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Background: Right ventricular (RV) three-dimensional (3D) strains can be measured using novel 3D RV analytical software (ReVISION). Our objective was to investigate the prognostic value of RV 3D strains.

Methods: We retrospectively selected patients who underwent both 3D echocardiography (3DE) and cardiac magnetic resonance from January 2014 to October 2020. 3DE datasets were analyzed with 3D speckle tracking software and the ReVISION software. The primary end point was a composite of cardiac events, including cardiac death, heart failure hospitalization, or ventricular tachyarrhythmia.

Results: 341 patients were included in this analysis. During a median of 20 months of follow-up, 49 patients reached a composite of cardiac events. In univariate analysis, 3D RV ejection fraction (RVEF) and three 3D strain values [RV global circumferential strain (3D RVGCS), RV global longitudinal strain (3D RVGLS), and RV global area strain (3D RVGAS)] were significantly associated with cardiac death, ventricular tachyarrhythmia, or heart failure hospitalization (Hazard ratio: 0.88 to 0.93, p < 0.05). Multivariate analysis revealed that 3D RVEF, three 3D strain values were significantly associated with cardiac events after adjusting for age, chronic kidney disease, and left ventricular systolic/diastolic parameters. Kaplan-Meier survival curves showed that 3D RVEF of 45% and median values of 3D RVGCS, 3D RVGLS, and 3D RVGAS stratified a higher risk for survival rates. Classification and regression tree analysis, including 22 clinical and echocardiographic parameters, selected 3D RVEF (cut-off value: 34.5%) first, followed by diastolic blood pressure (cut-off value: 53 mmHg) and 3D RVGAS (cut-off value: 32.4%) for stratifying two high-risk group, one intermediate-risk group, and one low-risk group.

Conclusions: RV 3D strain had an equivalent prognostic value compared with 3D RVEF. Combining these parameters with 3D RVEF may allow more detailed stratification of patient's prognosis in a wide array of cardiac diseases.
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INTRODUCTION

For the last decade, the right ventricle has gained increasing attention for morphological and functional assessment. Although tricuspid annular plane systolic excursion (TAPSE), right ventricular (RV) fractional area change, systolic tricuspid annular velocity (RVs'), and longitudinal strains are commonly used for assessment of RV function with two-dimensional (2D) and tissue Doppler echocardiography, these measurements do not cover all aspects of RV function and 2D echocardiographic assessment of RV function has several limitations due to the complex morphology of the right ventricle. Three-dimensional echocardiography (3DE) provides accurate and reproducible values of RV volumes and ejection fraction (RVEF) (1, 2) and current guidelines recommend its use to examiners who are familiar with 3DE (3). We have previously reported that RVEF by 3DE is useful for predicting future prognosis in various cardiac diseases (4–6).

The ReVISION (Right VentrIcular Separate wall motion quantificatiON) software was recently introduced, enabling comprehensive 3D echocardiographic analysis of the right ventricle (7). With this method, strain values such as 3D RV global circumferential strain (RVGCS), 3D RV global longitudinal strain (RVGLS), and 3D RV global area strain (RVGAS) could also be calculated from 3DE datasets. Area strain was defined as the percentage change of the regional area of the endocardium, which can be regarded as the product of both longitudinal strain and circumferential strain. Although reference values of 3D RVGCS, 3D RVGLS, and 3D RVGAS were established using ReVISION software (8), there are no studies indicating whether 3D RV strains have prognostic value over 3DE-derived RVEF in patients with cardiac disease.

We hypothesized that 3D RV strains would provide incremental prognostic information over 3D RVEF. Accordingly, we sought to investigate the prognostic value of RV 3D strains in a diverse group of subjects.



MATERIALS AND METHODS


Study Subjects

This was a single-center, retrospective, observational study. Using a cardiac magnetic resonance (CMR) database, we retrospectively selected patients who underwent both CMR and transthoracic echocardiography on the same day at the University of Occupational and Environmental Health Hospital from January 2014 to October 2020. Exclusion criteria were repeat examinations, age <20 years, patients with <30 days of follow-up, patients without echocardiographic datasets, and patients with extremely poor image quality. Clinical characteristics such as anthropometric data, risk factors, and medication information on the day of the echocardiography were collected. This study protocol was approved by the local Ethics Committee of the University of Occupational and Environmental Health (IRB No: UOEHCRB20-181). The requirement for written informed consent was waived because of the retrospective nature of the study.



Echocardiographic Acquisition

Comprehensive transthoracic two-dimensional and Doppler echocardiographic examination were performed using a commercially available ultrasound system (iE33 or Epic7G, Philips Medical System, Andover, Massachusetts; Vivid E95, GE Healthcare, Horten, Norway).

3DE was performed according to guidelines of the American Society of Echocardiography (ASE) using an iE33, Epic7G, or Vivid E95 equipped with a 3DE transducer (X5-1, Philips Medical System, Andover, Massachusetts; 4V or 4Vc, GE Healthcare, Horten, Norway) (3). 3DE datasets that focused on the left heart chamber were acquired from the apical approach in one- or multi-beat acquisition mode. In addition, 3DE datasets that focused on the right heart chamber were acquired from more lateral transducer positions. In order to increase the volume rate, the width of the image sector size was reduced as narrow as possible, keeping orthogonal 2D echocardiographic images encompassing the entire right ventricle. Datasets were transferred to a separate workstation for off-line analysis.



Echocardiographic Analysis

Echocardiographic analysis was performed by an experienced examiner (MT). Traditional transthoracic 2D and Doppler echocardiographic parameters were measured according to current guidelines of the ASE and the European Association of Cardiovascular Imaging (9).

Image quality of 3DE datasets was subjectively evaluated by visibility of the endocardium in 2D echocardiography images extracted from 3DE datasets (apical four-chamber, two-chamber, and long-axis view for the left ventricle, and in apical four-chamber view, coronal view, and basal short-axis view for the right ventricle). Each view was divided into six segments, and each segment was scored as 0 (no endocardial visualization), 0.5 (partial endocardial visualization during one cardiac cycle), or 1 (complete endocardial visualization throughout one cardiac cycle). These scores were summed to calculate the total image score (range: 0–18). Results were categorized as good (defined as a total score ≥ 16), fair (13 ≤ score < 16), poor (10 ≤ score < 13), or extremely poor (score < 10) (5).

For 3DE analysis of the left ventricle (LV), 3DE datasets that focused on the left heart chamber were analyzed using vendor-independent 3D speckle tracking software (4D LV analysis, TomTec Imaging System, Unterschleissheim, Germany). The software automatically extracted apical four-chamber, two-chamber, long-axis, and short-axis views from 3DE datasets and detected endocardial surface at LV end-diastole. Endocardial borders at LV end-diastole and end-systole were manually corrected as required. After endocardial boundaries were determined, the software conducted 3D speckle tracking analysis over the entire cardiac cycle and automatically measured LV end-diastolic volume (LVEDV), LV end-systolic volume (LVESV), LV ejection fraction (LVEF), and LV global longitudinal strain (LVGLS).

For RV analysis, we used commercially available 3D speckle tracking software (4D RV function 3, TomTec Imaging system, Unterschleissheim, Germany) and ReVISION software (Argus Cognitive, Inc., Lebanon, New Hampshire, USA, www.revisionmethod.com). First, 3D models of the right ventricle were created with 4D RV function 3. After selecting a 3DE dataset that focused on the right heart chamber, the software automatically extracted two orthogonal views of the left and right ventricles from the 3DE datasets. After aligning each view and determining several anatomic landmarks (the LV apex and the middle of the mitral annulus, the RV apex and the middle of the tricuspid annulus), RV endocardial boundaries were automatically drawn by the software. RV endocardial borders at end-diastole were manually corrected as required. The software performed speckle tracking analysis resulting in calculation of RV volumes and RVEF. 3D RV models were exported throughout the cardiac cycle as a 3D object file series and transferred to ReVISION software. The detailed analytical method of ReVISION software has been described elsewhere (10). Briefly, the software calculates conventional volumetric parameters, i.e., RV end-diastolic volume (RVEDV), RV end-systolic volume (RVESV), and RV ejection fraction (RVEF). To evaluate 3D RVGCS, 15 circumferential contours were created by slicing the 3D model with horizontal planes at equal distances along the longitudinal axis and were tracked throughout the cardiac cycle. The length of the latitudes (C) can be calculated by subdividing the curve and calculating it as the sum of the straight lines. RVGCS can be calculated by multiplying the sum of (Cend−systole-Cend−diastole/Cend−diastole) of the 15 latitudes by 100. To evaluate 3D RVGLS, 45 longitudinally oriented contours were generated by connecting the RV apex and predefined points of the RV base and were tracked throughout the cardiac cycle. The length of the longitude (L) can be calculated as the sum of the apex-middle section of the RV and middle section of the RV-RV base geodesic distances. RVGLS can be calculated by multiplying the sum of (Lend−systole-Lend−diastole/Lend−diastole) of 45 longitudes by 100. RVGAS was calculated from the relative change of the endocardial surface between end-diastole and end-systole. The surface is divided into a triangular mesh and its surface area (A) is calculated. The sum of the surface areas at the end of systole (Aend−systole) and at the end of diastole (Aend−diastole) is calculated, and the RVGAS is calculated by multiplying (Aend−systole-Aend−diastole/Aend−diastole) by 100 (Figure 1). RV volumes, RVEF and 3D RV strains (RVGCS, RVGLS, and RVGAS) with ReVISION software were used for the main analysis, while RV volumes and RVEF derived from TomTec software (4D RV function 3) were also presented and used for some analysis.


[image: Figure 1]
FIGURE 1. Two representative cases of three-dimensional (3D) right ventricular (RV) analysis using ReVISION software: One case of normal RV function (3D RVEF: 49%, A–C) and another case of severe RV dysfunction (3D RVEF: 28%, D–F). Transparent light-yellow and light-green represents the end-diastolic endocardial boundary, and darker yellow and darker green represents the end-systolic endocardial boundary. Gray lines indicate contours used for 3D RV global circumferential strain (RVGCS) (A,D), and 3D RV global longitudinal strain (RVGLS) (B,E) assessment, respectively. Light-blue segmental areas and their change from end-diastole to end-systole represent the rationale behind area strain calculations [3D RV global area strain (RVGAS) is calculated using entire RV endocardial areas, C,F].




Follow-Up

Follow-up information was obtained by two researchers (TK, YN), who were not involved in the echocardiographic analysis. Patients were followed up regularly in the outpatient clinic. For patients attending our hospital, prognostic information, such as whether and when a cardiac event occurred, was obtained from the attending physician or the electronic medical record. For patients undergoing treatment at other hospitals, we called the patient at home. If consent was obtained, we asked the patient or family about their current health status and whether and when a cardiac event had occurred. The day of echocardiography was defined as day 0, and final follow-up data were obtained in February 2021. The primary endpoint was a composite of cardiac events, including cardiac death, sustained ventricular tachyarrhythmia, or heart failure (HF) hospitalization. If patient developed multiple events, we selected hardest one as following order (HF hospitalization < sustained ventricular tachyarrhythmia < cardiac death). The secondary endpoint was HF hospitalization.



Reproducibility Analysis

Intra-observer variability of 3D RV volumes and 3D RVEF by 4D RV function 3 was evaluated by repeating measurements taken by the examiner on 35 randomly selected patients at interval of at least one-month, inter-observer variability was evaluated by a second examiner taking these measurements on the same 35 patients.



Statistical Analysis

Commercially available statistical software was used for statistical analysis (JMP Version 14.3.0, SAS Institute, Cary, North Carolina, USA; R Version 4.1.2, The R foundation for Statistical Computing, Vienna). Continuous variables were represented as medians and interquartile ranges (IQR). Categorical variables were expressed as frequencies or percentages. Comparisons between the two groups were analyzed using t-tests or Mann-Whitney U tests for continuous variables, and Fisher's exact test or the chi-square test for categorical variables. A correlation analysis was performed with the r value of the Spearman rank correlation coefficient. Numbers needed to treat (NNTs) were calculated as indicators of effect size (11). Survival time analysis was evaluated using the Kaplan-Meier method, and differences between groups were determined using the log-rank test. A cox proportional hazards model was built to calculate hazard ratio (HR) and 95% confidence interval (CI). The nested regression model was used to assess the incremental prognostic value. A decision tree model was created using classification and regression tree (CART) analysis, which divided patients into binary groups with the highest outcome contrasts and also estimated appropriate cutoff values to predict time-to-event outcomes (12).




RESULTS

Of 432 patients enrolled in the CMR database from January 2014 to October 2020, 341 patients were included as a final study population (Figure 2). Feasibilities of 3D LV and RV analysis were 99% (340/341), and 100% (341/341). Image quality of the left ventricle was good in 20% (68/341), fair in 47% (160/341), and poor in 33% (113/341), respectively. Corresponding values of the right ventricle were 14% (45/341), 42% (144/341), and 44% (152/341) respectively. The median volume rate was 23 Hz (IQR: 20–27 Hz, range: 15–58 Hz). Table 1 shows clinical characteristics of study subjects.
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FIGURE 2. Flow chart of the study population.



Table 1. Clinical characteristics in the study population.
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Echocardiographic Parameters

For 3DE LV parameters, median values of LVEDV index, LVESV index, LVEF, and LVGLS were 90 mL/m2 (IQR: 71–124 mL/m2), 52 mL/m2 (36–85 mL/m2), 41% (28–50%), and 12.2% (7.8–15.5 %), respectively. For 3DE RV parameters, the median values of RVEDV index, RVESV index, RVEF by TomTec software were 61 mL/m2 (51–76 mL/m2), 32 mL/m2 (25–42 mL/m2), 48% (40–54%), respectively. The median values of RVEDV index, RVESV index, RVEF, RVGCS, RVGLS, and RVGAS by ReVISION software were 61 mL/m2 (51–76 mL/m2), 33 mL/m2 (25–42 mL/m2), 47% (39–54%), 19.5% (15.7–23.3%), 15.2% (12.1–18.4%), and 30.0% (24.2–35.4%), respectively. 3D LVEF had a significant correlation with 3D LVGLS (r = 0.92) and 3D RVEF (r = 0.64). 3D RVEF also had a significant strong correlation with 3D RVGCS (r = 0.90), 3D RVGLS (r = 0.87), and 3D RVGAS (r = 0.93). Echocardiographic parameters are presented in Table 2.


Table 2. Clinical and echocardiography parameters in patients with and without a composite of cardiac events (cardiac death, sustained ventricular arrhythmia, or HF hospitalization).
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Association With “Cardiac Death, Ventricular Tachyarrhythmia, or HF Hospitalization”

During a median of 19.8 (IQR: 9.0–38.5) months of follow-up, 49 patients reached a composite of cardiac events, 14 of whom suffered cardiac death. Thirty patients were HF hospitalization, and 5 patients developed sustained ventricular tachyarrhythmia. Of the 14 patients with cardiac death, worsened heart failure was the cause of death in eight patients, ventricular tachyarrhythmia was the cause of death in three, sudden cardiac death was the cause in two, and myocardial infarction was the cause of death in one patient. Table 2 presents clinical and echocardiographic parameters between patients with and without cardiac events, and their NNTs. NNT was smallest in 3D RVEF (2.1), followed by 3D RVGAS (2.2), 3D RVGCS (2.4), 3D RVGLS (2.5), 3D minimum LA volume index (2.5), and 3D RVESV index (2.7). Kaplan-Meier survival analysis of 3D RVEF which were divided into binary groups using predefined cut-off value of 45% and that of 3D RVGCS, 3D RVGLS, and 3D RVGAS, which were divided into binary groups using median values showed that all four parameters had significant discriminatory power for “cardiac death, ventricular tachyarrhythmia, or HF hospitalization” (Figure 3). In univariate Cox proportional hazard analysis, 3D RVEF (HR: 0.93, 95%CI: 0.91–0.96), 3D RVGCS (HR: 0.88, 95%CI: 0.83–0.93), 3D RVGLS (HR: 0.85, 95%CI: 0.79–0.91), and 3D RVGAS (HR: 0.91, 95%CI: 0.88–0.94) were significantly associated with “cardiac death, ventricular tachyarrhythmia, or HF hospitalization” (Supplementary Table 1). The corresponding values of C-Statistic were 0.71 (95%CI: 0.63–0.78), 0.68 (0.60–0.76), 0.68 (0.60–0.76), and 0.70 (0.62–0.77), respectively. There were no statistically significant differences in C-Statics between 3D RVEF and 3D RV strain parameters. We also performed a dichotomous univariate analysis using the cutoff values based on previous reports (3, 13) (Table 3). 3D RVGLS < 15% had a similar hazard ratio compared with 3D RVEF < 45%. Multivariate Cox proportional hazard analysis showed that 3D RVEF and 3D RV strains were associated with future cardiac events, after adjusting age, chronic kidney disease (CKD), 3D LVEF, and average mitral E/e', 3D maximal left atrial volume index (LAVI), or TAPSE (Supplementary Table 2). Incremental values of 3D RVEF and three RV 3D strains are shown in Figure 4. When 3D RVEF, 3D RVGCS, or 3D RVGAS were added to the model including age, CKD, 3D LVEF and average mitral E/e', chi-squared values increased significantly. When either of four parameters were added to the model including age, CKD, 3D LVEF and 3D maximal LAVI, the chi-square value increased significantly. Figure 5 shows results of CART analysis. When 22 clinical and echocardiographic parameters were used, including age, gender, body surface area, CKD, heart rate, systolic blood pressure, diastolic blood pressure (DBP), 3D LVEDVI, 3D LVESVI, 3D LVEF, 3D LVGLS, 3D maximal LAVI, 3D minimal LAVI, E/e', TAPSE, RV s', 3D RVEDVI, 3D RVESVI, 3D RVEF, 3D RVGCS, 3D RVGLS, and 3D RVGAS. CART selected 3D RVEF (cut-off value: 34.5%) first, followed by DBP at the time of echocardiography examination (cut-off value: 53 mmHg) and 3D RVGAS (cut-off value: 32.4%), resulting in classification into two high-risk groups, one intermediate-risk group, and one low-risk group (Figure 5A). If we included 15 echocardiography parameters, CART selected 3D RVEF (cut-off value: 34.5%) first, followed by average mitral E/e' (cut-off value: 25.6) and 3D LVESVI (cut-off value: 51.5 mL/m2), resulting in classification into two high-risk groups, one intermediate-risk group, and one low-risk group (Figure 5B).


[image: Figure 3]
FIGURE 3. Kaplan-Meier survival curves for cardiac death, ventricular tachyarrhythmia, or heart failure hospitalization stratified by predefined cut-off value of 3D RVEF (A) and median values of 3D RVGCS (B), 3D RVGLS (C), and 3D RVGAS (D). CD, cardiac death; HF, heart failure; VA, ventricular tachyarrhythmia.



Table 3. Univariate cox proportional hazards analysis with dichotomous variables for “cardiac death, sustained ventricular arrhythmia, or HF hospitalization.”
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FIGURE 4. The nested regression model to evaluate the incremental value of 3D RVEF, 3D RVGCS, 3D RVGLS, and 3D RVGAS for cardiac death, ventricular tachyarrhythmia, or HF hospitalization. χ2 scores show that 3D RVEF, 3D RVGCS, and 3D RVGAS have significant incremental value for prediction of a composite of cardiac events in addition to models, including age, chronic kidney disease, left ventricular ejection fraction, and average mitral E/e' (A–D). χ2 scores show that 3D RVEF, all 3D global strains have significant incremental value for prediction over the models, including age, chronic kidney disease, left ventricular ejection fraction, and maximum 3D left atrial volume index (E–H).
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FIGURE 5. (A) Classification and regression tree (CART) analysis, including twenty-two clinical and echocardiographic parameters. CART selected 3D RVEF (cut-off value: 34.5%) first, followed by DBP (cut-off value: 53 mmHg) and 3D RVGAS (cut-off value: 32.4%), resulting in classification into two high-risk groups (n = 67), one intermediate-risk group (n = 154), and one low-risk group (n = 120). (B) CART analysis, including fifteen echocardiographic parameters. CART selected 3D RVEF (cut-off value: 34.5%) first, followed by average mitral E/e' (cut-off value: 25.6) and 3D LVESVI (cut-off value: 51.5 mL/m2), resulting in classification into two high-risk groups (n = 59), one intermediate-risk group (n = 126), and one low-risk group (n = 156).




Association With HF Hospitalization

During a median of 19.7 (IQR: 8.7–37.7) months of follow-up, 37 patients reached HF hospitalization. Supplementary Table 3 presents clinical and echocardiographic parameters between patients with and without HF hospitalization, and their NNTs. Figure 6 showed Kaplan-Meier survival analysis of 3D RVEF, 3D RVGCS, 3D RVGLS, and 3D RVGAS divided into binary groups using the aforementioned cutoff values. In univariate analysis, 3D RVEF (HR: 0.93, 95%CI: 0.90–0.96), 3D RVGCS (HR: 0.88, 95%CI: 0.83–0.94), 3D RVGLS (HR: 0.84, 95%CI: 0.78–0.91), 3D RVGAS (HR: 0.91, 95%CI: 0.87–0.95) were significantly associated with HF hospitalization (Supplementary Table 4). Table 4 shows a dichotomous univariate analysis for several echocardiographic parameters using the cutoff values based on previous reports (3, 13). 3D RVGLS < 15% had a similar hazard ratio for HF hospitalization compared with 3D RVEF < 45%.


[image: Figure 6]
FIGURE 6. Kaplan-Meier survival curves for heart failure hospitalization stratified by predefined cut-off value of 3D RVEF (A) and median values of 3D RVGCS (B), 3D RVGLS (C), and 3D RVGAS (D).



Table 4. Univariate cox proportional hazards analysis with dichotomous variables for HF hospitalization.
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Reliability of the ReVISION Method

To evaluate the reliability of the ReVISION method, 3D RVEF values by the ReVISION method were compared to corresponding values obtained from TomTec software or CMR. The prognostic value was also evaluated among three RVEFs. A correlation coefficient of RVEF between the ReVISION method and TomTec software was 0.99 and that between the ReVISION method and CMR was 0.67 (Supplementary Figure 1). The prognostic values of primary and secondary endpoints were comparable among RVEFs assessed by the three methods (Table 5).


Table 5. Comparison of the prognostic value of RVEF among ReVISION method and the other methods.

[image: Table 5]



Reproducibility

The intra- and inter-observer variability of 3D RVEDV, 3D RVESV and 3D RVEF was 4.5–5.4% [intraclass correlation coefficients (ICC): 0.92–0.97] and 7.4–9.2% (ICC: 0.86–0.93), respectively (Supplementary Table 5).




DISCUSSION

To the best of our knowledge, this is the first report of the prognostic utility of RV 3D strains in patients with diverse cardiac diseases. The major findings of our study can be summarized as follows:, (i) Univariate analysis showed that 3D RVEF and RV 3D strains were associated with future outcomes, (ii) Multivariate analysis revealed that 3D RVEF, 3D RVGCS and 3D RVGAS are independently associated with cardiac events after adjusting for age, CKD, 3D LVEF, and average mitral E/e'. 3D RVEF and all 3D RV global strains are independently associated with cardiac events after adjusting for age, CKD, 3D LVEF, and 3D maximum LAVI, (iii) CART selected 3D RVEF first, followed by DBP and 3D RVGAS, which divided the patients into four groups stratified for risk of cardiac events of different degrees.


Previous Studies

Echocardiographic cardiac function analysis has focused mainly on left cardiac chambers, including LVEF, LVGLS, and left atrial volumes and function. The right ventricle, on the other hand, has been regarded for many years as the neglected or forgotten chamber of the heart, with less relevance to RV disease as a primary cardiac disease (14). However, the importance of RV function, especially RVEF, has been recently demonstrated in management and prognostication of cardiac disease (4–6). It has also been reported that patients who had preserved LVEF and reduced RVEF had significantly worse prognoses than patients with reduced LVEF, but preserved RVEF (4, 15), and more attention is now being paid to the right heart chambers.

RV pump function consists of three main mechanisms: (i) shortening of the longitudinal axis with traction of the tricuspid annulus toward the apex; (ii) inward (radial) movement of the RV free wall; (iii) bulging of the interventricular septum into the RV during LV contraction and stretching of the free wall over the septum (7, 16). Impairment of these mechanisms may vary depending on cardiac diseases or conditions. Hence, Lakatos et al. (8) developed the ReVISION method, a 3DE-based solution for quantification of the relative contributions of longitudinal, radial, and antero-posterior shortening to global RVEF. Assessments of RVGCS, RVGLS, and RVGAS have also been implemented. Atsumi et al. (17) first demonstrated the reliability and clinical feasibility of RV 3D strains in animal studies. Ishizu et al. (18) showed that RV 3D strains are associated with impaired RV function in adult patients with a wide array of cardiovascular problems. In these studies, a 3D wall motion tracking algorithm for the RV was used. We reported normal values of RV 3D strains in healthy volunteers using the ReVISION software (8). Recently, RV 3D strains were shown to be associated with short-term outcomes in patients undergoing cardiac surgery (19). However, no studies have investigated whether RV 3D strains provide prognostic information in patients with cardiovascular disease.



Current Study

Univariate and multivariate Cox proportional hazard analysis revealed that not only 3D RVEF but also 3D RV global strains were significantly associated with a composite of cardiac events as well as HF hospitalization. However, because of the collinearity of 3D RVEF and RV 3D strains, multivariate analyses including both 3D RVEF and RV 3D strains were not conducted in this study.

In the CART analysis, 3D RVEF was selected first, followed by DBP, and finally 3D RVGAS, when we included clinical and echocardiography parameters. Selection of 3D RVGAS makes sense because of its smaller NNT next to that of 3D RVEF and because its value reflects strain values in both longitudinal and circumferential directions. Previous publications have reported that lower DBPs are associated with worse prognoses (20–22). In addition, low systolic and mean blood pressures are associated with increased mortality in heart failure patients (22, 23). When we included 15 echocardiography parameters, CART selected 3D RVEF first, followed by LV diastolic function parameter (mitral E/e') and LV systolic function parameter (3D LVESVI). The results suggest that among echocardiographic parameters, 3D RVEF is more important than LV diastolic and systolic parameters to predict future outcome, which agreed with the previous study in patients with asymptomatic aortic stenosis (24).

In the present study, RV 3D strain had prognostic value equivalent to that of 3D RVEF, but not better than 3D RVEF. This may be due to the inclusion of left-sided heart disease of various etiologies and the inclusion of patients with preserved or impaired LV function, which may have resulted in different mechanisms of RV dysfunction among patients. Left-sided heart disease was also thought to diffusely impair the right ventricle. As a result, 3D RV strain, which is an indicator of one or two directional motion components, was equivalent but not superior to 3D RVEF, which is a global indicator. This was also consistent with the fact that for RV 3D strain values, 3D RVGAS, a multidimensional index, was a better parameter for prognosis than 3D RVGCS or 3D RVGLS. Combining these parameters with RVEF may allow more detailed stratification of patient prognosis, especially in a specific type of cardiovascular diseases.

The cut-off values of 3D RVGCS, 3D RVGLS, and 3D RVGAS found for outcome analysis in this study were 19.5, 15.2, and 30.0%, respectively. These values were correctly below the lower limit of normality (LLN) of 3D RVGCS (LLN: 21.3%), 3D RVGLS (LLN: 24.7%), and 3D RVGAS (LLN: 34.8%) reported by Lakatos et al. (8), which is in agreement with the prognostic cut-off value for LVGLS that is also below the LLN for LVGLS (i.e., <16%) (25–27), since cut-off values to estimate worse outcomes should be below the LLN of the parameter analyzed. 3D RVGLS < 15% had a similar hazard ratio compared with 3D RVEF < 45% for the association of a composite of cardiac events as well as HF hospitalization. Further study should be required to validate whether 3D RVGLS of 15% is an optimal cut-off value for prognostication. It is also important to determine whether 3D RVGLS provides useful prognostic information in patients whose 3D RVEF is preserved.



Study Limitations

Some limitations must be acknowledged. This study was single-center, retrospective, observational study that included patients selected from the CMR database. Selection bias should be recognized because only patients undergoing CMR were included, which might be biased toward certain left-sided cardiac conditions. Some echocardiographic parameters and information on the severity of valvular heart disease were not used for the analysis. ReVISION software relies on 3D RV endocardial meshes generated using vendor-independent, commercially available 3DE speckle tracking software. The relatively small number of events in this study did not allow for extensive subgroup analysis. Further studies are needed to investigate the potential usefulness of RV 3D strains in specific cardiac diseases. The decision tree obtained from the CART analysis has been optimized for our population and needs to be externally validated in future studies.



Conclusions

RV 3D strains provided equivalesnt prognostic usefulness compared with 3D RVEF in patients with diverse cardiac diseases. Combining these parameters with 3D RVEF may allow for a more detailed stratification of patient prognoses.
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