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Abstract


Myocardial fibrosis (MF) is a non-reversible process that occurs following acute or chronic myocardial damage. MF worsens myocardial deformation, remodels the heart and raises myocardial stiffness, and is a crucial pathological manifestation in patients with end-stage cardiovascular diseases and closely related to cardiac adverse events. Therefore, early quantitative analysis of MF plays an important role in risk stratification, clinical decision, and improvement in prognosis. With the advent and development of strain imaging modalities in recent years, MF may be detected early in cardiovascular diseases. This review summarizes the clinical usefulness of strain imaging techniques in the non-invasive assessment of MF.
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1. Introduction


Myocardial fibrosis (MF) represents the excessive deposition and disarrangement of fibrillary collagen in the myocardial extracellular matrix following acute or chronic myocardial damage, which is a common pathological manifestation in patients with end-stage cardiovascular diseases [1,2]. This can result in pathological cardiac remodeling, abnormal cardiac morphology and anatomy, reduced myocardial compliance and myocardial systolic and/or diastolic dysfunction [3,4,5]. Extracellular matrix provides structural basis and prevents myocardial rupture to maintain physiological conditions and is very important for wound healing and tissue regeneration. While continuous and excessive tissue injury contributes to the disproportionate and excess deposition of fibrosis, this disrupts the myocardial architecture and affects the course and prognosis of patients [2,6]. MF development and progression is closely associated with adverse clinical events in a variety of cardiovascular diseases such as heart failure (HF), dilated cardiomyopathy (DCM), hypertrophic cardiomyopathy (HCM), myocardial infarction (MI), valvular heart disease, diabetic cardiomyopathy, arrhythmia and peripheral arterial disease [7,8]. MF quantification serves as an alternative marker for cardiac function, degree of cardiac remodeling and ventricular wall stiffness [9], and has crucial clinical value for risk stratification, clinical decision making, determining the timing of intervention for anti-MF therapy and improving prognosis in patients with cardiovascular disease.



Currently, the main examination modalities for detecting the presence of MF include endomyocardial biopsy, magnetic resonance imaging and echocardiography. Endomyocardial biopsy, an examination that directly visualizes myocardial tissues, is the gold-standard method to detect and quantify MF [7,10]. However, the invasive examination means that a major clinical limitation of endomyocardial biopsy is the risk of complications and sampling error [11]. Late gadolinium enhancement (LGE), T1 mapping and extracellular volume (ECV) fraction assessed by cardiac magnetic resonance (CMR) are currently recognized as the non-invasive reference standard for diagnosing focal and diffuse MF [4,12,13,14,15]. However, CMR examination with special sequences is time-consuming, high-cost, not suitable for patients with gadolinium allergy, renal dysfunction, metal device implantation and, hence, precluding its widespread adoption in the clinical realm [16]. Thus, there is an urgent need to explore other invaluable imaging techniques for accurate, non-invasive, and convenient assessment of MF. MF, acute myocyte injury from a toxin/therapy, acute myocardial ischemia or chest deformity can result in abnormal strain. However, myocardial strain has been demonstrated to correlate with the extent of MF, providing valuable prognostic information in patients with HF, cardiomyopathy, and valvular heart disease [4,17,18]. CMR is the first non-invasive imaging technique to measure myocardial strain. A variety of CMR-based myocardial strain imaging modalities have emerged, e.g., feature tracking (FT), myocardial tagging, strain encoding, of which FT is based on conventional cine CMR and myocardial strain can be obtained without additional imaging and complex post-processing [19]. Echocardiography is the most commonly used tool for assessing myocardial strain. Several recent studies have shown that both two-dimensional speckle tracking echocardiography (2D-STE) and three-dimensional speckle tracking echocardiography (3D-STE) developed in recent years may allow us to accurately evaluate the MF [20,21,22]. Herein, we review the clinical usefulness of strain imaging in evaluation of MF.




2. Strain Imaging


Myocardial strain is the percent change in myocardial length relative to the baseline length, and it represents the degree of myocardial deformation and changes over time during the cardiac cycle [23,24,25]. In 1973, Mirsky et al. proposed the concept of strain (ε), which allowed quantitative analysis of myocardial mechanics [26]. Myocardial strain was first measured by CMR tagging in 1988 [27]. In 1998, tissue Doppler imaging (TDI) was introduced to measure one-dimensional myocardial strain and became the first echocardiographic technique to measure myocardial deformation [28]. Two-dimensional speckle tracking echocardiography was developed and applied in 2000 [29,30]. Three-dimensional speckle tracking echocardiography developed over the last decade based on 2D-STE and three-dimensional echocardiography; it can objectively and accurately analyze myocardial strain in three-dimensional datasets.



2.1. Cardiac Magnetic Resonance


CMR is recommended for clinical research and practice to non-invasively quantify cardiac function and MF, as CMR can comprehensively assess cardiac morphological structure, function, myocardial perfusion, viability and MF, with high soft tissue resolution [31]. At present, CMR-based tissue tracking imaging techniques include FT, myocardial tagging, strain encoding [19]. The underlying principle of CMR-FT algorithms is similar to speckle tracking echocardiography (STE), where the block-matching approach is the basis for CMR-FT to recognize patterns of features along the blood cavity–myocardial interface in CMR images. We can define the small square windows around these anatomic features on the first image, and then search the most matching image pattern and tracking them during the cardiac cycle in successive images [32,33,34]. Myocardial strain can be obtained using CMR-FT with unrestricted large fields of view, high contrast to noise, and signal-to-noise ratios. In addition, myocardial fiber deformation is quantitatively analyzed without demanding post-processing by parameters such as strain, strain rate, and torsion to further assess myocardial function and MF [33]. Previous studies have reported that CMR-FT strain is highly reproducible and significantly correlated with CMR-LGE [19,35]. Myocardial tagging is the first technique and a current gold standard for strain measurements. It is based on dedicated pulse sequences and induces regional myocardial saturation to facilitate tracking the regions of interest during the cardiac cycle. This approach has yet to be used widely in clinical realms because of the time-consuming nature of additional acquisition and post-processing [36]. Introduced in the early 2000s [37], strain encoding, combined with out-of-plane phase-encoded gradient, encodes strain information into color images to facilitate analysis of abnormal myocardial deformation. However, it is compromised by the low spatial resolution and additional imaging of specialized pulse sequences [19,35].




2.2. Speckle Tracking Echocardiography


Echocardiographic modalities such as STE and TDI are commonly used to the evaluation of myocardial strain, where STE can be used for quantifying global and regional myocardial function non-invasively and objectively by tracking myocardial speckles in a selected cardiac cycle, with the advantages of angle independency, feasibility, fast and high reproducibility [20,38]. STE strain imaging is an advanced tool for quantifying myocardial function and plays an important role in the assessment of MF in many cardiovascular diseases such as HF, cardiomyopathy and valvular heart diseases [24,39,40].



STE is a pioneer in assessing two-dimensional strain. The main advantages of 2D-STE strain measurements in evaluating myocardial function in various diseases have been widely reported and 2D-STE allows for the evaluation of MF in a subclinical period of different cardiovascular diseases [29,41,42,43]. Nevertheless, Myocardial fibers are arranged in complex and contract in different directions simultaneously, while the myocardial motion and mechanics are three-dimensional phenomena [44]. Two-dimensional speckle tracking echocardiography, an imaging technique, works in the two-dimensional planes of tomographic images with the inherent limitations of tracking failure due to out-of-plane speckle motion, apex-to-base foreshortening in the apical views, and the neglect left ventricular torsion, resulting in a less accurate assessment of myocardial deformation that may affect MF evaluation [45]. More recently, three-dimensional myocardial data sets are obtained in the full-volume mode of the apical views by 3D-STE. Three-dimensional speckle tracking echocardiography is based on a speckle tracking pattern-matching algorithm and is a promising technique that is valuable in overcoming the intrinsic restrictions of two-dimensional strain analysis, offering comprehensive and accurate quantitation of the myocardial geometry, global and regional function from a single three-dimensional acquisition. Meanwhile, 3D-STE also has limitations such as low spatial and temporal resolution which affect the assessment of myocardial deformation [20,21,24,44]. STE and CMR-FT strain analysis software automatically delineates endomyocardial boundaries throughout the cardiac cycle; it tracks the motion of the ventricular wall, so as to obtain the myocardial deformation indexes such as global, regional strain and twist (Figure 1, Figure 2, Figure 3 and Figure 4).





3. Strain Imaging in Evaluation of MF


3.1. Heart Failure


MF is the underlying pathological manifestation of various cardiac diseases, causing HF and cardiac dysfunction. Historic studies have shown that left ventricular ejection fraction (LVEF), the commonly used clinical indicator of cardiac function, fails to identify subtle changes in left ventricular function caused by MF in the early stage. MF remains present in patients with subclinical HF despite normal LVEF [4,13,46]. Therefore, researchers are increasingly interested in employing the analysis of MF as an objective and early marker of cardiac decompensation.



STE strain has a good accuracy in detecting early myocardial structural abnormalities and predicting prognosis in HF patients. Lisi et al. applied 2D-STE to measure left ventricular global longitudinal strain (GLS), right atrial longitudinal strain and right ventricular free wall longitudinal strain (RVFWLS) to investigate the accuracy of right ventricular strain in predicting MF. Their observations showed that the above strain indices were decreased in participants with advanced HF compared with healthy subjects (RVFWLS −15.3 ± 4.7% vs. −29.7 ± 4.7%, p < 0.0001). RVFWLS was independently correlated with MF (R2 = 0.64, p < 0.0001), and had the highest accuracy in diagnosing MF (AUC = 0.87; 95% CI 0.80–0.94). RVFWLS was the major determinant of right ventricular MF and the independent predictor of poor prognosis [18]. In HF patients, chronic elevated left ventricular filling pressure provides a nidus for left atrial progressive damage and MF [47,48]. The same group of authors assessed LA reservoir strain by 2D-STE and left atrial fibrosis by histopathology. Peak longitudinal atrial strain (PLAS) was closely associated with left atrial fibrosis (R = −0.88, p < 0.0001) and New York Heart Association class (R = −0.64, p < 0.0001). PALS was the strongest predictor of left atrial fibrosis in multivariate regression analysis (β = −0.91, p < 0.001) [48]. Thus, 2D-STE strains are of great value in evaluating MF and predicting adverse outcomes in HF patients. Tian et al. explored which strain parameter was best for predicting right ventricular MF by 2D-STE and 3D-STE and found that traditional parameters of right ventricular function, two-dimensional RVFWLS and three-dimensional RVFWLS were reduced in severe MF patients compared with mild and moderate right ventricular MF subjects, and three-dimensional RVFWLS associated best with the extent of right ventricular MF detected histologically (r = −0.72 vs. −0.21 to −0.53, p < 0.05; cut-off value = −9.46%, 83% sensitivity, 99% specificity). Three-dimensional speckle tracking echocardiography may be the most powerful imaging technique for accurately predicting the degree of right ventricular MF in end-stage HF patients [21].



In the 2013 full version of AHA/ACC HF guidelines, the potential of CMR to provide comprehensive and accurate assessment about cardiac function, myocardial perfusion and MF, that might assist with the diagnosis of HF and evaluation of HF prognosis was highlighted [31,49]. In a study by Erley et al., CMR strains were closely related to MF measured with CMR-LGE, and CMR-FT global circumferential strain (GCS) has high accuracy and reproducibility in reflecting MF. However, 2D-STE GLS was not significantly related to CMR-LGE, which may be caused by the particular subject populations, prevalence and severity of strain abnormalities, and measurement methods [19]. Shenoy et al. investigated the long-term prognostic value of CMR-FT-derived GLS in a large cohort study. In contrast to the recipients with CMR-GLS above the median, the incidences of major adverse cardiac events (MACE, including cardiovascular mortality, HF hospitalization, MI or stroke) or all-cause mortality were higher in recipients with CMR-GLS below the median. CMR-GLS had an independent predictive value for MF severity [50]. Kammerlander et al. followed HF subjects with preserved LVEF for 38 ± 29 months and obtained the GLS, GCS, global radial strain (GRS) and strain rates to investigate the correlation between CMR-FT strain and diffuse MF from CMR-ECV. The results indicated that the CMR-GLS was associated with CMR-ECV and related to MACE [51]. Current findings regarding the evaluation of MF in patients with HF using strain imaging are presented in Table 1. The above studies showed that STE and CMR strain indexes (RVFWLS, PLAS, GCS or GLS) were able to accurately detect and predict the degree of MF in HF patients and emerged as surrogate parameters of LGE [18,19,50]. Strain imaging was better than ejection fraction and remaining conventional parameters, and independently related to MACE [21,48,50,51].




3.2. Dilated Cardiomyopathy


DCM is a common cause of heart transplantation, one of the commonest inherited diseases of heart muscle with biventricular or left ventricular dilatation and deterioration, without significant coronary artery disease and abnormal chamber load (valve disease, hypertension) [52,53]. The estimated prevalences of DCM are reported 40:100,000 and the annual incidence is 7:100,000 [54]. MF is a common pathological manifestation in DCM patients and has been shown to correlate with impairing cardiac function and high mortality [20,55].



Advanced strain imaging modalities (such as STE and CMR-FT) have the potential to analyze the presence and extent of MF before DCM develops [56]. Chimura et al. followed symptomatic DCM participants for 3.8 ± 2.5 years in a longitudinal, retrospective study where they found the significant difference in Two-dimensional GLS (−8.3 ± 3.7% vs. −9.8 ± 4.9%, p < 0.05) between participants with LGE (LGE+) and without LGE (LGE-). Only GLS was independently associated with left ventricular remodeling (over CMR-LGE) in multivariable logistic analysis (OR = 0.76, 95% CI 0.67–0.86; cut-off value ≤ −8.5%; both p < 0.05) and could be used as an indicator for risk stratification to assess prognosis [57]. In a prospective study with DCM participants who underwent both 2D-STE and CMR-LGE imaging, the parameters of left ventricular GLS, global work index, global work efficiency and global constructive work were derived from 2D-STE pressure–strain loop technique, and showed that the above indicators were reduced in LGE+ participants against those LGE- and remained independent predictors of left ventricular MF [58]. Two-dimensional speckle tracking echocardiography may predict left ventricular MF well, but can 3D-STE strain approximate a histologic biopsy of myocardium? Wang et al. compared STE with pathologic biopsy to evaluate the accuracy and effectiveness of two-dimensional and three-dimensional STE strain indices in detecting the degree of left ventricular MF. Their findings showed that the left ventricular three-dimensional GLS, GRS, tangential strain and two-dimensional GLS were lower in severe MF patients versus patients with mild and moderate MF, where three-dimensional GLS was strongly associated with MF (r = 0.72, p < 0.001). The three-dimensional GLS was the robust surrogate marker for assessing the extent of MF in DCM patients with HF (AUC = 0.86, p < 0.001, cut-off value = −9.7%) [20]. More recently, Chi et al. applied 3D-STE to explore the correlation between MF degree and left ventricular twist and indicated that the left ventricular global torsion and twist angle were significantly reduced in the DCM group compared with the healthy control group and were closely related to the degree of MF (r = −0.841, −0.828, respectively; both p < 0.05). Three-dimensional speckle tracking echocardiography enabled accurate quantification of left ventricular twist dynamics to indirectly reflect the MF conditions in patients with DCM [59].



A retrospective study by Azuma et al. explored MF in non-ischemic DCM patients by CMR-FT versus ECV and investigated the relationship between myocardial strain and ECV. Their data demonstrated that left ventricular longitudinal strain, radial strain, and circumferential strain (−10.2 ± 3.78% vs. −19.8 ± 4.30%, 22.7 ± 10.3% vs. 30.3 ± 18.2%, −6.47 ± 1.89% vs. −9.52 ± 5.15%, respectively; all p < 0.01) were significantly lower and ECV (0.30 ± 0.07% vs. 0.28 ± 0.06%, p < 0.01) was significantly higher in the DCM group than in healthy controls. CMR-derived radial strain and circumferential strain were significantly correlated with ECV [60]. Buss et al. followed non-ischemic DCM participants for 5.3 years and reported that the mean longitudinal strain (cut-off value > −10%) and GLS (cut-off value > −12.5%) measured by CMR-FT were independent prognostic indexes surpassing LGE mass. CMR-FT longitudinal strain was a survival predictor in DCM (HR = 5.4, p < 0.01) and provided additional information on risk stratification [61]. In conclusion, CMR-FT strain can be used as a non-invasive imaging marker for MF detection without contrast media. Table 2 presents the current findings regarding the evaluation of MF in DCM patients using strain imaging. Many studies indicated that strain parameters (GLS, GCS, global constructive work, left ventricular twist) play an important role in diagnosis and prediction of MF, risk stratification and prognostic evaluation of DCM participants [20,58,60]; they were more accurate than other imaging data such as left ventricular stroke volume index [20], left ventricular end-diastolic and end-systolic volumes, LVEF (except for one study [58]), left atrial volume [57], left atrial diameter [59], and LGE mass [61].




3.3. Hypertrophic Cardiomyopathy


HCM is defined as a genetic cardiomyopathy with left ventricular wall thickness ≥ 15 mm measured by any imaging method (CMR, echocardiography, or computed tomography, etc.) or unexplained left ventricular wall thickness ≥ 13 mm in first-degree relatives of HCM patients in the absence of load condition anomaly, with a prevalence of 0.2% in the US population and 0.08% in China [24,62,63]. Pathophysiologically, HCM is characterized by cardiomyocyte hypertrophy, disarrangement, and the existence of MF. Many studies have suggested that MF remains a crucial contributor to arrhythmias and mortality in patients with HCM [64,65,66]. The assessment of the MF can offer incremental value for risk stratification and prognostication of HCM patients. Strain imaging may assist with the detection of decreased cardiac function and identification of non-MF and MF segments in HCM patients [24,67].



Many previous studies used strain imaging against pathological specimens or CMR-LGE to detect fibrosis, testing their hypothesis. Popović et al. sought to assess the relationship between MF and segmental strains using CMR-LGE and 2D-STE in HCM patients with preserved LVEF. The results showed that the mean longitudinal strain was associated with the extent of MF (r = 0.46, p < 0.005) and the number of myocardial segments with MF (r = 0.47, p < 0.005). Both left ventricular wall thickness and MF were predictive factors of depressed segmental longitudinal strain (p < 0.005). Interestingly, they also observed the decreased longitudinal, radial, and circumferential strains in HCM patients without MF. In patients with HCM, MF was correlated with reduced longitudinal strain [68]. Saito et al. enrolled HCM patients and revealed that GLS was significantly lower in LGE+ patients than in LGE- patients (−11.8 ± 2.8% vs. −15.0 ± 1.7%, p < 0.001). GLS appears to be an independent predictor of the extent of LGE in multivariate analysis (standard coefficient = 0.627, p < 0.001). Two-dimensional speckle tracking echocardiography might provide valuable information on MF and MACE (GLS cut-off value = −12.9%) in HCM patients with preserved ejection fraction [69]. The conclusions of another original research by Galli et al. were in line with the aforementioned studies [70]. Put together, these studies validated the results that 2D-STE strain may assess MF and be regarded as a prognostic index in patients with HCM. Pagourelias et al. investigated HCM and hypertension patients who underwent 2D-STE, 3D-STE and CMR-LGE. They demonstrated that the absolute values of two-dimensional longitudinal strain and circumferential strain were significantly higher than those of three-dimensional derivatives, and the correlation between two-dimensional and three-dimensional strain was susceptible to the extent of myocardial hypertrophy and cardiac morphology (R2 = 0.66, 0.50, respectively; p ≤ 0.001). Moreover, Two-dimensional segmental longitudinal strain (AUC = 0.78, 95% CI 0.75–0.81, p < 0.0005) was the optimal deformation parameter for detecting subtle MF in HCM patients [71]. Urbano-Moral et al. aimed at comparing 3D-STE and CMR-LGE to depict left ventricular global and regional myocardial mechanics of HCM. Intriguingly, they observed that the degree of myocardial hypertrophy and MF were the main factors of myocardial mechanical changes. Moreover, LGE range and three-dimensional GLS damage were correlated with the degree of myocardial hypertrophy. Three-dimensional segmental area strain seems to be a sensitive parameter reflecting MF in HCM [72]. Another prospective study published recently indicated that the three-dimensional GLS was moderately correlated with CMR-LGE (r = 0.465, p = 0.001), and 3D-STE could detect MF determined by CMR-LGE (GLS cut-off value = −15.25%, 84.6% sensitivity, 84.8% specificity) [73]. Song et al. analyzed the relationship between various strain parameters of CMR-FT and histological MF and the incremental value of FT strain to CMR-LGE in patients with symptomatic obstructive HCM, and the results showed that the longitudinal, circumferential, and radial strains of the interventricular septum in the LGE- patient group with increased MF were significantly lower than those without (all p < 0.05) [74]. They proved that the above strain parameters were significantly correlated with MF detected by myocardial biopsy (r = 0.32, 0.42, −0.27, respectively; all p < 0.005), where longitudinal strain independently correlated with MF and had incremental value over CMR-LGE for detecting MF [74]. Therefore, CMR-FT is an imaging tool that provides important value in quantitative analysis of MF degree and can be used as an imaging marker to detect MF in obstructive HCM patients. CMR-FT strain is able to offer more useful additional information versus CMR-LGE in detecting the extent of MF. The conclusion corroborates the results of another single-center retrospective cohort study published previously (GLS cut-off value ≤ −12.8%, 91% sensitivity, 89% specificity) [75]. Table 3 illustrates current findings regarding the evaluation of MF in HCM patients using strain imaging. The above studies demonstrated that strain imaging could provide good incremental value over the classic LVEF, left ventricular wall thickness, left ventricular mass index, and LGE in detecting and predicting MF and MACE in HCM patients [68,69,70,71,72,73,74,75].




3.4. Myocardial Infarction


Ischemic injury following MI elicits the reactive remodeling of the myocardium in which the damaged areas are replaced with permanent fibrotic scars produced by myofibroblasts and fibroblasts to prevent cardiac rupture. However, exaggerated and massive fibrosis causes the progressive reduction in cardiac function, alters the stiffness of the ventricular wall, and ultimately leading to HF [76,77]. Altiok et al. included 93 subjects with first acute MI who underwent the percutaneous coronary intervention in a retrospective study, and applied CMR-LGE to determine their global and regional myocardial scars; they confirmed that 2D-STE and CMR-LGE had similar accuracy in predicting postoperative left ventricular remodeling as well as global left ventricular functional improvement in subjects with acute MI (AUC = 0.806 vs. 0.824, 0.715 vs. 0.729, respectively; both p > 0.50). Two-dimensional speckle tracking echocardiography allows effective analysis of the presence and degree of myocardial scar in subjects with MI [78]. Huttin et al. prospectively enrolled 100 subjects with first ST-elevation MI to assess the value of 3D-STE strain in detecting myocardial impairment and microvascular obstruction after acute MI. They reported that all three-dimensional strain indexes in infarcted segments were significantly reduced than those in non-infarcted segments, where the segmental area strain and radial strain were related to increased diagnostic accuracy of transmural LGE (AUC > 0.04, p < 0.01). The 3D-STE was a sensitive tool for quantifying the transmural scars [79]. CMR with delayed contrast enhancement (DCE), the current reference standard technique, was used for identifying the location and extent of MF. DCE suggests irreversible myocardial impairment, including focal MF caused by non-ischemic etiology or MI [80,81]. In an observational investigation enrolling 113 patients with ischemic or non-ischemic left ventricular dysfunction and using 3D-STE and CMR-DCE to predict MACE, the three-dimensional GCS and global area strain were significantly reduced in patients with more MACE, and 3D-STE strains were closely related to LVEF. There was no significant difference in DCE between the two groups. Compared to DCE, Three-dimensional speckle tracking echocardiography allowed better identification of patients who develop cardiac-adverse events and early detection of their myocardial injury [80]. Maret et al. aimed to determine whether CMR-FT may accurately assess the myocardial scars, which defined with CMR-LGE after percutaneous coronary intervention in 30 patients with ST-elevation MI. They showed a significant decline in all strain parameters of myocardial segments with scar, of which radial strain was the best strain parameter for detecting transmural myocardial scars (radial strain AUC = 0.89, cut-off value = 38.8%; longitudinal strain AUC = 0.76, cut-off value = −18.5%) [82]. CMR-FT play a robust role in detecting myocardial scar in MI patients.




3.5. Aortic Stenosis


Aortic stenosis (AS) is one of the most common types of valvular heart disease in Western countries with the prevalence of 12.4% in the elderly, 3.4% of whom are severe [83,84]. The pressure or volume overload due to valvular heart disease is one of the common causes of diffuse MF. Usually, patients with AS present with raised left ventricular systolic pressure, which further causes concentric compensatory hypertrophy of the left ventricle and ultimately contributes to progressive MF, increased left ventricular stiffness, decreased compliance, and deterioration of diastolic function [85,86,87]. Understanding the interaction between the left ventricular systolic parameters (e.g., LVEF, systolic strain) and the loading conditions is essential for clinical decision making [85,88,89]. Slimani et al. compared 101 subjects with severe AS with healthy controls undergoing 2D-STE to measure GCS, GLS and wall-stress indexes at end-systole. The extent of interstitial MF was significantly aggravated in subjects with decreased preoperative stress–strain parameters (GCS 4.9 ± 4.4% vs. 9.5 ± 6.4%, GLS 3.8 ± 2.9% vs. 8.3 ± 6.3%; both p < 0.001). Stress–strain parameters before surgery were the independent predictors of circumferential and longitudinal stress–strain parameters after surgery (β = 0.60, 0.49, respectively; both p < 0.001); predicting the degree of postoperative cardiac function recovery and recognizing patients with a large extent of MF [88]. Park et al. revealed the moderate correlation between GLS value assessed by 2D-STE and the degree of histological MF (r = 0.421; p = 0.0003) in severe AS patients. Compared to GLS and native T1, ECV was better to predict the extent of MF (R2 = 0.35, 0.36, 0.44; Akaike Information Criterion= 66.84, 66.18, 55.8; respectively) [90]. Interstitial MF and ventricular wall hypertrophy are known to be the consequences of pressure overload in patients with AS [91], and STE strain measurements have been used for assessment of MF and myocardial viability. Hoffmann et al. demonstrated that CMR-LGE-derived MF was negatively correlated with left ventricular peak longitudinal strain (r = −0.538, p = 0.007), and the cut-off value of peak longitudinal strain (<−11.6%) well- identified MF (LGE > 10%) had a specificity of 75% and a sensitivity of 65% (AUC = 0.69). There was a correlation between STE strain and the degree of MF measured by CMR-LGE [92]. A prospective study involving the marker of replacement MF on CMR in 261 patients with moderate to severe AS underwent STE. Two-dimensional left ventricular GLS indicated great MF discrimination (AUC = 0.74, 95% CI 0.66–0.83, p < 0.001) and standardization (Hosmer–Lemeshow χ2 = 6.37; p = 0.605) and independently related to replacement of MF. In addition, patients with GLS > −15.0% (equivalent to 95% specificity included in MF) had the increased MACE compared to those with LV-GLS < −15.0%. GLS was correlated with the replacement MF (LGE), whereas it is weakly associated with reactive interstitial MF (ECV and native T1). Two-dimensional speckle tracking echocardiography could be used as a good strain imaging technique to assess replacement MF in AS patients [93]. Patients with severe AS usually have pulmonary hypertension (PH), which correlates with poor prognosis [94]. Combined with myocardial biopsy, CMR-FT and two-dimensional echocardiography data from 34 subjects with severe AS, Gumauskiene et al. analyzed the correlation between PH progression and left ventricular MF. In contrast to the subjects without PH, the degree of diffuse MF was significantly raised in subjects with severe AS and PH (6.6 (4.6–8.2)% vs. 12 (10.4–12.7)%, p < 0.001). The degree of diffuse MF was associated with lower LVEF, increased pulmonary artery systolic pressure (PASP), increased NT-proBNP, left ventricular GLS and GCS (r = −0.6, 0.6, 0.5, −0.5, −0.5, respectively; all p ≤ 0.05). MF > 10% (AUC = 0.95, sensitivity 100%, specificity 84%, p < 0.001) and GLS > −15.5% (AUC = 0.86, sensitivity 100%, specificity 82.6%, p < 0.001) were independent predictors of PH in patients with severe AS. The combination of histological diffuse MF, GLS, and plasma NT-proBNP offers incremental value for risk stratification and prognosis in severe AS patients [94].




3.6. Mitral Regurgitation


In patients with mitral regurgitation (MR), partial left ventricular blood flow ejected into the left atrium during systole and into the left ventricle again during diastole. Chronic volume overload offers a nidus for increased myocardial length and elevated diastolic stress, which contributing to progressive left cardiac dilatation, remodeling, aggravated MF and myocardial dysfunction [4,95,96,97]. The left atrium is the main MR target organ injury and strain imaging allows an objective and accurate quantification of left atrial myocardial deformation and function [98,99]. Her et al. observed the significant association between the global left atrial strain and left atrial fibrosis (r = −0.55, p < 0.001), and the two-dimensional strain of left atrium might assist with predicting left atrial fibrosis in mitral valve patients [100]. A study by Cameli et al. investigating 46 severe MR patients applying 2D-STE versus histopathology showed that among the two-dimensional echocardiographic indexes, the diagnostic accuracy of global PLAS in detecting left atrial fibrosis was the highest (AUC = 0.89), and PLAS was closely related to the degree of left atrial fibrosis (r = −0.82, p < 0.0001) and was an independent predictor of left atrial fibrosis [101]. Subsequently, Mandoli et al. followed 65 primary severe MR subjects undergoing mitral surgery for 3.7 ± 1 years or 6.8 ± 1 years (event-group and non-event group, respectively) and determined the association of left atrial strain with postoperative prognosis and left atrial fibrosis by myocardial biopsy. PALS and left ventricular GLS were significantly lower in the poor prognosis group (17 ± 8% vs. 28 ± 8%, −17.3 ± 4.1% vs. −20.6 ± 4.4%, respectively; both p ≤ 0.01). Moreover, Global PLAS offered useful prognosis information (AUC = 0.78, p < 0.01; cut-off value = 21%) and risk stratification information (90 ± 5% (PALS ≥ 21%) vs. 52 ± 9% (PALS < 21%) for event-free survival in 5 years, p < 0.0004) for subjects with severe MR. It was an independent predictor of HF and mortality and was negatively correlated with histologically verified left atrial MF (r2 = 0.80, 31.9 ± 20.8% (PALS ≥ 21%) vs. 76.6 ± 20.7% (PALS < 21%); p < 0.0001). Global PLAS was a crucial imaging marker of left atrial fibrosis [39]. Ischemic MR is susceptible to right ventricular volume and pressure overload, resulting in non-ischemic MF and right ventricular dysfunction [102]. A recent study suggested that RV strains were strongly associated with CMR-derived right ventricular ejection fraction and might serve as the good markers of non-ischemic MF in patients with MR [102]. Huber et al. applied CMR-FT to explore the correlation between left atrial strain and the extent of left atrial fibrofatty remodeling in MR patients, reporting that the impairment of PLAS was observed in MR patients compared with healthy controls (17.0 ± 9.7% vs. 35.6 ± 8.6%, p < 0.001). Altered left atrial strain was significantly associated with raised left atrial remodeling, and PLAS was strongly related to the severity of left atrial fibrofatty replacement (r = −0.75, p = 0.017) [103]. CMR-FT strain measurement is beneficial to guide treatment strategies and delay disease progression.



Several studies mentioned above have demonstrated the value of strain imaging in clinical practice. In early stages, strain imaging is of great help in identifying subclinical cardiac dysfunction and defining prognosis. Moreover, the functions of cardiac chambers are significantly reduced in patients with advanced cardiac disease due to significant MF, and the application of strain imaging is mainly focused on assessing severity and prognosis, when myocardial strains are the most accurate functional indexes [22,33]. Normal strain values help clinicians to rationally exclude the severe MF. However, strain imaging is an indirect diagnostic tool for MF; decreased strain in individual patients is not necessarily a sign of the presence of MF and strain techniques should always be applied and must be combined with clinical features and other examinations as artifactual factors, or interferences may influence strain results [43,104]. For patients with gadolinium allergy, renal dysfunction, metal device implantation or critical illness, STE should always be applied. For patients with poor echocardiographic quality, CMR-FT should always be applied. For patients with poor image quality, strain imaging adds little to the information from standard imaging [16,32]. Strain techniques are still undergoing development, and further validation is required before it can be recommended as a routine application; strain imaging can currently be used as a complementary method to aid clinical diagnosis and decision making.





4. Limitations and Future Directions


This study is limited by the inherent nature of literature review, such as publication bias and selection bias, as well as the articles indexed only in the PubMed and China National Knowledge Infrastructure databases (to avoid low-quality data). It is important to analyze thoroughly the weak aspects of strain imaging techniques to confirm their usability. The additional limitation of the study is that there are not many studies on the assessment of MF using strain imaging modalities; thus, more evidence based on larger sample sizes is needed to demonstrate its clinical utility and to incorporate the results into recommendation statements and clinical protocols.



MF affects the progression of many cardiac diseases (e.g., HF, DCM, ischemic cardiomyopathy and valvular heart diseases) and is an unmet public-health problem. Previously, MF could be identified only by invasive histological evaluation, while new advances in imaging methods have raised the likelihood of noninvasive myocardial tissue characterization in recent years. Conventional echocardiography and CMR indices show a low sensitivity since a decrease in cardiac function may be subtle, and the correlation between strain measures and MF is little-known [105]. Strain assessment isincreasingly being used due to this technique allowing a more precise analysis of subclinical cardiac dysfunction and providing indirect information about MF when LVEF >50% in specific clinical situations [29]. Owing to the irreversible nature of MF processes, early and accurate assessment of MF has an important role in risk stratification and prognosis of patients. Our review has interesting findings that can have crucial implications for clinical practice. A large number of encouraging results offered clinical standpoints on the use of strain techniques to improve patient management and guide clinical decision making. The encouraging results derived from different studies provide clinical perspectives on the use of these techniques for guidance in clinical decision making and improvement in the management of patients with AS. Future applications, namely machine learning algorithms (i.e., artificial intelligence), will automate myocardial function assessment and are expected to be a promising technology to improve diagnostic accuracy and prognosis, accelerating clinical decision making.




5. Summary


MF is a critical pathological manifestation of chronic cardiac dysfunction and HF. Early identification and assessment of MF play a crucial role in risk stratification, therapeutic strategies, timing of intervention, and improvement in prognosis in patients with various cardiovascular diseases. Myocardial strain imaging has attracted attention because of its non-invasive, convenient, efficient, and accurate advantages. Many investigations have reported that strain indexes may act as the best surrogate marker of MF and were independent predictors of adverse cardiovascular events in patients with cardiovascular disease. With the continuous development and improvement in myocardial strain imaging technology, the combination of different imaging modalities with complementary advantages to accurately evaluate the degree of MF and changes in cardiac function offers a reference basis for clinical management and treatment in patients with cardiovascular disease.







Author Contributions


Conceptualization, L.G., M.X. and Y.L. (Yuman Li); methodology, L.Z. and Z.Z.; software, L.G. and Y.L.(Yixia Lin); formal analysis, L.G. and M.J.; investigation, L.G. and Q.H.; resources, M.X. and Y.L. (Yuman Li); data curation, L.G., L.Z., Z.Z. and Y.L. (Yuman Li); writing—original draft preparation, L.G., L.Z., Z.Z., Y.L.(Yixia Lin), M.J., Q.H., M.X. and Y.L. (Yuman Li); writing—review and editing, L.G., L.Z., Z.Z., Y.L.(Yixia Lin), M.X. and Y.L. (Yuman Li); visualization, L.G., L.Z. and Z.Z.; supervision, M.X. and Y.L. (Yuman Li); project administration, M.X.; funding acquisition, L.Z., M.X. and Y.L. (Yuman Li). All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Natural Science Foundation of China (Grant Nos. 82230066, 82151316, 82171964), the Key Research and Development Program of Hubei (Grant Nos. 2020DCD015, 2021BCA138), the Hubei Natural Science Funds for Distinguished Young Scholar (2021CFA046).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



de Boer, R.A.; De Keulenaer, G.; Bauersachs, J.; Brutsaert, D.; Cleland, J.G.; Diez, J.; Du, X.J.; Ford, P.; Heinzel, F.R.; Lipson, K.E.; et al. Towards better definition, quantification and treatment of fibrosis in heart failure. A scientific roadmap by the Committee of Translational Research of the Heart Failure Association (HFA) of the European Society of Cardiology. Eur. J. Heart Fail. 2019, 21, 272–285. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Maruyama, K.; Imanaka-Yoshida, K. The Pathogenesis of Cardiac Fibrosis: A Review of Recent Progress. Int. J. Mol. Sci. 2022, 23, 2617. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Connelly, K.A.; Sarak, B. Diabetes and Myocardial Fibrosis: Is CMR the Force Leading to the Rise of "Scar Wars"? JACC Cardiovasc. Imaging 2022, 15, 809–811. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Lisi, M.; Cameli, M.; Mandoli, G.E.; Pastore, M.C.; Righini, F.M.; D’Ascenzi, F.; Focardi, M.; Rubboli, A.; Mondillo, S.; Henein, M.Y. Detection of myocardial fibrosis by speckle-tracking echocardiography: From prediction to clinical applications. Heart Fail. Rev. 2022, 27, 1857–1867. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Rathod, R.H.; Powell, A.J.; Geva, T. Myocardial Fibrosis in Congenital Heart Disease. Circ. J. 2016, 80, 1300–1307. [Google Scholar] [CrossRef] [Scilit]

	



Li, L.; Zhao, Q.; Kong, W. Extracellular matrix remodeling and cardiac fibrosis. Matrix Biol. 2018, 68, 490–506. [Google Scholar] [CrossRef] [Scilit]

	



Salvador, D.B., Jr.; Gamba, M.R.; Gonzalez-Jaramillo, N.; Gonzalez-Jaramillo, V.; Raguindin, P.F.N.; Minder, B.; Grani, C.; Wilhelm, M.; Stettler, C.; Doria, A.; et al. Diabetes and Myocardial Fibrosis: A Systematic Review and Meta-Analysis. JACC Cardiovasc. Imaging 2022, 15, 796–808. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Lopez, B.; Gonzalez, A.; Ravassa, S.; Beaumont, J.; Moreno, M.U.; San Jose, G.; Querejeta, R.; Diez, J. Circulating Biomarkers of Myocardial Fibrosis: The Need for a Reappraisal. J. Am. Coll. Cardiol. 2015, 65, 2449–2456. [Google Scholar] [CrossRef] [Scilit]

	



Bing, R.; Dweck, M.R. Myocardial fibrosis: Why image, how to image and clinical implications. Heart 2019, 105, 1832–1840. [Google Scholar] [CrossRef] [Scilit]

	



Lopez, B.; Ravassa, S.; Moreno, M.U.; Jose, G.S.; Beaumont, J.; Gonzalez, A.; Diez, J. Diffuse myocardial fibrosis: Mechanisms, diagnosis and therapeutic approaches. Nat. Rev. Cardiol. 2021, 18, 479–498. [Google Scholar] [CrossRef] [Scilit]

	



Raafs, A.G.; Verdonschot, J.A.J.; Henkens, M.; Adriaans, B.P.; Wang, P.; Derks, K.; Abdul Hamid, M.A.; Knackstedt, C.; van Empel, V.P.M.; Diez, J.; et al. The combination of carboxy-terminal propeptide of procollagen type I blood levels and late gadolinium enhancement at cardiac magnetic resonance provides additional prognostic information in idiopathic dilated cardiomyopathy—A multilevel assessment of myocardial fibrosis in dilated cardiomyopathy. Eur. J. Heart Fail. 2021, 23, 933–944. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gonzalez, A.; Schelbert, E.B.; Diez, J.; Butler, J. Myocardial Interstitial Fibrosis in Heart Failure: Biological and Translational Perspectives. J. Am. Coll. Cardiol. 2018, 71, 1696–1706. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Stacey, R.B.; Hundley, W.G. Integrating Measures of Myocardial Fibrosis in the Transition from Hypertensive Heart Disease to Heart Failure. Curr. Hypertens. Rep. 2021, 23, 22. [Google Scholar] [CrossRef] [Scilit]

	



Pontecorboli, G.; Ventura, R.; Carlosena, A.; Benito, E.; Prat-Gonzales, S.; Padeletti, L.; Mont, L. Use of delayed-enhancement magnetic resonance imaging for fibrosis detection in the atria: A review. Europace 2017, 19, 180–189. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Gupta, S.; Ge, Y.; Singh, A.; Grani, C.; Kwong, R.Y. Multimodality Imaging Assessment of Myocardial Fibrosis. JACC Cardiovasc. Imaging 2021, 14, 2457–2469. [Google Scholar] [CrossRef] [Scilit]

	



Iles, L.M.; Ellims, A.H.; Llewellyn, H.; Hare, J.L.; Kaye, D.M.; McLean, C.A.; Taylor, A.J. Histological validation of cardiac magnetic resonance analysis of regional and diffuse interstitial myocardial fibrosis. Eur. Heart J. Cardiovasc. Imaging 2015, 16, 14–22. [Google Scholar] [CrossRef] [Scilit]

	



Haland, T.F.; Almaas, V.M.; Hasselberg, N.E.; Saberniak, J.; Leren, I.S.; Hopp, E.; Edvardsen, T.; Haugaa, K.H. Strain echocardiography is related to fibrosis and ventricular arrhythmias in hypertrophic cardiomyopathy. Eur. Heart J. Cardiovasc. Imaging 2016, 17, 613–621. [Google Scholar] [CrossRef] [Scilit]

	



Lisi, M.; Cameli, M.; Righini, F.M.; Malandrino, A.; Tacchini, D.; Focardi, M.; Tsioulpas, C.; Bernazzali, S.; Tanganelli, P.; Maccherini, M.; et al. RV Longitudinal Deformation Correlates With Myocardial Fibrosis in Patients With End-Stage Heart Failure. JACC Cardiovasc. Imaging 2015, 8, 514–522. [Google Scholar] [CrossRef] [Scilit]

	



Erley, J.; Genovese, D.; Tapaskar, N.; Alvi, N.; Rashedi, N.; Besser, S.A.; Kawaji, K.; Goyal, N.; Kelle, S.; Lang, R.M.; et al. Echocardiography and cardiovascular magnetic resonance based evaluation of myocardial strain and relationship with late gadolinium enhancement. J. Cardiovasc. Magn. Reson. 2019, 21, 46. [Google Scholar] [CrossRef] [Scilit]

	



Wang, J.; Zhang, Y.; Zhang, L.; Tian, F.; Wang, B.; Xie, Y.; Sun, W.; Sun, Z.; Yang, Y.; Lv, Q.; et al. Assessment of Myocardial Fibrosis Using Two-Dimensional and Three-Dimensional Speckle Tracking Echocardiography in Dilated Cardiomyopathy With Advanced Heart Failure. J. Card. Fail. 2021, 27, 651–661. [Google Scholar] [CrossRef] [Scilit]

	



Tian, F.; Zhang, L.; Xie, Y.; Zhang, Y.; Zhu, S.; Wu, C.; Sun, W.; Li, M.; Gao, Y.; Wang, B.; et al. 3-Dimensional Versus 2-Dimensional STE for Right Ventricular Myocardial Fibrosis in Patients With End-Stage Heart Failure. JACC Cardiovasc. Imaging 2021, 14, 1309–1320. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ji, R.; Qiu, Y. Comparison on diagnostic value of two- and three-dimensional speckle-tracking echocardiography in right ventricular myocardial fibrosis in patients with end-stage heart failure. J. Clin. Ultrasound Med. 2022, 24, 260–265. [Google Scholar] [CrossRef]

	



Seo, Y.; Ishizu, T.; Atsumi, A.; Kawamura, R.; Aonuma, K. Three-dimensional speckle tracking echocardiography. Circ. J. 2014, 78, 1290–1301. [Google Scholar] [CrossRef] [Scilit]

	



Pagourelias, E.D.; Alexandridis, G.M.; Vassilikos, V.P. Fibrosis in hypertrophic cardiomyopathy: Role of novel echo techniques and multi-modality imaging assessment. Heart Fail. Rev. 2021, 26, 1297–1310. [Google Scholar] [CrossRef] [Scilit]

	



Mirea, O.; Duchenne, J.; Voigt, J.-U. Recent advances in echocardiography: Strain and strain rate imaging. F1000Research 2016, 5, 787. [Google Scholar] [CrossRef] [Scilit]

	



Mirsky, I.; Parmley, W.W. Assessment of passive elastic stiffness for isolated heart muscle and the intact heart. Circ. Res. 1973, 33, 233–243. [Google Scholar] [CrossRef] [Scilit]

	



Zerhouni, E.A.; Parish, D.M.; Rogers, W.J.; Yang, A.; Shapiro, E.P. Human heart: Tagging with MR imaging--a method for noninvasive assessment of myocardial motion. Radiology 1988, 169, 159–163. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Heimdal, A.; Støylen, A.; Torp, H.; Skjaerpe, T. Real-time strain rate imaging of the left ventricle by ultrasound. J. Am. Soc. Echocardiogr. 1998, 11, 1013–1019. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Voigt, J.U.; Cvijic, M. 2- and 3-Dimensional Myocardial Strain in Cardiac Health and Disease. JACC Cardiovasc. Imaging 2019, 12, 1849–1863. [Google Scholar] [CrossRef] [Scilit]

	



D’Hooge, J.; Heimdal, A.; Jamal, F.; Kukulski, T.; Bijnens, B.; Rademakers, F.; Hatle, L.; Suetens, P.; Sutherland, G.R. Regional strain and strain rate measurements by cardiac ultrasound: Principles, implementation and limitations. Eur. J. Echocardiogr. 2000, 1, 154–170. [Google Scholar] [CrossRef] [Scilit]

	



von Knobelsdorff-Brenkenhoff, F.; Pilz, G.; Schulz-Menger, J. Representation of cardiovascular magnetic resonance in the AHA/ACC guidelines. J. Cardiovasc. Magn. Reson. 2017, 19, 70. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Pedrizzetti, G.; Claus, P.; Kilner, P.J.; Nagel, E. Principles of cardiovascular magnetic resonance feature tracking and echocardiographic speckle tracking for informed clinical use. J. Cardiovasc. Magn. Reson. 2016, 18, 51. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Xu, J.; Yang, W.; Zhao, S.; Lu, M. State-of-the-art myocardial strain by CMR feature tracking: Clinical applications and future perspectives. Eur. Radiol. 2022, 32, 5424–5435. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Claus, P.; Omar, A.M.S.; Pedrizzetti, G.; Sengupta, P.P.; Nagel, E. Tissue Tracking Technology for Assessing Cardiac Mechanics: Principles, Normal Values, and Clinical Applications. JACC Cardiovasc. Imaging 2015, 8, 1444–1460. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bucius, P.; Erley, J.; Tanacli, R.; Zieschang, V.; Giusca, S.; Korosoglou, G.; Steen, H.; Stehning, C.; Pieske, B.; Pieske-Kraigher, E.; et al. Comparison of feature tracking, fast-SENC, and myocardial tagging for global and segmental left ventricular strain. ESC Heart Fail. 2020, 7, 523–532. [Google Scholar] [CrossRef] [Scilit]

	



Weise Valdes, E.; Barth, P.; Piran, M.; Laser, K.T.; Burchert, W.; Korperich, H. Left-Ventricular Reference Myocardial Strain Assessed by Cardiovascular Magnetic Resonance Feature Tracking and fSENC-Impact of Temporal Resolution and Cardiac Muscle Mass. Front. Cardiovasc. Med. 2021, 8, 764496. [Google Scholar] [CrossRef] [Scilit]

	



Osman, N.F.; Sampath, S.; Atalar, E.; Prince, J.L. Imaging longitudinal cardiac strain on short-axis images using strain-encoded MRI. Magn. Reson. Med. 2001, 46, 324–334. [Google Scholar] [CrossRef] [Scilit]

	



Sobhy, R.; Samir, M.; Abdelmohsen, G.; Ibrahim, H.; Abd El Rahman, M.Y.; Abdelrahman, N.; Behairy, N.; Imam, O.; Hamza, H. Subtle Myocardial Dysfunction and Fibrosis in Children with Rheumatic Heart Disease: Insight from 3D Echocardiography, 3D Speckle Tracking and Cardiac Magnetic Resonance Imaging. Pediatr. Cardiol. 2019, 40, 518–525. [Google Scholar] [CrossRef] [Scilit]

	



Mandoli, G.E.; Pastore, M.C.; Benfari, G.; Bisleri, G.; Maccherini, M.; Lisi, G.; Cameli, P.; Lisi, M.; Dokollari, A.; Carrucola, C.; et al. Left atrial strain as a pre-operative prognostic marker for patients with severe mitral regurgitation. Int. J. Cardiol. 2021, 324, 139–145. [Google Scholar] [CrossRef] [Scilit]

	



Gao, L.; Lin, Y.; Ji, M.; Wu, W.; Li, H.; Qian, M.; Zhang, L.; Xie, M.; Li, Y. Clinical Utility of Three-Dimensional Speckle-Tracking Echocardiography in Heart Failure. J. Clin. Med. 2022, 11, 6307. [Google Scholar] [CrossRef] [Scilit]

	



Cameli, M.; Mondillo, S.; Righini, F.M.; Lisi, M.; Dokollari, A.; Lindqvist, P.; Maccherini, M.; Henein, M. Left Ventricular Deformation and Myocardial Fibrosis in Patients With Advanced Heart Failure Requiring Transplantation. J. Card. Fail. 2016, 22, 901–907. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Ochs, A.; Riffel, J.; Ochs, M.M.; Arenja, N.; Fritz, T.; Galuschky, C.; Schuster, A.; Bruder, O.; Mahrholdt, H.; Giannitsis, E.; et al. Myocardial mechanics in dilated cardiomyopathy: Prognostic value of left ventricular torsion and strain. J. Cardiovasc. Magn. Reson. 2021, 23, 136. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Sonaglioni, A.; Nicolosi, G.L.; Rigamonti, E.; Lombardo, M.; La Sala, L. Molecular Approaches and Echocardiographic Deformation Imaging in Detecting Myocardial Fibrosis. Int. J. Mol. Sci. 2022, 23, 944. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Muraru, D.; Niero, A.; Rodriguez-Zanella, H.; Cherata, D.; Badano, L. Three-dimensional speckle-tracking echocardiography: Benefits and limitations of integrating myocardial mechanics with three-dimensional imaging. Cardiovasc. Diagn. 2018, 8, 101–117. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Cameli, M.; Mandoli, G.E.; Sciaccaluga, C.; Mondillo, S. More than 10 years of speckle tracking echocardiography: Still a novel technique or a definite tool for clinical practice? Echocardiography 2019, 36, 958–970. [Google Scholar] [CrossRef] [Scilit]

	



Humeres, C.; Frangogiannis, N.G. Fibroblasts in the Infarcted, Remodeling, and Failing Heart. JACC Basic Transl. Sci. 2019, 4, 449–467. [Google Scholar] [CrossRef] [Scilit]

	



Melenovsky, V.; Hwang, S.J.; Redfield, M.M.; Zakeri, R.; Lin, G.; Borlaug, B.A. Left Atrial Remodeling and Function in Advanced Heart Failure With Preserved or Reduced Ejection Fraction. Circ.-Heart Fail. 2015, 8, 295–303. [Google Scholar] [CrossRef] [Scilit]

	



Lisi, M.; Mandoli, G.E.; Cameli, M.; Pastore, M.C.; Righini, F.M.; Benfari, G.; Rubboli, A.; D’Ascenzi, F.; Focardi, M.; Tsioulpas, C.; et al. Left atrial strain by speckle tracking predicts atrial fibrosis in patients undergoing heart transplantation. Eur. Heart J. Cardiovasc. Imaging 2022, 23, 829–835. [Google Scholar] [CrossRef] [Scilit]

	



Yancy, C.W.; Jessup, M.; Bozkurt, B.; Butler, J.; Casey, D.E., Jr.; Drazner, M.H.; Fonarow, G.C.; Geraci, S.A.; Horwich, T.; Januzzi, J.L.; et al. 2013 ACCF/AHA guideline for the management of heart failure: A report of the American College of Cardiology Foundation/American Heart Association Task Force on Practice Guidelines. J. Am. Coll. Cardiol. 2013, 62, e147–e239. [Google Scholar] [CrossRef] [Scilit]

	



Shenoy, C.; Romano, S.; Hughes, A.; Okasha, O.; Nijjar, P.S.; Velangi, P.; Martin, C.M.; Akcakaya, M.; Farzaneh-Far, A. Cardiac Magnetic Resonance Feature Tracking Global Longitudinal Strain and Prognosis After Heart Transplantation. JACC Cardiovasc. Imaging 2020, 13, 1934–1942. [Google Scholar] [CrossRef] [Scilit]

	



Kammerlander, A.A.; Dona, C.; Nitsche, C.; Koschutnik, M.; Schonbauer, R.; Duca, F.; Zotter-Tufaro, C.; Binder, C.; Aschauer, S.; Beitzke, D.; et al. Feature Tracking of Global Longitu.udinal Strain by Using Cardiovascular MRI Improves Risk Stratification in Heart Failure with Preserved Ejection Fraction. Radiology 2020, 296, 290–298. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Maron, B.J.; Towbin, J.A.; Thiene, G.; Antzelevitch, C.; Corrado, D.; Arnett, D.; Moss, A.J.; Seidman, C.E.; Young, J.B.; American Heart, A.; et al. Contemporary definitions and classification of the cardiomyopathies: An American Heart Association Scientific Statement from the Council on Clinical Cardiology, Heart Failure and Transplantation Committee; Quality of Care and Outcomes Research and Functional Genomics and Translational Biology Interdisciplinary Working Groups; and Council on Epidemiology and Prevention. Circulation 2006, 113, 1807–1816. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Pinto, Y.M.; Elliott, P.M.; Arbustini, E.; Adler, Y.; Anastasakis, A.; Bohm, M.; Duboc, D.; Gimeno, J.; de Groote, P.; Imazio, M.; et al. Proposal for a revised definition of dilated cardiomyopathy, hypokinetic non-dilated cardiomyopathy, and its implications for clinical practice: A position statement of the ESC working group on myocardial and pericardial diseases. Eur. Heart J. 2016, 37, 1850–1858. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Weintraub, R.G.; Semsarian, C.; Macdonald, P. Dilated cardiomyopathy. Lancet 2017, 390, 400–414. [Google Scholar] [CrossRef] [Scilit]

	



Moreo, A.; Ambrosio, G.; De Chiara, B.; Pu, M.; Tran, T.; Mauri, F.; Raman, S.V. Influence of myocardial fibrosis on left ventricular diastolic function: Noninvasive assessment by cardiac magnetic resonance and echo. Circ. Cardiovasc. Imaging 2009, 2, 437–443. [Google Scholar] [CrossRef] [Scilit]

	



Dilated cardiomyopathy. Nat. Rev. Dis. Prim. 2019, 5, 33. [CrossRef] [Scilit]

	



Chimura, M.; Onishi, T.; Tsukishiro, Y.; Sawada, T.; Kiuchi, K.; Shimane, A.; Okajima, K.; Yamada, S.; Taniguchi, Y.; Yasaka, Y.; et al. Longitudinal strain combined with delayed-enhancement magnetic resonance improves risk stratification in patients with dilated cardiomyopathy. Heart 2017, 103, 679–686. [Google Scholar] [CrossRef] [Scilit]

	



Cui, C.; Li, Y.; Liu, Y.; Huang, D.; Hu, Y.; Wang, Y.; Ma, L.; Liu, L. Association Between Echocardiographic Non-invasive Myocardial Work Indices and Myocardial Fibrosis in Patients With Dilated Cardiomyopathy. Front. Cardiovasc. Med. 2021, 8, 704251. [Google Scholar] [CrossRef] [Scilit]

	



Chi, W.; Xu, H.; Gao, J.; Sun, J. To investigate the correlation between left ventricular twist and myocardial fibrosis in patients with dilated cardiomyopathy using three-dimensional. speckle tracking echocardiography. J. Electrocardiol. Circ. 2022, 41, 241–244. [Google Scholar] [CrossRef]

	



Azuma, M.; Kato, S.; Kodama, S.; Hayakawa, K.; Kagimoto, M.; Iguchi, K.; Fukuoka, M.; Fukui, K.; Iwasawa, T.; Utsunomiya, D.; et al. Relationship between the cardiac magnetic resonance derived extracellular volume fraction and feature tracking myocardial strain in patients with non-ischemic dilated cardiomyopathy. Magn. Reson. Imaging 2020, 74, 14–20. [Google Scholar] [CrossRef] [Scilit]

	



Buss, S.J.; Breuninger, K.; Lehrke, S.; Voss, A.; Galuschky, C.; Lossnitzer, D.; Andre, F.; Ehlermann, P.; Franke, J.; Taeger, T.; et al. Assessment of myocardial deformation with cardiac magnetic resonance strain imaging improves risk stratification in patients with dilated cardiomyopathy. Eur. Heart J. Cardiovasc. Imaging 2015, 16, 307–315. [Google Scholar] [CrossRef] [Scilit]

	



Song, L.; Zou, Y.; Wang, D.; Hui, R. Guidelines for the diagnosis and treatment for Chinese adult patients with hypertrophic cardiomyopathy. Chin. J. Cardiol. 2017, 45, 1015–1032. [Google Scholar] [CrossRef]

	



Semsarian, C.; Ingles, J.; Maron, M.S.; Maron, B.J. New perspectives on the prevalence of hypertrophic cardiomyopathy. J. Am. Coll. Cardiol. 2015, 65, 1249–1254. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Almaas, V.M.; Haugaa, K.H.; Strom, E.H.; Scott, H.; Dahl, C.P.; Leren, T.P.; Geiran, O.R.; Endresen, K.; Edvardsen, T.; Aakhus, S.; et al. Increased amount of interstitial fibrosis predicts ventricular arrhythmias, and is associated with reduced myocardial septal function in patients with obstructive hypertrophic cardiomyopathy. Europace 2013, 15, 1319–1327. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Basso, C.; Thiene, G.; Corrado, D.; Buja, G.; Melacini, P.; Nava, A. Hypertrophic cardiomyopathy and sudden death in the young: Pathologic evidence of myocardial ischemia. Hum. Pathol. 2000, 31, 988–998. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Varnava, A.M.; Elliott, P.M.; Sharma, S.; McKenna, W.J.; Davies, M.J. Hypertrophic cardiomyopathy: The interrelation of disarray, fibrosis, and small vessel disease. Heart 2000, 84, 476–482. [Google Scholar] [CrossRef] [Scilit]

	



Yajima, R.; Kataoka, A.; Takahashi, A.; Uehara, M.; Saito, M.; Yamaguchi, C.; Lee, K.; Komuro, I.; Funabashi, N. Distinguishing focal fibrotic lesions and non-fibrotic lesions in hypertrophic cardiomyopathy by assessment of regional myocardial strain using two-dimensional speckle tracking echocardiography: Comparison with multislice CT. Int. J. Cardiol. 2012, 158, 423–432. [Google Scholar] [CrossRef] [Scilit]

	



Popovic, Z.B.; Kwon, D.H.; Mishra, M.; Buakhamsri, A.; Greenberg, N.L.; Thamilarasan, M.; Flamm, S.D.; Thomas, J.D.; Lever, H.M.; Desai, M.Y. Association between regional ventricular function and myocardial fibrosis in hypertrophic cardiomyopathy assessed by speckle tracking echocardiography and delayed hyperenhancement magnetic resonance imaging. J. Am. Soc. Echocardiogr. 2008, 21, 1299–1305. [Google Scholar] [CrossRef] [Scilit]

	



Saito, M.; Okayama, H.; Yoshii, T.; Higashi, H.; Morioka, H.; Hiasa, G.; Sumimoto, T.; Inaba, S.; Nishimura, K.; Inoue, K.; et al. Clinical significance of global two-dimensional strain as a surrogate parameter of myocardial fibrosis and cardiac events in patients with hypertrophic cardiomyopathy. Eur. Heart J. Cardiovasc. Imaging 2012, 13, 617–623. [Google Scholar] [CrossRef] [Scilit]

	



Galli, E.; Vitel, E.; Schnell, F.; Le Rolle, V.; Hubert, A.; Lederlin, M.; Donal, E. Myocardial constructive work is impaired in hypertrophic cardiomyopathy and predicts left ventricular fibrosis. Echocardiography 2019, 36, 74–82. [Google Scholar] [CrossRef] [Scilit]

	



Pagourelias, E.D.; Mirea, O.; Duchenne, J.; Unlu, S.; Van Cleemput, J.; Papadopoulos, C.E.; Bogaert, J.; Vassilikos, V.P.; Voigt, J.U. Speckle tracking deformation imaging to detect regional fibrosis in hypertrophic cardiomyopathy: A comparison between 2D and 3D echo modalities. Eur. Heart J. Cardiovasc. Imaging 2020, 21, 1262–1272. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Urbano-Moral, J.A.; Rowin, E.J.; Maron, M.S.; Crean, A.; Pandian, N.G. Investigation of global and regional myocardial mechanics with 3-dimensional speckle tracking echocardiography and relations to hypertrophy and fibrosis in hypertrophic cardiomyopathy. Circ. Cardiovasc. Imaging 2014, 7, 11–19. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Spartera, M.; Damascelli, A.; Mozes, F.; De Cobelli, F.; La Canna, G. Three-dimensional speckle tracking longitudinal strain is related to myocardial fibrosis determined by late-gadolinium enhancement. Int. J. Cardiovasc. Imaging 2017, 33, 1351–1360. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Song, Y.; Bi, X.; Chen, L.; Yang, K.; Chen, X.; Dong, Z.; Wang, J.; Kong, X.; Zhao, K.; Wang, H.; et al. Reduced myocardial septal function assessed by cardiac magnetic resonance feature tracking in patients with hypertrophic obstructive cardiomyopathy: Associated with histological myocardial fibrosis and ventricular arrhythmias. Eur. Heart J. Cardiovasc. Imaging 2022, 23, 1006–1015. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bogarapu, S.; Puchalski, M.D.; Everitt, M.D.; Williams, R.V.; Weng, H.Y.; Menon, S.C. Novel Cardiac Magnetic Resonance Feature Tracking (CMR-FT) Analysis for Detection of Myocardial Fibrosis in Pediatric Hypertrophic Cardiomyopathy. Pediatr. Cardiol. 2016, 37, 663–673. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Talman, V.; Ruskoaho, H. Cardiac fibrosis in myocardial infarction-from repair and remodeling to regeneration. Cell Tissue Res. 2016, 365, 563–581. [Google Scholar] [CrossRef] [Scilit]

	



Shinde, A.V.; Frangogiannis, N.G. Fibroblasts in myocardial infarction: A role in inflammation and repair. J. Mol. Cell Cardiol. 2014, 70, 74–82. [Google Scholar] [CrossRef] [Scilit]

	



Altiok, E.; Tiemann, S.; Becker, M.; Koos, R.; Zwicker, C.; Schroeder, J.; Kraemer, N.; Schoth, F.; Adam, D.; Friedman, Z.; et al. Myocardial deformation imaging by two-dimensional speckle-tracking echocardiography for prediction of global and segmental functional changes after acute myocardial infarction: A comparison with late gadolinium enhancement cardiac magnetic resonance. J. Am. Soc. Echocardiogr. 2014, 27, 249–257. [Google Scholar] [CrossRef] [Scilit]

	



Huttin, O.; Zhang, L.; Lemoine, S.; Lemarie, J.; Mandry, D.; Micard, E.; Marie, P.Y.; Sadoul, N.; Girerd, N.; Selton-Suty, C. Global and regional myocardial deformation mechanics of microvascular obstruction in acute myocardial infarction a three dimensional speckle-tracking imaging study. Eur. Heart J. 2015, 36, 68. [Google Scholar] [CrossRef] [Scilit]

	



Aly, M.F.A.; Kleijn, S.A.; van Lenthe, J.H.; Menken-Negroiu, R.F.; Robbers, L.F.; Beek, A.M.; Kamp, O. Prediction of prognosis in patients with left ventricular dysfunction using three-dimensional strain echocardiography and cardiac magnetic resonance imaging. Neth. Heart J. 2022, 30, 572–579. [Google Scholar] [CrossRef] [Scilit]

	



Kim, R.J.; Albert, T.S.; Wible, J.H.; Elliott, M.D.; Allen, J.C.; Lee, J.C.; Parker, M.; Napoli, A.; Judd, R.M.; Gadoversetamide Myocardial Infarction Imaging Investigators. Performance of delayed-enhancement magnetic resonance imaging with gadoversetamide contrast for the detection and assessment of myocardial infarction: An international, multicenter, double-blinded, randomized trial. Circulation 2008, 117, 629–637. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Maret, E.; Todt, T.; Brudin, L.; Nylander, E.; Swahn, E.; Ohlsson, J.L.; Engvall, J.E. Functional measurements based on feature tracking of cine magnetic resonance images identify left ventricular segments with myocardial scar. Cardiovasc. Ultrasound 2009, 7, 53. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Bing, R.; Cavalcante, J.L.; Everett, R.J.; Clavel, M.A.; Newby, D.E.; Dweck, M.R. Imaging and Impact of Myocardial Fibrosis in Aortic Stenosis. JACC Cardiovasc. Imaging 2019, 12, 283–296. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Osnabrugge, R.L.; Mylotte, D.; Head, S.J.; Van Mieghem, N.M.; Nkomo, V.T.; LeReun, C.M.; Bogers, A.J.; Piazza, N.; Kappetein, A.P. Aortic stenosis in the elderly: Disease prevalence and number of candidates for transcatheter aortic valve replacement: A meta-analysis and modeling study. J. Am Coll. Cardiol. 2013, 62, 1002–1012. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Kampaktsis, P.N.; Kokkinidis, D.G.; Wong, S.C.; Vavuranakis, M.; Skubas, N.J.; Devereux, R.B. The role and clinical implications of diastolic dysfunction in aortic stenosis. Heart 2017, 103, 1481–1487. [Google Scholar] [CrossRef] [Scilit]

	



Hess, O.M.; Ritter, M.; Schneider, J.; Grimm, J.; Turina, M.; Krayenbuehl, H.P. Diastolic stifness and myocardial structure in aortic valve disease before and after valve replacement. Circulation 1984, 69, 855–865. [Google Scholar] [CrossRef] [Scilit]

	



Krayenbuehl, H.P.; Hess, O.M.; Monrad, E.S.; Schneider, J.; Mall, G.; Turina, M. Left ventricular myocardial structure in aortic valve disease before, intermediate, and late after aortic valve replacement. Circulation 1989, 79, 744–755. [Google Scholar] [CrossRef] [Scilit]

	



Slimani, A.; Melchior, J.; de Meester, C.; Pierard, S.; Roy, C.; Amzulescu, M.; Bouzin, C.; Maes, F.; Pasquet, A.; Pouleur, A.C.; et al. Relative Contribution of Afterload and Interstitial Fibrosis to Myocardial Function in Severe Aortic Stenosis. JACC Cardiovasc. Imaging 2020, 13, 589–600. [Google Scholar] [CrossRef] [Scilit]

	



Reichek, N. Afterload and Fibrosis: Aortic Stenosis Co-Conspirators. JACC Cardiovasc. Imaging 2020, 13, 601–603. [Google Scholar] [CrossRef] [Scilit]

	



Park, S.J.; Cho, S.W.; Kim, S.M.; Ahn, J.; Carriere, K.; Jeong, D.S.; Lee, S.C.; Park, S.W.; Choe, Y.H.; Park, P.W.; et al. Assessment of Myocardial Fibrosis Using Multimodality Imaging in Severe Aortic Stenosis: Comparison With Histologic Fibrosis. JACC Cardiovasc. Imaging 2019, 12, 109–119. [Google Scholar] [CrossRef] [Scilit]

	



Heymans, S.; Schroen, B.; Vermeersch, P.; Milting, H.; Gao, F.; Kassner, A.; Gillijns, H.; Herijgers, P.; Flameng, W.; Carmeliet, P.; et al. Increased cardiac expression of tissue inhibitor of metalloproteinase-1 and tissue inhibitor of metalloproteinase-2 is related to cardiac fibrosis and dysfunction in the chronic pressure-overloaded human heart. Circulation 2005, 112, 1136–1144. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Hoffmann, R.; Altiok, E.; Friedman, Z.; Becker, M.; Frick, M. Myocardial deformation imaging by two-dimensional speckle-tracking echocardiography in comparison to late gadolinium enhancement cardiac magnetic resonance for analysis of myocardial fibrosis in severe aortic stenosis. Am. J. Cardiol. 2014, 114, 1083–1088. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Le, T.T.; Huang, W.; Singh, G.K.; Toh, D.F.; Ewe, S.H.; Tang, H.C.; Loo, G.; Bryant, J.A.; Ang, B.; Tay, E.L.; et al. Echocardiographic Global Longitudinal Strain Is Associated With Myocardial Fibrosis and Predicts Outcomes in Aortic Stenosis. Front. Cardiovasc. Med. 2021, 8, 750016. [Google Scholar] [CrossRef] [Scilit]

	



Gumauskiene, B.; Drebickaite, E.; Pangonyte, D.; Vaskelyte, J.J.; Padervinskiene, L.; Jakuska, P.; Budrikis, A.; Ereminas, R.; Ereminiene, E. The association of left ventricular histologically verified myocardial fibrosis with pulmonary hypertension in severe aortic stenosis. Perfusion 2021. preprint. advance online publication. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Song, B.G.; On, Y.K.; Jeon, E.S.; Kim, D.K.; Lee, S.C.; Park, S.W.; Oh, J.K.; Sung, K.I.; Park, P. Atrioventricular reverse remodeling after valve repair for chronic severe mitral regurgitation: 1-year follow-up. Clin. Cardiol. 2010, 33, 630–637. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Nishimura, R.A.; Otto, C.M.; Bonow, R.O.; Carabello, B.A.; Erwin, J.P.; Fleisher, L.A.; Jneid, H.; Mack, M.J.; McLeod, C.J.; O’Gara, P.T.; et al. 2017 AHA/ACC Focused Update of the 2014 AHA/ACC Guideline for the Management of Patients With Valvular Heart Disease. J. Am. Coll. Cardiol. 2017, 70, 252–289. [Google Scholar] [CrossRef] [Scilit]

	



Casas-Rojo, E.; Fernandez-Golfin, C.; Moya-Mur, J.L.; Gonzalez-Gomez, A.; Garcia-Martin, A.; Moran-Fernandez, L.; Rodriguez-Munoz, D.; Jimenez-Nacher, J.J.; Marti Sanchez, D.; Zamorano Gomez, J.L. Area strain from 3D speckle-tracking echocardiography as an independent predictor of early symptoms or ventricular dysfunction in asymptomatic severe mitral regurgitation with preserved ejection fraction. Int. J. Cardiovasc. Imaging 2016, 32, 1189–1198. [Google Scholar] [CrossRef] [Scilit]

	



Saraiva, R.M.; Demirkol, S.; Buakhamsri, A.; Greenberg, N.; Popovic, Z.B.; Thomas, J.D.; Klein, A.L. Left atrial strain measured by two-dimensional speckle tracking represents a new tool to evaluate left atrial function. J. Am. Soc. Echocardiogr. 2010, 23, 172–180. [Google Scholar] [CrossRef] [Scilit]

	



Cameli, M.; Lisi, M.; Giacomin, E.; Caputo, M.; Navarri, R.; Malandrino, A.; Ballo, P.; Agricola, E.; Mondillo, S. Chronic mitral regurgitation: Left atrial deformation analysis by two-dimensional speckle tracking echocardiography. Echocardiography 2011, 28, 327–334. [Google Scholar] [CrossRef] [Scilit]

	



Her, A.Y.; Choi, E.Y.; Shim, C.Y.; Song, B.W.; Lee, S.; Ha, J.W.; Rim, S.J.; Hwang, K.C.; Chang, B.C.; Chung, N. Prediction of left atrial fibrosis with speckle tracking echocardiography in mitral valve disease: A comparative study with histopathology. Korean Circ. J. 2012, 42, 311–318. [Google Scholar] [CrossRef] [Scilit]

	



Cameli, M.; Lisi, M.; Righini, F.M.; Massoni, A.; Natali, B.M.; Focardi, M.; Tacchini, D.; Geyer, A.; Curci, V.; Di Tommaso, C.; et al. Usefulness of atrial deformation analysis to predict left atrial fibrosis and endocardial thickness in patients undergoing mitral valve operations for severe mitral regurgitation secondary to mitral valve prolapse. Am. J. Cardiol. 2013, 111, 595–601. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Di Franco, A.; Kim, J.; Rodriguez-Diego, S.; Khalique, O.; Siden, J.Y.; Goldburg, S.R.; Mehta, N.K.; Srinivasan, A.; Ratcliffe, M.B.; Levine, R.A.; et al. Multiplanar strain quantification for assessment of right ventricular dysfunction and non-ischemic fibrosis among patients with ischemic mitral regurgitation. PLoS ONE 2017, 12, e0185657. [Google Scholar] [CrossRef] [Scilit] [PubMed]

	



Huber, A.T.; Lamy, J.; Rahhal, A.; Evin, M.; Atassi, F.; Defrance, C.; Lebreton, G.; Clement, K.; Berthet, M.; Isnard, R.; et al. Cardiac MR Strain: A Noninvasive Biomarker of Fibrofatty Remodeling of the Left Atrial Myocardium. Radiology 2018, 286, 83–92. [Google Scholar] [CrossRef] [Scilit]

	



Smiseth, O.A.; Torp, H.; Opdahl, A.; Haugaa, K.H.; Urheim, S. Myocardial strain imaging: How useful is it in clinical decision making? Eur. Heart J. 2016, 37, 1196–1207. [Google Scholar] [CrossRef] [Scilit]

	



Katbeh, A.; Ondrus, T.; Barbato, E.; Galderisi, M.; Trimarco, B.; Van Camp, G.; Vanderheyden, M.; Penicka, M. Imaging of Myocardial Fibrosis and Its Functional Correlates in Aortic Stenosis: A Review and Clinical Potential. Cardiology 2018, 141, 141–149. [Google Scholar] [CrossRef] [Scilit] [PubMed]








[image: Jcm 12 00743 g001] 





Figure 1. LV images of 3D−STE strain in a HF patient who underwent the heart transplantation. (A) Three−dimensional LV reconstruction image. (B) LV endocardial border outlining and tracking. (C) LV global strain. Different colored lines represent the strain curves of different myocardial segments of LV. (D) Example of LV myocardial samples with Masson’s staining obtained from the explanted heart immediately after transplantation (original magnification ×200). LV: left ventricular; MF: myocardial fibrosis; 3D−STE: three−dimensional speckle tracking echocardiography; HF: heart failure. 
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Figure 2. RV images of 3D−STE strain in a HF patient who underwent the heart transplantation. (A) Three−dimensional RV reconstruction image. (B) RV endocardial border outlining and tracking. (C) longitudinal strain of RV septum and free wall. (D) Example of RV myocardial samples stained with Masson’s staining acquired from the explanted heart (original magnification ×200). RV: right ventricular; other abbreviations as in Figure 1. 
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Figure 3. CMR−FT strain images of left ventricle in a DCM patient who underwent the heart transplantation. (A) LV endocardial border outlining and tracking. (B) Bulls−eye plot of LV segmental longitudinal strain. (C) LV global longitudinal strain (yellow curve) and global circumferential strain (pink curve). (D) Example of LV myocardial samples stained with Masson’s staining (original magnification ×200). CMR−FT: cardiac magnetic resonance feature tracking; DCM: dilated cardiomyopathy; other abbreviations as in Figure 1 and Figure 2. 
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Figure 4. CMR−FT strain images of right ventricle in a DCM patient who underwent the heart transplantation. (A) RV endocardial border outlining and tracking. (B) Time to peak RV longitudinal strain and phase. (C) RV longitudinal strain. (D) Example of RV myocardial samples stained with Masson’s staining (original magnification ×200). The abbreviations as in Figure 1, Figure 2 and Figure 3. 
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Table 1. Evaluation of MF in HF patients using strain imaging.
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	References
	Year
	Sample Size
	Age (Years)
	Strain Imaging Technique
	Reference Standard
	Main Findings
	Confidence Level





	Lisi et al. [18]
	2015
	27
	53.7 ± 4.6 a

51.8 ± 6.7 b
	2D-STE
	Histopathology
	RVFWLS was independently correlated with MF. RVFWLS was the major determinant of RV MF and the independent predictor of poor prognosis.
	p < 0.0001



	Lisi et al. [48]
	2022
	48
	51.2 ± 8.1
	2D-STE
	Histopathology
	PLAS was closely associated with left atrial fibrosis and was the strongest predictor of left atrial fibrosis.
	p < 0.001



	Tian et al. [21]
	2021
	105
	44 ± 16
	2D-STE, 3D-STE
	Histopathology
	Three-dimensional RVFWLS associated best with the extent of RV MF.
	p < 0.05



	Erley et al. [19]
	2019
	50
	51 ± 9
	2D-STE, CMR-FT
	CMR-LGE
	CMR-GCS was closely related to MF measured with CMR-LGE.
	p = 0.041



	Shenoy et al. [50]
	2020
	152
	54 ± 15
	CMR-FT
	CMR-LGE
	CMR-GLS had an independent predictive value for MF severity.
	p < 0.001



	Kammer-lander et al. [51]
	2020
	206
	71 ± 8
	CMR-FT
	ECV
	The CMR-GLS was associated with CMR-ECV and related to MACE.
	p < 0.05







a Patients with HF; b Healthy controls. MF: myocardial fibrosis; HF: heart failure; 2D-STE: two-dimensional speckle tracking echocardiography; RVFWLS: right ventricular free wall longitudinal strain; RV: right ventricular; PLAS: peak longitudinal atrial strain; 3D-STE: three-dimensional speckle tracking echocardiography; CMR: cardiac magnetic resonance; FT: feature tracking; LGE: late gadolinium enhancement; GCS: global circumferential strain; GLS: global longitudinal strain; ECV: extracellular volume; MACE: major adverse cardiac events.













 





Table 2. Evaluation of MF in DCM patients using strain imaging.
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	References
	Year
	Sample Size
	Age (Years)
	Strain Imaging Technique
	Reference Standard
	Main Findings
	Confidence Level





	Chimura et al. [57]
	2017
	179
	61 ± 15
	2D-STE
	CMR-LGE
	Two-dimensional GLS was independently associated with LV remodeling and could be used as an indicator for risk stratification to assess prognosis in participants with DCM.
	p < 0.05



	Cui et al. [58]
	2021
	57
	43.9 ± 12.7
	2D-STE
	CMR-LGE
	Two-dimensional speckle tracking echocardiography indicators were reduced in LGE+ participants against with those LGE- and remained independent predictors of LV MF.
	p < 0.05



	Wang et al. [20]
	2021
	75
	44 ± 15
	2D-STE, 3D-STE
	Histopathology
	Three-dimensional GLS, GRS, tangential strain and two-dimensional GLS were lower in severe MF patients versus patients with mild and moderate MF, where three-dimensional GLS strongly associated with MF. Three-dimensional GLS strongly associated with MF.
	p < 0.001



	Chi et al. [59]
	2022
	38
	50.77 ± 9.45 a 51.33 ± 10.33 b
	3D-STE
	CMR-LGE
	The three-dimensional global torsion and twist angle were significantly reduced in DCM group and were closely related to the degree of MF.
	p < 0.05



	Azuma et al. [60]
	2020
	57
	61 ± 12
	CMR-FT
	ECV
	LV strains were significantly lower and ECV was significantly higher in the DCM group than in healthy controls. CMR radial strain and circumferential strain were significantly correlated with ECV.
	p < 0.01



	Buss et al. [61]
	2015
	210
	52 ± 15
	CMR-FT
	CMR-LGE
	The longitudinal strains were independent prognostic indexes surpassing LGE mass and ejection fraction. CMR-FT longitudinal strain was a survival predictor in DCM and provided additional information on risk stratification.
	p < 0.01







a Patients with DCM; b Healthy controls. DCM: dilated cardiomyopathy; LV: left ventricular; GRS: global radial strain; other abbreviations as in Table 1.













 





Table 3. Evaluation of MF in HCM patients using strain imaging.
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	References
	Year
	Sample Size
	Age (Years)
	Strain Imaging Technique
	Reference Standard
	Main Findings
	Confidence Level





	Popović et al. [68]
	2008
	39
	42 ± 14 a

44 ± 16 b
	2D-STE
	CMR-LGE
	Both LV wall thickness and MF were predictive factors of depressed longitudinal strain.
	p < 0.003



	Saito et al. [69]
	2012
	48
	63 ± 14
	2D-STE
	CMR-LGE
	GLS was significantly lower in LGE+ patients than in LGE- patients. GLS appears to be an independent predictor of the extent of LGE.
	p < 0.001



	Galli et al. [70]
	2019
	82
	58 ± 14
	2D-STE
	CMR-LGE
	The HCM patients had significantly decreased global constructive work, which was related to MF assessed by LGE.
	p = 0.04



	Pagourelias et al. [71]
	2020
	40
	54.1 ± 14.3
	2D-STE, 3D-STE
	CMR-LGE
	The correlation between two-dimensional and three-dimensional strain was susceptible to the extent of myocardial hypertrophy and cardiac morphology. Two-dimensional segmental longitudinal strain was the optimal deformation parameter for detecting subtle MF.
	p < 0.0005



	Urbano-Moral et al. [72]
	2014
	59
	61 ± 12
	3D-STE
	CMR-LGE
	The degree of myocardial hypertrophy and MF were the main factors of myocardial mechanical changes, LGE range and three-dimensional GLS damage were correlated with the degree of myocardial hypertrophy.
	p ≤ 0.01



	Spartera et al. [73]
	2017
	50
	52 ± 18.5
	3D-STE
	CMR-LGE
	Three-dimensional GLS was moderately correlated with CMR-LGE, and 3D-STE could detect MF determined by CMR-LGE.
	p = 0.001



	Song et al. [74]
	2022
	123
	46.25 ± 14.17
	CMR-FT
	Histopathology
	The interventricular strains were significantly correlated with MF, where longitudinal strain independently correlated with MF.
	p ≤ 0.01



	Bogarapu et al. [75]
	2016
	29
	13.5 ± 6.1
	CMR-FT
	CMR-LGE
	GLS, GCS, GRS and strain rate were reduced in pediatric patients with HCM and MF. GLS ≤ −12.8% has high accuracy for detecting MF.
	p = 0.0007







a Patients with HCM with MF; b Patients with HCM without MF. GCS: global circumferential strain; other abbreviations as in Table 1 and Table 2.
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