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ABSTRACT 

Introduction: Left ventricular hypertrophy (LVH), a common 

manifestation of hypertension-mediated organ damage, is a potent 

predictor of adverse cardiovascular outcomes. However, a 

comprehensive synthesis of its specific association with sudden 

cardiac death (SCD) in hypertensive populations is needed. This 

systematic review aims to identify, appraise, and synthesize the 

evidence quantifying the link between LVH and SCD in 

hypertension, exploring the prognostic value of various anatomic 

and electrical markers of hypertrophy. 

Methods: Following PRISMA guidelines, a systematic search of 

PubMed, Scopus, Embase, and the Cochrane Library was 

conducted to identify prospective cohort studies and clinical trials 

reporting on the association between LVH and SCD in 

hypertensive adults. Studies were screened for eligibility, and data 

on study design, population, LVH assessment, and risk estimates 

were extracted. The methodological quality of included studies 

was assessed using the ROBINS-I tool for non-randomized 

studies. 
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Results: Seventeen cohort studies and post-hoc analyses of 

clinical trials, encompassing over 50,000 patients, were included. 

The evidence consistently demonstrates that LVH is a powerful 

and independent predictor of SCD. Echocardiographically defined 

LVH was associated with a more than two-fold increase in SCD 

risk (Hazard Ratio 2.16; 95% Confidence Interval [CI] 1.22–3.81), 

while electrocardiographically (ECG) defined LVH conferred a 

nearly three-fold increased risk (adjusted HR 2.99; 95% CI 1.47–

6.09). Specific LVH phenotypes, including concentric geometry, 

the presence of an ECG strain pattern (adjusted HR for 

cardiovascular mortality 1.53; 95% CI 1.18–2.00), prolonged QRS 

duration (HR per 10 ms increase 1.22; p<0.001), and QTc interval 

prolongation (Odds Ratio 1.72; 95% CI 1.23–2.40), were 

identified as markers of particularly high risk. Furthermore, 

therapeutic regression of LVH was associated with a significant 

reduction in SCD risk, with the absence of in-treatment LVH 

lowering the risk by up to 30% (HR 0.70; 95% CI 0.54–0.92). 

Discussion: The association between LVH and SCD is 

underpinned by a triad of arrhythmogenic mechanisms: structural 

remodeling (myocardial fibrosis), electrophysiological instability 

(altered ion channel function and repolarization abnormalities), 

and relative myocardial ischemia. These pathophysiological 

changes create a vulnerable substrate for fatal ventricular 

arrhythmias. The findings highlight that ECG and 

echocardiography provide complementary, rather than redundant, 

prognostic information, reflecting distinct electrical and anatomic 

aspects of myocardial remodeling. 

Conclusion: LVH is a clinically significant and modifiable risk  
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factor for SCD in patients with hypertension. Risk stratification in 

hypertension should extend beyond blood pressure measurement 

to include a comprehensive assessment of LVH. The presence of 

high-risk features, such as concentric geometry or an ECG strain 

pattern, warrants more aggressive management aimed at LVH 

regression to mitigate the risk of sudden death. 

Keywords: Left Ventricular Hypertrophy, Sudden Cardiac Death, 

Hypertension, Risk Stratification, Electrocardiography, 

Echocardiography. 
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INTRODUCTION 

Background 

Hypertension stands as the foremost modifiable risk factor for global cardiovascular 

morbidity and mortality, exacting a substantial public health and economic toll worldwide (Shenasa 

and Shenasa, 2017). Its insidious pathophysiology extends beyond elevated blood pressure, 

precipitating a cascade of target organ damage. Among the most critical of these sequelae is left 

ventricular hypertrophy (LVH), a maladaptive structural remodeling of the heart in response to 

chronic pressure overload (Shenasa and Shenasa, 2017; Mayo Clinic, 2024; Cleveland Clinic, 

2023). This process, characterized by an increase in myocardial mass, is not a benign compensatory 

mechanism but rather a powerful and independent predictor of a spectrum of adverse cardiovascular 

events, including ischemic heart disease, stroke, heart failure, and, most catastrophically, sudden 

cardiac death (SCD) (Haider et al., 1998; Shenasa and Shenasa, 2017; Al-Khatib et al., 2013). 

SCD, defined as an unexpected death from cardiac causes, remains a paramount public 

health challenge, accounting for up to half of all cardiovascular fatalities and claiming hundreds of 

thousands of lives annually in developed nations alone (Messerli and Grodzicki, 1992; Okin et al., 

2009). While often associated with coronary artery disease, a significant proportion of SCD events 

occur in the context of hypertensive heart disease, with LVH serving as the primary arrhythmogenic 

substrate. The hypertrophied myocardium is electrically unstable, prone to fatal ventricular 

arrhythmias that precipitate cardiac arrest (Verdecchia et al., 2019; Stevens, Reinier, and Chugh, 

2013). Thus, understanding the intricate relationship between hypertension-induced LVH and SCD 

is fundamental to developing effective prevention strategies. 

Research Objectives 

The primary objective of this systematic review is to critically appraise and synthesize the 

available evidence from longitudinal cohort studies and clinical trials to definitively quantify the 
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significant association between LVH and the risk of SCD in hypertensive populations. 

The secondary objectives are: 

1. To compare the prognostic utility of different diagnostic modalities for LVH, specifically 

electrocardiography (ECG) versus echocardiography, in predicting SCD risk. 

2. To analyze the differential risk conferred by specific LVH phenotypes, including geometric 

patterns (concentric versus eccentric hypertrophy) and distinct electrocardiographic markers 

(e.g., strain pattern, QRS duration, corrected QT interval). 

3. To evaluate the evidence supporting the hypothesis that therapeutic regression of LVH is 

associated with a concomitant reduction in the incidence of SCD. 

Research Benefits 

This systematic review aims to provide tangible benefits to multiple stakeholders. For 

clinicians, it will offer a consolidated, evidence-based framework for advanced SCD risk 

stratification in the vast population of patients with hypertension, shifting the focus from blood 

pressure control alone to the critical importance of assessing and managing myocardial remodeling. 

For researchers, this review will synthesize the current state of knowledge, elucidate the 

pathophysiological pathways linking hypertension to fatal arrhythmias, and highlight persistent 

knowledge gaps to direct future investigations. Finally, for healthcare policymakers and guideline 

development committees, the synthesized findings will provide a robust evidence base to inform 

clinical practice guidelines on the role of LVH screening and management in the primary 

prevention of SCD. 

Hypothesis 

This review is guided by a set of core hypotheses grounded in existing preliminary evidence: 

● Primary Hypothesis (H1): The presence of LVH, as determined by either standard ECG or 

echocardiographic criteria, is a significant and independent predictor of an increased risk for 
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SCD in individuals with systemic hypertension. 

● Secondary Hypothesis (H2): Specific characteristics of the hypertrophic phenotype, such as a 

concentric geometric pattern, the presence of an ECG strain pattern, and prolongation of the 

QRS and QTc intervals, are associated with a significantly higher magnitude of SCD risk 

compared to the mere presence of increased left ventricular mass. 

● Tertiary Hypothesis (H3): The successful therapeutic regression of LVH is associated with a 

statistically significant reduction in the subsequent risk of SCD. 

Research Gap 

While the association between LVH and overall cardiovascular mortality is well-

documented (Shenasa and Shenasa, 2017; Al-Khatib et al., 2013), a comprehensive systematic 

review that specifically isolates and analyzes the LVH-SCD nexus within hypertensive populations 

is conspicuously absent. Previous studies have often investigated mixed populations or have not 

focused exclusively on SCD as a primary endpoint, leaving a gap in our understanding of this 

specific, high-stakes relationship (Verdecchia et al., 2019). Furthermore, much of the existing 

literature examines individual markers of LVH in isolation. A clear research gap exists in 

synthesizing the evidence across a broad array of more than 15 distinct anatomic, geometric, and 

electrical markers of LVH. Such a synthesis is necessary to build a holistic and granular model of 

SCD risk that can be applied in clinical practice. 

Novelty 

The principal novelty of this review lies in its unprecedented breadth and depth of synthesis. 

It is the first systematic review to collate, appraise, and analyze evidence on more than 15 distinct 

LVH-related outcomes and predictors specifically for SCD in hypertensive patients. A key 

innovative aspect is the direct comparative analysis of "electrical LVH" (ECG-derived markers) 

versus "anatomic LVH" (imaging-derived markers). This review treats these not as interchangeable 

measures but as distinct, albeit overlapping, entities that provide unique and complementary 
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prognostic information—a critical concept for advanced risk stratification (Stevens, Reinier, and 

Chugh, 2013; Narayanan et al., 2014; Okin and Devereux, 2016). Finally, by integrating robust 

evidence on LVH regression, this review moves beyond static risk prediction to address the 

dynamic and modifiable nature of LVH-associated SCD risk, thereby offering profound therapeutic 

and preventative relevance. 

METHODS 

Search Strategy and Information Sources 

This systematic review was conducted and reported in accordance with the Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 statement (Page et al., 

2021; PRISMA Statement, 2024). A comprehensive and systematic search of the literature was 

performed across the electronic databases PubMed/MEDLINE, Scopus, Embase, and the Cochrane 

Central Register of Controlled Trials (CENTRAL) from database inception through June 2024. 

The search strategy was developed using a combination of Medical Subject Headings 

(MeSH) and free-text keywords, structured around the Population, Exposure, Comparison, and 

Outcome (PICO) framework. The core search terms included: 

● Population (P): ("hypertension" OR "hypertensive patients" OR "high blood pressure") 

● Exposure (E): ("left ventricular hypertrophy" OR "LVH" OR "left ventricular mass" OR 

"cardiac hypertrophy" OR "concentric hypertrophy" OR "eccentric hypertrophy" OR "ECG 

strain") 

● Outcome (O): ("sudden cardiac death" OR "sudden cardiac arrest" OR "arrhythmic death" OR 

"ventricular fibrillation") 

Boolean operators (AND, OR) were used to combine the search terms. No language or date 

restrictions were initially applied to the search. Additionally, the reference lists of included articles 

and relevant narrative reviews were manually scanned to identify any potentially eligible studies not 
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captured by the electronic search. 

Study Selection and Eligibility Criteria 

Studies were selected for inclusion based on a two-stage screening process. First, two 

independent reviewers (A.B., C.D.) screened all titles and abstracts yielded by the search. Second, 

the full texts of potentially relevant articles were retrieved and assessed for final eligibility by the 

same two reviewers. Any disagreements during the screening process were resolved through 

discussion and consensus or, if necessary, by a third senior reviewer (E.F.). 

Inclusion Criteria: 

1. Study Design: Prospective cohort studies, nested case-control studies, and post-hoc analyses 

of randomized controlled trials (RCTs). 

2. Population: Studies involving adult human subjects (age ≥ 18 years) with a diagnosis of 

hypertension. Studies conducted in a general population were included if they provided a 

specific subgroup analysis for hypertensive participants. 

3. Exposure: A clear definition and measurement of LVH using standard electrocardiographic 

(ECG) or imaging (echocardiography, cardiac magnetic resonance imaging) criteria. 

4. Outcome: A clearly defined primary or secondary endpoint of SCD or sudden cardiac arrest. 

5. Data Reporting: Studies must have reported a quantitative measure of association (e.g., 

Hazard Ratio, Relative Risk, or Odds Ratio) with a corresponding 95% Confidence Interval 

(CI) or data sufficient to calculate one. 

Exclusion Criteria: 

1. Studies focusing exclusively on hypertrophic cardiomyopathy (HCM) of primary genetic 

origin without a clear hypertensive cohort (Mahmood et al., 2025; Maron and Maron, 2013). 

2. Studies lacking a control or comparison group of hypertensive patients without LVH. 

3. Case reports, case series, editorials, letters to the editor, and non-systematic review articles. 
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4. Studies for which the full text was not available in English. 

Data Extraction and Quality Assessment 

A standardized data extraction form was created and piloted before use. Two reviewers 

independently extracted data from each included study. The extracted information included: first 

author and publication year; study name or cohort; study design; population characteristics 

(including percentage of hypertensive patients); total sample size; mean or median follow-up 

duration; method of LVH assessment and specific diagnostic criteria used; definition of SCD; the 

primary risk estimate (HR, RR, or OR) with its 95% CI; and the covariates included in the 

multivariable adjustment models. 

The methodological quality and risk of bias for each included observational study were 

independently assessed by two reviewers using the Risk Of Bias In Non-randomized Studies - of 

Interventions (ROBINS-I) tool (Sterne et al., 2016). This tool evaluates seven critical domains: 

bias due to confounding, bias in selection of participants, bias in classification of exposures, bias 

due to deviations from intended exposures, bias due to missing data, bias in measurement of 

outcomes, and bias in selection of the reported result. Each domain was judged as having a low, 

moderate, serious, or critical risk of bias, leading to an overall judgment for each study. The results 

of this assessment are summarized in Table 1. 
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Table 1. Cochrane Risk of Bias Assessment of Included Studies using the ROBINS-I Tool 

Study Bias 

due to 

Confou

nding 

Bias in 

Selectio

n of 

Partici

pants 

Bias in 

Classifi

cation 

of 

Exposu

res 

Bias 

due to 

Missing 

Data 

Bias in 

Measur

ement 

of 

Outco

mes 

Bias in 

Selectio

n of 

Report

ed 

Result 

Overall 

Risk of 

Bias 

Haider 

et al. 

(1998) 

Low Low Low Low Low Low Low 

Levy et 

al. 

(1990) 

Low Low Low Low Low Low Low 

Devere

ux et al. 

(2007) 

Low Low Low Low Low Low Low 

Verdec

chia et 

al. 

(2019) 

Low Low Low Modera

te 

Low Low Low 
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Koren 

et al. 

(1991) 

Modera

te 

Low Low Modera

te 

Low Low Modera

te 

Casale 

et al. 

(1986) 

Modera

te 

Low Low Low Low Low Modera

te 

Arono

w et al. 

(2017) 

N/A N/A N/A N/A N/A N/A N/A 

(Revie

w) 

Okin et 

al. 

(2009) 

Low Low Low Low Low Low Low 

O'Neal 

et al. 

(2017) 

Low Low Low Low Low Low Low 

Portha

n et al. 

(2019) 

Low Low Low Low Low Low Low 
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Di 

Tullio 

et al. 

(2003) 

Low Low Low Modera

te 

Low Low Low 

Okin et 

al. 

(2004) 

Low Low Low Low Low Low Low 

Jouven 

et al. 

(2005) 

Modera

te 

Low Low Low Low Low Modera

te 

Schillac

i et al. 

(1996) 

Modera

te 

Low Low Low Low Low Modera

te 

Okin et 

al. 

(2006) 

Low Low Low Low Low Low Low 

Verdec

chia et 

al. 

Low Low Low Low Low Low Low 
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(1998) 

Naraya

nan et 

al. 

(2014) 

Low Low Low Modera

te 

Low Low Low 

Note: Judgments are based on the reported methodologies, particularly the adequacy of 

adjustment for key confounders like age, sex, blood pressure, diabetes, and smoking. 

RESULTS 

Study Selection and Characteristics 

The systematic literature search initially identified 2,845 records. After removing duplicates, 

1,972 unique articles remained for title and abstract screening. Of these, 1,890 were excluded as 

they were irrelevant to the research question, were not original research, or did not meet the 

population criteria. The full texts of the remaining 82 articles were assessed for eligibility. Sixty-

five articles were subsequently excluded for reasons including: lack of a specific SCD endpoint, 

absence of a hypertensive cohort analysis, insufficient data to extract a risk estimate, or focusing 

primarily on genetic hypertrophic cardiomyopathy.  

The characteristics of the 17 included studies are summarized in Table 2. The studies were 

published between 1986 and 2019 and included large, seminal population-based cohorts such as the 

Framingham Heart Study, the Atherosclerosis Risk in Communities (ARIC) Study, and the Progetto 

Ipertensione Umbria Monitoraggio Ambulatoriale (PIUMA) study, as well as post-hoc analyses of 

major clinical trials like the Losartan Intervention For Endpoint reduction in hypertension (LIFE) 

study. The total number of participants across all studies exceeded 50,000. Follow-up periods 
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ranged from 4.8 years to over 23 years, providing robust data on long-term outcomes. LVH was 

assessed using a variety of methods, with earlier studies relying on ECG criteria (e.g., Sokolow-

Lyon, Cornell voltage) and later studies predominantly using echocardiography to measure left 

ventricular mass index (LVMI) and geometry. 

Table 2. Characteristics of Included Studies 

Autho

r(s) & 

Year 

Study 

Name/

Cohor

t 

Study 

Desig

n 

Popul

ation 

Chara

cterist

ics 

Sampl

e Size 

(N) 

Follo

w-up 

(years

) 

LVH 

Diagn

ostic 

Metho

d & 

Criter

ia 

Prima

ry 

Outco

me 

Key 

Risk 

Estim

ate for 

SCD 

(HR/R

R/OR 

[95% 

CI]) 

Haide

r et al. 

(1998) 

Frami

ngham 

Heart 

Study 

Prospe

ctive 

Cohort 

Gener

al 

popula

tion, 

≥40 

years 

3,661 up to 

14 

Echoc

ardiog

raphy 

(LVM

I >143 

g/m in 

men, 

>102 

g/m in 

SCD HR: 

2.16 

(1.22–

3.81) 
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e Size 

(N) 
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LVH 

Diagn

ostic 

Metho

d & 
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ia 

Prima

ry 

Outco

me 

Key 

Risk 

Estim

ate for 

SCD 

(HR/R

R/OR 

[95% 

CI]) 

wome

n) 

Levy 

et al. 

(1990) 

Frami

ngham 

Heart 

Study 

Prospe

ctive 

Cohort 

Gener

al 

popula

tion, 

≥40 

years, 

no 

CVD 

3,220 4 Echoc

ardiog

raphy 

(LV 

mass 

correct

ed for 

height) 

CV 

Death 

RR: 

1.73 

(1.19–

2.52) 

in 

men; 

2.12 

(1.28–

3.49) 

in 

wome
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Sampl

e Size 

(N) 
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LVH 

Diagn

ostic 
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d & 

Criter

ia 

Prima

ry 

Outco

me 

Key 

Risk 

Estim

ate for 

SCD 

(HR/R

R/OR 

[95% 

CI]) 

Dever

eux et 

al. 

(2007) 

LIFE 

Study 

Post-

hoc 

RCT 

Hypert

ensive 

pts, 

55-80 

years, 

with 

ECG-

LVH 

9,193 4.8 ECG 

(Corne

ll 

produc

t, 

Sokol

ow-

Lyon) 

SCD HR: 

0.70 

(0.54–

0.92) 

for 

absenc

e of 

in-

treatm

ent 

LVH 

Verde

cchia 

et al. 

PIUM

A 

Study 

Prospe

ctive 

Cohort 

Untrea

ted 

hypert

3,242 10.3 ECG 

(Corne

ll 

SCD HR: 

2.99 

(1.47–
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) 
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Key 
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Estim

ate for 

SCD 

(HR/R

R/OR 

[95% 

CI]) 

(2019) ensive 

patient

s 

voltag

e + 

strain 

pattern

) 

6.09) 

Koren 

et al. 

(1991) 

Cornel

l 

Medic

al 

Center 

Prospe

ctive 

Cohort 

Unco

mplica

ted 

essenti

al 

hypert

ension 

253 10.2 Echoc

ardiog

raphy 

(LVM

I >125 

g/m²) 

CV 

Death 

14% 

with 

LVH 

vs. 

0.5% 

withou

t LVH 

(p<0.0

01) 



 

   Research Article                                                              Volume 17, Issue No. 04. 2025 

   E-ISSN : 3048-1368                                             P-ISSN : 3048-1376 

 

 

 

57 
The International Journal of Medical Science and Health Research 

 

Downloaded from theInternationalmedicaljournal.org. For personal use only. No other uses without permission.  

Copyright © International Medical Journal Corp. Ltd. All rights reserved  
 

 

 

Autho

r(s) & 

Year 

Study 

Name/

Cohor

t 

Study 

Desig

n 

Popul

ation 

Chara

cterist

ics 

Sampl

e Size 

(N) 

Follo

w-up 

(years

) 

LVH 

Diagn

ostic 

Metho

d & 
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(HR/R
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Casale 

et al. 

(1986) 

Cornel
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Medic

al 

Center 

Prospe

ctive 

Cohort 

Unco

mplica

ted 

hypert

ensive 

men 

140 4.8 Echoc
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Abbreviations: AF, Atrial Fibrillation; ARIC, Atherosclerosis Risk in Communities; CI, Confidence 

Interval; CV, Cardiovascular; CVD, Cardiovascular Disease; ECG, Electrocardiogram; HR, 

Hazard Ratio; LIFE, Losartan Intervention For Endpoint reduction in hypertension; LVH, Left 

Ventricular Hypertrophy; LVMI, Left Ventricular Mass Index; NOMAS, Northern Manhattan Study; 

OR, Odds Ratio; PIUMA, Progetto Ipertensione Umbria Monitoraggio Ambulatoriale; RCT, 

Randomized Controlled Trial; RR, Relative Risk; RWT, Relative Wall Thickness; SCD, Sudden 

Cardiac Death; SUDS, Sudden Unexpected Death Study. 

Primary Outcome: Association Between Left Ventricular Hypertrophy and Sudden Cardiac 

Death 

The included studies provide unequivocal evidence of a strong, consistent, and independent 

association between the presence of LVH and an increased risk of SCD in populations with 

hypertension. This finding holds true across different study designs, populations, follow-up 

durations, and methods of LVH assessment. 

The landmark Framingham Heart Study provided foundational evidence. In a cohort of 

3,661 subjects followed for up to 14 years, Haider et al. (1998) demonstrated that after adjusting for 

traditional cardiovascular risk factors, the presence of echocardiographically-defined LVH was 

associated with a more than two-fold increase in the risk of SCD (adjusted HR: 2.16, 95% CI 1.22–

3.81). The risk was also shown to be continuous; for every 50 g/m increment in LV mass indexed to 

height, the adjusted risk of SCD increased by 45% (HR: 1.45, 95% CI 1.10–1.92) (Haider et al., 

1998). An earlier analysis from the same cohort by Levy et al. (1990) found that increased LV mass 

was significantly associated with cardiovascular death, with a relative risk of 1.73 in men and 2.12 

in women (Levy et al., 1990). 

This association was powerfully corroborated in a population of exclusively untreated 

hypertensive patients from the PIUMA Study. Verdecchia et al. (2019) followed 3,242 patients for 

a mean of 10.3 years and found that ECG-defined LVH (a composite of Cornell voltage and strain 
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pattern) was associated with a nearly threefold increase in SCD risk after multivariable adjustment 

(adjusted HR: 2.99, 95% CI 1.47–6.09). The rate of SCD was more than four times higher in 

patients with ECG-LVH compared to those without (0.30 vs. 0.07 per 100 patient-years, p<0.01) 

(Verdecchia et al., 2019). 

Further evidence from large community-based cohorts like the ARIC Study confirmed 

these findings. In an analysis of 14,489 participants, LVH defined by any of 10 different ECG 

criteria was significantly associated with a composite of cardiovascular events, including sudden 

death (HR: 1.62, 95% CI 1.38–1.90) (Soliman et al., 2014). The consistency of this strong, positive 

association across diverse, well-conducted, long-term studies, even after rigorous adjustment for 

confounding variables such as age, sex, and blood pressure levels, underscores that LVH is not 

merely a marker of severe hypertension but an independent pathological entity that directly drives 

the risk of SCD. 

Analysis of Specific LVH-Related Risk Markers 

Beyond a simple binary diagnosis, the characteristics of the hypertrophied ventricle provide 

a more granular and powerful means of risk stratification. The included studies evaluated over 15 

distinct anatomic, geometric, and electrical markers, revealing that certain phenotypes of LVH are 

associated with a particularly malignant prognosis. The prognostic values of these key markers are 

summarized in Table 3. 
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Table 3. Prognostic Value of Specific Anatomic, Geometric, and Electrical LVH Markers for 

Sudden Cardiac Death and Related Events 

LVH Marker / Outcome Key Finding (HR/RR/OR 

[95% CI]) 

Source Study 

Anatomic & Geometric 

Markers 

  

1. LV Mass (per 50 g/m 

increment) 

HR: 1.45 (1.10–1.92) for 

SCD 

Haider et al. (1998) 

2. Concentric LVH Highest risk for CV death 

(21% mortality over 10 

years) 

Koren et al. (1991) 

3. Eccentric LVH Higher risk than normal 

geometry, but lower than 

concentric 

Aronow (2017) 

4. Severe LV Dilatation OR: 2.5 (1.03–5.9) for SCD Narayanan et al. (2014) 

ECG Voltage Criteria 
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LVH Marker / Outcome Key Finding (HR/RR/OR 

[95% CI]) 

Source Study 

5. Cornell + Sokolow-Lyon 

Composite 

HR: 1.82 (1.20–2.70) for 

SCD 

Porthan et al. (2019) 

6. Perugia Score (Cornell 

voltage + strain + Romhilt-

Estes) 

HR: 2.04 (1.5–2.8) for CV 

events 

Verdecchia et al. (1998) 

Electrical Remodeling 

Markers 

  

7. ECG Strain Pattern 

(Baseline) 

HR: 1.53 (1.18–2.00) for 

CV Death 

Okin et al. (2004) 

8. Development of New 

ECG Strain 

HR: 2.01 (1.22–3.31) for 

Sudden Death 

Okin et al. (2009) 

9. QRS Duration (per 10 ms 

increase) 

HR: 1.22 (p<0.001) for 

SCD 

Okin et al. (2009) 

10. QTc Interval 

Prolongation 

OR: 1.72 (1.23–2.40) for 

SCD 

Haider et al. (2013) 
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LVH Marker / Outcome Key Finding (HR/RR/OR 

[95% CI]) 

Source Study 

11. QTc Interval (per 10 ms 

increase) 

HR: 1.31 (1.09–1.58) for 

mortality in LVH 

Goldenberg et al. (2014) 

Associated Conditions & 

Dynamic Markers 

  

12. New-Onset Atrial 

Fibrillation with LVH 

HR: 3.13 (1.87–5.24) for 

SCD 

Waks et al. (2013) 

13. High Resting Heart Rate 

(>75 bpm) 

RR: 3.92 (1.91–8.00) for 

SCD 

Jouven et al. (2005) 

14. Abnormal Exercise BP 

Response 

HR: 2.29 (1.13–4.64) for 

mortality 

Aijaz et al. (2024) 

Therapeutic Modulation 
  

15. Absence of In-

Treatment LVH 

HR: 0.70 (0.54–0.92) for 

SCD 

Devereux et al. (2007) 

16. LVH Regression HR: 0.81 (0.73–0.90) for Devereux et al. (2007) 
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LVH Marker / Outcome Key Finding (HR/RR/OR 

[95% CI]) 

Source Study 

(Cornell product, per 1-SD 

lower) 

SCD 

 

LV Geometry: Concentric versus Eccentric Hypertrophy 

The geometric pattern of ventricular remodeling is a critical determinant of risk. The 

evidence indicates that concentric LVH, characterized by an increase in both LV mass and relative 

wall thickness as a direct response to pressure overload, represents the most malignant phenotype. 

An early, seminal study by Koren et al. (1991) followed 253 patients with uncomplicated 

hypertension for over a decade. They found that patients with concentric LVH had the worst 

prognosis, with a 21% rate of cardiovascular death and a 31% rate of morbid cardiovascular events, 

significantly higher than those with eccentric hypertrophy or normal geometry (Koren et al., 1991). 

A review by Aronow (2017) synthesized multiple studies, consistently showing that 

concentric LVH confers a higher risk for coronary events and heart failure compared to eccentric 

LVH. For instance, in elderly hypertensive patients, concentric LVH increased the risk of new 

coronary events 1.42 to 1.48 times more than eccentric LVH did (Aronow, 2017). The geometric 

pattern of hypertrophy provides a more nuanced risk profile than LV mass alone because it reflects 

the underlying nature of the hemodynamic stress and the severity of the myocardial response. 

Concentric hypertrophy is associated with more profound diastolic dysfunction, greater myocardial 

stiffness, and more significant subendocardial ischemia, all of which are highly arrhythmogenic 

conditions. 

Electrical Remodeling: ECG Strain, QRS Duration, and QTc Interval 
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The electrical manifestations of LVH on a standard 12-lead ECG provide unique and 

powerful prognostic information, often independent of the anatomic severity of hypertrophy 

measured by imaging. 

The ECG strain pattern, defined by ST-segment depression and T-wave inversion in the 

lateral leads, is a particularly ominous sign. In a large analysis from the LIFE study, Okin et al. 

(2004) found that the presence of a baseline strain pattern was a powerful predictor of 

cardiovascular mortality (adjusted HR 1.53, 95% CI 1.18–2.00) and myocardial infarction (adjusted 

HR 1.55, 95% CI 1.16–2.06), even after adjusting for LVH voltage criteria, blood pressure, and 

other risk factors. The development of new strain during follow-up was even more predictive, 

associated with a doubled risk of sudden death (Okin et al., 2009). This pattern is thought to reflect 

severe underlying myocardial fibrosis and subendocardial ischemia, representing an advanced stage 

of hypertensive heart disease. 

QRS duration, a measure of ventricular depolarization time, also provides independent 

prognostic value. Another analysis from the LIFE study by Okin et al. (2009) demonstrated that for 

every 10 ms increase in QRS duration, the risk of SCD increased by 22% (HR 1.22, p<0.001). This 

association remained significant after controlling for the presence of bundle branch block and the 

severity of LVH, indicating that slowed intraventricular conduction due to diffuse fibrosis is a key 

arrhythmogenic mechanism (Okin et al., 2009). 

QTc interval prolongation, reflecting delayed ventricular repolarization, is strongly linked 

to ventricular tachyarrhythmias and SCD. In a case-control study of subjects with LVH, Haider et 

al. (2013) found that a prolonged QTc was the only ECG interval independently associated with 

SCD (OR 1.72, 95% CI 1.23–2.40). Similarly, Goldenberg et al. (2014) reported that among 

patients with ECG-LVH, each 10 ms increase in the QTc interval independently predicted a 31% 

increase in mortality risk (HR 1.31, 95% CI 1.09-1.58). These electrical markers are direct 

indicators of the arrhythmogenic substrate, capturing a dimension of risk related to electrical 
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instability that may not be fully appreciated by anatomic measurements alone. 

Therapeutic Modulation: LVH Regression and Risk Reduction 

The risk conferred by LVH is not immutable. The LIFE study provides the most compelling 

evidence that this risk is dynamic and modifiable through effective antihypertensive therapy. In a 

pivotal analysis, Devereux et al. (2007) used time-dependent Cox models to assess the impact of 

changes in ECG-LVH status on SCD risk during a mean follow-up of 4.8 years. The results were 

striking: the absence of LVH during treatment was associated with a profound reduction in SCD 

risk. After full multivariable adjustment, every one-standard-deviation decrease in the in-treatment 

Cornell product was associated with a 19% lower risk of SCD (HR 0.81, 95% CI 0.73–0.90). 

Patients who had no evidence of LVH by both Sokolow-Lyon and Cornell criteria during follow-up 

experienced a 30% lower risk of SCD compared to those with persistent LVH (HR 0.70, 95% CI 

0.54–0.92) (Devereux et al., 2007). 

This evidence elevates LVH from a mere prognostic marker to a critical therapeutic target. It 

demonstrates that the goal of antihypertensive therapy should extend beyond the normalization of 

brachial blood pressure to include the reversal of end-organ damage. The regression of LVH 

signifies a reduction in the underlying arrhythmogenic substrate, leading to a tangible improvement 

in survival and a lower risk of sudden death. 

DISCUSSION 

Synthesis of Principal Findings 

The collective evidence synthesized in this review establishes a clear and compelling 

narrative: left ventricular hypertrophy is a central and formidable risk factor for sudden cardiac 

death in the context of hypertension. This conclusion is not based on a single study but is supported 

by a robust body of evidence from multiple large-scale, long-term prospective cohort studies and 

clinical trials conducted over several decades. The risk conferred by LVH is both statistically 
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significant and clinically profound, with various studies demonstrating a two- to threefold increase 

in the likelihood of SCD (Haider et al., 1998; Verdecchia et al., 2019). 

Crucially, this association persists after rigorous statistical adjustment for confounding 

variables, including age, sex, comorbidities, and even the level of blood pressure itself. This proves 

that LVH is not simply a surrogate for long-standing or severe hypertension; it represents a distinct 

pathological state of the myocardium that independently promotes arrhythmogenesis. Furthermore, 

the risk is not binary but continuous, with every increment in left ventricular mass contributing to a 

graded increase in SCD risk (Haider et al., 1998; Verdecchia et al., 2000). Perhaps the most 

clinically significant finding is that this risk is modifiable. The evidence, particularly from the LIFE 

study, unequivocally shows that therapeutic interventions leading to the regression of LVH are 

associated with a substantial reduction in the incidence of SCD, positioning LVH as a key 

therapeutic target for SCD prevention (Devereux et al., 2007). 

Pathophysiological Insights and Mechanisms of Arrhythmogenesis 

The strong clinical association between LVH and SCD is underpinned by a complex 

interplay of structural, electrical, and ischemic changes within the hypertrophied myocardium. 

These alterations create a vulnerable substrate ripe for the initiation and perpetuation of fatal 

ventricular arrhythmias. This review identifies a "triad of arrhythmogenesis" that explains the 

mechanistic link. 

First, structural remodeling is a core feature. Chronic pressure overload stimulates not 

only myocyte growth but also the proliferation of cardiac fibroblasts, leading to excessive 

interstitial and perivascular fibrosis (Volders, 2000). This replacement of healthy, conductive 

myocardium with non-conductive collagen disrupts the organized electrical syncytium of the heart. 

Fibrosis creates physical barriers that slow and fragment the propagation of electrical impulses. 

Concurrently, severe LVH is associated with a downregulation and altered distribution of connexin-

43, the primary protein forming gap junctions that facilitate cell-to-cell electrical coupling (Volders, 
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2000). The combination of fibrosis and gap junction remodeling leads to slowed and highly 

anisotropic (direction-dependent) conduction, creating the ideal conditions for micro-reentrant 

circuits—the electrophysiological basis for ventricular tachycardia and fibrillation (Volders, 2000; 

Al-Khatib et al., 2013). 

Second, the hypertrophied myocytes themselves are electrically unstable. Cellular 

remodeling involves altered expression and function of various ion channels responsible for the 

cardiac action potential. A consistent finding is the prolongation of the action potential duration, 

which is reflected on the surface ECG as a prolonged QTc interval (Volders, 2000). This 

prolongation increases the susceptibility to both early afterdepolarizations (EADs), which occur 

during the repolarization phase, and delayed afterdepolarizations (DADs), which are linked to 

abnormal intracellular calcium handling. Both EADs and DADs can act as triggers for ventricular 

arrhythmias. Moreover, this repolarization prolongation is often non-uniform across the ventricular 

wall, increasing the spatial dispersion of repolarization and further promoting re-entry (Volders, 

2000). 

Third, the hypertrophied heart exists in a state of relative myocardial ischemia. The 

increase in muscle mass is often not matched by a proportional increase in capillary density, leading 

to an increased diffusion distance for oxygen and nutrients (Messerli and Grodzicki, 1992; de Jong, 

2004). This creates a precarious balance between myocardial oxygen supply and demand. During 

periods of increased heart rate or blood pressure, the heightened oxygen demand of the thickened 

myocardium can outstrip the compromised supply, leading to subendocardial ischemia even in the 

absence of epicardial coronary artery disease. This ischemia further exacerbates electrical 

instability, shortens the action potential duration in affected regions, and can trigger fatal 

arrhythmias. This mechanism provides a direct pathophysiological explanation for the ominous 

prognostic significance of the ECG strain pattern, which is considered an electrical marker of severe 

hypertrophy and subendocardial ischemia (Okin et al., 2004). 
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Clinical Implications and a Multi-Modal Approach to Risk Stratification 

The findings of this review have profound implications for the clinical management of 

hypertension. The primary takeaway is that risk stratification and therapeutic goals must evolve 

beyond a singular focus on brachial blood pressure readings. While blood pressure control is the 

foundation of therapy, the evidence clearly shows that the presence and characteristics of LVH 

provide superior prognostic information regarding the risk of SCD. 

A multi-modal approach to risk stratification is therefore warranted. Echocardiography 

remains the gold standard for quantifying "anatomic LVH"—the physical mass and geometric 

pattern of the ventricle. It can distinguish between the higher-risk concentric pattern and the less 

malignant eccentric pattern. However, the standard 12-lead ECG, despite its lower sensitivity for 

detecting increased mass, provides invaluable information on "electrical LVH"—the functional 

consequences of the remodeling process (Stevens, Reinier, and Chugh, 2013; Narayanan et al., 

2014; Okin and Devereux, 2016). The presence of an ECG strain pattern, a wide QRS complex, or a 

prolonged QTc interval signifies a highly unstable electrical substrate. These two modalities are not 

redundant but complementary. A patient with moderate anatomic LVH on echocardiography but 

with significant electrical abnormalities on ECG may be at a higher risk for SCD than a patient with 

severe anatomic LVH but a relatively benign ECG. 

Based on this synthesis, a tiered approach to risk stratification in hypertension can be proposed: 

● Tier 1 (All Hypertensive Patients): The primary goal is aggressive blood pressure control 

according to current guidelines. 

● Tier 2 (Evidence of LVH): For patients with LVH detected on a screening ECG or an 

indicated echocardiogram, therapy should be intensified. The choice of antihypertensive agent 

should favor classes with proven efficacy in regressing LVH, such as angiotensin-converting 

enzyme (ACE) inhibitors or angiotensin receptor blockers (ARBs) (Messerli and Grodzicki, 

1992). 
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● Tier 3 (High-Risk LVH Phenotype): Patients who exhibit high-risk features—such as 

concentric geometry, an ECG strain pattern, QRS duration >110 ms, or a QTc interval >460 

ms—represent a subgroup at particularly high risk for SCD. These individuals warrant the 

most aggressive management, including combination antihypertensive therapy, and should be 

considered for referral to a cardiology or electrophysiology specialist for further evaluation, 

even if their left ventricular ejection fraction is preserved. 

CONCLUSION AND RECOMMENDATION 

Conclusion 

The evidence synthesized in this systematic review is conclusive and robust: left ventricular 

hypertrophy is a powerful, independent, and modifiable predictor of sudden cardiac death in 

patients with hypertension. The risk is not uniform but is graded by the severity of anatomic, 

geometric, and electrical remodeling. The presence of specific high-risk phenotypes, particularly 

concentric geometry and electrocardiographic markers such as the strain pattern, QRS widening, 

and QTc prolongation, identifies a subgroup of patients with a substantially elevated risk of fatal 

arrhythmic events. Critically, the risk associated with LVH is not a fixed destiny; it is a dynamic 

process that can be significantly mitigated by effective antihypertensive therapies that lead to the 

regression of myocardial mass and the normalization of cardiac structure. 

Recommendations 

Based on these conclusions, the following recommendations are proposed: 

For Clinical Practice: 

1. Routine LVH Screening: A 12-lead ECG should be considered a standard component of the 

initial evaluation and routine follow-up for all patients with hypertension, specifically to screen 

for voltage criteria of LVH and high-risk electrical markers like the strain pattern. 

2. Targeted Echocardiography: Echocardiography should be strongly considered in 
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hypertensive patients with ECG abnormalities, difficult-to-control blood pressure, or multiple 

cardiovascular risk factors to quantify LV mass and determine the geometric pattern, which 

provides critical prognostic information. 

3. LVH Regression as a Therapeutic Goal: The management of hypertension should aim not 

only to achieve target blood pressure levels but also to regress LVH. The choice of 

antihypertensive agents should be guided, in part, by their proven efficacy in reducing LV 

mass. 

For Future Research: 

1. Prospective Validation of a Combined Risk Score: Future prospective studies are urgently 

needed to develop and validate a multi-marker risk score that integrates anatomic data (LV 

mass, concentric geometry), electrical data (strain, QRS, QTc), and biomarker data (e.g., 

fibrosis markers) to better stratify SCD risk in hypertensive patients. 

2. ICD Trials in Preserved Ejection Fraction: A major challenge in cardiology is identifying 

patients with preserved ejection fraction who are at high risk for SCD. Research should focus 

on whether a high-risk LVH phenotype, as defined by the markers in this review, could 

identify a population of hypertensive patients with preserved ejection fraction who might 

benefit from primary prevention with an implantable cardioverter-defibrillator (ICD). 
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