hypertrophy, interstitial fibrosis, and decreased microvascular density. 

Unique to HCM, however, is the extent and septal localization of myofiber disarray and the 

patterns of vascular remodeling. Consequently, scattered septal microinfarctions, likely a 

result of vascular alterations but unrelated to coronary topology, are a frequent postmortem 

finding in HCM [12, 122]. The vascular remodeling as closely studied in pig models by 

Shyu et al. includes endothelial degeneration or denudation and smooth muscle hyperplasia 

and intimal infiltration [128] (Fig. 1). The instigators of these histological features of 

vascular injury, referred to by some pathologists as fibromuscular dysplasia, are at present 

unknown but are presumed to be caused by any of three possibilities: compressive systolic 

forces, shear stress, or inflammatory mediators. Also known for its microvascular 

dysfunction, hypertensive heart disease (HHD) does not exhibit the same extent of 

remodeling of the intramyocardial arteries as does HCM. Yet when comparing autopsied 

hearts, or those with terminal cardiac conditions, both HCM and HHD exhibit similar 

percent luminal narrowing of the arteries [28, 104, 133]. The focal tendency in disease 

development and progression [141] is becoming increasingly more apparent with the higher 

resolution of contemporary imaging modalities previously unappreciated by 2D 

echocardiography [75, 135, 138]. This pattern in respect to myofiber disarray is a cause of 

false-negative results from endomyocardial biopsies performed for diagnosing HCM as the 

lesions can at times be located deep within the septum [59]. In some infants with HCM who 

died suddenly, dysplastic arteries were already present suggesting their potential early role in 
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the disease as well as implicating ischemia as a major factor in sudden death [12, 59, 73]. 

Current evaluations of microvascular dysfunction would indicate otherwise though. As 

measured presently, the dysfunction occurs late in the disease course as a consequence of 

using coronary flow reserve, which sums flow diffusely throughout the myocardium 

supplied by the left anterior descending artery; whereas in HCM, the pathogenesis is initially 

localized [135]. Early endothelial dysfunction is further masked by the extensive collateral 

network within the heart that acts to preserve the metabolic, functional, and electrical 

integrity of the tissue [139]. After all, vascular remodeling has been observed in otherwise 

normal tissue. Most likely in HCM as in coronary artery disease, collateralization within the 

septum increases with chronic obstructions as may occur when sufficient number of small 

arteries are impacted [46]. Presence of chronic and progressive obstructions is exemplified 

by the occurrence of large non-specific infarctions within the hearts of HCM patients on 

necropsy without history of acute coronary events or atherosclerosis [82]. This partially 

explains why exertional ischemia usually requires severe stenosis to develop in these 

disorders.

Whether thick or thin filament mutations, the common feature in hypertrophic 

cardiomyopathy is the depletion of energy by either increased myofilament calcium 

sensitivity typically observed in thin filament mutations or inefficient cross-bridge cycling 

representative of thick filament mutations [1, 9, 57, 144]. Controversy still exists particularly 

in thick filament mutations as to how they affect the contractile apparatus’ functioning as 

disparate results have been obtained from experiments thus far [35, 69, 94]. Most likely 

physiological as well as pathological compensation in the form of cellular reprogramming 

alters critical protein content and posttranslational modifications creating variation in 

measurements of Ca2+ sensitivity, force generation, and cross-bridge ATPase kinetics. The 

distinction between thin and thick filament mutations is evident for instance by the rescue of 

transgenic tropomyosin E180G mice with phospholamban knockout [41] but failing to do so 

completely with MyBPC [123, 130] transgenics or to reverse the hypertrophy in MYH7 

transgenics [38] although this approach did improve other cardiac parameters. Lack of 

phospholamban allows for shorter calcium transients diminishing time for cross-bridge 

cycling. In contrast, small molecule inhibitors that act to decrease ATPase activity of myosin 

rescue HCM phenotype in myosin-based mutations [48]. ATPase inhibitors in thin filament 

mutations have not yet been tested but direct targeting of the supposed effect of the 

mutation, Ca2+ sensitivity, has successfully rescued thin filament mouse models beforehand 

[5].

Nevertheless, the energy depletion hypothesis is supported by a diminished PCr/ATP ratio 

independent of the degree of hypertrophy [27] along with other relevant parameters—

decreased ATP, increase ADP, decreased PCr, and increased lactate [105]. Diverging from 

biophysical and signaling-related models of dysfunctional relaxation, increased ADP/ATP 

ratio has been predicted to have significant effects on the sarcoplasmic reticulum calcium 

ATPase (SERCA) pump due to its high ATP consumption, but also potentially on 

actomyosin dissociation, both critical for effective relaxation [4, 119]. Accordingly, one of 

the initial prehypertrophic characteristics of HCM is diastolic dysfunction marked by an 

increased mitral E-to-e′ ratio [43, 52, 53, 89]. The importance of the SERCA pump in 

relaxation is best demonstrated by the myotonia of Brody’s disease patients whose deficient 

Marszalek et al. Page 4

Pflugers Arch. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



SERCA activity markedly prolongs skeletal muscle calcium transients and therefore 

relaxation. On the other hand, its involvement in calcium signaling pathways may in fact be 

behind the cellular remodeling process itself. Contemporary paradigms emphasize 

inappropriate Ca2+ signaling in HCM pathogenesis [50, 132].

Coronary circulation

Coronary vessels are often thought of as a separate, isolated system but there are many 

communications between coronary and chamber blood—arteriosinusoidal, arterioluminal, 

and thebesian vessels. The anastomoses may account for approximately 10% of coronary 

venous drainage [46] and may serve as an additional yet limited conduit for oxygenating the 

immediate subendocardium [112]. Potential to maintain coronary flow is dependent on 

upstream aortic pressure where fluctuations are met with a proportional arteriolar myogenic 

response to acutely autoregulate stable perfusion [78]. To complicate matters, the 

compressive forces of systolic contracting muscle confine a majority of left ventricular flow 

to diastole. Consequently, physiological retrograde flow in septal arteries and even in smaller 

epicardial arteries has been demonstrated [25]. Because the magnitude of systolic pressure is 

greatest in the subendocardium due to the summation of inward forces generated by the 

overlying myocardium as well as the smaller inner surface area [8, 46, 47, 51], an increased 

capillary blood volume (microvascular sinuses) and arteriolar density along with a 

compensatory hyperemia during diastole counteract the considerably decreased systolic 

perfusion in this layer. Similarly, adrenergic vasoconstriction in the epicardium acts to 

redirect more blood toward the inner layers during increased demand [32]. Evidence from 

positron emission tomography (PET) and cardiac magnetic resonance imaging (MRI) as 

well as clinical evidence from hypotensive patients suggests that this layer is indeed most 

susceptible to ischemia [84, 109]. It has been postulated that restoration of subendocardial 

perfusion by vasodilation, increased duration of diastole, or decreased oxygen consumption 

may be the mechanism by which verapamil ameliorates HCM-related anginal episodes [44].

Blood flow is dependent on the energy requirements of the tissue but also vice versa, and the 

heart exhibits a great deal of heterogeneity in metabolism and perfusion apart from the 

distribution generated by compressive forces [2, 114]. Bidirectional adaptability of perfusion 

and metabolism relates to the developmental thickening of the left ventricle even perinatally, 

initially accounted for by myocyte hyperplasia that promotes an environment suitable for 

angiogenesis [124]. Increased angiogenesis can likewise promote cellular hypertrophy [95]. 

Collateralization is included in this adaptive process and relates to the requirement of 

provocation tests with exercise, vasodilators, or inotropes to demonstrate ischemia in HCM. 

Along with the energy-wasting phenotype of HCM, the heterogeneity of myocardial 

perfusion provides an environment where foci of ischemia can develop and expand, which 

can be observed using contemporary imaging techniques.

Various imaging modalities have been used on human subjects to study the early functional 

impact of sarcomeric mutations including echocardiography, MRI, and PET. Using MRI and 

speckle tracking echocardiography (STE), reports of an exaggerated wringing motion, or 

torsion, could potentially further attenuate relaxation and diastolic flow by mechanically 

prolonging the total time the ventricle is in an mechanically unrelaxed state [8, 14]. Through 
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STE, a prolonged untwist or unstrain rate was demonstrated to coincide in HCM carriers 

[67]. The increased torsion early in HCM mutation carriers is presumed be an indicator of 

impaired subendocardial contraction from deficient perfusion relative to the demand of the 

affected myocardium, not overt ischemia [ 121 ]. Extrapolating these findings to the 

transmural pressure differential across the wall of the myocardium, the initiation of diastole 

for adequate perfusion of the subendocardium may be postponed long after most sarcomeres 

have relaxed. During periods of allowed perfusion, one would expect a reactive increase in 

blood flow proportional to the duration of vascular compression. Such expected increases in 

diastolic blood flow velocity have been measured in the first septal perforator artery of 

symptomatic HCM patients to be 88 ± 40 cm/s, where-as normal controls were 41 ± 13 cm/s 

and HHD patients, 51 ± 18 cm/s [127]. An increased time to peak diastolic velocity [129] as 

well as a decreased diastolic perfusion acceleration and a rapid deceleration before systole 

[93] further support the significant relationship between diastolic dysfunction and coronary 

flow in the disorder. Parameters of diastolic dysfunction were found to be more substantial 

near the regions of greater hypertrophy as well as coronary microcirculatory abnormalities 

[60, 66]. Most studies of the epicardial and intramyocardial vessel flow have been done on 

HCM in later stages typically using Doppler echocardiography but also recently with wave 

intensity analysis [116]. Repeating them in early prehypertrophic phases would be more 

enlightening, though understandably the population of at-risk HCM individuals may be hard 

to come by. The general assumption is that the compressive forces may underlie changes in 

arterial morphology, but altered shear stress from changing flow velocities is a known 

inducer of vascular remodeling and endothelial dysfunction in other pathologies besides 

atherosclerosis [140].

Many disorders of small intramyocardial arteries other than HCM lead to diastolic 

dysfunction and restrictive physiology. Dysplasia (fibromuscular) of small intramyocardial 

arteries is seen in small/medium artery vasculitides, amyloidosis, diabetes, and Friederich 

ataxia. In these disorders, it is not the isolated dysplastic artery that leads to observable 

pathologies, but the coalescence of remodeled arteries that leads to replacement fibrosis and 

compensatory adaptive changes to the hypoxic/ischemic tissue [62]. Consequently, 

infiltrative diseases such as amyloidosis and Fabry disease can also share many of the same 

features of HCM depending on the pattern of involvement and in clinical practice may 

require further tests for proper diagnosis. Classic amyloidosis presents with systemic and 

diffuse interstitial deposition especially around the small vessels and if cardiac involvement 

occurs, concentric hypertrophy, although hypertrophy may not always be present [70, 96]. 

Apparently, most cases of cardiac transthyretin amyloidosis are surprisingly asymmetric 

with a preferential septal localization [85]. Both amyloidosis and Fabry disease have also 

been shown to be associated with microvascular dysfunction by measuring coronary flow 

reserve [76]. Other disorders causing occlusion of small coronary arterioles such as in sickle 

cell anemia and Churg-Strauss vasculitis have a similar tendency to lead to diastolic 

dysfunction [11, 98, 99].

HCM spectrum

Depending on the mutation, inadequate perfusion in HCM can occur during the fetal period. 

The developmental morphological characteristics of HCM carriers have been apparent to 

Marszalek et al. Page 6

Pflugers Arch. Author manuscript; available in PMC 2019 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



clinicians: myocardial crypts [42], mitral valve abnormalities, and false tendons [21, 102]. 

Sarcomeric mutations implicated in HCM have a tendency to also develop non-compaction 

cardiomyopathy (NCCM) and these two disorders often cooccur [13, 56, 107] with non-

compaction having a predilection for the apex corresponding to the last region in the 

compaction process [86]. Compaction essentially follows the path of the coronary arteries: 

from base to apex and from the septum to lateral wall. The septum itself is formed from the 

fusion of trabeculae during the third week of fetal life, at that point called the inter-

ampullary septum, and the process of compaction continues to some degree throughout the 

rest of fetal development. Early cardiomyocyte derivatives in the septum share a lineage with 

the vasculature and stromal tissue to a greater extent than lateral cardiac tissue probably 

reflecting this relationship [17]. Efforts are currently underway to study this process in detail 

with a focus on HCM [22].

NCCM is a disorder of diverse etiologies, many of which are related to deficient oxygen 

content such as coronary anomalies and congenital cardiac malformations. Here, we mainly 

consider the cases related to sarcomeric mutations [6]. NCCM has similar histological 

characteristics to HCM including arteriolar remodeling [15, 36]. Subendocardial 

replacement fibrosis from ischemia and microvascular dysfunction is observed even in the 

young [63, 65]. The primary purpose of the non-compacted, or spongy, myocardium is to 

increase surface area for continued expansion of the myocardial muscle with an appropriate 

supply of oxygenation by the chamber blood similar to the morphology seen in fish and 

other lower vertebrates [7, 21, 72]. It is apparently a normal stage of development prior to 

fusion [100, 108, 124]. Substantial evidence of the implications of the process comes from 

fish, whose greater amounts of compact myocardium is met with increased coronary 

vascular perfusion, than other fish. On one extreme are fish with no coronary vasculature 

and therefore only have spongy myocardium [31, 37]. Mouse models with impaired 

coronary development have likewise shown an increase in spongy myocardium with 

reduction in vascularization and may be associated with angiogenic and hypoxic signaling 

[24, 90]. It has been hypothesized previously that chronic hypoxia from deficient coronaries 

may cause greater degrees of trabeculation to compensate [124]. In addition, the 

susceptibility of the myocardial septum in various pathological disorders may be related to 

its unique embryological derivate [17, 68]. Unfortunately, attempts at creating mouse models 

of non-compaction using sarcomeric mutations specifically have generally failed, again 

probably as a result of the drastically different heart rates and coronary flows in these 

animals [6].

In sarcomeric RCM, adaptation of perfusion with metabolism and the compaction process 

itself overestimated the capability of the blood supply to match myocardial energy demand 

and can be related to a temporal effect of mutations on energetics—more acute or sudden. 

This is demonstrated by the preferential involvement of genes differentially expressed (cTnI 

expressed after birth and β-MHC slowly replacing α- MHC) or alternatively spliced (cTnT 

adult vs fetal variants) during development [10, 126]. The temporal effect of a mutation can 

be further potentiated by the increased rates of turn-over of troponin subunits [88]. A rather 

crude analysis using ClinVar variants in Table 1 demonstrates this pattern and may present 

potential avenues for more comprehensive statistical analyses. Other less commonly 

associated mutations—tropomyosin, MyBPC, or α-cardiac actin—are more difficult to 
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explain but may involve a preferential interaction with the differentially expressed proteins 

during development. Mutations in α-cardiac actin have recently been shown to have an age-

dependent increase in effect although the experimenters were relating this to apical HCM 

[142]. Likewise, restrictive phenotypes with MyBPC are related to truncations by either 

frameshift or splicing defects implicating allelic insufficiency in genetic pathogenesis. With 

increased cell size, demands for increased protein production cannot be met. Similar to 

NCCM, there is strong evidence of subendocardial ischemia in RCM of non-sarcomeric 

origin [117]. A discussion of RCM and NCCM, which are often associated with other 

genetic mutations with greatly variable pathogenesis involving substantial cell death and 

replacement, is out of the scope of this review.

Microcirculatory alterations and prehypertrophy

So far, we have discussed pathological associations of some of the larger vessels, small 

arteries, and proximal pre-arterioles, but microvascular changes involving capillary and 

distal pre-arteriolar rarefaction are also seen to occur in HCM [64]. Studies using human 

subendocardial biopsies have shown hypertensive heart disease to have a tendency of 

affecting smaller sized pre-capillary arterioles with smooth muscle hyperplasia, whereas 

HCM consists of a decreased density of such vessels without significant changes in medial 

content [92]. The rarefaction can be preferentially, though not exclusively, localized to the 

hypertrophied segment [91]. In general, microvascular rarefaction may occur by mechanical 

or molecular mechanisms [45]. Capillary rarefaction has been observed to occur when 

upstream blood flow is impaired, for instance [118, 134]. This phenomenon is also observed 

in valvular or sub-valvular aortic stenosis where coronary driving pressure is decreased [87]. 

Diffuse microvascular dysfunction in HCM as clinically determined occurs late in the 

disease course. Although some attribute the dysfunction to micro-vascular rarefaction, it 

likely occurs in concert with small arterial remodeling as they are codependent [23, 49, 74]. 

Vasomotor control has a plethora of mediators, some still unknown, that have the capacity to 

participate but whose function depends on the tissue and context and can compensate for 

each other whenever the primary mediator is suppressed. Furthermore, the acting vasoactive 

molecule may vary greatly among different species. Equally challenging for researchers 

using murine models, coronary flow rates in mice and rats barely increase with stimulation, 

due to their high basal flow rates and heart rates [30]. Nevertheless, models of myocardial 

blood flow regulation have been devised and indicate a reliance primarily on neurohormonal 

adrenergic stimuli, purinergic mediation from metabolites and red blood cell secretions, and 

endothelial H2O2 secretion acting primarily on distal arterioles [111]. Flow-mediated 

dilation (FMD) on the other hand is a reactionary process in larger conduit arteries primarily 

relying on NO release that when impaired may be substituted by prostaglandins and 

potentially other mediators. Direct studies of coronary FMD in HCM are lacking. Although 

an exact experimental approach in humans is not present, there is a convenient alternative. 

Peripheral endothelial dysfunction has been demonstrated to mimic coronary endothelial 

dysfunction in other disorders such as coronary artery disease [110]. Evidence for systemic 

metabolic or inflammatory states affecting endothelial function, and therefore cardiac 

performance, has been apparent for a while, but genetic cardiomyopathies offer a unique 

perspective in which expression of genetic alterations restricted to the myocardium affects 
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the peripheral vascular function that introduces a potential for a novel interaction between 

the peripheral circulation and the heart.

Direct and definitive evidence for coronary microvascular dysfunction early in HCM disease 

course still does not exist, but there is indirect evidence from two sources of inquiry. The 

action of therapeutic targets related to cardiac remodeling requires early intervention 

suggesting a prehypertrophic remodeling process [79, 137]; mouse models demonstrate that 

causative processes mediating hypertrophy start early in the neonatal period and after a 

certain point are irreversible even with correction of the underlying genetic abnormality 

[20]. The necessity of understanding the mechanism of the early determination for 

remodeling is accentuated by the prehypertrophic effects on the peripheral vasculature in at-

risk HCM individuals determined by family history. An increased response to acetylcholine 

induced vasodilation as determined by laser Doppler with iontophoresis was observed. It 

was also found that this directly correlated with the degree of diastolic dysfunction, or E/e′ 
ratio [33].

Given these facts, it is of interest to seek evidence for prehypertrophic processes affecting 

fibrotic and vascular remodeling. Current evidence in humans indicates an early remodeling 

process with increases in circulating cathepsin S and endostatin correlating with diastolic 

dysfunction [34]. Others have shown increases in collagen synthesis detected by increased 

PICP, an unusual finding in a pressure-overloaded system without significant hypertrophy 

[54]. Evidence of transcriptional changes in the prehypertrophic stage in a thick filament 

mouse model of HCM demonstrated upregulation of TGFB1, CTGF, and periostin 

(prehypertrophic) and also downregulation of SERCA2a, phospholamban, and sarcolipin—

markers of fibrosis and cellular remodeling, respectively [71]. On the other hand, clinical 

studies, though with a limited number of biomarkers, are struggling to find markers for a 

prehypertrophic fibrotic process [55].

Some have chosen to focus more so on the relationship of the vessels with HCM. 

Polymorphisms in angiogenic genes, VEGF and HIF1-a [3], as well as renin-angiotensin-

aldosterone-system genes (controlled for blood pressure) [106], showed increased 

susceptibility to earlier phenotypes. Whether these markers are evidence for early fibrosis, 

early endothelial dysfunction, or myocyte remodeling process, is still questionable and 

should be more extensively investigated. Although energy impairment may be the initial 

catalyst, the degree of hypertrophy correlates directly with stress-induced or vasodilator-

induced ischemia, whereas energy impairment does not [29, 49, 61]. Ischemia can also be 

seen in regions of non-hypertrophied myocardium, potentially heralding extension of 

remodeling in those regions as well [26, 109]. Accordingly, it was previously shown using 

N13 PET that alterations in coronary vasodilator reserve occur in both hypertrophied and 

non-hypertrophied myocardium [18]. Eventually, if the heart does not decompensate toward 

a dilated phenotype, the microvascular dysfunction saturates and the correlation between age 

or duration of disease and severity of microvascular dysfunction is poor [101, 103, 131]. 

This new homeostatic point of a heavily remodeled yet functioning heart may be adequate 

for the time-being, but development of comorbidities that come with age or diet may again 

tip the scale to an unfavorable energetic point (Fig. 2).
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Summary and implications

HCM is the most common genetic cardiovascular disorder and the related sarcomeric 

mutations increase the energy requirements of tension [35, 81]. Resultant changes in 

energetics along with alterations in contractile dynamics perturb proper diastolic function. 

Because diastole is crucial for myocardial perfusion, the subendocardium in diastolic 

dysfunction is prone to ischemia with increased flow velocities required to supply this layer. 

Increased flow velocities with high shear stress may mediate flow-induced arterial 

remodeling (arteriogenesis) or a response to injury [113]. The extensive collateral network 

of the coronary vasculature tends to mask the effects of vascular remodeling found dispersed 

throughout the myocardium. It can often be found without other features of cardiac 

remodeling such as cellular hypertrophy [59, 84]. Therefore, contiguously altered vessels are 

required to create foci of vascular compromise, gradually expanding and remodeling the 

supplied myocardium. This in turn, through ischemia, initiates cardiac remodeling. 

Remodeling further changes the contractile dynamics and perfusion threshold of the 

myocardium causing an expansion of ischemia and remodeling. Evidence supporting these 

findings include induced ischemia seemingly preceding large foci of fibrosis [26, 131], the 

dramatic changes in diastolic flow velocities within the intramyocardial small arteries [127], 

and the pro-found arteriolar remodeling evident on histology [59].

Following this model, targeting the vascular remodeling process or the capillary and 

arteriolar density can prevent the energy perfusion mismatch that insidiously develops in 

HCM. Promoting endothelial function, angiogenesis, or collateralization may decrease the 

energy-depleted state as has been tested in hypertrophied hearts with aortic stenosis [39, 40]. 

Targeting arterial remodeling may be a secondary effect of many of the drugs currently used 

for treatment of cardiac pathologies (RAAS inhibitors, beta-blockers), and therefore a 

suitable alternative for preventative HCM treatments [16, 97]. We also suggest that certain 

cases of idiopathic hypertrophic cardiomyopathy without sarcomeric mutations may have 

polymorphisms increasing susceptibility to vascular remodeling which may include the 

angiogenic polymorphisms [3]. The knowledge gained from understanding the unique 

vascular pathologies occurring in HCM can then be extended to coronary small arterial 

modifications that occur in many cardiac disorders particularly on their way to 

decompensation.
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Fig. 1. 
Gross and microscopic features of hypertrophic cardiomyopathy: HCM is characterized by 

focal lesions of replacement fibrosis within regions of gross hypertrophy as well as 

subendocardial fibrosis. Extensive small arterial remodeling is observed in these regions but 

not exclusively. The inset portrays mid-myocardial features associated with affected 

myocardial tissue: myofiber disarray, perivascular fibrosis (increased collagen deposition is 

indicated by blue as would be with Masson Trichrome staining), microvascular rarefaction, 

ischemic cardiac remodeling, interstitial fibrosis. Bottom right portrays a cross-section 

through an intra-mural artery undergoing typical changes observed during vascular injury 

(fibromuscular dysplasia), which include myofibroblast trans-differentiation and activation, 

medial hypertrophy, smooth muscle cell intimal infiltration and elaboration of extracellular 

matrix, and breakdown of the internal elastic membrane
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Fig. 2. 
Cascade of events leading to the cyclical remodeling pattern in HCM: The initial HCM-

causing mutation leads to an alteration in the contractile dynamics of the myofilaments that 

either directly is the cause of diastolic abnormalities or through inefficient energy 

consumption leads to diastolic dysfunction. Inefficient energy consumption causes arterial 

remodeling (fibromuscular dysplasia) likely through shear stress–related vascular injury. 

When remodeling is severe enough, perfusion is impaired leading to ischemic cardiac 

remodeling that can act to lower energy costs but when severe enough may replace cells with 

fibrous tissue. Loss of viable myocardium eventually leads to a compensatory hypertrophy 

that not only increases energy requirements but also the transmural distance required for 

coronary flow to traverse (not drawn). Comorbidities such as hypertension, valvular disease, 

or aging can increase metabolic demands of the myocardium. Possible direct targets of some 

current and prospective therapeutic treatments are noted. RAAS, renin-angiotensin-

aldosterone-system; S1P, sphingosine-1-phosphate; non-DHP CCB, non-dihydropyridine 

calcium channel blockers
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Table 1

Potential for cardiomyopathies in genes: #RCM and #NCCM represent the number of missense mutations 

associated with the disorder whereas %RCM and %NCCM reflect how many of those mutations occur in 

respect to all missense mutations that have the potential to promote metabolic inefficiency: #RCM/(total RCM, 

HCM, and NCCM mutations). Because of the low number of variants associated with these mutations, 

pathogenic and likely pathogenic were used to populate the table. Parentheses indicate variants of unknown 

significance. We also used conflicting interpretations of pathogenicity since the HCM spectrum is known to 

have clinically heterogeneous phenotypes. Not enough data for ACTC1 and TPM1 genes. Total MYH7 = 227. 

TNNI3 = 42, TNNT2 = 39, MYBPC = 101

Gene #RCM #NCCM %RCM %NCCM

TNNI3 12(2)  0(0)  23.5%    0

MYH7  4(1) 13(19)   1.8%    5.7%

TNNT2 19(38) 24(40)  48.7%   61.5%

MYBPC3  0(0) 15(15)   0   14.9%
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