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Abstract

:

Background: The complete left bundle branch block (CLBBB) results in ventricular dyssynchrony and a reduction in systolic and diastolic efficiency. We noticed a distinct clockwise rotation of the left ventricle (LV) in patients with CLBBB (“longitudinal rotation”). Aim: The aim of this study was to quantify the “longitudinal rotation” of the LV in patients with CLBBB in comparison to patients with normal conduction or complete right bundle branch block (CRBBB). Methods: Sixty consecutive patients with normal QRS, CRBBB, or CLBBB were included. Stored raw data DICOM 2D apical-4 chambers view images cine clips were analyzed using EchoPac plugin version 203 (GE Vingmed Ultrasound AS, Horten, Norway). In EchoPac–Q-Analysis, 2D strain application was selected. Instead of apical view algorithms, the SAX-MV (short axis—mitral valve level) algorithm was selected for analysis. A closed loop endocardial contour was drawn to initiate the analysis. The “posterior” segment (representing the mitral valve) was excluded before finalizing the analysis. Longitudinal rotation direction, peak angle, and time-to-peak rotation were recorded. Results: All patients with CLBBB (n = 21) had clockwise longitudinal rotation with mean four chamber peak rotation angle of −3.9 ± 2.4°. This rotation is significantly larger than in patients with normal QRS (−1.4 ± 3°, p = 0.005) and CRBBB (0.1 ± 2.2°, p = 0.00001). Clockwise rotation was found to be correlated to QRS duration in patients with the non-RBBB pattern. The angle of rotation was not associated with a lower ejection fraction or the presence of regional wall abnormalities. Conclusions: Significant clockwise longitudinal rotation was found in CLBBB patients compared to normal QRS or CRBBB patients using speckle-tracking echocardiography.
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1. Introduction


Left ventricular contraction efficiency depends in part on synchronous activation of the myocardium. Synchronous activation depends on atrioventricular (AV) synchrony, inter-ventricular (left and right ventricle) synchrony, and intra-ventricular synchrony (within left ventricle). AV synchrony depends on AV conduction, and inter-ventricular synchrony on having intact, fully functioning right and left bundle branches. Intra-ventricular synchrony needs an intact, fully functional left bundle branch and associated subdivisions.



When the conduction system is intact, there is a simultaneous contraction of the myocardium, resulting in efficient systolic and diastolic function. In contrast, conduction delay as in complete left bundle branch block (CLBBB) results in sequential contraction and ventricular dyssynchrony that reduces systolic and diastolic efficiency [1]. Many methods of assessment of this dyssynchrony have been previously suggested at the beginning of the era of cardiac resynchronization therapy (CRT) to pre-assess its presence and extent and optimize results after device implantation [2]. These included use of multiple 2D-Doppler echocardiographic methodologies as m-mode [3], tissue Doppler imaging [4,5,6,7], tissue strain timing [8,9], and tissue strain patterns [10].



Novel strain-imaging techniques using speckle-tracking echocardiography can provide information about regional myocardial mechanics, including not only the timing of myocardial contraction but also patterns of mechanical dysfunction [10]. However, in daily practice when viewing the left ventricle in the apical four chamber view, we noticed a distinct clockwise longitudinal rotation of the left ventricle in patients with CLBBB not addressed by the traditional longitudinal, circumferential, or radial strains that are assessed by speckle-tracking echocardiography. This unique rotation was previously reported by Popovic’ et al. in patients with dilated cardiomyopathy [11].



The aim of this study was to quantify this “longitudinal rotation” of the left ventricle in patients with CLBBB in comparison to patients with normal conduction or complete right bundle branch block (CRBBB) using speckle-tracking echocardiography in an unorthodox way with application of circumferential assessment strain-imaging tools on longitudinal apical long axis views.




2. Methods


2.1. Patient Selection


This retrospective study included three groups of patients based on the QRS pattern: patients with normal QRS, patients with CLBBB, and patients with CRBBB. We selected consecutive patients for each pattern who had comprehensive echocardiography at the Poriya Medical Center in northern Israel: 19 patients with normal QRS duration and normal ejection fraction, 20 patients with CRBBB and preserved ejection fraction, and 21 patients with CLBBB. Clinical and echocardiographic data were extracted from the institute’s database. The indications for echocardiographic studies were dyspnea and chest pain. QRS pattern and width were determined from ECG tracings that were recorded on the same day of the echocardiographic studies. This study was approved by the local ethical institutional committee.




2.2. Echocardiography


Echocardiography (2D-Doppler) was done according to the ASE/EACAVI guidelines [12] on various ultrasound machines (GE Vivid i, E9, E95). Cine clips were stored in full frame rate and not compressed to enable subsequent off-line analysis Ejection fraction, regional wall abnormality (qualitatively analyzed), systolic and diastolic dimensions, and valvular abnormalities were recorded.




2.3. Longitudinal Rotation Quantification


The longitudinal strain algorithm is designed to detect myocardial displacement towards the apex. To measure longitudinal rotation, a circumferential strain algorithm is used to assess radial motion relative to a centroid of the ventricle. This method allows one to calculate the direction and extent (peak angle) of the longitudinal rotation [11].



Stored raw data DICOM 2D apical-4 chamber view cine image clips were analyzed using EchoPac plugin version 203 (GE Vingmed Ultrasound AS, Horten, Norway). All analyses were performed offline by a single experienced cardiologist (S.C) specialized in 2D strain imaging. In EchoPac–Q-Analysis, 2D strain application was selected. Instead of using the apical view algorithm for longitudinal strain assessment, the SAX-MV (short axis—mitral valve level) algorithm, used for circumferential strain assessment, was selected for analysis and assessment of “longitudinal rotation”. A closed-loop endocardial contour was drawn to initiate the analysis. After assuring good tracking, the “posterior” segment (representing the mitral valve annulus) was excluded before finalizing the analysis. Longitudinal rotation direction, peak angle, and time-to-peak rotation were recorded.




2.4. Statistical Analysis


Categorical variables were expressed as percentages and continuous variables as means ± standard deviations. Pattern characteristics were compared using ANOVA with the Tukey–Kramer post-hoc analysis. Correlation between QRS duration and longitudinal rotation angles were performed using a two-side regression analysis. Chi-square analysis was used for categorical variables. Sensitivity and specificity of longitudinal rotation analysis for the identification of CLBBB was done using ROC (receiver operating characteristic) curve analysis. Statistical significance was defined as a p value < 0.05.



Statistical analyses were performed using the MedCalc Statistical Software version 15.6.1 (MedCalc Software bvba, Ostend, Belgium).





3. Results


3.1. Clinical and Echocardiographic Data


The clinical and echocardiographic data are presented in Table 1. Sixty patients were included in the study: 19 patients with a normal QRS pattern, 21 patients with a CLBBB pattern, and 20 patients with a CRBBB pattern. The mean age of the CLBBB patients (67 ± 12 years) and the CRBBB patients (71 ± 13 years) was significantly higher than the normal QRS patients (61 ± 14 years). Female gender constituted 31.6% of the normal QRS patients, 33.3% of the CLBBB patients, and 25% of the CRBBB patients without significant differences between groups. The QRS duration was shorter among the normal QRS patients with a duration of 95 ± 8 ms, compared to the CLBBB patients (159 ± 15 ms, p = 0.00001) and the CRBBB patients (141 ± 11 ms, p = 0.0001). On the other hand, the QRS duration of the CRBBB patients was shorter than the CLBBB patients (p = 0.0001). The ejection fraction was higher among the normal QRS patients (62 ± 6%) compared to the CRBBB patients (55 ± 14%, p = 0.038) and the CLBBB patients (45 ± 17%, p = 0.0001). The ejection fraction among the CRBBB patients was higher than the ejection fraction among the CLBBB patients (p = 0.043). The left ventricular end diastolic diameter was larger among the CLBBB patients (61 ± 12 mm) compared to the normal QRS patients (53 ± 4 mm) and the CRBBB patients (54 ± 10 mm). The left ventricular end systolic diameter was also larger among the CLBBB patients (47 ± 14 mm) compared to the normal QRS patients (34 ± 5 mm) and the CRBBB patients (38 ± 12 mm). Regional wall motion abnormalities were more common among the CLBBB patients (38.1%) compared to the normal QRS patients (10.5%, p = 0.044) and tended to be more common among the CRBBB patients (35%) compared to the normal QRS patients (p = 0.07). Congestive heart failure was more frequent among the CLBBB patients (66.7%) compared to the normal QRS patients (5.3%, 0.00006) or the CRBBB patients (30%, p = 0.02). On the other hand, congestive heart failure was more common among the CRBBB patients compared to the normal QRS patients (p = 0.044).




3.2. Longitudinal Rotation


The SAX-MV (short axis—mitral valve level) algorithm used for circumferential strain assessment was easily applied for assessment of “longitudinal rotation” in all participants. Longitudinal rotation angles differed according to conduction patterns (normal QRS, CRBBB, or CLBBB), as demonstrated in Figure 1. In the CLBBB pattern, there was definite and extensive longitudinal clockwise rotation. All patients with CLBBB (n = 21) had clockwise rotation with mean four chamber peak rotation angle of −3.9 ± 2.4° degrees (Figure 2).



In a CRBBB pattern, there was definite and extensive longitudinal counterclockwise rotation. However, this rotation pattern was variable among patients with CRBBB. We found 65% of CRBBB patients had counterclockwise rotation, while 35% had clockwise rotation. CRBBB patients had a significantly lower rate of clockwise rotation compared to the CLBBB patients. Overall, patients with CRBBB had minimal mean rotation (0.1 ± 2.2°), which was significantly less than patients with CLBBB (p = 0.00001). In patients with a normal QRS pattern (no conduction delay), minimal clockwise rotation was observed. Normal QRS patients had an average rotation of −1.4 ± 3°, which was significantly less than the CLBBB patients (p = 0.005) but not significantly different from the CRBBB patients (p = 0.093) (Table 1). Clockwise rotation was found among 58% of the normal QRS patients which was not significantly different than among the CRBBB patients (35%, p = 0.15) but significantly lower than the CLBBB patients.



Using regression analysis, clockwise rotation was found to be correlated to QRS duration in patients with a non-RBBB pattern (LBBB pattern and normal QRS pattern) (Figure 3). As shown in Figure 3, a longer QRS duration resulted in more clockwise rotation (more negative peak rotation angle). Time-to-peak rotation was not different among the groups: 395 ± 98 ms in normal QRS patients, 339 ± 135 ms in CLBBB patients, and 367 ± 89 ms in CRBBB patients.



Identification of a CLBBB pattern using longitudinal rotation was found to be 95% sensitive and 62% specific for a longitudinal rotation angle smaller or equal to −0.9° (larger negative means more clockwise longitudinal rotation) with an AUC of 0.85 and a p-value of <0.001, as seen in ROC curve analysis in Figure 4.



Importantly, the angle of longitudinal rotation was not associated with low ejection fraction or the presence of regional wall abnormality or the echocardiography machine used.





4. Discussion


4.1. Main Findings


The main findings of this study were: (i) definite and extensive clockwise longitudinal rotation in CLBBB patients, (ii) minimal clockwise or counterclockwise rotation in normal or CRBBB patients, (iii) the angle of clockwise longitudinal rotation correlated with QRS duration in patients with non-RBBB pattern, (iv) the angle of rotation was not associated with low ejection fraction or the presence of regional wall abnormality or the echocardiography machine used.




4.2. Longitudinal Rotation


For quantification of longitudinal rotation, we used 2D speckle-tracking echocardiography that has been used for evaluating myocardial mechanics in the last decade as did Popovic’ et al. [11,13]. This method allows for the measurement of left ventricular strain and volume changes throughout the cardiac cycle. Longitudinal, circumferential, and radial strain can be measured easily using dedicated software and appropriate views. Standard strain software assesses rotation only in short axis. Thus, to assess and quantify longitudinal left ventricular rotation and its relation to conduction abnormalities, we applied the short axis strain tool used for circumferential strain on the apical four chamber view used for longitudinal strain. In contrast to Popovic’ et al., we used more than one echocardiography machine, and we excluded the “posterior” segment (representing the mitral valve) before finalizing the analysis.



Our findings confirmed the direction of longitudinal rotation in CLBBB patients was consistent with that expected from daily practice, and its magnitude correlated with the QRS duration (a wider QRS duration in CLBBB patients correlated with more longitudinal clockwise rotation). This finding may explain the mechanical consequences of CLBBB on myocardial function and add to our general base of knowledge on the matter. As it is well known, CLBBB can cause left ventricular dyssynchrony. This dyssynchrony is heterogeneous and depends on the width of the QRS interval and the degree of left ventricular function. Rao et al. [14] reported 72% of heart failure patients with LBBB have documented dyssynchrony on tissue Doppler imaging, which has a heterogeneous regional distribution. Dyssynchrony may be seen in LBBB and normal hearts, but it is does not involve the lateral wall [14]. Contraction patterns in classical CLBBB based on 2D speckle-tracking echocardiographic longitudinal strain analysis (when the septal peak shortening occurred within the initial 70% of the ejection phase, and the lateral wall was initially stretched and had peak shortening after aortic valve closure) were previously reported [15]. This classical contraction pattern has been associated with improved echocardiographic function and survival without the need for heart transplantation or left ventricular assist device implantation in CRT recipients, independent of QRS duration and ischemic etiology [15,16]. Furthermore, a classical CLBBB contraction pattern on longitudinal strain analysis was associated with a better outcome in CRT recipients evaluated by strain software [17]. Recently, Calle et al. proposed a classification of LBBB induced cardiac remodeling based on longitudinal strain patterns [18]. The proposed classification suggests a pathophysiological continuum of LBBB-induced left ventricular remodeling and may be valuable to assess the contribution of LBBB to the degree of left ventricular remodeling and dysfunction. All the mentioned methods rely on timing of activation for evaluation of dyssynchrony and response to CRT and were unable to fully describe mechanical dyssynchrony, the actual target of CRT [10]. Carasso et al. reported left ventricular mechanical strain patterns, rather than just showing the timing of activation, were also found to be highly predictive of the response to CRT [10]. Erikson et al. reported unique flow-specific measures of mechanical dyssynchrony in heart failure patients with LBBB that may serve as an additional tool for considering the risks imposed by conduction abnormalities in heart failure patients and prove to be useful in predicting responses to CRT [19]. However, the last method is based on cardiac MRI, which is not widely used in clinical practice.



A substantial proportion of patients receiving CRT do not improve their functional or echocardiographic status [20,21], regardless of the pre-implantation assessment methods or the post-implantation assessment of resynchronization used. Our method may help in classification of LBBB-induced cardiac remodeling based on longitudinal rotation patterns. This study demonstrated high sensitivity for identification of CLBBB patterns using longitudinal rotation. It may help in predicting the response to CRT by easy identification and quantification of futile myocardial work of longitudinal rotation. Furthermore, this method may help in optimizing CRT after implantation by iterating changes in V-V intervals to minimize the clockwise longitudinal rotation. Clinical studies are needed to validate this method and its additive value over the available clinical, echocardiographic, or device-based optimization techniques [22].



Strain measures myocardial deformation in three dimensions; myocardial shortening from base to apex by longitudinal strain, systolic shortening of the short axis of the ventricle by circumferential strain, and myocardial thickening from endocardium to epicardium by radial strain [23]. One study assessed the usefulness of each type of strain (radial, circumferential, and longitudinal strain) for left ventricular dyssynchrony assessment and its predictive value for a positive response after cardiac CRT. In this study, speckle-tracking radial strain analysis constituted the best method to identify potential responders to CRT [24]. Other studies found combined patterns of longitudinal and radial dyssynchrony could be predictive of left ventricular functional response after CRT [8]. Helm et al. reported dyssynchrony assessed by longitudinal motion was less sensitive to dyssynchrony and followed different time courses than those assessments that utilized circumferential motion [25]. Wang et al. reported the LBBB-contraction pattern identified from radial-strain analysis in the mid-ventricular short-axis view predicted reverse remodeling and outcome following CRT, similar to the longitudinal-strain analysis [26]. Delgado-Montero et al. reported baseline global circumferential strain and global longitudinal strain were significantly associated with long-term outcome after CRT and had additive prognostic value to routine clinical and electrocardiographic selection criteria for CRT [27]. As it seems from the mentioned studies and from other studies, there is no specific type of strain that is the ultimate one that may evaluate dyssynchrony before CRT implantation and to predict the response to CRT. Furthermore, specific types of strains or combinations of strains but not all types of strains were useful in other conditions. For example, Zhang et al. reported global longitudinal but not circumferential or radial strain predicted prolonged hospitalization and the requirement for inotropic support with epinephrine after aortic valve replacement [23].



In this study, we suggest another model of mechanical dyssynchrony longitudinal rotation that can be easily detected by speckle-tracking echocardiography in addition to the well-known longitudinal, circumferential, and radial strains measured by the same technique. In longitudinal rotation, the SAX-MV (short axis—mitral valve level) algorithm instead of apical views algorithms was selected for analysis. The “posterior” segment (representing the mitral valve) had to be excluded before finalizing the analysis. This unique rotation was not found to be associated with low ejection fraction or the presence of regional wall abnormality or the echocardiography machine used. It may be used alone or in combination with other well-known types of strains to better understand the mechanism of dyssynchrony pre- and post-CRT implantation. Our study is in agreement with the study of Popovic’ et al. [11] that showed clockwise longitudinal rotation appeared in the setting of non-ischemic dilated cardiomyopathy with the additional impact of QRS duration. In addition, Popovic’ et al. concluded longitudinal rotation was a moderately strong predictor of end systolic volume decrease during CRT in dilated cardiomyopathy. However, the strain-imaging methodology is still undergoing development, and further clinical trials are needed to determine if clinical decisions based on strain imaging result in better outcome [28,29,30].




4.3. Clinical Outlook


The clinical implication of the longitudinal rotation is not known. However, based on our study and the study of Popovic’ et al., this unique and novel method may serve as a simple and reproducible method using speckle-tracking echocardiography with simple modification for finding out optimal candidates for CRT (those who have significant clockwise rotation) and to optimize CRT after implantation by searching for the optimal V-V interval and the optimal left ventricular lead configuration.




4.4. Limitations


This is a small study dealing with the longitudinal rotation of left ventricle. The small number of patients limited the statistical power of ROC analysis and regression analysis. The three groups of patients are not homogeneous. Ejection fraction was lower among the CLBBB group compared to the normal QRS group and the CRBBB group. In addition, left ventricular end diastolic diameter and left ventricular end systolic diameter were larger among the CLBBB patients compared to the normal QRS and CRBBB patients. These differences can be partially explained by the fact that CLBBB (compared to normal QRS and CRBBB) can cause inter- and intra-ventricular dyssynchrony that may result in systolic and diastolic dysfunction and increases in cardiac dimensions. In addition, regional wall motion abnormalities were more common among CLBBB patients compared to normal QRS patients and tended to be more common among CRBBB patients compared to normal QRS patients. However, we found the angle of rotation was not associated with low ejection fraction or the presence of regional wall abnormality.



The clinical significance of this method is not addressed in this study. Thus, clinical inferences cannot be derived from this study. Larger studies are needed to validate this method and to investigate if it would help in predicting responses to CRT or help in optimizing CRT post-implantation beyond the well-known methods.





5. Conclusions


Significant clockwise longitudinal rotation was found in CLBBB patients compared to normal QRS or CRBBB patients using speckle-tracking echocardiography. The angle of this clockwise longitudinal rotation correlated with QRS duration but was not associated with low ejection fraction or the presence of regional wall abnormality or the echocardiography machine used.







Author Contributions


Conceptualization, I.M., R.H., N.A. and S.C.; Methodology, I.M., N.A., S.C., R.H. and Y.H.; Software, I.M., S.C., Y.H. and W.K.; Validation, I.M., W.K., E.B. and S.C.; Formal analysis, I.M., R.H., S.C. and N.A.; Investigation, I.M., R.H., S.C. and Y.H.; Resources, I.M., E.B., S.C. and W.K.; Data curation, R.H., I.M., S.C. and N.A.; Writing—original draft, I.M., R.H., E.B. and S.C.; Writing—review & editing, I.M., E.B., B.M.K. and S.C.; Visualization, I.M., E.B. and S.C.; Supervision, I.M., W.K., E.B. and S.C; Project administration, I.M., R.H., S.C. and Y.H.; Funding acquisition. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Ethics Committee of Poriya Medical Center, ethic code: 0099-14-POR.




Informed Consent Statement


Patient consent was waived due to the retrospective design of the study.




Data Availability Statement


Data is unavailable due to privacy or ethical restrictions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Kashani, A.; Barold, S.S. Significance of QRS Complex Duration in Patients with Heart Failure. J. Am. Coll. Cardiol. 2005, 46, 2183–2192. [Google Scholar] [CrossRef]

	



Bax, J.J.; Ansalone, G.; Breithardt, O.A.; Derumeaux, G.; Leclercq, C.; Schalij, M.J.; Sogaard, P.; John Sutton, M.S.; Petros Nihoyannopoulos MD, FRCP, FACC. Echocardiographic evaluation of cardiac resynchronization therapy: Ready for routine clinical use? A critical appraisal. J. Am. Coll. Cardiol. 2004, 44, 1–9. [Google Scholar] [CrossRef]

	



Pitzalis, M.V.; Iacoviello, M.; Romito, R.; Massari, F.; Rizzon, B.; Luzzi, G.; Guida, P.; Andriani, A.; Mastropasqua, F.; Rizzon, P. Cardiac resynchronization therapy tailored by echocardiographic evaluation of ventricular asynchrony. J. Am. Coll. Cardiol. 2002, 40, 1615–1622. [Google Scholar] [CrossRef]

	



Yu, C.-M.; Fung, J.W.-H.; Zhang, Q.; Chan, C.-K.; Chan, Y.-S.; Lin, H.; Kum, L.C.; Kong, S.-L.; Zhang, Y.; Sanderson, J.E.; et al. Tissue Doppler Imaging Is Superior to Strain Rate Imaging and Postsystolic Shortening on the Prediction of Reverse Remodeling in Both Ischemic and Nonischemic Heart Failure After Cardiac Resynchronization Therapy. Circulation 2004, 110, 66–73. [Google Scholar] [CrossRef]

	



Yu, C.-M.; Chau, E.; Sanderson, J.E.; Fan, K.; Tang, M.-O.; Fung, W.-H.; Lin, H.; Kong, S.-L.; Lam, Y.-M.; Hill, M.R.; et al. Tissue Doppler Echocardiographic Evidence of Reverse Remodeling and Improved Synchronicity by Simultaneously Delaying Regional Contraction After Biventricular Pacing Therapy in Heart Failure. Circulation 2002, 105, 438–445. [Google Scholar] [CrossRef]

	



Søgaard, P.; Egeblad, H.; Kim, W.Y.; Jensen, H.K.; Pedersen, A.K.; Kristensen, B.Ø.; Mortensen, P.T. Tissue Doppler imaging predicts improved systolic performance and reversed left ventricular remodeling during long-term cardiac resynchronization therapy. J. Am. Coll. Cardiol. 2002, 40, 723–730. [Google Scholar] [CrossRef]

	



Van Bommel, R.J.; Ypenburg, C.; Borleffs, C.J.; Delgado, V.; Marsan, N.A.; Bertini, M.; Holman, E.R.; Schalij, M.J.; Bax, J.J. Value of tissue Doppler echocardiography in predicting response to cardiac resynchronization therapy in patients with heart failure. Am. J. Cardiol. 2010, 105, 1153–1158. [Google Scholar] [CrossRef]

	



Gorcsan, J., III; Tanabe, M.; Bleeker, G.B.; Suffoletto, M.S.; Thomas, N.C.; Saba, S.; Tops, L.F.; Schalij, M.J.; Bax, J.J. Combined longitudinal and radial dyssynchrony predicts ventricular response after resynchronization therapy. J. Am. Coll. Cardiol. 2007, 50, 1476–1483. [Google Scholar] [CrossRef]

	



Yu, C.M.; Gorcsan, J., III; Bleeker, G.B.; Zhang, Q.; Schalij, M.J.; Suffoletto, M.S.; Fung, J.W.; Schwartzman, D.; Chan, Y.S.; Tanabe, M.; et al. Usefulness of tissue Doppler velocity and strain dyssynchrony for predicting left ventricular reverse remodeling response after cardiac resynchronization therapy. Am. J. Cardiol. 2007, 100, 1263–1270. [Google Scholar] [CrossRef]

	



Carasso, S.; Rakowski, H.; Witte, K.K.; Smith, P.; Carasso, D.; Garceau, P.; Sasson, Z.; Parker, J.D. Left ventricular strain patterns in dilated cardiomyopathy predict response to cardiac resynchronization therapy: Timing is not everything. J. Am. Soc. Echocardiogr. 2009, 22, 242–250. [Google Scholar] [CrossRef]

	



Popovic, Z.; A Grimm, R.; Ahmad, A.; Agler, D.; Favia, M.; Dan, G.; Lim, P.; Casas, F.; Greenberg, N.L.; Thomas, J.D. Longitudinal rotation: An unrecognised motion pattern in patients with dilated cardiomyopathy. Heart 2008, 94, e11. [Google Scholar] [CrossRef]

	



Lang, R.M.; Badano, L.P.; Mor-Avi, V.; Afilalo, J.; Armstrong, A.; Ernande, L.; Flachskampf, F.A.; Foster, E.; Goldstein, S.A.; Kuznetsova, T.; et al. Recommendations for Cardiac Chamber Quantification by Echocardiography in Adults: An Update from the American Society of Echocardiography and the European Association of Cardiovascular Imaging. J. Am. Soc. Echocardiogr. 2015, 28, 1–39.e14. [Google Scholar] [CrossRef]

	



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]

	



Rao, H.B.; Krishnaswami, R.; Kalavakolanu, S.; Calambur, N. Ventricular dyssynchrony patterns in left bundle branch block, with and without heart failure. Indian Pacing Electrophysiol. J. 2010, 10, 115–121. [Google Scholar]

	



Risum, N.; Jons, C.; Olsen, N.T.; Fritz-Hansen, T.; Bruun, N.E.; Hojgaard, M.V.; Valeur, N.; Kronborg, M.B.; Kisslo, J.; Sogaard, P. Simple regional strain pattern analysis to predict response to cardiac resynchronization therapy: Rationale, initial results, and advantages. Am. Heart J. 2012, 163, 697–704. [Google Scholar] [CrossRef]

	



Risum, N.; Tayal, B.; Hansen, T.F.; Bruun, N.E.; Jensen, M.T.; Lauridsen, T.K.; Saba, S.; Kisslo, J.; Gorcsan, J.; Sogaard, P. Identification of Typical Left Bundle Branch Block Contraction by Strain Echocardiography Is Additive to Electrocardiography in Prediction of Long-Term Outcome After Cardiac Resynchronization Therapy. J. Am. Coll. Cardiol. 2015, 66, 631–641. [Google Scholar] [CrossRef]

	



Emerek, K.; Friedman, D.J.; Sørensen, P.L.; Hansen, S.M.; Larsen, J.M.; Risum, N.; Thøgersen, A.M.; Graff, C.; Atwater, B.D.; Kisslo, J.; et al. The Association of a classical left bundle Branch Block Contraction Pattern by vendor-independent strain echocardiography and outcome after cardiac resynchronization therapy. Cardiovasc. Ultrasound 2019, 17, 10. [Google Scholar] [CrossRef]

	



Calle, S.; Kamoen, V.; De Buyzere, M.; De Pooter, J.; Timmermans, F. A Strain-Based Staging Classification of Left Bundle Branch Block-Induced Cardiac Remodeling. JACC Cardiovasc. Imaging 2021, 14, 1691–1702. [Google Scholar] [CrossRef]

	



Eriksson, J.; Zajac, J.; Alehagen, U.; Bolger, A.F.; Ebbers, T.; Carlhäll, C.-J. Left ventricular hemodynamic forces as a marker of mechanical dyssynchrony in heart failure patients with left bundle branch block. Sci. Rep. 2017, 7, 2971. [Google Scholar] [CrossRef]

	



Khan, F.Z.; Virdee, M.S.; Palmer, C.R.; Pugh, P.J.; O’Halloran, D.; Elsik, M.; Read, P.A.; Begley, D.; Fynn, S.P.; Dutka, D.P. Targeted Left Ventricular Lead Placement to Guide Cardiac Resynchronization Therapy: The TARGET Study: A Randomized, Controlled Trial. J. Am. Coll. Cardiol. 2012, 59, 1509–1518. [Google Scholar] [CrossRef]

	



Sommer, A.; Kronborg, M.B.; Nørgaard, B.L.; Poulsen, S.H.; Bouchelouche, K.; Böttcher, M.; Jensen, H.K.; Jensen, J.M.; Kristensen, J.; Gerdes, C.; et al. Multimodality imaging-guided left ventricular lead placement in cardiac resynchronization therapy: A randomized controlled trial. Eur. J. Heart Fail. 2016, 18, 1365–1374. [Google Scholar] [CrossRef]

	



Lunati, M.; Magenta, G.; Cattafi, G.; Moreo, A.; Falaschi, G.; Contardi, D.; Locati, E. Clinical Relevance of Systematic CRT Device Optimization. J. Atr. Fibrillation 2014, 7, 1077. [Google Scholar]

	



Zhang, K.; Sheu, R.; Zimmerman, N.M.; Alfirevic, A.; Sale, S.; Gillinov, A.M.; Duncan, A.E. A Comparison of Global Longitudinal, Circumferential, and Radial Strain to Predict Outcomes After Cardiac Surgery. J. Cardiothorac. Vasc. Anesthesia 2019, 33, 1315–1322. [Google Scholar] [CrossRef]

	



Delgado, V.; Ypenburg, C.; van Bommel, R.J.; Tops, L.F.; Mollema, S.A.; Marsan, N.A.; Bleeker, G.B.; Schalij, M.J.; Bax, J.J. Assessment of Left Ventricular Dyssynchrony by Speckle Tracking Strain Imaging: Comparison Between Longitudinal, Circumferential, and Radial Strain in Cardiac Resynchronization Therapy. J. Am. Coll. Cardiol. 2008, 51, 1944–1952. [Google Scholar] [CrossRef]

	



Helm, R.H.; Leclercq, C.; Faris, O.P.; Ozturk, C.; McVeigh, E.; Lardo, A.; Kass, D.A. Cardiac dyssynchrony analysis using circumferential versus longitudinal strain: Implications for assessing cardiac resynchronization. Circulation 2005, 111, 2760–2767. [Google Scholar] [CrossRef]

	



Wang, C.-L.; Wu, C.-T.; Yeh, Y.-H.; Wu, L.-S.; Chan, Y.-H.; Kuo, C.-T.; Chu, P.-H.; Hsu, L.-A.; Ho, W.-J. Left bundle-branch block contraction patterns identified from radial-strain analysis predicts outcomes following cardiac resynchronization therapy. Int. J. Cardiovasc. Imaging 2017, 33, 869–877. [Google Scholar] [CrossRef]

	



Delgado-Montero, A.; Tayal, B.; Goda, A.; Ryo, K.; Marek, J.J.; Sugahara, M.; Qi, Z.; Althouse, A.D.; Saba, S.; Schwartzman, D.; et al. Additive Prognostic Value of Echocardiographic Global Longitudinal and Global Circumferential Strain to Electrocardiographic Criteria in Patients with Heart Failure Undergoing Cardiac Resynchronization Therapy. Circ. Cardiovasc. Imaging 2016, 9, e004241. [Google Scholar] [CrossRef]

	



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]

	



Olsen, F.J.; Biering-Sørensen, T. Myocardial Strain and Dyssynchrony: Incremental Value? Heart Fail. Clin. 2019, 15, 167–178. [Google Scholar] [CrossRef]

	



Sareen, N.; Ananthasubramaniam, K. Strain Imaging: From Physiology to Practical Applications in Daily Practice. Cardiol. Rev. 2016, 24, 56–69. [Google Scholar] [CrossRef]








[image: Jcm 12 00745 g001 550] 





Figure 1. Examples of longitudinal rotation direction and extent in the various patterns analyzed using circumferential rotation algorithm on longitudinal images. Note the “posterior” or annular segment (in pink color) was excluded from analysis. The dotted lines represent the average rotation curve. (A)—Normal QRS duration, no conduction delay. Note the minimal clockwise rotation. (B)—CLBBB pattern. Definite and extensive longitudinal clockwise rotation. (C)—CRBBB pattern. Definite and extensive longitudinal counterclockwise rotation. This rotation pattern was variable among patients with CRBBB. 
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Figure 2. Comparison of longitudinal rotation angle according to conduction pattern. Negative angles are for clockwise rotation, and positive angles are for counterclockwise rotation. 
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Figure 3. Regression analysis of QRS duration (ms) and longitudinal rotation angle, excluding the CRBBB group. 
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Figure 4. ROC analysis for identification of CLBBB pattern according to rotation angle. 
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Table 1. Clinical and echocardiographic data.
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	Normal

(n = 19)
	LBBB (n = 21)
	p Value (LBBB vs. Normal)
	RBBB (n = 20)
	p Value (RBBB vs. Normal)
	p Value (LBBB vs. RBBB)





	Age
	61 ± 14
	67 ± 12
	0.0497
	71 ± 13
	0.008
	0.16



	Female gender n, %
	6 (31.6)
	7 (33.3)
	0.9
	5 (25)
	0.65
	0.56



	QRS duration (ms)
	95 ± 8
	159 ± 15
	0.00001
	141 ± 11
	0.00001
	0.00001



	Heart rate (min−1)
	70 ± 12
	78 ± 21
	0.17
	75 ± 13
	0.24
	0.56



	Ejection fraction (%)
	62 ± 6
	45 ± 17
	0.0001
	55 ± 14
	0.038
	0.043



	LVEDD (mm)
	53 ± 4
	61 ± 12
	0.004
	54 ± 10
	0.2
	0.04



	LVESD (mm)
	34 ± 5
	47 ± 14
	0.0002
	38 ± 12
	0.06
	0.02



	Severe valvular disease n, %
	1 (5.3)
	5 (23.8)
	0.1
	6 (30)
	0.1
	0.9



	Regional WMA n, %
	2 (10.5)
	8 (38.1)
	0.044
	7 (35)
	0.07
	0.8



	CHF n, %
	1 (5.3)
	14 (66.7)
	0.00006
	6 (30)
	0.044
	0.02



	Clockwise rotation n, %
	11 (58)
	21 (100)
	<0.005
	7 (35)
	0.15
	<0.0005



	Longitudinal rotation

angle (°)
	−1.4 ± 3
	−3.9 ± 2.4
	0.005
	0.1 ± 2.2
	0.093
	0.00001



	Time to peak rotation (ms)
	395 ± 98
	339 ± 135
	0.1447
	367 ± 89
	0.356
	0.437







WMA—wall motion abnormality, CHF—congestive heart failure, LBBB—left bundle branch block, RBBB—right bundle branch block, LVEDD—left ventricular end diastolic diameter, LVESD-left ventricular end systolic diameter.
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