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Abstract

:

While most patients with hypertrophic cardiomyopathy (HCM) show a relatively stable morphologic and clinical phenotype, in some others, progressive changes in the left ventricular (LV) wall thickness, cavity size, and function, defined, overall, as “LV remodeling”, may occur. The interplay of multiple pathophysiologic mechanisms, from genetic background to myocardial ischemia and fibrosis, is implicated in this process. Different patterns of LV remodeling have been recognized and are associated with a specific impact on the clinical course and management of the disease. These findings underline the need for and the importance of serial multimodal clinical and instrumental evaluations to identify and further characterize the LV remodeling phenomenon. A more complete definition of the stages of the disease may present a chance to improve the management of HCM patients.
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1. Introduction


Left ventricular (LV) remodeling consists of changes in the ventricular architecture, such as dilation of the cavity and wall thickening or thinning, due to a combination of pathologic myocyte hypertrophy, myocyte apoptosis, myofibroblast proliferation, and interstitial fibrosis [1]. Although originally described after myocardial infarction [2], LV remodeling can occur in physiological conditions, i.e., athlete’s heart [3], as well as in several forms of myocardial injury and cardiac disease.



In recent years, it has been found that remodeling of the LV morphology occurs in patients with hypertrophic cardiomyopathy (HCM) during their life course [4]. LV remodeling in HCM has an important pathophysiologic impact, significantly affecting the natural history and management of this disease [4,5].



In the present work, we will review the features of LV remodeling in HCM and its influence on the natural history of the disease.




2. Natural History of HCM


The clinical course of HCM is extremely heterogeneous, resulting from a complex interaction of LV hypertrophy, LV remodeling, and several functional alterations, including diastolic impairment, myocardial ischemia, outflow tract obstruction, and arrhythmias [6]. Because the severity of each of these morphologic and functional abnormalities varies greatly among individuals, the clinical spectrum of HCM differs from asymptomatic to dramatic phenotypic expression such as sudden death [7].



Over time, the common perception and natural history of HCM have significantly changed. In its first description, HCM was considered to be a disease with an unfavorable prognosis and an annual mortality between 4% and 6% [8]. However, at that time, most of the information about the clinical course and prognosis of HCM came from only two referral centers. In the following years, with the introduction of new diagnostic methods and the publication of findings from non-selected cohorts from several other centers, our understanding of HCM improved [9,10,11]. Today, it is clearly recognized that HCM can be diagnosed in any phase of life and its annual mortality rate is approximately 1.4% [7]. When a diagnosis is made in young individuals (<25 years), the disease may be less favorable and the annual mortality rate is usually higher, with sudden cardiac death as the main cause [6,12,13]. However, when the disease is diagnosed in adults, it is often characterized by a stable course, with effective symptom control by medical therapy and a normal life expectancy [14]. Some HCM subgroups are characterized by a worse prognosis: (1) patients with a high risk of sudden death, with no symptoms of heart failure; (2) those with progressive symptoms of heart failure and, hence, worsening of quality of life with or without LV obstruction and in the absence of systolic dysfunction; (3) a subset of patients developing so-called end-stage disease, characterized by LV systolic dysfunction or apical aneurysms. Furthermore, the development of atrial fibrillation, mostly secondary to diastolic dysfunction and high LV filling pressure, has an unfavorable hemodynamic impact on the clinical course of HCM and is associated with a significant risk of thromboembolism and stroke [15].



A variety of different pharmacologic and non-pharmacologic management strategies have been developed over the last 15 years, including implantable defibrillators, advances in surgical myectomy, alcohol ablation, or heart transplant, altering the natural history and disease course for many HCM patients [16]. In particular, the increased understanding of sudden cardiac death risk stratification strategies has enabled more reliable selection of those HCM patients likely to achieve primary prevention of sudden death with an implantable defibrillator. Consequently, heart failure has become the predominant cause of morbidity and mortality in patients with HCM, responsible for as many as 60% of HCM-related deaths [16,17].




3. Pathophysiological Mechanisms of LV Remodeling in HCM


The interaction of multiple mechanisms is thought to be responsible for LV remodeling in HCM. While a complex genetic interplay is implicated mainly in the growth and magnitude of LV hypertrophy, other specific myocardial and vascular mechanisms (mainly causing ischemia and fibrosis) occur during the natural course of HCM and may result in progressive LV thinning, with or without systolic dysfunction. The pathophysiological mechanisms involved in the process of LV remodeling in HCM are summarized in Figure 1.



3.1. Genetics


HCM is a sarcomeric disease determined from mutations in a number of genes encoding cardiac contractile and Z-disk proteins [18]. Mutations in sarcomeric genes generally cause the disease through single amino acid substitutions in proteins that become incorporated into the sarcomere and act as poison peptides with an impairment of normal sarcomere function [19]. Contrastingly, most myosin-binding protein C (MYBPC3) mutations result in insufficient protein production for normal sarcomere function (haploinsufficiency) [20]. HCM-causing mutations may exert various adverse effects on cardiomyocyte intracellular calcium and energy handling, accounting for early diastolic abnormalities in genotype-positive patients, even before the development of LV hypertrophy [21]. Moreover, there is a significant HCM phenotypic variability, in which regulatory genes and other factors are likely implicated, including environmental modifiers [22]. Finally, up to 5% of families carry two distinct disease-causing gene mutations. Multiple gene mutations occurring in HCM families typically result in a more severe clinical phenotype with an earlier onset of disease and a higher incidence of sudden cardiac death or heart failure events [19].




3.2. Altered Energetic Mechanisms


HCM-causing mutations compromise cardiomyocyte energetic balance, generally enhancing calcium sensitivity, maximal force production, and ATPase activity. The consequent chronic impairment of cardiomyocyte calcium homeostasis represents a major common pathway to the anatomic (hypertrophy, myofiber disarray, and fibrosis) and functional features (diastolic dysfunction) characteristic of HCM [23]. Calcium-regulated signaling pathways are activated with several downstream effects, such as cardiac remodeling and, possibly, apoptosis. Moreover, the increased contractile status causes persistent stimulation of the sympathetic system, which, in turn, may contribute to regulatehypertrophy [24].




3.3. Coronary Microvascular Dysfunction


Coronary microvascular dysfunction, subtended by structurally remodeled small coronary vessels, is an important feature of HCM, associated with LV remodeling and heart failure. It appears to be genetically driven and relatively independent of hypertrophy [25]. In HCM, different mechanisms contribute to myocardial ischemia separately or simultaneously in the same patient. First of all, myocardial oxygen requirement is increased due to the magnitude of hypertrophy, whereas the relative myocardial capillary density may be reduced, thus lowering the ischemic threshold [26]. Furthermore, coronary vascular resistance may be enhanced due to systolic compressive deformation, LV outflow tract obstruction, and higher diastolic wall tension secondary to impaired LV relaxation and filling [27,28]. All of these factors lead to progressive myocardial cell death and replacement fibrosis, which is hypothesized to play an essential role in the pathogenesis of LV wall thinning [29].



Accurate quantitative assessment of microvascular dysfunction and myocardial ischemia may be performed by using an electrocardiogram, echocardiography, or myocardial scintigraphy, but examination of the vasodilator response to dipyridamole in positron emission tomography is considered the method of choice for the assessment of maximal regional and global flow [29]. Furthermore, cardiac magnetic resonance provides further information with late gadolinium enhancement (LGE), which may show areas where replacement fibrosis has occurred following microvascular ischemia and focal necrosis [30].





4. Types of LV Remodeling in HCM


LV remodeling occurs spontaneously among patients with HCM in several ways: (1) wall thickening, otherwise defined as positive remodeling; (2) wall thinning without impairment of LV systolic function, defined as benign remodeling; (3) a gradual wall thinning process resulting in the loss of LV systolic function or the development of LV aneurysms, defined as adverse remodeling (Figure 2).



4.1. Positive Remodeling


The phenotypic expression of HCM usually develops during adolescence [5]. Studies on genotype positive–phenotype negative (i.e., non-hypertrophic) HCM individuals have shown that hypertrophy presents at a younger age in the majority of cases, although it has rarely been reported to occur as late as in the sixth decade of life [31,32,33]. Once the HCM phenotype is fully expressed, the morphologic course of the disease is typically stable. Hence, progression of LV hypertrophy with thickening of the hypertrophied myocardium (i.e., positive LV remodeling) has been reported to be mostly limited to children or young HCM individuals in the early stages of the disease [4].



In a seminal study investigating 39 children aged < 15 years with a diagnosis of HCM or family history of the disease, Maron and colleagues first comprehensively described the process of positive remodeling [34]. In 22 out of the 39 patients, including five with an initially negative phenotype, a marked progression of hypertrophy occurred, with an average increase of 12 mm. In all cases, hypertrophy progression was limited to adolescence, up to 19 years of age [34]. The increase in wall thickness was associated with only mild increases in cavity dimension.



Subsequently, the same group investigated the occurrence of positive remodeling in 65 adult HCM patients (20 to 50 years of age), with at least 3 years of follow-up [35]. None of the study patients showed an increase of ≥5 mm in any of the LV segments. Based on these results, positive remodeling was believed to be related to body growth and maturation [4].



However, in 1985, Domenicucci and colleagues presented results from a cohort of 39 adult HCM patients, among whom four showed mild positive remodeling (the four patients being 17, 49, 49, and 53 years of age) [36]. More recently, Doolan and colleagues have reported findings from serial echocardiographic evaluations in a cohort of 62 HCM patients [37]. Positive remodeling was observed in both younger (≤30 years of age) and older (>30 years) patients. However, the mean increase in LV wall thickness was 6 mm versus 1.7 mm, respectively. Moreover, the study showed that the presence of the angiotensin-converting enzyme (ACE) gene deletion polymorphism (D/D) was associated with positive remodeling, as compared to other ACE polymorphisms, and was independent of age, body mass, and resting blood pressure. Hence, it is likely that other mechanisms beyond physiological body growth contribute to positive remodeling in HCM. This is in line with a previous investigation from the same Australian group that found marked positive remodeling in HCM patients aged 10 to 20 years (from a mean of 15.9 mm to 19.2 mm in the interventricular septum), but also a very small increase in patients of 21–40 years of age (from 16.0 mm to 17.8 mm) [38].



Importantly, positive remodeling is seldom associated with clinical manifestation or symptom progression.



More recent longitudinal studies are lacking; nevertheless, positive remodeling differing from that described in past analyses (mostly relying on echocardiography) has not been reported to date. Thus, it appears to be a process occurring almost exclusively in adolescence. Although diagnosis has been shown to occur at an older age in contemporary HCM cohorts [39], the demonstration of positive LV remodeling after diagnosis has not yet been reported.



An explicative case of positive remodeling is reported in Figure 3.




4.2. Benign Remodeling


Since the 1980s, it has been observed that younger HCM patients show substantially more severe and diffuse LV hypertrophy than older patients do [40,41,42]. At that time, the phenomenon was hypothesized to be due to both a higher incidence of sudden death in subjects with severe hypertrophy and a progressive reduction over time in the wall thickness. After the year 2000, by means of serial echocardiographic observations, it was confirmed that the reduction in myocardial thickness contributes substantially to the lower prevalence of severe LV hypertrophy in adults [43]. Therefore, it was recognized that a process of LV remodeling occurs during the natural course of HCM, with a combination of several structural and functional modifications, including a mild reduction in LV systolic function (i.e., LV ejection fraction in the low–normal range) [44], moderate to severe diastolic dysfunction [45], remodeling and dilation of the left atrium and consequent onset of atrial fibrillation [15], thinning of the LV walls up to normal values [4], spontaneous reduction in or loss of LV outflow obstruction [46], and advanced microvascular dysfunction [47]. However, most of these modifications, affecting only 15–20% of patients, did not cause hemodynamic imbalance and overt LV systolic dysfunction [5], and their prognostic implications were not clarified. Recently, a process of LV remodeling characterized by gradual LV wall thinning without systolic dysfunction and with a benign clinical course has been demonstrated to occur in around 10% of patients with HCM over the long term [48]. This benign remodeling pattern is characterized by a gradual process of wall thinning with minor changes of cavity dimension and systolic function, which both remain within the normal limits. Patients with benign remodeling present a benign outcome over a long-term period, with HCM-related morbidity and mortality similar to patients without LV remodeling and distinct from patients with end-stage HCM and apical aneurysm (i.e., adverse remodeling) [48]. The reason why some patients develop overt LV dysfunction while others present benign remodeling is still unknown, but it is reasonable to believe that other factors beyond time and magnitude of LV hypertrophy—including genotype and therapy—may cooperate in determining this process.



An explicative case of benign remodeling is reported in Figure 4.




4.3. Adverse Remodeling


Adverse remodeling in HCM patients is defined by the presence of unfavorable LV structural modifications, usually associated with clinical deterioration, eventually determining the so-called end-stage phase of the disease [4,5,48]. When the myocardial replacement scarring process is particularly severe, the morpho-functional manifestations of adverse remodeling span between two extremes: a “hypokinetic-dilated” form, characterized by spherical remodeling of the LV, regression of hypertrophy up to severe systolic pump failure, enlarged ventricular chambers, and increased end-diastolic and end-systolic volumes (Figure 5) [49,50], and a “restrictive” form, characterized by a small and stiff LV with extreme diastolic dysfunction and only mildly or moderately impaired systolic function [51]. Notably, only the first pattern of advanced disease progression has been historically defined as the end-stage phase of HCM, with systolic dysfunction (LV ejection fraction <50%) required for defining the condition. Nevertheless, the latter pattern is increasingly recognized, and HCM patients with the restrictive evolution are considered, nowadays, to have an equally unfavorable adverse remodeling, resulting in a different “phenotype” of end-stage [51].



Moreover, a particular pattern of localized adverse remodeling is the LV apical aneurysm, defined as a discrete thin-walled dyskinetic or akinetic segment of the most distal portion of the LV chamber, associated with transmural scarring in the absence of obstructive atherosclerotic coronary artery disease [52,53]. Apical aneurysms occur most commonly in patients with two distinctive LV morphological forms. The first is an “hourglass” shape, with mid-ventricular maximal wall thickness and considerably less or no hypertrophy in the distal and proximal portions of the LV. In these patients, intraventricular pressure gradients are often present due to the mid-systolic contact of the septum and the LV free wall. In the second pattern, so-called “apical HCM” hypertrophy is predominant in the distal portion of the LV [52,53]. The dyskinetic/akinetic apical aneurysm may provide a structural basis for ventricular arrhythmias and intracavitary thrombus formation [52,53].



Close clinical surveillance with careful serial electrocardiographic and echocardiographic evaluation, cardiac magnetic resonance imaging, cardiopulmonary testing, and biomarkers can be valuable for early identification of the subgroup of patients in which adverse remodeling is occurring [54]. For example, serial electrocardiograms recorded before and after the development of LV apical aneurysms showed a notable progressive increase in the QRS complex duration and fragmentation along with a decrease in the QRS complex amplitude, a gradual and persistent ST segment elevation with depth reduction of negative T waves, and positivization of negative T waves in V3–V6 (Figure 6) [55]. Moreover, the information provided by contrast cardiac magnetic resonance imaging is crucial, since it is able to quantify and localize the deposition of fibrous tissue through LGE [43,56,57]. An LGE progression of ≥1.5% g/year in serial cardiac magnetic resonances was found to be indicative of adverse remodeling in terms of end-stage evolution and apical aneurysm occurrence [56].



The outcome of HCM patients with adverse remodeling is poor [4,58,59]. In previous end-stage cohorts, mortality was up to 11%/year [49]. In a recent study of contemporary end-stage HCM patients, mortality was lower, at about 1.9%/year [58], but still exceeding that of HCM patients without end-stage disease by 10-fold (0.2%/year; p < 0.001). The rate of progression from NYHA functional class I/II to advanced heart failure was 5.2%/year. Finally, the arrhythmic risk of end-stage patients remained high with a 2.4%/year incidence rate of appropriate implantable cardioverter defibrillator interventions [58]. The substantial improvement in mortality among end-stage HCM patients is most likely attributable to a number of contemporary management strategies, such as primary prevention implantable cardioverter defibrillators or selection for heart transplantation and LV assist devices [58]. Indeed, approximately 20% of patients with LV aneurysms undergo potentially life-saving implantable cardioverter defibrillator interventions, terminating ventricular tachyarrhythmias, with a risk 5-fold greater than that of HCM patients without aneurysms [52,53].



Two explicative cases of adverse remodeling are reported in Figure 5 and Figure 6.





5. Conclusions


The LV remodeling process has an important impact on the phenotypic expression, clinical course, and management of patients with HCM. Positive remodeling, identified by the progressive thickening of the hypertrophied myocardium, has generally been related to the growth and full expression of the disease. On the contrary, over the long-term course of the disease, gradual LV wall thinning without systolic dysfunction (benign remodeling) or severe, adverse LV remodeling may develop. Benign remodeling has been demonstrated to occur without any important impact on outcome as compared to patients without LV remodeling. Adverse remodeling, characterized by extensive fibrotic replacement and loss of LV systolic function, severe diastolic impairment, or the occurrence of an LV aneurysm, is associated with a very poor prognosis. These aspects of HCM natural history underline the need for and the importance of serial clinical, electrocardiographic, and echocardiographic evaluations to identify and further characterize the LV remodeling phenomenon over time. A comprehensive definition of the stages of the disease may present a chance to improve the management of HCM patients.
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Figure 1. Pathophysiological mechanisms involved in left ventricular (LV) remodeling in hypertrophic cardiomyopathy (HCM). 
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Figure 2. Different patterns of LV remodeling occurring during the clinical course of HCM. 
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Figure 3. Echocardiographic and electrocardiographic findings in a patient with positive LV remodeling. A young male was diagnosed with non-obstructive HCM during a familial screening (mother affected) at 14 years of age, and since then followed at our outpatient clinic. At initial evaluation, the echocardiogram showed a maximal wall thickness of 16 mm at the level of the anterior septum (A), with signs of LV hypertrophy in the electrocardiogram (B). After 6 years, a significant increase in maximal wall thickening (24 mm) was found via echocardiography (C). The electrocardiogram (ECG) showed left axis deviation and the occurrence of Q waves in V1–V3 (D). At cardiac magnetic resonance imaging, the presence of intramural late gadolinium enhancement at the level of maximal hypertrophy was detected, and 24-h ECG Holter monitoring revealed a run of non-sustained ventricular tachycardia of 8 beats at rate of 160/min. He was implanted with a subcutaneous implantable cardioverter defibrillator for primary prevention. 
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Figure 4. Echocardiographic and electrocardiographic findings in a patient with benign LV remodeling. A 49-year-old male patient received a diagnosis of non-obstructive HCM, with evidence of massive LV hypertrophy (maximal wall thickness of 37 mm at the level of the anterior septum (A)) in the echocardiogram. The electrocardiogram showed signs of LV hypertrophy and inverted T wave in precordial leads (B). At that time, the patient was implanted with a cardioverter defibrillator for primary prevention. After 17 years, the echocardiogram showed a progressive, significant reduction in maximal LV wall thickness, up to 24 mm at the last evaluation (C). Concurrently, a reduction in QRS amplitude and an increase in QRS duration were noted in the electrocardiogram (D). His clinical conditions are stable and he has never experienced any implantable cardioverter defibrillator shocks. 
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Figure 5. Echocardiographic and electrocardiographic findings in a patient with adverse LV remodeling, characterized by LV wall thinning and loss of systolic function. This is the case of a 38-year-old male with familial HCM. At first evaluation, the echocardiogram showed a maximal wall thickness of 27 mm at the level of the anterior septum (A), and the electrocardiogram showed signs of LV hypertrophy (B). After 20 years, he had an episode of decompensated heart failure. At admission in our cardiology ward, the echocardiogram showed a reduction in maximal wall thickness, which was 14 mm at the level of the anterior septum, and an enlargement of the LV cavity, with impaired systolic function (LV ejection fraction 20% (C)). The electrocardiogram showed sinus rhythm, first-degree atrioventricular block, extreme left axis deviation, right bundle branch block, and reduction in voltages (D). He underwent implantation of a biventricular cardioverter defibrillator. Coronary angiogram was normal. After 1 year, the patient died while enlisted for heart transplantation. 
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Figure 6. Echocardiographic and electrocardiographic findings in a patient with adverse LV remodeling, characterized by LV wall thinning and development of apical aneurysm. A 66-year-old male with familial HCM was diagnosed and evaluated at our outpatient clinic for the first time in 2014. Apical hypertrophy was evident in the echocardiogram (A), with signs of LV hypertrophy and deep inverted T wave in precordial leads in the electrocardiogram (B). After 6 years, we observed a significant remodeling of the LV apex with the development of a large aneurysm (arrows, C). As the apical aneurysm developed, QRS complex amplitude decreased and negative T waves became positive in V1–V3 and biphasic in V4 (D). The patient underwent implantation of a cardioverter defibrillator for primary prevention. 
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