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List of Abbreviations 
bSSFP: balanced steady-state free precession 

CMR: cardiac magnetic resonance 

DCM: dilated cardiomyopathy 

EDV: end-diastolic volume 

EDVi: end-diastolic volume index 

EF: ejection fraction 

ESV: end-systolic volume 

ESVi: end-systolic volume index 

FT: feature-tracking 

GA: gadobutrol 

GCS: global circumferential strain 

GD: gadobenate dimenglumine 

GLS: global longitudinal strain 

GRS: global radial strain 

ICC: intraclass correlation coefficient 

LGE: late gadolinium enhancement 

LV: left ventricle 

LVNC: left ventricular noncompaction 

MRI: magnetic resonance imaging 

post-CA: post-contrast agent 

post-GA: postgadobutrol 

post-GD: post- gadobenate dimenglumine 

pre-CA: pre-contrast agent 

pre-GA: pregadobutrol 

pre-GD: pregadobenate dimenglumine 

PTMi: end-diastolic papillary and trabeculated myocardial mass index 

RBR: rigid body rotation 

ROT: rotation 

SA: short axis 

SD-TTP-CS: standard deviation of time-to-peak circumferential strain 

SD-TTP-LS: standard deviation of time-to-peak longitudinal strain 

SV: stroke volume 
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SVi: stroke volume index 

TMi: end-diastolic total myocardial mass index  
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1. Introduction 

1.1. Cardiac trabeculation 

Myocardial trabeculae appear at the end of the fourth week of gestation in humans (1). During 

the early phase of trabecular development, a thick trabecular meshwork is formed mediated by 

cardiomyocyte differentiation and terminal proliferation and maintained by ligand-receptor 

interactions between endocardial-endocardial and endocardial-myocardial cells (1, 2). By the 

end of the eighth week of gestation in humans, ventricular septation is complete, and a 

significant increase in the proportion and thickness of the compact myocardium is seen. At the 

same time, the remaining trabeculation becomes rearranged and produces a definitive pattern 

specific to the ventricles (1). Although several growth factors and intracellular signaling 

pathways have been identified in trabecular development, the compaction process of 

trabeculated myocardium into a compact layer still lacks compelling evidence (2, 3). 

The role of ventricular trabeculation during cardiac development in the embryonic phase is to 

facilitate nutrient and gas exchange in the heart muscle before developing coronary arteries (1). 

However, its role in the developed heart is not fully understood. Observational studies suggest 

that trabeculation is part of a mechanism for efficient filling and emptying of the chambers (4). 

It has been hypothesized that trabeculation provides mechanical leverage during early systolic 

ejection through contraction (1). Paun et al. developed a geometrical model to analyze the 

performance of the trabeculated left ventricle (LV) in the presence and absence of trabeculae. 

They suggested that the trabeculated ventricle requires less strain to perform the ejection, and 

trabeculation allows the production of a higher stroke volume (SV) with the same strain (4). 

Accordingly, less trabeculation causes unnecessarily large strains in the ventricle, which can be 

reduced with more trabeculation (Figure 1). 

By and large, there is a search for an optimum in cardiac development: ventricular 

hypertrabeculation commonly leads to early embryonic lethality in small animal models, 

indicating that a significant reduction in trabeculation prevents the developing heart from 

functioning as an effective organ (2). However, excessive trabeculation hampers the 

development of the necessary strain and reduces the space occupied by blood, leading to 

ventricular dilatation and even cardiac dysfunction in some cases (4). 
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Figure 1. The impact of trabeculation on stroke volume and strain by Paun et al. Panel (a) show 

the ventricle in its initial configuration with trabeculations (trabeculation - light blue, 

compacted myocardium – dark blue) and the change in area during contraction (change in areas 

in 16 squares); panel (b) shows the contraction of the cavity that has only a compacted 

myocardium (change in areas in 13 squares); panel (c) shows the contraction of the cavity that 

only has a compacted myocardium and maintains the change in area (18 squares) (4). 

ED: end-diastole, ES: end-systole 

1.1.1. Ventricular trabeculation in physiological conditions 

The amount of LV trabeculation in healthy adults has been studied with cardiac magnetic 

resonance (CMR); however, generally accepted normal reference ranges are not in use due to 

the lack of consensus on the measurement technique (5-10). A more accessible approach was 

introduced to differentiate between normal and excessive LV trabeculation: the ratio of the 

thickness of trabeculated (noncompacted) and compacted myocardial layers measured in long- 

or short-axis echocardiographic/CMR images (11, 12). 

A broad spectrum of ventricular trabeculation exists across healthy populations (13-16). 

According to large, population-based, multiethnic studies, such as MESA and TASCFORCE, 

excessive LV trabeculation is present in 15-43% of patients and is influenced by ethnicity and 

sex (Figure 2) (13-15). African American and Hispanic racial backgrounds are associated with 

increased trabeculation compared with white backgrounds, while Chinese Americans have a 

tendency for reduced LV trabeculation (14). Additionally, the thickness of trabeculae and 

trabecular complexity are positively associated with the male sex (13, 14). Individuals with 
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more LV trabeculation tend to have higher LV end-diastolic (EDV) and end-systolic volumes 

(ESV) and a lower ejection fraction (EF); however, according to the results of a 9.5-year follow-

up study, excessive LV trabeculation was not associated with a further increase in LV volumes 

or a decrease in ventricular function (13, 15, 16). Hence, a greater extent of ventricular 

trabeculation is benign and does not seem to have clinical implications in healthy individuals 

(16). 

Other physiological conditions, such as vigorous physical activity and pregnancy, can be 

associated with acquired and reversible LV hypertrabeculation (Figure 2) (17, 18). Gati et al. 

described that 8.1% of the 1146 studied athletes had excessive LV trabeculation, and further 

studies confirmed the association between vigorous physical activity and increased ventricular 

trabeculation and the reversible nature of this hypertrabeculation (17, 19, 20). A study including 

102 primigravida pregnant women demonstrated that de novo LV trabeculation occurred in 

25% of the studied individuals, which showed complete resolution in 69% of the postpartum 

period (18). An additional 12% showed gradual regression over the 2-year follow-up period 

(18). It was suggested that the development of more trabeculation is an adaptive mechanism of 

the heart used to increase cardiac output and increase preload, which is present in both high-

intensity physical activity and pregnancy (4, 18). This cardiac remodeling allows the ventricle 

to produce an increased stroke volume if required or keep the SV at the required level with a 

lower strain in case of increased preload (4). 
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Figure 2. Four-chamber long-axis CMR images of a healthy volunteer with a normal amount 

of LV trabeculation (A), a healthy volunteer (B), an elite athlete (C), and a healthy black 

participant (D) whom all presented with excessive LV trabeculation. 

1.1.2. Ventricular trabeculation in pathologic conditions 

Excessive ventricular trabeculation is the principal anatomic characteristic of left ventricular 

noncompaction (LVNC), in which prominent abnormal trabeculae are present in the apical part 

of the LV and form a noncompacted myocardial layer that is thicker than the compacted 

myocardium (Figure 3) (2). It is a rare condition that can be diagnosed in infants (0.81 per 

100,000 infants), children (0.12 cases per 100,000 children) and adults (prevalence: 0.014%) 

(21). Several morphologic criteria have been presented for both echocardiography and CMR, 

as later discussed in Section 1.3 (22). Clinical manifestations range from no symptoms to heart 

failure, arrhythmias, and thromboembolic events (23). However, to differentiate between 

physiologic LV hypertrabeculation and LVNC, an integrated diagnosis should be made, and 

both morphologic criteria and the patient’s clinical history should be considered (24). Suppose 

only morphologic criteria are fulfilled, but the patient’s clinical history, family history, ECG, 

and Holter monitoring are negative and late gadolinium enhancement (LGE) is not present. In 

that case, it is considered a noncompaction phenotype, and no follow-up is necessary (24). 
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LVNC can be diagnosed if at least one clinical sign (symptoms, positive family history, the 

presence of arrhythmias on ECG or Holter, the presence of late gadolinium enhancement, heart 

failure, positive genetic test result) is present in addition to the specific morphologic features 

(24). The prognosis of LVNC without clinical manifestations is good, although life expectancy 

can be reduced in the presence of heart failure, malignant arrhythmias, and thromboembolic 

events (25, 26). In the latter case, the risk of death from cardiovascular causes is similar to that 

in patients with dilated cardiomyopathy (DCM) (26). 

LVNC can be inherited or sporadic. The genetic background of inherited LVNC is heavily 

researched, but most of the associated mutations are in the same genes that cause other types of 

cardiomyopathies as well (21). Thus, LV hypertrabeculation/noncompaction can be observed 

in cardiomyopathies with overlapping phenotypes in dilated, hypertrophic (HCM), and 

arrhythmogenic cardiomyopathy (Figure 3) (27). 

LV hypertrabeculation/noncompaction can be associated with congenital heart diseases (e.g., 

patent ductus arteriosus, atrial/ventricular septal defects, Ebstein anomaly or hypoplastic left 

heart syndrome) due to genetic mutations or hemodynamic factors (27, 28). 

An increased preload, increased afterload, and chronic anemia might trigger myocardial 

remodeling, resulting in acquired LV hypertrabeculation, which has been described in patients 

with β-thalassemia, chronic kidney disease, and sickle cell anemia (29-31). 

A different approach was proposed by Arbustini et al., who concluded that LVNC could be 

regarded as an isolated entity or a trait that can recur in various cardiac and noncardiac diseases 

(27). According to this assumption, LVNC can be grouped as follows: (1) isolated LVNC with 

normal LV function; (2) LVNC with LV dilation and dysfunction at onset; (3) LVNC in the 

presence of DCM, HCM, or arrhythmogenic cardiomyopathy; (4) LVNC associated with 

congenital heart diseases; (5) syndromes with LVNC; (6) acquired and potentially reversible 

isolated LVNC; and (7) right ventricular noncompaction (27). 
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Figure 3. CMR images of patients with dilated cardiomyopathy (A), hypertrophic 

cardiomyopathy (B), arrhythmogenic cardiomyopathy (C), and left ventricular noncompaction 

(D). 

1.2. Cardiac magnetic resonance 

The first recognizable magnetic resonance images of the human heart were obtained in 1981. 

However, the significant problem of motion artifacts came from breathing and was not solved 

until 1991, when the method of ECG gated segmented data acquisitions for cine imaging was 

introduced. The current cine balanced steady-state free precession (bSSFP) pulse sequence was 

introduced in 1999 (32). 

Since then, due to its accuracy and prognostic value, CMR has become the gold standard 

noninvasive imaging tool in visualizing and assessing cardiac anatomy, volumes and function, 

and myocardial tissue characterization (33). Cine imaging covering the ventricles from base to 

apex is used for measuring volumes and function, while regional wall motion abnormalities can 

also be assessed using multiple planes (34). Wall thickness can be accurately measured in 

hypertrophic states, and CMR affords superior visualization of the apical structures (aneurysms, 

apical HCM, LVNC) (35). 
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Noninvasive tissue characterization can be achieved with T1 and T2 imaging. Gadolinium-

based contrast agents are paramagnetic, T1-shortening agents distributed within intravascular 

and extracellular compartments (35). Myocardial fibrosis causes the expansion of the 

extracellular space, leading to a higher concentration of gadolinium-based contrast agents and 

a hyperenhanced signal in this area (late gadolinium enhancement) (36). The pattern of LGE is 

characteristic of different diseases and plays a significant role in the diagnosis, e.g., 

subendocardial, and transmural LGE is typical of ischemic etiology; midwall LGE can be 

present in dilated cardiomyopathy or myocarditis, and subepicardial LGE might be present in 

myocarditis or sarcoidosis (Figure 4) (34). 

Further, CMR tissue characterization techniques include T1 and T2 mapping and extracellular 

volume quantification (36). Last but not least, 4D-Flow provides quantitative information on 

flowmetry across the valves or within the chambers (37). 

 

Figure 4.  Late gadolinium enhancement in myocardial infarction (A), myocarditis (B), and 

hypertrophic cardiomyopathy (C). 

1.2.1. The role of cardiac magnetic resonance in the assessment of left ventricular 

noncompaction 

Transthoracic echocardiography has been used for diagnosing LVNC since the first 

morphologic criteria were described in 1990 by Chin et al. (38). Since then, several criteria have 

been established, and echocardiography is still the imaging method of choice to identify LV 

hypertrabeculation and follow-up patients (24, 38). However, the diagnosis might be incorrect 

when echocardiography is used as the sole imaging modality (39). Further evaluation with CMR 

is recommended to confirm the diagnosis, as it provides a better morphologic characterization 

of the myocardium due to the high spatial resolution. 

Several groups have worked on developing CMR diagnostic criteria for LVNC; however, there 

is a lack of consensus on which criteria should be used routinely (40). Petersen et al. were the 



12 
 

first to participate in this evaluation. They measured the end-diastolic thickness of 

noncompacted and compacted myocardial layers in the long-axis view and found that the ratio 

of these layers with a cutoff of 2.3 has high diagnostic accuracy in identifying LVNC from 

other conditions presenting with LV hypertrabeculation (Figure 5) (11). 

Another diagnostic approach is the measurement of noncompacted myocardial mass: a 

trabeculated mass >20% of the global LV mass has been found to have a sensitivity and 

specificity of 93.7% to differentiate pathologic trabeculation (Figure 5) (41). Interestingly, 

Grothoff et al. also measured the percentage of noncompacted myocardial mass, but they found 

that the optimal cutoff was 25%, slightly different from the previous cutoff (42). They also 

described a trabeculated myocardial mass >15 g/m2 as highly sensitive and specific to LVNC 

(42). Although we need to mention that these criteria do not consider sex, however, men have 

a higher LV trabeculated myocardial mass due to hormonal and biometric causes (10). 

 
Figure 5. Short-axis image of a participant who fulfilled Petersen’s (A) and Jacquier’s (B) 

morphologic criteria of left ventricular noncompaction. The orange line represents the 

compacted myocardial layer, the blue line represents the noncompacted layer (A), the green 

area represents the compacted and noncompacted myocardium, and the red line borders 

endocardial trabeculation (B). 

LV: left ventricle, TMi: left ventricular total myocardial mass, PTMi: left ventricular papillary 

and trabeculated muscle mass  

Endocardial trabeculation creates a highly irregular endocardial border, and its complexity can 

be measured using fractal analysis (43). This method quantifies complex geometric patterns. 

The fractal dimension is a unitless measure index that shows how completely the complex 

structure fills its space. The higher the fractal dimension, the more complex the structure. 

Captur et al. described patients with LVNC as having significantly higher fractal dimensions 
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than healthy controls (43). They also proposed a cutoff for the fractal dimension as a diagnostic 

marker of LVNC (43). However, this technique requires specific software and reference ranges 

for healthy individuals, which have not been established. 

In the following years, it became evident that the sole use of morphologic criteria results in 

overdiagnosis, as it is fulfilled in up to 43% of the healthy population (13). For this reason, a 

more complex approach was recently proposed that combines morphologic criteria with the 

patient’s clinical history to establish the diagnosis (24). 

As already mentioned, tissue characterization is a great advantage of CMR. A meta-analysis 

including four studies assessed the predictive value of LGE in LVNC (44). They concluded that 

the presence of LGE was a predictor of major adverse cardiovascular events and was associated 

with a worse prognosis in patients with LVNC independent of LV function (44). 

Novel technologies, such as deformation analysis might provide additional information for 

diagnosis and prognosis. A large number of speckle-tracking echocardiography studies were 

conducted to describe the myocardial deformation pattern of patients with LVNC and to 

develop new and additional diagnostic criteria (45-47). Nonetheless, the results are 

controversial, and comprehensive information is not available about the feature-tracking strain 

characteristics of LVNC patients with different levels of LV EF deterioration. 

1.2.2. Threshold-based trabecular and papillary muscle mass quantification 

According to the position statements for standardized image interpretation and postprocessing 

in CMR, trabeculated and papillary muscles should be included with the myocardium as part 

of the LV mass if possible (33). Inclusion in the blood volume is also acceptable and is widely 

used, as not all evaluation tools allow for the inclusion of trabeculated and papillary muscle to 

LV myocardium without manual drawing of contours. Manual exclusion of the trabeculation 

by drawing nonconvex endocardial contours has demonstrated high intra- and interobserver 

variability (33, 48). Several studies have indicated that including trabeculated and papillary 

muscles in the blood pool significantly changes the measured volumetric, functional, and 

myocardial mass values (49, 50). Yet, these values correlate well with each other (49, 50). 

Accordingly, the applied normal values should be selected. Quantification of the trabeculated 

myocardium is not part of the routine assessment, but it can be relevant in patients with LV 

hypertrophy or hypertrabeculation (42, 51). 

In the past ten years, different vendors have developed slightly different algorithms to quantify 

trabeculation. However, they are all based on high-resolution imaging of the LV with great 

visual contrast between the darker myocardium and the bright blood pool using cine bSSFP 
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sequences (52-54). Hautvast et al. proposed a fuzzy thresholding algorithm where thresholds 

are determined based on image characteristics and are examination specific (6, 52). 

Jaspers et al. proposed a semiautomatic threshold-based method where the epicardial contour 

served as the initialization (Figure 6) (53). Within the epicardial contour, the algorithm 

estimated the signal intensity of blood and myocardium and calculated a blood percentage value 

for any given voxel using an equation described by them (53). Thus, voxels were classified as 

either blood or muscle based on their signal intensity. Based on visual inspection, the signal 

intensity threshold can be manually adjusted between 1 and 100% separately for end-systolic 

and end-diastolic phases. This method has been validated against aortic flow measurements and 

provides a more accurate evaluation of LV volumes and mass than conventional contour-based 

techniques (55). It is highly reproducible, and the evaluator's experience did not have any 

considerable effect on the measured parameters (50). 

 

Figure 6. Representative image analysis with threshold-based papillary and trabeculated 

muscle quantification software and the calculated left ventricular parameters of healthy 

participants (A) and a patient with left ventricular noncompaction (B). The green and blue areas 

represent the myocardial mass, including the left and right ventricles' endocardial trabeculation 

(included in the endocardial contours). The threshold was set to 50%. 

A few limitations regarding these threshold-based software programs should be mentioned. The 

current ejection fraction and volume quantification uses a stack of thick short-axis 

slices, and 8-10 mm are standard for Z-direction spatial resolution. Moreover, trabeculae and 

papillary muscles do not cross the slice in an exactly 

perpendicular fashion, which creates partial volume effects. Depending on 

the actual path of the trabeculae, this feature will influence the threshold-based 

quantification (53, 56). 
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1.2.3. Feature-tracking deformation analysis 

Assessment of LV function remains challenging. EF is the most commonly used parameter for 

this process; however, its reproducibility is suboptimal because it does not reflect regional LV 

function (57). Further limitations also arise from its volumetric nature (57). The need for more 

accurate characterization of LV mechanics has emerged, and the use of strain for the 

noninvasive evaluation of myocardial deformation has spread. 

Myocardial strain measures the degree of deformation of a myocardial segment from its initial 

length (in end-diastole, L0) to its maximum length (in end-systole, L1): strain = (L1-L0)/L0 (58). 

The different spatial components of myocardial contraction can be studied using longitudinal, 

radial, or circumferential strain. Longitudinal strain represents longitudinal shortening from 

base to apex (negative value); radial strain indicates LV thickening and thinning during the 

cardiac cycle toward the center of the LV cavity (positive value); and circumferential strain 

derives from LV myocardial shortening along the circular perimeter measured on a short-axis 

view (negative value) (58). These strain values can describe both global and segmental LV 

deformation. 

The ability to detect early myocardial dysfunction and the prognostic role of strain measurement 

have been shown in several cardiovascular diseases, resulting in its use as part of routine 

examinations (58). 

Tissue tagging was the first method that allowed deformation analysis with CMR (59). CMR 

tagging magnetically labels different regions of the myocardium with selective radiofrequency 

saturation planes and pulses. Tag lines will move along with the myocardium during 

contraction; thus, tracking these tags allows direct evaluation of myocardial strain (57). Tagging 

has been validated extensively using both in vitro and in vivo models and is considered the 

reference standard modality for CMR strain quantification (57). Although it has several 

limitations, such as low temporal resolution, it potentially underestimates strain at higher heart 

rates and requires dedicated acquisition sequences and special postprocessing software (57). 

In contrast, feature-tracking (FT) technology is a postprocessing method that gained popularity 

by allowing measurements without additional sequences. It is an optical flow 2D method that 

can be applied to routinely acquired cine bSSFP sequences. It is based on identifying features 

in the image and tracking them in subsequent frames throughout the cardiac cycle (Figure 7) 

(58). The tracked features are anatomic elements on the myocardial cavity tissue boundary and 

are found by the maximum-likelihood method between two regions of interest between two 

frames (58). Manual contour detection of the endocardium, epicardium, and mitral valve 
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annular plane is needed for automatic border tracking of the software (58). Longitudinal strains 

are estimated from long-axis SSFP cine images, while short-axis cine images are used for 

circumferential and radial strain measurements. Although FT was developed for 2D images, it 

can also be applied for 3D image tracking. There are a few limitations. This method lacks a 

relevant validation process, and thus, its clinical application is questionable. Additionally, the 

reproducibility of segmental strain is worse than the gold-standard tissue tagging, and there is 

high variability in normal strain values between different vendors; thus, there is a lack of an 

accepted normal reference range (57, 60). 

 

Figure 7. Representative image analysis with the feature-tracking software. 

1.3. Questions and controversies about left ventricular noncompaction 

Nevertheless, LVNC is a widely studied entity with more than 2000 publications in the field, 

and our understanding of ventricular trabeculation and LVNC remains in its infancy compared 

with other cardiomyopathies. 

First, LVNC was defined as a genetic cardiomyopathy by the American Heart Association; 

however, many scientists describe LVNC as a trait shared by many pathologic conditions and 

not a single disease (61). Developments in imaging technology have improved the visualization 

of ventricular trabeculation, although a standardized protocol is not available for its 

quantification. Questions including the type of postprocessing measurement and whether the 

use of contrast agent has an effect on trabecula quantification have been raised. 
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Developments in the field of imaging have also resulted in an overdiagnosis of LVNC (61). 

However, it is still not clear whether all subjects with LVNC have cardiomyopathy or if LVNC 

describes a phenotype with a spectrum of normal variants, physiologic-to-pathologic 

remodeling and cardiomyopathy (62). Labeling healthy individuals with LVNC has a negative 

impact on the subject and on health care resources (62). The sole use of morphologic criteria 

does not identify patients with true cardiomyopathy. The addition of a detailed clinical history 

and family anamnesis to the diagnosis helps to discover patients who should undergo genetic 

testing, which can then reveal the presence of genetic causes of cardiomyopathy (62). However, 

genetic testing is not widely available. Morphologic criteria do not predict outcome, but novel 

imaging modalities, such as deformation analysis, might help differentiate between a normal 

anatomic phenotype and LVNC cardiomyopathy (62). Speckle-tracking echocardiography 

studies have already been published about the myocardial deformation pattern of patients with 

LVNC and the development of new and additional diagnostic criteria; however, the results are 

controversial (45-47). Furthermore, CMR FT studies are not available.  
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2. Objectives 

The goal of our research was to create an optimal CMR study protocol for patients with 

ventricular hypertrabeculation and to describe the left ventricular volumetric, functional and 

deformation characteristics of patients with LVNC with good to severely reduced ventricular 

function. 

2.1. The effect of contrast agents on left ventricular parameters calculated by a threshold-

based software module 

To shorten the scan time, bSSFP short-axis cine images are often acquired after contrast agent 

administration, which is a global practice and a recommended technique for CMR 

examinations. This study was designed to confirm our experience with the postprocessing 

evaluation of scans made after the injection of gadolinium-based contrast material, namely, that 

endocardial trabeculation is more difficult to detect. We aimed to quantify the effect of contrast 

agent on calculated parameters of patients with LVNC and healthy participants using threshold-

based papillary and trabeculated muscle quantification postprocessing software. Furthermore, 

we studied the effects of different types of gadolinium-based contrast agents on the applicability 

of threshold-based papillary and trabeculated muscle quantification software. 

2.2. Left ventricular characteristics of noncompaction phenotype patients with good 

ejection fraction 

We aimed to describe the LV volumetric parameters and the myocardial and trabeculated 

muscle mass of a large cohort who fulfilled the morphological criteria of LVNC and had good 

LV function and no comorbidities and to study the LV strain characteristics with FT. Male and 

female patients were compared to describe the differences between sexes. Moreover, we 

investigated the different cutoff points of LV trabeculated muscle mass for male and female 

LVNC patients to differentiate them from healthy subjects. 

2.3. Left ventricular characteristics of patients with left ventricular noncompaction at 

different deterioration levels of ventricular function 

As we did not find comprehensive information about the feature-tracking strain characteristics 

of LVNC patients with different levels of LV EF deterioration, our aim was to describe the 

changes in LV global and regional strain parameters that occur in patients with noncompacted 

LV with good to significantly reduced LV ejection fraction and to compare their characteristics 

with those observed in healthy controls. Furthermore, we assessed disease-specific strain 

characteristics.  
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3. Methods 

3.1. Study design and study population 

3.1.1. Study design and study population to examine the effect of contrast agent on left 

ventricular parameters calculated by a threshold-based software module 

This study was conducted in 2016-2017 at the Semmelweis University Heart and Vascular 

Center. Twenty patients who fulfilled the CMR morphologic criteria of LVNC set by Petersen 

et al. (noncompacted/compacted ratio > 2.3, Figure 5) and Jacquier et al. (trabeculated LV mass 

>20% of the total LV mass, Figure 5) with a good LV ejection fraction and without any 

additional cardiac abnormalities or cardiovascular diseases were prospectively enrolled (11, 

63). The exclusion criteria were the presence of congenital heart disease, ischemic heart disease, 

other cardiomyopathies or myocarditis in the patient’s history. Nineteen healthy volunteers 

without any known cardiovascular or other systemic diseases were enrolled for the control 

group. The baseline parameters of the LVNC patients and healthy individuals are reported in 

Table 1. Ethical approval was obtained from the Semmelweis University Regional and 

Institutional Committee of Science and Research Ethics, and all participants provided informed 

consent (166/2017). 

The CMR study protocol was as follows: after the short axis cine images were acquired, either 

gadobutrol ((GA), Gadovist, Bayer-Schering, 0.16 ml/kg) or gadobenate dimenglumine ((GD), 

MultiHance, Bracco, 0.25 ml/kg) was injected intravenously (Figure 8). Each included 

individual received only one type of contrast agent, which was decided randomly. GA was 

administered to 12 LVNC patients and 12 healthy normal participants, and GD was 

administered to 8 LVNC patients and 7 healthy participants (Table 1). After the contrast 

material was injected, another set of SA cine images was started after two minutes in the same 

location. 

Figure 8. Study protocol of the effect of contrast agent on left ventricular parameters calculated 

by a threshold-based software module project. 

Pre-CA: precontrast agent, post-CA: postcontrast agent, SA: short axis 
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Table 1. Baseline characteristics of the left ventricular noncompaction and healthy study 

groups. 

EDV: end-diastolic volume, EF: ejection fraction, ESV: end-systolic volume, LVNC: left 

ventricular noncompaction, TMi: left ventricular total myocardial mass, PTMi: left ventricular 

papillary and trabeculated muscle mass 

 

3.1.2. Study design and study population to examine the left ventricular characteristics 

of noncompaction phenotype patients with good ejection fraction 

Eighty-one patients were included in this retrospective study conducted at the Semmelweis 

University Heart and Vascular Center. All of them fulfilled the morphologic criteria of LVNC 

set by Petersen et al. (noncompacted/compacted ratio > 2.3, Figure 5) and Jacquier et al. 

(trabeculated LV mass >20% of the total LV mass, Figure 5), had good LV ejection fraction 

(>55%), and no known cardiovascular or other comorbidities (age: 35.6±14.7 years, male: 

n=44) (11, 63). The exclusion criteria were a reduced LV ejection fraction (<55%), the presence 

of ischemic, valvular or congenital heart disease, the presence of significant comorbidities (e.g., 

diabetes, hypertension, chronic kidney disease, chronic liver failure), and technical reasons 

(artifacts, short-axis cine images performed after the injection of contrast agent) (64, 65). We 

selected 81 sex-matched healthy volunteers from similar age groups for the patient group who 

did not have any cardiovascular or other systemic diseases and who did not have excessive 

endocardial trabeculation according to the abovementioned criteria (age: 38.2±12.8 years, male: 

n=44). Baseline characteristics are shown in Table 2. Ethical approval was obtained from the 

Semmelweis University Regional and Institutional Committee of Science and Research Ethics, 

and all participants provided informed consent (165/2017). 
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Table 2. Baseline characteristics of the included left ventricular noncompaction and healthy 

study groups. 

EF: ejection fraction, LVNC: left ventricular noncompaction 

 

3.1.3. Study design and study population to examine the left ventricular characteristics 

of patients with left ventricular noncompaction at different deterioration levels of 

ventricular function 

This retrospective study was conducted at the Semmelweis University Heart and Vascular 

Center. Thirty-one LVNC patients with good LV function (Group A, EF> 50%, age: 49.5±10.9 

years, male: n=21) and 31 LVNC patients with a reduced LV ejection fraction (Group B, EF< 

50%, age: 54.4±12.1 years, male: n=21) were included according to the following criteria: (1) 

fulfillment of the CMR criteria of LVNC set by Petersen et al. and Jaqcuier et al., (2) no 

concomitant ischemic or congenital heart disease and no presence of other cardiomyopathies, 

(3) no significant comorbidities, and (4) acquisition of CMR short- and long-axis cine images 

before injection of the contrast agent with no artifacts (11, 63, 66). In addition to this patient 

population, we included 31 age- and sex-matched healthy control subjects (age: 48.8±9.6 years, 

male: n=21) who did not have any cardiovascular or other systemic diseases and did not have 

excessive endocardial trabeculation in the apical part of the LV according to the applied criteria. 

We divided Group B by LV ejection fraction into two subgroups: Group B-1 contained LVNC 

patients with an LV ejection fraction between 35 and 50% (n=13, age: 51.5±13.0 years, male: 

n=8), and Group B-2 contained patients with an LV ejection fraction lower than 35% (n=18, 

age: 56.6±11.3 years, male: n=13). Ethical approval was obtained from the Central Ethics 

Committee of Hungary, and all participants provided informed consent (OGYÉI/7397/2019). 

Table 6 shows the baseline characteristics of the studied groups. 
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3.2. Image acquisition and analysis 

CMR examinations were performed on a 1.5 T MRI machine (Achieva, Philips Medical 

System, Eindhoven, the Netherlands and Magnetom Aera, Siemens Healthineers, Erlangen, 

Germany) and a 5-channel cardiac coil. Retrospectively gated, balanced, steady-state free 

precession cine images in 2-, 3-, and 4-chamber long-axis views and breath-hold short-axis cine 

images were acquired from base to apex with full coverage of the left and right ventricles. The 

temporal resolution was twenty-five phases per cardiac cycle. The slice thickness was 8 mm 

with no interslice gap; the field of view was 350 mm on average, adapted to body size. Cine 

images were performed before injection of the contrast agent (gadobutrol, 0.15 ml/kg), when it 

was given, except in “the effect of contrast agent on left ventricular parameters calculated by a 

threshold-based software module” project (detailed protocol in Section 3.1.1). 

Medis Suite version 3.0 was used for the postprocessing analysis (Medis Medical Imaging 

Systems, Leiden, the Netherlands). Semiautomatic tracing with manual correction of the endo- 

and epicardial contours of the left and right ventricles was performed on the short-axis cine 

images by two observers as described by others (53). The interobserver agreement values are 

presented in the Section 4. LV volumetric and functional and myocardial mass values were 

calculated with the threshold-based papillary and trabeculated muscle quantification module of 

the software (MassK). The threshold was set to 50%, and manual correction was not applied 

The QStrain module of the Medis Suite software was used for the feature-tracking strain 

analysis (Medis Suite, version 3.0, Medis Medical Imaging Systems, Leiden, the Netherlands). 

To determine the subendocardial strain, endocardial contours were drawn in end-diastole and 

end-systole in the 2-, 3-, and 4-chamber long-axis and short-axis views of the LV, including 

endocardial trabeculation, as described by others (67). 

3.3. Studied parameters 

3.3.1. Studied parameters of the effect of contrast agent on left ventricular parameters 

using a threshold-based software module project 

Both the first (before contrast agent administration (pre-CA)) and the second (after contrast 

agent administration (post-CA)) short axis scans were analyzed. 

The following LV parameters were calculated and converted to body surface area using the 

Mosteller formula: ESV, EDV, EF, end-diastolic total myocardial mass (TM), and end-diastolic 

papillary and trabeculated myocardial mass (PTM) (68). The normal LV dimensions provided 

by Alfakih et al. were used as reference data which were established without administration of 

contrast agent (69). 
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3.3.2. Studied parameters of the left ventricular characteristics of noncompaction 

phenotype patients with a good ejection fraction 

The LV volumetric (ESV, EDV, SV), function (EF), and myocardial mass values (TM, PTM)  

were measured and indexed to the body surface area using the Mosteller formula (68). 

Global longitudinal strain (GLS), global radial strain (GRS), global circumferential strain 

(GCS), and rotation (ROT) were also assessed. The standard deviation of the time-to-peak 

strains between segments was analyzed in both the long-axis and short-axis views to determine 

the degrees of intraventricular synchronous contraction in the longitudinal and circumferential 

directions (longitudinal mechanical dispersion (SD-TTP-LS) and circumferential mechanical 

dispersion (SD-TTP-CS)). 

3.3.3. Studied parameters of the left ventricular characteristics of patients with left 

ventricular noncompaction at different deterioration levels of ventricular function 

We measured the LV volumetric (EDV, ESV, SV), functional (EF), and myocardial mass 

values (TM, PTM) and indexed them to the body surface area using the Mosteller formula (68). 

We further measured the global strain parameters of the LV in the longitudinal, radial, and 

circumferential directions (GLS, GRS, GCS). To eliminate the possible inaccuracies of the FT 

segmental strain measurement, we calculated the mean segmental strain values of the apical, 

mid and basal thirds of the LV in both longitudinal and circumferential directions according to 

the 17- and 16-segment models (70). To determine the degree of intraventricular synchronous 

contraction, the standard deviation of the time-to-peak strains between segments was analyzed 

in the longitudinal and circumferential directions (SD-TTP-LS, SD-TTP-CS). Finally, the 

systolic peak rotation of the apical and basal parts of the LV was calculated, and the rotation 

pattern was analyzed. The normal rotation pattern is characterized by a clockwise rotation at 

the base of the LV (negative value) and a counterclockwise rotation at the apical part of the LV 

(positive value). By rigid body rotation (RBR), we mean that the apical and basal parts of the 

LV rotated predominantly in the same direction (47). 

3.4. Statistical analysis 

3.4.1. Statistical analysis of the effect of contrast agent on left ventricular parameters 

using a threshold-based software module project 

All data are described as the mean and standard deviation. The Shapiro–Wilk test was applied 

to assess normality. The interobserver agreement was tested with the intraclass correlation 

coefficient (ICC). A paired-sample t-test was used to assess differences in parameters that had 
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a normal distribution; otherwise, the Wilcoxon rank sum test was used. P values less than 0.05 

were considered significant. MedCalc Statistical Software version 17.9.5 (MedCalc Software, 

Ostend, Belgium) was used for statistical calculations. 

3.4.2. Statistical analysis of the left ventricular characteristics of noncompaction 

phenotype patients with good ejection fraction 

Continuous variables are presented as the mean and standard deviation. The Shapiro–Wilk test 

was used to assess whether the data fit a normal distribution. The interobserver agreement was 

tested as presented as the intraclass correlation coefficient (ICC) and a 95% confidence interval. 

An independent-sample t-test was used to compare parameters that fit a normal distribution; 

otherwise, a Mann–Whitney test was applied. Receiver operating characteristic curves and 

optimal cutoff values for the LV trabecular mass index were calculated. P values less than 0.05 

were considered significant. MedCalc Statistical Software version 17.9.5 (MedCalc Software, 

Ostend, Belgium) was used for the statistical calculations. 

3.4.3. Statistical analysis of the left ventricular characteristics of patients with left 

ventricular noncompaction at different deterioration levels of ventricular function 

Continuous variables are presented as the mean and standard deviation. Categorical variables 

are expressed as counts and percentages. The interobserver agreement was tested and presented 

as the intraclass correlation coefficient (ICC) and a 95% confidence interval. The Shapiro–Wilk 

test was used to assess normal distributions. Levene’s test was used to assess the equality of 

variances of the tested groups. Differences between the control and LVNC groups were 

analyzed with one-way analysis of variance and Tukey’s post hoc test in cases of a normal 

distribution and equal variances, while the Welch test and Games-Howell post hoc test were 

used where variances were unequal. Nonnormally distributed data were analyzed with the 

Kruskal–Wallis test with Bonferroni correction for multiple comparisons. A p value <0.05 was 

considered statistically significant. IBM SPSS Statistics (Version 25.0, Armonk, NY) was used 

for the calculations.  
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4. Results 

4.1. Results of the effect of contrast agent on left ventricular parameters using a threshold-

based software module project 

Interobserver agreement 

The interobserver agreement was tested on ten randomly selected participants. The global ICC, 

which represents the interobserver agreement of all measured LV parameters, was 0.88 

(interpreted as: greater than 0.75 excellent). 

Comparison of the pre- and postcontrast agent scans 

We compared the parameters calculated from the pre-CA and post-CA scans both in the LVNC 

and healthy groups and found significant differences in the LV parameters, namely, the EDVi 

and ESVi were significantly larger, and the LV total and trabeculated myocardial mass were 

significantly smaller on the post-CA scans in both groups (Figure 9). 

 

Figure 9. Graphic representation of the calculated parameters of the LVNC and healthy study 

groups calculated from precontrast and postcontrast scans. 

EDVi:  end-diastolic volume index, EF: ejection fraction, ESVi: end-systolic volume index, 

LVNC: left ventricular noncompaction, post-CA: postcontrast agent, pre-CA: precontrast 

agent, PTMi: end-diastolic papillary and trabeculated myocardial mass index, TMi: end-

diastolic total myocardial mass index  
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Next, the values of the post-CA parameters were subtracted from the values of the pre-CA 

parameters, and the absolute values were used to compare the differences between the pre- and 

post-CA parameters of the two groups. The difference between the scans was significantly 

larger in the LVNC group than in the healthy normal group. 

 

Figure 10. Graphic representation of the comparison of the differences between the pre- and 

post-CA parameters of the left ventricular noncompaction (LVNC) and healthy groups.
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Comparing the effects of different contrast agents  

Since different types of contrast agents are in use, we tested whether these agents have similar 

effects on the studied parameters. We first compared the pre- and post-CA results in the LVNC 

group (pre-GA vs. post-GA and pre-GD vs. post-GD). We found results similar to those 

obtained in the comparison of the total pre-CA versus post-CA scans. Regardless of the applied 

contrast material, the EDVi, and ESVi values were significantly larger, while the TMi and 

PTMi values were significantly smaller when calculated from the post-CA scans (Figure 11). 

Second, we performed these comparisons in the healthy normal group and obtained similar 

results: the PTMi values were significantly lower in the post-CA scans for both contrast 

materials. TMi values were also significantly lower in the post-GA scans, and EDVi values 

were significantly higher in the post-GD scans (Figure 11). 

 
Figure 11. Comparison of the effect of gadobutrol (GA) and gadobenate dimenglumine (GD) 

on the calculated parameters of left ventricular noncompaction (A) and healthy groups (B). 

EDVi: end-diastolic volume index, EF: ejection fraction, ESVi: end-systolic volume index, 

LVNC: left ventricular noncompaction, post-GA: postgadobutrol, post-GD: postgadobenate 

dimenglumine, pre-GA: pregadobutrol, pre-GD: pregadobenate dimenglumine, PTMi: end-

diastolic papillary and trabeculated myocardial mass index, TMi: end-diastolic total myocardial 

mass index  
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Comparison of the contrast agents to each other 

Finally, we compared the GA and GD contrast agents to each other in both the healthy and 

LVNC groups (pre-GA vs. pre-GD, post-GA vs. post-GD). Neither the parameters calculated 

from the pre-CA scans, nor the ones calculated from the post-CA scans differed significantly 

in the studied groups (Figure 12). 

 

Figure 12. Comparison of the gadobutrol (GA) and gedobenate dimenglumine (GD) receiving 

left ventricular noncompaction (A) and healthy (B) populations’ pre- and postcontrast scans. 

EDVi: end-diastolic volume index, EF: ejection fraction, ESVi: end-systolic volume index, 

LVNC: left ventricular noncompaction, post-CA: postcontrast agent, post-GA: postgadobutrol, 

post-GD: postgadobenate dimenglumine, pre-CA: precontrast agent, pre-GA: pregadobutrol, 

pre-GD: pregadobenate dimenglumine, PTMi: end-diastolic papillary and trabeculated 

myocardial mass, TMi: end-diastolic total myocardial mass index  
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4.2. Results of the left ventricular characteristics of noncompaction phenotype patients with 

good left ventricular ejection fraction project 

Interobserver agreement 

We tested the inter-observer agreement on ten randomly selected patients and controls with the 

interclass correlation coefficient (ICC). Global ICC, which represents the interobserver 

agreement of all measured LV parameters, was 0.92 (interpreted as: 0.4-0.75 - fair to good, 

greater than 0.75 - excellent). 

The inter-observer agreements of the measured global strain parameters were good-to-

excellent: GLS: 0.96 (0.89–0.98), GRS: 0.99 (0.96–0.99), GCS: 0.96 (0.89–0.98), ROT: 0.68 

(0.19-0.87), SD-TTP-LS:  0.87 (0.68-0.95), SD-TTP-CS:  0.75 (0.38–0.90). 

LV characteristics of patients with LVNC phenotypes and good LV function 

First, we compared the LV volumetric, functional and myocardial mass parameters between the 

LVNC and control groups. The measured parameters in the patients were in the normal range; 

however, compared with the controls, the LVNC group had significantly higher EDVi, ESVi, 

TMi, and PTMi values and a significantly lower EF (Table 3/A). 

We compared the LV parameters of males and females in both the patient and control groups 

and found that all the parameters, except the EF, were significantly higher in males than in 

females (Table 3/B, 3/C). 

We also compared male and female LVNC and control groups and found similar results in both 

sexes. The SVi did not differ between the patients and controls or among males and 

females (Table 3/D, 3/E).  
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Cutoff value of the papillary and trabeculated myocardial mass index 

By studying the optimal LV-PTMi cutoff values to differentiate between LVNC patients and 

healthy controls, we found that the optimal cutoffs were 25.8 g/m2 in males (area under the 

curve: 0.81, 95% confidence interval: 0.71-0.88, sensitivity: 63.6%, specificity: 93.2%) and 

19.0 g/m2 in females (area under the curve: 0.87, 95% confidence interval: 0.77-0.93, 

sensitivity: 75.7%, specificity: 89.2%, Figure 13). Participants with a higher LV trabecular 

mass index value than the proposed cutoffs are more likely to have LVNC than those who are 

below the described cutoffs. 

 

Figure 13. Receiver operating characteristic curves for the trabeculated muscle mass cutoff 

values in male (A) and female (B) left ventricular noncompaction groups.  

LV deformation characteristics of patients with the LVNC phenotype and good LV 

function 

The GCS and GRS in the patient group were significantly worse but still in the normal range, 

compared with those in the healthy controls, while the GLS and rotation were not significantly 

different between the two groups. The circumferential mechanical dispersion was significantly 

higher in the patients than in the controls, while the longitudinal mechanical dispersion was 

almost equal in the two groups (Table 4/A).  

We compared the strain parameters of men and women in the LVNC and control groups, and 

the GLS was significantly lower for men in both groups than for women. The GRS was also 

significantly lower in male than in female patients (Table 4/B, 4/C). 

By comparing male and female LVNC patients to controls, we found that 

the GCS and GRS were lower in LVNC patients of both sexes than in male and female healthy 

controls (Table 4/D, 4/E). 
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4.3. Results of the left ventricular characteristics of patients with left ventricular 

noncompaction at different deterioration levels of ventricular function project 

Interobserver agreement 

The interobserver agreement of the two observers was tested regarding the threshold-based 

software module, the CMR feature-tracking and Petersen's criterion in ten randomly selected 

patients and ten controls. 

The interobserver agreement of the measured LV parameters are as follows: EDVi: 0.98 (0.95–

0.99), ESVi: 0.94 (0.84–0 98), SVi: 0.90 (0.75–0.96), EF: 0.76 (0.40–0.91), LV-PTMi: 0.95 

(0.86–0.98), and LV-TMi: 0.99 (0.97–0.99). These results are interpreted as follows: less than 

0.4 indicates poor, 0.4–0.75 indicates fair to good, and greater than 0.75 indicates excellent. We 

also measured the interobserver agreement of the noncompacted-to-compacted ratio, which was 

0.95 (0.83–0.99). 

The interobserver agreement of the measured global strain parameters was also good to 

excellent: GLS: 0.96 (0.89–0.98), GRS: 0.99 (0.96–0.99), GCS: 0.96 (0.89–0.98), ROT: 0.68 

(0.19–0.87), SD-TTP-LS: 0.87 (0.68–0.95), and SD-TTP-CS: 0.75 (0.38–0.90). 

LV volumetric, functional and myocardial mass values of the studied groups 

In comparisons of the LV volumetric, functional and myocardial mass parameters, we found 

that Group A had higher volumes, muscle and trabecular muscle mass values and a lower EF 

than those in the control group. Similar results were found when comparing Group 

B with Group A and controls. In Group B-1 and Group B-2, the volumes and muscle masses 

increased and the SVi decreased with the decrease in EF (Table 5). Late gadolinium 

enhancement with a nonischemic midmyocardial pattern was present in 5 patients in Group B-

1 and in 11 patients in Group B-2. 

Global strain parameters of the studied groups 

We compared the global strain parameters of Group B with those of Group A and controls. The 

GLS, GRS and GCS were significantly worse (i.e., GLS and GCS were less negative and GRS 

was less positive) in Group B than in Group A and in the controls, and the GCS and GRS were 

also significantly worse in Group A than in the controls (Table 5).  

After dividing Group B into two subgroups, we found that all the global strain parameters 

differed significantly among Groups A, B-1, and B-2. Specifically, a worse EF was associated 

with worse strain parameters (Table 5).  

https://www.sciencedirect.com/topics/medicine-and-dentistry/end-diastolic-volume
https://www.sciencedirect.com/topics/medicine-and-dentistry/end-systolic-volume
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Differences in mean segmental strain values between the studied groups 

A comparison of the mean longitudinal strain values of the apical, mid and basal parts of the 

LV among the groups showed that compared with Group A and the controls, Group B had 

significantly worse longitudinal strain values in every part of the LV. These parameters did not 

differ between Group A and the controls. Comparisons of Group B-1 and Group B-2 with each 

other and with Group A showed that the longitudinal strain values were significantly different 

between these groups in each part of the LV (Table 6).  

Similar results were found when comparing the mean segmental circumferential strain values 

of the studied groups (Table 6).  

 



36 
 

 



37 
 

 

Mean segmental strain values of the studied groups 

In studying the mean apical, mid and basal LV longitudinal strain values in each group, we 

found that the LV mid part had the highest (i.e., more negative) strain value in every group. The 

basal part had the lowest (i.e., less negative) longitudinal strain values out of the three parts of 

the LV in Group A and in the controls, while the lowest values were found in the apical part of 

the LV in Groups B, B-1, and B-2 (Figure 14). 

Regarding the mean circumferential strains, we found significant differences among the apical, 

mid and basal LV strain values in Group A and the controls but not in Group B or its subgroups. 

The mean strain values were decreased in every part of the LV in Group B and its B-1 and B-

2 subgroups; however, the strain pattern remained the same, opposing the mean longitudinal 

strains where the pattern changed with the decrease in EF (Figure 14).  
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Figure 14. Comparison of the mean apical, mid and basal left ventricular longitudinal (A) and 

circumferential (B) strain values in each group.  

EF: ejection fraction, LVNC: left ventricular noncompaction 



39 
 

Mechanical dispersion 

The mechanical dispersion in both the longitudinal (SD-TTP-LS) and circumferential (SD-

TTP-CS) directions was significantly higher in Group B than in Group A and in the controls, 

and there was no significant difference between the two groups. Regarding the B-1 and B-

2 subgroups, the mechanical dispersion increased in both directions as EF decreased (Table 5).  

Rotational pattern 

The degree of peak apical rotation was almost equal between Group A and the controls, and it 

significantly decreased as EF decreased. Notably, the direction of apical rotation was reversed 

in Group B-2. The basal rotation was significantly different between Group A and Group B; 

however, after dividing Group B, we found that the difference was significant only 

between Group B-1 and Group B-2 (Table 5).  

In studying the LV rotational patterns of the LVNC and control groups, we found 

that RBR occurred in 42% of the patients in Group B (Group B-2: n=10, Group B-1: n=3), in 

whom the rotational patterns were clockwise-directed in a majority of the cases (Group B-

2: n=10, Group B-1: n=2). Twenty-six percent of the patients in Group A also had RBR (n=8); 

however, almost all of these patients showed counterclockwise RBR (n=7). Surprisingly, 23% 

(n=7) of the control subjects also had a counterclockwise-directed RBR. 
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5. Discussion 

5.1. Discussion of the effect of contrast agent on left ventricular parameters using a 

threshold-based software module 

CMR imaging is currently the gold standard for measuring cardiac volume and function and 

myocardial mass (71-74). In recent years, an increasing number of postprocessing programs 

have been equipped with threshold-based papillary and trabeculated muscle-quantifying 

algorithms, leading to an easier and faster evaluation with excellent reproducibility, and more 

accurate cardiac volumes, and masses (55, 75). 

We studied the effect of contrast agents on the applicability of threshold-based papillary and 

trabeculated myocardial mass quantification software in patients with LVNC and in healthy 

normal study subjects. 

Our results showed that the LV end-diastolic and end-systolic volumes calculated from post-

CA scans were significantly higher, while the total and trabeculated myocardial mass values 

calculated from post-CA scans were significantly lower than those calculated from pre-CA 

images in both the LVNC and healthy normal groups. However, the difference between the pre-

CA and post-CA parameters was significantly larger in the patient group than in the healthy 

group. 

The signal intensity of SSFP images depends on the T2/T1 ratio of the tissue of interest. 

Gadolinium-based extracellular contrast agents decrease the T1 values of blood and myocardial 

tissue, which results in an increased signal intensity on SSFP images. This effect is more 

pronounced in the myocardium and less pronounced in the blood pool, leading to decreased 

contrast between the two tissues. T2 values are slightly reduced by contrast agents administered 

at low doses (0.1-0.3 mmol/kg), and these changes are overridden by T1 shortening; thus, 

changes in the signal intensity after administration of a contrast agent are due to changes in T1 

values (76-78). The end result of these changes in relaxivity is that the difference between the 

T1/T2 ratios of the blood and the myocardium decreases after contrast administration. As the 

mechanism of threshold-based quantification is based on the high signal intensity difference 

between the blood and the myocardium, our results suggest that this effect has a significant 

impact on the detection of endocardial trabeculae on postcontrast scans, not only in patients 

with LV hypertrabeculation but also in patients with normal trabeculation. Our results correlate 

with those from a study about the precision of feature-tracking techniques from a different 

vendor on post-CA scans. In that study, contrast agent significantly changed the measured strain 

values, which also confirmed the importance of the signal intensity-altering effect of contrast 
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agents (64). These results are important both during regular CMR postprocessing and in 

research projects for standardizing protocols. 

We also studied the effect of two different contrast materials on the precision of threshold-based 

software to determine whether the change in the calculated parameters depends on the type of 

contrast agent applied. The trabeculated myocardial mass value was significantly smaller and 

the end-diastolic volume was larger on both postgadobutrol and postgadobenate dimenglumine 

images. However, no significant differences were found in the comparison between the two 

contrast agents. 

Gadolinium is a paramagnetic extracellular contrast agent that shortens the T1 and T2 relaxation 

time of the surrounding protons, which increases the signal intensity on T1-weighted images 

(79). Different chelators are used to create complexes with gadolinium; therefore, different 

products are available. Compared with traditional extracellular gadolinium contrast agents, 

gadobenate dimenglumine binds weakly to albumin and attenuates the signal intensity of blood, 

has a slight intravascular effect and prolongs the plasma half-life. Gadobutrol does not bind to 

proteins but reduces T1 values more than gadobenate dimenglumine because of its 

concentration (80-82). These properties do not seem to make a significant difference regarding 

the effect studied herein. However, as the altering effect of contrast agent on the calculated 

parameters was independent of the type of contrast material applied, the method of evaluation 

should be standardized. 

I would like to mention the main limitation of this study, namely, this was a single-center study, 

and the number of included participants were small. 

5.2. Discussion of the left ventricular characteristics of noncompaction phenotype patients 

with good ejection fraction project 

In this retrospective study, we described the LV characteristics of a large cohort who fulfilled 

the morphological criteria of LVNC and had a good LV ejection fraction, and we evaluated the 

differences between male and female patients. 

The volumetric and myocardial mass values were in the normal range; however, the LVNC 

group had significantly larger end-systolic and end-diastolic volumes and a significantly 

smaller ejection fraction than the control group. These results correlate with those presented by 

Zemrak et al., who described in a population free of clinically recognized cardiovascular disease 

that a higher LV trabeculated muscle/total myocardial mass ratio is associated with a lower LV 

ejection fraction and higher LV volumes (13). However, no association was found between 

increased LV trabeculation and an increase in LV volumes or a decrease in LV function during 
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the 9.5-year follow-up of the same study population (16). Another study also revealed that the 

morphological diagnosis of LVNC itself was not associated with adverse clinical events during 

almost 7 years of follow-up (83). These results suggest that the noncompaction phenotype itself 

does not result in LV dysfunction over time. Thus, the diagnosis of LVNC based exclusively 

on morphological criteria might be insufficient, and an integrated diagnostic algorithm with 

additional anamnestic and clinical information should be used to avoid overdiagnosis (84). 

Well-known biometric alterations between sexes were present in our male and female control 

groups, and these alterations could be the cause of significant differences between the 

volumetric and functional parameters of male and female LVNC patients (9). Previous studies 

using other techniques have described the different trabeculated volumes and the different 

thicknesses but not the differing trabeculated muscle mass of noncompacted and compacted 

myocardium between healthy males and females, as we did in the present study (9). 

Furthermore, our results showed that the optimal trabecular mass index cutoff value for LVNC 

was markedly different in men compared with women, suggesting that the diagnostic cutoffs 

should be sex-specific. The LV trabecular mass index might be a useful parameter, but further 

studies are required, as the sensitivities of the proposed cutoff values were quite low in our 

study. Grothoff et al. previously proposed a cutoff value for noncompacted myocardial mass 

index regardless of sex of 15 g/m2, although their study included a smaller LVNC population, 

and they used a different method to measure trabeculated myocardium mass (42). 

Of the studied feature-tracking strain parameters, GLS was not different between the LVNC 

group and the controls in our study. The normal GLS value in addition to the good ejection 

fraction suggests normal LV function and no presence of subtle LV dysfunction in this patient 

cohort. In contrast to our results, a recent publication described a decreased GLS in patients 

with LVNC with a median LV ejection fraction of 54%, which is lower than the mean ejection 

fraction found in our LVNC group (85). We know from mathematical and echocardiographic 

studies that for patients with an LV ejection fraction higher than 50%, the GLS can vary more 

with less effect on ejection fraction than in patients with a decreased LV function, which could 

explain these diverse results (86). The GLS values in male patients and male controls were 

significantly reduced (but still in the normal range) compared with those in female patients and 

controls, which seems to be a sex-related difference rather than an LVNC-related phenomenon 

(87, 88). 

In contrast to GLS, the GCS and GRS values in LVNC patients were significantly reduced 

compared with the controls, and this significance did not change after we stratified the groups 

by sex. These results correlate with the findings of a recent study on a pediatric LVNC 
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population with a good ejection fraction, although this was performed with speckle tracking 

echocardiography (89). Cardiac magnetic resonance studies on healthy populations showed that 

an increase in LV trabeculation was associated with impaired circumferential strain, even after 

adjustments for age, sex and body mass index; however, the relationship between LV 

hypertrabeculation and decreased circumferential strain was unclear (7, 90). In addition to 

decreased GCS, circumferential mechanical dispersion, which describes interventricular 

desynchrony, was higher in patients than in controls. We do not have enough information yet 

to evaluate the clinical relevance of this statistically significant result because feature-tracking 

normal values for the standard deviation of time-to-peak circumferential strain are not available. 

In previous studies conducted using healthy populations, mechanical dispersion was higher in 

participants with a longer QTc time, and mechanical dispersion was also predictive of 

arrhythmic risk in different diseases (91-94). Further follow-up studies are necessary to 

investigate the possible prognostic role of these parameters in this patient population. 

Regarding the changes in GRS, radial thickening arises from both longitudinal and 

circumferential shortening; thus, compared with that in controls, the significantly decreased 

GRS value in patients may be due to the significantly decreased GCS. The difference in GRS 

between male and female patients may be due to the small numbers of patients when we 

separated the groups by sex. The GRS is less reproducible than the other two global strain 

parameters and shows large differences among studies regarding a normal range; thus, the 

importance of the GRS requires further evaluation (87, 95, 96). 

We would like to mention the limitations of this study. Unfortunately, detailed clinical 

information (ECG, symptoms, genetic test result) was not available for the included LVNC 

patients. Regarding the threshold-based software program, the current ejection fraction and 

volume quantification uses a stack of thick short-axis 

slices, and 8 mm is common for Z-direction spatial resolution. Moreover, trabeculae and 

papillary muscles do not cross the slice in an exactly 

perpendicular fashion, which creates partial volume effects. Depending on 

the actual path of the trabeculae, this feature will influence the threshold-based 

quantification (53, 56). Furthermore, altering the threshold might change the measured 

myocardial mass values. 

We would also like to mention some limitations of the feature-tracking method. This method 

lacks a relevant validation process; thus, its clinical application is questionable. The 

reproducibility of segmental strain is worse than that of the other acquisition-based techniques; 

thus, we must to be careful when evaluating LV regional dysfunction with feature tracking. 
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There is high variability in normal strain values between different vendors, and there is a lack 

of an accepted normal reference range (57, 60). 

5.3. Discussion of the left ventricular characteristics of patients with left ventricular 

noncompaction at different deterioration levels of ventricular function project 

In this study, we described the LV global and segmental CMR FT strain characteristics of 

LVNC patients on the spectrum of a good to a severely reduced LV ejection fraction. 

The LVNC patients with reduced LV function had a remodeled LV with higher volumes, higher 

myocardial and trabecular masses and a lower SVi than LVNC patients with good LV function. 

These alterations correlate with previous studies describing the echocardiography and CMR 

features of LVNC patients with impaired systolic function, while an increased trabeculated 

muscle mass is characteristic of the disease (97, 98). The functional parameters of LVNC 

patients with a good LV ejection fraction compared with the healthy control participants were 

in the normal range, but the volumes and masses were higher, while the EF was lower. These 

findings are in accordance with our results described in Section 4.2 and discussed in Section 

5.2, and they may be related to the presence of excessive endocardial trabeculation (99). The 

clinical relevance of these volumetric and functional alterations is still unknown, and they 

should be evaluated together with the patient’s symptoms, ECG findings, and medical history 

(24). 

The LV is composed of a complex three-layered myocardial structure that leads to longitudinal, 

circumferential and radial-directed deformation of the myocardium (58). It is already known 

that LV global strains strongly correlate with EF; thus, the worsening of LV function is 

associated with a decrease in LV global strain parameters (86, 100, 101). In our study, we found 

that the GLS, GCS and GRS gradually decreased as LV function worsened. The decreased 

strains in all three directions suggest that LVNC is a complex structural disease that affects not 

only the noncompacted but also the compacted layer (102, 103). 

Regarding LVNC patients with good LV function, their GLS was not different from that of the 

control group, which is in accordance with the results of Gastl et al. (104). However, this finding 

may be controversial, as other researchers have observed impaired GLS in both adult and 

pediatric LVNC patient populations despite good LV function (105, 106). These conflicting 

results could be due to the nonlinear relationship between LV ejection fraction and GLS 

described earlier, namely, there is a stronger correlation between these two parameters at a 

lower EF, and the curve flattens when the EF is higher than 50%. Thus, in the latter case, GLS 

can vary more with a reduced effect on LV EF (86, 101). 
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GCS and GRS were significantly worse in patients with a good LV EF than in controls, but 

they were still in the normal range. Other researchers have found similar results in pediatric 

patients and lower than normal GCS values in adult LVNC patients with good LV function (89, 

104). However, decreased GCS and GRS values were also present in healthy participants with 

LV hypertrabeculation, and Cai et al. described an independent association of higher global 

fractal dimension values with decreased GCS after adjusting for age, sex and body mass index 

(90, 107). This result raises the question of whether the presence of LV hypertrabeculation 

causes this alteration or whether subclinical LV dysfunction is already present in LVNC 

patients regardless of having good LV function. Follow-up studies with a large number of 

included LVNC patients should help to address this question, as neither the pathomechanism 

nor its clinical relevance has been determined. 

In studying the mean segmental strain values of the apical, mid and basal regions, we found an 

increase in segmental strain values from base to apex, which has been previously described in 

healthy adults; however, our results were slightly different, namely, the mid part had the best 

longitudinal strain value, which could be due to the small number of included patients (108). 

Previous CMR and speckle-tracking echocardiography studies have mentioned that these 

regional strain differences disappear in patients with DCM, and in accordance with this 

conclusion, we also observed that the decrease in segmental strains affected all three parts of 

the LV in LVNC patients with a reduced EF (102, 109). Furthermore, an opposite pattern was 

exhibited in this LVNC patient group; namely, apical longitudinal strain became the worst of 

the three parts, which was previously described in different DCM and LVNC populations with 

a severely reduced EF (110, 111). Niemann et al. compared LVNC patients with a reduced EF 

to DCM patients with speckle-tracking echocardiography and found decreased apical strains in 

both groups; moreover, Tufekcioglu also found similar contraction properties between patients 

with LVNC and DCM (45, 112). Together with the evenly decreased circumferential segmental 

strain values, these results suggest that the regional strain patterns in LVNC are very similar to 

those described in DCM and are not specific to noncompaction as an etiological factor of heart 

failure. However, opposing results regarding apical strain in the LVNC can be found in the 

literature, which might be due to the different strain measurement techniques and the different 

vendors (46). Furthermore, the lack of an LVNC-specific pattern might be due to the small 

sample size in our study, and the presence of LVNC-specific signs and patterns cannot be 

excluded. 

In addition to the advantages of feature tracking, such as the postprocessing nature and the 

excellent reproducibility and correlation of global strains with both the gold-standard tagging 
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and fast-strain encoded MRI methods (fast-SENC), we need to mention some disadvantages 

that might play a role in the inability to describe any LVNC-specific strain pattern (60). The 

intraobserver and interstudy agreement for segmental strains seem to be the worst in feature 

tracking when compared with tagging and fast-SENC; furthermore, the reproducibility is highly 

dependent on the observer’s experience (57, 60, 113). This phenomenon may have affected our 

regional strain results; however, we tried to reduce its effect by taking the average values of the 

LV thirds. 

Mechanical dispersion (SD-TTP-CS and SD-TTP-LS) increased in both the longitudinal and 

circumferential directions as EF decreased, a pattern characteristic of DCM according to 

echocardiographic studies; however, when measured with CMR, this parameter had a smaller 

background (114, 115). 

The apical rotation value was significantly smaller in the patients with a reduced EF than in the 

patients with a good EF or the controls, and after dividing the patients by the EF, apical rotation 

decreased as LV function worsened. Furthermore, the direction of apical rotation was reversed 

in patients with severely decreased LV function (Group B-2). Kim et al., using speckle-tracking 

echocardiography, demonstrated that the LV EF is correlated with the degree of apical rotation 

but not with the degree of basal rotation. Moreover, Popescu et al. suggested that a decrease in 

apical rotation is related to LV dilation and increased sphericity and reflects a more advanced 

disease stage, in accordance with our findings (116, 117). The lack of difference between the 

patients with good EF and healthy controls also strengthens this phenomenon. We found only 

a few significant results regarding basal rotation, perhaps because of the heterogeneous basal 

rotation values and the small number of included patients. Additionally, the importance of basal 

rotation has been less well studied than the role of apical rotation in the LV EF, as described 

above. 

LV rigid body rotation has been mentioned in previous papers as a characteristic rotation pattern 

in LVNC; however, it has also been demonstrated in several other disorders, e.g., dilated and 

hypertensive cardiomyopathy, amyloidosis or different types of congenital heart diseases (47, 

118-120). In our study population, a mainly clockwise-directed RBR was found in the patients 

with a reduced EF. Some studies have shown that patients with a clockwise RBR have higher 

volumes and more severely reduced EF and LV remodeling, which leads to a decrease in apical 

rotation and can eventually result in reversed apical rotation and clockwise RBR (116, 118, 

121, 122). These findings are in accordance with our own results. Interestingly, a 

counterclockwise RBR was more characteristic of LVNC patients with a good EF, and it was 

present in almost a quarter of the control patients as well. This type of RBR was found to be a 
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normal pattern in healthy infants, but the cause and importance of this alteration in healthy 

adults and LVNC patients with good LV function remains unclear (123). We would like to 

highlight that RBR has mostly been studied with speckle-tracking echocardiography; thus, 

further research on the role and reproducibility of CMR strain measurement software is needed. 

The limitations of this study arise from the small number of included patients, and from the 

previously described limitations of the threshold-based software program and the feature-

tracking method.  
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6. Conclusions 

Left ventricular noncompaction is a widely studied entity with suboptimal morphologic criteria 

and controversial data on the myocardial mechanics of the hypertrabeculated LV. 

In our first CMR study, we raised the question of whether administration of contrast agent 

before the acquisition of bSSFP cine images had an effect on the calculated parameters using a 

threshold-based postprocessing algorithm and whether these effects are more pronounced in 

patients with LV hypertrabeculation. Our prospective study revealed that threshold-based 

papillary and trabeculated myocardial mass quantifying software provides altered results when 

short-axis scans are performed after the injection of contrast material, as the signal intensity 

difference between the blood and the myocardium is decreased on these postcontrast images. 

Contrast agents influenced the measured values, especially in patients with excessive 

endocardial trabeculation, and this effect was independent of the type of contrast agent applied; 

therefore, the method of evaluation should be standardized. 

In the second part of our study, we retrospectively analyzed the CMR functional and strain 

parameters of a large cohort, which fulfilled the morphologic criteria for LVNC and had good 

LV function, and we searched for sex-specific differences. All the measured parameters were 

in the normal range but differed significantly from those of healthy controls, which might be 

caused by the increased amount of LV trabeculation. The decreased GCS and GRS values and 

increased circumferential mechanical dispersion could also be related to excessive 

trabeculation. The LV trabeculated muscle mass is highly different in males and females; thus, 

the use of sex-specific morphologic diagnostic criteria should be considered. 

Finally, we described the changes in strain parameters at different deterioration levels of LV 

function. The strain values and rotational parameters gradually worsened as EF decreased in 

patients with LVNC. In this study, we could not identify a pattern specific to LVNC; however, 

we cannot exclude its existence. For this reason, further prospective studies with larger numbers 

of patients are needed. 
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7. Summary 

LVNC is a rare disease with excessive endomyocardial trabeculation in the apical part of the 

LV. In many cases, it is an incidental finding in asymptomatic patients with good LV function; 

however, LVNC can manifest as severe heart failure and dilated cardiomyopathy (84). 

Developments in imaging technology have improved the visualization of ventricular 

trabeculation, and CMR is the recommended diagnostic modality with several diagnostic 

criteria in the field (22). However, standardized protocols, including acquisition and 

postprocessing, are not available for the assessment of trabeculated myocardium. 

The goal of our first, prospective study was to study the applicability of threshold-based 

papillary and trabeculated muscle quantification software on bSSFP cine images acquired after 

the injection of contrast agent. We have confirmed that the abovementioned software provides 

altered results when bSSFP cine scans are performed after the injection of contrast material, as 

the signal intensity difference is decreased on these postcontrast images. The alteration between 

pre- and postcontrast results was greater in patients with LV 

hypertrabeculation/noncompaction; however, it was also present in healthy participants, and 

this effect was independent of the type of the applied contrast material. Thus, we suggest that 

short-axis cine images used for volumetric and functional assessments should be taken before 

the administration of contrast material in patients with excessive LV trabeculation. 

It is still not clear whether all subjects with LVNC have cardiomyopathy. Novel imaging 

modalities, such as deformation analysis, may help differentiate a normal anatomic phenotype 

and LVNC cardiomyopathy with new diagnostic and prognostic parameters. However, the 

results are controversial, and CMR FT analysis has not been used previously. Thus, we 

retrospectively analyzed the CMR images of patients with LVNC with the aim of describing 

their LV characteristics, to investigate sex-specific cutoff points of LV trabeculated muscle 

mass and to describe the changes in strain parameters at different deterioration levels of LV 

function. The LV volumetric, functional and strain parameters of LVNC patients differed 

significantly from those of healthy controls, which might be related to the presence of excessive 

LV trabeculation. We demonstrated that LV trabeculated muscle mass greatly differed between 

sexes; thus, the use of sex-specific morphologic diagnostic criteria should be considered. The 

strain values and rotational parameters gradually worsened as EF decreased; however, we could 

not identify a pattern specific to LVNC. Despite this, we cannot exclude its existence, and 

further prospective studies with larger numbers of patients are needed to evaluate this 

possibility. 
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