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ABSTRACT
Background: Left ventricular hypertrophy due to hypertension (LVH) is one of the most important cardiac manifestations of chronic hypertension and is strongly associated with heart failure, atrial fibrillation, stroke, and death. While traditionally thought of as an adaptive response to an increase in afterload, recent advances in the understanding of LVH suggest that this condition is a composite myocardial phenotype resulting from several processes, including fibrosis, impaired microvascular function, activation of the neuro-hormonal axis (e.g., catecholamines, renin-angiotensin-aldosterone systems), metabolic stress, as well as co-morbidity of cardiorenal syndrome.
Objectives: The purpose of this literature review is to provide an organized clinical approach to the epidemiology, pathophysiology, phenotyping, diagnostic evaluation/prognosis, and current treatment of hypertensive left ventricular hypertrophy, specifically, left ventricular hypertrophy.
Methodology: This review draws on global guidelines for hypertension, cardiac imaging, major longitudinally studied cohorts, randomized control studies for antihypertensive treatments, and select existing reviews/meta-analyses pertaining to hypertensive heart disease/reverse remodeling.
Main findings: Current evidence shows that hypertensive LVH is a continuum that spans all stages, from an early concentric remodeling phase to a diffuse fibrosis phase, and has all of the following end-points: atrial dysfunction, arrhythmias, heart failure, and death. The ECG provides prognostic information but has limited predictive value; echocardiography is the primary method of assessing the patient's geometry and how the patient functions with their condition, while cardiac MRI is useful for providing information when the phenotype is atypical, presents with severe symptoms, or when the diagnosis is not known. The primary focus of treatment (ie, reversing LVH) continues to be controlled blood pressure (BP) combined with weight, kidney dysfunction, and Obstructive Sleep Apnea.
Conclusion
LVH should be seen as a target organ damage that can be modified rather than as a static imaging diagnosis. In other words, LVH should lead to precise phenotyping (BP), broader cardiometabolic assessments, and treatments directed not just towards lowering BP, but precluding future progression to heart failure and arrhythmia.
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1. INTRODUCTION
Hypertension is best described as a long-standing state of exposure, not merely a one-time reading at a physician's office. Therefore, the relationship between hypertension and the heart is gradual. For instance, hypertension damages the myocardium cumulatively and can last for years before any signs of the damage are noted [1-5]. The cardiac effects of hypertension develop gradually over time. They range from subclinical remodeling to overt cardiovascular disease, including heart failure, atrial fibrillation, myocardial ischemia, and premature death [6-10]. Of the various types of organ damage produced by hypertension, left ventricular hypertrophy (LVH) is probably the most unmistakable indicator of organ damage resulting from hypertension. LVH is almost always associated with systemic arterial hypertension [8-10].
In the routine care of hypertensive patients in the clinical setting, the term ventricular hypertrophy almost always implies that the left ventricle is involved, as that is where most of the systemic blood pressure is generated. While right ventricular hypertrophy can also be found in patients, more frequently than not, this is due to some other cause (e.g., chronic lung disease, central obesity-related hypoventilation, and sleep disordered breathing) than from systemic arterial hypertension [6,11,12].
Earlier pathophysiologic models framed hypertensive LVH mainly as a compensatory attempt to normalize wall stress. That concept remains useful, but it does not completely capture the contemporary view of hypertensive heart disease as a biologically heterogeneous myocardial disorder [6-10]. Similar clinic blood pressure values may be associated with markedly different cardiac phenotypes depending on arterial stiffness, cumulative exposure, nocturnal blood pressure behavior, obesity, sex, kidney function, and genetic background [13-17]. The degree of heterogeneity in presentation may also be exacerbated by the presence of sleep disordered breathing and/or out-of-office ambulatory pressure burden [12,18-19]. This heterogeneity may help explain why some patients remain in a compensated remodeling phase, whereas others progress at a compensatory stage of remodeling, whereas others progress to diffuse fibrosis, left atrial dysfunction, arrhythmia, and heart failure even with a normal ejection fraction.
This review regards increase in left ventricular mass associated with hypertension as a dynamic syndrome rather than simply as an endpoint of morphological expression. The review will progress through epidemiology, pathobiology, imaging techniques (including echocardiography), prognosis, and management with emphasis on the practical question, highly relevant to clinicians at the bedside, of when the identification of increased left ventricular mass requires changes in the intensity, breadth, and priorities of treatment [1-5]. This priority has also been evidenced in recently published phenotyping reviews and management studies [6-10], and is supported by studies of regression, prognosis and treatment selection [13,20-23]. Finally, the relevance of this to clinicians is further supported by additional studies comparing screening and therapeutic approaches [24-26]. The main clinical implications of hypertensive left ventricular hypertrophy are outlined in Table 1.
Table 1. Key clinical messages related to hypertensive left ventricular hypertrophy
	Key clinical message
	Clinical relevance

	Left ventricular hypertrophy should not be reduced to a simple increase in wall thickness.
	Its prognostic significance depends on the overall phenotype, including geometric pattern, persistence over time, extent of myocardial fibrosis, and associated functional impairment.

	A normal ECG does not rule out significant left ventricular hypertrophy.
	Although electrocardiography remains useful for initial evaluation and follow-up risk assessment, echocardiography is the main first-line tool for structural characterization.

	Persistent left ventricular hypertrophy warrants further evaluation rather than routine observation alone.
	Incomplete regression is often related to factors such as masked or nocturnal hypertension, obesity, obstructive sleep apnea, chronic kidney disease, or suboptimal treatment adherence.

	Regression of left ventricular hypertrophy has meaningful clinical implications.
	A reduction in left ventricular mass has been associated with a lower risk of atrial fibrillation, heart failure, and other major cardiovascular events.

	Disproportionate wall thickening should always prompt consideration of alternative or additional diagnoses.
	Hypertension may coexist with other causes of increased wall thickness, including hypertrophic cardiomyopathy, aortic stenosis, infiltrative cardiomyopathies, or physiologic athletic remodeling.



2. REVIEW METHODOLOGY
This article is a descriptive and non-systematic review of the most clinically relevant evidence in order to provide a synthesis of the current understanding of LVH as an organ damage from hypertension. Although this review did not aim to capture every published study on hypertensive remodeling, it was designed to synthesize the most clinically relevant and methodologically influential evidence in light of current practice.
Particular emphasis was placed on authoritative hypertension guidelines, echocardiographic and cardiac magnetic resonance imaging recommendations, major cohort studies, randomized treatment trials, and meta-analyses that have helped refine the contemporary understanding of hypertensive remodeling.
Therefore, preference was given to higher-quality evidence and methodologically influential studies, and articles that help resolve controversial aspects concerning the classification of phenotype, ambulatory blood pressure load, extent of fibrosis, differential diagnosis, and reverse remodeling.
3. EPIDEMIOLOGY AND CLINICAL RELEVANCE
Among modifiable risk factors contributing to global cardiovascular morbidity and mortality, hypertension continues to be the single most significant risk factor today. Approximately 2 billion adults are estimated to suffer from high blood pressure or have been diagnosed with hypertension, of whom many go undiagnosed, untreated, or inadequately treated (1-5). Because the incidence of hypertensive heart failure continues to grow based upon long-term exposure of the myocardium to years of pressure overload, along with stiffening of the arteries to create a pressure overload, and the stimulus of neuroendocrine response to chronic hypertensive patients, a significant percentage of patients with asymptomatic left ventricular hypertrophy (LVH) will be symptomatic at the time of presentation. [4-8].
LVH prevalence changes according to many factors, including ethnic groups and age, obesity, duration of disease, treatment status, and particularly, how the LVH is diagnosed [6-7,27-29]. When more advanced imaging techniques are used, there is a substantial change in the prevalence estimates. Newer electrocardiography techniques have shown how diagnostic criteria affect the apparent prevalence of LVH [35]; for example, electrocardiography only identifies a small portion of LVH cases [27-31] vs what echocardiography and magnetic resonance imaging show [32-35]. The difference between the techniques is substantial, as it is an indicator of how much more LVH is present in a community than what clinicians detect and corresponds directly to how accurately left ventricular mass is indexed in obese or altered body compositions [16,27-28].
LVH is important due to its being both a marker and mediator of cumulative hemodynamic stress and as a contributor to poor outcomes through increased ventricular stiffness, myocardial ischemia, arrhythmogenic substrate formation and atrial remodeling [5-9]. The poor phenotypic manifestation of LVH is also associated with diastolic dysfunction, fibrosis, heart failure and arrhythmia [10-11,14,36-37]. Therefore, LVH should not be seen merely as a result of having hypertension but rather as one of the major disease processes associated with hypertensive heart disease.
The increasing complexity of hypertensive populations is illustrated by older ages, higher rates of obesity, diabetes mellitus, and chronic kidney disease, along with ambulatory blood pressure findings that demonstrate the presence of masked and nocturnal hypertension that would not be detected by isolated office measurements [2-3,7,10,16]. Changes in the biology of remodeling have produced uncertainty in the understanding of left ventricular mass. Office blood pressures that are only slightly elevated may be associated with remodeling and sleep-disordered breathing as factors that will contribute to the development of these remodeling changes in subjects with these conditions [2-3,10,12,16].. On the other hand, patients with undetected nocturnal hypertension will develop target organ damage, even in the presence of good office control of blood pressure [18,19].
4. CONCEPTUAL FRAMEWORK AND REMODELING PHENOTYPES
A useful way to understand hypertensive ventricular hypertrophy is to separate ventricular mass, geometry, function, and tissue composition. Increased left ventricular mass continues to be the traditional hallmark of LVH, but mass alone does not adequately define the disease [6-7,14,27-28]. A ventricle may have increased mass with a predominantly concentric pattern, or similar mass may be distributed in a more eccentric pattern when volume load, obesity, kidney disease, or more advanced myocardial dysfunction coexist [6-8,14,16].
The central geometric forms are: normal geometry, concentric-remodeling hypertrophy, concentric hypertrophy, and eccentric hypertrophy. Concentric remodeling deserves to be highlighted because it is a precursor of overt left ventricular hypertrophy, as well as conferring substantial risk [6-7,27-28]. The wall thickness of the left ventricle for concentric remodeled patients is typically increased relative to the left ventricular mass index; yet the LVMI is typically below the standard definitions for LVH. This serves as an example; however, it also demonstrates a conceptual principle regarding hypertensive myocardial diseases, that is, they are usually continuous rather than dichotomous. Research and clinical communication commonly utilize threshold-based definitions of hypertensive myocardial phenotypes, but these definitions do not adequately describe the biology underlying the condition [6-8].
When using indexing methodology, there may also be confusion. There is a need for correction based on body size. However, because obesity is part of human size, it will likely obscure a hypertrophic change when indexing mass determined from body surface area, and it also may reveal a greater burden than normal when indexing mass from height-based measurements [16,27,28]. Accordingly, current imaging recommendations emphasize that LV mass should be interpreted in the clinical context rather than reduced to a single isolated number [27,28].
Function provides a second dimension of phenotyping. A patient may have preserved left ventricular ejection fraction and still harbor significant myocardial disease. Diastolic dysfunction, left atrial enlargement, increased filling pressures, impaired myocardial deformation, and diffuse interstitial fibrosis may all be present before overt systolic failure develops [6-7,29-31]. This is one reason hypertensive LVH is progressively regarded as a spectrum of phenotypes rather than a single structural label. The modern hypertensive heart is best described through integrating geometry, ventricular-arterial coupling, atrial remodeling, myocardial strain, and tissue characteristics when available [6-7,14,30-31].
Although the present review centers on systemic hypertension and the left ventricle, it is worth noting that right ventricular remodeling may occur in selected patients. The right ventricle can be influenced indirectly by obesity, obstructive sleep apnea, pulmonary vascular disease, and heart failure physiology [11,12]. However, in uncomplicated systemic hypertension, right ventricular hypertrophy is not the dominant ventricular response, and its presence ought to prompt consideration of coexisting pulmonary or sleep-related pathology.

Table 2. Key diagnostic tools for the evaluation of hypertensive left ventricular hypertrophy
	Modality
	Key advantages
	Main limitations
	Most relevant clinical use

	Electrocardiography (ECG)
	Readily available, inexpensive, and easily repeated during follow-up; also provides useful prognostic information.
	Limited sensitivity for anatomic left ventricular hypertrophy and influenced by body habitus, conduction abnormalities, and baseline electrical patterns.
	Best used as a screening complement, for prognostic assessment, and for serial electrical follow-up.

	Echocardiography
	Offers comprehensive assessment of ventricular geometry, wall thickness, left ventricular mass, left atrial size, diastolic function, and myocardial strain.
	Findings may vary with operator expertise; indexing can be difficult in obesity; tissue characterization remains limited.
	Serves as the main first-line imaging modality for hypertensive heart disease.

	Cardiac magnetic resonance
	Provides the most accurate evaluation of left ventricular mass and volumes and allows tissue characterization, including fibrosis assessment and differential diagnosis.
	More costly, less accessible, and unsuitable for some patients; not always practical for routine repeated assessment.
	Particularly useful in patients with marked hypertrophy, atypical findings, or diagnostic uncertainty.

	Ambulatory or home blood pressure monitoring
	Identifies masked hypertension, nocturnal blood pressure elevation, and resistant hypertension, which may contribute to ongoing remodeling.
	Does not directly assess cardiac structure and may be limited by access or patient adherence.
	Helps clarify disproportionate target-organ involvement and guides treatment intensification.



5. PATHOPHYSIOLOGY OF HYPERTENSIVE VENTRICULAR HYPERTROPHY
The mechanism of progression to hypertensive ventricular hypertrophy begins with chronic increased resistance afterload; however, pressure alone cannot describe the hypertrophied phenotype. The initial increase in wall thickness initially helped normalize wall stress, which is why early LVH has always been regarded as an adaptive mechanism. Finally, there was a shift in the ventricle's geometry from well-designed geometric adaptation to poor biological maladaptation caused by the combination of continued pressure load along with arterial stiffness, neurohormonal activation, endothelial dysfunction, and altered myocardial energetics. Recent mechanistic studies have been more focused on the contribution of myocardial fibrosis and evolving targets [10, 13, 15].
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Figure 1. Main mechanisms of hypertensive ventricular remodeling.
Mechanical stress is only the first component of the disease process, and the accompanying neurohormonal systems (most notably, the renin-angiotensin-aldosterone system and sympathetic nervous system) will  magnify the signals for hypertrophy and fibrosis [7-9,13,15]. Angiotensin II causes the growth of cardiomyocytes and activation of fibroblasts, along with increasing oxidative stress and remodeling of the extracellular matrix (ECM). Aldosterone can affect sodium retention, interstitial fibrosis, endothelial function, and has adverse effects on the ventricular and vascular interaction [7-9,13,15]. These mechanisms confirm the lack of proportionality between the severity of hypertrophy and the degree of blood pressure (BP) elevation seen in the clinic and explain why different drug classes that reduce BP to a similar extent may vary in their ability to induce regression of ventricular remodeling [13,24-25]. 
At the cellular level, hypertensive left ventricular hypertrophy (LVH) is characterized by hypertrophy of cardiomyocytes as well as an increase in the volume of nonmyocytes. This will lead to activation of fibroblasts, changing the turnover of collagen; not producing a concomitant increase in capillary density for the increased amount of myocardial mass; and worsening microvascular function [5-8,37]. The presence of interstitial fibrosis will provide additional stiffness and increase electrical instability [15]. The end result of this remodeling process is that the ventricle not only becomes thicker, but its metabolic and structural properties are altered; it becomes stiffer; and has decreased compliance, decreased metabolic efficiency, and increased electrical heterogeneity. This remodeled ventricle will cause subendocardial ischemia, independent from obstructive epicardial coronary disease, and create a substrate for atrial and ventricular arrhythmia [11,14-15,36-37].


The phenotype becomes even more pronounced due to inflammatory signalling and oxidative stress. Many patients, especially those suffering from obesity and/or diabetes, have hypertensive myocardium exposed to inflammatory signalling, altered adipokines, lipotoxicity and impaired myocardial energetics[7-9,15-16]. These influences may promote diffuse fibrosis and worsen diastolic dysfunction. In this way, obesity does not simply coexist with hypertension; it often modifies the myocardial response to it [8,15-16].
Fibrosis is among the most clinically important consequences of hypertensive remodeling. Reduced compliance, impaired relaxation, disrupted synchronicity of the ventricles, and presence of a substrate for conduction heterogeneity are all due to interstitial and perivascular fibrosis [14-15,29-31]. Historically, an inference of fibrosis was only visible indirectly via the worsening of diastolic function or at later stages of the disease. However, cardiac magnetic resonance imaging and advanced deformation imaging have made it more apparent by allowing diffuse tissue changes to be identified even in patients with preserved ejection fraction [15,29-31].
Another mechanism relating hypertrophy to symptomatology is microvascular dysfunction. As the thickness of the ventricular walls increases, and the amount of fibrosis increases, there is not enough microvascular reserve to meet the demands of the heart [8,14-15]. This may contribute to exertional dyspnea, chest discomfort, reduced exercise capacity, and progressive diastolic dysfunction. The preservation of ejection fraction in such patients can therefore be misleading, because global pump performance may remain apparently normal while myocardial reserve and relaxation are already impaired [14,29-31].



The transition from compensated hypertrophy to clinical disease is often gradual. At first, the ventricle may preserve systolic output through concentric thickening. Over time, however, stiffness, left atrial hypertension, atrial enlargement, impaired strain, and eventually symptomatic heart failure emerge. This progression helps explain why hypertensive LVH is strongly linked to heart failure with preserved ejection fraction, although it may also progress to reduced ejection fraction when ischemia, longstanding uncontrolled hypertension, or mixed cardiomyopathic processes coexist [11,14,36-37].
6. DETERMINANTS AND MAJOR MODIFIERS OF THE HYPERTROPHIC PHENOTYPE
The hypertensive heart does not remodel uniformly across patients. Age is a significant modifier. In general, older adults demonstrate increased arterial stiffness, an increased pulse pressure, and have had increased cumulative exposure to elevated blood pressure, all of which promote concentric remodeling, diastolic dysfunction, and enlargement of the atrium [2-3,6-7,14]. Also, patients with advanced structural remodeling or longstanding disease may experience a slower rate of regression of hypertrophy [13,24].

Sex also modifies phenotype. Women with hypertension frequently exhibit a greater degree of concentric remodeling, and are over represented in heart failure with preserved ejection fraction populations, while males may exhibit different morphologies and ventricular arterial coupling patterns. Women may also be at an increased risk for persistent left ventricular (LV) remodeling, as demonstrated from more recent longitudinal studies, providing further evidence that sex is not merely a demographic covariate, but is also an important biological determinant of phenotype and prognosis [6,14,17].
Obesity represents a significant contributor to adverse hypertensive myocardial remodeling in contemporary clinical practice. An increase in adipose tissue causes increased blood volume and cardiac output, increases in vascular stiffness, insulin resistance, systemic inflammatory processes, and increased sympathetic nervous system activation [8,15-16]. Recent data from longitudinal studies suggest that obesity is a well-documented risk factor for the development of left ventricular hypertrophy (LVH) amongst hypertensive adults, therefore obesity should be viewed not as an unimportant confounding factor, but as an active player in myocardial disease [16]. In women, hypertensive remodeling may more often combine pressure-related and volume-related features causing a blurring of the boundaries between concentric versus eccentric hypertrophy [8,15-16].
A serious amplifier in the setting of adverse myocardial remodeling is chronic kidney disease. Kidney impairment is associated with sodium retention, inflammation, stimulation of neurohormonal pathways, alterations of mineral metabolism, and increases in arterial stiffness, all of which contribute to adverse remodeling of the left ventricle [10,18].
Obstructive sleep apnea has become an increasingly significant and underrecognized modifier of hypertensive heart disease. Ventricular remodeling is caused by intermittent hypoxia, sympathetic activity bursts, endothelial dysfunction, swings in intrathoracic pressure, and increased blood pressure during the night. It has been shown through meta-analysis that the probability of left ventricular hypertrophy (LVH) increases as obstructive sleep apnea (OSA) becomes more severe; with concentric remodeling being the most common in this setting .This is clinically significant because ongoing nocturnal hypertension is responsible for the inability to reverse ventricular hypertrophy even if daytime clinic blood pressure readings appear well controlled [12,19].
Other modifiers of hypertensive heart disease include diabetes, insulin resistance, genetic predisposition, and ethnic background. Community-based studies of imaging data have demonstrated differences across different populations in prevalence and phenotype of LVH that are not solely attributable to blood pressure [5-7,17]. These observations support one of the fundamental principles of hypertensive heart disease today: that left ventricular hypertrophy results from multiple cumulative biological factors rather than simply being a linear product of systolic pressure.
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Figure 2. Clinical continuum from elevated blood pressure to overt hypertensive heart disease. Reversal is most achievable early in the course of disease and becomes less complete as fibrosis and atrial involvement increase.
7. CLINICAL EXPRESSION AND FUNCTIONAL CONSEQUENCES
Hypertensive LVH often remains clinically silent for a prolonged period. Patients are often completely asymptomatic even after going through significant structural changes from hypertrophy developing slowly and that they still have preserved resting systolic function [5-7,11] when they finally do show symptoms; their symptoms almost always reflect diastolic dysfunction, myocardial ischemia, arrhythmia, or other existing comorbidities, rather than hypertrophy itself [8,11,14].
Exertional dyspnea commonly reflects elevated filling pressures and impaired diastolic reserve is often caused by an increase in filling pressure due to diastolic failure, especially during exercise, as the ability to fill during diastole is also limited when a patient is exercising. Exercise intolerance may also be made worse by obesity, lack of exercise, atrial dysfunction, or diminished microvascular reserve in the coronary arteries. Some patients experience chest pain during physical activity without any significant coronary artery disease being present because there is greater oxygen demand created by increased size of their heart pump and, also, because there is less blood flow available to support this increased demand due to coronary microvascular dysfunction [8,11,14].
Atrial fibrillation is one of the most serious repercussions of high blood pressure-induced changes in the heart. As blood pressure remains elevated, the left atrium expands and develops fibrosis, which can lead to major electrical instability. In addition, high pressures within the left ventricle and left ventricular wall stiffness will contribute to continued instability of the electrical activity of the left atrium [14,36-37]. The association between the regression of enlarged ventricles and lesser incidences of developing atrial fibrillation in treatment intervention studies, helps to support the concept that the ventricular structure of the heart contributes to the development of arrhythmia rather than merely being a result of arrhythmia [23,36-37].
Hypertensive ventricular hypertrophy eventually progresses to become part of a more extensive condition called Hypertensive Heart Disease and Congestive Heart Failure. Many patients first express these complications by developing heart failure with preserved ejection fraction (HFpEF), which is demonstrated through symptoms like dyspnea, decreased exercise participation, fluid accumulation, and decreased ability to compensate hemodynamic status, despite generally having an ejection fraction equal to or greater than 50 percent. Others, especially if they have had long-standing uncontrolled hypertension, have had an ischemic episode, or have developed mixed cardiomyopathy with continuing hypertension, may die from heart failure with reduced ejection fraction (HFrEF) ultimately causing chamber enlargement [11,14].
8. DIAGNOSTIC EVALUATION AND CONTEMPORARY PHENOTYPING
The starting point for the diagnostic assessment of hypertensive ventricular enlargement should be based on accurately defining the total blood pressure load prior to any imaging studies without additional measures used alone. Current recommendations emphasize standardized office blood pressure measurement combined with home or ambulatory monitoring, because target-organ damage may be related to masked hypertension, nocturnal hypertension, or blood pressure patterns that are not detected by office readings alone [1-3,10,18]. Emerging data also suggest that ambulatory and even central pressure profiles may relate more closely to LV geometry and mass than brachial clinic pressure alone, particularly in patients with chronic kidney disease or long-term treated hypertension [18,19].
Electrocardiography remains attractive because it is inexpensive, widely available, and prognostically informative. Classical criteria such as Sokolow-Lyon and Cornell voltage continue to be used in practice, and serial ECGs can provide low-cost longitudinal information. However, ECG is essentially limited as a structural screening tool. Its sensitivity for imaging-defined LVH is modest, although specificity is generally higher [26,34-35]. The absence of ECG-LVH, therefore, does not exclude substantial ventricular remodeling.
Despite this limited sensitivity, the ECG should not be dismissed. It captures an electrical phenotype that retains prognostic value, and treatment-induced regression of ECG-LVH has been associated with lower rates of atrial fibrillation and other cardiovascular events [23,34,36]. In practical terms, ECG is useful as an accessible prognostic instrument and as an adjunct to, not a replacement for, imaging-based phenotyping.
Echocardiography remains the principal clinical imaging tool for hypertensive heart disease. It provides assessment of wall thickness, chamber size, LV mass, relative wall thickness, systolic function, diastolic function, and left atrial size. Most importantly though, it allows clinicians to go beyond just answering the yes/no question of whether LVH is present, and instead provides information about the geometry and functional implications of remodeling [27,28].
For example, a patient who has modest LV wall thickening but a large LA, increased LV diastolic pressures and has impaired global long-axis strain might be at greater risk of clinical events than a patient who has the same LV mass index (mass divided by body surface area), but has a normal size LA and normal LV diastolic function [14,27-29]. This is why contemporary hypertensive phenotyping increasingly incorporates strain analysis of the LA. Global long-axis strain can detect evidence of subclinical systolic dysfunction (i.e. decreases in strain relative to what has been considered normal) before the ejection fraction (EF) falls and may help identify reasons for symptoms that appear greater than would be predicted from standard 2-D LV measurements [27-29].
Cardiac MRI (CMR) has become the reference method for quantifying LV mass and chamber volumes, and has particular value in patients with uncertain diagnoses and very severe phenotypes. The use of CMR increases the ability to identify differential diagnoses by being able to determine whether a given pattern of LV remodeling is due to hypertension, hypertrophic cardiomyopathy, entity other than HTN characterized by increased thickness. Moreover, the ability to characterize tissue in association with cardiac MRI increases its utility in the clinic because the presence of diffuse fibrosis and focal scarring can have prognostic implications for patients, and can help to explain why individuals have continued symptoms even though their left ventricular function appears to be normal [30-32].
It should be noted that the differential diagnosis of increased wall thickness needs to be given special attention. Not all hypertensive individuals with thick ventricles have pure hypertensive left ventricular hypertrophy (LVH). In addition, many times hypertension coexists with other disorders including hypertrophic cardiomyopathy, cardiac amyloidosis, valvular heart disease, and remodeling associated with exercise; in these situations, clinicians must use the clinical correlative data obtained through history taking from family members, the strain pattern, and the tissue characterisation to adequately differentiate these disorders from one another [29,31-33]. Recent CMR data further emphasize that diffuse extracellular expansion and late gadolinium enhancement patterns may help distinguish hypertensive cardiomyopathy from infiltrative phenotypes when the diagnosis is still uncertain [31,32].
High-quality blood pressure phenotyping should be performed along with baseline ECGs and selective echocardiography in patients suspected of having target-organ damage, those with symptoms of target-organ damage, those who have an abnormal ECG, and patients with an intermediate to high overall cardiovascular risk [1-3,27-28]. Strain imaging and cardiac magnetic resonance (CMR) are particularly useful when the phenotype appears to be disproportionate (i.e., development of LVH without hypertension) and/or is of uncertain diagnosis. Therefore, CMR should also be performed in those cases of severe, unexplained, or uncertain phenotypes and in cases where the characterization of tissue is likely to influence management [29-32].
When looking at LVH from a clinical perspective, imaging should provide an answer to more than just whether or not there is LVH. Imaging should also determine whether the phenotype is mostly pressure-mediated and potentially reversible, whether there are already established atrial and diastolic abnormalities associated with the phenotype, and whether there is wall thickening that is proportionate to the overall hypertensive burden. This type of interpretive approach is especially beneficial when the symptoms are disproportionate, when blood pressure management has been adequate but there has been ongoing remodeling, and/or when the pattern of hypertrophy raises the possibility of having a competing cardiomyopathic process.
9. PROGNOSTIC IMPLICATIONS
The role of left ventricular hypertrophy as a prognostic indicator has been firmly established in cardiovascular medicine. Increased left ventricular mass and persistent LVH, observed across various community cohorts and various treated hypertensive populations, are associated with a greater incidence of stroke, heart failure, atrial fibrillation, coronary events, and death due to cardiovascular disease [4-5,7,11,14]. This association between LVH and various diseases extends to risk of developing atrial fibrillation, as well as in arrhythmias and how well various treatment options respond [23,36-37]. As such, LVH functions as a cumulative biologic summary of a person's overall atherosclerotic burden, containing components that contain information regarding their total lifetime cumulative pressure load, vascular stiffness, myocardial injury from all causes and many other chronic health conditions, rather than simply as a descriptor of left ventricular morphology based on imaging techniques.
LVH is particularly powerful as a prognostic and risk marker because it reflects multiple pathophysiologic mechanisms combined into just one observable phenotype. Thus, LVH reflects many cumulative variables (e.g. pressure overload, arterial stiffness, neurohormonal activation, microvascular injury, metabolic stress, fibrosis, etc.) to provide information about a person's overall exposure to cardiovascular disease [13,22-25]. In summary, LV mass and LV geometric distribution provide anatomic information of both total exposure to cardiovascular disease over time and/or changes in LVM over time.
Stroke risk is a particular concern, as LVH secondary to hypertension is related not only to vascular disease but also to atrial remodeling and atrial fibrillation, both of which contribute to ischemic cerebrovascular events. In a similar manner, progressive LVH is associated with development of heart failure, specifically symptomatic heart failure with preserved systolic function, which supports the concept that ventricular remodeling in the form of LVH is a preclinical stage of developing symptomatic heart failure and should not be considered a benign adaptation to increased left ventricular volume [11,14,36-37].
The distinction between persistent and regressing LVH also has prognostic value. Serial studies have shown that patients whose LV mass decreases during antihypertensive treatment experience fewer cardiovascular events than those with persistent or progressive hypertrophy [13,22-25]. This observation does not mean that imaging endpoints should replace clinical outcomes, but it supports the use of LVH regression as a meaningful indicator of improved biological risk rather than a purely cosmetic measurement change.
The risk of hypertrophy can vary significantly by type. Certain concentric patterns, widespread fibrous tissue, abnormal strain, obesity, chronic kidney disease, and sleep disorder may signal a higher potential for less favorable phenotypes [12,14,16,30-31]. Future assessment of risk will probably depend less on whether hypertrophy is present only in isolation and more on how hypertrophy has taken on a number of characteristics in each individual case.





Table 3. Practical therapeutic principles and representative evidence for reverse remodeling of hypertensive LVH
	Therapeutic domain
	Why it matters
	Key evidence or rationale
	Practical message

	Sustained blood pressure control
	Blood pressure reduction remains the main determinant of reverse remodeling.
	Both guidelines and major trials such as SPRINT support a lower risk of LVH progression and greater regression with tighter blood pressure control.
	Therapeutic intensification should not be delayed in patients with evidence of target-organ damage.

	RAAS-targeted therapy
	These agents reduce afterload and may also limit profibrotic signaling.
	ACE inhibitors and angiotensin receptor blockers have consistently been associated with favorable reductions in left ventricular mass.
	When tolerated, they often form the backbone of combination therapy in patients with hypertensive LVH.

	Weight loss and regular physical activity
	Reducing excess weight helps lessen hemodynamic burden, insulin resistance, and low-grade inflammation.
	This approach is particularly relevant in obesity-related hypertensive remodeling, where metabolic factors contribute directly to cardiac structural change.
	Obesity should be addressed as an active contributor to remodeling rather than viewed as a simple comorbidity.

	Recognition and treatment of obstructive sleep apnea
	Persistent nocturnal blood pressure elevation may contribute to incomplete regression of LVH.
	Obstructive sleep apnea has been linked to LVH and concentric remodeling, especially in patients with resistant or poorly controlled hypertension.
	Screening is particularly useful in selected patients with resistant hypertension or a marked nocturnal blood pressure burden.

	Serial reassessment
	Persistent LVH may reflect ongoing pressure overload, masked hypertension, or incomplete biological control.
	Regression of LVH has been associated with better cardiovascular outcomes in longitudinal studies.
	Follow-up imaging should be considered in higher-risk patients and in those with resistant or persistent hypertensive phenotypes.



10. CONTEMPORARY MANAGEMENT AND REVERSE REMODELING
The basis for treating hypertensive LVH will remain blood pressure reduction. The treatment of hypertensive LVH should also address broader areas than just prescribing antihypertensive medications. Clinicians are more likely to induce reverse remodeling if they are able to lower the true blood pressure burden over 24 hours and address some of the other primary biologic causes that continue to keep the left ventricle hypertrophied [1-3,10,13]. Some of the other biologic causes of ongoing left ventricular hypertrophy include: obesity, chronic kidney disease, diabetes mellitus, obstructive sleep apnea, excess sodium intake, and poor adherence to treatment [12,16,18-20].
The cornerstone of lifestyle interventions in the management of LVH or other types of hypertrophy is lifestyle modification. Reducing dietary sodium, losing weight, exercising regularly, drinking alcohol only in moderation, quitting smoking, and improving sleep can all lead to a reduction of the workload on the cardiovascular system and can also assist in the regression of LVH, especially when associated with obesity [8,12,13,16]. These interventions must not be treated as peripheral advice. In many patients, especially those with central obesity, resistant hypertension, or metabolic syndrome, they directly influence the pathobiology of remodeling.
Recent evidence supports the view that more intensive blood pressure control can reduce incident LVH and increase the probability of regression when tolerated. According to the findings of SPRINT, intensive blood pressure management not only slows the development of new ECG-LVH (ECG-LVH) but also increases the likelihood of regression among participants with pre-existing LVH. Education on strategies to prevent delays in treatment for target organ damage is critical, but these studies indicate that LVH reductions do not account for all the clinical benefits of aggressive treatment [22,23].
Choosing an antihypertensive agent is important for effective blood pressure lowering and thus reverse remodeling; however, the agents used can have additional effects on remodeling and fibrosis pathways, specifically drugs that inhibit the renin-angiotensin system [13,15,24-25]. For example, an analysis of the LIFE trial revealed that patients receiving losartan (an angiotensin II receptor blocker) had significantly greater left ventricular mass reduction compared to those taking atenolol, even though both were effective antihypertensive drugs [13,24-25]. Based on this analysis, it appears that specific antihypertensive agents may have the potential to improve cardiac structure through mechanisms other than lowering brachial arterial pressure.
Thiazide-like diuretics, calcium channel blockers, ACE inhibitors, and ARBs have remained the cornerstone of treatment for hypertension [1-3]. These therapies should be individualized according to the patient's comorbid conditions (e.g., chronic renal insufficiency), renal function, and electrolyte levels, the presence of arrhythmias, and the need or desire for combination therapy. Beta-blockers are not generally selected solely to maximize LVH regression, but they remain important when ischemic heart disease, tachyarrhythmia, or specific heart failure indications are present [11].



The overall message regarding the treatment of hypertrophy of the left ventricle (LVH) is that its regression or decrease is clinically important. There are many clinical trials (meta-analyses) which indicate that echocardiographic regression of LVH is associated with a lower risk of cardiovascular events, and that reductions of LV mass serially during treatment predict a lower incidence of major events [13,24-25,36]. In addition, regression of LVH on an electrocardiogram relates to a lower incidence of atrial fibrillation that develops after treatment has begun [23,36]. LVH should therefore be regarded as a meaningful therapeutic target rather than a purely descriptive imaging finding.
Patients who exhibit LVH despite appropriate treatment should be considered for re-evaluation versus merely accepting this as normal. Reasons for patients exhibiting persistence of LVH include resistant hypertension, masked uncontrolled hypertension, nonadherence to medication, secondary causes of hypertension, chronic kidney disease (CKD), dietary sodium excess, and obstructive sleep apnea [1-3,10,12]. In these circumstances, the issues may not necessarily stem from medication choice alone but also from underlying pathology and residual biological burden.
Discussion around device-based therapies for resistant hypertension has surfaced again. Recent evidence and consensus statements have revealed a potential for renal denervation to provide a decrease in blood pressure and also promote an improvement in remodeling characteristics in very carefully selected cohorts [20,21], but further development may be required prior to renal denervation being considered as a standard therapy for LVH.
Management of hypertensive ventricular hypertrophy is most successful when both brachial blood pressure and other aspects of the hypertrophied ventricle are considered. The most effective approaches combine sustained hemodynamic control with treatment of the biological context in which the development of remodeling occurs. In this regard, reverse remodeling should be considered not just the effect of one drug class, but rather the end result of comprehensive cardiovascular risk reduction implemented early and then consistently maintained.[image: ]
Figure 3. Practical framework for diagnosing and managing hypertensive ventricular hypertrophy.
Imaging findings should be interpreted together with ambulatory blood pressure profile, ventricular phenotype, and associated cardiometabolic conditions.
11. CONTROVERSIES AND FUTURE DIRECTIONS
Several important unresolved issues remain concerning how the diagnosis and management of left ventricular hypertrophy and its treatment are made. First, the currently used diagnostic approach to diagnosing patients with LV hypertrophy relies heavily on an LV mass measurement determined with the use of indexed left ventricular mass. Further, the transition between "adaptively remodeling" and "clinically significant myocardial disease" is a continuum rather than simply a dichotomous endpoint. A patient with concentric hypertrophy of the heart, impaired function of the left atrium, or abnormal strain has a greater chance of progressing to clinically relevant heart disease than an individual whose LV mass is slightly greater than the conventional cutoff (greater than the 99.9 percentile of LV mass) [6-7,14,27-28].
There has been limited incorporation of cardiac phenotype into current treatment guidelines. While LVH is recognized as an organ injury secondary to hypertension, treatment guidelines primarily rely on brachial blood pressure and conventional global risk assessments when determining treatment [1-3,10]. Such reliance on brachial blood pressure and conventional global risk assessments may limit the potential use of information that could be gleaned from imaging studies in those patients whose structural disease is disproportionate to the office blood pressure measurement. 
Reversibility of LVH is not well-established. Some patients have demonstrated full regression of their LV mass with sustained treatment, while others continue to have substantial hypertrophy despite having what appears to be adequate control of their blood pressure. The reversibility of left ventricular (LV) mass is impacted by several factors, such as how long a person has had high blood pressure (i.e., hypertension) as well as body weight (i.e., obesity), chronic kidney disease (CKD), masked high blood pressure (i.e., high blood pressure with no prior diagnosis), the presence of diffuse scarring in the heart (i.e., diffuse fibrosis), and a family history of high blood pressure (i.e., hereditary predisposition); none of these factors are taken into account on a regular basis in the clinical setting.
As such, the next wave of research should build on the initial study determination of whether or not left ventricular hypertrophy (LVH) is present. More meaningful objectives are to determine which patients have left ventricular (LV) hypertrophy due to having chronic elevated arterial pressures (i.e., pressure-related LVH), or reversible forms of remodeling, which have already developed scarred heart tissue (i.e., diffuse fibrosis) due to prolonged elevations of arterial pressure, or for whom earlier augmentation of anti-hypertensive medications or advanced imaging techniques may be required. From a management perspective, LVH should increasingly be viewed as a phenotypic marker for management rather than simply as a retrospectively defined measure of injury.
Practical obstacles lie in the translation of research findings into routine practice. Specifically, many of the tools that have the highest utility for advanced phenotyping (e.g., ambulatory BP measurements, strain imaging, cardiac magnetic resonance imaging) are not consistently available across different healthcare delivery systems. This is especially true for facilities in resource-limited areas where there exists a high burden of uncontrolled hypertension, and the ability to perform advanced phenotyping is limited. Future studies should be more proactive about determining both biological pathways involved and scalable mechanisms for the early identification of clinically significant myocardial changes so as to provide greater access to care.
12. PRACTICAL IMPLICATIONS FOR CLINICIANS
The approach to therapeutic escalation must also take into account the phenotype of the patient. With patients who have persistent left ventricular hypertrophy (LVH) we should not only strive to record a satisfactory clinic blood pressure at isolated visits, but will also need to reduce cumulative hemodynamic and metabolic stress over time. To achieve this will likely require early combination therapy, closer monitoring of medication compliance, more consistent follow-up and greater efforts towards cardiometabolic risk reduction than would typically be seen in uncomplicated hypertension without target organ damage [1-3,10,13]. Additionally, this approach will typically require that the escalation of therapy is guided by the patient's phenotype; including greater focus on patients with resistant hypertension and, where appropriate, the use of device based interventions [20-24]. Finally, current evidence from studies of pharmacotherapy also indicates that we should continue the use of these treatments for an extended period of time regardless of whether or not LVH has resolved [25].
In standard care delivery, the identification of left ventricular hypertrophy will ideally lead to a change in management, not just add to the problem list. A hypertensive patient with LVH deserves confirmation of true blood pressure burden by standardized clinic measurement and, whenever feasible, home or ambulatory monitoring, because masked, nocturnal, or treatment-resistant hypertension frequently explains apparently disproportionate organ damage [2-3,10,18-19]. The same finding ought to prompt deliberate evaluation for modifiers that sustain remodeling, particularly obesity, chronic kidney disease, diabetes, and obstructive sleep apnea [10,12,16,18]. When symptoms, wall thickness, or ventricular dysfunction appear out of proportion to the recorded blood pressure history, clinicians should also reconsider the differential diagnosis and use advanced diagnostic imaging when appropriate to exclude hypertrophic cardiomyopathy, infiltrative disease, or other phenocopies [29-33].
Current literature reviews reinforce the idea that hypertension-related heart disease should be interpreted according to different levels of analysis, i.e., it should not just be viewed as an increase in left ventricular wall thickness. The last three-part narrative review series discussed how: 1) microstructural remodeling interacts with macrostructural and functional changes, and 2) the importance of vascular-matrix remodeling in the pathogenesis of hypertension-related heart disease. Each of these interactions supports the use of a phenotype-based approach to understanding both myocardial and vascular disease, which results from hypertension [38-40].
Longitudinal studies conducted recently suggest that one potential application of serial phenotyping would be to refine both the determination of risk associated with hypertension and the effect of given treatment priorities. The impact of age would appear to affect the clinical implications associated with regression of LVH, along with the measurement of left ventricular mass with the strain ratio, as a possible means to identify patients with persistent adverse remodeling of the left ventricle. Follow-up studies using echocardiography over time suggest that structural remodeling trajectories provide useful clinical information that extends beyond their use for one-time examinations [41-43]. Some of these issues are especially relevant concerning the management of older adults who are often faced with multiple complex phenotypes with a high level of comorbidity. They also raise the issue of reevaluating how treatment is selected for patients with LVH who have not responded as expected to antihypertensive therapy [44,45].
There is also strong evidence from studies assessing implementation that LVH has an important role to play in influencing clinical decisions related to patient management. The NOTIFY-LVH randomized control trial indicated that by using readily available cardiovascular data, improvements could be made related to detection and subsequent treatment of hypertension [46]. Furthermore, additional studies examining the prevalence and prognostic implications of LVH from different echocardiographic criteria-based approaches and measuring blood pressure as taken either at home, in a masked fashion, using an arterial stiffness algorithm, or as nocturnal blood pressure have further improved our knowledge about persistent remodeling and how to manage patients in routine clinical settings [47-50].


13. CONCLUSION
One of the most clearly defined structural manifestations of cumulative damage to the heart is ventricular hypertrophy as a result of hypertension. The hypertrophied left ventricle shows heterogeneous phenotype characteristics, including the interaction of pressure overload, fibrosis, vascular stiffness, metabolic derangements, and cardiorenal disease.
The diagnosis of left ventricular hypertrophy (LVH) should prompt evaluation of the true burden of hypertension, imaging-based evaluation and characterization of left ventricular (LV) structure/function, and systematic evaluation for modifiers of LVH due to hypertension (e.g., obesity, chronic kidney disease, sleep apnea, remodeling of the atria). Treated effectively, LVH can be managed with continued blood pressure control and greater reduction in cardiovascular metabolic risk, while persistent LVH should prompt re-evaluation rather than reassurance (i.e., when dealing with a chronic medical condition such as hypertension, the goal is not just to relieve the symptoms but to provide the best chance of limiting progression and improving long-term cardiovascular risk).
The most significant point of current literature on LVH is that reverse remodeling is important. Early identification of LVH and sustained treatment for hypertension can slow or reverse the structural and functional myocardial changes in the LV due to hypertension, while delayed identification will generally cause worsened progression to atrial fibrillation, heart failure, and irreversible fibrosis. Therefore, LVH is one of the most informative clinical connections between hypertension and the main cardiovascular complications associated with it.
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