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1. Introduction 

1.1. Hypertrophic cardiomyopathy 

According to the World Health Organization’s definition and classification, published in 

1980, cardiomyopathies are primary structural and functional heart muscle disorders of 

unknown cause that are not explained by coronary artery disease or flow abnormalities, 

or are not caused by underlying systemic disease (1). Since then, this definition has been 

amended several times. The American Heart Association's (AHA) 2006 classification of 

cardiomyopathies distinguishes between two major groups, primary and secondary 

cardiomyopathies based on etiology, and then further subdivides these into subgroups 

based on phenotype (2). The World Heart Federation published in 2013 the MOGE(S) 

classification that addresses five attributes of a cardiomyopathy, including 

morphofunctional characteristic (M), organ involvement (O), genetic or familial 

inheritance pattern (G), etiology (E), and optionally information about the functional 

status (S) (3). In the 2008 classification of the European Society of Cardiology (ESC) and 

adopted in the 2014 guidelines on the diagnosis and management of hypertrophic 

cardiomyopathy (HCM), cardiomyopathies were grouped into morphofunctional 

phenotypes included dilated, hypertrophic, restrictive, and arrhythmogenic right 

ventricular cardiomyopathy and unclassified variety, regardless of their etiology (except 

myocardial dysfunction secondary to hypertension, coronary artery disease, valve disease 

and congenital heart disease). Thus, in addition to genetic diseases primarily affecting 

only the heart muscle, based on the ESC classification, the HCM group includes various 

systemic disorders such as storage diseases (e.g. Pompe disease, Danon disease, 

Anderson-Fabry disease), mitochondrial diseases, syndromes  associated with myocardial 

hypertrophy (e.g. Noonan syndrome, Friedreich's ataxia) and various types of 

amyloidosis (4,5). However, as both the treatment and prognosis of these diseases differ, 

their differential diagnosis remains of great importance.  

Cardiomyopathies causing hypertrophy are most often caused by mutations in the gene 

encoding a sarcomere protein (40-60%) or of unknown origin (25-30%) (6,7). In the 

traditional sense, these cases are referred to as HCM. The 2020 AHA/ACC (ACC: 

American College of Cardiology) Guideline for the diagnosis and treatment of patients 

with HCM states that other cardiac or systemic diseases capable of producing left 
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ventricular hypetrophy (LVH) should not be labeled as HCM. They use a definition of 

HCM as a disease state characterized predominantly by LVH in the absence of another 

cardiac, systemic, or metabolic disease capable of producing the magnitude of 

hypertrophy evident in a given patient and for which a disease-causing sarcomere (or 

sarcomere-related) variant is identified, or genetic etiology remains unresolved (8). In my 

Thesis, I follow this definition of HCM. 

1.2. Diagnosis 

1.2.1. Signs and symptoms 

Many patients with HCM have minor or no symptoms, and the disease is diagnosed 

incidentally or as a result of screening. Symptoms such as chest pain, dyspnoea, 

palpitation, presyncope or syncope are more common in patients with left ventricular 

outflow tract obstruction (LVOTO) and are often associated with physical activity, but 

may also be due to arrhythmias and heart failure. Clinical history includes detailed family 

history to identify relatives with diagnosed HCM, sudden cardiac death (SCD), heart 

failure of unknown origin, heart transplantation, implantable cardioverter defibrillator 

(ICD) implantation. With physical examination, HCM patients may have systolic murmur 

(at rest or during provocative maneuvers), abnormal carotid pulse, and a fourth heart 

sound. Those without LVOTO may have a normal physical examination (9). 

1.2.2. Electrocardiography 

Structural myocardial changes in HCM may also be associated with electrical 

abnormalities. Non-specific abnormalities may be detected on a standard 12-lead 

electrocardiography (ECG), such as signs of hypertrophy, pathological Q waves, and ST- 

and T wave abnormalities (10). 

The most commonly used ECG criteria for LVH are based on the measurement of QRS 

amplitudes. The widely used Sokolow-Lyon criterion is based on the sum of S V1 and R 

V5 or R V6 (positive score ≥3.5 mV) (11). The sum of S V3 and R aVL is referred to as 

the Cornell voltage criterion, which indicates LVH ≥2.8 mV for men and ≥2.0 mV for 

women (12). The point score of Romhilt and Estes incorporates ECG abnormalities, as 
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shown in Table 1, 4 point indicates probable LVH and ≥5 points indicates definitive LVH 

(13).  

Table 1: The point score of Romhilt and Estes 

ECG Criteria Points 

Voltage criteria (any of) 

1. R or S in limb leads ≥ 20 mm 

2. S in V1 or V2 ≥ 30 mm 

3. R in V5 or V6 ≥ 30 mm 

3 

ST-T abnormalities 

 Without digitalis 

 With digitalis 

  

3 

1 

Terminal negativity of P in V1 ≥ 0.01 mV and ≥ 0.04 s 3 

Left axis deviation ≥ -30° 2 

QRS duration ≥ 0.09 s 1 

Intrinsicoid deflection in V5 or V6 > 0.05 s 1 

The diagnostic accuracy of the different ECG hypertrophy criteria seems to be variable 

in patients with HCM according to different studies. While the sensitivity of the various 

criteria is generally quite low, the specificity is quite high (14–16). 

Patchy mid-myocardial fibrosis is typical in HCM in the hypertrophic segments (17). 

Pathological Q waves are considered to be a sign of myocardial scarring, but in HCM 

pathological Q waves seem to be associated with asymmetric hypertrophy rather than 

myocardial fibrosis (18). Initial data suggest that fragmented QRS (fQRS) complexes are 

more sensitive than pathological Q waves for detecting regional myocardial scarring (19–

21). 

LVH and myocardial fibrosis can alterate repolarization resulting in ST segment and/or 

T-wave abnormalities on ECG. Apical involvement of HCM can associate with giant 

negative T wave inversion in the precordial and/or inferolateral leads (22). Strain pattern, 

defined as a descending ST-segment depression of ≥1 mm with an inverted asymmetrical 

T wave opposite to the QRS axis in at least two contiguous leads, is also a known ECG 

sign of HCM (23,24). 
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1.2.3. Echocardiography 

Echocardiography is the primary imaging modality in HCM patients. Determining the 

degree of LVH is key to the diagnosis. The diagnostic criterion of HCM is a maximal 

end-diastolic wall thickness (EDWT) of ≥15 mm anywhere in the left ventricle, or a ratio 

of maximal apical to posterior wall thickness ≥ 1.5 in case of hypertrophy predominating 

in the LV apex, in the absence of another cause of hypertrophy in adults. In the case of a 

family history of HCM, or in conjunction with a positive genetic test, more limited 

hypertrophy (13–14 mm) can be diagnostic (5,8,25). In addition to determining 

hypertrophy pattern, echocardiography plays an important role in assessing left 

ventricular (LV) systolic and diastolic function, LV apical aneurysms, presence and 

severity of LVOTO, and mitral valve function. The presence of a peak LVOT pressure 

gradient of ≥30 mmHg at rest or during physiological provocation is considered to be 

indicative of obstruction. A gradient of ≥50 mmHg is usually considered to be 

haemodynamically significant (5,8). 

1.2.4. Cardiac magnetic resonance 

Cardiac magnetic resonance (CMR) is the reference method to evaluate left (LV) and 

right (RV) ventricular volumes and masses (26). In addition to detailed morphological 

and functional analysis, CMR also provides tissue specific information about the 

myocardium, making it a key tool in the diagnosis of myocardial diseases. CMR is a 

dynamically evolving imaging modality, and with newer methods, it allows increasingly 

accurate diagnosis. 

LVH is usually characterized by EDWT, however, LV mass (LVM) may more accurately 

describe hypertrophy. CMR-based conventional (Conv) quantification of LVM is carried 

out with epi- and endocardial contouring along the outer and inner border of the compact 

myocardium, resulting in the trabeculae and papillary muscles (TPM) being included in 

the ventricular cavity. Due to the high spatial resolution and excellent myocardial-blood 

contrast, CMR allows evaluation of small myocardial structures like TPM (27,28). 

Threshold-based (TB) methods define the endocardial surface based on the different 

signal intensities of blood and myocardium; thus, the TPM are measured as part of the 
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ventricular mass (Figure 1) (29). There is no consensus on which evaluation method is 

more reliable in the case of HCM (30). 

 

Figure 1: CMR images of a patient with septal HCM. Measurement of LVM with conventional (A) and 

threshold-based (B) methods. (source of the figure: Semmelweis University, Heart and Vascular Center. 

Modified from of a previously published figure (82)) 

A newer measurement method to characterize myocardial deformation in different 

directions during the cardiac cycle is strain analysis, which reliably describes global and 

regional myocardial function, and is an early marker of myocardial dysfunction. The 

damage in different myocardium layers affects certain directions of deformation that can 

be detected using this method even with normal ejection fraction (EF). Because of 

myocardial disarray and fibrosis, myocardial contraction in HCM is heterogeneous. 

Mechanical dispersion (MD) assessed by strain measurement reflects on this 

heterogeneous contraction (31). Feature-tracking CMR has been validated for strain 

measurement using standard cine CMR images (32–34). 

The typical pathological features of HCM include myocyte disarray, small-vessel disease, 

and myocardial fibrosis, which usually have a patchy mid-myocardial distribution in the 

hypertrophic segments (17). With contrast-enhanced CMR, the pattern of fibrosis can be 

analysed on late gadolinium enhancement (LGE) images and it also allows quantification 

of the amount of fibrosis (Figure 2) (35). The novel parametric mapping techniques 

measure the T1, T2 or T2* relaxation time of the myocardium which allows a quantitative 
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characterisation of myocardial changes even without contrast injection. While LGE 

images are primarily used to detect focal lesions, mapping techniques are able to 

characterise diffuse myocardial changes. These changes include intracellular disturbances 

in cardiomyocytes (e.g. glyco-sphingolipid accumulation in Anderson-Fabry disease), 

extracellular disturbances in the myocardial interstitium (e.g. myocardial fibrosis) or both 

(e.g. myocardial edema). Using a contrast agent, native and post-contrast T1 mapping 

allow measurement of myocardial extracellular volume (ECV) (36). 

 

Figure 2: Delayed contrast enhancement images in the short-axis plane of a patient with septal HCM. 

Quantification of myocardial fibrosis (B). (source of the figure: Semmelweis University, Heart and 

Vascular Center. Modified from of a previously published figure (81)) 

1.2.5. Genetics and family screening 

HCM is inherited as an autosomal dominant trait in most cases, with a 50% chance of 

transmission (37). To discover familial inharitance, taking a 3-generation family history 

is recommanded. Genetic testing can confirm the diagnosis, using gene panels with the 8 

known HCM-related sarcomere genes, including MYH7, MYBPC3, TNNI3, TNNT2, 

TPM1, MYL2, MYL3, and ACTC1, a disease-causing variant can tipically be identified 

in approximately 30% of sporadic and 60% of familial cases (38). If a pathogenic or likely 

pathogenic gene variant is identified in the proband, cascade genetic testing of at-risk 

family members is recommended to identifiy those who carry the disease-causing variant 

and require ongoing surveillance (5,8). Genetic testing can also help the differentiation 

HCM from HCM phenocopies including glycogen storage disease, Fabry disease, Danon 

disease, transthyretin amyloidosis. 
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1.3. Differential diagnostic aspects 

In the background of increased LV wall thickness or hypertrophy, several primary and 

secondary causes can be detected in addition to HCM, such as infiltrative myocardial 

diseases, syndromes associated with LVH, pressure overload of LV, or physiological 

sport adaptation (5). Untreated hypertension or significant aortic valve stenosis often 

underlie LVH most commonly with concentric distribution (39,40). Distinguishing these 

conditions from cardiomyopathies causing LVH is often a challenge. An 

echocardiographic examination to assess the severity of aortic valve stenosis and 

knowledge of the patient’s medical history is essential, the role of CMR examination is 

secondary to their diagnosis. In highly trained athletes, physiological LVH is often 

observed due to sport adaptation, which is characterised by concentric distribution, lack 

of pathological myocardial fibrosis, reversibility, and correlation with elevated 

ventricular volumes (41). In my Thesis, I focus on the diseases causing LVH, in the 

diagnosis of which CMR plays a major role. In the following section, I endevour to give 

a brief description of the myocardial diseases that cause LVH, which are also included in 

my research on the role of CMR in differential diagnosis. 

1.3.1. Cardiac amyloidosis 

In amyloidosis, abnormal proteins are deposited in the extracellular space, which can be 

a localised disease affecting one organ or a systemic form affecting a large part of the 

body. The three most common forms of amyloidosis – AL-, TTR- and AA-amyloidosis – 

can all affect the heart. In AL-amyloidosis, monoclonal light chains are the basis of the 

deposited amyloid, and the underlying cause is bone marrow plasma cell disease. In TTR-

amyloidosis, transthyretin is produced in the liver (mutation type or wild type). AA-

amyloidosis is associated with chronic disease, with serum amyloid protein A being the 

main component of amyloid. Renal involvement and gastrointestinal involvement are 

common in AL- and AA-amyloidosis, TTR-amyloidosis is often associated with 

polyneuropathy and carpal tunnel syndrome (42). 

According to the Expert Consensus Recommendations published in 2020, cardiac 

amyloidosis (CA) can be diagnosed if endomyocardial biopsy is positive for CA, or 

extracardiac biopsy proves amyloidosis and typical cardiac imaging features are present 
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as discussed below (43,44). Characteristics of CA include thickening of the LV and RV 

walls (>12 mm for LV EDWT), enlarged atria, thickened papillary muscle and valves, 

apical sparing assessed with strain analysis, pericardial and pleural effusion, and reduced 

diastolic and/or systolic function. In the majority of cases, CA causes concentric LVH, 

but eccentric or asymmetrical hypertrophy and normal geometry have also been described 

(45). Increased EDWT in present of a normal or low QRS voltage on ECG is suggestive 

of CA (46). With strain analysis, a typical sign of CA is apical sparing, in which basal 

longitudinal strain (LS) is severely impaired while apical LS is relatively spared (43,44). 

A granular sparkling appearance of the myocardium with echocardiography is described 

as a sign of CA, but it is not considered a highly specific finding. The deposition of 

amyloid in the myocardium increases the amount of extracellular space, leading to 

contrast enhancement on LGE CMR. The characteristic LGE pattern in CA is a circular 

subendocardial or transmural enhancement, which mostly affects the basal segments. In 

a proportion of cases, contrast enhancement may be detected in both ventricles and atria 

(Figure 3) (47–49). Abnormal contrast kinetics, myocardial nulling prior to blood pool 

nulling are also typical for CA. Myocardial amyloid deposition causes increased T1 

mapping and ECV values assessed by CMR mapping measurement (50–52). Bone 

scintigraphy can also help the diagnosis of CA even without histological diagnosis; 

99mTc-labeled diphosphonate and pyrophosphate compounds diagnose TTR-CA with 

high sensitivity and specificity (53). 

 

Figure 3: CMR images of a patient with CA. A) Short-axis slice in end-diastolic phase representative for 

concentric LVH and hypertrophic RV wall. B-C) LGE images in short-axis (B) and 4-chamber (C) views 

with circular subendocardial LGE in the LV, in the RV and in the atria. (source of the figure: Semmelweis 

University, Heart and Vascular Center, Modified from of a previously published figure (80)) 
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1.3.2. Fabry disease 

Fabry disease (FD) is an X-linked lysosomal storage disease with various organ 

manifestations, including nervous system (neuropathic paint, ischemic stroke), 

dermatological (angiokeratomas), gastrointestinal, renal, ophtalmological (cornea 

verticillata, retinal vasculopathy, cataract) involvement (54). Cardiac manifestations 

include the development of LVH with or without heart failure symptoms, conduction 

abnormalities typically with the shortening of PQ interval, arrhythmias and uncommonly 

SCD (55,56). Cardiac imaging can be used to monitor for the development of cardiac 

manifestation of a confirmed diagnosis, or may suggest a diagnosis of FD which can be 

proved with enzyme and/or genetic testing. FD patients typically have concentric LVH, 

however, asymmetrical septal hypertrophy, or even apical hypertrophy have already been 

described (57,58). While echocardiography is often nonspecific because of overlap in 

LVH phenotypes, CMR with LGE and mapping measurement may suggest a specific 

diagnosis. The typical pattern of LGE is a midmyocardial enhancement in the basal 

inferolateral segment (Figure 4). The glycosphingolipid accumulation in the 

cardiomyocytes results in a low T1 mapping time, which helps to distinguish FD from 

other diseases with LVH. However, if myocardial fibrosis is present, it may result in a 

pseudonormalization of native T1 times (59).  

 

Figure 4: LGE CMR images of a patient with FD in a 3-chamber (A) and a short-axis (B) view. 

Midmyocardial contrast enhancement in the basal inferolateral segment. (source of the figure: Semmelweis 

University, Heart and Vascular Center. Modified from of a previously published figure (80)) 
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1.3.3. Endomyocardial fibrosis 

Hypereosinophilic syndrome is group of hematologic disorders leading to eosinophil-

driven tissue damage in different organs. Organ involvement depends on the underlying 

ethiology. Multiple organs may be involved, as lung (e.g. eosinophilic asthma, bronchitis, 

pneumonia), eye (conjunctivitis), connective tissue, gastrointestinal tract (e.g. 

eosinophilic esophagitis, gastritis, enteritis, colitis, hepatitis, pancreatitis), skin 

(dermatitis) (60). It affects the heart in 40-50% of cases, most commonly causing 

endomyocardial fibrosis (EMF), also known as Löffler's endocarditis. There are usually 

three stages of the disease: the first, usually asymptomatic stage is acute necrosis and 

eosinophilic infiltration. This is followed by thrombotic accumulation, which can affect 

both ventricles but most commonly occurs in the apex of the LV. Finally, the fibrotic 

stage develops, leading to restrictive cardiomyopathy. The fibrotic, thrombotic 

accumulation in the LV cavity causes wall thickening and results in a characteristic LGE 

pattern with CMR observed in the endocardium mainly in the apex and eventually in the 

subvalvular region of the LV (Figure 5) (61,62). 

 

Figure 5: CMR images of a patient with EMF. A) 4-chamber view in end-diastolic phase, thickening of LV 

apical wall. B) LGE image in 4-chamber view, endocardial fibrosis in the LV apex. (source of the figure: 

Semmelweis University, Heart and Vascular Center. Modified from of a previously published figure (80)) 
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1.4. Risk assessment 

Although for many patients HCM does not limit life expectancy and the disease is present 

asymptomatically without the need for major therapy, others may experience severe 

complications. Patients with pathogenic sarcomeric gene variants or those diagnosed 

early in life have higher risk of adverse events (38). HCM-related adverse events include 

SCD, symptoms because of LVOTO, heart failure symptoms associated with diastolic or 

systolic dysfunction, and atrial fibrillation with risk of thromboembolic stroke. Thanks to 

SCD risk stratification strategies and contemporary cardiovascular therapies and 

interventions, the mortality rate of HCM has been reduced to less than 1%/year (63,64). 

According to the latest 2020 AHA/ACC guideline on HCM, SCD risk assessment at the 

initial visit and repeated every 1 to 2 years is recommended. The SCD risk stratification 

is based on age (stable, older patients have lower risk); personal history of cardiac arrest 

or sustained ventricular tachycardia (VT); family history of SCD or sustained VT 

definitively or likely attributable to HCM; continuous ambulatory ECG monitoring for 

sustained or non-sustained VT; history of syncope likely caused by arrhythmia; and 

cardiac imaging findings as EDWT, EF, and presence of apical aneurysm. The Guideline 

recommend contrast-enhanced CMR if a patient does not have evidence of increased SCD 

risk after assessment with family and personal history, echocardiography, and ambulatory 

monitoring, or risk stratification otherwise remains uncertain. CMR imaging can provide 

further characterisation of EDWT, EF, apical aneurysm, and presence and extent of LGE. 

ICD implantation is recommended for HCM patients with previous SCD or sustained VT. 

It is reasonable to offer an ICD for HCM patients with at least one major risk factors as 

follows: 1) SCD related to HCM in a close relative at ≤50 years of age; 2) EDWT ≥30 

mm in any LV segment; 3) Recent episodes of syncope suspected to be arrhythmic; 4) 

LV apical aneurysm; 5) LVEF <50%. ICD may be considered in patients with extensive 

LGE by contrast-enhanced CMR or non-sustained VT present on ambulatory monitoring. 

For extensive LGE a cut-off of ≥15% of the LVM is recommended as representing a 

significant increase in SCD risk, however, there is no consensous on the optimal 

quantification method of LGE, which may lead to different results  (8). 

The 2014 ESC guideline on HCM provides a SCD 5-year risk calculator that takes into 

account age, family history of SCD, EDWT, LVOT gradient, left atrial diameter, 
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unexplained syncope, and non-sustained VT. This formula does not contain newer 

markers of SCD risk, including systolic dysfunction (EF <50%), apical aneurysm, and 

LGE. According to the ESC guideline, ICD implantation is recommended in patients after 

aborted SCD or sustained VT; and ICD implantation should be considered in patients 

with an estimated 5-year risk of SCD of ≥6% (5). 

In the recent 2022 ESC guideline on the prevention of SCD, the risk stratification of HCM 

has been completed with newer factors. In addition to using the SCD 5-year risk 

calculator, the new guideline recommends to consider ICD implantation in patients with 

significant LGE at CMR (≥15% of LVM); or LVEF <50%; or abnormal blood pressure 

response during exercise test (a failure to increase systolic pressure by at least 20 mm Hg 

from rest to peak exercise or a fall of >20 mm Hg from peak pressure); or LV apical 

aneurysm (Figure 6); or presence of sarcomeric pathogenic mutation (65). 

 

Figure 6: Midventricular HCM with apical aneurysm. (source of the figure: Semmelweis University, Heart 

and Vascular Center. Modified from of a previously published figure (80))  
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2. Objectives 

The main objectives of our sudies were to investigate the morphological and functional 

characteristics, and the prognosis of cardiomyopthies causing LVH using standard and 

novel CMR techniques. 

2.1. Investigating CMR quantification methods for assessing left and right 

ventricular parameters 

While CMR is the reference method to evaluate LV and RV functions, volumes and 

masses, there is no widely accepted method for the quantitative analysis of TPM. CMR-

based quantification of LVM can be carried out with different evaluation methods; during 

the conventional evaluation method TPM is included in the ventricular cavity, while 

threshold-based method measures TPM as part of the LVM. 

The aim of our first study was to investigate the effect of TPM quantification on LV and 

RV parameters in a normal cohort and the reproducibility of the conventional and 

threshold-based methods between three independent observers with varying experience 

in utilizing CMR. 

2.2. Defining the role of CMR in the differential diagnosis of myocardial diseases 

causing LVH 

CMR diagnosis of myocardial diseases is traditionally based on the morphological 

features and the pattern of LGE (66–68). Despite the advantages of CMR imaging in the 

diagnosis of myocardial diseases with LVH, there is a lack of comprehensive studies with 

large study populations that have investigated the role of CMR-based strain analysis in 

this patient population. 

Therefore, we conducted a study with the aim of investigating the differential diagnostic 

and prognostic importance of feature-tracking strain analysis in patients with LVH caused 

by myocardial disease. 
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2.3. Defining the electrocardiographic predictors of LVH and myocardial 

fibrosis in HCM 

The structural changes characteristic of HCM, such as LVH and myocardial fibrosis, are 

associated with different ECG abnormalities (5,10). The ECG voltage can be affected in 

a contradictory way by the degree of myocardial hypertrophy and the extent of fibrosis.  

In addition to pathological Q waves, fQRS is also considered an ECG sign of myocardial 

scarring (19,20), however, limited data are available regarding the diagnostic value of 

fQRS for the detection of myocardial fibrosis in HCM (21,69). Due to myocardial 

fibrosis, not only depolarization but also repolarization can be affected (21,24,70,71). 

The aim of our third study was to investigate the diagnostic accuracy of ECG hypertrophy 

criteria, the impact of myocardial fibrosis on these criteria, and to define ECG predictors 

of LVH and myocardial fibrosis in patients with HCM. 

2.4. Defining the prognostic significance of CMR-based markers in patients 

with HCM 

According to the guidelines in force at the time of the research, CMR examination is not 

a necessary primary tool for SCD risk stratification in HCM (5,72), however, data in the 

literature suggest an additional prognostic role of the detection and quantification of 

myocardial fibrosis (73,74). Limited data are available on whether CMR-based strain 

analysis has incremental prognostic value in patients with HCM (75,76). Therefore, we 

conducted a study with the aim of investigating the prognostic signifcance of LVH 

assessed with conventional and threshold-based evaluation methods, functional 

parameters, and the amount of myocardial fibrosis.  
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3. Methods 

3.1. Study design, study populations 

3.1.1. Left and right ventricular parameters quantified with conventional and 

threshold-based methods 

A total of 30 male and 30 female Caucasian healthy individuals (age 25.6±4.7 years) 

underwent CMR imaging, who  were free of complaints and had no known cardiovascular 

diseases based on a uniform patient questionnaire focusing on cardiovascular diseases 

and risk factors, and on a detailed medical check-up included physical examination, 12-

lead resting ECG and echocardiography examination. 

Three independent observers evaluated CMR images both with conventional and 

threshold-based methods. The most experienced reader had 15 years of experience with 

more than 5000 original CMR cases and Level 3 certification proved by the European 

Association of Cardiovascular Imaging. The mid-experienced reader had more than 800 

individual original CMR cases during the last 5 years and low-experienced reader 

independently analyzed ca. 120 CMR cases. 

3.1.2. Differential diagnosis of myocardial diseases causing left ventricular 

hypertrophy 

We retrospectively identified all patients with myocardial disease causing LVH or 

increased LV wall thickness who were referred to The Heart and Vascular Center of 

Semmelweis University between 2009 and 2019 for CMR examination (n=430). Patients 

with untreated hypertension, significant aortic stenosis, or athletes with LVH due to 

physiological sport adaptation were not involved in the study. Patients with previous 

kidney transplantation (n=2), unsuitable strain analysis (n=9) or an uncertain CMR-based 

diagnosis (n=15) were excluded from the study. All together, 330 HCM patients, 46 CA 

patients, 12 FD patients and 16 EMF patients were involved in the study. 

The all-cause mortality of the patients was analyzed based on the National Health 

Insurance Fund of Hungary record database, which includes up-to-date information on 

death. 
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The CMR diagnosis was made based on the extracted morphologic features and LGE 

pattern and was compared to the patient’s history. The diagnosis of HCM was based on 

the finding of a maximal wall thickness ≥ 15 mm in any myocardial segment or a ratio of 

maximal apical to posterior wall thickness ≥ 1.5 in case of hypertrophy predominating in 

the LV apex, if no other reason was found causing LVH. In the case of a family history 

of HCM, in first-degree relatives, the diagnosis of HCM was based on the presence of 

otherwise unexplained increased wall thickness ≥13 mm. The diagnosis of CA was 

confirmed by biopsy and CMR features consistent with cardiac involvement as following: 

LV wall thickness >12 mm; diffuse LGE; abnormal gadolinium kinetics typical for CA. 

The diagnosis of FD was proved with enzyme and/or genetic testing. The CMR features 

of cardiac involvement of FD included LVH with or without a typical pattern of LGE in 

the basal inferolateral segment with midmyocardial distribution. In case of EMF, LGE 

was observed in the endocardium mainly in the apex and eventually in the subvalvular 

region of the LV. For all patients, the CMR diagnosis was approved by one of two 

consultants with >10 years of experience in performing CMR with a European 

Association of Cardiovascular Imaging CMR level 3 certification. 

3.1.3. Electrocardiographic predictors of LVH and myocardial fibrosis in HCM 

We enrolled 146 HCM patients who underwent CMR examinations and a standard 12-

lead ECG at the Heart and Vascular Center of Semmelweis University Budapest. We did 

not enrol patients who did not receive contrast agent because of severely reduced kidney 

function (glomerular filtration rate (GFR) <30 ml/min/1.73 m2), did not provide consent, 

had undergone prior surgical myectomy or percutaneous transluminal septal myocardial 

ablation, or with persistent ventricular stimulation by an implanted pacemaker. 

The CMR and ECG parameteres of HCM patients were compared to a control group of 

35 healthy individuals without any known cardiovascular diseases who underwent non-

contrast CMR examinations and a standard 12-lead ECG. 

3.1.4. Prognostic significance of CMR-based markers in patients with HCM 

In our clinical follow-up study, 344 HCM patients were enrolled. We excluded patients 

if there were no available clinical follow-up data (n=146), they did not receive contrast 
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agent (n=8), or if the strain analysis was not properly feasible (n=3). All together, 187 

HCM patients were involved in the study. 

The clinical follow-up was based on the medical records and the National Health 

Insurance Fund of Hungary record database, which includes up-to-date information on 

the date of deaths. A combined endpoint and an arrhythmia endpoint were analysed. The 

combined endpoint included all-cause mortality, heart transplantation, and malignant 

ventricular arrhythmia or appropriate ICD therapy. The arrhythmia endpoint included 

malignant ventricular arrhythmia and appropriate ICD therapy.  

Informed consent was obtained from each patient. Ethical approval was obtained from 

the Hungarian National Institute of Pharmacy and Nutrition (OGYEI/29174-4/2019), and 

the studies were performed in accordance with the ethical standards in the 1964 

Declaration of Helsinki and its later amendments. 

3.2. CMR image acquisition protocol 

All CMR examinations were conducted with a 1.5 T MR scanner (Achieva, Philips 

Medical Systems and Magnetom Aera, Siemens Healthcare) using a 5-channel cardiac 

coil. Retrospectively gated balanced steady-state free precession (bSSFP) cine images 

were acquired in 2-chamber, 4-chamber and LV outflow tract views. Additionally, short-

axis (SA) images with full coverage of the LV were obtained. If no contraindications for 

contrast agent administration were present, a bolus of 0.15 mmol/kg of the gadolinium-

based contrast agent gadobutrol (Gadovist, Bayer-Schering Pharma) was injected at a rate 

of 2-3 ml/s through an antecubital intravenous line. LGE images were acquired using a 

segmented inversion recovery sequence with additional phase-sensitive reconstructions 

in the same views used for the cine images 10-20 minutes after contrast administration. 

Healthy volunteers did not receive contrast agents because of ethical considerations. 

3.3. Image analysis 

All post-processing analyses were performed using Medis QMass 7.6 or Medis Suite 3.1 

software (Medis Medical Imaging Software, Leiden, The Netherlands). 
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On cine short axis images end-diastolic and end-systolic cardiac phases were identified. 

The most basal section was required to show≥50% visible myocardial circumference in 

order to be included. During conventional contouring epi- and endocardial layers were 

manually traced. Endocardial layer was detected along the compact myocardium resulting 

that TPM being included in the ventricular cavity. The LV and RV EF, volumes (end-

diastolic volume: EDV, end-systolic volume: ESV, stroke volume: SV), and mass (M) 

were quantified. Parameters corrected for body surface area (BSA) were calculated, 

yielding EDVi, ESVi, SVi, and Mi, respectively. Maximal EDWT measurements were 

taken in an SA slice perpendicular to the myocardial center line, excluding trabeculation. 

For TB quantification, we used the same end-systolic and end-diastolic phases. A 

thresholding algorithm (MassK 7.6, Medis, Leiden, The Netherlands) was used to 

discriminate between chamber blood and myocardium based on their alter signal 

intensity. The algorithm calculates blood percentage value for each pixels with the 

previously described equation (77). For the evaluation of TPM, we used the application 

default 50% thresholding value for both left and right ventricles without manual 

correction and TPM, TPMi (TPM/BSA), TPM% (TPM/LVM×100) were calculated. 

LV strain analysis was performed with the feature-tracking application of the MedisSuite: 

QStrain module. Endocardial contour detection was manually performed on the three 

long-axis (LA) and SA cine images on basal, midventricular and apical slices during the 

end-systolic and end-diastolic phases. Global longitudinal (GLS), circumferential (GCS) 

and radial (GRS) LV strain parameters were measured. Strain values for the six basal, six 

midventricular, and five apical segments were averaged to obtain regional longitudinal 

and circumferential strain values (basal LS, midventricular LS, apical LS, basal CS, 

midventricular CS, apical CS). The apex-to-base regional LS and CS ratios were 

calculated as apical LS/basal LS and apical CS/basal CS, respectively. To assess global 

dyssynchrony, mechanical dispersion (MD) was measured, which was defined as the 

standard deviation (SD) of the time-to-peak circumferential (MDC) and longitudinal 

(MDL) strains of the LV segments expressed as percentages of the cardiac cycle. The 

SDs of the segmental peak LS and CS (SD-LS-Peak and SD-CS-Peak, respectively) were 

also assessed. 



24 

 

The amount of myocardial fibrosis was quantified on SA LGE images after manual endo- 

and epicardial contouring at a grayscale threshold of 5 SDs above the mean signal 

intensity for normal myocardium. Semiautomated quantification of the myocardial 

fibrosis was visually controlled, and obvious artefacts were corrected. 

3.4. ECG analysis 

A standard 12-lead ECG (25 mm/s and 10 mm/mV) was obtained while patients were in 

a supine position during quiet respiration. We assessed LVH with the Cornell index 

(positive score ≥2.8 mV for men and ≥2.0 mV for women), the Sokolow-Lyon index 

(positive score ≥3.5 mV) and the Romhilt-Estes score (4 for probable LVH and ≥5 for 

definitive LVH) as described in Introduction section. 

Pathological Q-waves were diagnosed if the Q wave was ≥0.04 s in duration or deeper 

than ¼ of the following R wave in at least two contiguous leads except the aVR lead. 

Fragmented QRS was defined as in previous studies (19–21): the presence of an 

additional R wave (R’), notching of the R wave or notching in the nadir of the S wave in 

two contiguous leads in patients with a QRS duration <120 ms. In patients with bundle 

branch block (a QRS duration ≥120 ms), various RsR’ patterns were defined as fQRS 

depending on the presence of >2 R’ waves or >2 notches in the R or S waves in two 

contiguous leads. 

The strain pattern was defined as a descending ST-segment depression of ≥1 mm with an 

inverted asymmetrical T wave opposite to the QRS axis in at least two contiguous leads. 

3.5. Statistical analysis 

The normality of the distribution of the data was investigated with the Shapiro-Wilk or 

Kolmogorov–Smirnov test. Equality of LV and RV parameters assessed by different 

evaluation methods was tested with paired samples t-tests. Comparisons between two 

independent groups were conducted with an independent t-test or Mann-Whitney test, as 

appropriate. In the case of three or more groups, group characteristics were compared 

with one-way analysis of variance or the Kruskal-Wallis test, as appropriate. The 

correlation between continuous variables was calculated with Spearman’s correlation 
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analysis. The sensitivity of the different ECG hypertrophy indices was compared with the 

McNemar test. Multiple regression analysis was performed to identify ECG predictors of 

LVM and myocardial fibrosis. Receiver operating characteristic (ROC) curve analysis 

was performed to analyze the diagnostic accuracy of a parameter and to identify optimal 

cutoff values. Univariable associations of time variables with mortality were visualized 

using Kaplan-Meier curves and compared by the log-rank test. The prognostic value of 

CMR parameters was assessed with univariable and multivariable Cox proportional 

hazard regression analyses with the enter selection method. Variables with p<0.05 in the 

univariable analysis were selected as candidates for multivariable analysis. 

Multicollinearity was measured with the variance inflation factor (VIF). Highly 

correlated predictors (VIF>2.0) were removed from the multivariable model. The 

interobserver agreement was examined with the intraclass correlation coefficient (ICC 

score). Differences were considered statistically significant when p<0.05. All analyses 

were performed by using MedCalc software (version 17.9.5).  
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4. Results 

4.1. Left and right ventricular parameters quantified with conventional and 

threshold-based methods 

The results of this study were published in The International Journal of Cardiovascular 

Imaging (78). 

4.1.1. Comparison of conventional and threshold-based methods 

Systematic differences were found in CMR parameters evaluated with conventional and 

threshold-based methods: volumetric values were lower and masses were higher with the 

TB method in case of all observers. Mean differences between Conv and TB CMR values 

are shown in Table 2. 

LV and RV stroke volumes over all three observers were different using the conventional 

method [1) High vs. Mid-experienced LVSVi: 51.7 ± 6.5 vs. 54.9 ± 5.9 p < 0.001; 2) High 

vs. Low-experienced LVSVi: 51.7 ± 6.5 vs. 56.4±6.2 p<0.001; same difference for RV 

parameters: 1) RVSVi: 50.0±6.0 vs. 53.8±6.6 p<0.01; 2) 50.0±6.0 vs. 52.9±7.0 p<0.01]. 

Equality of LVSVi was excellent with the TB method, and no significant differences were 

found between observers (High vs. Mid vs. Low-experienced LVSVi: 48.8±5.9 vs. 

50.9±5.5 vs. 50.3±5.3). 

4.1.2. Trabeculation and papillary muscles in left and right ventricles 

The average LV-TPM in end-diastolic phase was around one-third of the left ventricular 

mass in all observers (LV-TPM% of observers: High 30.3 ±3.9%, Mid 30.0 ±4.04%, Low 

26.5±4.0%) while TPM in the right ventricle was measured as approximately half of the 

right ventricular mass (RV-TPM% of observers: High 54.6±6.6%, Mid 48.3±5.8%, Low 

47.0±9.4%).  

In both the left and right ventricles, the expert reader measured the highest TPMi 

compared to other observers (LV-TPMi High 22.5±4.9 vs. Mid 19.9±4.7 and vs. Low-

experienced 19.4±3.4; RV-TPMi High vs. Mid-experienced 18.2±4.1 vs. 15.8±2.9 

p<0.001).  



Table 2: Left and right ventricular parameters with conventional and threshold-based methods. All LV and RV parameters were significantly different: with TB method 

volumetric values were lower and masses were higher (paired sample t-test *p  <  0.001). Abbreviations: Conv – conventional, TB – Threshold-based, SD – standard 

deviation, LV – left ventricular, RV – right ventricular, EF – ejection fraction, EDV – end-diastolic volume, ESV – end-systolic volume, SV – stroke volume, M – mass, i 

– index 

 High-experienced Mid-experienced Low-experienced 

 Conv 

Mean±SD 

TB Mean±SD Conv-TB 

Mean±SD 

Conv 

Mean±SD 

TB Mean±SD Conv-TB 

Mean±SD 

Conv 

Mean±SD 

TB Mean±SD Conv-TB 

Mean±SD 

LVEF (%) 56.0±4.8 66.8±4.8* −10.8±3.5 58.9±4.7 68.1±4.7* −9.2±4.4 59.6±5.0 68.3±4.9* −8.7±1.9 

LVEDVi 

(ml/m2) 
92.6±11.0 73.3±8.3* 19.3±4.4 93.5±10.6 75.0±8.8* 18.5±3.3 94.9±10.8 73.8±7.8* 21.1±4.8 

LVESVi 

(ml/m2) 
41.0±7.5 24.4±5.0* 16.6±4.2 38.6±7.3 24.1±5.4* 14.5±3.0 38.5±7.5 23.6±5.1* 14.9±3.3 

LVSVi 

(ml/m2) 
51.7±6.5 48.8±5.9* 2.9±3.6 54.9±5.9 50.9±5.5* 4.0±2.8 56.4±6.2 50.3±5.3* 6.1±2.9 

LVMi 

(g/m2) 
46.1±8.7 66.1±11.7* −20.0±4.6 55.1±12.7 74.3±14.5* −19.2 ±3.3 50.6±9.4 72.8±13.5* −22.2 ±6.0 

RVEF (%) 54.0±5.2 59.3±5.6* −5.3±2.5 57.7±4.1 63.2±4.8* −5.5±2.8 56.7±4.7 64.2±5.1* −7.5±2.8 

RVEDVi 

(ml/m2) 
92.6±10.0 76.5±9.9* 16.1±3.2 93.5±11.2 78.9±11.9* 14.6±3.3 93.7±13.1 77.1±11.2* 16.6±3.9 

RVESVi 

(ml/m2) 
42.7±7.5 31.2±6.3* 11.5±5.7 39.7±6.7 29.0±5.6* 10.7±2.5 40.8±8.4 27.7±6.1* 13.1±3.3 

RVSVi 

(ml/m2) 
50.0±6.0 45.3±6.6* 4.7±3.1 53.8±6.6 49.9±8.5* 3.9±3.7 52.9±7.0 49.4±7.7* 3.5±3.0 

RVMi 

(g/m2) 
18.8±4.4 35.6±5.3* −16.8±3.1 17.7±6.5 33.0±5.7* −15.3±3.5 14.7±3.9 32.5±5.8*  −17.8±3.8 

 



4.1.3. Interobserver reliability of different CMR evaluation methods 

Comparing the two methods, interobserver variability of LV parameters was lower using 

TB analysis and for the evaluation of RV values TB method had superiority against 

conventional analysis. Global intraclass correlation (G-ICC) value represents 

interobserver agreement of all investigated LV and RV parameters. However, both G-

ICCConv and G-ICCTB were excellent, G-ICCTB was higher than G-ICCConv (Table 3). 

Table 3: The intraclass correlation coefficients of conventional and threshold-based methods calculated 

for LV, RV and all CMR parameters for all observers. Abbreviations: CMR – cardiac magnetic resonance, 

LV – left ventricular, RV – right ventricular, SD – standard deviation 

 Conventional 

Mean±SD 

Threshold-based 

Mean±SD 
p 

LV CMR parameters 0.92±0.04 0.96±0.03 p<0.0001 

RV CMR parameters 0.80±0.02 0.89±0.08 p<0.0001 

Global CMR parameters 0.86±0.03 0.92±0.02 p<0.0001 

Regarding distinct CMR parameters, interobserver agreement was excellent for LV and 

RV parameters with both methods (Table 4). 

Table 4: The intraclass correlation coefficients of conventional and threshold-based methods calculated 

for each parameter separately. Abbreviations: ICC – intraclass correlation, LV – left ventricular, RV – 

right ventricular, EF – ejection fraction, EDV – end-diastolic volume, ESV – end-systolic volume, SV – 

stroke volume, M – mass, i – index 

 Conventional method Threshold-based method 

 ICC 95% confidence interval ICC 95% confidence interval 

LVEF 0.882 0.653 0.947 0.915 0.863 0.948 

LVEDVi 0.978 0.962 0.987 0.969 0.950 0.981 

LVESVi 0.959 0.914 0.978 0.956 0.932 0.973 

LVSVi 0.897 0.674 0.955 0.927 0.874 0.957 

LVMi 0.868 0.604 0.942 0.936 0.738 0.975 

RVEF 0.819 0.625 0.905 0.761 0.479 0.878 

RVEDVi 0.947 0.919 0.967 0.960 0.935 0.975 

RVESVi 0.910 0.849 0.947 0.897 0.779 0.946 

RVSVi 0.880 0.757 0.936 0.883 0.742 0.940 

RVMi 0.748 0.537 0.858 0.920 0.801 0.961 
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4.2. Differential diagnosis of myocardial diseases causing left ventricular 

hypertrophy 

Partial results of this research were published in Plos One (79) and in Cardiologia 

Hungarica (80). 

4.2.1. Patient population 

Over a 10-year period, 404 patients were diagnosed with myocardial disease causing LVH 

or increased LV wall thickness using CMR imaging. The most common diagnosis was 

HCM, which was detected in 330 patients (82%). CA was diagnosed in 46 patients (11%), 

FD in 12 patients (3%) and EMF in 16 patients (4%). The most common type of 

amyloidosis was light chain (AL) amyloidosis (n=35); in one and three patients, serum 

amyloid A (AA) and transthyretin (TTR) amyloidosis, respectively, were found to have 

caused CA. In 7 patients, the exact type of amyloidosis was unknown. Among FD 

patients, the diagnosis was known previously in six cases, and two patients were 

examined because of a positive family history. Among EMF patients, hypereosinophilic 

syndrome was previously known in five patients; in four patients, EMF was suggested by 

echocardiography. CMR imaging provided a different diagnosis from the referral 

diagnosis for 8% of HCM, 28% of CA, 33% of FD, and 44% of EMF patients. 

4.2.2. Conventional CMR parameters 

The demographic and CMR data of the patient groups are summarized in Table 5. CA 

patients were older than the others, and among EMF patients, the percentage of female 

sex was higher. CA and EMF patients had a lower LVEF and LVSVi than HCM and FD 

patients. CA patients had a higher LVESVi than HCM patients. EMF patients had a lower 

LVMi and EDWT than the other groups. CA and EMF patients had higher amounts of 

LGE than HCM and FD patients. 

4.2.3. Feature-tracking strain analysis 

CA patients had lower GRS and more impaired global, basal and midventricular LS than 

the other groups (Table 5). Global, basal, midventricular and apical CS were more 

impaired in CA and EMF patients than in HCM and FD patients. FD patients had a lower 

MDL and MDC, and HCM patients had a higher SD-LS-Peak, a more negative apical LS 
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and a higher GRS/EF ratio than the other groups. The apex-to-base CS and LS ratios were 

the highest in CA and the lowest in EMF patients. 

Table 5: Demographic and CMR characteristics of the study population. Comparison of the parameters of 

patients with different diagnosis. Abbreviations: HCM – hypertrophic cardiomyopathy, CA – cardiac 

amyloidosis, FD – Fabry disease, EMF – endomyocardial fibrosis, BSA – body surface area, LV – left 

ventricular, EF – ejection fraction, EDV – end-diastolic volume, ESV – end-systolic volume, SV – stroke 

volume, M – mass, i – index, EDWT – end-diastolic wall thickness, LGE – late gadolinium enhancement, 

G – global, R – radial, C – circumferencial, L – londitudinal, S – strain, MD – mechanical dispersion, SD 

– standard deviation 

 

HCM (n=330) CA (n=46) FD (n=12) EMF (n=16) 

p median 

(interquartile 

range) 

median 

(interquartile 

range) 

median 

(interquartile 

range) 

median 

(interquartile 

range) 

age 48.0 [35.0 to 60.0] 65.5 [59.0 to 70.0] 50.5 [40.0 to 61.0] 43.5 [36.0 to 57.5] <0.000001 

sex (male%) 61.5 63 58.3 25 <0.05 

BSA (m2) 1.96 [1.76 to 2.12] 1.87 [1.65 to 2.01] 1.82 [1.57 to 2.14] 1.72 [1.68 to 1.79] <0.05 

LVEF (%) 64.0 [58.1 to 68.6] 50.3 [44.6 to 58.4] 60.0 [56.0 to 70.0] 60.0 [50.8 to 62.0] <0.000001 

LVEDVi 

(ml/m2) 86.0 [75.0 to 95.7] 

78.7 [69.9 to 

100.0] 

85.0 [74.5 to 

104.5] 72.0 [64.0 to 94.8] 0.29 

LVESVi 

(ml/m2) 30.4 [25.1 to 37.9] 39.1 [29.2 to 52.6] 31.5 [23.0 to 43.0] 31.0 [25.0 to 45.8] <0.001 

LVSVi 

(ml/m2) 55.0 [47.0 to 61.8] 42.0 [35.1 to 49.8] 53.5 [48.5 to 61.5] 44.0 [38.0 to 50.3] <0.000001 

LVMi 

(g/m2) 

83.1 [67.9 to 

104.0] 

89.2 [77.0 to 

101.4] 

94.5 [70.0 to 

128.5] 53.0 [45.8 to 63.3] <0.00001 

EDWT 

(mm) 20.0 [17.0 to 24.0] 18.0 [16.0 to 19.0] 17.5 [15.0 to 21.0] 15.0 [14.0 to 16.8] <0.000001 

LGE% 5.9 [3.0 to 10.6] 27.1 [18.7 to 40.1] 4.9 [3.3 to 10.0] 18.3 [14.6 to 22.0] <0.000001 

GRS (%) 86.3 [70.1 to 

102.6] 

51.9 [37.2 to 71.9] 73.6 [59.8 to 92.5] 63.9 [48.3 to 91.7] <0.000001 

GCS (%) -41.4 [-46.3 to   

-36.0] 

-32.0 [-39.3 to  

-26.3] 

-40.7 [-42.5 to  

-37.0] 

-33.5 [-37.5 to  

-29.6] 

<0.000001 

GLS (%) -24.3 [-26.8 to  

-20.9] 

-18.4 [-22.6 to  

-15.4] 

-22.6 [-24.8 to  

-19.7] 

-22.5 [-30.1 to  

-17.5] 

<0.000001 

SD-LS-Peak 12.0 [10.4 to 13.8] 10.5 [8.0 to 12.3] 10.2 [9.2 to 11.7] 10.2 [9.2 to 11.7] <0.0001 

MDC (%) 6.0 [4.1 to 8.9] 6.6 [4.1 to 8.9] 4.0 [2.7 to 6.5] 7.3 [5.9 to 9.1] <0.05 

MDL (%) 16.3 [12.2 to 20.1] 18.0 [14.7 to 21.0] 11.5 [8.1 to 15.6] 13.1 [10.3 to 19.4] <0.01 

basal CS 

(%) 

-38.0 [-42.4 to  

-32.6] 

-24.2 [-31.5 to  

-20.1] 

-33.5 [-40.2 to  

-27.9] 

-32.0 [-37.9 to  

-26.1] 

<0.001 

mid CS (%) -38.1 [-43.8 to  

-32.5] 

-28.6 [-35.9 to  

-24.2] 

-37.3 [-38.6 to  

-31.5] 

-31.5 [-34.3 to  

-27.1] 

<0.001 
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apical CS 

(%) 

-48.5 [-55.8 to  

-40.4] 

-42.2 [-50.8 to  

-34.1] 

-48.5 [-57.6 to  

-43.2] 

-37.1 [-45.3 to  

-28.4] 

<0.001 

apex-to-

base CS 

1.27 [1.10 to 1.46] 1.67 [1.30 to 1.89] 1.42 [1.25 to 1.79] 1.17 [0.87 to 1.52] <0.0001 

basal LS 

(%) 

-20.9 [-24.7 to  

-16.9] 

-13.8 [-17.1 to  

-11.8] 

-18.1 [-23.0 to  

-16.9] 

-21.7 [-28.4 to  

-17.9] 

<0.000001 

mid LS (%) -23.9 [-30.5 to  

-19.0] 

-17.4 [-23.8 to  

-13.8] 

-25.6 [-31.4 to  

-20.6] 

-24.8 [-32.8 to  

-20.7] 

<0.001 

apical LS 

(%) 

-30.7 [-35.8 to  

-24.9] 

-23.7 [30.0 to  

-20.4] 

-24.6 [-29.9 to  

-21.5] 

-24.6 [29.0 to  

-21.5] 

<0.001 

apex-to-

base LS 

1.47 [1.11 to 1.86] 1.70 [1.40 to 2.32] 1.27 [1.04 to 1.73] 1.08 [0.86 to 1.46] <0.001 

GLS/EF -0.38 [-0.42 to  

-0.34] 

-0.36 [-0.39 to  

-0.32] 

-0.36 [-0.40 to  

-0.33] 

-0.39 [-0.48 to  

-0.35] 

0.09 

GCS/EF -0.64 [-0.71 to  

-0.58] 

-0.66 [-0.71 to  

-0.56] 

-0.64 [-0.69 to  

-0.59] 

-0.59 [-0.65 to  

-0.53] 

0.18 

GRS/EF 1.34 [1.13 to 1.54] 1.03 [0.85 to 1.21] 1.19 [1.03 to 1.32] 1.12 [0.98 to 1.43] <0.000001 
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4.2.4. Differentiation of AL-CA from HCM 

In the differentiation of AL-CA and HCM, the amount of LGE, basal CS, basal LS, and 

GRS had the highest diagnostic accuracies. The results of ROC analyses are shown in 

Table 6.  

Table 6: Diagnostic accuracy of CMR parameters in differentiating AL-CA from HCM. Results of the ROC 

curve analyses. Abbreviations: HCM – hypertrophic cardiomyopathy, CA – cardiac amyloidosis, LV – left 

ventricular, EF – ejection fraction, ESV – end-systolic volume, SV – stroke volume, LGE – late gadolinium 

enhancement, i – index, EDWT – end-diastolic wall thickness, G – global, R – radial, C – circumferencial, 

L – londitudinal, S – strain, MD – mechanical dispersion, SD – standard deviation 

 AL-CA vs. HCM 

sensitivity specificity cut off AUC p 

LVEF 60% 95% <53% 0.829 <0.001 

LVESVi 60% 70% >37 ml/m2 0.708 <0.001 

LVSVi 66% 87% <43 ml/m2 0.774 <0.001 

max. EDWT 94% 41% <20 mm 0.634 <0.001 

LGE% 76% 87% >16% 0.916 <0.001 

GRS 83% 70% <74% 0.847 <0.001 

GCS 66% 75% >-36% 0.746 <0.001 

GLS 86% 63% >-23% 0.803 <0.001 

SD-LS-Peak 66% 65% <11 0.671 <0.001 

basal CS 71% 83% >-31% 0.874 <0.001 

mid CS 63% 82% >-31% 0.734 <0.001 

apical CS 71% 54% >-47% 0.653 <0.01 

apex-to-base CS 63% 74% >1.44 0.741 <0.001 

basal LS 69% 85% >-16% 0.847 <0.001 

mid LS 83% 43% >-25% 0.703 <0.001 

apical LS 60% 79% >-24% 0.731 <0.001 

apex-to-base LS 71% 49% >1.45 0.609 <0.05 

GRS/EF 83% 64% <1.26 0.8 <0.001 
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4.2.5. Patient prognoses 

During the mean 4.2±2.8 years of follow-up, 21 HCM patients (6%), 29 CA patients 

(63%), 2 FD patients (17%) and 4 EMF patients (25%) died. HCM patients had the 

highest survival probability, and CA patients had the lowest survival probability (Figure 

7). 

 

Figure 7: Survival probability of patients with different diagnoses (Kaplan-Meier curves). (Source: 

Figure was not published previously.) 

The results of the univariable and multivariable Cox analyses are summarized in Table 7. 

Multivariable Cox analysis revealed a diagnosis of CA, LVSVi and basal LS as 

significant, independent predictors of mortality (p<0.0001).  
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Table 7: Predictors of mortality assessed with univariable and multivariable Cox proportional hazard 

regression analyses. Abbreviations: CA – cardiac amyloidosis, FD – Fabry disease, EMF – 

endomyocardial fibrosis, BSA – body surface area, LV – left ventricular, EF – ejection fraction, EDV – 

end-diastolic volume, ESV – end-systolic volume, SV – stroke volume, M – mass, i – index, EDWT – end-

diastolic wall thickness, LGE – late gadolinium enhancement, G – global, R – radial, C – circumferencial, 

L – londitudinal, S – strain, MD – mechanical dispersion, SD – standard deviation 

 univariate analysis multivariate analysis 

 p HR [95% CI] p HR [95% CI] 

CA <0.0001 23.31 [12.88 to 42.18] <0.05 6.73 [1.49 to 30.54] 

FD 0.18 2.70 [0.63 to 11.53] 0.74 1.47 [0.14 to 15.23] 

EMF <0.01 4.78 [1.63 to 13.97] 0.46 2.30 [0.26 to 20.52] 

age <0.0001 1.06 [1.04 to 1.08] 0.34 1.02 [0.98 to 1.05] 

female 0.34 1.29 [0.76 to 2.18]   

BSA 0.28 0.57 [0.20 to 1.58]   

LVEF <0.0001 0.89 [0.87 to 0.92]   

LVEDVi 0.68 1.00 [0.99 to 1.02]   

LVESVi <0.0001 1.05 [1.03 to 1.06]   

LVSVi <0.0001 0.93 [0.91 to 0.96] <0.05 0.95 [0.91 to 0.99] 

LVMi 0.09 1.01 [1.00 to 1.01]   

EDWT <0.05 0.94 [0.88 to 0.99] 0.78 0.98 [0.82 to 1.16] 

LGE% <0.0001 1.05 [1.03 to 1.06] 0.47 0.99 [0.96 to 1.02] 

GRS <0.0001 0.96 [0.95 to 0.97]   

GCS <0.0001 1.08 [1.05 to 1.11]   

GLS <0.0001 1.11 [1.07 to 1.15]   

SD-LS-Peak <0.01 0.86 [0.78 to 0.96]   

MDC 0.053 1.06 [1.00 to 1.13]   

MDL <0.01 1.07 [1.02 to 1.12]   

basal CS <0.0001 1.12 [1.07 to 1.16]   

mid CS <0.0001 1.08 [1.04 to 1.12]   

apical CS <0.001 1.04 [1.02 to 1.06]   

apex-to-base CS <0.01 2.69 [1.50 to 4.81] 0.76 1.11 [0.57 to 2.17] 

basal LS <0.0001 1.20 [1.12 to 1.29] <0.05 1.14 [1.02 to 1.28] 

mid LS <0.0001 1.10 [1.05 to 1.16] 0.58 1.02 [0.95 to 1.10] 

apical LS <0.01 1.06 [1.02 to 1.10] 0.84 0.99 [0.94 to 1.05] 

apex-to-base LS <0.05 1.55 [1.02 to 2.36]   

GLS/EF 0.1 12.44 [0.61 to 252.71]   

GCS/EF 0.35 0.30 [0.02 to 3.74]   

GRS/EF <0.0001 0.12 [0.05 to 0.29]   
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4.3. Electrocardiographic predictors of LVH and myocardial fibrosis in HCM  

The results of this study were published in the Annals of Noninvasive Electrocardiology 

(81). 

4.3.1. Patient characteristics 

We enrolled 146 HCM patients, and a control group of 35 healthy individuals without 

any known cardiovascular diseases who underwent CMR examinations and a standard 

12-lead ECG at the Heart and Vascular Center of Semmelweis University Budapest. 

There was no difference between HCM patients and the control group in age (mean age 

of HCM patients: 49, SD: 17; mean age of controls: 44, SD: 8; p=0.07), in the sex ratio 

(percent males in the HCM group: 60%; in the control group: 54%; p=0.52), and in the 

BSA (mean BSA of HCM patients: 1.96, SD: 0.26; mean BSA of controls: 1.90, SD: 

0.22; p=0.19). The CMR and ECG characteristics of the study population are summarized 

in Table 8. In the control group, no pathological alterations were found with CMR. 

HCM patients had a significantly higher LVM and maximal EDWT than individuals in 

the control group. All of the investigated ECG alterations occurred significantly more 

frequently in patients with HCM (Table 8). 
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Table 8: CMR and ECG characteristics of the study population. Abbreviations: HCM – hypertrophic 

cardiomyopathy, CMR – cardiac magnetic resonance, LV – left ventricular, EF – ejection fraction, EDV – 

end-diastolic volume, ESV – end-systolic volume, SV – stroke volume, M – mass, i – index, ECG – 

electrocardiography, fQRS – fragmented QRS 

 HCM Control group p 

Number of patients 146 35  

CMR parameters Mean±SD Mean±SD  

LVEF (%) 64±7 62±5 0.19 

LVESVi (ml/m²) 31±8 34±13 0.23 

LVEDVi (ml/m²) 84±15 84±11 0.93 

LVSVi (ml/m²) 53±11 52±6 0.53 

LVM (g) 171±67 87±25 <0.0001 

LVMi (g/m²) 87±32 46±10 <0.0001 

Maximal wall thickness (mm) 20±5 9±2 <0.0001 

Myocardial fibrosis (g) 17±22 -  

Myocardial fibrosis (%) 9±10 -  

ECG parameters number % number %  

Pathological Q waves 36 25 0 0 0.0011 

fQRS 71 49 6 17 0.0007 

ST depression 94 64 0 0 <0.0001 

ST elevation 35 24 0 0 0.0013 

T wave inversion 116 80 1 3 <0.0001 

Strain pattern 74 51 0 0 <0.0001 

Sokolow-Lyon index positivity 
46  1  0.0005 

Sensitivity 32%, specificity 97%, AUC 0.644 

Cornell index positivity 
51 0 <0.0001 

Sensitivity 35%, specificity 100%, AUC 0.675 

Romhilt-Estes score ≥ 5 
90 0 <0.0001 

Sensitivity 62%, specificity 100%, AUC 0.808 

Romhilt-Estes score ≥ 4  
109 1 <0.0001 

Sensitivity 75%, specificity 97%, AUC 0.859 
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4.3.2. Diagnostic accuracy of the different ECG hypertrophy criteria 

The sensitivity and specificity of the ECG hypertrophy criteria are summarized in Table 

8. All three ECG hypertrophy criteria had a high specificity. A total of 126 (86%) HCM 

patients met at least one of the three investigated ECG hypertrophy criteria. The Sokolow-

Lyon index was positive in 46 (32%) patients, and the Cornell index was positive in 51 

(35%) patients. The Romhilt-Estes score suggested definitive LVH (a Romhilt-Estes 

score ≥5) in 90 (62%) patients and probable LVH (a Romhilt-Estes score = 4) in 19 (13%) 

additional patients. Comparing the sensitivity of the three investigated ECG voltage 

criteria, the Romhilt-Estes score was the most sensitive (Romhilt-Estes score vs. 

Sokolow-Lyon index: difference 43.2%, 95% confidence interval 33.7% to 52.6%, 

p<0.0001; Romhilt-Estes score vs. Cornell index: difference 39.7%, 95% confidence 

interval 29.6% to 49.9%, p<0.0001). There was no statistically significant difference in 

the sensitivity of the Sokolow-Lyon index and Cornell index (difference: 3.4%, 95% 

confidence interval -7.1% to 13.9%, p=0.61). 

The LVMi was positively correlated with the Cornell index (p=0.0018; r=0.257), the 

Sokolow-Lyon index (p<0.0001; r=0.337), and the Romhilt-Estes score (p<0.0001; 

r=0.410), which had the strongest correlation (Figure 8). In a subgroup of 85 patients, 

LVM was also quantified using threshold-based method in addition to the conventional 

method. Using threshold-based method for quantification of the LVM, we have found 

similar correlations (between LVMiTB and the Cornell index p < 0.05, r = 0.24; the 

Sokolow-Lyon index p < 0.05, r = 0.23; the Romhilt-Estes score p < 0.001, r = 0.40). 

4.3.3. Effect of fibrosis on the voltage criteria 

The amount of fibrosis was negatively correlated with the Cornell index (p=0.015; r=-

0.201) and the Sokolow-Lyon index (p=0.0052; r=-0.230). The Romhilt-Estes score was 

independent of the amount of fibrosis (p=0.757; r=0.026) (Figure 8). 

  



 

Figure 8: Correlations between the ECG hypertrophy criteria and LVMi, the ECG hypertrophy criteria and myocardial fibrosis (Spearman’s correlation). (Source: 

Figure was published in the Annals of Noninvasive Electrocardiology (81))  



4.3.4. ECG predictors of the LVM and myocardial fibrosis 

When we compared the LVM and the amount of fibrosis in HCM patients with and 

without an ECG abnormality, we found that patients with ST depression, T wave 

inversion, strain pattern, Sokolow-Lyon index positivity or Romhilt-Estes score positivity 

had a significantly higher LVM. The amount of myocardial fibrosis was significantly 

higher in patients with fQRS or strain pattern and was lower in patients with Sokolow-

Lyon index positivity. No significant differences in LVM or the amount of myocardial 

fibrosis were found if a pathological Q wave, ST elevation or Cornell index positivity 

was present (Table 9).  

Based on the multivariate analysis, we found that male sex, the strain pattern, the 

Sokolow-Lyon index and the Romhilt-Estes score were independent positive predictors 

of LVM (p<0.0001). fQRS and the strain pattern predicted more fibrosis, while the 

Cornell index was a negative predictor of myocardial fibrosis (p<0.0001) (Table 10).  



Table 9: Amount of myocardial fibrosis and the LVM in patients with and without an ECG abnormality. Patients with fQRS or strain pattern had more myocardial 

fibrosis, patients with Sokolow-Lyon index positivity had less myocardial fibrosis. Patients with ST depression, T wave inversion, strain pattern, Sokolow-Lyon index 

positivity or Romhilt-Estes score positivity had a significantly higher LVM. Abbreviations: ECG – electrocardiography, LVM – left ventricular mass, fQRS – fragmented 

QRS 

 ECG abnormality present ECG abnormality absent 

Fibrosis 

p 

LVM 

p  n 

Fibrosis (%) 

median (interquartile 

range) 

LVM (g) 

median (interquartile 

range) 

n 

Fibrosis (%) 

median (interquartile 

range) 

LVM (g) 

median (interquartile 

range) 

Pathological Q 

waves 
36 7.2 (4.4 to 12.4) 160 (123 to 225) 110 5.7 (2.6 to 11.7) 158 (131 to 200) 0.13 0.92 

fQRS 71 8.0 (4.4 to 14.5) 170 (131 to 212) 75 5.0 (2.6 to 8.6) 152 (120 to 187) 0.0015 0.11 

ST depression 94 6.6 (3.2 to 11.2) 175 (131 to 221) 52 5.2 (2.7 to 13.8) 145 (115 to 177) 0.50 0.0016 

ST elevation 35 5.7 (2.8 to 12.4) 162 (127 to 191) 111 6.2 (3.4 to 11.1) 157 (129 to 207) 0.83 0.66 

T wave inversion 116 6.2 (3.0 to 12.0) 162 (131 to 211) 30 6.0 (3.1 to 10.2) 135 (117 to 182) 0.87 0.0437 

Strain pattern 74 6.9 (4.1 to 14.0) 175 (136 to 223) 72 5.2 (2.4 to 9.7) 146 (113 to 187) 0.0174 0.0032 

Sokolow-Lyon 

index positivity 
46 4.5 (1.9 to 7.1) 175 (146 to 213) 100 6.9 (3.8 to 14.0) 149 (118 to 194) 0.0023 0.0273 

Cornell index 

positivity 
51 5.4 (2.6 to 8.8) 174 (139 to 216) 95 6.2 (3.2 to 12.7) 157 (124 to 194) 0.24 0.16 

Romhilt-Estes 

score ≥ 4 
109 6.3 (3.4 to 12.7) 174 (138 to 214) 37 5.0 (2.4 to 10.3) 129 (91 to 153) 0.20 <0.0001 

Romhilt-Estes 

score ≥ 5 
90 6.1 (3.2 to 12.2) 175 (142 to 217) 56 5.9 (3.0 to 11.0) 140 (107 to 179) 0.82 0.0002 

 



Table 10: ECG predictors of the LVM and myocardial fibrosis. The male gender, the presence of strain pattern, a 1-mV increase in the Sokolow-Lyon index, or a one-

point increase in the Romhilt-Estes score independently predicted 54, 19, 9 and 5 g increases in the LVM, respectively. The presence of fQRS or strain patterns 

independently predicted an additional 4.58% and 4.05% of fibrotic area in the myocardium, respectively. A 1-mV increase in the Cornell index predicted a 2.05% 

decrease in myocardial fibrosis. Abbreviations: ECG – electrocardiography, LVM – left ventricular mass, fQRS – fragmented QRS 

 ECG predictors of the LVM (g) ECG predictors of myocardial fibrosis (%) 

 Univariate analysis Multivariate analysis Univariate analysis Multivariate analysis 

 Coefficient p Coefficient p Coefficient p Coefficient p 

(Constant)   74.46    9.26  

Age -0.82 0.016   -0.07 0.16   

Male gender 61.77 <0.0001 53.79 <0.0001 -0.81 0.63   

Pathological Q waves 7.57 0.56   0.88 0.64   

fQRS 21.44 0.054   5.38 0.0008 4.58 0.0032 

ST depression 36.40 0.0015   -0.58 0.73   

ST elevation -11.03 0.40   -0.95 0.62   

T wave inversion 24.72 0.07   1.04 0.61   

Strain pattern 32.93 0.0028 19.48 0.045 3.93 0.015 4.05 0.0095 

Sokolow-Lyon index 14.83 0.0005 9.28 0.014 -1.20 0.058   

Cornell index 13.11 0.0174   -1.94 0.016 -2.05 0.008 

Romhilt-Estes score 8.32 <0.0001 5.05 0.005 -0.07 0.80   



4.4. Prognostic significance of CMR-based markers in patients with HCM  

The results of this study were published in The International Journal of Cardiovascular 

Imaging (82). 

4.4.1. Patient characteristics 

We enrolled 187 HCM patients in the study that investigated the clinical outcome of HCM 

patients. The demographic and CMR characteristics of the study population are 

summarized in Table 11. The patients had the following symptoms: syncope (19%), chest 

pain (41%), dyspnoea (39%), and palpitation (36%). Three patients were examined after 

aborted SCD.  

4.4.2. CMR characteristics 

The majority of the study population (147 patients) had normal LVEF (57-77%), two 

patients had supra-normal LVEF (>77%), 36 patients had mildly reduced LVEF (41-

56%), and two patients had moderately reduced LVEF (30-40%). The most common form 

of HCM was asymmetric hypertrophy with a septal or an anterior distribution, which was 

found in 161 patients (81.5%). There were 27 (13.5%) patients with apical HCM, 7 (3.5%) 

patients with concentric HCM and three (1.5%) patients with midventricular HCM. 

Myocardial fibrosis was detected in 90.6% of patients. More extensive myocardial 

fibrosis was associated with higher LVMi (p<0.0001, r=0.495) and higher maximal end-

diastolic wall thickness (p<0.0001, r=0.44). Impaired GLS correlated with a higher LVMi 

and more extensive myocardial fibrosis. Higher maximal end-diastolic wall thickness 

correlated with higher MDL, referring to more pronounced global LV dyssynchrony. 

LVEF did not correlate with LVH or with the amount of myocardial fibrosis (Figure 9). 

  



Table 11: Demographic and CMR characteristics of the study population. Comparison of the parameters 

of patients with and without combined or arrhythmia endpoints. Abbreviations: BSA – body surface area, 

LV – left ventricular, EF – ejection fraction, EDV – end-diastolic volume, ESV – end-systolic volume, SV – 

stroke volume, M – mass, TPM – trabeculae and papillary muscles, i – index, EDWT – end-diastolic wall 

thickness, G – global, R – radial, C – circumferencial, L – londitudinal, S – strain, MD – mechanical 

dispersion, Conv – conventional method, TB – Threshold-based method 

 

combined endpoint arrhythmia endpoint 

yes no p yes no p 

Number of patients 34 153  12 168  

Male 13 (38%) 86 (56%) 0.06 5 (42%) 92 (55%) 0.38 

Age (y) 47.8±20.9 46.8±17.9 0.52 36.0±22.0 47.4±17.9 0.09 

BSA (m²) 1.81±0.26 1.91±0.25 0.06 1.70±0.37 1.90±0.25 0.07 

LVEF (%) 62.4±6.9 62.9±7.7 0.74 60.2±8.0 62.9±7.6 0.26 

LVESVi (ml/m²) 34.9±13.4 33.2±10.8 0.51 38.2±16.2 33.3±11.0 0.24 

LVEDVi (ml/m²) 91.7±26.4 88.1±17.0 0.65 93.8±28.2 88.4±18.2 0.65 

LVSVi (ml/m²) 56.6±15.5 55.4±10.9 0.95 55.2±14.6 55.5±11.7 0.67 

LVMiconv (g/m²) 114.9±52.1 88.0±31.2 <0.001 126.2±56.5 90.4±35.0 <0.01 

LVMiTB (g/m²) 142.2±67.5 113.0±37.4 <0.01 160.8±75.2 115.5±42.1 <0.01 

TPMi (g/m²) 29.0±15.2 24.9±8.4 0.17 34.0±19.7 25.1±9.0 <0.05 

EDWT (mm) 22.2±5.7 20.6±5.7 0.14 23.0±6.0 20.9±5.7 0.20 

Myocardial 

fibrosis (g) 

20.9±18.6 16.6±21.4 <0.05 29.3±22.9 16.4±21.0 <0.05 

Myocardial 

fibrosis (%) 

9.8±7.4 8.4±8.9 0.12 13.1±8.7 8.2±8.7 <0.05 

GLS (%) -21.2±6.2 -22.9±5.4 0.20 -20.6±6.9 -22.7±5.4 0.27 

GCS (%) -40.3±8.6 -40.2±7.5 0.90 -39.1±9.0 -40.0±7.5 0.68 

GRS (%) 76.6±22.0 83.4±22.5 0.11 74.8±21.1 82.4±22.6 0.26 

MDL (%) 17.7±4.6 16.4±5.2 0.17 17.7±5.7 16.5±5.1 0.44 

MDC (%) 8.5±4.7 7.1±3.8 0.10 9.3±5.0 7.2±3.8 0.16 

 



 

Figure 9: Correlation between LV functional parameters and LVH and myocardial fibrosis (Spearman’s correlation). (Source: Figure was published in The International 

Journal of Cardiovascular Imaging (82))  



4.4.3. Clinical outcome 

A combined endpoint and an arrhythmia endpoint were analysed. The combined endpoint 

included all-cause mortality, heart transplantation, and malignant ventricular arrhythmia 

or appropriate ICD therapy. The arrhythmia endpoint included malignant ventricular 

arrhythmia and appropriate ICD therapy. During the follow-up (3.8±2.4 years), 20 

patients died, and the cause of death was known in 11 patients. One patient died because 

of brain cancer, cardiovascular death was obvious in 10 cases, and one of them had SCD. 

In the case of 9 patients, the cause of death was unknown, and these patients were not 

included in the statistical analyses regarding arrhythmia events. Six patients underwent 

heart transplantation. One patient had aborted SCD during the follow-up period. ICD 

implantation occurred in 52 patients (48 as primary prevention), appropriate ICD therapy 

was detected in 9 patients (6 DC shock, 3 antitachycardia pacing), and one patient had 

electrical storm. The three patients who were examined after aborted SCD had appropriate 

ICD therapy during the follow-up. 

4.4.4. The prognostic value of CMR 

The patients who reached the combined endpoint had higher LVMi both with the 

conventional and threshold-based evaluation methods. The patients with arrhythmia 

events had higher LVMiconv and LVMiTB, higher TPMi and more extended myocardial 

fibrosis (Table 11). 

In the apical HCM group, the endpoint of our study was detected in only one patient who 

had heart transplantation; however, statistically, there was no difference in the prognosis 

of the different morphological types of HCM. 

LVMiconv, LVMiTB, GLS, GRS and MDL were significant univariate predictors of the 

combined endpoint. In the multivariate models, LVMi was an independent predictor of 

the combined endpoint (p<0.01). We investigated the prognostic factors of arrhythmia 

events, and we found that LVEF, LVMiconv, LVMiTB, TPMi and myocardial fibrosis were 

significant univariate predictors of arrhythmia events (Table 12). 
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Table 12: Predictors of the combined and arrhythmia endpoints assessed with univariate and multivariate 

Cox proportional hazard regression analyses. Abbreviations: LV – left ventricular, EF – ejection fraction, 

EDV – end-diastolic volume, ESV – end-systolic volume, SV – stroke volume, M – mass, TPM – trabeculae 
and papillary muscles, i – index, EDWT – end-diastolic wall thickness, G – global, R – radial, C – 

circumferencial, L – londitudinal, S – strain, MD – mechanical dispersion, Conv – conventional method, 

TB – Threshold-based method 

 combined endpoint 

univariate analysis multivariate analysis with 

LVMiConv 

multivariate analysis with 

LVMiTB 

p HR [95% CI] p HR [95% CI] p HR [95% CI] 

age 0.21 1.01 [0.99 to 1.03]     

female 

gender 

0.06 1.93 [0.97 to 3.87]     

LVEDVi 0.56 1.01 [0.99 to 1.02]     

LVESVi 0.13 1.02 [0.99 to 1.05]     

LVSVi 0.57 0.99 [0.96 to 1.02]     

LVEF 0.051 0.95 [0.91 to 1.00]     

LVMiConv 0.002 1.01 [1.003 to 1.02] 0.011 1.01 [1.00 to 1.02]   

LVMiTB 0.005 1.01 [1.002 to 1.01]   0.02 1.01 [1.00 to 1.01] 

TPMi 0.07 1.02 [1.00 to 1.04]     

EDWT 0.90 1.004 [0.95 to 1.06]     

myocardial 

fibrosis (%) 

0.42 1.01 [0.98 to 1.05]     

myocardial 

fibrosis (g) 

0.51 1.005 [0.99 to 1.02]     

GLS 0.02 1.08 [1.01 to 1.15] 0.27 1.04 [0.97 to 1.12] 0.26 1.04 [0.97 to 1.12] 

GCS 0.81 1.01 [1.01 to 1.05]     

GRS 0.048 0.98 [0.97 to 0.99]     

MDL 0.048 1.07 [1.00 to 1.14] 0.12 1.06 [0.99 to 1.13] 0.13 1.06 [0.98 to 1.13] 

MDC 0.06 1.08 [0.99 to 1.17]     

 arrhythmia endpoint 

univariate analysis multivariate analysis with 

LVMiConv 

multivariate analysis with 

LVMiTB 

p HR [95% CI] p HR [95% CI] p HR [95% CI] 

age 0.19 0.98 [0.94 to 1.01]     

female 

gender 

0.34 1.76 [0.55 to 5.59]     

LVEDVi 0.54 1.01 [0.98 to 1.04]     

LVESVi 0.08 1.04 [1.00 to 1.08]     

LVSVi 0.39 0.98 [0.93 to 1.03]     

LVEF 0.03 0.91 [0.84 to 0.99] 0.15 0.93 [0.84 to 1.03] 0.13 0.92 [0.83 to 1.06] 

LVMiConv 0.01 1.01 [1.00 to 1.02] 0.28 1.01 [0.99 to 1.03]   

LVMiTB 0.009 1.01 [1.00 to 1.02]   0.21 1.01 [0.99 to 1.03] 

TPMi 0.02 1.03 [1.00 to 1.06] 0.71 0.99 [0.92 to 1.06] 0.50 0.97 [0.89 to 1.06] 

EDWT 0.76 1.02 [0.92 to 1.12]     

myocardial 

fibrosis (%) 

0.03 1.05 [1.01 to 1.09] 0.14 1.03 [0.99 to 1.08] 0.15 1.03 [0.99 to 1.08] 

myocardial 

fibrosis (g) 

0.07 1.02 [1.00 to 1.04]     

GLS 0.053 1.11 [1.00 to 1.22]     

GCS 0.58 1.02 [0.95 to 1.10]     

GRS 0.15 0.98 [0.95 to 1.01]     

MDL 0.22 1.07 [0.96 to 1.19]     

MDC 0.09 1.12 [0.98 to 1.27]     
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Using ROC analysis, we calculated different LVMi cut-offs regarding the combined 

endpoint: the LVMi cut-off for males with the conventional evaluation method was 108 

g/m2, and it was 128 g/m2 with the threshold-based method. The LVMi cut-off for 

females with the conventional evaluation method was 86 g/m2, and it was 107 g/m2 with 

the threshold-based method. The patients with an LVMi less than the cut-off value had 

significantly better prognosis (Figure 10). 

 

Figure 10: LVMi cut-off for males and females with ROC analysis regarding major events. Event-free 

survival of patients divided by LVMi cut-off (Kaplan-Meier curves). (Source: Figure was published in The 

International Journal of Cardiovascular Imaging (82))  



5. Discussion 

5.1. Left and right ventricular parameters corrected with threshold-based 

method 

Quantitative analysis of TPM is controversial, as there is no generally accepted method 

for the quantification. It is difficult to compare literature data because of the diverse 

evaluation of TPM volumes. The majority of prior studies presented data that was either 

papillary muscle or trabecular mass measurement in isolation (77,83–85); few studies are 

available which reported the sum of papillary and trabecular mass (86–89). Quantitative 

analysis of TPM could alter normal ventricular values (87,90). Using the TB method, the 

measured end-diastolic and end-systolic volumes are lower, while the EF end mass are 

higher compared to the conventional method. Similar results were found in a previous 

study, although there are differences in the values compared to our study, which may be 

explained by the different software used (91). 

In our study, we compared two different LV and RV measurements focusing on 

interobserver variability of readers with different experience. We determined the global 

ICC score for all measured CMR parameters. Although interobserver agreement was 

excellent for both methods, it was statistically significantly higher for the TB method. 

The TB- method has improved accuracy comparing aortic flow measurement as a 

reference (29); accordingly, our data proved excellent equality of left and right ventricular 

stroke volumes with TB analysis compared to the conventional method. 

Left ventricular mass is a widely accepted morphological parameter to assess and predict 

clinical and cardiovascular outcomes (92,93). Our data regarding the sum of papillary 

muscle and trabecular mass in the left ventricle was consistent with large population based 

literature data in all observers (87). In our further studies, where we investigated the use 

of the TB method in patients with HCM, we found that LVM determined by conventional 

and TB methods correlated similarly with ECG hypertrophy indices, and that LVM 

influenced the prognosis of patients independently of the evaluation method. 

Although right ventricular morphology and function have a diagnostic and prognostic 

value in cardiovascular (94–97) and pulmonary diseases (96,98,99), TPM and TPM 
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corrected RV parameters are not-well understood. Trabeculation in RV significantly 

affects quantifications of volumes and masses; indeed, in our study ca. half of the right 

ventricular mass was measured as TPM which is not a negligible fraction.  

Threshold-based semi-automatic quantification methods are a user-friendly, accurate and 

consistent for evaluating LV and RV CMR parameters. Based on our results, the 

experience of the evaluator did not have any considerable effect on either LV or RV CMR 

parameters while using the TB quantification method. 

Limitations of the study: the limited patient number and the lack of scan-rescan 

reproducibility. The high differences of ICC values between the conventional and TB 

methods partially may come from the altering ranges of the measured parameters. 

5.2. Differential diagnosis of myocardial diseases causing left ventricular 

hypertrophy 

Analyzing a cohort of 330 HCM patients, 46 CA patients, 12 FD patients and 16 EMF 

patients, our main findings are as follows: 1) CA patients have the highest apex-to-base 

CS and LS ratios, suggestive of apical sparing. 2) In the differentiation of AL-CA from 

HCM, the amount of LGE have the highest diagnostic accuracy, followed by basal LS, 

basal CS and GRS. 3) FD patients have the lowest MDL and MDC, meaning that 

compared to that of other patients with LVH, global dyssynchrony is least pronounced in 

this patient population. 4) EMF patients have impaired global, basal, midventricular and 

apical CS and the lowest apex-to-base CS and LS ratios with respect to the other three 

groups. 5) CA patients have the worst prognosis, and the significant independent 

predictors of mortality are a diagnosis of CA, LVSVi and basal LS. 

The diagnosis of CA with CMR examination is traditionally based on the LVH phenotype 

and the pattern of LGE (43,44). In our study population, it was found that the amount of 

LGE had the highest diagnostic accuracy in the differentiation of AL-CA from HCM. A 

recent meta-analysis based on 18 published studies included 1,108 CA patients (69% 

were AL) and 907 control subjects, estimated a sensitivity and specificity of 84% and 

80%, respectively, for LGE in diagnosing CA (100). According to another meta-analysis 

of 7 studies, the sensitivity and specificity of LGE CMR in diagnosing CA were 85% and 
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92%, respectively (101). Expert consensus recommendations (43,44) state that CMR has 

a central role in the non-invasive diagnosis of CA referring to several studies in which 

typical LGE pattern has been shown to have a diagnostic sensitivity of 85% to 90%  (47–

49,102,103). 

However, in case of a contraindication for contrast agent administration, further 

diagnostic methods are needed. In recent years, novel CMR techniques, such as mapping 

measurements, have been developed for the quantitative assessment of myocardial 

changes. CA is characterized by pronouncedly increased native T1 values. In the case of 

contrast administration, the extracellular volume of the myocardium can be evaluated 

with T1 mapping. An increase in ECV is an early marker of CA even before the 

appearance of LGE (50,51). Unfortunately, mapping measurements were not available in 

our center for the current study. 

In the diagnosis of CA, echocardiography-based strain analysis is widely accepted. A 

well-known typical sign of CA is apical sparing, in which basal LS is severely impaired 

while apical LS is relatively spared (43,44). However, only a few studies have 

investigated the CMR-based strain patterns of CA, and the results are controversial. 

Williams et al. indicated that CA patients have worse GLS than HCM or FD patients, but 

they found no difference in the apex-to-base LS ratio between CA and HCM patients 

(104). In another study, CA patients were compared to healthy controls. CA patients had 

impaired global, basal, midventricular and apical strain values, but no differences were 

found in the apex-to-base ratios between CA patients and controls; furthermore, the LS 

values were not different between the apical and basal regions (105). Bhatti et al. 

investigated multiple myeloma patients with and without CA and found that the apex-to-

base gradient was suggestive of apical sparing in patients with CA compared with those 

without CA, but no differences were found in the CS and RS values (106). Our results 

demonstrate that feature-tracking strain analysis is applicable for detecting apical sparing 

in CA patients as they had had significantly higher apex-to-base LS and CS ratios than 

HCM, FD and EMF patients. However, in the differentiation of AL-CA from HCM, the 

apex-to-base CS and LS ratios were less accurate than the global and basal strain values. 
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Limited data are available regarding the CMR-based strain analysis of FD. Previous 

studies have indicated that FD patients with LVH have more impaired GLS and GCS 

values than those without LVH (107–110). We did not perform subgroup analysis among 

FD patients regarding the presence of LVH, as all of the patients had an EDWT of at least 

13 mm. In our study, FD patients had similar global strain values to HCM patients; 

however, we found differences in the dyssynchrony parameters between the two groups. 

Mechanical dispersion is a reliable parameter for assessing the heterogeneity and global 

dyssynchrony of LV contraction. Previous studies have indicated that MD, as assessed 

by echocardiography, could serve as a predictor of ventricular arrhythmias in HCM (111–

113). Cianciulli et al. demonstrated that FD patients with LVH have significantly higher 

MD than those without LVH or healthy controls (114). We found that FD patients had 

significantly lower MDL and MDC than the other groups, which suggests a more 

homogenous LV contraction in FD. 

To the best of our knowledge, the strain patterns in EMF as assessed by CMR have not 

been investigated previously. A case report is available on multiparametric CMR 

imaging, including feature-tracking strain analysis for the diagnosis of EMF, which 

presented a case of an EMF patient with impaired GLS; however, the GRS, GCS and 

regional strain values were not described in the report (115). Additionally, limited data 

are available regarding the echocardiography-based strain characteristics of EMF. 

Yamamoto et al. investigated patients with hypereosinophilic syndrome and a very early 

stage of LV endocardial dysfunction and found that hypereosinophilic syndrome patients 

have impaired GLS; however, GRS, GCS and conventional echocardiographic 

parameters were similar to those of normal controls (116). In our study, EMF patients had 

a more impaired GCS value than HCM and FD patients, while GLS was similar to that of 

HCM or FD patients. The apex-to-base LS and CS ratios were the lowest in this patient 

population, which is in agreement with the fact that the apical region is the most affected 

region in EMF. 

Amyloidosis is characterized by a progressive clinical course and poor prognosis if the 

disease is untreated (42–44). Unsurprisingly, CA patients had the lowest survival 

probability in our study. This result underlines the importance of the proper differential 

diagnosis of patients with LVH. The prognostic value of feature-tracking strain analysis 
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has been little investigated in this patient population; in studies that have addressed this 

topic, impaired global LV strain values were described as predictors of all-cause mortality 

in HCM and CA patients (35,36). In the current study, the significant independent 

predictors of mortality were a diagnosis of CA, LVSVi and basal LS. 

The limitations of our study include its single-center setting and the relatively low sample 

size of FD and EMF patient group. The main advantage of feature-tracking strain analysis 

is that it needs no additional dedicated CMR sequences, and the evaluation is performed 

using the standard cine images. However, this method has some limitations: previously 

published data showed that reliability and accuracy of feature-tracking analysis is 

dependent on reader experience more than tagging-based strain analysis, and the 

reproducibility of segmental assessment of strain is lower (117–119). Additionally, 

myocardial T1 and T2 mapping and myocardial extracellular volume measurements were 

not available. Finally, in the vast majority of HCM patients, no genetic testing was 

performed, and in 7 CA patients, the exact type of amyloidosis was unknown. 

5.3. Electrocardiographic predictors of LV hypertrophy and myocardial fibrosis 

in HCM 

The diagnostic value of the different ECG voltage criteria for HCM is mainly investigated 

using echocardiography (16,120,121). Although CMR is the gold standard noninvasive 

method for the detection and quantification of myocardial fibrosis, limited data are 

available regarding the correlation between CMR and ECG characteristics of HCM 

patients. Hypertrophy and myocardial fibrosis both may have an effect on ECGs, as an 

increased LVM results in a higher ECG amplitude, but replacement of the myocardium 

by fibrotic tissue decreases the ECG voltage. Based on the results from the Multi-Ethnic 

Study of Atherosclerosis (MESA), diffuse myocardial fibrosis was associated with a 

lower QRS voltage in a large population free of clinical cardiovascular diseases (122). It 

is also known that end-stage HCM with extensive fibrosis is associated with low voltage 

on ECGs (70). These studies did not investigate the effect of fibrosis on the Romhilt-Estes 

score, which is a more complex criterion than the other ECG hypertrophy criteria. In our 

study, the Romhilt-Estes score was the most sensitive ECG hypertrophy criterion, and 

this criterion showed the strongest correlation with the LVM. The Romhilt-Estes score 

was independent of the extent of fibrosis. The explanation that we offer for this finding 
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is that the Romhilt-Estes score considers not only voltage criteria but also ST-T 

abnormalities, P-wave features, left axis deviations, QRS durations and delayed 

intrinsicoid deflections; thus, the complexity of this score may result in a higher 

diagnostic accuracy in HCM. 

Although pathological Q waves are traditionally considered a marker of myocardial 

scarring, we found no difference in the amount of fibrosis between patients with and 

without pathological Q waves. In contrast to that result, fQRS and/or strain pattern 

associated with higher amount of myocardial fibrosis. In previous studies, it was also 

found that the presence of fQRS might be correlated with more fibrosis (21,69). Other 

studies that investigated the prognostic significance of fQRS reported that the presence 

of fQRS was associated with a significant increase in arrhythmic events in HCM patients 

(123,124). Strain pattern is a known ECG sign of HCM and is associated with a higher 

cardiovascular risk and abnormal left ventricular function (23,24,125). It is also known 

that ECG strain is a marker of myocardial fibrosis in aortic stenosis and in hypertension 

(126,127). To our knowledge, how strain pattern predicts myocardial fibrosis was not 

previously investigated in patients with HCM. Our results suggest that the presence of 

fQRS and/or strain pattern indicate a greater amount of myocardial fibrosis in patients 

with HCM. 

fQRS is a relatively common ECG alteration in the normal population. In our control 

group, 17% of healthy individuals had fQRS. A similar prevalence was found in a Finnish 

study, and fQRS was present in 19.7% of a middle-aged general population consisting of 

10,904 subjects. In this study, the prognostic significance of fQRS was investigated, and 

the researchers found that fQRS was not associated with increased mortality in subjects 

without a known cardiac disease (128). 

A limitation of our study is that it was a single-centre study with a relatively small control 

group. As non-contrast CMR examinations were performed in the control group because 

of ethical considerations, the presence of myocardial fibrosis was unknown in this healthy 

study population. Myocardial T1 and T2 mapping and myocardial extracellular volume 

evaluations were not available at the time of the study. Another limitation is that there 
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was no follow-up of the patients in this study, and no genetic testing was performed in 

the vast majority of HCM patients. 

5.4. Prognostic significance of CMR-based markers in patients with HCM 

The main findings of our study that investigated the clinical outcome of HCM patients 

are as follows: 1) LVMi was an independent CMR predictor of major events (mortality, 

heart transplantation, malignant ventricular arrhythmia or appropriate ICD therapy) 

independent of the LVMi quantification method. 2) The univariate predictors of major 

events were LVMi, GLS, GRS and MDL. The univariate predictors of arrhythmia events 

were LVEF, LVMi, TPMi and myocardial fibrosis. 3) More pronounced LVH was 

associated with impaired GLS and increased MDL. More extended myocardial fibrosis 

correlated with impaired GLS. However, LVEF showed no correlation with the degree of 

LVH or with the extent of myocardial fibrosis. 

Several studies have demonstrated that patients with more extensive myocardial fibrosis 

have a higher risk for malignant ventricular arrhythmias (73,74,129,130). These findings 

are confirmed by guidelines published since our study, in which LGE above 15% of LVM 

is considered a high risk of SCD (8,65). Our results are consistent with the supposition of 

the prognostic role of myocardial fibrosis; in our patient population, myocardial fibrosis 

was a univariate predictor of malignant ventricular arrhythmias. 

Conventionally, maximal EDWT is used to describe LVH and to estimate SCD risk in 

HCM (131–133). However, data in the literature regarding the prognostic significance of 

EDWT have been controversial (134). LVM is a more robust measure of the total burden 

of LVH than a single measurement of the EDWT. A previous study stated that the EDWT 

does not reflect the degree of LVH in patients with HCM, as patients with the same wall 

thickness may have substantial differences in LVM (135). In an other study it was found 

that markedly increased LVMi was more sensitive in predicting outcome, whereas EDWT 

>30 mm was more specific in HCM patients (136). CMR examination provides the most 

accurate and reproducible information about LVM, as CMR-based LVM measurements 

are free of cardiac geometric assumptions (137). We found that higher LVMi predicted 

poor clinical outcome independent of the evaluation method; nevertheless, the LVMi cut-
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off values regarding major events depended on the evaluation method and sex. In our 

patient population, EDWT was not a predictor of major events. 

Myocardial strain analyses provide accurate information about global and regional LV 

function. Strain by speckle tracking echocardiography has been increasingly applied as a 

sensitive and early marker of LV dysfunction in different cardiomyopathies. Previous 

studies have demonstrated the relation of echocardiography-based strain parameters to 

structural alterations and clinical outcomes in patients with HCM (111,138,139). In a 

previous study it was investigated in 74 HCM patients, how global strain parameters 

assessed with FT-CMR effect the patients’ prognosis. They found that impaired global 

LV strain values were associated with all-cause mortality and heart failure events (75). 

MD was not investigated in their study; however, a previous study demonstrated the 

prognostic role of MD evaluated with FT-CMR in patients after ST-segment elevation 

myocardial infarction (140). In our study, GLS, GRS and MDL were univariate predictors 

of major events. In patients with more pronounced LVH, we found increased global LV 

dyssynchrony and impaired longitudinal contraction, while LVEF did not correlate with 

the degree of hypertrophy. These results suggested that the FT strain analysis provides 

important additional information for the detection of LV dysfunction and for risk 

stratification in HCM patients. 

The limitations of our study are that it was a single-centre study, which might limit the 

generalizability of our conclusions. Although our study was designed to represent a real-

world population, due to the retrospective nature of the study, limited clinical data were 

available for some patients; therefore, these patients were excluded from the analyses. 

Myocardial T1 and T2 mapping and myocardial extracellular volume evaluation were not 

available. In the vast majority of the patients, no genetic testing was performed.  
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6. Conclusion 

The precise and standard measurement of LV nad RV CMR parameters is crucial and 

plays a major role during patient follow-up. Our study highlights the necessity of a 

consistent method for evaluation of TPM in ventricles to uniform normal CMR values, 

and to avoid misinterpretation of various methods and inaccurate clinical decision-

making. Using the TB method, TPM is automatically detected by the software and added 

to the myocardial mass. TB method showed higher interobserver agreement than 

conventional method regardless of the readers’ experience. 

The treatment and prognosis of different myocardial diseases with LVH varies, which 

makes accurate differential diagnosis of hypertrophy phenocopies of high importance. 

Our results show that myocardial diseases with LVH have remarkable differences in 

CMR characteristics including strain parameters which can be helpful in the differential 

diagnosis of these conditions. Furthermore, CMR including strain measurement provides 

additional information for the assessment of prognosis in this patient population. 

Investigating the ECG characteristics of HCM, we found that both the degree of LVH and 

the extent of myocardial fibrosis have an effect on the ECG pattern. Our results suggest 

that the Romhilt-Estes score detects LVH with the highest sensitivity, as myocardial 

fibrosis has no effect on this criterion. In contrast to pathological Q waves, fQRS and 

strain pattern are reliable predictors of myocardial fibrosis. 

During clinical follow-up of HCM patinets, we found that LVMi is an independent CMR 

predictor of major events independently of evaluation method; nevertheless, the LVMi 

cut-off values regarding major events depended on the evaluation method and sex. In line 

with previous literature data, our results show that myocardial fibrosis predicts arrhythmia 

events in HCM patients. Furthermore, CMR-based strain analysis provides additional 

information for the detection of LV dysfunction and for risk stratification in this patient 

population.  
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7. Summary 

Pathological left ventricular hypertrophy (LVH) can be caused by different factors, 

including pressure overload, various infiltrative diseases or a primary structural 

abnormality of the myocardium. The treatment and clinical course of these pathologies 

vary, so accurate diagnosis is of paramount importance. Cardiac magnetic resonance 

(CMR) imaging is a non-invasive reference method for cardiac morphology, function and 

myocardial tissue characterisation, and is becoming increasingly accurate in diagnosis 

thanks to dynamic developments. 

In our study, we investigated the role of conventional CMR parameters, CMR-based 

strain analysis and the quantification of contrast enhancement indicative of myocardial 

fibrosis in the differential diagnosis and prognostic assessment, as well as the correlation 

between ECG and CMR features. We investigated the effect of quantification of 

trabeculae and papillary muscles (TPM). By conventional evaluation, TPM is part of the 

ventricular cavity, while by threshold-based method it is part of the myocardium. Our 

results show that the method of evaluation significantly influences the obtained 

parameters. We found characteristic differences in the CMR appearance of hypertrophic 

cardiomyopathy (HCM), amyloidosis (CA), Fabry disease and endomyocardial fibrosis. 

Our results suggest that CMR-based strain analysis is suitable for detecting apical sparing 

characteristic of CA described by echocardiography, however, basal and global strain 

values showed higher diagnostic accuracy in differentiating CA from HCM. CA patients 

had the worst prognosis, the significant independent predictors of mortality were a 

diagnosis of CA, LVSVi and basal LS. Examining the ECG characteristics of HCM, we 

found significant differences in the sensitivity of the hypertrophy ECG criteria, with the 

Romhilt-Estes score having the highest diagnostic value. This criterion was independent 

of the amount of myocardial fibrosis, while the value of the criteria based on QRS 

amplitude alone decreased with increasing amount of fibrosis. Fragmented QRS and ECG 

strain pattern were shown to be predictive of myocardial fibrosis. When examining the 

prognosis of patients with HCM, we found that left ventricular mass was an independent 

predictor of major events (mortality, heart transplantation, malignant arrhythmia), which 

was not influenced by the evaluation method of left ventricular mass. The amount of 

myocardial fibrosis had an effect on arrhythmia events.  
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8. Összefoglalás 

Kóros bal kamra hypertrophia (BKH) hátterében számos tényező állhat, okozhatja 

nyomásterhelés, különböző infiltratív betegségek, illetve a szívizom elsődleges 

strukturális rendellenessége. Ezen kórképek kezelése és klinikai lefolyása eltérő, ezért a 

pontos diagnózis felállításának kiemelt szerepe van. A szív mágneses rezonanciás (MR) 

vizsgálat a szív morfológiájának, funkciójának és a szívizom szöveti jellemzésének 

noninvazív referenciamódszere, a dinamikus fejlődésnek köszönhetően egyre pontosabb 

diagnózisalkotást tesz lehetővé. 

Kutatásunkban vizsgáltuk a hagyományos szív MR paraméterek mellett a strain analízis 

és a miokardiális fibrózist jelző kontraszthalmozás kvantifikálásának szerepét a 

differenciáldiagnózisban és a prognózis megítélésében, továbbá az EKG és MR 

jellegzetességek közötti összefüggéseket. Vizsgáltuk a trabekulák és papilláris izmok 

(TPM) kvantifikálásának hatását. Hagyományos kiértékeléssel a TPM a kamrai üreg, míg 

threshold-based módszerrel a szívizom része. Eredményeink alapján a kiértékelés módja 

szignifikánsan befolyásolja a kapott értékeket. Jellegzetes különbségeket találtunk 

hypertrophiás cardiomyopathia (HCM), amyloidosis (CA), Fabry-kór és 

endomiokardiális fibrózis MR megjelenésében. Eredményeink alapján MR vizsgálattal 

végzett strain analízis alkalmas az echocardiographiával leírt CA-ra jellemző ‘apical 

sparing’ kimutatására, azonban a CA HCM-től történő differenciálásában a bazális és 

globális strain értékek magasabb diagnosztikus pontosságot mutattak. A CA betegek 

prognózisa volt a legrosszabb, a halálozás független prediktorai a CA diagnózisa, a bal 

kamrai verővolumen és a bazális longitudinális strain voltak. A HCM EKG 

jellegzetességeit vizsgálva jelentős különbségeket találtunk a hypertrophia EKG 

kritériumok szenzitivitásában, a Romhilt-Estes score diagnosztikus értéke volt a 

legmagasabb, ez a kritérium független volt a miokardiális fibrózis mennyiségétől, míg a 

kizárólag QRS amplitúdón alapuló kritériumok értéke a fibrózis mennyiségének 

növekedésével csökkent. A fragmentált QRS és az EKG strain jel a miokardiális fibrózis 

prediktorának bizonyult. A HCM-es betegek prognózisát vizsgálva megállapítottuk, hogy 

a bal kamrai izomtömeg a major események (halálozás, szívtranszplantáció, malignus 

aritmia) független prediktora, amit nem befolyásolt az izomtömeg meghatározásának 

módja. A miokardiális fibrózis mennyisége az aritmia eseményekre volt hatással.  
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