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Editorial on the Research Topic
Echocardiography in cardiovascular medicine



Echocardiography is one of the most versatile, non-invasive cardiac imaging modalities that facilitates accurate diagnosis, risk stratification, and guidance of therapy in every cardiovascular disease. The modality has evolved over several decades and encompasses a range of different techniques including deformation, contrast, and three-dimensional imaging as well as stress echocardiography and transoesophageal echocardiography. In this research topic, manuscripts have demonstrated both the breadth and depth of echocardiography in advancing our understanding of cardiovascular disease.

Identification of cardiac masses and distinguishing between non-malignant masses (thrombi, pseudo-tumours) and benign or malignant tumours is important. The diagnosis relies on a combination of clinical history, location of mass, and characteristics including mobility, morphology, whether the mass crossed tissues planes and the presence of pericardial effusion. Other modalities including positron emission tomography and cardiac magnetic resonance often provide complementary information. In certain cases, invasive biopsy is required. Li et al. show how using contrast enhanced echocardiography assessed using a quantitative approach (the ratio of peak contrast intensity of the mass compared to adjacent myocardium) can help differentiate between avascular thrombus (ratio close to zero) and malignant cardiac tumours (ratio > 1). Although the evidence base for contrast is strong, contrast is underutilised (1). Incorporation of contrast into routine echocardiographic practice for characterisation of cardiac masses should be encouraged as it can be performed rapidly and may result in less downstream testing if the result is conclusive.

Another area, which is gaining an increasing space in echocardiographic evaluation, is the employment of parameters of myocardial contractility. Conventional echocardiographic parameters, such as left ventricular ejection fraction (LVEF), maintain a definite diagnostic and prognostic value. They provide information on chamber performance, however they are highly dependent on pre- and afterload. Therefore, in the presence of diseases, like sepsis, where the loading conditions are altered, LVEF may be falsely normal, while myocardial contractility is depressed (Bagate et al., Nhat et al.). From this point of view, strain echocardiography appears to be a promising tool, as it requires a limited set of images evaluated during a standard echocardiographic assessment. It provides incremental diagnostic and prognostic roles, especially in the presence of a normal LVEF, where a subtle impairment of myocardial function may evolve and influence the outcome. In this situation, an early diagnosis could help identifying patients at risk of unfavourable evolution (Aboukhoudir et al., Lu et al., Schellenberg et al.). The analysis of the strain rate was applied on LV as well as right ventricle (RV) and left atrium (Mao et al.) by different authors who participated in the Research Topic. The analysis of RV systolic function is limited in conventional echocardiography, but its contribution to the prognostic assessment, in the presence of ischemic or valvular disease, is relevant. Winkler et al. showed that in patients undergoing transcatheter aortic valve implantation, a depressed RV global longitudinal strain was independently associated with an increased mortality. The evaluation of RV by strain echocardiography is actually confined to the research area, but we hope that in a near future, it could become widely available, as already happens for the LV. Nemes et al., showed three-dimensional speckle tracking can be used to map the tricuspid annulus and quantify right atrial function. The insights may help us understand the mechanisms of tricuspid valve disease.

Apical hypertrophic cardiomyopathy (HCM) characterised by hypertrophy localised to the left ventricular apex has a very variable clinical presentation. Anand et al. examined the prevalence and risk markers of pulmonary hypertension (estimated pulmonary artery systolic pressure > 36 mmHg) in a cohort of 542 patients with apical HCM at Mayo Clinic. They identified pulmonary hypertension was present in 34% of the cohort. Risk factors associated with pulmonary hypertension were female sex, atrial fibrillation, congestive heart failure and elevated filling pressure on echocardiography. The presence of pulmonary hypertension was associated with increased mortality. This knowledge may help better risk stratify patients with apical HCM. This will be important if therapeutic agents in apical HCM are identified in the future.

Artificial Intelligence (AI) is increasingly having an impact in all aspects of echocardiography from acquisition, detection of views, auto-measurement and quantification and more recently diagnosis of pathology. View classification is one of the first steps required for analysis of images. Most works showing the ability of convolutional neural networks to classify views has focussed on non-contrast images. Contrast enhanced echocardiography is often used in clinical practice to improve accuracy of left ventricular ejection fraction quantification. Zhu et al. showed a convolutional neural network can accurately classify both contrast-enhanced and non-contrast views. During the first wave of the COVID pandemic, emergency limited echocardiographic protocols were created to reduced exposure to COVID patients. Pellikka et al. examined the feasibility of incorporating automated AI analysis into these studies. In clinical reports, left ventricular ejection fraction (LVEF) was most commonly visually estimated (39%) and not quoted in 5%. Application of the AI with automated analysis of ejection fraction and longitudinal strain was feasible in 87% patients. In addition to improving the proportion of LVEF quantified, the AI quantified parameters were associated with outcomes. This study highlights how AI automated analysis can be used as a tool to improve quantification in echocardiography. Furthermore, Cheng et al. used a deep learning method to identify and grade the size pericardial effusion. These studies show the incremental progress being made in the field to improve workflow and quantification of pathology.

Echocardiography is the most widely used cardiovascular imaging modality. The topics has shown how echocardiography can be utilised in a range of different ways from a focussed study to a more comprehensive evaluation including strain, three-dimensional echocardiography or the employment of contrast medium. Appropriate training in conjunction with standard protocols for image acquisition and image processing are essential. However, artificial intelligence can be used as a tool to increase reproducibility and accuracy.
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Introduction: Increased left ventricular mass (LVM) is one of the most powerful predictors of adverse cardiovascular events. Clinical evaluation requires reliable, accurate and reproducible echocardiographic LVM-quantification to manage patients. For this purpose, we have developed a novel two-dimensional (2D) method based on adding the mean wall thickness to the left ventricular volume acquired by the biplane method of disks, which has recently been validated in humans using cardiac magnetic resonance as reference value. We assessed the hypothesis that the novel method has better accuracy than conventional one-dimensional (1D) methods, when compared to necropsy LVM in pigs.

Materials and Methods: Echocardiography was performed during anesthesia in 34 Danish Landrace pigs, weight 47–59 kg. All pigs were euthanized, cardiac necropsy was performed and the left ventricle was trimmed and weighed for necropsy LVM. Trans-thoracic echocardiography was applied for parasternal images. Transdiaphragmal echocardiography was applied for the apical images, which are otherwise difficult to obtain in pigs. We compared the conventional 1D- and 2D-methods and the novel 2D-method to the LVM from cardiac necropsy.

Results: Necropsy LVM was 132 ± 11 g (mean ± SD). The novel method had better accuracy than other methods (mean difference ± 95% limits of agreement; coefficients of variation; standard error of the estimate, Pearson's correlation). Novel (−1 ± 20 g; 8%; 11 g; r = 0.70), Devereux (+26 ± 37 g; 15%; 33 g; r = 0.52), Area-Length (+27 ± 34 g; 13 %; 33 g; r = 0.63), Truncated Ellipsoid (+10 ± 30 g; 12%; 19 g; r = 0.63), biplane endo-/epicardial tracing (−3 ± 2 g; 10%; 14 g; r = 0.57). No proportional bias in linear regression was detected for any method, when compared to necropsy LVM.

Conclusion: We confirm high accuracy of the novel 2D-based method compared to conventional 1D/2D-methods.

Keywords: left ventricular mass, echocardiography, left ventricular hypertrophy, necropsy, animal model


INTRODUCTION

Increased left ventricular mass (LVM) is a well-known strong and independent predictor of adverse cardiovascular events and sudden death (1–4). The natural adaptive mechanisms of almost every cardiac condition are reflected in the degree of left ventricular (LV) hypertrophy. Increased LVM is associated with LV fibrosis (5) and reduction in LVM by blood pressure management (6) or valvular surgery (7) is associated with better outcome (6). For this reason, LVM has the potential to be used as a prognostic marker to detect clinical deterioration and may facilitate decision making for clinicians. Unfortunately, recommended conventional one-dimensional (1D) linear echocardiographic methods are less accurate and not suited for individual usage (8). Consequently, LVM quantification is often not performed or ignored and not included in the individual clinical decision-making.

We have recently presented a novel two-dimensional (2D) method based on adding the mean wall thickness to the left ventricular volume acquired by the biplane method of disks (9). The method is validated in humans using cardiac magnetic resonance (CMR) as gold standard. Furthermore, it is simpler but still as accurate as three-dimensional (3D) echocardiography and compared to the other 1D/2D/3D-methods it performs better regardless of LV geometry. The novel 2D-based method also demonstrated better reproducibility compared to the other methods, which is necessary for detection of small differences that may indicate early signs of deterioration.

Our aim was to assess whether the novel method has better accuracy than conventional 1D methods, when compared to necropsy LVM in pigs.



MATERIALS AND METHODS


Study Population

We included thirty-four female Danish Landrace pigs, weight range 47–59 kg. All pigs were part of a project investigating arrhythmias during myocardial infarction and echocardiography was performed as part of the protocol (10, 11). The experiments were performed under the animal license number (2015-15-0201-00613) authorized by the Danish Animal Inspectorate in accordance with EU legislations for animal protection and care.



Procedure

The pigs were premedicated, intubated and ventilated and anesthesia was maintained with continuous propofol infusion of 12.5 mg/h/kg (Propolipid 10 mg/ml, Fresenius Kabi AB, Uppsala, Sweden) and fentanyl 5 μg/h/kg (Fentanyl-Hameln 50 μg/ml, Hameln, Germany). Echocardiography was performed at baseline after placing a pulmonary artery catheter but before any other intervention. As part of the initial protocols, myocardial infarction was induced by balloon occlusion of the left anterior descending (LAD) artery just after the take-off of the first diagonal (D1) branch for 60–120 min and electrophysiological outcomes were studied. Pigs were euthanized at the end of the procedure by inducing ventricular fibrillation (VF) via burst pacing (50 Hz, 3 s, 7 V output) and cardiac necropsy was performed minutes after.



Echocardiographic Acquisition and Analysis

Echocardiographic examinations were performed using an iE33 Echocardiography System scanner (Philips Medical Systems Nederlands B.V., Best, The Netherlands) with the pigs in supine position. The protocol for echocardiographic assessment included four views; the parasternal long-axis view (PLAX), the parasternal short-axis view (PSAX), the apical four-chamber view (A4CH) and the apical two-chamber view (A2CH). PLAX and PSAX were acquired by trans-thoracic echocardiography (TTE) using the S5-1-xMATRIX array transducer (1–5 MHz). A4CH and A2CH were acquired by trans-diaphragmal echocardiography (TDE) (Figure 1) through a small midline incision distal of the sternal xiphoid (12). The TDE approach was necessary to achieve appropriate images as the heart is aligned differently in the thorax of pigs compared to humans (13). For the apical views we used the Pediatric X7-2-xMATRIX array transducer (2–7 MHz) and because of limited space in the acoustic window we applied electronic rotation function iRotate, instead of physical rotation of the probe. All images were transferred as Digital Imaging and Communications in Medicine (DICOM) files to a local workstation and analyzed using the software EchoPAC Version: 203 Revision: 66.0 (GE Healthcare Vingmed Ultrasound, Horten, Norway). End-diastole was defined as the first frame with closure of the mitral valve. End-systole was defined as the frame with the smallest LV volume. End-diastolic volume (EDV), end-systolic volume (ESV) and left ventricular ejection fraction (LVEF) was evaluated by the 1D Teichholtz method (14) and by the 2D biplane methods of disks (8). We evaluated five different methods for LVM quantification, all presented in Table 1. All LVM-measurements were made at end-diastole. The electrocardiogram (ECG) was applied as reference in PLAX to find the corresponding frame in PSAX, where the mitral valve is not fully visible. Three of the methods; Devereux (15), Truncated Ellipsoid (TE) (16) and Area-Length (A-L) (17) are well-recognized and described in the current echocardiographic guidelines (8). For the biplane tracing of the endo- and epicardium we traced both the endo- and the epicardium, subtracted the inner volume (tracing of the endocardium) with the outer volume (tracing of the epicardium) to achieve the myocardial volume. The novel method (Figure 2) recently described (9) is validated in humans using CMR. The method adds the LV wall thickness from PSAX to EDV acquired by tracing of the endocardium in the biplane model, i.e., no tracing of the epicardium is necessary. The myocardial density/gravity of 1.05 g/ml was applied to convert myocardial volume to LVM. All measurements were performed by one reader (CK). Intra-reader analysis was performed by the same reader (CK) on same recordings and compared to the baseline measurements. Inter-reader analysis was performed by another reader (SS) on the same recordings and compared to the baseline measurements. For intra/inter-reader variability we only included pigs who had feasible measurements for all methods.


[image: Figure 1]
FIGURE 1. Trans-thoracic and trans-diaphragmal echocardiographic approach (12).



Table 1. Methods for left ventricular mass quantification.
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FIGURE 2. The novel 2D-based echocardiographic method for quantification of left ventricular mass. Mean wall thickness (t) is calculated by tracing of the endocardium (A2) and the epicardium (A1) in the parasternal short axis (PSAX) view. The left ventricular volume defined by the endocardium (EDVENDO) is acquired using the biplane methods of disks with tracings of the endocardium in the apical four chamber (AP4CH) and apical two-chamber (AP2CH) view. Mean wall thickness (t) is added to each unique disk and a new volume, the left ventricular volume defined by the defined by the epicardium (EDVEPI) is quantified. Myocardial volume is calculated by subtracting EDVENDO from EDVEPI and left ventricular mass is quantified by multiplying the myocardial volume with the myocardial density/gravity of 1.05 g/ml. TTE transthoracic echocardiography, TDE, transdiaphragmatic echocardiography; PSAX, parasternal short axis view; A1, Area defined by the epicardium; A2, Area defined by the endocardium; t, mean wall thickness; AP4CH, apical four chamber view; EDVENDO, the left ventricular volume defined by the endocardium; EDVEPI, the left ventricular volume defined by the epicardium; AP2CH, apical two-chamber view.




Necropsy

At the end of the experiment, ~10 min after VF was induced, a midline sternotomy was performed, the pericardium was removed and the heart including both ventricles and atria was explanted. If present, epicardial fat (which in general is scarce in young, lean pigs) and soft tissue was removed, and total heart weight measured. For measuring LVM the free wall of the right ventricle as well as valves, atria, papillary muscles and blood clots were removed. We used a commonly available digital scale (Wedo Electronic Precision Scale Optimo 1000, Werner Dorsch GmbH, Dieburg, Germany).



Statistics

Statistical data analysis was performed in SPSS v25.0 (IBM Corp. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY). LVM-quantifications were performed in Windows Excel 2010 (Microsoft Office Professional Plus). Continuous variables expressed as mean and standard deviation (SD) and categorical values expressed as frequencies and percentage. Correlation was evaluated using Pearson's r. The accuracy was evaluated by paired t-test and presented as mean difference (bias) and 95% limits of agreement (LOA). The variations were expressed as the standard error of the estimate (SEE) and as coefficients of variation (CV) in percent and we adjusted the CV according to the anatomical LVM from necropsy. In the same manner we plotted the differences according to necropsy LVM. We decided to use this approach because we considered the necropsy LVM as the true value and not a method for comparison. Proportional bias was evaluated by linear regression with the necropsy LVM as independent variable and mean difference as dependent variable. Intra- and inter-reader variability was expressed as bias, LOA, SEE and CV compared to the baseline measurements. P-values <0.05 were considered statistically significant.




RESULTS

The baseline characteristics for the pigs are presented in Table 2. The total mass of the hearts by necropsy ranged from 200 to 295 g and the necropsy LVM ranged from 110 to 155 g. The hearts were relatively uniform in geometry and no pig had significant valve disease. Induced infarcts affected 15–20% of LV by visual inspection. LVEF by the biplane model of disks was 62 ± 6% (mean ± SD) and ranged from 47 to 74%.


Table 2. Baseline characteristics.
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Figure 3 demonstrated the mean difference between the quantified LVM and the necropsy LVM (y-axis) according to the necropsy LVM (x-axis) (left panel) and correlation for LVM quantified by echocardiography (y-axis) according to necropsy LVM (x-axis) (right panel) for the various methods for the whole population. The novel model presented the lowest mean difference and the smallest variation than any of the other methods; CV was 8% compared to 10–13% for the other 2D-methods and 15% for the cube formula by Devereux. No method presented significant proportional bias in linear regression. The novel method had the best correlation to necropsy LVM; Pearson's r = 0.70, p < 0.001 followed by A-L and TE, both r = 0.63, p < 0.001. The results for all pigs (n = 34) are also presented in Table 3A.
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Figure 3. (A–E) Agreement between echocardiographic left ventricular mass and necropsy left ventricular mass. Left panel: Agreement between mean difference (echocardiographic-LVM – necropsy-LVM) and necropsy-LVM. Horizontal dotted black line indicates 0 (no difference). Horizontal solid black line and blue number is the mean difference; positive value indicates overestimation by echocardiography. Horizontal red lines are the 95% limits of agreement. Diagonal thin black line is the regression line with 95% confidence interval visualizing the proportional bias. Right panel: Linear regression curves of echocardiographic-LVM and necropsy-LVM with Pearson's correlation coefficient (r). Diagonal dotted line is the reference line. LVM, left ventricular mass; CV, coefficient of variation.



Table 3A. Accuracy of various methods for left ventricular mass quantification among all pigs (n = 34).
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We performed a subgroup analysis of the pigs where it was possible to quantify LVM by all echocardiographic methods (n = 21). The results for this subgroup are presented in Table 3B. The percentual difference between echocardiographic LVM and necropsy LVM was plotted in the y-axis for each pig (Figure 4). The novel method was the most accurate method for 11 (52%) of the pigs, followed by TE and biplane tracing of the endo-/epicardium, both 4 (19%) of the pigs, respectively. Devereux was the least accurate method for 10 (48%) pigs followed by A-L for 7 (33%) of the pigs.


Table 3B. Accuracy of various methods for left ventricular mass quantification among the pigs with 100% feasible measurements (n = 21).
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FIGURE 4. Percentage differences in left ventricular mass plotted for each pig. Differences in percent for the five echocardiographic methods for left ventricular mass-quantification for the subgroup of pigs (n = 21) where all measures were available. Positive value indicates overestimation by echocardiography compared to necropsy left ventricular mass. Each longitudinal line represents one pig.


Intra- and inter-reader variability is presented in Table 4 and we observe similar reproducibility as compared to the other 1D- and 2D-methods.


Table 4. Precision (reproducibility) of the various methods for left ventricular mass quantification among the pigs where all measures were available (n = 21).
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DISCUSSION

We demonstrate the accuracy of various echocardiographic methods for LVM-quantification in a porcine model with necropsy LVM as reference for LVM. The novelty of our approach is the study design combining necropsy validation with a novel echocardiographic method and improved imaging tools. The most important findings are the following:

1) The novel method for LVM-quantification is characterized by higher accuracy to LVM by necropsy and at least as good reproducibility as for the other 1D- and 2D-methods.

2) The conventional linear method by Devereux, which is recommended by current guidelines (8), overestimates LVM and demonstrates lower accuracy compared to the other methods.

3) We highlight an alternative way to increase echocardiographic apical image quality in animal models, by applying a trans-diaphragmatic approach and by applying the function iRotate since correct physical rotation of the probe may be difficult.


Comparison to Previous Necropsy Validation Studies

Most studies with necropsy comparisons are published several decades ago and are naturally based on M-mode without 2D-guiding, or by less refined 2D echocardiographic technology. In 1979 Wyatt et al. (17) demonstrated better correlation and lower mean errors deploying 2D methods compared to linear methods and Salcedo et al. (18) demonstrated improved accuracy using 2D-methods. In 1986 Schiller et al. (19) confirmed high correlation and low SEE using 2D-methods. Two other studies by Woythaler et al. (20) in 1983 and Park et al. (21) in 1996 could not illustrate any improvement in 2D-methods compared to linear methods. On the contrary, some studies demonstrate excellent accuracy of linear methods among subjects with normal LV geometry (22, 23) and some studies unsatisfactory accuracy despite normal LV geometry (24). A direct comparison to these studies may be misleading compared to current imaging technology and improved post-processing software. A recent study by Miyashita et al. (25) validating LVM to necropsy values in pigs, demonstrates overestimation of LVM using linear methods as 2D-guided M-mode, in particular among the pigs with ischemic heart disease and LV dilatation. The same study also demonstrates a much narrower LOA using 2D-methods, which is in line with our results. The strength of our study compared to previous necropsy validation studies is that we have examined a variety of different methods on the same population, which makes it easier to compare the methods with each other instead of one-by-one in different populations.



Aspects of Necropsy Validation as Reference for Left Ventricular Mass

What is the true value of LVM and how can it be measured? Previous studies have applied angiography, direct linear measures or echocardiography to validate LVM against cardiac autopsy in human models (15, 16, 20–24, 26–28) or cardiac necropsy in animal models (17–19, 29). Our validation methodology was to explant the heart of the pig immediately postmortem and to isolate the LV without papillary muscles and without any preservation. There are several aspects to consider when validating to the anatomical LVM by autopsy/necropsy. These are:

1) The time between measurement and actual autopsy/necropsy. Validation studies to human autopsy are usually limited by increased time duration between measurement and actual autopsy, whereas animal studies are usually validated at the same day, or at least preserved at the same day as the measurement by echocardiography was made. Human studies report durations of up to 454 days (28) between echocardiography and autopsy. As we performed necropsy immediately postmortem and at the same day as echocardiographic assessment, we were less limited by potential changes of the LV that may occur over time.

2) The preservation methodology. Formaldehyde or the aqueous solution of formaldehyde, also known as formalin, have often been applied as preservation methodology. This approach is reported to reduce LVM and volume without significant impact on myocardial density (30–32), whereas some studies report increased LVM after preservation (33). To overcome this potential limitation, several studies report adjustment of shrinkage by adding 5% to autopsy/necropsy LVM (23) or adjustment of increase by reducing autopsy/necropsy LVM by 2–3% (33). However, no adjustment at all (16, 24) is also reported. We did not use any preservation methodology and did not apply any adjustment to the weighed necropsy LVM.

3) The autopsy/necropsy methodology. Most studies report similar autopsy/necropsy methodology with removal of atria, right ventricle, epicardial fat and valves inspired by Geiser and Bove (16). In contrast to previous reports, we removed the papillary muscles from the myocardium. We claim that this approach is most truthful since the papillary muscles are excluded when LVM is measured by both echocardiography and CMR (9). We washed the hearts and removed visual blood clots and although we were very thorough, there may still be small clots left in the trabeculae or inside the vessels of the heart. The significance of this small amount of blood is probably negligible.

4) Inhibition of the cardiac cycle in diastole or systole. Cardiac arrest and eventually cardiac death was initiated by induced VF and consequently, most hearts were inhibited contracted, i.e., in systole. Inhibition in systole or diastole has impact on the volumes of the heart but should not affect the LVM significantly (16). This may even have minimized the effect of potential blood left in the vessels of the heart.

5) Edema or fibrosis affecting the density/gravity of the LV. Edema may be present in the ischemic region of the LV but also to some degree in adjacent and remote areas (34). During myocardial infarction, the density of the myocardium increases during initial edema and remains slightly higher after transition to fibrotic tissue compared to healthy myocardium (32). The pigs in our study were part of a protocol where myocardial infarction was induced by balloon occlusion of the LAD, which may have affected the density of the myocardium. Infarct sizes were determined to be within 15–20% of the LV myocardial mass.



Necropsy Compared to Gold Standard Cardiac Magnetic Resonance

Necropsy validation has gradually been replaced by imaging modalities such as CMR, which is now considered the gold standard or reference method for left ventricular mass (35, 36). Excellent agreement between LVM by necropsy and by CMR-segmentation has been reported (37–40). Studies using CMR as reference method report overestimation of LVM by linear methods (41, 42) and better agreement for the 2D-methods (43). We Kristensen et al. (9) have demonstrated similar overestimation for the 1D-methods and better agreement for 2D-methods, especially the novel method. Also, reproducibility from the whole cohort and accuracy of the patients with normal geometry were very similar to the accuracy for the pigs in this cohort, which all had normal geometry as well.



The Porcine and the Human Heart

The porcine heart is aligned differently in the thoracic cage compared to the human heart (13). In humans, the upright orientation of the body and the location of the heart in the thoracic cage, gives the heart a “trapezoidal shape” with its apex pointing downward to the left with an oblique angle to the long axis of the body. Since pigs walk on four legs and have differences in the shape of the thoracic cage, the heart is “Valentines heart” shaped with its apex pointing forward and perpendicular to the long axis of the body. In supine position, the heart will orientate with its axis pointing more downwards and toward the diaphragm. This facilitates parasternal images acquisition through transthoracic acquisition in pigs. However, correctly aligned apical views become more difficult to acquire. To be able to place the transducer as close to the apex of the heart as possible, we made a small incision below the sternum and placed the probe under the diaphragm for transdiaphragmatic acquisition, which improved the image quality significantly (12). Because of limited space within the incision and consequently difficulties in performing physical rotation of the probe, we also applied the iRotate application for optimal 4CH- and 2CH-view. We recommend this echocardiographic approach among research animals who are euthanized at the study day. Other potentially differences that have been described between the human and porcine hearts are a more conical morphology of the LV and the heart, coarser papillary muscles and thicker LV wall compared to humans (13). The wall thickness range in our cohort was 0.8–1.2 cm, which would be mildly abnormal if translated to human references (8).



Limitations

The pigs in this cohort did not have any structural or congenital heart disease and the geometrical pattern of the LV was considered normal and uniform for all pigs. The results from this study may not be applicable to deviating LV geometries. All pigs were subjected to acute myocardial infarction affecting 15–20% of the LV. Affected myocardium might have had higher weight due to edema. As echocardiography was performed before myocardial infarction, this could have resulted in a systematic error. We were not able to perform 3D echocardiography due to technical limitations such as, difficulties in pausing the respirator, reverberations and artifacts disturbing the images. As the purpose of this study was to validate echocardiographic method on pigs with the intention of usage on humans, geometrical differences between porcine and human hearts must be kept in mind.




CONCLUSIONS

We demonstrate necropsy validation in a porcine model of a recently presented 2D-based echocardiographic method for LVM-quantification. We confirm high accuracy of the novel 2D-based echocardiographic method compared to the other conventional 1D/2D echocardiographic methods.
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Background: Effects of Sacubitril/Valsartan (S/V) on left ventricular (LV) mechanics and ventricular-arterial coupling in patients with heart failure with reduced ejection fraction (HFrEF) are not completely understood. The aim of this study was to evaluate both cardiac and vascular remodeling in a group of HFrEF patients undergoing S/V therapy.

Methods: Fifty HFrEF patients eligible to start a therapy with S/V were enrolled. Echocardiographic evaluation was performed at baseline and after 6 months of follow-up (FU). Beside standard evaluation, including global longitudinal strain (GLS), estimated hemodynamic forces (HDFs) and non-invasive pressure-volume curves (PV loop) were assessed using dedicated softwares. HDFs were evaluated over the entire cardiac cycle, in systole and diastole, both in apex to base (A-B) and latero-septal (L-S) directions. The distribution of LV HDFs was evaluated by L-S over A-B HDFs ratio (L-S/A-B HDFs ratio). Parameters derived from estimated PV loop curves were left ventricular end-systolic elastance (Ees), arterial elastance (Ea), and ventricular-arterial coupling (VAC).

Results: At 6 months of FU indexed left ventricular end-diastolic and end-systolic volumes decreased (EDVi: 101 ± 28 mL vs. 86 ± 30 mL, p < 0.001; ESVi: 72 ± 23 mL vs. 55 ± 24 mL, p < 0.001), ejection fraction and GLS significantly improved (EF: 29 ± 6% vs. 37 ± 7%, p < 0.001; GLS: −9 ± 3% vs. −13 ± 4%, p < 0.001). A reduction of Ea (2.11 ± 0.91 mmHg/mL vs. 1.72 ± 0.44 mmHg/mL, p = 0.008) and an improvement of Ees (1.01 ± 0.37 mmHg/mL vs. 1.35 ± 0.6 mmHg/mL, p < 0.001) and VAC (2.3 ± 1.1 vs. 1.5 ± 0.7, p < 0.001) were observed. Re-alignment of HDFs occurred, with a reduction of diastolic L-S/A-B HDFs ratio [23 (20–35)% vs. 20 (11–28) %, p < 0.001].

Conclusion: S/V therapy leads to a complex phenomenon of reverse remodeling involving increased myocardial contractility, HDFs distribution improvement, and afterload reduction.

Keywords: sacubitril/valsartan, echocardiography, speckle-tracking, hemodynamic forces, pressure-volume loop


INTRODUCTION

Sacubitril/Valsartan (S/V) was proven to significantly modify the clinical course of patients with heart failure with reduced ejection fraction (HFrEF), improving symptoms, outcomes and functional capacity as a consequence of cardiac reverse remodeling (RR) (1–7). Studies on S/V induced RR focused on volumetric changes and improvement of cardiac function in terms of ejection fraction. This approach fails to describe the complex effects of S/V on cardiovascular (CV) physiopathology. Data on intraventricular pressure gradients (IVPGs) distribution are missing and those on vascular properties changes are frequently limited to hypertensive cohorts. The aim of our study was to evaluate both cardiac and vascular remodeling in a group of HFrEF patients after 6 months of therapy with S/V, in terms of volumes, contractility, IVPGs distribution, vascular properties and ventricular-arterial coupling.



METHODS

In this prospective, observational, single-center study, fifty symptomatic patients with HFrEF and an indication to receive S/V according to recommendations (8) were consecutively enrolled from January 2020 to November 2020. Before the introduction of S/V, all patients were receiving optimized medical therapy. All patients started from S/V minimal dose of 24/26 mg b.i.d. Titration up to the maximal tolerate dose was conducted every 2 weeks. Patients with diagnosis of myocarditis or who underwent coronary revascularization, cardiac resynchronization therapy (CRT) device implantation and mitral valve interventions in the last 6 months or during the follow-up period were excluded. Patients with atrial fibrillation and those who experienced death during follow-up period were excluded. All patients were in sinus rhythm and had a good acoustic window. The study was performed in accordance to the Helsinki declaration. All subjects provided written informed consent. All enrolled patients were evaluated at baseline and after 6 months of follow-up.

The study protocol included medical evaluation, blood test, transthoracic echocardiogram at baseline (before starting S/V) and after 6 months. During medical evaluation cardiovascular risk factors, past medical history, medical therapy, New York Heart Association (NYHA) functional class, systolic and diastolic blood pressure were collected. Blood test including blood count, creatinine and plasmatic potassium were collected. Trans-thoracic Echocardiography (TTE) was performed using standard equipment (Epiq 7, Philips). Left and right ventricle (LV and RV) dimensions, wall thickness, global and regional systolic function, indexes of diastolic function, presence and grade of valve stenosis and regurgitation were evaluated according to current guidelines (9). Three dimensional (3D) LV end-diastolic volume (EDV), LV end-systolic volume (ESV) and LV ejection fraction (EF) were calculated using an automated software (HeartModel, Philips Healthcare). LV end-diastolic pressure (EDP) was also estimated (10). Comparing baseline and follow-up echocardiography, LV RR was defined as a relative increase in LVEF > 10% with a concomitant relative reduction of LVESV > 15%. Images were analyzed offline with dedicated software to assess the parameters listed below.


Speckle Tracking Echocardiography (ST-E) Analysis

ST-E analysis was performed using an automated 2D strain analytical software (AutoStrain, Philips Healthcare). The software automatically traced the endocardial border of the left ventricle in apical three, two and four chamber views, providing the mean value of endocardial global longitudinal strain (Endo-GLS).



Non-invasive Pressure-Volume Loop Analysis (PV Loop)

PV loops were reconstructed using a dedicated software (QStrain, Medis BV, Leiden, NL). LV volumes, estimated EDP and brachial systolic and diastolic pressures were used as input. The software reconstructs the PV loop by determining the end-systolic pressure-volume relationship (ESPVR) and end-diastolic pressure-volume relationship (EDPVR) using the single-beat algorithms previously described in literature (11–13). Once the EDPVR and ESPVR are identified, the ES and ED LV volumes and systolic and diastolic brachial pressures were used to close the PV loop. Finally, the PV relation is depicted for the entire cardiac cycle where each point of the curve is described as (Vt, Pt). In the PV loop the classic phases of the cardiac cycle are displayed: isovolumetric contraction, ejection, isovolumetric relaxation, and diastolic filling. Based on this integrated PV loop analysis, the following hemodynamic parameters were calculated (14, 15):

- LV systolic elastance (Ees): reflecting LV contractility and representing the slope of the end-systolic pressure-volume relation (ESPVR);

- Arterial Elastance (Ea): reflecting the effective arterial afterload and representing the slope of the line connecting EDV on the volume axis to the end-systolic PV point on the PV loop;

- Ventricular-Arterial Coupling (VAC): calculated as the ratio between Ea/Ees;

- Stroke Work (SW): the external work performed by the myocardium to eject blood, computed as the area enclosed by the PV loop;

- Mechanical Potential Energy (PE): the energy generated within the contraction that is not converted to external work and calculated as the area enclosed by the ESPVR line, the isovolumic relaxation line and the end-diastolic pressure-volume relation (EDPVR);

- Pressure-volume area (PVA): the total mechanical energy generated by the contraction of the left ventricle, equal to the sum of PE and SW;

- Work efficiency (WE): the efficiency of the mechanical energy transfer from the ventricle to the arterial tree, expressed as the SW/PVA ratio.

- LV end-diastolic stiffness coefficient (β): representing LV end-diastolic passive filling properties and calculated as the curve-fit parameter β of the EDPVR curve.

The mathematical formulas used are reported in Supplementary Methods.



Hemodynamic Forces (HDFs)

HDFs represent the flow forces exchanged between the blood and the endocardial boundary. HDFs were assessed using a dedicated prototype software (QStrain, Medis BV, Leiden, NL) based on a previously validated mathematical model (16). Both systolic and diastolic endocardial borders are semi-automatically traced in all the three long-axis views. LV endocardial displacement and the estimated mitral and aortic valve areas are used by the model as input data for HDF calculation. HDFs were normalized for the LV volume and expressed as a percentage of the force of gravity to compare ventricles of different sizes. HDFs were assessed over the entire cardiac cycle, in systole and diastole, and both in longitudinal (apex to base; A-B) and horizontal (latero-septal; L-S) directions. The main orientation of HDFs vector was evaluated calculating the L-S over A-B HDFs ratio (L-S/A-B HDFs ratio, %) providing a comparison between longitudinal and transverse components. HDFs directions were graphically represented using a polar histogram (17).

Based on all parameters derived by standard and advanced echocardiography the following features were described:

- Cardiac remodeling in terms of changes in LV volumes and systolic function, GLS, Ees, LV diastolic stiffness, HDFs strength and distribution, non-invasive systolic pulmonary pressure, mitral regurgitation grade;

- Vascular remodeling in terms of changes in blood pressure measurements and Ea;

- Ventricular-arterial coupling and energy conversion efficiency in terms of changes in VAC, SW, PE, PVA and WE.



Intra-and Intra-Observer and Inter-Observer Variability

Intra-observer and inter-observer variability for HDFs and PV loop measurements were assessed in a sample of 10 patients. Two investigators measured blinded the same exam, and one investigator repeated the analysis 1 week later, blinded to the previous measurements.



Statistical Analysis

Statistical analysis was performed with Statistical Package for Social Sciences, version 23.0 (SPSS, Chicago, IL). Variables have been analyzed to test normal distribution. They were presented as mean ± standard deviation or median and 25th−75th percentiles, when appropriate. Paired comparisons of continuous variables were performed with two-tailed paired Student's t-test or Wilcoxon test, when appropriate. Paired comparisons of categorical variables were conducted with the McNemar test. Interclass correlation coefficients (ICCs) were calculated to assess inter-observer and intra-observer agreement of HDFs and PV loop measurements. Differences were considered statistically significant when p < 0.05.




RESULTS

General and clinical characteristics of the whole population are depicted in Tables 1, 2. Mean age was 70 ± 12 y.o., male subjects were 41 (87%). Coronary artery disease (CAD) was the cause of HFrEF in a half of cases (26 patients, 55%). All patients were in NYHA class ≥ II (40% were in NYHA class II, 51% in NYHA class III, 9% in NYHA class IV). Before starting S/V all patients were receiving optimal medical therapy (OMT), including angiotensin converting enzyme inhibitors (ACEi) or angiotensin receptor blockers, beta blockers, diuretics and mineral-corticoid receptor antagonists. None of the patients was taking sodium-glucose cotransporter 2 inhibitors at baseline nor during follow-up period. Due to the death of 3 patients, comparisons between baseline and follow-up clinical and echocardiographic parameters were performed on a total of 47 patients. At 6 months of follow-up all patients discontinued ACEi, 33 patients (70%) were taking beta blockers, 10 (21%) mineral-corticoid receptor antagonists and 23 (49%) diuretics. One patient (2%) was re-hospitalized due to acute decompensated heart failure. The vast majority of the population experienced an improvement in symptoms as documented by a reduction of NYHA class at least of 1 point. The comparison of clinical and biochemical parameters between baseline and follow-up is showed in Table 2.


Table 1. General characteristics of the whole population.
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Table 2. Baseline vs. follow up clinical data.
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Cardiac Remodeling

Standard and advanced echocardiographic parameters and their comparison between baseline and follow-up are depicted in Tables 3, 4. At 6 months follow-up a significant reduction in LV mass (p < 0.001), LVEDVi (p < 0.001) and LVESVi (p < 0.001) and an improvement in LVEF (p < 0.001) were observed (Table 3, Figure 1A). Twenty-two (47%) patients reached criteria of RR. At ST-E analysis, LV-GLS significantly improved. As assessed by PVloop analysis, left ventricular end-systolic elastance significantly improved (p < 0.001) (Table 3, Figure 1C). A significant reduction in average E/e' (p < 0.001) and, consequently, in EDP (p < 0.001) was observed. LV end-diastolic stiffness coefficient β did not change. After S/V treatment patients with moderate-to-severe mitral regurgitation had halved (p = 0.001). Left atrial volume also decreased, although its reduction was not statistically significant (p = 0.276). Moreover, there was a significant reduction in PASP (p =0.006). At follow-up there was also an improvement in HDFs alignment, with an increase in HDFs A-B values and consequently a significant reduction of HDFs LS/AB ratio in every phase of the cardiac cycle (Table 4; Figure 2).


Table 3. Baseline vs. follow-up standard echocardiography parameters, global longitudinal strain and hemodynamic parameters estimated by echocardiography.
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Table 4. Baseline vs. follow up echocardiographic estimated hemodynamic forces.
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[image: Figure 1]
FIGURE 1. Pressure-Volume curve changes after Sacubitril-Valsartan. Representation of the non-invasive PV loop analysis of a patient before (yellow-blue PV loop) and after 6 months (red PV loop) of therapy with Sacubitril- Valsartan. (A) shows the reduction of both left ventricular end-systolic and end-diastolic volumes (yellow is “before,” red is “after”). The greater relative reduction of the end-systolic volume leads to an increase in stroke volume and ejection fraction. (B) shows decreased left ventricular afterload reflected by a less steep arterial elastance line (yellow is “before,” red is “after”); (C) shows increased end-systolic left ventricular elastance—steeper end-systolic pressure volume relation (yellow is “before,” red is “after”); (D) shows reduction of mechanical potential energy: the light yellow area is the PE before the therapy, the red is PE after the therapy. In orange is displayed the area of overlap between the aforementioned areas. PE, potential energy; PV loop, pressure-volume loop.



[image: Figure 2]
FIGURE 2. Changes in hemodynamic forces distribution after Sacubitril-Valsartan. Graphic representation on a polar histogram of left ventricular hemodynamic forces (LV-HDFs) distribution in a patient: LV-HDFs distribution assessed over the entire cardiac cycle at baseline (left) and after 6 months of therapy with sacubitril-valsartan (right), showing a re-alignment of HDFs due to an improvement of longitudinal forces (apex to base, AB) over transversal ones (latero-septal, LS) and consequently a reduction of HDFs LS/AB ratio. AB, apex to base; HDFs, hemodynamic forces; LV, left ventricle; LS, latero-septal; LS/AB ratio, latero-septal over apex to base ratio.




Vascular Remodeling

Systolic and diastolic blood pressure showed a significant reduction after 6 months of therapy with S/V (p = 0.002 and p = 0.001, respectively) (Table 2). As evaluated by PV loop analysis, arterial elastance significantly reduced (p = 0.008) (Table 3; Figure 1B).



Ventricular-Arterial Coupling and Energy Conversion Efficiency

After 6 months of S/V therapy, VAC significantly improved (p < 0.001). While SW did not differ between baseline and follow-up (p = 0.899), potential energy (Figure 1D) and pressure volume area significantly reduced (p < 0.001 and p < 0.001, respectively). Thus, WE significantly improved (p = 0.001).



Intra- and Inter-Observer Agreement

Both intra- and inter-observer agreement were good to excellent for all the parameters. ICCs are reported in Supplementary Table 1.




DISCUSSION

In this study, the occurrence of both cardiac and vascular remodeling in 47 HFrEF patients after 6 months of therapy with S/V was described. The strength of our study is the comprehensive evaluation of CV remodeling after S/V not only in terms of volumetric remodeling but also, for the first time, in terms of deformation, intraventricular pressure gradients, hemodynamics and vascular remodeling using non-invasive methods for PV loop analysis and intraventricular HDFs assessment. Conventionally, cardiovascular remodeling has been identified with reverse LV remodeling in terms of “volumetric” parameters: reduction of LVEDV, LVESV and improvement of LVEF (6, 18, 19). Recently, S/V has been demonstrated to induce improvement in LV function in terms of muscular deformation by ST-E (18). However, the description of changes in the cardiovascular mechanics via ejection fraction and volumes is a crude simplification. This approach fails to describe the complexity of a muscular pump interacting with the intracavitary blood flow and coupled with the arterial tree.


Cardiac Remodeling

In the overall cohort, we observed a significant improvement in LVEF and an important reduction in LVESVi and LVEDVi. A concomitant end-systolic volumes reduction and EF improvement (LV RR) was observed in 47% of the total cohort. Our results are in line with previous reports in literature. Several studies have shown that the therapy with S/V induces cardiac remodeling (3, 4) with a dose-dependent effect (3). Compared with ACEi, angiotensin receptor neprilisyn inhibitors (ARNIs) were found to induce more frequently RR in terms of EF improvement and volumes reduction, clinically reflected by a lower NYHA class and better performances at 6-minutes walking test (6MWT) (5). In our study, the LVEF improvement is supported by the higher systolic myocardial deformation and increased intrinsic contractility observed after 6 months (significant increase in both GLS and Ees). These findings are in line with previous reports investigating the effect of S/V on myocardial strain (18, 20). Preclinical evidences showed that Sacubitril and Valsartan have a synergic effect, attenuating cardiomyocyte cell death, hypertrophy and impaired contractility (21). Moreover, the natriuretic and diuretic effects of S/V could reduce cardiac preload, allowing the heart to work on the most efficient part of the Frank-Starling curve and improving the stroke volume. Changes in cardiac preload, together with LV volume reduction, influence also diastolic properties. Precisely, we documented a reduction in LV EDP without a significant reduction in LV stiffness coefficient (β). This may be counterintuitive if we do not focus on the diastolic properties of the failing heart. In patients with HFrEF, the LV is characterized by high diastolic capacitance and stiffness. The end diastolic point of the PV loop is determined not only by the curve fit parameters of the EDPVR but it is also extremely influenced by the volume status. Even in the absence of changes in stiffness, a preload reduction causes a volume-dependent decrease in EDP and the end-diastolic point (VED,PED) shifts down-left along the EDPVR. Thus, the decrease in filling pressure after S/V are mainly due to a reduction in volume overload. We should acknowledge that the follow-up period in our study is relatively short and possible effects of S/V on LV diastolic stiffness may need a longer time. Another known beneficial effect of S/V is the reduction in severity of functional mitral regurgitation due to lower cardiac preload, reduced LV volumes and increased LV systolic function leading to a rebalancing of closing and tethering forces. All the aforementioned beneficial effects, summed with a possible role of S/V in reducing the pulmonary vascular tone, concur to an improvement of post-capillary pulmonary pressures (22, 23).

In our report, we documented a realignment of HDFs during S/V therapy. HDFs are forces exchanged between the blood and the myocardium during the cardiac cycle. Blood flows into the cardiac chambers because of intra-ventricular pressure gradients (IVPGs), changing throughout the entire cardiac cycle. They are generated by the totality of the cardiac structure (opening and closing valves, contracting and relaxing myocardium, vessels) (24). Recently, non-invasive HDFs analysis, using the application of a mathematical model to echocardiographic or magnetic resonance “cine” images, has been validated (16, 25). HDFs magnitude and alignment have been recently proposed as novel markers of cardiac function. Briefly, in normal hearts HDFs are mainly directed in apex-to-base (or longitudinal) direction, while latero-septal (or transversal) HDFs are significantly weaker. Misalignment of HDFs has been reported in abnormal cardiac conditions and related to dyssynchrony and regional heterogeneity in myocardial contraction and relaxation (26–28). In HFrEF patients HDFs are significantly lower and misaligned, diverging from the normal apex-to-base direction toward the latero-septal one (29). A recent pathophysiological model suggested a link between HDFs misalignment/re-alignment and adverse-remodeling/reverse-remodeling (27, 28). Cardiac endothelial mechano-receptors can distinguish changes in shear stress vectors (tangential vs. perpendicular direction) and activate ultrastructural adaptive responses, such as turnover of contractile proteins and regulation of myofibril orientation (30).



Vascular Remodeling

After 6 months of therapy with S/V, both SBP and DBP significantly improved. Moreover, P/V loop analysis showed a significant reduction in Ea. Reduction of blood pressure may be explained not only by the diuretic and natriuretic effect but also by vascular remodeling. S/V was proven to improve endothelium-dependent and independent vasorelaxation (31) and to reduce arterial stiffness (32). Thus, S/V could significantly change both the static (total vascular resistance) and pulsatile components (e.g., total wave reflections) of the total arterial load (33). These biological effects are also mediated by an increased availability of natriuretic peptides with vasoactive properties and by modulation of both sympathetic nervous system and renin-angiotensin system (34, 35).



Ventricular-Arterial Coupling and Energy Conversion Efficiency

The ultimate effect of S/V is an amelioration of ventricular-arterial coupling, as demonstrated in our cohort of patients by a significant reduction in Ea/Ees ratio. Arterial load and stiffness are closely linked with systolic and diastolic function and LV hypertrophy (14). Improvements in arterial compliance, peripheral resistance, and wave reflections optimize LV afterload. This reduces early and peak systolic myocardial stress and oxygen demand. Complementary improvement in LV systolic function and organ perfusion lead to neuro-humoral and sympathetic modulation, contrasting vascular dysfunction (36). The amelioration of Ea, Ees, and VAC is the physiopathological cause of the improvement of LVEF, used as a surrogate of systolic function. Actually, the relationship between VAC and EF can be mathematically described as LVEF = Ees/(Ees+Ea), showing how EF is affected both by inotropic state and total afterload (37). The optimization of VAC improves the energetic efficiency of the cardiovascular system. In order to maintain adequate stroke volume and peripheral perfusion, the failing heart uses compensation mechanisms, which increase energy consumption. However, a significant part of the energetic expenditure is wasted and do not concur to blood ejection (38). During S/V therapy, we observed a reduction in PE and PVA while SW did not differ. PVA reduction reflects a decrease in the total mechanical energy of contraction and consequently in myocardial oxygen consumption, while PE is the amount of energy not converted to external work (or ejection, equivalently) (39, 40). Consequently, during S/V therapy WE improves, reflecting a more efficient mechanical energy transfer from the ventricle to the arterial system. It has been demonstrated that WE is a monotonic function of VAC and can be formulated as SW/PVA = 1/[1+(Ea/Ees)/2] (41). An optimization of contractile state and/or a reduction of arterial afterload improves VAC, reduces energetic demand and increases WE.



Limitations

The most important limit of our study is the small sample size. Therefore, our results, especially those regarding HDFs estimation, should be considered as preliminary observations. Moreover, HDFs computation by echocardiography depends on image quality and it has to be considered as an estimation of real hemodynamic forces. Vascular afterload was assessed only with PV loop derived parameters. Finally, significant clinical outcomes were not evaluated, due to the limited number of major cardiac events observed during follow-up.




CONCLUSIONS

After 6 months of S/V therapy, cardiovascular remodeling was observed in our cohort of HFrEF patients, in terms of volumes reduction, increased myocardial contractility, intraventricular-pressure gradients distribution improvement and optimization of vascular afterload. The ultimate effect is an amelioration of ventricular-arterial coupling and mechanical energy conversion efficiency. Our findings highlight the pleiotropic effect of S/V therapy generating a virtuous circle of both cardiac and vascular remodeling.
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Left Atrial Appendage Mechanical Dispersion Assessed by Speckle-Tracking Echocardiography as a Determinant of Left Atrial Appendage Blood Stasis in Patients With Atrial Fibrillation
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Aims: We sought to investigate the relationship of left atrial appendage (LAA) mechanical dispersion (MD) with LAA dense spontaneous echo contrast (SEC) or thrombus, and to compare its usefulness in the identification of thrombogenesis with left atrial (LA) MD or LA/LAA strain parameters in patients with atrial fibrillation (AF).

Methods: We conducted a cross-sectional study of 493 consecutive patients with AF [65(58.5–71.0) years, male 66.9%] who underwent echocardiography prior to catheter ablation. We measured the LAA and LA global longitudinal strain (GLS) using speckle-tracking echocardiography (STE). LAA MD and LA MD was defined as the standard deviation (SD) of time to peak positive strain corrected by the R-R interval.

Results: Patients with LAA dense SEC/thrombus (n = 70) had significantly higher LAA MD than controls (n = 423) [median 14.2(11.6–16.8)% vs 9.4(6.2–12.1)%, p < 0.01]. Multivariable analysis showed that LAA MD was independently associated with LAA dense SEC/thrombus in four different models (Odds ratio, 1.23–1.24; p < 0.01), and provided additional diagnostic value over clinical and standard echocardiographic parameters. Whereas, LA MD was not independently associated with LAA dense SEC/thrombus and had no incremental value over other LA/LAA mechanical parameters.

Conclusion: LAA mechanical dispersion was an independent determinant of LAA dense SEC/thrombus in AF patients, incremental to conventional risk factors and superior to LA mechanical dispersion.

Keywords: left atrial appendage, mechanical dispersion, speckle-tracking echocardiography, atrial fibrillation, left atrium


INTRODUCTION

Atrial fibrillation (AF) is the most common clinically relevant cardiac arrhythmia, posing patients at higher risk of ischemic stroke (1). Importantly, AF-related stroke is associated with an increased mortality and worse outcomes than non-AF strokes (2). Preventive strategies are essential and should be delivered based on risk stratification. CHA2DS2-VASc scoring system is the most prevalent scheme for stratifying stroke risk in AF patient (3), but there is a lack of direct mechanistic link with stroke and its predictive power is modest in those with a score of <2 (4).

For the past century, left atrial appendage (LAA) has been regarded to be the major source of AF-related strokes (5, 6), as more than 95% of thrombus formation originated from LAA (7). Hence, it would be of great clinical significance to identify individuals at high risk of LAA thrombus, especially those with low CHA2DS2-VASc score. The structural and functional remodeling of LAA and LA during AF, including cavity dilation, endocardial fibroelastosis and depressed myocardial function are all potential markers of LAA thrombus and spontaneous echo contrast (SEC) (8–12). Besides the well-established predictors like LA enlargement, LAA morphology and LAA peak flow velocities (13–15), subclinical myocardial dysfunction of LAA and LA detected with speckle-tracking echocardiography (STE) (16) has emerged as useful markers. Impaired LA and LAA global longitudinal strain (GLS) are closely correlated with LAA blood stasis (17–21). STE can also measure the timing of myocardial contraction, known as mechanical dispersion (MD), which represents the degree of discoordination of wall motion. Recently, the role of LA MD in thrombogenesis was investigated as a further step to dissect the mechanism when LA function is depressed, and it was proved to have incremental values in identifying LAA thrombi or sludge (22, 23) and previous stroke/transient ischemic attack (TIA) in AF patients (24, 25). Similarly, we found LAA MD is greater in AF patients with a history of thromboembolism than those without in our previous studies (25, 26), supporting the hypothesis that LAA dyssynchrony may play a central role in the mechanism of thrombogenesis. Whereas, the direct mechanistic link between LAA MD and LAA blood stasis has not been fully addressed. The purpose of this study was to quantify the association of LAA mechanical dispersion with LAA dense SEC or thrombus and to compare its value in the risk stratification for thrombogenesis with LA MD or LA/LAA GLS in patients with AF.



MATERIALS AND METHODS


Study Population

We prospectively included 656 consecutive AF patients without significant valvular diseases or prosthetic valves. All patients were referred for catheter ablation to one of two Chinese tertiary hospitals (Sir Run Run Shaw Hospital, Zhejiang University School of Medicine and First affiliated hospital, Zhejiang University School of Medicine) between April 2019 and May 2021. Exclusion criteria: (1) cardiomyopathy, (2) congenital heart disease, (3) history of any cardiac surgery and/or cardiac device implantation, (4) cardiac mass, (5) inadequate image quality to perform strain analysis, and (6) sinus rhythm at the time of echocardiography. Patients were classified as having either paroxysmal or persistent AF according to the guidelines (3, 27). Clinical information including demographic data, medical history, medication history, and baseline examination data were comprehensively assessed and CHA2DS2-VASc score was computed accordingly (3). Venous blood samples were obtained from the basilic vein after overnight fast. Laboratory data, including homocysteine, lipid levels were collected and analyzed.

The study protocol was approved by the institutional medical ethics committees of the two participating hospitals and was conducted in accordance with the Declaration of Helsinki and its later amendments. All patients provided their written, informed consent.



Standard Echocardiography

All participants routinely underwent transthoracic echocardiography (TTE) and transesophageal echocardiography (TEE) after admission. Echocardiographic examinations were performed using a Vivid E95 scanner (GE Vingmed Ultrasound AS, Horten, Norway) equipped with a M5Sc (1.4–4.6 MHz) and 6VT (3.0–8.0 MHz) probe. The grayscale frame rate was set to 60–90 frames/second. Standard echocardiographic measurements were taken according to current recommendations (28). LA and LAA volumes (LAV and LAAV) were determined by modified Simpson’s method from apical four- and two-chamber views on TTE (LAV) and two orthogonal views typically at 45° and 135° on TEE (LAAV), respectively. The LA and LAA emptying fraction (LAEF and LAAEF) were calculated as [maximumvolume(Vmax)−minimalvolume(Vmin)]/Vmax*100%. LAA peak emptying velocity (EV) and filling velocity (FV) was obtained with the sampling placed in the proximal third of the LAA cavity. LAA and the inlet of the pulmonary veins were excluded from LA tracing. All volumetric variables were subsequently indexed by body surface area.

Lidocaine hydrochloride spray was used for local anesthesia before TEE studies. LAA were carefully examined for the presence of dense SEC or thrombus by sweeping from 0° to 180° at the mid-esophageal position. The dense SEC was defined as very slow swirling smoke-like echoes detectable within LAA throughout the cardiac cycle. A thrombus was defined as a fixed or mobile, irregularly shaped, echo-dense mass that was clearly distinct from adjacent endocardium and pectinate muscles. The presence of dense SEC or thrombus was verified by two independent observers.



Speckle-Tracking Echocardiography

All strain analysis was performed with vendor-dependent software (EchoPAC PC version 203, GE Vingmed Ultrasound AS, Horten Norway). The LA and LAA endocardial borders were manually traced in apical four-chamber and two-chamber views (LA) and mid-esophageal views obtained at 0°, 45°, 90°, and 135°(LAA), respectively. Regions of interest were manually adjusted to fit the wall thickness. All tracking was reviewed to ensure it truly represented LA/LAA wall motion, and poorly tracked segments would be rejected. The strain curves of the global and regional LA /LAA wall were generated, and global peak positive longitudinal strain (GLS) was measured and averaged from two apical views for LA and four mid-esophageal views for LAA. LAA and LA MD was defined as the standard deviation (SD) of the time to peak positive strain of each segment and expressed as a percentage of the R-R’ interval. Higher values of MD indicate a greater degree of mechanical dyssynchrony. The reference frame of zero strain was set at left ventricular (LV) end-diastole (R-R gating) (29). To resolve the problem of beat-to-beat variation in STE measurements we used the index-beat method (22, 30). A cardiac cycle was selected for analysis where the preceding and pre-preceding R-R interval are of similar duration. All echocardiographic analysis was performed by one investigator experienced with strain imaging and blinded to the patients’ information. Among the 11,832 LAA segments and 5,916 LA segments analyzed, STE analysis was feasible in 16,926 (95.4%) segments.



Statistical Analysis

IBM SPSS package 25.0 (SPSS, Inc., Chicago, IL, United States) and MedCalc version 12.5.0.0 (MedCalc Software, Mariakerke, Belgium). was used to perform the statistical analyses. Statistical significance was defined as P < 0.05. Continuous data were presented as mean ± standard deviation for normally distributed variables and median (interquartile range) for non-Gaussian variables. Categorical variables were summarized as number and percentages. Comparisons of the variables were performed by using independent Student’s t-test, the Mann-Whitney U test, Chi-square test or Fisher’s exact test where appropriate. Multivariate binary logistic regression analysis was performed to determine the independent markers using variables with p < 0.05 in the univariate analysis. Receiver operating characteristic (ROC) curves for different variables to test their abilities to discriminate patients with and without LAA dense SEC/thrombus, and the optimal cutoff value was determined as the value closest to the corner of the ROC curve. The incremental value of LAA MD and other mechanical parameters was tested by comparing global χ2 values in a series of models, areas under the ROC curve (AUCs) and net reclassification improvement.

Inter- and intra-observer variability for LA/LAA GLS and LA/LAA MD were studied in a random sample of 25 patients. Measurements were repeated >4 weeks apart by the same observer and by another experienced reader. The mean absolute differences between repeated measurements were calculated and assessed using Bland-Altman plots.




RESULTS


Demographic and Clinical Characteristics

Out of 656 patients with AF, we excluded 58 patients either with congenital heart disease (n = 10), history of cardiac surgery and/or cardiac device implantation (n = 12), cardiac mass (n = 3), cardiomyopathies (n = 16), and inadequate image quality to perform strain analysis (n = 17). We also excluded patients who were in sinus rhythm at the time of echocardiography (n = 105). A total of 493 patients were included in the final analysis [median age, 65 (58.5, 71.0) years; 33.1% women, 47.5% persistent AF]. A total of 70 (14.2%) patients had dense SEC in LAA, while 38 (54.3%) had thrombus in LAA. The remaining patients were designated as the control group (n = 423, 85.8%). Table 1 summarizes clinical characteristics of the study population. Patients with dense SEC/thrombus were older, with higher CHA2DS2-VASc scores, higher incidence of persistent AF, previous TIA or stroke and heart failure. In addition, patients in the SEC/thrombus group had significantly higher plasma homocysteine levels. A total of 236 (47.9%) patients were on anticoagulation prior to ablation, and the usage of anticoagulants didn’t differ between two groups (P = 0.367). According to the standard of peri-procedural care for catheter ablation of AF, all patients were on anticoagulation at the time of ablation procedure. TEE was normally performed several hours before the ablation and anticoagulants were not discontinued. In patients not receiving anticoagulation (n = 257), 125 had a CHADS-VASc score ≥2. The underuse of anticoagulants in these patients were due to poor compliance, high bleeding risk, or other contraindications.


TABLE 1. Baseline clinical characteristics.
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Echocardiographic Parameters

Table 2 shows a comparison of echocardiographic parameters between the patients with and without dense SEC or thrombus. Although LV volumes were comparable between two groups, the patients with dense SEC or thrombus had significantly lower LV ejection fraction (EF). Patients in this group also had increased LA /LAA volumes index (LAVI, LAAVI), decreased LA/LAA function (presented as emptying fraction and GLS), and reduced LAA flow velocities. Furthermore, LAA MD were more pronounced in SEC/thrombus group than in the controls [median 9.4 (6.2–12.1)% vs. 14.2 (11.6–16.8)%, respectively; P < 0.01]. Figure 1 shows representative LA and LAA strain curves in patients with and without dense SEC or thrombus.


TABLE 2. Echocardiographic parameters by groups.
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FIGURE 1. LAA and LA strain curves from speckle-tracking in patients with LAA dense spontaneous echo contrast and thrombus (A,C) and controls (B,D). Yellow crosses indicate the positive peaks of each curve. Yellow arrows indicate the global peak longitudinal strain (GLS). Mechanical dispersion (MD) was defined as the SD of time to peak and expressed as a percentage of the R-R interval. LA, left atrium; LAA, left atrial appendage.




Determinants of Left Atrial Appendage Dense Spontaneous Echo Contrast or Thrombus

In the univariate logistic regression analysis, LAA dense SEC or thrombus was significantly associated with various clinical and echocardiographic parameters (Table 3). LAA MD remained to be independent in four different multivariate models (OR 1.23–1.24, p < 0.01) (Table 4). We also confirmed the independent association of homocysteine (OR 1.05–1.07, p < 0.05), LA GLS (OR 0.87–0.89, p < 0.01), LAAFV (OR 0.94–0.95, p < 0.01), and LAA GLS (OR 0.82–0.89, P < 0.05) with dense SEC or thrombus in at least two models. However, LA MD was not an independent contributor in any multivariate models.


TABLE 3. Univariable analyses of associations with LAA dense SEC or thrombus.
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TABLE 4. Multivariate analyses of associations with LAA dense SEC or thrombus.
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ROC curve analysis results are listed in Supplementary Table 1. The AUCs for LAA parameters were higher than clinical, LV and LA variables. Importantly, the AUCs for LAA MD (0.82), LAA GLS (0.84), and LA GLS (0.80) were comparable but higher than that of LA MD (0.74, all p < 0.05). The optimal cutoff value for LAA MD to identify LAA dense SEC or thrombus was >11.2%, with a sensitivity of 80.0% and specificity of 67.16%. We also calculated cutoff values for LAA GLS, LA GLS, and LA MD.



Incremental Value of Left Atrial Appendage Mechanical Dispersion for Identifying Dense Spontaneous Echo Contrast or Thrombus and Comparison With Other Left Atrial/Left Atrial Appendage Mechanics

The addition of LA/LAA mechanics (LA GLS, LAA GLS, LA MD, LAA MD) to CHA2DS2-VASc score significantly improved AUCs in ROC curve analyses. Moreover, the AUC of CHA2DS2-VASc score plus LAA MD was significantly higher than adding LA MD (0.83 vs. 0.76, P = 0.04), but comparable to adding LAA GLS or LA GLS (P = 0.61 and 0.48, respectively, Figure 2). We also assessed the incremental value of LAA MD, LAA GLS, LA GLS or LA MD over one another by comparing the global χ2 value in modeling steps. The initial model based on CHA2DS2-VASc score, LVEF, LAVImax, and LAAFV (χ2 = 106.6) was significantly improved by adding LA MD (χ2 = 114.6, P < 0.01) and further improved by adding LA GLS (χ2 = 123.2, P < 0.01), LAA GLS (χ2 = 141.1, P < 0.01) and finally LAA MD (χ2 = 168.4, P < 0.01). Similarly, the same initial model was significantly improved by adding LA GLS (P = 0.04) and LAA GLS (P = 0.02) in the last step of sequential models (Figure 3). However, the addition of LA MD provided no incremental value (P = 0.21) over other LA/LAA mechanical parameters.


[image: image]

FIGURE 2. Receiver-operating characteristic curve analysis for identifying LAA dense spontaneous echo contrast or thrombus. AUC, area under the curve; GLS, global longitudinal strain; LA, left atrium; LAA, left atrial appendage; MD, mechanical dispersion.
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FIGURE 3. Incremental values of LAA and LA mechanics for risk stratification of LAA dense spontaneous echo contrast or thrombus. The initial model was based on CHA2DS2-VASc score, LVEF, LAVImax and LAA FV. LA MD, LAGLS, LAA GLS, and LAA MD was sequentially added to the initial model in different order and the global χ2 value was compared. The parameter added in the last step was LAA MD (A), LAA GLS (B), LA MD (C), and LA GLS (D). The addition of LA MD provided no incremental value over other LA/LAA mechanical parameters. GLS, global longitudinal strain; LA, left atrium; LAA, left atrial appendage; LAAFV, LAA filling velocity; LAVI, LA volume index; LVEF, left ventricular ejection fraction; MD, mechanical dispersion.


Moreover, we summarized the prevalence of LAA dense SEC or thrombus according to different LA /LAA mechanics and CHA2DS2-VASc score (Figure 4). LAA MD significantly increased the risk of LAA blood stasis in patients with CHA2DS2-VASc score <2 (OR 36.3, 95% CI 4.7–280.4, P = 0.001) (Supplementary Table 2). Adding LAA MD, LAA GLS, and LAGLS to CHA2DS2-VASc score led to significant net reclassification improvement (0.30, 0.27 and 0.26, all P < 0.01) whereas adding LA MD did not lead to significant improvement (0.17, P = 0.06) (Supplementary Tables 3–6).
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FIGURE 4. The prevalence of LAA dense spontaneous echo contrast or thrombus according to LA/LAA mechanics and CHA2DS2-VASc score. GLS, global longitudinal strain; LA, left atrium; LAA, left atrial appendage; MD, mechanical dispersion.




Reproducibility

Bland-Altman analysis for inter-and intra-observer variability was shown in Supplementary Figure 1. For inter-observer reproducibility, the mean differences in LA GLS, LAA GLS, LA MD, and LAA MD were 1.1 ± 2.7%, 0.7 ± 3.0%, 2.1 ± 2.3% and 3.0 ± 3.5%, respectively. The mean differences between the repeated measures of the same observer in LA GLS, LAA GLS, LA MD and LAA MD were −0.7 ± 2.8%, −0.6 ± 2.5%, 0.8 ± 3.1%, and 2.4 ± 3.8%, respectively.




DISCUSSION

In this cross-sectional study, we found that LAA mechanical dispersion assessed by speckle-tracking echocardiography was an independent determinant of LAA dense SEC or thrombus in patients with AF, incremental to clinical and echocardiographic parameters and other strain measurements. This study also identified similarly significant reclassification improvement by adding LAA MD, LAA GLS, and LA GLS to CHA2DS2-VASc score. Moreover, LAA MD was superior to LA MD in identifying LAA dense SEC or thrombus.


Left Atrial Appendage Mechanical Dispersion as a Mechanism of Thrombogenesis

As the most common site for thrombus formation (7), LAA should be given meticulous attention in the setting of AF. In line with previous results (20, 21, 31), our findings confirmed that LAA EF, LAA flow velocities and LAA GLS are significant contributors to LAA stasis, with the latter two remaining independent in at least two multivariate models. We also found AF patients with dense SEC or thrombus in LAA had higher LAA MD than those without. The LAA MD cutoff of >11.2% help clinicians to sensitively identify patients at higher risk for LAA dense SEC or thrombus, especially in those with CHA2DS2-VASc score <2. To the best of our knowledge, this is the first study demonstrating that LAA MD is an independent determinant of LAA stasis in AF patients using speckle-tracking echocardiography. What’s more, LAA MD provided incremental values over clinical, conventional TTE and TEE parameters.

The mechanistic link as to how abnormal LAA MD causes thrombosis remains unclear. Previous studies found an association among disturbances in the LAA conduction, LAA fibrosis and LAA thrombus (9, 11, 32). We speculate that LAA fibrotic changes increase LAA discoordination during filling phase, which consequently slow down the regional blood flow and lead to thrombogenesis. Reflecting this change, LAA MD might contribute to LAA blood stasis.



Comparison of Predictive Values Among Left Atrial/Left Atrial Appendage Mechanics

Although the correlation of LA MD with LAA thrombus or sludge has been demonstrated previously (22, 23), our study revealed that LAA MD, rather than LA MD had an independent association with LAA dense SEC or thrombus. LA MD did not maintain its significance when adjusted for LAVImax and LA GLS. As a sensitive marker of LA dysfunction and asynchrony, impairment of LA MD precedes morphological changes (33). In the present study, the majority of patients had LA enlargement (70.9%), indicating that most of them had experienced significant LA remodeling, hence, predictive value of LA MD became less pronounced compared with LA volume or LA GLS. In addition, mechanical discordance between LA and LAA existed in 25% of AF patients (34), suggesting that LA dispersion may not represent LAA wall motion discoordination and a dedicated analysis of LAA dyssynchrony would provide extra information. These findings indicated that LAA myocardial function should be assessed even in the presence of LA enlargement and dysfunction.



Clinical Implications

The findings in this study suggest that LAA MD could potentially reduce underuse of anticoagulants by improving decision making for anticoagulation in patients at a high risk of LAA thrombus despite a low CHA2DS2-VASc score. LAA remodeling is partially reversible (35), and therapies aiming at LAA MD might potentially benefit patients by improving LAA mechanics and future studies are needed to validate this hypothesis. Although LAA MD is superior to LA MD in predicting LAA blood stasis, its assessment is more time-consuming and less validated than LA strain measurements. Given the comparable predictive value of LA GLS, it may be an alternative to LAA mechanics in patients who could not tolerate TEE or TEE images were inadequate for strain analysis.



Study Limitations

There are several limitations and technical considerations in the present study. First of all, this is a cross-sectional, observational study consisting of patients referring for catheter ablation of AF. Therefore, selection bias should be taken into account. Second, given the complex and variable morphology of LAA, although we examined the LAA from four different views, it is still difficult to visualize its entirety and small thrombi within a side lobe might be overlooked. Third, vendor specificity of STE and lack of specific strain packages should be considered. Although we analyzed LA and LAA strain using software for evaluating the LV, the 2D strain package allowed manual adjustment of a region of interest to fit the thickness of LA and LAA wall. Fourth, the cutoff value of LAA MD was derived from ROC analysis and reported in the same derivation cohort, rather than in an independent group of patients. This cutoff should be externally verified by further prospective multicenter studies.




CONCLUSION

Left atrial appendage mechanical dispersion assessed by speckle-tracking echocardiography was an independent determinant of LAA dense SEC or thrombus in AF patients, incremental to clinical risk factors and conventional echocardiographic parameters, and superior to LA mechanical dispersion.
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Background: As automated echocardiographic analysis is increasingly utilized, continued evaluation within hospital settings is important to further understand its potential value. The importance of cardiac involvement in patients hospitalized with COVID-19 provides an opportunity to evaluate the feasibility and clinical relevance of automated analysis applied to limited echocardiograms.

Methods: In this multisite US cohort, the feasibility of automated AI analysis was evaluated on 558 limited echocardiograms in patients hospitalized with COVID-19. Reliability of automated assessment of left ventricular (LV) volumes, ejection fraction (EF), and LV longitudinal strain (LS) was assessed against clinically obtained measures and echocardiographic findings. Automated measures were evaluated against patient outcomes using ROC analysis, survival modeling, and logistic regression for the outcomes of 30-day mortality and in-hospital sequelae.

Results: Feasibility of automated analysis for both LVEF and LS was 87.5% (488/558 patients). AI analysis was performed with biplane method in 300 (61.5%) and single plane apical 4- or 2-chamber analysis in 136 (27.9%) and 52 (10.7%) studies, respectively. Clinical LVEF was assessed using visual estimation in 192 (39.3%), biplane in 163 (33.4%), and single plane or linear methods in 104 (21.2%) of the 488 studies; 29 (5.9%) studies did not have clinically reported LVEF. LV LS was clinically reported in 80 (16.4%). Consistency between automated and clinical values demonstrated Pearson's R, root mean square error (RMSE) and intraclass correlation coefficient (ICC) of 0.61, 11.3% and 0.72, respectively, for LVEF; 0.73, 3.9% and 0.74, respectively for LS; 0.76, 24.4ml and 0.87, respectively, for end-diastolic volume; and 0.82, 12.8 ml, and 0.91, respectively, for end-systolic volume. Abnormal automated measures of LVEF and LS were associated with LV wall motion abnormalities, left atrial enlargement, and right ventricular dysfunction. Automated analysis was associated with outcomes, including survival.

Conclusion: Automated analysis was highly feasible on limited echocardiograms using abbreviated protocols, consistent with equivalent clinically obtained metrics, and associated with echocardiographic abnormalities and patient outcomes.
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 echocardiography, artificial intelligence, deformation imaging, strain rate imaging, machine learning, COVID-19


Introduction

The use of artificial intelligence (AI) as a method for automating medical image analysis has the potential to transform patient care (1). In echocardiography, AI applications have demonstrated significant value at numerous stages of the analysis pipeline, including automatic view classification (2–4), quantitative assessment of image quality (5, 6), automated contouring (7–9), assessment of regional wall motion (10), and disease classification (11–13). Notwithstanding the advantages of automated, high-throughput analysis, the benefits of AI driven analysis include savings of time (9, 14), improved prognostication (11, 15), reduced variability (16), and greater precision (6, 13). While the value of automated analysis is increasingly reported, validation of commercially available software with automated capabilities alongside clinical assessment remains limited (9, 17, 18). As a result, understanding of the capabilities and limitations of automated echocardiographic analysis remains incomplete.

Continued assessment of automated analysis using real-world data is essential to evaluate potential feasibility and relevance to clinical practice. In cases of severe infection, coronavirus disease 2019 (COVID-19) patients frequently present with prognostically significant cardiac involvement (19–21). Echocardiographic indices of both left- (LV) and right-ventricular (RV) function have been reported to effectively identify COVID-19 patients requiring urgent treatment or intervention (22), predict prognosis (18, 23) and allow longitudinal assessment (24). However, the use of limited echocardiographic acquisition protocols during the early stages of the pandemic (18, 21, 25, 26) often omitted some of the pre-requisites for advanced strain analysis [e.g., electrocardiogram monitoring and sufficient image quality from the three apical views (27)], limiting the information available to clinicians for patient risk stratification. Automated AI algorithms are capable of disease prediction (12, 13, 28) and functional quantification (6, 29), using limited or single-view images, without the requirement for additional work or expertise. However, the efficacy of automated analysis in patient assessment and risk stratification, including the potential impact of implementing automated analysis alongside routine practice, remains incompletely understood.

In this multi-site, retrospective study, we sought to evaluate (1) the feasibility of automated quantification of LV systolic function using limited echocardiograms from COVID-19 patients; (2) the agreement between automated quantification and clinical findings; (3) the association of automated assessment of the LV with in-hospital patient outcomes.



Methods


Patient population

This study was approved by the Institutional Review Boards and conducted among consecutive inpatient adults diagnosed with COVID-19 (positive antigen or polymerase chain reaction test) who underwent clinically indicated transthoracic echocardiography at six institutions: Beth Israel Deaconess Medical Center, Harvard Medical School (Boston); Temple University Hospital (Philadelphia); Einstein Medical Center (Philadelphia); Ochsner Medical Center (New Orleans); The University of Pittsburgh Medical Center; and Mayo Clinic Health System sites across Minnesota, Wisconsin, Florida, and Arizona, between February and December 2020. Only the first transthoracic echocardiogram performed during the hospital admission for COVID-19 was considered. Echocardiographic studies were included in the analysis if either an apical 4-chamber or apical 2-chamber image clip was available for analysis. Those with insufficient image quality to assess LV ejection fraction (EF) clinically and to evaluate the AI derived contours of the LV were excluded.



Data collection

Patient baseline characteristics, medical history, and in-hospital outcomes were obtained at each site from review of electronic health records. These included patient demographics, presenting signs/symptoms, comorbidities at the time of initial hospital presentation, in-hospital sequelae, and echocardiographic findings. Outcomes included 30-day all-cause mortality, incident acute coronary syndrome (ACS), congestive heart failure (CHF), acute kidney injury, and major adverse cardiovascular and cerebrovascular events (MACCE), defined as the composite of ACS, CHF, stroke, coagulation disorder (disseminated intravascular coagulation or other acquired bleeding disorder), myocarditis, or pericarditis. Coronary artery disease (CAD) was defined as prior myocardial infarction (MI), coronary revascularization, or angiography showing stenosis >50% diameter. Echocardiographic variables were obtained from echocardiography reports and included (where available) qualitative assessment of cardiac function (regional wall motion abnormalities, LV size, LV wall thickness, left atrial size, RV size, LVEF, end-diastolic and end-systolic volumes, and LV longitudinal strain (LS).



Echocardiographic analysis

As echocardiographic data was collected predominantly during the first wave of the pandemic, abbreviated and focused protocols were frequently utilized to minimize scan times and staff exposure risk (30), sometimes without placement of electrocardiographic leads (31, 32). Only studies that included at least one cardiac cycle from any of the apical views were considered. Echocardiographic examinations were performed using GE (Vivid E95 = 49.1%, Vivid S70 = 27.9%, Vivid E9 = 2.5%, Vivid IQ = 1.6%) and Philips (CX50 = 11.3%, EPIQ 7C = 3.9%, EPIQ CVx = 3.0%, iE33 = 0.7%) systems. Quantification of echocardiographic measures was obtained from two sources:


Clinically derived echocardiographic assessment

Quantitative assessment of LV function was obtained from clinical echocardiographic reports. The method of LVEF quantification (e.g., Simpson's biplane method of disks, single plane, linear, or visual estimation) was recorded. Protocols for echocardiographic acquisition and quantification were conducted according to local procedures and clinical standards in place at the time of data collection.



AI derived assessment

Quantitative assessment of LV function was obtained from automated AI driven echocardiography analysis algorithms (EchoGo Core v1.3.2, Ultromics Ltd, Oxford). LV LS was calculated as the average of the end-systolic longitudinal strain from apical 4- and 2-chamber views. Where one view was unavailable, single view longitudinal strain values were calculated. LV volumes and LVEF were determined using the Simpson's biplane method of disks. Where biplane LVEF was not feasible with both apical 4- and 2-chamber views, a single plane LVEF was calculated when feasible. The AI algorithms process apical 4- and 2-chamber images to automatically select cardiac cycles, contour the endocardial border, and calculate volumes, ejection fraction and longitudinal strain (18). Data for algorithm training were collected from an international dataset of clinically indicated echocardiograms, containing a range of patient pathologies (including coronary artery disease, heart failure, COVID-19, myocardial infarction, and prior cardiovascular disease) and were strictly independent of the participants of the current study.




Feasibility of assessment

The endocardial border of apical 4- and 2-chamber images were automatically contoured by EchoGo Core and were presented to operators for approval. All operators held professional qualifications in echocardiography (e.g., British Society of Echocardiography or American Society of Echocardiography). All studies were processed through EchoGo Core, irrespective of image quality. A study was considered feasible for AI analysis if operators approved either apical 4- or 2-chamber views. Studies where AI analysis was not feasible (e.g., no contours approved for analysis) were included in the feasibility evaluation but not in the final analysis.



Statistical analysis

Continuous variables were expressed as means ± standard deviations (±SD) or medians and interquartile ranges (IQR). Continuous data were compared between groups based on automated LS and EF using the Student's t-test or the Wilcoxon rank sum test, as appropriate. Categorical data was presented as counts and percentages and compared using the χ2 test. Pairwise comparisons of continuous and categorical data were conducted using paired t-tests and McNemar's test, respectively. Agreement analysis was conducted using Bland Altman statistics, linear Deming regression root mean square errors (RMSE), Pearson's correlation coefficients, and intraclass correlation coefficients (ICC). For agreement of LVEF between AI and clinical values, the analysis was conducted using comparable methods (e.g., biplane vs. biplane). Discordance between automated and clinically assessed LVEF was defined by an inter-method difference of >10%, which has been reported as the minimum detectable difference between observers (33, 34). For LVEF and LS, univariate logistic regression was performed to evaluate the association of AI and clinical echocardiographic measures with in-hospital outcomes and 30-day mortality. Patient origin was included in logistic regression equations to adjust for site related differences. Results from logistic regression models are reported as odds ratios (OR) and 95% confidence intervals. To account for the time to mortality, Cox proportional hazards regression was implemented. Kaplan-Meier estimates were used to provide a description of 30-day patient survival, with censoring after death, discharge or 30 days. Differences between survival curves were tested using the log-rank test. For LVEF, patients were classified into hyperdynamic (>70%, normal (55 to 70%), borderline (45 to 55%) and abnormal (<45%) (27, 35, 36). For LS, patients were classified as supranormal (<–20%), normal (−18 to −20%), borderline (−16 to −18%) and abnormal (>–16%) (27, 35, 36). Hyperdynamic and supranormal categories were included due to reports of being moderately prevalent in COVID-19 (24) with potential clinical significance (37, 38). All analysis was conducted using Python v3.9.7 in Spyder v5.1.5 using a two-tailed p-value <0.05 to define significance.




Results


Feasibility of AI analysis

Of 558 patient echocardiograms with at least one apical cardiac cycle, automated analysis of both LVEF and LS was feasible in 488 (87.5%). AI feasibility was 93.7% for the Mayo Clinic, 80.8% for Beth Israel Deaconess Medical Center, 100% for the University of Pittsburgh, 91.5% for Ochsner Medical Center, 72% for Temple University Medical Center and 89.7% for Einstein Medical Center (Supplementary Table 1). Reasons for rejection in the 70 studies included inability to fully assess endocardial border delineation in 66 (94.3%), incorrect frame selection in 2 (2.9%) and software errors in 2 (2.9%). There were 14 studies with clinically reported LVEF (1 assessed using biplane methods and 13 using linear methods) where automated analysis was not feasible.

Of the 488 accepted studies, AI analysis was performed with biplane method in 300 (61.5%) and single plane apical 4- or 2-chamber analysis in 136 (27.9%) and 52 (10.7%) studies, respectively. Clinical assessment of LVEF was recorded in 459 (94.1%) of the 488 studies at the time of the echocardiogram. Clinical LVEF was assessed using visual estimation in 192 (39.3%), biplane methods in 163 (33.4%), and single plane or linear methods in 104 (21.2%). LV LS was clinically reported in 80 (16.4%) patients.



Patient characteristics

Baseline patient characteristics, demographics, and clinically derived echocardiographic parameters are reported in Table 1. The mean age was 62.2 ± 15.5 years and 279 (57.2%) were male. Indications for echocardiography included assessment of LV function in 223 (45.7%), hypoxemia in 88 (18.0%), arrhythmia in 46 (9.4%), suspected acute coronary syndrome in 26 (5.3%), assessment of RV function in 23 (4.7%), hypotension in 19 (3.9%), chest pain in 13 (2.7%), and others in 50 (10.2%).


Table 1. Baseline patient characteristics.
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Comparison of AI and clinically derived assessment

Comparison of the AI derived assessment to the values obtained from clinical echocardiography reports is reported in Table 2 and displayed in Figure 1. Agreement between automated and clinical LVEF using all available data had a mean difference of 0.91%, correlation coefficient 0.61, RMSE 11.3%, and an ICC 0.73. Inter-method agreement was highest when comparing like-for-like methods, with a correlation of 0.80 and an ICC of 0.85 for LVEF obtained using the biplane method. Agreement between automated and clinical LS using all available data (biplane or single plane for automated assessment) had a mean difference of −0.42%, correlation coefficient 0.73, RMSE 3.9% and an ICC 0.78. When restricting the comparison to cases where automated assessment was feasible on both apical 4- and 2-chamber views, agreement of LS demonstrated a mean difference −0.62%, correlation 0.73, RMSE 3.9%, and an ICC of 0.78.


Table 2. Agreement between automated metrics of LV function and values derived at the time of limited transthoracic echocardiogram.
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FIGURE 1. Agreement analysis between automated metrics of LV function relative to clinically derived values using Bland Altman analysis and Deming Regression. LVEF and LS values represent all available data, including biplane and single plane (either apical 4- or 2-chamber).




Relationship of AI derived abnormalities with clinical echocardiographic abnormalities

The relationship of AI derived assessment and reported echocardiographic abnormalities was examined (Table 3). AI derived assessment identified 120 (24.6%) patients as having an LVEF <50% and 245 (50.2%) patients with LS >–16%. Patients with abnormal LVEF or LS determined by the AI method exhibited a significantly greater proportion of echocardiographic abnormalities in both the LV and RV, and more often had left atrial enlargement. The relationship of clinically assessed abnormality of LVEF and LS using the same cut points (<50% and >–16%, respectively) was similarly related to other reported echocardiographic abnormalities (Supplementary Table 2).


Table 3. Echocardiographic analysis of cardiac structure and function according to automated indices of LS (>–16%) and LVEF (<50%).
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ROC analysis of the ability of AI LVEF and LS to identify clinical systolic dysfunction (defined as a clinical LVEF <50%) achieved an area under the curve of 0.894 and 0.863, a sensitivity of 85.7% and 81.3%, and a specificity of 78.6% and 83.1%, respectively (Figure 2). Pairwise comparison between automated and clinical methods did not demonstrate any significant differences for LVEF (57 ± 12 vs. 56 ± 14%, p = 0.11) or LS (–17.0 ± 4.3 vs.−16.6 ± 4.7%, p = 0.36). Automated and clinical assessment of LS and LVEF demonstrated inter-method agreement in 70.0 and 79.6% of cases, respectively, when identifying LVEF <50% or LS >–16%, respectively. For LVEF, there were 61 (13.3%) cases where the automated assessment was <50% but the clinical values were >50% and 33 (7.2%) cases where the automated assessment was >50% and the clinical assessment was <50%. AI reported LVEF was different by a margin of more than 10% in 164 patients (36%) with 73% of these occurring in patients where the clinical assessment was performed using linear or manual methods. For LS, there were 11 (13.8%) of 80 cases where the automated assessment was >–16% and the clinical assessment was < –16% and 13 (16.3%) cases where the automated assessment was <–16% but the clinical assessment was >–16%. When comparing patients identified by clinically derived LVEF and LS, automated assessment characterized a significantly smaller proportion as abnormal [AI vs. clinical: LVEF: 56 (12.2%) patients vs. 89 (19.3%) patients, p < 0.001, LS: 18 (22.5%) patients vs. 31 (38.8%) patients, p < 0.001, Table 3].


[image: Figure 2]
FIGURE 2. ROC curve analysis for detection of clinically reported LV systolic dysfunction by automated LVEF and LS. PPV, Positive predictive value; NPV, Negative predictive value.




AI derived LVEF and LS and outcomes

During the first 30 days of hospitalization, death occurred in 103 (21.3%), acute coronary syndrome in 39 (8%), congestive heart failure in 49 (10%), and MACCE in 117 (24.0%). Using logistic regression adjusted by site (Table 4), automated LVEF and LS were associated with in-hospital death (LVEF p = 0.025, LS p = 0.03), ACS (LVEF p < 0.001, LS p < 0.001), CHF (LVEF p < 0.001, LS p < 0.001), acute kidney injury (LVEF p = 0.012, LS p = 0.03), and MACCE during hospital admission (LVEF p < 0.001, LS p < 0.001). Automated LVEF and LS were associated with mortality using Cox regression to account for increased risk over longer durations of hospitalization (LVEF p = 0.017, LS p = 0.033, Supplementary Table 3). Clinically derived LVEF and LS were associated with risk of CHF (LVEF p < 0.001, LS p = 0.001) and MACCE, (LVEF p < 0.001, LS p = 0.001) but not in-hospital death (LVEF p = 0.286, LS p = 0.158) or acute kidney injury (LVEF p < 0.43, LS p = 0.694). Clinical LVEF (p < 0.001) but not LS (p =0.118) was associated with ACS. Cox regression of clinical LVEF and LS was associated with mortality for LVEF (p = 0.019) but not for LS (p = 0.181, Supplementary Table 3).


Table 4. Site adjusted univariate logistic regression of automated and clinical LVEF and LS and clinical outcomes.
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When categorized into hyperdynamic, normal, borderline, and abnormal classes based on LVEF, survival rates were 77.6, 83.3, 85.1, and 71.1%, respectively, for clinical LVEF and 81.7, 84.8, 80.0, and 71.6%, respectively, for automated LVEF (Figure 3). When categorized into supranormal, normal, borderline, and abnormal classes based on LS, survival rates were 90.0, 100, 88.2, and 79.2%, respectively, for clinical LVEF and 82.5, 88.7, 77.1, and 80.1%, respectively, for automated LS. There were no significant differences in the overall survival between clinical and automated assessment at any level (supranormal/ hyperdynamic, normal, borderline, and abnormal p > 0.05). Kaplan Meier analysis demonstrated increased risk of death for those with abnormal LVEF, relative to normal LVEF, for both clinical (log-rank p = 0.004) and automated (log-rank p = 0.01) assessment. Relative to borderline LVEF, patients with abnormal LVEF demonstrated increased likelihood of death for clinical assessment (log-rank p = 0.01) but not for automated assessment (log-rank p = 0.19).
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FIGURE 3. Kaplan-Meier survival analysis of 30-day mortality using LVEF and LS for both automated and clinically derived values according to strata of systolic dysfunction. Events are right-censored at 30 days.





Discussion

This study has evaluated the feasibility and clinical relevance of automated echocardiographic analysis software on a multi-site COVID-19 cohort, with an ethnically diverse population (50% non-Hispanic white), using limited echocardiographic studies. The main findings are: (1) Automated analysis of limited echocardiograms was feasible in 87.5% of patients in which at least one apical cardiac cycle was obtained, even under abbreviated protocols, with biplane analysis of LVEF and LS possible in 61.5% of patients; (2) Automated LVEF, LS, and volumes had good to excellent agreement with clinically derived values; (3) Automated LVEF and LS were able to stratify individuals with cardiac dysfunction, including clinically reported echocardiographic abnormalities; (4) Automated LVEF and LS were associated with adverse in-hospital and 30-day outcomes and were comparable to clinically derived assessment. These findings suggest that automated assessment of LV function is highly feasible under abbreviated protocols and provides prognostically relevant information while increasing the data available for risk stratification.

During the COVID-19 pandemic, it was quickly reported that cardiac complications were common in cases of serious infection and were associated with poor patient outcomes (19, 38–41). While the implementation of abbreviated protocols (31, 32, 42) enabled the identification of serious cardiac abnormalities relevant to patient care, the focus on brevity and minimized contact may have led to omission of important information relevant for risk stratification or quantitative assessment of cardiac function. In the present study, clinical assessment of LV function using biplane LVEF methods was performed in 33.4% and strain analysis was performed in 16.4% patients. By contrast, for AI assessment, biplane methods were used for both LVEF and LS in 61.5% of patients with single planar measures in all others. These findings do not necessarily reflect differences in the feasibility of biplane methods, but rather reflect the increased availability of information under the same circumstance, using the automated approach. Thus, automated analysis can facilitate streamlined image acquisitions (9, 17, 43) while increasing the reporting of strain analysis to compliment clinical decision making, without requiring additional bedside expertise or time for analysis. Additionally, the strength of the agreement between automated and clinical assessment increased when consistent quantitative methods were used. The consistency of quantification afforded by automated analysis could help to reduce the inherent variability associated with more manual approaches. With feasibility of 85% and good to excellent agreement between automated values and those obtained clinically, results from the present study provide additional evidence of the potential complementary nature of automated analysis, even in the setting of limited imaging protocols.

In addition to high feasibility, the ability to provide clinically relevant information to assist in patient risk stratification is a core requirement for medical devices. In the present study, patients with an automated LS of >–16% or LVEF of <50% were more likely to present with clinically identified cardiac abnormalities such as LV hypertrophy, regional wall motion abnormalities, and left atrial enlargement. Furthermore, both LS and LVEF were significantly associated with poor patient outcomes, with LS identifying patients with a 29% increased risk of MACCE (ACS, coagulation disorder, myocarditis, congestive heart failure, pericarditis, or stroke) per 1% increase (less negative) in LS. The risk of adverse in-hospital outcomes when stratified by LVEF or LS was largely consistent between clinical and automated assessments, providing further evidence of the validity of automated analysis. These findings are in line with recent work reporting that abnormal systolic LV function, as defined by AI derived LVEF and/or LS, are associated with adverse cardiac events and death (9, 17, 18). Importantly, automated and clinically derived assessment were comparable in their association with patient outcomes, suggesting that the prognostic value of this information is preserved despite automation (9). Together, these results indicate that automated analysis of LVEF and LS provides clinically relevant estimations and may provide additional information relevant to patient care.

Technological advances in both computing and instrumentation have steadily increased the availability of quantitative echocardiographic assessment in routine practice. Such assessment, including LS, have consistently demonstrated value for patient risk stratification and prognostication in a range of conditions (44–47). However, inter- and intra-operator variability present a challenge to clinical interpretation of quantitative data (34, 48). With the potential for substantial reductions of variability in analysis, AI provides a potential solution, but evidence of its feasibility remains limited. The feasibility of automated contours in comprehensive transthoracic echocardiographic datasets is reported to range from 60.6% (9) to 95% (17) which may, in part, be dependent upon image quality (6). Feasibility in the present study, which required at least one apical cardiac cycle, demonstrates the potential of automated algorithms even under challenging conditions with abbreviated protocols. However, further work, including prospective studies, is required to understand the feasibility and utility of automated analysis in different patient conditions undergoing limited echocardiograms, where image quality and availability are variable.

An important finding of this study was the discordance between automated and clinical characterization of abnormal systolic function by LVEF and LS. Automated and clinical assessment were discordant in 20 and 30% of cases for LVEF and LS, respectively. When comparing those deemed to have abnormal LVEF and LS using clinical assessment as the reference, classifications using automated assessment identified a significantly smaller population as abnormal (AI vs. clinical: LVEF: 12.2 vs. 19.3%, LS: 22.5 vs. 38.8%). However, this investigation did not demonstrate significant differences in relationship to overall mortality when stratified using clinical or automated assessment; thus, the clinical implications of such discrepancies are unclear. Such differences may reflect a bias from clinical interpretation of echocardiograms, where additional information can support differential diagnosis while the use of only apical views for automated assessment may underestimate patient risk. Indeed, the use of limited methods in the clinical estimation of LVEF (linear and visual estimation) contributed to 73% of the observed differences of more than 10% between AI and the clinical interpretation. Although no differences were observed in patient outcomes between AI and clinical methods, limited sample size and a relatively low event rate precluded further investigation of the clinical implications of discordance between the AI and the clinical interpretation. Further work is required to understand the relationship between automated assessment and clinical interpretation for risk stratification.

This study has several limitations. The retrospective nature of the investigation limits the generalizability of the findings to routine practice and further work is required to understand the real-time implications of the AI technology in varied populations. In addition, the clinical assessment of LVEF or LS was limited and as such, a comparison of AI feasibility to clinical feasibility was not possible. The limited sample of clinical LS values is a significant limitation when evaluating the association with patient outcomes. Automated assessment of RV function was not conducted and may have provided further prognostic information (18, 37). Secondly, the data consist of limited echocardiographic examinations conducted during the early COVID-19 pandemic; abbreviated examinations may have been of poorer quality due to risks of exposure. Echocardiographic protocols and clinical management of patients were conducted according to the local procedures in place at the time of data collection and regional and/or institutional bias may exist within the dataset. However, the resulting dataset is reflective of inter-site differences in practice and is a robust test of the AI algorithms. Finally, the cut-offs used for establishing the boundaries of normal, borderline and abnormal LVEF and GLS have varied between reports within the literature (27, 35, 36) and as such, the cut-offs utilized within the current study may not accurately distinguish normality from abnormality. Nevertheless, the implemented LVEF and GLS cut-offs provide further understanding of the findings from logistic regression models, whereby variables were modeled in a continuous manner.



Conclusions

In a multi-center study conducted during a pandemic, automated analysis of ultrasound images was highly feasible, correlated with clinical observation, and associated with outcome.
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Introduction: Accurate assessment of right ventricular (RV) systolic function has prognostic and therapeutic implications in many disease states. Echocardiography remains the most frequently deployed imaging modality for this purpose, but estimation of RV systolic function remains challenging. The purpose of this study was to evaluate the diagnostic performance of a novel measurement of RV systolic function called lateral annular systolic excursion ratio (LASER), which is the fractional shortening of the lateral tricuspid annulus to apex distance, compared to right ventricular ejection fraction (RVEF) derived by cardiac magnetic resonance imaging (CMR).

Methods: A retrospective cohort of 78 consecutive patients who underwent clinically indicated CMR and transthoracic echocardiography within 30 days were identified from a database. Parameters of RV function measured included: tricuspid annular plane systolic excursion (TAPSE) by M-mode, tissue Doppler S', fractional area change (FAC) and LASER. These measurements were compared to RVEF derived by CMR using Pearson's correlation coefficients and receiver operating characteristic curves.

Results: LASER was measurable in 75 (96%) of patients within the cohort. Right ventricular systolic dysfunction, by CMR measurement, was present in 37% (n = 29) of the population. LASER has moderate positive correlation with RVEF (r = 0.54) which was similar to FAC (r = 0.56), S' (r = 0.49) and TAPSE (r = 0.37). Receiver operating characteristic curves demonstrated that LASER (AUC = 0.865) outperformed fractional area change (AUC = 0.767), tissue Doppler S' (AUC = 0.744) and TAPSE (AUC = 0.645). A cohort derived dichotomous cutoff of 0.2 for LASER was shown to provide optimal diagnostic characteristics (sensitivity of 75%, specificity of 87% and accuracy of 83%) for identifying abnormal RV function. LASER had the highest sensitivity, accuracy, positive and negative predictive values among the parameters studied in the cohort.

Conclusions: Within the study cohort, LASER was shown to have moderate positive correlation with RVEF derived by CMR and more favorable diagnostic performance for detecting RV systolic dysfunction compared to conventional echocardiographic parameters while being simple to obtain and less dependent on image quality than FAC and emerging techniques.
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Introduction

Accurate characterization of right ventricular (RV) systolic function has diagnostic and prognostic value in a variety of disease states including heart failure, pulmonary hypertension, chronic pulmonary disease, atrial fibrillation, valvular heart disease, congenital heart disease, pulmonary embolism and acute coronary syndrome (1–14). The imaging gold standard for assessing RV systolic function is volumetric analysis by cardiac magnetic resonance imaging (CMR) owing to its reproducibility and lack of reliance on geometric assumptions (15–19). However, transthoracic echocardiography (TTE) remains the most widely deployed imaging modality for this purpose due to its wide availability, portability and ease of use. The American Society of Echocardiography (ASE) has published guidelines for the assessment of RV function relying on qualitative and quantitative parameters using two-dimensional echocardiography, M-mode and tissue Doppler imaging with emerging roles of three-dimensional echocardiography and free wall longitudinal strain (20). Unfortunately, accurate assessment of RV function by TTE remains challenging owing to the RV's complex geometry, trabecular muscle structure and the difficulty in acquiring standardized imaging planes (21, 22).

Traditionally, the most commonly adopted parameters for measuring RV function have been M-mode derived tricuspid annular plane systolic excursion (TAPSE) and peak systolic annular velocity (S'). These measures are simple to obtain, reproducible and familiar to imagers due to decades of clinical use (20, 23–26). Despite these advantages, these one-dimensional parameters are highly angle dependent, may neglect radial contractile function, do not account for cardiac translational motion and correlate weakly with CMR derived right ventricular ejection fraction (RVEF) (15, 16, 20, 27, 28).

Two-dimensional fractional area change (FAC) offers a more comprehensive assessment of right ventricular systolic function by incorporating both longitudinal and radial contractile elements leading to improved diagnostic accuracy and correlation with CMR derived RVEF (27–29). However, FAC may suffer from foreshortening and interference from trabeculations. Accurate FAC measurement is highly dependent on the acquisition of a single imaging plane that visualized the base, free wall and apex of the RV.

Right ventricular free wall strain by speckle-tracking and RVEF by three-dimensional echocardiography are emerging techniques for the measurement of RV function. These techniques, though promising, rely an excellent image quality and have variable feasibility rates in inpatient and critical care settings (20, 30–38).

In clinical practice, there remains a need for a single parameter combining the simplicity and practicality of the one-dimensional parameters with the diagnostic accuracy of the more image quality dependent two and three-dimensional parameters. Lateral annular systolic excursion ratio (LASER) is a novel linear parameter which measures the fractional shortening of the linear distance between the lateral tricuspid annulus and the right ventricular apex (Figure 1). LASER is similar to TAPSE in that it incorporates the excursion of the lateral tricuspid annulus during systole, however, it improves upon the measurement by introducing an anchoring point at the RV apex which eliminates the angle dependence of the measurement and error associated with cardiac translation. Being a linear parameter with two anchoring points, LASER is less dependent on the acquisition of an optimal imaging plane and requires only the visualization of the lateral tricuspid annulus and the RV apex. Thus, LASER has the potential to be applicable across a diversity of patients and care settings.


[image: Figure 1]
FIGURE 1
 Lateral annular systolic excursion ratio (LASER) is the ratio of the systolic shortening of the tricuspid annulus to apex distance (B) compared to the length of the tricuspid annulus to apex distance in diastole (A).


The purpose of this study was to determine the correlation of LASER with RVEF derived by CMR and to determine the diagnostic ability of LASER for detecting abnormal RV function in comparison to TAPSE, S' and FAC.



Materials and methods


Study population

The study sample began with 163 consecutive adult patients who underwent CMR for any clinical indication between January 1, 2015 and December 31, 2018 at the White River Junction Veterans Affairs Medical Center in White River Junction, Vermont and at Dartmouth-Hitchcock Medical Center in Lebanon, New Hampshire. From this population, 82 patients were identified as having a TTE acquired within 30 days of CMR. Exclusion criteria were limited to patients who had a clinical event requiring hospitalization or urgent visit between the dates of the TTE and CMR or had a significant clinical change between studies one review of the health record, patients with irregular heart rhythms such as atrial fibrillation and patients who had otherwise uninterpretable short axis cine images on CMR making them unsuitable for volumetric analysis. Focused and technically limited echocardiograms including those with sub-optimal imaging windows were included in the study.

There were 78 patients who met the above inclusion criteria. Patient demographics, number of days between the CMR and TTE, and the indication for the CMR were collected by chart review. This study was approved by the local institutional review boards at both sites.



Cardiac magnetic resonance imaging

CMR images were acquired using Siemens 1.5 Tesla whole body scanners (Siemens Healthineers, Erlangen, Germany) at both sites using a dedicated cardiac coil and electrocardiographic gating. Steady-state free precession cine images were acquired in short and long axis imaging planes. Right ventricular end-diastolic volumes (RVEDV) and right ventricular end-systolic volumes (RVESV) were quantitated in short-axis cine images (slice thickness 8 mm) with basal and apical image positions defined by the pulmonic valve annulus and the distal most myocardium respectively. The quantitation was accomplished according to a pre-specified analytic approach using commercially available software. Endocardial borders were measured by planimetry inclusive of trabeculae consistent with established standards. End-diastole and end-systole were defined by the largest and smallest cavity sizes, respectively.



Echocardiography

Transthoracic echocardiograms were acquired by experienced sonographers using Philips Epiq, Philips iE33 (Philips Professional Healthcare, Amsterdam, Netherlands) and GE Vivid e95 ultrasound machines (GE Healthcare, Chicago, Illinois). Each examination included two-dimensional, M-mode, spectral Doppler and tissue Doppler imaging in the parasternal long axis (PLAX), parasternal short axis (PSAX), apical four chamber (A4C) and RV focused imaging planes as specified in the ASE guidelines (15). Some TTE examinations were clinical question focused and did not include M-mode and/or tissue Doppler imaging of the right ventricle.

Parameters of RV function were measured and calculated by two experienced readers (ER and RP) according to the ASE guidelines and included: TAPSE by M-mode, tissue Doppler S' and RV fractional area change (FAC). The measurement of LASER, as demonstrated in Figure 1, involves the identification of the lateral tricuspid annulus and drawing a line from this point to the endocardial tip of the RV apex. This line represents tricuspid annulus to apex distance (TAD). This distance is measured both in diastole and in systole. LASER is then calculated as the fractional shortening of this distance from diastole to systole: LASER = (TADd – TADs) / TADd.



Reproducibility

Inter-observer and intra-observer reproducibility for each parameter of RV function including LASER were examined in a random sample of 17 patients. Intra-observer reproducibility was tested by a single reader (JS) and inter-observer reproducibility was tested between two readers (ER and JS). Readers were blinded to clinical history, CMR data and all previous measurements. All reproducibility measurements were acquired >30 days after initial measurements were made to reduce recall bias.



Statistical analysis

Statistical analysis was performed using MedCalc statistical software version 18.6 (MedCalc Software, Ostend, Belgium). Each echocardiographic parameter of RV function including LASER was compared with CMR derived RVEF using correlation analysis to obtain Pearson's correlation coefficients. The cohort-derived diagnostic performance of each parameter for detecting abnormal RVEF, defined as < 50%, was determined by constructing receiver operating characteristic (ROC) curves (39). Area under the curve (AUC) was then used to rank the relative discriminatory strength of each parameter within the cohort using the Delong approach (40). An optimal cutoff to dichotomize abnormal and normal values for LASER was determined using Youden's index. The ASE recommended dichotomous cutoffs for abnormal TAPSE, S' and FAC were used for these parameters. The overall diagnostic accuracy for each parameter was compared using Fisher's exact test. Stepwise logistic regression analysis was performed to determine which parameters add the most predictive information in identifying abnormal RVEF. Inter-observer and intra-observer reproducibility was tested using Bland-Altman analysis as well as calculation of the mean relative difference between repetitive measurements (41).




Results


Sample characteristics

Baseline characteristics and CMR derived volumetric data for the cohort is displayed in Table 1. The cohort was predominantly male with a broad range of body mass indices represented. The mean time interval between the TTE and CMR was 8.7 days with a standard deviation of 9.2 days. RV function was variable with a mean ejection fraction of 49.7% with a standard deviation of 13.3% and range of 15–75%. The proportion of patients with abnormal RV function was 37%. Table 2 shows the diversity of clinical indications for CMR represented in the study cohort across 10 categories of indications.


TABLE 1 Patient characteristics and cardiac magnetic resonance imaging data of the sample population.
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TABLE 2 Diversity of clinical indications for cardiac magnetic resonance imaging by category.

[image: Table 2]



Echocardiographic parameters compared to cardiac magnetic resonance imaging

LASER, FAC, tissue Doppler S' and TAPSE by M-mode were able to be measured in 75 (96%), 72 (92%), 53 (68%) and 58 (74%) patients within the cohort respectively. LASER was attainable in 96% of studies and FAC was attainable in 92% of the studies. Measurement of TAPSE and tissue Doppler S' were dependent upon requisite M-mode and tissue Doppler image acquisition which were not available in all patients. There were 44 (56%) patients within the cohort in whom all four parameters could be measured. The Pearson's correlation coefficient (r) for each parameter of RV function compared to CMR derived RVEF is shown in Table 3. FAC (r = 0.56) had the highest correlation followed by LASER (r = 0.54), tissue Doppler S' (r = 0.49) and TAPSE (r = 0.37).


TABLE 3 Pearson's correlation coefficients (r) for each echocardiographic parameter of right ventricular systolic function when compared to right ventricular ejection fraction (RVEF) by cardiac magnetic resonance imaging.

[image: Table 3]

Receiver operating characteristic curves for each echocardiographic parameter of RV function compared to CMR derived RVEF are displayed in Figure 2. LASER (AUC = 0.865) had the highest diagnostic ability for detecting abnormal RVEF followed by FAC (AUC = 0.767), tissue Doppler S' (AUC = 0.744) and TAPSE (AUC = 0.645). The optimal dichotomous cutoff value between normal and abnormal LASER was determined to be 0.2 with a Youden's Index of 0.62 and an associated sensitivity and specificity of 75% and 87% respectively (Figure 3).


[image: Figure 2]
FIGURE 2
 Receiver operator characteristic curves showing the diagnostic performance of each echocardiographic parameter of right ventricular systolic function compared to right ventricular ejection fraction by cardiac magnetic resonance imaging.



[image: Figure 3]
FIGURE 3
 Dot diagram showing the diagnostic performance of the dichotomous cutoff of 0.2 for lateral tricuspid annular systolic excursion ratio (LASER).


Table 4 displays the cohort derived diagnostic performance of each parameter for detecting abnormal RVEF using the cohort derived cutoff value for LASER (0.2) and cutoff values recommended by the American Society of Echocardiography for FAC (35%), tissue Doppler S' (9.5 cm/s) and TAPSE (17 mm). LASER had the highest sensitivity (75%), accuracy (83%), positive predictive value (78%) and negative predictive value (85%). LASER's diagnostic accuracy was statistically comparable to that of FAC (p = 0.231) by Fisher's exact test. The diagnostic accuracy of LASER was significantly higher than tissue Doppler S' (p = 0.008) and TAPSE (p = 0.006).


TABLE 4 Cohort derived test characteristics for each echocardiographic parameter of right ventricular systolic function.
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Stepwise logistic regression analysis was performed using the patients in which all parameters were measure (n = 44). The model showed most predictive parameters for abnormal RVEF in our cohort were LASER (p = 0.004) and S' (0.030) with LASER being the most important component of the model. FAC and TAPSE did not add additional value beyond LASER or S' in the model.



Reproducibility

Table 5 shows the inter-observer and intra-observer reproducibility for the measurement of each parameter of RV function. The traditional 1-dimensional parameters of S' and TAPSE proved to be most reproducible with mean relative differences between observers of 1.3 and 3.4% respectively. LASER and FAC were slightly less reproducible with mean relative differences of 4.2 and 5.4% respectively.


TABLE 5 Inter-observer and intra-observer reproducibility of measurements.
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Discussion

This is the first study evaluating the correlation and diagnostic performance of the novel measurement of RV function LASER in a broad cohort of patients with a high prevalence of abnormal RV function. Measurement of LASER was achievable in 96% of patients despite many of the echocardiograms being technically limited or problem focused. These data suggest LASER is attainable across a variety clinical care settings such as the emergency department, critical care unit or cardiac catheterization laboratory where optimal image quality may be difficult to obtain or when the scanner is not a registered diagnostic cardiac sonographer.

The LASER technique has moderate positive correlation (r = 0.54) with CMR derived RVEF, comparable to that of FAC (r = 0.56) while the one-dimensional parameters of tissue Doppler S' (r = 0.49) and TAPSE (r = 0.37) had fair correlation. The correlation of FAC with RVEF in this study was similar to that in larger cohorts with Kim et al. reporting a correlation coefficient of 0.55 in 272 patients with coronary artery disease and Pavlicek et al. reporting 0.472 in 223 patients (15, 16). The correlation of TAPSE and S' with RVEF has been variable and weak in large cohorts. Kim et al. reported correlation coefficients for TAPSE and S' of 0.48 and 0.36 respectively, whereas Pavlicek et al. reported 0.336 and 0.476 (15, 16). The correlations of TAPSE and S' with RVEF in this cohort were similar to the prior values reported by the aforementioned authors.

The diagnostic ability of LASER to detect abnormal RV function was favorable using receiver operating characteristic curves with an AUC of 0.865 which was larger than that of FAC (0.767), TAPSE (0.645) and S' (0.744). Using the cohort derived cutoff of 0.2, LASER had the highest sensitivity, accuracy, positive predictive value and negative predictive value among the studied parameters of RV function using ASE recommended cutoffs. The diagnostic accuracy of LASER was 83% which was statistically similar to FAC (74%) with a p value of 0.231 and better than TAPSE (60%) and S' (61%) with p values of 0.008 and 0.006 respectively. The diagnostic performance of FAC, TAPSE and S' in this cohort was similar to the diagnostic performance reported by Pavlicek et al. with AUCs of 0.728, 0.716 and 0.779 for each parameter respectively (16). Agasthi et al. in a large cohort of 500 patients reported a lower diagnostic performance of FAC, TAPSE and S' with AUCs of 0.6658, 0.5819 and 0.5909 respectively, though a different dichotomous cutoff for abnormal RVEF was used (28). The stepwise logistic regression model suggests that FAC and TAPSE do not add additional diagnostic value over LASER and S' which further suggests that LASER as a simple measure may be a robust parameter for discriminating abnormal RV function.

Overall, this study shows LASER is a simple to acquire, robust and reproducible measurement of RV function with similar diagnostic performance to FAC and better diagnostic performance than the traditional one-dimensional parameters of TAPSE and S'. The main advantage of LASER over FAC is that it can be performed in most patients even when image quality is poor as it requires only the visualization of the lateral tricuspid annulus and RV apex. Although not evaluated in this study, theoretically this also translates to RV free wall strain and RVEF by 3DE as these measurements also require good image quality with perfect imaging windows for visualization of the entire RV free wall throughout the cardiac cycle. A possible niche use for LASER may indeed be in the emergency department, critical care unit or cardiac catheterization laboratory where a rapid assessment of RV function is often necessary for clinical decision making and perfect imaging planes may be difficult to acquire.


Study limitations and future directions

Though the study cohort included a broad diversity of pathology and a high prevalence of abnormal RV function, the size of the cohort was relatively small at 78 patients and included mostly men. The echocardiograms included were not acquired for the purpose of studying RV function nor was a single standardized protocol used for each echocardiogram. Rather, images were acquired following different acquisition protocols depending on the indication for the study with focused echocardiograms and stress echocardiograms being included in the cohort. One could argue that this may better represent “real-world” images in a busy clinical practice, but it also limits the yield of useful data as many of the included patients lacked the requisite tissue Doppler or M-mode image acquisitions for the measurement of S' and TAPSE reducing the sample size for these measurements. This limited sample size may reduce the certainty of the comparisons and explain some of the variability in the diagnostic performance of these parameters compared to larger cohorts with images acquired using a standardized research protocol. However, the calculated AUC for S' and TAPSE were similar to those reported in larger studies (15, 16).

Another limitation related to the retrospective nature of the dataset is the time interval range between the acquisition of CMR images and TTE images. Acquiring the CMR and TTE images on different days introduces the possibility of different preload and afterload conditions which may influence RVEF and introduce unaccounted for variation between the TTE derived functional parameters and CMR derived RVEF (42), although the study team did its best to exclude any patients where clear clinical changes occurred.

It is important to note that this cutoff of 0.2 was derived from our cohort and not from a healthy volunteer population and further studies in either healthy volunteer populations or with larger proportions of normally functioning right ventricles will be necessary to fully understand cutoff values.

LASER is the sum of both the radial and longitudinal vectors of right ventricular motion, and in this study we were unable to determine the precise contribution of each vector. If the longitudinal vector contributes significantly more than the radial vector, it is certainly possible that the sensitivity of LASER may be impaired in conditions that primarily induce radial dysfunction, such as some cases of pulmonary hypertension. Furthermore, we were also unable to use our data set to evaluate the performance of LASER with different RV shapes. An understanding of the strengths and limitations of LASER as a measurement of RV function would ideally be addressed in a future CMR based study that would be able to evaluate LASER with optimal visualization of the free wall and without interference from trabeculations.

Additionally, RV Free wall strain and 3D RV functional assessment were not performed, as these software packages were not available in the echocardiography laboratories during the study period.

Lastly, the chosen dichotomous cutoff value for abnormal RVEF was <50% in this study as it was similar to two other large cohorts used to assess parameters of RV structure and function (15, 16). Other studies have used an RVEF <45% to dichotomize normal from abnormal (27–29). The optimal cutoff value for defining abnormal RVEF is not known with some authors advocating for age, sex and BMI adjusted cutoffs (17).

Given the above limitations, further studies are required to verify the diagnostic performance of LASER in larger, more diverse cohorts prior to deployment of the measure in clinical practice. Disease specific outcome data and correlation with right ventricular systolic pressure will also establish the usefulness of this simple linear measure acquired by two-dimensional echocardiography.




Conclusion

This study demonstrates that LASER, a novel, easy to measure parameter of RV systolic function, has moderate correlation with RVEF derived by CMR and diagnostic accuracy comparable to FAC and superior to TAPSE and S'. The advantage of LASER is that it is less reliant on image quality and optimal imaging planes compared to other parameters such as FAC, free wall strain and RVEF by 3DE making it potentially suitable for deployment in a wide range of clinical care settings.
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Objective: The interplay between metabolic syndrome (MS) and type 2 diabetes (T2D) on regional myocardial mechanics and the potential additional effects of their combination remain poorly understood. In this context, we evaluated left ventricular (LV) torsion and linear deformation at rest and under dobutamine (DB) stress in patients with T2D, MS or both.

Methods: Thirty-nine T2D patients without MS (T2D), 37 MS patients free from T2D (MS), 44 patients with both T2D and MS (T2D-MS group) and 38 healthy patients (control group) were prospectively recruited. Speckle-tracking echocardiography (STE) was conducted at rest and low dose DB to evaluate LV myocardial longitudinal (LS) as well as circumferential (CS) strain and early diastolic strain rate (LSrd, CSrd) and twist-untwist mechanics.

Results: At rest, MS, T2D and controls presented with similar resting LS and LSrd while significant lower values were obtained in T2D-MS compared to controls. DB revealed reduced LS, LSrd, CS and CSrd in MS and T2D groups compared to controls. In T2-MS, the decline in LS and LSrd established at rest was exacerbated under DB. Stress echocardiography revealed also lower basal rotation and subsequently lower twist in MS and T2D patients compared to controls. T2D-MS showed major impairments of apical rotation and twist under DB stress, with values significantly lower compared to the 3 other groups. From stepwise multiple linear regression analysis, epicardial adipose tissue for Δ (rest to DB) LS, numbers of MS factors for Δ CS and Δ Twist emerged as major independent predictors.

Conclusion: These results demonstrate synergic and additive effects of T2D and MS on LV torsion and linear deformation abnormalities in asymptomatic patients with metabolic diseases. They also highlight the usefulness of speckle tracking echocardiography under DB stress in detecting multidirectional myocardial mechanics impairments that can remain barely detectable at rest, such as in isolated T2D or MS patients.
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Introduction

Type 2 diabetes mellitus (T2D) is a major risk factor for cardiovascular diseases and is associated with the development of a specific cardiopathy, the diabetic cardiomyopathy (1). Diabetic cardiomyopathy is the leading cause of morbidity and mortality in T2D patients and is thought to develop rapidly after the onset of diabetes (2). Early diagnosis and cardiac follow-up of patients are therefore of paramount importance. In a previous study, we reported the usefulness of speckle-tracking echography under dobutamine (DB) stress in unmasking multidirectional early left ventricle (LV) dysfunction in asymptomatic T2D patients (3). Indeed, in this population, deformation indexes were similar to those of aged and sex-matched healthy subjects at rest. The latter finding is, however, not unanimously reported in the literature, some authors observing an altered regional myocardial function at rest (4–10), while others reported results consistent with ours (11, 12). Such inconsistencies may originate from variability in the clinical characteristics of the studied populations. Indeed, factors such as glycemic control or the presence of extracardiac complications and comorbidities can influence the extent of the cardiac alterations (13–20). Of note, the presence of concomitant metabolic syndrome (MS) could worsen the impairment of regional myocardial function. MS is frequent in T2D patients and is a well-recognized risk factor for cardiovascular diseases and heart failure (21, 22). Previous studies from our laboratory already highlighted major impairments of longitudinal strain (LS) in asymptomatic MS patients (23, 24), a finding in line with other investigations led in similar populations (25–27). Moreover, the components of MS (dyslipidemia and elevated abdominal adiposity, blood pressure and fasting glycemia) are individually associated with LV dysfunction, the cardiovascular risk increasing with each additional MS factor (23, 27). However, to our knowledge, no study has yet depicted the interplay between MS and T2D on regional myocardial function and the potential additional deleterious effect of their combination.

Most of the aforementioned studies focused on longitudinal deformations solely, while a knowledge of the multidirectional deformations is crucial for a better understanding of the extent of myocardial damages at a subclinical stage. Indeed, LS are mainly driven by the LV subendocardial layer, while the median and subepicardial layers mostly govern the circumferential strains (CS) and torsional mechanics. LS are therefore often impacted early, being sensitive to microvascular dysfunction, while CS and torsional mechanics are affected in more advanced stages (28). Yet, data regarding the multidirectional impact of MS on regional myocardial function are sparse and conflicting (23, 26, 27). Although the variability in the characteristics of the populations enrolled is likely to be a contributing factor, it must be underlined that these previous evaluations were carried out at rest. Similarly to what we previously reported in T2D patients, resting deformation imaging might not be sensitive enough to detect subtle dysfunctions, and the early alterations of myocardial regional mechanics may require the use of stress echocardiography to be unmasked (3). DB challenge could notably uncover a blunted response of myocardial torsional mechanics, the latter playing a central role in heart response to increased workload (29).

The aims of the present study were then to perform a comprehensive, multidirectional characterization of LV regional myocardial function at rest and under DB stress in asymptomatic T2D, MS and T2D-MS patients and to evaluate the potential synergic and additive effects of the MS and T2D combination compared to T2D and MS alone.



Materials and methods


Study population

According to the aims of this study, patients with T2D and/or MS (30) were prospectively recruited from our cardiology department from January 2015 to July 2020. The exclusion criteria were poor echogenicity, severe obesity, insulin therapy, LV ejection fraction < 55%, known cardiovascular diseases, and T2D-related complications, including moderate to severe autonomic neuropathy, proliferative retinopathy, and nephropathy. All the subjects were free from epicardial coronary disease, attested by negative findings on a high-dose of DB stress echocardiography (40 μg.kg–1.min–1) or coronary angiography when appropriate. Patients with hypertension but well-controlled blood pressure were included, those with superior to grade 1 hypertension were excluded. A total of 39 T2D patients without MS (T2D group), 37 MS patients free from T2D (MS group) and 44 patients with both T2D and MS (T2D-MS group) were enrolled. Thirty-eight healthy patients matched for sex, with similar age and normal echocardiographic findings, were also enrolled during routine checkups as a control group. As previously described (3), a medical survey was performed to check for exclusion/inclusion criteria and clinical data. Then, blood samples were collected in a fasting state for measurement of biological data such as glycemia, glycated hemoglobin, total cholesterol, high- and low-density lipoproteins (HDL, LDL), triglycerides, ultra-sensitive C-reactive protein or pro-brain natriuretic peptide. The study protocol was approved by the local human ethics committee (IRB-15/05.01) and all subjects provided written informed consents. The Figure 1 represents the flowchart of our study population.
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FIGURE 1
Flow chart of patient recruitment with exclusion criteria consideration.




Echocardiography recordings

All patients underwent both resting and stress echocardiography, with the subject in left lateral decubitus position, using commercially available ultrasound equipment (Vivid E95; GE Healthcare, Milwaukee, WI, United States). At rest and each step of stress echocardiography protocol, bidimensional cine loops of the LV were recorded in parasternal short axis (base, papillary muscles and apex), parasternal long axis and apical 4- and 2-chamber views and saved for blinded offline analysis. Grayscale images were saved at a frame rate of 80–90 fps. Stress echocardiography was performed using the same protocol that was previously described by our group (3). Briefly, DB was infused intravenously in incremental doses of 10, 20, 30 and 40 μg.kg–1.min–1 in 3-min stages. The test was stopped when age-adjusted heart rate limit was reached, when severe hypertension (systolic BP > 250 mmHg or diastolic BP > 120 mmHg) or symptomatic reduction in systolic BP > 40 mmHg from baseline developed, or when ventricular arrhythmia occurred. β-blocker intake was interrupted at least 72 h prior to DB stress echocardiography.



Echocardiography analysis

A blinded data analysis was performed post-processing by one experienced reader (EchoPAC 201; GE Healthcare) and all measurements were average from 3 cardiac cycles. Intra and inter-observer reliability at rest and during low-dose DB of deformation imaging indexes has been reported in detail elsewhere (3), with good concordance correlation coefficients (r > 0.82 in each case). All standard echocardiographic and Doppler parameters of LV systolic and diastolic function were measured according to recent guidelines (31). Speckle tracking echocardiography analysis was performed in accordance with guidelines of American Society of Echocardiography and European Association of Cardiovascular Imaging (31).



Left ventricular morphology and global function at rest

Left ventricular end-diastolic (LVEDV) and end-systolic (LVESV) volumes and ejection fraction were measured using the Simpson biplane method. LV mass was calculated using the Devereux formula and indexed to height (Cornell adjustment). LV end-diastolic volumes were used as preload index. LV diastolic function was assessed from peak early (E wave) and atrial (A wave) transmitral flow velocities. Peak e’ average from septum and lateral walls and E/e’ ratio were evaluated using Tissue Doppler and used as indices of LV relaxation and filling pressures, respectively (32). Epicardial adipose tissue was identified and measured as previously described (33). To estimate cardiac afterload, the meridional wall stress was calculated according to the formula proposed by Jamal et al. (34).



Left atrial morphology

According to current recommendations (35), left atrial volume (LAV) was calculated using the biplane method in apical 4- and 2-chamber views and indexed to body surface area.



Left ventricular strain and twist mechanics

The 2D-strain analysis was conducted at rest and at a DB stage corresponding to a target heart rate between 110 and 120 bpm, in order to ensure sufficient temporal resolution for robust speckle tracking. For each view, the 3 cardiac cycles displaying the best image quality were selected. LS and CS and their corresponding early diastolic strain rate (LSrd and CSrd, respectively) as well as twist mechanics (apical and basal rotations, twist and twisting/untwisting rates) were obtained as previously detailed by our group (36). Briefly, EchoPAC data were exported as “.txt files” in order to be processed with a specific toolbox (Scilab version 4.1; Consortium Scilab, INRIA-ENPC, Paris, France). To adjust all strain parameters for inter-subject differences in heart and frame rates, the time sequence was also normalized to the percentage of systolic duration (i.e., time was 100% at end systole). Spreadsheet calculation allowed the detection of peak LSrd and CSrd, peak of LV twist and untwist rates, and the time to these peaks. A quality control was finally performed by an experienced investigator in order to replace or delete abnormal data. For each parameter, delta values (Δ) calculated as the difference between data at low dose DB minus data at rest were obtained.



Statistical analysis

Statistical analysis was performed using IBM SPSS statistics 20.0™ software (IBM Corp., United States). Values are expressed as mean ± SD, otherwise specified. Statistical significance was defined as p value < 0.05. Normality was assessed using Shapiro–Wilk test and non-Gaussian biological variables were log-transformed. Biological, demographic variables and resting standard echocardiographic data were analyzed using a generalized linear model (GLM). Chi-square test was used for categorical data. Deformation imaging indexes were analyzed using a linear mixed-effect model with random intercept and group and conditions as well as age (when applicable, see Table 4) as fixed effects. In case of significant interaction between groups and conditions, a GLM was used for group’s comparison at rest and low-dose DB while a t-test for paired samples assessed DB response within each group. Covariates such as loading indexes, hypertension, medical treatment, inflammation, body mass index (BMI) or wait circumference were included in the different models, when appropriate. Inter-group comparison for delta (Δ) values was assessed using a GLM. Pearson correlations were used to investigate the association between LS, CS, apical rotation or Twist measured under DB stress condition as well as their Δ changes from rest to low dose DB with clinical, biological and echocardiographic parameters. A multiple stepwise linear regression analysis was used to determine the independent predictors of Δ values for each STE variable, with p < 0.15 in bivariate testing used as a requirement to enter the model.


TABLE 1    Clinical characteristics.
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TABLE 2    Echocardiographic characteristics.
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TABLE 3    Hemodynamic and speckle tracking echocardiography data.
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TABLE 4    Univariate and multivariate correlation analysis of delta changes in STE indexes with clinical, biological and echocardiographic indexes.
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Results


Baseline clinical and echocardiographic characteristics

The clinical data are presented in Table 1. Populations were matched on sex, but T2D-MS were slightly older than the 3 other groups. Body mass index and waist circumference were significantly higher in the 3 groups of patients when compared to controls, with values being also significantly greater in MS and T2D-MS than T2D. Similar results were obtained regarding the number of MS factors. Additionally, among the 5 MS components, no inter-group differences were noticed for the prevalence of low HDL while significant differences were obtained in each case in the patients compared to controls for the prevalence of the 4 other variables. The 2 groups with MS presented with also a greater prevalence of increased BP and hypertriglyceridemia compared to T2D and, as expected, the 2 groups with T2D had a higher prevalence of increased plasma glucose compared to MS. Concerning the lipid profile, no differences were noticed between controls and T2D patients. The 2 groups with MS had reduced HDL and increased triglycerides compared to controls. Triglycerides were especially elevated in MS, values being also greater than in the 2 other diabetic groups. As expected, fasting glycemia and glycated hemoglobin were greater in T2D and T2D-MS than in MS and controls, while no differences were obtained between the 2 diabetic groups. Fasting glycemia was also slightly increased in MS compared to controls. Noteworthy, ultra-sensitive C-reactive protein levels were also substantially increased in the 3 groups of patients compared to controls, with values being also higher in T2D-MS compared to MS.

Results of conventional echocardiography are summarized in Table 2. LAV indexed was significantly increased in T2D-MS patients compared to MS and controls. While no inter-group differences were noticed for LVEDV and LVESV indexed, values of LV wall thicknesses as well as relative wall thickness and LV mass indexed were significantly higher in the T2D-MS patients compared to the 3 other groups. Similar values of LV ejection fraction, E and E/A ratio were noticed between the 4 groups. No inter-group differences were obtained for longitudinal systolic velocities by TDI while early diastolic velocities and E/e’ ratio were significantly decreased and increased, respectively, in the 3 groups of patients compared to controls. Of note, differences were also significant in T2D-MS compared to MS. Epicardial adipose tissue was markedly increased in T2D-MS patients compared to the 3 other groups, with values being also higher in MS and T2D patients than in controls.



Speckle-tracking echocardiography at rest and under dobutamine infusion

Speckle tracking echocardiography data are presented in Table 3 and Figure 2. At rest, no inter-group differences were noticed for twist mechanics (e.g., twist as well as twist and untwist rates), basal rotation and Cs. The 3 groups of patients presented with, however, greater apical rotations than controls. While no differences were obtained between MS, T2D and controls for LS and LSrd, values in T2D-MS patients were significantly reduced compared to controls. Low-dose DB revealed major inter-group differences for most speckle tracking echocardiography indexes. Indeed, LS, LSrd, CS and CSrd were now significantly decreased in MS and T2D compared to controls. Additionally, the reductions of LS and LSrd observed at rest in T2D-MS were further exacerbated under DB, differences being significant not only compared to controls but also to MS and T2D. As for MS and T2D, Cs and CSrd were also significantly reduced in T2D-MS compared to controls. While no differences were obtained under DB between MS, T2D and controls for apical rotation, lower basal rotation and subsequently twist were demonstrated in these 2 groups of patients compared to controls. Apical rotation and twist were, however, dramatically impaired in T2D-MS patients, with values reduced significantly compared to controls, but also to T2D and MS for apical rotation and in T2D only for twist. Overall, twist mechanics was predominantly depressed in the 2 groups presented with MS. All speckle tracking echocardiography indexes were significantly increased in the 4 groups in response to DB infusion, except for apical rotations that did not change in T2D-MS patients.
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FIGURE 2
Patterns of apical (A,B) and basal rotations (C,D) as well as twist and twisting/untwisting rates (E,F) all over the cardiac cycle at rest (A,C,E,G) and low dose of dobutamine (B,D,F,H). The curve for each group was obtained from averaging data of all the subjects. For each group, data of the curves were averaged at every percent of systolic duration from data of all subjects.


Results of the univariate analysis of speckle tracking echocardiography indexes under low dose DB conditions as well as in response to low dose DB (e.g., Δ changes from rest to low dose DB) are depicted in Table 4. For most of the indexes, good correlations were obtained with age, number of MS factors, hypertension, metabolic markers of T2D, abdominal obesity, inflammation and epicardial adipose tissue. From stepwise multiple linear regression analyses, epicardial adipose tissue (β = 0.34, p < 0.001; r2 = 0.12, p < 0.001) for Δ SL, numbers of MS factors for Δ CS and Δ Twist (β = 0.27, p = 0.003; r2 = 0.08, p = 0.003 and β = −0.30, p < 0.001; r2 = 0.09, p < 0.001) and number of MS factors and presence of T2D (β = −0.27, 0.002; β = −0.18, 0.03, r2 = 0.13, p < 0.001) for Δ apical rotation emerged as major independent predictors. The inter-group differences under DB stress previously mentioned for LS, apical and basal rotations as well as twist were still evident after accounting for, in addition to age and sex, others potential confounding factors such as hypertension, abdominal obesity and systemic inflammation. For CS, differences between controls and the 3 other groups under DB disappeared when waist circumference and ultra-sensitive C-reactive protein were introduced as covariates. For twist, differences between patients and controls under DB were still evident when hypertension and abdominal obesity were used as covariates, but disappeared between T2D and T2D-MS. All speckle tracking echocardiography variables were, however, not influenced by medical treatments. Indexes of loading conditions did not differ between the 4 groups at rest. They were, however, significantly impacted by DB. However, no correlations were demonstrated between loading conditions and speckle tracking echocardiography indexes under stress conditions.




Discussion

To our knowledge, the present study is the first one to comprehensively assess regional myocardial mechanics under DB stress in asymptomatic T2D, MS and T2D-MS patients and to evaluate the potential synergic and additive effect of the T2D-MS combination compared to T2D and MS alone. The major findings were, firstly, that patients with combined T2D and MS exhibited globally a more important impairment of regional myocardial function compared to patients with only T2D or MS and, secondly, that only DB stress allowed unmasking alterations that were otherwise undetectable at rest in these last 2 groups of patients.

The present findings further illustrate the challenges in the characterization of cardiac impairments in patients with metabolic diseases and the pitfalls of comparing studies with different patient inclusion criteria and clinical characteristics in this area. Indeed, most studies focusing on cardiac regional function in metabolic disease did not discriminate between patients with T2D or MS only and patients with combined T2D-MS, while factors associated with T2D, such as glycemic control or MS components may influence the extent of cardiac dysfunction (13, 18–20, 23, 25). As a matter of fact, in our study, only patients with combined T2D-MS exhibited at rest an altered longitudinal function, with significantly reduced LS and LSrd, while patients with isolated T2D or MS presented with a preserved longitudinal function. This observation could help explaining, at least in part, the discrepancies found in the literature regarding the presence or not of a decreased LS in patients with T2D (4–12).

While literature is extensive on longitudinal function in metabolic disorders, comparative data are scarcer regarding circumferential and rotational parameters, despite their key role in cardiac performance. Indeed, the LV twist motion induced by apical counterclockwise and basal clockwise rotations in systole aids ventricular ejection, while early diastolic untwist generates suction and facilitates diastolic filling (37). Systolic twist acts to limit myocardial energy expenditure by creating high intraventricular systolic pressures with minimal muscle shortening, resulting in efficient LV contraction (37). Moreover, the resultant elastic recoil of the LV has important implications for diastolic filling. In fact, the elastic recoil occurring during early diastole is thought to be a result of the vigorous contraction and compression of cardiac proteins such as titin (38). The potential energy stored in the spring like titin is unleashed during diastole, promoting myocardial relaxation and diastolic filling (38). In our study, basal rotations, twist and untwisting rate were preserved at rest, whereas apical rotations were significantly enhanced in patients (e.g., T2D, MS or both) compared to controls. These salient findings differed from those previously reported. Indeed, Tadic et al. (27) showed an increase in both twist and untwisting rate at rest in MS patients. Interestingly, in this paper, authors described a progressive increment of twist-untwist parameters with each additional MS factor (from 1 to 5). Another study reported preserved rotations and twist in patients with MS, and an increase of untwisting rate (23). Tadic et al. (8) and Crendal et al. (23) also reported an increase of twist and untwisting rate in T2D patients compared to controls. However, in these studies, the authors did not distinguish between isolated MS and T2D, which may have probably impacted their results. In our study, the increase in apical rotation probably acts as a compensatory mechanism to preserve twist, and so ejection, in patients with T2D and/or MS.

Although our results indicate an overall preservation of cardiac function in patients with isolated T2D or MS, the absence of myocardial dysfunction cannot be ascertained, as an evaluation at rest may not be sensitive enough in these populations. Indeed, as we previously demonstrated in T2D patients, an adrenergic stress may reveal functional impairments that remained otherwise subtle at rest (3). However, in this previous work, we did not discriminate between T2D and T2D-MS patients. The present results further specify the myocardial regional function impairments that DB stress echocardiography allows unmasking in these different groups of patients with metabolic diseases. To our knowledge, we are the first to carry out such an investigation. Our results revealed interesting specificities between groups. Indeed, patients with T2D showed an alteration of basal rotation and twist, while patients with MS presented an additional alteration of untwisting rate, and patients with both T2D-MS exhibited severe alterations in all these components of myocardial mechanics, with an additional drop of apical rotations. These salient findings revealed a continuum from T2D or MS alone to combination of both T2D and MS and strengthen the importance of stress echocardiography, especially in asymptomatic T2D and MS patients for whom impairments remain discreet at rest. The lack of functional reserve in rotational mechanics we unveiled in T2D-MS is of paramount importance because it plays a major role in myocardial performance under stress. Indeed, in such conditions (e.g., physical exercise or dobutamine infusion), the elevated heart rate results in reduced diastolic filling time, requiring the diastolic function to be subsequently drastically improved to attain the same end-diastolic volume in a shorter amount of time (38). In athletes, previous studies have shown the importance of untwisting rate in facilitating LV filling (29, 39, 40). These results might thus help understanding, at least in part, the development of severe exercise intolerance previously reported in diabetic populations (41, 42). Furthermore, the drop in torsional deformations may profoundly affect LV function by altering the distribution of LV wall stresses and therefore myocardial strains. Previous studies have indeed suggested that torsion may serve to equalize transmural sarcomere shortening, and so reduce transmural gradients of oxygen utilization, wall stress, and contractile work during ejection (43). A reduction in torsional deformations could thus increase the gradient of sarcomere work and oxygen utilization across the myocardium, accelerating the development of subendocardial fibrosis (44). In line with this hypothesis, Zhang et al. (45) reported an association between LV twist and myocardial fibrosis in patients with hypertrophic cardiomyopathy. These alterations could lead to a lower cardiomyocyte ability to store elastic energy and may explain, consequently, the drop of untwisting rate. Taken together, our results underline the importance of characterizing LV twist-untwist adaptations in patients with T2D, MS or both, for a better understanding of exercise intolerance mechanisms in each population and the implementation of relevant interventions.

Even if this study was not intended to investigate the mechanisms underlying cardiac function impairments in our patients, our regression analyses offered some interesting leads. As could have been expected, MS factors and T2D parameters were global contributors to the blunted response to DB stress. However, these purely metabolic variables were statistically overwhelmed by epicardial adipose tissue thickness, that showed strong correlations with all deformation indexes. In previous studies from our laboratory, we already observed close relationships between epicardial adipose tissue thickness and regional myocardial function impairments in T2D or MS populations (3, 24). This fat pad has gained growing attention over the last years as its expansion has been associated with cardiovascular damages, such as arterial stiffness and inflammation, hemodynamic impairments and myocardial injury-related biomarkers, in metabolic diseases or heart failure (46–50). Indeed, while being cardioprotective in a physiological context, this adipose tissue switches to a deleterious, pro-inflammatory secretory profile in a pathological environment (51, 52). As a matter of fact, in vitro studies have reported that exposing cardiomyocytes to the epicardial adipose tissue secretome from T2D patients induces an alteration of calcium fluxes, insulin resistance and contractile dysfunction (53). Epicardial adipose tissue is thus know being recognized as a valuable target in cardiometabolic diseases (50) and our results tend to support that epicardial adipose tissue implication should be considered and investigated at the earliest stages of myocardial dysfunction.


Clinical implications

The detection of early signs of myocardial alteration is of paramount importance to improve patient care by preventing the development of irreversible damages and the progression to heart failure. The present study emphasizes that rest echocardiography is not sufficient enough to ascertain the absence of nascent cardiac dysfunction in asymptomatic patients with metabolic diseases and underlines the usefulness of performing a stress echocardiography in unmasking early myocardial function impairments, especially in case of isolated MS or TD2. Our results also emphasize that asymptomatic patients with T2D or MS only or a combination of T2D-MS do not present with the same alterations of LV myocardial mechanics.




Study limitations

The main limitation of this study is the choice to perform the analyses under low dose DB, at submaximal heart rate. This decision was taken to minimize the impact of DB on loading conditions, but also to ensure a sufficient image quality for speckle-tracking analysis (54). In future studies, it would, however, be of interest to conduct the assessments at maximal heart rate, under physiological stress conditions such as physical exercise, provided that the inherent image quality limitations can be overcome. This would have the additional advantage of allowing a better understanding of the myocardial mechanisms of exercise intolerance in these different populations.

The second limitation to this study is that echocardiographic epicardial adipose tissue thickness measurement does not take into account the 3D shape and volume of this fat pad and is therefore no gold standard for its evaluation. However, Iacobellis et al. (33) found a good correlation with MRI volume measurements, and the reproducibility of epicardial adipose tissue measurements is good in our laboratory (24).


Conclusion

Collectively, our results clearly demonstrate the usefulness of speckle tracking echocardiography under DB stress in detecting multidirectional myocardial mechanics impairments that can remain barely detectable at rest in asymptomatic patients with metabolic diseases. These results also highlight the different levels of impairment according to the patient’s clinical profile. This should be kept in mind when setting up a preventive cardiac check-up for patients with metabolic disorders.
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Background: Contrast and non-contrast echocardiography are crucial for cardiovascular diagnoses and treatments. Correct view classification is a foundational step for the analysis of cardiac structure and function. View classification from all sequences of a patient is laborious and depends heavily on the sonographer’s experience. In addition, the intra-view variability and the inter-view similarity increase the difficulty in identifying critical views in contrast and non-contrast echocardiography. This study aims to develop a deep residual convolutional neural network (CNN) to automatically identify multiple views of contrast and non-contrast echocardiography, including parasternal left ventricular short axis, apical two, three, and four-chamber views.

Methods: The study retrospectively analyzed a cohort of 855 patients who had undergone left ventricular opacification at the Department of Ultrasound Medicine, Wuhan Union Medical College Hospital from 2013 to 2021, including 70.3% men and 29.7% women aged from 41 to 62 (median age, 53). All datasets were preprocessed to remove sensitive information and 10 frames with equivalent intervals were sampled from each of the original videos. The number of frames in the training, validation, and test datasets were, respectively, 19,370, 2,370, and 2,620 from 9 views, corresponding to 688, 84, and 83 patients. We presented the CNN model to classify echocardiographic views with an initial learning rate of 0.001, and a batch size of 4 for 30 epochs. The learning rate was decayed by a factor of 0.9 per epoch.

Results: On the test dataset, the overall classification accuracy is 99.1 and 99.5% for contrast and non-contrast echocardiographic views. The average precision, recall, specificity, and F1 score are 96.9, 96.9, 100, and 96.9% for the 9 echocardiographic views.

Conclusions: This study highlights the potential of CNN in the view classification of echocardiograms with and without contrast. It shows promise in improving the workflow of clinical analysis of echocardiography.

KEYWORDS
echocardiography, contrast, view classification, convolutional neural network, artificial intelligence (AI)


Introduction

Transthoracic echocardiography is one of the most important non-invasive imaging techniques, with the advantages of non-radiation, easy bedside operation, and real-time evaluation (1). With changes in relative position between the transducer and the patient, sonographers obtain multiple views from different perspectives. In particular, the apical views and short axis views are most commonly used in routine clinical workflows (1, 2). Currently, view classification is the prerequisite for the post-processing and analysis of cardiac structure and function. However, it generally depends on the sonographer’s experience and is time-consuming especially for large datasets. It is a challenging task due to the inter-view similarity, intra-view variability and noise.

Earlier research adopted classical machine learning algorithms to classify echocardiograms with multiple views. They generally extracted features using the Histogram of Oriented Gradients (HOG) (3), Bag of Word (BoW) (4, 5), and classified echocardiography view using the Support Vector Machine (SVM) (3–7). Current studies have mainly focused on Convolutional neural networks (CNNs), which have brought about a series of breakthroughs for medical image analysis (8, 9). CNNs tend to recognize visual patterns from raw image pixels in an end-to-end learning process. The initial layers are used to observe local geometric structures (such as edges, blobs, etc.), whereas the neurons in the higher layers focus more on the global distribution of human organs. A large number of studies have confirmed the feasibility and accuracy of CNNs with various depth in echocardiographic view classification (10–13). For a closer look of the echocardiographic images, Madani et al. has used U-Net to extract the regions of interest, improving the signal-to-noise ratio. The precision and efficiency of the network were further promoted (14). Echocardiography has rich temporal domain information, while single CNNs only focuses on spatial location information. A study indicated that the dense optical flow technique represented temporal motion information, building two strands of CNNs with temporal-spatial information fusion and improving classification accuracy from 89.5% of single CNN to 92.1% of the fusion network (12). In addition, several studies optimized the algorithm based on CNNs, ensuring the classification accuracy and significantly improving efficiency. CNNs can be used to facilitate automatic multiplanar reformation and orientation guidance (15) and deploy on mobile devices for downstream analysis (16). CNNs simplify the image processing process, assist novices in identifying standard images, reduce observer variability, and improve analyzing efficiency.

Existing studies have mainly focused on two-dimensional grayscale or Doppler echocardiograms (3–7, 10–16). Most of them dealt with common cardiac views: apical two-chamber (A2C), apical three-chamber (A3C) and apical four-chamber (A4C), as well as the parasternal short-axis (PSAX). Although extensive studies have been carried out on conventional echocardiography, no single study focuses on the view classification of contrast echocardiography. Contrast echocardiography significantly enhances the boundaries of the left ventricular endocardium, which has great clinical significance in the quantification of cardiac function (2). In addition, contrast echocardiography effectively reduces missed diagnoses of apical hypertrophic cardiomyopathy (17), intracardiac thrombi, and non-compaction cardiomyopathy (18). However, the contrast agent fills the heart cavity, making the mitral valve ring obscure, which increases the difficulty of identifying the primary views. Therefore, this study sets out to evaluate the discriminative capability of CNNs in identifying the PSAX, A2C, A3C, A4C views from non-contrast or contrast echocardiographic videos.



Materials and methods


Study design

All datasets were collected from 855 patients who underwent left ventricular opacification at the Department of Ultrasound Medicine, Wuhan Union Medical College Hospital from 2013 to 2021. This study was approved by the Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology, Wuhan, China. In the study population, 70.3% are male and 29.7% are female, aging from 41 to 62 with a median age of 53. Indications of left ventricular opacification in routine clinical practice are shown in Table 1. Each sample consisted of data from the echocardiographic examination of a patient, including M-mode, two-dimensional, three-dimensional, Doppler and other still images or videos. The echocardiograms were mainly acquired with GE Vivid E9, Philips iE33, IE Elite, EPIQ 7C, and EPIQ 5.


TABLE 1    Baseline characteristics.
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Data preprocessing

The echocardiograms were stored in DICOM format. This study mainly analyzed two-dimensional grayscale videos (contrast and non-contrast echocardiography). All videos are anonymized.

The PSAX and apical views play an essential role in the diagnosis and treatment of cardiovascular diseases. The PSAX view focuses on mitral valve and left ventricular wall motion. The A2C, A3C, and A4C views are mainly used to assess cardiac structure and function comprehensively. Moreover, it is of incremental value for detecting apical abnormalities in contrast echocardiography. Thus, the dataset was divided into nine categories, including the above-mentioned views of contrast and non-contrast echocardiograms, and an additional class including all the rest views (parasternal left ventricular long axis, pulmonary artery long axis, and major artery short axis views, etc.). All views included diverse image quality and were reviewed independently by two experts. Low-quality and inefficient videos were excluded (contrast echocardiography with underfilling or echocardiography with the incompletion of heart chambers).

The dataset consisted of video clips from the 10 temporally sampled frames with equivalent intervals from each of the original sequences. Considering the different types of equipment for image acquisition, all clips were downsampled to 256 × 256 pixels by linear interpolation and the intensity is normalized into [0, 1]. Quality control is carried out by random sampling the preprocessed clips, to ensure that the dataset did not contain sensitive information. To maintain sample independence, all samples were randomly split into training, validation and test datasets in an approximate 8:1:1 ratio. The training dataset was used for model development. The validation dataset was used for tuning model parameters, and the testing dataset was used for evaluating the performance of the final model. The training, validation, and test datasets included 688, 84, and 83 studies, respectively (corresponding to 1,937, 237, and 262 clips from 9 views). The datasets are derived from real world data. The distribution of each dataset is shown in Table 2.


TABLE 2    Distribution of the clip number in the dataset.
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View classification model architecture and training process

View classification tasks were mainly performed by CNNs. This study chose the deep residual network with 34 layers (called EchoV-Net) to classify 9 classes of echocardiographic views. Numerous studies have demonstrated that the residual network (ResNet) can improve accuracy from considerably increased depth (19). EchoV-Net was developed based on ResNet, as shown in Table 3. We conducted comparative experiments to validate the performance. The detailed results are listed in Table 2 and Figure 1 of Supplementary materials. The overview diagram of view classification task is shown in Figure 1. For echocardiographic view classification, the model was trained to minimize the cross-entropy loss between the true label and prediction using an Adam optimizer with an initial learning rate of 0.001, and a batch size of 4 for 30 epochs. The learning rate was decayed by a factor of 0.9 each epoch. The 10 frames of each video were used as the model input. The final model was selected with the lowest loss of the validation dataset. The model was implemented on the software Python (version 3.7.10) and PyTorch (version 1.7.1), and on the server with one NVIDIA GeForce RTX3090 GPU and 24GB of memory.


TABLE 3    The architecture of EchoV-Net.
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FIGURE 1
Schematic diagram of echocardiographic view classification.




Model evaluation and visualization

In the process of video classification, we evaluated 10 sampled images of each video, averaged the results, and assigned the video to the class with the maximum probability. The four metrics, namely accuracy, precision (also called “positive predictive value”), recall (also called “sensitivity”), specificity, and F1-score were used to evaluate the classification performance of EchoV-Net. All metrics were calculated separately in a single category (cardiac view), with the current category defined as a positive class, and the other 8 categories as negative classes. The overall accuracy is defined as the ratio of the number of correctly classified videos to the number of all samples. The top-1 accuracy is defined as the accuracy of the first prediction category that matched the true label. The top-2 accuracy is defined as the accuracy of the first two prediction categories that matched the true label. The precision is defined as the number of correctly classified positive samples divided by the number of true positive samples. The recall is defined as the number of correctly classified positive samples divided by the number of all positive samples. The specificity is defined as the correctly classified negative samples divided by all the negative samples. The F1-score is the harmonic average of precision and recall. Additionally, confusion matrices are calculated and plotted as heatmaps to visualize the results of multi-view classification.
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The following strategies enhanced the interpretability of the classification model. The feature obtained by EchoV-Net was visualized using t-distributed stochastic neighbor embedding (t-SNE). t-SNE is a non-parametric dimensionality reduction technique that visualizes high-dimensional data by giving each sample a location in a two or three-dimensional map (20). In addition, gradient-weighted class activation mapping (Grad-CAM) was created to explain which critical anatomical structures (regions of the pixel) that affect image classification results (21).



Re-evaluation by another expert

Due to fatigue and the similarity of views, there is inherent variation when observers explain echocardiograms, especially the apical views. Another expert specializing in cardiovascular imaging performed a blinded review of the samples, when there was disagreement between the initial label and the prediction by EchoV-Net. The expert received the paired echocardiograms and a set of labels including the initial human label and the prediction by EchoV-Net, and then tried to decide which label corresponded more closely to his or her evaluation of echocardiographic views. When reviewing the prediction results, experts recorded the reasons for misclassification of samples, such as poor image quality or contrast agent underfilling.



Statistical analysis

All analyses were performed with R (version 4.1.2) or Python (version 3.7). The Kolmogorov-Smirnov test was used to assess the normality of patients’ age. Continuous variables were presented as the median (1st and 3rd interquartile range) and categorical variables were shown as frequency (%). The accuracy, precision, recall, specificity and F1-score were described as percentages. A value of P < 0.05 was considered statistically significant. The classification model was developed using the PyTorch package (22). DICOM images were processed by Pydicom and OpenCV 3.0.




Results

Our model successfully distinguished non-contrast and contrast echocardiographic views (as shown in the confusion matrix in Figure 2). The numbers on the diagonal are the number of correctly classified videos. On the test dataset, 96.9% (254 out of 262) of the videos are correctly classified. The top-1 accuracy of the model for the 2DE view is 99.5%, and it is 99.1% for the C2DE views (Figure 3).
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FIGURE 2
The confusion matrix demonstrated the results of view classifications within the test dataset. Numbers along the diagonal line represented successful classifications, while non-diagonal entries were misclassified. 2DE, two-dimensional echocardiography; C2DE, contrast two-dimensional echocardiography; A2C, apical 2-chamber; A3C, apical 3-chamber; A4C, apical 4-chamber; PSAX, parasternal left ventricular short axis; Other, including parasternal left ventricular long axis, pulmonary artery long axis, and major artery short axis.
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FIGURE 3
The accuracy of the classification model on the test dataset.


The evaluation of the view classification is shown in Table 4. The A2C and A3C for 2DE and A4C and PSAX for C2DE are fully correctly classified. However, the recall of PSAX in 2DE and A2C and A3C in C2DE are reduced to 93.55, 93.33, and 92.31%, respectively.


TABLE 4    The results of view classification on the test dataset.
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All metrics of the model are above 95% at the single video level. For the nine target views (i.e., A2C, A3C, A4C, PSAX and Other), the averages overall accuracy, top-2 accuracy, recall, precision, specificity, and F1 score are 97.0, 98.9, 96.9, 96.9, 100.0, and 96.9%, respectively.

The output of the fully connected layer in EchoV-Net is further interpreted by t-SNE (Figure 4) and Grad-CAM (Figure 5), showing obvious cluster results, and the classification criterion is consistent with the anatomical structure discerned by the cardiac sonographer. The Grad-CAM visual experiments indicate that the CNNs focus more on the mitral valve structure, the left ventricular outflow tract, and the cross of ventricle and atrium in A2C, A3C, and A4C, respectively. In addition, compared with non-contrast echocardiography, contrast echocardiography has a clearer cardiac contour, thus the regions of interest for CNNs focus more on the cardiac chamber cross junction (Supplementary materials and Figure 4). The F1 score of A4C in C2DE is 98.4%, and only 96.7% in 2DE (shown in Table 4).


[image: image]

FIGURE 4
t-SNE visualization of view classification. On the left, each image was plotted in 2-dimensional space from 256 × 256 pixels by principal component analysis (PCA). The results showed that the data had no clear clustering pattern. On the right, the features of the fully connected layer of the CNN model (EchoV-Net) were projected to two-dimensional space by t-SNE, displaying that images were recognized into specific view categories.
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FIGURE 5
Original images and the results of EchoV-Net visualization of the most related regions for view recognition. (A) 2DE.A2C, (B) 2DE.A3C, (C) 2DE.A4C, (D) 2DE.PSAX, (E) C2DE.A2C, (F) C2DE.A3C, (G) C2DE.A4C, (H) C2DE.PSAX, and (I) Other. 2DE, two-dimensional echocardiography; C2DE, contrast two-dimensional echocardiography; A2C, apical 2-chamber; A3C, apical 3-chamber; A4C, apical 4-chamber; PSAX, parasternal left ventricular short axis; Other, including parasternal left ventricular long axis, pulmonary artery long axis, and major artery short axis.


Blinded reviews are performed for inconsistent results (shown in Table 5 and Figure 6). One expert with more than 5 years of clinical experience notes that 50% (4 out of 8) of the videos have considerable flaws and 37.5% (3 out of 8) of videos have incomplete cardiac structure, making it hard for the expert to identify the view. However, one video is misclassified by EchoV-Net despite good image quality. The expert prefers the initial human label in 87.5% (7 out of 8) cases based on the most likely outcomes (top-1 prediction). For one video, the expert prefers the prediction of EchoV-Net to the human label.


TABLE 5    Videos with the discordance between model prediction and human label.
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FIGURE 6
Misclassified samples. (A–D) Were of poor image quality. (E–G) Showed incomplete cardiac structures. (H) Was actually 2DE.PSAX, the top-1 prediction was C2DE.A4C, but the top-2 prediction was 2DE.PSAX.




Discussion

Echocardiographic view classification is the basis of the analysis and interpretation of echocardiography. The above target views are the standard views recommended by the guidelines for clinical diagnosis. In this study, we proposed a CNN-based automatic echocardiographic view classification system, which classified the PSAX and A2C, A3C, and A4C views of contrast and non-contrast echocardiography. The system was developed by a training set of 688 cases containing 19,370 echocardiographic images. In the independent testing set of 83 cases with 2,620 images, the experimental results show that EchoV-Net accurately classified target views in contrast and non-contrast echocardiography, laying a foundation for subsequent AI-based cardiac function assessment and cardiovascular disease diagnoses.

Several factors lead to unsatisfactory view classification results. The intra-view variability of echocardiograms of the same cardiac view exists due to individual variations among subjects, different acquisition parameters (angle, depth, transducer performance, etc.), and the sonographer’s experience. The inter-view similarity of echocardiograms of different cardiac views exists due to similar information (e.g., valve and ventricular wall movement, left ventricle, etc.). The contrast agent fills the cavity of the left ventricle, enhancing visualization of endocardium boundaries, but it obscures the mitral valve, aortic valve and other structures, making it hard to which may the classifiers to distinguish A2C from A3C in C2DE. Besides, echocardiograms are mainly derived from positive cases, the abnormalities in cardiac anatomy increase the heterogeneity of the data. The speckle noise and clutter noise lower the clarity of the images, limiting the accuracy of view classification. For the PASX views in 2DE, the patient’s poor acoustic window makes it hard to identify the myocardium of the left ventricle. For the poor quality and low-level contrast images, it is necessary for experts to play an active role in quality control. What’s more, in the retrospectively collected data, view distribution is imbalanced. All the above-mentioned issues increase the difficulty in classifying the key echocardiographic views in contrast and non-contrast echocardiography.

The size and image quality of echocardiograms are essential for the development and validation of a model. In this study, we used a large dataset with a wide range of image quality that ensured data diversity and independence, making our model more robust to noise and poor image quality. However, in terms of computational efficiency, there is no comprehensive solution. A study carried out by Vaseli et al. attempted to overcome this problem. They adopted an knowledge distillation approach to compress the model and improve the efficiency of echocardiographic view classification (23). AI is often considered as a “black box,” which is challenging to understand, and thus we improved the interpretability of this model through several visualization methods, which showed that the model automatically classified echocardiograms depending on interpretable clinical features. The results indicate that the AI tasks have the potential to improve the work efficiency of sonographers and provide support for high-throughput analysis of echocardiography.

In future work, more echocardiographic views (e.g., parasternal long-axis views of the left ventricle, apical five-chamber view, etc.) need to be incorporated into our model, in addition to the frequently used ones. More high-quality and multimodal echocardiograms are expected to be used to improve the echocardiographic view classification system. In addition, we will continue exploring the causes of non-standard echocardiography to develop man-machine interactive quality control AI system and improve the performance of view classification.



Conclusion

The main goal of the current study is to determine the feasibility and effectiveness of CNNs in view classification for contrast and non-contrast echocardiography. The results show that the EchoV-Net achieves expert-level view classification and accurately identifies the main categories in contrast-enhanced and non-contrast echocardiography. This study is expected to accelerate the automatic interpretation of contrast echocardiography and expand the clinical application of contrast echocardiography. In the future, the model also is expanded to classify other modalities of echocardiographic views (e.g., to distinguish colors, continuous-waves, pulsed-waves Doppler echocardiography), which has foundational significance for research, clinical practice, and sonographers’ training.
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Background: To evaluate the diagnostic accuracy of contrast echocardiography (CE) in patients with suspected cardiac masses.

Methods: A multicenter, prospective study involving 108 consecutive patients with suspected cardiac masses based on transthoracic echocardiography performed between November 2019 and December 2020 was carried out. CE examinations were performed in all patients. The echocardiographic diagnosis was established according to the qualitative (echogenicity, boundary, morphology of the base, mass perfusion, pericardial effusion, and motility) and quantitative (area of the masses and peak intensity ratio of the masses and adjacent myocardium A1/A2) evaluations.

Results: Final confirmed diagnoses were as follows: no cardiac mass (n = 3), pseudomass (n = 3), thrombus (n = 36), benign tumor (n = 30), and malignant tumor (n = 36). ROC analysis revealed the optimal A1/A2 with cutoff value of 0.295 for a cardiac tumor from a thrombus, with AUC, sensitivity, specificity, PPV, and NPV of 0.958 (95% confidence interval (CI): 0.899–0.988), 100, 91.7, 95.7, and 100%, respectively. CE was able to distinguish malignant from benign tumors with an AUC of 0.953 (95% CI: 0.870–0.990). Multivariate logistic regression analysis revealed that tumor area, base, and A1/A2 were associated with the risk of malignant tumor (OR = 1.003, 95% CI: 1.00003–1.005; OR = 22.64, 95% CI: 1.30–395.21; OR = 165.39, 95% CI: 4.68–5,850.94, respectively). When using A1/A2 > 1.28 as the only diagnostic criterion to identify the malignant tumor, AUC, sensitivity, specificity, PPV, and NPV were 0.886 (95% CI: 0.784–0.951), 80.6, 96.7, 96.7, and 80.7%, respectively.

Conclusion: CE has the potential to accurately differentiate cardiac masses by combining qualitative and quantitative analyses. However, more studies with a large sample size should be conducted to further confirm these findings.

Clinical trial registration: http://www.chictr.org.cn/, identifier: ChiCTR1900026809.
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  cardiac mass, heart neoplasms, echocardiography, ultrasound enhancing agents, sensitivity, specificity


Introduction

Cardiac masses have captured researchers' attention since the beginning of the field of echocardiography. Cardiac masses can be classified into non-neoplastic masses (thrombi, vegetations, calcifications, or other rare conditions), benign tumors, or malignant tumors (1, 2). Non-neoplastic masses account for 75% of all cases (3). Cardiac tumors are among the least prevalent of all tumors. The estimated prevalence of primary cardiac tumors is 0.001–0.03% (4), whereas metastatic cardiac tumors have been reported to occur 10–1,000 times as often (2.3–18.3%) (5). Primary cardiac tumors are divided into benign and malignant based on their histological characteristics (6). A previous study has demonstrated that the proportions of cardiac tumors in the left atrium, right atrium, left ventricle, right ventricle, and other sites were 34, 26, 6, 7, and 27%, respectively (7).

Cardiac masses may occur in any cardiac chamber adjacent to large blood vessels or pericardium. The treatments for cardiac tumors include surgical removal and chemoradiotherapy. The choice of treatment depends on the histopathological type, the extent of cancer invasion, and patient risk stratification (8). Early detection and accurate differentiation of cardiac masses might prolong survival and improve quality of life in affected patients. Several imaging modalities, including transthoracic echocardiography (TTE), transesophageal echocardiography (TEE), cardiac magnetic resonance (CMR), and positron emission tomography, have a crucial role in the assessment of cardiac masses (2). Given the diversity of cardiac masses, there are no guidelines or consensus regarding the best diagnostic approach. A recently published paper has comprehensively summarized the utility of these imaging modalities (9), stating that TTE is usually the first choice for cardiac mass examination. Once a cardiac mass is suspected based on TTE results, patients may be scanned using CMR for further evaluation due to the high resolution of cardiac mass boundary it provides. Positron emission tomography is helpful for staging malignancies and optimizing biopsy location.

TTE can help to determine the presence, size, shape, echogenicity, mobility, attachment point, and hemodynamic effects of the cardiac masses (10). The sensitivity of TTE to diagnose cardiac masses is 93% (11). However, it is not sufficient for some patients when image quality is suboptimal and echo are complex. With an accuracy of less than 70%, it is very challenging to differentiate between benign and malignant tumors using TTE (12). Contrast echocardiography (CE) is a rapidly developing technology in recent years. The published guidelines for CE state that it can improve the image quality and help to distinguish between benign and malignant lesions (class of recommendation: benefits are greater than risks, and the procedure can be useful if performed) (13). However, most studies on CE diagnosis of cardiac masses are case reports (14–16), while the rest are retrospective (12) or small sample-sized prospective studies (17). The evidence for differential diagnosis of cardiac masses using CE is insufficient. Therefore, the present study aimed to evaluate the diagnostic accuracy of CE in patients with suspected cardiac masses.



Materials and methods

A group of six tertiary hospitals in North China, including the second largest hospital in China, conducted this prospective study. All the data collected were sent to Shengjing Hospital of China Medical University, as in our previous multicenter study (18). The study followed the STARD guidelines.


Study participants

Consecutive patients with suspected cardiac masses based on TTE performed between November 2019 and December 2020 were eligible for inclusion. All patients were adults. Exclusion criteria included allergies to albumin, blood products, and ultrasound enhancing agents; severe heart failure (New York Heart Association Class IV) and severe arrhythmia patients; respiratory failure; severe liver or kidney dysfunction; and mental illness or epilepsy (19).



Echocardiographic image acquisition

Echocardiographic examinations were performed with the patient in the left lateral position by a radiologist with more than 10 years of TTE experience using a Philips iE33 ultrasound system (Philips Medical Systems, Bothell, WA, USA) and a TTE probe (S5–1, 1–5 MHz) at each center. All images and measurements were obtained according to the echocardiography guideline (20). Subsequently, all patients were examined using CE according to the latest published guidelines (13, 21).



Contrast echocardiography protocol

This protocol was written according to the recently published guideline for CE (13). Commercial ultrasound enhancing agents were used in the CE process (SonoVue; Bracco, Plan-Les-Ouates, Switzerland). First, the left ventricular opacification (LVO) mode was initiated with a low mechanical index of 0.2 and 30-Hz frame rates. Then, 0.8 mL of prepared ultrasound enhancing agents were quickly injected via the peripheral vein, with a slow (10–20 s) 3–5 mL saline flush. This was repeated as needed for optimal delineation of the left ventricular cavity and cardiac masses. The above-mentioned morphological and hemodynamic features of cardiac lesions were observed and saved digitally in this mode. Second, the myocardial contrast echocardiography (MCE) mode was turned on with a very low mechanical index of 0.08 and 30-Hz frame rates. After filling in the left ventricle and the myocardium, the ultrasound enhancing agents were continuously infused with a dedicated Vueject® syringe pump (Bracco, Milano, Italy) at a rate of 1 mL/min. The intermittent-flash (high mechanical index of 1.0) technique was used to destroy the microbubbles. Notably, the high mechanical index ultrasound impulse was transmitted between 5–10 frames to destroy the microbubbles. Perfusion was confirmed post contrast replenishment after the impulse to prevent a false positive reading due to saturation artifact. Finally, imaging results for the enhancement of the masses and adjacent normal myocardium before and after the flash were stored.



Echocardiographic image analysis

The qualitative analysis included echogenicity (uniform/non-uniform), boundary (well-demarcated/not well-demarcated), morphology of the base under CE (narrow with peduncle/narrow with notch/broad) (22), mass perfusion (no perfusion/mild perfusion/intense perfusion) (23), motility (absent/present) (24), and pericardial effusion (absent/present). Quantitative analysis was performed using QLAB software (version 13.0; Philips Medical Systems, Andover, MA, USA). The area of the masses was measured when the long maximum diameter was apparent. The region of interest was depicted along the boundary of each lesion and within the adjacent myocardium section (23). The peak intensity of the masses and of the adjacent myocardium were measured as A1 and A2, respectively (Figure 1) (25). The ratio of A1 to A2 was then calculated (26). A1/A2 > 1 was considered to indicate a high possibility of malignant tumor, while a mass with a ratio between 0 and 1 was considered to be a benign tumor or thrombus (26, 27). The mass with A1 close to zero was considered a thrombus.


[image: Figure 1]
FIGURE 1
 Qualitative analysis of contrast echocardiography in patients with suspected cardiac masses using QLAB software.


All analyses were performed independently by two investigators (Y.L. and X.W.) with more than 6 years of experience with CE and more than 10 years of experience with TTE. To improve the specificity of CE differentiation of malignant tumor from benign tumor based on the pilot study, the final diagnosis was made based on the combination of qualitative and quantitative results (26). Disagreements were discussed and resolved by involving a senior CE expert (W.R.) for adjudication.



Follow-up and validation

All patients were followed up to determine all-cause mortality by checking their medical records, performing telephone interviews, and via outpatient exams every 6 months until March 1, 2022. (I) Pseudomass was defined as a variant or prominent normal structure, including Eustachian valve or Chiari network, Crista terminalis, and Coumadin ridge (28). Diagnosis was confirmed by CMR. No morphological changes were identified by follow-up imaging. (II) Thrombus was defined as a distinct mass of echoes that can be seen throughout systole and diastole (29). Either of the following two criteria had to be met: i) a significantly diminishing size or full resolution after anticoagulation therapy and confirmation of thrombus upon follow-up TEE or computed tomography (CT); or ii) pathological confirmation (24). (III) All tumors had to be confirmed by surgery or biopsy. Tumors were classified as benign or malignant based on histology (pathologic analysis) results in accordance with the 2015 World Health Organization classification of tumors of the heart and pericardium (6).



Measurement variability

To determine the intra-observer variability for all qualitative and quantitative indexes, measurements of 50 randomly selected cases were reassessed 2 weeks later by an investigator (Y.X.) who was blinded to the previous measurement results. To determine the inter-observer variability, measurements were repeated by a second observer (Y.F.) who was blinded to the results obtained by the first investigator. The two investigators were equally experienced.



Sample size calculation

The appropriate sample size was estimated with a 5% level of type I error and a minimal statistical power of 80% using PASS software (PASS 21.0.3. NCSS, LLC, Kaysville, UT, USA). The average sensitivity was 92.9% and the average specificity was 78.3% when using CE to differentiate malignant tumors from benign tumors based on Xia et al. (12) and our previous study (26) findings. When the prevalence/ratio was 35.0% (number of patients with malignant tumor/number of total cardiac tumor patients), the test required a minimum sample size of 46 (16 participants with malignant tumors and 30 participants with benign tumors).

The sensitivity was greater than 88.9% and specificity was greater than 80% when using CE to differentiate cardiac tumors from non-neoplastic cardiac masses in our previous study (26). When the prevalence/ratio was 57.1% (number of patients with thrombus/total number of patients with cardiac mass) (26), a sample size of 65 participants (37 participants with tumors and 28 participants with non-neoplastic cardiac masses) were sufficient to differentiate cardiac tumors from non-neoplastic cardiac masses. Therefore, 81 (16 malignant tumors, 30 benign tumors, and 35 non-neoplastic cardiac masses) was the minimum sample size for this study.



Statistical analysis

Continuous parameters were expressed as the mean ± standard deviation, and differences between groups were analyzed using independent-samples t-tests. Non-normally distributed parameters were expressed as the median (interquartile range, IQR), and differences between groups were analyzed using the Mann-Whitney U test. Comparison of categorical parameters between groups was analyzed using Pearson's chi-squared test or Fisher's exact test. Univariate logistic regression analysis was performed to evaluate the association between different echocardiographic parameters of cardiac tumors. Additionally, multivariate analysis was performed with the identified significant variables (P < 0.05). Odds ratio (OR) and 95% confidence intervals (CIs) were also calculated. Receiver operating characteristic (ROC) analysis was conducted to assess the differentiating capacity of variables for cardiac masses. Youden's J statistic was used to determine the optimal cutoff value. Finally, the area under the receiver operating characteristic curve (AUC), accuracy, sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were calculated. Interclass correlation coefficient was used for continuous variables, and weighted kappa (κw) was used for categorical measurements. A P value of <0.05 was used to define statistical significance. Statistical analyses were performed using Stata (version 16.0; StataCorp, College Station, TX, USA).




Results


Population characteristics

A total of 46,111 TTEs were performed at six departments between November 1, 2019 and December 31, 2020. During this period, 110 (0.24%) examinations were carried out in patients with suspected cardiac masses. Two patients with allergic constitution refused CE (Figure 2). As a result, 108 patients with a median age of 61.5 years (IQR: 52.0–67.5 years) were enrolled in the study, of which 68 (63.0%) were men. The baseline demographic and clinical characteristics of all patients are summarized in Table 1. In these 108 patients: three patients did not have any cardiac masses, three patients had a cardiac pseudomass, 36 patients had a cardiac thrombus, 30 patients had a benign tumor, and 36 patients had a malignant tumor. These results revealed that the history of previous cardiovascular disease and malignancy were significantly different among the four groups.


[image: Figure 2]
FIGURE 2
 Diagnostic flow diagram for patients with suspected cardiac masses using contrast echocardiography according to STARD 2015.



TABLE 1 Characteristics of the population.
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Two cases of cardiac pseudomass were hypertrophy of the interatrial septum, and one case of cardiac pseudomass was hypertrophy of papillary muscle. All patients with a cardiac thrombus received anticoagulation therapy, and none underwent a pathological analysis. Thrombi were all solitary. A total of 75% (27/36) of the thrombi were dissolved, and in 25% of cases (9/36) the thrombus volume was significantly reduced. Benign tumors were confirmed by surgery (28/30) and biopsy (2/30). Malignant tumors were confirmed by surgery (all three were primary malignant tumors) and biopsy (27/30). The diagnoses made by two investigators (YL and XW) were consistent in 104 cases. Four controversial cases were discussed and diagnosed with the help of a senior CE expert (W.R.): one case in the thrombus group with A1/A2 of 2.12 (correct diagnosis before treatment); two cases in the benign group with A1/A2 of 1.21 and 1.16 (erroneous diagnoses before treatment); and one case in the malignant group with A1/A2 of 0.54 (erroneous diagnosis before treatment). More details on the location and histopathology of cardiac tumors are shown in Supplementary Tables S1, S2. No adverse drug reactions were observed in any of the 108 patients.



Comparison and differentiation of cardiac tumors from thrombi

Compared to the thrombus group, a larger area, higher rate of non-uniform echogenicity, wider base, higher perfusion intensity, and higher A1/A2 were identified in the tumor group (P < 0.05; Table 2). Multivariate regression analysis revealed that the base and enhancement A1/A2 were associated with the presence of cardiac tumor compared to the thrombus (OR = 7.53, 95% CI: 1.10–51.56; OR = 20.09, 95% CI: 4.17–96.72, respectively; Table 2). The AUC for A1/A2 was 0.958 (95% CI: 0.899–0.988) when the cutoff value for A1/A2 was set to 0.295. The accuracy, sensitivity, specificity, PPV, and NPV are shown in Table 3.


TABLE 2 Comparison of echocardiographic parameters between thrombus and tumor.
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TABLE 3 Comparison of diagnostic performance in differentiating thrombus from cardiac tumor.
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Comparison and differentiation of malignant tumors from benign tumors

Compared to the benign group, a larger area, higher rate of non-uniform echogenicity, not well-demarcated boundary, wider base, presence of motility, and higher A1/A2 were identified in the tumor group (P < 0.05; Table 4). Multivariate regression analysis revealed that the area, base, and A1/A2 were associated with the presence of malignant tumor compared to the benign tumor (OR = 1.003, 95% CI: 1.00003–1.005; OR = 22.64, 95% CI: 1.30–395.21; OR = 165.39, 95% CI: 4.68–5,850.94, respectively; Table 4). When the cutoff value for A1/A2 was set to 1.28, the AUC for A1/A2 was 0.886 (95% CI: 0.784–0.951). When the cutoff value for the tumor area was set to 1,302.2 mm2, the AUC for the tumor area was 0.725 (95% CI: 0.601–0.828). The accuracy, sensitivity, specificity, PPV, and NPV are shown in Table 5.


TABLE 4 Comparison of echocardiographic parameters between malignant tumor and benign tumor.
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TABLE 5 Comparison of diagnostic performance in differentiating malignant tumor from benign tumor.
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Follow-up

The median follow-up duration was 570 days (IQR: 447–691 days). The 1-year survival rates for no mass/pseudomass, thrombus, benign tumor, and malignant tumor groups were 100, 88.9, 100, and 80.6%, respectively. Patients in the malignant group had a lower survival rate compared to patients in the benign group (P = 0.014, Figure 3).


[image: Figure 3]
FIGURE 3
 Kaplan-Meier survival curve for patients in this study.




Reproducibility

The inter- and intra-observer reproducibility values were excellent for all qualitative and quantitative indexes (Supplementary Table S3).




Discussion

CE is a useful tool for patients with suspected cardiac masses. In the present study, the diagnostic sensitivity and specificity of CE were high when differentiating cardiac tumors from non-neoplastic cardiac masses. At the same time, CE was superior to conventional TTE and comparable to pathologic analysis for differentiating malignant tumors from benign tumors. To the best of our knowledge, this is the first multicenter diagnostic study of CE in patients with suspected cardiac masses.

Cardiac masses are often encountered during clinical practice. They can be serious or even life-threatening. Improving the diagnostic efficiency of cardiac mass is an urgent goal of radiologists. TTE, transesophageal echocardiography, and CMR are commonly used in diagnostic procedures. Currently, CMR is the hottest topic in cardiac mass research. Several retrospective studies have shown that the CMR features demonstrate excellent accuracy for the differentiation of cardiac thrombi from tumors and can be helpful for the distinction of benign and malignant neoplasms (24, 30–34). A prospective CMR study has demonstrated that tumor size (>3.25 cm), invasion, and first-pass perfusion are useful imaging characteristics in differentiating benign from malignant tumors (35). Another prospective CMR study has revealed that invasiveness, irregular border, and late heterogeneous gadolinium enhancement are better variables for differentiating benign and malignant tumors (36). However, all of the above studies were limited to qualitative or semi-quantitative analysis. Therefore, a diagnostic imaging technique with quantitative parameters is urgently needed to share the burden of CMR and to reduce pathology specialist workload.

At present, TTE is still the first diagnostic procedure used to evaluate cardiac masses. Conventional TTE usually assesses the following characteristics of cardiac masses: site, base, mortality, and echogenicity. However, cardiac tumors, especially differentiating benign and malignant tumors, are very challenging to analyze using conventional TTE. An accurate diagnosis based on qualitative information depends more on the experience of the radiologist. To address this issue, CE has become an indispensable part of echocardiography with rapid development in the recent decade (37). The application of ultrasound enhancing agents based on conventional TTE can clearly display the endocardial boundary of the left ventricle and improve the accuracy of the left ventricular ejection fraction measurement (13). CE data can also be quantitatively analyzed. Kirkpatrick et al. have published the first study that demonstrated the diagnostic utility of A1 and A2 values using CE in cardiac masses in 2004 (38). Since then, several radiologists have shared their diagnosis experiences using CE to identify cardiac masses (12, 17, 23, 26, 27, 39–41). Five of these studies have provided the evidence for the indispensable differential diagnostic value of A1/A2 (12, 26, 27, 38, 40). Xia et al. have found a significant difference in A1/A2 between malignant and benign tumors (1.34 ± 0.43 vs. 0.65 ± 0.17, P <0.01) (12). Mao et al. have revealed that A1/A2 >1 had a high diagnostic accuracy in differentiation of a benign mass from a malignant metastatic tumor in a cohort study (27). Furthermore, A1/A2 >1 was a significant and independent predictor of future death in patients with cardiac masses and a history of extracardiac malignant tumors (27).


Differentiation between cardiac tumors and thrombi

The present study found that CE had an excellent accuracy in the diagnosis of intracardiac thrombi. Setting A1/A2 with a cutoff value of 1 had a 91.7% specificity and nearly 100% sensitivity when diagnosing a thrombus. Interestingly, the A1/A2 value for most thrombi was around zero. However, three cases had a much higher A1/A2 (1.91, 2.12, and 1.85, respectively), likely because these three cases were fresh thrombi. The loose texture of a fresh thrombus and the ability of the ultrasound-enhancing agents to enter from the periphery at the beginning of CE result in a higher A1/A2, which is consistent with a previous study (19). Conversely, the texture of an old thrombus is dense, and the microbubbles of the ultrasound-enhancing agents cannot enter, resulting in A1/A2 values close to zero. Differentiation of a fresh thrombus from an old thrombus has important clinical value: a fresh thrombus is easier to remove than an old one (42). A fresh thrombus is also less fixed to the left ventricular wall and more fragile because of its collagen-poor organization (43). The risk of fresh thrombus shedding should be evaluated with great care.

Another perfusion phenomenon was demonstrated by Uenishi et al. (23). They found that ultrasound-enhancing agents often do not enter the interior of the thrombus (81.8%, 27/33) or only stay at its periphery (12.1%, 4/33). The ultrasound enhancing agents usually perfuse the periphery of the cardiac tumor (44.7%, 21/47) or even the entire tumor (48.9%, 23/47). The perfusion patterns identified in the present study and the findings by Uenishi et al. require more samples to confirm in the future (23).



Differentiation between cardiac tumors and thrombi

The present study combined CE quantitative parameters with qualitative echocardiographic assessment to improve the diagnostic accuracy of cardiac tumors compared to our previous study (26). The resulting accuracy was comparable to that of CMR (accuracy = 98.4%) (34).

CE can improve the image quality and assess the blood supply inside the tumor. Benign tumors often have sparse blood supply, while malignant tumors have rich blood supply (44, 45). Previous studies have usually used 1.0 as the cutoff value for A1/A2 to differentiate malignant tumors from benign tumors (26, 38, 40). However, benign tumors may have an A1/A2 which is close to or slightly more than 1 [1.32 in a hemangioma (38), 1.08 in a rhabdomyoma, 0.84 in a fibroma, 0.92 in a hemangioma (40), and 1.06–1.15 in myxomas (26)]. Some malignant tumors containing necrotic tissue result in an A1/A2 of <1 [3.6%, 2/55 in Mao et al. (27)]. The present results revealed that 1.28 is better than 1 as the cutoff value for A1/A2 to differentiate malignant tumors from benign tumors. For less experienced radiologists, only using A1/A2 with a cutoff value of 1.28 would achieve a good diagnostic result. The tumor area/size is also helpful during differentiation, which is consistent with a previous study (35).

The strengths of the present study include the novelty of the diagnostic approach to differentiate cardiac masses, prospective study design, and relatively large sample size. Simple, quick, highly repeatable quantitative parameter (A1/A2) is of great help for clinical diagnosis, especially for radiologists who do not have much experience in diagnosing cardiac masses using TTE. The proposed diagnostic flow for cardiac tumors using CE is shown in Figure 4.


[image: Figure 4]
FIGURE 4
 Proposed diagnostic flow of cardiac tumors using contrast echocardiography. Transthoracic echocardiography and contrast echocardiography identified the cardiac mass (red arrow).




Other modalities

TEE can also be useful in the diagnosis of cardiac masses. Several previous studies have shown that the use of ultrasound-enhancing agents can increase the diagnostic accuracy of cardiac thrombi in a TEE exam for atrial fibrillation patients (46–48). Xia et al. have found that the combination of TEE and CE was feasible for the detection of suspected cardiac masses with an accuracy of 97.8–100%, especially in diagnosing and differentiating between benign and malignant lesions (12).

Cardiac CT may offer an alternative to CMR, especially when other imaging modalities are non-diagnostic or contraindicated (9, 49). Compared to other cardiac imaging modalities, cardiac CT is optimal for the evaluation of calcified masses (9, 49). Disadvantages of cardiac CT include radiation exposure, low risk of contrast-induced nephropathy, and limited soft tissue and temporal resolutions compared to magnetic resonance imaging (9). Several studies have revealed that cardiac CT can differentiate between cardiac tumors and thrombi (50–53). A prospective study with a large sample is needed to confirm this finding.



Limitations

The present study had several limitations. First, the study only included 36 patients with a thrombus and 66 patients with a cardiac tumor. The incidence of primary malignant cardiac tumor is extremely low. Only three cases were included in the study. Therefore, the limited spectrum of the cardiac tumor represents a limitation. Second, the participating hospitals in this study were tertiary. Intracardiac thrombus with a well-demarcated boundary, broad base, and low echocardiographic suspicion is usually treated at secondary hospitals instead of transferring to our hospitals. Therefore, most thrombi in the present study were atypical and without a broad base. Third, due to the low number of pseudomass cases in the study, more cases need to be included in future analyses. Finally, the recruitment period for patients was short. Long-term follow-up may be needed to determine whether A1/A2 can predict the prognosis for patients with cardiac tumors. Fourth, the study analysis did not explore the diagnostic performance of CE performed by less experienced radiologists (54). The experience with CE may be an underlying confounder in this study.




Conclusion

In summary, CE has the potential to accurately differentiate cardiac masses by combining qualitative and quantitative analyses. However, more studies with a large sample size should be conducted to further confirm the present study findings.
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Background: Low-dose steroids are known to increase arterial pressure during septic shock through restoration of vasopressor response to norepinephrine. However, their effects on cardiac performance and ventriculo-arterial coupling (VAC) have never been scrutinized during human septic shock. The aim of this study was to perform a comprehensive description of the cardiovascular effects of low-dose steroids using modern echocardiographic tools (including speckle tracking imaging).

Methods: This prospective study was conducted in the intensive care unit (ICU) of a university hospital in France. Consecutive adult patients admitted for septic shock and requiring low-dose steroid therapy were prospectively enrolled within 24 h of septic shock onset. We recorded hemodynamic and echocardiographic data to explore left ventricle (LV) contractility, loading conditions and VAC just before the initiation of low-dose steroids (50 mg intravenous hydrocortisone plus 50 μg enteral fludrocortisone) and 2–4 h after.

Results: Fifty patients [65 (55–73) years; 33 men] were enrolled. Arterial pressure, heart rate, almost all LV afterload parameters, and most cardiac contractility parameters significantly improved after steroids. VAC improved with steroid therapy and less patients had uncoupled VAC (> 1.36) after (24%) than before (44%) treatment.

Conclusion: In this comprehensive echocardiographic study, we confirmed an improvement of LV afterload after initiation of low-dose steroids. We also observed an increase in LV contractility with improved cardiovascular efficiency (less uncoupling with decreased VAC).

KEYWORDS
low-dose steroid therapy, hydrocortisone, fludrocortisone, septic shock, echocardiography, global longitudinal strain, ventriculo-arterial coupling


Introduction

Relative adrenal insufficiency, also appraised as critical illness-related corticosteroid insufficiency is common during septic shock. It is the main pathophysiological rationale for the use of low-dose corticosteroid therapy in septic shock (1). The anti-inflammatory (2) and vasoactive (3) properties of corticosteroids have been well known for several decades. Several studies have demonstrated the peripheral vascular effects of low-dose steroids in septic shock, including an increase in mean arterial pressure (MAP) through restoration of systemic vascular resistance and enhanced vasopressor response to norepinephrine (4–8).

In addition to vasoplegia, septic shock is also characterized by myocardial dysfunction, with a major interaction between contractility and loading conditions (9). Animal models of sepsis suggest a protective role for low-dose hydrocortisone in myocardial injury (10). However, the effect of low-dose steroids on cardiac performance has never been scrutinized during human septic shock. We hypothesized that low-dose steroid therapy may enhance cardiac contractility in addition to its vasopressive effects during human septic shock. Given the strong interaction between left ventricle (LV) contractility and loading conditions during human septic shock (9, 11), it is crucial to assess all components of cardiac performance in this setting. The aim of the present study was to perform a comprehensive description of the effect of low-dose steroid therapy on cardiac and vascular function (contractility, preload, and afterload, with their interactions) during human septic shock, using modern echocardiographic tools.



Materials and methods


Patients

We conducted a prospective observational monocenter study in the medical intensive care unit (ICU) of Henri Mondor University Hospital, Créteil, France, between August 8, 2018 and May 29, 2021. All consecutive patients admitted during this period for septic shock (as defined according to the American College of Chest Physicians (ACCP)/Society of Critical Care Medicine (SCCM) Consensus Conference (12) and requiring low-dose steroid therapy, according to guidelines (13, 14), were prospectively enrolled within 24 h of septic shock onset. Non-inclusion criteria were age less than 18 years, pregnancy, patients under protection (guardianship, curators or safeguard of justice), chronic heart failure with reduced left ventricular ejection fraction (LVEF < 45%) documented in patient’s history, severe valvular disease and prior corticosteroid therapy.

The study was approved on July 12, 2018 by the institutional ethics committee, Institutional Review Board (IRB) Mondor (reference number: 2201948) as a component of standard care, and patient consent was waived, as per French law. Written and oral information about the study was given to the families.



Treatment protocol

Norepinephrine was the first-choice vasopressor therapy (used to target a MAP of 65 mmHg or more); dobutamine was added, based on physician decision, in the presence of decreased LVEF (<45%) with ongoing signs of hypoperfusion despite adequate MAP and correction of hypovolemia with absence of fluid responsiveness. Catecholamine dose and fluid management were kept constant between the two ultrasound assessments, unless significant hemodynamic instability; patients who required a change in norepinephrine dose and/or fluid loading during the study protocol were secondarily excluded. The steroid replacement therapy consisted of hydrocortisone 50 mg intravenously every 6 h plus enteral fludrocortisone (50 μg/day). The patients were followed up until ICU discharge.



Echocardiography

Transthoracic echocardiography (TTE) was performed in early phase of septic shock after hemodynamic stabilization by trained operators (competent in advanced critical care echocardiography) (15). The TTE studies were performed on a GE Vivid S7 or E9 ultrasound system (GEMS, Buc, France), with a 1.5–4.5 MHz (M5S-D) transducer. The first TTE was performed at the initiation of steroid replacement therapy (just before first intravenous bolus of hydrocortisone 50 mg plus enteral fludrocortisone 50 μg). The second TTE was performed 2–4 h after the initiation of low-dose steroid therapy. The echocardiographic results were reported based on the Preferred Reporting Items for Critical care Echocardiography Studies (PRICES) statement of the European Society of Intensive Care Medicine (16). All individual measurements were averaged over a minimum of three cardiac cycles (five to ten in case of non-sinus rhythm) and collected at end-expiration.



Assessment of contractility and loading conditions


Preload

Preload was assessed using estimates of LV filling pressures [E/A and E/e’ ratios from pulsed-wave Doppler early (E) and late (A) and tissue Doppler early (e’) diastolic wave velocity at the lateral and septal mitral valve annulus] (17) and respiratory variations of velocity time integral (VTI) of the left ventricle outflow tract (LVOT) as a surrogate of fluid responsiveness (18, 19).



Afterload

Afterload was assessed using the following indices: (i) diastolic arterial pressure (DAP) which is often used as a surrogate of LV afterload in clinical practice (20); (ii) systemic vascular resistance (the most commonly used measure of vascular tone) (21) = [image: image]; (iii) end-systolic arterial elastance (Ea), to reflect the pulsatile component of peripheral load (22) = [image: image]; (iv) diastolic shock index (DSI), that could reflect the severity of circulatory dysfunction during vasodilatory conditions = [image: image]) (23); and (v) LV end-systolic wall stress (to reflect the combined effects of peripheral loading conditions and factors internal to the heart according to Laplace’s principle) = [image: image] (21).



Systolic function and left ventricular contractility

LV systolic function was assessed using indices obtained from the following techniques: (i) two-dimensional echocardiography, with LVEF (computed from LV volume using bi-plane Simpson method (24) when image quality was good, or visually estimated when poor image quality did not allow sufficient identification of the endocardium) (25); (ii) tissue Doppler imaging, with peak systolic wave (s’) at the lateral and septal mitral valve annulus (26); (iii) speckle tracking imaging, with LV global longitudinal peak systolic strain (LV-GLS), derived from apical long-axis (three-, four,- and two-chamber) clips obtained with a frame rate ≥ 50 Hz whenever possible with on-line analyses conducted by two trained operators on the semi-automated EchoPAC package (GEMS, Buc, France); (iv) the LV end-systolic maximal elastance estimated by the modified single-beat method [Ees(sb)], as proposed by Chen et al. (27).



Description of left ventricle end-systolic maximal elastance using single-beat method

The LV end-systolic maximal elastance (Ees) is a major determinant of the LV systolic performance and the interaction between heart and vascular system. Ees corresponds to the slope of the end-systolic pressure-volume relation, which is classically invasively determined by catheter with LV pressures and volumes recorded under different cardiac loading conditions. Several alternatives have been proposed for estimating Ees without loading interventions, and these are generally referred to as single-beat methods [Ees(sb)]. The algorithm for Ees(sb) proposed by Chen et al. (27) is based on the following steps and principles:

(a) If we consider LV elastances during isovolumic contraction [Ed = Pd/(Vd-V0)] and at end systole [Ees(sb) = Pes/(Ves-V0)], their ratio [ENd = Ed/Ees(sb)], called the time and amplitude normalized time varying elastance, has been shown to be conserved during the isovolumic contraction period in humans (28).

(b) If we consider the onset of ejection (end of isovolumic contraction) for Ed, then Ees(sb) can be computed from (a) using ENd, stroke volume (which equals Vd-Ves), diastolic arterial pressure (which equals Pd) and systolic arterial pressure (which equals Pes/0.9), as follows: Ees(sb) = [Pd-(ENd × Ps × 0.9)]/[SV × ENd] (27).

(c) To estimate ENd, a regression model has been developed using systolic function (LVEF) and arterial load (ratio of arterial diastolic to systolic pressure), along with pre-ejection and ejection times, as follows: non-invasive estimated normalized left ventricular elastance at the onset of ejection [ENd(est)] = 0.0275–0.165 × LVEF + 0.3656 × (Pd/Ps) + 0.515 × ENd(avg); where ENd(avg) (group-average normalized left ventricular elastance at the onset of ejection) = Σai × tNdi; ai values are 0.35695, –7.2266, 74.249, –307.39, 684.54. –856.92, 571.95, and –159.1 for i = 0 to i = 7, respectively; the tNd value is determined by the ratio of pre-ejection time (R-wave to flow onset) to total ejection time (R-wave to end-flow), with the time at onset defined by the aortic Doppler waveform (29).



Global function

We also assessed the heart-arterial interaction with the ventricular-arterial coupling (VAC) = [image: image] (30), as suggested by recent guidelines (31); a VAC > 1.36 was considered as reflecting uncoupling with an alteration of LV ejection efficiency (32, 33). LV stroke volume, cardiac output and cardiac index were derived from LVOT diameter and VTI. We also assessed cardiac power index (CPI), a parameter of global cardiac function representing the cardiac pumping ability which is an important determinant of outcome in cardiogenic shock = [image: image] (34, 35). Last, an afterload-adjusted LV ejection fraction (LVEFEA) was assessed using a simple non-linear approach as recently proposed = [image: image] (36).




Other variables collected

The following data were collected at inclusion: age, sex, body mass index, past medical history, standard treatments, Sequential Organ Failure Assessment (SOFA) score (37), Simplified Acute Physiologic Score (SAPS) II (38). In addition, we collected septic shock characteristics, hemodynamic parameters (blood pressure and heart rate before and after steroid administration, fluid balance, dose of norepinephrine, inotrope need, arterial blood lactate, cardiac rhythm, ventilatory support with respiratory mechanics (mode of ventilation, tidal volume, respiratory rate, positive end expiratory pressure, plateau pressure, driving pressure, respiratory system compliance) for patients under invasive ventilation at the time of the echo examinations. Moreover, the following outcomes were recorded: renal replacement therapy, presence of acute respiratory distress syndrome (ARDS) as per the Berlin definition and vital status at ICU discharge.



Definitions

We defined septic cardiomyopathy as the appearance at echocardiography of hypokinesia (LVEF < 45% or when inotrope infusion was needed to achieve a value ≥ 45%) during the first day of septic shock with the absence of acute coronary syndrome or history of chronic heart failure in the medical charts. We assessed the change in MAP between baseline and 2–4 h after steroid administration. We defined steroid MAP responders (non-responders) as patients with a relative increase in MAP above (below) the median value of the cohort.



Statistical analysis

Statistical analyses were performed with the JMP software (version 14; SAS Institute Inc., Cary, NC) and Graph-Pad Prism software (version 8; GraphPad Software Inc., La Jolla, CA, USA). The primary endpoint of this study was the change in LV contractility after the first administration of low-dose steroid therapy. For the analysis of the primary endpoint, the LV-GLS was chosen for its robustness, reproducibility and sensitivity. We calculated that a sample size of at least 43 patients would have a 90% power to detect a 20% improvement in LV-GLS after low-dose steroid therapy initiation, considering a baseline LV-GLS of –14% with a standard deviation (SD) of 4%, based on previous echocardiographic studies in septic shock patients (39–41). Taking into account the feasibility of LV-GLS in our ICU (42), we therefore planned to include a total of 50 patients. In addition, we performed subgroup analyses. We compared the evolution of echocardiographic and hemodynamic parameters in response to low-dose steroids according to the presence on septic cardiomyopathy and according to MAP response. Descriptive statistics are presented as mean (+/–SD), median (interquartile range), or proportion, based on data type and distribution. Normality of continuous variables was assessed with the Shapiro–Wilk test. Comparisons of categorical variables were made using the Chi-2 test or Fisher exact test, as appropriate. Continuous variables were compared using a T-test or Mann-Withney test for independent variables, and a paired T-test or paired Wilcoxon test for paired variables, with Benjamini-Hochberg correction for multiple comparisons. The reproducibility of some echocardiographic variables in our laboratory was assessed using the British Standards Institution coefficient (twice the standard deviation of the differences in repeated measurements) (43). A p-value < 0.05 in bilateral configuration was considered for statistical significance.




Results


Patient characteristics

During the study period, 188 patients admitted for septic shock and receiving steroid therapy were screened for enrolment. Among these patients, 135 were eligible for the study and 85 were excluded for logistical reasons, poor echogenicity, hemodynamic instability, or withdrawing of life support; finally, 50 patients were included in the study (Figure 1). The logistical reasons for excluding eligible patients from this study were lack of echocardiography-trained operators and urgent examination or procedure. Clinical characteristics, comorbidities and organ failures at inclusion are presented in Table 1. Patients were included a median of 12 [6–20] h after septic shock onset. In this cohort, fludrocortisone was administrated in 41 (82%) patients because the enteral access was not available in all patients (contraindication or waiting for the radiographic control of the gastric tube placement). Echocardiographic and hemodynamic data before and after initiation of low-dose steroids are shown in Table 2. The reproducibility of some echocardiographic variables is reported in Supplementary Table 1. The median delay between the two assessments was 172 (135–218) min. Respiratory settings were comparable between the two hemodynamic assessments.


[image: image]

FIGURE 1
Flow-chart.



TABLE 1    Clinical characteristics of study patients and organ failures.

[image: Table 1]


TABLE 2    Evolution of hemodynamic and echocardiographic parameters in septic shock patients before and after initiation of low-dose steroid therapy.

[image: Table 2]



Hemodynamics

At inclusion, all patients were receiving norepinephrine, at a median dose of 3.8 (2.3–5.5) mg/h, after a significant fluid resuscitation [median fluid balance of 3 (2–4) L since admission] (Table 1). As compared to baseline values, there was a significant increase in systolic, mean and diastolic arterial pressure after low-dose steroids, along with a significant decrease in heart rate (Table 2).



Loading conditions

To the exception of LV end-systolic wall stress, all afterload parameters significantly improved after low-dose steroid therapy (with an increase in end-systolic arterial elastance, systemic vascular resistance, diastolic arterial pressure, and a decrease in diastolic shock index) (Table 2). Among preload parameters, only E/e’ significantly decreased after low-dose steroid therapy. However, this variation might not be considered as clinically relevant. We did not find a significant change in global function (stroke volume, cardiac index, and CPI).



Contractility and ventriculo-arterial coupling

To the exception of LVEF, all contractility parameters (LV global longitudinal strain, tissue Doppler peak systolic wave at mitral annulus, and-systolic maximal elastance by single-beat method) significantly improved after low-dose steroid therapy (Table 2, Figure 2, and Supplementary Figure 1). VAC significantly decreased after low-dose steroid therapy; uncoupled VAC was present in 18/41 (44%) before low-dose steroid therapy and 10/41 (24%) after (p < 0.01).


[image: image]

FIGURE 2
Data bars of median values of percent relative variation in hemodynamic and echocardiographic parameters after initiation of low-dose steroid therapy in septic shock patients. *Denote an adjusted p-value < 0.05 with Benjamini-Hochberg correction as compared to before with after low-dose steroids therapy.




Subgroups analyses

Overall, the hemodynamic and echocardiographic changes induced by low-dose steroids were similar in patients with or without septic myocardial dysfunction (Supplementary Figure 2). MAP responders significantly improved their macrocirculation and afterload parameters, contrary to non-responders (Supplementary Figure 3).




Discussion

The main findings of this echocardiographic study in septic shock patients were that in addition to their role in peripheral vascular tone (increased afterload), low-dose steroids increased the LV contractility and improved the cardiovascular efficiency.

In this cohort of septic shock patients, the hemodynamic effects of low-dose steroids therapy were coherent with the literature. Indeed, all arterial pressures (systolic, diastolic, and mean) increased in accordance with previous reports on this topic (7). Moreover, all LV afterload parameters assessed (except one) improved after low-doses steroid therapy, also in accordance with previous reports (5, 44). These hemodynamic effects were not homogeneous in the entire cohort as reflected by a greater increase in afterload in MAP responders as compared to non-responders. Although septic myocardial dysfunction was previously shown to be associated with relative adrenal insufficiency (45), we found no difference in the cardiovascular effects of low-dose steroids between patients with and without septic myocardial dysfunction.

In previous studies evaluating hemodynamic effects of hydrocortisone in human septic shock, hydrocortisone increased MAP and systemic vascular resistances, with either decreased cardiac index and heart rate (5, 44) or no obvious effects on cardiac performance (4). The decrease in heart rate may be ascribable to fever control (46). However, these studies did not assess cardiac contractility per se. Our finding of increased cardiac contractility with low-dose steroids is in accordance with previous reports suggesting inotropic properties (47) and a possible protective effect on myocardium in the early phase of septic shock (10). Adrenal insufficiency is a cause of cardiac failure (48) and hydrocortisone increased cardiac output in healthy volunteers with hypoaldosteronism (49). The increase in LV contractility induced by low-dose steroids in septic shock was not necessarily expected. Indeed, some LV contractility indices are inversely correlated with afterload during septic shock (9). New echocardiographic tools (tissue Doppler and strain) seem to be more suitable than traditional parameters of systolic function (LVEF) to detect subtle myocardial dysfunction, and to be less influenced by afterload than other LV contractility parameters during sepsis (50). LV strain and especially tissue Doppler s’ were less prone to changes in LV loading conditions (9). Our data showed a significant increase of these parameters of systolic function without any change of LVEF.

End-systolic elastance is a theoretical load independent variable of LV contractile function deduced from the pressure-volume loops, obtained by invasive ventricular catheterization. Herein, we assessed LV end-systolic elastance by the bedside single beat method proposed by Chen et al. (27), which is considered the most accurate non-invasive method and is recommended by guidelines (31). Despite the improvement in afterload with increased end-systolic arterial elastance after initiation of corticosteroid replacement therapy, we detected a significant increase in LV end-systolic elastance by the single-beat method. The reported increase in this variable may be credible since tissue Doppler s’ and strain were also increased. However, Chen’s methods presents the following limitations: (i) it is based on complex assumptions, equations, and regression models; (ii) echo-derived LVEF is incorporated in Ees(sb) estimate; (ii) the formula of Ees(sb) uses the ratio of pre-ejection to total systolic time raised to multiple powers, such that small variations in the measurements of time intervals may lead to relatively large changes in the estimated Ees(sb) value.

VAC reflects the complex interaction between LV performance and arterial load and represents cardiovascular efficiency. When this ratio between arterial elastance and LV elastance at systole is close to 1.0, it indicates an optimal coupling between LV and arterial system resulting in efficient LV stroke work (51). In septic shock, both arterial elastance and LV elastance can profoundly be altered with various degrees of vasoplegia and/or LV myocardial depression. Evaluation of VAC was recently proposed, not only to understand the hemodynamic pathophysiology in septic shock, but also to predict the response to cardiovascular therapies (52). VAC is mathematically related to LVEF. However, this theoretical relationship is correct only if Vo (an extrapolated value representing the left ventricular volume intercept of the volume axis at a theoretical end-systolic pressure of 0 mmHg) is assumed to be null, like in the normal heart, but this is not the case in heart failure or during hemodynamic instability (53). We herein demonstrate a significant improvement in VAC (tending toward 1.0) after initiation of low-dose steroids with decrease of uncoupled VAC. This result suggest a holistic effect of low-dose steroids on the hemodynamic system, not restricted to the vascular system, but also involving the cardiac contractility with an improved interaction between the heart and the vasculature. However, we cannot exclude a homeometric adaption of the heart. Indeed, according to the Anrep’s effect (54), the heart may adapt to increased loading through an increased contractility to preserve ventricular-arterial coupling.

The main strength of our study is the comprehensive hemodynamic assessment involving modern echocardiographic tools. Steroid replacement therapy improves global outcomes in septic shock patients in some studies but not all. Depicting the effect of steroids on cardiac contractility could be interesting to personalize this therapy. Moreover, cardiac and vascular effect of low-dose steroid therapy may justify extending this therapy to patients in cardiogenic shock (55). Our study also has some limitations. First, the design was monocentric and unblinded, with a relatively limited sample size. Second, the delay between the two echocardiographic evaluations was not constant (time window between 2 and 4 h), due to logistical issues and the pragmatic design. Although this time window is debatable, it was chosen in reference to the previous physiological studies on hemodynamic impact of hydrocortisone and fludrocortisone (49, 56). Third, we did not to assess the hemodynamic effect of low-dose steroids based on adrenal function, and future studies are needed to scrutinize this point. Fourth, excluded patients with unstable hemodynamics may have different cardiac contractile properties and vascular system responses to corticosteroids. Fifth, we could not perform a multivariable because of the limited sample size and the collinearity between some hemodynamic parameters. Sixth, although catecholamine dose and fluid management were kept constant between the two-ultrasound assessments, we cannot exclude their influence on observed hemodynamic modifications. For example, fluids and vasopressors both have inotropic effects via Starling and Anrep effect, respectively, among other mechanisms.

Finally, the interpretation of the hemodynamic variations could be limited by the absence of a control group and the open label design, inasmuch as the hemodynamic profile of septic shock may vary with time. Indeed, while the delay between the two-ultrasound assessments was relatively short, the relationship between low-dose steroid therapy and modification of hemodynamics could be influence by the natural course of septic shock.



Conclusion

We herein report a comprehensive assessment by bedside echocardiography of the hemodynamic impact of low-dose steroids in the early phase of septic shock. We confirmed an increase of arterial pressure, a decrease of heart rate and an improvement of LV afterload after initiation of low-dose steroids. Moreover, we suggested for the first time an increase of LV contractility with improvement of the cardiovascular efficiency as assessed by VAC. However, this possible positive inotropic effect needs to be confirmed in future studies.
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SUPPLEMENTARY FIGURE 1
Box and whiskers plot of percent relative variation in hemodynamic and echocardiographic parameters after initiation of low-dose steroid therapy in septic shock patients. SAP, systolic arterial pressure; PP, pulse pressure; MAP, mean arterial pressure; HR, heart rate; LVEDV, left ventricle end-diastolic volume; E/A, ratio of early to late pulsed-wave Doppler of diastolic transmitral flow velocity; E/e’, ratio of early pulsed-wave Doppler to early tissue Doppler diastolic wave velocity at the mitral valve annulus; e’, early tissue Doppler diastolic wave velocity at the mitral valve annulus; VTI LVOT, velocity-time integral of left ventricular outflow tract; Ea, end-systolic arterial elastance; SVR, systemic vascular resistance; LV-ESWS, left ventricular end-systolic wall stress; DAP, diastolic arterial pressure; DSI, diastolic shock index; LVEF, left ventricular ejection fraction; LVEFEA, afterload-adjusted LVEF (LVEF x √Ea); LV-GLS, left ventricular global longitudinal strain; S’, tissue Doppler peak systolic wave at mitral annulus; Ees(sb), left ventricular end-systolic maximal elastance by single-beat method; CO, cardiac output; CI, cardiac index; CPI, cardiac power index; VAC, ventricular arterial coupling.

SUPPLEMENTARY FIGURE 2
Data bars of median values of percent relative variation in hemodynamic and echocardiographic parameters after initiation of low-dose steroid therapy in septic shock patients, according septic cardiomyopathy. *Denote an adjusted p-value < 0.05 with Benjamini-Hochberg correction as compared to septic cardiomyopathy and non-septic cardiomyopathy.

SUPPLEMENTARY FIGURE 3
Data bars of median values of percent relative variation in hemodynamic and echocrdiographic parameters after initiation of low-dose steroid therapy in septic shock patients, according to steroid responders. *Denote an adjusted p-value < 0.05 with Benjamini-Hochberg correction as compared to responders and non-responders.
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In recent years, percutaneous catheter interventions have continuously evolved, becoming an essential strategy for interventional diagnosis and treatment of many structural heart diseases and arrhythmias. Along with the increasing complexity of cardiac interventions comes ever more complex demands for intraoperative imaging. Intracardiac echocardiography (ICE) is well-suited for these requirements with real-time imaging, real-time monitoring for intraoperative complications, and a well-tolerated procedure. As a result, ICE is increasingly used many types of cardiac interventions. Given the lack of relevant guidelines at home and abroad and to promote and standardize the clinical applications of ICE, the members of this panel extensively evaluated relevant research findings, and they developed this consensus document after discussions and correlation with front-line clinical work experience, aiming to provide guidance for clinicians and to further improve interventional cardiovascular diagnosis and treatment procedures.
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Process of forming this consensus

The consensus was written by the “Chinese ICE Expert Group,” which includes experts in echocardiography, cardiac electrophysiology, congenital heart disease, valvular heart disease and so on. The consensus was initiated by Professor Zhang Yun and Ma Changsheng, and Professor Zhong Jingquan and Long Deyong were mainly responsible for the completion of the manuscript. We held three relevant meetings (2022.1.15, 2022.4.2, and 2022.4.23) regarding the consensus. Details of meetings are provided in the Table 1.


TABLE 1    Details of meetings.
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Overview of intracardiac echocardiography


Definition and background of intracardiac echocardiography

Intracardiac echocardiography (ICE) is an ultrasound imaging technique able to perform real-time high-quality imaging and/or hemodynamic measurement of the heart and its adjacent tissues with an ultrasound probe placed at the tip of a catheter delivered into the cardiac chambers via peripheral vessels (1–3). In view of its ability to directly visualize the cardiac structures and reveal the anatomical relationship between various parts of the heart, ICE has been increasingly used to guide cardiac interventions and monitor intraoperative complications. It is an important adjunct in various cardiac interventions.

A catheter with an ultrasound transducer was first delivered into the cardiac chambers of a dog via the jugular vein to obtain endocardial echo images of the left and right ventricles as early as 1960 (4). Since then, scientists and engineers further developed early ultrasound probes to image intracardiac structures (5, 6). With the invention of the phased array ultrasound transducer and other devices in succession (7, 8), ICE has been increasingly applied to guide clinical practice such as transseptal puncture (9–11). In recent years, percutaneous catheter interventions have continuously evolved, becoming an essential strategy for interventional diagnosis and treatment of many structural heart diseases and arrhythmias. Along with the increasing complexity of cardiac interventions comes ever more complex demands for intraoperative imaging. ICE is well-suited for these requirements with real-time imaging, real-time monitoring for intraoperative complications, and a well-tolerated procedure (3, 12, 13). As a result, ICE is increasingly used many types of cardiac interventions. Given the lack of relevant guidelines at home and abroad and to promote and standardize the clinical applications of ICE, the members of this panel extensively evaluated relevant research findings at home and abroad, and they developed this consensus document after discussions and correlation with front-line clinical work experience, aiming to provide guidance for clinicians and to further improve interventional cardiovascular diagnosis and treatment procedures.



Types of intracardiac echocardiography catheters

Intracardiac echocardiography catheters currently in use can be classified into the following two types by their technologic principles: the mechanical rotary ultrasound catheter and the phased array ultrasound catheter (14). The former, with a mechanical 360° rotary ultrasound transducer placed at its tip, provides circular sectional images perpendicular to its long axis. With a single ultrasound frequency, the catheter is only suitable for short-range imaging within 6-8 cm around the probe, instead of Doppler imaging. It is poorly maneuverable as it needs to be placed in the right atrium under the guidance of a long sheath. As a result, the catheter is now mainly used for electrophysiological studies, if at all (12, 15). The latter, composed of a handle and a catheter, is the most commonly used type of ICE catheter in clinical practice. The handle has three rows of knobs to manipulate the catheter to flex and fix in four directions: anterior (A), posterior (P), left (L), and right (R) (1–3, 12, 16). With a 64-element phased array ultrasound transducer placed at the tip, the catheter provides a 90° fan-shaped visual field by longitudinal scanning. With a variable ultrasound frequency (5–10 MHz) and a maximum penetration depth of 15–16 cm, the catheter is able to scan the cardiac chambers in all directions, along with Doppler imaging, via the manipulation of the handle. One currently utilized phased array ICE catheter integrates the 2D intracardiac US image with the 3D electroanatomical mapping system by embedding a position sensor at its tip. In this way, the ultrasound sector can be represented on the three-dimensional map to correlate the anatomical structures imaged with real-time catheter position (13), further improving the clinician’s understanding of intraprocedural cardiac anatomy in the context of planned interventions.



Clinical applications of intracardiac echocardiography

Initially, ICE was mainly used to guide the interventional closure of atrial septal defect (ASD) and patent foramen ovale (PFO), with comparable image quality to that of transesophageal echocardiography (TEE). Nowadays, ICE is more common imaging modality used during these procedures, as it requires neither general anesthesia nor sonographer assistance (2, 13). In addition, ICE can image the interatrial septum, identify the location and anatomy of the fossa ovalis and assist proceduralists in selecting an ideal transseptal puncture site, and improve the overall success rate and safety of transseptal puncture (12). ICE is now used in a variety of interventional procedures requiring transseptal puncture, such as radiofrequency catheter ablation for atrial fibrillation (AF) or left ventricular arrhythmias, mitral valve intervention, and left atrial appendage closure (LAAC) (12). Surgeons are sometimes unable to precisely determine the relationship between the ablation target and a specific anatomical site because of the low resolution of 3D navigation and the 2D image overlay of fluoroscopy/radiography. However, ICE, as mentioned above, can clearly and accurately visualize the detailed and precise anatomical relationship between each cardiac chamber of interest in real time throughout the procedure, and assess the contact between the catheter and tissue, thereby improving the accuracy and efficacy of ablation. It plays an important role in the interventions of complicated arrhythmias such as atrial fibrillation, atrial flutter and ventricular arrhythmia (3, 12). In addition, with its ability to visualize the structures of the esophagus, arteries, atrial appendages, etc., ICE is expected to avoid or reduce the occurrence of complications, increase operators’ confidence, shorten the learning curve and increase success rates (17). Moreover, ICE is used to guide a variety of interventions and monitor related complications, such as transcatheter aortic valve replacement (TAVR), closure of patent ductus arteriosus (PDA), closure of para-valvular leak (PVL), closure of ventricular septal defect (VSD), balloon pulmonary valvuloplasty, radiofrequency ablation of the interventricular septum for hypertrophic obstructive cardiomyopathy, left ventricular pacing, interatrial septal pacing, interventricular septal pacing, pericardiocentesis, myocardial tissue biopsy, screening of intracardiac thrombus, and implantation and removal of cardiac implantable electronic devices (2, 3, 12, 15).

Early use of ICE was associated with a complication incidence of approximately 4%, mainly atrial tachycardia induced by the catheter manipulation in the right atrium (18). Despite its significant clinical application value, one factor restricting the wide clinical application of ICE is its high cost. However, data from a study in the United States indicated that the overall cost of intraoperative ICE is comparable to that of TEE (19). The overall cost-effectiveness and/or value added for ICE remains to be evaluated.

In conclusion, with the ability to image intracardiac structures and the adjacent anatomical relationship in real-time, ICE has gradually increased in use to guide interventional procedures for multiple structural heart diseases and arrhythmias and monitor intraoperative complications. Recommendations for the clinical application of ICE are shown in Table 2. Compared with X-ray and TEE, ICE has advantages of no radiation exposure, better tolerance, and no need for general anesthesia and sonographer assistance. Nowadays, 4D (real-time three-dimensional) ICE which can obtain high-quality 2D and 3D images in real time, has been gradually applied. In the future, ICE with higher image resolution and definition, reduced catheter diameter, and lower price, will very likely be even more widely used in a variety of clinical settings.


TABLE 2    Summary of recommended ICE applications.
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Application of intracardiac echocardiography in interventional diagnosis and treatment of arrhythmias

Intracardiac echocardiography helps the operator understand the key anatomy associated with arrhythmias, determine the spatial relationship between mapping and ablation catheters and their corresponding cardiac structures, and directly observe and guide the adjustment of degree of contact between the tip of the ablation catheter and the tissue. ICE can be used to monitor the formation, site, extent, and degree of ablation lesions to help determine the efficacy of ablation. Moreover, ICE can be used to monitor for complications in real-time to help determine their sites and severity. With the real-time monitoring function of ICE, complications can often be detected and managed before a hemodynamic change occurs. ICE can visualize the entire cardiac structure and accurately locate the aortic root and pulmonary sinus even when manipulated in the right heart. ICE is moreover instructive during ablation of arrhythmias originating from the outflow tracts, and it is critical for mapping and ablation of arrhythmias originating from protruding intracardiac structures, such as papillary muscle, false tendon, and moderator band. Furthermore, ICE allows observation of myocardial contraction, ventricular arrhythmia substrates such as scar/fibrosis, all the while enabling reduction of exposure to X-ray radiation and contrast agents.


Application of intracardiac echocardiography in atrial arrhythmia

During interventional procedures for atrial arrhythmias, ICE can aid in the assessment of anatomical characteristics of the pulmonary veins (number, diameter, anatomical variation), the guidance of transseptal puncture, the screening for atrial/atrial appendage thrombus, and the monitoring of ablation lesion formation (3, 20). ICE can also monitor for and avoid possible complications in real-time, including esophageal thermal injury, inadvertent aortic puncture during TSP, and early detection of cardiac tamponade/thrombosis, so as to improve surgical safety (3). In addition, ICE is performed via an endovascular (venous) approach under local anesthesia, avoiding the risks of general anesthesia and discomfort from esophageal instrumentation (21). ICE is performed independently by the operator, thereby reducing labor costs (22). ICE-guided low X-ray or zero X-ray catheter ablation and LAAC have become increasingly mature and prevalent (23–25).


Application of intracardiac echocardiography in screening of left atrial appendage thrombus

Intracardiac echocardiography and TEE have distinct advantages and limitations. TEE has traditionally been the gold standard for the exclusion of left atrial and left atrial appendage thrombi and for anatomic delineation during catheter ablation for atrial fibrillation and LAAC. It is however, associated with increased patient discomfort and risk. Patients need to fast prior to the examination, and they need to be highly cooperative during the examination, and there is risk of esophageal injury during the examination. Left atrial CTA may also be used for the exclusion of left atrial appendage thrombi, but limitations include relatively high false-positive rates and the need for institutional experience for high quality images and accurate interpretation. IV contrast agent injection is required, with associated risks of anaphylaxis and kidney injury. Compared with TEE, ICE is expensive, as it uses a disposable catheter, but it is associated with less discomfort, greater compliance, lower incidence of complications, and less overall procedural radiation exposure. Many clinical studies evaluation ICE for left atrial and left atrial appendage thrombi have shown that (26–29). ICE is equivalent to TEE in clinical application. During ICE examinations, the left atrium and left atrial appendage can be scanned with the ICE catheter placed in the right atrium, coronary sinus ostium, right ventricular outflow tract, and pulmonary artery via a femoral venous approach (26). When the ICE probe is placed in the right ventricular outflow tract and pulmonary artery, the quality of left atrial appendage (LAA) imaging is significantly better, allowing effective identification of left atrial appendage thrombus. In contrast, when the ICE probe is placed in the right atrium, the quality of LAA imaging can be relatively poor (29). Since the coronary sinus ostium is close to the left atrial appendage, ICE placed in the coronary sinus can clearly show a cross-sectional view of the parallel left atrial appendage. The disadvantages of ICE include the following: The operation of the catheter tip is restricted in the coronary sinus, and the ICE catheter tip is relatively stiff and may associated with the risk of dissection or venous perforation if not performed properly (3).

Intracardiac echocardiography is a good option for the screening of left atrial and left atrial appendage thrombi in patients unable or unwilling to undergo TEE due to esophageal pathology, comorbidities rendering repeated sedation events riskier, or if left atrial CTA cannot confirm or rule out left atrial appendage thrombus. Further, ICE in patients who have undergone TEE or CTA, especially for when TEE suggests of “significant clouding,” “suspected thrombus,” and other unclear findings ICE may add additional diagnostic value (30, 31).



Application of intracardiac echocardiography in transseptal puncture

Transseptal puncture was first used for left atrial manometry by Ross et al. (32) in 1959 and rapidly popularized in the 1980s with the development of percutaneous balloon mitral valvuloplasty (PBMV) (33). Today, transseptal puncture has become essential in the process of cardiac interventional procedures such as catheter ablation of the left heart, intervention for congenital heart disease, LAAC and Left Ventricular Assist Device (LVAD) implantation. Transseptal puncture is traditionally performed under the primary guidance of conventional 2D fluoroscopy. Despite a high success rate (34), this approach has significant limitations. First, the specific procedure may dictate the optimal puncture site to facilitate catheter manipulation within the area of interest. Second, for patients with normal cardiac anatomy, a conventional fluoroscopy-guided transseptal puncture is safe and effective, but for patients with anatomical variations, which may not be known prior to the procedure the risk of puncture failure and complications may be significant. These risks include cardiac tamponade, puncture of the aortic root, arterial embolism, and pulmonary vein perforation.

Using ICE as the primary tool to guide transseptal puncture can make the puncture process easier, safer, and more specifically directed within the interatrial septum. Unlike TEE, ICE can be used in combination with the mapping system for 3D reconstruction by a single operator, with a wider field of view and no need for general anesthesia. One particular ICE system (Cartosound, Biosense Webster) enables contouring the cardiac structures visualized on ICE onto the EA map, as a magnet-enabled ICE catheter tip allows orientation of the catheter and hence ICE images within the 3D map. Before the transseptal puncture is performed, the operator can reconstruct key structures including the left atrium, fossa ovalis and aorta using ICE, and then select and mark the appropriate puncture site by adjusting the image sector as needed for subsequent steps. For the actual puncture procedure, ICE can visualize the entire TSP process. As a key step, when the puncture needle sheath is delivered into the fossa ovalis, a “tenting sign” will be observed at the fossa ovalis by ICE. Microbubbles seen using saline injection after the needle is inserted can help to further confirm the needle tip location in relation to the fossa ovalis. Proper entry of the needle tip into the left atrium can be confirmed by microbubble shadowing in the left atrium during saline injection through the needle (Flow chart 1 shown in Supplementary materials). Excessive needle insertion should be avoided (3, 25, 35, 36).

Intracardiac echocardiography is even more valuable for transseptal puncture in patients with abnormal anatomical structures, such as interatrial septal thickening and interatrial septal aneurysm, and it is quite valuable for transseptal puncture after cardiac surgery, and after interatrial septal closure. ICE can accurately determine the positional relationship between the needle sheath and fossa ovalis, select an appropriate puncture site, improve the success rates of puncture, and avoid serious complications (37, 38). Therefore, ICE guidance can be routinely considered in these patients. In addition, an entirely zero X-ray transseptal puncture can be achieved under real-time ICE guidance, which is of great significance for pregnant and pediatric patients with arrhythmias (Figure 1). However, the zero X-ray approach is only suitable for experienced operators; normally, the transseptal puncture should be done in conjunction with conventional radiography and ICE.
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FIGURE 1
Intracardiac (ICE)-guided zero X-ray transseptal puncture. (A) Guidewire and sheath seen in SVC. (B) “Tenting sign” in the fossa ovalis by puncture needle sheath. (C) Saline injection microbubbles into the left atrium after the needle is inserted. (D) Needle tip into the left atrium. SVC, superior vena cava; LA, left atrium.




Intracardiac echocardiography-guided catheter ablation for atrial fibrillation

Intracardiac echocardiography plays an important role during the entire course of catheter ablation for atrial fibrillation, improving the comfort, safety and efficiency of the procedure. Even for pulmonary vein antrum isolation, ICE real-time image monitoring also helps to improve the safety and accuracy of the procedure.

As for point-by-point ablation solely based on the contours of the left atrium and pulmonary veins in fast anatomy mapping (FAM), there is often a spatial deviation between the planned ablation point and the real point. This may be caused by shifts in patient respiratory movement during the procedure, mapping inaccuracies, or anatomic-spatial changes resulting from changes in rhythm. However, with ICE two-dimensional imaging in combination with the Carto-Sound module to construct three-dimensional models of the left atrium and pulmonary veins in a 3D electroanatomical mapping system, the accuracy of FAM can be improved. In most clinical studies, the ultrasound catheter was placed in the right atrium. To further improve the model accuracy, the ICE catheter was then placed in the left atrium in some studies. In this way, the modeling was not only feasible but also more accurate (compared with modeling in the right atrium) (39). On this basis, some study sites performed zero X-ray radiofrequency ablation for atrial fibrillation with the integration of ICE and 3D electroanatomical mapping. As a result, 19 of 21 patients with atrial fibrillation received zero X-ray radiofrequency ablation throughout the entire course of the procedure (25). In addition, the procedure was safe and effective (40), without any procedure-related complications. In cryoablation for atrial fibrillation, PV occlusion assessment by ICE-guided balloon positioning can reduce the duration of X-ray exposure and the dose of a contrast agent, thereby improving the efficiency of the procedure.

Real-time three-dimensional ICE, or four-dimensional ICE, is a new technique emerging in recent years. Few studies have been reported on ICE-guided catheter ablation for atrial fibrillation. However, with the conduct of relevant research, we expect it to be useful in the whole process of catheter ablation for atrial fibrillation with improved efficiency and safety (Flow chart 2 shown in Supplementary materials).



Application of intracardiac echocardiography in other atrial arrhythmias

Intracardiac echocardiography is also useful during the ablation of other atrial arrhythmias similar to that in atrial fibrillation ablation, primarily including the screening of LA thrombus, delineation of anatomical structures, direct observation of the contact and movement of catheter relative to the endocardium and the change of focus on ablation during radiofrequency ablation, monitoring for thrombus during ablation, and possible prevention of steam pops. In addition, the examination process of ICE-guided ablation for left atrial-related atrial arrhythmias is similar to that of ICE-guided ablation for atrial fibrillation. For right atrial-related atrial arrhythmias, the ICE catheter can be placed in the right atrium to visualize important anatomical structures such as the tricuspid isthmus, tricuspid annulus, right atrial appendage, coronary sinus ostium, and superior vena cava by rotating and flexing the catheter clockwise or counterclockwise from the “home-view.” Several articles have suggested that ICE can visualize such anatomical structures as trabecula, depression, and Eustachian valve above the tricuspid isthmus line for the ablation of typical atrial flutter, reducing the surgical time and fluoroscopy time, and improve the success rate and safety of the procedure (41–44). For atrial tachycardia originating from the non-coronary cusp, the ICE catheter can be placed in the right atrium or right ventricular outflow tract to monitor the ablation process.



Application of intracardiac echocardiography in cryoablation

Pulmonary vein isolation (PVI) is the standard approach for treating atrial fibrillation, restoring and maintaining sinus rhythm (45). Cryoballoon ablation (CBA) has emerged as an established modality to perform PVI in patients with atrial fibrillation (45, 46). CBA is as effective as radiofrequency ablation in maintaining sinus rhythm, but CBA tends to be associated with more radiation exposure and higher contrast agent dose (45). In CBA for atrial fibrillation, the use of ICE to guide balloon positioning and assess closure can reduce the duration of X-ray exposure and the dose of contrast agent, without affecting the success rate and safety of the procedure (47). However, there is still a lack of data that ICE-guided CBA is clearly more efficient and safer than two-dimensional X-ray imaging-guided CBA in performing PVI. In addition, ICE-based color Doppler flow imaging (CDFI) requires less exposure to contrast agents. In PVI, the presence of flow around the balloon observed with CDFI indicates incomplete obstruction, in which case the operator should adjust the balloon position, without the need for venography (48). Therefore, ICE is an emerging option for those who cannot undergo fluoroscopy due to renal insufficiency or contrast media allergy.

Pulmonary vein isolation alone demonstrates a low success rate in patients with persistent atrial fibrillation. Given this, some studies reported the application of CBA for PVI with additional substrate ablation in the treatment of persistent atrial fibrillation in recent years: (1) left atrial roof linear ablation (49); (2) left atrial posterior wall isolation (PWI) (50); (3) segmental pulmonary vein isolation or extended pulmonary vein antrum ablation (51); (4) left atrial appendage isolation; (5) ablation of non-pulmonary vein triggers (52). The above studies suggest that the application of CBA for PVI with additional substrate ablation may improve the ablation success rate of persistent atrial fibrillation, but this finding remains to be confirmed by multicenter randomized controlled studies. PVI with additional substrate ablation mostly requires the application of non-balloon obstructive ablation techniques. In this case, imaging or blood flow monitoring by ICE may help to guide cryoballoon positioning and improve the efficiency and efficacy of ablation (53) (Figure 2). However, ICE-guided CBA should be performed by experienced and technically trained operators (Flow chart 3 shown in Supplementary materials).
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FIGURE 2
Intracardiac echocardiography-guided cryoablation. (A) ICE-guided low transseptal puncture; (B) cryoablation sheath delivered through the low transseptum; (C) cryoballoon delivered into the left superior pulmonary vein under ICE guidance; (D) ICE color Doppler ultrasound applied to assess cryoballoon closure.




Application of intracardiac echocardiography in reduction of catheter ablation-associated complications

Rapid diagnosis and prevention of potential complications during ablation is one of the most important functions of ICE (54). A recent study showed (55) an early mortality of 0.46% in patients undergoing catheter ablation for atrial fibrillation. Prompt management of postoperative complications and congestive heart failure may be crucial to reducing mortality. Although the experience of operators and their knowledge of indications are essential, immediate prevention, diagnosis, and management of surgical complications are particularly critical to reducing the mortality of atrial fibrillation ablation. Major complications associated with the leading causes of death include cardiac perforation during ablation, left atrial thrombus, esophageal injury, and pulmonary vein stenosis (55).

The application of ICE in catheter ablation can reduce the incidence of perioperative complications, especially the incidence of serious complications such as thromboembolism and cardiac tamponade (3, 55–64), and shorten the average length of stay of patients (60). Studies have demonstrated that ICE-guided circumferential pulmonary vein ablation with the Carto-Sound system is safe and feasible in patients with atrial fibrillation compared with conventional X-ray radiography (65), and there was no significant difference in the incidence of complications such as puncture site hematoma and cardiac tamponade between the two groups (65–67). The integration of ICE and electroanatomical mapping allows zero X-ray transseptal puncture and safe and effective ablation of left-sided tachycardia (including atrial fibrillation, atypical atrial flutter, left-sided accessory pathway, ventricular tachycardia, and focal atrial tachycardia) (68). In this way, the incidence of complications (stroke/transient ischemic attack, pericardial effusion, cardiac tamponade, pseudoaneurysm requiring surgery or intervention, esophageal injury, transient phrenic nerve palsy, and displacement of cardiac implantable device) within 30 days after surgery is 1.9%, and the incidence of transseptal puncture-related cardiac tamponade is 0.2%.

Acute cardiac tamponade is one of the most common serious complications associated with catheter manipulation during ablation. ICE can detect early pericardial effusion along the lower ventricular border and posterior left atrium, which can be managed by reversing anticoagulant therapy to prevent cardiac tamponade (54, 57, 59, 62, 63). Meanwhile, pericardiocentesis can be performed as early as possible, with a drainage tube placed if necessary. ICE also allows continuous monitoring of the dynamic changes of pericardial fluid during drainage (54, 57). The ICE catheter is advanced from the right atrium with the tip pointing anteriorly, and then deflected across the tricuspid valve and into the right ventricle where the inferoposterior border of the heart can be seen (54). Clockwise rotation at the interventricular septum reveals images of the left ventricular cavity, mitral valve, and posteroinferior space of the pericardium (54).

Thromboembolism is another serious complication associated with left cardiac ablation. ICE-guided catheter ablation allows real-time observation of the factors associated with increased stroke risk, such as thrombosis at the catheter, sheath, and endocardial lesion sites and clot formation on the ablation electrodes (54). Once a soft thrombus is detected by ICE, the clot can be aspirated into the sheath, and a higher dose of anticoagulant can be administered to prevent serious thromboembolic complications (54). If the thrombus is firmly attached to the catheter, ICE can guide to remove the thrombus into the right atrium (55).

Esophageal injury and atrio-esophageal fistula are important issues in atrial fibrillation ablation. The incidence of the atrio-esophageal fistula is 0.05–2%, while the esophageal injury is still common (54). The ability of ICE to identify the position of the esophagus in relation to the left atrium is comparable to that of magnetic resonance imaging. In addition, with the real-time imaging function of ICE, operators can monitor the position of the ablation catheter and the esophagus in real-time during catheter ablation, and reduce RF energy to reduce the risk of esophageal injury when the catheter ablates the area close to the posterior wall of the left atrium (54). However, there is still a lack of data from clinical studies on the effectiveness of ICE in monitoring the position of the esophagus during catheter ablation for atrial fibrillation (69).

Pulmonary vein stenosis is associated with ablation sites at the pulmonary vein antrum, likely when lesions are delivered in a more ostial location. This complication can be mitigated or avoided by accurately localizing the optimal ablation site with ICE (54, 61). ICE can also monitor development of tissue edema, a marker for energy delivery, at the ablation site. With ablation site real-time monitoring on ICE, energy delivery can be stopped immediately once manifestations of local overheating such as tissue blanching or microbubble generation are found at the ablation site, so as to prevent further damage, including risks of steam pop, and potential excessive ablation that may increase risks of PV stenosis (61, 70). Moreover, ICE can measure pulmonary vein flow velocity. In patients undergoing repeat ablation procedures, the application of ICE to measure pulmonary vein flow velocity in addition to assessing PV anatomy and vein caliber are important steps prior to re-ablation (54).

Complications associated with ICE application itself are rare. However, as the ICE catheter is relatively stiff and may result in vascular injury and/or perforation during its advancement, it should be advanced with care (57).



Short learning curve and low learning difficulty for intracardiac echocardiography-guided catheter ablation

The ability to accurately and clearly delineate cardiac anatomy is directly related to procedural efficiency, efficacy, and safety. False lumens and other anatomic inaccuracies are inevitable with conventional contact-type three-dimensional reconstruction, affecting the operators’ judgment of ablation targets or special structures. ICE, as a non-contact three-dimensional reconstruction technique, is not limited by catheter position. With ICE, the atrial body, pulmonary veins, atrial appendages and other structures can be entirely reconstructed in an objective and accurate manner through simple sector adjustments. Furthermore, based on the integration of ICE and contact-type reconstruction of key structures, a more realistic and accurate anatomical model can be obtained after image fusion, creating an anatomic framework for subsequent ablation (Figure 3).
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FIGURE 3
Intracardiac echocardiography combined with fast anatomical reconstruction for left atrial model reconstruction. FAM, fast anatomical mapping; Merge, ICE combined with three-dimensional reconstruction; CPVA, circumferential pulmonary vein ablation.


During ablation, ICE can not only track the ablation catheter in real time and identify the catheter position in complex structures such as the left atrial appendage-pulmonary vein ridge, but it can also help avoid esophageal injury and excessive ablation at thinner parts of the myocardium.

Intracardiac echocardiography-guided standardized approach to ablation procedures may improve several procedural outcomes. Beginners can obtain satisfactory ablation results with ICE-guided low X-ray catheter ablation for atrial fibrillation, with an average fluoroscopy time of 2.3 ± 3.0 min. The learning curve is short, with the fluoroscopy time dropping rapidly to 9 s from 3.8 min during a study evaluating learning curve (71).

Experts’ recommendation: (1) If possible, ICE-guided transseptal puncture is recommended, especially for patients with abnormal interatrial septal anatomy. (2) Routine TEE or left atrial and pulmonary vein CT examination should be performed before catheter ablation in patients with atrial fibrillation to rule out left atrial appendage thrombus and preliminarily assess the shape and size of the left atrial appendage; for patients with suspected thrombus that is difficult to distinguish preoperatively or unable to tolerate and unable to undergo left atrial and pulmonary vein CT or TEE examination, ICE can be applied intraoperatively to provide additional assessment for left atrial appendage thrombus and re-assess the shape and size of the left atrial appendage; meanwhile, ICE can also be used as an alternative monitoring and assessment technique in patients intolerable to TEE. (3) If possible, ICE-guided catheter ablation requiring low X-ray or zero X-ray is recommended for atrial fibrillation in medical centers to reduce the radiation exposure of patients and surgeons. (4) Imaging and blood flow monitoring by ICE may help to guide cryoballoon positioning and improve the efficiency and efficacy of ablation. (5) Catheter ablation for patients who are not suitable for radiation including pregnant women should be performed under ICE guidance. (6) During the training of new electrophysiologists, instruction in ICE is recommended.




Application of intracardiac echocardiography in interventional diagnosis and treatment of ventricular arrhythmia

Intracardiac echocardiography plays an important role in the catheter ablation for ventricular arrhythmias, just as in interventions for atrial arrhythmias. It is mainly used to monitor cardiac structures in real-time, reduce the duration of surgery and radiation exposure (72), delineate dyskinetic areas in detail (73), and rapidly identify intraoperative complications (74).


Application of intracardiac echocardiography in fascicular ventricular tachycardia

Left posterior fascicular ventricular tachycardia (VT) is the most common type of idiopathic ventricular tachycardia, and its electrophysiological mechanism remains controversial. It is traditionally considered to be a macro-reentrant arrhythmia originating from the left posterior fascicle, which needs to be differentiated from the ventricular tachycardia originating from papillary muscles in clinical practice. However, definitive differentiation between the two based on ECG and EP is sometimes difficult. In fact, it has been proved that the mechanism of a part of fascicular ventricular tachycardia is closely related to such structures as Purkinje fibers and false tendons around the papillary muscles (75). For this part of left posterior fascicular ventricular tachycardia, the target for successful ablation may not be conventionally in the left mid-posterior septum, but around such anatomical structures as the left posterior papillary muscle and/or the false tendon attached to it. Since these structures and septa are very close to each other, especially during episodes of ventricular tachycardia when cardiac chambers shrink, and these structures are anatomically complex in three dimensions, they may be difficult to distinguish in an ordinary three-dimensional mapping system. By visualizing the position of the ablation catheter relative to the left interventricular septum, papillary muscles and false tendon intraoperatively, ICE can identify the true anatomical position of the optimal target, as well as the degree of contact between the catheter and the target, which is of great significance in further exploring the mechanism of left posterior fascicular ventricular tachycardia and improving the success rate of ablation. Therefore, in recent years, ICE has been gradually recognized for its advantages in the mapping and ablation of left posterior fascicular ventricular tachycardia.



Application of intracardiac echocardiography in ventricular arrhythmia originating from outflow tracts

Idiopathic outflow tract ventricular arrhythmias mainly include monomorphic ventricular premature beats, non-sustained ventricular tachycardia, and sustained monomorphic ventricular tachycardia. Right ventricular outflow tract ventricular arrhythmia is the most common type of ventricular arrhythmias in clinical practice, mostly idiopathic, accounting for about 80% of outflow tract ventricular arrhythmias (76). In recent years, with the further understanding of right ventricular outflow tract ablation, reversed U-curve ablation above the pulmonary valve has become a common approach to deliver the ablation catheter to the target site with adequate contact force and stability (77). However, without ICE-guided precise anatomical orientation of ablation targets, it remains difficult to determine the exact ideal ablation position: Whether the catheter tip is placed above the pulmonary valve? Is the catheter in place? The anatomical position is difficult to determine by angiography alone. However, ICE can clearly demonstrate the adjacent relationship between the ablation catheter and the pulmonary valve, pulmonary artery and right ventricular outflow tract, and observe the contact between the catheter and the corresponding anatomical position of the ablation target in real time. Moreover, ICE along with its three-dimensional model can help operators understand the anatomical sites of mapping and ablation in a more intuitive way, thus likely improving the success rate. A close adjacent relationship between the left coronary artery and the anteroseptal site of the right ventricular outflow tract can be confirmed by ICE combined with electroanatomical mapping. Continuous ICE images can be obtained by rotating the imaging catheter in the right ventricle to mark the anatomical images of the left coronary artery. To delineate the structure of the ventricular outflow tract, the ICE catheter is usually placed in the right atrium and rotated clockwise from the tricuspid valve, with the aortic valve on the long axis and the pulmonary valve on the short axis. In addition, placement of the ICE catheter directly within the RVOT can help to visualize that region.

The right ventricular outflow tract myocardial tissue anatomically extends to the pulmonary valve and pulmonary artery, making the positioning of ablation targets more complex. Some cases failing with subvalvular ablation may be successfully treated by supravalvular ablation. However, for supravalvular ablation, a transvalvular approach may lead to valve injury and other complications. In this case, the application of ICE not only helps to avoid such complications, but also enables sound reconstruction and real-time monitoring of the pulmonary artery, aortic valve, left anterior descending artery and right ventricular outflow tract during the surgery, and avoids the use of fluoroscopy and contrast agent and the occurrence of such complications as valvular insufficiency. With ICE placed in the right atrial appendage to obtain real-time cross-section images of pulmonary valves (78), it is easier to locate each pulmonary valve and determine the ablation target, thus performing a successful ablation.

Given the complex anatomy (coronary arteries, etc.) adjacent to the right ventricular outflow tract, RF energy transmitted close to the coronary arteries may cause obstruction of major epicardial vessels (e.g., left anterior descending artery) and possibly myocardial infarction. It is therefore essential to identify the anatomic location of these structures, traditionally using coronary angiography. ICE enables accurate reconstruction and real-time dynamic observation of proximal arterial anatomy during ablation, avoiding the use of contrast agents and further reducing risk to patients. Right ventricular outflow tract ventricular arrhythmias usually originate from the root of the pulmonary artery. Without ICE, operators may be unable to determine the relationship between the ablation target and a specific anatomical structure at that site due to trabecular muscles and fibrous tissues arranged in a crisscross pattern at this site, the low resolution of 3D navigation and the 2D image overlay of fluoroscopy/radiography. However, ICE can visualize fine anatomical landmarks of the heart in real time and guide the catheter operation (17) throughout the procedure, thereby increasing operators’ confidence and shortening their learning curve. Therefore, ICE is expected to improve the success rates and reduce complications for these procedures.

With improved understanding and experience, the recognized incidence of ventricular arrhythmia originating from the left ventricular outflow tract is increasing year by year, especially ventricular premature beat/ventricular tachycardia originating from the aortic sinus and its adjacent areas. As the aortic sinus is located in the central part of the heart and with adjacent tissues are critical and anatomically complex, patients whose ventricular arrhythmias originate from these anatomically complex regions (coronary artery, etc. Figure 4), may be at risk for serious complications such as valve injury, cardiac perforation, even acute myocardial infarction and complete atrioventricular block. As the aortic root is the continuation of the left ventricular outflow tract, where the blood flow is fast and under high pressure, the ablation catheter may not fit easily and stably, and sometimes ablation energy can be difficult to deliver effectively. Therefore, anatomic reconstruction of the area around this ablation target is particularly important. ICE can construct a three-dimensional model of the left ventricular outflow tract, assess the distance between the artery and the catheter, eliminate the potential risks of ablation within this area, and clarify the feasibility of ablation. With the ICE probe placed in the right atrium to image anteriorly, the mapping position and the position of the ablation catheter in relation to the aorta, aortic valve, coronary ostium and other structures can be monitored in real time, which helps to reduce the potential damage to the aortic valve or coronary artery, increase surgical safety and improve the success rate of ablation. In particular, ICE also plays an increasingly important role in the ablation of pediatric outflow tract ventricular arrhythmias (79).
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FIGURE 4
Ventricular premature beat between left and right coronary cusps. NCC, non-coronary cusp; RCC, right coronary cusp; LCC, left coronary cusp; LA, left atrium; LAA, left atrial appendage.




Application of intracardiac echocardiography in ventricular arrhythmia originating from papillary muscles

Ventricular arrhythmias originating from the left and right ventricular papillary muscles and moderator bands are relatively common in clinical practice. As these anatomical structures are located on the inner surface of the cardiac chamber, neither conventional X-ray radiography nor three-dimensional imaging systems can visualize their locations. In addition, these structures are not always in a fixed position due to the catheter advancement as they have smooth surfaces and move independently during the cardiac cycle. In this case, in the mapping and ablation for such arrhythmias with conventional approaches, the catheter may be difficult to direct toward the ablation target or remain stable during ablation (Figure 5). In particular, the contact of the catheter to the left ventricular anterior papillary muscle is challenging when the electrophysiologist only applies X-ray for imaging guidance, while ICE shows great advantages (Figure 6). As a result, ablation for such arrhythmias may have lower success rates and a higher recurrence rate, compared with that for ventricular arrhythmias originating from other sites (80). In recent years, ICE has become an indispensable adjunct to such arrhythmias in the following ways: (1) to visualize the anatomical location of papillary muscles and quickly guide the preliminary placement of mapping catheter; (2) help the surgeon clarify the segments (tip, middle, and root) and sides of the papillary muscle where the catheter is located through real-time ultrasonic sector and three-dimensional tracking, so as to determine the exact position of the optimal target; (3) ensure good contact between the catheter and the papillary muscle under real-time monitoring and through subtle adjustment of the catheter, contributing to accurate mapping (pacing and activation mapping) and effective ablation; (4) help to observe the ablation effect and degree of injury (tissue edema or blanching) during surgery, monitor the occurrence of pop and complications, reduce radiation exposure and improve safety (Flow chart 4 shown in Supplementary materials).
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FIGURE 5
Ventricular premature beat of left ventricular posterior papillary muscle. IVS, interventricular septum; LV, left ventricle; APM, anterior papillary muscle; PVOT, right ventricular outflow tract; PPM, posterior papillary muscle; RV, right ventricle; LV, left ventricle.
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FIGURE 6
Ventricular premature beat of left ventricular anterior papillary muscle. LV, left ventricle; APM, anterior papillary muscle; TV, tricuspid valve; PVOT, right ventricular outflow tract; PPM, posterior papillary muscle; RV, right ventricle; LV, left ventricle.




Application of intracardiac echocardiography in ventricular arrhythmias originating from the top of left ventricle (aka left ventricle summit) and other special sites in cardiac chambers

Ventricular arrhythmias may originate at the top of the left ventricle, or LV summit, often the mid-myocardium or epicardium, located at the junction between the aorta and the left ventricular inflow tract. In this junction also lies a layer of tough fibrous tissue on the intimal surface that connects the aorta and mitral valve, often termed the aorto-mitral continuity, with the epicardial surface is close to the coronary artery and covered with a thick layer of epicardial adipose (81). Catheter ablation for arrhythmias arising from this region comes with a low success rate in this area because the proximal coronary artery is covered with a thick layer of epicardial adipose, and catheter ablation in this area may pose a potential risk of injury to these vessels (82). Coronary sinus or large cardiac vena cava venography is usually used to guide positioning in clinical practice, and often endocardial ablation as well as epicardial ablation are adopted for treatment. The application of ICE assisted catheter ablation has demonstrated that: Although ICE has resolution that is too low to delineate distal small vessels, when the catheter is placed in the right ventricular outflow tract, it still can delineate the left anterior descending coronary artery, the left ventricle, the aorta and other anatomical structures, presenting the 3D space position and adjacent relationship to guide the ablation catheter accurately in this challenging anatomy. The operator can then perform ablation successfully in this area in the absence of venography or angiography (83). ICE also plays a unique role in cardiac chambers that are difficult to be visualized by X-ray imaging guidance and in special types of ventricular premature beats that are difficult to be located by surface ECG (Figure 7).
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FIGURE 7
Ventricular premature beat originating from the tricuspid annulus. RA, right atrium; TV, tricuspid valve; RV, right ventricle.




Application of intracardiac echocardiography in ventricular tachycardia with ischemic cardiomyopathy

In ischemic cardiomyopathy, ventricular scar may mediate macroreentrant ventricular tachycardia. Some patients after infarct may eventually develop ventricular aneurysm, further complicating the anatomic considerations for catheter ablation. The ablation strategy for these patients is most commonly guided by either activation mapping and/or substrate mapping in the scar area. Ablation in ventricular tachycardia patients with ischemic cardiomyopathy is challenging in part because cardiomegaly and often thinned ventricular walls may increase the challenge and risks to mapping and ablation. Preoperatively, scar regions can be approximately localized by transthoracic echocardiography (TTE) and cardiac CT/MRI. Contours of the left (or right) ventricle and associated structures can be reconstructed with ICE via the right ventricle or sometimes the right atrium or CS. ICE can localize the catheter in relationship with the ventricular tissues, resulting in likely lowered risk of cardiac perforation due to excessive contact force. Especially in ischemic cardiomyopathy patients with ventricular aneurysm, left ventricular anatomy is often distorted, so that ICE reconstruction of a ventricular aneurysm and the aneurysmal neck can be helpful to define the anatomy and hence potential ablation target (84) (Figure 8).
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FIGURE 8
Application of ICE in ischemic cardiomyopathy with ventricular aneurysm-induced ventricular tachycardia.


Another important advantage of ICE for such patients is the delineation and quantification of the scar area. The scar area appears as a hyperechoic area on the ultrasound sector, and the marginal area appears as a mixture of medium to high echo densities, which is significantly different from that of normal ventricular myocardium (85). A study of 18 patients with organic ventricular tachycardia (83% with ischemic cardiomyopathy) showed that the ICE-defined scar area was 86% concordant with the scar area measured by substrate mapping (86). This approach is not limited to ischemic cardiomyopathy (87). A propensity score study that ultimately included 1324 patients with organic ventricular tachycardia showed a lower readmission rate and reoperation rate for ventricular tachycardia in the ICE group than those in the non-ICE group (88).

Experts’ recommendation: (1) As a safe, effective, efficient, and comprehensive approach with unique advantages in identifying and locating ablation targets and specific cardiac anatomy, and with superiority to other techniques in identifying small abnormal foci, ICE is recommended as an imaging modality in radiofrequency ablation of left and right ventricular outflow tract arrhythmias, post-TAVR ventricular tachycardia and VSD-induced ventricular tachycardia in adults. Radiofrequency ablation of ventricular tachycardia augmented by ICE may also reduce readmission rates, the possibility of repeated ablation, and the incidence of complications. (2) ICE can be actively applied in ventricular arrhythmia patients with ventricular wall dysfunction who require ablation.





Application of intracardiac echocardiography in congenital heart disease


Application of intracardiac echocardiography in atrial septal defect and patent foramen ovale

Intracardiac echocardiography is now the most widely used technique in ASD and PFO closure among the interventional closure treatments for various congenital heart diseases. Statistical results in the United States indicate that the use of ICE in ASD closure has increased from an initial 9.7% to more than 50% today (89). In the past, TEE was considered the gold standard to guide interventional closures of ASD and PFO (90, 91), but now several studies have confirmed that use of ICE has better safety and clinical outcomes than TEE and is a more suitable ultrasonographic approach to guide the closure of secondary ASD and PFO (92, 93).

Intracardiac echocardiography has a higher image resolution than TEE. Despite the lack of multiplanar imaging capabilities, it can still image the interatrial septum from multiple views with its flexible probe, thereby obtaining images similar to or better than those obtained by TEE (94). ICE can accurately assess the dimensions of the fossa ovalis, the diameter of interatrial septum, the width or length of tunnel, and the diameter of tunnel inlet and outlet; it can also display any shunt at the atrial level in patients with PFO and determine whether there is a long valvula venae cavae inferioris or Chiari’s network, interatrial septum aneurysm, double-layer septum and other abnormalities and special complex structures (95). In ASD closure, ICE can accurately measure the diameter of the ASD on multiple views before and after closure device release, assess the length and thickness of ASD edges, such as superior and inferior vena cava edges, anterosuperior edge and superior edge of interatrial septum, and posterior part of diaphragm, and display the relationship between ASD and surrounding structures (right pulmonary vein, coronary sinus, mitral valve, tricuspid valve, etc.), which is helpful in selecting an appropriate size of closure device and to rule out the possibility of other defects or rare conditions such as venous sinus ASD (96). Moreover, real-time color Doppler flow monitoring by ICE can be performed intraoperatively to further exclude other potential defects. ICE can better display the posterior and inferior edges of interatrial septum (97), as well as the relationship between closure device and superior vena cava (especially in young children) than TEE (98). It can be used in the closure of complex ASDs such as ASD with diameter of more than 38 mm and/or ASD with edge damage except anterosuperior edge damage, porous ASD and ASD with impaired systolic function (99–101). In addition, ICE has been shown to be more accurate than TEE in performing anatomical measurements and guiding implantation (particularly for patients with smaller left atria) (98). Intraoperatively, ICE can monitor and guide the operation process in real time in an effective and safe manner, assist the surgeon in accurately locating the PFO slit, and make the guidewire pass through the slit quickly, thereby shortening the operation time; guide the surgeon to release the closure device under direct vision throughout the procedure, determine whether the closure device is tilted or in a wrong position, and observe whether the closure device is stable, avoiding the X-ray artifacts caused by TEE transesophagel probe. In addition, the surgeon can confirm whether there is residual shunt by injecting normal saline and/or by color Doppler examination under the guidance of ICE. In PFO closure, in case of a particularly long tunnel, the closure may be performed by transseptal puncture, otherwise, there may be a large amount of residual shunt (102). ICE is considered an important tool to guide the transseptal puncture (103) (Figure 9).
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FIGURE 9
Patent foramen ovale closure procedure guided by ICE. (A) PFO slit (green arrow). (B) The guidewire passes through the PFO slit (yellow arrow points to the highlighted echo which represents the guidewire, and green arrow points to the left superior pulmonary vein). (C) Send the delivery sheath to the ostium of the left superior pulmonary vein. (D) Release the left plate of the closure device (the yellow arrow points to the left plate). (E) Perform a pull test after the closure device is fully expanded. (F) The closure device is released. PFO, patent foramen ovale.


Another significant advantage of ICE is that it can significantly shorten intraoperative X-ray exposure time (104), effectively reducing the radiation hazard to patients (especially children, pregnant women, obese patients) and surgeons. It also does not have major drawbacks that are associated with TEE, such as esophageal perforation, the need for general anesthesia/deep sedation, and possible associated complications from endotracheal intubation (Flow chart 5 shown in Supplementary materials).

Cost is one of the major factors restricting the wide application of ICE in clinical practice. ICE itself is more expensive than TEE, but if ICE is used, general anesthesia may be exempted and the average hospital stay can be shortened (89, 105), thus reducing other costs during the hospital stay.



Application of intracardiac echocardiography in other common congenital heart diseases

Currently, there is relatively little experience with ICE for PDA and VSD procedures. Percutaneous interventional PDA closure is currently the standard of care for PDA, and conventional therapy is aortography-guided interventional closure. However, for most patients with PDA, a large amount of contrast agent is required in aortography, and in some cases, images obtained are not clear enough to assess PDA anatomy (106, 107), so the size of PDA may be underestimated, thus affecting the surgeon’s choice of device, and leading to risk of embolization (108). In addition, patients with contrast agent allergy or renal insufficiency (108–110) are at risk with aortography. The results of available studies suggest that ICE is comparable to aortography or cardiac CTA in terms of the accuracy of measuring PDA diameter on the pulmonary artery side, but the amount of contrast agent required for ICE-guided PDA assessment is significantly lower than that for aortography. Therefore, ICE is now considered a reasonable substitute for aortography as a routine test for assessing the relevant structures of PDA, especially in patients with large PDA, renal insufficiency, or contrast agent allergy (111).

In the percutaneous closure of membranous VSD, TEE plays an important role in the anatomical assessment of the defect and the surgeon’s intraoperative decision. However, due to the long duration of VSD closure, TEE related examinations should be performed under general anesthesia. ICE provides clear images of the membrane of VSD, and its measurement results are similar to those obtained by TEE; in addition, ICE and TEE are comparable in judging the relationship between the defect and the aortic valve and tricuspid valve, measuring the size of the defect and giving guidance at different stages.

Experts’ recommendation: (1) ICE performs well in anatomical measurements of relevant structures, real-time guidance of closure device implantation, assessment of post-closure residual shunt, etc. If possible, medical centers should apply ICE to guide the interventional procedure of secondary ASD and PFO; (2) ICE is recommended to guide the interventional closure in patients with complex or special ASD and PFO, especially the closure in patients with complex ASD, intolerant to TEE, with impaired left ventricular systolic function and unable to receive fluoroscopy, especially children, pregnant women, obese patients; (3) ICE is recommended to guide the interventional closure of PDA in patients with large PDA, renal insufficiency, and contrast agent allergy; (4) ICE is recommended to guide the closure in VSD patients with complex anatomy.




Application of intracardiac echocardiography in interventional procedure of valvular heart diseases


Transcatheter aortic valve replacement interventional procedure

Severe symptomatic aortic valve stenosis is a life-threatening disease with a 2-year mortality rate as high as 50% (112), and TAVR has become an effective treatment for this disease (113, 114). However, there are many risks associated with TAVR, including annular rupture, ventricular perforation, aortic dissection, coronary occlusion, and valve prosthesis displacement, as well as prosthetic valve PVL due to improper valve placement. Most complications cannot be detected in the early stages without guidance from echocardiography (115). Preoperative and perioperative imaging is essential for accurate determination of valve size, and assessment of postoperative aortic and paravalvular regurgitation, and other complications (116). TEE is currently commonly used for intraoperative guidance to TAVR in China and elsewhere. As an alternative to TEE, ICE dispenses with general anesthesia and endotracheal intubation during TAVR, especially in patients with esophageal disease.

Kadakia reported a TAVR case (117) that was successfully treated under the guidance of 3D ICE imaging. We found that the ICE was comparable to conventional TEE imaging in evaluating the valve position and aortic incompetence during TAVR and demonstrated comparable diagnostic imaging quality to multidetector computed tomography (MDCT) (118). Given this case report, ICE-guided TAVR may become an important alternative to TEE imaging and may allow for low-intensity sedation or anesthesia, potentially improving procedural safety and logistics (117). The aortic annulus and aortic sinus diameters measured by ICE were found to be comparable to those obtained by MDCT (116). Additional studies have assessed the intraoperative guidance of ICE and TEE during TAVR (119), where 50 patients with severe aortic valve stenosis scheduled for TAVR were randomized into two groups for ICE monitoring and TEE monitoring, respectively. The results showed that ICE was indeed capable of continuous monitoring. The ICE group had a much lower need for probe repositioning during the procedure. The ICE view displayed a higher coaxiality with the ascending aorta, indicated by the length of the ascending aorta depicted. In ICE group, both coronary ostia were visualized more frequently. The annulus measurements by ICE correlated closely with the readings by conventional TEE.

Intraoperative pressure gradients were underestimated by TEE compared with conventional measurements, but not by ICE. Both ICE and TEE detected new intracardiac thrombi. In this study, the authors concluded that ICE was compatible with sedation and local anesthesia and could be used for guidance in place of TEE. Also, it appeared to better match the operational flow during TAVR than TEE. In a study of 21 patients scheduled for TAVR, the major intraoperative imaging modality was 3D ICE (118). These patients were selected unanimously by the multidisciplinary TAVR team. This study is the first to prospectively evaluate the safety and feasibility of ICE-guided TAVR in the absence of endotracheal intubation. It is concluded that ICE is safe and feasible in selected patients in the absence of major complications, and intraoperative ICE can detect perivalvular leak and help guide necessary treatment. With the continued emphasis on the use of conscious sedation in TAVR procedures, it is very important to consider ICE as the major intraoperative imaging tool. 3D ICE probes are currently available for volumetric imaging; however, measurement of cross-sectional size of annular valves is difficult in its present form (105, 120). In addition, ICE makes it easier to measure tricuspid regurgitation (TR) and aortic valve flow velocity and to assess perioperative pulmonary arterial pressure and other hemodynamics (121). ICE can measure the aortic valve complex and provide more precise aortic pressure gradients (119, 121). In addition to providing imaging guidance, ICE dispenses with endotracheal intubation, shortens the operation time, and avoids the complications induced by general anesthesia and TEE (122). Therefore, ICE-guided TF TAVR in the absence of endotracheal intubation is a viable option in patients deemed appropriate by the multidisciplinary team.

Para-valvular leak is one of the most common complications of TAVR. A case of PVL on postoperative echocardiography and cardiovascular imaging was described (114). Eccentric aortic regurgitation after TAVR monitored by TEE is easily misdiagnosed as PVL, while ICE can accurately evaluate the main complications during the procedure, provide more accurate images, and further evaluate the cause and severity of regurgitation (114, 121). In this patient, the diagnosis of PVL was confirmed by ICE, and the eccentric aortic regurgitation was caused by the frozen tip of bioprosthetic valve of TAVR. Therefore, this study concluded that ICE is a reasonable alternative to or at least a complement to standard imaging modalities for assessment after TAVR implantation.

As for the operation of the ICE catheter during the TAVR procedure, one should advance the 8-Fr AcuNav™ catheter to the superior vena cava from the right internal jugular vein and rotate the catheter counterclockwise to obtain images of the ascending aorta and assess its anatomy preoperatively. Images of the interatrial septum can be obtained when the catheter is advanced a few centimeters further to judge whether there is ASD or PFO. Counterclockwise rotation is continued to obtain long-axis views of the right atrium, tricuspid valve, and right ventricle, where the preoperative TR and estimated right ventricular systolic pressure can be measured. When the catheter is advanced counterclockwise with forward flexion in the right ventricle, the long-axis view of the left ventricle displays left ventricular contraction and pericardial effusion, and this position can be maintained during much of the operation. When the catheter is returned clockwise and pulled to the right atrium, the long-axis view of the aortic valve is obtained, where the preoperative aortic valve velocity and the diameter of the aortic valve complex can be measured. After TAVR, evaluation for complications such as PVL from the margin of the non-coronary valve leaflet can be performed (121).

There are limitations associated with ICE, including the need for additional venous access, the learning curve related to new devices, and the possible increased cost (115). Special care is required in the operation of the ICE probe to avoid arrhythmias and perforation of the right heart and vena cava (123).

Experts’ recommendations: (1) ICE is a recommended alternative to TEE for TAVR in elderly patients with aortic valve stenosis who have esophageal lesions or are not suitable for general anesthesia; (2) ICE is equivalent to CT 3D reconstruction in the measurement of aortic valve and supravalvular and subvalvular structures and detection of possible complications during and after operation, and even superior to TEE in some cases; (3) It is suitable for surgeons experienced in both TAVR and ICE (Flow chart 6 shown in Supplementary materials).



Transcatheter mitral valve intervention

Intracardiac echocardiography-guided mitral intervention includes Balloon Mitral Valvuloplasty, Transcatheter Edge-to-Edge Repair (TEER), and Transcatheter Mitral Valve Replacement (TMVR). ICE-guided transseptal puncture, ICE catheter access to the left atrium, and imaging and functional assessment of the mitral valve are fundamental operations of these therapeutic approaches, and we will uniformly describe them in detail. Additional procedures with different approaches are described in the corresponding sections.


Transseptal puncture

Transseptal puncture is a key step in mitral valve intervention, and it directly affects the success rate of mitral valve intervention. Under fluoroscopic guidance, deliver the ICE probe to the inferior position of the right atrium via the femoral vein, i.e., at the level of the tricuspid annulus, and appropriately rotate the catheter, until the right atrium, tricuspid valve, right ventricle, and right ventricular outflow tract can be visualized (home view). At this point, the posterior leaflet of the tricuspid valve is usually in the direction of 9 o’clock, while the anterior leaflet (or septal leaflet) is in the direction of 3 o’clock. This is the most fundamental view of ICE. Under fluoroscopy, deliver the ICE probe to the middle of the right atrium, rotate the catheter in the clockwise direction with a slight P curve to obtain the long-axis view of the interatrial septum, and along with the interatrial septum, its junction with the superior and inferior vena cava can be visualized. Further rotate the catheter in the clockwise direction with P curve to obtain the short-axis view of the atrial septum. At this point, the anterior (aortic) and posterior borders of the interatrial septum can now be visualized. Once the sheath/needle drag procedure is started, the “Tenting sign” of the puncture needle can be identified in the long-axis view of the interatrial septum. Then, rotate the ICE catheter in the counterclockwise direction until both the needle tent and the mitral annulus can be visualized to determine the optimal level of the puncture site.



Intracardiac echocardiography catheter access to the left atrium

After successful puncture, fix the puncture needle, push the dilator sheath into the left atrium, withdraw the sheath core, and the “tram track sign” can be observed in the ultrasound image. Deliver the stiffened guidewire to the left superior pulmonary vein or place in the left atrium, preferably looped for stability and ability to track the sheath. At this point, it should be determined that the activated clotting time (ACT) is within the therapeutic range before subsequent operations. The peripheral arterial balloon dilates the interatrial septum so that the sheath can smoothly pass through the interatrial septum. Adjust the A/P knob of the ICE catheter under fluoroscopy to align the catheter with the track of the stiffened guidewire, and gently push the catheter into the left atrium. In case of resistance during the procedure, slightly adjust the R/L knob or rotate the catheter in the clockwise/counterclockwise direction and push the catheter again, or adjust the ICE catheter under left or right anterior oblique fluoroscopy.



Imaging of the left heart system

After entering the left atrium, the ICE ultrasound probe can display images of the left atrial appendage, pulmonary veins, and mitral valve. Preoperative TEE for mitral valve intervention can identify most intra-atrial appendage thrombi, but when it is difficult to differentiate intra-atrial thrombi from normal pectinate muscle tissues by TEE, intraoperative application of ICE may be considered to re-identify the presence of intra-atrial appendage thrombi (31, 124). Release the tension knob, restore A/P and L/R curve to the middle position, rotate the ICE catheter until it faces the right shoulder, adjust the A/P curve to display the pulmonary veins, and obtain the pulmonary vein blood flow spectrum. In the middle position, rotate the ICE catheter until the mitral valve structure is visualized, slightly adjust the R/L curve to obtain the best bijunctional view, and assess the structure and function of mitral valve by color Doppler and multiplanar imaging.



Intervention for mitral incompetence

Henning et al. first reported the application of ICE in TEER (125). However, due to the lack of multiplanar 3D imaging technique and lack of experience in the application of ICE at that time, ICE was only used as an auxiliary imaging technique for TEE in TEER. Then, the team reported an additional case of TEER guided by ICE alone, in which they placed an ICE probe in the left and right atria of the patient, respectively, so as to simulate orthogonal 2D images (126). 4D ICE can perform real-time volumetric imaging and multiplanar reconstruction and may be an effective alternative to TEE for TEER intraoperative imaging in patients who cannot tolerate or have contraindications to TEE (127, 128). The steerable guide catheter (SGC) crosses the interatrial septum to the left atrium via a stiffened guidewire. A single transseptal puncture is recommended, with the SGC and ICE catheter entering the left atrium through the same puncture site. The location and extent of mitral regurgitation can be identified through the combination of ICE orthogonal 2D and 3D imaging and color Doppler. As 4D ICE can acquire 4D images and achieve multiplanar imaging, the ICE catheter can be fixed after the ICE probe acquires a mitral valve image in the left atrium, with only modest adjustments. The catheter delivery system (CDS) should be manipulated under continuous monitoring by ICE to avoid penetration of the CDS tip into the atrial sidewall. Rotate the ICE catheter in the counterclockwise direction after the CDS moves in the M direction and rotate the ICE catheter in the clockwise direction after the CDS moves in the P direction. Slowly and repeatedly adjust until the CDS is manipulated from the top of the left atrium to the central position of the mitral valve after completion of M-direction movement, with the tip of the clip in the annular plane above the center of the mitral valve. Under the guidance of multiplanar reconstruction and color Doppler, place the clip in the area with the most severe regurgitation. Under the guidance of orthogonal 2D and real-time 3D atrial images, make the clip arm perpendicular to the binding plane of the mitral valve, open the clip arm and place it into the left ventricle below the mitral leaflet. Clamp and release under continuous monitoring. Measure the position and extent of mitral regurgitation, transvalvular pressure gradient of mitral valve and pulmonary vein blood flow spectrum again after the operation, and compare with those before the operation. Perform supplementary clamping if necessary.



Intervention for mitral stenosis

Salem et al. first reported ICE-guided PBMV (129), and there are also more subsequent series of case reports on ICE-guided PBMV (130, 131). ICE guides intraoperative transseptal puncture, balloon positioning, evaluation of therapeutic effect, and monitoring of complications. The hemodynamic data measured by ICE are comparable to those measured by TTE and cardiac catheter. However, PBMV can be performed under local anesthesia combined with TTE monitoring in most patients, so ICE does not show significant advantages in terms of application in PBMV.



Transcatheter mitral valve replacement

Transcatheter mitral valve replacement guided by CS combined with ICE can be used to treat severe mitral incompetence caused by biological valve deterioration or prosthetic valve ring dysfunction and severe mitral annular calcification (MAC) (132, 133). ICE can guide intraoperative transseptal puncture, mitral valve crossing, valve positioning release, and functional assessment after valve release.

Due to the distance limitation of ICE imaging, the guidewire in the left atrium should be retained after mitral valve intervention, so that ICE probe can enter the left atrium for evaluation of therapeutic effect. Although ICE has shown many advantages in mitral valve intervention, it is not recommended to completely replace TEE at present due to the lack experience in relevant application, the lack of uniform operating specifications, the lack of popularity of 3D ICE and other reasons.

Experts’ recommendation: (1) ICE imaging from within the left atrium can be helpful if not critical in guiding transseptal puncture and evaluating the mitral regurgitation in the mitral valve intervention; (2) However, mitral valve intervention requires a large sheath to operate across the interatrial septum, which will affect the entry of the ICE catheter into the left atrium, and the treatment of mitral valve disorders mostly requires the guidance of 3D images, so it is currently not the main recommended method.




Pulmonary valve intervention

Intracardiac echocardiography can clearly show the right ventricular outflow tract, pulmonary valve, and proximal pulmonary artery. Therefore, ICE comes with a good application prospect in the transcatheter intervention of pulmonary valve. At present, there is still little experience in the application of ICE in pulmonary valve intervention, limited to guiding transcatheter pulmonary valve replacement (TPVR) (134, 135). In the middle view of the right atrium, ICE can be used to evaluate tricuspid valve function and estimate right ventricular pressure (if TR is present). In the view of the right ventricular outflow tract, in addition to displaying the anatomical structure of the outflow tract, color Doppler and continuous Doppler can also be used to evaluate the valve regurgitation and transvalvular pressure gradient before and after the operation. ICE can also be used to monitor complications (such as pericardial effusion or thrombosis) during the operation.

Post-TPVR infective endocarditis (IE) is a potentially fatal complication. Previous studies showed that the incidence of post-TPVR IE and transcatheter pulmonary valve-related IE was 5.1 and 1.9%, respectively (136). TEE is the most commonly used imaging method to detect valvular vegetations and diagnose IE. However, due to the long distance of the pulmonary valve from the esophageal ultrasound probe, some lesions still cannot be detected by TEE. For cases in which post-TPVR IE is suspected but the test result by TEE is negative, ICE can assist in the definitive diagnosis (136, 137).

Experts’ recommendation: (1) ICE plays a good role in the assessment of pulmonary valve intervention and complications, and is not inferior to TEE; (2) Pulmonary valve intervention and ICE share the same approach and may interfere with each other; (3) It can be recommended as an effective alternative to TTE and TEE (Flow chart 7 shown in Supplementary materials).



Tricuspid valve intervention

The incidence of TR is high in the elderly population (138). The one-year survival rate for patients with severe TR is 64% only (139). The effectiveness of drug therapy for TR is limited, and the mortality rate of surgical procedures is high (140). Therefore, various transcatheter treatment techniques have emerged in recent years, including transcatheter edge-to-edge repair, annuloplasty, and valve replacement. TEE is the standard imaging technique for tricuspid valve intervention, but there are also some technical problems, for example, the tricuspid annulus is far away from the esophageal ultrasound probe; the calcification of left heart valve prosthesis and tissues will interfere with the imaging; the delivery system and other devices will form acoustic shadows under ultrasound. Studies have found that the tricuspid valve structure is not adequately visualized in 50% of cases using TEE imaging alone in tricuspid valve intervention, and clips can be implanted under the guidance of ICE in 2/3 of these cases (141). Therefore, ICE is an important complementary technique to TEE in the intraoperative imaging of tricuspid valve intervention.

Due to the complexity and variability of the anatomical structure of tricuspid valve, there is no uniform standard for ICE imaging planes for tricuspid valve intervention. Hagemeyer et al. summarized the basic imaging planes of ICE in tricuspid valve intervention (142). In the home view, bend the ultrasound probe forward toward the right atrial free wall (left/right knob), and slightly rotate the catheter in a clockwise or counterclockwise direction. This view is often perpendicular to the long axis of the right ventricle, and the position of the clip arm can be determined based on the relationship with the valve leaflet. It is the ideal view for capturing the valve. To clearly visualize the anteroseptal junction, advance the catheter to a high level in the right atrium; to clearly visualize the posteroseptal junction, withdraw the catheter. Maintaining a stable field of view for intracardiac operation during intervention is essential and requires a second surgeon to assist in fixation or fine-tuning during operation to obtain an optimal imaging plane. 4D volumetric imaging ICE can bring great changes in tricuspid valve intervention. 4D volumetric imaging ICE is superior to TEE for visualization of the tricuspid annulus, especially the lateral annulus, and can be used for transcatheter annuloplasty, valve repair, and valve replacement for tricuspid in competence (140, 143). It should be noted that intravenous anesthetic drugs reduce systemic pressure while mechanical ventilation increases intrathoracic pressure. These will affect the accurate assessment of TR during operation. The application of the ICE system in conscious TR patients under local anesthesia can avoid these effects, making the assessment of TR more accurate and reliable.

Experts’ recommendation: (1) The image of ICE in transcatheter tricuspid valvuloplasty is non-inferior to, or potentially superior to that of TEE; (2) It is recommended that patients with throat or esophageal lesions and anesthesia contraindications should receive the guidance of ICE; (3) The guidance of 3D/4D ICE will have a great role in promoting the tricuspid valve intervention (Flow chart 8 shown in Supplementary materials).



Paravalvular leak intervention

Long-term follow-up after surgical heart valve replacement has found that PVL occurs in 5–17% of patients (144, 145), and the incidence of PVL is three times higher with TMVR than with TAVR (146). PVL is also an important complication of TAVR, and it is mostly seen in early self-expanding valves (147, 148). Intervention is required when patients with moderate to severe PVL present with congestive heart failure and/or hemolysis. Surgical repair or valve replacement is the main intervention with high mortality. As interventional techniques and closure devices continuously develop, a growing number of centers use percutaneous PVL closure. 2020ACC/AHA guidelines state that percutaneous closure is recommended for PVL patients with high risk or contraindications for surgery, NYHA grade III/IV or refractory hemolysis, and appropriate anatomical structure (class IIa, level of evidence B-NR) (149). Percutaneous PVL closure often requires general anesthesia and the guidance of TEE, which undoubtedly brings more risks. Therefore, the application of ICE in PVL closure is of great significance. Ruparelia et al. conducted a retrospective study on the efficacy and safety of ICE-guided PVL closure (150). The results of this study showed that the success rate of ICE-guided PVL closure was 77.8%, which was similar to that of TEE, and there were no ICE-related complications. In postoperative follow-up, 78.6% of patients had improvement in heart failure symptoms without persistent hemolysis. There was no death within 30 days after surgery, and the 1-year survival rate after surgery was 71.4%. The results of this study suggest that ICE-guided PVL closure is safe and effective.

Intracardiac echocardiography imaging can locate the PVL intraoperatively, guide transseptal puncture, assist in device selection, determine residual leakage, and identify perioperative complications. For aortic PVL, the proposed transfemoral approach should be used for closure. For mitral PVL, if the PVL is close to the lateral side (6–10 o’clock direction of the atrial view of the mitral valve), use the antegrade approach of transseptal puncture for closure, and if the PVL is close to the septal side (2–4 o’clock direction of the atrial view of the mitral valve), use the retrograde approach for closure. For most patients, the placement of the ICE catheter in the right atrium can meet the imaging requirements of the operation, and very few patients require placement of the ICE catheter in the right ventricle or even the left atrium. For patients with failed PVL closure under ICE guidance, a repeated closure or other treatments can be considered. Although disposable catheters increase surgical costs, ICE-guided PVL closure avoids the need for anesthesiologists and reduces the time of surgery. There are currently no reports on PVL closure after ICE-guided TAVR. As most ICEs on the market can only assess regurgitation bundles by 2D and color Doppler, and due to the safety concerns associated with catheter placement, their clinical application is still greatly limited. The recent advent of real-time 3D/volumetric imaging can contribute to the further display of anatomical structures by ICE, thus improving the success rate of the operation, with good application prospects.

Experts’ recommendation: (1) The application of ICE in aortic and mitral PVL is worth recommending, especially in patients intolerant to TEE examination; (2) 3D/4D ICE is more helpful in PVL intervention.




Others


Application of intracardiac echocardiography in left atrial appendage closure

In LAAC, ICE is increasingly favored by surgeons and patients for its more flexible and convenient operation, richer and more comprehensive viewing angles, improved tolerance and safety, less X-ray exposure and contrast agent dosage compared with TEE. Almost all patients can tolerate ICE-guided LAAC under local anesthesia. The specific process is as follows (Supplementary material). It focuses on the multi-angle scanning and evaluation of the LAA. Combining the flexible operation of ICE catheter with the systematic evaluation of LAA, the 3D electroanatomical mapping system can even achieve zero X-ray and zero-contrast agent LAAC (24).

As ICE avoids the adverse effects and esophageal injury due to TEE probe entering the esophagus, and is well tolerated by patients, LAAC can be completed under local anesthesia. After the ICE catheter reaches the right atrium, three conventional sites, namely the right atrial body, right ventricular outflow tract and proximal segment of the coronary sinus, are usually recommended for layer-by-layer scanning of the LA/LAA to rule out the possible presence of atrial and atrial appendage thrombi, of which the right ventricular outflow tract is the best scanning site to rule out thrombi. In LAAC, if ICE is used to guide the transseptal puncture, the method for judging the level of puncture point is as follows: Select the site where the membrane at the lower end of the interatrial septum is close to the muscle; the method for judging the anteroposterior position of puncture point: The ICE sector is in the same plane as the puncture needle tip and the left superior pulmonary vein (LSPV) ridge site. After successful puncture of the interatrial septum, under the guidance of X-ray, adjust the direction of the ICE catheter tip, and deliver the ICE catheter into the LA along the direction of the guidewire; or deliver along the location of the septal marker point in a 3D electroanatomical system.

The LAA is a 3D structure in the cardiac cavity, so its dimensions should be evaluated in three dimensions. The ICE catheter delivered into the LA allows close and multi-angle scanning of the LAA, avoiding the limitations of TEE application in patients with cardiac transposition and atrial appendage variations. Multi-angle assessment is the key point for ICE-guided LAAC. Routinely long-axis layer-by-layer scanning can be performed through three anatomical positions that are orthogonal, namely X axis (left pulmonary vein), Y axis (ostium of right pulmonary vein) and Z axis (mitral annulus) (as shown in Figure 10). The diameter of LAA opening and landing zone and effective working depth can be measured to better adapt to different anatomical structures and axial directions of different atrial appendages. The position, closure effect, compression and stability of the closure device can be evaluated in three dimensions after the closure device is expanded (151).
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FIGURE 10
Multi-angle left atrial appendage measurement. From the top to bottom: schematic diagrams for atrial appendage assessment, X-ray images, ultrasound images and 3D electroanatomical diagrams from X axis, Y axis, and Z axis. The projection position of the X-ray is AP. The first column shows the schematic diagrams, the second column shows the effect of X-ray, the third column shows the images of ICE, and the fourth column shows the images of 3D mapping system. LAA, left atrial appendage; LSPV, left superior pulmonary vein; LIPV, left inferior pulmonary vein; LA, left atrium; RSPV, right superior pulmonary vein; RIPV, right inferior pulmonary vein; LCX, left circumflex artery; Ant., anterior; Sup., superior; R, right; L, left; MA, mitral annulus; RPV, right pulmonary vein.


Place the ICE catheter in the LSPV and with a P curve, with the sector pointing to the LAA. Send the pigtail catheter into LAA, and an obvious catheter marker can be seen in the ultrasonic view, based on which the landing zone and left circumflex artery (LCX) are located. Send the delivery sheath into the ostium of LAA under the guidance of the pigtail catheter (as shown in Figure 11A). After the tip of the sheath entering the LAA reaches the required depth for closure, withdraw the pigtail catheter, and send the closure device (or fixation disk) to the LAA landing zone. Expand the closure device (Watchman closure device) or fixation disk (ACP or LAmbre closure device), and note that the site bearing the maximum force should be medial to the LCX (as shown in Figure 11B). Continue to expand the closure disk (ACP or LAmbre closure device, as shown in Figure 11C). If necessary, slightly or partially withdraw the closure device to adjust the position of the closure device (as shown in Figure 11D). After the closure device is at the desired position, perform a pull test under the guidance of ICE (as shown in Figure 11E). Finally perform color Doppler to examine whether there is residual shunt at the edge of the closure device (as shown in Figure 11F).


[image: image]

FIGURE 11
Process of ICE-guided LAAC. (A) Send the delivery sheath to the ostium of LAA (green arrow), and the pigtail catheter to the inside of LAA (small white arrow), and note the position of the LCX (yellow arrow). (B) Expand the closure device fixation disk, and note that it should be medial to the LCX (orange arrow). (C) Expand the closure disk. (D) Slightly withdraw the closure device (disk). (E) Pull test. (F) There is no residual shunt at the edge of the closure device as assessed by color Doppler flow monitoring at the end of closure. ICE, intracardiac echocardiography; LAA, left atrial appendage; LCX, left circumflex artery.


After the closure device (disk) is expanded, ICE is applied to evaluate the closure effect (including the position of closure device, closure tightness and stability) layer by layer from multiple angles. After the release criteria of each closure device (e.g., Watchman closure device should meet PASS principle) are met, completely release the closure device, and then perform ICE examination again from multiple angles to evaluate the release effect of the closure device, avoid the displacement of the closure device and the effect of closure device on adjacent structures (such as pulmonary vein and mitral valve), and observe whether there is pericardial effusion. If the release criteria are not met, withdraw (fully withdraw/partially withdraw/slightly withdraw) the closure device, adjust the position and expand again, and re-evaluate the expanding effect.

It should be noted that: (1) For AF patients who meet the indications for LAAC, after successful puncture of the interatrial septum under the guidance of ICE, it is recommended that the ICE catheter be delivered into the LA or LSPV through the transseptal puncture point and the layer-by-layer scanning through “three axes and six directions” that are orthogonal from three anatomical marks be performed to assess the shape, size, and anatomical structure of the LAA. (2) A closure device of appropriate size should be selected according to the width and available depth of the LAA opening measured by angiography and ICE. After implantation of the closure device, angiography and ICE can be carried out to confirm that there is no large amount of residual shunt around the closure device, and the final pull test can be performed to examine the anchorage of the closure device.



Application of intracardiac echocardiography in pregnant patients

Management of arrhythmias during pregnancy is an important challenge, and arrhythmias during pregnancy will lead to many adverse effects on the mother and fetus. There are many drawbacks associated with antiarrhythmic drugs, e.g., limited drug options, significant adverse reactions, and ineffective treatment. Despite a small radiation exposure, the conventional catheter ablation still brings risks to pregnant women and fetuses, which limits its use in special populations (152).

In recent years, as 3D electroanatomical mapping systems and ICE technique developed, completely zero X-ray catheter ablation has become feasible and in many institutions routine, which makes catheter ablation possible for the treatment of arrhythmias during pregnancy, including conventional supraventricular tachycardia and ventricular premature beats, as well as complex arrhythmias such as atrial fibrillation and ventricular tachycardia. ICE technique combined with 3D electroanatomical mapping system allows visualization of the multi-electrode catheter, facilitates electrode placement, and makes subsequent ablation of the left heart system viable after the ICE-guided transseptal puncture is completed (153–155). In addition to catheter ablation during pregnancy, ICE can also be used during pacemaker implantation and zero X-ray therapy for some congenital heart diseases. However, the indications for zero X-ray interventional operations during pregnancy should be strictly specified, and the success rates of these operations, complications, radiation exposure and other risks require continued evaluation and experience. For the sake of safety, zero X-ray operation may not always be viable, so surgeons should collaborate with the Gynecology and Obstetrics team and the anesthesiology team in planning procedures in this patient population.



Application of intracardiac echocardiography in left ventricular assist device implantation

Intracardiac echocardiography is a viable option to guide LVAD implantation, especially when other imaging modes are not appropriate. However, to avoid serious iatrogenic complications, clinicians must understand the limitations of experience, the limitations of imaging, and the risks associated with this technique. In some special cases, X-ray, TTE, and TEE are clinically not indicated for LVAD implantation, while ICE can guide the LVAD implantation in such cases. Moreover, compared with TTE and TEE, ICE can be used in patients requiring positive pressure ventilation and intubation. However, for ICE in the chambers of the heart, soft guidewire wrapping is possible during transaortic implantation of LVAD, in which case excessive tension of the guidewire may lead to a potential complication (vascular perforation). Moreover, ICE is sometimes challenging to image the descending aorta due to its limited spatial resolution, which may bring additional risks (156).

Intracardiac echocardiography can be used as an alternative or supplement to TEE for perioperative and postoperative management of LVADs. There are case reports where the device structure, hemodynamics and related complications after ICE-guided LVAD implantation are evaluated (157–159). Compared with TTE, TEE, or 3D computed tomography, ICE features high success rate of treatment, no need for general anesthesia, no need for radiation exposure, and shortened recovery time (5, 159) (Flow chart 10 shown in Supplementary materials).



Application of intracardiac echocardiography in myocardial biopsy

Intracardiac echocardiography-guided endomyocardial biopsy (EMB) is an interesting application of ICE. ICE enables precise localization for biopsy, reduces the risks associated with operations, and reduces the need for diagnostic thoracotomy, and is more maneuverable in selected cases (160). With this emerging technique, the diagnostic yield of biopsy is significantly improved, with fewer complications (161).

A series of patients with right ventricular mass undergoing ICE-guided EMB demonstrated safety and efficacy (60). The diagnosis of both cardiac metastatic tumors and primary cardiac tumors is based on histopathology. According to this series of cases, EMB is a valuable tool for preoperative diagnosis and surgical planning of intracardiac masses suspected of tumors, while ICE is worthy of further attention for its ability to accurately locate cardiac structures and guide biopsy sampling in the target area. ICE can be used to guide EMB of cardiac masses. Allowing a correct positioning of the bioptome, ICE reduces the procedure-related risks and the need for a diagnostic open-chest procedure, reserving the more invasive approach to selected cases (160).

Electroanatomical mapping combined with ICE-guided EMB is feasible in patients with suspected arrhythmic cardiomyopathy and ventricular arrhythmia of unknown origin. This method can significantly improve the positive rate of biopsy and reduce complications (161) (Flow chart 11 shown in Supplementary materials).



Application of intracardiac echocardiography in hypertrophic obstructive cardiomyopathy

Radiofrequency ablation of the interventricular septum is currently a novel surgical technique for hypertrophic obstructive cardiomyopathy, and its feasibility has been demonstrated in some studies (162, 163). Accurate localization of the anterior mitral leaflet and the ventricular septal flapping area is the key to radiofrequency ablation of the interventricular septum. Previously, the localization of the target area during the interventricular septal ablation for hypertrophic cardiomyopathy was mainly achieved by TEE combined with CARTO system (164). Intraoperative continuous TEE monitoring is limited due to limited patient tolerance, and general anesthesia and esophageal intubation also bring additional risks such as gastroesophageal injury and aspiration (165). In addition, ICE is non-inferior to TTE in imaging the overall cardiac structure (166). Previous studies have demonstrated that ICE can provide detailed information on the anatomical structure of the interventricular septum (166). As an organic combination of ICE image and 3D positioning system image, CARTO-Sound clearly displays the mitral valve and interventricular septal flapping area, and can be used to guide the selective precise ablation of the tip. 3D models of left ventricle, left ventricle outflow tract, anterior mitral leaflet and aortic root are constructed by ICE, which can accurately trace the site of interventricular septum obstruction (anterior leaflet and interventricular septal flapping area), and intraoperatively monitor the contact of the ablation catheter and the ablation injury in real-time. Patients can benefit from ICE-guided interventricular septal ablation. A small-scale study showed that 20 patients with significantly symptomatic hypertrophic obstructive cardiomyopathy had aortic transvalvular pressure gradient of greater than 50 mmHg by preoperative resting TTE and were followed up for 6 months after interventricular septal ablation. In patients with interventricular septal hypertrophy and obstruction, short anterior mitral leaflet and normally positioned papillary muscles, the NYHA cardiac function classification was significantly improved, and left ventricle outflow tract pressure and pressure gradient were significantly reduced (100). In addition, the feasibility of ICE-guided interventricular septal ablation in hypertrophic cardiomyopathy has also been confirmed in some small-scale studies (162, 167), and it is worthy of further study.



Application of intracardiac echocardiography in pulmonary arterial hypertension

In patients with aortic valve stenosis and pulmonary arterial pressure undergoing TAVR, the use of ICE instead of right heart catheterization for pulmonary arterial pressure monitoring is safe and feasible (168). The pulmonary arterial hypertension is mainly treated with drugs, while balloon atrial septostomy (BAS) can be performed as a bridging therapy or palliative therapy for poorly controlled patients awaiting lung transplantation (169, 170). Under the guidance of ICE, the surgeon can accurately locate the fossa ovalis and the surrounding anatomical structures, reducing the need for radiation. The feasibility of ICE-guided balloon or implantable device atrial septostomy has been demonstrated in studies (171–174). ICE-guided BAS combined with radiofrequency ablation has been shown in animal experiments to be effective in reducing spontaneous closure after atrial septostomy (175). ICE-guided AS is promising. Potts shunt has some advantages over AS in patients with severe pulmonary arterial hypertension who fail to respond to drug treatment: (1) It has a more reliable patency; (2) It does not lead to persistent hypoxemia in the upper part of the body, so the coronary artery and cerebral circulation are not affected. However, this procedure comes with high risks during the establishment of descending aorta and main pulmonary artery channels. In the future, 4D ICE real-time volumetric imaging and multiplanar reconstruction techniques can be used to guide the puncture, which may improve the operation safety, so that this operation can be further popularized and applied for the benefit of more patients. In addition, ICE can clearly show the right ventricular outflow tract, pulmonary valve, and proximal pulmonary artery. Therefore, ICE is also promising in percutaneous pulmonary artery sympathetic denervation ablation for pulmonary arterial hypertension. However, the use of ICE in pulmonary arterial hypertension needs to be further explored and validated in relevant clinical studies.



Application of intracardiac echocardiography in lead extraction

With the increasing use of cardiac electronic implantable devices such as pacemakers, device-related complications, such as infection, thrombosis and device/lead failure, occur frequently. Transvenous lead extraction (TLE) is an important technique for managing cardiac electronic implantable device-related infections (176). In TLE, conventional fluoroscopy, TEE and preoperative CT imaging have their own limitations: The wear and residue of non-visualized components such as lead insulation layer cannot be identified under fluoroscopy, and the adhesion of leads to tissues cannot be assessed; CT imaging is incapable of real-time guidance and assessment; TEE is performed close to the back of the heart, so the images for other regions are of poor quality and reproducibility.

As a unique imaging technique, ICE can guide TLE or be combined with new techniques intraoperatively, and it is safe and feasible (177–180). ICE can evaluate the lead condition, thrombus, neoplasm, lead “ghost” and adhesion of leads to tissues under direct vision, and can also timely detect the hyperechogenicity around the lead (181) (LAEs, which are usually classified as thrombus or neoplasm, prevalent in three-quarters of patients undergoing lead implantation, and are found in the right atrium, tricuspid valve, right ventricle and superior vena cava) to prevent such complications as embolism; it is currently being explored to remove LAEs under the guidance of ICE. Preoperative evaluation of the adhesion of leads to vessels, valves, right atrial free walls, and right atrial appendages by ICE is of great significance, contributing to the identification of high-risk valves, risk assessment of lead extraction, tool selection, and early judgment of the need for surgical extraction or delayed extraction; ICE enables dynamic risk assessment intraoperatively, real-time monitoring of complications, accurate identification of false cardiac tamponade due to traction under TEE during lead extraction, and dynamic assessment of tricuspid valve function. It is of great significance to reduce postoperative complications and improve operation safety (Flow chart 12 shown in Supplementary materials).

Intracardiac echocardiography has been widely used in cardiac interventions such as radiofrequency ablation, and it is also suitable for TLE based on the said advantages. With the advancement of technique and the application of 3D ultrasound imaging, the imaging quality of ICE will be further improved in the future. Therefore, the application prospect of ICE-guided TLE is promising.




Conclusion

Nowadays, ICE has been applied in a variety of cardiovascular interventional operations. In addition to the applications introduced above, ICE can also be used to guide the implantation of leadless pacemaker (182), left bundle branch pacing (183), etc. At the same time, for patients who have implanted pacemaker, zero-fluoroscopy ablation can also be completed with the assistance of ICE (184). However, more clinical evidence is needed to prove the feasibility of these operations.

Currently, catheter with a diameter of 8F has emerged, which will expand the application of ICE, such as cardiovascular interventional procedures in children and so on. With the application of 4D ICE, the improvement of image quality and the decrease of cost, ICE will be more widely used in the future.



Limitations

Because there are few authoritative clinical studies related to ICE in the world, some of viewpoints in our consensus are lack of considerable clinical studies to support them, and they were based on the clinical experience of the experts or case reports, we don‘t use “I-III” and “a-c” to express evidence level but use “Recommend,” “Can be useful,” “Maybe useful,” “Not recommended,” (Table 2) which is also one of the reasons why our manuscript is consensus rather than a guideline.

As there are few expert consensuses related to ICE in the world, the flowcharts (in Supplementary material) in our manuscript are developed based on the experience of Chinese experts. It may not be applicable to medical centers in different countries and regions, but it can be used as a reference.

Some emerging technologies (such as 4D ICE and 8F catheter) related to ICE are only mentioned in this manuscript, and their clinical applications are not elaborated too much, because they are rarely used in China. We hope that we will have the opportunity to improve the expert consensus with the application of these technologies in the future.
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Background: Heart failure (HF) is a serious end-stage condition of various heart diseases with increasing frequency. Few studies have combined clinical features with high-throughput echocardiographic data to assess the risk of major cardiovascular events (MACE) in patients with heart failure. In this study, we assessed the relationship between these factors and heart failure to develop a practical and accurate prognostic dynamic nomogram model to identify high-risk groups of heart failure and ultimately provide tailored treatment options.

Materials and methods: We conducted a prospective study of 468 patients with heart failure and established a clinical predictive model. Modeling to predict risk of MACE in heart failure patients within 6 months after discharge obtained 320 features including general clinical data, laboratory examination, 2-dimensional and Doppler measurements, left ventricular (LV) and left atrial (LA) speckle tracking echocardiography (STE), and left ventricular vector flow mapping (VFM) data, were obtained by building a model to predict the risk of MACE within 6 months of discharge for patients with heart failure. In addition, the addition of machine learning models also confirmed the necessity of increasing the STE and VFM parameters.

Results: Through regular follow-up 6 months after discharge, MACE occurred in 156 patients (33.3%). The prediction model showed good discrimination C-statistic value, 0.876 (p < 0.05), which indicated good identical calibration and clinical efficacy. In multiple datasets, through machine learning multi-model comparison, we found that the area under curve (AUC) of the model with VFM and STE parameters was higher, which was more significant with the XGboost model.

Conclusion: In this study, we developed a prediction model and nomogram to estimate the risk of MACE within 6 months of discharge among patients with heart failure. The results of this study can provide a reference for clinical physicians for detection of the risk of MACE in terms of clinical characteristics, cardiac structure and function, hemodynamics, and enable its prompt management, which is a convenient, practical and effective clinical decision-making tool for providing accurate prognosis.
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Introduction

Urbanization and the widespread use of cars have shifted many people from active to sedentary lifestyles, increasing the incidence of chronic diseases such as obesity, hypertension, diabetes, and coronary artery disease. Heart failure is a serious manifestation of the late stage of various heart diseases, and its risk factors include coronary diseases, hypertension, and diabetes, lifestyle factors such as smoking and alcohol consumption. Heart failure remains a serious clinical and public health problem as the total number of patients living with heart failure increases, reflecting the chronic course of the disease as well as population growth and aging (1). With high readmission and mortality rate, heart failure places a huge financial burden on the healthcare system (2–4).

All efforts must be underway to examine clinical, laboratory, and imaging data to better characterize heart failure phenotypes (5, 6) and to develop cost-effective strategies to reliably identify at-risk populations at an early stage. Therefore, early identification of individuals with high-risk factors will provide an opportunity for the early intervention and prevention of MACE in these individuals. Stratifying patients according to risk of future outcomes and optimizing treatment strategies can help reduce their follow-up costs and mortality (7–9).

The 2019 American College of Cardiology expert consensus on heart failure suggests that assessing risk-increasing factors can help inform decisions about preventive interventions (10). Many risk prediction models have been published internationally (11–16). Predictors of hospitalization rates were age, history of hospitalization for heart failure, edema, systolic blood pressure, and estimated glomerular filtration rate (11). In 2019, the Korean Acute Heart Failure Registry establishes a risk score that predicts the risk of HF specific readmission or death at 30 days after discharge by using 12 predictors (12). In this study, Wang Lei developed a prediction model and nomogram to estimate the risk of irreversible worsening of cardiac function among acute decompensated HF patients, which provided a reference for clinicians to detect and treat cardiac deterioration in a timely manner (13). Compared with traditional HF risk and non-race-specific machine learning models, Race-specific and ML-based HF risk models that combine clinical, laboratory, and biomarker data demonstrated superior performance which can identify distinct race-specific contributors of HF (14). A multivariate Cox regression model has been developed and validated to predict long-term mortality and readmission risk of Chinese patients with chronic heart failure (15). A convenient and accurate prognostic dynamic nomogram model for the risk of all-cause death in acute heart failure patients was developed by Yin T, et al., which included N-terminal pro-brain natriuretic peptide (NT-pro BNP) and growth stimulation expresses gene 2 proteins (16).

However, most of these models are insufficient to reflect the overall situation of the patient. The aim of this study was to develop a predictive model and a predictive nomogram model to estimate the risk of MACE within 6 months of discharge among patients with HF taking into account clinical characteristics, laboratory parameters of blood tests, speckle-tracking echocardiographic analysis, hemodynamic analysis, which can better represent the structure and function of the heart.



Materials and methods


Study cohort and study protocol

This was a single center study. Between July 2021 and February 2022, 505 consecutive patients who were previously diagnosed with chronic heart failure referred to our institution for routine evaluation were screened for eligibility for this study. Criteria and definitions used in the diagnosis of heart failure followed the 2021 heart failure guidelines (17). Inclusion criteria were: (1) consecutive patients who were previously diagnosed with chronic heart failure; (2) pharmacologic therapy followed Guideline Determined Medication Therapy (GDMT) criteria before enrollment in the study. Exclusion criteria were: (1) patients younger than 18 years; (2) history of heart valve replacement, congenital heart disease, severe heart Valve disease, malignant tumors. (3) poor echocardiography windows, or suboptimal cardiac imaging. According to the criteria, 468 patients with HF were finally included (Figure 1). Heart failure patients were classified into the following four categories according to LVEF, including heart failure with preserved ejection fraction (HFpEF), heart failure with mildly reduced ejection fraction (HFmrEF), heart failure with reduced ejection fraction (HFrEF), heart failure with improved ejection fraction (HFimpEF).


[image: image]

FIGURE 1
Flowchart demonstrating the process of selection from a total of 504 patients.


All scans were performed by a VFM imaging specialist, and all images were post-processing and analyzed by two professional VFM researchers. Eligible patients were prospectively followed up at 28 days, 3 months, and 6 months after discharge. The study protocol followed the Declaration of Helsinki and was approved by the Research Ethics Committee. All subjects gave written informed consent for additional research tests and for the use of their data for research purposes.



Standard echocardiography

All echocardiographic examinations follow the guidelines of the American Society of Echocardiography and use commercially available ultrasound equipment (LISENDO 880, Hitachi Healthcare America, Twinsburg, Ohio, USA) (18, 19).



Speckle-tracking echocardiography

Left atrial (LA) and LV endocardial boundaries were manually determined using QRS early end-diastolic frames as a reference for image analysis (19). The trace can be adjusted manually if necessary. The LV global longitudinal strain (GLS), the LV global systolic strain rate (GLSR) were calculated by the software from 4-, 3-, and 2-chamber images, and averaged for GLS and GLSR. We defined the following components of LA strain: LA reservoir strain = peak (maximal) longitudinal LA strain; LA pump strain = longitudinal LA strain measured between onset of the P wave and onset of the QRS complex; and LA conduit strain = LA reservoir strain–LA pump strain (20). Peak atrial longitudinal strain (PALS) represented LA reservoir function, and peak atrial contraction strain represented LA pump function, which were measured from the average of the strain curves of all segments at the end of ventricular systole. Strain rate analysis was used to measure the peak LA strain rate during the same time-phase divisions described above. Oana Mirea assess the level of agreement between non-dedicated (left ventricular tracking software) and novel dedicated tracking software for RV and LA strain, and found left atrial mean values showed no statistical difference when obtained with the two tracking tools (21; Figure 2).
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FIGURE 2
Conventional echocardiography, speckle-tracking echocardiography, and vortex flow mapping echocardiography.




Vector flow mapping

Images were analyzed using commercially available off-line software (DASRS1, Hitachi Aloka Medical Ltd., Tokyo, Japan). Using the initial point of the QRS complex as a reference point for image analysis, the LV endocardial border was tracked manually in end-diastolic frames and automatically by the software. Previous studies have limited validation studies (22–26), but the published data may contain useful clinical features. They included: (1) indexes of vortex from the flow-velocity curve, such as vortex area, circulation, maximum vorticity, and the vortex was automatically tracked and analyzed throughout the cardiac cycle (27, 28); (2) energy loss (EL) and mean energy loss (MEL), which were calculated as peak values (23, 24); (3) the intraventricular pressure difference (IVPD) and the intraventricular pressure gradient (IVPG), which were measured on a line that went through the center of the LV from the base to the apex (28, 29). The STE and VFM analysis were post-processed and analyzed by two professional VFM researchers (QL. SUN, Y. LI) (Figure 2).



Follow-up and clinical outcome data

Follow-up information was obtained during clinical consultations and patients who did not attend scheduled consultations were contacted through telephone interviews with family members. The primary endpoint of the study was the incidence of major adverse cardiac events (MACE). MACE was defined as a complex of congestive HF hospitalization, non-fatal myocardial infarction (MI), non-fatal stroke, and cardiovascular (CV) death. If there are multiple events, the first event is timed for analysis. Eligible patients were prospectively followed up at 28 days, 3 months, and 6 months after discharge. Clinical and echocardiographic parameters were tested for prediction of MACE in the study population. Clinical data, including clinical symptoms and signs, comorbidities, laboratory test results, treatment during hospitalization, and clinical outcomes were obtained by reviewing each patient’s medical records.



Statistical analysis

We used R (R Foundation, Vienna, Austria) and Python (Python Software Foundation, Beaverton, Oregon, USA) for statistical analysis. Continuous variables are expressed as mean ± SD, frequencies (percentages) for categorical variables and medians (interquartile ranges, IQRs) for skewed variables.

The t-test was used to compare the means of continuous variables when the data were normally distributed, else, the Mann-Whitney U test was used. One-way analysis of variance (ANOVA) was used for comparisons among multiple groups. Categorical data comparisons between groups were performed using the χ2 test. The statistical significance level for each test was set at α = 0.05; P < 0.05 (two-tailed) was considered statistically significant. The Least Absolute Shrinkage and Selection Operator (LASSO) regression algorithm and 10-fold cross-validation were used to filter out the best variables most associated with 6-month MACE incidence. The importance of variables is sorted by machine learning, a logistic regression model is constructed after screening through Venn diagrams, and generates nomograms. We used the Kaplan-Meier method to compare survival between groups. The concordance index (C-index) was used to measure the discriminative abilities of the nomograms [Harrell et al. (30)]. Calibration was performed by examining the survival probability plot predicted by the nomogram.




Results


Study population

A total of 468 patients were included, with an average age of 62 years, including 321 males (47.30%). There were 156 cases of MACE, the incidence rate was 33.3%. Patients are divided into four categories based on LVEF: including HFpEF (147 patients, 31.4%), HFmrEF (95 patients, 20.29%), HFrEF (136 patients, 29.06%), HFimpEF (90 patients, 19.23%). Demographic and baseline criteria are detailed by MACE (Table 1) and by LVEF classification (Table 2). Echocardiographic characteristics of STE parameters and VFM parameters are detailed by MACE (Table 3) and by LVEF classification (Table 4).


TABLE 1    Baseline characteristics for heart failure (HF) patients during follow-up divided by major cardiovascular events (MACE).
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TABLE 2    Baseline characteristics for heart failure (HF) patients divided by left ventricular end fraction (LVEF) classification.
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TABLE 3    Echocardiographic characteristics of speckle tracking echocardiography (STE) parameters and vector flow mapping (VFM) parameters divided by major cardiovascular events (MACE).
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TABLE 4    Echocardiographic characteristics of speckle tracking echocardiography (STE) parameters and vector flow mapping (VFM) parameters divided by left ventricular end fraction (LVEF) classification.
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Select optimal prognostic variables and model development

Feature selection was performed using the LASSO regression algorithm via the R package glmnet and 10-fold cross-validation. This is consistent with the glmnet package recommendation for choosing λ, as either λ min (minimum mean square error) or this value plus one standard error. When lambda equaled 0.035, twenty-six optimal prognostic variables were identified, including New York Heart Association (NYHA), hyperlipidemia stability (HPLS), ischemic cardiomyopathy (ICM), age, diastolic blood pressure (DBP), left ventricular end diastolic diameter (LVEDd), left ventricular end systolic diameter (LVESd), peak mitral valve blood flow during atrial contraction (A), LV ejection fraction (LVEF), aortic regurgitation (AR), inorganicphosphorus (P), glycatedhemoglobin (GHB), apolipoproteinB (ApoB), sodium ion (Na), N-terminal brain natriuretic peptide (NTproBNP), international normalized ratio (INR), fibrinogen, cardiac index (CI), LV vortex area from 4-chamber images during systolic period (VorAreaC4S), LV energy loss from 3-chamber images during isovolumic relaxation period (ELC3P3), intraventricular pressure differences from 2-chamber images during LV early filling period (IVPDC2P4), LA global longitudinal strain rate during conduit period (GLSRconduitC4LA), LV global longitudinal strain from 3-chamber images during early diastolic period (GLSedC3LV), LV global longitudinal strain from 2-chamber images during atrial systolic period (GLSacC2LV), average of LV global longitudinal strain during atrial systolic period (GLSacLV), peakLA longitudinal peak strain during conduit period (PALSconduitLA) (Figures 3A,B).
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FIGURE 3
Feature selection using the least absolute shrinkage and selection operator (LASSO) binary logistic regression model. (A) LASSO coefficient profiles of the 320 features. Vertical line was drawn at the value selected using 10-fold cross-validation, where optimal resulted in 26 non-zero coefficients. (B) Tuning parameter (λ) selection in the LASSO model used 10-fold cross-validation via minimum criteria. A coefficient profile plot was produced against the log (λ) sequence. The area under the receiver operating characteristic (AUC) curve was plotted versus log(λ). This is consistent with the glmnet package recommendation for choosing λ, as either λ min (minimum mean square error) or this value plus one standard error.


Correlation heatmap showing associations between clinical features and ultrasound parameters after lasso dimension reduction analysis (Figure 4A). Here, we used three different popular machine-learning methods including extreme gradient boosting classifier (XGBoost), random forest classifier, k-nearest neighbor classifier (KNN), which were widely applied in bioinformatics in order to calculate the importance of each influencing factor to the classification model and rank it, the top 20 parameters were selected (Figures 4B–D). R (Venn Diagram package) was employed to generate the Venn diagram, then 13 variables were recognized through the Venn diagram (Figure 4E), including NTproBNP, NYHA, GLSLV, LVEDd, LVESd, A, Na, PALSconduitLA, VorAreaC4S, ApoB, IVPDC2P4, GLSacC2LV, DBP. In this study, LVEF with high clinical acceptance was included, and the variance inflation factor (VIF) was calculated by collinearity analysis. LVESd was excluded because of the higher VIF, and A was excluded because of the higher missing. Finally, 12 candidate predictors were selected to build the prediction model, including NYHA, DBP, NTproBNP, Na,ApoB, LVEF, LVEDd, GLSLV, PALSconduitLA, GLSacC2LV, VorAreaC4S, IVPDC2P4, and built a nomogram based on the logistic regression model (Table 5).
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FIGURE 4
Select optimal prognostic variables. (A) Correlation heatmap showing associations between clinical features and ultrasound parameters. (B–D) XGBoost, Random forest, KNN calculate the importance of each influencing factor to the classification model and rank it, the top 20 parameters were selected. (E) Venn diagram, 13 variables were recognized.



TABLE 5    Prognostic model for major cardiovascular events (MACE) based on logistic regression model.
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Nomogram interpretation and model validation

Nomogram for predicting MACE risk, and the point was the selected scoring standard or scale. For each independent variable, by drawing a line (through the ruler) perpendicular to the point axis, the intersection points represent the values of the independent variables. The value of each variable is scored on a scale of 0 to 100, and the scores for each variable are summed to estimate the position perpendicular to the axis. That sum enables us to predict the probability of MACE risk in patient with HF (Figure 5A). Estimated odds ratios determined in a logistic regression model as shown in the forest plot (Figure 5B). Receiver operating characteristic curve for the nomogram generated using bootstrap resampling, which showed a good discriminative ability for the prediction model (C-statistics: 0.876 [95% CI, 0.844– 0.907]) (Figure 5C). The Nomogram calibration plots of the model based on the bootstrap method showed good performance (Figure 5D). When the solid line (performance nomogram) was closer to the dotted line (ideal model), the prediction accuracy of the nomogram was better. Decision curve analysis for predictive models (Figure 5E). Solid red line is predictive models, solid blue line is patients with MACE, and solid horizontal line is patients without MACE. The graph shows the expected net benefit per patient in relation to the nomogram MACE risk prediction. Decision curve analysis indicated that the clinical validity of the model was moderate.
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FIGURE 5
Nomogram interpretation and model validation. (A) Nomogram for predicting major cardiovascular events (MACE) risk, and the point was the selected scoring standard or scale. (B) Odds ratios determined in a logistic regression model as shown in the forest plot. (C) Receiver operating characteristic curve for the nomogram. (D) The Nomogram calibration plots of the model. (E) Decision curve analysis for predictive models.




Survival curves based on nomogram scores and predictive risk

Patients were divided into four groups according to the quartile total nomogram scores (nomgroup = 0, 1, 2, 3), and each group had 117 patients. A prediction model with a prediction probability of less than 0.5 is considered a low risk group, and patients were divided into high-risk and low-risk groups (low-risk group = 1, high-risk group = 2). Of these, 342 patients (73.08%) belonged to the low-risk group. The KM survival curves and cumulative survival curves were used to compare survival times among different groups was made by log-rank test. The median survival time (LT50) for different groups. The horizontal axis of the KM survival curve represents time, and the vertical axis represents probability (Figure 6).


[image: image]

FIGURE 6
Survival curves based on nomogram scores and predictive risk. (A,B) Patients were divided into four groups according to the quartile total nomogram scores (nomgroup = 0, 1, 2, 3), the KM survival curves and cumulative survival curves were used to compare survival times among different groups was made by log-rank test. (C,D) Patients were divided into high-‘and low-risk groups (low-risk group = 1, high–risk group = 2) according to the predicted probabilities of the prediction model. The median survival time (LT50) for different groups. The horizontal axis of the KM survival curve represents time, and the vertical axis represents probability.




Performance of machine learning algorithms among the groups

We divided patients into training and validation sets using MACE as the categorical outcome variable. Parameters include general parameters, STE-related parameters and VFM-related parameters. General parameters include basic characterization parameters, clinical parameters, blood laboratory test results, and conventional ultrasound parameters. Four machine learning models were used to complete the data sample classification task, including: XGBoost Classifier, Random Forest Classifier, Multi-LayerPerceptron (MLP) Classifier, support vector machine (SVM) Classifier. By repeated sampling 10 times and each resampling training validation set of 20.0% of the total sample, training set of 80.0%, the model classification was successively performed and drawed the ROC curve. General Parameters group (AUC: 0.79, accuracy: 0.75, AUC: 0.76, accuracy: 0.74, AUC: 0.68, accuracy: 0.69, AUC: 0.70, accuracy: 0.72, respectively), General Parameters and STE group (AUC: 0.81, accuracy: 0.75; AUC: 0.80, accuracy: 0.76, AUC: 0.67, accuracy: 0.73, AUC: 0.70, accuracy: 0.74, respectively), General Parameter, STE and VFM group (AUC: 0.84, accuracy: 0.77, AUC: 0.82, accuracy: 0.79, AUC: 0.71, accuracy: 0.72, AUC: 0.74, accuracy: 0.76, respectively) were classified in the test set performance (Figures 7A–C).
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FIGURE 7
Performance of machine learning algorithms among the groups. (A–C) The ROC curve of the model performance in classifying patients correctly in each group using learning algorithms. (D,E) The performances [area under curve (AUC) and accuracy] of the model in classifying patients correctly in each group using learning algorithms. (F) The calibration plots of learning algorithms in group [General Parameters, speckle tracking echocardiography (STE) and vector flow mapping (VFM) group].


Comparing AUC and accuracy, the XGBoost classifier performed the best among all four learning algorithms. In each group, we found that AUC and accuracy of four learning algorithms were higher when the parameters included general parameters, STE-related parameters and VFM-related parameters, and were more pronounced when using the XGBoost classifier. The inclusion of STE and VFM parameters in the XGBoost classifier model improved its ability to correctly classify MACE patients compared to other learning algorithms (AUC: 0.84, accuracy: 0.77). The inclusion of the STE and VFM parameters in the XGBoost classifiers model showed an improved ability to classify patients with MACE correctly compared with the other learning algorithms, which is more beneficial to predicting the occurrence of MACE. The performances (AUC and accuracy) of the model in classifying patients correctly in each group using learning algorithms are shown (Figures 7D,E). Calibration plot of four learning algorithms (Figure 7F). When the solid line was closer to the dotted line (perfectly calibrated), the prediction accuracy was better. Among the comparison of Brier scores for the above four learning algorithms, XGBoost is the lowest, and his prediction calibration is the best (Brier scores = 0.07).




Discussion

The primary objective of this study was to develop a scoring system to predict MACE risk in patients with chronic heart failure. This study used clinical trial data from patients with CHF, and age was not included in the risk assessment model due to the short follow-up time. In previous models, the most common parameters used to predict major adverse cardiovascular events were general clinical data, blood test parameters, and conventional ultrasound parameters (11–16). There are also articles that use LA and LV strain parameters to create models. LA function assessed by speckle tracking echocardiography is an independent prognostic marker in heart failure patients with reduced ejection fraction (31). These results suggest that STE variable information corresponding to two-dimensional and doppler analysis can provide independent assessments of diastolic function and LV filling pressures, which are increasingly moving toward precision medicine (32).

Left atrial (LA) function is closely related to LV function and plays a key role in maintaining optimal cardiac functional performance. The left atrium, through its reservoir, conduit, and booster pump stages, regulates filling of the left ventricle, while the LV influences LA function throughout the cardiac cycle. Long-term exposure to high LV filling pressures leads to an increase in LA volume, presumably reduced LA function is only a marker of LV deterioration (33, 34). In patients with HFrEF, LA function index measured at first admission was associated with cardiovascular outcomes during the first 6 months of follow-up (35), and LA systolic function measured by LA strain rate was shown to provide prognostic stratification for outpatients with new-onset HF (36). The prognostic value of LA function has also been explored using other imaging techniques. Decreased LA ejection fraction measured by cardiac magnetic resonance imaging was associated with a higher incidence of AF and poorer prognosis in patients with HF (37). Previous studies have shown that LV diastolic dysfunction is related to LA volume (38, 39). Moreover, LV diastolic function is closely related to atrial function; Thus, the transmitral flow parameters of LV must be interpreted in terms of LV relaxation, LA function, and loading parameters, each of which affects LV filling pressure. Due to the high dimensionality and complexity of variables affecting LV diastolic function and filling pressures, echocardiographic assessment requires a multiparametric approach (19, 40). Heart failure patients are divided into four categories based on LVEF: HFpEF, HFmrEF, HFrEF HFimpEF (17). Different subtypes have different clinical features and disease courses, and different conditions can lead to misjudgment of heart failure and bring difficulties to the diagnosis of heart failure. It is well-known that HFpEF differs in clinical features and disease course (including treatment strategies), but all-cause readmission rates remained the highest in HFpEF vs. HFrEF and HFmrEF (41). This study hopes to establish a predictive model suitable for different heart failure populations, and only LVEF analysis variables are included, not LVEF classification. We will continue to expand the sample size and construct respective prediction models for different types of heart failure patients, so as to improve the prediction effect of the model.

Currently, left chamber fluid mechanics is lacking to participate in model construction. There is a growing interest in the imaging and visualization of intracardiac blood flow (42). VFM is a two-dimensional cross-sectional image acquired based on b-type color Doppler echocardiography, which can enables visualize the cross-sectional image with blood flow as a velocity vector (43). As mentioned earlier, calculate the flow vector using the continuity equation and decompose the vector into vertical and parallel velocity components, determined from wall motion spot tracking and color doppler images (25). The advantages of VFM are that it is relatively inexpensive, less time-consuming, easy to use at the bedside, and does not require the use of contrast agents. This model adds the VFM parameters compared with the previous models, which makes the significance of the model more explanatory and the evaluation more comprehensive. The potential application of VFM to quantify aortic regurgitation has been reported. Compared with other conventional measures, energy loss can more clearly quantify patients, subjective symptoms and help to assess disease severity based on cardiac stress (24, 44, 45). Automated phenotype calculation is an efficient strategy to fuse multidimensional parameters of LV structure and function to collect STE- and CFM-related parameters (46).

In this study, the left ventricular high-throughput parameters were constructed by collecting mechanics and hydrodynamic parameters, including STE parameters of LV and LA, VFM parameters of LV flow. For the first time, we integrate multiple echocardiographic parameters to meaningfully reflect changes in left ventricular structure and function. Through screening, key indicators are incorporated into the construction of the model. Based on selecting optimal prognostic variables, a logistic regression model and nomogram is constructed, which can well-predict the possibility of MACE within 6 months. Here, we evaluated the relationship between these factors and HF to create a practical and accurate prognostic dynamic nomogram model to identify high-risk groups of heart failure and ultimately develop targeted treatment options. From Figure 5C, we can find the performance effect of constructing the new model is good [C-statistics: 0.876 (95% CI, 0.844– 0.907)]. From Figure 6, survival curves were generated using the Kaplan–Meier method, and log-rank tests were used to compare survival curves, which based on nomogram scores and predictive risk. For survival analysis, significant differences among the groups were seen according to Kaplan–Meier survival curves. We can find patients with high nomogram scores and predictive risk had the shortest survival time. Although the number of high-risk group was significantly fewer than low risk group, the number of patients with MACE was significantly more than the low risk group, better demonstrating the clinical significance of the model. In each group, we found that AUC and accuracy of four learning algorithms were higher when the parameters included general parameters, STE-related parameters and VFM-related parameters, and were more pronounced when using the XGBoost classifier. The inclusion of general parameters and STE-related parameters and VFM-related parameters in the XGBoost classifiers model showed an improved ability to classify patients with MACE correctly compared with the other learning algorithms (AUC: 0.84, accuracy: 0.77), which is more beneficial to predicting the occurrence of MACE. Calibration plot of four learning algorithms, we can find among the comparison of Brier scores, XGBoost is the lowest, and his prediction calibration is the best (Brier scores = 0.07). By machine learning, we found that the AUC of the models generated by general parameters, STE-related parameters and VFM-related parameters was higher than that of the other models, but the increase in AUC was not significant. Furthermore, analyzing and extracting data from STE and VFM techniques requires a certain amount of time and effort, which is often difficult to perform in routine clinical practice. However, with continuous attempts to explore and screen more valuable parameters, the most valuable indicators can be easily extracted from data, which is beneficial for disease assessment and clinical decision-making in patients with heart failure.



Study limitations

There were several limitations to this study that require comment. First, this was a single-center study with a limited sample size. A larger study sample from various centers may be helpful to further confirm these observations. The findings of the present study, although showing statistical significance, were based on a relatively small number of patients and are indeed not suitable for data from countries that respond to an aging population. The results should therefore be regarded as preliminary, and further enlarge studies adequately powered for clinical outcomes are warranted to confirm our results. Second, a relatively short follow-up duration was used to detect cardiac events in this study, the effective time follow-up within 6 months is relatively short, the specific time of MACE cannot be clearly defined by patients, therefore logist regression is used to draw nomgraph this time, only to predict the possibility of MACE within 6 months after discharge. In future studies, the continuous follow-up will be summarized to establish an effective cox prediction model. Third, VFM technology relies on strict contour condition provided by the endocardial-blood interface and is limited by the frame rate applied and the Nyquist limit. Aliasing may result in errors in the VFM calculated blood flow data, mild aliasing was manually corrected on the selected frames. However, severe aliasing could not be corrected can underestimate the true velocity, we should minimize this phenomenon by optimizing the Nyquist limit and ensuring appropriate patient selection Patients with valcular heart diseases were not included in the analysis due to severe aliasing produced by the fast valve flow. Fourth, we did not include additional measurements for right ventricular function, which would need to be addressed in future investigations.



Conclusion

In this study, we developed a prediction model and nomogram to estimate the risk of MACE within 6 months of discharge among patients with heart failure. The findings may provide a reference for clinical physicians for detection of the risk of MACE in terms of clinical characteristics, cardiac structure and function, hemodynamics, and enable its prompt management, which is a convenient, practical and effective clinical decision making tool for providing accurate prognosis.
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Objectives: In the last decade, percutaneous treatment of valve disease has changed the approach toward the treatment of aortic stenosis (AS) and mitral regurgitation (MR). The clinical usefulness of stress echocardiography (SE) in the candidates for transcatheter aortic valve implantation (TAVI) and transcatheter edge-to-edge repair (TEER) of MR remains to be established. Therefore, the key aim of this review is to assess the main applications of SE in patients undergoing TAVI or TEER.

Methods: We searched for relevant studies to be included in the systematic review on PubMed (Medline), Cochrane library, Google Scholar, and Biomed Central databases. The literature search was conducted in February 2022. The inclusion criteria of the studies were: observational and clinical trials or meta-analysis involving patients with AS or MR evaluated with SE (excluding those in which SE was used only for screening of pseudo-severe stenosis) and treated with percutaneous procedures.

Results: Thirteen studies published between 2013 and 2021 were included in the review: five regarding candidates for TEER and eight for TAVI. In TEER candidates, seeing an increase in MR grade, and stroke volume of >40% during SE performed before treatment was, respectively, related to clinical benefits (p = 0.008) and an increased quality of life. Moreover, overall, 25% of patients with moderate secondary MR at rest before TEER had the worsening of MR during SE. At the same time, in SE performed after TEER, an increase in mean transvalvular diastolic gradient and in systolic pulmonary pressure is expected, but without sign and symptoms of heart failure. Regarding TAVI, several studies showed that contractile reserve (CR) is not predictive of post-TAVI ejection fraction recovery and mortality in low-flow low-gradient AS either at 30 days or at long-term.

Conclusion: This systematic review shows in TEER candidates, SE has proved useful in the optimization of patient selection and treatment response, while its role in TAVI candidates is less defined. Therefore, larger trials are needed to test and confirm the utility of SE in candidates for percutaneous procedures of valve diseases.

KEYWORDS
stress echocardiography, Mitraclip, TAVI, aortic stenosis, mitral regurgitation, TEER


Introduction

Mitral regurgitation (MR) and aortic stenosis (AS) are the most prevalent valve diseases in Europe (1, 2). The clinical approach toward both valve diseases has changed due to being able to treat them percutaneously in patients with high surgical risk. Transcatheter edge-to-edge repair (TEER) is used for the treatment of either primary or secondary MR treatment (3), while transcatheter aortic valve implantation (TAVI) is used for AS (4). Stress echocardiography (SE) is a valuable tool in the assessment of asymptomatic severe valvular disease used to determine the severity of the disease (5). However, due to lack of robust evidence, its use is not recommended in the guidelines for the management of most valvular diseases (1). In the context of AS, dobutamine SE serves as the cornerstone in confirming a low-flow, low-gradient (LFLG) phenotype (in the case of an ejection fraction below 50%), but it also helps distinguish severe from pseudo-severe AS and evaluate the presence of contractile reserve (CR), defined as an increase of at least 20% in stroke volume (SV) during the examination (1–8). Whereas, in patients with MR, SE is useful to evaluate symptom onset (also in relation to hemodynamical changes and exercise), confirm the severity of MR, assess pulmonary pressure, and evaluate CR. However, historically, SE has been underused in Europe, as shown in the Euro Valve Survey in heart disease (2). In fact, only 3.1% of patients with AS and 2.2–4.6% of patients with MR receive SE in the diagnostic work-up for valve disease diagnosis (2). However, considering the prevalence of frail and severely compromised patients with both MR and AS undergoing transcatheter procedures (6, 7), the use of SE before TAVI or TEER implantation could potentially represent an additional tool leading to a better patient selection. In this context, however, it is important to mention that the presence of concomitant significant MR in patients with LFLG AS worsens the low-flow state, resulting in a reduced forward stroke volume (9). Nonetheless, given its potential positive impact, we performed a systematic review of the literature on the applications of SE in candidates for percutaneous procedures for the treatment of MR and AS. The aim was to highlight the most relevant applications of this diagnostic tool in the contemporary population of patients with heart valve disease who are candidates for TAVI or TEER.



Methods


Search strategy and selection criteria

We performed a systematic review of literature following the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) statement, updated to 2021 version (10). We included studies regarding the use of SE in (i) candidates for percutaneous procedures for AS (TAVI) or (ii) of MR (TEER). Accordingly, the following terms using Medical subject heading (MeSH) strategy were searched: “(stress echo or contractile reserve or dobutamine) and (TAVI OR TAVR),” “(stress echocardiography or dobutamine echocardiography or exercise echocardiography) and (Mitraclip or (transcatheter mitral valve repair) or (transcatheter edge-to-edge repair) or (TEER) OR (TMVR).” The databases analyzed were PubMed, Biomed Central, Web of Science, Cochrane Library. The literature search was carried out in February 2022. Only full-text article published in English and in peer-reviewed journals were selected. The inclusion criteria of the studies were: observational, clinical trials or meta-analysis involving patients with AS or MR evaluated with SE (excluding those in which SE was used only for screening of pseudo-severe stenosis) and treated with percutaneous procedures. Exclusion criteria: (i) abstract or posters; (ii) reviews or editorials; (iii) rationale and study protocols. The main aim of the systematic review is to summarize relevant studies exploring the role of SE in candidates for TAVI or TEER in defining diagnosis of valvular disease severity and prognosis before or after percutaneous valvular treatment. No limitation in the number of patients included was applied. Literature search, screening of the literature and quality appraisal of selected items was performed by two independent reviewers (GF and NB). Divergences have been solved by discussion and consensus. In case of discordance a third reviewer (RP) was asked to solve the disagreement and reach consensus. The quality of the included studies has been assessed using pre-specified electronic forms of MINORS criteria (11). The minimum score obtained was 16 and the maximum was 20. No studies were excluded based on quality assessment.




Results


Search strategy

Overall, 161 studies were selected (Figure 1).


[image: image]

FIGURE 1
Review flow chart.


After a first evaluation, 38 records were screened and of these, 25 were excluded for varied reasons (Figure 1). Finally, 13 studies published between 2013 and 2021 were included in the review (Table 1). In particular five concerned candidates for TEER (349 patients), while eight included candidates for TAVI (895 patients). We presented the results of the systematic review, answering questions related to the use of SE in TAVI and TEER candidates (Tables 1, 2).


TABLE 1    Studies on SE in candidates for TEER.

[image: Table 1]


TABLE 2    Studies on SE in candidates for TAVI.
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Stress echocardiography in candidates for transcatheter edge-to-edge repair

Velu et al. (12) showed that patients undergoing SE before TEER (n = 36) might have a dual response: in case of MR reduction during SE patients remained in NYHA III–IV or died within 6 months, while 62% (18 out of 29) of the patients with stable or increased MR during SE had clinical benefit (p = 0.008), above all in terms of quality of life if an increase in stroke volume during SE in seen (12). Curio et al. (13) instead compared the outcome of 55 patients with moderate MR that become severe during SE with patients with severe MR at rest (n = 166), showing that the combined end-point of all-cause death and hospitalization was significantly worst in patients with severe MR at rest. Izumo et al. (14) showed that patients with moderate MR that become severe during SE (n = 46) reported a higher event-free survival rate if treated with TEER rather than if medically managed after a 13-month follow-up period (log-rank p = 0.017). However, the Cox proportional-hazard analysis suggested that in case of TEER treatment the composite endpoint of all-cause mortality and hospitalization for HF occurred more frequently (hazard ratio: 0.419, p = 0.044) (14). Finally, regarding the effect of TEER on mitral valve function, Paranskaya et al. (15), performed dobutamine SE after TEER in 20 patients showing that both mean trans-mitral pressure gradient (TPG) (3.3 ± 0.8 mmHg vs. 4.0 ± 0.6 mmHg; p < 0.001) and mitral valve orifice area (2.9 ± 0.3 cm2 vs. 3.9 ± 0.4 cm2; p < 0.001) were significantly increased during SE, as well as LVEF (41 ± 18% vs. 46 ± 21%; p < 0.001) and systolic pulmonary artery pressure (sPAP) (42 ± 11 mmHg vs. 44 ± 12 mmHg; p = 0.014). The degree of MR was stable during stress (p = 0.68) (15). Boerlage-van Dijk et al. (16) obtained similar results in terms of increased TPG during SE (from 3.6 ± 1.7 to 6.3 ± 2.7 mmHg, n = 23, P < 0.001), but also demonstrated that higher TPG and sPAP did not lead to more symptoms of heart failure (16) (Table 1).



Stress echocardiography in transcatheter aortic valve implantation patients

Hayek et al. (8) showed that in 49 patients with LFLG AS, more than a half (55%) did not have CR and that these patients had worse short- and intermediate-term survival compared with those with CR (log rank p = 0.029). Thirty-day mortality was 21 vs. 5%, 1-year mortality 30 vs. 9%, and 2-year mortality 46 vs. 26% compared with those with CR (p < 0.001). As opposite, Ribeiro et al. (17) showed that the 45% of 234 patients enrolled in the True or Pseudo-Severe Aortic Stenosis-TAVI registry (TOPAS-TAVI) Registry with LFLG AS had CR, however, the absence of CR at baseline dobutamine SE was not associated with any negative effect on clinical outcomes (30 days, 1 and 2 years mortality) or LVEF changes at follow-up (17). The same results were found by Buchanan et al. (18) (all-cause mortality at 30 days: 13% with CR vs. 10% without CR, p = 1.00 and 1 year mortality: 29% with CR vs. 33% without CR, HR 1.20, 95% CI 0.49–2.96, p = 0.69) (18) and Sato et al. (19). Maes et al. (20) confirmed that the absence of CR had no effect on clinical outcomes or changes in LVEF over time also in a subgroup of TOPAS-TAVI registry of 92 patients with LVEF < 30% (20). Barbash et al. (21) in 61 patients with LFLG AS undergoing TAVI showed that CR assessed with dobutamine SE did not predict LVEF recovery but did predict lower mortality (21). Saevik et al. (22) demonstrated safety and feasibility of low-dose dobutamine SE in 50 patients with high gradient AS, showing reduced CR in 40% of them (22). Finally D’Andrea et al. (23) showed that a cutoff value for left ventricle global longitudinal strain (LV GLS) of >−12% well distinguished patients without significant CR and with lack of positive remodeling after TAVI at follow-up (23) (Table 2).




Discussion


Stress echocardiography in candidates for transcatheter edge-to-edge repair


How can stress echocardiography help the clinician select transcatheter edge-to-edge repair candidates?

To understand the potential usefulness of SE in patients undergoing TEER, it is necessary to consider the lessons learned from the Cardiovascular Outcomes Assessment of the Mitraclip Percutaneous Therapy for Heart Failure Patients with Functional Mitral Regurgitation (COAPT) trial (24), and the Percutaneous Repair with the Mitraclip Device for Severe Functional/Secondary Mitral Regurgitation (MITRA-FR) trial (25), both contributing to the elaboration of the concept of proportionate and disproportionate MR (26). This concept helped clinicians distinguish to what extent symptoms are caused by the amount of MR or by left ventricular dysfunction (26). In this context, SE might be useful to evaluate (i) the changes of the left ventricle functional reserve during stress; (ii) the variation of MR grade during exercise; (iii) the changes in pulmonary pressures; (iv) the onset of symptoms in relation to hemodynamical changes. These measurements can change the decisional process that leads to an indication for TEER (Figure 2).


[image: image]

FIGURE 2
Role of stress echocardiography (SE) in TEER and TAVI. MR, mitral regurgitation; TEER, transcatheter edge-to-edge repair; TAVI, transcatheter aortic valve implantation; MVOA, mitral valve opening area; MTPG, mean trans-valvular pressure gradient; MV, mitral valve; PHT, pressure half-time; AS, aortic stenosis; CR, contractile reserve.


In a small prospective study (n = 36), Velu et al. (12) enrolled patients who underwent SE with handgrip and/or dobutamine before successful TEER with Mitraclip (50% secondary MR). The aim of the study was to evaluate which parameters were associated with mortality or NYHA class >II in a 6-month follow-up. The endpoint occurred in 18 patients (50%). The seven patients with decreased MR grade during SE remained in NYHA III-IV or died within 6 months, while 62% of patients with stable or increased MR grade during SE reported clinical benefits (p = 0.008) (12). A left ventricular stroke volume increase of >40% during stress was associated with an increased quality of life after the procedure, and patients who did not achieve this goal had a higher heart rate during stress and rest (12). The study shows that if MR is maintained during SE, the patient’s outcome is better. In fact, the absence of an increase in stroke volume during SE is related to a critical dysfunction of the left ventricle, which cannot adapt stroke volume to stress, resulting in an increase in heart rate to compensate for the lack of positive inotropism (12). At the same time, a decreased grade of MR during SE is indicative of the fact that MR is a minor determinant of the patient symptoms during exercise compared to the abnormal left ventricle function (12). The study of Velu et al. (12) also showed that the endpoint occurred in a high number of patients (50%), reflecting the severity of the underlying disease.

Curio et al. (13) tried to understand if SE might be useful in selecting patients at an early stage of the disease, thus truly benefiting from TEER (77% of patients with secondary MR). This retrospective study (13) (n = 221) explored the effect of TEER treatment in patients with handgrip-induced severe MR and patients with severe MR at rest. Patients with handgrip-induced severe MR were considered as having an earlier stage of the disease. The primary endpoint was all-cause mortality and HF hospitalization in a follow-up of 2 years (13). Patients with severe MR at rest had a significantly lower left ventricular ejection fraction (LVEF), larger left ventricle end-diastolic diameter (LVEDd) and larger left atrial volumes compared to patients with severe handgrip-induced MR (13). However, MR improvement after TEER was greater in patients with severe resting MR, even if it was significant in both groups, resulting in a reduction of systolic pulmonary artery pressure (sPAP) after procedure (13). The 2-year mortality rate was 4% in patients with handgrip-induced severe MR and 8% in patients with severe resting MR (13). Patients with severe resting MR suffered more frequently from the combined endpoint (p = 0.01), and the difference was driven by HF hospitalization (p = 0.02). However, in both groups, a significant reduction of HF hospitalizations in the 2 years after the procedure compared with the 2 years before the procedure was achieved (13). Independent predictors of worse outcomes were preprocedural hospitalization for HF (p < 0.01) and larger LVEDd with a cutoff of 53 mm (AUC 0.696, sensitivity 86%, specificity 54%) (13). Patients with residual MR greater than mild showed a worse 2-year outcome (13). These results suggest that in patients at an early stage of MR disease, the outcome after the TEER procedure is better (13). However, it does not explain whether MR severity itself or LV remodeling caused by MR are responsible for the prognostic divergence between groups.

In another study, Izumo et al. (14) enrolled patients (n = 46) with exercise-induced MR (defined as an increase in effective regurgitant orifice area (EROA) ≥0.13 cm2 during semi-supine bicycle ergometer), which have been then treated with TEER or with conservative management (14). All patients enrolled had secondary MR. At baseline, patients had an EROA of 0.26 ± 0.10 cm2 and 0.20 ± 0.08 cm2, and a regurgitant volume of 42 ± 13 ml and 33.6 ± 13.6 ml in the TEER group compared to those treated with conservative management, respectively. The authors specified that the decision to treat with TEER or conservatively was left to the clinician and related to routine clinical practice. The primary endpoint was the occurrence of death and hospitalization (14). The mean follow-up was 13 months. Patients treated with TEER were older, with a higher prevalence of NYHA ≥ II, smaller left ventricle and higher LVEF compared to those in the optimal medical therapy (control) group (14). However, there were no differences in stroke volume and cardiac output between the groups. Event-free survival was higher in the TEER group (Log Rank p = 0.017), reaching 82% at 12 months and 56% at 24 months (14). LVEF during exercise (HR 0.919, p = 0.028) and TEER (HR 0.419, p = 0.044) were independently associated with clinical outcomes. Moreover, 25% of patients with moderate secondary MR at rest showed worsening of MR during exercise. The event-free survival of these patients was similar to those with severe MR at rest (14). These patients, who might benefit from TEER, are underestimated in clinical practice due to the underuse of SE.

In conclusion, the benefits of using SE are twofold. First, SE may help predict the outcome of patients after TEER treatment. Second, it helps identify patients with an earlier stage of the disease who may undergo TEER with a greater benefit.



How can stress echocardiography evaluate anatomical response to transcatheter edge-to-edge repair?

Transcatheter edge-to-edge repair procedure is guided by transesophageal echocardiography (TOE). TOE is necessary to choose the correct position during clip releasing and check for the presence of residual MR or excessive increase in trans-valvular diastolic gradient in order to avoid iatrogenic mitral stenosis (IMS) (defined by a post-TEER diastolic gradient ≥5 mmHg) (Figure 2) (16). The reliability of the measures of MR or IMS done during the TEER is debatable because influenced by the general anesthesia and loading conditions. Doppler measurements are operator dependent and strongly influenced by left ventricle function, left atrial compliance, and loading conditions, and real-time monitoring evaluation of left atrial pressure during TEER is proven to be able to predict the outcome independently from echocardiographic findings (27). Therefore, considering this, although SE in clinical practice is not often used in patient evaluation after TEER some authors considered it to better explain echocardiographic findings after the procedure. Boerlage-van Dijk et al. (16), in a retrospective study (n = 51, but only 23 underwent SE, of whom 74% with secondary MR), investigated which echocardiographic parameters were associated with iatrogenic mitral stenosis (IMS) during TEER implantation with TOE and after with SE in 13-month follow-up. During intra-procedural assessment mean transvalvular diastolic gradient (MTDG) was higher after the procedure than during the procedure (p < 0.001), while pressure half-time (PHT) did not change significantly (16). PHT was the only intraprocedural parameter that predicted post-procedural IMS with good accuracy (AUC 0.9) using a cut-off of 91 ms (16). However, during SE performed after TEER with bicycle echocardiography, MTDG and sPAP increased significantly, but without signs or symptoms of HF or any significant difference in brain natriuretic peptide (BNP) plasma level (16). The change of these parameters after TEER was comparable to that described after surgical edge-to-edge mitral valve repair technique (16).

Finally, Paranskaya et al. (15) performed a small prospective study to evaluate the impact of multiple clips on mitral valve function and trans-mitral gradients. They included in the study 20 patients (60% with secondary mitral regurgitation) with residual less than moderate MR, but with increased MTDG [from 2.3 ± 0.1 (range 1.0–4.5) to 3.3 ± 0.8 (range 1.8–5.0) mmHg; p = 0.002] and reduced mitral valve orifice area (MVOA) [from 5.8 ± 0.9 (range 4.0–7.6) to 2.9 ± 0.3 (range 2.5–3.6) cm2; p < 0.001] after TEER. Under SE, both MTDG and MVOA significantly increased, supporting the hypothesis of a preserved pliability and elasticity of the valve after multiple clip implantation (15).




Stress echocardiography in transcatheter aortic valve implantation patients


How can stress echocardiography help the clinician select patients with low-flow, low-gradient aortic stenosis who are candidates for transcatheter aortic valve implantation?

As stated before, SE is the gold standard for CR assessment in patients with LFLG-AS with EF < 50% (1–8). However, the prognostic role of CR for patients who are candidates for TAVI or SAVR has been questioned due to recent data. In LFLG-AS patients undergoing SAVR, the peri-procedural risk was considered greater if CR was absent (17). Data from the Transcatheter Aortic Valve Replacement in Patients With Low-Flow, Low-Gradient Aortic Stenosis (TOPAS-TAVI) registry published by Ribeiro et al. (17) as well as the findings from the sub-analysis of Maes et al. (20) and other smaller studies (18, 21) do not confirm these results for patients undergoing TAVI, although in patients with CR there was a trend toward lower 30-day mortality (1.2 vs. 5.6% in patients with and without CR, respectively; p = 0.13). Reasons for that might be related to the less invasive nature of the procedure, requiring less postoperative care, and being the percutaneous procedure altogether better tolerated by the patient (18, 20). Contrastingly, Hayek et al. (8) showed that 30-day mortality was significantly lower in patients with CR treated with TAVI compared to patients without CR (5 vs. 21%, p < 0.001). It should also be remembered that the population of Hayek et al. (8) consisted of a small and very heterogeneous sample, also including patients with preserved left ventricular ejection fraction LVEF (23% of the sample population), while the other studies enrolled only patients with reduced LVEF (17, 18, 20, 21). Finally, Sato et al. (19) showed that in LF-LG AS with reduced ejection fraction, CR or AS severity stratification performed by dobutamine stress echocardiography was not associated with survival, neither in patients treated with SAVR nor in those treated with TAVI (19).

In conclusion, data reveal a discordancy about the efficacy of CR in predicting the outcome in LFLG AS for both TAVI and SAVR candidates. As seen above, mortality in patients undergoing TAVI is not related to CR presence, either at 30 days (although there is a tendency for a better peri-procedural outcome in patients with CR) or at long term (17, 18, 20, 21). However, the total mortality remains lower for TAVI patients without CR compared to that reported in SAVR studies (17). Furthermore, since CR is not predictive of the outcome of TAVI patients, TAVI should not be discouraged by an absence of pre-procedural CR (17) (Figure 2). Finally, no studies specifically address how to use SE in the evaluation of patients undergoing TAVI with LFLG AS and concomitant severe MR, or specifically with LFLG AS with LVEF higher than 50% [besides the few patients enrolled in Hayek et al. (8) study].



How can stress echocardiography help the clinician select patients with high-gradient aortic stenosis who are candidates for transcatheter aortic valve implantation?

In classic high-gradient AS, SE is not usually performed and there is little data about it. Saevik et al. (22) published an initial analysis of a cohort of patients with symptomatic high-gradient AS and LVEF > 40% in which pre-procedural CR was evaluated with a low-dose DSE pre-TAVI. The aim was to evaluate the safety and feasibility of the DSE in this subset of patients and look for the presence of CR (22). Of the 50 patients enrolled, 45 (90%) completed the protocol. Only 10% of them reported minor events that caused test interruption (22). Symptoms rapidly regressed with dobutamine suspension (22).

Ten (20%) patients showed low indexed stroke volume (SVi) before the exam (22). CR was found in 20 (40%), with an average increase in SVi of 32%. Interestingly, no difference in the prevalence of CR between patients with low-flow and normal-flow at baseline was found nor was a relationship with NT-proBNP or diastolic parameters or mass (22). The proportion of patients with CR was lower in high-gradient AS patients than in LFLG patients, but this could be explained by a higher SVi (43 ± 10 ml/m2) at baseline and by the presence of preserved LVEF (baseline LVEF 66%) (22).



Can contractile reserve predict long-term outcome in low-flow, low-gradient patients undergoing transcatheter aortic valve implantation?

Several studies tried to correlate the long-term outcome of LFLG patients undergoing TAVI with the presence of CR at pre-procedure dobutamine SE (DSE), but the results are conflicting (17, 18, 20, 21).

Barbash et al. (21) showed how the advantage in terms of reduced mortality changes over time in patients with CR, progressively decreasing until reaching an overlap of the two mortality curves in patients with and without CR. Similarly, both in the TOPAS-TAVI registry (with a mean follow-up of 21 months), and in the Buchanan et al. study (follow-up = 12 months), patients with LVEF < 30% showed the absence of a significative correlation between the presence of pre-procedural CR and long-term mortality (17, 18, 20, 21).

Discordant results come from the Hayek et al. (8) study, where 81% of the dead patients did not show CR at the pre-procedure DSE (1-year mortality 30 vs. 9% and 2-year mortality 46 vs. 26% of the CR group vs. no-CR group, respectively, p < 0.001) (8). As pointed out by Ribeiro et al. (17), however, a large part of long-term deaths in patients undergoing TAVI are non-cardiac, and mainly due to comorbidities, such as chronic obstructive pulmonary disease (COPD), or pre-operative anemia (mainly driven by iron deficiency). Considering this, it is important to note that in the Hayek et al. (8) study the only significant difference between the two groups stratified by the presence of CR at the baseline was precisely the higher prevalence of COPD in patients without CR (63 vs. 32%; p = 0.030). This may be enough to explain the higher mortality, despite the multivariate analysis showing both COPD and CR as independent predictors of mortality (8, 17). After TAVI, Anjan et al. (28) demonstrated that an increase in SVi is related to an improvement in 1-year survival. Buchanan et al. (18) showed that SVi significantly increases after TAVI only in patients with CR. In this setting, DSE demonstrated low (≤65%) specificity and sensitivity in predicting it (28). Finally, left ventricular global longitudinal strain (LVGLS) was analyzed as a parameter useful to predict the presence of CR and the post-TAVI reverse remodeling (23), showing that a pre-procedural LVGLS > −12% was a strong predictor of pre-procedural CR absence (sensitivity 84%; specificity 93%; AUC 0.92 [95% CI, 0.86–0.99], p < 0.00001) and lack of post-procedural remodeling (p < 0.0001) (23). A greater increase in the absolute value of LVGLS after TAVI has been highlighted in patients with pre-procedure CR (+3.9%, p < 0.0001 vs. + 2.3%, p = 0.01) (23).



Clinical perspectives and limitations of systematic review

The main limitations of studies about the use of SE in candidates for TAVI or TEER are related to the small size of the samples, the absence of randomized design, and not standardized SE protocols. Considering all of this, a formal meta-analysis of data was not possible. When using SE in candidates for TEER we expect (Figure 3) the confirmation of indication through the evaluation of symptoms during stress, and the quantification of worsening of MR or elevated sPAP. We also expect to test the possible positive effect of TEER mainly with CR assessment. After TEER in case of IMS, SE is of paramount importance to understand if the increased MTPG is or not related to HF.
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FIGURE 3
Parameters to be evaluated during SE before/after TEER and TAVI. TEER, transcatheter edge-to-edge repair; TAVI, transcatheter aortic valve implantation; EROA, effective regurgitant orifice area; RV, regurgitant volume; sPAP, systolic pulmonary arterial pressure; MVOA, mitral valve opening area; MTPG, mean trans-valvular pressure gradient.


Regarding candidates for TAVI, the only clear indication to SE is in the context of LFLG AS to confirm a diagnosis of stenosis (Figure 3). The role of CR is still uncertain and not necessary for an indication to TAVI. New trials are needed to understand if SE might be relevant also for patients with paradoxical low-flow, low-gradient AS or with combined valvular disease (e.g., MR and AS).





Conclusion

This systematic review shows that there are few studies analyzing the role of SE in candidates for TAVI and TEER. In a TEER context, SE is useful before TEER and in patients with secondary mitral regurgitation for two reasons. First, to identify patients developing severe MR during SE who are in an early phase of the disease and might benefit from an earlier intervention. Second, to identify patients with reduced CR and MR who have more advanced disease and poor prognosis. Conversely, in TAVI candidates, the role of SE is limited to confirming the severity of the diagnosis in the case of LFLG AS and reduced LVEF (as established by recommendations). New studies are needed to better explore the role of SE after TEER and verify if SE might be relevant also for patients with paradoxical low-flow, low-gradient AS, or with combined valvular disease.
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Echocardiographic predictors of thrombus in left atrial appendage—The role of novel transthoracic parameters
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Introduction: The left atrium appendage thrombus (LAAT) formation is a complex process. A CHA2DS2-VASc scale is an established tool for determining the thromboembolic risk and initiation of anticoagulation treatment in patients with atrial fibrillation or flutter (AF/AFL). We aimed to identify whether any transthoracic echocardiography (TTE) parameters could have an additional impact on LAAT detection.

Methods: That is a sub-study of multicenter, prospective, observational study LATTEE (NCT03591627), which enrolled 3,109 consecutive patients with AF/AFL referred for transesophageal echocardiography (TEE) before cardioversion or ablation.

Results: LAAT was diagnosed in 8.0% of patients. The univariate logistic regression analysis [based on pre-specified in the receiver operating characteristic (ROC) analysis cut-off values with AUC ≥ 0.7] identified left ventricular ejection fraction (LVEF) ≤ 48% and novel TTE parameters i.e., the ratios of LVEF and left atrial diameter (LAD) ≤ 1.1 (AUC 0.75; OR 5.64; 95% CI 4.03–7.9; p < 0.001), LVEF to left atrial area (LAA) ≤ 1.7 (AUC 0.75; OR 5.64; 95% CI 4.02–7.9; p < 0.001), and LVEF to indexed left atrial volume (LAVI) ≤ 1.1 (AUC 0.75, OR 6.77; 95% CI 4.25–10.8; p < 0.001) as significant predictors of LAAT. In a multivariate logistic regression analysis, LVEF/LAVI and LVEF/LAA maintained statistical significance. Calculating the accuracy of the abovementioned ratios according to the CHA2DS2-VASc scale values revealed their highest predictive power for LAAT in a setting with low thromboembolic risk.

Conclusion: Novel TTE indices could help identify patients with increased probability of the LAAT, with particular applicability for patients at low thromboembolic risk.
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transthoracic echocardiography, left atrial appendage thrombus, NOAC, echocardiographic indices, thromboembolic risk, predictors of left atrial thrombus


Introduction

Atrial fibrillation and flutter (AF/AFL) are the most common sustained cardiac arrhythmias in adults (1, 2), with thromboembolic complications as the main reason for morbidity and mortality (3). The CHA2DS2-VASc scale is an established clinical tool which is recommended for determining the thromboembolic risk and anticoagulation treatment indications in AF/AFL patients (4). However, thrombus formation is a complex process, which involves many hemorheological, tissue and humoral factors; hence the mere assessment of the thrombus mass formation based only on the abovementioned scale could be insufficient (5). Therefore, it could be reasonable to relate the CHA2DS2-VASc scale to some morphological parameters, which could have a possible impact on thrombus development, and echocardiography could be a valuable tool in this issue. Transesophageal echocardiography (TEE) is regarded as the gold standard in detecting the left atrial (LA) appendage thrombus (LAAT) before cardioversion or ablation procedure (6, 7). However, in certain situations, its performance is hampered or even not possible, for instance, due to logistical difficulties related to restricting access to the TEE in small district hospitals, as well as in certain situations, such as the COVID-19 pandemic, in which the implementation of the study was limited. Therefore, it seems reasonable to verify whether any routinely assessed transthoracic echocardiography (TTE) parameters could help identify patients with a high probability of LAAT, which could allow clinicians to avoid unnecessary diagnostics and influence the appropriate management of a patient.

Many studies have focused so far on the search for echocardiographic parameters that predict the risk of LAAT (8–11), revealing LA enlargement [both diameter (LAD), surface area (LAA), indexed volume (LAVI)], and decreased left ventricular ejection fraction (LVEF) as the most associated with thrombus formation. However, the predictive power of these conventional variables is insufficient (8, 9). Therefore, we hypothesized that perhaps parameters determining the size, area, and volume of the atrium, in combination with other echocardiographic parameters such as LVEF, may prove valuable as a marker of increased risk of LAAT formation in real-world AF/AFL patients referred for TEE before electrical cardioversion or catheter ablation in the era of modern anticoagulation.



Materials and methods


Study population

The study is a sub-analysis of the real-world Left Atrial Thrombus on Transesophageal Echocardiography (LATTEE) registry (NCT03591627), which evaluated the determinants of LAAT depending on echocardiographic and clinical parameters in patients with AF/AFL referred for electrical cardioversion or catheter ablation. Exact details on the study rationale and design have been published previously (12), while the primary data concerning the prevalence of a thrombus depending on anticoagulation strategy were further precisely delineated (13). In sum, the LATTEE was a prospective, observational study enrolling consecutive patients with AF/AFL admitted to 13 cardiology departments between November 2018 and May 2020 in whom TEE was performed before direct current cardioversion or catheter ablation. Diagnosis of AF/AFL was based on previous European Society of Cardiology Guidelines on managing AF by attending physicians (14). Regarding non-emergency electrical cardioversion for AF/AFL, four centers performed TEE routinely in all patients, and nine centers performed TEE only in those patients who were suspected of ineffective antithrombotic therapy within the last 3 weeks. The study was conducted according to clinical practice guidelines and the Declaration of Helsinki. The Ethics Committee approved the study of the Medical University of Warsaw (AKBE/113/2018), which waived the requirement of obtaining informed consent from the patients.



Data collection and study endpoint

Data were gathered prospectively and included precise demographics, medical history, comorbidities, CHA2DS2-VASc score calculation, pharmacotherapy, and results of routine laboratory blood tests. Chronic oral anticoagulation (OAC) was defined as OAC treatment for at least 3 weeks before the procedure. In all patient’s obligatory transoesophageal echocardiography (TOE) parameters such as presence and location of LAAT, presence of spontaneous echocardiographic contrast, as well as LAA outflow velocity (LAAV) were obtained. TTE study was conducted in the vast majority of participants and involved gathering data regarding: LVEF, LAD, LAA, left atrial volume (LAV) and LAVI (calculated as a ratio of left atrial volume to body surface area). Trained echocardiographers performed all examinations as it was defined in the primary protocol (12). Additionally, the novel parameters (ratios of LVEF and LA parameters: LVEF/LAD, LVEF/LAA, and LVEF/LAVI) were investigated. Both TTE and TOE parameters were analyzed and interpreted locally. The primary endpoint of the study was the presence of LAAT.



Statistical analysis

Continuous data were presented as the median (25th–75th percentiles), categorical as a number (n) and percentage (%). Differences between LAAT+ and LAAT- groups were calculated with the Mann-Whitney U-test and the qualitative data with the χ2 or Yates χ2 test. The accuracy of pre-specified cut-off values for analyzed parameters and their association as potential predictors of the study endpoint was determined by area (AUC) under the receiver operating characteristic (ROC) curve. Only AUC values ≥ 0.7 were considered for further analysis (15). For comparison of unpaired ROC curves Venkatraman’s test was utilized. The association between the analyzed parameters (differed between LAAT+ and LAAT- groups) and the endpoint was assessed using univariable logistic regression analysis with cut-off values pre-specified in ROC analysis. Multivariable analysis was applied to continuous data (dichotomized according to the cut-off values identified in ROC analyses) and categorical data associated with the endpoint in the univariable regression analysis (p ≤ 0.05). The set of variables accepted for the model was determined by the backward elimination method from the set of all statistically significant predictors. The statistical analysis was conducted with an R 4.0.5 environment (R Core Team, Vienna, Austria).




Results


Study population

A total of 3,109 patients who met the inclusion criteria were enrolled in the LATTEE registry. Altogether, nearly 9 out of 10 were on OACs. Prevalence of LAAT was 8.0% (7.3% on chronic OAC vs. 15% without OAC; p < 0.001) and it was doubled in patients on vitamin K antagonist (VKA) compared to patients on non-VKA-OACs (NOACs) (13 vs. 6.0%; p < 0.01). Patients with LAAT were older and more often had chronic AF and comorbidities, resulting in a higher CHA2DS2-VASc score, as shown in Table 1. All clinical parameters of the study population were presented in previous work (13).


TABLE 1    Comparison of the clinical characteristics between patients with (LAAT+) and without LAAT (LAAT).
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Echocardiographic parameters

TTE data were obtained for 2,599 (84%) study participants, and Table 2 presents the results. LAAT+ patients had lower LVEF and greater LAD, LAA, LAV, and LAVI values. The compared groups differed significantly in terms of the echocardiographic indices, i.e., LAAT+ in comparison to LAAT- patients had a lower ratio of LVEF to LA indices: LVEF/LAD 0.9 vs. 1.2 (p < 0.001), LVEF/LAA 1.4 vs. 2.1 (p < 0.001), and LVEF/LAVI 0.7 vs. 1.2 respectively (p < 0.001), as shown in Table 2.


TABLE 2    Comparison of LVEF, LA parameters and ratios in LAAT+ and LAAT- patients.
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Significant predictors of left atrial thrombus

Table 3 presents the results of ROC analysis with pre-specified cut-off values for LAAT prediction. The LA parameters alone did not have adequate predictive power (AUC lower than < 0.7), whereas ratios of LVEF with LA parameters significantly improved the level of LAAT prediction with high specificity and positive predictive value.


TABLE 3    Accuracy of the pre-specified cut-off values for analyzed parameters as the predictors of LAAT.
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The univariate logistic regression analysis (based on pre-specified in the ROC analysis cut-off values with AUC ≥ 0.7) revealed a considerable number of clinical parameters, as well as LVEF, LVEF/LAD, LVEF/LAA and LVEF/LAVI ratios as the significant predictors for LAAT. These data are presented in Figure 1. C-Statistics analyses showed that the accuracy power of new echocardiographic indices (LVEF/LAD, LVEF/LAA, LVEF/LAVI ratios) differed significantly from conventional parameters (LAD, LAA, LAVI—in all combinations p < 0.05) but not for LVEF (p > 0.05). In a multivariate logistic regression analysis, which included all parameters which proved to be statistically significant in the univariate test (with AUC ≥ 0.7 for continuous variables from Table 3), only a few clinical parameters, as well as LVEF/LAVI and LVEF/LAA ratio maintained its statistical significance, as shown in Figure 1.


[image: image]

FIGURE 1
Univariate and multivariate logistic regression analysis models estimating the likelihood of LAAT. p-values refer for the differences between LAAT+ and LAAT- groups. AF, atrial fibrillation; AFL, atrial flutter; AS, aortic stenosis; CI, confidence interval; CIED, cardiac implanted electrical device; HF, heart failure; HFrEF, heart failure with reduced left ventricular ejection fraction; INR, international normalized ratio; LAA, left atrial area; LAAT, left atrial appendage thrombus; LAD, left atrial diameter; LAVI, left atrial volume index; LVEF, left ventricular ejection fraction; MR, mitral regurgitation; MS, mitral stenosis; OR, odds ratio; SE, systemic embolism; TIA, transient ischemic attack.




Significant predictors of left atrial appendage thrombus in subpopulation of patients with heart failure

Among the entire study population, 43% of the patients, i.e., 1,336, were diagnosed with heart failure (HF). Of the HF types, the most common was HF with preserved ejection fraction (HFpEF), then reduced ejection fraction (HFrEF) and mid-range ejection fraction (HFmEF), 38, 35, and 27%, respectively. Most HF patients had symptoms consistent with NYHA I-II (72%).

The results of logistic regression analysis and ROC with specific cut-off values for LAAT prediction in patients with HF subtypes are presented in Table 4. In each of the HF subtypes tested, AUC and OR values were lower than those obtained for the entire study population. The new echocardiographic indices differed in statistical power depending on the HF subtype, and more precisely, they had highest prediction for LAAT formation in patients with HFpEF, where they obtained acceptable values for LVEF/LAA ≤ 1.8 [AUC 0.7, OR 4.1, 95% CI (1.9–9), p = 0.001) and LVEF/LAVI ≤ 1.1 [0.71, OR 4.4, 95% CI (1.7–11.6), p = 0.003].


TABLE 4    Univariate regression analysis and ROC study results of novel echocardiographic parameters in subpopulation of patients with HF.
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Accuracy of transthoracic echocardiographic indices for left atrium appendage thrombus detection according to CHA2DS2-VASc score values

Based on the statistical significance of novel echocardiographic ratios, we determined their odds ratio for LAAT prediction in different CHA2DS2-VASc groups. For this purpose, we divided patients into three subgroups accordingly to (A) 0–1, (B) 2–3, and (C) 4 and more points on the CHA2DS2-VASc score. In ROC analysis, the appropriate cut-off values for LAAT prediction were determined, as shown in Table 5. The obtained data show that the discussed indices were characterized by better accuracy and predictive power than conventional parameters, and that the LVEF/LAA index predicts the formation of LAAT with the highest statistical power.


TABLE 5    Accuracy of echocardiographic indices in LAAT prediction according to CHA2DS2-VASc score values.
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Discussion

The major finding in this prospective, observational study is that LAAT formation was strongly associated with echocardiographic parameters, additionally to well-known clinical variables. We determined that simple, routinely examined echocardiographic parameters presented as the novel indices, including LVEF and LA parameters seem to be accurate predictors of LAAT presence, mainly according to different CHA2DS2-VASc score groups with peculiar applicability for patients with relatively lower thromboembolic risk.

To date, several risk stratification methods utilizing clinical parameters have been developed to help pinpoint patients with AF/AFL who are at high risk for thromboembolic complications, among which the most recognized is the CHA2DS2-VASc score (16). Nonetheless, some other investigators had a differing viewpoint on this issue (17, 18). The role of data derived from the TTE study as a marker of LAAT formation has been studied extensively over the last decades (10, 19–22). For example, in the study of Scherr et al., which enrolled 585 patients referred for catheter ablation of AF, LAD ≥ 45 mm and a CHADS2 score ≥ 2 proved to be significant predictors of LA thrombus in multivariate regression analysis (10). Our data are in line with those observations. Moreover, the capacity for predicting LAAT by combining LA area and volume parameters and LVEF seems stronger than using any single echocardiographic parameter. In our study, we proposed some novel echocardiographic indices, easy to obtain from the routinely checked parameters, which could have an additional impact on LAAT detection. Of the TTE indices, the LVEF/LAD with a cut-off value of ≤ 1.1, LVEF/LAA ratio ≤ 1.7 and LVEF/LAVI ≤ 1.1 had the highest predictive accuracy (AUC ≥ 0.7) predictive power and statistical significance in the univariate logistic regression analysis. Importantly, in the multivariate logistic regression analysis, LVEF/LAVI and LVEF/LAA maintained statistical significance.

For better prediction of LAAT, models combining clinical and echocardiographic parameters have been proposed (17, 19–24). For example, Van Chien et al., in their study of 144 anticoagulant-naïve patients, proposed models that combined CHA2DS2-VASc score with LA volume index and LA longitudinal strain (17). In another study conducted by Ayirala et al. on 334 patients who received VKA or VKA and heparin, the authors showed that patients with CHADS2 score of ≤ 1 a normal LAVI in combination with normal LVEF are a robust negative predictor of LAA thrombus formation (19). Our results are under data from the literature; indeed, the calculation of LVEF/LAVI and LVEF/LAA ratio in different CHA2DS2-VASc score groups had a significant association with LAAT. Notably, the highest OR for LAAT prediction of presented echocardiographic indexes is for patients with low thromboembolic risk (Table 5). For example, LVEF/LAA index ≤ 1.5 in low-risk patients (with 0 or 1 points in CHA2DS2-VASc score) was characterized by an OR 29, CI 5.87–145.52 with an excellent AUC equal to 0.92. Similarly, the positive predictive value of the pre-specified cut-offs was higher for patients with a lower CHA2DS2-VASc score. That could be of great clinical value, helping clinicians identify patients with a high likelihood of LAAT, regardless of a low CHA2DS2-VASc score.

HF patients constitute a special population within atrial fibrillation patients, and their increasing coexistence is associated with significantly elevated in-hospital mortality (25). The occurrence of AF in patients with HF may lead to clinical disease progression and increases mortality, on the other hand, presence of HF in AF patients interfere with preservation of sinus rhythm through atrial remodeling, increases the number of strokes and mortality (26, 27). Despite the fact that congestive HF is a part of CHA2DS2-VASc score whether every HF subtype generates the same risk of LAAT formation is still in question (28, 29). In a recently published work, also based on data from the LATTEE registry Wybraniec et al. examined a population of 1,336 patients with HF and showed that the diagnosis of HFrEF, but neither HFmrEF nor HFpEF, confers a considerable risk of LAT formation (30). In our study we evaluated the usefulness of the new echocardiographic parameters i.e., LVEF/LAA and LVEF/LAVI in all HF subtypes, however, the results are unsatisfactory and indicate the need to look for other LAT predictors in this group of patients.

Based on our results, it could be suggested that clinical risk scores should be combined with echocardiographic parameters to receive the most accurate data regarding LAAT formation. A significant advantage of our results boosts the fact that our research was based on a large, modernly anticoagulated group of patients, 82% of whom were on chronic NOAC. To the best of our knowledge, this is the first study that shows the usefulness of novel echocardiographic parameters in clinical presentation in identifying high-risk individuals of LAAT occurrence in the era of contemporary anticoagulation.



Limitations of the study

Our study has some limitations. Firstly, the study was a registry and therefore has a limitation of its design. Secondly, despite the fact that we included a relatively large group of patients with AF/AFL, by inclusion criteria these were patients admitted for ablation or cardioversion procedures and therefore, the results cannot be extrapolated to the whole population of patients with AF/AFL. Thirdly, it is worth noting that echocardiographic study was performed at the discretion of attending physicians, and thus, data including TTE are missing for some patients. Moreover, a few promising parameters, such as LV stroke volume, LV end-systolic and end-diastolic volume as well as parameters of left ventricular diastolic dysfunction and peak atrial longitudinal strain that could identify patients at increased risk of LAAT, were not included in the methodology of that registry (31, 32). Additionally, the study did not investigate into the rate of ischemic stroke on follow-up, but only the presence of LAAT. Furthermore, TOE was performed routinely in most centers prior to direct current cardioversion and catheter ablation, however, some participating centers performed TOE only in subjects with suboptimal anticoagulation before the procedure or in those with doubts regarding adherence to NOAC and its effectiveness which might have led to some selection bias. Finally, study aimed to check which echocardiographic parameters can predict LAAT formation based on regular patients qualified to TEE in the everyday clinical practice hence we did not exclude a peculiar group of patients with “valvular AF” from the analysis.



Conclusion

Simple, routinely examined echocardiographic parameters presented as the novel indices, including LVEF and LA parameters, seem to be accurate predictors of LAAT presence. Further use of those parameters could help predict LAAT in different CHA2DS2-VASc score groups with particular applicability for patients with low thromboembolic risk.
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Echocardiography is frequently used to evaluate cardiac function in rodent models of cardiovascular disease. Whereas methods to acquire the commonly used echocardiography parameters are well-described in published protocols or manuals, many important parameters are ill-defined and often open to subjective interpretation. Such lack of uniformity has engendered conflicting interpretations of the same parameters in published literature. In particular, parameters such as mitral regurgitation, mitral stenosis, pulmonary regurgitation, and aortic regurgitation that are required to define more esoteric etiologies in rarer mouse models often remain equivocal. The aim of this methods paper is to provide a practical guide to the acquisition and interpretation of infrequently used echocardiography parameters and set a framework for comprehensive analyses of right ventricle (RV), pulmonary artery (PA) pulmonary valve (PV), left atrium (LA), mitral valve (MV), and aortic valve (AoV) structure and function.
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1 Introduction

Echocardiography is a non-invasive imaging modality and a pillar of preclinical cardiovascular research. Rodent models for human disease are routinely analyzed via a common set of parameters that are limited to <30% of those possible from modern echocardiographic instrumentation. The remaining ∼70% of parameters that are often essential for comprehensive and accurate characterization of murine cardiovascular pathology have not to our knowledge been formally standardized and the relevant procedures are absent from current protocols and manuals of rodent echocardiographic imaging technology. While there are examples of uncommon parameters being acquired to expand on a pathology, details of the acquisition procedures used for such parameter is often lacking. Here we provide an easily accessible protocol of infrequently used views and parameters that will allow for more complete analyses of the right ventricle (RV), pulmonary artery (PA), pulmonary valve (PV), left atrium (LA), mitral valve (MV), and aortic valve (AoV).



2 Materials and equipment

The images acquired in this paper were captured using Vevo 2100 and 3100 imaging systems and analysis with Vevo Lab, however, the methods described may be applicable to other multi-modal imaging systems.


2.1 Methods

Cardiac function and morphology were assessed using either Vevo 2100 or 3100 imaging systems with a high frequency transducer probe MS400 (VisualSonics, Toronto, ON, Canada). The anterior chest and abdomen of mice were depilated using Nair depilatory cream (Church and Dwight Co., Ewing, NJ, USA) 1 day before experiments (1). On the day of image acquisition, mice were anesthetized with 2.5–3.0% isoflurane at 0.8 L/min flow rate and maintained with 1–1.5% isoflurane (1). After anesthesia, mice were restrained in a supine position on a pad with heater, temperature sensor and ECG electrodes (1). Temperature and heart rate were maintained at 37°C and maximum of 500 beats per minute, respectively (1, 2).


2.1.1 Parasternal long axis view

To obtain parasternal long axis (PLAX) views, the mouse is placed in a supine position with the right side of the platform inclined at 45° counterclockwise (Figure 1A), and the transducer probe placed in the rail system oriented diagonally 30–40° clockwise from the right upper extremity to the left abdomen.
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FIGURE 1
(A) Representative image showing probe positioning to obtain parasternal long axis (PLAX) views. (B) Parasternal short axis (PSAX) views are derived from the PLAX view by rotating the transducer probe in the rail system to approximately 90° clockwise. (C) To obtain apical views, the transducer probe is placed diagonally toward the head. (D) Views of the aorta can be acquired by shifting the transducer probe from the PSAX view cranially to the level of the aortic valve.




2.1.2 Parasternal short axis view

The parasternal short axis view (PSAX) is derived from the PLAX view by rotating the transducer probe in the rail system to approximately 90° clockwise (Figure 1B).



2.1.3 Apical view

To obtain apical views, the platform is placed slightly lateral with the head of the mouse pointing to the left, and the right upper side of the platform positioned 30° counterclockwise. The transducer probe is placed diagonally oriented toward the head (Figure 1C).



2.1.4 Aorta

With the anterior portion of the platform tilted 45° superiorly and slightly to the left, the transducer probe is shifted from the PSAX view cranially to the level of the aortic valve (Figure 1D).




2.2 Right-sided parameters


2.2.1 Right ventricle

Right-sided heart assessment is important for evaluating right heart failure (RHF) and pulmonary hypertension in rodent models, but the possible methodologies are underused in mice despite the availability of clinical guidelines for such imaging (2). Higher frequency, higher resolution, and smaller transducers have permitted advancement of RV imaging in mice despite difficulties related to the morphology and retrosternal position of the RV (2, 3). Given the difficulty in obtaining an apical four chamber view in mice and due to the frequent visual obstruction of the RV by the ribs and sternum in the parasternal short axis (PSAX), the parasternal long axis (PLAX) is the preferred echocardiographic window.


2.2.1.1 Right ventricular internal diameter

Right ventricular internal diameter (RVID) provides metric dimensions of the right ventricle during systole and diastole. To obtain this parameter, a PSAX or PLAX M-mode image should be captured with the M-mode line positioned over the RV. Obtaining the correct view may require repositioning the platform 45° to the right. Furthermore, skin reverberation artifacts can easily be confused with the RV, therefore flow on Doppler or movement in a B-mode image should be used to confirm that the RV is correctly identified. In PSAX or PLAX M-mode, RVID;s and RVID;d should be selected [instead of the intraventricular septum (IVS) IVS;s and IVS;d] to measure the diameter of the right ventricle (Figure 2). This parameter will also measure IVS, left ventricular internal diameter (LVID), and left ventricular pulmonary wall (LVPW). Increased RVID would be indicative of right ventricular dilation or volume overload and thus useful to evaluate RHF.
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FIGURE 2
Right ventricular internal diameter (RVID), a measurement of the right ventricle during systole and diastole, is obtained by analyzing parasternal long axis (PLAX) view images in M-mode.




2.2.1.2 Right ventricular outflow tract length

Right ventricular outflow tract (RVOT) length is the measurement of the right ventricular outflow tract at end diastole. It can be measured by selecting “RVOT” in a PLAX B-mode image containing the RV (Figure 3A). The RVOT is located just proximal to the PV. RVOT is another indicator of RV size (2); a dilated RVOT suggests right ventricular volume overload.
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FIGURE 3
(A) Right ventricular outflow tract (RVOT) measures the size of the right ventricular outflow tract at the end of diastole and is acquired and analyzed in B-mode of the parasternal long axis (PLAX) view. (B) Right ventricular outflow tract velocity time integral (RVOT VTI) measures blood flow through the right ventricular outflow tract (RVOT) and is acquired by pulsed wave (PW) Doppler imaging of the RVOT in B-mode of the parasternal long axis (PLAX) view.




2.2.1.3 Right ventricular outflow tract velocity time integral

Right ventricular outflow tract velocity time integral (RVOT VTI) is a measurement of blood flow through the RVOT. It can be measured as the area under the curve in a pulsed wave (PW) Doppler image of PLAX with the yellow marker on the flow of the RVOT (Figure 3B). Mean velocity, mean gradient, peak velocity, and peak gradient are automatically calculated. RVOT VTI is a surrogate for RV stroke volume (SV), hence, the ratio of RVOT VTI to pulmonary artery systolic pressure represents pulmonary arterial compliance, an important measure for pulmonary arterial hypertension (PAH) (4). Right ventricular systolic pressure is equal to pulmonary artery systolic pressure (5) and can be measured by right heart catheterization in mice. RVOT and RVOT VTI can be used to calculate right ventricular SV and cardiac output (CO).
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2.2.2 Pulmonary artery and valve

Pulmonary and right ventricular parameters are more informative when applied concurrently. RV dysfunction in the absence of elevated PA pressures indicates isolated RHF, while RV dysfunction concurrent with elevated PA pressures could indicate pulmonary hypertension leading to RHF or LHF leading to RHF. PA and PV measures may be incorrectly assumed to be interchangeable; however, the PA is anatomically distal to the PV in mice, and images should be captured accordingly. Measurements are made of PW Doppler mode images with the marker overlying either the PA or PV (Figures 4, 5).


[image: image]

FIGURE 4
Pulmonary artery velocity time integral (PA VTI) directly measures blood flow through the pulmonary artery and is acquired as the area under the curve in pulsed wave (PW) Doppler mode of the parasternal long axis (PLAX) view.
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FIGURE 5
The pulmonary valve velocity time integral (PV VTI), a measure of blood flow through the pulmonary valve, is calculated by measuring the area under the curve in pulsed wave (PW) Doppler mode of the parasternal long axis view (PLAX).



2.2.2.1 Pulmonary artery velocity time integral

Pulmonary artery velocity time integral (PA VTI) is a direct measure of blood flow through the pulmonary artery. It is calculated as the area under the curve in a PW Doppler image of the PA (Figure 4). Mean velocity, mean gradient, peak velocity, and peak gradient are automatically generated. This measure can be used to evaluate PAH because increased PA flow accompanies PAH (6).



2.2.2.2 Pulmonary regurgitation peak velocity

Pulmonary regurgitation peak velocity (PR Peak Vel) relates to degrees of pulmonic regurgitation in mouse models. PR Peak Vel is the maximum velocity of the regurgitant stream. Like most other pulmonary measures it is performed with a PW Doppler mode image of pulmonary artery flow (Figure 6). This measure allows for classification of the severity of the regurgitation.
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FIGURE 6
Representative image displaying pulmonary regurgitation peak velocity (PR Peak Vel), a parameter used in mouse models of pulmonic regurgitation which is acquired in pulsed wave Doppler mode of the parasternal long axis (PLAX) view.




2.2.2.3 Pulmonic valve diameter

Pulmonic valve diameter (PV diameter) measures, in millimeters, the length of the pulmonic valve. This measurement can be performed using a PLAX or PSAX view of the pulmonic valve; however, visualization is typically easier in PLAX (Figure 7). PV diameter can be used to assess whether pulmonic valve stenosis or dilation is present. The PV diameter can also be used with PV VTI to calculate PV SV and CO.
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FIGURE 7
Pulmonic valve (PV) diameter is acquired and analyzed in B-mode of the parasternal long axis (PLAX) view.






2.3 Left-sided parameters


2.3.1 Left atrium

Left atrial size is rarely evaluated in small animal echocardiography despite the reciprocity between LA reservoir function and LV systolic function and thus cardiac output (7). In other words, LA pathology, leading to decreased preload affects CO and LV systolic function. Furthermore, the LA can be used as a marker of chronic LV dysfunction (8) as is influenced by elevated left ventricular end diastolic pressure (LVEDP) propagating backwards (9).


2.3.1.1 Left atrial depth

Left atrial depth can be measured vertically at end diastole. To perform this parameter, a PLAX M-mode image should be captured with the yellow line positioned over the LA, which is located inferior to the aorta (Figure 8).
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FIGURE 8
Parasternal long axis (PLAX) M-mode view displaying left atrial depth measurement just inferior to the aorta.





2.3.2 Left ventricle

Although extensively characterized because of the accessibility of imaging the LV, many parameters are inadequately described in literature.


2.3.2.1 Left ventricular outflow length

Left ventricular outflow tract length (LVOT) measures, in millimeters, the left ventricular outflow tract, just proximal to the aortic valve, at end diastole. It is measured by selecting “LVOT” under “AoV Flow” in a PLAX B-mode image containing the left ventricular outflow tract (Figure 9). LVOT would be a valuable measure for mouse models of aortic stenosis because it can be used to calculate aortic valve area (AVA) (see below).
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FIGURE 9
The left ventricular outflow tract (LVOT) length is acquired in the B-mode of the parasternal long axis view (PLAX).




2.3.2.2 Left ventricular outflow tract velocity time integral

Left ventricular outflow tract velocity time integral (LVOT VTI) is defined as a measurement of blood flow out of the ascending aorta. It can be measured as the area under the curve in a PLAX PW Doppler mode image with the cursor over the flow of the ascending aorta (Figure 10). LVOT VTI has been shown to be representative of CO in humans and more predictive than EF or Doppler derived CO in patients with heart failure (10). Thus, we hypothesize that LVOT VTI is an accurate measure of systolic function and CO in mice as well, but this remains an interesting area of study for future directions. LVOT and LVOT VTI can be used to calculate SV, CO, and AVA:
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FIGURE 10
Representative image displaying left ventricular outflow tract velocity time integral (LVOT VTI), a measure of blood flow out of the ascending aorta which is obtained by calculating the area under the curve in the PW Doppler mode of the parasternal long axis view.





2.3.3 Mitral valve


2.3.3.1 Mitral regurgitation

Mitral regurgitation (MR) has not been well-described in mice because of their resistance to developing mitral valve prolapse (11). However, Li et al. recently reported the first mouse model of severe MR (Figure 11, 12). To continue development of mouse models of MR, it is important to be able to recognize the presence of mitral regurgitation, which appears as a mixed color pattern of systolic backflow from the LV to the LA on PSAX Color Doppler.
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FIGURE 11
Representative image showing a mixed color pattern of systolic backflow from the left ventricle to the left atrium in severe mitral regurgitation.




2.3.3.2 Mitral valve pressure half time

Mitral stenosis is another disease that is not well-replicated in mice. However, mitral valve pressure half time (MV PHT) is a potentially useful parameter in the setting of mitral stenosis (10). MV PHT is the time interval, in milliseconds, for the maximum mitral gradient to reduce to half the maximum initial value. It is most accurately measured in a PW Doppler image of the mitral valve by measuring maximum velocity, calculating half of the maximum velocity, and dropping another velocity measurement on the mitral valve curve equal to half of the maximum velocity. Finally, the peaks of the velocity measurements are measured as MV PHT, and the velocity measurements can be deleted (Figure 12).
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FIGURE 12
Pulsed wave (PW) Doppler mode image showing mitral valve pressure half time (MV PHT), a measure of mitral stenosis and mitral valve ejection time (MV ET), the duration of diastolic filling in the left ventricle.




2.3.3.3 Mitral valve ejection time

Mitral valve ejection time (MV ET) is equal to the duration of diastolic filling of the LV; therefore, can be used to further characterize diastolic dysfunction. MV ET is measured at the end of IVRT to the beginning of IVCT on a PW Doppler of the mitral valve (Figure 12).




2.3.4 Aortic valve

Aortic regurgitation has been seen in existing mouse models; however, methods for analysis beyond visual recognition have not been well-established.


2.3.4.1 Aortic insufficiency deceleration

Aortic insufficiency pressure half time (AI PHT) is the rate of deceleration of Doppler signal, indicating the degree of regurgitation and LVEDP (13). The same method to measure MV PHT is used to measure AI PHT in PW Doppler mode of the aortic valve (Figure 13). Aortic insufficiency half time is automatically calculated.
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FIGURE 13
Aortic insufficiency pressure half time (AI PHT) represents the degree of regurgitation and reflects the left ventricular end diastolic pressure and is measured in pulsed wave (PW) Doppler mode of the aortic valve.




2.3.4.2 Aortic acceleration time

Aortic acceleration time (AAT) has been validated by Perez et al. to assess LV contractility in mice. It is measured in PW Doppler mode as the time to peak aortic velocity (Figure 14). Studies in humans suggest that the ratio of AAT to aortic ejection time (AET) predicts aortic stenosis severity (14), although it has not yet been evaluated in mice.
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FIGURE 14
Pulsed wave (PW) Doppler mode image showing analysis of the aortic acceleration time (AAT), a measurement of left ventricular contractility in mice.







3 Anticipated results

Normalizing the acquisition and analysis of infrequently used parameters coupled with commonly used values will provide further insight into both left and right-sided cardiac function. In recent years, the importance of the right heart has become more evident but a complete understanding remains elusive. Implementing the additional parameters described here will generate a more comprehensive picture of cardiovascular disease in mouse models that can be applied to parallel human conditions.


3.1 Limitations

All analyses are limited by human error in image acquisition. The RV must be captured in PLAX M-mode in order to measure RV parameters, however, as noted by Brittain et al., sometimes the RV is only visible when dilated. If the transducer is misaligned with blood flow for Doppler modes, blood velocity will be decreased for LVOT VTI and RVOT VTI measurements and SV and CO will be falsely low (3). To obtain the most accurate readings, blood flow direction should be as vertical as possible (up or down) and the dotted line aligned with blood flow in all PW Doppler images. Another limitation is the increased training and effort required to accurately and reproducibly perform a significant number of additional parameters as well as the increased time required to capture the extra views.




4 Discussion

In our quest to improve resources, expand and optimize echocardiography parameters in rodent models, we realized a need for protocols and information to define and facilitate infrequently used parameters. Here, we present multiple parameters that are rarely used and provide a thorough description of echocardiography acquisition and analysis of these parameters. Although VisualSonics Vevo imaging systems were used to obtain these images and derive parameters, the same approaches should be applicable to other comparable imaging systems such as S-Sharp (15, 16). In a study that measured the grey scale imaging performance of 17 preclinical transducers over 10 years, all except one S-sharp transducer were Vevo transducers (17), thus, our protocol likely covers the instruments commonly available for use. A summary of these infrequently used parameters combined with common echocardiography parameters as well as data values from 10 to 12-week-old male and female mice from C57BL/6, BalbC, and 129Sv mouse strains can be found in Table 1.


TABLE 1    Anatomic structures, modes, definitions, and reference values of both common and infrequently used parameters for the C57BL/6, BalbC, and 129Sv mouse strains.
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Previously, the importance of the right heart was underestimated (18). Within the last decade, significant progress has been made in our understanding of the mechanisms involved in acute and chronic right heart failure as well as the role of the pulmonary system (19). However, complete understanding of right heart and pulmonary circuit function remains elusive (18). Exploring right heart and pulmonary function by echocardiography acquisition and analysis of infrequently used parameters such as RVID, RVOT, RVOT VTI, PA VTI, PV Diameter, and PR Peak Velocity in various mouse models may provide more insight into right heart and pulmonary valve dysfunction.

In contrast, left-sided parameters are frequently characterized due to ease of accessibility to the left ventricle during echocardiography acquisition. Despite accessibility, some left-sided parameters including, LA size and depth, LVOT, LVOT VTI, visual assessment of MR and AR, MV PHT, MV ET, AI PHT, and AAT are rarely acquired and analyzed. These values, coupled with frequently used left and right heart parameters, may provide further insight into cardiac function.

This manuscript serves as a guide to understanding the acquisition and analysis of infrequently used echocardiography parameters. With the continued development of mouse models that mimic human cardiac disease it is imperative to define and integrate a complete repertoire of echocardiography parameters to maximize data yields and avoid overlooking elements of unique pathologies.
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Background: Liver cirrhosis is closely associated with cardiac dysfunction. The aims of this study were to evaluate left ventricular systolic function in patients with hepatitis B cirrhosis by non-invasive left ventricular pressure-strain loop (LVPSL) technique, and to explore the correlation between myocardial work indices and liver function classification.



Methods: According to the Child-Pugh classification, 90 patients with hepatitis B cirrhosis were further divided into three groups: Child-Pugh A group (n = 32), Child-Pugh B group (n = 31), and Child-Pugh C group (n = 27). During the same period, 30 healthy volunteers were recruited as the control (CON) group. Myocardial work parameters, which included global work index (GWI), global constructive work (GCW), global wasted work (GWW), and global work efficiency (GWE), were derived from the LVPSL and compared among the four groups. The correlation between myocardial work parameters and Child-Pugh liver function classification was evaluated, and the independent risk factors affecting left ventricular myocardial work in patients with cirrhosis were investigated by univariable and multivariable linear regression analysis.



Results: GWI, GCW and GWE of Child-Pugh B and C groups were lower than those of CON group, while GWW was higher than that of CON group, and the changes were more obvious in Child-Pugh C group (P < 0.05). Correlation analysis revealed that GWI, GCW, and GWE were negatively correlated with liver function classification to various degrees (r = −0.54, −0.57, and −0.83, respectively, all P < 0.001), while GWW was positively correlated with liver function classification (r = 0.76, P < 0.001). Multivariable linear regression analysis showed that GWE was positively correlated with ALB (β = 0.17, P < 0.001), and negatively correlated with GLS (β = −0.24, P < 0.001).



Conclusions: The changes in the left ventricular systolic function in patients with hepatitis B cirrhosis were identified using non-invasive LVPSL technology, and myocardial work parameters are significantly correlated with liver function classification. This technique may provide a new method for the evaluation of cardiac function in patients with cirrhosis.
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1. Introduction

Liver cirrhosis is a common chronic progressive liver disease with a high mortality rate, which may cause multiple system dysfunction in the advanced stage. In Asian populations, chronic viral hepatitis B is the primary cause of liver cirrhosis (1). Cirrhotic cardiomyopathy (CCM) is one of the significant complications of cirrhosis and is closely related to the poor prognosis of patients with liver cirrhosis (2). It comprises a triad of impaired myocardial contractile responses to stress (systolic dysfunction), inadequate ventricular relaxation (diastolic dysfunction), and electrophysiological abnormalities in the absence of any known cardiac disease (3). Patients with cirrhosis may have various cardiovascular complications and even induce heart failure under stress conditions such as load or clinical invasive operation (4, 5). Heart failure due to CCM is claimed to the third cause of mortality in liver transplant patients following infection and rejection (6). Therefore, the evaluation of left ventricular systolic function in patients with cirrhosis in the early stage is extremely important for treatment and prognosis.

Left ventricular systolic function and myocardial oxygen consumption can be accurately assessed with the use of pressure-volume loop measured by cardiac catheterization, but this method is an invasive examination with limited use in clinical practice (7). The left ventricular global longitudinal strain (GLS) measured by two-dimensional speckle tracking echocardiography (2D-STE) can be used to quantitatively evaluate left ventricular systolic function, but its load-dependent limitations affect the objective evaluation of myocardial systolic function (8). The left ventricular pressure-strain loop (LVPSL) is a new technique developed on the basis of 2D-STE, which allows for a more accurate assessment of left ventricular myocardial work by considering the effect of afterload on strain (9, 10). The results of non-invasive LVPSL in assessing myocardial work were significantly correlated with the invasive cardiac catheterization results (11). This method is simple, non-invasive, and reproducible, allowing for a more objective and accurate assessment of left ventricular function.

LVPSL technology has been widely used in the diagnosis of many cardiovascular diseases, but no studies have yet applied it to patients with cirrhosis. We hypothesized that LVPSL might provide incremental value for the assessment of left ventricular systolic function in patients with cirrhosis. The aim of this study was (1) to evaluate the left ventricular myocardial work of patients with different degrees of hepatitis B cirrhosis by using LVPSL technology; (2) to explore the correlation between myocardial work indices and liver function classification; (3) to find the clinical factors impairing the left ventricular myocardial work.



2. Materials and methods


2.1. Study population

From July 2020 to May 2021, a total of 90 patients with hepatitis B cirrhosis were recruited in this study, including 50 males and 40 females. The diagnosis of liver cirrhosis is based on clinical symptoms, laboratory data, imaging and pathological examination (12). According to the Child-Pugh classification, the patients with liver cirrhosis were divided into three groups: Child-Pugh A group (n = 32, 56% men, age 42.9 ± 9.4 years), Child-Pugh B group (n = 31, 55% men, age 41.8 ± 7.6 years), and Child-Pugh C group (n = 27, 56% men, age 41.5 ± 10.6 years). Thirty healthy volunteers were allocated to the control (CON) group (57% men, age 41.9 ± 10.9 years). The exclusion criteria were as follows: (i) coronary atherosclerotic heart disease, hypertension, congenital heart disease and other cardiovascular diseases; (ii) patients with chronic kidney disease, chronic respiratory disease, thyroid dysfunction and other diseases that may lead to secondary heart damage; (iii) patients with gastrointestinal bleeding in the last month; (iv) diabetes, hyperlipidemia and obesity; (v) poor-quality of ultrasound images. The participant selection process is illustrated in the flowchart in Figure 1. This study was approved by the ethics committee of Henan Provincial People's Hospital and informed consent was obtained from all subjects before image acquisitions.


[image: Figure 1]
FIGURE 1
Flowchart of study populations.




2.2. Clinical features

Clinical data of all subjects were collected, such as age, BMI, BSA, heart rate (HR), systolic blood pressure (SBP), diastolic blood pressure (DBP) and pulse pressure (PP). Albumin (ALB), total bilirubin (TBil), alanine aminotransferase (ALT), aspartate aminotransferase (AST), and brain natriuretic peptide (BNP) level in patients with cirrhosis were obtained by standard laboratory techniques.



2.3. Conventional ultrasonic parameters

All subjects were underwent conventional echocardiography examination according to the American Society of Echocardiography guidelines (13), using a GE Vivid E95 colour Doppler ultrasound system (GE Vingmed Ultrasound AS, Horten, Norway) equipped with M5Sc-D transducer (1.4–4.6 MHz) and C1-6 transducer (3.5–5.0 MHz). Before examination, the brachial artery blood pressure was measured three times with an electronic manometer, and then the average was taken for analysis (assuming left ventricular systolic pressure equal to the brachial artery pressure). All subjects were instructed to take a supine position and breathe calmly. Using the C1-6 probe, the portal vein inner diameter (Dpv) and its flow velocity (Vpv) were obtained in the first longitudinal section of the hepatic portal under the right costal margin. Then the subjects were instructed to assume the left-lateral position and the electrocardiogram was attached. By adjusting the frequency, gain and image size, the endocardial surface was clearly displayed. Conventional parameters were measured in the parasternal long-axis view of the left ventricle, such as the left atrial diameter (LAD), left ventricular end-diastolic diameter (LVDd), left ventricular end-systolic diameter (LVDs), interventricular septum thickness (IVST) and left ventricular posterior wall thickness (LVPWT). Left ventricular ejection fraction (LVEF) was calculated by Simpson's biplane method. The mitral and aortic valve Doppler spectral images were obtained. Dynamic images consisting of five consecutive cardiac cycles from the apical four-, three-, and two-chamber views were collected at frame rate of 50–70 frames/s, and the images were stored and copied to a mobile hard disk for analysis.



2.4. Quantitative analysis of GLS and myocardial work parameters

The stored dynamic images were imported into the Echopac version 203 workstation (GE vingmed ultrasound, Horten, Norway) in original format for offline analysis. The aortic valve closure time was marked by the anterior flow spectrogram of the aortic valve to define the duration of isovolumic contraction, ejection, and isovolumic diastolic. The software can automatically identify and track the left ventricular myocardial motion trajectory and the region of interest was adjusted by correcting the endocardial border or width until a satisfactory image was obtained. Finally, after entering the mean brachial artery blood pressure value, the software automatically obtained GLS, the LVPSL curve, and myocardial work parameters, as shown in Figure 2. The myocardial work parameters are as follows:


	(1)Global work index (GWI): the total work within the area of the LVPSL curve calculated from mitral valve closure to mitral valve opening.

	(2)Global constructive work (GCW): work performed by shortening in systole and lengthening during the isovolumic diastole phase.

	(3)Global wasted work (GWW): the negative work performed by lengthening in systole and shortening during the isolvolumic diastole phase.

	(4)Global work efficiency (GWE): the percentage of GCW in the sum of GCW and GWW.




[image: Figure 2]
FIGURE 2
Left ventricular myocardial work parameters were obtained by non-invasive PSL technique. Top left: PSL curve; Top right: the 17-segment myocardial work index bull's eye diagram; Bottom left: comparison diagram of GCW (green column) and GWW (blue column); Bottom right: the parameters regarding myocardial work. PSL, pressure-strain loop; GLS, global longitudinal strain; GWI, global work index; GWE, global work efficiency; GCW, global constructive work; GWW, global wasted work.




2.5. Statistical analysis

All statistical analyses were performed using SPSS version 26.0 software (IBM, Armonk, NY, USA). Continuous variables with normal distribution were presented as mean ± standard deviation, and those with non-normal distribution were presented as median (interquartile range). One-way analysis of variance was used for comparison among multiple groups when the variances were homogeneous, and the least significant difference t-test was used for further pairwise comparison. The rank sum test was used to compare non-normally distributed data. Categorical variables were expressed as frequencies and percentages and compared by the x2-test between the groups. Correlations between myocardial work parameters and Child-Pugh liver function classification were examined by Spearman correlation coefficients. The factors with P-value <0.05 in univariable linear regression results were incorporated into the multivariable linear regression analysis models by means of stepwise selection to detect the independent predictors of abnormal myocardial function in patients with liver cirrhosis. In the multivariable linear regression model, there was no multicollinearity between variables. Intra-observer and inter-observer variability of myocardial work parameters were assessed in 15 cirrhosis patients and 15 healthy volunteers selected randomly and tested using the intraclass correlation coefficients (ICCs). All tests were two-sided, and P < 0.05 was considered statistically significant.




3. Results


3.1. Clinical and laboratory parameters

A total of 90 patients with liver cirrhosis were enrolled in this study, with an average age of 42.1 ± 9.1 years. The clinical and laboratory characteristics of the study subjects are illustrated in Table 1. Compared with the CON group, TBil, ALT, AST and BNP were significantly increased, and ALB was decreased in the liver cirrhosis groups, especially in the Child-Pugh C group (P < 0.05). There were no significant differences in sex, age, BMI, BSA, HR, SBP, DBP, and PP among the four groups (P > 0.05).


TABLE 1 Clinical and laboratory parameters.
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3.2. Conventional ultrasound parameters

The conventional ultrasound parameters of each group are summarized in Table 2. LAD, IVST and LVPWT in the cirrhosis groups were increased compared to the CON group (P < 0.05). Compared with the CON group and the Child-Pugh A group, Child-Pugh B and C groups had higher Dpv and lower Vpv (P < 0.05). No significant differences were identified among the four groups in terms of LVDd, LVDs and LVEF (P > 0.05).


TABLE 2 Conventional ultrasound parameters.
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3.3. GLS and myocardial work parameters

The absolute value of GLS in the cirrhosis groups was significantly decreased compared to the CON group, especially in the Child-Pugh C group (P < 0.05). Compared with the CON group, GWI, GCW and GWE in Child-Pugh B and C groups were significantly decreased, while GWW was increased (P < 0.05). Compared with Child-Pugh A and B groups, GWI, GCW and GWE in Child-Pugh C group were further decreased, while GWW was further increased (P < 0.05). (Table 3 and Figures 3, 4).


[image: Figure 3]
FIGURE 3
The bar chart showed differential changes of GWI and GCW among the four groups. GWI, global work index; GCW, global constructive work. *P < 0.05 vs. CON. †P < 0.05 vs. Child-Pugh A. ΔP < 0.05 vs. Child-Pugh B.
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FIGURE 4
The boxplots showed differential changes of GWW (A) and GWE (B) among the four groups. GWW, global wasted work; GWE, global work efficiency. *P < 0.05 vs. CON. †P < 0.05 vs. Child-Pugh A. ΔP < 0.05 vs. Child-Pugh B.



TABLE 3 GLS and myocardial work parameters.
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3.4. Correlation between myocardial work parameters and Child-Pugh classification

Spearman correlation analysis results showed that GWI, GCW, GWE were negatively correlated with Child-Pugh classification (GWI: r = −0.54, P < 0.001; GCW: r = −0.57, P < 0.001; GWE: r = −0.83, P < 0.001) and GWW was positively correlated with Child-Pugh classification (GWW: r = 0.76, P < 0.001). GWE showed more significant correlation than other myocardial work parameters, as exhibited in Figure 5.


[image: Figure 5]
FIGURE 5
Correlation of GWI (A), GCW (B), GWW (C), GWE (D) with Child-Pugh classification. GWI, global work index; GCW, global constructive work; GWW, global wasted work; GWE, global work efficiency.




3.5. Potential associated factors for GWE in cirrhosis patients

HR, ALB, TBil, Dpv, IVST, LVPWT and GLS were incorporated into the multivariable linear regression analysis model of GWE by means of stepwise selection based on the univariable linear regression analysis results. The results showed that GWE was positively correlated with ALB (β = 0.17, P < 0.001), and negatively correlated with GLS (β = −0.24, P < 0.001). The detailed data are listed in Table 4.


TABLE 4 Potential associated factors of GWE in cirrhosis patients.
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3.6. Reproducibility test

Intra-observer and inter-observer variability for myocardial work parameters are summarized in Table 5. The results showed good repeatability and reproducibility in global myocardial work parameters.


TABLE 5 Reproducibility test.
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4. Discussion

This study mainly illustrates the myocardial function of patients with different degrees of hepatitis B cirrhosis by non-invasive PSL technique. The main findings are as follows: (1) Compared with the CON group, there was no significant change in LVEF in the cirrhosis groups, but the myocardial work parameters had changed. GWI, GCW and GWE in Child-Pugh B and C groups were significantly lower than those in control group, while GWW was significantly higher than that in control group, and the change was more obvious in Child-Pugh C group. (2) GWI, GCW and GWE were negatively correlated with Child-Pugh classification, while GWW was positively correlated with Child-Pugh classification. (3) GWE was independently correlated with ALB and GLS respectively.

Liver cirrhosis is the terminal stage of various chronic liver diseases with high mortality rate, which can damage the function of other organs to varying degrees, and it has become a serious public health problem (14). As one of the important complications of cirrhosis, CCM is closely related to the prognosis and survival rate of patients, and has gradually received clinical attention in recent years. The onset of CCM is usually insidious and the myocardial damage is not obvious in the resting state, but it may cause serious adverse consequences during some clinical procedures that affect hemodynamics (15). Therefore, early detection of cardiac function impairment in patients with cirrhosis and evaluation of its relationship with the progression of cirrhosis may be crucial for clinical diagnosis and treatment, prognosis assessment and prevention of cardiovascular adverse events.

Previous studies have shown that GLS can reflect left ventricular systolic function sensitively (16, 17). In this study, the absolute value of GLS in cirrhosis patients was lower than that in the control group. With the deterioration of liver function, the absolute value of GLS further decreased, which was consistent with the results of Sampaio et al. (18). However, GLS was load-dependent, and the increase of afterload will underestimate the true value of myocardial strain, which might affect the accuracy of its evaluation of cardiac function. Compared with GLS, non-invasive PSL technology can evaluate cardiac systolic function more objectively and accurately and reflect myocardial oxygen consumption by comprehensively considering myocardial deformation and afterload (19). At present, this technique has made significant progress in the diagnosis of cardiovascular diseases, such as hypertension, dilated cardiomyopathy, myocardial amyloidosis, and coronary artery diseases with preserved ejection fraction, and its feasibility and application value have been confirmed (20–22).

The results of this study showed that GWI, GCW, GWE and GWW in Child-Pugh B and C groups were significantly different from controls, but there was no significant difference in LVEF among all groups. This indicates that myocardial work parameters may reflect subclinical myocardial function damage. Impaired liver function and portal hypertension in patients with cirrhosis can lead to increase vasodilator substances in the body, which may result in peripheral vascular dilatation and reduced afterload (23). In addition, the blood volume was redistributed and the circulation was in a hyperdynamic state in patients with cirrhosis, which masked the performance of reduced left ventricular systolic function, resulting in no significant change in LVEF (24, 25). In addition, compared with Child-Pugh A and B groups, the GWI, GCW and GWE in Child-Pugh C group were further decreased, while the GWW was further increased, indicating that the left ventricular systolic function of patients with cirrhosis decreased gradually with the deterioration of liver function. This may be related to impaired function of β-receptors on the surface of myocardial membrane, altered transmembrane currents and overproduction of cardiodepressant factors such as nitric oxide, endocannabinoid and cytokines, which can inhibite the contraction of myocardial cells (26). These reasons may lead to the decrease of the myocardial work index and effective work, manifesting as the decrease of GWI, GCW and GWE. Meanwhile, the electrical signal conduction of myocardium in patients with cirrhosis is interrupted or delayed due to myocardial fibrosis, which may lead to asynchronous myocardial contraction, as shown by the elongation of myocardial cells during systole phase, resulting in reduced GCW and increased GWW (27). In addition, the correlation analysis results showed that GWI, GCW and GWE were negatively correlated with Child-Pugh classification, while GWW was positively correlated with Child-Pugh classification. This also indicates that with the aggravation of cirrhosis, the left ventricular systolic function decreased gradually. GWW is on the rise, and GWI, GCW and GWE are on the decline.

Furthermore, this study showed that ALB and GLS were independent predictors for GWE in patients with cirrhosis. The decrease of plasma colloid osmotic pressure and insufficient effective blood volume in patients with cirrhosis can activate the sympathetic nervous system and the renin-angiotensin-aldosterone system, resulting in a compensatory state of hyperkinetic circulation with high cardiac output and low peripheral resistance (28). Patients with lower ALB levels may be in a state of greater cardiac volume overload. GLS mainly reflects the longitudinal strain of myocardium in the subendocardial region, which is prone to ischemia and fibrosis (29). The higher cardiac capacity load and greater stress on the subendocardial myocardium in patients with cirrhosis may be prone to microvascular dysfunction, fibrosis and other changes resulting in systolic dysfunction. CCM consortium recommended that absolute values of GLS can be used to detect left ventricular systolic dysfunction in cirrhotic patients with preserved LVEF (30). Recent studies have shown that GLS is also of great significance in predicting poor prognosis and risk stratification in patients with heart failure (31, 32).



5. Limitations

Several limitations of the present study should be acknowledged. Firstly, this is a retrospective, single-center study with a small sample size and needs to be expanded for further study to confirm our results. Secondly, most patients with hepatitis B cirrhosis included in this study had taken drugs to control disease progression, and the effects of drugs on left ventricular function cannot be ruled out. Thirdly, we only evaluated the global myocardial function of left ventricle, and the regional myocardial work of 17 segments was not assessed. Finally, we only included patients with cirrhosis caused by hepatitis B virus, and excluded patients with alcoholic cirrhosis or other causes, which may limit the generalizability of our findings in clinical applications.



6. Conclusions

The non-invasive LVPSL technology can quantitatively analyze the changes of left ventricular myocardial function in patients with hepatitis B cirrhosis under different disease states. The myocardial work parameters of left ventricular were significantly correlated with liver function classification. GWE was independently correlated with ALB and GLS respectively. This technique can sensitively detect abnormal cardiac function in cirrhosis patients with preserved LVEF, which has a broad prospect of clinical application.
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Background: Accumulated clinical studies utilized intracardiac echocardiography (ICE) to guide percutaneous left atrial appendage occlusion (LAAO). However, its procedural success and safety compared to traditional transesophageal echocardiography (TEE) remained elusive. Therefore, we performed a meta-analysis to compare efficacy and safety of ICE and TEE for LAAO.



Methods: We screened studies from four online databases (including the Cochrane Library, Embase, PubMed, and Web of Science) from their inception to 1 December 2022. We used a random or fixed-effect model to synthesize the clinical outcomes and conducted a subgroup analysis to identify the potential confounding factors.



Results: A total of twenty eligible studies with 3,610 atrial fibrillation (AF) patients (1,564 patients for ICE and 2,046 patients for TEE) were enrolled. Compared with TEE group, there was no significant difference in procedural success rate [risk ratio (RR) = 1.01; P = 0.171], total procedural time [weighted mean difference (WMD) = −5.58; P = 0.292], contrast volume (WMD = −2.61; P = 0.595), fluoroscopic time (WMD = −0.34; P = 0.705; I2 = 82.80%), procedural complications (RR = 0.82; P = 0.261), and long-term adverse events (RR = 0.86; P = 0.329) in the ICE group. Subgroup analysis revealed that ICE group might be associated with the reduction of contrast use and fluoroscopic time in the hypertension proportion <90 subgroup, with lower total procedure time, contrast volume, and the fluoroscopic time in device type subgroup with multi-seal mechanism, and with the lower contrast use in paroxysmal AF (PAF) proportion ≤50 subgroup. Whereas, ICE group might increase the total procedure time in PAF proportion >50 subgroup and contrast use in multi-center subgroup, respectively.



Conclusion: Our study suggests that ICE may have comparable efficacy and safety compared to TEE for LAAO.
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1. Introduction

Atrial fibrillation (AF) is the most common persistent atrial arrhythmia worldwide, with a prevalence estimated to be between 2% and 4% in adults. An expected 2.3-fold increase in prevalence is anticipated due to extended life expectancy in the general population and increased detection of undiagnosed AF (1). Cardioembolic stroke is the most concerning complication of AF, as abnormal blood flow in the left atrium increases the likelihood of thrombus rupture from the left atrial appendage (LAA), subsequently leading to thromboembolisms in the peripheral and cerebral arteries (2).

The primary prevention strategy of thromboembolism for AF is the use of oral anticoagulants (OACs). However, challenge remains due to the limitation of adherence and bleeding risk for safety and efficacy of OACs. Since most thrombus in nonvalvular AF originates from the LAA, left atrial appendage occlusion (LAAO) is an emerging alternative for OACs. Transesophageal echocardiography (TEE) is the standard imaging modality to guide LAAO and is the most widely used imaging modality. However, it has some significant limitations, including increased pain with local or conscious anesthesia, prolonged procedure time and hospitalization burden with general anesthesia, aggravated risk of possible esophageal injury under “one-stop” ablation, and high dependence on a dedicated echocardiography operator.

Recently, an expert consensus suggested that intracardiac echocardiography (ICE) might be considered as an alternative imaging modality to guide LAAO, especially with the progress of the “one-stop” ablation therapy for AF (3). However, studies comparing TEE with ICE for LAAO were limited, leading to the related outcomes (e.g., efficacy and safety outcomes) remaining elusive. Therefore, we evaluated the clinical outcomes of TEE and ICE guidance for LAAO to further assess the safety and efficacy outcomes between two imaging modalities.



2. Methods


2.1. Study design

This systematic review was carried on according to the PRISMA guidelines. The registered protocol is displayed in the PROSPERO database (CRD42022368692).



2.2. Search strategy

Two independent reviewers (ZYZ and FL) conducted comprehensive searches of four online databases (Cochrane Library, Embase, PubMed and Web of Science) from inception to 1 December 2022. Search keywords were “ICE”, “Intracardiac echocardiography”, “TEE “, “transesophageal echocardiography”, “atrial fibrillation”, “left atrial appendage closure”, “LAAC”, “left atrial appendage occlusion”, and “LAAO”. Clinical studies related to the outcomes of ICE or outcomes comparing TEE vs. ICE for LAAO were included. Reference lists of review articles were hand searched, and eligible articles were searched for potential publications not previously identified.



2.3. Search design

Two reviewers (ZYZ and JZ) independently searched the literature and screen the titles, abstracts, and full texts to select all relevant studies that met the inclusion criteria. A study would be included if the following criteria were met: (1) randomized controlled trials and cohort, observational studies, and single-arm studies; (2) studies comparing clinical outcomes comparing TEE vs. ICE for endocardial LAAO, including efficacy outcome (e.g., procedural success) and safety outcomes (e.g., short-term complications and long-term complications); (3) studies with full text published in peer-reviewed journals; and studies containing the most data for multiple publications of the same study. Case reports, editorial, review articles, studies without original data letters and studies reporting clinical outcomes with hybrid LAAO procedures were excluded. Meanwhile, a third reviewer (R.X.W) resolved any disagreements about eligibility.



2.4. Data extraction and quality assessment

Data from eligible studies included in the analysis were extracted by two independent researchers (ZYZ and FL), and any potential disagreements were resolved by a third researcher (RXW). The extracted data mainly included: title, first author, publication year, study design, sample size, follow-up time, LAAO device, pre-procedure imaging and ICE location. Meanwhile, we also extracted relevant clinical outcomes, including: acute procedural success, total procedural time, fluoroscopic time, contrast volume, short-term complications, and long-term complications.

Two independent researchers (ZYZ and JZ) evaluated study quality by two appraisal tools. The Newcastle-Ottawa Quality Assessment Scale (NOS) was used to evaluated the two-arm observation (4). The Institute of Health Economics checklist was used for the single-arm study (5). Any disagreements were discussed and resolved by consulting a third researcher (RXW).



2.5. Statistical analysis

Stata version 16.0 was used for statistical analyses. Continuous variables were displayed as means ± SD, and categorical variables were presented as frequencies and percentages. For observational studies with two arms, we calculated the relative risk (RR) and corresponding 95% confidence intervals (CI) for each outcome. For single-arm analysis, we calculated the incidence of events (number of events divided by number of patients) and 95% confidence intervals. P < 0.05 was considered statistically significant.

Meanwhile, chi-square tests and I-squared (I2) were used to quantify and assess statistical heterogeneity among studies. If the I2 value was more than 50% and/or P < 0.05 for the chi-squared test, we considered the between-study heterogeneity to be significant, and we would adopt a random-effect model. Otherwise, we would adopt fixed-effect model. Sensitivity analysis was performed by sequentially omitting one study at a time to assess the effect of a single study on the overall risk, and potential publication bias was also evaluated via Egger's test.

In addition, subgroup analysis was conducted to screen potential determinants of LAAO outcomes between ICE and TEE groups. According to the characteristics of eligible studies, a total of eight subgroup factors were identified, including study design, age cutoff, ICE group sample size, AF type, male proportion, hypertension proportion, device types, and duration of follow up. If the study design included more than one center, it was defined as a multicenter subgroup; otherwise, it was defined as a single-center subgroup. According to age cutoff values of 75, two subgroups were divided, including ≥75 years subgroup and <75 years subgroups. If over 50% of patients had paroxysmal AF (PAF), they were classified as ≥50% PAF subgroup, otherwise they were classified as <50% PAF subgroup. According to the proportion of the male, they were divided into ≥70% subgroups and <70% subgroups. Similarly, the proportion of hypertension with ≥90% subgroup and <90 subgroup, respectively, also was defined. According to the sealing position, the existing sealers could be roughly divided into plug type and disc type. Plug type sealers, also known as single sealers, included Watchman, Plaato, and Lefort. Disc sealer was also called dual sealer, including ACP, Lambre, Lacbes, and Leftear. If the LAAO devices included only dual-seal mechanism devices, it was assigned to dual-seal mechanism subgroup, and if the LAAO devices included only single-seal mechanism devices, it was assigned to the single-seal mechanism subgroup. In addition, studies using both dual-seal mechanism devices and single-seal mechanism devices were divided into muti-seal mechanism subgroup. Follow-up time was divided into two subgroups (≥12 months and <12 months).




3. Results


3.1. Study selection and quality assessment

This meta-analysis included 20 studies with a total of 3,610 AF patients (1,564 patients for ICE and 2,046 patients for TEE) consisting of 10 observational two-arm studies (965 ICE patients and 2,046 TEE patients) (6–15) and 10 single-arm studies (599 ICE patients) (16–25). The selection flowchart was displayed in Figure 1. The average age of the patients included in the studies ranged from 71.3 to 80.3 years. Among the included clinical studies, the mean CHA2DS2-VASc score and HAS-BLED score ranged from 3.9 to 5.3 and 2.4 to 4.4. Eleven studies included Watchman or Watchman FLX (6, 8, 9, 13, 16, 17, 19–23), six included the ACP or Amulet device (10, 11, 14, 18, 24, 25) and three studies included both (7, 12, 14). The baseline characteristics and procedure-related indexes of the eligible studies were presented in Table 1. In this meta-analysis, all two-arm studies had a moderate-to-high quality (Supplementary Table S1). Ten single-arm studies all had a score higher than fifteen (Supplementary Table S1).


[image: Figure 1]
FIGURE 1
The flowchart of the study selection.



TABLE 1 Baseline characteristics and procedure-related indices of eligible studies.
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3.2. Primary outcome


3.2.1. Procedural success rate

All eligible two-arms studies reported the acute procedural success data and there was no significant difference in procedural success rate (RR = 1.01; 95% CI: 1.00, 1.02; P = 0.171; I2 = 0.00%) between two groups (Figure 2) (6–15). Our result was consistent with those of several other meta-analyses (26–28). Subgroup analysis was performed with a total of eight subgroup factors for the acute procedural success of LAAO, and the results are displayed in Figure 3. There was no significant difference between TEE group and ICE group in the study design subgroup, follow-up subgroup, ICE sample size subgroup, male proportion subgroup, age cutoff subgroup, hypertension proportion subgroup, PAF proportion subgroup, and device types subgroup, suggesting that all subgroup results were consistent with the pooled result.


[image: Figure 2]
FIGURE 2
Forest plot of the procedural success between ICE and TEE groups. Comparison of the rates of the procedural success between ICE and TEE groups. ICE, intracardiac echocardiography; TEE, transesophageal echocardiography; RR, risk ratio; CI, confidence interval.



[image: Figure 3]
FIGURE 3
Forest plot of subgroup analysis of the procedural success between ICE and TEE groups. Subgroup analysis of the rates of the procedural success between ICE and TEE groups. ICE, intracardiac echocardiography; TEE, transesophageal echocardiography; RR, risk ratio; CI, confidence interval.


We also performed a sensitivity analysis and the results showed no significant change, ranging from 1.00 (95% CI: 0.99, 1.02) to 1.01 (95% CI: 1.00, 1.03), in the overall combined proportion, suggesting that there was no single study in the domination of the combined proportion and heterogeneity. Moreover, no publication bias was presented in Egger's test (P = 0.208).



3.2.2. Pooled rate of procedural success in ICE group

A total of 20 eligible studies (1,564 patients undergoing LAAO with ICE procedural guidance) reported the rate of procedural success in ICE Group (6–15). The pooled rate of procedural success was 0.99 (95% CI: 0.98, 1.00; P = 0.02; I2 = 43.69%) with the random-effect model (Figure 4). Meanwhile we performed a subgroup analysis with eight subgroup factors for procedural success in ICE group, and the results are shown in Table 2. Overall, the pooled rate of procedural success in ICE Group does not differ significantly between subgroups.


[image: Figure 4]
FIGURE 4
Forest plot of the pooled rate of the procedural success in ICE groups. The line of equity refers to the pooled result of eligible studies in the forest plots. ICE, intracardiac echocardiography; TEE, transesophageal echocardiography; ES, effect size; CI, confidence interval.



TABLE 2 Subgroup analysis of the rate of procedural success in ICE group.

[image: Table 2]

Also, sensitivity analysis showed that no significant change was detected in the overall combined proportion, ranging from 0.98 (95% CI: 0.97, 0.99) to 0.99 (95% CI: 0.98, 1.00), indicating that no single study dominated the combined proportion and heterogeneity. Moreover, Egger's test was performed and result showed no publication bias (P = 0.068), which indicated that the results were robust.




3.3. Secondary outcome


3.3.1. Total procedure time

A total of ten clinical studies provided the total procedural time, and the data on the total procedural time was similar between groups (WMD = −5.58; 95% CI: −15.97, 4.81; P = 0.29) (6–15). Significant heterogeneity was observed (I2 = 96.4%) (Figure 5). Subgroup analysis was performed with a total of seven subgroup factors for total procedure time, and the results are displayed in Supplementary Table S2. Interestingly, in the PAF proportion ≥50% subgroup, the procedural time in the TEE group was shorter than in the ICE group (WMD = 14.20; 95% CI: 7.6, 20.8; P = 0.000). Meanwhile, compared with the TEE group, the ICE group was associated with shorter procedural time in the muti-seal mechanism devices subgroup (WMD = −31.56; 95% CI: −55.57, −7.5; P = 0.010; I2 = 95.8%). Sensitivity analysis showed that no significant change, ranging from −7.80 (95% CI: −18.72, 3.11) to −1.35 (95% CI: −10.13, 7.44), was detected in the overall combined proportion. Moreover, no publication bias was shown in Egger's test (P = 0.535).


[image: Figure 5]
FIGURE 5
Forest plot of the total procedural time between ICE and TEE groups. Comparison of the rates of the total procedural time between ICE and TEE roups. ICE, intracardiac echocardiography; TEE, transesophageal echocardiography; WMD, weighted mean difference; CI, confidence interval.




3.3.2. Contrast volume

A total of six eligible studies reported the contrast volume (6–8, 10, 13, 14). The pooled results indicated that compared with the TEE procedure, the ICE procedure showed no significant difference (WMD = −2.61; 95% CI: −12.25, 7.02; P = 0.595; I2 = 84.80%) (Figure 6). The subgroup analysis showed that in the PAF proportion <50% subgroup, the ICE group's contrast volume was significantly decreased compared with the TEE group (WMD = −15.02; 95% CI: −27.08, −2.97; P = 0.015; I2 = 78.60%). Moreover, in the hypertension proportion <90% subgroup, the contrast volume in the ICE group was much lower than that in the TEE group (WMD = −12.95; 95% CI: −22.83, −3.07; P = 0.010; I2 = 62.90%). Meanwhile, the ICE group was associated with less contrast volume than the TEE group in the muti-seal mechanism devices subgroup (WMD = −22.00; 95% CI: −32.01, −11.99; P = 0.000). Interestingly, in the muti-centered subgroup, ICE-guided LAAO required a greater amount of contrast volume than TEE-guided LAAO (WMD = 47.00; 95% CI: 19.59, 74.42; P = 0.001) (Supplementary Table S3).


[image: Figure 6]
FIGURE 6
Forest plot of the contrast volume between ICE and TEE groups. Comparison of the rates of the contrast volume between ICE and TEE groups. ICE, intracardiac echocardiography; TEE, transesophageal echocardiography; WMD, weighted mean difference; CI, confidence interval.


Meanwhile, sensitivity analysis showed that no single study dominated the combined proportion and heterogeneity, ranging from −4.81 (95% CI: −15.29, 5.66) to 1.26 (95% CI: −8.55, 11.06). Moreover, Egger's test was performed and result showed no publication bias (P = 0.371), which suggested that the results were robust.



3.3.3. Fluoroscopic time

A total of ten eligible studies reported the fluoroscopic time and the pooled result showed that the fluoroscopic time guided by ICE was significantly equivalent to that guided by TEE (WMD = −0.34; 95% CI: −2.09, 1.41; P = 0.705; I2 = 82.80%) (Figure 7) (6–15). Subgroup analysis was performed with a total of seven subgroup factors for the fluoroscopic time, and the results were displayed in Supplementary Table S4. Compared with the TEE group, the fluoroscopic time in the ICE group was much shorter in the hypertension proportion <90% subgroup (WMD = −1.49; 95% CI: −2.87, −0.10; P = 0.035; I2 = 33.50%) as well as the muti-seal mechanism devices subgroup (WMD = −3.49; 95% CI: −5.53, −1.45; P = 0.001; I2 = 0.00%). No significant change was detected in the overall combined proportion by sensitivity analysis, ranging from −0.72 (95% CI: −2.48, 1.03) to 0.07 (95% CI: −1.74, 1.87). Moreover, no publication bias was shown in Egger's test (P = 0.941).


[image: Figure 7]
FIGURE 7
Forest plot of the fluoroscopic time between ICE and TEE groups. Comparison of the rates of the fluoroscopic time between ICE and TEE groups. ICE, intracardiac echocardiography; TEE, transesophageal echocardiography; WMD, weighted mean difference; CI, confidence interval.




3.3.4. Pooled safety outcomes

Common perioperative complications include cardiac effusion, cardiac tamponade, device migration, device thrombus, stroke/TIA, bleeding, hematoma, renal complications, cardiac arrest, and death. The data on procedural complications was available in nine clinical studies (6–8, 10–15). Complications from each eligible study were listed independently in Supplementary Tables S5, S6. The rate of procedural complications in ICE group was similar with that of TEE group (RR = 0.82; 95% CI: 0.58, 1.16; P = 0.261; I2 = 23.50%) (Figure 8). Sensitivity analysis was performed and the results showed no significant change in the overall combined proportion, ranging from 0.70 (95% CI: 0.45, 1.10) to 0.87 (95% CI: 0.61, 1.25). Egger's test also showed no publication bias (P = 0.696). Meanwhile, seven clinical studies were followed up and reported long-term adverse events (6–11, 14). In terms of long-term adverse events, the ICE group showed a similar result to TEE group (RR = 0.86; 95% CI: 0.64, 1.16; P = 0.329; I2 = 41.10%) (Figure 9).


[image: Figure 8]
FIGURE 8
Forest plot of the preprocedural complications between ICE and TEE groups. Comparison of the rates of the preprocedural complications between ICE and TEE groups. ICE, intracardiac echocardiography; TEE, transesophageal echocardiography; RR, risk ratio; CI, confidence interval.
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FIGURE 9
Forest plot of the long-term adverse events between ICE and TEE groups. Comparison of the rates of the long-term adverse events between ICE and TEE groups. ICE, intracardiac echocardiography; TEE, transesophageal echocardiography; RR, risk ratio; CI, confidence interval.






4. Discussion

Among twenty enrolled published original articles, a total of 3,610 patients (including 1,564 patients for ICE and 2,046 patients for TEE) were evaluated. Compared with previous meta-analysis, we included recent publications and single-arm studies. Meanwhile we performed subgroup analysis for each endpoint event. Our main findings were as follows. Compared with TEE group, (1) ICE group showed comparable efficacy and safety outcomes for LAAO, including the acute procedural success rate, total procedure time, contrast volume, the fluoroscopic time, and safety outcomes; (2) ICE group might reduce the use of contrast agent and fluoroscopic time in the hypertension proportion <90 subgroup; (3) ICE group might be associated with lower total procedure time, contrast volume, and the fluoroscopic time in device type subgroup with multi-seal mechanism; (4) The total procedure time might be longer in PAF proportion >50 subgroup while the contrast use might be less in PAF proportion ≤50 subgroup for ICE group; (5) ICE group might be related in an increased use of contrast in multi-center subgroup.

AF is an important pathogenesis of ischemic stroke, with approximately 5% of stroke patients being associated with AF each year, ultimately resulting in high rates of mortality and morbidity (3). LAAO has been demonstrated to be an alternative to prevent stroke in AF patients, particularly for individuals who are intolerant to oral anticoagulants. Intraoperative imaging is a crucial factor for LAAO. While TEE is currently the mainstream method, ICE is increasingly being used as an alternative to TEE.

In this meta-analysis, we compared the acute procedural success between the TEE and ICE groups. Similar with previous studies (26–28), we found no significant difference between the two groups. We then conducted a subgroup analysis to further compare the advantages and disadvantages of the two groups. The result showed that, regardless of the subgroup, there was no significant difference in acute procedural success rate. TEE is the gold standard imaging method for LAAO, providing clear images of the right atrium, left atrium, atrial septum, and left atrial appendage anatomy for LAAO. However, TEE-guided LAAO has some disadvantages, such as increased pain with local or conscious anesthesia, prolonged procedure time and hospitalization burden with general anesthesia, aggravated risk of possible esophageal injury under “one-stop” ablation, and high dependence on a dedicated echocardiography operator. To explore the safety of ICE and TEE, we recorded both the preprocedural complications and the long-term complications. For the short-term adverse events, the results showed that ICE was not inferior to TEE in guiding LAA occlusion procedures in terms of peri-procedural complications. Additionally, the long-term adverse events were comparable between groups, indicating that ICE had a reliable performance on safety.

Hypertension is one of the common comorbidities and modifiable risk factors in cardiovascular diseases, which could lead to the enlargement of left atria diameter, promotion of atrial fibrosis, and impairment of the endothelial function, ultimately causing the initiation and progression of AF and related stroke (29). However, few studies reported the role of hypertension on the procedure of LAAO for AF. Our subgroup results showed that ICE group might reduce the use of contrast agent and fluoroscopic time in the hypertension proportion <90 subgroup in comparison with the TEE group, suggesting that the lower proportion of hypertension may be associated with the more benefit for AF patients with LAAO procedure. This result might provide a basis for a randomized control trial to further evaluate the role of hypertension on the use of contrast agent and the fluoroscopic time between ICE-guided and TEE-guided LAAO.

At present, multiple types of devices for LAAO were applied in clinical procedure, mainly including single-seal mechanism device, dual-seal mechanism devices, and both mechanism device (30). Accumulated studies had revealed that selective application of the device type for LAAO might showed a similarly clinical outcomes based on the specific morphologies of LAA (31). Interestingly, ICE-guided LAAO might be associated with lower total procedure time, contrast volume, and the fluoroscopic time in device type subgroup with multi-seal mechanism. We could make a reasonable speculation that the application of multi-seal mechanism devices is associated with the mastery of the ICE-guided LAAO procedure by operators. Whereas, more studies should be performed to demonstrate this result.

Studies on the impact of AF type during LAAO procedure are emerging. A recent lesson from the prospective Left Atrial Appendage Occluder Registry Germany (LAARGE) had suggested that the procedure time and fluoroscopy time were longer for LAAO procedure in PAF patients than non-PAF patients, which might be significantly related in the challenge of LAA movement due to the higher rate of sinus rhythm in PAF patients during LAAO procedure (32). Similarly, our subgroup also indicated that the total procedure time in ICE-guided LAAO might be longer in PAF proportion >50 subgroup. In addition, the contrast use might be less in PAF proportion ≤50 subgroup for ICE-guided LAAO group, potentially suggesting that ICE-guided LAAO might reduce the contrast use for non-PAF patients.

Additionally, our subgroup results suggested that ICE-guided LAAO might be associated with an increased use of contrast in multi-center subgroup, which indicated that ICE-guided LAAO showed unsatisfied performance on the contrast use in multi-center subgroup in comparison with single-center subgroup. This might be explained by the multiple possibilities, including center heterogeneity, team quality heterogeneity, and relatively rigid procedure protocol rarely with decision-making strategy in multi-center study. Moreover, only one multi-center study (10) reported the contrast use for subgroup analysis, which might cause potential bias due to the limited sample size. Therefore, more prospective studies are needed to further demonstrate our results.

Also, a total of two studies compared the cost of hospitalization between ICE group and TEE group (8, 9), which showed that the global charges were similar between the ICE-guided LAAO and TEE-guided LAAO in American centers. Whereas, in other medical centers, the hospital charges of ICE-guided LAAO might be higher in comparison with TEE-guided LAAO due to the higher cost of ICE catheter (33). Also, local medical team experience and environment would play an important role on the determination of the appropriate imaging modality to be implemented. Therefore, more prospective, randomized studies will probably clarify the comparison of ICE and TEE for guiding the LAAO procedure, especially in terms of efficacy, safety, and hospital charges.



5. Limitations

Our study has several limitations. First, the studies included in this meta-analysis were nonrandomized and observational in design, which might lead to potential selection bias. Second, the sample size included in the study is small which may affect the stability of the result indicators, reduce the efficiency of the test, and introduce potential research bias. Third, different studies were followed with different tests, which may have affected the follow-up results. In addition, clinical studies lacked a uniform definition of procedural success and procedure-related complications. Therefore, a prospective, randomized study is needed to clarify the clinical outcomes of LAAO with the comparison of ICE vs. TEE monitoring.



6. Conclusions

Our results demonstrate that ICE may have comparable efficacy and safety compared to TEE for LAAO.
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Background: Diabetes predisposes affected individuals to impaired myocardial perfusion and ischemia, leading to cardiac dysfunction. Increased myocardial stiffness is an independent and significant risk factor in diastolic dysfunction. This study sought to estimate myocardial stiffness in Type 2 diabetes (T2DM) patients using the intrinsic wave velocity propagation (IVP) along the longitudinal wall motion during late diastole and evaluate the value of IVP in assessing cardiac function and structure.



Methods: 87 and 53 participants with and without T2DM (control group) were enrolled. Of the 87 T2DM patients (DM group), 43 were complicated with hypertension (DM + H group), and 44 were not (DM-H group). Ultrasound parameters were measured and analyzed, including color M-mode flow propagation velocity, global longitudinal systolic strain (GLS), and IVP.



Results: IVP was higher in the DM group than in the control group (1.62 ± 0.25 m/s and 1.40 ± 0.19 m/s, P < 0.001). After stratification for hypertension, IVP in both DM + H (1.71 ± 0.25 m/s) and DM-H (1.53 ± 0.20 m/s) groups were found to be significantly higher than that in the control group (1.40 ± 0.19 m/s); also, the difference of IVP between DM + H and DM-H group reached statistical significance. Moreover, IVP was significantly correlated with flow propagation velocity during early diastole (Pve) (r = −0.580, P < 0.001), flow propagation velocity during late diastole (Pva) (r = 0.271, P < 0.001), GLS (r = 0.330, P < 0.001), interventricular septal thickness at end-diastole (IVSd) (r = 0.321, P < 0.001), blood glucose (r = 0.246, P < 0.003), systolic blood pressure (r = 0.370, P < 0.001) and diastolic blood pressure (r = 0.389, P < 0.001).



Conclusions: The results indicated the application potential of IVP in assessing the early detection of cardiac function changes noninvasively and sensitively. The correlation with myocardial stiffness warrants further studies to substantiate its potential clinical utility.
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type 2 diabetes mellitus, myocardial stiffness, intrinsic wave velocity propagation, diastolic function, two-dimensional speck tracking





Introduction

Diabetes is a severe global health problem associated with the increased risk of heart failure (1). Diabetes predisposes affected individuals to impaired myocardial perfusion and ischemia, exerting deleterious effects on the myocardium (2). Hyperglycemia facilitates the formation of advanced glycation end products (AGEs), which cross-links with extracellular matrix proteins, leading to increased fibrosis, elevated myocardial stiffness (MS), impaired myocardial relaxation and diastolic dysfunction, and eventually heart failure (3–5). Increased myocardial stiffness is an independent and significant risk factor in diastolic dysfunction (6–8). Thus, early detection of MS is strategic; however, methods assessing MS in diabetes remain poorly studied. Though the gold standard in assessing MS, cardiac catheterization is an invasive method unfit for routine screening (9). The quality of cardiac magnetic resonance imaging with late gadolinium enhancement, on the other hand, is limited by a long scanning time, patient movement, or in those with irregular depth and rate of breathing, as well as arrhythmias despite its application to non-invasive quantification of myocardial fibrosis (10).

Now, the possibility of imaging the heart at very high frame rates allows minute tracking of many wave-like phenomena, such as shear wave elastography technique using acoustic radiation force to mechanically stimulate tissue and monitor the response (11, 12), naturally occurring shear waves generated by aortic and mitral valves closure (13–15).

It was hypothesized that during left ventricular (LV) filling after atrial contraction, the fast traction on the mitral annulus by the atrial contraction generates a wave into the LV, which travels from base to apex with a speed proportional to myocardial elasticity. The propagating wave velocity along longitudinal tissue motion direction is referred to as the Intrinsic Velocity Propagation (IVP) (16, 17). It is generated through the dynamic nature of the heart and allows quantification in all LV segments. It is possible that this wave is related to tissue stiffness and has a radial component. Previous studies (18–20) have demonstrated the feasibility of IVP measurement in normal volunteers and confirmed that IVP was strongly influenced by passive tissue properties. The wave speed was consistent with the pressure-dependent increase in myocardial stiffness, indicating the potential of IVP in evaluating MS.

This work aimed to explore whether there is a relationship between IVP and diastolic dysfunction and discuss the potential of IVP in assessing MS in T2DM patients.



Materials and methods


Study population

This pilot study was conducted between April 2019 and March 2021 in Tongji Hospital, the most widely circulating hospital in its region. One hundred forty participants were enrolled, with 87 patients diagnosed as T2DM (DM group) and 53 healthy controls (control group). Among the T2DM patients, 43 were complicated with hypertension (DM + H group), and 44 were exempt from other complications (DM-H group). The diagnosis criteria of T2DM were promulgated by WHO: fasting blood glucose (FPG) ≥ 7.0 mmol/L or 2-hour postprandial blood glucose (2hPG) ≥ 11.1 mmol/L. Patients were excluded from the study if they were complicated with valvular heart disease, congenital heart disease, coronary heart disease, cardiomyopathy, and history of cardiac surgery in case of possible confounding; those with poor echocardiographic image quality were also excluded. The control group was chosen from healthy people undergoing a physical examination, including biochemical routines, electrocardiogram, and echocardiography. They had no history of diabetes, hypertension, cardiovascular disease, or cardiac surgery. All experiments were carried out in accordance with the ethical standards put forward by the Declaration of Helsinki and approved by a local institutional review board. Each participant signed written informed consent.



Echocardiography examination

Echocardiography was acquired using Vivid E9 commercial scanners (GE Healthcare, Horten, Norway) equipped with an M5S transducer at a frequency of 1.7–3.4 MHz. The rate of conventional two-dimensional ultrasound images is ≥70 frames/s. Three consecutive cardiac cycles are stored in each section. Several conventional echocardiographic parameters were measured, including interventricular septal thickness at end-diastole (IVSd), left ventricular posterior wall thickness at end-diastole (LVPWd), left ventricular internal diameter at end-diastole (LVIDd), left ventricular ejection fraction (LVEF), Mitral E velocity, Mitral A velocity, and Mitral annular septal e' velocity. E/A and E/e' ratios were later calculated.



Flow propagation velocity examination

The speed scale and scanning speed (100 mm/s) were adjusted to obtain the first-color M-mode aliasing on the apical four-chamber view. Early and late diastolic filling waves on the M-mode map, including flow propagation velocity during early diastole (Vpe) and flow propagation velocity during late diastole (Vpa), were then recorded.



Global Longitudinal Systolic Strain (GLS)

EchoPac (GE Healthcare) analysis software was applied to calculate GLS offline. The movement trajectory of each point in the cardiac tissue during the cardiac cycle was automatically tracked by two-dimensional speckle tracing in apical long-axis, two-chamber, and four-chamber standard view, respectively. The myocardial deformation of each ventricular wall segment in the region of interest was recorded.



IVP measurement

The tissue Doppler frame rate was adjusted to 350–450 frames/s. To minimize the bias caused by the Doppler Angle, the imaging field of view was adjusted carefully to align each left ventricular wall with the incident ultrasound beam. The ultrasound images of each LV wall were stored in apical long-axis, two-chamber, and four-chamber standard views, respectively. Data were recorded and analyzed using the EchoPac workstation (GE Healthcare). Q analysis was first entered, then the left ventricular myocardium was traced using the curved anatomy M type (CAMM) to reconstruct the axial tissue velocity map. The ratio of the tissue velocity map was adjusted to create velocity aliasing; the scanning speed was adjusted to the maximum. The velocity aliasing was used to identify the onset of motion. The wave speed, IVP, was the slope of isovelocity wavefront propagating in time and space during late diastole (Figure 1). The mean IVP measurement was obtained by averaging the wave velocity of six LV walls using the apical four-chamber, two-chamber, and long-axis views.


[image: Figure 1]
FIGURE 1
Two examples illustrating the intrinsic wave velocity propagation. IVP was the slope of isovelocity wavefront propagating in time and space during late diastole (the white arrow). (A) IVP in a DM-H group patient was 1.85 m/s. (B) IVP in a control group participant was 1.36 m/s.




Reproducibility analysis

Bland-Altman analysis was applied to test Intra- and inter-observer variability of IVP in 20 randomly selected data sets. Two observers were blind to both results made by each other and the medical history and examination data of each subject.



Statistical analyses

All statistical parameters were performed using IBM SPSS (Version 24.0. Armonk, NY: IBM Corp). Continuous data were expressed as mean ± SD; categorical data were expressed as percentages. The normality of data was tested using the Shapiro-Wilk test. Between-group comparison of the mean was made by student's t-test; Among-groups comparisons of normally distributed continuous variables was achieved by One-way ANOVA; comparisons of skewedly distributed variables was done by Kruskal Wallis test. When significant at the 0.05 level, pairwise comparisons were performed, and Post hoc analysis was achieved through the Bonferroni test. The correlation between IVP and echocardiographic parameters was tested by Pearson correlation analysis. Bland-Altman analysis was used on 20 randomly selected data sets to analyze inter and intra-observer variability and consistency. P < 0.05 was considered statistically significant.




Results


Primary findings

As was shown in Table 1, patients of the DM + H group were significantly older than those of the DM-H group. There was no difference in T2DM disease duration between DM + H and DM-H groups. However, a significant difference regarding diabetic retinopathy and diabetic nephropathy was observed between the two groups.


TABLE 1 Comparisons of baseline clinical characteristics between the T2DM group and control group.

[image: Table 1]

Overall, the IVP of the DM group was higher than that of the control group (1.62 ± 0.25 m/s and 1.40 ± 0.19 m/s, P < 0.001). Such phenomenon was also observed in IVSd (9.85 ± 1.14 mm and 9.23 ± 0.91 mm, P = 0.001), Mitral A velocity (84 ± 19 cm/s and 72 ± 21 cm/s, P = 0.001), E/A ratio (0.97 ± 0.34 and 1.11 ± 0.35, P = 0.016), Mitral annular septal e' velocity (8.45 ± 2.66 cm/s and 9.53 ± 2.28, P = 0.015), E/e' ratio(9.68 ± 2.90 and 8.21 ± 2.23, P = 0.002), Vpe (54.14 ± 11.20 cm/s and 63.45 ± 10.12 cm/s, P < 0.001) and GLS(%)(−17.61 ± 2.20 and −18.60 ± 2.47, P = 0.015). After stratification for hypertension (Table 2), The IVP of DM + H group was higher than that of DM-H group and control group (1.71 ± 0.25 m/s, 1.53 ± 0.20 m/s and 1.40 ± 0.19 m/s, P < 0.001). Compared with the control group, IVSd (10.21 ± 0.91 mm and 9.23 ± 0.91 mm, P < 0.001), Mitral A velocity(90 ± 17 cm/s and 72 ± 21 cm/s, P < 0.001), E/e' ratio (10.01 ± 2.92 and 8.21 ± 2.23, P = 0.004), Vpa (75.67 ± 17.79 cm/s and 66.94 ± 14.43 cm/s, P = 0.027), and GLS(%) (−17.28 ± 2.32 and −18.60 ± 2.47, P = 0.018) were significantly higher, while E/A ratio (0.83 ± 0.23 and 1.11 ± 0.35, P < 0.001), mitral annular septal e' velocity (7.60 ± 1.90 cm/s and 9.53 ± 2.28 cm/s, P = 0.001), and Vpe (51.77 ± 11.94 cm/s and 63.45 ± 10.12 cm/s, P < 0.001) were significantly lower in DM + H group patients. Only Vpe in the DM-H group was significantly lower than in the control group (56.45 ± 10.02 cm/s and 63.45 ± 10.12 cm/s, P = 0.005). The differences in IVSd, LVIDd, Mitral E velocity, E/A ratio, E/e' ratio, Vpa, and GLS were observed between the DM-H group and control group. However, they did not reach statistically significant.


TABLE 2 Comparisons of echocardiographic parameters between DM + H group, DM-H group and control group.

[image: Table 2]

The results of correlation analyses were as follows (Figure 2): Pve (r = −0.580, P < 0.001), Pva (r = 0.271, P < 0.001), IVSd (r = 0.321, P < 0.001), LVIDd (r = 0.170, P = 0.045), systolic blood pressure (r = 0.370, P < 0.001), diastolic blood pressure (r = 0.389, P < 0.001), and GLS (r = 0.330, P < 0.001). No significant correlation was found between IVP and HbA1c, blood glucose, LVPWd, LVEF, Mitral E velocity, Mitral A velocity, E/A ratio, e' velocity, and E/e’ ratio.


[image: Figure 2]
FIGURE 2
Correlation of IVP with Pve Pva, IVSd, LVIDd, systolic blood pressure, diastolic blood pressure, and GLS.




Reproducibility and repeatability

The results of the Bland-Altman analysis are illustrated in Figure 3. The intra- and inter-observer reproducibility of IVP was acceptable, with mean signed difference = 0.0165 ± 0.082 m/s and −0.0465 ± 0.1812 m/s, respectively. The intraclass correlation coefficients measured of IVP were 0.924 [95% confidence interval (CI): 0.818–0.969] and 0.941 (95% CI: 0.858–0.976), respectively.


[image: Figure 3]
FIGURE 3
Repeatability and consistency of IVP measurements by bland-Altman analysis within and between observer groups.





Discussion

In this work, IVP, the wave propagation of longitudinal myocardial stretch during late diastole, was proposed to evaluate MS in T2DM patients. The main findings from the investigation are as follows: (1) The IVP of the DM + H group was higher than that of the DM-H group and control group; (2) Mitral A velocity, E/e’ ratio, and Vpa were higher in the T2DM patients, while E/A ratio, Mitral annular septal e ‘ velocity, and Vpe were higher in the control group; (3) The association between IVP and part of the above-mentioned conventional ultrasound parameters showcased weak to moderate correlation.

Myocardial relaxation is critical to the diastolic function that allows adequate filling of the ventricles prior to the next cardiac cycle. The early stages of diabetic cardiomyopathy have subtle changes in cardiac function, one of which is left ventricular (LV) diastolic dysfunction that includes impaired early diastolic filling, increased atrial filling, prolonged isovolumic relaxation, and cardiomyocyte disarray and interstitial myocardial fibrosis through histologic examination, the embodiment of altered myocardial stiffness (4, 7).

The generation of IVP is considered at the beginning of ventricular filling after atrial contraction when the base of the LV is stretched, and a pulse-like wave is generated that propagates to the apex along the longitudinal wall motion during late diastole (21, 22) Previous studies in Pislaru et al. series (16, 18, 23) have confirmed that the speed of IVP was strongly influenced by passive tissue properties. The higher the ventricular wall tension, the faster the wave speed. IVP was significantly higher in patients with myocardial amyloidosis characterized by myocardial stiffness than in healthy controls (19). An increase in IVP is associated with incremental diastolic dysfunction, which implies the possibility of a correlation between IVP and myocardial stiffness.

More than two-thirds of T2DM patients are complicated by hypertension (24). Hypertension increases the risk of microvascular and macrovascular complications in diabetic patients (Holman et al. 2008; Kengne et al. 2009). The coexistence of hypertension and diabetes exerts a synergistic adverse effect on impaired subendocardial perfusion that aggravates myocardial oxygen consumption, with resultant abnormal collagen synthesis, altered tissue elasticity, and elevated myocardial stiffness (25, 26). After stratification for hypertension, the statistical difference of several morphologic and hemodynamic indicators between DM + H, DM-H, and the control group was likely associated with the combined effects of elevated filling pressures, wall stress, and LV afterload, which indicate increased diastolic dysfunction and myocardial stiffness in the case group. Despite the values of IVP being similar between controls and cases and the moderate correlation with indicators, the increasing trend should not be overlooked; besides, cardiac function cannot be embodied by a single parameter. In this study, the IVP value tends to be higher as myocardial condition deteriorates. IVP exhibited a positive association with systolic blood pressure, diastolic blood pressure, IVSd, and LVIDd. It is in line with our previous results (20), which disclosed that IVP was higher in hypertensive patients than in controls and was closely related to LVIDd and LVPWd.

The blood flow from the LA to the LV through the mitral valve can be embodied as the wave; the speed produced under the pressure gradient in the ventricle is referred to as the flow propagation velocity (FPV). FPV is a recognized indicator of changes in myocardial mechanical properties. Reduced flow propagation during early diastole is commonly seen in patients with impaired LV relaxation (27, 28). When LA filling is impaired, the isovolumic relaxation time is prolonged, accompanied by decreased Vpe. As it develops, the atrial contractions increased compensatively to overcome the early diastolic filling impairment caused by myocardial stiffness; simultaneously, Vpa increases. In the current study, there was a negative correlation between IVP and Vpe and a positive correlation between Vpa, which theoretically supported the potential utility of this new measurement in predicting myocardial stiffness. Nevertheless, flow propagation measurements are also angle-dependent, the volume of blood in early flow propagation (Vpe) influences late flow propagation, and the Vpa slope is uncertain (29), which may partly explain the insignificant association between the DM-H group and the control group in our study. Future research with a larger sample size and a broader spectrum of the population is warranted to address this issue.

E/e' ratio is one of the well-recognized parameters in evaluating LV filling pressure diastolic function (30). In this study, the E/e’ ratio was 9.68 ± 2.90 in the DM group, between 9 and 14, which indicated intermediate LV filling pressures; also, there was an insignificant correlation between IVP and E/e ‘ ratio. Diastolic function is a complex process and cannot be evaluated by a single parameter. Despite the negative results, diastolic dysfunction cannot be ruled out due to its low sensitivity (or specificity). GLS is highly sensitive and specific in detecting LV dysfunction (31, 32). Weakened myocardial elasticity and increased myocardial stiffness are associated with decreased GLS, which is consistent with the alteration tendency of IVP in myocardial dysfunction disclosed in this study. It might serve as a complementary method in analyzing myocardial dysfunction.

Here, this work explored the application prospect of IVP in assessing LV diastolic dysfunction in T2DM patients. The results implied that IVP might be potential to evaluate diastolic dysfunction and reflect the change in myocardial stiffness. Different from the generation of acoustic radiation force pulse in shear wave elastography, this novel ultrasound technique detects the wave velocity generated by myocardial stretch from the base to the apex level through high frame rate Doppler ultrasound imaging, which means the external stimulation is not required (33, 34). The convenience of IVP measurement makes it available for research. This novel index might be a potentially highly sensitive and harmless indicator in evaluating early cardiac function variations in some cardiovascular conditions, such as T2DM patients. With technological advancement, such as higher frame rates and velocity range, more accurate measurements are available, which may be helpful in clinical applications.



Study limitations

Several limitations deserve to be addressed: The data quality of IVP is affected by time resolution and low frame frequency. The application of this technique is currently unsuitable for patients with arrhythmias or tachycardia. Limited by experimental conditions, in this pilot study, the association of IVP with myocardial stiffness was relatively subjective, for there is currently no direct reference standard. Limited by the small sample size, one possibility is that the group variability may be due to inter/intra-observer variability. However, the trend of IVP value changes could not be ignored and was worthy of further exploration. Myocardial stiffness also can be acutely modulated by proteins such as titin, including post-translational modifications (PTMs, such as acetylation, oxidation, and phosphorylation) and isoform switch (35). The atrial contraction in end-diastole leads to a rapid increase in LV strain, which might result in a rapid increase in momentary stiffness in T2DM. More clinical studies with larger sample sizes and combined indicators are warranted further investigation to prove the clinical value of IVP.



Conclusions

The study showed that IVP was higher in T2DM patients when compared to the control group. This novel index might be a promising echocardiographic parameter in assessing early change in cardiac function and structure, implying the possibility of evaluating myocardial stiffness directly and noninvasively. Further clinical studies with larger sample sizes are warranted to explore the clinically relevant.
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Background: Hereditary hemochromatosis (HH) is a genetic disease that leads to increased iron accumulation in several organs. Cardiomyocytes are highly susceptible to this damage owing to their high iron uptake, and cardiovascular complications account for 1/3 of the deaths in the natural course of HH. Additionally, excess iron intake and associated oxidative stress may accelerate the aging of the cardiovascular system, regardless of the age of patients with HH. We aimed to investigate the role of standard and speckle-tracking echocardiography (STE) in revealing heart differences in patients with HH considering the disease stage and the patient age.



Methodology: Consecutive patients with HH (n = 58) without heart pathologies (except hypertension) and 29 age- and sex-matched healthy individuals underwent echocardiography. Patients were compared according to the time since HH diagnosis (the recently diagnosed HH group [31 patients] with diagnosed HH for less than 6 months and had no more than one venesection; the medium group [11 patients] with diagnosed HH between 6 and 24 months; and the long-lasting group [16 patients] with diagnosed HH for more than 2 years) and the quartile contribution of their age.



Results: Standard echocardiography revealed differences in diastolic parameters between patients with HH and controls, which were the most prominent between healthy and long-lasting HH patients. Regarding systolic function, left ventricular ejection fraction was lower in HH patients, with the most evident differences between the healthy and recently diagnosed HH patients. STE revealed additional differences in systolic parameters, with LV rotation the worst in recently diagnosed patients and its increase in patients with medium and long-lasting HH. Significantly worse peak systolic longitudinal strain values were observed in all patients with HH. Analyses of the results according to the age quartiles of patients with HH revealed that some changes ocurred earlier than expected according to age.



Conclusions: Echocardiography can reveal possible heart damage in HH patients at different stages of the disease and highlight potential features of accelerated myocardial aging in these patients.
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hereditary hemochromatosis, speckle-tracking echocardiography, echocardiography, cardiovascular ageing, iron overload (IO)





1. Introduction

Hereditary hemochromatosis (HH) has a genetic etiology in 80% of cases based on HFE-gene mutations, which leads to increased accumulation of iron in bodily tissues resulting in damage to many organs, including the heart (1). Left ventricular (LV) cardiomyopathy was previously responsible for approximately 30% of the deaths among patients with HH (2). The introduction of genetic tests into routine clinical practice for patients with abnormal iron metabolism has enabled the early diagnosis of HH, before an irreversible injury to organs in many cases, decreasing the probability of death.

The mechanisms underlying HH-induced heart damage are not fully understood. Oxidative stress induced by bioactive iron ions, which destroys the tissues of the involved organs, may contribute to this damage (3). Mitochondria are highly sensitive to oxidative stress-related damage, and cardiomyocytes are characterized by a large number of mitochondria, causing the heart to be a particularly vulnerable organ (1). Additionally, iron overload and oxidative stress causes the impaired vascular endothelium vasodilatory function and has a pro-inflammatory effect, with may eventually lead to accelerated aging of the cardiovascular system, with possible effects on the heart, regardless of the actual patients age (4–6). This manifests as an increased ventricular mass attributed to the increased thickness of the myocardium, eventually leading to impaired LV diastolic function (7) and increased left atrial (LA) size (7, 8). These changes can be easily detected using echocardiography (7–9). However, these features are not typical of recently diagnosed patients with HH, who usually have normal parameters on standard echocardiography (10, 11).

However, speckle-tracking echocardiography (STE), a more accurate technique, may reveal changes that indicate deterioration in systolic parameters (such as rotation indices and peak global longitudinal strain) at the early stages of the disease, despite the absence of symptoms and changes in standard echocardiography, presumably due to hereditary character of the disease and heart damage initiated many years before the diagnosis (10, 11). Moreover, as HH leads to changes similar to cardiovascular aging, it remains unknown whether it accelerates cardiovascular aging. Therefore, we aimed to investigate the role of echocardiography in revealing heart differences, considering the disease stage and the patient age.



2. Materials and method


2.1. Study population

Consecutive patients at different stages of HH [diagnosed based on clinical characteristics, abnormal iron turnover parameters, and the presence of HFE gene mutations (9)] were prospectively enrolled in the study from October 2015 to November 2018. The exclusion criteria were age < 18 years, history of any cardiac diagnosis (apart from hypertension), features of heart damage, and left ventricular ejection fraction (LVEF) < 50%. The control group comprised healthy age- and sex-matched volunteers. All participants underwent echocardiography, and detailed medical histories including duration of HH and administered treatments with laboratory parameters were obtained. The study protocol was approved by the Local Ethics Committee at the Medical University of Gdańsk (NBBN/452/2016), and written informed consent was obtained from all the participants.

The patients were divided into three groups according to the time of diagnosis and initiation of treatment to investigate the influence of HH duration on the heart. The “recently diagnosed” HH group consisted of patients diagnosed with HH for less than 6 months and had no more than one venesection. The “medium” group consisted of patients who had HH diagnosed between 6 and 24 months (2 years). Finally, the “long-lasting” group consisted of patients diagnosed with HH for more than 2 years. All the parameters in these groups were analyzed and compared according to the age distribution obtained during the statistical analyses to investigate the impact of age.



2.2. Echocardiography examination

All patients underwent echocardiography at the time of enrollment. Patients were examined in the left lateral decubitus position using a GE VIVID E95 ultrasound system (GE Ultrasound, Horten, Norway) equipped with a phased-array transducer (M5S). Standard echocardiographic parameters were obtained according to the guidelines of the American Society of Echocardiography (ASE) and the European Association of Cardiovascular Imaging (EACVI) recommendations (12, 13). Data acquisition was obtained from the parasternal long- and short-axis views and the three standard apical views. Three consecutive cardiac cycles were recorded during quiet respiration for each view. Grayscale recordings were optimized for LV evaluation at a rate of 50–80 frames/s, and only patients with these parameters were included in the subsequent analyses. All echocardiograms were digitally stored, and further offline analysis was performed using a commercial EchoPAC workstation (v204, GE Healthcare, Horten, Norway).


2.2.1. Two-dimensional speckle-tracking analysis (2D STE)

Three endocardial markers were placed in an end-diastolic frame in the apical four-, two- and three-chamber views to perform a two-dimensional (2D) longitudinal speckle-tracking analysis. The contour of the endocardium was automatically tracked using a software to cover the myocardial thickness of the entire LV wall. Adequate tracking can be verified in real-time and corrected by adjusting the region of interest or manually correcting the contour to ensure optimal tracking. The two-dimensional peak systolic longitudinal strain was analyzed from the apical views and calculated with respect to the strain magnitude at aortic valve closure. The LV apical and basal rotation was quantified by scanning the parasternal basal and apical short-axis planes at the end of the expiratory breath hold. The basal plane was defined as showing the tips of the mitral leaflets, and the apical plane was defined as the level just above the end-systolic LV luminal obliteration. The LV endocardial and epicardial borders of the LV were manually traced. The tracking reliability was visually checked, confirmed, and readjusted when necessary. Counterclockwise rotations viewed from the LV apex were expressed as positive values and clockwise rotations were expressed as negative values. LV twist was defined as the highest net difference in degrees between the apical and basal rotations. LV torsion was defined as the LV twist indexed by the LV diastolic longitudinal length (the distance between the mitral annulus and the apex in end-diastole averaged from the four-, two- and three-chamber apical views). The peak systolic (peak rotation) velocity and early diastolic apical and basal rotation (untwisting) velocities were derived from the rotation rate curves. The untwisting velocity curve was the first negative peak in early diastole, beginning after the peak LV twist and reaching its highest value after mitral valve opening.




2.3. Statistics

Continuous data were presented as the medians (25th–75th percentiles), whereas categorical data were expressed as proportions. We performed the Shapiro-Wilk test to determine the normal distribution of our data. Most of the analyzed parameters did not have normal data distributions, even after logarithmic data transformation; therefore, we selected appropriate statistical analysis methods based on non-parametric tests. The significance of differences between the patients with HH and the control group was assessed using the Wilcoxon test (between patients with HH and controls and between groups of patients divided by disease duration and age distribution based on the obtained quartiles). Comparisons between all groups were performed using the Kruskal–Wallis test for continuous variables (with Dunn's post-hoc test for the multiple comparisons with Bonferroni adjustment to determine the significantly different pairs of groups and control for the overall error rate when conducting multiple comparisons) or by the chi-squared test or Fisher's test for categorical variables. Statistical significance was set at p-values <0.05 were considered significant. Statistical analyses were performed using R version 4.2.1. (R Core Team, Vienna, Austria).




3. Results


3.1. Comparisons between the whole HH group and healthy participants

Fifty-eight consecutive patients diagnosed with HH between 1 month to 20 years were enrolled in the study. Forty-one patients had the C282Y/C282Y mutation, 12 had the C282Y/H63D mutation, four had the H63D/H63D mutation, and one had the C282Y/WT mutation. The median patient age was 45 years (range: 31–57 years). Table 1 shows the demographic data, medical history, and laboratory results of all the patients with HH. Twenty-nine age- and sex-matched healthy volunteers comprised the control group.


TABLE 1 The HH patients’ characteristics at the time of the first contact.

[image: Table 1]

Table 2 presents a comparison of the echocardiographic examination between patients with HH and healthy individuals. Some parameters related to diastolic function [LA size (LADs, LAV index), IVS, PW, RWT, and LVM index] were significantly worse in patients with HH than in healthy individuals (Figure 1). The LVEF was within the normal range; however, it was significantly lower in patients with HH. There were no significant differences in the LV and the right ventricle sizes. We found differences in many 2D STE parameters, including those related to diastolic function (LV untwisting rate and velocity), and in many related to systolic function (LV apex rotation, global twist and torsion, and peak systolic longitudinal strain; Figure 2).


TABLE 2 Echocardiographic comparison between HH and healthy persons.
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FIGURE 1
LADs (A), LVM index (B), LAV index (C), and RWT (D) values between all HH patients and the control group. The dots show the values obtained by each person analyzed. * Data are presented as medians (25th–75th percentile).



[image: Figure 2]
FIGURE 2
Lv global twist (A), LV torsion (B), LV peak rotation velocity (C), LV peak untwisting velocity (D), and peak systolic longitudinal strain (E) values between all HH patients and the control group. The dots show the values obtained by each person analyzed. * Data are presented as medians (25th–75th percentile).




3.2. Comparisons between HH patients at the different stages of the disease

Table 3 shows the demographic data, medical histories, and laboratory results of patients with HH at the different stages of the disease. There was an increasing trend in the age and frequency of hypertension in the analyzed HH groups, and the rate of glucose disturbances increased noticeably in the long-lasting HH group. Iron levels were stable between the groups with reduced ferritin concentrations in medium and long-lasting HH patients. TSAT and transaminases levels were similar between groups.


TABLE 3 The HH patient group's characteristics at the time of first contact.
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Table 4 presents the comparisons of the standard and 2D STE echocardiographic parameters between HH patients in terms of disease stage. Significant differences in LA size were observed between the controls and each HH group but not between the patients with HH from each group (Figure 3). Differences in LV wall thickness, RWT, and LVM index were the most prominent between healthy volunteers and patients with long-lasting HH (Figure 3). Differences in LVEF were the most evident between the healthy volunteers, the recently diagnosed group, and the medium HH group (Table 4). Regarding the 2D STE parameters, the medium group had significantly better rotation indices than the recently diagnosed patients, with no significant differences compared to the long-lasting HH group. Regarding peak systolic longitudinal strain, significantly worse values were noticed in all the HH groups compared to the controls, with no significant changes between the HH groups: −19.3% [−20.5–−17.3] in the recently diagnosed group, −17.5% [−18.2–−15.9] in the medium group, and −18.0% [−19.6–−15.6] in the long-lasting HH group, contrary to −21.0% [−22.0–−19.3] in the control group (Figure 4).


TABLE 4 Comparison of standard and 2D STE echocardiographic parameters between the controls and HH groups.
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FIGURE 3
LADs (A), LAV index (B), LVM index (C), and RWT (D) values of the controls and HH groups divided according to the stage of the disease. The dots show the values obtained by each person analyzed. The values above the brackets correspond to the p-value. * Data are presented as medians (25th–75th percentile).



[image: Figure 4]
FIGURE 4
LV global twist (A), LV torsion (B), LV peak rotation velocity (C), LV peak untwisting velocity (D), and peak systolic longitudinal strain (E) values of the controls and HH groups divided according to the stage of the disease. The dots show the values obtained by each person analyzed. The values above the brackets correspond to the p-value. * Data are presented as medians (25th–75th percentile).


Figures 5, 6 present three HH patients from each group with graphical demonstration of twist and peak systolic longitudinal strains.


[image: Figure 5]
FIGURE 5
The example of LV apical (blue line), basal (pink line), and peak LV rotation twisting (arrow) curves in HH patients at different stages of the disease: the recently diagnosed (A), the medium (B), and the long-lasting (C).



[image: Figure 6]
FIGURE 6
The examples of global longitudinal strain in HH patients at different stages of the disease: the recently diagnosed (A), the medium (B), and the long-lasting (C). In the “bull's-eye” map, all myocardial regional deformations, from basal to middle and apical segments are displayed in a single image.




3.3. Comparisons between HH patients stratified by age

We divided patients with HH into four groups according to age quartiles based on age distribution to investigate the influence of the age on heart changes: the quartile from minimum to Q25 included patients from 18 to 31 years; Q25–Q50 included patients from 32 to 47 years; Q50–Q75 included patients from 48 to 56 years old; and the fourth quartile (Q75 to maximum) included patients from 57 to 77 years. Table 5 shows the demographic data, medical history, and laboratory results of the patients with HH stratified by age. Among the patients with HH, the incidence of hypertension and diabetes increased with age. The rate of glucose disturbances increased in patients aged 32–47 years. Iron levels were stable between the groups, with reduced ferritin concentrations among patients aged 32–47 years and 57–77 years. The levels of TSAT and transaminases were comparable in both.


TABLE 5 The HH patient group's characteristics at the time of first contact.
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Table 6 compares the standard and 2D STE echocardiographic parameters of patients with HH stratified by age. Some standard parameters related to diastolic function (LA size, IVS, RWT, LVM index, Em, and E/Em) changed above the normal range most prominently in the third decade of life (Figure 7). In contrast, some STE parameters related to systolic function (LV global twist and torsion) increased significantly from the fourth decade of life (Figure 8).


TABLE 6 Comparison of standard and 2D STE echocardiographic parameters between the HH patients stratified by their age.
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FIGURE 7
LADs (A), LAV index (B), LVM index (C), and RWT (D) values between the HH patients stratified by their age. The dots show the values obtained by each person analyzed. The values above the brackets correspond to the p-value. * Data are presented as medians (25th–75th percentile).
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FIGURE 8
Graphs showing comparisons of LV global twist (A), LV torsion (B), LV peak rotation velocity (C), LV peak untwisting velocity (D), and peak systolic longitudinal strain (E) values between the HH patients stratified by their age. The dots show the values obtained by each person analyzed. The values above the brackets correspond to the p-value. * Data are presented as medians (25th–75th percentile).




3.4. The correlations between iron turnover parameters and echocardiographic parameters

Table 7 presents the correlations between iron turnover parameters and measured echocardiographic parameters. Some correlations were observed between the time from diagnosis and the number of venesections with echocardiographic parameters. The correlations were significant; however, they were relatively weak (the r-values were lower than 0.7).


TABLE 7 Correlations between iron turnover, time from diagnosis, number of venesections and 2D STE parameters in HH patients.
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4. Discussion

Our results support the role of echocardiography in revealing the differences between patients with HH in terms of the time from the initial diagnosis and the patient age. To the best of our knowledge, this is the first study to address this issue in patients with HH.


4.1. The potential impact of HH on the heart considering the stage of the disease

Standard echocardiography revealed differences in diastolic parameters in the enrolled patients with HH compared with healthy controls. Several authors have documented diastolic dysfunction in patients with HH (14–16). The cited studies' techniques were based on the standard two-dimensional echocardiography, including M-mode (16) and TDI techniques (14, 15). For example, Candell-Riera et al., showed that patients with idiopathic hemochromatosis presented significantly higher LADs index (22.2 ± 3.7 mm/m2) and LVM index (150 ± 56.2 g/m2) compared to the control group (respectively 19.2 ± 1.7 mm/m2 and 91.7 ± 14.6 g/m2, respectively) (16). Similarly, Palka et al. reveled deviations in the LADs and the LVM index in their analysis of patients with HH, with 83% being C282Y homozygotes (15). The authors also observed significantly higher values of LVM index (101 ± 26 g/m2) and LADs in patients with HH (3.81 ± 0.74 cm) compared to healthy controls (77 ± 12 g/m2 for LVM index and 3.27 ± 0.39 cm for LADs, respectively) (15). Our results are in line with this study: we found significantly higher LADs [42.0 (36.0–43.0) mm/m2] and LAV index values [31.0 (23.0–36.5) ml/m2], and LVM index values [78.0 (58.0–96.0) g/m2] in patients with HH compared to healthy volunteers (37.0 [34.0–39.0] mm/m2 for LADs, 21.5 [19.0–27.1] ml/m2 for LAV index, and 66.0 [53.0–72.0] g/m2 for LVM index, respectively) (Figure 1). Interestingly, Davidsen et al. did not show such differences in the LADs and LVM index values between patients with HH and healthy controls, possibly because all of their patients were regularly treated with venesections (14).

Furthermore, we compared patients with HH at the different stages of the disease. To the best of our knowledge, this is the first such analysis of patients with HH. We revealed worse diastolic parameters measured by standard echocardiography in patients with HH compared to controls, with the most noticeable differences (in morphological and functional parameters) detected between the healthy and long-lasting HH group. The latter had worse LV wall thickness, RWT, LVM index, and Em indices, probably due to the disease's length and the patient's age (Table 4, Figure 3). Hypertension and glucose disturbances, which occur earlier in patients with HH than in the overall population, could have an additional impact on the left ventricular diastolic function (17).

The application of 2D STE in our study allowed for a more precise description of systolic dysfunction. In one of our previous studies, the patients with recently diagnosed HH had worse rotation and strain parameters measured by 2D STE than healthy controls, despite the lack of differences in standard echocardiographic parameters (Figure 4) (10). We confirmed this observation in the presented study of patients with HH at the different stages of the disease.

2D STE may allow for the complex analysis of heart mechanics. A decrease in the untwisting velocity represents a predominance of diastolic dysfunction, and significant decreases in rotation, rotation rate, twist, torsion, and peak systolic longitudinal strain are critical predictors of systolic dysfunction (18–20). Only a few studies (10, 11, 21–23) have used speckle-tracking analysis in the context of iron-overload symptoms. However, these studies involved patients with beta-thalassemia major, an extreme model of systemic iron overload (24). In our study, the recently diagnosed HH group was characterized by the worst parameters of the LV rotation, the twisting and untwisting indices, whereas the percentages of hypertension and glucose disturbances were the lowest in that group compared to the other HH groups (Table 4; Figure 4), which may exclude the possible influence of these comorbidities on 2D STE parameters. The aforementioned rotation indices improved significantly in the medium and long-lasting groups of patients, possibly due to HH treatment (Table 4; Figure 4). This postulation aligns with previous data in the literature (11, 25). For example, Byrne et al. showed that intensification of venesection therapy may significantly improve radial strains following a 1-year course of phlebotomies (11). In one of our clinical case presentations, we observed similar changes in the rotation, twist, and torsion LV parameters after 6-month therapy with venesections in our patient with recently diagnosed HH (25). However, we did not inestigate the direct influence of treatment but compared the patients at the different HH stages. Our results make it unclear why the Long-lasting HH patients did not present further improvement in rotation parameters. That could be explained in two ways: the initial treatment by venesections could only normalize rotation parameters in HH patients without further improvement, and the aging of the enrolled patients could implicate our results (26). However, these explanations must be verified in a further prospective study with the appropriate follow-up observations.

The peak systolic longitudinal strain values in this study were significantly lower in patients with HH at all stages of the disease (Figure 4). This parameter did not improve with treatment initiation and continuation, which suggests early irreversible changes in the hearts of patients with HH starting at the early stages of the disease. We obtained similar results in our previously published case report, where peak systolic longitudinal strain did not improve within the treatment (25). This finding may have a substantial clinical impact since an impaired peak longitudinal strain value is a well-established prognostic factor for cardiac complications (27–29). However, further research is necessary to verify whether the differences in the peak systolic longitudinal strain between the healthy volunteers and patients with HH at different disease stages are clinically relevant. The LVEF was within the normal range in our patients, despite statistically significant differences between the patients with HH and controls. This finding is consistent with previously documented data (16), indicating that LVEF may not be the best parameter for assessing systolic damages in the patients with HH.



4.2. The potential impact of HH on the heart considering the patient's age

Iron overload may accelerate the aging of the cardiovascular system, including the heart, through oxidative stress, which results in appropriate changes in diastolic and systolic parameters. These changes can be detected by standard echocardiography (increase in the LV width and LVM index, LA enlargement, or changes in mitral flow parameters) or by STE (decrease in rotation, twist, and torsion values of the LV) (10, 15–17).

In the presented study, the echocardiographic features of myocardial walls' thickening in patients with HH appeared more rapidly than in healthy idividuals. For instance, Ganau et al. evaluated the effect of age on concentric remodeling in healthy participants and showed that RWT values increased with age and constituted 0.32 ± 0.044 among patients younger than < 41 years, 0.34 ± 0.05 for those aged 41–64 years, and 0.37 ± 0.050 for those > 64 years (30). Our patients with HH achieved similar RWT values faster than healthy individuals in the cited study (Figure 7). In our study, the LVM index was 76 (62–91) g/m2 in the fourth decade, whereas Kaku et al. reported a lower maximum value of the LVM index in the older (the eighth decade of life) healthy volunteers (31). Another important parameter that increases with age is the LA size. Nikitin et al. showed that the LAD was 3.51 ± 0.51 cm in patients aged 20–39 years, 3.99 ± 0.54 cm in those aged 40–59 years, 4.12 ± 0.43 cm in those aged 60–79 years, and 4.19 ± 0.51 in those aged > 80 years (32). In our analysis, the LADs increased slightly faster (Figure 7). Similarly, the LAV index increased faster in our patients (Figure 7) than in healthy individuals, as reported by Nikitin et al. (32). Furthermore, we showed increased E/Em values in the older patients compared to the younger patients; however, we did not find any significant differences from the general population (31).

Regarding LVEF, as an index of systolic function, Kaku et al. showed that it does not significantly change with age (31). Similarly, we did not observe any changes in LVEF in our patients with HH with age; however, LVEF was slightly lower than that of the general population (31). STE may allow for a better understanding of age-related systolic function changes than a standard echocardiography with LVEF measurments. According to Kuznetsova et al., the absolute values of the peak systolic longitudinal strain significantly decreased in a healthy population with age: 24.2 ± 3.4%, in individuals aged < 40 years, 23.5 ± 3.19% in those aged 40–59, and 22.3 ± 3.62% in those aged > 60 years (33). Among our patients with HH, peak systolic longitudinal strain was at a lower level: −17.8 (−19.1–16.2) % in patients with HH aged 18–31 years, and was without significant changes in the older patients (among patients aged 32–47: −19.8 [−21.0–17.1] %, aged 48–56: 18.3 [−19.2–16.9] %, aged 57–77: 19.6 [−20.1–17.0]%; Figure 8). Kaku et al. reported that the LV global twist and torsion values increased with age (34). According to that study, the maximum LV twist and torsion values were reached in the seventh decade of life (12.7 ± 4.8° for LV twist and 1.75 ± 0.66°/cm for torsion). In our analysis, similar LV twist values were present in patients with HH at a younger age (18–31 years old) and constituted 11.1 (9.4–17.8)° for twist and 1.5 (1.2–2.0)°/cm for torsion (Figure 8). Increasing the rotation parameters within the age range may result in a decrease in the longitudinal strain of the LV.

Our results showed that thickening of the myocardium and dilatation of the LA occurred faster in patients with HH than in the general population. Similarly, the deterioration in systolic function detected using STE was more prominent in patients with HH than in the general population. This could suggest a harmful effect of the disease on the heart in addition to the aging of the patients; however, this hypothesis needs to be verified.



4.3. Correlation of the obtained results with the parameters of iron metabolism

The presented analysis showed that the correlations between the iron turnover parameters and echocardiographic indices were relatively weak. These findings align with data from the literature (23, 35, 36) and our previous results, including cardiac magnetic resonance assessments (10, 37). There is probably no “direct” relationship between the levels of iron turnover parameters and myocardial function, and myocardial iron overload is not the only mechanism involved in the development of HH cardiomyopathy (1). The precise mechanism of heart involvement in HH is yet to be entirely understood. The excessive capacity of serum transferrin to bind iron, which is typical in patients with HH, results in uncontrolled iron entry into cardiomyocytes, which may increase their susceptibility to oxidative cell stress (3). Cardiomyocytes contain many mitochondria, causing the myocardium to be more vulnerable to oxidative stress damage. Free iron ions that damage the mitochondrial and nuclear DNA may activate fibroblast proliferation and differentiation into myofibroblasts, which are responsible for heart fibrosis (38). Oxidative stress results in the peroxidation of cell membranes, particularly those in the mitochondria, which reduces the amount of adenosine triphosphate generated during oxidative phosphorylation. Oxidative stress impairs heart muscle relaxation and delays contraction by inhibiting SERCA2 enzyme activity and increasing the cytoplasmic concentration of calcium ions in cardiomyocytes. Therefore, amlodipine, a Ca channel blocker, may be promising as an agent to potentially reduce oxidative stress during iron overload (39).

Magnetic resonance imaging is the gold standard for measuring iron overload (2). Previous studies presented changes in the heart documented on cardiac magnetic resonance (CMR) in patients with beta-thalassemia, most of whom met the current criteria for iron overload in terms of myocardial T2 * < 20 ms (40–42). HH is not the same iron overload model as beta-thalassemia, which has been documented in our previous study (37). In all the studied patients with HH, myocardial T2*, T1, and T2* did not fulfill the clinically severe iron overload (20 ms) threshold, which confirms the hypothesis that in modern patients with HH not simple iron storage in the heart could play an essential role in the heart damage process. Therefore, in the present study, we assessed the role of echocardiography, particularly STE, in identifying differences in patients with HH at various disease stages and ages, rather than calculating iron overload.




5. Clinical implications

HH involves a chronic process of complicated iron dysregulation cycles with unavoidable cardiac involvement, leading to changes in the diastolic and systolic functions of the heart. In addition to genetic testing and iron parameter measurement, detecting cardiac involvement early, even in asymptomatic individuals, and utilizing contemporary imaging techniques may have tremendous clinical utility, particularly for monitoring the course of the disease and possible aging of the heart from the oxidative stress generated by free iron ions in patients with HH. Differences in the diastolic parameters can be easily detected using standard echocardiography. In contrast, advanced echocardiography using 2D STE is necessary to better reveal systolic changes that appear notably attenuated and irreversible in patients with HH at different stages of the disease.



6. Study limitations

Our study had some critical limitations. The first was the relatively small sample size, which resulted from the highly selective enrollment process (patients without any cardiovascular symptoms), the demand to achieve the best image quality (frame rate of 50–80 frames/s), and the inclusion of only patients with genetically confirmed HH and without cardiological comorbidities (apart from hypertension). We presented the data of different patients, rather than evaluating the same patients over the years of venesections. We did not present a CMR assessment and could not address the iron overload status. This was a pilot study, and further studies with more homogeneous patients are required.



7. Conclusions

Echocardiography can reveal possible heart damage in patients with HH at different disease stages and highlight features of accelerated myocardial aging in these patients. Further studies with follow-up observations are required to provide a better understanding of these issues.
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Objectives: The aim of this study was to develop a deep-learning pipeline for the measurement of pericardial effusion (PE) based on raw echocardiography clips, as current methods for PE measurement can be operator-dependent and present challenges in certain situations.



Methods: The proposed pipeline consisted of three distinct steps: moving window view selection (MWVS), automated segmentation, and width calculation from a segmented mask. The MWVS model utilized the ResNet architecture to classify each frame of the extracted raw echocardiography files into selected view types. The automated segmentation step then generated a mask for the PE area from the extracted echocardiography clip, and a computer vision technique was used to calculate the largest width of the PE from the segmented mask. The pipeline was applied to a total of 995 echocardiographic examinations.



Results: The proposed deep-learning pipeline exhibited high performance, as evidenced by intraclass correlation coefficient (ICC) values of 0.867 for internal validation and 0.801 for external validation. The pipeline demonstrated a high level of accuracy in detecting PE, with an area under the receiving operating characteristic curve (AUC) of 0.926 (95% CI: 0.902–0.951) for internal validation and 0.842 (95% CI: 0.794–0.889) for external validation.



Conclusion: The machine-learning pipeline developed in this study can automatically calculate the width of PE from raw ultrasound clips. The novel concepts of moving window view selection for image quality control and computer vision techniques for maximal PE width calculation seem useful in the field of ultrasound. This pipeline could potentially provide a standardized and objective approach to the measurement of PE, reducing operator-dependency and improving accuracy.
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echocardiography, deep learning—artificial intelligence, pericardial effusion (PE), width measurements, automated segmentation, moving window (MW)





Introduction

Pericardial effusion (PE) is a condition characterized by the accumulation of fluid within the pericardial space, which is typically diagnosed using transthoracic echocardiography. The buildup of fluid increases pressure within the pericardial sac, potentially leading to cardiac tamponade and decreased cardiac output. PE is a serious condition that requires timely intervention, making early detection and accurate measurement of the width of the effusion critical (1).

Echocardiography is considered the gold standard for the detection of PE due to its accessibility, portability, and ability to provide a comprehensive assessment of both anatomy and function (2–5). However, the presence and severity of PE can be uncertain, with mild effusion sometimes indicating pericardial fat rather than true effusion (6). Additionally, image quality can be compromised by factors such as breast tissue or obscuration from bone or lung. These challenges highlight the need for an accurate and reliable method for measuring PE that is not dependent on operator experience.

Artificial intelligence (AI) has been applied in various clinical settings to aid in the diagnosis of conditions based on echocardiograms, with considerable effort devoted to areas such as left ventricular function assessment, regional wall motion abnormality, right ventricular function, valvular heart disease, cardiomyopathy, and intracardiac mass (7–10). In particular, a study conducted in 2020 employed a deep learning model to detect PE in echocardiography and achieved an accuracy of 0.87–0.9 (11). In clinical practice, information on PE width and severity is crucial for initiating appropriate interventions. To the best of our knowledge, no study has yet analyzed the grading of PE using machine learning. Therefore, our study aimed to develop a deep learning model using echocardiography for PE detection and PE width measurement. Additionally, to facilitate the deployment of the deep learning model, we proposed an end-to-end guideline that can output detection results from raw ultrasound files.



Method

The data collection and protocols utilized in this study were authorized by the Institutional Review Board of E-Da Hospital (EDH; no: EMRP24110N) and the Institutional Review Board of Kaohsiung Chang Gung Memorial Hospital (CGMH; no: 20211889B0 and 202101662B0).


Data collection

In this study, images from routine echocardiography were generated at two medical centers, EDH and CGMH, in southern Taiwan. The deep learning model was trained and internally validated in EDH and externally validated in CGMH.

During the data collection process, we utilized the keyword “pericardial effusion” to search the Hybrid Picture Report System in EDH in order to gather a list of examination records. We obtained raw data from transthoracic echocardiography examinations with a diagnosis of pericardial effusion, which were performed at EDH between January 1, 2010, and June 30, 2020. These data were divided into training and validation datasets based on the respective examination dates. Examinations with dates prior to December 31, 2018, were used for the development of the model, and examinations with dates after January 1, 2019, were used for internal validation. To evaluate the generalizability of the model, we also retrieved echocardiography data from CGMH between January 1, 2019, and June 30, 2020, for external validation. The study flowchart and data summary are presented in Figure 1.


[image: Figure 1]
FIGURE 1
Flow chart illustrating the study design and data summary.




Echocardiography

Images were gathered in a normal manner, with patients lying in the left lateral decubitus position. The ultrasound system (IE33, Philips Healthcare; S70, GE Healthcare; or SC2000, Siemens Healthineers) was used to perform echocardiographic examinations in EDH. Data from CGMH for external validation were acquired using EPIC7 (Philips Healthcare), Vivid E9 (GE Healthcare), or SC2000 (Siemens Healthineers). All examinations were saved in picture archiving and communication systems in the Digital Imaging and Communications in Medicine (DICOM) format.

After extracting the raw DICOM files, we processed the image from each patient to select the proper echocardiography views for developing a deep learning pipeline. The selected views were the parasternal long-axis (PLAX), parasternal short-axis (PSAX), apical four-chamber (A4C), and subcostal (SC) views. Two cardiologists manually measured the thickest point of pericardial effusion during each cardiac cycle as ground truth for width of PE. We employed ImageJ, an open-source software platform specifically designed for the scientific analysis and processing of images, to label and annotate the segmented masks corresponding to the echocardiography images. Upon completing the labeling process, the data was subsequently stored as CSV files on a secure, encrypted hard drive to ensure data integrity and confidentiality.



Deep learning model development

In this study, we developed an end-to-end pipeline for the automated measurement of PE based on the steps outlined below (Figure 2). The training subset of videos from EDH was used for the three main tasks of our pipeline:


[image: Figure 2]
FIGURE 2
End-to-end pipeline for the automated measurement of pericardial effusion.




Step one: moving window view selection (MWVS)

We proposed a pipeline for managing echocardiography files directly from the workstation, similar to the work done by Zhang et al. and Huang et al., with some adjustments (Figure 2A) (10, 12). To distinguish the four primary views (PLAX, PSAX, A4C, and SC) from other views during each examination, we developed the first deep neural network model. This model was a ResNet-50-based two-dimensional model that aimed to classify each frame from the extracted DICOM files of echocardiography into the selected view types (13). To train this model, we randomly selected 6,434 images from the training dataset of EDH and labeled them according to the four primary views or other views, including low-quality views. We trained the model with a data split of 80% for the training set and 20% for the validation set. The model weight with the best detection performance in the validation set during the training process was preserved. The detection accuracy was assessed for each view class and weighted average result.

In order to effectively manage the input video from patients during data collection, a 48-frame moving window was utilized to filter all videos. For each video, the best 48 frames with regard to specific view type and image quality were selected using a majority voting method (Figure 3). This process, known as MWVS concept, served not only as a view classifier but also as a quality control measure. Videos that did not contain at least 48 consecutive frames that met the image quality criteria of 50% or higher from one of the four primary views were excluded from further analysis. Additionally, the average view-classifying confidence levels for all images obtained from the selected 48-frame clip were used to evaluate the overall image quality and its correlation with performance. Videos with an average confidence level of less than 0.8 were also excluded from automated segmentation.


[image: Figure 3]
FIGURE 3
Moving window view selection concept.




Step two: automated segmentation

From the dataset, we randomly selected and annotated 2,548 frames in the EDH training dataset, ensuring an even distribution across the four primary views. We manually labeled the segmented area for pericardial effusion (PE) at three different phases in the cardiac cycle: end-systolic, end-diastolic, and the middle phase between the two aforementioned phases. The differentiation between epicardial adipose tissue and pericardial fluid was established. During this labeling phase, experienced clinicians manually segmented the area of PE based on its characteristic appearances in ultrasound images, while explicitly excluding epicardial adipose tissue. Additionally, we labeled the segmented areas for the four cardiac chambers to enhance the model's performance in separating these fluid-containing areas.

To train object instance segmentation based on the labeled ground truth, we utilized a Mask Region-Convolutional Neural Network (R-CNN) framework (Figure 2B). The model was trained with a data split of 80% for the training set and 20% for the validation set. Mask R-CNN is commonly used in medical applications for instance segmentation tasks as it can simultaneously perform pixel-level segmentation and classification of multiple target lesions (14). The implemented model generates bounding boxes and targeting masks for each instance of an object in an image. The input comprised consecutive ultrasound frames, and the output was a segmented mask indicating the corresponding four cardiac chambers and PE. The accuracy of the segmentation model was assessed using the Dice coefficient metric.



Step three: measurement of pericardial effusion

After generating a segmented mask for pericardial effusion (PE), we proposed a computer vision technique, known as the maximal width calculator, to calculate the largest width of the PE in each ultrasound frame (Figure 2C). To accomplish this, we iterated through the vertical axis in each frame and hypothetically drew a horizontal line to determine if there was an intersection between the segmented mask and the horizontal line. If an intersection existed, we obtained a normal line from the edge of the mask over the intersection point. The length of the normal line that passed through the segmented mask was counted as the width of the PE at that intersection point. The largest width of the PE obtained through the iteration over the vertical axis was regarded as the width of the PE of the frame. This technique was applied to all 48 frames in the ultrasound video to provide the optimal PE width. Detailed explanation of this process was demonstrated in Supplementary Appendix 1.



Statistical analysis

In this study, continuous variables are presented as either the mean and standard deviation if they are normally distributed or as the median and interquartile range if they are not. Dichotomous data are presented as numbers and percentages. The chi-squared test was used to analyze categorical variables, while continuous variables were analyzed using either the independent-sample t-test if they were normally distributed or the Mann-Whitney U test if they were not.

The performance of the proposed pipeline for PE width measurement was evaluated using metrics such as the mean absolute error, intraclass correlation coefficient, and R-square value when comparing the ground truth and detection. Additionally, the detection of the existence of PE and moderate PE was evaluated using sensitivity, specificity, and the area under the receiver operating characteristic curve. The deep learning models in the pipeline were developed using the TensorFlow Python package, image manipulation was performed using OpenCV 3.0 and scikit-image, and all analyses were conducted using SPSS for MAC version 26.




Results

In this study, a total of 995 echocardiographic examinations were analyzed. Of these, 737 examinations were from the EDH dataset, with 582 being utilized for training and 155 for internal validation. Additionally, 258 examinations from the CGMH dataset were included for external validation. However, due to the limited number of SC views present in the CGMH dataset, this view was not included in the external validation analysis.

The demographic and clinical characteristics of the patients who underwent echocardiography are presented in Table 1. The mean age of patients in the training, internal validation, and external validation sets were 67.4 ± 15.4, 59.8 ± 19.2, and 66.4 ± 16.1 years, respectively. Additionally, 46.5% and 63.2% of patients in the internal and external validation groups, respectively, had PE. The average ejection fraction was 64.3 ± 7.1% in the internal validation group and 61 ± 13.9% in external validation group.


TABLE 1 Demographics, basic characteristics, and clinical findings of the patients.

[image: Table 1]

The performance of the view classifier was evaluated with an average accuracy of 0.91 and 0.87 in predicting image classes in the training and validation sets, respectively. The independent accuracy in the validation set for each class was 0.90, 0.87, 0.93, 0.76, and 0.88 for PLAX, PSAX, A4C, SC, and others, respectively.

The MWVS was used to select the right views from all DICOM files in one examination and to improve video quality. The results of MWVS showed that 80%–100% of the four selected ultrasound views in EDH were successfully passed through for the segmentation model. In the external validation (CGMH dataset), 686 ultrasound videos from the four selected views were obtained. Our MWVS scanned through all DICOM files and 365 (53.2%) ultrasound videos were preserved for segmentation inference. The videos selected by our pipeline were further checked by a cardiologist, and none of them were misclassified as other cardiac views.

We employed a mask R-CNN-based model for image segmentation to effectively localize the cardiac chambers and PE area within four different views (Figure 4). The validation set, consisting of 510 images, showed an average Dice coefficient ranging from 0.67 to 0.82 among the four views, with the short-axis view (SC) achieving the lowest result. The best Dice coefficient was observed in the parasternal long-axis view (PLAX) at 0.72, while the SC view had the poorest result of 0.56 (Table 2). Using the segmented PE area, we calculated the maximal PE width from each frame.


[image: Figure 4]
FIGURE 4
Image segmentation over cardiac chambers and pericardial effusion.



TABLE 2 Dice coefficient of image segmentation.

[image: Table 2]

Figure 5 illustrates the scatter plot of the PE width measurement between the ground truth and model detection, which was determined by finding the largest normal line passing through the segmented mask in each frame. We compared the automated and manual measurements of PE width in both the internal (EDH) and external (CGMH) validation datasets, reporting the mean absolute error and correlation between the two. The mean absolute error was 0.33 cm and 0.35 cm in the internal and external datasets, respectively. Additionally, the interobserver variability was found to be highly correlated for the measurement of PE width between our model and human expert (ICC = 0.867, p < 0.001, EDH; ICC = 0.801, p < 0.001, CGMH). The R-square value was 0.594 for the EDH dataset and 0.488 for the CGMH validation dataset.


[image: Figure 5]
FIGURE 5
Scatter plot of pericardial effusion width measurement between model and manual annotation.


Our model accurately detected the existence of PE in the internal validation [AUC = 0.926 (0.902–0.951)] and external validation [AUC = 0.842 (0.794–0.889)]. With regard to recognizing moderate PE or worse, the AUC values improved to 0.941 (0.923–0.960) and 0.907 (0.876–0.943) in the internal and external validation groups, respectively.

We further performed a stratified analysis of the model detection in the different echocardiography views. In the internal validation, the model detection of PE width was highly correlated with the ground truth in the four different views, with ICC ranging from 0.802–0.910. The PLAX and A4C views appeared to have the best detection results with ICCs of 0.910 (0.876–0.935) and 0.907 (0.871–0.932), respectively. In the external validation, similar to internal validation, the model performed better in the PLAX and A4C views, with ICCs of 0.807 (0.726–0.864) and 0.897 (0.846–0.931), respectively. The other performances are listed in Table 3.


TABLE 3 Stratified analysis of the model detection in the different echocardiography views.

[image: Table 3]



Discussion

In recent years, computer vision and deep learning techniques have been utilized to aid in the interpretation of echocardiography, estimate cardiac function, and identify local cardiac structures. Deep learning algorithms have also been applied to facilitate the diagnosis of PE (15). Nayak et al. developed a CNN that detected PE in the apical four-chamber (A4C) and short-axis (SC) views with accuracies of 91% and 87%, respectively (11). In this study, we propose a deep learning pipeline that can process raw DICOM files from ultrasound and predict the PE width in a clinical setting. This pipeline combines two deep learning models and one technical calculation algorithm to accurately predict PE width. There have been few efforts to predict PE existence, with some studies being based on computed tomography scans (16, 17). To the best of our knowledge, this is the first video-based machine learning model to measure PE width using echocardiography. The correlation between the measurement of our model and human experts was high in both the internal and external validation datasets, with the best performance observed in the parasternal long-axis (PLAX) view. The inference speed of our model, using one graphics processing unit (NVIDIA RTX 3090), was approximately 30–40 s for one examination, which is usually faster than human assessment.

The present study introduces two novel concepts for echocardiography analysis: the MWVS and the maximal width calculator of the segmented mask. These methods are particularly important for real-world applications, particularly when working with relatively smaller datasets. Previous studies often rely on datasets manually selected by human experts during dataset cleaning, and use only “textbook-quality” images for training (18–21). In contrast, the present study proposes an analytical pipeline that can automatically analyze echocardiograms and be easily applied to personal devices or web applications, thus eliminating the need for expert sonographers or cardiologists. Madani et al. developed a CNN that simultaneously classified 15 standard echocardiogram views acquired under a range of real-world clinical variations, and the model demonstrated high accuracy for view classification (21). Similarly, this study used echocardiogram video clips obtained from the real world, taken for a variety of clinical purposes, including ejection fraction calculation, and detecting PE, valve disease, regional wall abnormality, cardiomyopathy, and pulmonary arterial hypertension. An initial screening model for view classification and quality control was developed. All raw images from the medical image database were input into the screening model, leaving a specific view of sufficient quality for diagnosis. Additionally, the “moving window” concept was used to retrieve only clips with 48 consecutive frames that fulfilled the image quality criteria. By avoiding limited or idealized training datasets, it is believed that this model is broadly applicable to clinical practice.

The method of MWVS is a novel concept that has not yet been proposed in the field of echocardiography assisted by machine learning. MWVS serves as an image quality filter and plays a crucial role in ensuring that the images are of sufficient quality for the next step in the pipeline. In the EDH dataset, echocardiography is performed by well-trained technicians who adhere to a protocol established by the echocardiologist consensus committee. As such, the original images from EDH were of relatively homogeneous quality, and MWVS filtered out fewer patients. Conversely, at CGMH, echocardiography is performed by individual echocardiologists who may have varying techniques. As a result, the original images from CGMH were less homogeneous, and MWVS filtered out more patients. This finding highlights the significance of MWVS in maintaining image quality and highlights the importance of image homogeneity in the applicability of machine learning models.

After segmenting the PE area, we developed a novel computer vision-based technique to calculate the largest PE width in ultrasound video. The current categorization of PE size relies on linear measurements of the largest width of the effusion at end-diastole, and is graded as small (<1 cm), moderate (1–2 cm), or large (>2 cm) (22). This semiquantitative classification method is prone to errors due to asymmetric, loculated effusions and shifts in fluid location during the cardiac cycle (23). Therefore, an automated calculation system could help identify the largest width of the PE in every ultrasound frame without any errors. In comparison to AI-based models, the computer vision technique is more similar to the method used by human experts. AI-based models not only consume more computing resources, but also require a large number of datasets for training and validation. To the best of our knowledge, our study is the first to not only detect but also classify the grade of PE.

Our model's ability to automate the process of classifying PE severity, traditionally categorized as mild, moderate, or severe, signifies a meaningful advancement in this field. Although this may appear straightforward for experienced clinicians, automated segmentation and measurement can be invaluable, especially in contexts where echocardiography expertise may be limited or entirely absent. Importantly, even though our model does not currently provide prediction on hemodynamic instability such as cardiac tamponade, its ability to differentiate moderate to severe PE from none or mild is crucial. This feature allows for early risk stratification in patients, prompting clinicians to initiate appropriate assessments and interventions as early as possible. Moreover, our work lays the groundwork for the future development of models designed to predict complex clinical scenarios, such as early hemodynamic instability. The integration of our model's segmentation and classification capabilities with other clinically relevant parameters may, in time, lead to major advancements in the prediction and management of such conditions.

This study had certain limitations that should be considered when interpreting the results. Firstly, the study was conducted retrospectively and the model was trained using data from only one hospital. This resulted in a limited sample size and a lack of ethnic diversity, which may impact the generalizability of the findings to other populations. To address this, future studies should utilize a multicenter design with greater heterogeneity in the dataset. However, it is important to note that the images used in this study were obtained using different ultrasonography machines and were interpreted by multiple echocardiographers, and the model achieved similar results during external validation. Secondly, while the proposed pipeline did grade the amount of PE, there was no information on whether there were signs of cardiac tamponade, as PE volume does not necessarily correlate with clinical symptoms (24). Additionally, due to the small sample size, we were unable to conduct subgroup analysis to distinguish the algorithm's performance on transudative vs. exudative effusions. To increase the clinical applicability of the findings, larger studies and validation cohorts are needed to reproduce the results of this study. Further research should also evaluate the collapsibility of the cardiac chambers and the presence of tamponade signs.



Conclusion

In this study, we developed a deep-learning pipeline that automatically calculates the width of the PE from raw ultrasound clips. The model demonstrated high accuracy in detecting PE and classifying the PE width in both internal and external validation. The use of a novel concept, known as MWVS, for image quality filtering and computer vision techniques for calculating the maximal PE width is a novel application in the field of echocardiography.
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Background: Atrial fibrillation (AF) is associated with cardiac structural and functional remodeling. We investigated the left atrial (LA) and left ventricular (LV) changes in AF subtypes by using two-dimensional echocardiography strain techniques.



Methods: The study population consisted of 102 subjects with sinus rhythm (control group) and 463 patients with AF, among which 284 patients had paroxysmal AF (PAF) and 179 patients had persistent AF (PerAF). A speckle tracking automatic functional imaging software was used to perform the strain analysis.



Results: Patients with AF had dilated LA maximum and minimum volume, decreased LA reservoir strain, lower LV ejection fraction (LVEF), and impaired global longitudinal strain (GLS) compared to those of the sinus rhythm control group. In patients with PerAF, the LA maximum and minimum volumes were larger, and the LA reservoir strain [PAF vs. PerAF, 28% (21,33) vs. 19% (14, 28), P < 0.05], LVEF, and absolute GLS value (PAF vs. PerAF, −16.9 ± 3.3 vs. −14.1 ± 3.5%) were lower than those in patients with PAF. Patients with AF regardless of LA enlargement had decreased LA reservoir strain and lower LVEF and absolute GLS value than those in the sinus rhythm control group.



Conclusion: Compared with those with normal sinus rhythm, patients with AF had dilated LA volume and impaired LA function, which were further worsened in patients with PerAF than those in patients with PAF. LA functional impairment occurred before LA enlargement. Left atrioventricular remodeling happened across different stages of AF development.
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1. Introduction

Atrial fibrillation (AF) is a common cardiac arrhythmia that is becoming increasingly prevalent due to the aging population (1, 2). Despite efforts to understand its pathophysiology and improve treatments, identifying the underlying causes of AF in individual patients remains challenging (3, 4).

Atrial remodeling is a critical feature of AF, and speckle tracking echocardiography has emerged as an excellent approach for evaluating this process (5, 6). This imaging modality provides a non-invasive assessment of left atrial (LA) strain, which is inversely related to LA wall fibrosis and AF burden (6, 7). LA mechanics differ between AF subtypes of paroxysmal AF (PAF) and persistent AF (PerAF), and these characteristics influence the clinical interpretation of these measures (8). According to Kuppahally's report (9), PerAF had more fibrosis and lower midseptal and midlateral LA strains than PAF. However, only minimal differences in LA remodeling were found between PAF and PerAF in another study (7). Therefore, the differences in LA remodeling between AF subtypes remain debatable. In addition, LA size and function may vary at different stages of AF development. Kojima et al. (10) found that LA functional impairment was observed before LA enlargement in patients with PAF. However, this finding was based on traditional velocity vector imaging and in a relatively small number of subjects, particularly in patients with PAF. There is still a lack of enough evidence on the relationship between LA structural and functional remodeling.

In addition to irregular atrial electrical activity, AF is also characterized by generating irregular activations of the ventricle (11). Mechanical LA remodeling can further damage the active contribution to ventricular filling, resulting in reduced LV function (12). It has been reported that immediate hemodynamic changes caused by AF may contribute to decreased cardiac output and acute heart failure (13). A recent study found that patients with PerAF had significantly reduced LV ejection fraction (LVEF) than that in patients with PAF (8). Although global longitudinal strain (GLS) is a widely used LV strain parameter that provides prognostic information (14), a few studies have externally validated GLS in AF patients.

Thus, this study aimed to evaluate the AF-induced changes in LA mechanics, clarify the association of LA structural and functional remodeling in AF subtypes, and explore the left atrioventricular functional coupling across different stages of AF progression by using speckle tracking echocardiography.



2. Methods


2.1. Study population

From October 2021 to September 2022, we conducted a prospective study, which enrolled 527 patients diagnosed with AF and 102 healthy subjects with sinus rhythm. The determination of AF subtype and sinus rhythm was based on the 2020 European Society of Cardiology (ESC) guidelines. A standard 12-lead ECG recording or a single-lead ECG tracing of ≥30 s, showing heart rhythm with no discernible repeating P waves and irregular RR intervals (when atrioventricular conduction is not impaired), is diagnostic of clinical AF. PAF was defined as terminated spontaneously or with intervention within 7 days of onset. PerAF was defined as continuously sustained beyond 7 days, with episodes terminated by cardioversion (drugs or electrical cardioversion) after ≥7 days (1). The exclusion criteria comprised coronary artery disease (n = 26), organic valvular disease (n = 5), LVEF < 40% (n = 9), previous cardiac surgery (n = 6), other heart diseases or other serious non-cardiac diseases (n = 11), and suboptimal echocardiographic image quality (n = 7). After the application of the exclusion criteria, a total of 463 patients with AF were included in the analysis, among which 284 patients had PAF and 179 patients had PerAF. The Tongji Hospital Ethics Committee approved the study with approval number TJ-IRB20220621, and all participants provided their informed consent before participating in the study.



2.2. Clinical data

At the initiation of the study, we obtained baseline characteristics and clinical data for all participants. Heart rate was determined based on the findings of the standard 12-lead electrocardiogram. Symptoms were scored by European Heart Rhythm Association (EHRA) class (1). We calculated the CHA2DS2-VASc score based on clinical data (1).



2.3. Conventional transthoracic echocardiography

Transthoracic echocardiography was performed using GE Vivid E95 ultrasound equipment (GE Vingmed Ultrasound, Horten, Norway) with an M5Sc transducer (1.7–3.3 MHz) and a frame rate of 70–80 frame/s. According to the prevailing recommendations, M-mode, two-dimensional, color, pulsed, and continuous-wave Doppler data were acquired on standard views adjusting depth, sector width, and gain settings, as required. For participants with sinus rhythm, three cardiac cycles were stored for each image, while for those with AF, at least 10 were saved. All echocardiographic parameters were analyzed with an index beat (preceding RR/pre-preceding RR close to 1) in AF cases, as recommended (15). The internal diameters were measured in accordance with the quantitative method suggested by the American Society of Echocardiography (16). LV relative wall thickness (RWT) was calculated as RWT = 2 × LV posterior wall thickness/LV end-diastolic dimension. LV volumes, LVEF, and LA volumes were measured using the biplane Simpson method. All images were digitally stored for offline analysis.



2.4. Speckle tracking automatic functional imaging

Strain analysis was conducted using a commercial speckle tracking automatic functional imaging (AFI) software (EchoPAC version 2.4, GE Vingmed Ultrasound) (17). This software automatically tracked frame-to-frame speckle changes in two-dimensional images to assess LA and LV strain.

LA function consists of three components, namely, reservoir, conduit, and active pump. The total function of the LA is best reflected by reservoir strain corresponding to LA early diastole with maximum relaxation of its wall, algebraically positive. LA strain was evaluated using AFI-LA methods by the R-wave gating from the apical two- and four-chamber views. During the processing, the LA endocardium surface is manually traced by a point-and-click approach. The epicardial surface tracing is automatically generated by the system in order to obtain a region of interest (ROI). The ROI definition usually starts with delineating the endocardial contour, which should be drawn from the mitral annulus on one side, extrapolates across the pulmonary vein and/or LA appendage orifices, and ends at the mitral annulus on the opposite side. The ROI can be manually adjusted in width and shape, and then the software automatically tracks the quality for each segment and gives the peak LA reservoir strain and strain curves (18) (Figure 1).


[image: Figure 1]
FIGURE 1
Representative cases. Left atrial strain curves of subjects with sinus rhythm (A), paroxysmal atrial fibrillation without left atrial enlargement (B), and persistent atrial fibrillation without (C) and with (D) left atrial volume enlargement. From A to D, the LA reservoir strain gradually decreased. LA, left atrial; LAVmax, left atrial maximal volume.


LV strain was measured using the AFI method from the apical two-, three-, and four-chamber views (19). The software analyzed the myocardial motion by tracking frame-to-frame speckle changes. When necessary, automatic endocardial recognition was manually adjusted to ensure correct “anchorage” of the algorithm to the mitral annulus, exclude papillary muscles and chordae from tracking, and correctly include the LV apex. The ROI was eventually adjusted to ensure tracking of the whole myocardial thickness. LV outflow pulsed Doppler was used to time end systole. The segmental strain curves in apical view and 18-segment bull's-eye diagrams related to strain parameters were automatically displayed. GLS was calculated as the average value of the peak systolic strain in 18 LV myocardial segments. All strain measurements were conducted in accordance with the EACVI/ASE/Industry Task Force guidelines (17, 18).



2.5. Statistical analysis

All statistical analyses were conducted using R version 4.1.1 (R Foundation for Statistical Computing, Vienna, Austria). Normally distributed continuous data were expressed as mean ± standard deviation, while non-normally distributed data were expressed as median and interquartile range (IQR). Normality distribution was checked using the Shapiro–Wilk test and Q–Q plots. The differences among groups were analyzed using the one-way analysis of variation (ANOVA) for normally distributed data with the Bonferroni correction for pairwise comparisons between the two groups. The Kruskal–Wallis rank sum test was used for non-normally distributed data, and the all-pairwise method was used for further pairwise comparisons between the two groups. Categorical data were presented as percentages and analyzed using the χ2-test or Fisher's exact test as appropriate. A receiver operator characteristic (ROC) was performed to obtain the areas under the curve (AUC) and 95% confidence intervals (CIs). A two-tailed P-value < 0.05 was considered a statistically significant difference.




3. Results


3.1. Clinical and echocardiographic characteristics stratified by controls and AF subtype

Patient characteristics stratified by controls and AF subtype are summarized in Table 1 and Figure 2. Compared with the sinus rhythm group, both AF groups showed higher CHA2DS2-VASc score, blood pressure, and heart rate, with a higher proportion of hypertension and EHRA classes 3–4. Moreover, both AF groups had greater LA dimensions, dilated LA maximum and minimum volumes, and volume indexes than those in the sinus rhythm group. In addition to LA structure, LA function was impaired in both AF groups, showing decreased LA emptying fraction (LAEF) and impaired LA reservoir strain than sinus rhythm (Graphical Abstract).


TABLE 1 Clinical and echocardiographic characteristics in controls (sinus rhythm) and atrial fibrillation subtype.
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FIGURE 2
Violin plots for comparisons of echocardiographic characteristics between controls and atrial fibrillation subtype. (A) LAEF, (B) LA reservoir strain, (C) LVEF, and (D) GLS. PAF, paroxysmal atrial fibrillation; PerAF, persistent atrial fibrillation; LAEF, left atrial emptying fraction; LA, left atrial; LVEF, left ventricular ejection fraction; GLS, global longitudinal strain. Wider sections of the violin plot represent a higher distribution probability, the thin line in the center white box represents the median, and the white box in the center of the violin represents the interquartile range.


In terms of LV, both AF groups showed greater LV end-diastolic volume (LVEDV) and LV end-systolic volume (LVESV), higher mitral inflow peak early diastolic velocity/mitral annular peak early diastolic velocity (E/e'), and impaired LV systolic function compared to those in the sinus rhythm group.

The PerAF group showed dilated LA maximum and minimum volume, decreased LAEF, and impaired LA reservoir strain than those in the PAF group. A higher LVESV, LVESV index, and E/e' and lower LVEF and absolute GLS value were also shown in the PerAF group than those in the PAF group.



3.2. Cardiac structure and function remodeling in AF patients

To gain insight into the association between LA size and function, both AF groups were dichotomized into groups according to the recommended LA maximum volume index (≤34 ml/m2) (20). There were 70 patients with PAF and normal LA maximum volume index [PAF EL (−) group], 214 patients with PAF and dilated LA maximum volume index [PAF EL (+) group], 39 patients with PerAF and normal LA maximum volume index [PerAF EL (−) group], and 140 patients with PerAF and dilated LA maximum volume index [PerAF EL (+) group]. Compared with the sinus rhythm group, patients with AF regardless of LA enlargement had significantly lower LAEF, LA reservoir strain, LVEF, and GLS, indicating that impairment of LA and LV function occurred before LA enlargement (Graphical Abstract, Table 2 and Figure 3).


TABLE 2 Echocardiographic characteristics stratified according to atrial fibrillation subgroups with or without left atrial enlargement.
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FIGURE 3
Violin plots for comparison of echocardiographic characteristics between controls and atrial fibrillation subgroup with or without left atrial volume enlargement. (A) LAEF, (B) LA reservoir strain, (C) LVEF, and (D) GLS. PAF, paroxysmal atrial fibrillation; PerAF, persistent atrial fibrillation; EL, enlargement; LAEF, left atrial emptying fraction; LA, left atrial; LVEF, left ventricular ejection fraction; GLS, global longitudinal strain.


In patients with PAF, LAEF and LA reservoir strain were lower in patients with LA enlargement than those in patients without LA enlargement. Similarly, in patients with PerAF, LAEF and LA reservoir strain were lower in patients with LA enlargement than those in patients without LA enlargement. These results demonstrated that LA function was further impaired as LA volume expands (Table 2 and Figure 3).

Compared with the PAF EL (+) group, LAEF and LA reservoir strain were lower in the PerAF EL (+) group while higher in the PerAF EL (−) group. Patients with PerAF regardless of LA dilation had higher LVESV index and impaired GLS than those in the PAF EL (+) group. These results demonstrated that as AF progressed, LV systolic function significantly decreased while LA function was also related to the presence of LA enlargement (Table 2 and Figure 3).

To further explore the association between LA structure and function, according to the cutoff of LA reservoir strain obtained from ROC, the LA myocardium was divided into compliant (LA reservoir strain ≥24%) and stiff (LA reservoir strain < 24%). Table 3 and Figure 4 list the prevalence of LA anatomical remodeling and functional impairment according to AF subtype. The PAF group most frequently had large yet compliant LA, whereas the PerAF group most frequently had large and stiff LA (P < 0.001). Notably, there were 32 (18.4%) PerAF patients with large but compliant LA and 14 (4.9%) PAF patients and 15 (8.4%) PerAF patients with small but stiff LA, which demonstrated that LA function might be normal even if the size was enlarged, whereas the size might be normal even if the function was impaired.


TABLE 3 Left atrial anatomic remodeling and functional impairment according to the type of atrial fibrillation.
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FIGURE 4
The distribution prevalence of left atrial anatomical remodeling and functional impairment according to atrial fibrillation subtype. (A) paroxysmal atrial fibrillation and (B) persistent atrial fibrillation. LA, left atrium; LAVimax, left atrial maximal volume index.




3.3. Evaluation of echocardiographic parameters in the detection of AF

ROC curve analyses showed that LA reservoir strain had a relatively higher diagnostic value than LAEF not only in distinguishing between AF and sinus rhythm (AUC: LA reservoir strain vs. LAEF 0.82 vs. 0.75) but also in distinguishing between PAF and PerAF (AUC: LA reservoir strain vs. LAEF 0.70 vs. 0.57) (Figure 5).
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FIGURE 5
Receiver operating characteristic curves of LA function parameters to identify atrial fibrillation in all patients (A) and persistent atrial fibrillation in all atrial fibrillation patients. (B) AUC, area under the curve; LAEF, left atrial emptying fraction; LA, left atrial.





4. Discussion

The present study, which was conducted on 463 patients with AF and 102 subjects with sinus rhythm, identified several important findings. (1) Compared with sinus rhythm, both PAF and PerAF were associated with larger LA and LV volumes, as well as impaired LA and LV function. (2) PerAF had larger LA maximum and minimum volume and more impaired LA and LV function than PAF (3) The impairment of LA and LV function occurred before LA enlargement in AF. (4) The impairment of LA function was significantly aggravated when LA volume was enlarged in AF. (5) As AF progressed, LV systolic function significantly decreased while LA function varied depending on the presence of LA enlargement.


4.1. AF-induced changes in LA detected by echocardiography

Consistent with previous studies (21, 22), our study confirmed that AF was significantly associated with LA anatomical and functional remodeling. Additionally, our findings confirmed on a larger scale that AF transition from paroxysmal to persistent was often characterized by advancing atrial structural and functional remodeling, which are in accordance with the findings of Olsen et al. (8).

Among the LA function parameters, our report showed that LA reservoir strain had a higher value than LAEF in distinguishing not only between AF and sinus rhythm but also between PAF and PerAF. Raman et al. (23) had similar results with the magnetic resonance feature-tracking strain, which illustrated that LA reservoir strain was a major predictor of the onset of AF in patients with hypertrophic cardiomyopathy. It might be because the LA reservoir function was the most important feature of AF since it respectively reflected the compliance and loading conditions of LA. The development of AF evolves from sole rhythm disturbance to complex cardiomyopathy (24). Experimental studies have shown that the atrial remodeling of AF is characterized by the presence of predominantly interstitial fibrosis, which impacts atrial compliance (25, 26). Additionally, interstitial fibrosis promotes replacement fibrosis, resulting in impaired contractile function of LA cardiomyocytes. Therefore, a comprehensive assessment of LA volume and reservoir strain may provide additional insight into LA remodeling caused by AF.



4.2. LA volume and function remodeling were not always concordant in AF

In line with the study previously mentioned (10), the present report showed that LA volume and function were not always concordant in AF. LA function remodeling has been already impaired before LA volume enlargement, whereas even with enlarged LA volume, LA function impairment may not be apparent. The study also highlighted that large yet compliant atria were more prevalent in PAF, which may indicate a more advanced stage of disease with atrial enlargement yet without impaired strain. It is reported that this condition could have a greater likelihood of successful AF ablation (27).

The study also indicated that LA function was severely impaired when LA volume was enlarged in AF. This could be because the increased LA volume can increase wall stress, triggering myocyte hypertrophy and fibrosis (28). In addition, LA reservoir strain was higher in PerAF without dilated LA volume than that in PAF with dilated LA, suggesting that LA reservoir strain was not only associated with the AF subtype but also related to the LA volume enlargement.

Although there are several papers demonstrating the impact of AF on LA remodeling as well as the utility of LA size and function on AF recurrence prediction (29–31), our study shows that patients with PerAF had a higher degree of LA anatomical remodeling and functional impairment than that in patients with PAF, reflecting different stages of the disease. Moreover, LA reservoir strain could be a useful indicator in estimating cardiac function remodeling induced by AF even before LA volume dilation and showed better discriminative value than LAEF to separate AF from sinus rhythm patients. This is important to facilitate appropriate clinical management decisions, because both anatomical remodeling and functional impairment could have implications for the success of AF ablation. Therefore, the added value of LA strain detected by speckle tracking echocardiography allows effective triaging of the AF patient, suggesting that it should be implemented in the systematic evaluation of AF patients before ablation. The ability to identify mild disease before morphological changes provides a basis for risk stratification before surgery, particularly in patients with non-dilated LA, and allows more selective prophylactic therapy for postoperative complications. According to Ma et al. (32), LA strain could be of great use in identifying patients with a high risk of AF recurrence after catheter ablation. It is reported that LA strain predicted the incidence of post-operative AF independently of LA dilation in severe aortic stenosis (33). It has also been proven to provide a diagnostic role of thrombotic risk assessment for non-valvular AF patients planned for electrical cardioversion (34). Additionally, patients who have suffered from specific cardiomyopathies and valve diseases such as myocardial infarction are at risk of developing AF, which may lead to a prognostic value of LA strain as a significant predictor of incident AF (35). Nevertheless, there are several limitations of LA strain including the lack of a “universal” definition of normal ranges and the impact of vendors/segmentation on data reproducibility. Although LA strain consists of three phases, i.e., reservoir, conduit, and pump, in the case of normal diastolic function, the relative contribution of the particular LA phases into the LV filling is as follows: reservoir, 40%; conduit, 35%; and pump 25% (36). The impaired phasic function of the LA was described in many cardiovascular diseases. However, in patients with PerAF at the time of the echocardiographic exam, it is impossible to measure the LA pump strain. Further studies are needed to focus on LA strain analysis, especially the reservoir strain, with a large sample to analyze its value in clinical practice.



4.3. Left atrioventricular functional coupling across different stages of AF progression

In our study, LV systolic and diastolic function was significantly impaired in AF than sinus rhythm, which was consistent with the study by Ross Agner et al. (37), who reported that GLS was significantly impaired in AF compared to sinus rhythm controls independent of age, sex, heart rate, LVEF, and LV mass. Our study also suggested that subclinical alterations in LV function may have preceded the deterioration of LV volume dilation.

We found that patients with AF had significantly higher heart rates compared to those in patients with sinus rhythm. However, the fact that myocardial oxygen consumption increases and myocardial efficiency decreases with increased heartbeat is well known. Literature on the relationship between heart rate and strain measurements showed that GLS in normal subjects with high and low heart rates was similar (38). All strain and strain rate variables in the longitudinal, circumferential, and radial directions were not significantly different between pacing rates (39).

Previous studies have shown that atrioventricular coupling is a dynamic and time-variant process in AF (40). On the one hand, AF can lead to progressive ventricular remodeling through tachycardia and irregular ventricular rhythm (41). On the other hand, LV fibrosis in patients with AF may reflect the same process in the LV that leads to atrial fibrosis, which may be associated with a pathologic myocardial process that triggers AF recurrence (40). It is reported that LA reservoir function is closely associated with heart failure (42). AF-associated ventricular remodeling results in myocardial fibrosis, chamber dilation, and mitral and tricuspid regurgitation, all of which contribute to damaging LV diastolic as well as systolic function (43).




5. Limitations

There were several limitations in the present study. First, software available on the market used different algorithms of strain analysis with possible consequent biases in comparison between studies. Second, the number of samples, especially sinus rhythm controls (n = 102) and PerAF patients without LA dilation (n = 39), was small, and more patients would be required to provide a robust conclusion in this aspect. Third, there was a lack of comparison with other imaging techniques such as three-dimensional echocardiography and cardiac magnetic resonance imaging. Forth, this is a transversal study, and we cannot conclude that LA strain detects an early disease but, rather, that LA strain diagnoses a mild disease. Additionally, there are various factors affecting LA strain. These factors change simultaneously in most cases, making it difficult to assess the net influence of each factor. Through the transversal study, we cannot determine whether the causes of the decrease of LA function and increase of LA volume in the population of patients with AF are the morpho-pathological changes at the level of the LA caused by the presence of AF or if they are the cause of AF. These confounding factors might also have biased the results. A prospective study in a larger patient population is required to clarify the influence of these confounding factors on LA strain in patients with AF and validate the predictive value of LA strain on long-term outcomes.



6. Conclusions

Compared with the normal sinus rhythm group, patients with AF had dilated LA volume and impaired LA function, which were further worsened in patients with PerAF than those in patients with PAF. LA volume and function remodeling were not always concordant in AF, and LA function impairment could occur before LA volume enlargement. Left atrioventricular remodeling happened across different stages of AF development, and patients with AF had significantly more impaired GLS than the normal sinus rhythm group.
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Background: The accurate etiology of mitral valve aneurysm (MVA) formation is not completely understood, and the most effective management approach for this condition remains controversial.



Methods: We retrospectively analyzed 20 MVA patients who underwent either surgical interventions or conservative follow-ups at the Zhongnan Hospital of Wuhan University between 2017 and 2021. We examined their clinical, echocardiographic, and surgical records and tracked their long-term outcomes.



Results: Of the 20 patients, 12 were diagnosed with MVA using transthoracic echocardiography, seven required additional transesophageal echocardiography for a more definitive diagnosis, and one child was diagnosed during surgery. In all these patients, the MVAs were detected in the anterior mitral leaflet. We found that 15 patients (75%) were associated with infective endocarditis (IE), whereas the remaining patients were associated with bicuspid aortic valve and moderate aortic regurgitation (AR) and mild aortic stenosis (5%), congenital heart disease (5%), elderly calcified valvular disease (5%), mitral valve prolapse (5%), and unknown reasons (5%). Of the 17 patients who underwent hospital surgical interventions, two died due to severe cardiac events. The remaining 15 patients had successful surgeries and were followed up for an average of 13.0 ± 1.8 months. We observed an improvement in their New York Heart Association functional class and mitral regurgitation and AR degrees (P-value < 0.001). During follow-up, only one infant had an increased left ventricular end-diastolic diameter and left ventricular end-systolic diameter, whereas the remaining 14 patients had decreased values (P < 0.001). In addition, none of the three conservatively managed patients experienced disease progression during the 7–24 months of follow-up.



Conclusions: We recommend using echocardiography as a highly sensitive method for MVA diagnosis. Although most cases are associated with IE or AR, certain cases still require further study to determine their causes. A prompt diagnosis of MVA in patients using echocardiography can aid in its timely management.
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1. Introduction

Mitral valve aneurysm (MVA) is a relatively uncommon condition characterized by a localized bulging structure of the mitral leaflet toward the left atrium, exhibiting systolic expansion and diastolic collapse (1, 2), as demonstrated in Figures 1, 2. Despite the rarity of this condition, several case reports and a few series on MVA have been documented. The exact MVA formation mechanisms remain incompletely understood, with infective endocarditis (IE) and aortic regurgitation (AR) being reported as major contributing factors (3–7). Other factors, such as connective tissue defects and valve degenerative changes, have also been implicated (1–3, 5–13). Moreover, cases of congenital mitral valve aneurysms have been rarely reported (14).


[image: Figure 1]
FIGURE 1
Echocardiography data of a 31-year-old female patient with shortness of breath, palpitations, and fever for 7 days. (A) Perforation of the MVA and regurgitation (yellow arrows). (B) Site of the MVA perforation during surgery (yellow arrows).



[image: Figure 2]
FIGURE 2
Echocardiography data of a 63-year-old male patient with dyspnea for 4 days. TEE showed the perforation of the MVA as pointed out by the yellow arrow. (A) Continuous interruption of the MVA wall. (B) Regurgitation from the MVA. (C) Continuous breaks on the MVA from a 3D view.


MVA management remains a matter of debate due to its potential for significant clinical issues and adverse outcomes. The most common complication observed is aneurysm perforation induced by concurrent mitral regurgitation (MR) (1–8). In addition, MVA has been associated with thromboembolic events (1, 12), increased mitral valve (MV) mean pressure gradient (15), and symptomatic exertional left ventricular (LV) outflow tract obstruction (14). Consequently, selecting an appropriate management approach, whether a surgical intervention involving mitral valve repair or replacement or a conservative follow-up strategy, depends on the presence of ruptured or large aneurysms, severe hemodynamic disturbances, uncontrolled infections, or peripheral embolisms. In patients with uncomplicated conditions, a conservative approach with a close follow-up is often adopted. Echocardiography plays a pivotal role in the accurate MVA diagnosis and treatment decision-making for valvular heart diseases.

In this paper, we present a retrospective analysis of 20 MVA patients, focusing on echocardiographic findings, formation mechanisms, patient management, and outcomes. By integrating anatomical assessments, cardiac function, and hemodynamics, echocardiography offers critical insights into MVA diagnosis and management. We aim to contribute to the understanding of this rare condition and provide valuable insights for clinical practice.



2. Methods


2.1. Patients

In this retrospective study, we enrolled 20 patients who were diagnosed with MVA in the Zhongnan Hospital of Wuhan University between April 2017 and January 2021. Among these patients, 17 received surgical treatments and three received conservative follow-ups. This study was approved by the Medical Ethics Committee of the Zhongnan Hospital of Wuhan University.



2.2. Echocardiography

Transthoracic echocardiography (TTE) examination is commonly performed for the first-line detection and evaluation of MVA. Additional transesophageal echocardiography (TEE) examination was required when TTE could not clearly evaluate the MVA. All diagnostic TTE or TEE examinations were performed using Philips IE 33 (Philips Healthcare, Bothell, WA, USA) with S5-1, X5-1, S8-3, and X8-2t transducers. TTE and TEE examinations were reviewed by the same senior doctor (BW, with 15 years of experience in echocardiography). The diagnostic marker of MVA was a localized bulging structure of the mitral leaflet toward the left atrium with systolic expansion and diastolic collapse.

The diagnostic echocardiographic findings were recorded, namely, MVA location and size, presence of perforation and vegetation, MR and AR degrees, left ventricular end-diastolic diameter (LVEDD), left ventricular end-systolic diameter (LVESD), left ventricular ejection fraction (LVEF), and other abnormalities, such as bicuspid aortic valve (BAV), endocardial cushion defect (ECD), ventricular septal defect (VSD), and patent foramen ovale (PFO). Other clinical information such as clinical manifestations, clinical diagnosis of infective endocarditis, and New York Heart Association (NYHA) functional class was also recorded.



2.3. Patient management

The indications for surgical interventions were as follows: (1) patients with acute severe primary MR (16); (2) symptomatic patients with severe chronic primary MR irrespective of the LV systolic function (16); (3) asymptomatic patients with severe chronic primary MR and LV systolic insufficiency (LVEF ≤ 60%, LVESD ≥ 40 mm) (16); and (4) IE patients with heart failure, severe valve dysfunction, and large mobile neoplasms (17). The indications for follow-ups were asymptomatic, LVEF ≥ 60%, LVESD ≤ 40 mm, and none/mild MR and none/mild AR (16). Regular clinical and echocardiography reviews and follow-ups were given to the patients after surgical interventions or those with a conservative follow-up strategy. In addition, the clinical manifestations, follow-up time, NYHA functional class, MR and AR degrees, LVEDD, LVESD, and LVEF for the latest follow-up were collected.



2.4. Statistics

Continuous variables were described as average and standard deviation, and categorical variables were described as counts. Two two-sided tests were performed. First, the Wilcoxon signed-rank test was applied to determine the significant differences in the MR and AR degrees between the first diagnosis and the latest follow-up. Second, a paired t-test was applied to determine the significant differences in the cardiac systolic function and left ventricular measures between the first diagnosis and the latest follow-up. The significant difference threshold was P < 0.05, and the statistical analysis was performed using SPSS 25.0 software.




3. Results


3.1. Baseline clinical and echocardiographic characteristics of study subjects

Table 1 lists the baseline clinical and echocardiographic characteristics of the 20 patients enrolled in this study, comprising 8 females and 12 males, with a median age of 34 years (range: 7 months–63 years). Among the adult patients, 12 were evaluated using TTE, and seven required additional TEEs for the MVA assessment. Remarkably, the MVA in a 7-month-old child was initially misdiagnosed by TTE, but it was later detected during the surgical intervention for an ECD and a PFO.


TABLE 1 Baseline characteristics and echocardiographic data of the study subjects.

[image: Table 1]

Of the 19 adult patients, 16 underwent surgical interventions following diagnosis due to clinical symptoms, such as fever, shortness of breath, fatigue, weight loss, dyspnea, dizziness, chest pain, chest tightness, palpitations, and cerebrovascular accidents. These patients presented with enlarged left ventricles, decreased LVEF, and impaired heart function (all NYHA functional class ≥ II). Among them, four had BAVs, three had VSDs, and one had a ruptured right coronary sinus aneurysm in the right ventricle. In contrast, three adult patients received conservative follow-ups for being asymptomatic, and they exhibited normal left ventricles, LVEF, and heart function.

In this cohort of 20 MVA patients, 19 had a single MVA located in the anterior mitral leaflet, involving one or two sub-leaflets of A1–A3. Only one patient had multiple MVAs involving A1, A2, and A3. The size of the MVAs ranged from 0.5 cm × 0.5 cm to 2.9 cm × 2.5 cm. Among the 14 patients with ruptured MVAs in the left atrium, the break size ranged from 0.2 to 1.0 cm, with 11 of them experiencing severe MR, one with moderate-to-severe MR, one with moderate MR, and one with mild-to-moderate MR. The remaining six patients had non-ruptured MVAs, including two with severe MR, one with moderate-to-severe MR, one with moderate MR, one with mild MR, and one with no MR.

Clinically diagnosed IE was present in 15 of the 20 patients (75%). Among these 15 patients, 12 had moderate or greater AR, nine had severe AR, and three had moderate AR. Among the five patients without IE, one had an ECD, one had a bicuspid aortic valve with calcification, one had a bicuspid aortic valve with mild aortic regurgitation and calcification, one had a mitral valve prolapse, and one had gallstones. Further details for each patient are listed in Supplementary Table S1.



3.2. Patient outcomes

Among the 17 patients who underwent hospital surgical interventions, two died after surgery due to low cardiac output syndrome or multiorgan failure. However, encouragingly, 15 patients survived and were followed up for 11–18 months (mean follow-up of 13.0 ± 1.8 months). Table 2 lists the postsurgical follow-up data, revealing a significant improvement in the NYHA functional class compared to baseline (P < 0.001). Specifically, two patients (13%) had an improvement from NYHA functional class IV to II, eight patients (53%) had an improvement from class III to I, and five patients (34%) had an improvement from class II to I. In addition, there was a remarkable enhancement in the MR and AR degrees, as shown in Tables 3 and 4 (P < 0.001).


TABLE 2 Improvements in cardiac function of patients with surgical interventions (n = 15).

[image: Table 2]


TABLE 3 Improvements in the MR degree of patients with surgical interventions (n = 15).
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TABLE 4 Improvements in the AR degree of patients with surgical interventions (n = 15).
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Analyzing the 14 adults from the cohort (Figures 3A,B), the last follow-up measurements revealed a significant reduction in the LVEDD (6.257 ± 0.580 vs. 4.721 ± 0.304, P < 0.001) and LVESD (4.286 ± 0.597 vs. 3.157 ± 0.279, P < 0.001) compared to the preoperative values. However, in 6-month-old infants, increased LVEDD (2.4 vs. 2.7) and LVESD (1.7 vs. 1.9) were observed (Figures 3A,B). In assessing the LVEF (%) (Figure 3C), comparable values were noted (61.667 ± 5.038 vs. 62.667 ± 3.697, P = 0.293).


[image: Figure 3]
FIGURE 3
In the 14 adult patients, as shown in (A,B) comparing the last follow-up measurements with preoperative values, the LVEDD and LVESD were significantly reduced. As shown in (C), comparable values were observed on the LVEF.


In three patients who were managed with a conservative follow-up strategy, the latest follow-up results were available for 7, 8, and 24 months, respectively. Encouragingly, no progression in NYHA functional class or MR and/or AR degrees was observed compared to baseline, and left ventricular measures remained within the normal range throughout the follow-up period.

These results suggest that surgical interventions resulted in significant improvements in NYHA functional class, MR and AR degrees, and favorable alterations in the left ventricular dimensions for the majority of patients. Those managed conservatively also exhibited stable clinical and echocardiographic outcomes during the follow-up period.




4. Discussion

Despite significant advancements in antibiotics, critical care, and surgical techniques, MVA remains life-threatening. Early detection and prompt intervention are crucial to prevent complications like rupture and embolism. Echocardiography is the primary screening method for heart vascular diseases and hemodynamic assessment. MVA presents a unique ultrasonic feature of a saccular echo-free space protruding in the left atrium, exhibiting systolic expansion and diastolic collapse. The aneurysm forms on the mitral valve, causing a small disruption in valve continuity known as an orifice that communicates with the left ventricle. Color Doppler flow imaging (CDFI) occasionally reveals blood flow excursions into and out of the MVA during systole and diastole, respectively (3, 18). In our study, we observed this CDFI manifestation in only one patient. The major echocardiographic finding for diagnosing MVA was the visualization of a localized saccular bulge of the mitral leaflet protruding in the left atrium, exhibiting systolic expansion and diastolic collapse, communicating with the left ventricle. Among the patients in our study, 12 were diagnosed with MVAs using TTEs, seven required additional TEEs for further diagnosis, and one infant patient was diagnosed with MVA during surgical intervention for an ECD and a PFO. TEE proved to be a more sensitive tool than TTE in detecting MVA, which is consistent with the previous studies (19, 20). However, misdiagnosis might occur, especially in small hearts, where TTE images may not be clear enough to detect the MVA. Furthermore, MVA has not been previously reported in infants without IE, suggesting a possible association with congenital heart disease.

The MVA formation mechanisms play a crucial role in patient management. The normal mitral valves consist of four layers, and damage to this valvular structure can lead to various lesions, such as prolapse, perforation, and MVA (11). The reported MVA formation mechanisms include direct extension of infection from the aortic valve to the anterior mitral leaflet, impingement of aortic valve regurgitation on the anterior mitral valve leaflet, contact of aortic valve vegetation with the anterior mitral leaflet (kissing lesions), and mitral valve infections (3, 5, 8, 9, 12, 21–27). Aortic valve endocarditis (AVE) is considered the most common cause of MVA (3, 4, 6, 7, 9, 24, 25, 28). In our study, 15 out of 20 patients were clinically diagnosed with infective endocarditis, and among them, 10 had AVE and 12 had moderate or severe aortic regurgitation, consistent with the previous findings. Moreover, MVAs in five patients were not related to endocarditis. In one patient, MVA was associated with BAV and moderate aortic regurgitation. MVA formation in this case might be attributed to the long-term impact of high aortic regurgitation pressure on the anterior mitral valve, leading to structural damage and mitral valve weakness (3, 29). Another case involved a 6-month-old infant with an endocardial cushion defect and a patent foramen ovale. As MVA has not been reported in infants without IE, the MVA, in this case, might be associated with congenital heart disease. The remaining three adult patients had no infective endocarditis or moderate or severe aortic regurgitation. One patient had mild aortic regurgitation with mild aortic valve calcification, another had mitral valve prolapse, and the third had gallstones. These cases suggest that MVA formation can be attributed to various factors, such as elderly calcified vascular disease, mitral valve prolapse, or other isolated vulvitis. All the MVAs in our study were detected on the anterior mitral leaflet, consistent with most previous reports (2, 4, 9, 10, 12, 13, 22, 25, 29, 30). However, some case studies have reported MVAs on the posterior mitral leaflet (31-37), possibly induced by inflammation.

MVA may lead to mitral regurgitation, LV enlargement, and ventricular function deterioration. Among the adult patients in this study, 80% showed varying degrees of LV enlargement and heart failure symptoms (NYHA functional classes II–IV). Surgical treatment was the only effective option for these patients, and most underwent MVR. However, two patients with severe left ventricular enlargement and heart failure symptoms died at the hospital after surgery. The severity of left ventricular enlargement and heart failure might contribute to early postoperative mortality, as observed in previous studies (38). MVR was the preferred approach in most cases due to the association of MVA with other malformations, making valve repair technically challenging. While MV repair had been shown to have better outcomes than MV replacement, as reported in previous studies (4, 39), only a few patients in our study underwent MV repair. Nevertheless, significant improvements in cardiac function and valve hemodynamics were observed during follow-ups for both MV replacement and repair patients. The majority of adult patients exhibited decreased LV size, but in one infant, LV size increased as the heart grew.



5. Conclusions

MVA is a rare disease with no distinct clinical manifestations. The majority of MVAs are associated with IE. Echocardiography, particularly TEE, has demonstrated high sensitivity in MVA diagnosis and assessment. In addition, echocardiography enables the evaluation of chamber changes and cardiac function, providing valuable guidance in determining the optimal timing for surgical interventions in MVA patients.
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Introduction: The tricuspid valve and its annulus (TA) and the right atrium (RA) play a significant role in regulating blood flow in the right heart. However, their effect on each other is not fully understood even in normal circumstances. Three-dimensional (3D) speckle-tracking echocardiography (3DSTE) is able to simultaneously assess TA and RA at the same time in a non-invasive way. The present study aimed to examine associations between tricuspid annular (TA) dimensions and right atrial (RA) volumes in healthy adults by 3DSTE.



Methods: The present study comprised 144 healthy subjects (mean age: 34.4 ± 12.6 years, 72 males), who participated in this study on a voluntary basis for screening between 2011 and 2015. In all subjects, electrocardiography, two-dimensional Doppler echocardiography and 3DSTE have been performed.



Results: With increasing end-systolic maximum RA volume, all end-systolic and end-diastolic TA dimensions showed simultaneous increase, but in various degrees resulting in (non-significant) reduction of TA functional properties. Similarly, with increasing diastolic pre-atrial contraction and minimum RA volumes, TA dimensions increased simultaneously (except end-diastolic TA diameter), but in various degrees resulting in reduced TA fractional shortening and fractional area change. With increasing RA dimensions, end-systolic and end-diastolic TA dimensions showed simultaneous increase, but in different, sometimes not significant degrees. While RA stroke volumes showed increasing pattern with TA dilation, RA emptying fractions have not changed substantially.



Conclusions: 3DSTE is suitable for non-invasive assessment of TA dimensions and RA volumes at the same time using the same 3D echocardiographic dataset. Significant associations between TA size and RA volumes exist in healthy circumstances. Strong associations in case of dilation of TA in the presence of higher RA volumes could partly explain functional tricuspid regurgitation later developing in subjects in sinus rhythm.
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Introduction

In recent years, there has been an increasing interest in the evaluation of the right heart due to newer therapeutic options and advanced imaging techniques (1–4). New findings help to better understand the right heart, its components, their characteristics and interactions, even with the aorta, left heart and venous system, and their dependence on each other (1–4). The tricuspid valve (TV) and its annulus (TA) and the right atrium (RA) play a significant role in regulating blood flow in the right heart. Their effect on each other was examined in subjects with functional tricuspid regurgitation (FTR) (5–7) and even in healthy normal circumstances (8, 9). Three-dimensional speckle-tracking echocardiography (3DSTE) is able to simultaneously assess TA and RA in detail at the same time in a non-invasive way (10–12). The present study aimed to examine associations between tricuspid annular (TA) dimensions and right atrial (RA) volumes respecting the cardiac cycle in healthy adults by 3DSTE.



Patients and methods


Study population

The present study comprised 144 healthy subjects (mean age: 34.4 ± 12.6 years, 72 males), who participated in this study on a voluntary basis for screening between 2011 and 2015. In all subjects, electrocardiography (ECG), two-dimensional Doppler echocardiography (2DE) and 3DSTE have been performed by the same observer (ÁK). A participant was considered to be healthy if they had no acute or chronic illness in their medical history, ECG showed no abnormality, and findings of complete 2DE were in normal ranges. None of the subjects were obese, smoker or had a history of regular drug use. The present study is part of the Motion Analysis of the heart and Great vessels bY three-dimensionAl speckle-tRacking echocardiography in Healthy subjects (MAGYAR-Healthy) Study. This study aimed to evaluate the physiological associations among 3DSTE-derived and other parameters in healthy adults (“Magyar” means “Hungarian” in Hungarian language). The study was conducted in accordance with the Declaration of Helsinki (as revised in 2013). The study was approved by the Institutional and Regional Human Biomedical Research Committee of University of Szeged, Hungary (No.: 71/2011 and updated versions) and informed consent was given by all subjects.



Two-dimensional Doppler echocardiography

In all cases, the same Toshiba ArtidaTM echocardiography equipment (Toshiba Medical Systems, Tokyo, Japan) was used attached to a 1–5 MHz PST-30BT phased-array transducer. During chamber quantifications the rules prescribed in recent guidelines were followed (1). For visual quantification of valvular regurgitations and to exclude significant valvular stenosis, Doppler echocardiography was used. Early and late mitral inflow E and A were also determined to assess LV diastolic function (1, 13).



Three-dimensional speckle-tracking echocardiography

The same Toshiba ArtidaTM echocardiographic equipment (Toshiba Medical Systems, Tokyo, Japan) was used for 3DSTE as well, but transducer was changed to a PST-25SX matrix-array transducer with 3DSTE capability (10–12, 14, 15). The protocol of the 3DSTE examination followed our routines: firstly, 3D echocardiographic datasets were acquired from the apical window following optimalisation of image quality on the right atrium (RA). If RR intervals were constant on ECG (sinus rhythm) and subjects were on breath-hold, pyramid-shaped 3D echocardiographic datasets were digitally stored on hard drive for future analysis.



RA-quantification by 3DSTE

Later, offline analysis was performed with the vendor-provided 3D Wall Motion Tracking software version 2.7 (Ultra Extend, Toshiba Medical Systems, Tokyo, Japan). Data were displayed in selected apical two- (AP2CH) and four-chamber (AP4CH) views and 3 short-axis views at basal, midatrial and superior levels. To create a 3D cast of the RA, definition of reference points on RA endocardium were required in AP2CH and AP4CH views on the edges of the TA ring and the RA apex at end-diastole, then automatic sequential analysis (reconstruction) was performed for the complete endocardial RA surface. Taking into account the cardiac cycle, the following RA volumes were obtained (Figure 1) (14):


	–Maximum RA volume, measured at end-systole, just before tricuspid valve opening (Vmax).

	–RA volume before atrial contraction, measured at early-diastole at the time of the P wave on the ECG (VpreA).

	–Minimum RA volume measured at end-diastole, just before tricuspid valve closure (Vmin).



Using RA volumes, several stroke volumes (SV) and emptying fractions (EF) could be determined featuring different phases of RA function:


[image: Figure 1]
FIGURE 1
Three-dimensional (3D) speckle-tracking echocardiographic analysis of the right atrium in a healthy subject: apical longitudinal four-chamber (A) and two-chamber views (B) and 3 short-axis views at basal (C3), midatrial (C5) and superior (C7) RA levels. 3D virtual RA model (D), RA volumetric data (E) and time—global RA volume change curve (dashed white curve) and time—global RA longitudinal strain curve (white curve) respecting the cardiac cycle are demonstrated (F). LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction; est., estimated; MV, myocardial volume; Vmax, maximum right atrial volume; VpreA, volume at the onset of atrial systole; Vmin, minimum right atrial volume.


Reservoir function:


	–Total Atrial Stroke Volume (TASV): Vmax−Vmin.

	–Total Atrial Emptying Fraction (TAEF): TASV/Vmax × 100.



Conduit function:


	–Passive Atrial Stroke Volume (PASV): Vmax−VpreA.

	–Passive Atrial Emptying Fraction (PAEF): PASV/Vmax × 100.



Active contraction:


	–Active Atrial Stroke Volume (AASV): VpreA−Vmin.

	–Active Atrial Emptying Fraction (AAEF): AASV/VpreA × 100.





TA-quantification by 3DSTE

During assessments, AP2CH and AP4CH views helped to find optimal lateral and septal TA endpoints on C7 short-axis view (Figure 2) (15):


[image: Figure 2]
FIGURE 2
Three-dimensional (3D) speckle-tracking echocardiographic assessment of the tricuspid annulus in a healthy subject: apical longitudinal four-chamber (A) and two-chamber views and cross-sectional view (C7) of the tricuspid annulus optimalised on (A) and (B) images. White arrow indicate plane of the tricuspid annulus. LA, left atrium; LV, left ventricle; RA, right atrium; RV, right ventricle; Area, tricuspid annular area; Circ, tricuspid annular perimeter; Dist, tricuspid annular diameter.


Morphological parameters were measured at end-diastole (just before tricuspid valve closure) and at end-systole (just before tricuspid valve opening):


	–TA diameter (TAD), measured by drawing a perpendicular line from the peak of TA curvature to the middle of the straight TA border,

	–TA area (TAA), measured by planimetry,

	–TA perimeter (TAP), measured by planimetry,



Functional parameters were calculated from morphologic end-diastolic and end-systolic parameters:


	–TA fractional shortening (TAFS), defined as [(end-diastolic TAD—end-systolic TAD)/end-diastolic TAD] × 100,

	–TA fractional area change (TAFAC), defined as [(end-diastolic TAA—end-systolic TAA)/end-diastolic TAA] × 100.





Statistical analysis

Data were presented in mean ± standard deviation (SD) format or frequency/percentage format, as appropriate. p < 0.05 was considered to be statistically significant. Student t test with Welch correction and one-way analysis of variance (ANOVA) test with Bonferroni correction were used, where appropriated. Fischer's exact test was used for all categorical variables. Pearson's correlation coefficient was calculated for correlations. The Bland–Altman method was used to determine intraobserver and interobserver agreements. For intraobserver and interobserver correlations, intraclass correlation coefficients (ICCs) were calculated. Multivariable regression analysis was used for assessment of independent predictors of Vmax and TAA-D. GPower 3.1.9 Software (Heinrich-Heine Universität, Düsseldorf, Germany) was applied for power calculation: in the presence of effect size: 0.9, alpha: 0.05, power: 0.8 the minimum group size is n = 120. Statistical calculations were performed using SPSS software (SPSS Inc, Chicago, IL, USA).




Results


Clinical and two-dimensional Doppler echocardiographic data

Clinical and routine echocardiographic parameters of healthy adults are presented in Table 1. None of the subjects involved had larger than or equal to grade 1 valvular regurgitation or showed significant valvular stenosis on any valves.


TABLE 1 Clinical and two-dimensional echocardiographic data.
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Classification of subjects

Mean ± SD of 3DSTE-derived RA and TA parameters of healthy subjects are presented in Table 2. Healthy subjects were classified into 3 groups according to the normal maximum (Vmax), pre-atrial contraction (VpreA) and minimum (Vmin) RA volumes and end-systolic and end-diastolic TA diameter (TAD-S and TAD-D, respectively), area (TAA-S and TAA-D, respectively) and perimeter (TAP-S and TAP-D, respectively): estimated mean ± SD served as the lower (33.8 ml, 24.8 ml, 18.1 ml, 1.5 cm, 2.1 cm, 4.0 cm2, 5.7 cm2, 7.9 cm, 9.3 cm, respectively) and upper (64.0 ml, 46.8 ml, 37.5 ml, 2.1 cm, 2.7 cm, 6.8 cm2, 8.9 cm2, 10.1 cm, 11.7 cm, respectively) values.


TABLE 2 Three-dimensional speckle-tracking echocardiography-derived right atrial volumetric and tricuspid annular parameters.
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Increase of RA volumes and TA

With increasing end-systolic Vmax, all end-systolic and end-diastolic TA dimensions showed simultaneous increase, but in various degrees resulting in (non-significant) reduction of TA functional properties. Similarly, with increasing diastolic VpreA and Vmin, TA dimensions increased simultaneously (except TAD-D), but in various degrees resulting in reduced TAFS and TAFAC (Table 3).


TABLE 3 Right atrial volumes and tricuspid annular parameters in different right atrial volume groups.
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Increase of RA volumes and RA volume-based functional properties

With increasing end-systolic Vmax, all SVs and EFs showed simultaneous increase, except AAEF, which remained unchanged. With increasing diastolic VpreA, while SVs showed increasing pattern, EFs had decreasing pattern. With increasing diastolic Vmin, while SVs remained unchanged, EFs showed decreasing pattern (Table 3).



Dilation of TA and RA volumes

With increasing TA dimensions, end-systolic and end-diastolic RA dimensions showed simultaneous increase, but in different degrees. While SVs showed increasing pattern with TA dilation, EFs have not changed substantially (Tables 4, 5).


TABLE 4 Right atrial volumes and tricuspid annular parameters in different end-systolic tricuspid annular groups.
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TABLE 5 Right atrial volumes and tricuspid annular parameters in different end-diastolic tricuspid annular groups.
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Dilation of TA and TA functional properties

With increasing end-systolic TA dimensions, TA functional properties showed simultaneous decrease, but in different degrees. With increasing end-diastolic TAD-D, TAFS increased, TAFAC remained unchanged. With increasing end-diastolic TAA-D and TAP-D, TA functional properties did not show significant changes (Tables 4, 5).



Correlations and regression analysis

Vmax correlated with TAD-D (r = 0.30, p < 0.01), TAA-D (r = 0.54, p < 0.01), TAA-P (r = 0.50, p < 0.01), TAD-S (r = 0.39, p < 0.01), TAA-S (r = 0.55, p < 0.01) and TAA-P (r = 0.49, p < 0.01). Similarly, VpreA showed correlations with TAD-D (r = 0.25, p < 0.01), TAA-D (r = 0.49, p < 0.01), TAA-P (r = 0.45, p < 0.01), TAD-S (r = 0.40, p < 0.01), TAA-S (r = 0.58, p < 0.01) and TAA-P (r = 0.49, p < 0.01). Vmin correlated with TAD-D (r = 0.54, p < 0.01), TAA-D (r = 0.48, p < 0.01), TAA-P (r = 0.41, p < 0.01), TAD-S (r = 0.37, p < 0.01), TAA-S (r = 0.54, p < 0.01) and TAA-P (r = 0.46, p < 0.01), as well.

The logistic regression analysis identified presence of increased Vmax as an independent predictor of TAA-D [hazard ratio (HR) 1.75, 95% CI of HR: 1.18 to 3.33, p < 0.05]. Similarly, dilated TAA-D had an independent predictive value for Vmax [hazard ratio (HR) 1.80, 95% CI of HR: 1.15 to 3.27, p < 0.05].



Feasibility of 3DSTE-derived RA and TA measurements

During evaluations, 94 subjects were excluded due to inferior image quality from the total of 238 subjects, therefore the overall feasibility of simultaneous 3DSTE-derived RA and TA quantifcations was 144 out of 238 (61% overall feasibility).



Reproducibility of 3DSTE-derived RA and TA assessments

3DSTE-derived end-diastolic and end-systolic TA dimensions and RA volumes respecting cardiac cycle were measured twice by the same observer (intraobserver agreement) and by two independent observers (interobserver agreement). The values were expressed as mean ± SD together with corresponding ICCs, the results are presented in Table 6.


TABLE 6 Intra- and interobserver variability for three-dimensional speckle-tracking echocardiography-derived tricuspid annular dimensions and right atrial volumes.
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Discussion

Components of the TV or right atrioventricular valve include fibrous TA, anterior, posterior and septal leaflets, papillary muscles and tendinous cords, which interact with RA and RV during the cardiac cycle. When TV opens in diastole, it helps correct one-way blood flow from the RA to the RV, while in systole, it closes to prevent backflow or regurgitation from the RV into the RA. The normal TA is a dynamic structure with a saddle-shape like MA, its dilation is accompanied with a more circular and planar shape (16, 17). Tricuspid regurgitation is organic only in 10–15% of cases (18), most of the cases show functional regurgitation (FTR) due to distorted RV, subvalvular apparatus, or TA, with structurally normal tricuspid leaflets (19, 20). FTR is mostly due to LV dysfunction, aortic or mitral valve disease or pulmonary vascular or interstitial disorders and is accompanied with consequent pulmonary hypertension (PH). If FTR is secondary to TA dilation and leaflet tethering and associated to RV dilation and/or dysfunction, it has been called as “classical” or ventricular form of FTR for a long time. In case of absent PH or left heart disorders, FTR was called as idiopathic tricuspid regurgitation previously, which is related to age and atrial fibrillation (AF) (19, 20). Recently, a new distinct entity has been created called as atrial FTR, which can be found in AF patients, in which RA enlargement and dysfunction result in TA dilation, leaflet malcoaptation and loss of TA spinchter-like function (21). Therefore, RA rather than RV dilation is more important to determine TA dilation and development of FTR in such cases (5). Similarly, following heart transplantation, overall RA diameter and native recipient RA diameter were found to be a risk factor for TA distension, which is reported to be a causative factor for the most common type of TV dysfunction (22).

Routine non-invasive TV assessment is based on 2D Doppler echocardiography, but results with 3D echocardiography are also available (23). 3DSTE has been demonstrated to be capable not only of performing RA chamber quantifications (14), but for determination of atrioventricular annular dimensions and its sphincter-like functional properties at the same time using the same 3D acquired datasets from the transthoracic window (15). Age- and gender-dependency and normal reference values for 3DSTE-derived RA and TA assessments were also determined with considerable intra- and interobserver agreements (14, 15). Therefore, 3DSTE seems to be an optimal option for simultaneous assessment of TA and RA for (patho)physiologic studies. According to present findings, although feasibility of simultaneous assessment of 3DSTE-derived RA volumes and TA dimensions proved to be limited, however, reproducibility was found to be acceptable in those cases where the measurements were feasible.

There can be a question whether associations between RA size and TA dimensions exist before FTR develops in healthy adults in sinus rhythm. It is known that with increasing left atrial volumes, mitral annulus dilated and became functionally impaired under healthy circumstances (24). The present study serves as an analogy for this by examining what happens in the right side of the heart under similar conditions. Results show similar findings demonstrating strong associations in case of dilation of TA in the presence of higher RA volumes. Moreover, dilation of TA and enlargement of RA predicted each other, as well. It is more important in the context of recent findings from the MAGYAR-Healthy Study, where strong associations between RA radial strains and end-diastolic TA area could also be detected in healthy subjects without FTR (9). However, further clinical studies are warranted to confirm our findings in a larger population or in different pathologic states and to demonstrate their possible clinical role in patient management. Moreover, long-term follow-up could confirm predictive role of TA/RA dilation on the development of AF and/or FTR.


Limitations

Several important limitations have arisen during assessments:


	–2D echocardiography still allows TA assessment with a better image quality as compared to 3DSTE.

	–The results would have been much more convincing if the measurement results had been validated against those measured with the Tomtect software. This topic could even be the subject of a subsequent study.

	–Although TA has a special 3D saddle-shape, only its 2D-projected image was determined.

	–The study did not aim to compare 2D echocardiography vs. 3DSTE in the assessment of TA.

	–Speckle-tracking analysis of TA functionality was not purposed, as well.

	–FTR was excluded by visual assessment, more advanced quantification method was not applied during evaluations.






Conclusions

3DSTE is suitable for non-invasive assessment of TA dimensions and RA volumes at the same time using the same 3D echocardiographic dataset. Significant associations between TA size and RA volumes exist in healthy circumstances. Strong associations in case of dilation of TA in the presence of higher RA volumes could partly explain FTR later developing in subjects in sinus rhythm.
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Introduction: This study aims at exploring biventricular remodelling and its implications for outcome in a representative patient cohort with severe aortic stenosis (AS) undergoing transcatheter aortic valve implantation (TAVI).



Methods and results: Pre-interventional echocardiographic examinations of 100 patients with severe AS undergoing TAVI were assessed by speckle tracking echocardiography of both ventricles. Association with mortality was determined for right ventricular global longitudinal strain (RVGLS), RV free wall strain (RVFWS) and left ventricular global longitudinal strain (LVGLS). During a median follow-up of 1,367 [959–2,123] days, 33 patients (33%) died. RVGLS was lower in non-survivors [−13.9% (−16.4 to −12.9)] than survivors [−17.1% (−20.2 to −15.2); P = 0.001]. In contrast, LVGLS as well as the conventional parameters LV ejection fraction (LVEF) and RV fractional area change (RVFAC) did not differ (P = ns). Kaplan–Meier analyses indicated a reduced survival probability when RVGLS was below the −14.6% cutpoint (P < 0.001). Lower RVGLS was associated with higher mortality [HR 1.13 (95% CI 1.04–1.23); P = 0.003] independent of LVGLS, LVEF, RVFAC, and EuroSCORE II. Addition of RVGLS clearly improved the fitness of bivariable and multivariable models including LVGLS, LVEF, RVFAC, and EuroSCORE II with potential incremental value for mortality prediction. In contrast, LVGLS, LVEF, and RVFAC were not associated with mortality.



Discussion: In patients with severe AS undergoing TAVI, RVGLS but not LVGLS was reduced in non-survivors compared to survivors, differentiated non-survivors from survivors, was independently associated with mortality, and exhibited potential incremental value for outcome prediction. RVGLS appears to be more suitable than LVGLS for risk stratification in AS and timely valve replacement.



KEYWORDS
aortic stenosis, transcatheter aortic valve implantation, global longitudinal strain, speckle tracking echocardiography, mortality





[image: Graphical Abstract]
GRAPHICAL ABSTRACT
LVEF, left ventricular ejection fraction; LVGLS, left ventricular global longitudinal strain; PVC, pulmonary valve closure; RV, right ventricular; RVFAC, right ventricular fractional area change; RVFWS, right ventricular free wall strain; RVGLS, right ventricular global longitudinal strain; TVC, tricuspid valve closure.



1. Introduction

Degenerative aortic stenosis (AS) is the most common valvular heart disease in high-income countries (1, 2). Myocardial remodelling does not only occur in the left (LV) but also the right ventricle (RV) of affected patients (3, 4). Chronic pressure overload triggers an adaptive response of the LV (5–7) eventually leading to functional and structural changes of the RV and ultimately resulting in impaired biventricular function with poor prognosis (3, 8).

Current guidelines recommend aortic valve replacement in severe symptomatic AS or in severe asymptomatic AS with associated LV systolic dysfunction defined as impaired LV ejection fraction (LVEF <50%) (2). The prognostic value of LVEF in severe AS is controversial, as it often deteriorates late in the disease course when permanent myocardial damage has occurred already (6, 9, 10). Hence, LVEF is an insensitive marker for early detection of LV dysfunction with questionable benefit for patient management aiming at preserving ventricular function. Speckle tracking echocardiography (STE) has become a clinically feasible method for assessing myocardial deformation (11–13). Global longitudinal strain may detect subclinical LV dysfunction (14–16) associated with reduced survival in AS incremental to other clinical (10, 15, 17) and echocardiographic parameters including LVEF (10, 13, 14, 15, 17, 18, 19).

Recent research highlights the importance of the RV for risk stratification in AS, but conventional echocardiographic parameters of RV function such as RV fractional area change (RVFAC), tricuspid annular plane systolic excursion (TAPSE), and RV lateral wall tissue velocity (S') have shown inconsistent results regarding outcome association in patients undergoing transcatheter aortic valve implantation (TAVI) (20–23). Analysis of longitudinal strain in both ventricles offers new perspectives for risk stratification of patients with severe AS. A recent cardiac magnetic resonance (CMR) study demonstrated that RV global longitudinal strain (RVGLS) but not LV global longitudinal strain (LVGLS) predicted one-year mortality in patients undergoing TAVI (24). Similarly, an echocardiographic study in patients with low-flow low-gradient AS suggested that RVGLS has incremental prognostic value compared to LVGLS (25).

This study aims at exploring the role of RVGLS vs. LVGLS assessed by STE for outcome prediction in a representative patient cohort with severe AS undergoing TAVI.



2. Materials and methods


2.1. Study population

One hundred patients with severe AS (aortic valve area <1 cm2 or indexed AVA <0.6 cm2/m2) undergoing TAVI between 2008 and 2019 were retrospectively identified from the prospective AS registry of the University Heart Center Zurich. Patients were included when a comprehensive echocardiographic examination was available within three months prior to TAVI allowing complete strain analysis of both ventricles. A flow diagram (Supplementary Figure S1) illustrates how patients were enrolled for the study. Ethical committee approval and informed consent were obtained prior to patient inclusion.



2.2. Echocardiography and strain analysis

Transthoracic echocardiographic (TTE) examinations were performed using commercially available equipment (iE33 or Epiq 7, Philips Medical Systems, The Netherlands; E9 or E95, GE Healthcare, USA). Echocardiographic measurements were made by certified specialists according to current recommendations (26–28). Calculation of LVEF was based on Simpson's biplane method.

TomTec ImageArena Cardiac Performance Analysis (Version 4.6) was used for offline STE measurements of both ventricles according to current recommendations (26, 27). Endocardial tracing was performed manually excluding sigmoid septal hypertrophy, papillary muscles, and trabeculations. Heart cycle timing was identified from the M-mode.

Apical 2- (A2C), 3- (A3C) and 4-chamber (A4C) views were used for measuring LVGLS. End-diastole was set at the last frame before mitral valve closure and end-systole at the last frame before aortic valve closure. LVGLS is indicated as average peak systolic strain based on the 16-segment model. Focused RV views were used for measuring RV strain (29). End-diastole was defined as the last frame before tricuspid valve closure and end-systole as the smallest ventricular systolic dimension, respectively. RVGLS is indicated as average peak systolic strain based on the 6-segment model and RV free wall strain (RVFWS) on the 3 segments of the free wall, respectively.



2.3. Reproducibility of strain measurements

Reproducibility was tested on 15 echocardiographic examinations by two observers to investigate inter-observer agreement and repeated by the main observer with a difference of 3 months between the first and the second measurement to determine intra-observer agreement. Concordance correlation coefficient was used for assessing reproducibility (inter-observer agreement) and repeatability (intra-observer agreement). These results are reported in Supplementary Table S1. There is strong inter- and intra-observer agreement for LV and RV strain measurements.



2.4. Follow-up

The date of the echocardiography examination before TAVI (i.e., within 3 months prior to procedure) marks the date of study inclusion. The date of the TAVI procedure indicates the start of follow-up. All-cause mortality was defined as the primary endpoint. Patient survival status was evaluated through patient records and/or phone calls.



2.5. Statistics

The Shapiro–Wilk test was used to assess normal distribution, with most variables displaying a non-normal distribution. Continuous variables are given as median [interquartile range, IQR] and categorical variables as absolute number (percentage). Continuous variables were compared with the Mann–Whitney–Wilcoxon test, categorical variables with Fisher's exact test. Receiver operating characteristic (ROC) curve analysis was used to determine the optimal cutpoint value for distinguishing survivors from non-survivors, and model discrimination was summarised by area under the curve (AUC). The AUC from models was compared with the DeLong method using pROC (version 1.18.0) package. Kaplan–Meier survival curves and log-rank tests of time-to-event data were analysed with the survminer (version 0.4.9) package; variables were either dichotomised at their optimal cutpoint according to the ROC curve or according to the literature. For some analyses, variables were divided into tertiles or quartiles. Association with all-cause mortality was analysed in uni- and multivariable Cox regression models. Proportional hazard assumptions were assessed for all models using the scaled Schoenfeld residuals. Variables with clinical relevance such as age, sex, EuroSCORE II, STS score, AS severity, LVEF, RVFAC were included in multivariable models regardless of their significance level in univariable models and tested for sensitivity. A further sensitivity analysis was performed excluding periprocedural deaths from the total number of events. Cox regression analysis of variance (Cox-ANOVA) was used to test model fit. The chi-squared (χ2) log-likelihood ratio and Harrell's C-statistic were used to examine the incremental value of predictors in the multivariable model compared to the nested univariable model. Collinearity between variables in the regression models was tested using Spearman's correlation and variance inflation factor tests. Standard mean difference (SMD) was used for determining the representativeness of the study cohort compared to the overall registry population. SMD values of 0.2, 0.5, and 0.8 are considered to represent small, medium, and large differences, respectively (30, 31). Statistical analyses were performed using MedCalc® version 19.6.4 and R version 4.1.3. Statistical significance was considered at a two-sided P value <0.05.




3. Results


3.1. Baseline characteristics

Tables 1, 2 summarise the clinical and echocardiographic baseline characteristics, respectively. Almost all patients exhibited normal size and systolic function of both ventricles as determined by RV enddiastolic area index (RVEDAI), RVFAC, TAPSE, left ventricular enddiastolic volume index (LVEDVI), and LVEF. There was little difference between the baseline characteristics of the study cohort and those of the overall registry population (N = 1,467; SMD 0.0–0.4; Supplementary Table S2). The study cohort was slightly younger and exhibited a lower EuroSCORE II, while mean transaortic pressure gradient (MTPG) was slightly higher, AVA was similar, and RVFAC, TAPSE, LVEF were marginally higher (Supplementary Table S2).


TABLE 1 Clinical baseline characteristics.

[image: Table 1]


TABLE 2 Echocardiographic baseline characteristics.
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3.2. Ventricular systolic function

RVFAC [40.5% (37.8–44.0)] and LVEF [58.5% (53.0–64.3)] were preserved among the study population. In contrast, longitudinal deformation of both ventricles was impaired (RVGLS [−16.5% (−19.8 to −13.8)]; RVFWS (−17.6% [−21.6 to −14.3]; LVGLS [−10.5% (−13.0 to −8.4); Figure 1].


[image: Figure 1]
FIGURE 1
Echocardiographic parameters dichotomised by survival status. RVFAC, right ventricular fractional area change (panel A); RVGLS, right ventricular global longitudinal strain (panel B); RVFWS, right ventricular free wall strain (panel C); LVEF, left ventricular ejection fraction (panel D); LVGLS, left ventricular global longitudinal strain (panel E). Mann–Whitney–Wilcoxon test was used for comparison of continuous variables within groups. *Significant values (P < 0.05).


The concordance correlation coefficient for assessing intra- and inter-observer variability was each 0.8 for LVGLS, each 0.9 for RVGLS, and 0.9 and 0.8 for RVFWS, respectively (Supplementary Table S1).



3.3. Survival

During a median follow-up time of 1,367 [959–2,123] days, 33 patients (33%) died, of which 23 (23%) due to a cardiovascular cause. There was no significant difference in survival between women and men (Table 1). Among the STE-derived parameters, RVGLS and RVFWS were significantly lower in non-survivors (−13.9% [−16.4 to −12.9]; P = 0.001 and −15.7% [−18.3 to −12.8]; P = 0.002, respectively) compared to survivors (−17.1% [−20.2 to −15.2]; P = 0.001 and −18.7% [−22.6 to −15.9]; P = 0.002, respectively), while LVGLS did not differ (P = 0.303; Table 2). The cutpoint values for RVGLS (≥−14.6%; sensitivity 61%; specificity 79%; ROC AUC 70%; P < 0.001) and RVFWS (≥−18.3%; sensitivity 79%; specificity 54%; ROC AUC 69%; P = 0.001) differentiated survivors from non-survivors, while that for LVGLS did not (P = 0.243). Kaplan–Meier analyses indicated a higher survival probability when the population was dichotomised according to the cutpoint value for RVGLS (P < 0.001) and for RVFWS (P = 0.012; Figure 2), but not for LVGLS (P = 0.580).
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FIGURE 2
Kaplan–Meier survival curves differentiating survivors from non-survivors with the cutpoints for right ventricular global longitudinal strain (RVGLS; panel A) and right ventricular free wall strain (RVFWS; panel B).


Univariable Cox regression analysis associated a lower RVGLS [HR 1.13 (95% CI 1.04–1.23); P = 0.003; ANOVA χ2 9.27; χ2 P = 0.002] and RVFWS (data not shown) with an increased mortality risk, while this was not the case for LVGLS [HR 1.06 (0.95–1.17); P = 0.300; ANOVA χ2 1.09; χ2 P = 0.297] or the conventional echocardiographic parameters (Table 3). Bivariable Cox regression analysis demonstrated that the association of RVGLS and RVFWS with mortality remained independent of LVGLS or other clinically relevant covariables such as RVFAC, LVEF, and EuroSCORE II (Table 3; RVFWS data not shown). Likelihood ratios showed that inclusion of RVGLS or RVFWS to these models significantly improved their fitness with potential incremental value for association with mortality, while LVGLS did not (Table 3; Figure 3; RVFWS data not shown). The greatest C-index was observed for the univariable RVGLS model and the bivariable model containing RVGLS and LVGLS [both 0.69 (0.58–0.80)].


TABLE 3 Univariable and bivariable Cox regression models.
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FIGURE 3
Incremental prognostic value of right ventricular global longitudinal strain (RVGLS) over baseline risk factors represented by EuroSCORE II (ESII; panel A) or left ventricular ejection fraction (LVEF; panel B); ns, non significant.


A multivariable Cox regression analysis was performed to test for a possible interaction between LVGLS and RVGLS or RVFWS, respectively, with inclusion of EuroSCORE II to account for possible confounders (Table 4). RVGLS [1.15 (1.04–1.26); P = 0.005] and RVFWS [1.14 (1.05–1.25); P = 0.003] were associated with mortality independent of LVGLS and EuroSCORE II. There was a significant interaction between RVGLS and LVGLS regarding the association with mortality [0.97 (0.95–1.00); P = 0.043]. In contrast, RVFWS and LVGLS did not interact significantly in terms of association with mortality [0.98 (0.96–1.01); P = 0.210]. The highest C-index [0.69 (0.58–0.80)] of the multivariable models was observed for the model containing RVFWS, LVGLS, their interaction, and the EuroSCORE II. However, this is no higher than the greatest univariable C-index and there were only small differences in C-index between the multivariable models. Finally, a sensitivity analysis was performed by replacing EuroSCORE II with either STS score, age and sex, or parameters defining AS severity (i.e., MTPG, AVA), revealing most compelling results for models including EuroSCORE II (data not shown).


TABLE 4 Multivariable Cox regression models.
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4. Discussion

This study demonstrates that in patients with severe AS undergoing TAVI (1) RV strain was lower in non-survivors than survivors; (2) RV strain was associated with mortality after TAVI; (3) RV strain was an independent predictor of mortality; and (4) RV strain improved the fitness of bivariable and multivariable models with potential incremental value for association with mortality. In contrast, none of the LV parameters was associated with mortality nor useful for predicting outcome in this cohort.

The present data indicate that RVGLS, but not LVGLS, is an independent predictor of mortality in patients with severe AS undergoing TAVI. Previous studies observed that pre-interventional RV strain plays a role in predicting outcomes in such patients (19, 23, 32). Those studies focused on RV strain without including LV deformation and exhibited a relatively short follow-up (23, 32) or small study population (19). To the best of our knowledge, the role of RVGLS vs. LVGLS has not been investigated by STE for predicting outcomes of patients with severe AS undergoing TAVI. A previous echocardiographic study reported an incremental prognostic value of RVFWS over LVGLS (25). In contrast to the present work, that study investigated patients with low-flow low-gradient AS undergoing surgical aortic valve replacement or conservative management and found a reduced survival associated with lower RVFWS in both groups (25). Similar to our study, appropiate RV views seemed to be a limitating factor (25). A recent CMR study showed that RVFWS, but not LVGLS, predicted 1-year all-cause mortality in patients with severe AS undergoing TAVI (24). The present findings are consistent with that observation, with STE having the advantages of lower cost, wider availability, and routine application in the pre-interventional assessment as compared to CMR. Finally, given the rather small but nevertheless representative cohort in the current study, neither definition criteria for severe AS nor parameters of ventricular function were compared for the representativeness analyses in that study (24). Similar findings were observed in patients with heart failure. RV strain measured by STE was independently associated with mortality (33), had a higher predictive value for mortality than LVGLS (34), was the main determinant of myocardial fibrosis (35) and showed good agreement with strain measurements by CMR in these patients (36).

LVGLS almost invariably exhibited clearly reduced values in the present cohort, regardless of survival status during follow-up, and did not even tend to be associated with mortality. This observation is consistent with some reports (24, 37, 38), but is contrary to other published literature (10, 11, 14, 16, 17, 25, 37, 38, 39, 40). In the present representative cohort with AS, all patients exhibited severe valvular heart disease and qualified for TAVI. The low median LVGLS with low variability in the population may indicate advanced cardiac disease due to long-standing increase in ventricular afterload. Adaptive cardiac remodelling seems to affect the LV in a rather uniform manner across the population while reaching the RV in part of the latter only. In line with this interpretation, RV dysfunction may reflect more advanced cardiac remodelling, and its sustained outcome association after TAVI suggests that remodelling may have reached an irreversible stage. In addition to different stages of cardiac remodelling in response to AS, higher values for and/or larger variability of LVGLS may occur due to differences in study design or study population such as specific subsets of AS (17, 37, 39), different disease management (15, 16, 17, 37, 38, 41), different follow-up duration (14, 15), or different endpoint definition (17, 38).

RVFAC, TAPSE, and LVEF were not associated with outcome in the present cohort, which is consistent with previous observations and emphasises that longitudinal deformation as well as other strain-derived parameters such as ventricular twist are much more sensitive tools for detecting ventricular remodelling (14, 18, 42). The LV remodelling response indeed affects the myocardium gradually from the subendocardial to the subepicardial layer, with longitudinal, circumferential, and radial function being affected in corresponding order (12). As a result, LVEF may be preserved despite the progressive increase in ventricular afterload and the deranged longitudinal function (43). The RV exhibits a similar albeit simpler myocardial structure with fibres oriented longitudinally in the subendocardium and circumferentially in the subepicardium, respectively, provoking alterations in longitudinal strain vs. conventional parameters analogous to those occurring in the LV (44).

Timely assessment of RV longitudinal strain seems to be crucial for recognising the extent of myocardial remodelling in response to AS. Appropriate clinical decision-making early in the disease course may decrease the risk of irreversible myocardial damage and improve survival after aortic valve replacement.


4.1. Clinical implications

Assessment of RV systolic function is an integral part of every echocardiographic examination. RV strain is obtained from the RV focused apical view with little additional effort. However, care must be taken in the real-wold setting to ensure that all methodological requirements are met in order to perform a reliable deformation analysis. Impaired RV longitudinal strain indicates increased mortality in patients with severe AS after valve replacement and emerges as an important parameter to improve the prognostic understanding of these patients. Hence, RV longitudinal strain should be measured in patients with severe AS and its reduced values should promote the decision to replace the aortic valve for avoiding persistent cardiac remodelling and reduced outcome after intervention.



4.2. Limitations

This study is limited by its retrospective single-center design; however, the cohort is representative of a typical TAVI population and the number of patients included, although limited, is reasonable to address the research question. A selection bias cannot be excluded because inclusion criteria involved the quality of echocardiographic examinations as well as several additional parameters. Although multivariable models were generated, it cannot be excluded completely that unobserved confounding factors affected the results. The predictive performance, as measured by AUC, was greater for the parameters of interest than for EuroSCORE II, which contains several predictors important to understanding individual prognosis. Due to the limited amount of data, the EuroSCORE II was used as a single predictor and its individual components were not re-estimated with the data at hand, tipping the comparison in favor of the new parameters. More data on this population is needed to develop true clinical prediction models with limited risk of overfitting and performance overoptimism.




5. Conclusion

In patients with severe AS undergoing TAVI, RV longitudinal strain was lower in non-survivors than survivors and independently associated with mortality after TAVI. RV longitudinal strain improved the fitness of clinical and echocardiographic models with potential incremental value for mortality prediction. LVGLS was not associated with mortality in the current dataset. Hence, RV longitudinal strain may be incorporated in risk stratification of patients with severe AS and trigger timely aortic valve replacement.
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Background: It has not yet been conclusively determined whether reduced left ventricular global longitudinal strain (LV GLS) after COVID-19 contributes to a reduction in exercise capacity. Our own studies showed a possible mild myocardial involvement in the form of reduced LV GLS in athletes after COVID-19 compared with healthy athletes. The aims of this prospective follow-up study were to investigate the development of LV GLS over a 3-month period in athletes after COVID-19 and the possible relationship between LV GLS and physical performance.



Methods: LV GLS was determined in four-, two-, and three-chamber views and assessed offline by a blinded investigator in 96 recreational athletes (mean age 33.15 ± 12.40 years, 53 male, peak VO2 38.82 ± 11.14 ml/min/kg) at a median of two (t0) and five months (t1) after COVID-19. Cardiopulmonary exercise testing (CPET) was performed on a bicycle ergometer on both examination dates.



Results: LV GLS improved significantly between t0 and t1 (t0 −18.82 ± 2.02 vs. t1 −19.46 ± 2.05, p < 0.001). Echocardiographic and spiroergometric parameters were within the normal clinical reference range. Maximum power increased significantly from t0 to t1 (t0 283.17 ± 83.20 vs. t1 286.24 ± 85.22 Watt, p = 0.009) and there was a trend toward increased peak oxygen uptake (t0 36.82 ± 11.14 vs. t1 38.68 ± 10.26 ml/min/kg, p = 0.069). We found no correlation between LV GLS and performance parameters, except for the respiratory exchange ratio (RER) [ρ −0.316, (−0.501; −0.102), p < 0.050].



Conclusions: Significant improvement in LV GLS approximately five months after COVID-19 may be due to mild myocardial involvement during or shortly after COVID-19, which seems to recover. There was no correlation between LV GLS and performance parameters, except for an inverse correlation of LV GLS and RER, suggesting insufficient exercise intolerance at lower GLS values. Further studies on the development of GLS in athletes or in the general population with moderate and severe disease courses would be informative as well as the comparison of pre-COVID-19 with post-COVID-19 echocardiography to evaluate the effects of COVID-19 on cardiac function.
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1. Introduction

Coronavirus Disease 2019 (COVID-19) is a systemic viral infection caused by Severe Acute Respiratory Syndrome-Coronavirus-2 (SARS-CoV-2) that primarily affects the respiratory system but can also cause myocardial damage (1–3). Studies in elite athletes have shown that the infection is often mild (46%–82%) or asymptomatic (16%–58%) (4–7), with myocarditis occurring only in rare cases (1%–3%) (8–9). Most athletes can return to competitive and amateur sports after a training break adapted to current symptoms (10–12). However, having passed through COVID-19 does not necessarily imply a complete recovery to former health or performance status and a return-to-sport examination with echocardiography should be performed especially in case of cardiac symptoms during and/or after infection (11).

Analysis of myocardial deformation by speckle-tracking echocardiography (STE) can provide additional information to the standard echocardiography examination (13). The global longitudinal strain of the left ventricle (LV GLS) is more sensitive than left ventricular ejection fraction (LV EF) alone in detecting subclinical LV dysfunction (14) and is a prognostic parameter for long-term risk of cardiovascular morbidity and mortality (15). Individual studies demonstrated reduced LV GLS with preserved ejection fraction (pEF) in the setting of acute SARS-CoV-2 infection in hospitalized patients regardless of infection severity (16–19) and in patients recovered from COVID-19 (20–23). No changes in LV GLS have been observed in athletes compared with healthy athletes 22 days (24) and 19 days (25) after COVID-19. Conversely, we demonstrated reduced LV GLS and diastolic function in a cohort of athletes at a median of two months after COVID-19 compared with non-infected healthy athletes (26).

Longitudinally, hospitalized patients showed no significant improvement in LV GLS at two months (27) or three months after acute infection (28), and 25% of patients still had abnormal LV GLS three months after acute infection (28). However, in the follow-up study by Karagodin et al., improvements in LV GLS were noted in patients with impaired baseline function (29). Further long-term observations in athletes are scarce.

The two main aims of this prospective follow-up study were, first, to investigate the development of LV GLS in athletes without history of LV dysfunction at an average of two months after SARS-CoV-2 infection to a follow-up of three months, and, second, to find if there may be a relationship between myocardial changes detected by LV GLS determination and physical performance.



2. Methods


2.1. Study population

Ninety-six recreational athletes presenting to the Ulm Clinic for Sports and Rehabilitation Medicine after COVID-19 were included in this prospective, single-center, longitudinal cohort study after being informed of the study procedures and providing written informed consent. The results presented in this study are from baseline clinical assessment between June 2020 and July 2022, a median of two months (IQR: one to five months) after COVID-19, and follow-up three months later. Study participants were included consecutively. They engaged in endurance sports, strength sports, team sports, or technical sports with a training volume of at least three times per week, corresponding to more than 20 metabolic equivalents of task (MET) per week. The weekly training time among the recreational athletes was about five to eight hours. Additional inclusion criteria were: ≥18 years of age and a positive SARS-CoV-2 PCR test or antibody detection with additional typical symptoms. The exclusion criteria were: acute or chronic illness that precluded a planned physical examination, acute SARS-CoV-2 infection, refusal of peripheral venous blood sampling, inadequate German language skills, and withdrawal from study participation. Athletes provided written informed consent after being instructed of the study procedures (30). The study was conducted in accordance with the Declaration of Helsinki and approved by the local ethics committee of the University of Ulm (EK 408/20).



2.2. Clinical evaluation of the participants

All athletes underwent a clinical evaluation that included a medical history and physical examination, 12-lead electrocardiogram (ECG), transthoracic echocardiography (TTE) including determination of left ventricular global longitudinal strain (LV GLS), and cardiopulmonary exercise testing (CPET). To examine the long-term course of echocardiographic and CPET findings, participants were invited for a follow-up three months after the initial clinical evaluation.



2.3. Transthoracic echocardiography

Transthoracic examination was performed using an EPIQ 7 ultrasound system with a phased-array probe X5-1 (Philips GmbH, Hamburg, Germany). The following parameters were collected: left ventricular internal diameter end diastole (LVIDd) and end systole (LVIDs). LVIDd (LVIDd/BSA) and LVIDs (LVIDs/BSA) were indexed to body surface area (BSA), left ventricular ejection fraction (LV-EF by biplane LV planimetry by Simpson), fractional shortening (FS), left ventricular mass (LV mass), LV mass/BSA, stroke volume (SV), septal thickness [= interventricular septal end diastole (IVSd)] and posterior wall thickness [= left ventricular posterior wall end diastole (LVPWd)] and right ventricle longitudinal function by tricuspid annular plane systolic excursion (TAPSE). Diastolic function was characterized by E/A ratio, E/Élateral ratio, E/E'medial ratio and deceleration time (Dec Time) (31, 32).



2.4. Strain measurements

LV GLS was determined offline using TomTec postprocessing software (2D Cardiac Performance Analysis, TomTec Imaging Systems, Unterschleissheim, Germany) by an examiner who was blinded to patient history. LV GLS was obtained in apical four-chamber, two-chamber and long-axis views in the apical, midline, and basal segments (33). The endocardial contour was manually adjusted. Regardless of provider or clinical covariates, a LV GLS ≥−16% (less negative) was considered abnormal (34). A selection of 20 images was reviewed a second time by the same blinded investigator and by a second blinded investigator to determine intrarater and interrater reliability.



2.5. Cardiopulmonary exercise testing (CPET)

CPET was performed on a cycle ergometer (Excalibur Sport, LODE B.V., Groningen, The Netherlands) using a breath-by-breath gas analysis system (Ergostik, Geratherm Respiratory, Bad Kissingen, Germany). All athletes performed an incremental exercise test. An individually adjusted ramp protocol was chosen according to age, gender, weight and estimated fitness level to exhaust subjects within 8–12 min (35). A 12 lead ECG recording system (Cardiopart 12 Blue/Blue-P, AMEDTEC Medizintechnik Aue GmbH, Aue, Germany) was used. All CPETs were evaluated by the same investigator according to Wasserman et al. (35) and Clinical Recommendations for Cardiopulmonary Exercise Testing Data Assessment in Specific Patient Populations (36). The following variables were measured or calculated: maximum power and predicted maximum power, respiratory oxygen uptake at first ventilatory threshold (VO2@VT1/kg) and peak respiratory oxygen uptake (peak VO2/kg), peak respiratory exchange rate (RER), heart rate (HR) at VT1 (HR@VT1), HR at peak respiratory oxygen uptake (HR@peak VO2) and predicted HR at peak respiratory oxygen uptake (predicted HR@peak VO2), peak oxygen pulse (peak O2/HR) and predicted peak oxygen pulse and the ventilation/volume of CO2 slope (VE/VCO2 slope).



2.6. Statistical analysis

Statistical analyses were performed using R Project for Statistical Computing version 4.1.1 (RRID:SCR_001905) (37) and GraphPad Prism 9 (Version 9.4.1, GraphPad Software Inc., California, USA, RRID:SCR_002798). The descriptive data are presented as median and interquartile ranges (IQR). Assumptions for linear regression were visually verified using residual, QQ plots, and histograms. For distribution analysis, Shapiro-Wilk test was used. Correlations between LV GLS and age and BMI were analyzed using Spearman's ρ. The change of cardiac and performance parameters over the three month period was assessed using robust linear mixed effects regression models (38) separately controlling for possible confounding variables (BMI, age, sex, HR, systolic and diastolic blood pressure). A p-value of <0.05 was considered significant. We performed an additional exploratory analysis in a subsample of six athletes with a GLS ≥−16%, defined as reduced GLS. Comparisons were made with a paired t-test if the distribution was normal, otherwise a Wilcoxon signed-rank test was used.




3. Results


3.1. Cohort characteristics

A total of 96 athletes (mean age 33.15 ± 12.40 years, 53 male) were included in the statistical analysis. The sports practiced were divided as follows: 61% endurance sports, 13% strength and combat sports, 21% team sports and 5% technical sports (Table 1). Symptoms reported during COVID-19 infection were standard clinical symptoms of viral infection: fever (39%), cough (46%), rhinorrhea (52%), sore throat (45%), resting dyspnea (21%) or exertional dyspnea (34%), and subjectively perceived reduction in performance (39%) compared with maximal performance before COVID-19. Cardiac symptoms were observed in the form of palpitations (21%), chest pain (21%), increased resting heart rate (26%) or exertional dyspnea after COVID-19 (30%) (Table 2).


TABLE 1 Demographic characteristics.

[image: Table 1]


TABLE 2 Symptoms during COVID-19 presented as absolute values and relative frequencies.
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3.2. Echocardiographic parameters

LV GLS improved significantly between t0 and t1 (t0 (−18.82 ± 2.02 vs. t1 −19.46 ± 2.05, p < 0.001). All echocardiographic parameters were within the normal range. There were no significant differences between the study time points (Table 3, Supplementary Table S1). Significant changes in LV GLS persisted over time even after adjustment for confounding variables (age, sex, heart rate, BMI, systolic or diastolic blood pressure) (Supplementary Table S2). Intrarater and interrater reliability with respect to the LV GLS measure showed high agreement (intrarater: 0.892 [95%CI, 0.593–0.973]; interrater: 0.794 [95%CI, 0.159–0.949]).


TABLE 3 Echocardiographic parameters at study time t0 and t1 presented as means and standard deviation or median and IQR.
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3.3. Cardiopulmonary exercise testing (CPET)

Maximum power was significant higher at t1 than at t0 (t0 283.17 ± 83.20 Watt vs. t1 286.24 ± 85.22 Watt, p = 0.009). There were no significant differences between t0 and t1 in performance parameters such as peak oxygen pulse or VE/VCO2 slope but there was a trend toward increased peak oxygen uptake (t0 36.82 ± 11.14 ml/min/kg vs. t1 38.68 ± 10.26 ml/min/kg, p = 0.069) (Table 4, Supplementary Table S1). Baseline heart rate was 64.09 ± 10.15 bpm at t0 and 63.02 ± 11.15 bpm at t1 and was not significantly different. Heart rate increased only slightly but not significantly (t0 170.70 ± 17.50 bpm vs. t1 172.63 ± 14.10 bpm, p = 0.480). Athletes achieved the same maximal effort at both time points (RER 1.22 vs. 1.22, p = 0.424) (Table 4).


TABLE 4 CPET parameters at study time t0 and t1 presented as means and standard deviation or median and IQR.
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3.4. Correlation of LV GLS with performance parameters

LV GLS correlates inversely with RER (−0.316 [−0.501; 0.102], S = 129,938.15, p = 0.027) (Supplementary Table S3). This means that athletes with inadequate exercise intolerance also have the worse (more positive) GLS values. LV GLS did not correlate with other performance parameters such as oxygen uptake, peak oxygen pulse or VE/VCO2 slope (Supplementary Table S3).



3.5. Subgroup analysis of athletes with reduced LV GLS

Six athletes (mean age 37 years, three male) had a reduced LV GLS of ≥ −16.0% (less negative) (Figure 1). In four athletes the LV GLS normalized and in two athletes it remained constantly slightly reduced. Subacute myocarditis was detected by MRI in a female athlete with reduced LV GLS. LV EF improved here (51.3% vs. 74%), and performance was identical at both examination time points. An increase in peak VO2 was seen in two cases. In three cases it remained the same and in one athlete there was a decrease in peak VO2. In one female athlete (red points in Figure 1) out of 96 studied, a LV GLS previously classified as normal, increased without evidence of heart disease or performance impairment. For all parameters shown in Figure 1, there was no significant difference between the two study time points.
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FIGURE 1
Subanalysis of athletes (N = 7) with LV GLS ≥ −16.0%. (A) GLS: Global longitudinal strain. (B) LV EF: left ventricular ejection fraction. (C) Stroke volume. (D) TAPSE: tricuspid annular plane systolic excursion. (E) Heart rate. Bpm = beats per minute. (F) Oxygen pulse. (G) Oxygen uptake. (H) VE/VO2 slope. Red points: Female athlete with a normal classified GLS at t0 and increased GLS at t1 without signs of heart disease or performance impairment.





4. Discussion

Whether a reduction in LV GLS also leads to reduced performance in athletes after SARS-CoV-2 infection has been insufficiently investigated. We observed significant improvement in LV GLS approximately five months after COVID-19 compared to baseline at a median of two months after COVID-19, while we did not find any correlation between LV GLS and performance parameters, with the exception of RER.


4.1. Development of LV GLS

To our knowledge, this is the first study to investigate the course of LV GLS and the impact on performance in athletes after COVID-19. Our preliminary study results indicate a mild myocardial involvement in the form of reduced LV GLS in athletes after COVID-19 compared with healthy athletes (26). However, to date, there are no clear results and evidence that cardiac involvement occurs in athletes after COVID-19, and long-term observations in athletes are scarce (24, 25). Hospitalized patients without athletic background did not show significant improvement in LV-GLS at two months (27) or three months (28) or after acute infection: In the study by Baruch et al., 80 hospitalized patients (mean age 57.7 ± 14.9 years, 54 male) showed no significant difference in LV GLS 88.2 ± 33 days after baseline assessment, but 20 patients (25%) still had abnormal LV GLS (28). Fifty-two patients had moderate disease (pneumonia with a grade of ≥94% without oxygenation) and 28 patients had a severe disease course, so it is obvious that the included study population does not correspond to that of athletes in our work. In addition, the patients were significantly older and had previous cardiopulmonary diseases. Obesity, which may affect left ventricular function as measured by LV EF and LV GLS, was present in 19 patients (23.8%) (40–42).

Similar results were seen in the Danish prospective longitudinal cohort study ECHOVID-19 by Lassen et al. (27). Whereas right ventricular function improved after a median of 77 days, in contrast, LV GLS did not improve significantly. In addition, recovered COVID-19 patients had significantly lower LV GLS compared with age- and sex-matched controls from individuals participating in the Copenhagen City Heart Study (43). These 91 patients (mean age 63 ± 12 years, 54 male) were elderly and had heart failure or ischemic heart disease (11%) and hypertension (48%) and, most importantly, were also not athletes. LV GLS has been shown to be significantly reduced in patients with hypertension compared with normotensive control subjects (44) because blood pressure correlates with LV GLS (45, 46).

The findings of Baruch et al. and Lassen et al. lead in a different direction than our results, but this may be due to differences in the population studied (age, preexisting conditions, disease course). Patients who required hospitalization may have a higher prevalence of undetected subclinical heart disease than COVID-19 patients who were not hospitalized. Prolonged follow-up examinations may be needed here to show possible recovery. However, in the follow-up study by Karagodin et al., improvements in LV GLS were noted in patients with impaired baseline function (29). Overall, in this study, there was no significant change in LV GLS over time (230 ± 115 days) in 153 hospitalized patients (median age 57, 80 male). The improvement in LV GLS in patients with impaired baseline function may reflect recovery from acute myocardial injury in severely ill patients (31% in intensive care unit, 16.3% with ventilation, 8.5% with hemodynamic support). Our non-hospitalized athletes described mild courses with standard clinical symptoms of viral infection such as fever, cough, rhinorrhea, sore throat, dyspnea at rest or on exertion, and subjectively perceived decrease in performance (4). Cardiac symptoms such as palpitations, chest pain, and increased resting heart rate occurred in only 21%–26%. Recovery appears to be faster in healthy subjects without pre-existing myocardial dysfunction, which may be reflected in improvement of LV GLS. In general, highly trained athletes are known to have normal, albeit slightly lower, LV GLS and strain rate parameters compared to untrained control subjects (47, 48). Thus, there seems not to be a difference in baseline LV GLS here with that in the long-term studies presented. It still remains unknown what are the origins of the decreased LV myocardial function. It may be a consequence of direct cardiac injury from SARS-CoV-2 infection or a secondary consequence of systemic inflammation, or a combination of both (1, 3). Of course, ischemic injury caused by cardiac microvascular dysfunction cannot be excluded (49).



4.2. LV GLS and performance parameters

To date, no study has examined the relationship between LV GLS and physical performance in athletes recovering from COVID-19. However, in patients with ischemic heart disease (IHD), LV GLS is associated with decreased maximal oxygen uptake, which is an independent risk factor for adverse cardiovascular events (50). In addition, LV GLS correlated independently with peak VO2 in studies of patients with reduced (rEF) and pEF and was superior to LV EF in identifying patients with reduced exercise capacity (51–53).

In a study by Shimoni et al, patients were examined 57 (27–100) days after COVID-19. Subclinical impairment of LV function was shown to correlate with lower physical performance and duration, but no direct cause-effect relationship could be demonstrated (54). The correlation of LV GLS and physical performance could be due to persistent myocardial damage, and perhaps also to significant age differences (mean age 48 ± 12 years, 87 men) compared with our study group. In our study population of atheltes, LV GLS was within the normal range at t0 and t1, and we assume normal cardiac function with only mild myocardial involvement. Therefore, without the exception of RER, we could not demonstrate a correlation with performance parameters. The inverse correlation of GLS with RER indicates insufficient load intolerance at lower GLS values. There is no study to date that reflects this fact. However, in previous studies, submaximal exercise was observed in severe initial disease course (55) or as a sign of possible deconditioning (56) in Post-COVID patients. The number of athletes with reduced LV GLS (≥ −16.0%) may be too small to demonstrate statistical significance. Whether LV GLS correlates independently of COVID-19 with performance parameters in athletes in general has not been investigated to date. However, this could provide interesting additional information about cardiac adaptation processes in competitive as well as recreational athletes and could be integrated into diagnostics of the annual sports medical screening or return-to-sport examination in the future.



4.3. Development of spiroergometric parameters

Maximum power increased significantly from t0 to t1 and there is a trend toward increased peak oxygen uptake. It cannot be ruled out that a break in training in the context of SARS-CoV-2 infection is causing poorer performance, which subsequently improves during the course. Improvement in performance could also be explained by the athletes' increasing recovery and predominantly being symptom-free at t1. The oxygen pulse, reflecting the maximal aerobic capacity, does not change significantly and heart rate increases only slightly but not significantly. These results emphasize that cardiac function does not appear to be impaired. Athletes achieved the same maximal effort at both time points (RER 1.22 vs. 1.22, p = 0.424). Similarly, in subgroup analysis of six athletes with probable myocardial dysfunction (GLS ≥ −16.0%), heart rate, LV GLS, peak oxygen pulse, or maximal oxygen uptake did not differ significantly between study time points.

This is broadly consistent with results from Komici et al, who found no decreased physical performance or impairment in pulmonary and cardiovascular function during the early recovery period (10–30 days) after COVID-19 in 24 competitive soccer players (mean age 23.5 years, 24 male) compared to healthy control athletes. However, LV GLS was not examined here (57). Two previously published studies showed an improvement in symptoms after COVID with corresponding improvements in CPET parameters over a longer observation period (58, 59). The main difference between the study by Moulson et al. and ours was that it included athletes with persistent cardiopulmonary symptoms, thus presenting a highly selected subgroup of athletes after COVID-19. These athletes were significantly more likely to report symptoms of dyspnea (76% vs. 21%), exercise intolerance (76% vs. 39%), chest pain (71% vs. 21%), and palpitations (57% vs. 21%) than the athletes we studied (who had partially recovered and were symptom-free), which may explain initially worse performance and subsequent improvement (58). Due to the different study populations and designs, there are no consensus data available so far, which limits the comparability between current studies.



4.4. Strengths and limitations

This presented study is limited by the longitudinal design, as strain values and performance parameters of athletes from periods prior to COVID-19 are not available. Follow-up examinations were performed after five months on the assumption that this period was sufficiently long to detect recovery of cardiac function. For possible variables influencing GLS, such as age, sex, heart rate, BMI, systolic or diastolic blood pressure, we performed multivariate linear regression. Significant changes in LV GLS persisted over the observation period. Although the LV GLS determination can be software and investigator experience dependent, our results show high intrarater and interrater reliability. On the one hand, the clearly defined population of study participants, consisting of athletes, limits the generalizability of the results to the general population. But, on the other hand, it allows an assessment of a specific group. It should also be emphasized that we achieved a meaningful case number of athletes for a single-centre study. Finally, although an association between COVID-19 and the occurrence of pathological examination findings up to myocarditis is suggested, direct evidence is still lacking.



4.5. Conclusion

We observed significant improvements in LV GLS approximately five months after COVID-19 compared with baseline at a median of two months after COVID-19. Therefore, we assume that the significant LV-GLS differences reflect possible mild myocardial involvement during or shortly after COVID-19. Except for RER, we did not find a correlation between LV GLS and performance parameters. This could indicate that mild cardiac dysfunction in athletes with mild disease course does not necessarily contribute to decreased performance after COVID-19. However, an inverse correlation between GLS and RER seems to indicate insufficient load intolerance at lower GLS values. Here, further studies on the development of GLS in athletes or in the general population with moderate and severe disease courses would be informative as well as the comparison of pre-COVID-19 with post-COVID-19 echocardiography to evaluate the effects of COVID-19 on cardiac function.
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Cardiac remodeling on echocardiogram is related to contrast-associated acute kidney injury after coronary angiography: a cross-section study
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Background: Cardiac dysfunction is a well-established risk factor for contrast-associated acute kidney injury (CA-AKI). Nevertheless, the relationship between cardiac remodeling, as assessed by echocardiography, and CA-AKI remains uncertain.



Method: A total of 3,241 patients undergoing coronary angiography (CAG) with/without percutaneous coronary intervention (PCI) were enrolled in this retrospective study. Collected echocardiographic parameters were normalized by body surface area (BSA) and divided according to quartile, including the left ventricular internal end-diastolic diameter index (LVIDDI), left ventricular internal end-systolic diameter index (LVIDSI), and left ventricular mass index (LVMI). Logistic regression analysis was conducted to ascertain the association between structural parameter changes and CA-AKI. Further investigation was performed in different subgroups.



Results: The mean age of the participants was 66.6 years, and 16.3% suffered from CA-AKI. LVIDSI [≥22.9 mm/m2: OR = 1.953, 95%CI (1.459 to 2.615), P < 0.001], LVIDDI [≥33.2 mm/m2: OR = 1.443, 95%CI (1.087 to 1.914), P = 0.011], and LVMI [≥141.0 g/m2: OR = 1.530, 95%CI (1.146 to 2.044), P = 0.004] in quartile were positively associated with CA-AKI risk in general (all P for trend <0.05). These associations were consistent when stratified by age, left ventricular ejection fraction, estimated glomerular filtration rate, and N-terminal brain natriuretic peptide (all P for interaction >0.05). The presence of eccentric hypertrophy [OR = 1.400, 95%CI (1.093 to 1.793), P = 0.008] and the coexistence of hypertrophy and dilation [OR = 1.397, 95%CI (1.091 to 1.789), P = 0.008] carried a higher CA-AKI risk.



Conclusion: The presence of cardiac remodeling, assessed by echocardiography, is associated with a higher risk of CA-AKI.
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1. Introduction

Contrast-associated acute kidney injury (CA-AKI) is a dreadful complication characterized by a rapid deterioration of renal function within 72 h after administrating the iodine contrast medium (1). The incidence of CA-AKI has increased recently following the widespread application of coronary angiography (CAG) and percutaneous coronary intervention (PCI) to diagnose and treat coronary artery disease (CAD) (2).

CA-AKI has been ranked as the third most common cause of nosocomial acute kidney injury in the United States, with a 30% rate among patients undergoing CAG/PCI (1). Patients suffering from CA-AKI tend to confront longer hospitalization but worse long-term prognosis and even permanently damaged renal function (3). Therefore, as for patients receiving CAG/PCI, CA-AKI has been a growing health concern, and targeting patients with a high risk of CA-AKI is imperative for clinicians. Existing research has demonstrated the significant association of impaired organ function with CA-AKI risk, such as cardiac dysfunction (4, 5).

Cardiac dysfunction commonly accompanies cardiac remodeling, which involves both functional and structural changes. Cardiac remodeling occurs in both cardiovascular and non-cardiovascular diseases in compensatory response to the overload (6). More than a compensatory change, cardiac remodeling not only plays a formidable role in the progression of cardiac dysfunction to heart failure but also participates in the functional impairment of the kidney (7). Accumulating evidence demonstrates the remarkable correlation between cardiac remodeling and the development of chronic kidney disease (CKD); in turn, impaired renal function is more susceptible to developing into cardiac remodeling (8, 9). As for patients undergoing operation, hemodynamic perturbation caused by decreased cardiac function can be attributed to postoperative acute kidney injury (10, 11). Nevertheless, the association between the presence of cardiac remodeling and CA-AKI risk after CAG/PCI remains unknown.

Accordingly, the current retrospective research was conducted to figure out the association of cardiac remodeling with CA-AKI risk in a cohort of CAG patients undergoing CAG/PCI. With the help of an echocardiogram, certain structural parameters were measured to evaluate cardiac remodeling (6). Further investigation into the association between different patterns of cardiac remodeling and CA-AKI risk was also conducted.



2. Materials and methods


2.1. Study design

Conforming to the STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) guidelines, this cross-section study was conducted to explore the association of structural and functional cardiac remodeling on an echocardiogram with the risk of CA-AKI (12). A large cohort of CAD patients was consequently recruited at Sir Run Run Shaw Hospital from March 2018 to February 2022 (Supplementary Figure S1). The inclusion criteria for the enrolled patients were set as follows: (1) had undergone CAG/PCI operation; (2) had available Scr levels on admission and after CAG/PCI with 72 h; (3) had accessible echocardiographic parameters during the hospitalization. The patients with one of the following criteria were excluded: (1) the presence of end-stage chronic kidney disease; (2) had underwent more than one administration of iodine contrast agents (3); being exposed to the usage of nephrotoxic medication during the perioperative phase; (4) suffering from a shock, malignant tumor, and lactation condition; (5) expectant mothers.

This retrospective study has been authorized by the Ethics Committee of the Sir Run Run Shaw Hospital (No. 20201217-36) and performed following the Helsinki statement. Given the nature of a retrospective cross-section study, informed consent could be skipped.



2.2. Study endpoint

According to the ESUR (European Society of Urogenital Radiology) guidelines, CA-AKI was set as the primary endpoint, and diagnosing by the Scr level increased by ≥44 μmol/L (0.5 mg/dl), or the proportion increased by ≥25% compared to the level on admission (13).

The secondary outcome was considered the percentage of the Scr elevation, which was evaluated by the difference of the Scr level after the CAG/PCI divided baseline Scr level [the percentage of Scr elevation = (postoperative Scr—baseline Scr)/baseline Scr].



2.3. Echocardiographic parameters and criteria

Certain echocardiographic parameters were measured to detect the presence of cardiac structural remodeling during the perioperative period (within 3 days before or after the CAG/PCI). All of the echocardiographic parameters were collected during the hospitalization by the clinical operators with long-term specialized training. The criteria of reference for analysis were from the 2015 American Society of Echocardiography (ASE)/European Association of Cardiovascular Imaging (EACVI) document for chamber quantification (14).

Left ventricular (LV) geometry and ejection fraction (EF) were assessed using two-dimensional (2D) echocardiography. All measurements were standardized to body surface area. LVM was calculated according to the Devereux formula: 0.8 × 1.04 × [(IVSD + LVIDD + LVPWD)3– LVIDD3] + 0.6 g. Relative wall thickness (RWT) was calculated as 2 × LVPWD divided by LVIDD to depict left ventricular (LV) geometry.

In the 2015 ASE/EACVI document, abnormal LVMI (>95 g/m2 in females and >115 g/m2 in males) was applied to assess the abnormal LV geometry, and elevated LVIDDI (>30 mm/m2 in males and >31 mm/m2 in females) and LVIDSI (>21 mm/m2) could reflect the enlarged size of the heart chambers to some extent. Therefore, in the present study, LVMI, LVIDDI, and LVIDSI were measured to demonstrate the alterations in the shape and size of the heart, respectively.

According to guidelines in China, the ventricular internal end-diastolic diameter was commonly used to assess the ventricular size, and consequently, elevated LVIDDI was applied to indicate the dilated left ventricle in this study. Abnormally increased LVMI indicates the presence of left ventricular hypertrophy (LVH). Then, with the help of RWT and LVMI, concentric remodeling was defined as RWT > 0.42 and LVMI ≤ 115 g/m2 in males or ≤95 g/m2 in females; moreover, concentric LVH was diagnosed by RWT > 0.42 and LVMI > 55 mm in males or >50 mm in females, while RWT was ≤0.42 for eccentric LVH.



2.4. Definitions and data collection

Data acquired on admission included demographic data, laboratory tests, previous usage of medications, and past history. Fasting blood samples for various clinical routine biochemistry tests and blood examinations at baseline were drawn from antecubital veins. Anemia was defined as hemoglobin <120 g/L in adult males and hemoglobin <110 g/L in adult females (non-pregnant) at sea level. Hypotension was defined as a systolic blood pressure <90 mmHg or a diastolic blood pressure <60 mmHg during the procedure. Abnormal N-terminal pro-brain natriuretic peptide (NT-proBNP) was defined as NT-proBNP exceeding the upper limit of the normal level. For patients <45 years old, the upper limit of normal was 300 pg/ml; for patients between 45 and 70 years of age, the upper limit of normal was 900 pg/ml; and for patients >70 years old, the upper limit of normal was 1,800 pg/ml (15).

The procedures of CAG/PCI for all patients were performed by physicians with longstanding expertise in interventional therapy and acted in accordance with standard practice (16). Detailed procedural data of CAG/PCI were recorded. All patients received perioperative hydration (specific protocol: intravenous infusion of 0.9% saline at a rate of 1 ml/kg/h for 3–4 h preoperatively and 4–6 h postoperatively) (1).



2.5. Statistical analysis

Categorical variables were displayed as counts (%) and analyzed by chi-square or Fisher's exact test as appropriate. Continuous data were presented as means ± standard deviations (SD) or median (interquartile range). Comparisons among continuous variables were conducted by the independent Student's t-test or non-parametric Mann–Whitney U test in variables with normal distribution or non-normal distribution, respectively.

Between the patients with normal and abnormal echocardiographic parameters (LVIDDI, LVIDSI, and LVMI included), we compared the percentage of Scr elevation through the Mann–Whitney U test and the proportion of CA-AKI utilizing the chi-square test. The results of the two analyses were plotted in a violin plot. The associations of echocardiographic structural alterations with the risk of CA-AKI were explored by logistic regression. All of the collected echocardiographic parameters were divided according to quartile. After adjusting for covariables, such as demographic data, laboratory tests, CAG/PCI data, and medication history, multivariable logistic regression was performed, and the restricted cubic spline (RCS) curves were drawn to exhibit the result from the multivariable logistic regression analysis.

The receiver operating characteristics (ROC) curve was drawn to visualize the predictive value of the echocardiographic structural parameters for CA-AKI utilizing the area under curve (AUC). Considering the echocardiographic standard discrepancy between the different sexes, the ROC curve would be plotted for male and female individuals. Given that different individuals had different features, subgroup analysis was performed in various subgroups. Then, we screened the patients with cardiac remodeling that was facilitating changes of the echocardiographic parameters. Further investigation was conducted to explore the association of abnormal LV geometry with CA-AKI development by utilizing multivariable logistic regression. To verify the conclusions drawn from the current study, several sensitivity analyses were performed: first, the status of NT-proBNP was additionally incorporated into multivariable regression models, owing to its relationship with both cardiac function and structure; then, considering that the development of cardiac remodeling has a longstanding progression, multivariable logistic regression was repeated after adjusting the situation of acute cardiac dysfunction, such as myocardial infarction.

A two-tailed P value below 0.05 was considered statistically significant. All of the statistical analyses were carried out by SPSS (version 23.0, SPSS Inc., USA) and the R software (version 4.2.0, R core Team 2022).




3. Results


3.1. Baseline characteristics of CAD patients undergoing CAG/PCI

A total of 3,241 CAD patients undergoing CAG/PCI were incorporated into the study with a mean age of 66.6 ± 11.4 years; their baseline characteristics are displayed in Table 1. Overall, 1,169 (36.0%) patients were female, and 531 (16.3%) patients suffered from CA-AKI following CAG/PCI. As for baseline echocardiographic data, the patients who developed CA-AKI showed higher measurements of echocardiographic structural parameters (LVMI: 120.0 ± 36.9 vs. 132.1 ± 43.3 g/m2, LVIDDI: 30.5 ± 4.9 vs. 32.0 ± 5.5 mm/m2, LVIDSI: 20.5 ± 5.4 vs. 22.8 ± 6.3 mm/m2, all P < 0.001) but a lower level of the echocardiographic functional parameter (LVEF: 61.7% ± 11.9 vs. 56.3% ± 13.8%, P < 0.001). The presence of LVH was more common in patients suffering from CA-AKI (58.1% vs. 71.1%, P < 0.001); meanwhile, the group with CA-AKI exhibited a higher proportion of LV dilation (46.1% vs. 56.6%, P < 0.001).


TABLE 1 Baseline characteristics of patients enrolled.
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Moreover, compared with the patients without CA-AKI, patients in the CA-AKI group had worse renal function (Scr increased proportion: 2.50% [−4.60 to 10.60] vs. 39.10% [30.50 to 59.60], P < 0.001), worse cardiac status (NT-proBNP: 358.0 [102.0 to 1108.5] vs. 1475.0 [401.5 to 3440.0] μg/ml, P < 0.001), higher inflammatory level (CRP: 1.70 mg/L [0.80 to 5.10] vs. 3.50 mg/L [1.20 to 11.20], P < 0.001), higher prevalence of diabetes (22.8% vs. 28.4%, P = 0.01), and less frequent usage of statin (83.7% vs. 78.9%, P = 0.01).



3.2. The associations of echocardiographic parameters with the percentage of Scr elevation and the proportion of CA-AKI

A violin plot was drawn to uncover the difference in Scr elevation percentage between the groups with abnormal and normal echocardiographic parameters (Figure 1). The abnormal higher structural parameters were not only correlated with a higher percentage of Scr elevation (LVMI: 3.8% vs. 6.5%, LVDDI: 4.75% vs. 6.40%, LVDSI: 4.20% vs. 8.00%, all P < 0.001) but also carried a greater proportion of CA-AKI (19.3%, 22.9%, and 19.3% for abnormal LVIDDI, LVIDSI, and LVMI, respectively; all P < 0.001).


[image: Figure 1]
FIGURE 1
The violin plot depicting the percentage of the Scr elevation in the patients with normal and abnormal echocardiographic parameters. The dashed line represents the diagnostic threshold of CA-AKI. The upper and bottom sides of the boxes indicate Q3 and Q1 separately, with cross-lines presenting the medians. The bilateral curves in different subgroups describe the distribution of the data. Comparisons were performed by the Mann–Whitney U test for the difference of the Scr elevation between the normal and abnormal groups and the chi-square test for the difference of the CA-AKI proportion. Asterisks indicate the significance levels: (***) P < 0.001.




3.3. The associations of CA-AKI with echocardiographic structural and functional alterations

To investigate the association of echocardiographic structural alterations with CA-AKI risk, logistic regression models were established. Echocardiographic structural parameters, including LVMI, LVIDDI, and LVIDSI, were divided into quartiles and then separately incorporated into a logistic regression analysis.

In the univariable logistic regression analysis, the structural parameters were positively associated with CA-AKI risk (Supplementary Table S1). After adjustment for demographic data, laboratory tests, CAG/PCI data, and medication history, such an association between CA-AKI risk and echocardiographic structural parameters was still valid in multivariable logistic regression (Table 2). To be specific, a patient with higher levels of LVMI, LVIDDI, and LVIDSI carried a higher risk of CA-AKI, with a fully adjusted OR of 1.53 [1.146 to 2.044], 1.443 [1.087 to 1.914], and 1.953 [1.459 to 2.615] for the highest quartile compared with the lowest quartile (LVMI: P = 0.004; LVIDDI: P = 0.011; LVIDSI: P < 0.001). Significant linear trends of structural parameters were validated among the consecutive categories (all P for trend <0.05), and similar relationship patterns were visualized by the RCS models (Figure 2). The change of CA-AKI risk in different levels appeared as a linear increment, as for LVIDDI, LVIDSI, and LVMI (all P for non-linearity >0.05). Such associations between echocardiographic parameters and CA-AKI risk also remained stable in the sensitivity analysis (Supplementary Table S2).


TABLE 2 Multivariable logistic regression analysis of different echocardiographic parameters on CA-AKI.
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FIGURE 2
Restricted cubic spline (RCS) analyses for exploring the association of echocardiographic parameters with CA-AKI. The solid black lines show the adjusted odds ratios of different echocardiographic parameters (A for LVMI, B for LVIDDI, C for LVIDSI) for CA-AKI, and the gray ribbon around the line indicates a 95% confidence interval of the curves.


Further investigation of the echocardiographic parameters' predictive value was plotted on the ROC curves and exhibited the AUC of the parameters (Figure 3). Considering the structural discrepancy between male and female individuals, the analysis was sex-stratified, and the AUC in different sexes did not exhibit significant differences (LVMI: male vs. female = 0.592 vs. 0.592; LVIDDI: male vs. female = 0.581 vs. 0.577; LVIDSI: male vs. female = 0.625 vs. 0.602, all P > 0.05), which hinted that the predictive value of echocardiographic parameters would not be affected by sex.
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FIGURE 3
(A) The cutoff value of LVMI for predicting CA-AKI was analyzed by the ROC curve. (B) The cutoff value of LVIDSI for predicting CA-AKI was analyzed by the ROC curve. (C) The cutoff value of LVIDDI for predicting CA-AKI was analyzed by the ROC curve.




3.4. The echocardiographic predictor of CA-AKI in different subgroups

Considering the distribution of the data among different subgroups, the parameters were taken into subgroup analyses without division (Figure 4). The analysis verified that the positive association between LVIDDI, LVIDSI, and CA-AKI risk was consistent (all P for interaction >0.05) when stratified by age (<70 or ≥70 years), left ventricular ejection fraction (<50 or ≥50%), estimated glomerular filtration rate (<60 or ≥60 ml/min/1.73 m2), and N-terminal brain natriuretic peptide (normal or abnormal).


[image: Figure 4]
FIGURE 4
Subgroup analysis of the association between echocardiographic functional and structural parameters and CA-AKI in different individuals.




3.5. The associations between CA-AKI and abnormal left ventricular geometry

In the current study, abnormal LVMI and LVIDDI signified LV hypertrophy and dilation. Compared with the patients without structural remodeling, the two abnormal LV geometries were found to possess a significant relationship with CA-AKI risk in the multivariable logistic analysis (hypertrophy: OR = 1.348, 95%CI [1.086 to 1.673], P = 0.007; dilation: OR = 1.234, 95%CI [1.012 to 1.506], P = 0.038, in Table 3). By means of RWT and LVMI, four types of LVH were classified. The association between LVH and CA-AKI risk was significant in patients with eccentric LVH [OR = 1.400, 95%CI (1.093 to 1.793), P = 0.008]. Then, recruited patients were roughly categorized into three statuses: normal LV geometry, the existence of LVH or dilation, and the coexistence of LV hypertrophy and dilation. Multivariable logistic regression was performed to verify the correlation between abnormal LV geometry and CA-AKI risk, which demonstrated that the coexistence of LV hypertrophy and dilation carried the highest risk of CA-AKI [OR = 1.397, 95%CI (1.091 to 1.789), P = 0.008].


TABLE 3 Multivariable logistic regression analysis of echocardiographic abnormal ventricular geometry on CA-AKI.
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4. Discussion

Among this consequent cohort of CAD patients after CAG/PCI, echocardiographic data were available to indicate cardiac remodeling, and 531 (16.3%) patients suffered from CA-AKI. Patients with higher LVMI, LVIDDI, and LVIDSI carried a higher risk of CA-AKI and abnormal LVMI associated with the CA-AKI risk, especially in patients with preserved LVEF. In other words, the presence of cardiac remodeling, namely, left ventricular hypertrophy and dilation, was significantly associated with the CA-AKI risk. The coexistence of LV hypertrophy and dilation possessed the highest risk of CA-AKI among different remodeling patterns, and subjects with eccentric hypertrophy confronted a higher CA-AKI risk.

The development of cardiac remodeling involves alterations in cardiac size, shape, and function (6). An abnormally increased LVMI could detect the occurrence of echocardiographic hypertrophy. LVIDDI and LVIDSI were recorded to evaluate the size of heart chambers. Both the physiological and pathological ways lead to changes in echocardiographic parameters, but it is well established that cardiac remodeling is associated with numerous pathological conditions, including various cardiovascular diseases and chronic kidney disease, among others (17, 18).

One of the leading culprits for cardiac remodeling is hypertension (6). Under the circumstance of long-term hypertension, diffuse fibrosis has been shown to occur in the primary target organ, resulting in the development of remodeling and deteriorated function (7). LV hypertrophy is a common impairment of the target organ in hypertensive patients, considering a marker of uncontrolled hypertension, which exacerbates the progression of kidney disease (19). Patients with LV hypertrophy are susceptible to progressive deterioration in kidney function and increased requirement of dialysis (20). LV dilation not only occurs in the later period of hypertension but also develops due to cardiac myocyte damage, which leads to renal fibrosis and decreased blood flow (21). A cross-sectional study carried out by Kensuke et al. suggested that reduced eGFR is related to both cardiac hypertrophy and dilation (20). As for postoperative renal function, research performed by Lee et al. has validated the predictive role played by LV remodeling during the occurrence of postoperative AKI within 7 days after non-cardiac surgery through RWT (22). LV dilation detected by LVIDD was found to be a predictive value for CA-AKI in CAD patients by Li et al. (23). In the current study, the relationship between left ventricular remodeling and CA-AKI risk was consistent with the previous results. Moreover, this relationship was consistent among different subgroups, while the predictive values of structural parameters were less affected by sex. However, compared with the study conducted by Kensuke et al., no significant difference in RWT between the patients with or without CA-AKI was detected in the present study, which might be explained by the higher baseline level of LVMI and different operation types among the patients enrolled in this study. Furthermore, probably due to a higher LVMI level, 16.3% of the subjects suffered from CA-AKI in the current study, in which the proportion of CA-AKI patients was higher than in the previous study.

Patients with cardiac remodeling often carry more potential risk factors than others, such as diabetes mellitus, anemia, and renal dysfunction. Similar patterns of relationships were also found in the current study for patients with structural remodeling, with a higher CA-AKI risk compared to patients without remodeling. It is conceived that cardiac structural remodeling often relates to decreased stroke volume and worse diastolic function, later showing more severe deterioration in the impaired kidney function than in the systolic function (24–26). The exact mechanisms underlying the association between cardiac remodeling and postoperative AKI have not yet been elucidated. However, the traditional association of LV remodeling with impaired renal function is suspected from the presence of hypertension, which results in glomerular sclerosis (27). The potential contribution of the undetectable alteration in the regional renal perfusion also cannot be ruled out. Haruyama et al. found a relationship between LVH and the percentage of nephrosclerosis, even in kidney donors with normal eGFR (28). The relationship between LV dilation and subclinical renal impairment in hypertensive patients was uncovered in the work conducted by Ratto et al. (29).

Of note is that not only does the presence of cardiac remodeling increase the CA-AKI risk but also the different patterns of cardiac remodeling show different risks. To be specific, patients with both LV hypertrophy and dilation confront the highest risk. Yamanaka et al. also argued that the combination of LV dilation and hypertrophy has the worst prognosis compared with other structural patterns among patients with heart failure with preserved ejection fraction (30). The CASCADE Study showed that patients with end-stage chronic kidney disease carry the highest incidence of both LV hypertrophy and dilation compared to chronic kidney disease patients at other stages, which implies that cardiac structural remodeling and its progression might be closely related to worse renal function at baseline (31).

There are also certain limitations in this retrospective research. First, the authority of the conclusions is inevitably limited by the nature of retrospective cross-section research. Therefore, large-scale prospective research is required in the future to further confirm the association of cardiac remodeling with CA-AKI risks. Second, there was a shortage of the calculation for LVM. The linear method was likely to overestimate LVH, but as the most widespread echocardiographic method to evaluate LV geometry, its usefulness in a tremendous number of clinical trials has been verified (14). Therefore, the discrepancy caused by the different methods might have a few significant influences on the final result. Last, in the current study, we failed to record other detailed medication history, such as the diuretic, which inevitably caused a modest effect on the conclusion.

In conclusion, the present study established a significant association of cardiac remodeling, detected by echocardiogram, with the risk of CA-AKI among CAD patients receiving CAG/PCI. Abnormal structural echocardiographic parameters were correlated with CA-AKI, showing that patients with abnormal cardiac structure should take timely protective measures, even those with LV hypertrophy but preserved LVEF.
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Background: Impaired physical functional status is one of the typical long-term sequelae of COVID-19 infection that significantly affects the quality of life and work capacity. Minor changes in cardiac structure and function that are unable to cause the manifestation of overt heart failure may remain undetected in COVID-19 convalescents, at the same time potentially contributing to the persistence of symptoms and development of long COVID syndrome.



Purpose: To study the typical features and short-term dynamics of cardiac remodeling and possible signs of cardiac dysfunction following hospitalization for COVID-19.



Methods: This is a combined cross-sectional and longitudinal cohort study in which 176 hospitalized patients (93 female and 83 male, mean age 53.4 ± 13.6 years) with COVID-19 infection underwent comprehensive transthoracic echocardiography pre-discharge (22.6 ± 7.1 days from the onset of symptoms) with repeated evaluation after 1 month. The control group included 88 age-, sex-, height- and weight-matched healthy individuals, with a subset of those (n = 53) matched to the subset of non-hypertensive study participants (n = 106).



Results: Concentric left ventricular geometry was revealed in 59% of participants, including 43% of non-hypertensive subjects; predominantly Grade I diastolic dysfunction was found in 35 and 25% of patients, respectively. Other findings were naturally following from described phenotype of the left venticle and included a mild increase in the absolute and relative wall thickness (0.45 ± 0.07 vs. 0.39 ± 0.04, p < 0.001), worsening of diastolic indices (e’ velocity 9.2 ± 2.2 vs. 11.3 ± 2.6 cm/s, p < 0.001, E/e’ ratio 7.5 ± 1.8 vs. 6.8 ± 1.7, p = 0.002) and global longitudinal strain (17.5 ± 2.4 vs. 18.6 ± 2.2, p < 0.001). No significant improvement was found on re-evaluation at 1 month.



Conclusions: Hospitalized patients recovering from COVID-19 were characterized by a high prevalence of left ventricular concentric remodeling, predominantly Grade I diastolic dysfunction, and a mild decrease in the longitudinal systolic function. These changes were less frequent but still prevalent in the non-hypertensive subgroup and largely persisted throughout the 1-month follow-up.
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1. Introduction

Cardiac impairment during the acute phase of COVID-19 includes a wide spectrum of possible presentations ranging from overt cardiovascular emergencies such as acute myocardial infarction or life-threatening arrhythmias, through clearly defined clinical entities such as pulmonary embolism (PE), myo- and pericarditis, Takotsubo cardiomyopathy (1, 2), to the systemic cytokine hyperactivation mediated effects such as endothelial dysfunction, hypercoagulability, and vasoconstriction that may contribute to development of non-PE-related pulmonary hypertension and right ventricular dysfunction, microvascular ischemia resulting in left ventricular dysfunction, and form the basis for persistence of the impaired cardiac morphophysiology (3–6).

Compared to the acute phase, post-acute and chronic COVID-related cardiovascular sequelae are less thoroughly studied, and the underlying mechanisms are still not completely understood (7–9). To date, few studies using echocardiography (which is the logical first-line tool to assess cardiac structure and function) in the long COVID setting have been reported (10–19). At the same time, part of these studies were characterized by the lack of control and/or non-comprehensive echocardiographic assessment, and the emerging general picture remains at times contradictory (7).

Some of the mentioned uncertainties could be potentially related to differences in enrolled populations. Geography, gender, age, ethnicity, locally prevailing SARS-CoV-2 variants, reserve capacity of the health care system at the time the study was recruiting participants, and available logistics for the follow-up visits all inevitably affect characteristics of the observed populations in terms of disease severity and existing comorbidities, including those that have been associated with adverse prognosis both short-term in the acute COVID-19 setting (6, 20) and long-term in the general population. For instance, the prevalence of hypertension (which is the most frequent comorbidity in COVID-19 patients that is also characterized by a fairly typical phenotype of structural and functional alterations of left cardiac chambers) ranged from 15 to 57% according to different reports based on large datasets from China and the US, which, together with a similar variation in the prevalence of obesity (12–48%) and diabetes (8–34%), could at least partially account for the observed variability in echo findings (20–22).

The purpose of the current study was to identify possible echocardiographic patterns and markers of cardiac impairment in the short-term follow-up of post-acute COVID-19 patients with an additional focus on the role of hypertension as a potential confounding factor.



2. Material and methods


2.1. Study design and population

By design, this is a combined cross-sectional and longitudinal cohort study. Between January and November 2021, eligible patients who were hospitalized at the pulmonological department of Kharkiv City Hospital #13 (which is a regional pulmonological center that has been reorganized to the specialized COVID-19 care center and was serving the area of about 2.4 million people at the period of recruiting) were invited to participate in the study. Eligibility criteria included the age of ≥18 years and the diagnosis of COVID-19 pneumonia that had been confirmed with a positive polymerase chain reaction test. Exclusion criteria included stage D chronic heart failure, acute heart failure, history of myocardial infarction, permanent atrial fibrillation, stroke within 6 months, severe uncontrolled hypertension (defined as systolic BP ≥ 180 mm Hg and/or diastolic BP ≥ 110 mm Hg), significant valvular heart disease (defined as at least moderate valvular stenosis and/or at least moderate-to-severe valvular regurgitation), active cancer or systemic autoimmune pathology, inability to provide informed consent, and persisting O2 supplementation dependence by the time of discharge.

Out of a total of 265 consecutive eligible patients, 89 declined participation (mainly due to anticipated logistical difficulties in conducting the repeat visit or being reluctant to engage due to ongoing symptoms) and 176 were enrolled in the study, being a source of data for cross-sectional analysis. After the exclusion of 50 patients who were unable/unwilling to do a follow-up visit, the final cohort that was used for longitudinal comparisons included 126 participants—see Figure 1 for the study flowchart.


[image: Figure 1]
FIGURE 1
Study flowchart.


The control group included 88 individuals (Control 1) selected from the internal database representative of the local population from the 2018–2019 (pre-COVID) period. These subjects were individually matched to the study group at a 1:2 ratio using a nearest-neighbor strategy to adjust for age, sex, height, weight, and prevalence of hypertension and diabetes mellitus (see Table 1 for comparison on the available parameters). Considering the lack of reliable data available on the severity of hypertension and the quality of its control, a subset of self-reported non-hypertensive control subjects (Control 2, n = 53) was additionally compared to the cohort of non-hypertensive study participants to properly exclude the possible confounding effect of hypertension on the studied parameters.


TABLE 1 Baseline characteristics of the study population and its non-hypertensive subgroup vs. control.
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2.2. Clinical data collection

The first visit was performed 1–2 days before discharge, after stabilization of patients’ clinical condition (capillary blood oxygen saturation >93% on room air) and achievement of clinical criteria of epidemic safety (normal body temperature and absence of acute respiratory disease symptoms for ≥3 days starting from the 10th day after onset of symptoms) (23). During this visit, demographic characteristics (age, gender), data on laboratory parameters, computed tomography findings, and treatment were obtained from the medical records, data on symptoms, smoking status, and comorbidities were collected by interview, and anthropometry was performed, followed by comprehensive transthoracic echocardiography (TTE). 6 min walk distance (6MWD) was assessed using a 20 m track; respective log-linear models (24) were used to calculate the individual predicted values.

The follow-up visit for re-assessment of symptoms, changes in clinical parameters, structural and functional state of the cardiovascular system was carried out at 1 month.



2.3. Echocardiography

Transthoracic echocardiography was performed using the Radmir ULTIMA Expert ultrasound system (Radmir Co., Ukraine). Linear and volumetric measurements were performed in accordance with the current guidelines for chamber quantification by the American Society of Echocardiography (ASE) and the European Association of Cardiovascular Imaging (EACVI) (25). Linear left ventricular (LV) dimensions and walls’ thickness were obtained using 2D measurements in the parasternal long-axis view, and LV end-diastolic length (LV L) in the apical 4-chamber view. Left ventricular end-diastolic (EDV) and end-systolic (ESV) volumes and ejection fraction (EF), as well as left atrial volume, were measured in the apical 4- and 2-chamber views using Simpson’s biplane method. Tricuspid (TAPSE) and mitral (MAPSE) annular plane systolic excursion were measured using M-mode in the apical 4-chamber view, with MAPSE being calculated as a mean value of excursion of its lateral and medial portions.

Left ventricular global longitudinal strain was calculated as LV GLS = MAPSE/LVL* 100% using the recently proposed linear method (26–28). Similarly, right ventricular free wall longitudinal strain was calculated as RVLS = TAPSE/RVL* 100%. LV GLS and RVLS are reported as absolute values.

Mitral and tricuspid annular motion velocities, as well as parameters of transmitral and transtricuspid blood flow, were measured in pulsed-wave tissue Doppler mode according to the standard methods provided in the current guidelines (29, 30).

Diagnosis and grading of the left ventricular diastolic dysfunction (DD) were performed in accordance with the 2016 ASE/EACVI algorithm (29) with inclusion of the myocardial disease concept; in cases of lacking data on tricuspid regurgitation velocity, we only ruled patients as having DD when present structural abnormality was corroborated by tissue Doppler findings (i.e., isolated left atrial dilation or LV remodeling were not considered signs of DD).



2.4. Statistical analysis

The collected data was analyzed using StatSoft STATISTICA Version 12 statistical analysis software package. Data distribution was assessed using Shapiro-Wilk test. For all variables, descriptive statistics are reported as mean ± standard deviation (SD) or median [interquartile range] for normally distributed and skewed continuous variables, respectively. Categorical variables are reported as counts (percentages). Cross-sectional comparisons of continuous variables were performed using independent samples t-test for normally distributed parameters and Mann-Whitney U-test for skewed variables; Chi-Square test was used to compare binary and categorical variables. Longitudinal comparisons were made using paired samples t-test or Wilcoxon signed-rank test. P values reported were calculated using two-sided Fisher’s exact test, the differences were considered significant if P < 0.05. Correlation analysis was performed using the linear Pearson method.




3. Results


3.1. Clinical characteristics

The mean age of the initial 176 participants who entered the study (including 53% female and 47% male patients) was 53.4 ± 13.6 years. The average time from symptoms onset was 22.6 ± 7.1 days for Visit 1 and 54.3 ± 8.2 days for Visit 2. The most frequent comorbidities were hypertension and obesity with the prevalence of both close to 40%; the complete report on comorbidities and further clinical characteristics are presented in Table 2.


TABLE 2 Clinical characteristics of pre-discharge COVID-19 patients who participated in the study in comparison with matched control.
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3.2. Echocardiographic data at baseline

Echocardiographic assessment of cardiac structure in observed patients has revealed a mild increase in LA size and volume, interventricular septum (IVS) and posterior LV wall thickness, and myocardial mass parameters compared to matched control (see Table 3). The observed changes resulted in a high proportion of patients with concentric LV geometry, whereas the LV hypertrophy rate was insignificantly increased vs. control and remained generally in line with common knowledge of its prevalence in the European population (31).


TABLE 3 Echocardiographic characteristic of the study participants.
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Assessment of the LV systolic parameters in the study cohort has revealed a mild decrease in the B-mode derived indices of longitudinal function (MAPSE and GLS) and the midwall shortening vs. control. At the same time, a minimal increase in ejection fraction in the setting of a mildly decreased LV cavity resulted in the absence of changes in the cardiac output as assessed by the stroke volume index.

LV diastolic function was characterized by a 20% reduction of mean e’ velocities, reaching subnormal values in 47% of participants. An E/e’ increase that was observed, however, was of little magnitude, leaving the vast majority of study subjects well below the cut-off values suggestive of increased LV filling pressures. The lack of traceable tricuspid regurgitation in the majority of patients (together with no evidence of right chambers remodeling or dysfunction) suggested normal pulmonary artery pressures but complicated the grading of diastolic dysfunction. As a result, out of 62 patients with diastolic dysfunction, 47 (26.7%) were categorized as Grade I DD and 15 (8.5%) as having indeterminate filling pressures. In the absence of data on left atrial strain, re-classification of these patients using LV GLS values (29, 32) with a cut-off of 16% (33) has allowed us to identify 7 (4.0%) subjects with apparently increased filling pressures.

Considering the similarities of changes in cardiac morphology and function that we observed in the study group to the hypertensive phenotype, a sub-analysis focused on the cohort of non-hypertensive participants (n = 106) was additionally performed to completely eliminate the possible confounding effect of differences in hypertension severity and quality of its control.

In the proposed setting, we observed less pronounced changes that were still similar to the concentric phenotype described above (see Table 4). Despite the 0.5 mm lesser absolute LV wall thickness, their mean values were still higher vs. control, as was the relative wall thickness, resulting in a 43% prevalence of concentric LV geometry. Myocardial mass parameters were also mildly increased, showing intermediate values between hypertensive participants (85.6 ± 21.0 g/m2 for BSA-indexed LV myocardial mass in the latter) and the control group.


TABLE 4 Echocardiographic characteristic of non-hypertensive hospitalized COVID−19 patients.
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A similar pattern was observed when assessing LV diastolic filling, with a statistically significant decrease in mitral e’ velocity and an increase in E/e’ ratio resulting in a 25% prevalence of Grade I diastolic dysfunction. MAPSE and GLS values were also mildly decreased in non-hypertensive COVID-19 patients on the background of a clinically insignificant increase in ejection fraction.



3.3. 1-Month follow-up

Another aspect of our study was focused on the assessment of short-term post-discharge dynamics of echocardiographic parameters in observed COVID-19 patients based on the results of repeated comprehensive transthoracic echocardiography after a median of 31 days from the first visit. Table 5 summarizes the obtained results and presents data on the comparison of Visit 2 parameters vs. control.


TABLE 5 Results of a 1-month echocardiographic follow-up of observed patients with COVID-19.

[image: Table 5]

Despite the natural post-hospitalization reconditioning resulting in a previously reported increase in the 6MWD among the study participants from 401 ± 71 to 463 ± 65 m (62.7 ± 10.6–74.0 ± 11.1% of the predicted values, p < 0,001 for both indices) during a one-month follow-up (34), we were only able to detect minimal dynamic changes in cardiac morphology. Those were limited to a 2% decrease in the interventricular septum thickness which resulted in a borderline decrease in myocardial mass parameters compared to Visit 1. Evaluation of cardiac function revealed a minimal decrease in the estimated minute volume of blood that was associated with unidirectional and proportional (circa −3 to −5%) change of most systolic parameters vs. baseline, including LV ejection fraction and midwall shortening, RV free wall longitudinal strain, TAPSE, and both mitral and tricuspid annular s’ velocities, accompanied with a minimal increase in LV end-systolic diameter. Assessment of the diastolic filling of both ventricles did not reveal any significant changes during a short-term follow-up.

Thus, the observed cohort of COVID-19 patients at the time point of 1 month after discharge has retained the features indicative of the shift towards concentric LV geometry (an increase in absolute and relative wall thickness and higher values of myocardial mass indices), with RWT reaching values >0,42 in 64% of participants, including 55% of non-hypertensive subjects. These changes were accompanied by a mild depression of ventricular longitudinal function, manifested as a persisting 5%–10% decrease in LV GLS, MAPSE, TAPSE, and mitral annular velocities vs. control. LV diastolic dysfunction remained highly prevalent and was detected in 36% of cases in the general cohort and 30%—among non-hypertensive participants.

Out of the parameters assessed in our study, it was the LV wall absolute and relative thickness and myocardial mass parameters at Visit 1 that had a weak-to-moderate, but significant correlation with the increase in the reached percent of predicted 6-minute walk distance during the follow-up period—the strongest links were detected for interventricular septum (r = 0.37) and LV MMI by height2,7 (r = 0.31). These findings implied that those were the patients with initially thicker walls who could potentially gain higher 6MWD increment vs. those in whom LV walls had a closer to normal thickness by the moment of discharge. Correlation analysis of dynamic changes in LV morphology has confirmed these suggestions, showing that the only parameters related to the increase in the 6 min walk distance % were a decrease in the IVS thickness (r = −0.31) and LV myocardial mass / MMI by height2,7 (r = −0.31). (See Supplementary Table S1 for the detailed report on revealed correlations).




4. Discussion

A lot of attention has been drawn recently to the problem of long COVID syndrome (35–38). Compared to the acute phase, underlying pathogenetic mechanisms are less profoundly known, with limited and at times conflicting data available on the specific features of post-acute cardiovascular sequelae of COVID-19 (7–9).

This combined cross-sectional case-control and longitudinal cohort study reports the results of comprehensive transthoracic echocardiographic assessment in hospitalized COVID-19 patients that was performed 1–2 days pre-discharge at the baseline and repeated after a 1-month follow-up.

The main findings included a high prevalence of concentric LV geometry that was present in 59% of participants, including 43% prevalence in the non-hypertensive subgroup, and predominantly Grade I diastolic dysfunction that was found in 35% and 25% of patients, respectively, presenting a significant difference compared to the age-, sex-, height-, weight-, and comorbidities-matched control. The observed changes persisted throughout the follow-up period, showing no significant improvement at 1 month.

Other findings naturally followed from the described LV phenotype and included a mild relative increase in LV wall thickness and myocardial mass parameters vs. control and a mild decrease in the indices of both diastolic and longitudinal systolic ventricular function. The magnitude of these changes, however, was little, leaving the mean values (except wall thickness) within normal limits and therefore being hardly clinically significant when taken isolated.

In the assessment of the biventricular longitudinal systolic function, we applied a recently proposed linear method that was later validated on 1266 cardiovascular disease-free individuals in the HUNT study, showing a close to linear correlation and no significant differences to the 2D speckle tracking-obtained values (26–28). The advantages of the selected method include universal availability, vendor independence, and low dependence on the image quality, which allowed us to obtain valid results in 100% of participants.

Most of the echocardiographic studies that had been performed to date in COVID-19 patients were focused on the assessment of changes in cardiac structure and function during the acute phase of disease and on the evaluation of their prognostic significance, mostly using a hard endpoint of COVID-19-related death (14, 39–41). The main findings on focused TTE that was usually used in this setting included RV dilation and dysfunction in a significant proportion of the patients, followed by LV functional alterations that in case of being clinically significant were typically related to pre-existing cardiac pathology. RV dilation and strain values, TAPSE, and LV GLS were most frequently identified as independent predictors of mortality. At the same time, it is worth noting in the context of our study that the LV diastolic dimensions, when reported, were typically less compared to the usual values in the general population, with mean values reaching as low as 42–43 mm when performed early during the hospitalization period (39, 41) and coming closer to 45 mm when examining patients later (14, 40). Szekely et al. also report in detail on LV tissue Doppler parameters obtained during 24 h from hospitalization that included low mean values of mitral annular velocities (7.4 cm/s for both s’ and e’) and a high E/e’ ratio (weighted mean 10.4 for all patients), most likely indicating a high prevalence of diastolic dysfunction (41).

The study by Moody et al. (14) is among the few that included a baseline in-hospital echocardiographic evaluation (at a median of 8 days after admission) with subsequent longitudinal follow-up; similar to most of the above, it also used a focused TTE protocol and therefore did not report on most of the parameters that were evaluated in our study. However, the results reported on the LV end-diastolic diameter were similar to those observed by us, and a high prevalence of RV overload and dysfunction (defined as TAPSE <17 mm) that was not detected in our study was mostly resolved by the moment of re-evaluation at 3 months.

Out of studies available on recovery after COVID-19, few have used comprehensive sonographic assessment of cardiac structure and function. In a study by Catena et al. (11), the authors report LV morphology features in patients who were troponin-negative at hospitalization that are virtually indistinguishable from those that we observed in the control group. Even more interesting is the fact that troponin-positive patients in that study displayed a clear tendency to an increase in the LV wall thickness and myocardial mass index, despite the differences not reaching the significance levels (most likely due to the low number of patients, n = 18). Similar findings were observed for mitral annular e’ velocity and E/e’ ratio that were equal between troponin-negative patients and Control 1 subjects in our study but insignificantly deteriorated in ex-troponin-positive participants in (11). The values of LV ejection fraction, being somewhat higher compared to our study, were also characterized by a minor increase in a “worse” clinical group. At the same time, the authors report no difference in MAPSE and TAPSE, presenting values that are lower compared to both groups in our study.

In another development by the same team, Sechi et al. compare the same general cohort of 105 hospitalized COVID-19 patients to a set of 1:1 matched control subjects, providing to date the most detailed echocardiographic characterization of the latter that was obtained in the closest setting to that of our study (at a median of 41 days from the date of COVID-19 diagnosis) (12). An indirect comparison of our results to the presented data has both corroborated the findings in the main group and allowed us to externally validate the control group used in our study—it was characterized by a minimal uni-directed shift towards “more concentric” geometry vs. controls in (12), thus being unlikely to partially account for the observed differences vs. study group (see Supplementary Table S2). Similar to our results, the authors demonstrate (an insignificant) tendency to increase in the LV relative wall thickness due to a minimal decrease in end-diastolic diameter. Contrary to our findings, no significant changes have been reported regarding the longitudinal ventricular function despite the almost identical values of MAPSE both in the main and control groups to those in our study.

Another study by Ingul et al. (16) presents a comprehensive functional echocardiographic assessment of 204 COVID-19 survivors that was performed at 3 months follow-up using the comparison to the age-, sex-, BMI-, systolic blood pressure- and comorbidities-matched control. Similar to our findings, it reports a decrease in LV end-diastolic volume index, which should have been accompanied by increased relative wall thickness unless associated with proportionally lower myocardial mass. Other corroborating results include the evidence of a relatively poorer biventricular longitudinal function, manifested as a mild but statistically significant decrease in MAPSE, mitral e’ velocity, TAPSE, and RV free wall strain; despite a minimal decrease in ejection fraction, LV GLS is reported to be paradoxically higher vs. control, being interpreted by authors as a clinically insignificant sign that could be operator dependent.

Tudoran et al. (19) report a high prevalence of LV diastolic dysfunction among patients with long COVID syndrome, reaching 63% in obese and 22% in non-obese subjects. Despite the important discrepancies in the study population (selected long COVID vs. general COVID-19 cohort; mainly outpatient management vs. hospitalized patients), participants were enrolled at 4–10 weeks from the onset of symptoms, which was approximating the timing of Visit 2 in our study, and adjustment of the mentioned rates to the prevalence of obesity in our cohort results in a weighted mean rate of diastolic dysfunction of 38%, coming very close to the factual prevalence that we observed.

We did not identify prior studies longitudinally assessing echocardiographic dynamics within the early post-acute period of COVID-19 that would not use the parameters obtained during the early acute phase as a baseline. The current study presents data on the 1-month follow-up in the period from a median of 23–54 days after manifestation of symptoms, demonstrating no significant changes in cardiac morphology during this phase. The minimal decrease in the systolic indices that we observed was not associated with clinical deterioration and most likely resulted from the gradual reversal of a somewhat higher output state due to SARS-CoV-2-induced pulmonary affection. The same process could have explained the tendency to a minimal decrease in myocardial mass parameters (the observed changes of BSA-indexed LV MMI were partially driven by the restoration of the weight loss during the acute phase—in the follow-up period the patients gained 2.6 ± 3.3 kg). At the same time, the observed minimal changes in myocardial mass were contrasted with the expected dynamics during the period of post-hospitalization reconditioning (42) and could also be hypothetically explained (along with an increase in myocardial mass vs. control) by mild myocardial edema persisting in some patients [as shown in series of cardiac magnetic resonance studies (43)]. In this scenario, its gradual resolution during the observation period could potentially explain the correlations found in our study between the decrease in IVS thickness/myocardial mass and the improvement in 6MWD.

In the report on a long-term echocardiographic follow-up at a later phase after hospitalization for COVID-19, Ovrebotten et al. (17) demonstrated no changes in both LV and RV parameters (including morphometry and longitudinal strain) during the period from 3 to 12 months. These findings, along with the results of our study, suggest that identification of patients with delayed/incomplete resolution of minor COVID-19-related cardiac alterations may be performed as early as during the late acute/early post-acute period of SARS-CoV-2 infection.


4.1. Strengths and limitations

To our knowledge, this is the first study focusing on the comprehensive assessment of echocardiographic changes in hospitalized COVID-19 patients during the early post-discharge period. Simultaneous cross-sectional comparison to the matched control allowed us to more clearly outline the existing minor changes in the cardiac structure and function that still appeared to be linked to the observed functional improvement during one month of follow-up. A sub-analysis that was performed in a cohort of non-hypertensive individuals has allowed us to more reliably mitigate the confounding effect of hypertension compared to the simple matching of its self-reported presence, given that the latter does not account for the possible differences in the severity and control of hypertension.

Being a single-center study, it could be susceptible to hospital-related confounding effects. The most notable difference between the used treatment and the commonly applied standards was the high proportion of patients who received pulse therapy with Methylprednisolone during the first days of hospitalization. However, one would expect its possible effects on cardiac geometry and function to be transitory if existing at all, and to resolve by the moment of baseline evaluation, which was confirmed by the absence of any correlations between its use and the studied parameters. There was a source of selection bias in the design and protocol of the study—candidates with severe underlying cardiac pathology were specifically excluded for possible subtle changes in evaluated parameters not to get confounded by more severe manifestations of pre-existing disease that would be hard to adequately match to control. In addition, patients with a more severe course of COVID-19 could have been less likely to participate due to being still oxygen-dependent by the moment of discharge or reluctant to leave the floor and/or to engage in the 6 min walk test, and thus the study population might not truly reflect the characteristics of the general mass of consecutively hospitalized patients. Lastly, the prevailing SARS-CoV-2 variants at the time of enrollment were different compared to more recent time, and a higher proportion of patients were not vaccinated, mandating caution in generalizing the obtained results to the current setting of post-acute COVID-19 care.




5. Conclusions

Hospitalized patients recovering from COVID-19 were characterized by the high prevalence of LV concentric remodeling, predominantly Grade I diastolic dysfunction, and a mild decrease in the longitudinal systolic function compared to matched control. The changes in LV geometry and diastolic dysfunction were less frequent but still prevalent in the non-hypertensive subgroup. The observed changes largely persisted during a one-month follow-up showing no general tendency to improvement, with a minor decrease in the IVS thickness and LV mass index correlating with an increase in the 6MWD.
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Anomalous papillary muscle insertion into the mitral valve leaflet in hypertrophic obstructive cardiomyopathy: a lip nevus sign in echocardiography
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Background: Anomalous papillary muscle (APM) insertion into the mitral valve leaflet is rare but clinically important in hypertrophic obstructive cardiomyopathy (HOCM). In this study, we report the detection rate of APM insertion into the mitral valve using preoperative imaging modalities and the surgical outcomes of the patients.



Methods: By retrospectively reviewing the clinical records of patients with HOCM who underwent surgical treatment by a single operation group at our center from January 2020 to June 2023, patients with APM insertion into the mitral valve leaﬂet were identified. Baseline data, image characteristics, and surgical outcomes were analyzed.



Results: The incidence of APM insertion into the mitral valve leaﬂet was 5.1% (8/157). The insertion site was located at A3 in six cases, which was more common than at A2 (n = 2). Preoperative echocardiography was used to identify two patients (25%) with APM insertion. We observed a particular echocardiographic feature for APM in HOCM patients, which was noted as a “lip nevus sign”, with a higher detection rate (62.5%). All patients successfully underwent septal myectomy with concomitant APM excision or mitral valve replacement via the transaortic (n = 5) or transmitral (n = 3) approach. The mean age was 49.0 ± 17.4 years and seven patients (87.5%) were female. Interventricular septum thickness (17.0 mm vs. 13.3 mm, P = 0.012) and left ventricular outflow gradient (117.5 mmHg vs. 7.5 mmHg, P = 0.012) were significantly decreased after surgery. Residual outflow obstruction, systolic anterior motion, and ≥3+ mitral regurgitation were negative. During the follow-up of 26.2 ± 12.2 months, there were no reported operations, adverse events, mitral regurgitation aggravations, recurrences of outflow obstruction, or instances of SAM.



Conclusions: Papillary muscles inserted into the mitral valve leaﬂet are a subtype of subvalvular malformation in HOCM that requires surgical correction. The lip nevus sign on echocardiography is a characteristic of APM insertion in HOCM and may improve the preoperative detection rate. Adequate myectomy with anomalous papillary muscle excision has achieved good results in reducing the outflow gradient and eliminating mitral regurgitation, with good outcomes at short-to-intermediate follow-up.
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anomalous papillary muscles, subvalvular malformation, hypertrophic obstructive cardiomyopathy, echocardiography, surgical outcomes, imaging modalities





1. Introduction

In hypertrophic obstructive cardiomyopathy (HOCM), left ventricular outflow tract (LVOT) obstruction is well established with respect to defined anatomical landmarks such as the hypertrophic septum. The mitral valve apparatus and subvalvular abnormalities are associated with systolic anterior motion (SAM) and related LVOT obstruction (1–3). Invasive septal reduction treatments, such as percutaneous alcohol septal ablation and surgical extended myectomy, are necessary for some symptomatic HOCM patients. However, the decision regarding the specific treatment approach is not always a one-size-fits-all situation, with imaging findings like echocardiography playing a major role in determining the most suitable course of action (4). For instance, HOCM patients with intrinsic mitral valve diseases or valve apparatus abnormalities may derive greater benefit from surgical treatment. Several studies have mentioned that attention should be paid to anomalous papillary muscles (APM) during the extended myectomy procedure (5, 6). Likewise, in the case of HOCM with APM, invasive surgery was the preferred treatment strategy due to the need to manage APM; however, this was based on the premise that APM was detected by preoperative echocardiography, a widely performed and accessible examination in the context of HOCM management. The insertion of APM into the mitral valve leaflet is a rare occurrence, attributed not only to its low incidence but also to the challenges associated with its detection. Because imaging detection of APM insertion into the mitral valve and the associated surgical outcomes have been reported infrequently, the aim of the study was to examine these aspects and provide new insights into the characteristics of APM as observed through echocardiography.



2. Methods


2.1. Study design and patient selection

This study is a retrospective cross-sectional study of consecutive patients with a diagnosis of HOCM seen in the Guangdong Cardiovascular Institute, Guangdong Provincial People's Hospital. A total of 157 patients with HOCM who underwent surgical correction by a single operation group at our center from January 2020 to June 2023 were included. The medical history, auxiliary inspection data, and surgical outcomes were collected from our inpatient electronic medical record system. We reviewed their preoperative echocardiography, cardiac magnetic resonance imaging (MRI), and computed tomography (CT) records to assess the presence of APM insertion into the mitral valve. The echocardiography was reviewed by two experienced cardiac sonographers, and two radiologists in the laboratory of artificial intelligence and 3D technology for cardiovascular diseases department were responsible for the MRI and CT records. Patients with low-quality imaging data were excluded. APM insertion into the mitral leaflet was confirmed by individual surgical records.



2.2. Surgical intervention

Symptomatic patients with HOCM who were tolerant to medication and had ≥50 mmHg of left ventricular outflow tract gradient (LVOTG) received surgical treatment as recommended by the management guideline for HOCM (7). Extended myectomy, via the transaortic or transmitral approach, was performed as described previously (8). Surgical strategies for mitral valves and APMs include mitral valve replacement, papillary muscle dissociation and excision, and other mitral repair techniques, as needed. When the subvalvular APM (Figure 1) is identified, its insertion site and surrounding chordae tendineae should be explored using a retractor. In case of valve injury, the APM insertion into the body of the leaflet was cut approximately 1 cm from the leaflet. The hypertrophic papillary muscles were partially sliced to palliate the narrow space within the left ventricle.


[image: Figure 1]
FIGURE 1
View of anomalous papillary muscles (arrow) directly inserted into the anterior mitral valve.




2.3. Surgical outcome assessment

The surgical outcome data included the success rate of surgery, major adverse cardiovascular events, and echocardiographic parameters of HOCM. Major adverse cardiovascular events include death, reoperation, severe arrhythmias (such as new-onset atrial fibrillation), myocardial infarction, stroke, progressive heart failure, and sudden death. Echocardiography before discharge and during the follow-up period was used to analyze the clinicopathological indices of HOCM, including interventricular septum (IVS) thickness, LVOTG, degree of mitral regurgitation (MR), SAM, and other abnormalities within the cardiac cavity.



2.4. Statistical analysis

Data are expressed as N (%), mean ± standard deviation, or median (interquartile range) where appropriate. Statistical analyses were conducted using SPSS software. Differences in continuous variables between the groups were analyzed using Student's t-test or a Mann–Whitney U-test. Fisher's exact test was performed to compare the counting data between groups.




3. Results

Of the 157 patients in our series, eight patients with HOCM (1 male and 7 females) that had APM insertion into the mitral valve leaﬂet were identified by surgical records. The baseline characteristics are summarized in Table 1. The mean age was 49.0 ± 17.4 years. The most common clinical symptom was chest distress (62.5%); one patient had a history of syncope, and one asymptomatic patient with HOCM was found during the annual physical examination. Six (75.0%) patients were on β-blocker therapy before hospitalization. All APMs were anterolateral papillary muscles. The insertion sites were located at A3 (75%) and A2 (25%). The median IVS was 17.0 (16.0, 23.3) mm. Compared with the IVS [20.0 (18.0, 24.0) mm] of patients with HOCM without APM in this cohort (Table 2), the IVS was thinner, but the difference was not statistically significant (P = 0.595). However, the median LVOTG was 117.5 (82.3, 136.8) mmHg, which showed a significant increase compared with the non-APM group [85.0 (67.5, 99.8) mmHg, P = 0.034]. Two patients (25.0%) had midventricular obstruction. Hypertrophic papillary muscles were found in two patients (25.0%) and chordal rupture was found in one patient (12.5%). Mild to severe SAM was observed in seven patients (87.5%), contributing to a ≥3+ degree of MR in five patients (62.5%).


TABLE 1 Baseline characteristics of hypertrophic obstructive cardiomyopathy patients with anomalous papillary muscles inserting into the mitral valve.
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TABLE 2 Echocardiographic parameters of HOCM patients with and without anomalous papillary muscles.
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Among these patients with HOCM, two cases of APM insertion were preoperatively detected using transthoracic echocardiography, with a sensitivity of 25%. CT was performed in seven patients, and MRI was available for six patients. However, only two and one cases of APM insertion were operatively detected, leading to sensitivities of 28.6% and 16.7% for CT and MRI, respectively. By reviewing the echocardiographic images, we observed a particular feature of APM insertion: the APM adhering to the leaflet looked like a lip nevus in the horizontal cross-section (Figure 2 and Supplementary Video S1). By contrast, Supplementary Video S2 shows the echocardiography findings for HOCM without APM insertion. The “lip nevus sign” was found in 62.5% (5/8) of patients.


[image: Figure 2]
FIGURE 2
Anomalous papillary muscle (upper arrow) insertion into the mitral valve (lower arrow) visualized by transthoracic echocardiography. APM, anomalous papillary muscle; MV, mitral valve.


The extended myectomy and APM resection procedures were successfully performed. In this series, the two eldest patients (a 62-year-old and 69-year-old) and one patient with midventricular obstruction underwent myectomy via a minimally invasive transmitral approach; they had concomitant mitral valve replacement. The other five patients underwent thoracotomy; one patient required coronary artery bypass grafting, one underwent ventricular aneurysmectomy, and one underwent posterior band annuloplasty with artificial chord implantation. The mean cardiopulmonary bypass time was 144.4 ± 31.9 min, and the aortic cross-clamp time was 82.9 ± 21.7 min. Postoperative ICU stay length was 2.6 (1.8, 4.5) days. Except for one case of persistent pleural effusion, there were no instances of death, reoperation, new-onset atrial fibrillation, permanent pacemaker implantation, or other adverse cardiovascular events before discharge. The postoperative echocardiography showed that IVS [17.0 (16.0, 23.3) mm vs. 13.3 (11.3, 14.0) mm, P = 0.012) and LVOTG [117.5 (82.3, 136.8) mmHg vs. 7.5 (5.0, 15.5) mmHg, P = 0.012) were significantly decreased. One patient had a residual mid-ventricular obstruction (55 mmHg) due to asymmetric mid-septal hypertrophy, which was difficult to resect via the transaortic approach. Postoperative ≥3+ MR and SAM were negative. Ejection fraction, left atrial diameter, and left ventricular diastolic diameter were 61.3% ± 7.9%, 35.9 ± 4.3 mm, and 38.9 ± 2.6 mm, respectively. The cutoff date for follow-up was 15 July 2023. All patients survived, without any reoperation or adverse events reported during the 26.2 ± 12.2 months follow-up period. Echocardiographic parameters remained consistent with the postoperative measurements—the LVOTG was 3.0 (1.0, 13.6) mmHg; three patients had no MR, while the other five patients remained 2+ MR; SAM disappeared in all cases. Left ventricular diastolic diameter exhibited a reduction due to the improvement in MR compared with the preoperative data (37.5 ± 3.2 mm vs. 42.6 ± 4.8 mm, P = 0.022).



4. Discussion

HOCM with APM insertion is a rare phenotype that has mostly been described in case reports or series. The reported incidence of APM insertion ranges from 4% to 13% (9–11). Most studies on APM in HOCM have reported it to be a significant pathological component of dynamic obstruction (12–15). Although the papillary muscles and chordae tendineae have anatomical variations in origin sites, sizes, and number of bellies, the tendinous cords usually interconnect the mitral valve leaflet and papillary muscles; hence, such interposition affects the opening and closing of the mitral valve. Congenital failure of chordal development at 11–13 weeks of gestation leads to APM insertion into the mitral valve leaflets (16, 17). The APM (especially the anterolateral one) directly inserted into the mitral valve leaflet provides a rigid structure that occupies a cavity between the ventricular wall and the left ventricular outflow tract; therefore, it aggravates the gradient of the outflow tract or mid-ventricle during the systolic phase. In a severe case (18), a long and profoundly hypertrophied APM divides the ventricular cavity into two chambers. In addition to the space-occupying effect, abnormal fluid dynamics along the APM may cause shear stress and trigger fibrotic tissue growth in the septal wall, causing dynamic obstruction (19, 20). Carvalho et al. (11) reported the largest sample size (N = 73) for APM insertion and categorized them into three types depending on the insertion site. Specifically, APM inserting directly into the body of the anterior leaflet, the free margin, or both, were classified as type I, III, and II, respectively. This classification system, along with the findings of the study, underscores the significance of type I and II APM in addition to myocardial hypertrophy, all of which collectively influence treatment decisions (21, 22). Along with the APM insertion into the leaflet, the coexistence of other abnormalities, including accessory papillary muscles (most common), fusion to the ventricle wall/septum, hypertrophic papillary muscles, chordae slack, biﬁd papillary muscles, and APM anterior displacement, was found. These combinations also contribute to a dynamic obstruction, which requires concomitant surgical palliation.

SAM is a classical pathophysiological characteristic of HOCM, in which the anterior mitral valve leaflet is dragged into the outflow tract and comes into contact with the IVS. The factors contributing to SAM have been well studied and are divided into three categories: structural, geometric, and kinetic (23, 24). A bulging septum is the most common cause of SAM; however, APM, a subvalvular mitral valve apparatus anomaly, is another structural factor that independently promotes SAM. A fixed-length APM that is directly inserted into the anterior mitral valve leaflet tethers the leaflet itself; thus, the leaflet is anteriorly displaced toward the outflow tract, and the distance between the septum and the coaptation point is shortened. These anomalies finally result in SAM and MR, which even occurs in non-HOCM patients (25, 26).

Our primary finding is the “lip nevus sign” (Figure 3) in 2D-echocardiography, which has a high detection rate in our study, and could be used to identify the APM directly inserting into the mitral valve leaflet. Diagnosing APM demands a degree of expertise and knowledge about it. The diagnostic challenge is exacerbated by variations in the acoustic window, making it challenging to differentiate APM from a thickened free edge of the leaflet, hypertrophic chordae tendineae, or secondary papillary muscles. Consequently, there is a compelling need for a distinctive visual feature in image examinations. In the short axis of the mitral valve, the anterior and posterior leaflets were similar to those of human lips. A circular muscular structure that tightly adheres to the leaflet constitutes the “lip nevus sign” as a characteristic ultrasound finding. In addition, in the apical four- or three-chamber view, a long muscular structure overriding the body of the mitral valve leaflet and the surrounding papillary muscles indicates APM insertion. Sonographers should regard APM detection as a regular step in the evaluation of HOCM. It is essential to observe the location, morphology, hypertrophy, and movement of the papillary muscles within the most lucid visual field attainable. The presence of restricted mitral leaflet mobility should prompt suspicion of APM as the aberrant attachment of the leaflet to a fixed structure (e.g., the ventricle wall) may be the underlying etiology. This will lead the examiner to perform detailed examination, even multimodality imaging (27). Furthermore, APM can be considered when the identified structural anomalies could not explain all the pathophysiological manifestations. For example, in the scenario of mild degree of septal hypertrophy but severe MR without mitral valve diseases, APM might be the factor exacerbating MR. Likewise, the dynamic obstruction mechanisms through APM insertion is most commonly and independently derived from its space-occupying effect instead of SAM (28). In our study cohort, HOCM patients with APM showed a significantly higher LVOT gradient than those without APM, suggesting that this could also serve as a diagnostic clue for APM. In a word, when cardiac ultrasound typically finds a mismatch between a large outflow gradient and a less serious SAM or septal hypertrophy, APM insertion should be considered. With these technical advantages, more APM insertions may be detected by echocardiography. In this study, we also found that APM insertion occurred frequently in the anterolateral group, with the insertion site at A2 or A3. Whether the precise insertion site has significant impacts on the dynamic change in HOCM remains an open question, necessitating further studies with a larger cohort.


[image: Figure 3]
FIGURE 3
Schematic demonstration of the lip nevus sign (yellow) in echocardiography to define anomalous papillary muscles directly inserted into the mitral valve leaflet.


In addition to echocardiography, MRI and CT are the main imaging modalities used for the diagnosis of APM insertion, which provide more details of the papillary muscles and mitral valve with higher resolution and multiplanar capabilities (13, 29, 30). A continuous muscular-like density structure between the mitral leaflet and ventricular free wall is a sign of APM insertion in three-dimensional images. However, this has usually been overlooked, as was found in our study. As previously described (31), the three-dimensional printing technique is an adjunct to common imaging examinations and helps surgeons achieve an intuitive visualization of APM insertion. It can not only identify the APM insertion preoperatively but also assist in surgical planning by providing more details such as the diameter of the APM and a simulated view of the surgical approach. Nevertheless, given the comparable sensitivity and popularity of echocardiography, these three-dimensional imaging modalities are not the principal examinations for all patients with HCOM (7).

APM insertion into the mitral valve leaflet usually requires excision to relieve the obstruction, unless it is inserted into the free edge of the mitral valve (32). In our experience, cutting off the APM does not affect valve movement. Both extended myectomy and APM dissociation from the mitral valve are necessary for the treatment of HOCM. Leaving any anomalies increases the risk of residual obstruction. Therefore, we performed the extended myectomy procedure as usual and sacrificed all the inserted APM. No secondary prolapse occurred, with normal papillary muscles and chordae tendineae preserved. Some studies have demonstrated feasible outcomes of APM insertion treated using mitral repair techniques (6, 33). Except in intrinsic mitral valve disease, the valve leaflet itself is less likely to cause obstruction or SAM. Our study provides additional clinical evidence supporting this finding. Further studies are recommended to determine the long-term effects of these two surgical tactics.

There are some limitations to this study that warrant consideration. First, the overall sample size of this cohort was small due to the low incidence rate of APM. Although the lip nevus sign is proven to be a practical and visualized feature in echocardiography, further studies with large sample sizes encompassing patients with and without HOCM are clearly needed to verify its prevalence, as well as the sensitivity and specificity. Second, the preoperative imaging examinations were performed and reported by doctors with different seniority; however, detection of APM lacks a standardized benchmark in imaging diagnostics instead of intraoperative exploration. Consequently, the reliability of such diagnoses relies on the experience of cardiac sonographers, which may introduce a bias in detection rates. Third, given that only eight patients were identified as having APM in this study, and the morphology and original sites displayed similarities, this helps us propose the concept of the lip nevus sign; however, it is hard to categorize them into subtypes. The surgical treatment for APM in this study involved a resection strategy only. Alternative treatments, such as shaving or mobilization APM, may be more appropriate depending on the subtypes; therefore, we are unable to conclude what the optimal surgical strategy may be for each type of APM at this stage.



5. Conclusion

Papillary muscles inserted into the mitral valve leaﬂet are a subtype of subvalvular malformation in HOCM that requires surgical correction. The lip nevus sign on echocardiography is a characteristic of APM insertion and may improve the preoperative detection rate. Adequate myectomy with APM excision has achieved good results in reducing the outflow gradient and eliminating mitral regurgitation, with good outcomes at short-to-intermediate follow-up.
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Introduction: Apical hypertrophic cardiomyopathy (ApHCM) is a subtype of hypertrophic cardiomyopathy (HCM) that affects up to 25% of Asian patients and is not as well understood in non-Asian patients. Although ApHCM has been considered a more “benign” variant, it is associated with increased risk of atrial and ventricular arrhythmias, apical thrombi, stroke, and progressive heart failure. The occurrence of pulmonary hypertension (PH) in ApHCM, due to elevated pressures on the left side of the heart, has been documented. However, the exact prevalence of PH in ApHCM and sex differences remain uncertain.



Methods: We sought to evaluate the prevalence, risk associations, and sex differences in elevated pulmonary pressures in the largest cohort of patients with ApHCM at a single tertiary center. A total of 542 patients diagnosed with ApHCM were identified using ICD codes and clinical notes searches, confirmed by cross-referencing with cardiac MRI reports extracted through Natural Language Processing and through manual evaluation of patient charts and imaging records.



Results: In 414 patients, echocardiogram measurements of pulmonary artery systolic pressure (PASP) were obtained at the time of diagnosis. The mean age was 59.4 ± 16.6 years, with 181 (44%) being females. The mean PASP was 38 ± 12 mmHg in females vs. 33 ± 9 mmHg in males (p < 0.0001). PH as defined by a PASP value of > 36 mmHg was present in 140/414 (34%) patients, with a predominance in females [79/181 (44%)] vs. males [61/233 (26%), p < 0.0001]. Female sex, atrial fibrillation, diagnosis of congestive heart failure, and elevated filling pressures on echocardiogram remained significantly associated with PH (PASP > 36 mmHg) in multivariable modeling. PH, when present, was independently associated with mortality [hazard ratio 1.63, 95% CI (1.05–2.53), p = 0.028] and symptoms [odds ratio 2.28 (1.40, 3.71), p < 0.001].



Conclusion: PH was present in 34% of patients with ApHCM at diagnosis, with female sex predominance. PH in ApHCM was associated with symptoms and increased mortality.
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Introduction

Apical hypertrophic cardiomyopathy (ApHCM) is a subtype of hypertrophic cardiomyopathy (HCM) with hypertrophy localized to the left ventricular (LV) apex. The estimated prevalence rate among patients with HCM varies from 25% in the Asian population to 1%–10% in the non-Asian population (1, 2). Patients with ApHCM have a widely variable clinical presentation, ranging from being asymptomatic with a normal lifespan to being symptomatic with dyspnea, reduced exercise capacity, chest pain, atrial fibrillation, heart failure, thromboembolic events, and ventricular arrhythmias, or experiencing sudden cardiac death (2–5). The development of an apical pouch and aneurysm is known to have negative prognostic effect, predisposing to both ventricular arrhythmias and intracardiac thrombus formation (4, 6, 7).

Pulmonary hypertension (PH) is prevalent in HCM, with an estimated prevalence rate of 38% by echocardiography (8). It has been shown that older age and systolic dysfunction are independent risk factors for developing PH in HCM (9). Another case–control study found female sex, moderate or greater mitral regurgitation, and atrial fibrillation as independent risk factors for PH beyond the effect of age (10). The prevalence of PH was similar in obstructive and non-obstructive HCM in one study (8), and it was higher in obstructive and end-stage HCM in another (9). Despite the slight differences in prevalence, PH was an independent predictor of mortality in patients with both obstructive and non-obstructive HCM (8, 9, 11). A high prevalence of PH by echocardiography in ApHCM with a female predominance has been described, but the study was not designed to evaluate the risk associations and implications of PH (7). Therefore, in this study, we sought to evaluate the prevalence, sex differences, and risk associations of PH in ApHCM and to assess the prognostic implications of PH in a large cohort of patients with isolated ApHCM at a single referral center in the United States.



Methods


Patient population

This study was approved by the institutional review board and deemed exempt. All patients provided consent to the use of their data for research. A total of 542 patients diagnosed with ApHCM were identified by using ICD-9/10 codes and a search of text contained within clinical notes. The diagnosis was further confirmed by cross-referencing with cardiac MRI reports extracted through Natural Language Processing, as well as through manual review of patient charts, echocardiograms, and cardiac MRIs from January 1999 to May 2018. ApHCM was defined on imaging as the presence of apical wall thickness measuring ≥15 mm or ≥13 mm in individuals with a positive family history or positive genetic mutation. Patients with other patterns of LV hypertrophy without clear apical predominance (reverse curve, sigmoid, neutral septum), infiltrative cardiomyopathies including amyloidosis, Fabry disease, or secondary causes of LV hypertrophy including hypertensive heart disease were excluded. Patients with eosinophilic heart disease/eosinophilic myocarditis were also excluded after conducting a careful review of their cardiac MRI and pathology results when available. While patients with hypertensive heart disease were excluded, those with ApHCM and a concomitant diagnosis of hypertension were not excluded (12). All included patients underwent a comprehensive transthoracic echocardiography (TTE), and the initial study that diagnosed ApHCM was used for analysis. Baseline characteristics recorded at the time of index TTE, including demographic data, diagnosis of congestive heart failure and comorbidities determined from ICD codes, and Charlson comorbidity index, were extracted from the electronic medical records. The New York Heart Association (NYHA) functional class and the presence of symptoms (NYHA functional classes II–IV) were manually abstracted by review of charts. The vital status was retrieved using the Mayo Clinic records. Patients not known to be deceased were censored at the date of the last follow-up.



Echocardiography

Echocardiographic assessment was reported by Level 3 trained echocardiographer, and data included LV linear dimensions and ejection fraction, mitral inflow early/ late diastolic velocity (E/A), mitral annular early tissue Doppler velocity (e'), medial E/e' (surrogate of elevated filling pressures), left atrial volume index, pulmonary artery systolic pressure (PASP), estimated right atrial pressure, RV size, and RV systolic function. Pulmonary hypertension was defined as none (PASP < 36 mmHg), mild-to-moderate (PASP 36–59 mmHg), and severe (PASP ≥ 60 mmHg). The PASP was evaluated from the highest (or average of five cardiac cycles in patients with atrial fibrillation or significant respiratory variation) and most complete signal of tricuspid regurgitation from the RV inflow, parasternal short axis, and apical views using modified Bernoulli equation as 4v2 + estimated right atrial pressure, where v is the velocity of the tricuspid regurgitation jet in m/s. The right atrial pressure was estimated based on the size and collapse of the inferior vena cava as follows: 5 mmHg when it displayed both normal size and collapse, 10 mmHg when it was either enlarged or had reduced collapse, 15 mmHg when it was both enlarged and had reduced collapse, and 20 mmHg when it was enlarged with no collapse. The RV was considered enlarged if its size exceeded mild enlargement, and its function was categorized as reduced if it was more than mildly reduced. RV size and function assessments, as specified in the echocardiographic reports, primarily included qualitative evaluations and, when available, quantitative measures (available in less than 50% of the patients).



Outcomes

The primary outcome was the prevalence of PH in patients with ApHCM, sex differences in the same, and impact of PH on all-cause mortality. The secondary outcomes were the risk associations of PH and the impact of PH on symptoms.



Statistical analysis

Data are presented as frequencies and percentages for categorical variables, and as mean with standard deviation (SD) for approximately normally distributed continuous variables or median and quartiles for those that were not. Chi-square test was used to compare the categorical variables and t-test or Kruskal–Wallis for continuous variables, as appropriate. The survival curves were constructed using the Kaplan–Meier method, and the groups of PH patients were compared using the log-rank test. Cox proportional hazards regression was used to examine the association between PH and all-cause mortality after adjusting for other factors noted to be significant in the univariate analysis. These results are presented as hazard ratios (HR) with 95% confidence intervals (CI). Multivariable models were created using backward selection starting from those variables that were significant in the univariate analyses. Logistic regression was used to examine the factors associated with PH and to assess the association between PH and symptoms, and these results are presented in terms of odds ratios (OR) and 95% CI. The model assumptions were checked graphically to ensure that no violations were noted. The risk for mortality by PASP was illustrated graphically after fitting the PASP using penalized smoothing splines, and Youden's J index was used to identify the optimal cut point for this association. All analyses were performed using SAS version 9.4 (SAS Institute, Inc. Cary, NC, USA), and a p-value of < 0.05 was considered statistically significant.




Results

The study cohort consisted of 414/542 (76%) patients who had a sufficient tricuspid regurgitation Doppler signal for estimating PASP. The mean age was 59.4 ± 16.6 years, with 181 (44%) being females. Among the patients, 184 (47%) had hypertension, 41 (10%) had diabetes, 39 (10%) had a diagnosis of coronary artery disease, and 21 (5%) had prior myocardial infarction (Table 1). In terms of history of ventricular arrhythmias, 34 (9%) patients had ventricular tachycardia, seven (2%) had ventricular fibrillation, and three (1%) had prior cardiac arrest. The baseline characteristics are presented in Table 1. Pulmonary hypertension was present in 140 (34%) patients, with a higher prevalence in females (n = 79/181, 44%) than males (n = 61/233, 26%), p < 0.001 (Figure 1). Severe PH was present in 10 (2%) patients with a higher prevalence in females than males [seven (4%) vs. three (1%), p = 0.001]. The baseline characteristics of males and females are presented separately in Supplementary Table S1. The univariate factors associated with PH were found to be age, female sex, moderate or greater MR, larger left atrial volume index, higher medial E/e', atrial fibrillation, diagnosis of congestive heart failure, and Charlson comorbidity index. MR etiology included annular dilatation (atrial functional MR) in 11 patients, mitral valve prolapse in one patient, and annular dilatation along with significant mitral annulus calcification in one patient. In the multivariable model, female sex [OR 1.88 (1.17, 3.04), p = 0.009], medial E/e' > 15 [OR 2.06 (1.22, 3.49), p = 0.007], atrial fibrillation [OR 2.09 (1.09, 4.01), p = 0.026], and a diagnosis of congestive heart failure [OR 2.48 (1.28, 4.81), p = 0.007] remained independently associated with PH (Table 2). In another model, when left atrial volume index was substituted for medial E/e’, it was also observed to have a statistically significant correlation (Supplementary Table S2).


TABLE 1 Baseline characteristics.
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FIGURE 1
Prevalence of PH. Bar graphs showing prevalence of PH in the entire cohort (34%) and in females (44%) vs. males (26%), p < 0.001.



TABLE 2 Univariate and multivariable analyses of factors associated with PH.
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Mortality was assessed over a median of 4.4 years (IQR: 0.1–10.7). The spline curves analysis showed that the risk of death started to rise continuously after the PASP reached a level between 35 and 36 mmHg for the whole cohort (Figure 2), and in males and females separately (Supplementary Figures S1A and B). Therefore, PASP of 36 mmHg was used as a cutoff, and PH (PASP > 36 mmHg) was associated with higher all-cause mortality in the univariate and multivariable analysis [HR for PH 1.63, 95% CI (1.05–2.53), p = 0.028] (Table 3 and Figure 3). Other independent factors associated with mortality were female sex [HR 1.88, 95% CI (1.20, 2.96), p = 0.006] and Charlson comorbidity index [HR 1.10, 95% CI (1.03, 1.18), p = 0.005] (Table 3). The correlation between PH and higher mortality was observed in both males and females (Supplementary Figures S2A, B). However, after adjusting for other factors, this correlation became non-significant (p = 0.08) for females.


[image: Figure 2]
FIGURE 2
Spline curves for PASP cutoff. Spline curves demonstrate mortality risk across the range of measured PASP in the whole cohort. The risk increased for PASP > 35–36 mmHg.



TABLE 3 Multivariable analysis of factors associated with mortality.
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FIGURE 3
Kaplan–Meier survival curves. Kaplan–Meier survival curves for all-cause mortality by PH (PASP > 36 vs. <36 mmHg) in unadjusted and adjusted models. Patients with PASP > 36 mmHg had higher all-cause mortality in unadjusted models and after adjusting for age, sex, comorbidity index, and left ventricular filling pressures. Hazard ratios were 2.32 (95% CI 1.55, 3.48, p < 0.001) and 1.63 (95% CI 1.05, 2.53, p = 0.028), respectively.


PH, when present, was also found to be independently associated with symptoms (NYHA functional Class II–IV) [OR 2.28, 95% CI (1.40, 3.71), p < 0.001] in addition to the diagnosis of congestive heart failure [OR 5.01, 95% CI (2.30, 10.89), p < 0.001] (Table 4). PH was also independently associated with the presence of significant symptoms (NYHA Class III and IV) [OR 2.73 (1.60, 4.64), p < 0.001].


TABLE 4 Multivariable analysis of factors associated with symptoms (NYHA Class II–IV).
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Discussion

This study, which involved a large cohort of patients with ApHCM, has identified several significant findings: (1) PH as defined by a PASP value of > 36 mmHg on TTE was present in one-third of the patients, (2) female sex, atrial fibrillation, diagnosis of congestive heart failure, and elevated filling pressures were independently associated with PH in ApHCM patients, and (3) PH, when present, was associated with worse symptoms and higher all-cause mortality even after adjusting for known risk factors.

ApHCM is an understudied variant of HCM characterized by hypertrophy localized to the LV apex. It was previously considered “benign” due to the absence of obstruction, but studies have shown an increased risk of heart failure, arrhythmias, thromboembolic events, and death (4, 6, 7, 13). Although dynamic LV outflow tract obstruction is infrequent in ApHCM, elevated filling pressures due to diastolic dysfunction are frequently observed (7, 13–15) and serve as a mechanism for PH. In HCM, PH is thought to be post-capillary initially, and then over time, develop pre-capillary remodeling, leading to combined pre- and post-capillary PH (8, 9, 11). When present, PH is associated with worse outcomes in both patients with obstructive and non-obstructive HCM (8–11); however, there has been no specific research of the prevalence, risk associations, and implications of PH in ApHCM.

This study found a high prevalence of PH in up to one-third of patients with ApHCM. The results are similar to the reported prevalence rate of 38% in patients with other subtypes of HCM (predominantly septal, reverse-curve, neutral) using similar echocardiographic criteria (8). The factors associated with PH in ApHCM patients were found to be female sex, atrial fibrillation, diagnosis of congestive heart failure, and elevated filling pressures on echocardiogram, similar to what has been previously reported in non-selected HCM cohorts (8–10). The association between elevated filling pressures on echocardiogram (medial E/e') and a larger left atrial volume index, which reflects long-standing elevated left-sided filling pressures, suggests a group 2 mechanism of PH. Although a systematic approach to defining PH etiology was not performed in this retrospective assessment, a thorough chart review did not reveal alternative etiologies of PH. There are data showing worse outcomes in females with HCM (16, 17), and data herein clarify that this relationship persists in patients with ApHCM (7).

PH, when present, was independently associated with all-cause mortality, with other significant factors being female sex and Charlson comorbidity index. In the spline curve analysis, there was a continuous increase in the risk of mortality above a cutoff of PASP > 35–36 mmHg. This cutoff corresponds to a mean PA pressure of 25 mmHg, is recommended by the society guidelines for detecting PH with high sensitivity, and is previously shown to be associated with an increased risk of death in non-obstructive and obstructive HCMs without prior septal reduction treatment (8, 18, 19). PH has been shown to be associated with worse outcomes in left-sided heart disease including heart failure with a reduced and preserved ejection fraction and left-sided valve diseases (20). There are a few studies including one large study with over 1,500 patients showing worse outcomes associated with PH in patients with HCM (8–11), and to our knowledge, the current study is the first to systematically evaluate the prognostic significance of PH in patients with an apical subtype of HCM.

The novel myosin inhibitor, Mavacamten, was recently evaluated in a phase 2 trial (MAVERICK-HCM), which included a small group of patients with non-obstructive HCM (21). The study found that the treatment was well tolerated by the majority of patients and was associated with a reduction in cardiac biomarkers, indicating a decrease in wall stress. Mavacamten is currently under further investigation to assess improvements in clinical parameters (22). In addition, there is a need to explore its effects in patients with ApHCM.



Limitations

Our study has several limitations—retrospective study design, single-center experience, and unavailability of TR jet to estimate PASP in approximately 25% of the patients from the original cohort which may change the true prevalence of PH in this population. The retrospective design limits the assessment of predictors, and only risk associations can be determined. The interobserver agreement of echocardiographic measurements is unavailable, but it is unlikely to affect the study results. Hemodynamic right heart catheterization, labs (autoimmune antibodies, NT-pro brain natriuretic peptide), pulmonary function tests, and ventilation perfusion scan were unavailable in most patients, which limits the exact characterization of the type (pre-capillary, post-capillary, or combined pre- and post-capillary) and etiology of PH (13). However, a systematic chart review of this large cohort did not reveal an obvious alternate etiology of PH in these patients. Some comorbidities, such as coronary artery disease and lung disease, could also potentially be associated with PH. However, the proportion of patients with these comorbidities was small, and their association with PH was not significant in the univariate analyses. Genetic testing for sarcomere mutations was not routinely available due to the retrospective nature of the study; therefore, genetic associations could not be tested.



Conclusions

The present study shows a high prevalence rate of PH of 34% as determined by echocardiography in patients with ApHCM, with significantly higher prevalence in females vs. males (44% vs. 26%). The factors associated with PH were found to be female sex, atrial fibrillation, diagnosis of congestive heart failure, and elevated filling pressures on echocardiogram. PH when present was associated with both worse symptoms and higher all-cause mortality. There is a need for larger prospective studies to further evaluate the sex differences in PH, as well as the role of PH in categorizing risk and deciding the most suitable timing for intervention in these patients.
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SUPPLEMENTARY FIGURE 1

Spline curves for PASP cutoff for males and females. Spline curves demonstrate mortality risk across the range of measured PASP in A. Males B. Females. The risk increased for PASP > 35–36 mmHg in both males and females.

SUPPLEMENTARY FIGURE 2

Kaplan–Meier survival curves for males and females. Kaplan–Meier survival curves for all-cause mortality by PH (PASP > 36 vs. <36 mmHg) in unadjusted and adjusted models. Patients with PASP > 36 mmHg had higher all-cause mortality in unadjusted models and after adjusting for age, comorbidity index, and left ventricular filling pressures. Unadjusted and adjusted hazard ratios were 2.26 (95% CI 1.18,4.31, p = 0.013) and 2.03 (95% CI 1.03, 4.01, p = 0.040), respectively, for males and 1.91 (95% CI 1.10–3.32, p = 0.021) and 1.71 (95% CI 0.94, 3.11), p = 0.078), respectively, for females.
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Background: Cancer therapy-related cardiac dysfunction due to trastuzumab has been well-known for many years, and echocardiographic surveillance is recommended every 3 months in patients undergoing trastuzumab treatment, irrespective of the baseline cardiotoxicity risk. However, the potential harm and cost of overscreening in low- and moderate-risk patients have become great concerns.



Objectives: This study aimed to identify the incidence of early cancer therapy-related cardiac dysfunction (CTRCD) and the behaviours of left and right heart deformations during trastuzumab chemotherapy in low- and moderate-risk patients.



Methods: We prospectively enrolled 110 anthracycline-naïve women with breast cancer and cardiovascular risk factors who were scheduled to receive trastuzumab. The left ventricular ejection fraction (LVEF), left ventricular global longitudinal strain (LV-GLS), and right ventricular and left atrial longitudinal strains were evaluated using echocardiography at baseline, before every subsequent cycle and 3 weeks after the final dose of trastuzumab. The baseline risk of CTRCD was graded according to the risk score proposed by the Heart Failure Association (HFA) Cardio-Oncology Working Group and the International Cardio-Oncology Society (ICOS). CTRCD and its severity were defined according to the current European Society of Cardiology (ESC) guidelines.



Results: Twelve (10.9%) patients had asymptomatic CTRCD. All CTRCD occurred sporadically during the first 9 months of the active trastuzumab regimen in both low- and moderate-risk patients. While CTRCD was graded as moderate severity in 41.7% of patients and heart failure therapy was initiated promptly, no irreversible cardiotoxicity or trastuzumab interruption was recorded at the end of follow-up. Among the left and right heart deformation indices, only LV-GLS decreased significantly in the CTRCD group during the trastuzumab regimen.



Conclusions: CTRCD is prevalent in patients with non-high-risk breast cancer undergoing trastuzumab chemotherapy. Low- and moderate-risk patients show distinct responses to trastuzumab. The LV-GLS is the only deformation index sensitive to early trastuzumab-related cardiac dysfunction.
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early cancer therapy-related cardiotoxicity, trastuzumab, left ventricular global longitudinal strain, left ventricular ejection fraction, left atrial longitudinal strain, right ventricular longitudinal strain





Introduction

Although the introduction of HER-2 inhibitors, including trastuzumab, pertuzumab and lapatinib in the chemotherapy regimen of HER-2 positive invasive breast cancer, has dramatically improved the remission and mortality rate in both early and metastatic settings, cancer-related cardiac dysfunction (CTRCD) due to this targeted therapy has been a concern, especially in combined anthracycline and trastuzumab therapy (1). The subsequent protocol of trastuzumab following anthracycline can lower the risk of cardiotoxicity compared to the conjunctive regimen; however, CTRCD remains prevalent from 3% to 19% (2). When anthracycline is safely removed from the chemotherapy protocol for HER2-positive breast cancer in recent clinical trials, the risk of CTRCD has been reduced from 0.4% to 3.2% (3, 4). Although anthracycline is no longer preferred for most trastuzumab-containing regimens, echocardiography surveillance every 3 months is recommended to detect subclinical or asymptomatic CTRCD during chemotherapy for all patients according to the current European Society of Cardiology (ESC) guidelines, irrespective of baseline cardiotoxicity risk (5). This recommendation is suggested according to the echocardiography protocol of trastuzumab clinical trials with limited validation in low and high-baseline risk categories (6). Since echocardiography surveillance is performed in a manner of one-size-fits-all, the potential harmfulness and cost regarding overscreening in low- and moderate-risk patients has become a great concern. Identifying the incidence of CTRCD in low- and moderate-risk patients receiving trastuzumab without anthracycline may indicate the need for guideline-directed echocardiography in these non-high-risk groups.

Compared to serial LVEF monitoring, frequent assessment of left ventricular global longitudinal strain (LV-GLS) is recommended to detect CTRCD earlier during trastuzumab chemotherapy and promptly initiate medical treatment for heart failure; however, the role of LV-GLS in this clinical scenario is mainly extrapolated from anthracycline-based treatment data (5). The incidence of asymptomatic CTRCD defined by LV-GLS reduction has not been identified in most contemporary pivotal trials of trastuzumab regimen (7). Furthermore, the involvement of the right ventricular and left atrial longitudinal strain in CTRCD has recently become an active area of research. Although some studies have shown that right ventricular global longitudinal strain (RV-GLS) (8), right ventricular free-wall longitudinal strain (RV-FWLS) (9) or left atrial reservoir strain (LASr) (10) decreased significantly with the trastuzumab regimen, most patients were pre-exposed to anthracycline. In contrast to anthracycline, primary myocyte injury does not occur and dose-dependent cardiotoxicity has not been clearly elucidated in patients receiving trastuzumab monotherapy. Neuregulin ERBB pathway, which was found to be connected to the stress response of the heart, is proposed to play a principal role in this type II chemotherapy-related cardiac dysfunction (11). While the main features of trastuzumab-induced cardiotoxicity include the lack ultrastructural damage and reversibility (2), it remains unclear whether the right ventricle and left atrium are affected concurrently with the left ventricle and which cardiac chamber is more sensitive to trastuzumab-induced cardiotoxicity. Therefore, this study aimed to identify the incidence of early CTRCD and the behaviours of left and right heart deformations during trastuzumab chemotherapy in low- and moderate-risk patients by incorporating all echocardiographic deformation indices measured at baseline and before every subsequent trastuzumab cycle in an anthracycline-naive breast cancer cohort with cardiovascular risk factors.



Methods


Design

This multicentre prospective cohort study enrolled 110 consecutive female patients who received trastuzumab as adjuvant or neoadjuvant chemotherapy for newly diagnosed breast cancer (stages I–IV) at the Nhan Dan Gia Dinh Hospital and Oncology Hospital, Ho Chi Minh City, Vietnam between 01 September 2020 and 31 December 2022. All patients received an 18-cycle trastuzumab regimen with a 21-day inter-cycle interval. Patients were eligible for inclusion in this study if they presented at least one of the following cardiovascular risk factors: ≥60 years of age, hypertension, diabetes mellitus, dyslipidaemia, atrial fibrillation, obesity (BMI > 30 kg/m2), or chronic kidney disease. The exclusion criteria included severe valvular heart disease and poor image quality on echocardiogram, defined as ≥2 inadequate visualised myocardial segments (in an 18-segment model) or previous exposure to anthracycline. Patients were evaluated for standard demographic and clinical data, HFA-ICOS risk scores for CTRCD (6), echocardiography findings, and medical therapy at baseline. All patients underwent clinical examination and standard echocardiography before every trastuzumab cycle and 3 weeks after the final dose, irrespective of their HFA-ICOS risk categories. The primary end point was CTRCD occurrence during trastuzumab therapy. The severity of CTRCD was stratified according to the recent ESC guidelines, in which mild CTRCD was defined as a new relative decline in GLS by >15% from the baseline value with LVEF ≥50%, and moderate CTRCD as a new LVEF reduction by ≥10 percentage points to an LVEF 40%–49% with or without a new relative decline in GLS by >15% from the baseline value (5). When LVEF reduction was confirmed by two consecutive echocardiography to <50%, moderate and severe CTRCD was recorded. If CTRCD was detected, trastuzumab was interrupted only in the severe presentation, whereas heart failure medications with ACE-i/ARB, beta-blockers and MRA were initiated promptly in moderate and severe settings. Regarding CTRCD reversibility after trastuzumab treatment, LVEF recovery was categorised as follows: fully reversible (to within 5 percentage points of the baseline) or partially reversible (improved by ≥10 percentage points but remained >5 percentage points below baseline) (12). This study was conducted in accordance with the principles of the Declaration of Helsinki and was approved by the ethical committee of the University of Medicine and Pharmacy at Ho Chi Minh City (approval number: NCT04547465), and all patients provided informed consent. Patients or the public were not involved in the design, or conduct, or reporting, or dissemination plans of our research.



Two-dimensional echocardiography

Echocardiography was performed at a resting condition using a Philips Affiniti ultrasound system (Philips Healthcare, Andover, MA, USA) by a single examiner, according to the current guidelines of the American Society of Echocardiography and the European Association of Cardiovascular Imaging (12, 13). Data from four-, three-, and two-chamber and right ventricular-focused apical views acquired in three consecutive cardiac cycles at a frame rate of >50 fps were stored in raw DICOM format for offline analysis. Images were obtained at baseline (before the first trastuzumab cycle), before every subsequent cycle, and 3 weeks after the completion of chemotherapy. Nineteen echocardiographic examinations were performed on each patient during the study period. All images were transferred to a core laboratory and computed by two cardiologists (H. H. N. and D. T. V.) who were blinded to the patients' clinical data. Right ventricular strains (RV-FWLS and RV-GLS) and R-R gating left atrial strains (LASr, LAScd and LAScd) were assessed using right ventricular-focused and apical four-chamber views, respectively. Strain analyses by speckle-tracking (LV-GLS, RV-FWLS, RV-GLS, LASr, LAScd and LAScd) and semiautomatic LVEF calculations were performed using a Philips aCMQ (QLAB 15.0, Philips Healthcare, Andover, MA, USA). The LA border was automatically defined in the LASr, LAScd, and LAScd procedures, and zero strain reference was set at left ventricular end-diastole. LASr, LAScd and LASct were measured as the difference of the strain value at mitral valve opening minus ventricular end-diastole, the difference of the strain value at the onset of atrial contraction minus mitral valve opening, and the difference of the strain value at ventricular end-diastole minus onset of atrial contraction, respectively (13). The strain indices at each trastuzumab cycle were compared with the corresponding values at baseline, and the difference was defined as the relative change [relative change at each cycle = (current strain value–baseline strain value)/baseline strain value]. The baseline strain index was identical to the strain value before cycle 1.



Statistical analysis

Data were provided as means ± standard deviation when normally distributed, medians and interquartile ranges for skewed distributions and frequencies and percentages for categorical variables. A Chi-squared or unpaired t-test was used to compare the demographic data, cardiovascular risk factors, HFA-ICOS risk levels and medical therapy between the mild CTRCD, moderate CTRCD and no-CTRCD groups. A paired t-test was used to demonstrate significant changes in ΔLV-GLS, ΔRV-FWLS, ΔRV-GLS, ΔLASr, ΔLAScd and ΔLAScd between independent groups at each anthracycline cycle. Statistical analyses were performed using IBM SPSS Statistics version 27 (IBM Corp., Armonk, NY, USA) and R version 4.0.3 (R Foundation for Statistical Computing, Vienna, Austria). Two-sided P-values were used, and statistical significance was set at P < 0.05.




Results


Patient characteristics and CTRCD incidence

Of the 110 patients with breast cancer and cardiovascular risk factors, 12 (10.9%) developed CTRCD during trastuzumab chemotherapy and were asymptomatic at the time of detection. All CTRCD events were defined as mild or moderate severity with LVEF ≥40%, and no CTRCD event was recorded after 9 months of trastuzumab chemotherapy. Moderate CTRCD developed later than mild CTRCD, only after the first 3 months (Figure 1).


[image: Figure 1]
FIGURE 1
Study flow chart and incidence of CTRCD during trastuzumab chemotherapy. All CTRCD occured during the first 9 months of the active trastuzumab regimen. In the first three months, only mild CTRCD was recorded while moderate CTRCD developed in the second and third­three months.


At baseline, patients' average age was 60.2 ± 8.3 years (33–78 years). No patient presented with LVEF <50%, prior CTRCD, heart failure, cardiomyopathy or a history of myocardial infarction with or without coronary revascularization. Hypertension was the predominant cardiovascular risk factor in 69 (62.7%) patients, followed by dyslipidaemia in 43 (39.1%), diabetes mellitus in 25 (22.7%), chronic kidney disease in 10 (9.1%) and obesity in five (4.5%). All cardiovascular risk factors at baseline were similar between the CTRCD and non-CTRCD groups. Given that all the patients had cardiovascular risk factors, 28 (25.4%) received cardioprotective therapy with ACE-i/ARB (23.9%) and beta-blockers (11.8%) before trastuzumab treatment. Baseline left ventricular function (LVEF and LV-GLS), right ventricular strain (RV-GLS and RV-FWLS) and left atrial mechanics (LASr, LAScd, and LASct) assessed using echocardiography did not differ between the no-CTRCD and CTRCD groups. Moderate CTRCD did not have a lower LV-GLS value or other strain parameters at baseline than mild CTRCD or no CTRCD. The baseline characteristics of the patients in the CTRCD and non-CTRCD groups are summarised in Table 1.


TABLE 1 Patient characteristics.

[image: Table 1]

According to the HFA-ICOS risk categories, 52 (47.3%) patients were classified as moderate-risk, and moderate CTRCD occurred only in patients with moderate risk at baseline.



Left and right heart deformation evolution during trastuzumab chemotherapy

In the CTRCD group, when significant LV-GLS reduction always preceded LVEF reduction, the left atrial longitudinal strain (LASr, LAScd and LASct) and right ventricular longitudinal strain (RV-FWLS and RV-GLS) values did not differ between the CTRCD and no-CTRCD groups or between the mild and moderate CTRCD groups (Figure 2).


[image: Figure 2]
FIGURE 2
Left heart and right heart strain evolution during trastuzumab chemotherapy LV-GLS decreased significantly in moderate CTRCD (panel A), however, other longitudinal strain indices of the right ventricular (RV-FWLS , panel B and RV-GLS, panel C) and left atrium (LASr, panel D; LAScd, panel E and LASct, panel F) were not affected by trastuzumab cardiotoxicity.


According to the baseline HFA-ICOS risk, moderate-risk patients had a persistent negative relative change in LV-GLS during subsequent trastuzumab cycles, in contrast to the stable trend observed in low-risk patients. Although mean LV-GLS values were similar between the low-risk and moderate-risk patients at baseline, after completing trastuzumab chemotherapy, mean LV-GLS in moderate-risk patients was significantly lower (−18.5 ± 1% vs. −18.9 ± 0.9%; P = 0.032) (Figure 3).


[image: Figure 3]
FIGURE 3
LV-GLS evolution in low risk and moderate risk during trastuzumab chemotherapy. (A) In comparison to the low risk, mean LV-GLS in the moderate risk patients were lower at the end of treatment, −18.5 ± 1% vs. −18.9 ± 0.9%, P = 0.032. (B) Relative changes of LV-GLS between low and moderate risk patients at subsequent cycles of trastuzumab, *P < 0.05. **P < 0.01.


At the end of treatment, although LVEF fully improved in all patients with mild and moderate CTRCD, the LV-GLS did not return to the baseline value. In moderate CTRCD patients, the mean LV-GLS at 3 weeks after trastuzumab completion was lower (−17.7 ± 0.5% vs. −19.1 ± 1.2% at baseline; P = 0.043). At the time of moderate CTRCD occurrence, the mean LV-GLS and relative reduction of LV-GLS were −15.4 ± 0.7% and 19.0 ± 3.6%, respectively. The lowest LVEF in moderate CTRCD patients was 47.4 ± 1.1%.




Discussion

When left and right heart myocardial mechanics were concurrently monitored using echocardiography, the most important finding of this prospective study was that CTRCD developed in 10.9% of anthracycline-naïve breast cancer patients undergoing trastuzumab treatment, and half of these CTRCD were mild. However, low- and moderate-risk patients showed different responses to trastuzumab exposure, with more severe CTRCD occurring later and only in non-low-risk patients. In contrast to LV-GLS, right ventricle and left atrial deformation imaging were not sensitive enough to detect the cardiotoxicity induced by trastuzumab when medical therapy for heart failure was implemented in a timely manner.

Although the first signal of CTRCD due to trastuzumab has been recognised for more than 20 years, most of this adverse event was described in the conjunctive chemotherapy protocol with anthracycline (2). In addition, the incidence of trastuzumab-related cardiac dysfunction is inconsistent between clinical trials and observational studies when stringent criteria for patient enrolment and strict protocols of cardiac function monitoring lowered the risk of cardiotoxicity. In trials with non-anthracycline adjuvant (BCIRG-006) (3) or neoadjuvant (TRYPHAENA) (14) regimens, trastuzumab was associated with 0.4% and 1.3% symptomatic heart failure, respectively, but this number could be increased to 14%–27% based on retrospective data that included older patients with cardiovascular diseases treated with trastuzumab (15, 16). Acknowledging the cumulative effect of cardiovascular risk factors on the expression of cardiotoxicity, baseline risk assessment using the HFA-ICOS score was recommended before initiating cancer therapy to individualise cardiac function. However, in contrast to anthracycline, a single algorithm was suggested irrespective of the baseline risk category owing to the lack of validated data in low- or high-risk patients. Although more frequent echocardiography surveillance is performed, a higher likelihood of CTRCD is detected (17), the cost associated with overscreening in the low-risk category is of great concern. Battisti et al. (18) demonstrated that the HFA-ICOS score had a good correlation with increasing rate of cardiac dysfunction, in which the rate of LVEF decline below 50% was 4.5% in low-risk patients and 6.4% in moderate-risk patients; however, most of the patients in this study (65%) were treated concurrently with anthracycline, and cardiotoxicity was defined by LVEF reduction only. In this study, we showed that CTRCD in the low and moderate HFA-ICOS risk categories had different features. The relative decrease in LV-GLS in moderate-risk patients was higher than that in low-risk patients throughout the 18 cycles of trastuzumab treatment. Consequently, at the end of chemotherapy, the mean LV-GLS of moderate-risk patients was significantly lower. In addition, while the incidence of CTRCD was 12.1% and 9.6% in low-risk and moderate- to high-risk patients, respectively, all CTRCD associated with low baseline risk were mild and all CTRCDs occurring in the moderate- to high-risk category had LVEF decline to below 50%. Relative reduction of LV-GLS > 15% in the mild CTRCD in our study did not lead to significant LVEF and LV-GLS reduction after completing trastuzumab treatment, and no heart failure medical treatment was implemented. Since patients treated with trastuzumab are less likely to be associated with guideline-adherent cardiac monitoring compared to other chemotherapy regimens, such as taxane or anthracycline (19), our study suggests that one-size-fits-all echocardiography surveillance every 3 months during the trastuzumab regimen may not be necessary for low-risk patients at baseline. Because all these CTRCD cases developed within the first 6 months, frequent echocardiography can only be considered during this period.

Findings from our study were consistent with data from Battisti (18), Keramida (9), Negishi (20) or Banke (21) in which CTRCD was detected by LV-GLS and/or LVEF reduction in a median time from 5 to 9 months after initiating trastuzumab. While breast cancer patients with a moderate baseline risk were more likely to develop more severe CTRCD, our study suggests that frequent echocardiography surveillance is crucial during the first 9 months of trastuzumab treatment at baseline. In CTRCD of moderate severity, all patients in this study had full recovery at the end of chemotherapy, defined by reversible LVEF with an insignificant reduction of LV-GLS in comparison with the baseline value when medical treatment for heart failure was promptly initiated and trastuzumab chemotherapy was maintained. Although data from previous studies showed that LVEF decline following trastuzumab administration can be persistent (3, 22), this finding from our study confirms the recent ESC guidelines' recommendation regarding safe continuation of anti-HER2 under cardiovascular monitoring if CTRCD can be detected and managed in a timely manner, at least in a moderate setting (5).

To the best of our knowledge, this is the first prospective study to evaluate the role of left atrial and right ventricular deformations in anthracycline-naïve cancer patients undergoing trastuzumab treatment concurrently with LV-GLS. Given the fact that interventricular septum is a major part of left ventricular, RV-GLS evolution is more prone to affected by left ventricular deformation than RV-FWLS (13). Mazzuti et al. showed that RV-GLS decreased during the trastuzumab regimen; however, this was not associated with the CTRCD events (8). After initiating trastuzumab, deterioration of the both right ventricular longitudinal strain parameters (RV-GLS and RV-FWLS) occurred several months following the significant decline of LV-GLS; however, no specific heart failure medical treatment was implemented in the study of Keramida et al. (9) These findings support the result of our study in that when CTRCD was detected and treated early by a significant relative reduction of LV-GLS and mildly reduced LVEF, the chance to recognize any deterioration of isolated right ventricular deformation (RV-FWLS) due to trastuzumab cardiotoxicity is extremely low. Although RV-GLS evolution in moderate CTRCD patients had the similar trend of LV-GLS, mean RV-GLS values at the end of chemotherapy were not different between moderate and no-/mild CTRCD.

For left atrial strain analysis, Park et al. demonstrated that LASr at baseline had a better predictive value for CTRCD than LVGLS after initiating trastuzumab; however, most patients had previously been exposed to anthracycline (10). Similar to right ventricular longitudinal strain, our study showed that no atrial deformation indices (LASr, LAScd or CASct) were sensitive enough to detect trastuzumab-related cardiac dysfunction.



Study limitations

This study has some limitations. First, no patient was classified into the high-risk HFA-ICOS category. Therefore, our findings may not represent the behaviour of the left and right heart deformations in this group. Second, in the echocardiography protocol, although we assessed LVEF using a well-known semi-automatic software to improve the reproducibility of this measurement, 3D LVEF is the preferred method in recent guidelines owing to its superior accuracy in detecting LV dysfunction. Finally, the incidence of CTRCD was low in our study, which limited the multivariate analysis and the power of Chi-squared test in comparing baseline characteristics among the study groups. Other studies with a considerable proportion of high-risk patients are needed to validate the HFA-ICOS risk category and to identify independent risk factors for early CTRCD development during trastuzumab treatment.



Conclusions

CTRCD is prevalent in anthracycline-naïve breast cancer patients undergoing trastuzumab chemotherapy, even in non-high-risk categories. However, moderate CTRCD, defined as a reduction in LVEF of <50%, is not encountered frequently. The one-size-fits-all echocardiography surveillance suggested by the recent guidelines is not necessary for low-risk patients.
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Objective

The importance of cardio-hemato-oncology programs is increasing. The main aim of the study was to identify all coexisting cardiovascular disorders in patients with new hematological malignancies referred for echocardiography during baseline evaluation before anticancer therapy.





Material and methods

The study was based on 900 echocardiographic examinations performed within 12 months at the Institute of Hematology and Transfusion Medicine in Poland: 669 tests (74.3%) were dedicated to hemato-oncology patients at the different stages of cancer therapy, however almost a third of the tests (277, 30.8%) were part of a baseline evaluation before starting first line anticancer therapy due to newly diagnosed hematological malignancies.





Results

The group of 277 patients with new hematological malignancies (138 women, 49.82%) with a median age of 66 years (interquartile range: 53-72 years) was included in the main analyses. The three most frequent new histopathological diagnoses were: non-Hodgkin lymphoma (63 cases; 22.74%), acute myeloid leukaemia (47 cases; 16.97%), and multiple myeloma (45 cases; 16.25%). The three most common clinical cardiology disorders were arterial hypertension (in 133 patients, 48.01%), arrhythmias (48 patients, 17.33%), and heart failure (39 patients, 14.08%). Among 48 patients with arrhythmias there were 22 cases with atrial fibrillation. The most frequently detected echocardiographic abnormality was Left Atrial Volume Index >34 ml/m2 which was present in 108 of 277 patients (38.99%) and associated with a significantly greater chance of concomitant diagnosis of arrhythmias (OR=1.98; p=0.048) especially atrial fibrillation (OR=3.39; p=0.025). The second most common echocardiographic finding was diastolic dysfunction 2nd or 3rd degree revealed in 43 patients (15.52%) and associated with a greater chance of simultaneous diagnosis of heart failure (OR=8.32; p<0.0001) or arrhythmias (OR=4.44; p<0.0001) including atrial fibrillation (OR=5.40; p=0.0003).





Conclusions

In patients with newly diagnosed hematological malignancies left ventricular diastolic dysfunction is a common abnormality in echocardiography and may determine diagnoses of heart failure or arrhythmias.
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Introduction

Cardio-oncology is a dynamically developing scientific field. Its primary task is to provide appropriate quality of cardiological care for patients undergoing or after cancer therapy (1). The overriding goal is to ensure optimal anticancer treatment for patients with coexisting cardiovascular diseases diagnosed before or during cancer treatment. In many countries, scientific institutions create clinical programs dedicated to cardio-oncology (2). The emergence of cardio-oncology clinics is becoming a reality (3–5).

The development of modern therapies used in onco-hematology results in improved prognoses for patients. However, this favorable trend is limited by the increasing number of early and late cardiovascular complications mainly due to using novel anticancer drugs (6). They may reduce the overall survival rate and affect patients’ quality of life. For these reasons, programs dedicated to cardio-hemato-oncology have also been created (7, 8).

Cardiovascular risk stratification should be an integral element of each cancer patient assessment before initiating potentially cardiotoxic oncological therapy (9). Echocardiography seems to be necessary during such evaluation especially in hemato-oncology (10) Patients with a history of cardiovascular disease appear to be at greater risk of an unfavorable prognosis (11). The direct impact of cancer itself on the cardiovascular system is constantly underestimated (12).

The study aimed to summarize the first year of experience from the work of a new team of cardiologists at the Institute of Hematology and Transfusion Medicine in Warsaw, i.e. the Polish reference center for hematology. The main goal was to draw special attention to the importance of baseline cardiology evaluation of patients with a new diagnosis of hematological malignancies.





Materials and methods

Indications for echocardiographic examinations of the heart performed from April 2021 to March 2022 were retrospectively analyzed. This period constituted the first 12 months of work of the new team of cardiologists at the Institute of Hematology and Transfusion Medicine in Warsaw, who are also members of the International Cardio-Oncology Society and certified cardio-oncologists.

There were 900 echocardiographic examinations performed for different clinical indications (Figure 1). Nearly one fourth of the examinations was performed in patients treated for reasons other than hematological malignancies: non hematology therapy (13.3%) or coagulopaties (12.3%). Most of the tests (669; 74.3%) were dedicated directly to hemato-oncology. The distribution of echocardiographic imaging in hemato-oncology was as follows:

	277 (30.8%) patients at baseline evaluation

	327 (36.3%) patients during active anticancer therapy	➣ 103 (11.4%) patients with new symptomatic events

	➣ 224 (24.9%) patients under monitoring at different stages of hematological malignancy treatment:	○ 93 before hematopoietic stem cell transplantation (HSCT),

	○ 51 with malignancy progression,

	○ 80 as asymptomatic patients under surveillance.







	22 (2.4%) patients during long-term follow-up after anticancer therapy

	43 (4.78%) patients in clinical trials on an experimental therapy.






Figure 1 | The flowchart of patients undergoing echocardiography.



The final step was to identify coexisting cardiovascular diseases before anticancer therapy among patients starting treatment (baseline evaluation) and analyzing their echocardiographic diagnoses.

Echocardiographic studies were conducted on the patients in the left lateral decubitus position using a medical ultrasound device (EPIQ 5, Philips Medical System, USA). Left and right ventricular systolic function, left ventricular diastolic function, and exponents of pulmonary hypertension were assessed.

Echocardiograms were performed following the American Society of Echocardiography guidelines, using imaging in the following projections: substernal, parasternal in the long and short axis, apical four-, two- and three-chamber projections and suprasternal projection (13, 14). Ejection fraction was assessed using the Simpson method in the four- and two-chamber views. Diastolic function was assessed according to the American Society of Echocardiography and the European Association of Cardiovascular Imaging Guidelines (15). Not all tests were performed with simultaneous electrocardiogram monitoring. When assessing the diastolic function of the left ventricle, the average value of e’ from the septal and lateral values of the left ventricle was used. In our daily practice, we use TDI imaging of the right ventricle. Patients have their S’ value, i.e. systolic excursion velocity, assessed.

All cardiovascular disorders were diagnosed according to the thematically relevant recommendations of the European Society of Cardiology in force in Poland (16–18).

All clinical and echocardiographic diagnoses as nominal variables were expressed as percentages. Values of odds ratios (ORs) and respective 95% confidence intervals (CIs) were calculated by the logistic regression model to find relationships between echocardiographic findings and classical risk factors like arterial hypertension and coronary artery disease. The second purpose was to evaluate the chance of diagnosing heart failure or arrhythmias depending on different echocardiographic abnormalities, not only decreased ejection fraction (EF). All analyses were performed by STATISTICA software. The value of the test’s probability level p< 0.05 was understood as significant.

The study was approved by the Bioethical Committee of the Centre of Postgraduate Medical Education: opinion number: 74/2022, Warsaw 08.JUNE.2022.





Results

The main analysis of the study was focused on 277 patients (138 women, 49.82%) with a median age of 66 years (interquartile range: 53-72 years) who had newly recognized hematological malignancies and had undergone echocardiography as an element of risk stratification before anticancer therapy. The frequency distribution of new blood cancers diagnoses is presented in Table 1.


Table 1 | Eight most frequent histopatological diagnoses of new hematological malignancies among 277 patients referred to echocardiography.



Among 277 patients with new hematological malignancies, three concomitant clinical cardiology diagnoses were the most common (Table 2): arterial hypertension (133 patients, 48.01%), arrhythmias (48 patients, 17.33%), heart failure (39 patients, 14.08%). The most common five new echocardiographic findings included (Table 3): LAVI >34 ml/m2 (108 cases, 38.99%), diastolic dysfunction 2nd or 3rd degree (43 cases, 15.52%), TRV >2.8 m/sec (40 cases, 14.44%), E/e’ >14 (18 cases, 6.55), left ventricular systolic dysfunction with ejection fraction EF<50% (10 cases, 3.61%).


Table 2 | Clinical cardiovascular diseases identified in 277 patients with new hematological malignancies.




Table 3 | Echocardiographic diagnoses in 277 patients with new hematological malignancies.



Patients with arterial hypertension or coronary artery disease had significantly greater chance of diagnosis of diastolic dysfunction grade 2nd or 3rd (OR=4.23 or OR=3.46 respectively, p<0.05 for both). Diagnosis of EF<50% was significantly associated with coronary artery disease (OR=9.19; p=0.001) and borderline related to arterial hypertension (Table 4).


Table 4 | The odds ratio of recognition of five main echocardiographic abnormalities in relation to arterial hypertension and coronary artery disease.



Diastolic dysfunction 2nd or 3rd degree on echocardiography was strongly related to a greater chance of diagnosis of heart failure (OR=8.32; p<0.0001) or arrhythmias (OR=4.44; p<0.0001) including atrial fibrillation (OR=5.40; p=0.0003) (Table 5).


Table 5 | The odds ratio of diagnosing heart failure or arrhythmias (including atrial fibrillation) in relation to echocardiographic abnormalities.



There were other interesting relationships between echocardiographic findings and clinical cardiology diagnoses (Table 5):

	Left Atrial Volume Index LAVI >34 ml/m2 was found significantly more often together with a diagnosis of arrhythmias (OR=1.98; p=0.048) especially with atrial fibrillation (OR=3.39; p=0.025). LAVI >34 ml/m2 was not significantly associated with a chance of diagnosis of heart failure.

	Tricuspid regurgitation velocity TRV >2.8 m/sec could indicate a higher chance of a diagnosis of heart failure (OR=2.85; p=0.01) but not arrhythmias.

	E/e’ >14 was strongly associated with a greater chance of concomitant diagnosis of heart failure (OR=7.83; p<0.0001) or arrhythmias (OR=7.4; p<0.0001) including arterial fibrillation (OR=7.5; p=0.0003).



All 10 patients with recognized EF < 50% had concomitant diagnoses of heart failure.

Among 43 patients with new diagnoses of hematological malignancies and recognized diastolic dysfunction 2nd or 3rd degree: 10 had coexisting atrial fibrillation (p<0.0001) and 8 had concomitant LVEF<50% (p<0.0001). It should be highlighted that only 2 patients had simultaneously atrial fibrillation, LVEF <50% and diastolic dysfunction 2nd or 3rd degree.





Discussion

The new ESC guidelines dedicated to cardio-oncology recommend cardiological and echocardiographic assessment of cancer patients at various stages of anticancer treatment, i.e. as in our study (19). Echocardiography should be part of the baseline cardiovascular risk stratification before anticancer treatment. The coexistence of cardiac diseases may be associated with a worse prognosis in patients treated for cancer (20). Cancer and its treatment favor the development of new and progression of existing cardiac diseases. Therefore, risk stratification before anticancer therapy seems extremely important (21). To a large extent, in terms of many anticancer drugs, this stratification is based on the result of echocardiography, although clinical diagnoses are also of integral importance (9). It should be emphasized that the initial risk stratification has its prognostic justification (11, 22).

Our analysis confirms a high frequency of diagnoses of cardiac diseases among patients with new hematological malignancies. Our data show that 14.08% of patients with echocardiographic examinations at baseline had a diagnosis of heart failure, and 17.33% had arrhythmias. Echocardiographic findings were even more critical: 3.61% had left ventricular systolic dysfunction with EF <50%, 15.52% had grade 2 or 3 diastolic dysfunction, and 14.44% of patients had TRV >2.8 m/2. Notably, as many as 38.99% of patients had LAVI >34 ml/m2 and that was the most frequent echocardiographic abnormality in this population. In our opinion, both LAVI and diastolic function should be evaluated not only at baseline but also during active anticancer treatment, which seems necessary to monitor them. Such modern monitoring may explain some reasons for the diagnosis of new episodes of heart failure or arrhythmias related to anticancer drugs activity.

The ESC guidelines emphasize the need to perform planned examinations serially, even in asymptomatic patients, during their anticancer treatment. This course of treatment makes it possible to recognize echocardiographic signs of heart damage very early. As a result, it is possible to start secondary cardio protection effectively. Echocardiographic assessment of patients after completion of anticancer treatment is of critical importance as part of long-term follow-up including reassessment of the patient at the time of cancer recurrence. In hemato-oncology, this becomes particularly important at the moment of qualification for bone marrow transplantation (23).

Cardiovascular risk stratification in cardio-oncology is a dynamic process. A cancer patient with low or moderate risk may become a high- or very-high-risk patient during or after oncological treatment if new echocardiographic abnormalities occur. In this dynamic process of risk re-stratification, the basis is, of course, performing echocardiography before anticancer treatment.

Our analysis concerns the period before the announcement of the latest guidelines of the European Society of Cardiology, created in cooperation with the European Hematology Association. The aim was to illustrate the situation before the publication of the guidelines, which for the first time, defined the principles of cardiovascular risk stratification and formal echocardiographic assessment in oncology and hematology.

Echocardiography plays a vital role in cardio-oncology (24). The number of important echocardiographic diagnoses during routine scheduled echocardiographic examinations supports the necessity of performing these examinations regularly and frequently in everyday practice, as recommended by experts (10). This is the optimal way to plan early prevention (25). Our data show how important it is to assess cancer patients optimally at baseline and have additional echocardiographic parameters associated with the diastolic function of the left ventricle or function of the left atrium to compare them during active cancer therapy.

Optimal baseline evaluation of cancer patients may predict symptomatic and sometimes acute cardiac events as an element of cardio-oncology care (26). At baseline the most common diagnoses can be clinical problems related to arterial hypertension, heart failure and arrhythmias as in our study. Hematological patients with such baseline diagnoses are most vulnerable to further severe complications during active cancer therapy. These events have recently been discussed in a consensus published by the experts from the Acute CardioVascular Care Association (ACVC) and the ESC Council of Cardio-Oncology (27).

In onco-hematology, drug toxicity can affect any structure of the cardiovascular system. Therefore, cardio-hemato-oncology includes not only the diagnosis and treatment of heart failure but also of many vascular complications (28). Moreover, it has been confirmed that arterial hypertension together with coronary artery disease presents one of the most important risk factors in cardio-hemato-oncology (29). Arterial hypertension was the most common coexisting vascular problem in patients with newly diagnosed hematological malignancies in our study. Preexisting coronary artery disease was also recognized in some patients. Both arterial hypertension and coronary artery disease are well- known and important risk factors for the development of heart failure in general cardiology. Our h emato-oncology study highlights how both provoke greater chance of finding different echocardiographic abnormalities (Table 4).

In our observations, arrhythmias were the second most common clinical problem with atrial fibrillation comprising 7.94% of cases. This type of arrhythmia will undoubtedly focus the attention of cardio-oncologists on both the implementation of rhythm control strategies and antithrombotic prophylaxis (30). In the world of cardio-oncology growing attention is being paid to cardiac arrhythmias, mainly atrial fibrillation (31, 32). Cardiac arrhythmias, especially atrial fibrillation and other tachyarrhythmias, may indicate subclinical left ventricle dysfunction in hemato-oncology (33). The complex proarrhythmic mechanism in this group of patients results from water and electrolyte disorders, advanced age, coexisting cardiovascular diseases, and the direct effect of anticancer drugs (34).

Atrial fibrillation is becoming the special focus of arrhythmias in cardio-hematology (35, 36). Patients with previously diagnosed atrial fibrillation are at higher risk of death and cardiovascular complications in connection with stem cell transplantation (37). In patients receiving anthracyclines, a significant relationship has been revealed between heart failure development and atrial fibrillation recognized before or during chemotherapy (38). It seems extremely important that our study shows that even baseline echocardiographic parameters related to diastolic dysfunction may help predict a greater chance of the development of arrhythmias including arterial fibrillation.

In our analysis, diastolic dysfunction (2nd or 3rd degree) was the second most common abnormality recognized by echocardiography. This was a determining factor in many cases of diagnosed heart failure before anticancer therapy. Moreover, a diagnosis of diastolic dysfunction (2nd or 3rd degree) was more common than left ventricular systolic dysfunction with EF<50%. Other exponents of diastolic dysfunction like E/e’ > 14 or TRV >2.8 m/s were more frequent as well (Table 5). The importance of diastolic dysfunction is underestimated in cardio-oncology. Our study confirms that the assessment of diastolic function before oncological treatment is crucial and echocardiography should not be limited only to parameters of systolic cardiac function. This may help diagnose heart failure with preserved left ventricular ejection fraction and identify very high-risk patients in cardio-oncology.

Evaluation of left ventricular diastolic function is one of the elements of echocardiography. To identify it, we used: peak flow velocities through the mitral valve - waves E and A, the velocity of the tissue mitral annulus e’ in the Doppler examination, mean E/e’, the indexed volume of the left atrium and maximum velocity of the regurgitant wave through the tricuspid valve (15). The latest ESC guidelines do not recommend additional specific parameters for cancer patients. Meanwhile, diastolic dysfunction may precede the appearance of systolic dysfunction and full-blown heart failure at significantly lower doses of anthracyclines (39, 40). Such early diagnosis is possible only if all cancer patients are evaluated by means of echocardiography before cancer therapy. It should be highlighted that in patients with active cancer, deterioration of diastolic function may be a risk factor for all-cause mortality (41).

Our publication shows the validity of diastolic function assessment before anticancer treatment. Further careful observation will be required as to what drugs used in hemato-oncology affect the development of diastolic dysfunction of the left ventricle; hence it is important to assess the parameters of diastolic function in the initial examination. Another remaining issue is determining the prognostic role of diastolic dysfunction in hemato-oncology.




The limitations of the study

The study is purely epidemiological in nature to reflect the scale of cardiac problems in hemato-oncology. The authors tried to prove that the permanent employment of cardiologists in a leading hematology center in the country has a deep justification. The study analyses the experience of cardiologists gained by them in the period of 12 months before the publication of the first European guidelines on cardio-oncology. At that time there was no uniform echocardiographic monitoring algorithm developed and the indications for testing asymptomatic patients depended on the hematologist’s decision taking place at important moments in the treatment of blood cancer, i.e. when the next line of treatment was planned. This situation changed after the publication of the ESC guidelines. The experience regarding monitoring of patients during active cancer therapy with a comparison period before and after the publication of ESC guidelines will be the topic of our subsequent study showing how much the diagnosis of cardiac events increases. Meanwhile, we have proven how important it is to perform echocardiography in all patients with new hematological cancers. The percentage of abnormalities in echocardiography is significant.

The next significant limitation is the lack of global longitudinal strain (GLS) value measurements. The reason is very simple, the evaluation of GLS became standard in our hematology center after the publication of ESC guidelines.

The last limitation is the fact that fluid overload and sinus tachycardia make measurements difficult in hemato-oncology. As confirmed by our study, common arrhythmias including atrial fibrillation will significantly complicate the assessment of left ventricular diastolic dysfunction. The diagnostic accuracy may be questionable. Moreover, it is still unknown in cardio-oncology if the occurrence of abnormal diastolic function parameters may reflect subclinical LV dysfunction. Such an understanding of modern cardio-oncology requires an evaluation of diastolic function in each patient before anticancer therapy.






Conclusion

The new clinical diagnoses in hemato-oncology coexist mainly with arterial hypertension, heart failure and arrhythmias including atrial fibrillation.

Abnormalities in left ventricular diastolic function are clearly more frequent than systolic dysfunction in patients with newly diagnosed hematological malignancies and are associated significantly with concomitant diagnoses of heart failure or cardiac arrhythmias.
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Variables

Patients, n =50

Age (years)

Male sex

Body mass index (kg/m?)
SAPSII at ICU admission
Comorbidities

Diabetes mellitus

Arterial hypertension
Atrial fibrillation
Pacemaker implant present
Ischaemic heart disease
HFpEF

Chronic renal replacement therapy
COPD
Immunodeficiency
Cirrhosis

Infection source
Pulmonary

Abdominal

Urinary

Other origin

Nosocomial infection
Low-dose steroid therapy
Hydrocortisone
Fludrocortisone

Organ failures at inclusion

Delay between norepinephrine introduction and inclusion (h)

SOFA score at inclusion

GCS before intubation

Sinus rhythm

Fluid balance since admission (L)
Norepinephrine dose (mg/h)
Dobutamine use

Arterial blood lactate (mmol/L)
Mechanical ventilation
Neuromuscular-blocking agent use
Pa0,/FiO,

Tidal Volume (mL)

Plateau pressure (cm H,0)

Positive end expiratory pressure (cm H,O)
Outcomes

Acute respiratory distress syndrome
ECMO

Renal replacement therapy
Duration of catecholamine (d)
Duration mechanical ventilation (d)
ICU length of stay (d)

Death in ICU

65 (55-73)
33 (66%)
25.9 (22.2-29.4)
54 (46-84)

17 (34%)
22 (44%)
6 (12%)
2 (4%)
9 (18%)
12 (24%)
1(2%)
3 (6%)
10 (20%)
6 (12%)

26 (52%)
5 (10%)
6 (12%)
13 (26%)
16 (32%)

50 (100%)
41 (82%)

12 (6-20)
10 (10-12)
15 (9-15)
47 (94%)
3(2-4)
3.8(2.3-5.5)
3 (6%)

1.9 (1.3-3.6)
46 (92%)
22 (44%)

198 (153-272)
400 (375-450)

21 (18-24)

8 [6-10)

23 (46%)
4 (8%)
16 (32%)
4(2-6)
9 (6-20)
12 (7-22)
19 (38%)

Values are expressed as number (%) or median (interquartile range). SAPS II, Simplified Acute

Physiology Score II; ICU, intensive care unit; HFpEE heart failure with preserved ejection

fraction; COPD, chronic obstructive pulmonary disease; TTE, transthoracic echocardiogra-

phy; SOFA score, Sequential Organ Failure Assessment; GCS, Glasgow coma scale; PaO,,

partial pressure of oxygen in arterial blood; FiO,, fraction of inspired oxygen; PEEP, positive

end-expiratory pressure; ECMO, extracorporeal membrane oxygenation.
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135 patients eligible
for the study
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the first TTE

« 6 withholding of life support

50 patients included
in the study
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Male sex

Age 18-31 year
n=17
77%

Age 32-47 year
n=1
79%

Age 48-56 year
n=13
69%

Age 57-77 year

n=14
36%

Hypertension

12%

14%

62%

71%

DM/IGGT
Months from the time of diagnosis

12%
6 (3-25)

36%
19 (3-36)

39%
85 (24-160)

57%
49 (3-145)

Number of venesections

1(0-1)

1 (0-6)

27 (1-62)

4 (0-49)

Tron [ug/dl]

170 (155-200)

161 (129.75-199)

171 (151-211)

178 (135-219)

Ferritin [ng/ml]

331 (180-640)

334 (224-784)

279 (217-430)

227 (191-457)

Haemoglobin [mg/dl]

15.8 (14.2-16)

157 (149-166)

145 (13.7-15.4)

148 (13.8-15.1)

TSAT %] 71 (56-82) 80 (60-91) 68 (65-77) 85 (69-90)
Glucose [mg?%)] 87 (85-94) 98 (93-114) 98 (96-103) 98 (97-104)
ASPAT [U/L] 23 (17-33) 38 (20-42) 24 (20-38) 24 (22-26)
ALAT [U/L] 40 (23-66) 45 (29-83) 27 (24-37) 31 (24-39)

Data are presented as the medians (25th-75th percentile); TSAT, transferrin saturation; DM, diabetes meliitus; IGGT, impaired gestational glucose tolerance; ALAT, alanine
aminotransferase: ASPAT, aspartate aminotransferase.
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Controls n=29 | Recently diagnosed HH n =31 | Medium HH n=11 | Long-lasting HH n=
IVS (mm) 9 (7-10"7 10 8-11)" 11 (10-11.5)0 12 (105-13)A <0.001
PW (mm) 879" 9 (7-10)" 9(9-105) 11 (95-12)"A <0.001
Em (cm/s) 0.12 (0.09-0.14)" 0.1 (0.09-015)" 0.13 (0.09-0.13) 0.09 (0.09-0.10)A 0030
E/Em 67 (50-7.5) 656 (5.48-7.90) 7.33 (5.90-8.42) 7.70 (657-9.30) 0.161
LVEDD (mm) 44 (42-47) 45 (43-48) 48 (44-50) 46 (45-47) 0235
LVESD (mm) 28 (26-30) 28 (26-29) 30 (27-31) 28 (25-32) 0538
LVEF (%) 63 (61-65)"" 60 (56-62)7 57 (53-61)0 62 (58-66) 0.009
RVID (ms) 26 (22-29) 25 (24-29) 27 (26-28) 29 (22-29) 0182
LV basal rotation (*) —7.0% (-8.38-—4.13) -35 (-58--1.7)" 5.8 (-6.6--3.0) —68 (-9.4--6.1)" 0020
LV basal rotation velocity (°/s) ~515" (=60.3--25) ~380 (~688-—10)"1 ~53.0 (~67.3--40.2) ~68.0 (~78--542)" 0070
LV basal untwisting velocity (*/s) 48.5 (40.0-62.3) 43.8 (25.5-63.1)T 49.0 (25.6-79.4) 75.9 (59.3-79.8)* 0.024
LV apical rotation (*) 169 (13.8-24.5)" 109 (6.28-143)" 177 (13-22)" 120 (928-169) <0.001
LV apical rotation velocity (°/s) 100 (56-114) 698 (42.4-993) 98.0 (83.7-113) 763 (60-126.8) 0159
LV apical untwisting velocity (*/s) | ~1305 (~167.7--107.5)" =76 (~103.6--56.5)" —102.7 (-122.7--73.3) —1115 (-1308--659) | 0.003

Data are presented as medians (25th-75th percentyl. IVS, septum (mm); PW, wall; E, early mitral velocity: Em, peak mitral annulus velocity; E/Em,
early mitral inflow velocity to peak mitral annulus velocity ratio; LVEDD, left ventricle end-diastolic diameter; LVESD, left ventricle end-systolic diameter; LVEF, left ventricular
ejection fraction; RVID, right ventricle internal diameter; LV, left ventricle. p-value: for differences among all groups with Kruskal-Walls test for continuous variables or with
clii-seniare Anst for camanrical varables. o< 0.05 in posthoc: tests for diferances with anoup recently disgriessd (V). madiur0): larig-Iasting 3 -or controis 15);
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Recently Medium HH | Long-lasting HH
diagnosed HH n=11 n=16
n=31
Age 36 (31-54) 44 (30-55) 55 (51-62)

Male sex 20 (65%) 8 (73%) 10 (63%)
Hypertension 7 (23%) 5 (45%) 10 (62%)
DM/IGGT 8 (26%) 3 (27%) 9 (56%)

Months from the 6(1-14)
time of diagnosis
Number of 0 (0-1)
venesections
Tron [ug/dl] 176 (148-223) | 164 (125-178) 165 (134-222)
Ferritin [ng/ml] | 422 (272-1050) | 280 (212-430) 190 (66-234)
Haemoglobin 151 (143-161) | 14.2 (139-15.4) 153 (14-161)
[mg/dl]
TSAT [%] 82 (62-93) 65 (55-83) 72 (68-81)
Glucose [mg%] 94 (87-99) 98 (94-104) 103 (97-105)
ASPAT [U/L] 25 (19-38) 23 (17-35) 24 (21-39)
ALAT [U/L] 33 (23-60) 35 (29-70) 26 (23-44)

37 (30-52) 152 (121-183)

4(3-6) 53 (31-76)

Data are presented as the medians (25th-75th percentile); TSAT, transferrin
saturation; DM, diabetes mellitus; IGGT, impaired gestational glucose tolerance;
ALAT, alanine aminotransferase: ASPAT, aspartate aminotransferase.
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Controls
n=29
VS (mm) 10 (10-12) 9 (7-10)
PW (mm) 9(8-11) 8(7-9)
Em (cm/s) 0.10 (0.09-0.13) 0.12 (0.09-0.14)
E/Em 7.0 (56-8.3) 67 (5.0-75)
LVEDD (mm) 46 (43-48) 44 (42-47)
LVESD (mm) 28 (25-30) 28 (26-30)

LVEF (%) 60 (54-62) 63 (61-65)

RVID (ms) 27 24-29) 26 22-29)

LV basal rotation (°) | =55 (- X 7.1 (-84-—4.1)
LV basal rotation —53.6 (<73.3-—22. 515 (~60.3--25.0)
velocity (°/s)
LV basal untwisting 511 (315-77.9) 485 (40.0-62.3)
velocity (°/s)
LV apical rotation (°) 11.5 (7.9-17.0) 169 (138-24.5)
LV apical rotation 820 (545-105.6) 100.0 (56.0-114.0)
velocity (°/s)
LV apical untwisting | ~90.0 (~118.0--59.5) | =130.5 (~167.7--107.5)
velocity (°/s)

Data are presented as medians (25th-75th percentile). IVS, intraventricular septum
(mm); PW, posterior wall; E, early mitral velocity; Em, peak mitral annulus velocity;
E/Em, early mitral inflow velocity to peak mitral annulus velocity ratio; LVEDD, lef
ventricle end-diastolic diameter: LVESD, left ventricle end-systolic diameter; LVEF,
left ventricular ejection fraction; RVID, right ventricle internal diameter: LV, left
ra——y
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Age 47 (31-57)
Male sex 66%
Hypertension 38%
DM/IGGT 36%
Months from the time of diagnosis 24 (3-94)
Number of venesections 1(0-22)
Tron [ug/dl] 205 (169-229)
Ferritin [ng/ml] 581 (274-1,037)
[mg/dl] 15.1 (145-16.1)
TSAT (%] 81 (63-93)
Glucose [mg%] 9% (87-101)
ASPAT [U/L] 28 (21-43)
ALAT [U/L] 40 26-76)

Data are presented as the medians (25th-75th percentile); TSAT, transferrin
saturation; DM, diabetes mellitus; IGGT, impaired gestational glucose tolerance;
ALAT. alanine aminotransferase: ASPAT. aspartate aminotransferase.
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Macrocirculation

SAP (mmHg)

Pulse pressure (mmHg)

MAP (mmHg)

Heart rate (rpm)

Preload and diastolic function

LV end-diastolic volume (mL)

E/A ratio at mitral valve

E/€ ratio at mitral mean valve

¢ mean (cm.s™ ')

Respiratory change in VTILVOT (%)*

LV afterload

Ea (mmHg.mL~ 1y

SVR (mmHg.L™ ! min)

LV end-systolic wall stress (mmHg L)

DAP (mmHg)

Diastolic shock index

LV contractility

LVEF (%)

LVEF g4 (%)

LV-GLS (%)

s’ mean of lateral and septal annulus (cm. s~ 1)
s’ at mitral lateral annulus (cm. s—1)

Ees(sb) (mmHg.mL~1)
Global function

Stroke volume (mL)
Cardiac Index (L.min~!.m~?2)
Cardiac power index (W.m~?)

VAC

Values are expressed as number (%) or median (interquartile range) or mean (4-/-SD), as appropriate. SAP, systolic arterial pressure; MAP, mean arterial pressure; LV, left ventricle; E, early wave of
transmitral diastolic blood flow; A, late wave of transmitral diastolic blood flow; E/A, ratio of early to late pulsed-wave Doppler of diastolic transmitral flow velocity; €, early tissue Doppler diastolic
wave velocity at the lateral/septal mitral valve annulus; E/e ratio of early pulsed-wave Doppler to early tissue Doppler diastolic wave velocity at the mitral valve annulus; VTT LVOT, velocity-time
integral of left ventricular outflow tract; Ea, end-systolic arterial elastance; SVR, systemic vascular resistance; DAP, diastolic arterial pressure; LVEE left ventricular ejection fraction; LVEF g4,
afterload-adjusted LVEF (LVEF x ,/Ea); LV-GLS, left ventricular global longitudinal strain, S; tissue Doppler peak systolic wave at mitral annulus; Ees(sb), LV end-systolic maximal elastance by
single-beat method; VAC, ventricular-arterial coupling. Paired ¢-test or Wilcoxon paired test were used for Gaussian and non-Gaussian variables, respectively.  Absolute variation index VI LVOT

n=>50
n=>50
=50
n=>50
n=49
n=44
n=41
n=41
n=48
n=>50
n=>50
n=49
n=>50
n=>50
n=49
n=49
n=47
n=42
N =47
n=41
n=>50
n=>50
n=>50
n=41

Before steroid
(n=50)

118 (4/-21)
64 (4/-22)
73 (70-78)

104 (90-123)

112 (78-139)
0.92 (0.77-1.09)
9 (7-14)

9 (6-11)

5 (0-10)

1.71 (1.37-2.19)
893 (740-1,288)
5.70 (3.80-7.58)
54 (51-57)
1.95 (4/-0.45)

59 (40-64)
58 (4/-17)
~13.0 (+/-5.2)
10.4 (+/-3.8)
11.3 (+/-4.5)
1.41 (+/-0.65)

62 (51-79)
3.5 (2.5-4.3)
0.57 (0.41-0.71)
1.30 (0.91-1.79)

After
steroid(n = 50)

127 (4/-27)
68 (4/-25)

79 (71-87)

100 (85-112)

107 (83-130)
0.84 (0.74-1.14)
9 (7-11)

9 (7-10)
4(0-6)

1.90 (1.45-2.27)
1,065 (746-1,464)
6.37 (3.93-8.28)
58 (53-66)
1.75 (+/-0.51)

55 (46-63)
60 (4/-15)
~14.2 (+/-5.1)
11.2 (+/-3.5)
12.4 (+/-4.5)
1.64 (+/-0.63)

61 (46-81)
3.2(2.5-4.5)
0.53 (0.39-0.73)
1.18 (0.92-1.35)

P-value

<0.01*
0.049
<0.01*
0.023*

0.63
0.34
0.02*
0.16
0.08

0.02*
<0.01*
0.46
<0.01*
<0.01*

0.42
0.17
0.001*
0.02*
0.01*
0.004*

0.57

0.22

0.34
0.007*

(%), absolute variation/pre low-dose steroid therapy. *Denote an adjusted p-value < 0.05 with Benjamini-Hochberg correction as compared to before with after low-dose steroids therapy.
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Variable All (N =855) Training (N = 688) Validation (N = 84) Testing (N = 83)

Demographics
Age (years) 53 (41, 62) 53 (40, 62) 53 (42, 62) 51 (43, 63)
Sex (male) 601 (70.3%) 476 (69.2%) 65 (77.4%) 59 (71.1%)
Indication
Myocardial hypertrophy 360 (42.0%) 285 (41.4%) 37 (44.0%) 38 (45.8%)
NCM 85 (9.9%) 61 (8.9%) 11 (13.1%) 13 (15.7%)
DCM 17 (2.0%) 12 (1.7%) 3 (3.6%) 2 (2.4%)
NCM & DCM 32 (4.0%) 29 (4.0%) 2 (2.4%) 1(1.2%)
RWMA 118 (13.8%) 98 (14.2%) 13 (11.9%) 7 (8.4%)
Others 243 (28.4%) 203 (29.5%) 18 (21.4%) 22 (26.5%)

Data are expressed as median (interquartile range) or number (%). NCM, non-compaction of ventricular myocardium; DCM, dilated cardiomyopathy; RWMA, regional wall motion abnormality;

Others, other conditions that required contrast echocardiography.
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Class Training Validation Testing Total

2DE.A2C 222(2,220) 28 (280) 28 (280) 278 (2,780)
2DEA3C 233 (2,330) 31 (310) 30 (300) 294 (2,940)
2DE.A4C 219(2,190) 25 (250) 30 (300) 274 (2,740)
2DE.PSAX 226 (2,260) 29 (290) 31(310) 286 (2,860)
C2DE.A2C 224/(2,240) 29 (290) 30 (300) 283 (2,830)
C2DEA3C 182 (1,820) 20 (200) 26/(260) 228(2,280)
C2DE.A4C 221(2,210) 25 (250) 30(300) 276 (2,760)
C2DEPSAX 223(2,230) 24 (240) 29(290) 276 (2,760)
Other 187 (1,870) 26 (260) 28 (280) 241 (2,410)
Total 1,937 (19,370) 237 (2,370) 262 (2,620) 2,436 (24,360)

For training, validation and testing datasets, clips are from separate echocardiographic videos. The numbers in parentheses indicate the number of images. 2DE, two-dimensional echocardiogra-
phy; C2DE, contrast two-dimensional echocardiography; A2C, apical 2-chamber; A3C, apical 3-chamber; A4C, apical 4-chamber; PSAX, parasternal left ventricular short axis; Other, including
parasternal left ventricular long axis, pulmonary artery long axis, and major artery short axis.
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Layer name Output size Feature map
Convl 128 x 128 5 X 5, 64, stride 2
Conv2 64 x 64 3 x 3 max pool, stride 2
3 x 3,64
x 3
3 x 3, 64
3 x 3,128
Conv3 32 x 32 x 4
3 x 3, 128
3 x 3, 256
Conv4 16 x 16 x 6
3 x 3, 256
3 % 3;512
Conv5 8 x8 x 3
3 X 3,512
Ix1 Average pool, 9-d fc, softmax
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Cardiac view Precision Recall Specificity F1 score

2DE.A2C 96.55 100.00 99.60 98.25
2DE.A3C 100.00 100.00 100.00 100.00
2DE.A4C 96.67 96.67 99.60 96.67
2DE.PSAX 100.00 93.55 100.00 96.67
C2DE.A2C 93.33 93.33 99.10 93.33
C2DE.A3C 92.31 92.31 99.20 9231
C2DE.A4C 96.77 100.00 99.60 98.36
C2DEPSAX 96.67 100.00 99.60 98.31
Other 100.00 96.43 100.00 98.18

2DE, two-dimensional echocardiography; C2DE, contrast two-dimensional echocardiography; A2C, apical 2-chamber; A3C, apical 3-chamber; A4C, apical 4-chamber; PSAX, parasternal left
ventricular short axis; Other, including parasternal left ventricular long axis, pulmonary artery long axis, and major artery short axis.
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m top1-acc
m top2-acc

99
98
97
96
95
94
93
92
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90 —

2DE.A2C 2DE.A3C 2DE.AAC  2DE.PSAX C2DEA2C C2DE.A3C C2DE.A4C C2DE.PSAX Other
m top1-acc 99.6 100 99.2 99.2 98.5 98.5 99.6 99.6 99.6
m top2-acc 99.6 100 99.6 99.6 100 99.6 99.6 99.6 100





OPS/images/fcvm-09-989091/fcvm-09-989091-g004.jpg
CNN

e

5
¥ FA ) '.ﬁ
5N ‘ji- %
& N '

Vg p P

» 7

‘,ﬂ? ‘;

0: 2DE.A2C

1: 2DE.A3C

2: 2DE.A4C

3: 2DE.PSAX
4: C2DE.A2C
5: C2DE.A3C
6: C2DE.A4C
7: C2DE.PSAX
8: Other





OPS/images/fcvm-09-989091/fcvm-09-989091-g005.jpg





OPS/images/fcvm-09-989091/fcvm-09-989091-g006.jpg





OPS/images/fcvm-09-948231/cross.jpg
@ Check for updates.





OPS/images/fcvm-09-1011560/fcvm-09-1011560-t002.jpg
Thrombus Tumor Pvalue Univariate regression Multivariate regression*
(n=136) (n=66)

OR (95%CI) Pvalue OR (95%CI) Pvalue
Area, mean (SD), mm? 966.5(378.4) 14845 (783.4) <0001 1.001 (1.000-1.002) 0.001 1.00 (0.99-1.01) 0.188
Echogenicity 0.008 3.08(131-7.21) 0010 2.31(051-10.43) 0278
Uniform 4 26
Non-uniform 12 40
Boundary 0.143 195 (0.79-4.80) 0.147
Well-demarcated 27 40
Not well-demarcated 9 26
Base <0.001 21.69 (4.81-97.86) <0.001 7.53(1.10-51.56) 0.040
Narrow with peduncle 0 17
Narrow with notch 34 12
Broad 2 37
Mass perfusion <0.001 024 (0.06-0.93) 0040 144 0.18-11.38) 0731
No perfusion 2 0
Mild perfusion 10 29
Intense Perfusion 3 37
Motility 0.097 233 (0.84-6.46) 0.103
Absent 30 45
Present 6 21
Pericardial effusion 0275 171(0.69-4.24) 0244
Absent 27 2
Present 9 2
Enhancement A1/A2, 005 116 <0.001 38.82 (8.33-180.93) <0.001 20,09 (4.17-96.72) <0.001
median (IQR) (0.04-0.17) (0.71-188)
CI, confidence interval; IQR, interquartile range; OR, odds ratio; SD, standard deviation. * variables entered into the multivariate regression included area, echogenicity, base, mass

perfusion, and enhancement A1/A2.
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Sensitivity Specificity AUC Accuracy PPV NPV

Combined qualitative and 100% (94.6%~100%) 100% (90.3%—100%) 1000 (0.964-1000)  100% (96.5%—100%) 100% 100%
quantitative analysis

Using A1/A2 alone (Cutoft 100% (94.6%—100%) 917% (77.5%—98.3%) 0958 (0.899-0988)  97.1% (91.6%—99.4%) 95.7% 100%
value = 0.295) (88.29-98.5%)

AUC, the area under the receiver operating characteristic curve; NPV, PPY, positive predictive value.
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Benign Malignant Pvalue Univariate regression Multivariate regression*

tumor tumor
(n=130) (n=136)
OR (95%CI) P value OR (95%CI) Pvalue
Area, mean (SD), mm? 1,153.98 (721.68)  1,759.86 (732.47) <0.001 1.001 (1.0004-1.002) 0003 1.003 (1.00003-1.005) 0023
Echogenicity 0.034 2,97 (1.07-8.26) 0037 2.30 (1.00003-1.005) 0487
Uniform 16 10
Non-uniform 14 26
Boundary 0.015 3.67(1.26-10.70) 0017 24.46 (0.94-636.52) 0.055
Well-demarcated 2 17
Not well-demarcated 7 19
Base <0001 16.43 (4.86-55.55) <0001 22,64 (1.30-395.21) 0.033
Narrow with peduncle 15 2
Narrow with notch s 4
Broad 7 30
Mass perfusion 0.057 262(0.96-7.12) 0.060
Mild perfusion 17 12
Intense Perfusion 13 2
Motility 0018 028 (0.09-0.82) 0021 2.05 (0.15-28.56) 0.592
Absent 16 29
Present 14 7
Pericardial effusion 0,071 2.94 (0.94-8.57) 0077
Absent 2 19
Present 7 17
Enhancement A1/A2, 073 (0.25) 1.76 (0.61) <0.001 8407 (10.18-694.37) <0.001 165.39 (4.68-5850.94) 0005

median (IQR)

CI, confidence interval; IQR, interquas
‘motility, and enhancement A1/A2.

range; OR, odds ratio; SD, standard de

¢ regression included area, echogenicity, boundary, base,






OPS/images/fcvm-09-1011560/fcvm-09-1011560-t005.jpg
Combined qualitative
and quantitative
analysis

Areaalone (Cutoff
value = 1,302.2)
Using A1/A2 alone
(Cutoff value = 1.00)
Using A1/A2 alone

(Cutoff value = 1.28)

AUC, the area under the receiver operating characteristic curve; NPV, negati

Sensitivity

97.2% (85.5-99.9%)

75.0% (57.8-87.9%)
83.3% (67.2-93.6%)

80.6% (64.0-91.8%)

Specificity

93.3% (77.9-99.2%)

70.0% (50.6-85.3%)
83.3% (65.3-94.4%)

96.7% (82. 8-99.9%)

AUC

0953 (0.870-0.990)

0725 (0.601-0.828)

0833 (0.721-0.914)

0.886 (0.784-0.951)

predictive value; PPV, positive predict

Accuracy

95.5% (87.3-99.1%)

72.7% (60.4-83.0%)

83.3% (72.1-91.4%)

87.9% (77.5-94.6%)

PPV

94.6% (82.1-98.5%)

75.0% (62.7-84.2%)

85.7% (72.7-93.1%)

96.7% (80.7-99.5%)

NPV

96.6% (80.2-99.5%)

70.0% (55.8-81.1%)

80.6% (66.4-89.8%)

80.7% (68.0-89.0%)
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No cardiac mass Thrombus Benign tumor Malignant value
(n=3) and (n=36) (n=30) tumor (1 = 36)

pseudomass (n =3)

Age, mean (SD), years 58.7(107) 57.1(14.7) 55.1(13.3) 65.1(9.8) 0117
Sex (Male/Female) 0.810
Male 1 21 21 22
Female 2 15 9 14
BMI, mean (SD), kg/m? 245(08) 24.6(2.1) 23.6(2.1) 240 (2.0) 0.153
Symptom 0.069
Asymptomatic 4 i 5 2
Dyspnea 0 13 11 21
Chest pain 0 7 6 5
Palpitati 1 4 2 3
Others 1 4 6 5
History of cardiovascular 6 33 18 19 <0.001
lisease
History of malignant 0 2 3 3 <0.001
isease
Localization 0.084
Left ventricle 3 1 o 1
Left atrium o 5 8 1
Right ventricle 0 8 5 9
Right atrium 1 12 13 19
Others* 2 7 4 6

indard deviation; * details are shown in the Supplementary Table $3.
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aw data Moving window
Continuous frames
from DICOM file

2 seconds = 48 frames

==y Model 1 ResNet 50 :

classified asview2

classified as view 1

classified as view 2

Majority voting
most windows in a video classified as view 2
= the video is view 2
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Development Data
Echocardiography with pericardial effusion
in E-Da Hospital between Jan 2010 — Dec 2018.

I

Moving Window View Classifier

6434 images from 582 exams

|

Automated Segmentation

2548 images from 582 exams

I

Pericardial Effusion Width Calculation

Deployment Model

Internal validation Set External Validation Set
155 exams in E-Da Hospital (Jan 2019-Tun 2020) 258 exams in KCGM Hospital (Jan 2019-Jun 2020)

72 exams with PE, 83 exams without PE 163 exams with PE, 95 exams without PE
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Echocardiographic parameter

LADs.

Ferritin

0.058

0.669

Time from Numbers of

diagnosis

r
0.189

venesections

p r

LAA index (cm’/m’)

0032

0820

0.295

LAV index (ml/m’)

0074

0594

0395

VS (mm)

0278

0.036

0522

PW (mm)

0282

0033

0.496

RWT

0244

0.067

0259

LVM index (g/m?)

0303

0022

0530

Em

—0.101

0459

—0414

E/Em

0.082

0548

0340

LVEDD (mm)

0172

0200

0.195

LVESD (mm)

—0.051

0706

0211

LVEF (%)

0112

0442

0219

RVID (ms)

0346

0.008

0.262

LV basal rotation (°)

0035

081

~0302

LV basal rotation velocity (°/s)

0057

0.689

—0279

LV basal untwisting velocity (/s)

—0.183

0.200

0343

LV apical rotation (°)

0704

0.104

0473

0512

0238

LV apical rotation velocity (°/s)

0962

0077

0595

0.800

0211

LV apical untwisting velocity (°/s)

0621

0.098

0500

04

~0.144

LV global twist ()

0310

0.083

0569

0387

0342

LV torsion (*/em)

0366

0.096

0514

0717

0316

LV peak rotation velocity (°/s)

0192

—0.061

0675

0539

0.131

LV peak untwisting velocity (/s)

0429

0236

0.099

028

—0.238

Peak systolic longitudinal strain (%)

0848

—0016

0907

0.659

0.261

LADs, left atrial diameter; LAA index, left atrium area/m’;

diameter: LV. left ventricle.

LAV index, left atrium volume/m? IVS, intraventricular septum (mm
thickness; LVM index, left ventricle mass/m?; E, early mitral velocity; Em, peak mitral annulus velocity; E/Em, early mitral inflow velocity to peak mitral annulus velocity
ratio; LVEDD, left ventricle end-diastolic diameter; LVESD, left ventricle end-systolic diameter; LVEF, left ventricular ejection fraction; RVID, right ventricle internal

; PW, posterior wall; RWT, relative wall
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Minimum to Q25 Q25-Q50 Q50-Q75 075 to maximum

Age 18-31 year Age 32-47 year Age 48-56 year Age 57-77 year

n=17 n=14 n=13 n=14

VS (mm) 9 (3-10)"%1 11.0 (10.0-12.8)" 11 (10-12)* 11 (10-12)*
PW (mm) 8 (7-9)™ 10 (9-11) 10 (9-11) 10 (9-11)
Em (cms) 0.14 (0.13-016)" 0.1 (009-0.13) 009 (008-0.1)" 0.08 (0.07-0.09) <0.001
E/Em 5.6 (4.8-6.7)"1 6.4 (5.6-7.8)" 7.8 (75-9.2)* 9 (7-100F <0.001
LVEDD (mm) 47 (43-48) 47 (45-48) 47 (45-51) 43 (42-45) 014
LVESD (mm) 28 (26-31) 28 (27-31) 29 (25-30) 25 (24-28) 0.398
LVEF (%) 57 (53-62) 58 (54-61) 60 (59-63) 61 (60-66) 0.111
RVID (ms) 26 (23-28) 28.5 (25-30) 27 (26-30) 27 (25-28) 0.129
LV basal rotation (*) -42 (=57--17) -39 (-63--2.6) ~7.6 (~110--40) —6.0 (<7.0--42) 0.089
LV basal rotation velocity (°/s) —505 (=63.6--0.0) —55.1 (<752--17.3) —49.7 (-75.0--323) —63.1 (-80.9--42.8) 0.762
LV basal untwisting velocity (*/s) 447 (152-678) 45.0 (34.1-51.0) 77.81 (40.0-80.1) 660 (39.0-78.2) 0.188
LV apical rotation () 7.8 (53-15.1) ] 126 (102-16.7) 130 (90-18.0) 132 (110-229) 0.098
LV apical rotation velocity (°/s) 67.0 (37.2-101.3) 98.1 (63.4-119.6) 82.0 (51.9-87.0) 898 (66.0-129.5) 0227
LV apical untwisting velocity (*/s) —828 (—1054--64.2) ~75.7 (~1161--60.2) ~760 (~119.6--55.1) —107.8 (~1563--93.9) 0335

Data are presented as medians (25th-75th percentile). IVS, intraventricular septum (mmj; PW, posterior wall; E, early mitral velocity; Em, peak mitral annulus velocity; E/Em,
early mitral inflow velocity to peak mitral annulus velocity ratio; LVEDD, left ventricle end-diastolic diameter; LVESD, left ventricle end-systolic diameter; LVEF, left
ventricular ejection fraction; RVID, right ventricle internal diameter: LV, left ventricle. p-value: for differences among all groups with Kruskal-Wallis test for continuous
variables or with chi-square test for categorical variables, p<0.05 in posthoc tests for differences with group age 18-31 year (), age 32-47 year (), age 48-56 year
() or age 57-77 year (A).
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Variables

Number of patients

Training

582

Internal
Validation set
155

External
Validation set
258

Age(y)

674154

59.8+192

664+ 16.1

Gender

Male 49.5%

Male 53.2%

Male 58.1%

Height, cm

157992

162184

161.6+8.4

Weight, kg

537356

659168

618+133

BMI, kg/m®

233:52

244215

23645

Mode EF %

61.1+138

64371

61+13.9

Mode EF <50 (%)

12.8%

8.4%

19.3%

Patients with PE

582 (100%)

72 (46.5%)

163 (63.2)
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Patients(n=505) who were Inpatient in the cardiology
departmentfrom June 1, 2021 to February 28, 2022

/Exclusions(n=37) \

2 Heart valve replacement;

7 Congenital heart disease;

3 Maligant tumors

8 Poor echocardiography
windows,or suboptimal
cardiac imaging

w Severe Heart Valve Diseasy

[Analytic cohort (n=468) ]
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Transcatheter mitral valve intervention

Transcatheter pulmonary valve intervention

Tricuspid valve invention

PVL intervention

Left atrial appendage occlusion

Radiofrequency catheter ablation in the
ventricular septum for hypertrophic obstructive
cardiomyopathy

Myocardial biopsy

Left ventricular assist device implantation

Use in pregnant patients

Preoperative examination or postoperative
follow-up

Removal of pacemaker electrode in high-risk cases

ICE can be used to guide transseptal puncture and assess mitral regurgitation

ICE can be used in transcatheter pulmonary valve intervention to image the outflow
tract of the right ventricle and pulmonary valve

The ICE-guided procedure is recommended in patients with throat or esophageal
lesions and those in whom anesthesia is contraindicated

3D/4D ICE-guided tricuspid valve invention

ICE is applied to localize Perivalvular leak (PVL), help to select devices and determine
the residual leak during the procedure and identify perioperative complications
ICE-guided 3D/4D interventional procedure for PVL

ICE may be used to evaluate structure and morphology of the left atrial appendage

for guiding occlusion, selection of the best device type and size, assessing residual

shunt, and related complications, etc.

ICE may be used to provide detailed anatomical information of the interventricular

septum.

ICE may be used for guiding the endomyocardial biopsy to reduce the risks
associated with biopsy.

ICE may be considered to guide the assist device implantation in the left ventricle
when other imaging modalities are not appropriate

ICE may be recommended preferentially to guide the conventional catheter ablation
for tachyarrhythmia during pregnancy, pacemaker implantation, and interventional

zero-ray therapy for some structural heart diseases.

ICE is used for guiding lead extraction, reducing radiation exposure, and monitoring

for operational complications

Is recommended:” With definite clinical benefits, ICE can be preferentially applied.

Can be useful: With most clinical benefits and better efficacy, ICE can be applied in most cases.

May be useful: With insufficient evidence of clinical benefit, ICE may be applied based on the clinical realities.

_ Without clinical benefit or with clinical damage, ICE is not reccommended.

May be useful

Can be useful

Recommended

Can be useful

Can be useful

Can be useful

Recommended

Recommended

Can be useful

May be useful

Recommended

Can be useful
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Surgery/Procedure

Transseptal puncture

Screening for atrial thrombus

Catheter ablation of atrial fibrillation

Cryoballoon ablation for atrial fibrillation

Other atrial tachyarrhythmia

Catheter ablation for fascicular ventricular
tachycardia

Catheter ablation for ventricular arrhythmia
originating from the outflow tract

Catheter ablation for ventricular arrhythmia
originating from papillary muscles and regulatory
tracts

Catheter ablation for ventricular arrhythmia
originating from the left ventricular roof and
other special heart chambers

Catheter ablation for organic ventricular
tachycardia

Monitoring of the complications during ablation

Occlusion of atrial septal defect and patent
foramen ovale

Interventional procedure for ventricular septal
defect

Patent ductus arteriosus, etc.

Transcatheter aortic valve intervention

Recommendation description

The application of ICE guidance is reccommended in the process of transseptal
puncture. Particularly in patients with oversized or undersized atria or abnormal
atrial septal anatomy or structures, thoracocyllosis, pectus excavatum, congenital
cardiac anomolies etc. ICE-guided transseptal puncture is recommended, with
expected increased procedural (TSP) success rates and decreased complications.

ICE may replace TEE for screening patients for LAA thrombus who are reluctant to
receive or not able to tolerate TEE, and whose atrial thrombus cannot be diagnosed
or ruled out by CTA

ICE can be utilized to assist in guiding catheter ablation of atrial fibrillation to reduce
the radiation exposure of patients and operators.

ICE may be applied to guide balloon positioning and assesses PV occlusion
occlusion, etc., to reduce the x-ray exposure time and the use of contrast medium
when the non-balloon obstructive ablation is used.

ICE may be used for imaging guidance during radiofrequency catheter ablation for
premature atrial contractions, atrial tachycardia, atrial flutter, inappropriate sinus
tachycardia, etc.

Assist in the identification of the origin of the ventricular tachycardia and judgment

of catheter contact.

ICE may be attempted to assist catheter ablation.

ICE-assisted catheter ablation is recommended.

ICE-assisted catheter ablation may be useful in guiding catheter-tissue contact,
catheter manipulation.

ICE may be used to assist in the identification of the myocardial matrix and scarred
region with organic ventricular tachycardia and in the judgment of catheter contact
and monitor ablation-related complications.

Help to monitor such complications as pericardial tamponade, acute thrombosis, as
well as ablation injuries, to improve the overall surgical safety

ICE may be applied to guide the occlusion of secundum atrial septal defect and
patent foramen ovale

ICE may be used to guide interventional VSD closure in patients with complex
anatomy.

ICE is recommended for interventional occlusion of PDA in patients with a large
PDA, with renal insufficiency and allergies to contrast agents

ICE may replace TEE in elderly aortic valve stenosis patients with esophageal lesions
or not suitable for general anesthesia.

Recommended
category

Recommended

Recommended

Recommended

Can be useful

Can be useful

May be useful
May be useful

Recommended

May be useful

Can be useful

Recommended
Can be useful
Can be useful
Can be useful

Can be useful
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Li Xuebin - Application of ICE in Lead Extraction;

Han Xuebin - Application of ICE in Pulmonary Arterial Hypertension;

Xue Yumei - Application of ICE in Reduction of Catheter Ablation-associated Complications;
Zhang Wei - Application of ICE in Congenital Heart Disease;

Fu Hua - ICE Guided Catheter Ablation for Atrial Fibrillation

Chu Huimin - Application of ICE in Left Atrial Appendage Closure.

Meeting Summary: (1) Content writing of newly added plates
(2) Refinement of recommendation grades and text refinement

(3) Recommendation of the list of review experts after the completion of the manuscript

Minutes of ICE Chinese expert consensus conference

Time: 2022.4.23 Review Meeting

Location: Meeting online

Person: 42

Experts: Zhang Yun, Zhong Jingquan, Zhang Jinlin, Chu Huimin, Li Yan, Tang Min, Ma Changsheng, Long Deyong, Jiang

Chenyang, Zhang Wei, Fu Hua, Xue Yumei, Zhang Xiaochun, Xie Ruiqin, Xu Jian, Han Xuebin, Li Shufeng, He Jiangui,
Zheng Liangrong, Wang Zulu, Shu Maoqin, Yuan Zuyi, Xu Yawei, Liu Yan, Liu Liwen, Zhang Xiaochun, Chen Minglong,
Fan Jie, Liu Qiming, Liu Xu, Xia Yunlong, Jiang Tingbo, Li Xuebin, Zhu Wenging, Dong Jianzeng, Li Shuyan, Wang Jianan,
Kong Xiangqing, Tang Baopeng, Liu Xingpeng, Sang Caihua, Chen Mao

Meeting Minutes: All sections have completed the writing of the content based on the recommendations of the launch meeting and the
manuscript reading meeting. Invited 15 writing experts and nearly 30 reviewers to participate in this review, hoping to
collect most of the special suggestions and endorsements in the field of electrophysiology and be more authoritative.
In particular, extensive suggestions were listened to one by one in the recommendation section of recommendation grade
and content:
(1) The grade of recommendation was adjusted in order to be rigorous and in line with current evidence support.
2
3
(4

The pictures selected in the text were selected from the cases in the expert clinic, optimized and streamlined.

The full text was optimized and uniformly worded.

Two overseas experts were invited to write and review the manuscript.

Meeting Summary: (1
2
€
(4) The revised version of this opinion shall be sent to all writing and reading experts to uniformly collect the suggestions

Invite two overseas experts as invited reviewers.
Picture pixel improvement, evidence level readjustment as reccommended.

Translation of English manuscripts.

on the final version and complete the revision.
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All patients (n =

Surgical interventions (n=17)

Conservative follow-ups (n=3)

Baseline characteristics
Age, years 362124 3542117 400183
Male 12 (60.0) 12 (71.6) 0(0)
Symptoms® 17 (85.0) 17 (100.0) 0(0)
NYHA functional class
1 3(150) 0(0) 3 (100)
1 5(250) 5(29.4) 0(0)
m 9 (450) 9(529) 0(0)
v 3 (150) 3(17.6) 0
LVEE% 615258 601257 670220
Infective endocarditis 15 (75.0) 15 (88.2) 0@
With vegetation 12 (60.0) 12 (71.6) 0(0)
AVE 30150 307.6) 0(0)
MVE 2(100) 2(118) 0(0)
AVE and MVE 7 (350) 7 (41.2) 0(0)
Without vegetation 3 (15.0) 3 (17.6) 0(0)
Enlarged LV 16 (80.0) 16 (94.1) 0
LVEDD, cm 5822121 609+ 110 430020
LVESD, cm 399098 4210388 2722017
Number of MVAs >1 1(50) 1(59) 0
Diameter range of MVAs, cm 05-29%05-25 05-29x05-25 05-09%0.5-07
Location of MVA
Al 1 0 1(333)
A2 5 4 1(333)
A3 2 1 1(333)
Al-A2 5 5 0
A2-A3 4 4 0(0)
Al-A3 1 1 0(0)
Perforation detected 14 (700) 13 (76.4) 1(333)
Average maximal diameter, mm 535+244 562233 2
Mitral i
None or mild | 3(150) 1(69) 2(67.7)
Moderate or severe | 17 (85.0) 16 (94.1) 1(333)
Aortic
None or mild 8 (40.0) 5(29.4) 3 (100.0)
Moderate or severe 12 (60.0) 12 (70.6) 0
Other defects beyond valves 6 (300) 5(294) 1(333)
In-hospital death affer surgeries 2 (100) 2(118) NA

A1/A2/A3, echographical portions of the aortic leaflet; MVE, mitral valve endocarditis.
Values are mean + SD or n (%) unless otherwise stated.

*Symptoms include fever, shortness of breath, fatigue, weight loss, dyspnea, lightheadedness, chest pain, chest oppressive sensation, palpitation, cerebrovascular accident,

R P R B
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Time:
Location:
Person:

Experts:

Meeting Minutes:

Meeting Summary:

Time:
Location:
Person:

Experts:

Meeting Minutes:

Minutes of ICE Chinese expert consensus conference

2022.1.15 Startup meeting

Jinan

14

Zhang Yun, Zhong Jingquan, Zhang Jinlin, Chu Huimin, Li Yan, Tang Min, Ma Changsheng, Long Deyong, Jiang
Chenyang, Zhang Wei, Fu Hua, Xue Yumei, Zhou Daxin, Zhang Xiaochun

This launch was the first symposium of the ICE expert consensus, which invited leading experts in electrophysiology and
structural heart disease to discuss the direction and structure of the expert consensus. Different sections are also assigned to
each participating expert to claim different sections for content writing.

There was particularly intense discussion based on the setting of different sections, the wording and selection principles of
the questions, the grade of reccommendation, and the addition of quantitative tables. In particular, the popularity and
practicability of consensus will be increased in the presentation of expression, selection of the source of illustrations,
different standardized operations, highlighting clinical pathways, technical points, technical operations, image recognition
and other modes.

To make ICE ultrasound application technology more standardized, standardized, and prospective. It also combines
overseas application experience with local use methods to develop field norms and standards that are more in line with the
use of Chinese clinicians.

(1) Add English version based on Chinese version consensus

(2) Establishment of a writing expert group and members of the group of reviewing experts (voting and making
recommendations)

(3) Experts from the writing group lead different sections.

Minutes of ICE Chinese expert consensus conference

2022.4.2 Reading Conference
Meeting online
9

Zhong Jingquan, Zhang Jinlin, Chu Huimin, Ma Changsheng, Jiang Chenyang, Zhang Wei, Fu Hua, Xue Yumei, Zhang
Xiaochun

Based on the division of labor of the kick-off meeting, this meeting will read and optimize the overall content focusing on
the previously given division of labor, and inspect the integrity and integrity of the content in stages.

Due to the large number of ICE application scenarios, the content presented in order to increase the overall and
comprehensive nature of the consensus needs to be subdivided, so 8 contributing experts were raised to 15 to supplement
the plate content:

Wang Zulu - Application of ICE in Cryoablation;
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Small and compliant LA

PAF (n =284)

PerAF (n=179)

56 (19.7) 24 (134) <0.001
Small but stiff LA 14 (49) 15 (8.4) <0.001
Large but compliant LA 123 (433) 32 (184) <0.001
Large and stiff LA 91 (320) 107 (59.8) <0.001

PAF, paroxysmal atrial fibrillation: PerAF, persistent atrial fibrillation: LA,

left atrial
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Variables Sinus rhythm (n= PAF (n=284) PerAF (n =179) P-value

Clinical characteristics

Age, years 6410 63+12 64+11 084
Male, n (%) 65 (64) 187 (66) 113 (63) 082
Body mass index, kg/m’ 234+25 241+36 241+33 0.14
Systolic blood pressure, mm Hg 121:8 131220" 130+19° <0.001
Diastolic blood pressure, mm Hg 7459 81=13 80+12* <0.001
Heart rate, bpm 729 81+17* 78+ 15" <0.001
CHA,DS, VASc score 0408 090.4" 09+ <0001
EHRA classes 3-4, n (%) 0(0.0) 61 (22)" 44 (25 <0.001
Current smoking, (%) 10 (10) 44 (16) 3107 023
Hypertension, n (%) 10 (10) 120 (42 76 (43)* <0.001
Diabetes, n (%) 8(8) 30 (1) 21012 059
Dyslipidemia, n (%) 3(3) 24 (9) 12 (7) 017
Medication
Antiarthythmic medication, n (%) 134 (47) 84 (47) 084
Beta-blockers, 7 (%) 98 (35) 61 (34) 097
Calcium blocker, (%) 3312) 21(12) 092
n (%) 185 (65) 114 (64) 083
LA dimension, mm 32+2 42+7" 43+7* <0.001
LA volume—min, ml 21 (20, 22) 39 (27,59)° 44 (28, 67" <0.001
LA volume—max, ml 50+5 725" 86+36"" <0001
LA volume index—min, ml/m” 13 (12,13) 20 (13, 31)° 23 (14, 38)* <0.001
LA volume index—max, ml/m’ 3043 45515 51122% <0001
LAEF, % 58+ 4 46+ 16" 41+16*° <0.001
LA reservoir strain, % 34 (30, 39) 28 (21, 33)" 19 (14, 28)** <0.001
Ele 99+19 11146 121 £44* <0001
LV end-diastolic dimension, mm 47+8 4629 4813 0134
LVEDV, ml 86+15 92224 98+37° 0001
LVESV, ml 31 (29, 35) 37 (32, 48)" 42 (33, 54)° <0.001
LVEDV index, ml/m* 52+9 5416 59+23%° 0.008
LVESV index, ml/m? 19 (17, 22) 22 (18, 28)" 25 (19, 32)*° <0.001
RWT 0452008 0472013 0492012 0092
LV mass index, g/m’ 88 (72, 92) 92 (80, 103) 90 (74, 108) 0069
LVEE, % 6213 55+9° 538" <0.001
GLS, -% 183221 169+33° 141 %35 <0001

Data are presented as mean + SD or median (interquartile range) for continuous variables and count (%) for categorical variables. PAF, paroxysmal atrial fibrillation; PerAF
persistent atrial fibrillation; CHA,DS,VASc, history of congestive heart failure, hypertension, diabetes mellitus, stroke/transient ischemic attack/prior thromboembolism
vascular disease, age, and sex; EHRA, European Heart Rhythm Association; LA, left atrial; min: minimurm; max: maximurn; LAEF, left atrial emptying fraction; E/€’, mitra
inflow peak early diastolic velocity/mitral annular peak early diastolic velocity: LV, left ventricular; RWT, relative wall thickness; LVEDY, left ventricular end-diastolic
volume; LVESV, left ventricular end-systolic volume; LVEF, left ventricular ejection fraction: GLS, global longitudinal strain

P <0.05 vs. the sinus rhythm group.

5P < 0.05 vs. the paroxysmal atrial fibrillation group.
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Variables Sinus rhythm (n=102) PAF EL (-) (n=70) PAF EL (+) (n=214) PerAF EL (-) (n=39) PerAF EL (+) P-value

(n=140)
LAEF, % 58+4 55+15" 43116" 5113 39+16"0<¢ <0.001
LA reservoir strain, % 34 (30, 39) 32 (26, 35)" 27 19, 32" 28 (24, 34 16 (12, 20)"¢ | <0.001
LVEDV, ml 86£15 87115 94126" 89+22° 101£39*4 1 <0001
LVESV, ml 3129, 35) 36 (33, 43)" 38 (32, 50)° 38 (33, 46)" 44 (33,56 | <0001
LVEDV index, ml/m* 529 5212 5517 55+ 15" 60+24°0<4 0.008
LVESV index, ml/m? 19 (17, 22) 21 (18, 26)* 22 (18, 29)* 24 (20, 29)*>¢ 26 (19, 33)*>4 | <0.001
Efe’ 99+19 87428 11.9+48" 114244° 124244 <0.001
LVEF, % 623 56+7° 55+10° 56+8" 534720 <0.001
GLS, % 183£2.1 173+3.2° 16833 15.6+32%¢ 137354 | <0.001

Data are presented as mean +SD or median (interquartile range) for continuous variables. PAF, paroxysmal atrial fibrillation; PerAF. persistent atrial fibrillation; EL.
enlargement; LAEF, left atrial emptying fraction; LA, left atrial; LVEDV, left ventricular end-diastolic volume; LVESV, left ventricular end-systolic volume; E/e, mitra
inflow peak early velocity/mitral annular peak early velocity; LVEF, left ventricular ejection fraction; GLS, global longitudinal strain.

°P<0.05 vs. the sinus rhythm group,

®P<0.05 vs. PAF EL (-) group.

°P<0.05 vs. PAF EL (+) group.

9p < 0.05 vs. PerAF EL () group.
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Variable

LVEF (%)

LAD (mm)

LAA (cm?)

LAV (ml)

LAVI (mL/m?)
LVEF/LAD ratio
LVEF/LAA ratio
LVEF/LAVT ratio

LAAT- (n = 2,859)

55 [45-60]
45 [41-49]
26 [22-30]
85 [69-109]
44 [35-55]
1.2[0.98-14]
2.1[1.6-251]
1.2[0.88-157]

LAAT+ (n = 250)

40 [30-51]
47 [45-51]
28 [24.8-33]
97 [76-123]
52 [42.9-63]
0.9 [0.62-1.09]
1.4[0.97-1.83]
0.7 [0.52-1.05]

pa
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

p-values refer for the differences between LAAT+ and LAAT- groups.
LAA, left atrial area; LAD, left atrial diameter; LAAT, left atrial appendage thrombus;
LAV, left atrial volume; LAVI, left atrial volume index; LVEE left ventricular

ejection fraction.
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Variable

Demographics

Age (years)

AF/AFL type

AF/AFL paroxysmal

AF/AFL persistent

AF/AFL long-standing persistent
AF chronic

Comorbidities

Heart failure

Heart failure with reduced LVEF
Hypertension

Diabetes mellitus

Previous stroke

TIA

Previous ischemic stroke/TTA/systemic embolism

Previous hemorrhagic stroke
Vascular disease

Myocardial infarction

Coronary artery disease
Peripheral artery disease
Moderate to severe mitral stenosis
Moderate to severe mitral regurgitation
Moderate to severe aortic stenosis
CIED

eGFR < 50 (mL/min)

Previous bleeding

Anemia

Labile INR

Smoking

Alcohol

Thromboembolic risk and indications to chronic OAC

CHA,DS;-VASc score
Antithrombotic therapy
Chronic OAC therapy

2p-value refers for the differences between LAAT (+) and LAAT (-) groups.

LAAT- (n = 2,859)

67 [59-73]

1,247 (44%)
1,365 (48%)
237 (8%)
109 (4%)

1,165 (41%)
380 (13%)
2,171 (76%)
683 (24%)
206 (7.2%)
75 (3%)
278 (9.7%)
14 (0.5%)
949 (33%)
372 (13%)
811 (29%)
149 (5%)
12 (0.4%)
442 (15%)
47 (1.6%)
341 (12%)
82 [64-103]
114 (4.0%)
431 (16%)
50 (2%)
902 (33%)
106 (4%)

3[2-4]

2,553 (89%)

LAAT+ (n = 250)

72 [64-78]

33 (13%)

183 (73%)
34 (14%)
20 (8%)

171 (69%)
96 (39%)
195 (79%)
91 (37%)
29 (12%)
15 (6%)
35 (14%)
3(1.2%)
118 (47%)
59 (28%)
94 (38%)
26 (10%)
5 (2%)
81 (32%)
15 (6%)
57 (23%)
74 [51-93]
17 (6.9%)
53 (23%)
23 (9%)
109 (46%)
23 (9%)

4[3-5]

200 (80%)

<0.001

<0.001

<0.001
0.007
0.004

<0.001
<0.001
0.393
<0.001
0.017
0.005
0.040
0.148
<0.001
<0.001
0.002
<0.001
0.009
<0.001
<0.001
<0.001
<0.001
0.05
<0.01
<0.001
<0.001
<0.001

0.010

<0.001

AF, atrial fibrillation; AFL, atrial fibrillation; CIED, cardiac implanted electrical device; eGFR, estimated glomerular filtration rate; INR, international normalized ratio; LAAT, left atrial

appendage thrombus; MS, mitral stenosis; OAC, an oral anticoagulant. TIA, transient ischemic attack.
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Number 96

Sex (male/female) 53143 (55/45%)

Means + SD Median (IQR)
Age (years) 3315+ 1240 30 (22.75-40.50)
Weight (kg) 73.93+ 1486 7150 (63.64-84.40)
Height (cm) 175812905 | 17525 (169-183.25)
BMI (kg/m2) 2368351 | 2305 (21.20-25.38)
BSA (g/m2) 189021 188 (1.72-2.06)
CK (U/1) [normal 20-180 U/I] 2043441969 | 109 (75.25-170.75)
‘Troponin T (ng/l) [normal <14 ng/l] 594400 4(3-75)
CRP (mg/l) [normal < 0.6 mg/l] 110181 06 (0.6-09)
Ferritin (ug/)) [normal 22-112 (ug/l] | 127.97 £ 11116 | 8650 (52.25-174.75)
Hemoglobin (g/dl) [normal 123-153] | 14332135 | 1420 (1320-15.30)

Training volume At least three times per week; > 20 MET/
week; five to eight hours/week

Endurance sports. 59 (61%)
Running 20 (21%)
Triathlon 11 (12%)
Cycling 8 (8%)
Nordic Walking 7 (7%)
Rowing 6 (6%)
Others 7 (7%)
Strength sports 12 (13%)
Team sports 20 (21%)
Soccer 13 (14%)
Handball 4(4%)
Others 3 (3%)
Technical sports 5 (5%)

SD, standard deviation; IQR, interquartile range; BMI, body mass index; MET
metabolic equivalents of task. Sports are differentiated according to the
predominant component. Based on the 2020 ESC Guidelines on sports
T  ——





OPS/images/fcvm-09-1059111/fcvm-09-1059111-g001.jpg
AF/AFL paroxysmal
AF/AFL persistent
AF/AFL persistent long standing
AFJ/AFL chronic

HF

HFreF

Diabetes mellitus
Previous Stroke/TIA/'SE
Vascular disease

MS moderate/severe
MR moderate/severe
AS moderate/severe
CIED

Chronic kidney disease
Previous bleeding
Labile INR

Alcohol

Smoking

LVEF = 48%
LVEF/LADratio<1.1
LVEF/LAAratio 1.7
LVEF/LAVI ratio< 1.1

AFJ/AFL paroxysmal
Diabetes mellitus
Vascular disease

CIED

Labile INR

LVEF/LAAratio 1.7

LVEF/LAVIratio<1.1

OR

0.2

297
1.73
222
3.22
413
1.85
1.7
1.81
4.86
263
3.83
219
1.95
1.77
507
268
1.77

449
564
564
6.77

OR

0.33
1.74
1.67
1.91
3.36

2.34
43

95% CI

0.13-028
222 -397
1.18-255
1.35-364
243-425
313-546
1.41-242
12-244
1.4-235
1.7-139
198-35
211-6.96
16-3.01
144 -264
1.05-3
299-8.06
167-429
1.35-232

3.34-6.05
403-79
402-79

425-108

95% CI

0.17-063
122-2171
1.06 - 2.61
1.01-355
1.42-792

1.37-3.99
209-884

p
< 0.001
< 0.001
0.007
0.004
< 0.001
< 0.001
< 0.001
0.004
< 0.001
0.009
< 0.001
< 0.001
< 0.001
< 0.001
0.046
< 0.001
< 0.001
< 0.001

< 0.001
< 0.001
< 0.001
< 0.001

< 0.001
0.013
0.025
0.009
0.006

0.002
< 0.001

Unadjusted

10

3
decreased risk increased risk
Adjusted
E =
—
—.—
.._
1 1b

decreased risk increased risk
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contractile

reserve
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reserve

Assessment of
contractile
reserve

Assessment of
contractile
reserve

Assessment of
contractile
reserve

Safety and
feasibility of the
exam

Assessment of

contractile
reserve

Stress used

Low-dose
dobutamine
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dobutamine

Full dose
dobutamine

Low-dose
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Low-dose

dobutamine

Full dose

dobutamine

Low-dose
dobutamine

Low-dose

dobutamine

Outcome

30-day mortality is lower in LFLGAS patients with CR prior to TAVI
Long term mortality is lower in LFLGAS patients with CR prior to TAVI (HR: 4.47;
p=0.037)

There are no differences in 30-day mortality in LFLGAS patients with or without CR
prior to TAVT, although in those with CR mortality tends to be lower (1.2 vs. 5.6% in
patients with and without contractile reserve, respectively; p = 0.13)

There are no differences in long term mortality in LFLGAS patients with or without
CR prior to TAVI

(28.7 vs. 35.3% in patients with and without contractile reserve, respectively, Log
Rank: p = 0.704)

CR failed to predict LVEF recovery in LFLGAS patients after TAVI

Mortality after TAVI in LFLGAS patients is lower than reported in SAVR studies

There are no differences in 30-day mortality in LFLGAS patients with or without CR
prior to TAVI (13% in patients with CR vs. 10% in patients without CR; p = 1.00)
There are no differences in long term mortality in LFLGAS patients with or without
CR prior to TAVI

(29% in patients with CR vs. 33% in patients without CR; p = 0.72)

SVi increased significantly after TAVI only in LFLGAS patients with CR prior to TAVI
(35% in the group with CR vs. 29% in the group without CR; p = 0.04)

CR failed to predict LVEF recovery in LFLGAS patients after TAVI

(10 vs. 10% in the group with CR and group without CR, respectively, p = 0.76)

LFLGAS with reduced EF, CR or AS severity stratification performed by dobutamine
stress echocardiography is not associated with survival nor in patients treated with
SAVR nor in those treated with TAVI (HR: 1.09; 95% CI 0.78-1.53; p = 0.62)

There are no differences in 30-days mortality in LFLGAS patients with very low
LVEF with or without CR prior to TAVI, although in those with CR mortality tends
to be lower (HR 0.47 95% CI 0.04-5.34; p = 0.54)

There are no differences in long term mortality in LFLGAS patients with very low
LVEF with or without CR prior to TAVI (HR 1.37 95% CI 0.58-3.26; p = 0.47)

CR failed to predict LVEF recovery in LFLGAS patients with very low LVEF after
TAVI (mean [SD] relative increase of 27% [35%] vs. 26% [42%]; p = 0.95)

There are no differences in 30-day mortality in LFLGAS patients with or without CR
prior to TAVI, although in those with CR mortality tends to be lower

(6.25% in patients with CR vs. 30% in patients without CR; p = 0.26)

There are no differences in long term mortality in LFLGAS patients with or without
CR prior to TAVI

(25% in patients with CR vs. 40% in patients without CR; p = 0.41)

CR failed to predict LVEF recovery in LEFLGAS patients after TAVI (30% in patients
with CR vs. 57% in patients without CR; p = 0.35)

CR was found in a lower proportion of high-gradient AS patients than in LFLGAS
patients’ studies

DSE is safe and feasible in high gradient AS patients

LVGLS values > —12% prior to TAVI are a strong predictor of pre-procedural CR
absence (multiple partial correlation coefficient = 0.6, p < 0.00001) and lack of
post-procedural remodeling in LELGAS patients (correlation coefficient = 0.44,

p < 0.0001)

Pre-procedural CR predicts a greater increase in LVGLS in LFLGAS patients after
TAVI

AS, aortic stenosis; DSE, dobutamine stress echocardiography; CR, contractile reserve; LVEE left ventricular ejection fraction; LVGLS, left ventricular global longitudinal strain; LELGAS,

low flow-low-gradient aortic stenosis; TAVI, transcatheter aortic valve implantation; SAVR, surgical aortic valve replacement; SVi, indexed stroke volume; SD, standard deviation.
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Variables Cox Regression Model Fit Harrells'c C-statistic

95% Cl
EuroSCORE II 1.00-1.16
RVGLS 115 1.04-126 0.005*
LVGLS 095 083-109 0.470
EuroSCORE II 108 1.00-1.17 0.059 485 0028" 068 058-0.79
RVGLS 121 1.08-136 0.001%
LVGLS 1.00 087-115 0.950
RVGLSLVGLS 097 095-1.00 0.043*
EuroSCORE II 105 097-1.14 019 068 056-0.80
114 105-125 0.003*
LVGLS 096 085-1.09 0570
EuroSCORE II 106 098-115 0.160 1.66 0198 069 058-0.81
RVFWS 116 1.06-127 0.001%
LVGLS 100 088-114 0.990
RVFWSLLVGLS 098 096-1.01 0210

HR, hazard ratio; Cl, confidence interval; 12, chi-square. RVGLS, right ventricular global longitudinal strain; LVGLS, left ventricular global longitudinal strain; RVFWS, right
ventricular free wall strain

Association with mortality in multivariable Cox regression analysis including interaction between LVGLS and RVGLS or RVFWS, respectively. RV longitudinal strain showed
incremental value over LVGLS and clinical parameters as represented by EuroSCORE Il

*Significant values (P<0.05)
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References  Study type
Veluetal. (12)  Prospective
Curio et al. Retrospective
(13)

Tzumo et al. Case-control
(14)

Paranskaya Prospective
etal. (15)

Boerlage-van Retrospective

Dijk et al. (16)
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Role of SE

Assessment of
MR grade and
LV function
during stress
before TEER

Verify presence
of severe
exercise-induced
MR

Verify presence
of severe
exercise-induced
MR

Evaluation IMS
after multiple
TEER

Evaluation
presence of IMS
after successful
TEER

Type of MR

50% secondary
MR

77% secondary
MR

(75% of severe MR
and 84% of
moderate MR)

100% secondary
MR

60% secondary
40%

primary/mixed

26% degenerative;

74% secondary

Stress used

Handgrip or low
dose dobutamine

Handgrip

Bicycle ergometer

Full-dose
dobutamine

Bicycle ergometer

Outcome

SV increase >40% was associated with better quality of life
[improvement on 4/8 subscales of RAND Short Form-36
on Quality of Life was observed: Physical Functioning

(p < 0.001), Social Functioning (p < 0.001), Mental Health
(p = 0.022) and Vitality (p = 0.026)].

Decreased MR grade during SE was associated with worse
outcome after TEER (p = 0.008).

Patients with severe exercise-induced MR may be a group
with earlier stage of disease that can benefit from TEER
(mortality rate after 2 years of severe exercise-induced MR
and severe resting MR were similar with log rank p = 0.16).
The combined end-point of all-cause death and
hospitalization was significantly worst in patients with
severe MR at rest (log rank p = 0.01).

Previous HF hospitalization (log rank p < 0.01) and large
LVEDd >53.5 mm (AUC 0.696 p < 0.001; sensitivity 86%
specificity 54%; log rank p < 0.001 for cut-off) are

prognostic factors.

Patients treated with TEER had better event-free survival
rate than the ones treated with medical therapy (log rank
p=0.017).

LVEF during stress (HR 0.919; p = 0.028) and TEER
procedure (HR 0.419; p = 0.044) were independently
associated with the composite endpoint of all-cause
mortality and hospitalization for HF.

During SE, the mean transvalvular gradient increases

(3.3 0.8 mmHg vs. 4.0 £ 0.6 mmHg; p < 0.001), along
with MVOA (2.9 £ 0.3 cm? vs. 3.9 & 0.4 cm?; p < 0.001).
These results confirm the preserved pliability and elasticity

of the valve even after multiple clips implantation.

PHT is the only intraprocedural parameter associated with
mean transvalvular gradient after TEER with a cut-off of

91 ms (AUC 0.8 p < 0.001).

During SE, MTDG (from 3.6 + 1.7 to 6.3 £ 2.7 mmHg,

n =23, p < 0.001) and sPAP (from 35 £ 12 mmHg to

47 £ 7 mmHg, n = 23, p = 0.035) increased significantly, but

without signs or symptoms of HF or increased BNP levels.

BNP, none natriuretic peptide; HE heart failure; IMS, iatrogenic mitral stenosis; LV, left ventricular; LVEDd, left ventricular end diastolic diameter; MR, mitral regurgitation; MTDG,

mean transvalvular diastolic gradient; MVOA, mitral valve orifice area; PHT, pressure half time; SE, stress echocardiography; sPAP, systolic pulmonary artery pressure; SV, stroke volume;

N, number of patients; TEER, transcatheter edge to edge repair.
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Nested Model Cox Regression Model Fit Harrell's C-statistic

Bivariable Model X P 95% Cl

RVGLS 113 0,003 927 0.002* 069 058-0.80
RVGLS. 114 0.007* 013 0717 069 0.58-0.80
LVGLS 098 0720

LVGLS 106 0300 109 0297 058 047-0.70
LVGLS 098 0720 831 0,004 069 058-0.80
RVGLS 114 0.007*

RVFAC 099 0,660 018 0670 052 039-0.66
RVFAC 103 0250 1045 0.001% 068 057-0.79
RVGLS 117 0.002*

RVFAC 100 0970 091 0341 058 047-0.70
LVGLS 106 094-1.18 0340

LVEF 100 0850 003 0853 0.46 034-0.57
LVEF 103 0120 1187 0.001* 067 055-0.78
RVGLS 118 0,001
LVEF 102 0.98-1.05 0380 183 0176 056 044-0.68
LVGLS 109 097-1.22 0170
LVEF 101 0.690 032 0574 050 037-0.63
RVFAC 098 0570

EuroSCORE II 106 0110 208 0149 055 043-0.67
EuroSCORE IT 106 0120 922 0.002% 066 054-0.78
RVGLS 113 0,003
FuroSCORE II 106 098-1.14 0170 0.61 0435 056 044-0.68
LVGLS 104 0430
EuroSCORE II 106 .98-1. 0120 013 0719 052 039-0.65

099 095-1.04 0710

HR, hazard ratio; C, confidence interval; i, chi-square. RVGLS, right ventricular global longitudinal strain; LVGLS, left ventricular global longitudinal strain; RVFAC, right
ventricular fractional area change; LVEF, left ventricular ejection fraction

Association with mortality in univariable (nested model) and bivariable Cox regression analysis. RVGLS showed incremental value over baseline LVGLS, conventional
echocardiographic parameters, and clinical parameters as represented by EuroSCORE Il

*Significant values (P < 0.05).
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PARAMETERS TO BE EVALUATED DURING STRESS
ECHOCARDIOGRAPHY BEFORE/AFTER TEER AND TAVI

Before TEER:

* Contractile reserve
* Symptoms

* EROA and RV

* SPAP

After TEER:

* MVOA

* MTPG

* sPAP

* Aortic valve area (AVA)
e Stroke volume
* Contractile reserve
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Parameters Overall (N=100) Survivors (N=67) Non-survivors (N = 33)
Aortic stenosis severity

MTPG, mmHg 43,0 [35.0-52.0] 43.0 [34.5-50.5] 44,0 [38.0-56.0] 0257
AVA, em® 0.8 [0.7-09] 0.8 [0.7-09] 0304
~AVAL cm¥/m? 04 [04-05] 04 [04-05] 0.126
@ .
RVEDAI cm’/m* 9.2 [80-10.7] 9.1 [7.8-11.0] 9.4 [84-10.5] 0.913
RVFAC, % 40.5 [37.8-44.0] 41.0 [38.0-44.0] 40.0 [33.0-45.0] 0.537
TAPSE, mm 200 [18.0-22.5] 20,0 [18.0-22.0] 20,0 [17.0-23.0] 0.626
LVEE, % 585 [53.0-64.3] 58.0 [53.5-64.0] 60.0 [53.0-65.0] 0.657
LVEDVI, ml/m’ 53.0 [41.8-65.0] 540 [44.0-65.5] 510 [38.0-63.0] 0.328
LVSVI, ml/m® 405 [32.3-48.0] 42,0 [35.0-48.0] 37.0 [27.0-48.0] 0111
LVMMI, g/mZ 101.5 [86.8-122.3] 99.0 [88.5-116.5] 107.0 [76.0-151.0] 0.224
Speckle-tracking
RVGLS, % —16.5 [-19.8- —13.8] —17.1 [-20.2- -15.2] —139 [-16.4- —12.9] 0.001*
RVEWS, % ~17.6 [-21.6- —14.3] 187 [-226- —159] 157 [-183- —12.8] 0.002*
LVGLS, % —10.5 [-13.0- -84] 108 [-13.1- -87] -103 [-12.5- —6.8] 0.303

MTPG, mean transaortic pressure gradient; AVA, aortic valve area; AVAI, aortic valve area index; RVEDAI right ventricular end diastolic area index: RVFAC, right ventricular
fractional area change; TAPSE, tricuspid annular plane systolic excursion; LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume index; LVSVI
left ventricular stroke volume index; LVMMI, left ventricular muscle mass index; RVGLS, right ventricular global longitudinal strain; RVFWS, right ventricular free wall strain:
LVGLS, left ventricular global longitudinal strain

Values are given as median (IQR, interquartile range).

*Significant values (P < 0.05).
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Parameters

Overall (N=100)

Survivors (N=67)

Non-survivors (N = 33)

810 (77.0-84.0]

0.164

Age, years 79.0 [75.8-84.0] 79.0 [745-83.0]
‘Women, N (%) 49 (49) 32 (48) 17 (52) 0.888
BMI kg/m® 266 [242-302] 263 [240-299] 27.3 [25.2-308] 0221
BSA, m’ 18 [17-19] 18 (17-20] 19 [1.7-19] 0716
Hypertension, N (%) 77 (77) 50 (75) 27 (82) 0582
Diabetes, N (%) 36 (36) 23 (34) 13 (39) 0784
Dyslipidaemia, N (%) 68 (68) 46 (69) 22 (67) 0554
Clinically relevant CAD, N (%) 57 (57) 40 (60) 17 (52) 0574
CABG, N (%) 16 (16) 10 (15) 6(18) 0923
PAD, N (%) 17 (17) 11 16) 6(18) 0925
Cerebrovascular disease, N (%) 24 (24) 17 (25) 7 (21) 0523
NYHA III or IV, N (%) 8(8) 7(11) 103) 0372
COPD, N (%) 13 (13) 8(12) 5(15) 0.560
€GFR, ml/min/1.73 m* 610 [48.0-735] 620 [50.0-755] 55.1 [39.0-69.0] 0262
Atrioventricular block III, N (%) 1) 1) 0(0) 0210
Ventricular conduction abnormality, N (%) 0.005*

BFB 303) 2(3) 1(3)

LAHB 7() 203) 5(15)

LBBB 70) 71 0O

RBBB. 11311 4(6) 7 (21)
EuroSCORE II, % 30 [1.7-49] 29 [15-42] 32(18-57] 0.169
Periprocedural death, N (%) 303 00 309 0055

BMI, body mass index; BSA, body surface area; CAD, coronary artery disease; CABG, coronary artery bypass graft; PAD, peripheral arterial disease; NYHA, New York Heart
Association; COPD, chronic obstructive pulmonary disease; eGFR, estimated glomerular filtration rate; BFB, bifascicular block; LAHB, left anterior hemiblock; LBBB, left

bundle branch block: RBBB, right bundle branch block
Values are given as median (IR, interquartile range) for continuous variables or number (percentage) for catecorical variables.

*Significant values (P < 0.05).
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Predictor Estimate SE VA 4 Odds ratio Lower (95% CI) Upper (95% CI)

IVPDC2P4 (mmHg) 0.345 0.163 2.116 0.034 411 .039 978
VorAreaC4S (mm”2) 0.001 0.001 .664 0.046 .001 .002
GLSacC2LV (%) 0.155 0.079 .967 0.049 .168 .003 .367
PALSconduitLA (%) —0.06 0.039 =1.539 0.024 0.942 0.87 .014
GLSLV (%) —0.041 0.056 —0.726 0.048 0.96 0.86 .072
LVEDd (mm) 0.05 0.021 2.379 0.017 .051 .009 .096
LVEF (%) 0.033 0.022 495 0.035 .033 0.99 .079
ApoB (g/L) 1.145 0.458 2.501 0.012 3.143 .288 7.821
Na (mmol/L) —0.056 0.034 —1.674 0.044 0.945 0.885 .009
NTproBNP (mmol/L) 0.001 0.001 4.745 0.001 .001
DBP (mmHg) —0.014 0.007 —1.972 0.049 0.986 0.971

NYHA II 2.263 0.797 2.841 0.005 9.611 2.439 64.577
NYHA III 2.918 0.857 3.406 0.001 18.503 4.052 134.706
NYHA IV 3.367 0.896 3.758 0.001 28.979 5.799 222.979

p < 0.05 indicates statistical significance. IVPDC2P4, intraventricular pressure differences from 2-chamber images during LV early filling period; VorAreaC4S, LV vortex area from 4-
chamber images during systolic period; GLSacC2LYV, left ventricular global longitudinal strain from 2-chamber images during atrial systolic period; PALSconduitLA, peakLA longitudinal
peak strain during conduit period; GLSLV, left ventricular global longitudinal strain; LVEDd, left ventricular end diastolic diameter; LVEE left ventricular ejection fraction; ApoB,
apolipoproteinB; NT-pro BNP, N-terminal pro-brain natriuretic peptide; DBP, diastolic blood pressure; NYHA, New York Heart Association.
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Variables

STE parameters
GLS-LV (%), median [IQR]
GLSR-sLV (s~ 1), median [IQR]
GLSR-edLV (s~ 1), median [IQR]
GLSR-acLV (s~!), median [IQR]
PALS-reservoir LA (%), median [IQR]
PALS-conduit LA (%), median [IQR]
PALS-pump LA (%), median [IQR]
GLSR-reservoir LA (s~!), median [IQR]
GLSR-conduit LA (s~ 1), median [IQR]
GLSR-pump LA (s~ 1), median [IQR]
VFM parameters
MeanELP1 [J/(m"3 s)], median [IQR
MeanELP2 [J/(m"3 s)], median [IQR
MeanELP3 [J/(m"3 s)], median [IQR
MeanELP4 [J/(m"3 s)], median [IQR
MeanELP5 [J/(m”"3 s)], median [IQR
EnergyLossP1 [J/(m s e"3)], median [IQR]
EnergyLossP2 [J/(m s e"3)], median [IQR]
EnergyLossP3 [J/(m s e"3)], median [IQR]

)

)

EnergyLossP4 [J/(m s e"3)], median [IQR]
EnergyLossP5 [J/(m s e"3)], median [IQR]
IVPDP1 (mmHg), median [IQR]
IVPDP2 (mmHg), median [IQR]
IVPDP3 (mmHg), median [IQR]
IVPDP4 (mmHg), median [IQR]
IVPDP5 (mmHg), median [IQR]
IVPGP1 (mmHg/mme"3), median [IQR]
IVPGP2 (mmHg/mme"3), median [IQR]
IVPGP3 (mmHg/mme"3), median [IQR]

IVPGP4 (mmHg/mme"3), median [IQR]
IVPGP5 (mmHg/mme"3), median [IQR]
VorArea-s (mm”2), median [IQR]
Circulation-s (m"2/s e*3), median [IQR]
VorArea-ed (mm"2), median [IQR
Circulation-ed (m"2/s e"3), median [IQR]
VorArea-ac (mm”2), median [IQR

Circulation-ac (m"2/s e"3), median [IQR]

vorticity-ac-CCW (1/s), median [IQR]

vorticity-ac-CW (1/s), median [IQR

vorticity-ed-CCW (1/s), median [IQR]

vorticity-ed-CW (1/s), median [IQ
vorticity-s-CCW (1/s), median [IQ

=)

=)

vorticity-s-CW (1/s), median [IQR

Overall
(n = 468)

—10.81 [—14.90, —8.22]
—0.60 [—0.76, —0.46]
0.56 [0.40, 0.76]
0.49 [0.32, 0.68]
21.14 [12.96, 30.29]
9.53 [6.58, 13.45]
11.42 [4.98, 17.06]
0.95 [0.66, 1.37]
—0.93 [—1.30, —0.69]
—1.21[—1.83,—0.68]

3.05 [1.84, 4.89]
2.35 [147, 3.63]
246 [1.42, 4.08]
4.36 [2.54, 7.49]
4.41 [2.56, 7.50]
2045 [13.13, 33.81]
14.75 [10.38, 23.13]
14.69 [8.76, 24.14]
27.11 [16.70, 46.62]
30.26 [18.19, 50.42]
0.78 [047, 122
1.02[0.71, 1.41
—0.36 [—0.60, —0.25]
—0.97 [—1.39, —0.65]
0.52 [0.29, 0.89
—8.96 [—15.22, —5.53]
—12.12 [-16.90, —8.30]
4.45 [3.00, 7.30

11.98 [7.98, 17.47]
—6.46 [—10.95, —3.31]
454,22 [354.72, 574.46]

16.90 [11.77, 22.03]
359.00 [257.14, 476.48]

13.13 [7.57, 21.80
428.02 [323.87, 531.24]

18.03 [12.10,25.53]

—105.79 [—142.94,
—80.24

14.97 [85.83, 149.68

—99.07 [—135.19,
—76.44

01.54 [72.03, 140.46

—100.69 [—130.23,
—75.93

10.59 [82.79, 149.78

HFpEF
(n=147)

—16.25[—18.74, —13.16]
—0.83 [—0.96, —0.66]
0.76 [0.54, 0.98]
056 [0.44, 0.76]
30.86 [21.19, 37.80]
13.78 [10.92, 18.03]
16.64 [11.14,21.79]
1.42 [0.96, 1.83]
—1.24[—1.66, —0.88]
—1.60 [—2.28, —1.14]

3.56 [2.27, 5.68]
3.16[2.14,4.78]
3.16[1.99,52]
4.90 [3.20, 8.04]
5.78 [3.42,9.42]
2020 [13.29,30.70]
16.12 [11.69, 25.93]
14.75 [9.58, 24.97]
26.06 [15.96, 42.05]
31.57 [20.18, 53.73]
1.13 [0.71, 1.46]
1.12 [0.74, 1.56]
—0.51[—0.74, —0.33]
—122[—1.71,v0.88]
0.67 [0.33,1.13]
—14.52[—19.48, —8.47]
—14.45[—20.48, —9.29]
656 [4.38,10.20]

15.80 [11.76,23.72]
—9.11 [—14.72, —4.37]
423.08 [337.60, 551.43]

18.57 [14.27, 23.33]
337.17 [225.00, 471.63]

14.63 [9.03, 22.30]
404.47 [312.14, 504.52]

19.70 [13.30,27.10]

—113.56 [—152.41,
—89.29

128.97 [95.50, 165.98]

—96.51 [—127.33,
—78.97

98.34 [71.22, 140.46]

—112.44 [—145.15,
—83.37

132.47 [99.22,173.11]

HFmrEF
(n=95)

—11.06 [-12.81, —9.30]
—0.60 [—0.68, —0.49]
055 [0.41, 0.70]
057 [0.46,0.72]
2332[18.88,29.11]
9.53[7.25,12.35]
13.17 [9.05, 17.06]
1.08 [0.82, 1.35]
—0.95 [—1.24, —0.73]
—1.36 [—1.89, —1.04]

3.10 [2.09, 4.24]
2.10 [1.52,2.99]
2.13 [1:33,3.37]
4.19 [2.32,7.10]
4.27[2.82,7.01]
20.86 [14.55,32.68
14.07 [10.32, 20.20
12.10 [7.88,19.17]
25.75[15.93,44.21
29.88 [19.78, 50.33
0.71[0.43, 1.15
1.05[0.72, 1.39
—0.31 [—0.43, —0.24]

—0.88 [—1.22, —0.63]
0.61 [0.32,0.91
—8.45 [—13.37, —5.40]
—12.58 [—16.63, —8.44]
3.78[2.96,5.18

11.01 [7.73, 15.08]
—7.71[—10.88, —4.05]
460.09 [384.78, 576.38]

17.13 [12.63, 23.23]
345.53 [263.20, 448.11]

12.57 [7.33, 20.87]
447.10 [338.74, 556.72]

19.00 [13.40, 27.13]

—103.55 [—148.56,
—76.79

117.48 [91.04, 151.08]

—92.34 [—124.11,
—69.19

98.33 [71.15, 143.29]

—97.57 [—124.52,
—77.99

105.17 [80.06, 147.14]

HFrEF
(n=136)

—7.29 [-9.11, —5.99]
—0.43 [=0.53, —0.35]
046 [0.32,0.59]
0.34[0.25,0.49]
12.70 [9.11, 19.07]
6.87 [5.01, 9.56]
5.07 [3.49, 10.55]
0.69 [0.55,0.91]
—0.72 [-0.96, —0.58]
—0.68 [—1.28, —0.48]

2.51[1.30,4.30
1.66[1.08,3.15
2.29[1.30,3.47
3.95[2.16,7.28
3.64[1.88,5.77
21.61 [12.68, 36.57]
15.13 [9.17, 23.80]
16.53 [9.54,25.71]
30.35 [20.08, 50.68]
28.34[16.17, 44.75]
0.62[0.378, 0.96]
0.90[0.70, 1.28
—034[—0.57, —0.16]
—0.81[—1.16, —0.52]
0.45[0.27,0.70
—6.96 [—10.34, —3.93]
—10.15 [—14.84, —7.49]
3.73[1.99, 6.74

9.23 [5.65, 13.70]
—5.04 [—7.80, —2.87]
461.12 [360.21, 579.91]

15.03 [8.50, 19.30]
386.44 [284.88, 509.13]

12.87 [7.07, 21.17]
457.42 [346.38, 561.19]

15.47 [10.83, 21.93]

—94.59 [—131.58,
—73.93

107.01 [73.69, 133.29]

—107.40 [—-151.76,
—81.92

115.89 [74.59, 140.68]

—90.01 [—122.77,
—67.34

97.38 [69.16, 131.18]

HFimpEF Statistics
(n=90)
—10.07 [~12.64, —8.05] 246.93
—0.55 [—0.70, —0.46] 89.24
0.49 [0.38, 0.66] 99.02
045 [0.33,0.61] 77.00
18.72 [11.47,26.94] 51.5
8.49 [6.48, 10.66] 37.72
9.72 [4.52, 15.41] 03.30
0.89 [0.62, 1.25] 33.14
—0.83 [~1.13, —0.65] 77.08
—1.00 [~1.61, —0.60] 89.56
2.88[1.73,5.22 18.06
2.09 [1.32,3.54 55.33
2.15[1.28,4.08 26.55
4.18 [2.39,7.47 10.93
3.77(2.35,7.23 34.34
18.96 [12.61, 36.64 0.40
13.68 [9.78,21.71] 6.22
14.15 [7.52, 23.54] 6.25
25.60 [17.25, 46.62 3.67
26.64 [17.43, 46.89 3.39
0.71 [0.43, 1.00] 49.71
1.020 [0.657, 1.33] 8.35
—0.34[—0.52, —0.24] 37.65
—0.97 [~1.32, —0.61] 45.79
0.45 (021, 0.78] 13.80
—8.35[~12.47, —5.18] 67.63
—1221[-16.32,- —8.01] 22.76
4.06 [2.95, 6.51] 58.77
11.46 (7.26, 16.12] 75.75
~5.76 [—9.65, —2.50] 24.53
465.20 [350.05, 587.72] 3.07
16.10 [10.80, 21.07] 19.85
359.00 [289.74, 470.27] 7.96
13.10(7.13,21.73] 2.85
417.28 [324.89, 517.32] 7.85
17.90 [11.73,24.73] 10.65
—106.5 [~135.9, —86.7] 10.76
105.04 [88.66, 137.78] 22.55
—99.77 [~131.18, 7.01
~74.86]

95.48 [72.29, 140.17] 2.94
—104.3 [~134.5, —85.9] 17.34
105.57 [75.87, 144.28] 37.41

P value

<0.00
<0.00
<0.00
<0.00
<0.00
<0.00
<0.00
<0.00
<0.00
<0.00

<0.00
<0.00
<0.00
0.012
<0.00
0.94
0.102
0.1

0.3
0.336
<0.00
0.039
<0.00
<0.00
0.003
<0.00
<0.00
<0.00

<0.001
<0.001
0.381
<0.001
0.047
0.416
0.049
0.014
0.013

<0.00
0.072

0.40
<0.00

<0.00

p < 0.05 indicates statistical significance. STE, speckle tracking echocardiography; GLS, global longitudinal strain; GLSR, global systolic strain rate; PALS, peak atrial longitudinal strain; VFM, vector flow mapping; MeanEL, mean energy loss; IVPD,
intraventricular pressure difference; IVPG, intraventricular pressure gradient; s, systolic; ed, early diastolic; ac, atrium contraction; P1-P5, isovolumic contraction period, ejection period, isovolumetric relaxation period, diastolic filling period, atrium

contraction period; CW, clockwise; CCW, counter-clockwise.
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Variables

STE parameters

GLS-LV (%), median [IQR]

GLSR-sLV (s~ 1), median [IQR]
GLSR-edLV (s~!), median [IQR]
GLSR-acLV (s~ !), median [IQR]
PALS-reservoir LA (%),median [IQR]
PALS-conduit LA (%),median [IQR]
PALS-pump LA (%),median [IQR]
GLSR-reservoir LA (s~ 1), median [IQR]
GLSR-conduit LA (s~!), median [IQR]
GLSR-pump LA (s~ '), median [IQR]
VEM parameters

MeanELP1 [J/(m"3 s)], median [IQR]
MeanELP2 [J/(m"3 s)], median [IQR]
MeanELP3 [J/(m"3 s)], median [IQR]
MeanELP4 [J/(m"3 s)], median [IQR]
MeanELP5 [J/(m"3 s)], median [IQR]
EnergyLossP1 [J/(m s e*3)], median [IQR]
EnergyLossP2 [J/(m s e"3)], median [IQR]
EnergyLossP3 [J/(m s e"3)], median [IQR]
EnergyLossP4 [J/(m s e*3)], median [IQR]
EnergyLossP5 [J/(m s e"3)], median [IQR]
IVPDP1 (mmHg), median [IQR]

IVPDP2 (mmHg), median [IQR]

IVPDP3 (mmHg), median [IQR]

IVPDP4 (mmHg), median [IQR]

IVPDP5 (mmHg), median [IQR]

IVPGP1 (mmHg/mme"3), median [IQR]
IVPGP2 (mmHg/mme"3), median [IQR]
IVPGP3 (mmHg/mme"3), median [IQR]
IVPGP4 (mmHg/mme"3), median [IQR]
IVPGP5 (mmHg/mme"3), median [IQR]
VorArea-s (mm*2), median [IQR]
Circulation-s (m"2/s e"3), median [IQR]
VorArea-ed (mm*2), median [IQR]
Circulation-ed (m"2/s e*3), median [IQR]
VorArea-ac (mm*2), median [IQR]
Circulation-ac (m"2/s e*3), median [IQR]
vorticity-ac-CCW (1/s), median [IQR]
vorticity-ac-CW (1/s), median [IQR]
vorticity-ed-CCW (1/s), median [IQR]
vorticity-ed-CW (1/s), median [IQR]
vorticity-s-CCW (1/s), median [IQR]
vorticity-s-CW (1/s), median [IQR]

Overall
(n =468)

—10.81 [—14.90, —8.22]
—0.60 [—0.76, —0.46]
0.56 [0.40, 0.76]
049 [0.32,0.68]
21.14 [12.96,30.29]
9.53 [6.58, 13.45]
11.42 [4.98,17.06]
0.95 [0.66, 1.37]
—0.93 [—1.30, —0.69]
—1.21[—1.83, —0.68]

3.05 [1.84, 4.89]
235 [1.47,3.63]
246 [1.42, 4.08]
436 [2.54,7.49]
440 [2.56,7.50]
2044 [13.13,33.81]
14.75 [10.38, 23.13]
14.69 [8.76, 24.14]
27.11 [16.70, 46.62]
30.26 [18.18, 50.42]
0.78 [0.47, 1.22]
1.02[0.71,1.41]
—0.36 [—0.60, —0.25]
—0.97 [~1.39, —0.65]
0.52 [0.29, 0.89]
—8.96 [—15.22, —5.53]
—12.12 [~16.90, —8.30]
445 [3.00,7.30]
11.98 [7.98, 17.47]
—6.46 [—10.95, —3.31]
45422 [354.72, 574.46]
16.90 [11.77, 22.03]
359.00 [257.14, 476.48]
13.13 [7.57, 21.80]
428.02 [323.87, 531.24]
18.03 [12.10, 25.53]

—105.8 [—142.94, —80.24]

114.97 [85.83, 149.68]

—99.07 [—135.19, —76.44]

101.54 [72.03, 140.46]

—100.7 [—130.23, —75.93]

110.59 [82.79, 149.78]

No event at follow-up
(n=312)

—12.04 [—16.30, —9.47]
—0.64 [—0.83, —0.49]
0.61 [0.44,0.81]
051 [0.38,0.71]
24.08 [15.69, 32.48]
10.66 [7.47, 14.37]
13.39 [5.89, 18.02]
1.09 [0.73, 1.46]
—0.99 [—1.38, —0.73]
—1.33[—1.96, —0.78]

3.16 [2.01,4.94]
249 [1.59, 3.78]
254 [1.40,4.31]
445 [2.61,7.61]
479 [2.79,7.92]
2031 [13.13, 32.68]
14.99 [10.38, 23.80]
14.15 [7.67, 23.70]
26.46 [16.03, 45.89]
30.98 [19.60, 52.08]
0.86 [0.52, 1.26]
1.07 [0.71, 1.45]
—0.38 [—0.63, —0.28]
—1.03 [—1.42, —0.70]
053 [0.27,0.91]
—9.91 [—15.97, —6.02]
—12.84[—17.95, —8.57]
4.89 [3.37,7.69]
13.25 [8.80, 18.25]
—6.62 [—11.55, —3.34]
456.49 [344.67, 568.96]
17.42 [12.43,22.27]
356.72 [248.46, 468.67]
13.03 [7.40, 21.90]
42512 [324.89, 523.87]
18.97 [12.77,26.57]
—107.2 [—144.99, —84.58]
119.39 [89.86, 153.89]
—97.37 [—134.90, —74.64]
99.37 [71.15, 140.68]
—102.9 [—132.92, —78.65]
11523 [86.19, 152.53]

Event at follow-up
(n=156)

—8.64[—11.28, —6.47]
—0.50 [—0.62, —0.36]
049 [0.35, 0.64]
042 [0.27, 0.58]
17.11 [10.36, 23.34]
7.60 [5.50, 10.30]
8.81 [4.00, 14.04]
0.83 [0.62, 1.08]
—0.81 [—1.06, —0.63]
—0.99 [—1.61, —0.58]

2.90 [1.40, 4.84]
1.97 [1.20, 3.29]
2.41 [1.44, 3.90]
4.18 [2.40,7.17]
4.04 [2.04, 6.61]
20.54 [13.19, 37.08]
14.37 [10.69, 22.32]
16.15 [9.87, 25.07]
28.40 [18.08, 48.99]
30.01 [16.48, 46.00]
0.67 [0.40, 1.00]
091 [0.71, 1.29]
—0.32[—0.52, —0.20]
—0.86 [—1.17, —0.56]
051 [0.30, 0.78]
—7.74[—12.11, —4.37]
—10.42 [—15.23, —8.15]
3.76 [247, 6.32]
10.15 [6.57, 14.56]
—6.06 [—9.53, —3.30]
452.18 [367.50, 577.34]
16.10 [10.37, 21.37]
362.95 [291.99, 493.80]
13.90 [7.60, 21.77]
441.81 [319.24, 552.93]
15.77 [10.93, 23.57]

—103.6 [—140.37, —75.86]

108.21 [78.40, 145.27]

—101.4 [—136.47, —80.00]

107.40 [76.73, 139.43]
—97.6 [—124.15, —68.81]
103.63 [74.75, 144.74]

Statistics

—8.05
—6.76
4.54
413
6.16
6.5
4.65
5.44
—4.6
—4.01

191
3.22
0.86
1.48
2.69
0.16
1.06
—1.82
—0.66
1.01
3.72
2.09
—3.28
=323
0.46
—4.07
—2.59
3.89
3.97
—1.02
—0.14
1.95
—1.96
—0.35
—0.41
2.73
—1.2
2
0.58
—1.05
—1.97
2.31

P value

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

0.057
0.001
0.391
0.138
0.007
0.872
0.289
0.068
0.509
0.315
<0.001
0.036
0.001
0.001
0.649
<0.001
0.01
<0.001
<0.001
0.309
0.888
0.051
0.05
0.727
0.682
0.006
0.231
0.045
0.564
0.292
0.049
0.021

P < 0.05 indicates statistical significance. STE, speckle tracking echocardiography; GLS, global longitudinal strain; GLSR, global systolic strain rate; PALS, peak atrial longitudinal strain;

VEM, vector flow mapping; MeanEL, mean energy loss; IVPD, intraventricular pressure difference; IVPG, intraventricular pressure gradient; s, systolic; ed, early diastolic; ac, atrium

contraction; P1-P5, isovolumic contraction period, ejection period, isovolumetric relaxation period, diastolic filling period, atrium contraction period; CW, clockwise; CCW, counter-

clockwise.
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Variables

Patient characteristics
Sex, male, n (%)

Age (years), median [IQR]

BSA (m?), median [IQR]
DBP (mmHg), median [IQR]

SBP (mmHg), median [IQR]

Smoke, n (%)
Alcohol, n (%)
HR (bpm), median [IQR]

NYHA class, n
I

I

I

v

(%)

Medical history

(%)
(%)
Diabetes mellitus, n (%)
HCM, n (%)

DCM, n (%)

Hypertension, n

Hyperlipidemia, n

Ischemic cardiomyopathy, n (%)

Atrial fibrillation, n (%)
Medications
ACEI/ARBS, n (%)
ARNI n (%)
B-blockers, n (%)

Aldosterone antagonists, n (%)
SGLT-2 inhibitors, n (%)
diuretics, n (%)
Antiplatelets, n (%)
Anticoagulants, n (%)
Statins, n (%)

Laboratory examinations

Glycatedhemoglobin (%), median [IQR]
ApolipoproteinA (g/L), median [IQR]
ApolipoproteinB (g/L), median [IQR]
Inorganicphosphorus (mmol/L), median [IQR]

Na (mmol/L), median [IQR]

INR, median [IQR]
AST (U/L), median [IQR]

ALT (U/L), median [IQR]

Creatin (umol/L), median [IQR]

Urea/Crea, median [IQR]
Plasma D-dimer (ng/mL), median [IQR]

Fibrinogenr (g/L), median [IQR]
Serumcalciumproteinl (ug/L), median [IQR]
NTproBNP (pg/mL), median [IQR]

General echocardiographic data

LVESd (mm), median [IQR]
LVEDd (mm), median [IQR]
LAD (mm), median [IQR]
LAVI (g/m?), median [IQR]
LVMI (g/m?), median [IQR]

E (m/s), median [IQR]

A (m/s), median [IQR]
E/A ratio, mean (& SD)
€-S (m/s), median [IQR]
2-S (m/s), mean (£ SD)
¢-L (m/s), median [IQR]
a-L (m/s), mean (& SD)
e'/a-S, mean (& SD)
e'/a-L, mean (£ SD)
TRV (m/s), mean (£ SD)
TRP (mmHg), mean (£ SD)

tei-RV, median [IQR]
tei-LV, median [IQR]
E/¢-RVav, median [IQR]
E/e-LVav, median [IQR]

LVEE median [IQR]

Overall
(n = 468)

321 (68.59)

62.00 [53.00,
69.00]

1.79 [1.68, 1.93]

90.00 [80.00,
00.00]

150.00 [120.00,
70.00]

213 (45.51)
134 (28.63)

79.00 [70.00,
90.00]

145 (30.98)
96 (20.51)
114 (24.36)
113 (24.15)

332 (70.94)
233 (49.79)
161 (34.40)
6(3.42)
68 (14.53)
200 (42.74)

105 (22.44)

249 (53.21)
230 (49.15)
440 (94.02)
431 (92.09)
204 (43.59)
270 (57.69)
305 (65.17)
268 (57.27)
144 (30.77)

6.00
1.15

5.60, 7.20
1.00, 1.32
0.92[0.72, 1.10
1.07 [0.93, 1.19

139.00 [137.00,
41.40]

1.03[0.97,1.12

22.00 [17.00,
31.00]

24.00 [16.00,
35.00]

84.00 [69.00,
102.00]

83.96 [71.56,
100.66]

125.00 [67.00,
263.00]

3.01 [2.59, 3.49]
0.11 [0.08, 0.14]

971.00 [303.00,
2383.00]

44.40 [31.30,
53.30

55.80 [48.30,
64.20

40.50
44.30

35.69 [27.89,
47.82

134.25 [107.54,
64.68]

0.62, 1.01
0.33,0.98
0.64, 1.32
4.90 [3.70, 6.20
7.50[5.70, 9.10
6.80 [4.90, 9.20
9.4[7.50, 11.60
0.66 [0.52, 0.81
0.73[0.52, 0.90
2.80[2.40,3.22

31.00 [24.00,
42.00]

0.29, 0.45
0.38[0.31, 0.44
6.84 [5.39, 8.40

14.16 [10.51,
8.29]

41.80 [32.40,
61.00]

0.80
0.78
0.79

0.37

HFpEF
(n=147)

96 (65.3

61.00 [53.00,
68.00]

1.80 [1.68, 1.95]

98.00 [90.00,
110.00

160.00 [140.00,
180.00

63 (42.86)
36 (24.49)

77.00 [67.00,
85.00

109 (74.15)

25(17.01)
12 (8.16)
1(0.68)

125 (85.03)
5 (64.63)
2 (35.37)

(10.88)

0 (0.00)
(17.01)
(15.65)

127 (86.40)
26 (17.69)
130 (88.44)
136 (92.51)
7 (31.97)
0 (20.41)
77 (52.38)
(48.98)
(40.14)

2 (48.98
9 (40.14

6.00
1.20

5.50, 6.80
1.09, 1.38
0.94[0.72, 1.15
1.02 [0.89, 1.15

139.00 [137.00,
42.00

1.00 [0.96, 1.06

19.00 [16.00,
26.00]

21.00 [15.00,
30.00]

79.00 [66.00,
93.00]

83.26 [71.45,
105.80]

87.00 [56.00,
158.00]

2.99 [2.59, 3.38]
0.11 [0.08, 0.14]

283.00 [52.00,
799.00]

28.60
32.30

47.30
49.70

37.70 [35.00,
41.30

30.65 [25.11,
41.12

108.33 [92.91,
136.72]

0.75 [0.60, 0.90
0.84[0.64, 1.00
0.77 [0.64, 0.90
5.60 [4.50, 6.70
8.7 [7.40,10.20
8.7 [6.10, 10.30
10.2 [9.00, 12.10]
0.62[0.52,0.73
0.76 [0.59, 0.93
2.82[2.42,3.10

31.00 [24.00,
38.00]

0.25,0.38
0.31[0.26, 0.38
6.19[5.12,7.57

10.08 [8.30,
13.62]

62.00 [61.00,
64.00]

0.30

HFmrEF
(n=95)

57 (60.00)

64.00 [55.00,
71.00]

1.79 [1.69, 1.92]

88.00 [78.00,
100.00]

146.00 [121.00,
166.00]

46 (48.42)
25 (26.32)

77.00 [70.00,
86.00]

I

)
)
2 (96.84)
89.47)
6 (37.90)
75.79)
75.79)
9 (62.11)
9{30.53)

6.10
1.12

5.60, 8.00
0.99, 1.35
0.90[0.71, 1.12
1.08[0.98,1.18

138.60 [137.00,
41.40]

1.02 [0.97, 1.09

23.00 [16.00,
34.00]

26.00 [17.00,
38.00]

84.00 [68.00,
105.00]

85.19 [72.39,
99.56]

142.00 [82.00,
263.00]

3.03 [2.57, 3.58]
0.10 [0.08, 0.14]

833.00 [452.00,
1980.000]

43.10 [40.00,
46.30]

55.80 [52.800,
6.10]

40.00 [37.30,
42.00]

34.20 [26.88,
44.32]

127.38 [108.26,
53.64]

0.60, 0.83
0.62, 1.00
0.60, 0.90
3.60, 5.90
7.00 [5.90, 8.50
6.20 [4.30, 8.40
9.0 [7.60, 11.40
0.65 [0.46, 0.83
0.65 [0.47, 0.85
2.70 [2.400, 2.90]

29.00 [23.00,
33.00]

0.31,0.43]
0.38 [0.34, 0.43]
6.71 [5.16, 7.73]

14.82 [12.25,
17.09]

43.40 [41.30,
46.60]

0.70
0.84
0.75
4.50

0.37

HEFrEF
(n=136)

102 (75.00)

63.00 [53.00,
69.00]

1.78 [1.66, 1.92]

85.00 [75.00,
93.00]

130.00 [115.00,
150.00]

65 (47.79)
49 (36.03)

85.00 [75.00,
96.00]

0 (0.00)
10 (7.35)
49 (36.03)
77 (56.62)

77 (56.62)
47 (34.56)
36 (26.47)
0 (0.00)
51 (37.50)
63 (46.32)
48 (35.29)
52 (38.24)
81 (59.56)
133 (97.79)
126 (92.64)
78 (57.35)
116 (85.29)
92 (67.65)
85 (62.50)
30 (22.06)

5.90 [5.60, 7.00
1.07 [0.92, 1.21
0.93[0.73, 1.09
1.13[0.98, 1.22

138.50 [136.30,
41.40]

1.09[1.02, 1.22

27.00 [20.00,
36.00]

24.00 [15.00,
35.00]

91.00 [75.00,
116.00]

84.17 [73.03,
99.12]

186.00 [93.00,
344.00]

3.02 [2.50, 3.63]
0.11 [0.08, 0.14]

2959.00
[1551.00,
7144.00]

56.20 [51.90,
61.10

65.80 [60.60,
71.70

44.20 [40.30,
48.70

42.07 [34.80,
56.68

158.73 [134.46,
87.16]

0.80, 1.24
0.00, 0.80
0.73,2.52
3.10, 5.50
5.50 [4.10, 7.60
6.30 [4.50, 8.70
8.0 [5.50, 11.10
0.71[0.59, 0.88
0.77 [0.54, 0.95
2.81[2.52,3.31

32.00 [25.00,
44.00]

0.37,0.49
0.44 [0.39, 0.50
7.43 [5.82,9.45

17.61 [13.46,
23.88]

29.30 [26.60,
33.50]

1.00
0.42
1.44
4.50

0.42

HFimpEF
(n=90)

66 (73.33)

58.00 [52.00,
67.00]

1.66, 1.93]

90.00 [80.00,
00.00]

150.00 [120.00,
70.00]

39 (43.33)
24 (26.67)

78.00 [69.00,
89.00]

1.80

3 (70.00)
4 (48.89)
6 (40.00)
0 (0.00)

2(13.33)
2 (57.78)
0(22.22)

6.00
117
0.87
1.04
139.00

1.02

21.00
29.00]

25.00
37.00]

81.00
95.00]
83.13 [69.46,
102.71]

110.00 [58.00,
242.00]

2.99 [2.67, 3.49]
0.10 [0.07, 0.14]

1030.00 [304.00,
1788.00]

47.90 [33.70,
55.00

58.70 [50.50,
65.20

41.00 [36.50,
44.00

35.15[27.32,
49.87

138.60 [118.58,
66.09]

0.61, 1.00
0.30, 1.00
0.65, 1.29
3.50, 6.00
5.30,9.00
4.60, 8.80
8.7[7.20,11.10
0.66
0.66
2.85

0.80
0.78
0.80
4.80
7.40
6.50

0.46, 0.83
0.49, 0.86
2.40, 3.40

32.00 [24.00,
46.00]

0.29, 0.44
0.32,0.47
5.59, 8.37

15.31 [11.57,
20.62]

35.50 [30.80,
57.90]

0.38
0.37
6.98

Statistics

7.52
5.59

0.94
34.84

54.36

12
5.30
26.40

NA

27.74
25.60
597
NA
NA
64.99
20.05

94.83
86.77
12.97

20.44
138.92
7.08
6.57
1.05

2.61
27.39
4.71
6.50
423

46.31
26.04

6.14

17.69

0.6

33.00

0.49
3.36
180.37

303.31

245.00

75.81

50.32

96.57

48.36
47.41
25.67
40.54
70.43
35.78
28.40
11.60
9.49
2.96
4.02

77.33
114.76
21.51

113.05

350.79

P value

0.057
0.133

0.816
< 0.001

< 0.001

0.753
0.151
< 0.001

NA

< 0.001
< 0.001
0.113
NA
NA
< 0.00
< 0.00

< 0.00
< 0.00
0.005

0.76
< 0.00
< 0.00

< 0.00
0.087
0.011

0.006
< 0.00
0.195
< 0.00
0.238

< 0.00

< 0.00

0.11

< 0.001

0.89

< 0.001

0.92
0.339
< 0.001

< 0.00

< 0.00

< 0.00

< 0.00

< 0.00

< 0.00
< 0.00
< 0.00
< 0.00
< 0.00
< 0.00

< 0.00
0.009
0.023
0.397

0.26

< 0.001
< 0.001
< 0.001
< 0.001

< 0.001

p < 0.05 indicates statistical significance. BSA, body surface area; DBP, diastolic blood pressure; SBP, systolic blood pressure; HR, heart rate; NYHA, New York Heart Association;
DCM, Dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; ACEI angiotensin-converting enzyme inhibitors; ARBS, angiotensin receptor blockers; SGLT-2, sodium-dependent
glucose transporters 2; INR, international normalized ratio; ALT, alanine transaminase; AST, aspartate transaminase; LVED, left ventricular end diastolic diameter; LVESd, left ventricular
end systolic diameter; LAD, left atrium diameter; LAV, left atrial volume index; LVMI, left ventricular mass index; A, late diastolic transmitral flow velocity; E, early diastolic transmitral

flow velocity; e, early diastolic relaxation velocity at septal mitral annular position; L, lateral side; S, septal side; TRV, tricuspid regurgitant flow velocity; TRPD, tricuspid regurgitation

pressure difference; LVEE left ventricular ejection fraction; NA, not available.
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End-diastolic TAD

Intraobserver agreement

Mean + 25D difference in values
obtained by 2 measurements of
the same observer
0.02+0.21 cm

ICC between

measurements of the
same observer

0.96 (p<0.0001)

Interobserver agreement

Mean + 25D difference
in values obtained by 2

observers
0.030.15cm

ICC between independent
measurements of 2
observers
096 (p<0.0001)

End-diastolic TAA —-0.04 £ 1.14 cm” 095 (p<0.0001) 0.02+0.56 cm” 0.96 (p<0.0001)
End-diastolic TAP —0.03+0.71 cm 0.95 (p<0.0001) —0.11 +0.58 cm 0.96 (p < 0.0001)
End-systolic TAD ~003032cm 0.96 (p<0.0001) 002044 cm 0.96 (p<0.0001)
End-systolic TAA —~0.04+0.31 cm® 0.95 (p < 0.0001) 005+ 0.65 cm” 0.97 (p<0.0001)
End-systolic TAP 0.07 +0.55 cm 0.96 (p<0.0001) 0.04 059 cm 0.97 (p<0.0001)
Viax 12:63ml 0.96 (p<0.0001) 10+52ml 095 (p<0.0001)
VpreA ~15=86ml 0.87 (p<0.0001) -15:83ml 090 (p<0.0001)
Vmin 08+5.1ml 0.94 (p<0.0001) 09+46ml 094 (p<0.0001)

ICC, interclass correlation coefficient; TAD, tricuspid annular diameter; TAA, tricuspid annular area; TAP, tricuspid annular perimeter; SD, standard deviation; Vi
maximum end-systolic right atrial volume: V,es, early diastolic pre-atrial contraction right atrial volume: Vo, minimum end-diastolic right atrial volume.
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Variables Overall No event at follow-up Event at follow-up Statistics P value
(n=468) (n=312) (n=156)
Patient characteristics
Sex, male, n (%) 321 (68.59) 212 (67.95) 09 (69.87) 0.18 0.673
Age (years), median [IQR] 62.00 [53.00, 69.00] 62.00 [53.00, 69.00] 62.00 [53.00, 68.00] ~0.02 0.982
BSA (m?), median [IQR] 79 [1.68, 1.93] 1.79 [1.68, 1.93] 78 [1.66, 1.95] 0.28 0.783
DBP (mmHg), median [IQR] 90.00 [80.00, 100.00] 90.00 [80.00, 101.00] 90.00 [80.00, 100.00] 1.85 0.063
SBP (mmHg), median [IQR] 50.00 [120.00, 170.00] 150.00 [126.00, 170.00] 40.00 [120.00, 170.00] 2.65 0.008
Smoke, n (%) 213 (45.51) 136 (43.59) 77 (49.36) 1.4 0.237
Alcohol, n (%) 34 (28.63) 85 (27.24) 49 (31.41) 0.88 0.347
HR (bpm), median [IQR] 79.00 [70.00, 90.00] 78.00 [69.00, 88.00] 81.00 [71.00, 92.00] ~1.88 0.059
NYHA class, n (%) 63.19 <0.001
I 45 (30.98) 27 (40.71) 8(11.54)
I 96 (20.51) 70 (22.44) 26 (16.67)
11 14 (24.36) 67 (21.47) 47 (30.13)
v 13 (24.15) 48 (15.38) 65 (41.67)
LVEEF classification, n (%) 129.42 <0.001
HFpEE n (%) 47 (31.41) 27 (40.71) 20 (12.82)
HFmrEE n (%) 95 (20.29) 63 (20.19) 32 (20.51)
HFrEE n (%) 36 (29.06) 41 (13.14) 95 (60.90)
HFimpEEF, n (%) 90 (19.23) 81 (25.96) 9 (5.77)
Medical history
Hypertension, n (%) 332 (70.94) 231 (74.04) 01 (64.74) 4.36 0.037
Hyperlipidemia, n (%) 233 (49.79) 71 (54.81) 62 (39.74) 9.44 0.002
Diabetes mellitus, n (%) 161 (34.40) 14 (36.54) 47 (30.13) 1.89 0.169
HCM, n (%) 16 (3.42) 5(4.81) (0.64) 5.47 0.019
DCM, n (%) 68 (14.53) 32 (10.26) 36 (23.08) 13.76 <0.00
Ischemic cardiomyopathy, n (%) 200 (42.74) 23(39.42) 77 (49.36) 4.2 0.04
Atrial fibrillation, n (%) 105 (22.44) 60 (19.23) 45 (28.85) 5.53 0.019
Medications
ACEI/ARBS, n (%) 249 (53.21) 67 (53.53) 82 (52.56) 0.04 0.844
ARNI, n (%) 230 (49.15) 54 (49.36) 76 (48.72) 0.02 0.896
B-blockers, n (%) 440 (94.02) 292 (93.59) 48 (94.87) 0.3 0.58
Aldosterone antagonists, n (%) 431 (92.09) 289 (92.63) 42 (91.03) 0.37 0.545
SGLT-2 inhibitors, n (%) 204 (43.59) 28 (41.03) 76 (48.72) 2.5 0.114
diuretics, n (%) 270 (57.69) 48 (47.44) 22 (78.21) 40.34 <0.00
Antiplatelets, n (%) 305 (65.17) 90 (60.90) 15 (73.72) 7.53 0.006
Anticoagulants, n (%) 268 (57.26) 73 (55.45) 95 (60.90) .26 0.26
Statins, n (%) 44 (30.77) 02 (32.69) 42 (26.92) .63 0.202
Laboratory examinations
Glycatedhemoglobin (%), median [IQR] 6.00 [5.60, 7.20] 6.10 [5.50, 7.10] 6.00 [5.60, 7.50] 0.54 0.587
ApolipoproteinA (g/L), median [IQR] .15 [1.00, 1.32] .18 [1.05, 1.35] 07 [0.92, 1.23] 439  <0.001
ApolipoproteinB (g/L), median [IQR] 0.92 [0.72, 1.10] 0.90 [0.72, 1.10] 0.96 [0.73, 1.11] —0.7 0.483
Inorganicphosphorus (mmol/L), median [IQR] 1.07 [0.93, 1.19] .04 [0.90, 1.17] .11 [0.98, 1.22] —-3.29  <0.001
Na (mmol/L), median [IQR] 39.00 [137.00, 141.40] 39.00 [137.00, 141.20] 38.60 [136.00, 141.90] .68 0.092
INR, median [IQR] .03 10.97, 1.12] .02 [0.96, 1.09] .06 [1.00, 1.20] —451  <0.001
AST (U/L), median [IQR] 22.00 [17.00, 31.00] 21.00 [16.00, 29.00] 25.00 [19.00, 35.00] 348  <0.001
ALT (U/L), median [IQR] 24.00 [16.00, 35.00] 24.00 [17.00, 35.00] 23.00 [15.00, 36.00] 0.71 0.478
Creatin (umol/L), median [IQR] 84.00 [69.00, 102.00] 82.00 [69.00, 98.00] 87.00 [72.00, 116.00] 258 0.01
Urea/Crea, median [IQR] 83.96 [71.56, 100.66] 83.14 [70.79, 100.66] 86.91 [73.03, 100.61] 073 0.468
Plasma D-dimer (ng/mL), median [IQR] 125.00 [67.00, 263.00] 119.00 [61.00, 235.00] 155.00 [84.00, 323.00] —3.08 0.002
Fibrinogenr (g/L), median [IQR] 3.01 [2.59, 3.49] 2.98 [2.59, 3.41] 3.11[2.62, 3.63] ~1.67 0.095
Serumcalciumproteinl (ug/L), median [IQR]  0.11 [0.08, 0.14] 0.11 [0.08, 0.14] 0.11 [0.08, 0.13] —0.33 0.74
NTproBNP (pg/mL), median [IQR] 971.00 [303.0, 2383.00] 626.00 [223.0, 1565.00] 2372.00 [902.0, 6245.0] —8.77 <0.00
General echocardiographic data
LVESd (mm), median [IQR] 44.40 [31.30, 53.30] 39.70 [29.10, 50.00] 51.20 [42.10, 59.20 759 <0.00
LVEDd (mm), median [IQR] 55.80 [48.30, 64.20] 53.10 [47.30, 60.80] 61.80 [54.40, 69.40 ~7.05  <0.00
LAD (mm), median [IQR] 40.50 [37.00, 44.30] 39.80 [36.30, 42.80] 42.70 [39.00, 46.60 518  <0.00
LAVI (ml/m2), median [IQR] 35.68 [27.89, 47.82] 33.36 [26.22, 44.71] 40.42 [33.39, 51.36 —462  <0.00
LVMI (g/m2), median [IQR] 34.25 [107.54, 164.68] 129.41 [99.62, 159.00] 42.01 [122.18, 174.90] —4.45 <0.00
E (m/s), median [IQR] 0.80 [0.62, 1.01 0.78 [0.60, 1.00 0.88 [0.67, 1.11] ~3.09 0.002
A (m/s), median [IQR] 0.78 [0.33, 0.98 0.81[0.51, 1.00 0.55 [0.00, 0.90] 383 <0.00
E/A, mean (£ SD) .13+0.81 1.00 £ 0.63 42 + 1.05 —3.89 <0.00
-S (m/s), median [IQR] 4.90 [3.70, 6.20 5.10 [4.00, 6.40 4.30 [3.20, 5.70] 442 <0.00
2-S (m/s), mean (+ SD) 7.48 £2.54 7.90 £ 2.42 6.53 £2.56 4.92 <0.00
¢-L (m/s), median [IQR] 6.80 [4.90, 9.20 7.30 [5.20, 9.40 6.20 [4.20, 8.60] 339 <0.00
a-L (m/s), mean (£ SD) 9.53 £:3:29 9.88 £ 3.08 8.73 £3.58 2.96 0.003
€/a-S, mean (& SD) 0.70 £0.29 0.69 £ 0.28 0.73:£:0:32 —1.31 0.19
€/a-L, mean (£ SD) 0.80 £ 0.44 0.79 £ 0.42 0.84 £ 0.50 —1.02 0.31
TRV (m/s), mean (+ SD) 2.90 £ 0.60 2.85£0.59 2.96 £ 0.61 —1.41 0.159
TRPD (mmHg), mean (£ SD) 3496 + 14.64 33.73 £ 14.50 36.43 £ 14.66 —1.34 0.18
tei-RV, median [IQR] 0.37 [0.29, 0.45] 0.35[0.27, 0.44] 0.40 [0.33, 0.47] —425  <0.00
tei-LV, median [IQR] 0.38 [0.31, 0.44] 0.36 [0.29, 0.43] 0.41 [0.37, 0.47] 596  <0.00
E/¢-RVav, median [IQR] 6.84 [5.39, 8.40] 6.55 [5.16, 8.09] 7.38 [5.85, 9.22] —428  <0.00
E/¢-LVav, median [IQR] 14.16 [10.50, 18.29] 13.16 [9.66, 16.49] 16.13 [13.20, 21.76] —629  <0.00
LVEE median [IQR] 41.80 [32.40, 61.00] 50.20 [36.00, 62.00] 34.70 [27.50, 43.70] 834  <0.00

p < 0.05 indicates statistical significance. BSA, body surface area; DBP, diastolic blood pressure; SBP, systolic blood pressure; HR, heart rate; NYHA, New York Heart Association;
DCM, Dilated cardiomyopathy; HCM, hypertrophic cardiomyopathy; ACEL Angiotensin-converting enzyme inhibitors; ARBS, angiotensin receptor blockers; SGLT-2, sodium-dependent
glucose transporters 2; INR, international normalized ratio; ALT, alanine transaminase; AST, aspartate transaminase; LVED, left ventricular end diastolic diameter; LVESd, left ventricular
end systolic diameter; LAD, left atrium diameter; LAV, left atrial volume index; LVMI, left ventricular mass index; A, late diastolic transmitral flow velocity; E, early diastolic transmitral
flow velocity; €, early diastolic relaxation velocity at septal mitral annular position; L, lateral side; S, septal side; TRV, tricuspid regurgitant flow velocity; TRPD, tricuspid regurgitation
pressure difference; LVEE left ventricular ejection fraction; NA, not available.
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93 cm
(n=25)
Vinax (ml) 4342126 49.7 156" 558+ 147" 364+95 . . 598 +165""" 1349 49.9+ 136" 57.7 £17.5%%
Vprea (ml) 31992 364106 4061317 272:78 .91 9. 429+135"" 8% 7. 365100 415+ 1347
Vinia (ml) 244290 283+9.4% 31.9%10.5% 205%67 337106 | 21568 28.1+89" 328+ 117"
TASV (ml) 190+9.8 214+ 100 238+99 159+82 21.0+97" 262+102"" 14.8+738 21.8+9.4° 249+112%
TAEF (%) 4312151 | 422:110 423134 | 4265142 4232127 4225110 | 400%133 | 4312124 426+125
115£72 133186 152:89 92+72 13.0 80" 169+ 9.0 86+64 13.4+78 162+101%
‘25; l? -25;11.2_ ‘77.1 :‘13.0 24.2+148 255+11.2 28.1% ll.l)—‘ 36:25— _26.2 & 11.2— -2;2 ;IT
75549 8045 8656 67+42 80+45 9259 62+438 83246 87450
24.0+139 222+106 212+10.4 242+115 226+119 21.0+10.6 22.1+137 23.1+113 21.3+103
1601 18+02% 22$03 16+0.1 1.8+0.2" 2203 16+02 18+03" 201034
TAAS (mm) | 4410 54 L1% 6917 3805 53+0.9" 73+ 16M" 39:06 54=x11" 68= 1.7
TAP-S (mm) | 82:08 92+ 1.0% 100 % L1+ 7707 9.0+0.8" 103+ 117 79+ 08 9.1209" 101 = 1.1
TAD-D (mm) | 2.0+0.1 24+01" 28+02 20+02 23+02" 27+03M" 2102 24+03" 2.5+ 0.4
TAA-D (mm) | 6.0+1.1 74%12% 9.2 %14 50+05 72+08" 9.8+ 11" 53+07 73+10° 9.5+ 1.4+
TAP-D (mm) | 9.8+11 105+1.0° 115+ 1.0 88+06 104+08" 120+ 06" 88+05 104207 122047
TAFS (%) 180+7.3 229294 25:76° | 216%71 218+95 198+7.1 228+73 21194 213177
TAFAC (%) | 269106 | 265=107 255+104 | 248+98 269+108 2632105 | 26599 256108 295104

Virax, Maximum end-systolic right atrial volume; Ve, early diastolic pre-atrial contraction right atrial volume; V..., minimum end-diastolic right atrial volume; TASV, total
atrial stroke volume; TAEF, total (right atrial emptying fraction; PASV, passive (right) atrial stroke volume; PAEF, passive (right) atrial emptying fraction; AASV, active (right
atrial stroke volume; AAEF, active (right) atrial emptying fraction; TAD, tricuspid annular diameter; TAA, tricuspid annular area; TAP, tricuspid annular perimeter; TAFS,
tricuspid annular fractional shortening; TAFAC, tricuspid annular fractional area change; S, end-systolic; D, end-diastolic.

“p<0.05 vs. TAD-D< 21 cm.

“*p<0.05vs. 21 cm<TAD-D<27 cm.

'p<0.05 vs. TAA-D <57 cm?

"p<0.05 vs. 5.7 cm < TAA-D <89 cm?

'p<0.05 vs. TAP-D< 9.3 cm.

5 <0.05vs. 9.3 cm<TAP-D<117 cm.
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TAA-S< 101 cm<
40 cm? TAP-S

(n=24) [GERE:))

Vna (ml) 356+10.4 . y 549 +156% 353498 500+ 133" 613+184"" | 367+105 500+ 137" 586+ 18.6"
Vprea (ml) 27096 358+1017 | 4122119 | 251%69 36587" 462=154"" | 27681 36.3+9.4" 434+155%
Viin (1) 213+9.6 275+9.0% 328+ 9.8 19.1+66 285+84" 360+11.7"" | 207+75 28.4+89* 34011474
TASV (ml) 14364 220+99" 221+106" 162+9.1 215:95" 253117 16089 21729.7" 246109"
TAEF (%) 409+15.2 48.7+11.9 39.0+13.1 44.7+15.1 423+119 404 +13.1 42.7+14.7 42.7+124 412114
PASV (ml) 8.6+6.1 13.7 £82* Wikl 102+82 18078 15.1 104 90+7.4 13.7+8.1% 15.1£9.5¢
PAEF (%) 239+155 26.6+10.9 238+12.3 27.12159 257 £102 242 +140 235+15.2 26.4+10.6 25.6 +12.9
AASV (ml) 5723 83247 83258 60+34 81246 102462 69+37 80+46 94464
AAEF (%) 27106 | 233:116 198+119 | 243:112 23+120 215+94 | 255:103 222121 208+ 10.1
TAD-S (mm) | 14201 1801 23102 1602 1.8202" 22203 1802 22:04"
TAA-S (mm) 4.0+09 52+12* 6.8+ 16" 35+04 54+08" 8.1+13%" 53+09" 7.8+ 14"
TAP-S (mm) 82+09 90+1.0* 9.8+ 1.1 76+06 9.1+07" 108+09"" 91+06" 110075
TAD-D (mm) | 2.1+03 23+02* 27403 21+02 24+02" 27+04M" 24+03" 2.6+0.4%
TAAD (mm) | 5711 7.1£13" 9.0+ 1.6 55+10 73212 97 =141 73:12% 9.6+ 1.4"1
TAP-D (mm) | 9.4=09 104£11 113107 9.1+08 105209" 120087 10509 12007
TAFS (%) 3132105 | 21182 | 172251 | 233+94 21687 178478 219+89 183+35
TAFAC (%) | 3022123 2712126 2442104 344103 26.199" 1712637 26.1x103" 18856

Virmax, Maximum end-systolic right atrial volume; Ve €arly diastolic pre-atrial contraction right atrial volume; Vo, minimum end-diastolic right atrial volume: TASV, total
atrial stroke volume; TAEF, total (right) atrial emptying fraction; PASV, passive (right) atrial stroke volume; PAEF, passive (right) atrial emptying fraction; AASV, active (right)
atrial stroke volume; AAEF, active (right} atrial emptying fraction; TAD, tricuspid annular diameter; TAA, tricuspid annular area; TAP, tricuspid annular perimeter; TAFS,
tricuspid annular fractional shortening; TAFAC, tricuspid annular fractional area change; S, end-systolic; D, end-diastolic.

“p<0.05 vs. TAD-S<15cm.

“*p <0.05 vs. 15 cm < TAD-S <21 cm.

'p<0.05 vs. TAA-S<4.0 cm?

"p<0.05 vs. 4.0 cm < TAA-S<6.8 cm®

'p<0.05 vs. TAP-5< 7.9 cm.

5 <0.05 vs. 7.9 cm<TAP-S<10.1cm.
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Parameters
Maximum right atrial volume (Vg ml)

Measures
489151

Pre-atrial contraction left atrial volume (Vpyea, ml)

358110

Minimum left atrial volume (V n, ml)

278+97

Total atrial stroke volume (TASV, ml)
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Total atrial emplying fraction (TAEF, %)

425126

Passive atrial stroke volume (PASV, ml)

13.1+83

Passive atrial emptying fraction (PAEF, %)
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Active atrial stroke volume (AASV, ml)
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Active atrial emptying fraction (AAEF, %)
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End-systolic tricuspid annular diameter (TAD-S, mm)

18403

End-systolic tricuspid annular area (TAA-S, mm?)

54%14

End-systolic tricuspid annular perimeter (TAP-S, mm)

9.0+ 11

End-diastolic tricuspid annular diameter (TAD-D, mm)
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End-diastolic tricuspid annular area (TAA-D, mm?)

73+16

End-diastolic tricuspid annular perimeter (TAP-D, mm)
Tricuspid annular fractional shortening (TAFS, %)
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Clinical data
n 144

Mean age (years) 3442126
Males (%) 72 (50%)

Systolic blood pressure (mmHg) 1214541
Diastolic blood pressure (mmHg) 789+3.4

Heart rate (1/s) 71321

Height (cm) 1708 =103
Weight (kg) 729155
Body surface area (kg/m’) 1.87 %036

LA diameter (mm) 37831
LV end-diastolic diameter (mm) 48431
LV end-systolic diameter (mm) 325+26
LV end.diastolic volume (ml) 1063233
LV end-systolic volume (ml) 382:89
Interventricular septum (mm) 93+11
LV posterior wall (mm) 94%12
LV ejection fraction (%) 65.1+35
Early diastolic mitral inflow velocity—E (cm/s) 794%165
Late diastolic mitral inflow velocity—A (cmis) 600+150

LA left atrial’

V. left ventricular.
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Parameters Baseline N =47  Follow-Up N = 47 P

LVESVI, mUm? 72423 5524 <0001
LVEDVi, mU/m? 101+28 86+30 <0001
LVEF, % 2946 377 <0001
LWMass/i, g/m? 191 (172-228) 172(142-186) <0001
Mitral Regurgitation 24(51%) 11(23%) 0.001

moderate to severe, n (%)

LAVi mUm? 51(37-61) 45 (37-58) 0276
Average E/E" 13 (10-17) 10(8-11) <0.001
LVEDP, mmHg 204 1842 <0001
TAPSE, mm 1944 19+3 0212
Right ventricle S, cm/s 1Mx2 M+2 0.412
Tricuspid Regurgitation 12 (25%) 7 (15%) 0.125
moderate to severe, n (%)

PASP, mmHg 36+ 12 306 0,008
LV-GLS-endo, % -9+3 -13+4 <0.001
Ea, mmHg/mL. 2112091 172£044 0,008
Ees, mmHg/mL 1.01 £037 13506 <0001
VAG,- 23%1.1 1507 <0001
SW, Joule 09404 095+ 031 0.899
PE, Joule 21412071 151+ 071 <0001
PVA, Joule 305093 25087 <0001
WE.- 031009 0.40 0,10 0.001

Diastolic stiffness 5,94 £0,47 6,10+ 0,17 0.057
cosfficient B, —

Eq, arterial elastance; Ees, end-systolic ventricular elastance; EDF, end-diastolic pressure;
EDVi, end diastolic volume indexed; EF, ejection fraction; ESV, end systolic volume
indexed; GLS-endo, endocardial globallongitudinal strain; LAV, left atrial volume indlexe
LV, left ventricle; Mass/i, mass indexed; PASP, pulmonary arterial systolic pressure; PE,
potential energy; PVA, pressure-volume area; SW, stroke work; TAPSE, tricuspid annular
plane systolic excursion; VAC, ventricular-arterial coupling; WE, work efficiency.
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Baseline N =47  Follow-Up N = 47 P

HDFs: entire cardiac cycle

AB, (%) 6.1(4.8-63) 8(6.6-16) <0001
LS, (%) 1.8(1.3-2.1) 2(1.8-2.7) 0.431

L-S/A-B HDFs Ratio, (%) 32(30-42) 22(6-25) <0.001
HDFs: systole

AB, (%) 7.3(68-82) 10.3(7.5-246)  <0.001
L-S, (%) 1.7 (1.3-2.5) 2.1(1.7-2.9) 0013
L-S/A-B HDFs Ratio, (%) 23 (20-35) 20(11-28) 0001

HDFs: diastole

AB, (%) 36(2.9-4.7) 6.8(3.4-7.9) <0.001
LS, (%) 1.9(1.4-2.7) 1.9(12-27) 0087
L-S/A-B HDFs Ratio, (%) 53 (48-72) 33 (23-38) <0001

HDFs, hemodynamic forces; A-B apex to base direction; L-S, latero-septal direction;
L-S/A-B HDFs Ratio, latero-septal direction over apex to base direction ratio.
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Parameters HFrEF Patients N = 47

Baseline

Age, y. 70412
BMI, kg/m? 247
BSA, m? 19£02
Meale Sex, n (%) 41(87%)
Diabetes, n (%) 39 (82%)
Hypertension, n (%) 7(15%)
Smoke Habit, n (%) 24(51%)
Dyslipidaemia, n (%) 28 (59%)
PMK, n (%) 29(61%)
LBBB, n (%) 15 (31%)
GAD, n (%) 26 (55%)

HFEF, Heart Faiure reduced Ejection Fraction; BMI, body mass index; BSA, body surface
area; PMK, pacemaker; CAD, coronary artery disease. LBBB, left bundle branch block.
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Parameters Baseline N = 47 Follow-Up N = 47 P

SBP, mmHg 126+ 11 119+ 16 0002
DBP, mmHg 78+8 71+8 0001
HR, bpm 7113 679 0041
NYHA Class > Il n (%) 47 (100%) 25 (53%) <0.001
Creatinine, mg/dL. 1.1£08 12£04 0322
€GFR, m/min 7531 7831 0331
K+, meg/L. 43+05 44+£04 0.140

DBR, diastolic blood pressure; éGFR, estimated glomerular fitration rate; HR, heart rate;
NYHA, New York heart association; SBP, systolic blood pressure.
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Pearson’s

Mean  SD (g) Bias*  95%LOA (g) oV (%) SEE (g) r P
Necropsy left ventricular mass 131+ 12
Devereux 150 +24 28+ 42 16 37 046 <0.05
Area-Length 159 & 24 27 £82 12 33 080 <0.001
Truncated Ellpsoid 142 £22 +10+28 11 18 081 <0.001
Biplane tracing of the endo-/epicardium 129+ 16 —3+28 11 15 053 <005
Novel 182+ 14 0% 16 6 8 0.80 <0.001

Accuracy evaluated with necropsy left ventricular mass as reference value. SD, standard deviation, bias mean difference; LOA, limits of agreement; CV, coeffcients of variation; SEE,
standerd error of the estimate; r, Pearson's correlation cosfiicient.
“Positive value indicates overestimation of left ventricular mass by echocardiography compared to left ventricular mass by necropsy.
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Intra-reader variation Inter-reader variation

Bias*  95%LOA (g) oV (%) SEE (g) Bias*  95%LOA (g) CV (%) SEE (g)
Devereux 937 1.4 212 532 100 17.4
Area-Length 028 9.1 149 10430 99 189
Truncated Elipsoid 025 89 130 -8£26 98 163
Biplane tracing of the endo-/epicardium —5+23 92 130 -8+21 88 139
Novel 3+23 87 122 —9£22 87 145

SD, standerd deviation, bias mean difference; LOA, limits of agreement; CV; coefficients of variation; SEE, standard error of the estimate; r, Pearson’s correlation coefficient.
" Postitive value indicates overestimation by intra- or inter-reader measurements.
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Parameters COVID-19 general Visit 2 vs. Visit 1 Visit 2 vs. Control 1

Visit 1 Visit 2 Difference (95% Cl) | 2-sided p | Difference (95% Cl) | 2-sided p
Left chambers
LA size, mm 375+40 5% 44 00 (-05; 0.5) 11 (00; 23)
LA volume index, ml/m? 283+58 5+ 6. —0.8 (-1.9; 0.3) 23 (1,0;37)
Interventricular septum, mm 103+15 .1+ 1. —0.2 (~0.3; 0.0) 1.0 (0.7; 1.4)
LV posterior wall, mm 9913 9+ 00 (-02; 0.1) 09 (05 12)
LV relative wall thickness 045008 145 % 04 0.00 (-0.01; 0.01) 0.06 (0.05; 0.08)
LV end-diastolic diameter, mm 448+40 84 00 (-04; 0.4)
LV end-systolic diameter, mm 286+36 .0+ 4 04 (0.0, 0.8)
LV mass, g 155.635.4 1533342 -23 (=51;05) 92 (0.4;17.9)
LV mass index (BSA), g/m” 795142 7732122 ~22(-36;08) 45 (13, 7.6)
LV mass index (H*"), g/m*” 368+7.7 36.2+7.1 X .2; 0. 2.3 (05; 4.1)
LV concentric geometry 74 (58.7) 81 (64.3)
LV hypertrophy 11 (8.7) 11 (8.7)

Left ventricular systolic function
LV ejection fraction, % 65768 64.6+68 —1.0 (10; 5.4) 27 (10; 43)

MAPSE, mm 141221 00 (-0.5; 0.4) ~L1 (-L6; ~0.6)
LV GLS, % 173+24 00 (-04; 0.4) -13 (-1.9; -0.7)
LV midwall shortening, % 157 +2.1 =02 (-1.2; -02) ( =09 (-1.4; —0.4)
LV SVI, ml/m? 312+63 —1.0 (=2.1; 0.0) X 22 (-3.7; —0.6)
Minute volume of blood, L 5152154 ~0.26 (-0.49; 0.02)
LV s, cmis 97+19 —04 (<07 02) ~07 (1.2 -0.3)

Left ventricular diastolic function

LV &, cmis 95223 9828 02 (-0.1; 0.6) 0131 <0001
LV E, cmis 696176 679157 -17 (-48; 1.4) 0271 ~6.5 (-108; -2.1) 0.004
LV E/A ratio 106026 103029 ~0.02 (=0.07; 0.02) 0328 ~0.05 (~0.14; 0.03) 0224
LV E/¢’ ratio 7517 73123 —01 (-04; 0.1) 0300 06 (0.0; 1.1) 0.055
LV diastolic dysfunction 39 (31.0) 46 (36.5) 0424 <0001
Right chambers

RA size, mm 36.1+4.1 357+4.1 -0.3 (-1.1; 0.4) 0.365 —0.9 (-2.0; 0.3) 0.130
RA area index, mm*/m* 83+22 -06 (~1.0; 0.1) 0014

RV size 318+33 0.1 (-04; 0.6) 0751 0.5 (~15; 0.6) 0378
TAPSE, mm 24841 —08 (-15 0.1) 0020 —14 (2.5, -04) 0.006
RVLS, % 362+64 —14 (=25 0.3) 0010

RV §, em/s 146+ 2.6 -0.7 (-1.2; 0.1) 0014

RV ¢, cm/s 113+23 —0.4 (-0.9; 0.1) 0.086

RV E/e’ ratio 44213 0.1 (0.1; 0.4) 0236

Cl, confidence interval; LA, left atrium; LV, left ventricle; BSA, body surface area; MAPSE, mitral annular plane systolic excursion; GLS, global longitudinal strain; SVI, stroke
volirme index: RA. right atriiiv: RV, fight ventriclé: TAPSE. wicusnid ariniular plane sysiolic excursion: RVLS, RV free wall longituidinal stisir
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Parameters COVID-19 non-HT, n=106 Control 2, n=53 Difference (95% Cl) 2-sided p
Left chambers

LA size, mm 36337 352+31 11(0.1;2.3)
LA volume index, ml/m’ 28568 254+55 3.1 (10;5.2)
Interventricular septum, mm 97+1.2 88+09 0.9 (0.5; 1.3)
LV posterior wall, mm 94+1.1 88+08 0.6 (0.3; 1.0)
LV relative wall thickness 042005 0382004
LV end-diastolic diameter, mm 45535 46331
LV end-systolic diameter, mm 294+37 309226
LV length, mm 803+6.1 810+55 0.8 (-2.5;9.7)
LV mass index (BSA), g/m” 784140 715102 69 (26;11.2)
LV mass index (height™), g/m®” 356+68 324:49 34 (13 5.4)
LV concentric geometry 46 (43.4) 7(13.2)
LV hypertrophy 4(38) 0(0)

Left ventricular systolic function

LV ejection fraction, % 619+47 29 (0.8; 5.0)
MAPSE, mm 150220 ~0.8 (1.4 -02)
LV global longitudinal strain, % 185422 ~0.7 (-14; =02)
LV midwall shortening, % 165+ 1.8 —0.3 (-0.9; 0.3)
LV stroke volume index, ml/m’ 324156 03 (-16; 2.2)
LV s, cm/s 99+14 —02 (-0.7; 03)

Left ventricular diastolic function
LV €, cm/s 9822 115:25 ~18 (-2.5; ~1.0)
LV E, cmis 686189 716+ 144 —69 (~11.3 —26)
LV E/A ratio 109028 109032 ~0.07 (~0.15; 0.00)
LV /e’ ratio 7116 64515 07 (02;13)
LV diastolic dysfunction 27 (255) 5(9.4)
Right chambers
RA size, mm 359+37 36144
RV size (proximal outflow tract) 308+29 319+36 -1 (-2.3;0.0)
TAPSE, mm 741 254239 -08 (19 0.3) 0.304

“1-sided p = 0,034. Cl, confidence interval; LA, left atrium; LV, left ventricle; BSA, body surface area; MAPSE, mitral annular plane systolic excursion; RA, right atriur; RV,
ioht veniricle; TAPSE: tricussid annular-plane sysiolic axcursion.
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Parameters COVID-19 general, n=176 Control 1, n=88 Difference (95% Cl) 2-sided p
Left chambers

LA size, mm 37640 36435 13 (03;23)
LA volume index, ml/m’ 286+66 25.1+49 35 (19 5.1)
Interventricular septum, mm 103+ 16 9.1+10 1.3 (09; 1.6)
LV posterior wall, mm 99+13 9.0+038 0.9 (06 12)
LV relative wall thickness 045007 0392004 0.07 (0.05; 0.08)
LV end-diastolic diameter, mm 452540 46933 —1.8 (=3.1; =04)
LV end-systolic diameter, mm 289+35 311225 -22 (=3.0; -14)
LV length, mm 81172 817462 0.6 (-2.2; 1.0)
LV mass index (BSA), g/m” 814169 728102 86 (47; 12.4)
LV mass index (height™), g/m®” 38.1+89 339+58 4.1 (2.1;62)
LV concentric geometry 104 (59.1) 15 (17.0)
LV hypertrophy 21 (11.9) 6(68)

Left ventricular systolic function

LV ejection fraction, % 653%67 622546 32 (10; 54)

MAPSE, mm 14223 15121 0 (15, -03)
LV global longitudinal strain, % 175224 186+22 —10 (-1.6; =04)
LV midwall shortening, % 157+2.1 164+19 0.7 (-1.2; -02)
LV stroke volume index, ml/m* 317464 323+57 ~0.6 (~2.1; =1.0)
LV s, cm/s 97:17 10014 —03 (-0.7; 0.1)

Left ventricular diastolic function
LV €, cm/s 92+22 11326 -2.1 (-2.7; -15)
LV E, cmis 6742172 743160 —6.9 (-11.3; -26)
LV E/A ratio 1012026 109033 ~0.07 (=0.15; 0.00)
LV /e’ ratio 7518 68+17 0.7 (03;12)
LV diastolic dysfunction 62 (35.2) 12 (13.6)
Right chambers
RA size, mm 358+38 36641 0.8 (-1.8; 0.2)
RV size (proximal outflow tract) 318+33 324235 ~0.6 (-16; 0.3)
TAPSE, mm 248+43 256+39 —0.8 (1.9 0.3) 0.143

Cl, confidence interval; LA, left atrium; LV, left ventricle; BSA, body surface area; MAPSE, mitral annular plane systolic excursion; RA, right atrium; RV, right ventricle; TAPSE,
tricasnid annular plane systolic excurston;
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Active smoking status pre-disease, pack years 29 (165) 1 [15 15]
Comorbidities

70 (39.8)
Obesity 67 (38.1)
Diabetes mellitus, type 2 17 96)
Chronic obstructive pulmonary disease 5(28)
Bronchial asthma 423
Pulmonary emphysema 307)
Angina pectoris 3(1.7)
History of stroke/TIA 6(3.4)
Chronic kidney disease 528
Chronic liver disease 2 (L)
History of peptic ulcer 13 (74)
History of cancer 10 (57)
Charlson comorbidity index 0508
Minimal SpO,, % 89 (85; 94]
Pulmonary tissue involvement by CT*, % 325+202
Laboratory parameters
Peak 1L-6, pg/ml 100 [3,1;25.2]
Peak CRP, mg/L 240 [7,3; 55.0]
Peak ESR, mm/h 30 [20; 40]
Peak procalcitonin, ng/ml 0.06 [0,04; 0.12]
Peak D-dimer, ng/ml 278 [154; 508]
Oxygen supplementation
Via nasal cannula 101 (57.4)
Noninvasive/invasive ventilation 9(.1)
Treatment
Methylprednisolone pulse therapy 115 (65.3)
D 155 (88.1)
Remdesivir 82 (46.6)

“Assessment was performed using the methodology for the simplified RALE score
as proposed by Wong et al. (44), mean value of the reported % range was taken for
analysis; BMI, body mass index; TIA, transient ischemic attack; SpO,, periphera
capillary oxygen saturation; IL-6, interleukin 6; CRP, C-reactive protein; ESR
erythrocyte sedimentation rate.
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Parameters | COVID-19 general, n=176 | Control 1, n=88 | P-values = COVID-19 non-HT, n=106 | Control 2, n=53 | P-values

Age 534136 523133 051 50.7+139 530=145 032
Female sex 93 (52.8) 46 (52.3) 097 55 (51.9) 28 (52.3) 091
Height, cm 1698 9.1 1706 7.6 047 169387 1700 69 0.64
Weight, kg 8452185 856167 0.64 78.9+158 790119 098
BMI, kg/m’ 29.1+52 293+49 076 274+44 273435 085
Hypertension 70 (39.8) 34 (386) 096 0(00) 0(0.0) 100
Obesity 67 (38.1) 35 (39.8) 089 25 (236) 13 (245) 090
Diabetes 17 96) 80 094 219 1(1.9) 100
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%Cl | P value

Model 1

Echocardiographic dilatation [ 1234 (1012, 1506) | 0.038
Model 2

Echocardiographic hypertrophy [ 1348 | (1.086,1673) | 0.007
Model 3

Normal 1[0 Ref
Echocardiographic dilatation/hypertrophy | 1066 | (0.812,1398) | 0.647
Echocardiographic dilatation and hypertrophy | 1397 | (1091, 1.789) | 0.008
Model 4

Normal S Ref.

Concentric remodeling 0876 | (0569, 1351) | 055
Concentric LVH 1.141 | (0852, 1.53) 0.376
Eccentric LVH 14 | (1.093,1793) | 0008

LV dilation and were into Model 1
and Model 2, respectively, and various situations of echocardiographic ventricular
geometry were incorporated into Model 3.

Adjusted for female (yes or no), age (per 10 years), diabetes (yes or no)
hypertension (yes or no), CRP (<6 and 26 mg/L), eGFR (<30, 30-59, 60-89,
>90 mU/min x 1 73 mz) cTnI (<011 and >0.11ng/ml), CAG/PCI procedure (CAG
pl L PCI), CTO (yes or no), IVUS/
OCT/FFR (yes or no), volume of contrast agent (<100 and >100ma)
medications (administration of statin) (yes or no), NTproBNP (abnormal or
normal), hypotension (no or yes), and anemia (no or yes)
Echocardiographic LV dilation was diagnosed by abnormal elevated LVIDDI
Echocardiographic LVH was evaluated by LV mass index (LVMI), >115 g/m? in males
or 95 g/m? in females.
Concentric remodeling was set as relative wall thickness (RWT) > 0.42 and LV mass
index (LVMI) <115 g/m? in males or <95 g/m? in females, and concentric LVH was
diagnosed by RWT > 0.42 and LVMI> 55 mm in males or >50 mm in females, while
RWT was <0.42 for eccentric LVH.
LVMI, left ventricular mass index; LVIDDI, left ventricular internal diameters at end-
diastole index; LVIDS|,left ventricular internal diameters at end-systole index; LVH
left ventricular hypertrophy.
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Mean  SD Range

Pig weight (kg) 5242 47-59
Total heart weight by necropsy (g) 241 £22 200-295
Necropsy LVM (g) 182+ 11 110-156
SBP (mmHg) 131416 83-169
DBP (mmHg) 82+15 41-113
Heart rate (brp) 81415 50-113
MWTd PLAX (cm) 0.93 £0.08 08-1.2
MWTd PSAX (cm) 097008 08-12
LVIDd (cm) 48+03 4454
LVIDs (o) 32£04 27-4.0
EDV Teichholtz (ml) 110+ 14 89-141
EDV Biplane (i) 97418 71-130
ESV Teichholtz (ml) 2+12 27-711
ESV Biplane (m)) 37+9 22-56
LVEF Teichholtz (m) 61410 38-77
LVEF Biplane (m) 6216 47-74

SD, standard deviation; LVM, left ventricular mass; SBP, systolic blood pressure; DBP.
diastolic blood pressure; MWTd, mean wall thickness diastole; PLAX, parastemal long-
axis; PSAX, parasternal short-axis; LVIDG), left ventricular internal diameter ciastole; LVIDs,
left ventriculer intemal diameter systole; EDV, end-dlastolic volume; ESV, end-systolic
volume; LVEF, left ventricular ejection fraction.
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Pearson’s

Mean  SD (g) Bias* & 95%LOA (g) oV (%) SEE (g) v p
Necropsy left ventricular mass 182+ 11

Devereux 157 £22 42637 15 33 052 <001
Area-Length 169 4 22 +27 434 13 33 063 <0.001
Truncated Elipsoid 142:£20 +10430 12 19 063 <0.001
Biplane tracing of the endo-/epicardium 1304 16 -3£27 10 14 057 <0.01
Novel 131+ 14 -1+20 8 1" 0.70 <0.001

Accuracy evaluated with necropsy left ventricular mass as reference value. SD, standard deviation, bias mean difference; LOA, limits of agreement; CV, coefficients of variation; SEE,
‘standard error of the estimate; r, Pearson’s correlation coefficient.

“Positive value indicates overestimation of left ventricular mass by echocardiography compared to left ventricular mass by necropsy.





OPS/images/fcvm-09-868603/fcvm-09-868603-g004.gif
w0 H R H
P P





OPS/images/fcvm-09-868603/fcvm-09-868603-t001.jpg
Method type

1D

Method name

Devereux
Truncated
Elipsoid
Area-Length
Biplane tracing of
the endo- and
epicardium

Novel

TTE

PLAX
PSAX

PSAX

PSAX

TDE

AP4CH

AP4CH
APACH + AP2CH

APACH + AP2CH

TTE, trans-thoracic echocardiography; TDE, trans-diaphragmal echocardiography; 1D,
one-dimensional; 2D, two-dimensional; PLAX, parasternal long-axis; PSAX, parastemal

short-axis; APACH, apical four-chambs

\P2CH apical two-chamber.
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P value | P for trend
LVMI (Min, 95.0) | 1 Ref. <0.001

[950,1150) | 0.963 | (0709, 1.308) |  0.809
[1150,141.0) | 1219 | (0.906,1641) | 0191
(1410, Max] | 153 | (1.146,2.044) | 0.004
LVIDDI | [Min, 2750) | 1 Ref. <0.001
[2750,30.00) | 0988 | (073, 1339) 094
[30.00,3320) | 1218 | (0913,1625) | 0179
(3320, Max] | 1443 | (1.087,1914) | 0011
LVIDST | [Min, 17.2) 1 Ref. <0.001
172195 | 1245 | (0911,17) 0.169
195229) | 1238 | (0914,1678) | 0167
[229,624] | 1953 | (1.459,2615) | <0.001

The covariates adjusted in multivariable logistic regression included female (yes or
o), age (per 10 years), diabetes (yes or no), hypertension (yes or no), CRP (<6 and
>6 mg/L), eGFR (<30, 30-59, 60-89, >90 mUminx173m?), cTnl (<011 and
>0.11 ng/ml), CAG/PCI procedure (CAG without/with single-vessel/with multiple-
vessel PCI), CTO (yes or no), IVUS/OCT/FFR (yes or no), volume of contrast
agent (<100 and >100 mg), medications (administration of statin) (yes or no),
NTproBNP (abnormal or normal), hypotension (no or yes), and anemia (no or yes)
LVMI, left ventricular mass index; LVIDDI, left ventricular internal diameters at end-
dEastols Fidex: LVIDS], left venthcular internal disieters st and-systols index.
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Overall Without CA-AKI i P value

N=3,247 N=2716

D ic data
Female, n (%) 1,169 (36.03) 965 (35.53) 205 (38.61) 019
Age, years 666114 664113 678117 001
BSA, m” 17202 17£02 16202 <001
Smoke (%) 524 (16.14) 448 (16.49) 76 (14.31) 024
Drink (%) 481 (14.81) 415 (15.28) 66 (12.43) 0.1
Diabetes (%) 772 (23.78) 621 (2236) 151 (28.44) 001
Hypertension (%) 1943 (59.84) 1,613 (59.39) 330 (62.15) 026
Anemia 582 (17.9) 463 (17.0) 119 (22.4) 0.004
EF, % 608124 617119 563138 <001
LVML g/m’ 12204382 1200369 13212433 <001
LVIDDI, mm/m’ 308+5.1 30549 320455 <001
LVIDSI, mm/m* 209+56 205+54 228+63 <001
RWT 0401 0401 040.1 036
Hypertrophy, n (%) 1,957 (60.27) 1,579 (58.14) 378 (7119) <001
Dilation, n (%) 1,555 (47.89) 1,254 (46.17) 301 (56.69)
Laboratory
CRP, mg/L 19 (0859] 17 08,5.1] 35 [12,112] <001
Proportion of Scr elevation, % 55[-3.2,17.4] 25 [-46, 106] 39.1 [305, 596 <001
eGFR, ml/min/1.73 m* 93.9 [75.1,113.2] 939 [762,112.1] 94.1 [69.2,120.1] 059
NTproBNP, pg/ml 4520 [119.0,1427.5] 358.0 [102.0,11085] 1475.0 [401.5,3440.0] <001
HbAIG, % 64+13 6413 6514 003
PCI/CAG Data
CTO (%) 244 (7.51) 189 (6.96) 55 (10.36) 001
Procedure, 1 (%) 001

Without PCI 1935 (59.59) 1,639 (60.35) 296 (55.74)

Single-vessel PCI 511 (15.74) 434 (1598) 77 (14.50)

Multiple vessel PCI 801 (24.67) 643 (23.67) 158 (29.76)
Hypotension 439 (13.5) 361 (133) 78 (14.7) 0405
Type of contrast 015

Toversol 544 (168) 462 (17.0) 82 (15.4)

Tohexol 859 (26.5) 735 (27.1) 124 (234)

Todixanol 1,626 (50.1) 1337 (49.2) 289 (54.4)

Topamidol 218 (67) 182 (6.7) 36 (6.8)

%)

Statin 2,693 (82.94) 2,274 (83.73) 419 (78.91) 001
ACEI or ARB 1334 (41.08) 1,117 (41.13) 217 (40.87) 095
ccB 938 (28.89) 792 (29.16) 146 (27.50) 047

Data are presented as number (percentage) or median (Q1, Q3) for categorical variables and continuous variables. CA-AKI, contrast-associated acute kidney injury; BSA
body surface area; LVEF, left ventricular ejection fraction; LVMI, left ventricular mass index; LVIDDI, left ventricular internal diameters at end-diastole index; LVIDSI, lef
ventricular interral diameters at end-systole index; RWT. relative wall thickness; NT proBNP, N-terminal pro-brain natriuretic peptide; SCr. serum creatine; CRP
C-reactive protein; eGFR, estimated glomerular filration rate; CAG, coronary pCl, coronary CTO, chronic total occlusion
ACEL sngicbersin-canvering enzvne inhibiior: ABB. angiotansin recentor biacker: CCR. calcium: channal biocker.
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Indices Group

LMl

LVIDDI

LVIDSi

Age <70

Age>70

EF<50

EF>50

©GFR<60

©GFR>60

NT pro-BNP within the normal range
NT pro-BNP beyond the normal range

Age <70
Age>70

EF<50

EF>50

eGFR<60

eGFR>60

NT pro-BNP within the normal range
NT pro-BNP beyond the normal range

Age <70

Age>70

EF<50

EF>50

©GFR<60

©GFR>60

NT pro-BNP within the normal range
NT pro-BNP beyond the normal range

1]11111;

i

1.007
1.006
1.001
1.007
1.009
1.006
1011
1.004

1.05
1.045
101
1.036
1.083

1.036
1.038

95%Cl
(1.004,1.011)
(1.002,1.009)
(0.996, 1.005)
(1.003,1.01)
(1.003,1.015)
(1.003,1.008)
(1.003,1.019)
(1.002,1.007 )

(1.021,1.079)
(1.018,1.072)
(0.977,1.044)
(1.007,1.065)
(1.032,1.135)
(1.021,1.083)
(0.973,1.103)
(1.017,1.058)

(1.036,1.084)
(1.028,1.075)
(0.983,1.05)
(1.02,1.085)
(1.035,1.119)
(1.034,1.07)
(0.979,1.104 )
(1.026,1.062)

P-value P for interaction

<0.001
0.001
0.791
<0.001

0.857

0.008

0318

0.065

0.827

0.151

0.202

0.284

0.703

0.057

0.484

0736





OPS/images/fcvm-09-1038385/fcvm-09-1038385-e001.jpg
RVOT SV x HR from RVOT
1000

RVOT CO =





OPS/images/fcvm-10-1173586/fcvm-10-1173586-g003.jpg
wioD!

wios

Auc: 0502 0558-065
Auc 02 0548064

o
)

s senossn

081 (0517-06
uc 0577 0534-06

— e
— e

o
in

Sonstvy

0l

uc: 0625 0552-0688)
AUC: 0602 0558-0.845)
— e
— e






OPS/images/fcvm-09-1038385/fcvm-09-1038385-e000.jpg
RVOT SV 0.785 x RVOT* x RVOT VTI





OPS/images/fcvm-10-1173586/fcvm-10-1173586-g002.jpg
P forNorinoar = 0344

P orNoninoar = 0967

%

W
VIDD!

£}

12 %56) DAY~ 0} o 59P0.

P forNoninear = 0490

0 %98) V-V 505 CHEJ 9DPO

%0

o

0






OPS/images/fcvm-09-1038385/cross.jpg
@ Check for updates.





OPS/images/fcvm-10-1173586/fcvm-10-1173586-g001.jpg
Group [@l] normal (@ abnormal

Percentage of Scr elevation(%)

)
S
&

LVIDDI LVIDSi M
Normal 230/1692(13.5%) 258/2058(12.5%) 153/1290(11.8%)

Abnormal 301/1555(19.3%) 273/1189(22.9%) 378/1957(19.3%)
P-value <0.001 <0.001 <0.001
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Parameters AUC Characteristics (%) Predictive value (%) OR 95% P?

Sensitivity Specificity Positive Negative
Subgroup A (CHA;DS;-VASc 0-1 point)
LVEF/LAA <1.5 0.92 89 89 100 17 29 [5.9-145] <0.001
LVEF/LAVI < 0.7 0.78 92 60 98 21 18 [4.7-68] <0.001
LVEF < 48% 0.72 85 62 99 9 9 [2.8-25] <0.001
LAD > 41 mm 0.74 37 100 100 4 15 [0.9-264] 0.003
LAA > 26 cm? 0.79 62 100 100 6 29 [1.7-511] <0.001
Subgroup B (CHA,;DS;-VASc 2-3 points)
LVEF/LAA <1.5 0.77 78 72 97 22 9 [5-16.2] <0.001
LVEF/LAVI < 0.9 0.75 77 67 96 21 6.6 [3.5-12.2] <0.001
LVEF <47% 0.76 74 68 96 19 5.9 [3.7-10] <0.001
LAD > 45 mm 0.67 53 74 96 12 3.2 [1.87-5.2] <0.001
LAA > 29 cm? 0.67 69 58 95 14 3.1[1.8-5.1] <0.001
Subgroup C (CHA,DS,-VASc 4 and more points)
LVEF/LAA <2.0 0.70 43 87 96 17 4.3 [2.5-7.4] <0.001
LVEF/LAVI < 0.9 0.69 70 64 94 20 3.7 [2.3-6.1] <0.001
LVEF < 55% 0.70 38 92 98 15 7.7 [3.7-14.3] 0.001
LAD > 44 mm 0.55 39 72 92 13 1.7 [1.1-2.5] 0.019
LAA > 29 cm? 0.55 29 82 92 13 1.8 [1.1-3.1] 0.02

p-values refer for the differences between LAAT (+) and LAAT (-) groups.
AUG, an area under the curve; LAA, left atrial area; LAD, left atrial diameter; LAAT, left atrial thrombus; LVEE left ventricular ejection fraction; OR, odds ratio.
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Parameter AUC OR 95% p?

HF with reduced EF
LVEF/LAA <1.0 0.59 2[1.2-3.4] 0.01
LVEF/LAVI < 0.6 0.56 2.1 [1.1-4.1] 0.023

HF with mid-range EF

LVEF/LAA <1.5 0.68 2.2 [1.1-4.6] 0.033
LVEF/LAVI < 0.9 0.60 3.8 [3.6-9.2] 0.002
HF with preserved EF

LVEF/LAA <1.8 0.70 4.1[1.9-9] 0.001
LVEF/LAVI < 1.1 0.71 4.4 [1.7-11.6] 0.003

HF with mid-range EF and HF with reduced EF
LVEF/LAA <2 0.67 4.3 [2.1-89] 0.001
LVEF/LAVI < 1 0.72 4.5[2.3-85] 0.001

p-values refer for the differences between LAAT (+) and LAAT (-) groups.
AUCG, an area under the curve; EF, ejection fraction; HE heart failure; LAA, left atrial area;
LAV, left atrial volume index; LVEE left ventricular ejection fraction; OR, odds ratio.
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Means + SD Median (IQR) Means + SD Median (IQR)
Maximum Power (Watt) 2831728320 289 (216-350) 28624 £85.22 288.50 (224.5-250)
Predicted maximum Power (%)" 160.65+ 38.04 158.50 (136.75-180.5) 163.04 +37.56 161 (139.25-181.75)
VO,@VTl/kg 2258+ 691 2215 (17.68-26.68) 2266+728 22 (18.05-27.82) 0615
Peak VO,/kg (ml/min/kg) 3682+ 11.14 3780 (29.80-44.2) 3868 10.26 38.65 (30.95-45.88) 0.069
Peak RER 122008 122 (118-1.28) 122008 121 (117-1.26) 0424
HR@VTI (bpm) 12540 = 1688 124 (113-136) 12565+17.13 12550 (115.5-138.25) 0678
HR@peak VO, (bpm) 170.70 £ 17.50 174 (165.5-180.5) 17263 +14.10 17450 (166-182) 0480
Predicted HR@peak VO, (%) 93.95+9.01 95 (88.5-99) 95.02+7.07 96 (90.25-99) 0557
Peak Oxygen pulse (ml/beat) 16.27 506 1615 (12.73-19.65) 1629479 1680 (12.15-19.90) 0327
Predicted peak Oxygen pulse (%)" 11739+25.13 116 (103.5-129.5) 11856+ 25.73 115 (102.25-130.75) 0.666
VE/VCO, slope 2520411 24.95 (22.45-27.53) 2470335 2470 (22.4-27.15) 0203

to. first clinical evaluation; t;, second clinical evaluation; SD, standard deviation; VO,@VT1/kg, respiratory oxygen uptake at first ventilatory threshold: Peak VO,/kg, peak
respiratory oxygen uptake; Predicted VO,, predicted peak respiratory oxygen uptake; Peak RER, Respiratory Exchange Rate; HR@VT1, heart rate at first ventilatory threshold:
HR@peak VO,, heart rate at peak respiratory oxygen uptake; Predicted HR@peak VO, predicted heart rate at peak respiratory oxygen uptake: VE/VCO; slope, ventilation/
volume of CO, slope. Significant results were presented as follows: **<0.01

*P-values from robust linear mixed-effects regression analysis (see Supplementary Table 1)

bealculated.





OPS/images/fcvm-09-1059111/fcvm-09-1059111-t003.jpg
Parameter AUC Characteristics (%) Predictive value (%)

Sensitivity Specificity Positive Negative
Age > 72 years 0.61 74 46 94 13
LVEF < 48% 0.74 71 65 96 17
LAD > 45 mm 0.63 53 67 95 12
LAA > 26 cm? 0.62 53 66 94 12
LAV >89 mL 0.59 55 59 93 11
LAVI > 51 mL/m? 0.64 68 54 94 14
LVEF/LAD ratio < 1.1 0.75 62 79 97 16
LVEF/LAA ratio < 1.7 0.75 71 70 96 18
LVEF/LAVI ratio < 1.1 0.75 56 84 97 15

AUCG, an area under the curve; CI, confidence interval; LAA, left atrial area; LAD, left atrial diameter; LAAT, left atrial appendage thrombus; LAV, left atrial volume; LAV, left atrial volume
index; LVEE left ventricular ejection fraction.
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Means + SD

a
t

Median (IQR)

Means + SD

i

Median (IQR)

p-value®

HR (bpm) 64091015 6350 (57.5-69.25) 63021115 6250 (54.75-70)

Systolic BP, mmHg 118,68 +12.78 120 (110-125) 12047 +14.49 120 (110-125) 0540
Diastolic BP, mmHg 77.14 £892 80 (70-80) 7747 £9.59 80 (70-80) 0.885
LVIDd (mm) 5024 +4.64 4950 (47.30-53.2) 4963 £5.13 49.60 (45.85-53.65) 0147
LVIDA/BSA 2671236 26,65 (25.01-28.14) 2643 +2.40 26.44 (24.82-28.02) 0220
LVIDs (mm) 3195 +476 31.85 (28.7-35.38) 3185+5.20 3090 (28.7-34.3) 0492
LVIDs/BSA 1697 £2.35 16.99 (15.77-18.45) 1695 +2.35 16.82 (15.47-18.56) 0667
LV EF (%) 70.62+773 7135 (66.33-77.3) 69.66+10.87 7110 (65.6-77.15) 0864
FS (%) 3661 +624 3575 (323-39.95) 35.47+7.32 36 (30.5-40.7) 0487
LV mass (g) 155.21 % 47.99 146.50 (120.5-182.75) 154,54 + 46,33 0554
LV mass/BSA (g/m’) 81251852 79.86 (67.12-91.89) 813241793 81.65 (6.38-92.19) 0717
1VSd (mm) 8.63 %148 8.65 (7.7-9.38) 876126 890 (8-9.6) 0259
LVPWd (mm) 872£156 8.60 (7.4-9.8) 876+149 8.60 (7.85-9.7) 0693
SV (ml) 9299 +25.89 89.10 (78.50-115) 89.82+2743 8735 (71.18-110.25) 0241
LV GLS (%) -1882+202 —18.86 (~19.87 to ~17.30) ~19.46 £ 205 —19.52 (<2067 to ~18.28) <001
TAPSE (mm) 2564 +484 2455 (2238-28.5) 2612+4.18 25.60 (234-27.7) 0247
E/A 1.45+0.43 140 (1.15-1.7) 146 +0.36 140 (12-17) 0717
E/El 579%172 5.40 (4.8-67) 617529 540 (45-6.7) 0662
E/Em 7.87 £2.43 725 (6.38-8.7) 794£258 740 (63-92) 0839
DecTime (ms) 173.42 5647 164 (129-209) 173.66 +50.21 166 (137-202) 0775

to, first clinical evaluation; t,, second clinical evaluation; SD, standard deviation; IOR, interquartile range; HR, heart rate; Bpm, beats per minute; BP, blood pressure; LVIDd,
left ventricular internal diameter end diastole; LVIDA/BSA, left ventricular internal diameter end diastole/body surface area; LVIDs, left ventricular internal diameter end
systole; LVIDs/BSA, left ventricular internal diameter end systole/body surface area; LV EF, left ventricular ejection fraction by Simpson; FS, fractional shortening; LV
mass, left ventricular mass; LV mass/BSA, left ventricular mass/body surface area; IVSd, interventricular septal end diastole; LVPW, left ventricular posterior wall end
diastole; SV, stroke volume; LV GLS, left ventricular longitudinal strain; TAPSE, tricuspid annular plane systolic excursion. E/A ratio. E/EL ratio. E/Em ratio. Dec Time,
Deceleration Time. Significant results were presented as follows: *** <0.001.

°96 athletes.
°96 athletes.

¥B.ynlkies from sobust linear miked-siiacts ragression andysts (see Sapplmmnins Thile 45
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Symptoms

Fever

Present

37 (39%)

Not

45 (46%)

Missing

14 (15%)

Cough

45 (46%)

37 (39%)

14 (15%)

Rhinorrhea

50 (52%)

32 (33%)

14 (15%)

Sore throat

43 (45%)

39 (40%)

14 (15%)

Resting dyspnea

20 (21%)

62 (64%)

14 (15%)

Exertional dyspnea during covid-19

33 (34%)

49 (51%)

14 (15%)

Exertional dyspnea after covid-19

29 (30%)

61 (64%)

6 (6%)

Palpitations

20 (21%)

70 (73%)

6 (6%)

Chest pain

20 (21%)

70 (73%)

6 (6%)

Increased resting heart rate
Subjective perceived performance
limitation

25 (26%)
37 (39%)

65 (68%)
53 (55%)

6 (6%)
6(6%)

Dizziness

27 (28%)

63 (66%)

6 (6%)
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Web of science(n=111)
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l

Additional records
through other
sources(n=0)

(n=81)

Records after duplicates removed |

Records excluded by

eligilibity
(n=54)

Full-text articles assessed for

l—>

Studies included in qualitative ‘

‘ synthesis(n=20)

l

analysis)(n=20)
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the title and the abstract(n=27)
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Intra-observer variability

Inter-observer variability

95% Cl | P-value ICC  95%Cl @ P-value
GCW | 097 [ 0.94-099 <0.001 096 | 0.89-0.98 <0.001
GWW | 097 [ 0.93-099 <0.001 096 | 093-0.98 <0.001
GWE | 097 [ 0.94-099 <0.001 098 | 095-0.99 <0.001

ICC, intraclass correlation coefficient; CI, confidence interval; GWI, global work
index; GCW, global constructive work; GWW, global wasted work; GWE, global

S
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No-CTRCD CTRCD (n=12)

=% Al cTRcD | Mild CTRCD | Moderate CTRCD
2) (n=7) ()
602 (8.3) 605 (7.9) 57.9 (11.4) 544 (108) 62.8 (11.4)
242 28) 242 (29) 241 (23) 247 () 232 (26)
Breast cancer stage
Stage 0-1 9(82) 7(7.1) 2 (16.7) 1(143) 1(20)
Stage 2 57 (51.8) 50 (51) 7 (58.3) 4(57.0) 3 (60)
Stage 3 35 (318) 32 (327) 2(25) 2 (286) 10)
Stage 4 9(82) 9(92) 0(0) 0(0) 0(0)
Cardiovascular risk factor
Hypertension | 69(62.7) 62 (63.3) 7 (583) 4 (57.1) 3 (60)
Diabetes mellitus 25 (22.7) 21 (21.4) 4(333) 2 (286) 2 (40)
Atrial fibrillation 1(0.9) 1(1) 0(0) 0(0) 0(0)
Dyslipidemia | 43000) 39 (39.8) 4(333) 2(286) 2 (40)
Obesity (BMI > 30 kg/m*) 5(45) 440 1(83) 1(10) 0(0)
Chronic kidney disease 10 (9.1) 10 (10.2) 0(0) 0(0) 0(0)
HFA-ICOS category
Low risk 58 (52.7) 51 (52) 7 (58.3) 7 (100) 0(0)
Moderate risk 52 (47.3) 47 (48) 5 (41.7) 0(0) 5 (100)
Baseline medical therapy
ACE-i | 12(109) 12 (122) 0(0) 0(0) 4 (80)
ARB | 16 (145) 12 (122) 4(33.3) 0(0) 1(20)
Beta blocker 13 (11.8) 12 (122) 1(83) 1(143) 0(0)
Baseline echocardiography
LVEF (%) | 636 (3) 638 (5.31) 615 (54) 611 (5.5) 62 (5.7) 0175 | 0801 0517
LV-GLS (%) | -189(13) -189 (1.3) -19.3 (1.4) -193 (1.7) -19.1(12) 0385 | 079 | 0653
>18% 83 (75.5) 73 (74.5) 10 (83.3) 6(85.7) 4(80) 0456 | 0743 | 0567
16%-18% 26 (23.6) 24 (245) 2(167) 1(143) 10) 0982 | 0878 | 0978
<16% 1(0.9) 1(1) 0(0) 0(0) 0(0) NA NA NA
RV-FWLS (%) -283(2) -283 (2) -28.8 2.3) -284 (1.1) -29.3 (3.4) 0487 | 0617 | 0557
RV-GLS (%) —251 (19.1) —25.4 (202) -23.4 22) -235(2) -23.3 (26) 0362 | 0868 | 0378
LASE (%) 443 9.1) 442 (94) 45.8 (69) 47 (69) 44072 0477 | 0494 | 0970
LAScd (%) | -us0n -217 (7.7) -23(78) ~248 (9.6) -204 (3.7) 0599 | 0301 0510
LASct (%) —226 (8.4) -224 (8.5) -23.7 (83) -25.1 (87) -217 (8.1) 0635 | 0501 0845

Value are mean + SD or n (%)

Py, P value between CTRCD vs. no-CTRCD; P, P value between mild CTRCD vs. moderate-CTRCD; Ps, P value between no-CTRCD vs. moderate-CTRCD.

ACE-i, angiotensin-converting enzyme inhibitor: ARB, angiotensin receptor blocker: BMI, body mass index; LAScd, left atrial conduit strain; LASCt, left atrial contractile
strain; LASr, left atrial resevoir strain; LVEF, left ventricular ejection fraction; LV-GLS, left ventricular global longitudinal strain; RV-FWLS, right ventricular free-wall
longitudinal strain; RV-GLS, right ventricular global longitudinal strain.

The bold values mean significant different.






OPS/images/fcvm-10-1126590/fcvm-10-1126590-t004.jpg
Variables Univariable Multivariable

analysis analysis

P-value P-valu
ALB 021 <0001 017 <0.001
TBil —0.05 <0001 - -
Dpv ~0.65 <0001 - -
VST ~045 <0001 - -
LVPWT ~044 0.004 - -
LVEF ~0.05 019 - -
GLS 048 <0001 —024 <0.001

GWE, global work efficiency; BSA, body surface area; BMI, body mass index; HR,
heart rate; ALB, albumin; TBil, total bilirubin; Dpv, portal vein inner diameter;
IVST, interventricular septum thickness; LVPWT, left ventricular posterior wall
thickness: LVEF, left ventricular ejection fraction: GLS, global longitudinal strain.
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CON (n=30)

Child-Pugh A (n=32)

Child-Pugh B (n=31)

Child-Pugh C (n=27)

P-value

GLS (%) 21223 19423 —17.4 337 —15.0 £ 2,50
GWI (mm Hgl) 2,0302 = 3584 1,914.1 3373 1,719.7 = 3243* 1,518.0 £ 198,07+ <0.001
GCW (mm Hg?%) 23318 = 384.1 2,1400 3816 1,935.6 % 218.5* 1,728.6 £ 242,270 <0.001
GWW (mm Hg%) 47.5 (16.5) 580 (19.3)* 710 (3500 1200 (25.0)7%* <0.001
GWE (%) 98.0 (03) 97.0 (LO)* 960 (3.0 93.0 2.0y <0.001

Data are expressed as mean + SD or as median (quartile range). GLS, global longitudinal strain; GWI, global work index; GCW, global constructive work; GWW, global
wasted work; GWE, global work efficiency.
*P <0.05 vs. CON: **P <0.05 vs. Child-Pugh A: ***P < 0.05 vs. Child-Pugh B.
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Dpv (mm)

99+ 14

Child-Pugh A (n=32)

Child-Pugh B (n=31)
12.7 £ 1.677

Child-Pugh C (n=27)

1435 1270

Vpv (m/s) 199+ 4.1 18.1+3.0 15.8 24" 13,8+ 2,07 <0.001
LAD (mm) 30729 339+2.6" 351+4.7" 39.0 = 4.0 <0.001
LVDd (mm) 47134 48243 47834 48534 052
LVDs (mm) 27839 28838 28340 29.1:38 063
IVST (mm) 8412 99+1.2% 101£15% 103+ 15% <0.001
LVPWT (mm) 8609 96+ 12" 10.0 % 1.4% 10.2%14% <0.001
LVEF (%) 67552 68.1£5.0 69668 68.6+59 056

Data are expressed as mean + SD. Dpv, portal vein inner diameter; Vpv, portal vein flow velocity: LAD, left atrial diameter; LVDd, left ventricular end-diastolic diameter.
LVDs, left ventricular end-systolic diameter: IVST, interventricular septum thickness; LVPWT, left ventricular posterior wall thickness; LVEF, left ventricular ejection
fraction. *P < 0.05 vs. CON: **P< 0.05 vs. Child-Pugh A: ***P <0.05 vs. Child-Pugh B.
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129 patients evaluated for eligibility

( 5 patients excluded:
| . pathy (n=3)
L- Poor icity (n=2)

[ 124 patients evaluated for eligibility ]

CTRCD incidence during trastuzumab treatment — Cycle |

3

Cycle 2

14 patients discontinued the study

« Adverse effects without CTRCD (n=2)
« Inform consent withdrawal (n=2)

« Echocardiography data missing (n= 10)

4= -

3month 6 month 9 month

=Mild CTRCD = Moderate CTRCD
®=7) (=5)
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CON (n=30) Child-Pugh A (n=32) Child-Pugh B (n=31) Child-Pugh C (n=27) P-value

Male gender, n (%) 17 (57%) 18 (56%) 17 (55%) 15 (56%)

Age (years) 4202109 42994 415106 095
BMI (kg/m?) 234227 23229 233+30 099
BSA (m?) 1703 17404 17204 099
HR (bpm) 68.8+96 704+9.6 717104 71566 062
SBP (mm Hg) 1246+92 1218+11.8 1194+94 1199 £11.3 021
DBP (mm Hg) 770288 76888 75255 75371 071
PP (mm Hg) 47.6%90 450107 44287 44699 052
ALB (g/L) 43.7%67 394%53° 320847 229+ 617 <0.001
TBil (umol/L) 12.1£3.1 260+ 68° 49.7 £109°* 66.6 = 14227770 <0.001
ALT (U/L) 24664 364+ 46" 52.1%9.9™ 69.0 = 12,4570 <0.001
AST (U/L) 239+61 3387.7% 529+ 143 814+ 119570 <0.001
BNP (pg/ml) 34590 687 =103 1285+ 145 186.8 £ 42,3+ <0.001

Data are expressed as mean + SD or as number (percentage).

BMI, body mass index; BSA, body surface area; HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; PP, pulse pressure; ALB, Albumin; TBil, total
bilitubin; ALT, alanine ; AST, aspartate ; BNP, brain natriuretic peptide.

“P <0.05 vs. CON: **P < 0.05 vs. Child-Pugh A: ***P<0.05 vs. Child-Pugh B.
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Variable
Pulmonary hypertension

Multivariable logistic regression
8)

(N missing =

0Odds ratio (95% Cl)
228 (1.40, 3.71)

p-value

Age

0.99 (098, 1.01)

Female sex

1.21 (0.7, 1.90)

Congestive heart failure

501 (230, 10.89)

Charlson comorbidity index

0.99 (0.92, 1.06)
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Multivariable cox regression (N missing = 19)

Variable

Pulmonary hypertension

Hazard ratio (95% Cl)
1.63 (1.05, 2.53)

p-value

1.01 (0.998, 1.03)

Age
Female sex 1.88 (120, 2.96) 0,006
Charlson comorbidity index 110 (103, 1.18) 0,005

0.148

Medial /e’ > 15

143 (088, 2.32)

Ele’. mitral-early iflow: ciastolic/imitral annulus early tissue Doppler welocity:
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Univariate logistic regression Multivariable logistic regression

(N missing =45)

Variable Odds ratio (95% Cl) p-value Odds ratio (95% Cl) p-value

Age 103 (1.02, 1.05) 1.02 (1.00, 1.03)
Female sex 218 (1.4, 3.30) <0.001 188 (117, 3.04) 0009
Coronary artery disease 1.23 (0.62, 2.43) 0553
Hypertension 1.44 (0.95,2.19) 0085
Chronic kidney disease 082 (021, 3.23) 0778
Diabetes 1.26 (0.65, 2.46) 0490
Lung disease 1.77 (097, 3.23) 0.062
=Moderate MR 6.95 (188, 25.69) 0.004 340 (081, 14.23) 0.094
LV ejection fraction 099 (096, 1.02) 0450
Medial /e’ > 15 243 (154, 3.81) <0.001 2.06 (1.22, 3.49) 0007
LA volume index 1.08 (1.06, 1.10) <0.001
LVOT MIG 102 (0.99, 1.05) 0212

itary MIG 0997 (0.97, 1.02) 0801
Atrial fibrillation 3.19 (180, 5.64) <0.001 2,09 (1.09, 401) 0026
Congestive heart failure 4.14 (230, 7.44) <0.001 2.48 (1.28, 4.81) 0007
Charlson comorbidity index 109 (1.02, 1.16) 0.008 1.06 (0.99, 1.14) 0.103

MR, mitral regurgitation; LV, left ventricte; E/e’, mitral early inflow diastolic/mitral annulus early tissue Doppler veloci
MIG. randrral instantansous: giaciient.

: LA, left atrial; LVOT, left ventricular outflow tract;
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Variables

Age

59.4 (16.63)

56.7 (16.62)

64.7 (1539)

p-value

Female sex, n (%)

181 (43.7%)

102 (37.2%)

79 (56.4%)

Race, n (%)

White 341 (82.4%) 226 (82.5%) 115 (82.1%)

Black 20 (4.8%) 13 (4.7%) 7 (5.0%)

Asian 17 (4.1%) 12 (44%) 5 (3.6%)

Choose not to disclose 4(10%) 4(15%) 0 (0.0%)

Other 9 (22%) 5 (1.8%) 4(29%)

Unknown 23 (5.6%) 14 (5.1%) 9 (6.4%)
Body mass index 283 (5.20) 28.4 (5.25) 281 (5.11) 0.655
Heart rate (n = 408) 639 (1197) 635 (11.49) 64.8 (12.85) 0.299
Systolic blood pressure (n = 410) 1242 (1941) 122.6 (18.96) 1275 (19.97) 0.017
Atrial fibrillation, (%) (11=396) 58 (14.6%) 25 (9.5%) 33 (250%) <0.001
Prior myocardial infarction, n (%) (n=395) 21 (5.3%) 9 (3.5%) 12 (8.9%) 0.023
Congestive heart failure, n (%) (n = 395) 57 (14.4%) 21 (8.1%) 36 (26.7%) <0.001
Ventricular tachycardia, n (%) (n = 395) 34 (8.6%) 25 (9.6%) 9 (6.7%) 0322
Ventricular fibrillation, n (%) (1 = 395) 7 (1.8%) 5 (1.9%) 2(15%) 0.752
Cardiac arrest, 7 (%) (n=395) 3 (08%) 1(0.4%) 2 (15%) 0234
PVC, n (%) (n=395) 29 (7.3%) 23 (88%) 6 (4.4%) 0112
‘Transient ischemic attack, n (%) (n = 395) 22 (5.6%) 12 (4.6%) 10 (7.4%) 0.251
Ischemic stroke, 7 (%) (n = 395) 18 (4.6%) 14 (5.4%) 4(3.0%) 0274
Hypertension, n (%) (n=395) 184 (46.6%) 113 (43.5%) 71 (52.6%) 0.084
Diabetes, (%) (n =395) 41 (104%) 25 (9.6%) 16 (11.9%) 0.489
Chronic kidney disease, n (%) (n = 395) 10 (2.5%) 7 (2.7%) 3 (22%) 0.778
Lung disease, n (%) (n=395) 50 (12.7%) 27 (10.4%) 23 (17.0%) 0.059
Coronary artery disease, 1 (%) (1 = 395) 39 (9.9%) 24 (92%) 15 (11.1%) 0.552
Charlson Index, median (Q1, Q3) (n = 395) 2(0,6) 1(0, 4.5) 2(1,7) 0.002
LV ejection fraction 66.8 (6.40) 67.0 (5.51) 66.5 (7.86) 0.450
Diastolic dysfunction grade, n (%) (n = 126) 0.006

Normal 14 (11.1%) 12 (15.2%) 2 (4.3%)

1 (normal filling pressures) 21 (16.7%) 17 (21.5%) 4 (8.5%)

1a (mildly elevated filling pressures with mitral inflow) 13 (10.3%) 11 (13.9%) 2 (4.3%)

2 (mild-moderately elevated filling pressures) 32 (254%) 18 (22.8%) 14 (29.8%)

3+ (severely elevated filling pressures) 7 (5.6%) 2 (2.5%) 5 (10.6%)

Indeterminate 39 (31.0%) 19 (24.1%) 20 (426%)

Medial & (n =366) 006 (0.07) 0.07 (0.09) 0.05 (0.02) <0.001
Medial E/¢’, median (Q1, Q3) 12 (10, 16) 12 (10, 15) 14 (12, 18) <0.001
Medial E/e’>15, n (%) 108 (26.1%) 55 (20.1%) 53 (37.9%) <0.001
E/A, median (Q1, Q3) (n =340) 13 (09, 1.8) 12 (09, 18) 15 (1.0, 2.0) 0.009
RV S’ (n=200) 012 (0.03) 0.12 (0.02) 0.12 (0.04) 0.893
TAPSE (n = 59) 200 (5.38) 20.0 (3.50) 200 (7.17) 0.962
PASP 35.1 (10.56) 290 (4.24) 47.0 (889) <0.001
PASP, 1 (%) <0.001

<=36 274 (66.2%) 274 (100.0%) 0 (0.0%)

37-60 130 (31.4%) 0 (0.0%) 130 (92.9%)

>60 10 (2.4%) 0(0.0%) 10 (7.1%)
RV enlargement present, n (%) (n = 242) 14 (5.8%) 3 (2.0%) 11 (12.0%) 0.001
RV function reduced, (%) (n =73) 16 (219%) 3(7.3%) 13 (40.6%) <0.001
Right atrial pressure, median (Q1, Q3) (= 407) 5(5.5 5(55) 10 (5, 10) <0.001
LA volume index (n= 349) 413 (16.21) 364 (11.07) 515 (20.06) <0.001
Max. instantaneous intracavitary gradient (= 102) 27.3 (16.75) 276 (1824) 267 (13.13) 0.803
>moderate mitral regurgitation, n (%) (= 405) 13 (3.2%) 3 (11%) 10 (7.3%) <0.001

PVC, premature ventricular contraction; LV, left ventricle; E/e, mitral early inflow diastolic/mitral annulus early tissue Doppler velocity; E/A, mitral inflow early/late diastolic
velocity: PASP. iudmonary artery systolic pressure: RV, right ventriche: LA 16t atrium.
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Demographic characteristics

Gender M/F
Age (years)

Body mass index (kg/m?)
Waist circumference (cm)

Number of SM factors

Increased BP (%)

Increased plasma glucose (%)
Increased abdominal obesity (%)

Hypertriglyceridemia (%)

Decreased HDL (%)
Smoking n (%)

Biological parameters
HDL cholesterol (g/L)
LDL cholesterol (g/L)

Triglycerides (g/L)§

Fasting glycemia g/L

HbA1c%
CRPus (g/L)§
Pro-BNP (pg/mL)®

Medications

Antihypertensive drugs n (%)
Antidyslipidemic drugs n (%)

Controls

19/19
51+7
241436
80 + 15
0.9+038
8(21)
2(5)
19 (50)
5(13)
25 (65)
12(31)

0.54 4 0.11
1.26 £ 0.28
1.10 £ 0.50
0.89 & 0.07
54403
1.2+£07
6:7 2.5

T2D

25/14
5449
26.1 = 3.8%%*
95 4 13
1.8 & 0.4%*
15 (40)***
39 (100)**
35 (89)***
8 (20)
29 (74)
11(28)

0.50 4 0.14
1.17 £0.37
1.15+0.34
1.38 £ 0.57%*
7.8 & 1.9%*
234 20%
9.1+11.6

3(8)
10 (25)

MS

20/17
5248
29.2 4 3.9%HH
104 + 9***,###
3.6 £ .78
29 (78)***’“#
28 (75)F%#4
35 (95)***
28 (75)***,###
28 (75)

12 (32)

0.45 4 0.11%*
1.40 + 0.36"
2.07 £ 1.40**##
1.05 £ 0.11%%%
5.6+ 0.3
2.1 4 1.8
72466

15 (40)**
12 (32)

T2D-MS

29/15
58 + gFrn Tt #
287 3igHERtH
104 + ll***,###
3.7k Q7R
38 (86)***’#’”’
44 (10011
43 (98)™
95 (57)***,##
38 (86)
17 (38)

0.42 + 0.10%**##
1.16 £ 0.451T
1.62 & 0.67***#*
1.39 £ 0.32% 1t
7.4 £ 130711
3.6 £3.79%1
72455

24 (54)"#*
19 (44)**

P value

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
0.18
0.78

< 0.001
0.01
< 0.001
< 0.001
< 0.001
< 0.001
0.47

< 0.001

M/E, males or females; BP, blood pressure; HDL and LDL, high- and low-density lipoproteins; HbAlc, glycated hemoglobin; CRPus, ultra-sensitive c-reactive protein; Pro-BNP, pro-brain

natriuretic peptide.

*p < 0.05,%p < 0.01, ***p < 0.001 vs. controls; *textitp < 0.05, *p < 0.01, #p < 0.001 vs. T2D; Tp < 0.05. TTp < 0.01, TTTp < 0.001 vs. MS; Sdata were log transformed before statistical analysis.
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Controls T2D MS T2D-MS P value

2D/TM

LAV (ml/m?) 226471 232463 225+9.1 26.4 + 8.6%1 0.04
LVEDV (ml/m?) (ml/m?) 40.1+6.5 38.9 £10.1 3854+ 89 39.94+ 84 0.82
LVESV (ml/m?) (ml/m?) 14.5 £ 3.9 13.3+44 132439 142+ 44 0.45
IVSd (mm) 80+15 79+13 83+ 16 9.7 & 1.70%#HTTt <0.001
PWd (mm) 7.8+13 7.6 £ 1.5 82417 9.2 4 1.9 5T <0.001
RWT 0.32 4 0.06 0.32 4 0.05 0.33 £ 0.07 0.40 = 0.10***##.1 <0.001
LVmass/height?7 (g/m?”7) 321498 32.74+82 34.7+ 84 38.4 4 9.2% %1 0.007
LVEF Simpson (%) 63.7+7.7 652 45.7 65.1+7.7 63.4+73 0.52
EAT (mm) 32+1.1 524 174 524 167 6.8 £ 1,90 TTT <0.001
Pulsed Doppler

E (cm/s) 77.1 +16.4 742 4+ 14.8 77.6 £ 15.4 79.0 £ 15.8 0.56
E/A 1.04 +0.33 0.99 4 0.24 1.05 4 0.29 0.94 + 0.22 0.20
TDI parameters

s’ (cm/s) 92420 8.5+22 82+14 82+19 0.12
€ (cm/s) 103+2.7 8.5+ 1.8%* 9.2 + 1.9 8.3+ 1,901 <0.001
E/€ ratio 78+£1.9 88 £ 1.7 8.7 £1.8* 10.0 £ 2.9%%% 1T <0.001

LAV, left atrial volume indexed; LV-ED/-ESV, end-systolic/end-diastolic left ventricle volume indexed to body surface area; IVSd, end-diastolic interventricular septum thickness; PWd, end-
diastolic posterior wall thickness; RWT, relative wall thickness; LVEF, left ventricle ejection fraction; EAT, epicardial adipose tissue; E, mitral flux early diastolic wave; A, mitral flux late diastolic
wave; s', systolic mitral annulus tissue velocity; e', early diastolic mitral annulus tissue velocity.

*p <0.05,*p < 0.01,**p < 0.001 vs. controls; *textitp < 0.05, *p < 0.01, **p < 0.001 vs. T2D; Tp < 0.05. TTp < 0.01, TTp < 0.001 vs. MS.
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Correlation of measurements with RVEF

Measurement n r »

LASER 75 054 <0.001
Fractional area change 72 0.56 <0.001
Tissue Doppler S° 53 049 <0.001
TAPSE by M-mode 58 037 0.004

SER, Lateral tricuspi
tolic excursion.

nnular systolic excursion rat uspid annular
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Diagnostic performance of right ventricular measurements

Measurement n Prevalence Sensitivity Specificity Accuracy PPV NPV
LASER 75 37% 75% 87% 83% 78% 85%
Fractional area change 72 39% 50% 9% 74% 74% 74%
Tissue Doppler § 53 45% 33% 83% 61%+ 62% 60%
TAPSE by M-mode 58 7% 8% 71% 60%} 59% 61%

Prevalence represents the prevalence of abnormal right ventricular ejection fractions within each parameter’s sample.

LASER, Lateral annular systolic excursion ratio; TAP
*Statistically insignificant difference compared to LASER p = 0.231 (Fisher’s Exact).
fStatistically significant difference compared to LAS
+Statistically significant difference compared to LASE

id annular plane systolic excursion; PPV, Positive predictive value; NPV, Negative predictive value.






OPS/images/fcvm-09-971302/fcvm-09-971302-t005.jpg
Methodologic reproducibility

Measurement

LASER
EAC

S’ (em/s)
TAPSE (mm)

LASER, lateral annular

Inter-observer reproducibility

Mean difference & Mean relative 95% limits of
standard difference (%) agreement
deviation

0.02 4 0.04 42 —0.06 t0 0.09
47+67 54 —85t018.0

0.00 £ 0.87 13 =17t 17

—005£32 34 —0.68100.57

ricuspid annular plane systolic excursio

FAC, fractional area chany

Intra-observer reproducibility

Mean difference Mean relative 95% limits of
+ standard difference (%) agreement
deviation
0.02 £0.03 42 —0.04 t0 0.09
—0.15£7.8 44 —15t0 1.5
0.00 £0.61 04 -12t01.2
—0.06£0.17 2.1 —0.39100.28
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Characteristics Sample population (n

=78)

Age (years) 58+ 16 (18-83)
Male 58 (74%)
Body mass index (kg/m?) 29 % 6.4 (14-49)
‘Time interval between imaging tests 8.7 9.2 (0-28)
(days)
Right ventricular end-diastolic volume 78.3 4247 (30-154)
index (mL/m?)
Right ventricular ejection fraction (%) 49.7 +13.3 (15-75)
Normal right ventricular function 49 (63%)
Abnormal right ventricular function 29(37%)
Left ventricular ejection fraction (%) 46+ 18 (12-80)

Jontinuous variables are expressed as mean #+ standard de n (range) and

).

re expressed as number (perc
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Indications

Valvular heart disease
Cardiac mass or thrombus
Congenital heart disease
Pericardial disease

Infiltrative cardiomyopathy

Hypertrophic cardiomyopathy
Non-ischemic cardiomyopathy
Myocarditis and sarcoidosis
Arrhythmia

Ischemic cardiomyopathy and viability

Quantity

18

10
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| All study participants were included (n=138) I

18 participants were excluded:

1. Poor ultrasound image quality (n=11)
2. Absence of laboratory data (n=7)

exclusion
inclusion
| 30 normal participants I I 90 cirrhosis patients |

v

Child-Pugh A
(n=32)

|
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Survival (%)

No PH

PH

No PH (Adjusted)
PH (Adjusted)

304 HR (95% CI)
No PH Reference
204 P 2.32 (1.55-3.48)
No PH (Adjusted) Reference
0] PH (Adjusted) 1.63 (1.05-2.53)
Wald P-value: <0.0001
Adjusted Wald P-value: 0.0281
o 2 4 6 10
Follow up time (years)
Patients-at-risk
274 161 83 64 51
140 81 62 53 38 28
260 155 124 78 60 47
135 79 61 53 38 28
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Left ventricle (LV) PSLAX B-mode ENDOmajr;s/d (mm) Length of the LV 6.35£0.81/7.28 +0.90 6.58 +0.68/7.26 + 0.72 5.88 £0.52/6.81 +0.53
endocardium during systole
and diastole

EPImajr;s/d (mm) Length of the LV epicardium 7.24 £0.73/7.94 £ 0.84 7.02+£0.71/7.76 £ 0.74 6.68 +0.48/7.45 £ 0.58
during systole and diastole

PSAX B-mode ENDOarea;s/d (mm) Area of the LV endocardium 548 £3.46/12.40 £ 4.15 7.24 £1.72/13.03 £ 2.02 394 +£1.62/9.12 £ 1.56
during systole and diastole
EPlarea;s/d (mm) Area of the LV epicardium 18.98 £5.14/24.76 £ 6.57 17.66 4 2.64/23.02 £+ 3.09 19.06 £ 2.40/22.68 £+ 3.31
during systole and diastole
PSLAX M-mode IVS;s/d (mm) Intraventricular septum 1.27 £0.25/0.81 £ 0.14 0.96 £+ 0.16/0.61 & 0.10 1.19 £ 0.13/0.90 £ 0.16
during systole and diastole
LVID;s/d (mm) Left ventricular internal 2.35£0.43/3.67 £0.31 2.98 +0.51/3.91 £ 0.46 1.58 £0.22/2.36 £ 0.42
diameter during systole and
diastole
LVPW;s/d (mm) Left ventricular posterior wall 1.21 +£0.36/0.89 £0.32 0.76 £ 0.16/0.65 £ 0.10 1.00 £ 0.14/0.72 £ 0.08
during systole and diastole
PSAX M-mode LVAW;s/d (mm) Left ventricular anterior wall 1.52 +0.27/0.97 £ 0.18 1.08 +0.15/0.69 & 0.09 1.52 4 0.40/1.03 £ 0.32
during systole and diastole
LVID;s/d (mm) Left ventricular internal 245+ 0.70/3.85 £ 0.47 2.99 4 0.48/3.95 £+ 0.39 2.12 £0.55/3.37 £0.38
diameter during systole and
diastole
LVPW;s/d (mm) Left ventricular posterior wall 1.13 +£0.22/0.77 £ 0.13 0.75 4 0.13/0.65 + 0.11 1.11 £ 0.22/0.80 £ 0.18
during systole and diastole
PSLAX PW Doppler
Right ventricle (RV) PSLAX M-mode
PSLAX B-mode
PSLAX PW Doppler

Infrequently used parameters are highlighted in gray. Male and female mice at the age of 10-12 weeks of age were used. Data are Mean £ S
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Anatomic structure Mode Parameter Definition C57BL/6 (n=11) BalbC (n =10) 129Sv (n =9)
Mitral valve (MV) PW Doppler MV E (mm/s) Mitral valve early peak 754.47 £ 412.82 939.27 £ 167.53 374.77 £ 126.08
MV A (mm/s) Mitral valve atrial peak 556.38 £ 265.92 525.27 £244.75 258.80 £ 91.50
IVRT (ms) Isovolumetric relaxation time 1523 £ 481 1331 +£2.89 20.76 & 8.83
IVCT (ms) Isovolumetric contraction 10.58 £ 4.37 9.69 +£2.73 19.24 £9.34
time
MV VTI (mm) Velocity time interval of 23.10+ 13.19 32.63 +£5.69 11.95+ 4.74
mitral valve inflow
NFT (ms) No flow time 71.82 £ 12.79 83.28 £9.07 90.61 £11.63
AET (ms) Aortic ejection time 45154723 62.64 +£4.17 49.41 +£10.39
PW tissue Doppler E’ (mm/s) Mitral valve early peak —18724+7.47 —22.51+£3.95 —18.64 +3.47
A (mm/s) Mitral valve atrial peak —23.11 +£12.05 —19.62 + 5.69 —20.11 +£3.48
Aortic valve (AoV) PW Doppler AV peak (mm/s) Peak velocity of blood flow 2537.54 £ 870.16 1024.86 £ 134.84 2265.77 £ 1453.38
through the aortic valve
AET (ms) Aortic ejection time 56.16 £ 13.11 62.64 +4.17 49.41 £ 6.46
Pulmonary artery (PA) and PW Doppler PV peak (mm/s) Peak velocity of blood flow —640.94 & 164.23 —682.15 % 141.19 —632.16 & 240.09
valve (PV) through the pulmonic valve
PAT (ms) Pulmonic valve acceleration 18.69 & 4.25 24.83 +£4.96 25.46 & 4.07
time
PET (ms) Pulmonic valve ejection time 58.45 £ 6.95 63.89 £ 4.50 62.64 4 6.01
PV VTI (mm) Velocity time interval of 26.20 £ 5.36 3229 £7.04 27.29+12.43

PSLAX
B-mode

Left atrium (LA) PSLAX M-mode

blood through the pulmonic
valve
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APM (n=8) Non-APM (n=149) | P-value

Variable

IVS, mm 170 (160, 23.3) 200 (18.0, 24.0) 0.206
LVOTG, mmHg | 1175 (823, 1368) 850 (67.5, 99.8) 0.034
SAM 7 (87.5%) 130 (87.2%) 1.000
MR23+ 5 (62.5%) 116 (77.9%) 0.385
EF, % 66.0+29 678+42 0227
LAD, mm 411134 430+73 0462
LVDD, mm 426+48 41650 0.589

IVS, interventricular septum; LVOTG, left ventricular outflow tract gradient; SAM,
systolic anterior motion; MR, mitral regurgitation; EF, ejection fraction; LAD, left
VDD, 1l ventriculsy disstolic Slmeler.

atrial diamete
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Characteristic

Female 7 (87.5%)
Age, years 490174
BMI, kg/m* 22009
Hypertension 2 (25.0%)
History of PCI 1. (125%)
Stroke history 1 (12.5%)

Family history of cardiomyopathy 0
NYHA class21IT 7 (87.5%)

EuroSCORE 11, % 17£10

BMI, body mass index; PCI, percutaneous coronary intervention; NYHA, New York
iy B e s
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Study Name MR model
Series Name oct.9.no.2
Frequency 24 MHz

.. YEVO

LA LY

-641.7
mm/s

504 BPM
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Rest GLM DB GLM MM

Controls T2D MS T2D-MS p Controls T2D MS T2D-MS P p
STE Deformation
imaging
LS (%) —213+17 —20.4+2.6 —20.6+ 3.5 —19.5+ 2.7 003 —24.3425 —22.3£2.4" 221431 —20.6 &+ 2,301t <0001  T:<0.001 G: < 0.001 T*G:0.13
LSrd (s71) 1.4+0.4 13404 14405 1.1+03"T 004 1.9404 1.6 £ 0.4** 1.7+ 0.4* 1.4+ 0.4™%%T <0.001  T:<0.001G: < 0.001 T*G:0.31
CS (%) —21.6£3.1 —20.0+3.3 —20.6+ 3.4 —212+37 026 —27.04£4.0 —23.7+4.1%* —249+48* —23.7 £ 4.5% 0.008 T: < 0.001 G:0.006 T*G:0.16
CSrd (s71) 1.8+0.6 1.4+ 0.4 1.5+ 0.5* 1.5+ 04 002 25408 2.0 4 0.6** 2.140.7* 1.8 4+ 0.5%*1 <0.001  T:<0.001G: < 0.001 T*G:0.13
Basal Rotation (°) —7.6£2.7H —6.9 + 3.5t —71436M 77430 063 —14.04+4.6 —11.5+4.5 —10.143.0%* —11.5+ 3.5%* 0.001 T: < 0.001 G:0.007 T*G:0.04
Apical rotation (°) 9.5 4 434+ 12.4 + 4,20 12.6 + 5.5%% 11.6+53* 003 163+74 152459 14.6 £ 8.0 10.8 = 4,00+ 71T 0.01 T: < 0.001 G:0.02 T*G: < 0.001
Twist (°) 16.0 + 6.2¥ 18.0 £ 4.97 18.4 + 6.4 182+75% 066 292484 253+8.1* 22.54 9.8 20.6 £ 6.0%%# <0.001  T:<0.001 G:0.04 T*G:0.01
Twisting rate (°/s) 102 =+ 39+ 109 & 3214 116 + 38+ 112+ 49 056 255468 232 +57 209 + 61%% 200 + 51%%F <0.001  T:<0.001 G:0.03 T*G: < 0.001
Untwisting rate (°/s) ~ —122 + 56 —117 448 —121445 —102 4 45 032 —250 =+ 82 239 + 82 208 + 63** —190 = 55%**# 0.003 T: < 0.001 G:0.001 T*G:0.09
Hemodynamics
HR (bpm) 7448 7549 7349 74410 11247 110 +6 11147 110+ 4 - T: < 0.001 G:0.75 T*G:0.49
SBP (mmHg) 124 + 12 124413 132 & 13*6# 1304 11* 004  138+11 137 +13 136 4 12 141417 0.40 T: < 0.001 G:0.04 T*G:0.11
DBP (mmHg) 70 £ 10 71410 76 + 18 75+ 11 72410 7549 73413 72411 - T: < 0.98 G:0.18 T*G:0.12
0 ¢ (g/cm?) 81.2+31.1 72.6422.2 82.3422.1 7564209 037 5124257 453+158 58.6+ 193" 435 4 148111 0.02 T: < 0.001 G: < 0.009 T*G:0.73
EDV (ml) 71.7 +15.4 78.0421.8 75.44 18.9 78.04 18.6 66.6+172 7444182  72.6+21.2 7344192 - T: < 0.01 G:0.15 T*G:0.12

HR, heart rate; SBP/DBP, systolic/diastolic blood pressure; LS, longitudinal strain; LSrd, early diastolic longitudinal strain rate; CS, circumferential strain; CSrd, early diastolic circumferential strain rate; o, end-systolic meridional wall stress; EDV,
end-diastolic volume.
*p < 0.05,*p < 0.01, **p < 0.001 vs. controls; *p < 0.05, *p < 0.01, ***p < 0.001 vs. T2D; Tp < 0.05. T1p < 0.01, TT1p < 0.001 vs. MS; ¥p < 0.05, #p < 0.01, ¥ p < 0.001 vs. DB in the same group.





OPS/images/fcvm-09-991415/fcvm-09-991415-t004.jpg
Gender
Age

Smoking

BMI

wC

HDL
TGS
CRPus®
HbAlc
Glycemia

RWT
LVMi

EAT

Hypertension

MS number

T2DM dur.

Dobutamine Univariate
LS CS Apical rot. Twist ALS A CS A Apical rot. A Twist
N P r P I P ¥ P ¥ P E P x P N P
—0.15 0.06 —0.02 0.86 0.17 0.03 0.14 0.09 —0.05 0.52 0.10 0.26 0.16 0.04 0.07 0.39
0.28 0.001 0.09 0.27 —0.12 0.13 —0.06 0.45 022 0.007 0.1 0.01 —0.19 0.02 —0.15 0.09
0.26 0.001 0.07 0.37 —0.19 0.02 —0.24 0.005 0.17 0.03 0.18 0.03 —0.19 0.02 —0.20 0.01
—0.01 0.85 —0.07 0.36 —0.17 0.03 —0.20 0.01 0.02 0.74 —0.05 0.57 —0.07 0.37 —0.08 031
0.41 <0.001 0.21 0.01 —0.19 0.01 —0.29 0.001 022 0.007 0.26 0.003  —031 0.001  —0.34 <0.001
0.17 0.03 0.18 0.03 0.13 0.11 —0.23 0.007 0.16 0.04 0.18 0.04 —0.25 0.003  —0.29 0.001
0.27 0.001 027 0.001 —0.07 0.33 —0.19 0.02 0.16 0.04 0.18 0.03 —0.23 0.008  —0.27 0.01
—0.13 0.10 -0.18 0.04 0.12 0.16 0.18 0.03 0.001 0.98 —0.003 0.98 0.19 0.02 0.19 0.02
0.15 0.07 0.18 0.04 0.06 0.43 —0.01 0.84 0.07 0.34 0.04 0.63 —0.03 0.66 0.05 0.54
0.17 0.03 022 0.01 —0.05 0.53 —0.06 0.42 0.08 0.33 0.19 0.03 —0.19 0.03 —0.19 0.03
0.26 0.001 0.18 0.04 0.17 0.04 —0.10 021 0.06 0.42 0.08 0.50 —0.23 0008  —0.15 0.04
0.25 0.007 0.19 0.02 0.16 0.04 —0.11 0.18 0.06 0.41 0.10 0.23 -0.18 0.02 —0.08 0.36
0.03 0.77 —0.03 0.79 —0.18 0.10 —0.02 0.84 —0.14 021 —0.02 0.86 —0.18 0.13 —0.08 0.46
0.28 0.001 —0.02 0.77 —-0.25 0.002  —0.26 0.002 0.05 0.54 —0.01 0.89 —0.10 0.22 —0.05 0.52
0.19 0.01 —0.04 0.64 —0.16 0.04 —0.21 0.01 —0.01 0.90 —0.03 0.68 —0.11 0.19 —0.12 0.16
0.006 0.43 0.16 0.06 —0.02 0.79 —0.13 0.12 0.05 0.49 —0.07 0.42 0.13 0.23 —0.05 0.57
—0.07 0.38 0.02 0.81 0.08 0.32 —0.008 0.92 —0.05 0.54 —0.03 0.67 0.09 0.29 0.09 0.30
0.60 <0.0001 0.18 0.04 —0.28 0001  —033 <0.001 0.36 <0.0001 0.19 0.04 —0.28 0.001  —0.26 0.004

A, delta value; LS, longitudinal strain; CS, circumferential strain; rot., rotation; BMI, body mass index; WC, waist circumference; HDL, high-density lipoproteins; TG, triglycerides; CRPus, ultra-sensitive c-reactive protein; HOMA-IR, homeostasis

model assessment of insulin resistance; dur., duration; ASI-DI, strain imaging diastolic index obtained from apical views for ALS, and from short-axis views at apex for Aapical CS and rot, at papillary muscles for Amid CS and at base for Abasal rot;

LVMi, left ventricular mass indexed to height; EAT, epicardial adipose tissue thickness; §, data were log transformed before statistical analysis. Bold values indicate significant results.
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Variable

IVP (m/s)

Controls

(n=53)
1.40+0.19

Diabetes mellitus

(n=87)

P vs. Controls

(n=44)
1532020

DM-H

P vs. Controls

DM +H [

(n=43) | P vs. Controls DM+ H vs. DM-H
1714025

1VSd (mm)

923091

9.50+1.23

1021 £0.91

LVPWd (mm)

9.09+0.88

930 1.06

9.05+ 112

956+ 0.93

LVIDd (mm)

4557 +3.55

45.10+4.40

4486435

4535+4.48

LVEF (%)

65.17 =398

65.98+3.65

65.98 =350

6598385

Mitral E velocity (cm/s)

7620

7719

82+21

7317

Mitral A velocity (cm/s)

72+21

84+19

7819

90+17

E/ A ratio

111£0.35

097034

1.09£037

083+0.23

Mitral annular septal ¢ *
velocity (cm/s)

953+2.28

845266

9.27+303

760+ 1.90

E /e ‘ratio

821223

9.68 =290

9.37+287

1001 £2.92

Vpe (cm/s)

6345+ 10.12

5414+ 1120

5645 %1002

51.77+11.94

Vpa (cm/s)

66.94 = 14.43

7076+ 1751

6595 +16.01

75.67+17.79

GLS (%)

~18.60
247

~17.61%
220

~1794+
204

~17.28+
232

GLS, global longitudinal systolic strain; IVP, intrinsic wave velocity propagation of myocardial stretch; IVSd, interventricular septal thickness at end-diastole; LVEF, left
ventricular ejection fraction; LVIDG, left ventricular internal diameter at end-diastole: LVPWA, left ventricular posterior wall thickness at end-diastole; Vpa, color M-
mode flow propagation velocity during late diastole; Vpe, color M-mode flow propagation velocity during early diastole

Data are expressed as mean + SD (median} or as number (percentage).

*0 <005
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Variable

Age (y)

Diabetes mellitus

(n

DM +H
(n=43)
56+1°

DM-H
(n=44)
50= 12

Controls
(n=53)

Male (%)

67

61

Duration of T2DM (y)

87

87"

Blood glucose (mmol/l)

1257+
480°

1473 + 608"

5.18+045

HbAlc (mmoll)

925+193"

1148+
11.94°

5322043

Systolic blood pressure (mmHg)

149 16"

14+11°

12112

Diastolic blood pressure (mmHg)

94 =14

779

759

Diabetic

Diabetic retinopathy (%)

Diabetic nephropathy (%)

Diabetic foot (%)

*Significant between DM + H or DM-H group and control group,
i ifcant: between DM 4 El-and Did-H groun.





OPS/images/fcvm-09-937068/fcvm-09-937068-g001.gif
PR S )






OPS/images/fcvm-10-1162500/fcvm-10-1162500-g003.jpg
intra-observer

- +196SD,
A P 03247
B

2 L «° Mean
g .

H

= e : 196D
an 5917

ter-observer

5 20
Mean in IVP(m/s)

o

Z g2

£ 19650

B 0.1347

z

z oe

K] - Mean

H -0.0465

& o)

R 1630
e

m T

5 20
Mean in TVP(m/s)






OPS/images/fcvm-10-1162500/fcvm-10-1162500-g002.jpg
IVP ( m/s)

39
01254225
80(<0.001)
S5k o
g
=
=
4 Z 44
T 1 T T T
50 7 100 4 70 ]
Pve(cm/s) Pva(em/s)
3
073x+0.836 OLx+1.07
.321(p<0.001), 170(p=0.045)
i i - e
E
E
RE
T 1 T T
10 15 40 50
IVSd(mm) LVIDd(mm)
34
005x+0.944 007x+0.968
370(p<0.001) | .389(p<0.001)
2 2 21 o
E g
= =
z =
2, Z 4
T T T 1 T T
100 150 200 250 4 80 120
Systolic blood pressure(mmHg) Diastolic blood pressure(mmHg)
2,167
30(< 0.001)
22 :
E
£
=1
T T T 1
30 5 -20 -5 -10
GLS(%)





OPS/images/fcvm-10-1162500/fcvm-10-1162500-g001.jpg





OPS/images/fcvm-09-905293/fcvm-09-905293-t001.jpg
Clinical characteristic

Age,y

Female

Body mass index, kg/m?®
Body surface area, m?
CHA2DS2-VASC score
Persistent AF

Prior stroke/TIA
Anticoagulation

Warfarin

Rivaroxaban

Dabigatran

Heart failure

LV ejection fraction < 50%
Old myocardial infarction
Coronary artery disease
Hypertension

Diabetes

Dyslipidemia
Homocysteine, umol/L

Data are expressed as median (interquartile range), or number (percentage).

All patients (n = 493)

65 (58.5-71.0)
163 (33.1)
245 (22.3-26.7)
1.7 (1.6-1.9)

2 (1-9)

234 (47.5)
72 (14.6)
236 (47.9)
82 (16.6)
125 (25.4)
29 (5.9)

37 (7.5)

24 (4.9)
5(1)

77 (15.6)
291 (59.0)
82 (16.6)
169 (34.3)
11.8(9.7-14.6)

Dense SEC or thrombus (n = 70)

69.5 (63.8-74.3)
49 (70)
24.4 (22.3-26.3)
1.7 (1 6-1.8)

5
1

w
» I %9082
a
)
©

19 (27.1)
13.3(10.7-17.0)

AF, atrial fibrillation; LV, left ventricle; SEC, spontaneous echo contrast; TIA, transient ischemic attack.

Controls (n = 423)

64 (58-71)
281 (66.4)
24.5(22.4-26.7)
1.7 (1.6-1.9)
2(1-3)
178 (42.1)
53 (12.5)
199 (47.1)
65 (15.4)
112 (26.5)
22 (5.2)

25 (5.9)

13 (3.1)
4(0.9)

61 (14.4)
243 (57.4)
71 (16.8)
150 (35.5)
11.7 (9.4-14.1)

P-value

<0.01
0.56
0:55
0.12
<0.01
<0.01
0.01
0.37

0.001

0.71
0.07
0.08
0.82
017
<0.01
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Parameters

LV parameters

LV end-diastolic volume index, mL/m?
LV end-systolic volume index, mL/m?
LV mass index, g/m?

LV ejection fraction, %

LA parameters

LAVImax, mL/m?

LAV i, mL/m?

LA emptying fraction, %

LA GLS, %

LA MD, %

LAA parameters

LAAVIay, mL/m?

LAAV i, mL/m?

LAA emptying fraction, %

LAA emptying velocity, cm/s

LAA filling velocity, cm/s

LAA GLS, %

LAA MD, %

All patients (n = 493)

65.6 + 14.2
22.3(17.7-27.7)
97.5 (84.2-115.8)
64.9 (59.4-70.3)

42.0(32.3-53.8)
26.1 (16.6-40.0)
35.6 (22.5-50.0)
14.6 (9.5-25.5)
8.0 (5.5-10.4)

3.5 (2.5-4.7)
1.4 (0.6-2.5)
55.6 (40.0-71.4)
46.0 (33.0-63.0)
51.0 (38.0-66.0)
11.8 (8.7-16.1)
9.9 (6.7-12.7)

Dense SEC or thrombus (n = 70)

68.5 £ 16.9
24.0(18.1-33.8)
108.7 (91.8-123.2)
61.9 (56.3-69.0)

58.5 (48.6-69.0)
47.0 (35.7-58.2)
21.8 (15.0-28.5)
0 (7.1-11.0)
10.2 (8.1-13.5)

5.0 (3.7-7.3)
3.5(2.1-4.3)
37.5 (22.6-50.0)
28.0 (24.0-36.0)
32.5 (24.0-44.8)
7.8(6.0-9.3)
14.2 (11.6-16.8)

Controls (n = 423)

65.1 £13.7
22.0(17.8-27.9)
96.0 (83.4-114.1)
65.3 (59.9-70.3)

40.5 (31.2-49.5
24.4 (16.0-36.1
38.2 (24.6-51.8
17.5 (10.9-26.8
7.7 (65.2-9.9)

3.3(2.4-4.2)
1.2 (0.6-2.1)
60 (45.5-75.0)
49.0 (36.3-66.0)
54.0 (42.0-68.0)
12.4 (9.4-16.8)
9.4 (6.2-12.1)

P-value

0.11
0.06
0.03
0.01

<0.01
<0.01
<0.01
<0.01
<0.01

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01

Data are expressed as mean + SD or median (interquartile range).
GLS, global longitudinal strain; LA, left atrium; LAA, left atrial appendage; LAAVI, LAA volume index; LAVI, LA volume index; LV, left ventricle; MD, mechanical dispersion;

SEC, spontaneous echo contrast.
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Variables OR (95% CI) P-value

Clinical parameters

Age, y 1.06 (1.03-1.09) <0.01
Female 0.85 (0.49-1.47) 0.56
Body mass index, kg/m? 0.97 (0.89-1.05) 0.39
CHA2DS2-VASC score 1.36 (1.16-1.60) <0.01
Persistent AF 5.51(2.97-10.2) <0.01
Prior stroke/TIA 2.60 (1.43-4.74) 0.002
Anticoagulation 1.26 (0.76-2.10) 0.37
Heart failure 3.29 (1.57-6.91) 0.002
Homocysteine 1.07 (1.03-1.11) <0.01
Echocardiographic parameters

LV end-diastolic volume index, mL/m? 1.02 (0.99-1.04) 0.06
LV end-systolic volume index, mL/m? 1.05 (1.02-1.07) <0.01
LV mass index, g/m? 1.01 (1.00-1.02) 0.04
LV ejection fraction, % 0.95 (0.93-0.98) 0.001
LAV pax, mL/m?2 1.07 (1.05-1.09) <0.01
LAVIggin, mL/m? 1.08 (1.06-1.10) <0.01
LA emptying fraction, % 0.94 (0.92-0.96) «<0.01
LA GLS, % 0.83 (0.78-0.88) <0.01
LA MD, % 1.26 (1.17-1.35) <0.01
LAAVImax, mL/m? 1.57 (1.37-1.79) <0.01
LAAV i, mL/m? 2.43 (1.97-2.99) <0.01
LAA emptying fraction, % 0.94 (0.93-0.96) <0.01
LAA emptying velocity, cm/s 0.91 (0.88-0.93) <0.01
LAA filling velocity, cm/s 0.92 (0.90-0.94) <0.01
LAA GLS, % 0.68 (0.62-0.76) <0.01
LAA MD, % 1.29 (1.21-1.37) <0.01

AF, atrial fibrillation; GLS, global longitudinal strain; LA, left atrium; LAA, left atrial
appendage; LAAVI, LAA volume index; LAVI, LA volume index; LV, left ventricle; MDD,
mechanical dispersion; Cl, Confidence intervals; OR, odds ratio; SEC, spontaneous
echo contrast; TIA, transient ischemic attack.
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Variable Model 1 Model 2 Model 3 Model 4

OR (95% ClI) P-value OR (95% CI) P-value OR (95% CI) P-value OR (95% ClI) P-value
Clinical parameters
Age 1.02 (0.98, 1.06) 0.45 1.01 (0.97-1.06) 0.57 1.02 (0.98-1.06) 0.26
CHA2DS2-VASC score 0.99 (0.76-1.29) 0.94 0.99 (0.75-1.31) 0.97 1.02 (0.79-1.32) 0.86 1.01 (0.79-1.28) 0.96
Persistent AF 1.17 (0.50-2.72) 0.72 1.04 (0.41-2.62) 0.94 1.25(0.54-2.91) 0.60
Homocysteine 1.05 (1.01-1.10) 0.02 1.07 (1.02-1.12) 0.009 1.06 (1.01-1.10) 0.02 1.07 (1.02-1.13) 0.006
LV parameters
LV end-systolic volume index, mL/m? 1.00 (0.94-1.07) 0.93 1.01 (0.97-1.04) 0.71
LV mass index, g/m? 1.01 (0.99-1.02) 0.35
LV ejection fraction, % 0.99 (0.95-1.03) 0.61 1.00 (0.93-1.07) 0.94
LA parameters
LAVImax, mL/m? 1.02 (1.00-1.05) 0.05 1.01 (0.98-1.04) 0.45
LA emptying fraction, % 0.99 (0.96-1.02) 0.59
LA GLS, % 0.89 (0.83-0.97) 0.005 0.93 (0.85-1.01) 0.08 0.87 (0.81-0.94) <0.01 0.92 (0.85-1.00) 0.05
LA MD, % 1.05 (0.95-1.16) 0.37 1.10 (0.99-1.23) 0.09 1.07 (0.96-1.18) 0.23 1.11 (0.99-1.24) 0.07
LAA parameters
LAAVImax, mL/m? 1.18 (0.98-1.43) 0.08
LAA emptying fraction, % 0.99 (0.97-1.02) 0.50
LAA emptying velocity, cm/s 0.99 (0.95-1.04) DIT
LAA filling velocity, cm/s 0.95 (0.92-0.97) <0.01 0.94 (0.92-0.97) <0.01
LAA GLS, % 0.84 (0.75-0.94) 0.002 0.90 (0.80-1.00) 0.06 0.82 (0.74-0.91) <0.01 0.89 (0.79-0.99) 0.04
LAA MD, % 1.24 (1.14-1.35) <0.01 1.23 (1.13-1.34) <0.01 1.24 (1.14-1.35) <0.01 1.24 (1.14-1.35) <0.01

AF, atrial fibrillation; GLS, global longitudinal strain; LA, left atrium; LAA, left atrial appendage; LAAVI, LAA volume index; LAVI, LA volume index; LV, left ventricle; MD,
mechanical dispersion; Cl, Confidence intervals; OR, odds ratio; SEC, spontaneous echo contrast.
Model 1 adjusted with clinical and LA echocardiographic parameters.

Model 2 adjusted with clinical and LAA echocardiographic parameters.

Model 3 adjusted with clinical and LV echocardiographic parameters.
Model 4 adjusted with multi mixed parameters.
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Sensitivity

100

80

60

40

20— = CHA2DS2-VASCc score
= CHA2DS2-VASCc score+LA GLS
~ CHA2DS2-VASc score+LAMD
== CHA2DS2-VASc score+LAA GLS
= CHA2DS2-VASc score+LAA MD

0 | | l | | | l | | | l | | | l | | | I
0 20 40 60 80 100
100-Specificity
Variable AUC 95% (I

CHA-,DS,-VASc score

0.65 0.58 t0 0.71

CHA,DS,-VASc score + LA GLS 0.81 0.71 to 0.85
CHA,DS,-VASc score + LAMD 0.76 0.71 to 0.81
CHA-DS,-VASc score + LAA GLS 0.84 0.80 to 0.89
CHA,DS,-VASc score + LAA MD 0.83 0.79 to 0.87

AUC comparison

P value

CHA,DS,-VASc score vs CHA,DS>-VASc score + LA GLS <0.01

CHA,DS,-VASc score vs CHA,DS,-VASc score + LA MD <0.01

CHA,DS,-VASc score vs CHA,DS>-VASc score + LAAGLS | <0.01

CHA,DS,-VASc score vs CHA,DS,-VASc score + LAA MD <0.01
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Model 1
Chi-square = 106.6

CHA,DS,-VASc score CHA,DS,-VAScscore CHA,DS,-VASc score CHA,DS,-VASc score CHA.DS,-VASc score

LVEF
LAVL,
LAAFV

Model 2
Chi-square = 114.6

LVEF
LAVL,
LAAFV
LA MD

Model 3

Chi-square = 123.2

P<0.01
—

Model 4
Chi-square = 141.1

Model §
Chi-square =168.4

LVEF LVEF LVEF
LAV, LAV, LAV,
LAAFV LAAFV LAAFV
LAMD LA MD LA MD
LA GLS LA GLS LA GLS
LAA GLS LAA GLS

LAAMD

1754

Model 1 Model 2

Chi-square = 106.6

Chi-square = 114.6

P=0.02
P<0.01 F———
P

Model 5

CHA,DS-VASc score CHA,DS,-VASc score CHA,DS,-VASc score CHA,DS,-VASc score CHA,DS,-VASc score

LVEF LVEF
LAV, LAV,
LAAFV LAAFY

LAMD

Model 3 Model 4
Chi-square=123.2  Chi-square =162.3 Chi-square =168.4
LVEF LVEF LVEF

LAVL, LAVL, LAVL,

LAAFV AFV LAAFV
LAMD LAMD LAMD
LA GLS LA GLS LA GLS
LAAMD LAAMD
LAA GLS

1754
P<0.01
P

Model 1
Chi-square = 106.6

LVEF
LAV,
LAAFV

Model 2

Chi-square =150.8
CHA,DS,-VASc score CHA.DS,-VASc score CHA,DS,-VASc score CHA,DS,-VASc score CHA.DS,-VASc score

LVEF
LAV,
LAAFV

LAA MD

P<0.01
—

P=0.21
P=0.02 p—_——
|
Model 4 Model §

Model 3

Chi-square = 160.3

Chi-square = 166.8

Chi-square =168.4

LVEF LVEF LVEF
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LAAFV LAAFV LAAFV

LAA MD [AA MD LAA MD
LA GLS LA GLS LA GLS

LAA GLS LAA GLS

LA MD

175 4

Model 1

Chi-square = 106.6

P<0.01

P<0.01
P

Model 2
Chi-square = 114.6

Model 3
Chi-square = 154.1

P=0.04

L

Model 4

Chi-square = 163.6

Model §
Chi-square =168.4

CHA,DS,-VASc score CHA,DS,-VASc score CHA,DS,-VASc score CHA,DS,-VASc score CHA,DS,-VASc score

LVEF

LAVL,

LAAFV

LVEF
LAVL,,,
LAAFV
LAMD

LVEF LVEF LVEF
LAVL,, LAV, LAVL,
LAAFV LAAFV LAAFV
LAMD LAMD LAMD
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ICE TEE Risk Ratio %
First author Year n/N n/N (95% CI) Weight
Gianni 2021 2/116 1/62 ————p——— 1.07(0.10, 11.56) 1.61
Pommier 2021 10175 5/45 —r 0.51(0.19, 1.43) 9.84
Alkhouli 2020 2/81 6/181  =——r— 0.74 (0.15, 3.61) 4.59
Hemam 2019 1/53 1/51 0.96 (0.06, 14.98) 1.26
Nielsen-Kudsk 2019 28/130 225/955 =+ 0.91(0.65,1.29)  66.70
Berti 2018 71187 16/417 - 0.98 (0.41, 2.33) 12.26
Korsholm2 2017 5/109 3/107 —— 1.64 (0.40, 6.68) 3.75
Overall, DL 55/851 257/1818 0.90 (0.68, 1.21)  100.00
(" =0.0%, p =0.923)

T T
0.06 16

NOTE:Weights are from fixed-effects model ~Favours TEE Favours ICE
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ICE TEE Risk Ratio %
First author Year n/N n/N (95% Cl) Weight
Gianni 2021 31122 0/68 ——+— 3.93(0.21,74.91) 1.87
Pommier 2021 9/175 5/49 =T 0.50 (0.18, 1.43) 14.86
Alkhouli 2020 3/90 8/196 - 0.82(0.22,3.01) 9.58
Nielsen-Kudsk 2019 4/130 26/955 . 1.13 (0.40, 3.19) 15.14
Berti 2018 8/187 27/417 - 0.66 (0.31, 1.43) 27.45
Kim 2018 1/41 7103 —T— 0.36 (0.05, 2.83) 3.82
Frangieh 2017 1/32 2/44 ——4— 0.69 (0.07, 7.26) 293
Korsholm2 2017 6/109 6/107 - 0.98 (0.33, 2.95) 13.45
Reis 2018 3/26 9/56 - 0.72(0.21,2.43) 10.91
Overall, DL 38/912 90/1995 0.76 (0.51,1.13)  100.00
(12=0.0%, p = 0.920)

T T
0.02 il 64

NOTE:Weights are from fixed-effects model  Favours TEE Favours ICE
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(12=82.8%, p = 0.000)

122
175

965

ICE Mean
(SD)

8.00 (4.00)
21.00 (11.00)
14.20 (3.60)
4.80 (2.70)
20.00 (12.00)
25.00 (12.00)
8.70(3.90)
10.00 (4.80)
15.00 (6.00)
30.40 (17.00)

TTE Mean
(SD)

9.00 (6.00)
24.00 (12.00)
13.80 (8.90)
7.30 (4.70)
15.00 (66.00)
20.00 (11.00)
12.40 (11.00)
10.10 (7.00)
15.40 (9.00)
35.10 (16.50)

WMD (95% Cl)

-1.00 (-2.59, 0.59)
-3.00 (6.73,0.73)
0.40 (-1.05, 1.85)
250 (-3.98, -1.02)
5.00(0.33,9.67)
5.00 (2.98, 7.02)
-3.70 (6.14, -1.26)
010 (:2.75, 2.55)
0.40 (-2.44, 1.64)
-4.70 (-12.53, 3.13)
034 (-2.09, 1.41)

%

Weight

1221
8.39
1242
12.38
6.91
11.50
10.75
10.35
11.46
3.65
100.00

NOTE:Weights are from random-effects model

Favours TEE

Favours ICE
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First TTE Mean
author Year N ICEMean(SD) N (sD) WMD (95% Cl)

Gianni 2021 122 76.00(33.00) 68 70.00(29.00) 6.00 (-3.04, 15.04)
Pommier 2021 175  48.00(42.00) 49 70.00 (28.00) -22.00 (-32.01,-11.99)
Alkhouli 2020 90  47.80(19.30) 196 52.80 (24.90) -5.00 (-10.30, 0.30)
Nielsen-Kudsk 2019 130 14500 (157.00) 955 98.00 (76.00) —%— 47.00 (19.58, 74.42)
Frangieh 2017 32 9210(2320) 44 9500 (65.90) 290 (-23.97, 18.17)
Korsholm 2017 109 59.30 (18.00) 107 68.90 (20.30) -9.60 (-14.72, -4.48)
Overall, DL 658 1419 2,61 (-12.25,7.02)

(1= 84:8%, p = 0.000)

%

Weight

19.20
18.49
21.59
8.05
10.98
21.69
100.00

T
-50
NOTE:Weights are from random-effects model Favours TEE Favours ICE
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p=0.01
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First %
author Year ES(95% Cl)  Weight
Dallan 2022 #1099 (0.95,1.00)7.32
Turagam! 2022 —+1.00(0.80, 1.00) 1.71
hen 2022 %1.00(0.94, 1.00)4.59
Gianni 2021 1.00 (0.97, 1.00) 6.99
Pommier 2021 #10.98 (0.94, 0.99) 8.08
Turagam2 2021 ~+1.00 (0.89, 1.00) 2.98
Filby 2021 +1.00 (0.95, 1.00)5.30
Korsholm1 2020 # 0.93(0.86, 0.97) 6.07
Alkoul 2020 #10.98 (0.92, 0.99) 6.03
Hem: 2019 411,00 (0.93, 1.00) 4.43
NielsenKudsk 2019 #0.99 (0.96, 1.00) 7.19
Khall 2019 —+1.00 (0.80, 1.00) 1.71
Berti 2018 #0.96 (0.92, 0.98) 8.27
Kim 2018 41,00 (0.91,1.00)3.73
Frangieh 2017 -+1.00 (0.89, 1.00) 3.12
Korsholm2 2017 #0.94(0.89,0.97) 6.64
Matsuo 2016 ~1.00 (0.8, 1.00) 2.75
Masson 2015 0,97 (0.86, 1.00) 3.47
Berti 2014 Woss (087, 007808
Reis 2018 —#1.00 (0.87, 1.00) 2.
Overall (12 = 43.69%, p = 0.02)| 0.99 (0.98, 1.00) To0.00
- 0 1 2 3
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Diagnosis Number of

patients
(%)
1 Left ventricular systolic dysfunction with ejection 10
fraction EF<50% (3.61%)
2 — ) 43
Diastolic dysfunction 2nd or 3rd degree
(15.52%)
3 . 108
Left Atrial Volume Index: LAVI >34 ml/m2
(38.99%)
4 18
Ele’ >14
o> (6.50%)
5 Tri id itati locity: TRV >2.8 m/: 49
ricuspid regurgitation velocity: .5 m/s
pid regurgitation veloclty (14.44%)
6 Tricuspid annular plane systolic excursion: 6
TAPSE <17 mm (2.17%)
7. Peak S wave velocity of the lateral tricuspid annulus 3
by tissue Doppler imaging:
RVS’<9.5 cm/s (289%)
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Diagnosis Number of patients

(%)
1 133
Arterial hypertension (48.01%)
5 48
Arrhythmi
rrhythmias (17.33%)
22
ks Atrial fibrillation (AF) (7.94%)
4 39
Heart fail HF,
eart failure (HF) (14.08%)
s 22
Coronary artery disease (CAD) (7.94%)
5 . 10
Venous thromboembolic event (VTE)
(3.61%)
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First ICE TEE Risk Ratio %
author Year N N (95% Cl) Weight
Gianni 2021 1221122 68/68 * 1.00(0.98,1.03) 846
Pommier 2021 171175 49/49 = 0.98 (0.95, 1.02) 741
Alkhouli 2020 88/90 191/196 i 1.00(0.97,1.04) 11.64
Hemam 2019 53/53 51/51 = 1.00(0.96,1.04)  5.03
Nielsen-Kudsk 2019 1291130  945/955 + 1.00(0.99,1.02) 21.93
Berti 2018 179/187 390/417 bl 1.02(0.98, 1.06) 23.38
Kim 2018 41/41 100/103 —54— 1.02(0.97,1.07) 5.51
Frangieh 2017 32/32 43/44 —1-0— 1.02 (0.95, 1.09) 3.51
Korsholm 2017 103100 011107 —— 1.00 (0.94,1.07)  9.87
Reis 2018 26126 53/56 —f——— 105(096,1.14) 325
Overall, MH 944/965 1991/2046 ) 1.01(1.00, 1.02) 100.00
(12 = 0.0%, p = 0.876)
T T
09 1 11
NOTE:Weights are from fixed-effects model Favours TEE  Favours ICE
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: Non-Hodgkin lymph 93
on-Hodgkin lymphoma (22.74%)

2 Acute myeloid leukaemia (AML) 47
i (16.97%)

3 . 45
Multiple myeloma (MM) (16.25%)

4 B-cell chronic lymphocytic leukaemia (CLL) 33
-cell chronic lymphocytic leukaemia (11.91%)

5 Myeloproliferative neoplasms BCR/ 25
ABL negative (9.03%)

9 Acute lymphoblastic leukaemia (ALL) 12
cute lymphoblastic leukaes (69%)

7 5 13
Hodgkin lymphoma (469%)

8 Myelodysplastic syndromes g
Yeocyspastc s (3:25%)

248

Toul (89.53%)
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Variable + Site 0dds Ratio 95% CILL 95% CIUL p-value

Death

Clinical LVEF 0989 0974 1.005 0179
Automated LVEF 098 0963 0998 0026
Clinical LS 1.094 0965 1241 0.161
Automated LS 1051 1.003 11 0035
ACs

Clinical LVEF 0954 0935 0973 <0.001
Automated LVEF 0943 092 0967 <0.001
Clinical LS 1249 0951 1639 0109
Automated LS 119 1.103 1283 <0.001
Congestive heart failure

Clinical LVEF 0949 0931 0966 <0.001
Automated LVEF 094 0919 0962 <0.001
Clinical LS 1625 1153 2.289 0005
Automated LS 116 1.085 124 <0.001
MACCE

Clinical LVEF 0956 0941 097 <0.001
Automated LVEF 0949 0932 0966 <0.001
Clinical LS 1289 112 1493 0.001
Automated LS 118 1122 124 <0.001
Acute kidney injury

Clinical LVEF 0992 0978 1.006 024
Automated LVEF 098 0965 0995 0011
Clinical LS 102 0921 113 0704
Automated LS 1044 1.003 1.087 0034
Clinical LVEF was assessed in 459, automated LVEF in 488, clinical LS in 80, and automated LS in 485. ACS: acute coronary syndrome, CI LL: 95% confidence interval lower limit, CI UL
95% confidence interval upper limit, MAC LVEE, left ventricular ejection fraction; LS, longitudinal strain.
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Patient baseline characteristics Value

Age (Years) 62241552
Male, (%) 279 (57.4%)
BSA (m?) 2.11£027
BMI (Kg/m?) 30.6 £ 6.68
Obesity, 1 (%) 136 (27.9%)
Systolic Blood Pressure (mm Hg) 12421
Diastolic Blood Pressure (mm Hg) e
Non-Hispanic White, 1 (%) 238 (50.0%)
Black or African American, n (%) 136 (28.6%)
Native American or Alaska Native, 1 (%) 29(6.1%)
Hispanic, 1 (%) 96 (19.9%)
Diabetes Mellitus, 7 (%) 197 (40.4%)
Hypertension, (%) 283 (58.0%)
Coronary Artery Disease, 1 (%) 77 (15.8%)
Cancer, 1 (%) 48 (9.8%)
Mechanical Ventilation During TTE, 1 (%) 126 (25.8%)
Vasopressor or Inotrope Use During TTE, 1 (%) 112 (23.0%)

BMI, body mass index; BSA, body surface area; TTE, transthoracic echocardiography.
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n
LSall 80
Biplane LS 56
LS Apical 4-chamber 75
LVEE all 159
LVEE (biplane only) 12
LV EDV 168
LV ESV 168

Mean diff

0417
—0.62

0259
0913
2,606

0939
-2.85

LoA

7.945

7.738

7.621
24011
14792
47.605
26.068

Pearson’s r

0725
0739
0799
0.606
0.796
0761
082

1cc

0.782
0791
0.85

0728
0.848
0.865
0.897

RMSE

3876
3877
3852
11292
7.024
24438
1278

N comparisons indicates the numiber of datapoints available for extraction from clinical reports for comparison against the AL LVEF all and LS all indicate data used from all comers, including
all available methods of single view, biplane and triplane caleulations. ICC, Intra-class correlation coeficient; LoA, Bland Altman limits of agreement; LS, longitudinal strain; LVEE, left

ventricular ejection fraction; LV EDV, left ventricular end-diastolic volum

LV ESV, left ventricular end-systolic volume; RMSE, root mean square error.
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Variable N All LS<-16% LS>-16%  p-value LVEF>50% LVEF <50% p-value

Clinical LVEF (%) 459 S635£1397 6127892 5152162 <0.001 60.12£996 453£17.75 <0.001
Clinical LVEF < 50% 159 89 (19.3%) 14(6.0%) 75 (32.0%) <0.001 33.(10.0%) 56 (18.0%) <0.001
Clinical LS (%) 80 —1660£466  —1809£300  —1398£575 <0001 —17.71£3.14 ~1138£685 <0.001
Clinical LS >-16% 80 31 (38.8%) 13 (25.0%) 18 (62.0%) <0.001 21 (320%) 10(71.0%) 001
RWMSI 441 119043 1064021 1324054 <0.001 1084023 1544066 <0001
RWMA 433 93015%) 24 (11.0%) 69.(33.0%) <0001 44(13.0%) 49 (47.0%) <0.001
Septal thickness (mm) 3B 9.06£462 8.97:£387 9.16£531 0.69 91465 894454 078
Posterior wall thickness (mm) 382 8.94+785 853:£3.62 9.37 £ 1067 029 8.64£3.96 9921477 018
LV size 458

Normal 409 (89.3%) 219 (96.0%) 190 (83.0%) <0.001 327 (95.0%) 82 (73.0%) <0.001

Enlarged 49 (10.7%) 10 (4.0%) 39 (17.0%) <0.001 19.(5.0%) 30 27.0%) <0.001
LV hypertrophy 165 100(215%) 32 (14.0%) 68 (29.0%) <0.001 60 (17.0%) 40 (34.0%) <0.001
Left atrial size 350

Normal 268 (76.6%) 141 (81.0%) 127 (72.0%) 007 211 (81.0%) 57(65.0%) <0.001

Enlarged 82 (23.4%) 33 (19.0%) 49 (28.0%) 0.07 51(19.0%) 31(35.0%) <0.001
Right ventricular function 448

Normal 369 (82.4%) 204 (91.0%) 165 (74.0%) <0001 297 (88.0%) 72.(65.0%) <0.001

Reduced 79 (17.6%) 21 (9.0%) 58 (26.0%) <0.001 41(12.0%) 38 (35.0%) <0.001

LS, longitudinal strain; LVEE, left ventricular ejection fraction; RWMSI, regional wall motion score index; RWMA, regional wall motion abnormality;

V, left ventricular.
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