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Background: Phase analysis is a technique used to assess left ventricular mechanical dyssynchrony (LVMD) in nuclear myocardial imaging. Previous studies have found an association between LVMD and myocardial ischemia. We aim to assess the potential diagnostic value of LVMD in terms of myocardial viability, and ability to predict major adverse cardiac events (MACE), using Nitrogen-13 ammonia ECG-gated positron emission tomography (gPET).

Methods: Patients with coronary artery disease (CAD) who underwent Nitrogen-13 ammonia and Fluorine-18 FDG myocardial gPET were enrolled, and their gPET imaging data were retrospectively analyzed. Patients were followed up and major adverse cardiac events (MACE) were recorded. The Kruskal-Wallis test and Mann-Whitney U test were performed to compare LVMD parameters among the groups. Binary logistic regression analysis, receiver operating characteristic (ROC) curve analysis, and multiple stepwise analysis curves were applied to identify the relationship between LVMD parameters and myocardial viability. Kaplan–Meier survival curves and the log-rank test were used to look for differences in the incidence of MACE.

Results: In total, 79 patients were enrolled and divided into three groups: Group 1 (patients with only viable myocardium, n = 7), Group 2 (patients with more viable myocardium than scar, n = 33), and Group 3 (patients with less viable myocardium than scar, n = 39). All LVMD parameters were significantly different among groups. The median values of systolic phase standard deviation (PSD), systolic phase histogram bandwidth (PHB), diastolic PSD, and diastolic PHB between Group 1 and Group 3, and Group 2 and Group 3 were significantly different. A diastolic PHB of 204.5° was the best cut-off value to predict the presence of myocardial scar. In multiple stepwise analysis models, diastolic PSD, ischemic extent, and New York Heart Association (NYHA) classification were independent predictive factors of viable myocardium and myocardial scar. The incidence of MACE in patients with diastolic PHB > 204.5° was 25.0%, higher than patients with diastolic PHB <204.5° (11.8%), but the difference was not significant.

Conclusions: LVMD generated from Nitrogen-13 ammonia ECG-gated myocardial perfusion imaging had added diagnostic value for myocardial viability assessment in CAD patients. LVMD did not show a definite prognostic value.
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INTRODUCTION

Evaluation of myocardial viability is important in patients with coronary artery disease (CAD) when planning revascularization (1) and predicting the improvement of LV systolic function (2). The imaging methods to assess myocardial viability include coronary angiography, echocardiography, cardiac computed tomography (CT), cardiovascular magnetic resonance imaging, and nuclear myocardial imaging (1). Myocardial viability evaluated by myocardial perfusion imaging (MPI) and glucose metabolism imaging is regarded as the “gold standard” of non-invasive imaging (3). Compared with conventional imaging methods (4), myocardial perfusion and metabolism imaging assess regional myocardial physiology and function directly. However, the cost of both myocardial perfusion and metabolism positron emission tomography (PET) imaging is very high. The process to regulate blood glucose levels is complicated, especially in patients with diabetes (4). After time-consuming preparation, the image quality of some patients is still not ideal. Therefore, it is necessary to look for an alternative method to distinguish viable myocardium from myocardial scar.

Phase analysis has emerged as an important technique to assess left ventricular mechanical dyssynchrony (LVMD) using nuclear imaging. Studies of the application of phase analysis have concentrated on the use of single-photon emission computed tomography (SPECT), in areas such as LVMD assessment in patients with left bundle branch block (5), optimizing patient selection for cardiac resynchronization therapy (CRT) (6), and improving CRT response (7, 8). Several studies have investigated the application of phase analysis for early diagnosis (9, 10), therapy (11), and prognosis evaluation (12, 13) in CAD patients. The worse degree of LVMD under stress perfusion imaging compared to images at rest was positively correlated with ischemic extent (14). Hibernating myocardium was an independent predictive factor of LVMD (15). So LVMD may have some relationship with ischemic myocardium and myocardial viability.

Limited studies have focused on gPET (16–18), especially using Nitrogen-13 ammonia ECG-gated MPI. PET can provide high-quality images with higher count rates, and increased spatial resolution compared with SPECT (4), and more positron tracers with ideal performance are available (19). The purpose of this study was to identify the diagnostic value of LVMD assessed with gPET MPI for myocardial viability assessment and its prognostic value in CAD patients.



MATERIALS AND METHODS


Study Population

This study was approved by the Institutional Ethical Committee of the Union Hospital, Tongji Medical College, Huazhong University of Science and Technology. Patients who underwent Nitrogen-13 ammonia gPET and Fluorine-18 FDG gPET for the myocardial viability assessment at the PET Center of Union Hospital from December 2015 to October 2019 were retrospectively enrolled. The inclusion criteria were adult patients with CAD as the main diagnosis confirmed by coronary angiography or coronary CT angiography. The exclusion criteria were: (1) severe valvular heart disease, (2) non-ischemic cardiomyopathy, and (3) severe arrhythmias such as left bundle branch block. Age, sex, history of myocardial infarction (MI) or old MI, risk factors for CAD, New York Heart Association (NYHA) functional classification were recorded. All the patients were followed up via medical records or telephone review to record the incidence of major adverse cardiac events (MACE), including unstable angina pectoris, myocardial infarction, heart failure, PCI, CABG, stroke, and cardiac death.



Imaging Acquisition

All patients underwent a rest Nitrogen-13 ammonia gPET and Fluorine-18 FDG gPET with a PET/CT scanner (GE Discovery VCT®, GE Healthcare, Milwaukee WI, USA) using a 1-day protocol. Aminophylline and caffeinated beverages were avoided for 48 h before the PET examination. All patients fasted for 6 h. After connection of electrocardiographic (ECG) gating, and immediately after intravenous injection of 370–740 MBq (10-20 mCi) Nitrogen-13 ammonia, rest Nitrogen-13 ammonia static PET images were acquired for 10 min. Subsequently, oral glucose-loading with 25–50 g was performed, with supplemental insulin administered as needed (4). Between 1 h and 90 min after intravenous injection of 185–370 MBq (5–10 mCi) Fluorine-18 FDG, PET data were acquired for 10 min under ECG gating. Images were generated using volume image protocol (VIP) replay with eight frames per R-to-R interval (4), screening out the frames with heart rates within the upper and lower 20%. The images were reconstructed using the ordered subsets expectation maximization (OSEM) method.



Imaging Analysis

The data were input into commercial software (Emory Cardiac Toolbox®, ECTb, Atlanta GA, USA) (20) to measure left ventricular (LV) functional parameters, LV wall thickening score, LVMD parameters, ischemic extent, and myocardial viability, including the degree of viable myocardium and myocardial scar.


Myocardial Viability Assessment and Grouping

The ischemic extent was assessed on Nitrogen-13 ammonia MPI, obtained from ECTb software by using the default threshold of 50% (20). The algorithm of ECTb software searches for the maximal counts in the entire LV myocardial distribution and identifies those myocardial segments that fall below 50% of this maximal value as ischemic, using the extensively validated method of O'Connor et al. (21). Ischemic extent was defined as the ratio of ischemia area to the whole LV area. The areas with normal FDG uptake were defined by comparing with the normal database provided by software developer, and the FDG uptake was scaled to equate its average value in the normal region with that in the perfusion study. The FDG tool differentiate viable myocardium and myocardial scar by a threshold of 40% of the maximum FDG counts in LV myocardium. In the area with FDG distribution above the threshold coexistent with relatively decreased perfusion was considered viable myocardium (perfusion/metabolic mismatch), under the threshold coexistent with decreased perfusion was considered as myocardial scar (perfusion/metabolic match) (4, 20). The degree of viable myocardium/myocardial scar was defined as the ratio of viable myocardium area/scar area to the whole LV area. CAD Patients were grouped by comparison of their own degree of viable myocardium and myocardial scar. Group 1 included patients with viable myocardium only. Group 2 included patients with more viable myocardium than their own myocardial scar. Group 3 included patients with more myocardial scar than their own viable myocardium.



LVMD Analysis

The software obtained the change of myocardial wall thickness by the change in maximum counts at the same myocardial region. After matching the onset time when the myocardial region starts contracting, the time distribution of myocardial contraction percentage in the cardiac cycle was obtained (22). The phase histogram was used to display the correlation of phase and the percentage of myocardial contraction, with the x-axis representing the phase (time), and the y-axis representing the percentage of myocardium that starts contracting at the corresponding time on the x-axis. Phase standard deviation (PSD) and phase histogram bandwidth (PHB) were the most common parameters to describe systolic LVMD, as the standard deviation and 95% width of phase distribution, respectively (22). Similar methods were used to assess LVMD at LV diastole. The LV wall thickening curve was approximated by the 3-harmonic function for diastolic LVMD after undergoing a count drop correction. Use diastolic PSD and PHB to describe diastolic LVMD (23).




Statistical Analysis

Data were processed by commercial statistical software (IBM SPSS Statistics 25.0, IBM, Armonk NY, USA). Normally distributed continuous variables are expressed as mean ± standard deviation, non-normally distributed continuous variables as median and interquartile range (25th, 75th), and categorical variables as numbers or percentages. Either analysis of variance or the Kruskal–Wallis test was used to compare LV functional and LVMD parameters among groups. Mann-Whitney U test was performed for pairwise comparisons. Binary logistic and multiple stepwise regression analyses were performed to screen for parameters predictive of myocardial viability. A receiver operating characteristic (ROC) curve was generated. The cut-off value was determined by the Youden index. Kaplan–Meier survival curve and log-rank test were generated to assess for differences in the incidence of MACE. P < 0.05 was considered statistically significant.




RESULTS


Patient Characteristics

A total of 104 patients underwent both Nitrogen-13 ammonia and Fluorine-18 FDG myocardial gPET imaging; 86 patients were diagnosed with CAD. After excluding two cases of non-ischemic cardiomyopathy, three cases of severe valvular disease, and two cases with severe arrhythmia, a total of 79 patients were included in this study (Figure 1). Age, sex, MI or old MI, the proportion of overweight and obese, risk factors for CAD, LV functional parameters, LVMD parameters, wall thickening scores, and myocardial viability assessments of all patients are shown in Table 1. NYHA functional classification III and IV were the most common functional classification in patients. In addition, LV systolic dysfunction and regional wall motion abnormality commonly existed in the study population.


[image: Figure 1]
FIGURE 1. Screening and grouping process of patients with coronary artery disease (CAD).



Table 1. Basic characteristics of the CAD patients [proportion, mean ± SD or median (25th, 75th)].
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Comparison of LV Functional and LVMD Parameters Among Groups

There were 7 patients in Group 1, 33 in Group 2, and 39 in Group 3 (Figure 1). The number of patients with MI was 6 (85.7%), 14 (42.4%), and 25 (64.1%) in each group, respectively. Among them, 2 (28.6%) in Group 1, 9 (27.3%) in Group 2 and 19 (48.7%) in Group 3 had old MI. In the comparison of LV functional parameters, there were no significant differences among the three groups in LV ejection fraction (LVEF), end-diastolic volume (EDV), end-systolic volume (ESV), peak filling rate (PFR), or time of peak filling rate (TPFR) (Table 2).


Table 2. Comparison of left ventricular functional parameters among groups [median (25th,75th)].

[image: Table 2]

The comparisons of LVMD parameters, including systolic PSD, systolic PHB, diastolic PSD, and diastolic PHB among groups were shown in Figure 2. All the LVMD parameters were statistically different among groups, the P-value of systolic PSD, systolic PHB, diastolic PSD, and diastolic PHB was 0.007, 0.001, 0.001, and 0.001, respectively. In pairwise comparison after Bonferroni's correction, the median values were significantly different between Group 1 and Group 3, P = 0.044, 0.017, 0.019, and 0.012 for systolic PSD, systolic PHB, diastolic PSD, and diastolic PHB, respectively. They were also significantly different between Group 2 and Group 3 (P = 0.030, 0.007, 0.005, and 0.010, respectively). No significant difference was found between Group 1 and Group 2. Examples of LVMD analysis were shown in Figure 3.


[image: Figure 2]
FIGURE 2. Comparison of left ventricular mechanical dyssynchrony (LVMD) parameters in Group 1 (patients with viable myocardium only), Group 2 (patients with more viable myocardium than scar), and Group 3 (patients with more scar than viable myocardium). * Indicates P < 0.05, and ** indicates P < 0.01. PSD, phase standard deviation; PHB, phase histogram bandwidth.



[image: Figure 3]
FIGURE 3. Examples of left ventricular mechanical dyssynchrony (LVMD) analysis of Group 1 (A), Group 2 (B), and Group 3 (C). The panels tagged “Nitrogen-13 ammonia uptake” and “Fluorine-18 FDG uptake” represent the percentage of Nitrogen-13 ammonia and Fluorine-18 FDG uptake by each myocardial segment on LV polar maps. The panels tagged “systolic LVMD” and “diastolic LVMD” are the phase histograms of systolic LVMD analysis and diastolic LVMD analysis, respectively. Relative LVMD parameters were also output on the right.




Binary Logistic Regression Analysis and ROC Curves for Myocardial Viability

Age, sex, BMI, cardiac risk factors, NYHA functional classification, LV functional parameters, ischemic extent, wall thickening score, and LVMD parameters were included in the binary logistic regression model for predicting the presence of myocardial scar. Diastolic PHB was the only factor to identify myocardial scar, Odds ratio (95% Confidence Interval) = 1.015 (1.005–1.025), P = 0.004. The cut-off value for diastolic PHB to discriminate between patients with and without myocardial scar was 204.5°, the Youden index = 0.548 (Figure 4). The sensitivity and specificity were 83.3 and 71.4%, respectively. The area under the ROC curve was 0.751, P = 0.029.


[image: Figure 4]
FIGURE 4. ROC curve of diastolic PHB (°) for the prediction of myocardial scar. Cut-off value: diastolic PHB > 204.5°, Sensitivity = 83.33%, Specificity = 71.43%. PHB, phase histogram bandwidth.




Multiple Stepwise Regression Analysis for the Prediction of the Myocardial Viability

Age, sex, BMI, cardiac risk factors, NYHA functional classification, LV functional parameters, ischemic extent, wall thickening score, and LVMD parameters were included in the multiple regression stepwise model to predict viable myocardium and myocardial scar. Ischemic extent, diastolic PSD, and NYHA functional classification were identified as the independent factors to predict viable myocardium (coefficient of determination [R2] = 0.329) and myocardial scar (R2 = 0.373), as shown in Table 3.


Table 3. The multiple stepwise regression analysis for the prediction of the myocardial viability.
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Prognostic Value of LVMD

The mean follow-up time was 17.9 ± 12.9 months. Of the 79 patients, 65 had follow-up results, in which MACE occurred in 14 (17.7%), 44 did not have MACE, seven died of unknown causes. Kaplan-Meier survival curves of patients with diastolic PHB > 204.5° and PHB <204.5°were shown in Figure 5. The incidence of MACE in patients with diastolic PHB < 204.5° (11.8%) was lower than that in patients with diastolic PHB > 204.5 ° (25.0%). However, there was no statistical difference in the incidence of MACE by log-rank test (P = 0.340).


[image: Figure 5]
FIGURE 5. Kaplan–Meier survival curve of MACE in patients with diastolic PHB < 204.5° and diastolic PHB > 204.5°. PHB, phase histogram bandwidth.





DISCUSSION

This study focused on whether LVMD contributed to the diagnosis of viable myocardium and myocardial scar by Nitrogen-13 ammonia ECG-gated MPI. LVMD parameters differed among groups, which suggests the usefulness of LVMD to distinguish patients with different proportions of myocardial scar, which confirmed our hypothesis. Diastolic PHB contributed to predicting the presence of myocardial scar by the binary logistic regression model, and the cut-off value was 204.5°. Diastolic PSD, ischemic extent, and NYHA classification were identified in a multiple regression stepwise model to predict the degree of viable myocardium and myocardial scar. LVMD from phase analysis of Nitrogen-13 ammonia ECG-gated MPI was likely beneficial to the diagnosis of myocardial viability in CAD patients with LV systolic dysfunction. However, the value of LVMD as a predictor of MACE of CAD patients still needs further study.

The application of LVMD for CAD diagnosis was focused on the relationship between LVMD with coronary artery stenosis and myocardial perfusion defects in previous studies (9, 10, 24, 25). LVMD has been suggested to be associated with occult atherosclerosis in patients with normal coronary angiography but with reversible perfusion defects (9) and subclinical atherosclerosis (24). Moreover, the correlation between LVMD and myocardial perfusion defects assessed by SPECT overwhelmed the diagnosis of CAD by coronary angiography in patients with anginal chest pain and known or suspected CAD (10). Early detection and treatment of LVMD may slow the appearance of cardiac dysfunction in patients with ischemic heart disease (25). However, there is a paucity of studies linking myocardial viability and LVMD. It has been suggested that hibernating myocardium is an independent predictive factor of LVMD (15); thus, we hypothesized that LVMD may contribute to distinguishing the relative proportion of viable myocardium and myocardial scar by Nitrogen-13 ammonia gated MPI alone. Our results confirmed this hypothesis.

All the LVMD parameter values were larger in patients with a higher proportion of myocardial scar (Group 3) than in patients with a lower proportion (Group 2) and without myocardial scar (Group 1). A diastolic PHB cut-off of 204.5° predicted the presence of myocardial scar. The results suggested that combining LVMD with ischemic extent may provide clinicians with an intuitive impression on which patient has more proportion of viable myocardium. Previously, it was difficult to have a view of the degree of myocardial scar and viable myocardium on rest MPI alone. In the multiple stepwise regression analysis for the prediction of myocardial viability, we noticed the degree of myocardial scar increased and viable myocardium decreased with increasing diastolic PSD, indicating that diastolic PSD has diagnostic value in terms of myocardial viability in Nitrogen-13 ammonia ECG-gated MPI. There are several possible explanations. First, myocardial scar is one of the main features in the progression of CAD. It decreases regional myocardial electromechanical coupling efficiency and further reduces myocardial contraction or dilation coordination (26). Noise derived from scars in the raw data is significantly associated with PSD (27). Our results revealed that there was no statistical difference in LVMD parameters between Group 1 and Group 2, which may be due to limited number of patients in Group 1. The multiple stepwise linear regression model also indicated that ischemic extent, diastolic PSD, and NYHA functional classification should be taken into consideration together to predict viable myocardium and myocardial scar, rather than LVMD alone. In addition, the relatively low R2 values (0.329 and 0.373) of viable myocardium and myocardial scar indicated that ECG-gated MPI combined with phase analysis and NYHA classification were not completely equivalent to myocardial viability quantification assessed by myocardial perfusion/metabolism imaging.

Previous studies of phase analysis were focused on the application of systolic LVMD in SPECT; little attention was paid to either diastolic LVMD or the application of LVMD in PET, especially in Nitrogen-13 ammonia gated MPI. To date, the pathophysiology and clinical value of diastolic LVMD had not been studied extensively. Similar to systolic LVMD, diastolic LVMD could assess the phase and amplitude of regional myocardial relaxation by multiple Fourier transforms to quantify myocardial discoordination in diastole (23) and appears to provide incremental value in the prediction of adverse outcomes (28). In our study, both systolic and diastolic LVMD were included and it was suggested that diastolic LVMD was more strongly associated with myocardial viability, as seen in the diastolic phase histogram. Accordingly, the potential value of diastolic LVMD should be further investigated. Moreover, gPET has the advantage of higher spatial resolution to obtain a more accurate ischemic extent and has the potential to provide myocardial blood flow (MBF) (29). Previous studies suggested that the improvement of LVMD under stress was crucially associated with improved MBF homogeneity (30) and stress MBF was better correlated with LVMD than myocardial flow reserve (31). Thus, the relationship between LVMD and gPET quantitative cardiac functional parameters in Nitrogen-13 ammonia gated MPI is worth further study.

In a cohort of 489 patients with ischemic cardiomyopathy (14), worse LVMD in stress MPI as compared with rest was an independent predictor of all-cause mortality. Systolic and diastolic LVMD were associated with adverse outcomes in CAD patients when the cut-off value was determined by comparison with the normal population (28), and a significantly higher incidence of MACE was also found in patients with systolic LVMD (32). In the present study, although the incidence of MACE in patients with diastolic PHB >204.5° was 25.0%, higher than patients with diastolic PHB <204.5° (11.8%), the difference was not significant,which may owe to relatively small samples and short follow-up time. In addition, high proportion of patients with NYHA III and IV (51.9 and 29.1%, respectively) with poor prognosis may interfere the evaluation of the prognostic value of LVMD.


Limitations

There were several limitations of our study. First, it is a retrospective study with limited number of patients. There were only seven patients in Group 1, which may influence detecting statistically significant differences in LVMD parameters between Group 1 and Group 2. There were reduced number of female patients, which may affect the evaluation of sex. Second, this study was a preliminary attempt to analyze the prognostic value of diastolic LVMD. Larger sample-sized study and longer follow-up time are needed to further confirm the prognostic value of diastolic LVMD.




CONCLUSION

LVMD from Nitrogen-13 ammonia gated MPI had added diagnostic value for viable myocardium and myocardial scar. Increased LVMD did not reach a statistically significant predictive value. Further studies are needed.
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