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Editorial on the Research Topic
Comprehensive insights into mitral valve prolapse: from biology to future perspectives of treatment, passing through diagnostic tools, surgical techniques and transcatheter options



Mitral valve prolapse (MVP) affects 2%–3% of the population and represents the first cause of primary chronic mitral regurgitation (MR) (1). Although defined as “an abnormal systolic protrusion of mitral valve leaflets in the left atrium”, MVP includes a wide spectrum of anatomical conditions, ranging from Barlow's disease to fibroelastic deficiency (FED). Barlow's disease patients are younger and present redundant myxoid leaflets and elongated (rarely ruptured) chordae, whereas FED is associated with translucent tissue, chordal rupture, and flail leaflet in older patients (2).

Despite thousands of articles on MVP, this pathological entity still presents some blind spots: a full comprehension of its underlying biological bases is far from being achieved (3), as is the rising evidence of a link between MVP, mitral annular disjunction (MAD), and malignant arrhythmias (4).

Given the excellent results of surgical repair (5), indications of treatment are in continuous evolution, aiming at weighing the predicted risk, repair feasibility, and precocious markers of cardiac impairment (6). This trend translates into a parallel effort to combine all the diagnostic tools for detecting, as early as possible, the criteria of MR severity and their possible impact on heart function. If echocardiography represents the first-line imaging modality using qualitative, semiquantitative, and quantitative parameters, cardiac magnetic resonance (CMR) plays an emerging role by showing high accuracy and reproducibility (7).

Concerning therapeutic options, less invasive surgical approaches for mitral valve repair (MVR) (video-assisted and robotic surgery) and transcatheter techniques are spreading while maintaining safety and efficacy (8).

This Special Issue delves into all these significant aspects through eleven articles.

Delwarde et al. reviewed all the current knowledge concerning the genetics of MVP. They distinguished MVP occurring as a part of syndromic conditions (e.g., Marfan syndrome) from the more frequent non-syndromic form, isolated or familial, which can be stratified into Barlow's disease, Filamin A-related MVP, and FED. After summarizing all the genetic defects associated to these conditions, the authors considered a potential genetic link between MVP and ventricular arrhythmias or cardiomyopathy.

The review by Ronco et al. described the altered molecular pathways underlying MVP, including TGF-β overexpression and dysregulated extracellular matrix organization. A special attention was addressed to their experimental response to pharmacological inhibition, thus possibly opening the way for interventional treatment slowing down MVP progression.

Dieterlen et al. conducted a review focused on MVP-induced fibrosis, which is a consequence of increased mechanical stress on the myocardium due to the altered motion of the mitral valve, independently of volume overload. An overview of the histopathological mechanisms and of the limits of current diagnostic tools was conducted, highlighting the impact of regional fibrosis on malignant arrhythmia development and on left ventricular (LV) dysfunction after MVR, a phenomenon whose extent is difficult to predict, especially in patients presenting a normal preoperative contraction.

Concerning this interesting issue of LV systolic dysfunction after MVR, Petolat et al. investigated the prognostic impact of preoperative forward-flow indices. They showed that LVOTTVI represents an independent predictor of postoperative myocardial performance impairment, with the best accuracy obtained with LVOTTVI ≤15 cm. Such a finding may help in deciding the optimal surgery timing and in predisposing an adequate peri-operative inotropic support in high-risk patients.

Mantegazza et al. reviewed the role of three-dimensional echocardiography in all phases of the MVP course: diagnosis, morphological description, quantification of regurgitation, preoperative planning, intraoperative and intraprocedural (in case of percutaneous treatment) guiding, and post-surgery evaluation. By comparing the features of the latest three-dimensional technology with standard trans-thoracic (TTE) and transesophageal echocardiography (TOE), the authors have encouraged its widespread use to further improve patient outcome.

Altes et al. addressed the problem of the accurate quantification of primary MR by TTE and TOE and underlined the role of CMR. Since the existence of multiple echocardiographic parameters to grade MR may result in discrepancies, the authors described the respective advantages and pitfalls of each different quantitative method. They concluded that MR grading classification should ideally be replaced by a “continuum” vision that is able to include the hemodynamic consequences of MR, whose assessment is better appraised by MR regurgitant fraction.

Pace et al. aimed to apply strain echocardiography to stratify the rhythmic risk in MVP patients. As outlined by Kubala et al., “arrhythmic MVP” is an underappreciated cause of sudden cardiac death whose comprehension in terms of prediction, pathophysiology, management, and prognosis is still incomplete (9). In patients presenting with severe ventricular arrhythmias, myocardial deformation analysis identified specific contraction patterns with increased post-systolic index and myocardial dispersion, suggesting the need for the inclusion of these parameters in the global evaluation of degenerative MR.

Vermes et al. reviewed the evolving role of CMR in the global assessment of MVP. If echocardiography represents the gold standard for diagnosis, CMR is a reliable tool to assess MR severity by accurately measuring the regurgitant volume and the regurgitant fraction and to detect LV function, remodeling, and fibrosis. This allows to evaluate not only MVP itself but also its hemodynamic consequences on the cardiac chambers. Moreover, it permits to associate the detection of fibrosis with the possible development of ventricular arrhythmias. The authors strongly have recommended addressing patients for CMR in the case of MR severity discrepancies between echocardiography and clinics or in the case of persistent doubt on MR severity using echocardiography.

Biondi et al. investigated the three-dimensional extension of MAD in patients affected by MVP and its implications for surgical repair. Two major phenotypes of MAD (a bimodal shape and a more uniform distribution) were identified in Barlow patients at TOE. Interestingly, this complex anatomic feature failed to translate in an increased surgical complexity of repair, since basic techniques could be successfully employed in most patients.

The article by Carpenito et al. addressed the long-standing dispute between the promoters of early surgery in MVP and those sustaining a more prudent attitude waiting for the appearance of symptoms, LV dilation, or impairment. The authors described the so-called watchful surgery approach, proposing a sort of guiding algorithm based on the real severity of MR, the true patient's asymptomatic condition, the complete evaluation of the cardiac chambers, and the expected durability of MVR.

Van Kampen et al. presented their experience concerning the evolution of MVR from the traditional sternotomy approach to the recent introduction of the robotic surgery. They have concluded that a dedicated program based on stepwise training allows a gradual transition to robotic surgery without compromising patient safety with improved institutional outcomes, increased MVR volume, and diversification of techniques.

In conclusion, this Special Issue discusses several emerging areas of research of MVP (10), including the understanding of the biologic and genetic mechanisms of prolapse onset and progression, the integration of all the available diagnostic tools, and the prevention of sudden cardiac death. All the advances in these fields are expected to result in an improvement of therapeutic attitudes and, perhaps, in a modification of the surgical and percutaneous indications.
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Objectives: This study aimed to describe the heterogeneous extension of mitral annular disjunction (MAD) and assess the hypotesis that different phenotypes of disjunction are not associated with increased surgical challenges.

Background: Mitral regurgitation (MR) is the most common end-stage scenario of degenerative mitral valve disease (DMVD). Few data exist on the three-dimensional extension and geometry of MAD, as well as for its role in valvular dynamic and coaptation.

Methods: A total of 85 consecutive subjects, who underwent elective mitral valve repair (MVR) for MMVD at our Institution between November 2019 and October 2021, were studied retrospectively. The extension and geometry of MAD was assessed using the digitally stored volumetric datasets of real-time 3D transesophageal echocardiography (TEE). Annular phenotypes and surgical repair techniques were analyzed.

Results: Mitral annular disjunction was diagnosed in 50 out of 85 patients (59%) with Barlow disease (BD). A detailed analysis of MAD extension was conducted on 33 patients. Two pattern of disjunction were identified: a bimodal shape was highlighted in 21 patients, while a more uniform distribution of the disjuncted annulus was observed in 12 patients. The bimodal pattern was characterized by lower disjunction distance (DD) at the 140°–220° arch (3.6 ± 2.2 mm), while a more regular DD was measured in the remaining patients. All patients successfully underwent MVR. Triangular leaflet resection was performed in 58% of the cases, neochordae implantation in 9%, and notably a 27% received an isolated annuloplasty.

Conclusion: Rather than a binary feature, MAD should be taken into account in its complex and heterogeneous morphology, where two major phenotypes can be identified. Despite its anatomical complexity, MAD was not associated with an increased surgical challenge; conversely a peculiar subgroup of patient was successfully treated with an isolated annuloplasty.

KEYWORDS
3D transesophageal echocardiography, mitral annular disjunction, mitral regurgitation, mitral valve prolapse, mitral repair
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GRAPHICAL ABSTRACT
Mitral annular disjunction (MAD) was analyzed and measured in thirty-three patients who underwent mitral valvular repair due to severe regurgitation. Our analysis showed that central regions of the posterior mitral annulus (MA) are less frequently the most disjuncted (22%). Nevertheless, up to date, MAD is still commonly diagnosed and measured in parasternal long axis view. If corroborate by further evidence, transesophageal echocardiographic (TEE) should considered as modality of choice for the diagnosis of MAD presence over the long-axis transthoracic evaluation, in order to avoid any diagnostic bias.




Introduction

Diffuse myxomatous mitral valve degeneration (MMVD) and fibro-elastic deficiency are the two main histological phenotypes of degenerative mitral valve disease (DMVD), which accounts for an estimated worldwide burden of 18.1 million of cases in 2017 (1). Mitral regurgitation (MR)–due to mitral valve prolapse (MVP), chordal alterations, annular enlargement and/or abnormalities–is the most common end-stage scenario of DMVD. Although usually referred to as a simple displacement of the mitral annulus (MA), characterized by the posterior leaflet attachment on the atrial wall, mitral annular disjunction (MAD) is actually a structural variation of the atrioventricular junction, in which annular tissue is “stretched” and extends its roots into both atrial wall and the left ventricular (LV) musculature. Although passively driven by the systolic contraction, it is well established that the coupled motion between MA and left ventricle is pivotal to reach a balanced distribution of the stresses normally applied on the mitral complex during each cardiac cycle. In the context of a relatively normal LV function, assessed by both ejection fraction and strain, Lee et al. (2) characterized for the first time the 3-dimensional extension of MAD, correlating its paradoxical systolic dilatation with a decoupled annular-ventricular function. The decoupling between the LV contraction and the annular motion, which follows instead the atrial wall motion as a consequence of the disjunction, is the first insight and quantitative evidence provided regarding the functional implication of mitral disjunction in valvular dynamics. Likewise, the disjuncted MA is a peculiar entity which increases the 3-dimensional complexity of the native mitral valve. The posterior atrioventricular junction in the non-disjuncted annulus is commonly considered as the point where the leaflet, the atrial wall, the ventricular musculature and the fibro-adipose groove tissue converge, which corresponds echographically to the leaflet hinge point. When MAD occurred, this structure–which is indeed annular tissue (3)–evolves from the well-recognized yet complex saddle-shape ring toward an even more complex 3-dimensional surface. The gap between the hinge line of the posterior leaflet and the crest of the LV, measured in parasternal long axis view, is used to discriminate the presence of disjunction and reported as MAD length. Characterizing the disjunction as a binary variable is an incomplete approach, although fair in epidemiological terms and when arrhythmic risk stratification is needed (4). Anyhow, an irregular distribution pattern of the annular disjunction was pointed out in the works of both Lee et al. (2) and Toh et al. (5). A theoretical contribution to the disjunction dilemma has been recently brought by Faletra et al. (6). In the attempt to clarify the anatomical substrate of the disjunction, the authors postulated the existence of two different entities: a misinterpreted entity, called pseudo MAD in authors’ words, in which the portion of the billowed posterior leaflet which is closer to the MA is pushed against the left atrial wall through the systole, and a true MAD, in which a clear displacement of the hinge point toward the atrium is recognizable through all the cardiac cycle. With this study we aim to describe the heterogeneous extension of MAD, to explore the relationship between different MAD extension and surgical techniques and to support the research on the underlying pathology and dynamic of DMVD.



Materials and methods


Study population

A total of 85 consecutive subjects, who underwent elective mitral valve repair (MVR) for myxomatous degeneration at our Institution between November 2019 and October 2021, were studied retrospectively. All patients underwent 2-dimensional and 3-dimensional transesophageal echocardiographic (TEE) examination using a standardized protocol for the preoperative evaluation of the leaflets and annular pathology, as well as the quantification and description of the regurgitation. MMVD was defined by the presence of excess leaflet tissue and leaflet thickening greater than 5 mm, with a resulting prolapse of at least 2 mm into the left atrium on the parasternal long axis view (7). Patients were excluded in presence of any of these conditions: fibroelastic deficiency phenotype of the mitral valve, any degree of mitral stenosis, any degree of aortic valve disease, concomitant ischemic disease, pericardial disease, congenital heart disease, endocarditis, cardiomyopathy, or previous cardiac surgery.



Imaging

Comprehensive real time 3-dimensional TEE was performed with an EPIQ CVx ultrasound system (Philips Healthcare, Andover, MA, USA) equipped with an xMATRIX array transducer X8-2t (Philips Healthcare, Andover, MA, USA). Valvular measurements and the volumetric datasets were acquired by trained cardiologists in both pre-operative and peri-operative assessment of the valvular pathology. During intraoperatively evaluation, patient breath-holding was performed to avoid stitching artifacts. The morphological features of the myxomatous mitral valve were assessed and analyzed using a semi-automatic dedicated quantification software (Mitral Valve Navigator, Philips Healthcare). To begin with, in the late-systole, four reference points were selected and tagged (anterior and posterior mid-point of the echographic annulus along with anterolateral and posteromedial segments); in addition, a manual outline of the annular perimeter was performed when adjustments were needed, in order to optimize the position in the intermediate reference points. Furthermore, the commissures were marked in the short axis plane. As final step, the shape of both mitral leaflets and their coaptation were traced in multiple planes from commissure to commissure. A 3D-rendered surface was then generated as topographical reconstruction of the valve, and some key parameters were measured and taken into account to characterize the mitral valve, namely: the anteroposterior diameter, the commissure width, the circumference, the tridimensional annular area and height (defined as the maximal vertical distance between the highest and lowest point of the geometric saddle shape), the leaflets’ total area and the total prolapsing or billowing volume. Surrogate equations were used to convey annular ellipticity and non-planarian saddle-shape of the valve: the ratio between the anteroposterior diameter to commissure width and the annular height to commissure width, respectively. The ratio between the total leaflet area and the annular area was additionally calculated as a measure of leaflets’ redundancy and prolapse. As the morphological and geometric reconstruction of Mitral Valve Navigator is founded on the semi-automatic detection of the leaflets’ profile and hinge point, the data on the 3-dimensional anatomy of the disjuncted annulus were obtained from the analysis of the same digitally stored volumetric datasets with a second dedicated software (QLAB, Philips Healthcare). The presence, extension and distribution of MAD were then assessed on the same frame chosen for the Mitral Valve Navigator’s rendered reconstruction. Three orthogonal imaging planes were adjusted to ensure that the long axis planes bisected the aortic and mitral valves, while the short axis plane was set parallel to the plane of the latter. As already described by Lee et al. (2), the presence and extension of MAD were analyzed and measured in radial planes rotated around the long axis at 10° intervals Figure 1. In order to pay careful attention to a lesser evident separation (<5 mm) between the leaflet hinge point and the LV free wall, and to differentiate a true disjunction from the systolic apposition of the billowed leaflet (6), a careful frame-to-frame analysis was conducted.
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FIGURE 1
Late systolic frames of the digitally stored datasets were analyzed offline. The 3-dimensional anatomy of MAD was assessed by rotating a plane orthogonal to the ideal annular plane at 10° intervals, as already described by Lee et al. (4). Bidirectional red arrows highlight the extent of the disjuncted annulus.




Statistical methods

Data are expressed as mean ± standard deviation (SD), median (interquartile range), or percentage, as appropriate. All morphological valvular data were indexed to the body surface area or the end-diastolic volume (EDV), when appropriate. Furthermore, disjunction distance (DD) was indexed to the annular circumference and the statistical analysis was conducted on both individual and indexed values. Patients underwent two main categorizations based on anatomical MAD distribution or surgical mitral repair techniques. Differences across groups for baseline characteristics, mitral valve detailed anatomy, annular dimensions, leaflet morphology and operative data were determined by the use of chi-square test, Fischer exact test, Student’s t-test or by Mann–Whitney test as appropriate. The Shapiro–Wilk and Kolmogorov–Smirnov tests were used to analyze the normality distribution of continuous data. Prolapse volume and its ratio with EDV were not normally distributed when the anatomical patterns of disjunction were analyzed. On the other hand, the normality analysis of the surgical groups identified the need for a non-parametric analysis not only for prolapse volume and its ratio with EDV, but also for the indexed measures of commissure width, circumference, annular, and leaflet area as long as prosthetic ring size. All data analyses were performed using SPSS version 26.0 (IBM Corp., Armonk, NY, USA). A value of p < 0.05 was considered significant.




Results


Study population

In 11 out of 85 subjects, no evidence of MAD or signs of anomalous systolic thickening of the basal ventricular musculature was found. Of the remaining 74 subjects with MMVD and ventricular curling motion, 24 were found to show only a pronounced displacement of the basal portion of the posterior leaflet toward the atrial wall, a feature recognized as pseudo-MAD; therefore, they were excluded from this analysis. In 17 out of 50 cases, a precise measurement of the disjuncted annulus on the complete extent of the mitral circumference was not possible due to the presence of calcifications, artifacts or an incomplete acquisition of the volumetric datasets. True MAD was thus analyzed in 33 patients, whose characteristics are shown in Table 1. The mean age at the time of operation was 59.0 years, 54.5% of patients were men with a mean body surface area of 1.84 m2 and a low estimated operative risk (euroSCORE II: 1.4%).


TABLE 1    Patient characteristics.
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3-dimensional geometry of disjunction

In our analysis the extent of the myxomatous disease led to a prolapse of both anterior and posterior mitral leaflets in 17 cases (51.5% of the subjects), while a prolapse limited to the posterior leaflet was identified in 14 cases. In the 2 remaining cases, a prolapse of the posterior commissure was described preoperatively and confirmed after surgical inspection. The most frequently involved site of lesion was the P2 scallop, in 23 cases (69.7%). In almost half of these cases (n = 11, 47.8%), additional lesions were reported besides the P2 prolapse: a concomitant prolapse of P3 and P1 was identified on 7 and 4 patients, respectively. Additionally, in 3 cases an isolated prolapse of P3 scallop and the adjacent posterior commissure was identified. Sixteen cases (48.5%) of chordal rupture were identified, both after the preoperative echocardiography or after surgical inspection. In the context of a bileaflet prolapse, only 4 chordal rupture were reported (22.2%). Conversely, when the prevalent prolapse phenotype involved selectively the posterior leaflet, chordal rupture was reported in 10 cases (71.4%) and either the two cases of commissural prolapse were due to a chordal rupture. The maximal DD was located most frequently at P3 (n = 16). P2 (n = 7) and P1 (n = 6) were less commonly identified as the regions with the peak DD, such as the posterior and anterior commissure (respectively, the most disjuncted point in 3 and 1 cases). Interestingly, the maximal DD occurred in the prolapsing segment of the posterior mitral valve only in 13 cases out of 33 (39.4%). The circumferential values of DD were, then, singularly plotted into a distribution map. Two patterns of disjunction were identified: a bimodal shape was highlighted in 21 patients, while a more uniform distribution of the disjuncted annulus was observed in 12 patients, as shown in Figures 2, 3. Detailed regional values of disjunction are displayed in Table 2. The bimodal–“commissural”–pattern is characterized by an increased DD of the 90°–130° arch (7.2 ± 1.8 mm) as well as the 60°–80° (5.4 ± 2.2 mm) and 230°–280° arch (5.0 ± 3.4 mm), with lower values measured at the 140°–220° arch (3.6 ± 2.2 mm). The maximal disjunction is located at 120° on the ideal circumference of the valve, with a mean extension of 7.6 ± 1.8 mm. The extent of disjunction of P3 reaches a statistical significance threshold when compared to all the other segments. The “flat” pattern is characterized by an increased disjunction distance of the 90°–130° arch (7.5 ± 2.3 mm) and 140°–220° arch (7.8 ± 2.4 mm) with closer values of disjunction measured at the 230°–280° arch (7.0 ± 2.7 mm). The maximal disjunction is located at 140° on the ideal circumference of the valve, with a mean extension of 7.7 ± 2.3 mm. The Student’s t-test performed on this distribution was able to find significance only for the lower extent of disjunction in the anterior commissure when compared to P3 and P2 segment (p = 0.047). An overall difference in the extent and pattern of mitral lesions was identified in our retrospective analysis. The most frequent lesion identified in the commissural phenotype of disjunction was the chordal rupture (n = 12, 57%), while the presence of cleft-like indentation (n = 6, 29%) and bileaflet prolapse (n = 8, 38%) added additional complexity to the lesions’ set. Flat phenotype showed a marked tendency to bileaflet involvement (n = 9, 75%) with a reduced presence of both chordal rupture (n = 4, 33%) and cleft-like indentation (n = 2, 17%).
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FIGURE 2
Disjunction distance (DD) was measured in multiple planes orthogonal to the ideal annular plane, rotating at 10° intervals. Each value was singularly plotted into a distribution map and then two patterns of disjunction were identified. A commissural pattern was recognized in 21 patients, conversely a flat pattern of disjunction was observed in 12 patients.
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FIGURE 3
A dedicated quantification software (Mitral Valve Navigator, Philips Healthcare) was used for the rendering analysis of the valvular geometry. The circumferential values of disjunction distance (DD) were then singularly indexed to the total mitral circumference, in order to express the disjunction distance as a percentage of the total circumferential length of the valve.



TABLE 2    Regional values of disjunction.
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Quantitative analysis of annular structure and leaflets

Average measures of annular dimensions are shown in Table 3. The patients with a flat phenotype of disjunction showed an increased antero-posterior mitral diameter (43,3 ± 5.3 vs. 40,6 ± 4.3 mm), intercommissural width (54,4 ± 8.4 vs. 52,8 ± 5.0 mm), circumference (166 ± 26 vs. 159 ± 14 mm) and annular area (2,085 ± 616 vs. 1,862 ± 331 mm2), even if neither of this differences were deemed significative. Likewise, the surrogate equations which were used to convey the annular ellipticity and the non-planarian saddle-shape of the valve, failed to show a difference in this two phenotypes. All the morphological values were then indexed to body surface area and to end-diastolic left ventricular volume, when appropriate. Anyhow, in these two patterns of disjunction no significant difference was detected neither for the individual measurement nor for the indexed values.


TABLE 3    Annular and leaflets measurements.
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Surgical outcomes

All patients successfully underwent surgical repair. In 10 patients, tricuspid valve repair was also performed, according to the current valvular indications (8). A minimally invasive thoracotomy was the preferred surgical approach in 27 out of 33 cases (81.8%). One patient required an early reoperation due to persistent bleeding, one patient required a second aortic cross-clamp to achieve a satisfying valvular repair. Mean cardiopulmonary bypass time was 126,9 ± 28.0 min, mean aortic cross-clamp time was 92.5 ± 23.6 min. All patients received prosthetic annuloplasty ring implantation; triangular leaflet resection was performed in 19 cases (58%), neochordae implantation was the preferred technique in 3 cases (9%), while a secondary order tendineuos chord transposition was performed in one patients. Regarding the 17 patients with a bileaflet extension of the prolapse, in 9 of them the pre-procedural evaluation showed a symmetric billowing of the leaflets without any local prolapsing prevalence, a marked disjunction with a vigorous thickening of the basal posterior myocardial wall along with the systolic attraction of both papillary muscles toward the atrium. No prevalence of a specific MAD phenotype was detected in this peculiar cluster of patients (commissural pattern, n = 5, 56% vs. flat pattern n = 4, 44%). No adjunctive technique, beside the implantation of a prosthetic ring, was performed in this subset of patients. A satisfying coaptation depth was achieved in all patients. No case of residual regurgitation more than trivial or MAD were detected at the latest follow-up. Quantitative valvular analyses and intraoperative data of the two different surgical populations are detailed in Tables 4, 5, respectively. The group of patients treated with isolated annuloplasty showed increased intercommissural width (57.1 ± 6.6 mm vs. 51.3 ± 5.9 mm), antero-posterior diameter (43.7 ± 5.4 mm vs. 40.7 ± 5.4 mm), circumference (172 ± 20 mm vs. 156 ± 18 mm), and annular area (2,184 ± 530 mm2 vs. 1,819 ± 410 mm2), while comparable values of annular height, annular height-to-intercommissural width ratio and intercommissural width-to-anteroposterior diameter ratio were measured and calculated. Among these annular measurements, a threshold for statistical significance was reached only by intercommissural width distance (p = 0.04) and circumference length (p = 0.04). Conversely, a comparison between leaflet deformity showed in the isolated annuloplasty group a significant increase in total leaflet area (3,044 ± 841 vs. 2,319 ± 514 mm2), prolapse volume [13.7 (6.4–15.7) vs. 4.4 (2.6–6.8) ml] and leaflet area-to-annulus area ratio (138 ± 10% vs. 128 ± 9%). Interestingly, the comparison of indexed values was able to find an additional statistical significance: besides the already detected parameters, the anteroposterior diameter was additionally found to be increased in the isolated annuloplasty group (p = 0.04) when compared to the patients who needed adjunctive repair techniques.


TABLE 4    Annular and leaflets measurements.
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TABLE 5    Intraoperative data.
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Discussion

In the landscape of DMVD, the present study is among the firsts (2, 5) to characterize the detailed circumferential distribution of MAD and its geometric and surgical implications. The coupled motion of MA and the left ventricular contraction is pivotal to achieve a proper coaptation and ensure valve continence, allowing a balanced distribution of stresses and tensions on the mitral complex. The first evidence of the absence of this relation in MAD was provided in the seminal work of Lee et al. (2). Using acquired data from real time 3-dimensional echocardiography, the authors unveiled the functional decoupling of the annular and ventricular motions, which leads to a paradoxical systolic annular dilatation and unsaddling of the annular shape. In their cohort of 42 patients with MAD, the analysis of the relation of this feature with valvular structure and function showed a more severe deformity of the leaflets and chordae tendineae, with the disjunction generally located adjacent to the prolapsed segments and with a maximal DD measured at P2 scallop in 47.6% of the subjects. While the findings in our cohort confirm the common prevalence (n = 50, 58.8%) of MAD in the context of MMVD, in our analysis of the 3-dimensional annular anatomy we were able to identify two different patterns of disjunction: a commissural and a flat phenotype, with a maximal DD observed at the central region of the posterior annulus (P2 scallop) only in 7 cases. A crucial element of our study was the careful recognition of the so-called pseudo-MAD. In our cohort, it was possible to recognize the isolated presence of this entity in 24 patients (28%). Although the true-MAD prevalence is higher in our experience (58.8% of all the surgical patients with MMVD), the presence of the confounding pseudo-MAD was observed indeed even in the context of a truly disjuncted annulus. Actually, the two entities, already identified by Faletra et al. (6), coexisted in the same MA in one third of our analysis’ final cohort. Despite the increasing interest in the understanding of MAD, complex and comprehensive data of its distribution and implications are lacking. Our study provides rare insights into MAD phenotypes, allowing the identification of two major patterns with a higher prevalence of a commissural disjunction. Although MAD is constantly associated with profound annular alteration and marked leaflet redundancy, the feasibility of MVR is not impaired and only a small percentage of patients require a very complex repair technique. Our analysis identified a peculiar subgroup of patients in which the isolated annuloplasty may restore the physiological balance of mitral complex. These patients were those with the most increased annular dimensions and leaflet redundancy, as shown in Table 4. The disjointed annulus in these cases was the most remarkable of any subset analyzed, with the highest values of disjunction and leaflet deformity [peak disjuncted distance 10.6 ± 1.9 mm, prolapse volume 13,7 (6.4–15.7) ml and leaflet area 3,044 ± 841 mm2]. The disjunction in these cases was distributed in both commissural or flat patterns. This peculiar subgroup was rather identified because of their symmetric redundancy of both anterior and posterior leaflets and a peculiar dynamics. Doppler analysis showed a broad-based central regurgitant jet Supplementary Video 1 and surgical inspection confirmed in each case the diffuse myxomatous alteration of the leaflets. The marked muscular detachment from the normal annular anchoring resulted in a prominent, vigorous, basal bulging with an hyperkinetic aspect and significant thickening. This feature, recognized almost in every MAD patients, was interestly found to be reversible after surgical correction in the work of Essayagh et al. (9), with the evidence of restored diastolic wall thickness and systolic thickening. Another pivotal element of this mitral entity is the papillary muscles displacement toward the left atrium. Although an unequivocal and detailed measurement of the position of both papillary tips and an analysis of their contraction was not possible in the present study, all the patients chosen for an isolated annuloplasty repair showed this feature. In this group, surgical intervention involved an isolated non-restrictive annuloplasty (prosthetic ring mean size 37,5 ± 3,3 mm). Mean cardiopulmonary bypass time was 131 ± 24 min and mean aortic clamping time was 95 ± 26 min. When compared to the patients who underwent more complex valvular repair, this group showed an increased size of implanted prosthetic ring (37,5 vs. 35,1 mm), while no difference was observed in terms of surgical performance (cardiopulmonary bypass time 131 vs. 125 min, aortic clamping time 95 vs. 91 min).



Clinical implication and future perspective

Our observations corroborate the early evidence (2, 5) of an uneven circumferential distribution of the disjuncted MA. Despite MAD is commonly diagnosed and measured in parasternal long axis view, our analysis showed that central regions of the posterior MA are less frequently the most disjuncted (22%), and therefore the long axis transthoracic evaluation of disjunction could be sub-optimal to estimate its prevalence, leading to a potential diagnostic bias. TEE, with its increased spatial resolution and definition, should be considered in our opinion a more appropriate exam to routinely and comprehensively assess the presence and extension of MAD, given its heterogeneous distribution. A growing body of evidence has suggested that disjunction prevalence in general population is not a rare finding, especially when imaging modalities with higher spatial resolution were used (5, 10). Although there has been an increased attention to MAD presence and extension, due to its association with MMVD and sudden cardiac death (4), a recent European survey on valvular heart disease clinical experience (11) reported that TTE is still the modality of choice to asses MAD, while cardiac magnetic resonance (CMR)–which is usually considered as gold standard among the different imaging techniques (12–14)–is only adopted by 29% of the respondents. On the other hand, due to its intrinsic bi-dimensional nature, dedicated and standardized protocols should be validated and implemented in order to replicate a careful analysis of MAD extension along every mitral segment. In the spectrum of MMVD, a complex plethora of lesions and leaflet’s abnormalities are known to reduce the feasibility of a durable repair leading to challenging surgical scenarios. Nevertheless, even in the context of advanced BD, the main annular feature reported is the mere dilatation of its diameters, along with the loss of its typical saddle-shape. With its high prevalence and heterogeneity, MAD is usually underestimated and rarely comprehensively evaluated in pre-operative work-ups. Very few attempts were made in order to surgically address this feature (15) which is often neglected or forgotten. In the landscape of complex MVR, the symmetric bileaflet prolapse represents a highly selected cohort of patients in which MAD could be identified as an active pathogenetic mechanism (16). The surgical correction of this annular abnormality with an isolated annuloplasty is a high-feasible and low-risk procedure (17–19). Moreover, in similar cohort of patients with MAD, MVR showed to be effective not only to provide the restoration of a proper coaptation, but also to restore a normal systolic thickness and pattern of myocardial wall contraction (9). This positive remodeling, along with further analysis of the prolapsing volume’s impact on mitral regurgitation pathophysiology (20, 21) and the potential surgical benefit exerted on the arrhythmic profile (22), should be pivotal elements to take into account for the lifetime management of this peculiar valvular disease.



Study limitation

In order to increase the understanding of MAD 3-dimensional anatomy, we developed and enhanced in our study a complex approach, which integrates the 3-dimensional echocardiographic analysis of the disjunction and the quantitative modeling of the mitral valve. Further studies are needed in order to validate the proposed workflow, which is still remarkably time-consuming, and to find an agreement about validated measuring methods of MAD extent. The retrospective nature of the study, the small sample size and the short term results of our repaired mitral valves are major limitations we were not able to avoid in the present work. A prospective, multicentric design, results’ reproducibility in larger cohorts of patients and an appropriate follow-up are also mandatory elements to look for in the following years in order to deepen the knowledge about MAD.



Conclusion

Mitral annular disjunction should be considered an intrinsic component of the myxomatous disease spectrum, with its complex and heterogeneous morphology. TEE should be considered a mandatory exam to routinely assess the presence and extension of MAD, along with its prevalent phenotypes which can be easily addressed without an increased surgical challenge.
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Mitral valve prolapse (MVP) is the leading cause of mitral valve surgery. Echocardiography is the principal imaging modality used to diagnose MVP, assess the mitral valve morphology and mitral annulus dynamics, and quantify mitral regurgitation. Three-dimensional (3D) echocardiographic (3DE) imaging represents a consistent innovation in cardiovascular ultrasound in the last decades, and it has been implemented in routine clinical practice for the evaluation of mitral valve diseases. The focus of this review is the role and the advantages of 3DE in the comprehensive evaluation of MVP, intraoperative and intraprocedural monitoring.

KEYWORDS
 mitral valve prolapse (MVP), mitral annulus (MA), mitral regurgitation (MR), three-dimensional echocardiography (3DE), mitral valve surgery, percutaneous mitral valve repair


1. Introduction

Three-dimensional (3D) echocardiographic (3DE) imaging represents a considerable innovation in cardiovascular ultrasound in the last decades (1). Advancements in transducer and software technologies allow 3DE acquisition and visualization of cardiac structures from different perspectives (1). Usefulness of 3DE and its superiority over 2D echocardiography has been ascertained in several fields of cardiovascular diseases. Presentation of realistic views of heart valves and their anatomical relationships, accurate quantification of valve geometry, and reproducible volumetric assessment of valves' regurgitation with 3DE color Doppler imaging represent one of the major steps of echocardiographic imaging (1, 2).

In this regard, the assessment of mitral valve (MV) pathology by 3D transthoracic (TTE) and transesophageal echocardiography (TEE) has been incorporated into routine clinical practice, since these imaging methodologies provide the best physiologic and morphologic information on the MV.

This review provides an overview on the role of 3D TTE and 3D TEE in the evaluation of MV prolapse (MVP) and the latest innovations in the assessment of this pathology in terms of anatomic diagnosis, automated and computational analysis of the MV apparatus, eligibility for surgical or percutaneous treatment, pre-operative planning, intraoperative and intraprocedural monitoring.



2. Historical background

In the last century, great progress has been made in MVP diagnosis by use of ultrasound. First studies on M-mode echocardiography reported that MVP could be recognized as a mid-systolic posterior and downward movement of echoes from both leaflets toward the left atrium (LA), with a separation of the two leaflets (3). With the advent of 2D probes, MVP was defined as a dislocation of the body of the MV leaflets ≥2 mm above the valvular plane during ventricular systole, as assessed by 2D TTE in parasternal long-axis, or in the apical 3-chamber view (4). Finally, 3DE significantly improved the accuracy in MVP diagnosis by echocardiography and revolutionized qualitative and quantitative assessment of the MV.

3DE finds its roots in the 1970s and early 1980s when efforts were made to develop methods for locating a standard 2D transducer in space, acquiring multiple 2D images, and then melding them into a 3D image (5). After initial experimental techniques (6, 7), rotational transducers and devices became by far the most popular in the early 1990s. However, the breakthrough technology that allowed high-quality real-time imaging was the development, only after the year 2000, of a microbeam former that allowed communication of ~3,000 piezoelectric elements within phased-array transducers (5). Since the initial release of real-time (RT) 3DE in 2002 (8), much research has been performed on this system and a 3D TEE probe was produced in 2006–2007, allowing the initial true clinical application of 3DE.

Figure 1 shows examples of 3D TTE and 3D TEE images of the MV with old and new methodologies.


[image: Figure 1]
FIGURE 1
 Examples of technical evolution of 3D echocardiography. In (A) examples are reported of P2 prolapse by RT 3D TTE (top panel); anterior and posterior leaflet prolapse (arrows) by rotational 3D TEE (bottom panel). In (B) examples are reported of P2 flail by RT 3D TTE (top panel), and P1 flail by 3D RT TEE (bottom panel). In (C) an example is reported of TI rendering: P2 prolapse by 3D TTE (top panel) and by 3D TEE (bottom panel). In (D) an example is reported of the “transparency” effect: P2 flail with a detailed visualization of the ruptured chorda by 3D TTE (top panel); mitral regurgitation color Doppler superimposed to the 3D TEE image (bottom panel). 3D, three-dimensional; RT, real-time. TEE, transesophageal echocardiography; TI, transillumination. TTE, transthoracic echocardiography.




3. Clinical applications of 3D echocardiography in the study of the mitral valve

Mitral valve prolapse (MVP) affects about 2–3% of the general population and is the leading cause of MV surgery (9). Prognosis of MVP is mainly determined by the presence and degree of mitral regurgitation (MR). Therefore, identification of morphological and functional factors leading to progression of the MV disease, and finally to surgery, is of utmost importance (10). Analogously, accurate description of the mitral annulus (MA) morphology and leaflets lesions is fundamental to guide the surgeon in MV repair and selection of a proper sized prosthetic ring for annuloplasty (11, 12).


3.1. Morphological evaluation of mitral valve leaflets

MVP has two main phenotypic expressions: fibroelastic deficiency (FED) and Barlow's disease (BD) (13, 14). FED is secondary to connective tissue deficiency. It usually affects patients >60 years and is characterized by leaflet thickening (due to myxoid infiltration) almost exclusively localized to the prolapsing scallop, and frequent chordal rupture (13, 14). On the contrary, BD is likely genetically determined, and characterized by diffuse myxoid deposition causing excessively thickened leaflets (13, 14). It usually affects younger patients and is characterized by multiple segments involvement, with often bileaflet redundancy, frequently associated with chordal elongation (13, 14) (Figure 2).
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FIGURE 2
 Etiologic phenotypes of mitral valve prolapse. Top panels show examples of fibroelastic deficiency: in (A) P2 prolapse by 3D TTE applying the TI effect; in (B) P2 flail with multiple ruptured chordae by 3D TEE; in (C) P2 flail with single chordal rupture by 3D TEE; in (D) P2 flail with multiple chordal ruptures by 3D TEE. Bottom panels show examples of Barlow's disease: in (E) prolapse of P1–P2–P3 (arrows) by 3D TEE applying the TI effect; in (F) bileaflet prolapse (arrows) by 3D TEE. 3D, three-dimensional; TEE, transesophageal echocardiography; TI, transillumination. TTE, transthoracic echocardiography.


2D TTE is fundamental for MVP diagnosis and etiological assessment, MR quantification and hemodynamics estimation. Although in clinical practice the terms prolapse and billowing are used interchangeably, these entities display some differences. For surgeons, prolapse is characterized by a displacement of the leaflet tips and coaptation point above the MA plane, due to chordal or papillary muscle elongation (4, 15). MV billowing is defined when the leaflet body protrudes into the LA above the MA plane, whereas the leaflet tips and coaptation point remain at the level of the MA plane or below (4, 15). Identification of the prolapsing or flail scallops by 2D echocardiographic imaging was improved with the advent of multiplane 2D TEE (16, 17). However, 2D TEE is a semi-invasive technique and still requires the operator to be able to mentally reconstruct the 3D MV anatomy in his/her brain based on multiple acquisitions of 2D images (9, 18).

3DE aids in differential diagnosis between MV prolapse and billowing, and between organic MV lesions and other potential etiologic causes of MV flail, such as infective endocarditis causing leaflet flail/perforation or post-ischemic leaflet flail secondary to complete or partial rupture of papillary muscle. Additionally, 3DE aids in the identification of the prolapsing or flail scallops.

Different methods for 3DE data acquisition are available: RT 3DE (simultaneous multiplane mode, and real-time 3DE) and ECG-triggered multi-beat 3DE (zoom and full volume mode) (1). RT 3DE consists in the acquisition of a volume data set in a single heartbeat and is limited by the low volume rate in case of large volume data sets (19). This issue may be overcome by multi-beat acquisitions during single breath-hold, with subsequent post-processing of the volume data set and 3D rendering (19). The zoomed acquisition provides the highest temporal and spatial resolution and is the preferred mode of acquisition to evaluate leaflet anatomy and function in detail. On the contrary, full-volume acquisitions are mainly applied when the operator needs to investigate the entire MV apparatus (17).

Differentiation between prolapse and billowing by conventional 2D echocardiography is not always straightforward, due to the non-planar leaflet-annulus relationship (2). Addetia et al. showed that the use of 3D color-coded parametric models of maximal leaflet displacement from the MA plane provides detailed information to differentiate leaflet prolapse from billowing and increases the accuracy in the identification of the site and extent of MV lesions, also by operators with limited experience (15). By providing the “en-face” view of the valve from the atrial perspective (the so-called “surgical view”), 3DE also allows a comprehensive evaluation of the MV morphology and a simultaneous visualization of all mitral scallops (20–23).

With the introduction of 3D matrix transducers, it became possible to identify the prolapsing or flail segment by using multiple 2D x-plane views acquired from a standard parasternal short axis (24). The cursor in a primary image is placed in correspondence of a region of interest, then an orthogonal view of the same region is simultaneously displayed as a secondary image resembling a parasternal long axis view (24). By making a medial-to-lateral sweep across the MV coaptation line in the short axis view, a segmental analysis of the entire MV from the posteromedial to the anterolateral commissure can be performed, allowing the detection of the prolapsing or flail segment in the secondary image (24). The limit of the x-plane technique is the lower frame rate in contrast with the original 2D image (24).

In early 2000's, with the advent of new transthoracic 3D matrix array probes that allowed RT 3DE rendering, 3DE proved to be accurate and reproducible in localizing the prolapsing segment with a higher accuracy than corresponding 2D imaging, assuming surgical findings as reference (25). Diagnostic accuracy of 3D TTE vs. 2D TTE was even more evident in complex prolapse, with involvement of the anterior leaflet, both leaflets, and/or commissures (25, 26).

With subsequent advancements in matrix technology that allowed to perform 2DE, 3DE and color Doppler mode with a single TT transducer, another study including 149 patients with MVP, confirmed a high accuracy of 3D TTE in the localization of the prolapsing or flail scallop, as compared to surgical inspection (sensitivity 89%, specificity 94%, overall accuracy 93%) (27). Accuracy was slightly but significantly lower with 2D TEE (sensitivity 84%, specificity 94%, accuracy 91%), which was mainly due to the lower sensitivity of 2D TEE in the detection of lesions located in the posteromedial commissure (27).

In 2014 Ben Zekry et al. demonstrated that all four imaging modalities (2D TTE, 2D TEE, RT 3D TTE, and 3D TEE) were comparable in identifying MR etiology, but 3D TEE had the best agreement with surgery in the identification of anterior leaflet prolapse and bileaflet or multisegmental prolapse (16). Indeed, 3D TEE allows a more authentic depiction of MV morphology, providing a prompt identification of individual scallops and characterization of morphologic leaflet variants and commissures (28, 29). Biaggi et al. found that 3D TEE was more accurate than 2D TEE in specific conditions, such as morphological evaluation of complex MVP and quantitative evaluation of MV leaflets and annulus, assuming surgical valve inspection and measurements as reference (30). Additionally, in less experienced echocardiographic readers, 3D TEE allows a significantly shorter time to MVP diagnosis, higher diagnostic accuracy (mainly due to higher specificity), and improved identification of P1 and P3 prolapse compared to 2D TTE and 2D TEE (9).

Consequently, since 2000's, RT 3D TTE has been suggested to be integrated in routine echocardiographic evaluation of the MV disease and become part of everyday clinical practice, performing 2D and 3D TEE examination intra-operatively to refine the diagnosis or pre-operatively in dubious cases (25–27, 31). Moreover, 3D TEE has become the reference imaging modality to guide percutaneous MV procedures.

More recently, new 3DE tools have been introduced into clinical practice, that improve the visualization of cardiac structures. Transillumination (TI) introduces shadow effects by using a virtual light source into the data set (32, 33). In a small series of MVP patients undergoing surgery for significant MR, assuming surgical findings as the gold-standard, it was shown that compared to standard 3DE, TI showed significantly higher accuracy in recognizing prolapsing scallops, and chordal rupture (32). Transparency or “glass” effect allows the operator to adjust tissue transparency, thus improving the delineation of cardiac and extracardiac structures (34). This tool showed an incremental value compared to TI and standard 3D technology in the recognition of MV anatomy, border delineation, and pathogenetic mechanisms (35) (Figures 3, 4).
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FIGURE 3
 The advantage of transillumination rendering in 3DE. Top panels show an example of P2 flail by 2D TTE with evident eversion of the scallop in a 4-chamber view (A) and in a long-axis view (B). Bottom panels show 3D TTE surgical views of the mitral valve by standard 3D reconstruction (C) and by TI rendering (D). Only TI clearly shows the entire P2 scallop prolapsing in the left atrium with multiple chordal ruptures. 3D, three-dimensional; TEE, transesophageal echocardiography; TI, transillumination. TTE, transthoracic echocardiography.
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FIGURE 4
 The role of new 3D tools in echocardiography. Shown are three examples of MVP, in which new tools may improve the quality of imaging. Top panels show a P2 prolapse by standard 3D TTE (A) and by TI rendering (B). Mid panels show a complex P2 prolapse by standard 3D TEE (C) and by TI rendering, which clearly shows the fragile texture of the leaflet (D). Bottom panels show a P2 flail by 3D TEE applying the TI tool (E) and the transparency effect (F). 3D, three-dimensional; Ao, aorta; MV, mitral valve; TEE, transesophageal echocardiography; TI, transillumination. TTE, transthoracic echocardiography; TV, tricuspid valve.



3.1.1. Cleft mitral valve

MV cleft is a congenital indentation of the MV. Since the posterior leaflet has physiologic indentations, diagnosis of posterior leaflet cleft was proposed when the indentation depth is > 50% of the depth of the adjacent leaflet tissue or when it reaches the MA. In MVP, localization, size and shape of clefts and posterior leaflet commissures are fundamental to guide surgical and interventional procedures in case of significant MR (36, 37). Direct suture or insertion of an autologous pericardial patch, with or without annuloplasty, are the most effective surgical techniques to treat MR secondary to MV indentations (36, 37). Though clefts represent an unfavorable anatomical feature for MitraClip implantation, preliminary data suggest that it might be an option to correct MV indentations in selected patients at high surgical risk (37–39).

By 2D TTE, the parasternal short-axis view at the level of the MV is the optimal view to detect leaflet indentations, that appear as an area of discontinuity of MV echo at end-diastole (36). However, indentations diagnosis by 2D TTE is particularly challenging, and it is rather difficult to identify their shape and maximum size, possibly because of echo dropout, artifacts and because the leaflets and the MA are placed at different levels (36, 37).

RT 3DE displays indentations in multiple views, allowing direct identification of their position, shape, and size (36). Assuming surgical findings as reference, 3DE has a significantly higher diagnostic accuracy compared with 2D echocardiography (36). Similarly, Narang et al. investigated by 3D TEE the prevalence and locations of isolated cleft MV in patients with unexplained ≥ moderate MR (37). They found that isolated cleft prevalence was significantly higher (3.3%) than previously reported on the basis of 2D echocardiographic studies (37). By using 3D color Doppler, the origin of the regurgitant jet can confirm the cleft position. Therefore, 3DE is a valuable tool to detect mechanisms of unexplained significant MR, and TI recently proved to have a significantly higher accuracy than standard 3DE in recognizing leaflet indentations (32).




3.2. Evaluation of geometry and mechanics of the mitral valve annulus

The MA is a complex asymmetrical 3D saddle-shaped fibrous structure, separating the LA from the LV (40). Anteriorly, it is connected to the aortic annulus by the mitro-aortic curtain; the posterior annulus is composed of a discontinuous connective string interspersed with adipose tissue, connecting the LA wall to the LV myocardium and sustaining the posterior mitral leaflet (41–43). The “saddle” of the MA is characterized by two peaks located anteriorly and posteriorly, respectively, whereas the lowest points are located medially and laterally at the commissures (41, 42). This peculiar geometry of the MA, in conjunction with leaflet billowing, allows the unloading of the MV leaflets from excessive systolic forces, ensures leaflet coaptation, and promotes LA and LV filling and emptying (41, 42, 44).

The MA is a dynamic structure, showing three types of motion throughout the cardiac cycle. The sphincteric contraction is determined by the passive movement of the posterior MA, following contraction and relaxation of the LV basal wall (41, 43). This movement corresponds to a reduction in the antero-posterior (AP) diameter and allows coaptation of the leaflets before the LV pressure increases (41, 43). The translation motion derives from the reduction of the LV long axis due to the contraction of myocardial fibers (41, 43). It corresponds to the approximation of the MA toward the LV apex (41, 43). The annular folding across the intercommissural (IC) diameter corresponds to an accentuation of the MA saddle-shaped geometry, which furtherly reduces the systolic stress exerted on the leaflets (41, 43). Normal MA dynamics is characterized by early systolic area contraction and accentuation of the saddle-shape due to AP diameter contraction, increase in leaflet tenting height and apical descent of commissures (13, 45–48). After leaflet closure, the AP diameter expands, leaflet tenting height decreases and the MV area gradually increases until end-systole (13, 45–48).

Quantitative evaluation of the MA enlargement and dysfunction, together with morphological evaluation of the MV leaflets, aids in the understanding of MR pathophysiology and is essential in the planning of surgical and percutaneous MV repair (13, 45, 48).

2D evaluation of the non-planar MA structure is necessarily incomplete and is limited to its visual anatomical evaluation, and to linear or area measurements (48, 49). MA quantification by 2D TTE includes measurement in diastole of the AP diameter (in the parasternal or in the apical long-axis view), and septo-lateral diameter (in the apical 4-chamber view) (11, 23). Using the parasternal long-axis view, annular dilatation is defined by an annulus/anterior leaflet ratio >1.3 o by an AP diameter >35 mm (23). However, MA diameters tend to be underestimated by 2D echocardiography compared to RT 3DE (11). Several commercially available 3DE software systems provide a detailed high-resolution static and dynamic reconstruction of the MA by tracking landmarks throughout the cardiac cycle, allowing the identification of any structural annular deformation and abnormalities in leaflets morphology (10, 12, 46, 48, 50). The automatic tracking workflow finally delivers a 3D rendering of the MV and provide 3D parameters of the MA and leaflets: AP diameter; anterolateral-posteromedial (ALPM) diameter; IC diameter; MA height; MA circumference and 3D area; sphericity index; aortic-to-mitral plane angle; planarity index, intended as a surrogate of the annular saddle-shape; non-planar angle; MV 3D tenting height, area, and volume; leaflets length and 3D area; length, height and area of coaptation (10, 12, 46, 48) (Figure 5).
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FIGURE 5
 Quantitative modeling of the MV leaflets and annulus by 3DE. Shown is an example of 3D MA reconstruction and semi-automatic computation of 3D MA and leaflets measurements in a case of P2 prolapse. 3DE, three-dimensional echocardiography. MA, mitral annulus.


Compared to healthy subjects, patients with MVP show significantly larger MA size, being both AP and ALPM diameters longer and 3D MA area larger than controls (10, 12, 46, 47, 51), with BD showing greater MA dimensions, higher mitral height, and increased leaflets area than FED (12, 13). Additionally, MVP is characterized by increased ellipticity, reduced height and flattening of the MA compared with controls, as well as increased length and surface area of the leaflets, higher billow height and volume, and longer coaptation length (10, 42). Lee and colleagues demonstrated that structural deformation of the MA and MV leaflets were associated with higher degrees of MR. Specifically, predictors of significant MR in MVP were increased annular size and flattening, leaflet billow volume and height, and coaptation line length (10). They argued that annular flattening would increase the stresses exerted on the leaflets and favor the progression of leaflet lesions, including chordal rupture (10).

Several studies, using 3D TTE or 3D TEE, have also been conducted to analyze the annular dynamics in MVP, which is quite disputed (13). Some authors reported a preserved MA function in MVP patients (46, 47, 51). Conversely, other studies observed a significant decrease in early-systolic MA area contraction, due to reduced AP diameter contraction and simultaneous IC diameter expansion, as well as a delayed and attenuated saddle shape accentuation, and late-systolic abnormal increase in MA area (13, 19, 46). When considering FED and BD as separate entities, MA function and dynamics in FED are close to normal, whereas MA is excessively enlarged, flattened and dysfunctional in BD. Indeed, BD show a significant decrease in early-systolic AP contraction and a late-systolic increase in IC diameter (13, 52). These features might influence the choice of repair technique and the selection of annuloplasty ring (52).

Thanks to the progressive improvement of 3D scanners, the evaluation of the MA by TTE has become feasible, accurate, and reproducible. In 2014, Mihaila et al. showed that 3D TTE results were similar to those obtained by 3D TEE. Quantitative evaluation of the MA is compromised mainly in case of suboptimal apical acoustic window, major calcification of the MA, and irregular heart rhythm (48). Additionally, the advent of new software providing full-automatic measurements of 3D echocardiographic static and dynamic characteristics of the MA, requiring minor or no manual adjustments, has rendered the analysis less time-consuming and more reproducible, with a significant impact on clinical practice (53).


3.2.1. Mitral annular calcification

Mitral annular calcification (MAC) is a degenerative/inflammatory process resulting from progressive calcification of the posterior annulus, and affecting up to 15% of population >70 years or patients with multiple cardiovascular risk factors or with chronic kidney disease (43, 54). The posterior MA is not supported by a rigid connective structure and may undergo microinjuries at the junction between the leaflet and the LV wall (43). The process can be accelerated by pathologic conditions increasing the hemodynamic stress over the posterior MA, such as systemic hypertension, aortic stenosis, hypertrophic cardiomyopathies, or MV prolapse (43). Identification of this relatively benign lesion is essential before surgery (MV repair or replacement) and before percutaneous procedures, as it affects the success of interventions on the MV.

By 2D echocardiography MAC appears as a bright, echodense mass in the region of the posterior MA, with a crescentic shape in the parasternal short-axis view (55). Caseous calcification appears as a highly echogenic mass, with an echolucent core, indicative of liquefaction (55). Differential diagnosis between MAC, thrombus, tumor, and vegetation by 2D TTE can be sometimes challenging (56).

In 2010, Assudani et al. presented a case in whom 3D TEE allowed a more confident diagnosis of caseous MAC, compared with 2D echocardiography and 3D TTE. 3D TEE revealed an echodense mass involving the posterior MA, and a relatively less echogenic area characterized by multiple, small echodensities surrounded by highly echogenic borders, consistent with regions of calcific granules interspersed in a liquefied substance (55). Such echodensities could not be detected by 2D echocardiography, mostly due to shadowing and reverberations caused by calcium (55). Recently, a case report was published where a 3D “en-face” MV view by TEE was crucial to understand the nature of MAC (56). The application of TI technology allowed the distinction of MAC from surrounding structures, since calcific areas cannot transmit the light generated by the virtual light source of TI (56).



3.2.2. Mitral annular disjunction

A recently described annular anatomic abnormality is the MA disjunction (MAD), which is described as a separation between the LV myocardium and the attachment of the posterior MV leaflet to the LA wall (57). MAD has been variably described as a simple anatomical feature of the MA, a potential cause for myxomatous MV degeneration, or as a risk factor for ventricular arrhythmias (58–64). MAD can be assessed by different imaging techniques (TTE, TEE, cardiac computed tomography, and cardiac magnetic resonance) (59–62, 64–66). Regardless of the imaging modality used, MAD is evaluated at end-systole, and is measured as the distance between the posterior leaflet hinge point and the adjacent LV basal wall. To detect MAD and measure its maximal length by echocardiography, a frame-by-frame analysis of high-resolution and excellent-quality images is required.

By 2D TTE and TEE, MAD is evaluated in standard long-axis views, so that the entire MA circumference cannot be completely assessed for MAD presence (58, 67). However, histological studies showed that MAD can be found in any segment of the MA, with the exception on the mitro-aortic curtain (63). Indeed, the posterior two-thirds of the MA may represent an area weakened by mechanical stress (68).

3D echocardiographic imaging can be used to comprehensively evaluate the entire MA. Lee et al. analyzed the MA anatomy and dynamics by 3D TEE, using multiple reconstructed planes at 10° intervals around the long axis. Comparing MVP patients with MAD with those without MAD, and with controls, they found that MAD is associated with paradoxical dilatation and flattening of the annulus in systole, as well as accentuated leaflet abnormalities (62). In the presence of a disjunctive annulus, the annulo-ventricular coupling is lost and the MA follows the atrial wall motion (60, 62, 68), undergoing a systolic expansion and flattening, which is supposed to increase the mechanical stress exerted on mitral leaflets (67). Such abnormalities would lead to an acceleration of the degenerative process and a progression of the underlying MV disease (58, 62, 67). Therefore, evaluation of MAD presence has become integral part of standard TTE and TEE when assessing patients with MVP.




3.3. Quantification of mitral valve regurgitation

In MVP patients, prognosis, and timing for surgical or percutaneous treatment depend on MR severity, which needs to be accurately quantified (17, 69). 2D TTE is the first-line non-invasive examination performed for quantification of MR severity, its hemodynamic and ventricular consequences (70). Technological improvements have made 3DE more accurate and reproducible in quantifying the MR grade, than 2D echocardiography imaging, which has several limitations and necessitates a multiparametric approach for MR quantification (17, 69, 71).

Assessment of MR severity by 2D echocardiography relies on qualitative, semi-quantitative, and quantitative methods. Qualitative methods include the visual assessment of the color wave (CW) Doppler intensity of the MR jet (69). Semi-quantitative methods include color flow Doppler imaging, the vena contracta (VC) width, the antegrade velocity of the mitral inflow, and the pulmonary venous flow pattern. The VC is the narrowest width of the regurgitant jet occurring at or immediately downstream of the regurgitant orifice (69). However, it assumes that the regurgitant jet origin is circular. Moreover, VC width measurements by 2D echocardiography are not additive in case of multiple jets, and intermediate values need confirmation with other methods (69). Among quantitative methods, the proximal isovelocity surface area (PISA) method for the calculation of effective regurgitant orifice area (EROA) and the regurgitant volume is the most used and valuable to quantify MR, whenever feasible (69). However, it is influenced by systolic changes in regurgitant flow, and it is just an instantaneous measure of a single-frame peak flow rate (72). This limitation may be more relevant in case of mid- or end-systolic than holosystolic MR. Furthermore, the PISA method is less accurate for eccentric jets and for jets with non-circular regurgitant orifice (72). Finally, this method is not validated for multiple jets, and errors in the application of this method are finally squared.

3D color Doppler acquisition adds flow information onto 3DE anatomy (1). It is acquired using live 3D or multi-beat full-volume acquisitions, being the first more limited by lower frame rates, and the latter more affected by stitching artifacts (1). For detailed color flow analysis, 3D TEE is recommended over 3D TTE because it provides color Doppler images of better quality (1). The 2D PISA method relies on the assumption that the isovelocity shell is hemispheric (73). However, this may not hold true for eccentric or multiple jets, as well as for non-circular regurgitant orifices (69). Direct evaluation of the VC area (VCA) by 3DE showed significant asymmetries of the regurgitant orifice, questioning the assumption that PISA has a spherical morphology and VC a circumferential shape, thus suggesting that single-plane measurements might be inaccurate (71, 74). From 3D color Doppler data set, 3DE allows direct measurement of 3D VCA, without any flow or geometric assumption (71, 74). After cutting the 3D volumetric data set to optimize the visualization of the regurgitant jet from the “en-face” view, alignment of planes is manually adjusted to identify the origin of the jet (75). Specifically, two orthogonal planes (x and y) are oriented along the major axis of the regurgitating jet, with the third plane (z) placed perpendicular to the direction of the jet and passing through the cross-sectional area of the VC (75). 3D VCA is then measured as a planimetry of the regurgitant orifice area (17). This method is proved to be more reliable and accurate than the 2D VC method for MR quantification due to direct visualization of the orifice morphology (76, 77). Assuming the 2D integrative method as the reference standard for MR grading, a cut-off value of 0.41 cm2 for 3D VCA showed 82% sensitivity and 97% specificity in differentiating moderate from severe MR (78). Using 3D VCA and sampling the regurgitant jet with the CW Doppler, the regurgitant volume can be calculated multiplying the anatomical regurgitant orifice area and the velocity time integral, similarly to what is done with 2D echocardiography. Shanks and coauthors found that 2D TEE underestimated EROA and the regurgitant volume compared with 3D TEE and cardiac magnetic resonance, and the underestimation of the regurgitant volume was significantly more evident in eccentric than central MR (79). In case of multiple jets, the sum of 3D VCAs accurately reflect MR severity (77). Another way to assess MR grade by 3DE is using the 3D PISA technique or direct measurement of the anatomic regurgitant orifice area (AROA) (74). The first consists in measurement of the 3D surface of the proximal flow convergence region without any geometric assumption (74). Spampinato et al. prospectively evaluated the diagnostic accuracy of the 3D PISA method in comparison to standard 2D echocardiography, and cardiac magnetic resonance, using a multiparametric 2D TTE approach as reference for assessing the MR grade in a population of MVP patients (80). They showed that semi-automated RT 3DE derived PISA may allow similar MR grading as compared to standard 2D TTE, with overestimation in case of asymmetric flow convergence zone or when assuming cardiac magnetic resonance as reference (80). The authors argued that 3D PISA has the advantage to display the localization and extension of the proximal flow convergence region from the “en-face” view, aiding the observer in the evaluation of MVP complexity (80). The AROA is a direct measure of the regurgitant orifice, rather than a measure derived from hemodynamic data (81). Its calculation requires a multiplanar reformatting process of 3D data set: using 2D cut planes, a third plane is placed at the gap between the prolapsing or flail leaflet, then the orifice area is traced (74, 81).

A limit of 3DE for MR quantification is the lower temporal and spatial resolution of 3D color Doppler imaging, due to intrinsically lower frame rates, as compared to 2DE (71). This may constitute a problem especially in the presence of small regurgitant orifice area (74). Second, 3D VCA, 3D PISA and 3D AROA measurements require adequate expertise and are time-consuming since they are based on off-line post-processing. Third, there is no standardization of the temporal frame, where measurements should be performed (17). The choice of the systolic frame affects VCA assessment and may cause interobserver variability and low reproducibility (74). In case of late-systolic MR, alike 2D, 3D measurements are performed at the time-point corresponding to maximal MR grade, which may not reflect the entire systole, and so overestimate MR severity. Finally, 3D VCA and 3D AROA depend on multiplanar reconstruction to obtain the cross-sectional plane of the regurgitant orifice (74). Particularly in case of eccentric jet, a non-perpendicular cropping of the regurgitant jet may cause an overestimation of VCA (74). Despite several studies have documented the higher accuracy of 3D vs. 2D assessment of MR degree, pitfalls of 3D calculations limit 3DE application in routine clinical practice for MR assessment (17).

Table 1 summarizes the incremental role of different echocardiographic modalities in the quantitative and qualitative evaluation of the MV.


TABLE 1 Incremental role of 3D echocardiography in the evaluation of mitral valve prolapse.
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4. Surgical treatment of mitral valve prolapse

Surgical MV repair is the reference standard treatment for severe degenerative MR, since it is associated with better survival compared to MV replacement. The recent guidelines from ESC and EACTS recommends surgery in patients with symptomatic severe primary MR and acceptable surgical risk according to the Heart Team (82). The presence of LVEF ≤ 60%, LVESD ≥40 mm, LA volume ≥60 mL/m2 or diameter ≥55 mm, systolic pulmonary arterial pressure >50 mmHg and atrial fibrillation, are considered triggers for intervention regardless of symptomatic status (82). Moreover, guidelines underline that, even in asymptomatic patients with preserved LV systolic function, MV repair should be considered when the likelihood of a successful repair is high and in presence of a low operative risk (82). Surgical outcomes depend on pre-operative status, mechanism of MR, MV anatomy, technique of repair, and experience of the center and surgeon. Centers with large experience in MV repair achieve hospital mortality <1%, very low rates of major adverse events and good long-term results (83–88). Long-term survival and quality of life after timely MV repair mirror the age-matched general population (89). In contrast, late survival is reduced if MV repair is carried out in patients with congestive heart failure, reduced LV ejection fraction, pulmonary hypertension, or atrial fibrillation (89).

Characterization of MV anatomy is fundamental to plan the most appropriate repair technique, and to predict the surgical outcome (9, 18, 27, 30, 31, 90, 91). Table 2 summarizes parameters that should be assessed by 3DE before surgical MV repair.


TABLE 2 Pre-operative checklist of 3D echocardiographic parameters for planning MVP surgery.
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4.1. Surgical mitral valve repair

The main goals of MV repair (restitution of physiological leaflet motion, achievement of adequate leaflet coaptation and annular stabilization with maintenance of an adequate mitral orifice) can be achieved using a variety of isolated or combined techniques (leaflet resection, implantation of artificial chordae, chordal transposition/transfer, edge-to-edge technique, annuloplasty using a prosthetic ring or band) according to the type and location of the mitral lesions. Currently, >95% of degenerative MV lesions can be successfully repaired in experienced centers. The valve abnormality that lends itself to a successful repair is the degenerative disease with FED or chordal rupture involving a scallop of the posterior leaflet (92). In patients with this condition, quadrangular or triangular resection with implantation of an annular ring will result in successful repair. Repair becomes more difficult in the presence of MAC, precluding adequate ring annuloplasty, or calcification and fibrosis of the valve leaflets. Increasing leaflet redundancy and excessive tissue involving the anterior leaflet need a higher level of surgical expertise and additional surgical procedures such as chordal transfer and implantation of artificial chords, as well as addressing commissural problems (88, 93–97).

Since more complex surgical procedures are mainly indicated in cases with more complex prolapses and vice versa, noninvasive pre-operative assessment of the MV anatomy is essential to define feasibility and complexity of repair. 3DE, eventually using ad hoc post-processing software, may facilitate surgical planning, applying a tailored approach to each patient (2, 16, 98). The relationship between the extent of MV lesions, as assessed by RT3DE, and the complexity of surgical procedures has been demonstrated in the literature (31). Involvement of the anterior leaflet, bileaflet and multisegmented prolapse, severe annular calcification, increased annular dimensions and leaflet height were shown to be anatomic predictors of a lower likelihood of successful repair (30). Besides the ability to predict the complexity of surgical repair, 3DE has been demonstrated to predict residual MR and cardiac reverse remodeling at long-term follow-up (91). Indeed, Tamborini et al. found that complex prolapses, undergoing complex procedures, had twice the percentage of residual MR ≥2 after MV surgical repair vs. simple MV lesions undergoing simple procedures. Favorable cardiac remodeling, observed in all cases at 6-months follow-up, was maintained at 3 years only when MR was <2 (91). A machine learning-based prognostic model was developed and tested to predict the risk of MV repair failure and MR recurrence based on pre-operative clinical, 2D and 3D TTE data (99). Patients with a complex prolapse, specifically with A2 prolapse, more frequently underwent MV replacement or showed early failure of MV repair. These findings suggest that, in the future, machine learning could have an important clinical role in evaluating prognosis in patients undergoing MV repair for MVP (99).



4.2. Surgical annuloplasty

Several publications have underlined the importance of MV annuloplasty during repair of degenerative MV disease to optimize repair durability (100, 101). Debate persists regarding the superiority of partial band vs. complete ring devices. Suri et al., using RT 3D TEE, demonstrated the presence of an enlarged posterior MA in patients with significant MR due to degenerative disease, while there was no evidence that the intertrigonal distance is abnormal in these patients, leading to the conclusion that posterior annular reduction with a flexible device at the time of MV repair is important, and that altering the anterior intertrigonal portion of the annulus is unnecessary (102). Changes in MA dynamics and long-term effects induced by annuloplasty in patients with organic prolapse undergoing MV repair were also investigated by 3D TTE (46). The authors showed that incomplete flexible band and complete semi-rigid rings induced similar dynamic MA changes and concluded that the main factor affecting annular function after annuloplasty is the undersizing of the MA induced by the ring, which restricts the MA geometry and limits the natural annular motion (46). In the same year, Maffessanti and colleagues evaluated the MV apparatus in 55 patients immediately before and after surgery, and in 18 controls (12). They used a dedicated commercial software that allows a quantitative assessment of the MV by 3D TEE data sets. MV repair and annuloplasty led to a significant undersizing of leaflets, and MA areas, diameters and height. Annular differences between BD and FED were reduced but still present after surgery (12). Several other studies have investigated the effect of various devices on annular shape and dynamics, with conflicting results (47, 52, 103–106). More importantly, in terms of clinical outcome, no clear difference between various solutions have been shown (107).

In the setting of surgical MV repair, the contribution of 3DE is clear not only in the accurate diagnosis of MV pathology, but also in improving the communication and training between experienced and less trained operators, with optimal and comparable accuracy in the detection of MV lesions between echocardiographers and surgeons (108) (Figure 6).
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FIGURE 6
 Examples of surgical mitral valve repair. Top panels show an example of A2 flail with single chordal rupture [arrow, (A)] corrected with the Neochord artificial chordae delivery system (B) obtaining the restoration of normal valve anatomy and competence (C). Bottom panels show an example of multi-scallop prolapse involving A2–P2–P3 with a profound cleft between P2 and P3 (D). The surgical repair was performed with a complete ring device, accurately visualized from the classical atrial perspective in systole (E) and diastole (F).




4.3. Post-operative assessment of outcomes

3DE plays an important role also in the assessment of surgical outcomes. Kronzon et al. suggested that RT 3D TEE allowed the identification of the type of ring or prosthesis used, the description of the site, size, and shape of any dehisced segment, and the clear definition of the origin of residual MR. The additional information obtained by 3D TEE may be helpful in planning an appropriate subsequent intervention strategy (109).




5. Percutaneous treatment of mitral valve prolapse

Despite surgical correction is the treatment of choice for MR associated to MVP, it is often not feasible in high-risk patients. The EuroHeart survey reported that approximately half of the symptomatic patients with severe MR of functional and degenerative origin are denied surgery, and the likelihood of surgery denial increases with LV dysfunction, age and presence of comorbidities (83).

Percutaneous approaches to treat MR can be mainly categorized into leaflet repair, annuloplasty, chordal implantation, and transcatheter MV implantation (110). In Europe, several devices have received the Conformitee Europeene (CE) marking to treat primary MR, including the MitraClip (Abbott Laboratories, Abbott Park, IL), PASCAL (Edwards Lifesciences, Irvine, CA), NeoChord DS1000 (NeoChord, Inc, St. Louis Park, MN) and, most recently, Tendyne (Abbott Vascular, Santa Clara, CA). In the United States, the Edwards SAPIEN 3 transcatheter heart valve (Edwards Lifesciences) has received United States Food and Drug Administration (FDA) approval for MV replacement. Devices addressing MA dilatation, as Mitralign (Edwards Lifesciences), Carillon (Cardiac Dimensions; Kirkland, WA), Cardioband (Edwards Lifesciences), are currently tested for secondary MR. Among the percutaneous MV repair technologies, transcatheter edge-to-edge repair (TEER) with the MitraClip system or the PASCAL system has undergone the most extensive human investigation, has the most research data and the clearest evidence of therapeutic efficacy for all causes of MR.


5.1. Transcatheter edge-to-edge MV repair

TEER mimics the surgical MV repair procedure introduced by Alfieri, who treated a patient with an anterior prolapse by placing a pledgeted stitch to approximate the middle portions of the MV leaflets, creating a double orifice MV and successfully reducing MR (111). After insertion via the femoral vein and transseptal access, the device is positioned over the maximum MR area on the atrial side of the MV and aligned perpendicular to the line of coaptation. After advancing into the LV, corresponding segments of the anterior and posterior mitral leaflets are grasped on retraction.

The EVEREST trials (I and II) and pivotal studies established the feasibility and safety of the MitraClip procedure and ascertained a hemodynamic improvement and symptom alleviation in the large majority of patients, despite a less effective MR reduction than conventional surgery, and thus despite a higher rate of reintervention and/or surgical operations (112–115).

Echocardiography is the essential imaging modality for TEER, specifically for patient selection, guidance of the procedure, evaluation of the result after implantation, and assessment at follow-up of residual MR severity, and LV size and function (116, 117) (Table 3). 3D echocardiography may provide new additional and useful data in each of these scopes.


TABLE 3 Role of echocardiography for planning and guiding transcatheter edge-to-edge leaflet repair in mitral valve prolapse.

[image: Table 3]

Patients from the initial experience had to fulfill strict echocardiographic criteria to be considered suitable for TEER (Table 3). Nowadays, the large accumulated experience in parallel with continuous technical advancements broadened the indications of the procedure. Therefore, selection of candidates and planning of the procedure requires a very detailed analysis by 2D and 3D TEE (Table 3). Indeed, it is well-known that 3D TEE provides a detailed assessment of the MV anatomy and function, and all components of the mitral apparatus and adjacent structures. 3D TEE is superior in the detection of clefts, gaps, and perforations which are frequently missed by 2D TEE evaluation (20). Although 2D TEE can be used as the sole method for guidance of TEER, 3D TEE provides valuable additional information and advantages in almost every step of the procedure: the more precise anatomic information, the fine details of the devices and the precise relationship of catheters and devices with surrounding anatomic structures may enhance the confidence of imaging interpretation and eventually improve the efficiency of the procedure (1, 118, 119) (Table 3). Biner et al. demonstrated that the combined use of 2D and 3D TEE was associated with a shorter time to first clip deployment and with a general reduction in the total procedure time when compared to traditional 2D TEE guidance alone (120). Moreover, the use of 3D color Doppler allows a better identification of the site of origin and the degree of any residual intraprocedural MR jet, which is crucial when a second device has to be implanted. While in the past obtaining 3D color Doppler images required multi-beats image acquisition with possible stich artifact, recently available RT single-beat 3D color image acquisition allows instant discussion and communication between echocardiographers and interventionalists directly watching images. Another crucial step during the percutaneous edge-to-edge repair of the MV is the assessment of device attachment to the MV leaflets, which may be challenging using 2D TEE (Table 3). In the EVEREST I trial, single leaflet clip detachment occurred in 9% of the patients, demonstrating the need for new techniques that allow a more reliable assessment of clip attachment (112). Braun et al. demonstrated that 3D TEE can quantify exactly the portion of MV leaflets fixed into the clip by measuring the distance between the lowermost part of the leaflet and the top edge of the clip (121). They found that the frequency of clip complications (partial clip detachment or displacement) was higher in patients imaged by 2D TEE compared to patients imaged by 3D TEE (121). Recently, new 3D rendering tools (TI and “transparency” effect) furtherly improve the visualization and delineation of MV anatomy and pathology, and improve localization of regurgitant jets compared with standard 3D rendering (32, 34). 3D TEE imaging during procedures might be improved by TI and the “transparency” effect providing a better evaluation of leaflet grasping and of residual MR jets (35) (Figure 7).
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FIGURE 7
 MitraClip procedure monitoring in a patient with MV prolapse. In (A) TI allows a detailed depiction of the trajectory across the interatrial septum into the left atrium. In (B) the “transparency” effect clearly shows the capture of the MV leaflets by the clip. In (C) TI rendering enhances the visualization the clip before deciding for its release. The lower panels show the result of the procedure. 3D MV reconstruction is displayed by TI rendering from the LA perspective (D), and from the LV perspective with the application of the “transparency” effect, clearly showing 2 clips implanted in the correct position (E). In (F) the residual regurgitant jets are displayed in a 3D reconstruction of the MV with the “transparency” effect and superimposed color Doppler. 3D, three-dimensional; AML, anterior mitral leaflet; Ao, aorta; IAS, interatrial septum; LA, left atrium; LV, left ventricle; MV, mitral valve; TEE, transesophageal echocardiography; TI, transillumination. TTE, transthoracic echocardiography.


Echocardiography plays an important role also in grading post-procedural MR, that is a challenging and an unsettled issue. The presence of residual MR is easy to detect with color Doppler but, to date, no single echocardiographic method has been recommended for post-procedural MR quantification, with the evaluation currently relying on a complex, multiparametric appraisal (122). The direct measurement of 3D VCA shows potential for MR quantification, although currently no reference data are available (122, 123) (Table 3).

TEER alters the MV morphology acting not only on the leaflets, but also on the annular geometry, and a correlation between baseline geometry and cardiac remodeling has been demonstrated. Specifically, a pre-procedural AP diameter <4.44 cm at 3D TEE seems to be a potential predictor of mid-term optimal result, intended as a reduction in MR grade ≥ 2 and favorable LV remodeling at 6-months follow-up (50). Kim et al. used 3D TEE to measure TEER-induced changes in annular geometry. They confirmed that suboptimal response (residual MR grade >mild) was associated with larger pre-procedural MA area on 3D TEE, and found that the magnitude of reductions in MA circumference by intra-procedural 3D TEE was greater among patients with, compared to those without, suboptimal response on follow-up TTE (124).

All these results support the importance of 3D imaging for pre-procedural patient selection, intraprocedural guidance and prediction of procedural effectiveness.




6. Future perspectives

Emerging 3D imaging technologies are furtherly enhancing our understanding of the anatomy of cardiac structures and the spatial relationship among them. These techniques increase diagnostic accuracy, allow to produce 3D printing of patient-specific cardiac structures, allow simulation and planning of surgical and percutaneous procedures, and add significant information during interventions. Despite the incremental value of these imaging modalities has not been established yet, several studies describe their initial application to MV disease.

In the last decade, 3D TEE and fluoroscopy fusion software has been developed, providing a live 3D model showing a heart beating over fluoroscopy during structural MV interventions. Based on artificial intelligence algorithms, the model highlights anatomical landmarks, and by using 3D color Doppler TEE imaging, the information about MV flow and regurgitant jets is added to the fused 3D model. Fusion of TEE with fluoroscopy provides procedural operators with real-time guidance, ensuring a precise and safe manipulation of catheters and implantable devices into heart chambers during TEER, transcatheter annuloplasty and transapical chordal replacement (125–127). Other novel techniques applying advanced cardiac multimodality imaging are fusion of pre-procedural computed tomography (CT) with peri-procedural live fluoroscopy and 3D TEE, respectively. This is particularly useful during transcatheter MV replacement interventions, where CT landmarks constitute the road map for the procedure (127, 128). Development of vendor-independent software fusing RT 3D TEE, CT and fluoroscopy may further improve MV procedural guidance and success (127).

A new additional tool is virtual reality derived from 3DE data sets by using dedicated software. With the aid of a head-mounted display, virtual reality allows the operator to immerse in a virtual 3D space, covering the whole field of view. Data obtained from 3D TEE can be projected as a real-time 3D hologram representing cardiac structures that can be manipulated by the operator using handheld controllers (129). Similarly, augmented reality illustrates virtual elements in a real-world environment integrating specific imaging modalities into reality. Although these tools may improve visualization of MVP and be beneficial for pre-procedural individualized planning of MV interventions, their usage still needs to be validated in routine clinical practice.

Finally, the emergence of artificial intelligence methods might facilitate the interpretation of echocardiographic images and revolutionize MVP diagnosis. A preliminary study was published demonstrating that artificial intelligence provides an automated, accurate and rapid localization of MVP compared to the manual approach by less experienced operators (130).



7. Conclusion

Echocardiography is an essential diagnostic tool in the evaluation of patients with MVP. In this context, 3DE provides several advantages compared to 2D echocardiography. 3DE contributes to the differentiation between leaflet prolapse and billowing, and to the identification of the underlying etiopathogenetic process. Also, it increases the accuracy in the recognition of the site and extent of MV lesions and improves the understanding of MA dynamics and MR pathophysiology, especially by RT 3D TEE. The accuracy in the assessment of MR severity has significantly been improved by the advent of 3D. However, 3DE remains underused for this purpose in Routine clinical practice since direct measurement of the regurgitant jet 3D area is time-consuming and requires some experience. During surgical procedures, pre- and intra-operative 3D “en face” display of the MV obtained by TEE can give new insights into the mechanisms of MR and help the heart team members communicate with each other. Finally, 3D TEE is crucial for pre- and intra-procedural assessment of MV anatomy and MR mechanism, as well as for guidance of the procedure itself.
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Mitral valve prolapse (MVP) is a common condition affecting 2–3% of the general population, and the most complex form of valve pathology, with a complication rate up to 10–15% per year in advanced stages. Complications include mitral regurgitation which can lead to heart failure and atrial fibrillation, but also life-threatening ventricular arrhythmia and cardiovascular death. Sudden death has been recently brought to the forefront of MVP disease, increasing the complexity of management and suggesting that MVP condition is not properly understood. MVP can occur as part of syndromic conditions such as Marfan syndrome, but the most common form is non-syndromic, isolated or familial. Although a specific X-linked form of MVP was initially identified, autosomal dominant inheritance appears to be the primary mode of transmission. MVP can be stratified into myxomatous degeneration (Barlow), fibroelastic deficiency, and Filamin A-related MVP. While FED is still considered a degenerative disease associated with aging, myxomatous MVP and FlnA-MVP are recognized as familial pathologies. Deciphering genetic defects associated to MVP is still a work in progress; although FLNA, DCHS1, and DZIP1 have been identified as causative genes in myxomatous forms of MVP thanks to familial approaches, they explain only a small proportion of MVP. In addition, genome-wide association studies have revealed the important role of common variants in the development of MVP, in agreement with the high prevalence of this condition in the population. Furthermore, a potential genetic link between MVP and ventricular arrhythmia or a specific type of cardiomyopathy is considered. Animal models that allow to advance in the genetic and pathophysiological knowledge of MVP, and in particular those that can be easily manipulated to express a genetic defect identified in humans are detailed. Corroborated by genetic data and animal models, the main pathophysiological pathways of MVP are briefly addressed. Finally, genetic counseling is considered in the context of MVP.
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Introduction

Mitral valve prolapse (MVP) is the most common form of valve disease, occurring in 2–3% of the general population, and up to 5–6% when prodromal or minimal forms are included (1, 2). MVP is classically defined as a 2 mm or greater displacement in systole of the tip or the body of valve leaflet above the plane of the mitral annulus in parasternal long-axis view on echocardiography (1). Although the course of MVP is most often benign, it can lead to the development of severe mitral regurgitation (MR), complicated by heart failure and supraventricular arrhythmia, but MVP can also be associated to ventricular rhythm disorders, and sometimes sudden death. MVP is frequent in some syndromic diseases such as Marfan’s syndrome, but is generally encountered in isolated, non-syndromic forms (3). Clinicians distinguish classically two main types of MVP, fibroelastic degeneration (FED) which occurs in the elderly, and myxomatous degeneration also called Barlow’s disease which develops earlier in the lifespan (4). Differences between these two main types are based on macroscopic examination during surgery, histology, but also on echocardiographic findings. Myxomatous and FED MVP were originally described by the team of Carpentier et al. following surgical observation, reinforced by histological differences. Briefly, FED MVP is characterized by thin, translucent leaflets with dystrophy (elongation and thickening) of the prolapsing segment, usually related to rupture of a chordae tendinae. In contrast, in myxomatous MVP, leaflet dystrophy is diffuse with thickening, elongation, and prolapse of all segments of the anterior and posterior leaflets, dilatation of the mitral annulus, and frequent disjunction (1, 4, 5). In addition, minor or prodromal forms of MVP characterized by limited mitral leaflet dystrophy but with a leaflet displacement of less than 2 mm have recently been recognized, and should be considered in familial or genetic approaches to MVP (2, 6–8).

The identification of rare genetic variants with a strong effect or common variants with a weak effect promoting the development of MVP allow us to approach the underlying pathophysiological mechanisms associated with this condition. Further, generation of transgenic animal models help to better characterize the phenotypic expression of MVP in its different forms and as an ultimate goal, to identify therapeutic targets that will allow to slow down or stop the evolution of the disease.



Familial clustering and mode of inheritance

As early as 1966, Barlow and Bosman (9) reported familial forms of late-systolic murmur and click suggesting that a hereditary factor could sometimes be involved in the development of mitral valve (MV) dysfunction. In 1968, Monteleone et al. reported a familial clustering of MVP (10) in a small family with disease distribution consistent with an X-linked mode of inheritance. In a systematic familial screening, Devereux et al. (11) confirmed in the early 1980s the familial clustering of MVP, and from 45 probands a distribution of disease consistent with an autosomal dominant condition. In this series, MVP was diagnosed by echocardiography in 30% of first-degree relatives with a number of affected individuals within the range predicted for autosomal dominant inheritance. Further, at least one first-degree relative was affected in 60% of families screened. In addition, MVP was more frequent in women compared with men (41 vs. 19%), and in adults compared to children. Hence MVP was seen the commonest mendelian cardiovascular abnormality in humans. At the end of the 1990s, several large families of MVPs were identified and analyzed, and several loci were identified on the X chromosome and autosomal chromosomes, thus demonstrating genetic heterogeneity. In addition to familial clustering and genetic inheritance confirmation, familial screening evidenced the common finding of prodromal forms of MVP (minimal billowing, posterior leaflet lengthening and anterior displacement of coaptation, restrictive motion of leaflets), suggesting that MVP encompasses a more complex phenotypic expression than previously thought (2, 7). It is noteworthy that prodromal forms can be the only expression of a MVP familial disease (2, 7), and prodromal forms in parents can increase the risk of MVP development in offsprings (6, 8). Further, Delling et al. have shown in the Framingham Heart Study and Swedish population that clustering of MR exists in the community (12), supporting a genetic susceptibility to primary and non-primary MR (12, 13).

To conclude, apart from sporadic forms, myxomatous MVP is usually a primary, dominantly inherited condition with incomplete and age-dependent penetrance, but can also be an X chromosome inherited disease.



Genetics of MVP

Since MVP is a common disease, it is likely that common genetic variants account for part of the genetic component of MVP. However, as with most common diseases, a significant subset of MVP cases clusters within families following a Mendelian inheritance pattern, predicting that rare variants having strong effects can also lead to disease development. In this context, classical linkage analysis was first used to map candidate regions of the genome for MVP, allowing disease gene mapping at Xq28, 16p11, 11p15, and 13q31-q32 (7, 14–16), and the eventual identification of rare genetic variants as a cause of familial MVP.

More recently, whole exome and whole genome sequencing, offering deep sequencing, are becoming the standard for gene discovery and clinical molecular diagnosis. In addition, high-throughput genomic technologies have enabled the implementation of genome-wide association studies (GWAS) in search of common genetic variants predisposing to common diseases. These recent technologies have eased the deciphering of the genetic background of MVP. The main genetic defects associated with syndromic and non-syndromic forms of MVP, according to current knowledge, are summarized in Table 1.


TABLE 1    Genetic anomalies associated with mitral valve prolapse in humans.
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Syndromic forms of MVP

Mitral valve prolapse has been observed in many syndromic disorders, this association being sometimes related to chance because of the prevalence of MVP in the general population (17), or to inadequate or unclear diagnostic criteria of MVP. Indeed, some disorders previously believed to have an increased prevalence of MVP were based on outdated diagnostic criteria, or, evidences of a true pathological association were absent. In addition, many congenital heart diseases can present some degree of MV dystrophy that can impose for a MVP. Hence, we will therefore focus the present review on the most common syndromic disorders for which there are solid arguments in terms of prevalence and/or pathophysiological data.


Marfan syndrome

Marfan syndrome is an autosomal dominant connective condition that affects 1 in 5,000 individuals. Marfan syndrome is primarily due to variants in the gene FBN1, encoding the connective protein fibrillin-1, that alter the transforming growth factor β (TGFβ) pathway. Although most variants are inherited, 25% of patients develop the disease as a result of a de novo mutation. Mutations in TGFBR1 or TGFBR2 genes have been reported in some patients with atypical presentation but nevertheless consistent with Marfan syndrome. In case of MVP (Figure 1A), Marfan syndrome diagnosis, based on revised Ghent criteria (18), is crucial because of the risk of aortic dissection. The diagnosis of Marfan syndrome should be evoked in the presence of aortic root dilation, personal or familial aortic dissection/aneurysm rupture, or in the presence of systemic signs (18). In Marfan syndrome, MVP is common and can be the first clinical or echocardiographic finding (19). Penetrance and prevalence of MVP increase over time from 43% at 30 years to 77% at the age of 60 (20). Referral to surgery for isolated severe MR is uncommon in Marfan syndrome, but mitral surgery is performed in up to 13% of patients with Marfan syndrome at the age of 60. However, outcome is dominated by the aorta risk of rupture or dissection. Next to the typical Marfan syndrome, the MASS syndrome is a marfanoid syndrome that affects mitral, aorta, skeleton, and skin (MASS) but doesn’t fulfill the Ghent criteria. Genetic background of MASS is unknown but FBN1 mutations have been also identified in some patients. The prevalence of MVP seems high in this mild form of Marfan syndrome (17). Transforming growth factor β signaling alteration has been associated with the development of MVP in Marfan syndrome but also in Loeys-Dietz syndrome.
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FIGURE 1
Syndromic and non-syndromic mitral valve prolapse/dystrophy. (A) Marfan syndrome with bileaflet myxomatous MVP, (B) Williams–Beuren syndrome with a history of operated supra-valvular aortic stenosis, mild billowing/prolapse of the anterior leaflet and restrictive motion of the posterior leaflet with moderate MR, (C) Filamin A MVP/dystrophy, and (D) bileaflet myxomatous MVP diagnosed after a resuscitated sudden death inaugurating the disease. White arrows: Prolapse/billowing, black and white head arrow: Mitral annular disjunction common in arrhythmic MVP.




Loeys-Dietz syndrome

Loeys-Dietz syndrome (LDS) is a rare connective tissue disorder, with autosomal dominant inheritance, that arises from variants altering the TGFβ signaling pathway. The 5 different types are LDS types 1 and 2 as a result of mutations in TGFBR1 and TGFBR2, respectively, LDS type 3 which results of mutations in SMAD3, whereas LDS type 4 and 5 results of mutations in TGFB2 and TGFB3, respectively (21). Finally, LDS can also result from mutations in SMAD2. Mitral valve prolapse seems more frequent in LDS types 4 and 5 (17–21%) than in types 1, 2, and 3 (5–13%). Compare to Marfan syndrome carrying FBN1 mutation, MV involvement is less frequent in LDS type 2: MVP was found in 21 vs. 45% of patients (P = 0.001), MR in 35 vs. 56% (p < 0.0001) and referral to MV surgery was rare in TGFBR2 patients (19).



Other syndromes

Other syndromes associated with MVP involving the TGFβ pathway are the juvenile polyposis syndrome (SMAD4: Mothers against decapentaplegic homolog 4 or SMAD family member-4 and BMPR1A: Bone morphogenetic protein receptor, type 1A), and the aneurysm-osteoarthritis syndrome (Mutations in SMAD3: SMAD family member-3).

Borrone dermato-cardio-skeletal (BDCS) and Frank-Ter Haar (FTH) syndromes are autosomal-recessive disorders characterized by cutaneous, cardiovascular (with MVP), skeletal and other abnormalities owing to homozygote mutations in the SH3PXD2B gene (encoding the protein SH3 and PX domains 2B).

Finally, MVP have been reported with increased prevalence in aneuploidies including Down’s syndrome, Williams–Beuren syndrome (Figure 1B), Ehlers–Danlos syndrome, osteogenesis imperfecta, pseudoxanthoma elasticum, Stickler syndrome, Larsen-like syndrome, fragile X syndrome, and polycystic kidney disease, but data regarding these associations remain less convincing (3, 17).




Non-syndromic MVP

Non-syndromic form of MVP is the most common condition of MVP. Non-syndromic MVP is a degenerative disease, worsening overtime (2) and associated with macroscopic, echocardiographic and histological modifications of MV apparatus (1, 4, 5). Non-syndromic MVP can be grossly stratified in myxomatous degeneration, fibro-elastic loss, and Filamin A-related MVP (Figure 1C) (3). Thanks to the recent identification of gene defects, MVP genotype-phenotype relationship refinement started, with the description of the unique Filamin A-MVP phenotype (2), and the identification of prodromal forms of MVP (2, 7, 8).


Filamin A (FLNA)

The first genetic defect of a non-syndromic MVP has been linked to FLNA variants in families with X-linked inheritance (2, 14, 22, 23). In the absence of extra-cardiac manifestations Filamin A-MVP is regarded a non-syndromic disease, but it is well known that some FLNA variants in other regions of the gene can cause syndromic diseases (2, 3, 23). The FLNA gene, located on chromosome X in the Xq28 region, encodes actin-binding protein that crosslinks actin filaments and links actin filaments to membrane glycoproteins. The penetrance of the disease is complete in men and incomplete in women. Filamin A-MVP phenotype (Figure 1C) associates both developmental and degenerative alterations of the MV apparatus and frequent polyvalvular disease in men. On histology, Filamin A-MVP demonstrates diffuse proteoglycan accumulation (2, 24) consistent with a myxomatous-like MVP but, in addition to prolapse in systole, leaflet motion is paradoxically restricted in diastole (2), consistent with papillary muscle and chordae development aberrations (2, 24, 25) and some degree of leaflet fibrosis and stiffening. Mitral annulus disjunction was not evidenced in these patients, and outcome is characterized by a higher rate of valve surgery (mitral and aortic) in men as compared to women, but also to classical bileaflet myxomatous MVP (2).



Dachsous 1 (DCHS1)

A loss-of-function mutation in DCHS1 (dachsous cadherin-related 1, on chromosome 11 at the 11p15 location) gene, which segregates with myxomatous MVP in a large family pedigree, was recently diagnosed as a cause of MVP (26). Two other mutations were subsequently identified. DCHS1 encodes a protein of the cadherin superfamily involved in calcium-dependent cell-cell adhesion. In mouse models with decreased expression of DCHS1, anterior and posterior mitral leaflets are enlarged and show myxomatous degeneration and prolapse, which could be traced back to developmental errors in valve morphogenesis. In addition, mutated mice and zebrafish exhibit abnormal planar cell polarity architecture of the valve matrix, and mitral leaflets show disorganized valvular interstitial cells (VICs), supporting these processes as etiological underpinnings for the disease.



DZIP1

Recently, a primary cilia gene, DZIP1 (DAZ interacting zinc finger protein 1, on chromosome 13 at the 13q31-q32 location), has been identified as a causal gene for non-syndromic autosomal dominant MVP in humans. A deleterious missense mutation in DZIP1 segregates with myxomatous MVP in a large family pedigree (27). Experimental findings reveal that myxomatous degeneration may occur through altered developmental pathways that involve both ciliogenesis and β-catenin signaling. Matrix metalloproteases were up-regulated in mitral leaflets with subsequent proteolysis of extra-cellular matrix (ECM) collagen and elastin, and myxomatous phenotype (28). In addition, a significant reduction in MV primary cilia length has been demonstrated in Dchs1 and FlnA knockout (KO) mice (27). Hence, these findings support the hypothesis that MVP can be caused by abnormal primary cilia function.




Common risk alleles for MVP: Genome wide association studies

Alternatively, the identification of frequent genetic variants showing higher allele frequencies in patients compared to controls allowed the identification of genes and biological pathways involved in MVP. Genome-wide association study analyses use frequent, genome-wide single-nucleotide polymorphisms (SNPs), and combine these results with information on expression data and epigenetic marks in biological tissues of interest, possibly involved in the disease.

The first genetic study by Dina et al. included 1,412 MVP cases and 2,439 controls, and identified six loci reaching genome-wide statistical significance, with a replication in 1,422 MVP cases and 6,779 controls (29). As also supported by functional analysis, this study demonstrated that two genes, LMCD1 (LIM and cysteine-rich domains protein 1) and TNS1 (tensin1), impair valve phenotype as confirmed in animal models (29). TNS1 is localized in focal adhesions area that mediate cellular regulatory effects in response to ECM signals. TNS1 KO mice present thickened posterior mitral leaflets, ECM defects and signs of myxomatous degeneration. Both TNS1 and LMCD1 knockdown (KD) zebrafish exhibit MV regurgitation. Also called Dyxin, LMCD1 is part of the zinc finger proteins family, co-regulators of transcription. LMCD1 has been exhibited as a repressor of GATA6 (GATA binding protein 6), an important regulator for cardiac development and activator of calcineurin/NFAT pathway also implied in cardiac development. Actually, both TNS1 and LMCD1 genes are involved in cellular proliferation and migration during valve development. Thus, it is plausible that variants in these genes are causing valvular defects through embryonic valvulogenesis defects.

This genetic analysis was greatly increased in the subsequent study by Roselli et al. that analyzed 4,884 patients with MVP and 434,649 controls (30) (Figure 2 and Table 2). In this study, data from the RoadMap epigenomics (31) and GTEx panel (32), as well as biochemical experiments on 111 cell lines and tissues were used. It allowed to catalog potential functional DNA regions, as well as the links between gene expression and genetic polymorphism. The power of this new study allowed the identification of 14 genetic loci pointing to new candidate genes associated with MVP, including non-ischemic cardiomyopathy genes. Although none of the main SNPs were in coding regions, for five hits there was at least one SNP in linkage disequilibrium with the lead SNPs located in an exon, thus pointing to five genes (ALPK3, NMB, SH2B3, BAG3, and SMG6) (30). Gene mapping includes the search for significantly associated SNPs, but also for multi-polymorphism associations including SNPs over a 10 Kb window surrounding and including the gene (MAGMA method) (33). Nine genes close to the GWAS top-hits showed an association with this method as well.
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FIGURE 2
Manhattan plot showing the loci with genome-wide significance in the mitral valve prolapse meta-analysis and some candidate genes. Fourteen loci reached genome-wide significance (P-value, 5 × 10-8). Of the candidate genes from the meta-analysis, 15 genes are highlighted. The red line indicates the genome-wide significance cut-off. For the complete list of candidate genes, see Table 2.



TABLE 2    Candidate genes from MVP meta-analysis and follow-up analysis.
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In addition, the correlation between the presence of MVP and the expression levels of human genes, through a process of imputing the expression levels of all genes in patients and control data from a reference panel was tested. This tissue-specific TWAS (Transcriptomic Wide Association Study) (34) method was applied by imputing expression in cardiac ventricular and atrial tissue (from GTEx). This analysis allowed the NMB gene to be added to the list of genes showing simultaneous SNP and whole gene association.

The pathway analysis on genes near MVP-associated loci from the GWAS indicated that biological functions relevant to cell adhesion and migration during cardiac and valvular development are involved. The genes spanning biological mechanisms highly relevant to MVP included GLIS1, TGFB2, ID2, TBX5, MSRA, and DMPK (35). The transcription factor GLIS1 has a potential role in mechanisms related to endothelial to mesenchymal transition and cell migration (36). In addition, in a meta-analysis with UK-Biobank MVP, Yu et al. replicated the association on TNS1 and indicated that several gene sets enriched for MVP-associated genes are related to cardiac biology, such as cardiac ventricle formation, cardiac chamber formation and cardiac right ventricle morphogenesis (35).

In conclusion, the latest GWAS studies, combining genetic association, TWAS, in-house mRNA and protein expression, have confirmed LMCD1 and identified SPTBN1, LTBP2, TGFB2, NMB, and ALPK3 as potentially important in the occurrence of MVP. The complete list of candidate genes for the regions reaching GWAS significance are listed Table 2.



Transcriptomics analyses

In addition to the above data, transcriptome analyses were performed in mitral valve leaflets from humans and animals with MVP. In humans, transcriptome analyses of mitral valve leaflets demonstrated changes in the expression of proteolytic genes, including metallothioneins, MMPs (matrix metalloproteinases), cathepsins, and ADAMTS (a disintegrin and metalloproteinase domain with thrombospondin), associated with enrichment of the TGF-beta pathway (37–39). Comparative gene expression profiling in the mitral valve leaflets of myxomatous MVP and FED MVP revealed distinct gene expression profiles, suggesting the involvement of different pathophysiological mechanisms. Downregulation of ADAMTS5 in myxomatous MVP has been associated with the accumulation of the versican proteoglycan in the leaflet extracellular matrix, contributing to leaflet remodeling (40). Interestingly, recent data in Cavalier King Charles Spaniel have identified gene expression changes in mitral leaflets associated with cardiomyocytes, coagulation and extra-cellular matrix remodeling (41). Comparative transcriptomic evaluation of acquired forms of MVP in humans and dogs revealed a common upregulated inflammatory response in diseased valves (42). In small-breed dogs, the major biological function altered involve inflammation, cell movement, cardiovascular development, extracellular matrix organization, and epithelial-to-mesenchymal transition (43). Finally, in the KI Flna-P637Q rat model, extracellular matrix organization, epithelial cell migration, response to mechanical stress, and immune cells were identified as the main signaling pathways leading to mitral valve myxomatous dystrophy (24). Hence, transcriptomic analyses performed in humans and animal models point toward common biological function and pathways.




A genetic association between MVP and cardiomyopathy?

Myxomatous degeneration, also known as Barlow’s disease, associates bileaflet MVP, marked annular dilatation, frequent mitral annulus disjunction, and disproportionate left ventricular (LV) dilatation (44, 45) even in the absence of significant MR (46). Several hypotheses have been suggested to explain the intriguing disproportionate LV dilatation associated to myxomatous MVP, namely (1) an underestimation of volume overload linked to the pseudoaneurysmal prolapse sequestering a significant volume of blood (9, 47), (2) a compensatory mechanism to frequent ventricular ectopic beats (48), and (3) a unique type of associated cardiomyopathy (44) which could be linked to a genetic background. Indeed, histological examination of 68 cases of sudden death with MVP have shown unique features of cardiomyopathy including left ventricular fibrosis, associated hypertrophy, and degenerative features of the myocytes in 81% of cases (49).

Currently, there are little genetic data to establish a consistent link between MVP and a known cardiomyopathy phenotype. However, an association between HCN4 (hyperpolarization-activated cyclic nucleotide channel 4) rare variants and MVP have been reported. Authors identified a complex pathologic association of sinus node dysfunction/bradycardia, ventricular and atrial arrhythmias, LV non-compaction, and MVP (50, 51). Of note, HCN4 intervenes in myocardium and conduction system development. This association suggests that common genetic and molecular mechanisms can lead to rhythm/conduction, myocardial, and MV defects, reinforcing the hypothesis of a potential molecular interplay in myocardial and MV development. Mutations in the DCHS1 gene, encoding a member of the cadherin superfamily involved in cell-cell adhesion molecules, have been identified as causing myxomatous MVP (26). Interestingly, cadherins are important components of the structural and functional cohesion of cardiomyocytes at the level of desmosomes, also known as maculae adherents. Desmosomes are one of the strongest types of cell-cell adhesion found in tissues submitted to intense mechanical stress. In addition, genetic abnormalities of some cadherins involved in cardiomyocyte desmosomes lead to a unique type of cardiomyopathy, the arrhythmogenic cardiomyopathy, which sometimes takes the form of an isolated dilated cardiomyopathy (52). In a recent study, out of 101 patients with MVP predominantly of Barlow type who underwent extensive gene testing, eight patients (8%) had a likely pathogenic variant in four cardiomyopathy genes (DSP, HCN4, MYH6, and TTN), in favor of a common genetic origin for both myocardial and MV disease (53) but we cannot rule out a chance association. It is worth noting that TTN encodes for the giant sarcomeric protein titin and is regarded the cause of ≈25% of familial dilated cardiomyopathy. Finally, one can hypothesize that a cardiomyopathy gene defect could worsens LV remodeling related to Barlow MVP and MR volume overload.

As already discussed, the most recent meta-analysis identified new candidate genes associated with MVP, including cardiomyopathy genes such as ALPK3, BAG3, and RBM20 (30). In a sub-analysis of the association of genetic architecture and cardiovascular characteristics, the authors observed a strong genetic correlation between MVP and larger ventricular volumes, and a trend toward a positive correlation between MVP and non-ischemic cardiomyopathy. The observed association of MVP to LV dilatation is likely due to chronic MR, but could also be due in part to a common genetic defect of dilated cardiomyopathy and MVP. Whereas mutations in ALPK3 have been associated with non-sarcomeric hypertrophic cardiomyopathy or dilated cardiomyopathy, BAG3 and RBM20 genes have been associated with dilated cardiomyopathy phenotype further highlighting a potential link between MVP and cardiomyopathy (Figure 2 and Table 2).



Arrhythmogenic MVP

Most sudden deaths in patients with MVP occur in the presence of severe MR, corresponding to a decompensated stage of LV remodeling related to volume overload (54, 55). Arrhythmic MVP (46, 56), which at worst results in polymorphic ventricular arrhythmia that can eventually lead to sudden death (malignant MVP), has long been recognized a rare complication of myxomatous MVP (57) (Figure 1D). High-risk features include bileaflet MVP, mitral annulus disjunction (a classical finding in myxomatous bileaflet MVP), ST-T wave abnormalities in inferior or lateral leads, frequent complex ventricular ectopy arising from the MV apparatus, and finally LV focal myocardial fibrosis (44, 55, 57). However, the most classic form of arrhythmic MVP manifests as frequent, monomorphic ventricular ectopy, usually originating from the MV apparatus and in particular from the papillary muscles (58, 59). This classical form is generally either asymptomatic or symptoms are limited to isolated palpitations, but all situations exist between this benign form and malignant MVP. Owing to the low but significant increase risk of sudden death in MVP, recent consensus recommendations suggest to change the paradigm of the clinical work-up of MVP and to include a systematic 24-h ECG recording to unmask ventricular arrhythmia (46). Exercise test can also unmask ventricular arrhythmia not evidenced at rest (59). Several intricate factors are probably at the origin of ventricular arrhythmia in MVP, namely (1) abnormal myocardial stress during systole related to MV apparatus abnormalities, (2) myocardial remodeling with areas of myocardial fibrosis possibly favored by an underlying cardiomyopathy or by abnormal systolic stress, (3) electrical abnormalities of the myocardial contractile and conductive tissue, and (4) genetic factors. Our current knowledge of genetic factors favoring the occurrence of ventricular arrhythmia in patients with MVP remains limited. Only few publications have reported a potential association of MVP and pathogenic variants of the FLNC (60) or LMNA (61) genes in patients with ventricular arrhythmia. However, in a recent whole exome molecular autopsy in unexplained sudden death in young patients, MVP prevalence (7.8%) was higher than expected in the general population and pathogenic/likely pathogenic variants in cardiomyopathy-and channelopathy-susceptibility genes were over-represented (62). The frequency of MVP in the general population necessarily leads to incidental association between an inherited arrhythmia disease or a genetic variant of cardiomyopathy and MVP (63), although these factors might be synergistically associated according to the double hit theory (61, 62) and could increase the risk of sudden death. The genetic background of ventricular arrhythmia in MVP will require further investigations.



Animal models of non-syndromic MVP

In genetic diseases, animal models are essential, (1) to confirm the link between the genetic anomaly and the pathology, (2) to characterize the functional and structural organs anomalies, (3) to identify the impacted molecular pathways, and finally, (4) to test therapeutics that could slow down or stop the evolution of the disease.

In MVP, three main categories of animal models are currently available, the canine model, the rodent model, and the zebrafish model (Figure 3). It should be noted that the contribution of the three main animal models to the improvement of knowledge regarding humans MVP is different. Although MVP in the small-breed dog may be considered to have greater histological and clinical proximity to human MVP, the rodent and zebrafish models are of primary interest for translational research because they can be easily manipulated to express a genetic defect identified in humans.
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FIGURE 3
Animal models of MVP. Three main categories of animal models are currently available to study MVP, the canine model, the rodent model, and the zebrafish model. The advantages of each are presented in the green squares and downsides are presented in the red squares. The main finding coming out of the models are depicted in the blue square underneath. EMT, endothelial to mesenchymal transition; KO, knock-out; KI, knock-in; MVP, mitral valve prolapse; SERT, serotonin transporter; TG2, transglutaminase 2. Created with BioRender.com.


Small-breed dogs, such as Cavalier King Charles Spaniel and Dachshunds, are well known to spontaneously develop myxomatous MVP. Interestingly, this physiologically relevant large mammalian animal model develops the three-layered valves and the MVP phenotype observed in these animals are close to what is described in humans, making this intermediary translational model of interest to study mechanisms associated with the disease (64). Indeed, on histology, MVP leaflet tissue shows thickening of the spongiosa layer, altered collagen, and glycosaminoglycan infiltration, in agreement with the Barlow disease in humans (65). As in humans, MVP is considered transmissible in small-breed dogs (66). Hence small-breed dogs could represent a resource for uncovering the genetic basis of MVP (65), even though first attempts based on whole genome sequencing did not identify genetic cause in the homologous genes involved in the human disease (66). The analyses performed on canine model of MVP suggested that MVP would be linked to cell structure and ECM remodeling, immunity and inflammation as well as high serum serotonin, 5-HT2B receptor overexpression and serotonin transporter SERT downregulation (41, 67–69). However, from a research standpoint, the late and very high incidence of MVP in these dogs, with the almost constant presence of MVP in old small-breed dogs such as Cavalier King Charles Spaniels (69), the important karyotype differences compared to humans (69), as well as ethical concern regarding the use of dogs for research, considerably limit their usefulness to study genetics and molecular mechanisms.

Researchers thus turned toward rodent-based animal models (70),1 the most commonly and readily engineered models used in laboratories. Even if the mitral valve of rodents does not present clear layer-structure as observed in humans and dogs, but a polarized leaflet structure with collagen strip and proteoglycan content along the leaflets, rodent models offer important benefit for research and open the way to decipher the molecular mechanisms behind the development of the pathology. As discussed previously, genetic studies performed in the last decades unraveled the association of several genes with MVP. The first causal gene, the FLNA gene that encodes for Filamin A (FlnA) protein, was identified in 2007 (23). Analysis of the FlnA KO mice model have reinforced the genetic findings relating FlnA and MVP: Feng et al. have reported significant outflow tract defects in FlnA KO embryos, thus suggesting important impact of FlnA in the development of MV (71). However, the developmental lethality of this model precluded any clear identification of the mechanisms behind the FlnA/MVP association. To overpass this limitation, Sauls et al. generated a conditional KO mice, where FlnA was specifically deleted in endothelial-derived cells using Tie2/Cre method (25). They showed that adult valve degeneration originates from developmental defects where they reported fetal valve extracellular matrix (ECM) remodeling. They showed an increased infiltration of extra cardiac cells, such as bone marrow-derived cells (see dedicated section below), and/or an activation of the Erk pathway, suggesting that immune cells and the regulation of Erk pathway could represent a potential therapeutic option for MVP patients (72). However, the complete lack of a hub protein like FlnA, involved in many signaling networks, can hardly recapitulate the effects of a single MVP-associated point mutation and thus considerably limits the ability to unravel fine pathophysiological mechanisms leading to MVP. Fortunately, a knock-In (KI) FlnA-P637Q rat model carrying the FLNA variant identified in a large human family (1, 2, 22) has been recently generated and phenotyped (24, 73). This animal model mimics human myxomatous MVP, offering a unique opportunity to decipher the pathophysiological mechanisms related to this disease. ECM remodeling, epithelial cell migration, response to mechanical stress and the contribution of immune cells were highlighted as the main pathological pathways leading to FLNA myxomatous MVP (24). The importance of immune cells in the development of MVP is a recent concept that may offer new therapeutic perspectives in MVP (42).

Relying on other causal genes that have been identified (DCHS1, polymorphisms in the region of LMCD1 and TNS1) several other models were generated. Knockdown zebrafish suggested that cellular proliferation and migration were the main processes involved in the development of MVP. Although zebrafish models present several advantages, such as microscopy-based study and easy lineage tracing (74), its physiological relevance remains limited to study complex pathophysiology occurring in human disease. Therefore, genetically engineered mice have been generated. Dchs1 KO mice developed thickened mitral leaflet and MVP with altered cellular patterning (26), Tns1 KO mice exhibited enlarged posterior MV leaflet with evidence of myxomatous degeneration, as indicated by increased proteoglycan content and loss of normal matrix stratification (29). More recently, a cilia gene, DZIP1, has been identified in MVP families (27). Thanks to the generation and study of a KI and conditional KO mice model, Toomer et al. demonstrated the pathogenicity of DZIP1 specific mutation highlighting a role for primary cilia in the development of myxomatous MVP (27).

The zebrafish model has a special place in the arsenal of animal models (Figure 3). The zebrafish model is used to characterize human pathologies and, in MVP, to validate the association between a genetic defect and the development of mitral valve dysfunction (29, 36). However, this model is limited by the characteristics of the fish heart and its extremely small size. The interest of this model in the future, beyond the genetic aspect, lies in the possibility of rapidly testing the effect of numerous drugs that could prevent or slow the development of MVP.

Overall, canine models as well as rodent-based models for non-syndromic MVP suggest that common causal pathways, such as endothelial to mesenchymal transition (EMT), mechano-transduction, and immune cells, are involved in the development of MVP.



Pathophysiological pathways of MVP

Rather than ECM remodeling, mechano-transduction, EMT, immune cells and ciliation alterations have been identified as important mechanisms leading to the development of MVP. The main biological pathways involved in MVP development and dysfunction includes integrins, the TGFβ pathway, and supposedly serotonin (Figure 4). Mechanisms and biological pathways involved in MVP development are likely also involved in the development of other heart valve diseases such as tricuspid valve prolapse.
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FIGURE 4
Main biological pathways involved in MVP. This figure shows the involvement of serotonin, integrin, TGFβ, and BMP pathways in the pathogenesis of MVP. The dotted arrow corresponds to the non-canonical TGFβ pathway. Created with Biorender.com.



Transforming growth factor β (TGFβ)

TGFβ superfamily, a large family of regulatory proteins, regulates many cellular mechanisms and is a major player in valvulogenesis and valve pathophysiology, involved in EMT but also in valve remodeling (26). Nevertheless, the precise mechanisms by which TGFβ participates in MVP are still poorly understood.

The study of fibrillin-1 mutations associated with Marfan syndrome has highlighted the prominent role of the TGFβ pathway in MVP. Indeed, excessive signaling of TGFβ superfamily members has been evidenced in human, canine and murine tissues of Marfan syndrome MVP (2, 41). Transcriptomic studies reported increased gene expression of TGFβ2 in human dystrophic MV compared with control MV (64). Furthermore, various KO mice models for Smad isoforms develop cardiac dysfunction and defects in valvulogenesis (75). Lastly, in the multi-omics analysis (i.e., RNA-seq and ATAC-seq) we performed in our unique animal model of MVP, the FlnA-P637Q KI rat, TGFβ pathway was highlighted as one of the main player in the MVP pathogenesis (24).



Serotonin

The serotonin (5-hydroxytryptamine or 5-HT) pathway plays a major role in cardiovascular pathophysiology, participates in valvulogenesis and valve remodeling (64, 68). Serotonin receptor (5-HTR) agonist drugs, such as benfluorex (Mediator®), stimulate serotonergic pathways leading to valve degeneration with increased VICs proliferation, endocardial damage and ECM accumulation (76).

Canine models of spontaneous MVP, such as the Cavalier Kings Charles, have demonstrated increased abundance of THP1, 5-HT2BR, a decrease in SERT, and an increase in circulating 5-HT levels in platelets and mitral leaflets (64, 68). Serotonylation by TG2 is involved in matrix remodeling, and thus in MVP. Interestingly, in KO mice developing MVP, maturation and matrix remodeling during embryogenesis have been shown as dependent on 5-HT/TG2/FlnA interactions (25). Lastly, the FlnA rat model presented doubled Htr2a transcript expression in myxomatous MVP, suggesting once again the involvement of serotonin pathway in MVP (24). However, the role of serotonin in the development or progression of MVP remains speculative, so further studies are needed to confirm the potential link between serotonin-related mechanisms and MVP.



Ciliation

Cilia are structures formed by microtubules that extend from the cytoplasm to the outside of the cell. Primary cilia transmit mechanical, electrical and chemical signals depending on the spatio-temporal context. In this way, they coordinate signals from various signaling pathways to influence cell survival and differentiation as well as tissue organization (77).

In recent years, primary cilia have been recognized to play a central role in the biomechanics and molecular regulation of cardiac development (77), but the involved mechanisms remain poorly understood. Primary cilia are present on the surface of interstitial cells of the developing outflow tract cushion at embryonic stages E11.5 and E13.5, but are rarely seen on the valvular endocardium (27). Although still debated, primary cilia could regulate the production of different components of ECM.

A recently developed mouse model with the rare mutation in DZIP1 confirmed the involvement of cilia in the development of myxomatous MVP (27). In addition, immunohistological analysis of Dchs1 KO and FlnA KO mice also showed a significant reduction in the length of primary MV cells cilia (27). Recent data suggest that the alteration of primary cilia mechanosensing function is involved in profibrotic pathways, favoring LV fibrosis in mice and humans with MVP (78). We also recently highlighted the implication of cilia in the FlnA KI rat model developing myxomatous MVP (24).



Endothelial-to-mesenchymal transition (EMT)

Happening at embryonic stage E9.5 in mice, EMT relates to the transition of endocardial cells to mesenchymal cells, and their simultaneous migration into the cardiac jelly during development to subsequently remodel ECM and give rise to valvular structure (79–82).

The EMT is mediated by TGFβ superfamily members (i.e., TGF-β/Smad, Notch, Wnt/β-catenin, VEGF). The entailment of EMT in MVP remains questioning and controversial as its signature in pathologic valves is not clearly identified. Although, in vitro and canine as well as sheep histologic studies reported EMT in MVP (43, 83–86), neither mice histologic studies using CD31 and α-SMA double-positive cells as an indicator of EMT, nor the analysis of EMT transcription factors, reported presence of EMT (87). In addition, in vivo transformation of valvular endothelial cells (VECs) into VICs has never been reported (87). Whereas lineage tracing allowed to characterize adult VICs origin, no evidence of EMT during adult valve homeostasis or valve pathogenesis was observed and further studies are needed to understand the potential role of this mechanisms in the development of the disease.



Immune cells

By contrast, lineage tracing revealed the recruitment of bone-marrow derived cells both in healthy and myxomatous MV. Monocytes are established actors of tissue homeostasis, wound repair and disease. Although MVP was considered as non-inflammatory disease for a long time (88), CD45 + hematopoietic cells have been reported in human, sheep (89, 90) and murine (42, 72, 87, 91) myxomatous MVP. Most recent study by Kim et al. demonstrated the dominant role of monocyte-derived macrophages and the associated pro-inflammatory environment in the development of myxomatous MV dystrophy (42, 87) in a mouse model of Marfan syndrome. Furthermore, exacerbated inflammatory response was observed in dystrophic MV of human, dogs and mice, suggesting immune activity involvement in the progression of the disease. We also recently observed an enrichment in pathways related to chemotaxis and immune cell migration in the myxomatous mitral leaflets of the FlnA KI rat model, reinforcing the evidence of crucial role of immune cells in the pathophysiological mechanisms leading to myxomatous MVP remodeling (24).



Mechanobiology

The MV is submitted to different mechanical forces throughout life since its development, during maturation, and after birth. VECs and VICs, especially of aortic and MV, have been shown to adapt to mechanical stress conditions (92, 93).

Mechanical stimuli are sensed through sensory proteins and mechanoreceptors such as mechanosensitive ion channels, annexin V and integrins (Figure 4) (94). Cyclic stretching induces a myofibroblastic phenotype with an increased expression of TGFβ2, and an activation of small protein RhoGTPases and the MEK/ERK pathway, while Smad2/3 effectors of the TGFβ pathway does not respond to stress (95).

To conclude, the pathophysiological mechanisms and molecular pathways involved in the development and progression of MVP are being deciphered, involving the TGF-β pathway, serotonin pathway, with disturbances in mechano-transduction, ciliation, possibly EMT, and immune cell-related valve remodeling.




Familial screening and genetic counseling

The inheritance of MVP raises the question of systematic screening at least of first-degree relatives of probands with severe MVP, especially if there is a family history of surgical MVP or life-threatening arrhythmic MVP. Familial screening is a common practice to identify individuals at risk for some genetic condition but has not yet been clearly recommended in guidelines for MVP (46). Clinical interrogation of family history can identify families with severe, recurrent MVP or MR (13) and lead to ECG and echocardiographic screening of first-degree relatives, which may allow preclinical diagnosis and better follow-up. Although the lifetime rate of MV surgery is relatively low in the overall MVP population, estimated at approximately 6–7% at age 75 years (96), it may be as high as 70% in men at age 70 years in Filamin A-MVP (2), which should be incentive to familial screening. Screening for MVP by echocardiography in selected individuals is a simple procedure that will allow appropriate follow-up and timely intervention. In clinical practice, familial screening could be proposed to first-degree relatives in case of severe or recurrent form of MVP in the family.

Finally, the value of genetic counseling remains limited in MVP because of limited genetic data. However, a rapid clinical questioning and examination looking for the main syndromic features can reveal syndromic signs of Marfan syndrome or MASS (mitral aorta skeleton and skin phenotype) that would benefit from genetic diagnosis and counseling. As a reminder, the first sign of Marfan syndrome was MVP in 12% of a large series of Marfan syndrome (19).
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Background: Degenerative mitral regurgitation (DMR) due to mitral valve prolapse (MVP) is a common valve disease associated with significant morbidity and mortality. Timing for surgery is debated for asymptomatic patients without Class I indication, prompting the search for novel parameters of early left ventricular (LV) systolic dysfunction.

Aims: To evaluate the prognostic impact of preoperative forward flow indices on the occurrence of post-operative LV systolic dysfunction.

Methods: We retrospectively included all consecutive patients with severe DMR due to MVP who underwent mitral valve repair between 2014 and 2019. LVOTTVI, forward stroke volume index, and forward LVEF were assessed as potential risk factors for LVEF <50% at 6 months post-operatively.

Results: A total of 198 patients were included: 154 patients (78%) were asymptomatic, and 46 patients (23%) had hypertension. The mean preoperative LVEF was 69 ± 9%. 35 patients (18%) had LVEF ≤60%, and 61 patients (31%) had LVESD ≥40 mm. The mean post-operative LVEF was 59 ± 9%, and 21 patients (11%) had post-operative LVEF<50%. Based on multivariable analysis, LVOTTVI was the strongest independent predictor of post-operative LV dysfunction after adjustment for age, sex, symptoms, LVEF, LV end systolic diameter, atrial fibrillation and left atrial volume index (0.75 [0.62–0.91], p < 0.01). The best sensitivity (81%) and specificity (63%) was obtained with LVOTTVI ≤15 cm based on ROC curve analysis.

Conclusion: LVOTTVI represents an independent marker of myocardial performance impairment in the presence of severe DMR. LVOTTVI could be an earlier marker than traditional echo parameters and aids in the optimization of the timing of surgery.
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mitral regurgitation, mitral valve prolapse, left ventricular dysfunction, stroke volume, mitral repair surgery


Introduction

Mitral valve prolapse (MVP) is a common valvular heart disease with a prevalence that approaches that of bicuspid aortic valve and is estimated to occur in between 0.6 and 2.4% of the population (1, 2). MVP has been the leading cause for severe primary mitral regurgitation (MR) requiring surgery in western countries for five decades (3). Mitral valve repair can be achieved in most patients, improving symptoms and restoring life expectancy when surgery is performed before left ventricular (LV) systolic dysfunction, which remains the ultimate complication of organic MR (4), the first cause of post-operative mortality (5) and the hinge point of the highly debated optimal timing for surgical correction. Severe degenerative MR (DMR) management is a controversial topic between defenders of a traditional symptom waiting approach (6) and supporters of earlier surgical strategies (7, 8). The latter note the challenge of early detection of LV impairment in the presence of severe MR-related altered loading conditions (9, 10), the high incidence of unexpected post-operative LV dysfunction despite normal preoperative LV parameters and observational data reporting restoration of outcome after early repair (11–13). In this context, both US and European guidelines rely on clinical and echo triggers to determine the timing for surgery (14, 15), noting that the post-operative outcome of symptomatic patients (16) and of those with preoperative decreased LV ejection fraction (EF) (10) or increased LV end-systolic diameters (LVESD) (9) might not be optimal. Therefore, the aforementioned guidelines open the door for earlier surgical strategies as class IIa indications in patients with no symptoms and normal LV echocardiographic parameters (14, 15) provided that repair is feasible in a high volume Heart Valve Center. However, European guidelines mention left atrial (LA) dilation as an additional condition (15), underlining the current ambiguity surrounding primary MR management. This controversy has prompted cardiologists to search for new indicators of earlier evidence of LV systolic dysfunction in patients with severe DMR to refine surgical timing in asymptomatic patients with normal classic LV echographic markers (17–20). Among those, we tested the hypothesis that in the presence of severe DMR, alterations in forward LV ejection markers, specifically LV outflow tract velocity-time integral (LVOTTVI) and stroke volume index (SVi), could represent simple and reproducible indicators of early LV systolic dysfunction, helping risk stratification and decision-making.



Methods


Study population and design

We conducted an observational retrospective single-center study that included all consecutive patients with severe primary degenerative MR (DMR) due to MVP who underwent MV repair between 2014 and 2019, whose forward SVi was available and whose post-operative follow-up (FU) was ≥6 months. Exclusion criteria were outside echocardiographic diagnosis without institutional full evaluation, secondary MR, mitral stenosis, significant aortic valve disease, previous valvular surgery, congenital heart disease and patients with incomplete or unavailable clinical or echo data. Coronary artery disease was not considered an exclusion criterion if it did not generate secondary MR. Patients who denied authorization for anonymous publication of their clinical data for research purposes were also excluded. The study was conducted in accordance with institutional guidelines, national legal requirements and the revised Declaration of Helsinki. All included patients provided written consent for research and publication of their study data (IRB approval number 2019-48).



Clinical and echocardiographic data

Data from clinical examination, 12-lead ECG and transthoracic echocardiography (TTE) performed in our institution by experienced cardiologists within 3 months prior to surgery and at 6 months FU were available in all patients. Transthoracic echocardiograms were performed within routine clinical practice using standard methods (21, 22). LV and LA diameters and volumes were recorded in the long axis parasternal and apical views, and the left ventricular ejection fraction (LVEF) was estimated visually using the Simpson biplane method. The diagnosis of MVP was made as recommended (1), and the diagnosis of flail leaflet was based on failure of leaflet coaptation with rapid systolic movement of the flail segment into the LA (23, 24). MR severity was assessed following an integrative approach as recommended (22). Original data were used that were unaltered from the original prospective echocardiographic data collection by means of electronic transfer. The LV outflow tract (LVOT) diameter was measured in the parasternal long axis view, and LVOTTVI was recorded as recommended (22) by pulse wave Doppler in the apical 5-chamber view. Three cardiac cycles at least in sinus rhythm and 10 in atrial fibrillation were averaged. Stroke volume (SV) was calculated as the product of LVOT area by LVOTTVI and was indexed to body surface area (BSA) and referred to as SVi. A threshold of <35 ml/m2 was considered as a priori abnormal by reference to aortic stenosis (25). Forward LVEF was calculated as the ratio of LVOT stroke volume to LV end-diastolic volume (LVEDV), and a value <50% was considered abnormal (26).



Statistical analysis

The endpoint was the occurrence of post-operative LV systolic dysfunction defined by an LVEF <50% at ≥6 months after MV repair (27). Quantitative variables were described as the means ± standard deviations, and qualitative variables were described as numbers and percentages. Non-normally distributed data were reported as median and interquartile ranges. For univariate analyses, comparisons between groups according to the primary endpoint were made using the Chi2 test if valid (Fisher's exact test otherwise) for the qualitative variables and using Student's t-test if valid (Mann–Whitney test otherwise) for the quantitative variables. For echocardiographic parameters, a univariate logistic regression model was used to estimate crude odds ratios with their 95% CIs quantifying the excess risk of post-operative LV dysfunction. Multivariate analyses were then performed to assess the independent effect of echocardiographic parameters while taking into account potential prognostic factors selected beforehand according to the literature data and to the results of univariate analysis. Adjusted odds ratios were estimated with their 95% CIs. Firth's correction was applied by performing Firth's penalized-likelihood logistic regression to take into account the small number of post-operative LV dysfunction.

Receiver operating characteristic (ROC) curves were established to determine the optimal cutoff value of echocardiographic parameters to predict post-operative LV dysfunction. Echocardiographic parameters were then dichotomized according to the identified cutoff values. Univariate and multivariate Firth's penalized-likelihood logistic regression models were built to estimate crude and adjusted odds ratios with their 95% CIs related to these dichotomized parameters for predicting post-operative LV dysfunction.

All tests were two-sided. All p-values<0.05 were considered significant. We used R version 4.0.5 for all statistical analyses.




Results


Preoperative data

One hundred ninety-eight patients were included between 2014 and 2019. The mean age was 64 ± 13 years. The majority of patients were males (74%), and 45 (23%) had a history of atrial fibrillation (AF), which was permanent in 22 (11%). The majority of patients were in NYHA class I-II (78%) at the time of surgery. The mean BNP level was 126 ± 133 pg/ml, and the Euroscore was low (Table 1). All patients had severe DMR as attested by quantitative parameters and the high prevalence of flail leaflets (mean effective regurgitant orifice (ERO) = 50 ± 15 mm2). The middle portion of the posterior leaflet (P2) was the most frequently involved segment either isolated or in combination with other locations. The mean preoperative LVEF was normal, but 35 (18%) patients had a preoperative LVEF ≤60%, and 2 (1%) had an LVEF<50%. The mean LVESD was 35 ± 7 mm, and 61 (31%) patients had LVESD ≥40 mm. The mean LA volume index (LAVI) was 72 ± 24 ml/m2, and 131 (66%) patients had an LAVI ≥60 ml/m2. The mean systolic pulmonary artery pressure (sPAP) was 40 ± 15 mmHg, and 36 (18%) patients had sPAP>50 mmHg. The mean LVOTTVI was 16 ± 3 cm. The forward SVi was 37 ± 8 ml/m2, and 88 (44%) patients had a forward SVi <35 ml/m2. The mean forward LVEF was 38 ± 13%, and 167 (84%) patients had forward LVEF<50% (Table 2).


TABLE 1 Preoperative clinical characteristics of 198 patients subject to mitral valve repair for severe DMR.
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TABLE 2 Pre-operative echocardiographic characteristics of 198 patients subject to mitral valve repair for severe DMR.
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Surgical management

Surgery was indicated by symptoms or LVEF ≤60% or LVESD ≥40 mm (class I indications) in 102 (51.5%) patients and by AF or sPAP ≥50 mmHg while asymptomatic with no overt LV dysfunction (Class IIa indications) in 23 (11.5%). In addition, 73 (37%) patients had “early” class IIa indications (asymptomatic and sinus rhythm and sPAP <50 mmHg and LVEF >60% and LVESD < 40 mm).

All patients underwent MV repair, including 150 patients (76%) with neo-chordae and 48 patients (24%) with leaflet resection. An annuloplasty ring was implanted in all patients. The mean duration of cross-clamping time was 55 ± 18 min. Operative trans-TEE showed no residual MR in 99 (50%) patients, mild MR in 95 (48%) patients and moderate MR in 4 (2%) patients. The LVEF was 55 ± 9% at discharge. No operative deaths or post-operative strokes were noted.



Incidence and determinants of post-operative LV dysfunction

TTE performed at 6 months after FU in all 198 patients showed a mean LVEF of 59 ± 9% with 21 (11%) patients displaying post-operative LV dysfunction. The vast majority of patients had no or trivial MR, 21 (11%) had mild MR, and none had moderate or severe MR.

Univariate risk factors for post-operative LV systolic dysfunction are listed in Table 3 (Figure 1).


TABLE 3 Univariate risk factor analysis for predicting post-operative LV systolic dysfunction in 198 patients undergoing mitral valve repair for severe DMR.
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FIGURE 1
 Box plot showing LVOTTVI (A), forward SVi (B), and forward LVEF (C) according to the occurrence of post operative LV dysfunction.


Multivariate analysis (OR [95% CI], p) revealed the following results:

▪ After adjustment for age, sex, NYHA class, LVEF, LVESD and AF, LVOTTVI (0.75 [0.62–0.91], p < 0.01) and mean forward SVi (0.93 [0.87–0.99], p = 0.02) were independently associated with post-operative LV systolic dysfunction, whereas forward LVEF exhibited borderline significance (0.96 [0.92–1.00], p = 0.07). The impact of all classic predictors confirmed in univariate analysis disappeared when simultaneously combined with either LVOTTVI or forward SVi with the exception of LVESD, which remained significant. However, the OR was lower than that of LVOTTVI (Table 4).

▪  After further adjustment for LAVI, LVOTTVI (0.77 [0.64–0.94], p = 0.008) and forward SVi (0.93 [0.87–0.99], p = 0.03) were independently associated with post-operative LV systolic dysfunction, whereas forward LVEF was not (0.96 [0.90–1.01], p = 0.27). The impact of all classic predictors confirmed in univariate analysis disappeared when simultaneously combined with either LVOTTVI or forward SVi with the exception of LVESD and LAVI, which remained significant. However, the OR were lower than that of LVOTTVI (Table 5).

▪ Adjustment to LV end-diastolic volume (LVESV) instead of LVESD did not change the independent impact of LVOTTVI (0.77 [0.64–0.93], p = 0.007) and forward SVi (0.92 [0.86–0.99], p = 0.02), whereas forward LVEF remained nonsignificantly associated with post-operative LV dysfunction (0.96 [0.90–1.01], p = 0.11).


TABLE 4 Multivariable risk factor analysis for predicting post-operative LV systolic dysfunction in 198 patients undergoing mitral valve repair for severe DMR.
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TABLE 5 Multivariable risk factor analysis for predicting post-operative LV systolic dysfunction in 198 patients subject to mitral valve repair for severe DMR after further adjustment to LAVI.
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Optimal thresholds for LVOTTVI, forward Svi, and forward LVEF

ROC curves identified thresholds of 15 cm for LVOTTVI (Se = 81% and Sp = 63%), 31 ml/m2 for forward SVI (Se = 67% and Sp = 79%) and 30% for forward LVEF (Se = 62% and Sp = 79%) as the most accurate in predicting post-operative LV dysfunction (Figure 2).


[image: Figure 2]
FIGURE 2
 Optimal thresholds for LVOTTVI (A), forward SVi (B), and forward LVEF (C) in predicting post-operative LV systolic dysfunction in 198 patients undergoing mitral valve repair for severe DMR according to ROC curve analysis.


After adjustment for age, sex, NYHA class, LVEF, LVESD, AF, and LAVI, LVOTTVI ≤15 cm (5.97 [1.74–20.50], p < 0.01), forward SVI ≤31 mL/m2 (4.15 [1.43–12.05], p < 0.01) and forward LVEF ≤30% (4.02 [1.31–12.36], p = 0.01) were strongly and independently associated with post-operative LV systolic dysfunction. The impact of LVESD and LAVI was weaker in all models, as attested by the lower OR (Table 6, Supplementary Tables 2S, 3S, 4S).


TABLE 6 Multivariable risk factor analysis for predicting post-operative LV systolic dysfunction in 198 patients subject to mitral valve repair for severe DMR using cutoff values for LVOTTVI, SVi and forward LVEF defined by ROC curve analysis.
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Incremental value of forward LV parameters

Among 95 asymptomatic patients with preoperative LVEF >60% and LVESD <40 mm, 5 patients (5%) developed “unexpected” LV systolic dysfunction. Among these five patients, the mean LVOTTVI was 13.8 ± 2.3 cm, and four patients (80%) had an LVOTTVI ≤15 cm. The forward SVi was 32.8 ± 4.5 ml/m2. The two patients (40%) had a forward SVi ≤31 ml/m2. The mean forward LVEF was 30 ± 3.1% and four patients (80%) had a forward LVEF ≤30%. All of these five patients had at least one of these markers.




Discussion

Our study including 198 patients with MV repair for severe DMR due to MVP showed that (1) post-operative LV systolic dysfunction occurred in 11% of all patients and in 5% of asymptomatic patients despite normal preoperative classic echocardiographic LV parameters; (2) LVOTTVI and forward SVI were identified as independent risk factors for post-operative LV dysfunction and appeared to be stronger predictors than classic clinical and echocardiographic markers, particularly LVEF; and (3) thresholds of 15 cm for LVOTTVI and 31 ml/m2 for forward SVI could be early indicators of latent LV dysfunction, helping risk stratification and decision-making.

In the absence of randomized trials, DMR due to MVP has nourished a passionate controversy around the optimal timing of surgical indication in asymptomatic patients without signs of overt LV dysfunction for more than two decades. In this debate, supporters of early strategies (13, 23, 28–31) are facing guardians of the historical conservative approach (6, 32). The so-called watchful waiting approach argues that close follow-up until the occurrence of overt symptoms or patent LV dysfunction is not associated with outcome penalty based on two observational studies including small populations with likely moderate MR attested by low LV volumes (6, 32). In contrast, early surgical correction of DMR is supported by profuse observational studies, which reported a strong association between preoperative severe symptoms, decreased LVEF (16), increased LVESD (27), occurrence of AF (33) or pulmonary hypertension, and adverse outcomes both under conservative management and post-operatively (8). In addition, early repair has been associated with LA and LV function preservation (7, 8, 12, 18, 34), better post-operative outcomes than the conservative approach after propensity score matching (13, 29, 30), and restoration of normal life expectancy (35).

LV systolic dysfunction is the ultimate adverse consequence of primary MR and the first cause of post-operative mortality (5, 34). As such, its prevention remains the primary target of DMR treatment. In the compensated stage of chronic MR, LV remodeling is indeed the compensatory response to volume overload, which promotes extracellular matrix disturbances, including dissolution of collagen fibers and rearrangement of myocardial fibers. The transition to the decompensated stage of chronic MR is promoted by a reduction of the sarco-endoplasmic reticulum Ca2+ATPase2, which is also referred to as SERCA 2, and an increase in the secretion of matrix metalloproteinases that initiates matrix proteolytic activity, cell apoptosis and ultimately impaired myocardial contractility (4). Preservation of LV systolic properties by eliminating volume overload “on time” therefore appears to represent the challenge in DMR management. However, assessment of LV systolic function by traditional echocardiographic indices is obscured by the modified loading conditions induced by MR. Classic markers, such as LVEF and LVESD, are pertinent indicators of patent LV dysfunction when altered (9, 10). However, these markers suffer from low sensitivity in the detection of early LV systolic impairment, which might already be present despite normal preoperative values and is subsequently unmasked post-operatively. This phenomenon is referred to as the so-called unexpected post-operative LV dysfunction (27).

Consequently, efforts have been focused on defining new surgical signals with the common objective of preserving LV function, but none have been fully validated to date. Myocardial deformation has been investigated (36), and patients with post-operative LV dysfunction have been shown to have alterations in preoperative global longitudinal strain (GLS). Although GLS seems to be more sensitive than LVEF to detect patients with LV dysfunction in severe MR, it is limited by the need for high-quality images, imperfect sensitivity and variability of GLS thresholds from one echo manufacturer to another. The detection of diffuse myocardial fibrosis by T1 mapping in MRI is currently the subject of active ongoing research and seems promising (37, 38). However, MRI suffers from its lower accessibility than TTE in routine practice. Upstream of LV parameters and mitral valve, LAVI was reported as an independent risk factor for events in patients under conservative treatment (39). However, preoperative LA remodeling is physiologically connected to the occurrence of AF and its dismal consequences both under conservative management and post-operatively (31, 40, 41). In the absence of new effective markers, current guidelines still rely on classic parameters but acknowledge their limitations and open the door for early strategies in asymptomatic patients without Class I signals as reasonable Class IIa indications (14, 15). It is however conceivable that within this subset of asymptomatic patients with normal LVEF and without extreme cavity remodeling, some could benefit from watchful waiting, whereas others should promptly undergo surgery. In this context and in an attempt to refine risk stratifications, we investigated the impact of forward flow indices in predicting the risk of post-operative LV dysfunction in DMR. Indeed, in the presence of MR and despite volume overload, global LV afterload does not increase at variance with aortic regurgitation (AR) due to the double outlet (42), and LV ejection is distributed between forward and backward flow. Forward flow in the setting of MR partly reflects the ability of myocardium to eject forward against arterial afterload instead of regurgitating backward in the low-resistance LA. As such, one can assume that markers of forward flow better reflect LV intrinsic systolic performance than LVEF and LVESD, which implicitly integrate both antegrade and retrograde streams and may overestimate LV systolic function in case of severe MR. In our study population of patients who all benefited from surgical mitral repair, the traditional impact of LVEF and LVESD in predicting post-operative LV dysfunction were actually supplanted by two forward flow indices which, decreased values could be pertinent indicators of systolic dysfunction at an early stage. LVOTTVI and forward SVi were thus strong determinants of post-operative LV systolic dysfunction independent of all known risk factors for outcome. Importantly, all cases of unexpected LV dysfunction could have been detected by alteration of either one of these factors. These data are congruent with a previously published index of LV performance using LVOTTVI in combination with LVESD, which suffered from mixing forward and backward markers (20). Forward LVEF did not reach significance when considered as a continuous variable but did so when the threshold of 30% was considered, which is more restrictive than the previously reported value of 50% (26). Forward LVEF has been identified as predictive of a composite criterion combining MV surgery and post-operative LV systolic dysfunction among patients with severe primary MR and normal ejection fraction (26). This parameter appeared less robust in our data for unclear reasons but might be related to a lack of power or technical issues. LVOTTVI is indeed a surrogate for stroke volume (SV) that is easy to obtain in routine practice with low skill requirements in contrast to forward SVI and forward LVEF. Both of these parameters indeed require the tricky measurement of LV outflow tract diameter, the squared value of which magnifies any inaccuracy in its recording. In addition, forward LVEF requires LV tracing and perfect apical views. Despite reflecting the same physiologic concept, the increased robustness of LVOTTVI observed in our study population could be the consequence of such methodological matters.


Limitations

Given the retrospective design and relatively small study population employed in this study, these findings require validation in future large-scale prospective studies. Hypertension was present in 23% of patients, and high blood pressure values at the time of echo could have artificially decreased forward flow indices independent of LV function. However, the consistency of their predictive value in all multivariable models and their incremental values over classic signals, particularly in detecting unexpected LV dysfunction, does not favor this hypothesis. In addition, the predictive value of LVOTTVI reported in this study in DMR is consistent with its known impact in the risk stratification of several cardiac diseases, including congestive heart failure (43), stable coronary artery disease and acute myocardial infarction. Decreased LVEF 6 months after mitral surgery is a debatable surrogate for irrevocable post-operative LV dysfunction, which might recover later on but was previously used as an acceptable substitution criterion (27). LVEF follow-up beyond 6 months could help refine the long-term impact of preoperative forward flow index alterations in the quest for ideal surgical signals, i.e., those that indicate surgery without compromising post-operative outcome. Such a signal does not exist in the setting of severe primary MR at present.




Conclusion

In patients with severe DMR, forward flow parameters could represent pertinent indicators of intrinsic LV performance, and alterations in these parameters could serve as earlier markers of latent LV dysfunction compared with conventional echocardiographic indices. Among these parameters, LVOTTVI appears to be the most robust and could be used as an easy recording tool in routine practice for risk stratification, thereby refining surgical indications in patients with no Class I or IIa indications.
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Mitral valve prolapse (MVP), characterized by a displacement > 2 mm above the mitral annulus of one or both bileaflets, with or without leaflet thickening, is a common valvular heart disease, with a prevalence of approximately 2% in western countries. Although this population has a generally good overall prognosis, MVP can be associated with mitral regurgitation (MR), left ventricular (LV) remodeling leading to heart failure, ventricular arrhythmia, and, the most devastating complication, sudden cardiac death, especially in myxomatous bileaflet prolapse (Barlow's disease). Among several prognostic factors reported in the literature, LV fibrosis and mitral annular disjunction may act as an arrhythmogenic substrate in this population. Cardiac magnetic resonance (CMR) has emerged as a reliable tool for assessing MVP, MR severity, LV remodeling, and fibrosis. Indeed, CMR is the gold standard imaging modality to assess ventricular volume, function, and wall motion abnormalities; it allows accurate calculation of the regurgitant volume and regurgitant fraction in MR using a combination of LV volumetric measurement and aortic flow quantification, independent of regurgitant jet morphology and valid in cases of multiple valvulopathies. Moreover, CMR is a unique imaging modality that can assess non-invasively focal and diffuse fibrosis using late gadolinium enhancement sequences and, more recently, T1 mapping. This review describes the use of CMR in patients with MVP and its role in identifying patients at high risk of ventricular arrhythmia.
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Introduction

Mitral valve prolapse (MVP), the most common cause of chronic primary mitral regurgitation in developed countries (1, 2), is characterized by the bulging of one or both mitral valve leaflets (with or without thickening) into the left atrium. Its initial prevalence varies from 15 to 35% (3, 4) based on either auscultation or non-specific echocardiography, leading to the overdiagnosis of this pathology. Using the current echocardiographic definition of leaflet displacement beyond the plane of the mitral annulus of at least 2 mm in the parasternal long-axis view (5), the prevalence of MVP has dropped to 2–3% in the general population (6). Although considered to be relatively benign, with excellent survival (7, 8), a number of studies have reported an association between ventricular arrhythmias and sudden cardiac death (SCD), independent of the severity of mitral regurgitation (MR) or ventricular dysfunction (9, 10), with an estimated annual risk of 0.2–1.9% (11–13).

Due to the excellent visualization of the mitral anatomy if affords, its high temporal resolution, and ease of use, two-dimensional echocardiography (associated with transesophageal echocardiography if needed), is the first -line imaging modality for analyzing mitral leaflet motion and thickness and quantifying MR. However, the visualization and quantification of MR can be challenging in cases of poor image quality, especially in the parasternal window, or in the presence of eccentric jets (common in MVP). Moreover, recent studies have suggested a link between MVP, focal fibrosis (in the region of the mitral valve apparatus), and sustained (or complex) ventricular arrhythmia (11) that echocardiography cannot “approach”.

Cardiac magnetic resonance (CMR), with its unique ability to characterize myocardial tissue using late gadolinium sequences, and more recently, T1 mapping, has emerged as a very useful non-invasive imaging modality to assess focal and diffuse myocardial fibrosis, in addition to its accuracy in evaluating ventricular volume and MR quantification (14).

In this review, we will discuss the role of CMR in patients with MVP from diagnosis to LV fibrosis with risk stratification for malignant ventricular arrhythmia and SCD to MR quantification.


Cardiac magnetic resonance for diagnosing mitral valve prolapse, left ventricular remodeling, and mitral annular disjunction
 
Cine images

Although the spatial resolution of CMR is lower than that of echocardiography, the mitral valve apparatus, including mitral valve leaflets, the mitral annulus, the chordae, and the papillary muscles, can be visualized using balanced steady-state free precession (b SSFP) imaging, ideal for assessing mitral leaflet motion. CMR techniques used to asses MVP are summarized in Table 1. Advantages and limitations of CMR in MVP assessment are presented in Table 2.


TABLE 1 Summary of CMR protocols for MVP assessment.

[image: Table 1]


TABLE 2 CMR parameters used to evaluate MVP: advantages and limitations.

[image: Table 2]

With the use of retrospective cardiac gating (prospective in case of atrial fibrillation), MVP can be visualized in (1) standard long-axis views: 2-chamber, 3-chamber, and 4-chamber; (Figure 1) or (2) a stack of contiguous cine through the plane of the mitral valve, perpendicular to the commissure to identify different scallops of the mitral leaflets.


[image: Figure 1]
FIGURE 1
 Bileaflet mitral valve prolapse visualized in a 2-chamber (A), 4-chamber (B), and 3-chamber view (C). The annular plane (red line) is positioned, then the measurement of the mitral prolapse is made from the annular plane to the mitral leaflet (orange line).



The diagnosis of mitral valve prolapse

MVP is diagnosed using the same criteria of the 2 mm single or bileaflet displacement beyond the long-axis annular plane in a 3-chamber view, equivalent to the trans-thoracic echocardiography parasternal long-axis view (15) (Figure 1).

As in echocardiography, the measurement of leaflet displacement should not be performed in the 2- or 4-chamber view due to the saddle-shaped mitral valve annulus, falsely creating the appearance of a prolapse.

Leaflet thickness is defined as the maximal thickness measured during diastole in long axis views. A thickness ≥ 5 mm defines a classic MVP (or Barlow's disease with myxomatous degeneration of the mitral valve involving both leaflets) vs. non-classic MVP, with a thickness <5 mm (16). However, with a slice thickness between 5 and 7 mm, CMR is less accurate than echocardiography for measuring leaflet thickness.

The mitral annular diameter, commonly greater in MVP (17, 18), is measured at end diastole or end systole in the standard long-axis views (19); its dilatation is often associated with left ventricle (LV) and left atrial (LA) enlargement.



Left ventricular remodeling

Due to its ability to measure ventricular volume and mass without the need for geometric assumptions, CMR is the imaging modality of choice for accurately assessing ventricular volumes in patients with MVP. Using b SSFP images acquired during a breath-hold on a stack of short-axis views covering both ventricles from the base through the apex, endocardial and epicardial contours are manually traced at end-diastole and end-systole, including papillary muscles as part of the ventricular volumes. The basal slice at end systole should be at the level of the mitral annulus and not at the mitral valve leaflets, especially for patients with bileaflet mitral valve prolapse (20) (Figure 2).


[image: Figure 2]
FIGURE 2
 Positions of the left ventricular basal slice at end systole (to trace endocardial borders on short axis images) in 3-chamber view for a patient with a bileaflet mitral valve prolapse: at the mitral valve leaflet level (green line) or at the mitral annular level (recommended) (orange line).


Left atrium contours are traced at end-systole using the biplane area-length method in the 2- and 4-chamber views (21). MVP, especially in Barlow's disease, is associated with higher LV volumes, regardless of the presence of MR (18), leading to the hypothesis that MVP is not only an abnormality of the mitral apparatus but also of cardiac chambers. Levy et al. (22) found that the LV, right ventricle (RV), and LA were significantly enlarged in patients with MVP with moderate or low MR, despite a small mitral regurgitant volume (MRvol) on CMR, with a significantly larger prolapse volume in cases of LV dilatation. The prolapse volume is described as a dome-shaped systolic blood volume between the mitral annulus and the prolapsed leaflets (Figure 3), creating a non-regurgitant volume overload in the LV and the LA that can account for the enlargement out of proportion to the MR in patients with MVP, especially in Barlow's disease (23). El Tallawi et al. (23), measured the prolapse volume of 157 patients with Barlow's disease, in addition to diastolic and systolic volumes, and showed that the indexed LV end-diastolic volume cumulatively increased with increasing MR and prolapse volume. In a multivariate analysis, prolapse volume was an independent and significant predictor of LA and LV dilatation.


[image: Figure 3]
FIGURE 3
 Patient with a bileaflet prolapse diagnosed in 3-chamber view (A) with visualization of the prolapse area (red line and curve) (B).


LV basal inferolateral hypertrophy has been described and correlates with the degree of annular excursion by CMR (24). Regional LV deformation, assessed by longitudinal and/or circumferential peak systolic strain, has been much more extensively explored by echocardiography than by CMR. Romero Daza et al. (18) were the first to use CMR to demonstrate increased basal circumferential and longitudinal values (especially in the inferolateral and anterolateral segments), regardless of the presence of MR. Abnormal basal inferolateral motion (also called curling) is typically seen in patients with mitral annular disjunction (MAD).



Mitral annular disjunction

MAD, is characterized by a separation between the mitral valve annulus-left atrial wall junction and the basal segment of the left ventricular (LV) wall. Disjunction anywhere around the mural leaflet is common and found in 76% of a large cohort of patients without any known cardiovascular disease (25). However, extensive inferolateral disjunction (adjacent to the P2 scallop) is rare (5%). MAD is associated with MVP (25) and independently associated with severe Barlow's disease and LV dilatation (17).

It can be visualized in end-systole from standard long-axis views as the absence of myocardium between the posterior mitral valve annulus and adjacent basal LV wall. On cine images, patients with MAD show a typical systolic curling motion of the basal LV wall, leading to annular hypermobility (Supplementary Video 1). MAD is present if the maximum distance between the left atrial wall mitral valve leaflet junction and the top of the left ventricular wall is ≥1 mm, regardless of the location (26) (Figure 4). The length of MAD varies from a few millimeters to ≥10 mm.


[image: Figure 4]
FIGURE 4
 Measurement of the length of the mitral annular disjunction in a 3-chamber view at end systole from the left atrial wall-posterior mitral valve leaflet junction to the top of the left ventricular inferobasal wall (red line).


A recent review that pooled 19 studies found a prevalence of MAD of 32.6% in patients with MVP, increasing to 50.8% for patients with myxomatous mitral valve disease (27). Using CMR as a reference, a recent study (17) reported similar results, with a prevalence of MAD (length measurement 8 ± 4 mm) of 35%, rising to 64% for patients with myxomatous MVP, with a sensitivity of 65% and a specificity of 96% for transthoracic echocardiography. CMR, with its high signal-to-noise ratio, excellent blood-myocardium contrast-to-noise ratio, and reproducibility, may be the imaging method of choice to visualize and measure MAD. Despite its lower temporal resolution, CMR appears to be more sensitive than echocardiography for detecting small MAD <4 mm (28). However, the lack of standardized criteria on how and where to measure MAD using different imaging modalities could result in variability among measurements.

Interestingly, MAD appears to be associated with fibrosis and ventricular arrhythmia (17, 26, 27, 29), especially when the length of the MAD is > 8.5 mm, for the prediction of non-sustained ventricular tachycardia (NSVT), with a sensitivity of 67% and a specificity of 83% (30). MAD has also been reported to be a consistent feature of arrhythmic MVP with LV fibrosis.




Cardiac magnetic resonance for assessing LV fibrosis
 
Late gadolinium enhancement imaging

CMR, using late gadolinium enhancement (LGE) sequences acquired after contrast administration, allows the assessment of non-invasively regional myocardial replacement fibrosis, a risk marker of arrhythmic events for patients with MVP (31).

Based on a comparison between healthy and fibrotic myocardium, pulse sequences (2D segmented inversion recovery GRE or PSIR or 3D sequences) are performed at least 10 min after gadolinium administration in mid-diastole during a breath hold using the standard long-axis view and a stack of short-axis views (used for LV volume and function) (32). In cases of irregular heartbeat or difficulties in breath holding, single-shot imaging can be performed.

Conventional bright-blood LGE imaging is preceded by a TI SCOUT, set to nullify the normal myocardium. Due to the poor scar-to-blood contrast of these conventional sequences, the detection of subtle papillary muscle fibrosis adjacent to the blood pool can be challenging. By suppressing the blood pool signal, dark-blood LGE imagining could improve the detection of LGE at the papillary muscle level (33). For Dark-blood LGE imaging TI scout is set to nullify the LV blood pool (34).

The most common LGE pattern for patients with MVP is a mid-wall or patchy, but non-coronary artery disease-related pattern, mostly visualized in the basal inferolateral or inferior wall and at the level of the papillary muscles (11, 15, 18, 31, 35) (Figure 5). It is well documented that myocardial fibrosis assessed by LGE imaging is a powerful predictor of ventricular arrhythmia in ischemic and non-ischemic cardiomyopathy (36). In MVP, the distribution of LGE in CMR was shown to correlate with histopathological fibrosis (11) and the origin of ventricular ectopy by electrophysiological studies (37). The presence of regional replacement fibrosis can occur early in the course of the disease, found in 13% of patients with only trace-mild mitral regurgitation (MR), increasing to 28% for moderate and 37% for severe MR (35). There is an association between replacement fibrosis on CMR and the presence of ventricular arrhythmia (15, 38, 39). Basso et al. (11) found a prevalence of 93% of LV fibrosis in patients with MVP-related SCD and MVP with complex ventricular arrhythmias. Lee et al. (38) confirmed this association, showing that the volume and proportion of LGE [measured using different methods requiring specific software (40)] were independently associated with sudden cardiac arrest and ventricular tachycardia, as well as MAD. A recent retrospective multicenter study on 474 MVP patients without moderate to severe MR found that only LGE (and not MAD) and preexisting malignant arrhythmias were predictors of an adverse clinical outcome (sustained ventricular tachycardia, SCD, or unexplained syncope) (39).


[image: Figure 5]
FIGURE 5
 Late gadolinium enhancement images showing enhancement of the posteromedial papillary muscles (red arrows) (A–C) and nodular myocardial wall enhancement at the base of the papillary muscles (yellow arrow) (A).


Excessive mobility of the mitral apparatus (including traction from the chordae tendinae) related to MVP and MAD can induce an abnormal mechanical stress/stretch, leading to the development of hypertrophy and fibrosis in these regions, well documented by histopathology or CMR (11, 41, 42). This mechanically-induced fibrotic tissue may favor the constitution of a re-entry circuit, causing ventricular arrhythmia. The combination of mechanical stretch and myocardial fibrosis of the LV and papillary muscles causes electrical instability, a key role in the genesis of ventricular ectopy (11, 37, 41, 43), reinforcing the role of CMR in its ability to detect MAD, systolic curling, and focal and diffuse fibrosis for predicting patients at high risk of ventricular arrhythmias (44, 45).




T1 mapping and extracellular volume

In addition to the detection of fibrotic myocardium, CMR by T1 mapping sequences allows quantification of the myocardial extracellular volume (ECV), a quantitative marker of diffuse myocardial fibrosis that correlates with the magnitude of histological fibrosis (46, 47).

Modified look-locker inversion recovery (MOLLI), shortened MOLLI, or equivalent pulse sequences with motion correction are performed in a single breath hold at the level of the mid-basal and mid-LV short axis before and 15 to 20 min after contrast administration (32). Calculation of the ECV is derived from changes in the myocardial and blood T1 signal (before and after contrast) corrected for the hematocrit, which represents the cellular fraction of the blood (Figure 6). The ECV is less dependent on the magnetic field strength than the T1 signal. In the absence of a hematocrit sample, Treibel et al. (48) have proposed to estimate a synthetic hematocrit based on the relationship between the hematocrit and the longitudinal relaxation rate of the blood.


[image: Figure 6]
FIGURE 6
 Patient with a bileaflet mitral valve prolapse, mitral annular disjunction, and fibrosis in the papillary muscles. T1 mapping was performed at mid-level before (A) and after contrast administration (B), allowing calculation of the extracellular volume (ECV) (C). The ECV was globally elevated (40%) in all segments of the myocardium.


The ECV has an incremental diagnostic benefit in non-ischemic cardiomyopathy and correlates strongly with outcome, better than native T1 mapping (49).

In MVP, a recent retrospective study by Pavon et al. (50) that used the synthetic ECV (ECV syn) showed it to be higher in patients with MVP and MAD than in controls (87% had a mean ECV above the upper limit of 27%). However, focal fibrosis increases the ECV and could represent a potential confounding factor. Interestingly, the authors showed that 81% of LGE negative MVP-MAD patients had an ECV syn >27%, suggesting that fibrosis is present in the myocardium of all patients and not only in those in which it is detected by inferobasal LGE. Moreover, they showed that among patients with complex ventricular arrhythmias, the ECV was increased for all patients with MAD but only in 53% of those with LGE suggesting that interstitial fibrosis (and not only focal fibrosis) could be a predictor of ventricular arrhythmia in MVP-MAD patients (50). Indeed, electrophysiological studies have shown that ventricular arrhythmias in MVP originate not only from papillary muscles but also from the outflow tract or fascicular regions (51).

In a large prospective study of 229 patients with MVP and 195 without, Kitkungvan et al. (52) showed that the ECV (at mid-level) increases with MR severity, regardless of MR etiology (prolapse or not) and was independently associated with MR-related symptoms and MR severity on multivariate analysis. Chronic LV volume overload could also play a role in diffuse interstitial fibrosis development in MR.




Cardiac magnetic resonance for quantifying mitral regurgitation
 
Cine imaging and cine phase contrast velocity mapping

There are three different CMR methods (two indirect and one direct) to quantify MR severity in MVP, all independent of geometric assumptions, unlike echocardiography.

The most recommended method is indirect, requiring measurement of the left ventricular stoke volume (LVSV) and aortic forward flow (AFF) to calculate the MRvol and regurgitant fraction (RF) (Figure 7). The two other methods (14) are less used in clinical practice and will not be discussed further.
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FIGURE 7
 Slice position at the level of the sinotubular junction (red line) (A) to perform a phase-contrast velocity mapping sequence to generate a flow curve (B). The aortic forward flow volume is calculated as the area under the curve (AUC) of the forward flow on the flow curve (green area). Formula to calculate the mitral regurgitant volume (MRvol) and regurgitant fraction (RF) (C).


The LVSV is expressed as the difference between the LV end diastolic volume (LVEDvol) and LV end systolic vol (LVESvol), calculated using manual contouring in end diastole and end systole, including that of trabeculae and papillary muscles on short-axis cine SSFP images covering the entire LV. The basal slice is defined as that in which the LV myocardium is detected at a minimum of 50% of its circumference, corresponding to the level of the mitral valve annulus. The AFF is obtained from phase-contrast velocity mapping performed in the proximal ascending aorta above the tip of the aortic valve and perpendicular to the vessel. A flow curve is generated allowing calculation of the area under the curve of the forward flow curve (Figure 7).

The MRvol is defined as follows: LVSV-AFF and RF = MRvol/LVSV.

This method, which is highly reproducible and valid in cases of multiple valvular regurgitation, is independent of the shape and morphology of the jets, which is particularly useful for patients with late systolic and eccentric regurgitant jets for which delimiting the radius of the converging hemisphere is difficult in echocardiography (53).

Several studies have shown consistent discrepancies between echocardiography (PISA method) and CMR in MR severity grading (54–56), especially for patients with eccentric jets with a higher MRvol by the PISA method (54, 55). A recent study on 188 patients with MVP assessed by echocardiography (PISA and volumetric method) and CMR, confirmed a weak correlation between PISA-MRvol and volumetric methods either by CMR or echocardiography (0.29 and 0.30, respectively, p < 0.001) (54). Applying the echocardiographic CMR cutoff (MRvol ≥ 60 ml for severe MR) would result in 32% (60 patients) of the patients being reclassified from severe (with PISA) to moderate MR with CMR. Interestingly, the overestimation of MRvol with PISA decreases with MR severity and a reverse trend is observed among patients with MAD, higher LVEDvol and large prolapse volume (22, 54).

In patients with bileaflet MVP, positioning of the basal slice in CMR at the mitral annulus (also called the “functional method”) (20) means that the blood trapped between the annulus and leaflets is not included in the LVESvol estimation, leading to a higher LVSV, MRvol, and EF than that estimated using the “anatomical” method (at the mitral valve leaflets). Better correlations between the LVEDvol and MRvol (r = 0.79 and r = 0.67, respectively) and the LVEF and global myocardial strain (r = 0.86, r = 0.68 respectively) have been shown using the functional the anatomical method (20). However, in a recent study, the MRvol determined by CMR or echocardiography correlated with the LVEDvol (r = 0.68 and r = 0.66, respectively) unlike for the RF (54). As MRvol is linked to LV size, the use of an arbitrary cutoff of severity by CMR is likely to be inappropriate, as LV remodeling differs between patients with severe MR. Therefore, the MRvol measured by CMR should be interpreted with caution in clinical practice to avoid underestimation of MR severity in the presence of truly severe MR but with limited LV enlargement, as frequently encountered in older patients and women. As the RF normalizes the MRvol to the size of the LV, the RF over MRvol may be preferable for quantifying MR. Although large trials on specific CMR thresholds are lacking, a recent review of the literature suggests a cut off of RF ≥ 40% for severe MR (14), similar to a recent study using 4D flow CMR (57).



4D flow

Unlike 2D flow, 4D flow is possible in a single continuous free-breathing volume acquisition (7–10 min) covering the entire heart and allowing visualization of flow in multiple orientation with a possibility to retrospectively measure any flow in any direction.

Regurgitant volume and fraction can be derived from direct measurement of regurgitant flow (through plane regurgitant flow calculated from pultiplanar reformatted planes at the peak velocity of MR) or from indirect 4D flow quantification (58) (4F flow mitral forward flow – 4D flow aortic stroke volume).

4D flow imaging has demonstrated promising results with good agreement in secondary MR (59) but low agreement in primary MR with a trend to exaggerate regurgitant volume. Indeed, eccentric jet can be challenging to identify and follow through out systole.

Data on 4D flow in MVP are scare. A recent study on 54 patients with MVP assessed in transthoracic echocardiography, standard volume CMR and 4D flow (direct and indirect methods) showed a good correlation between methods (r = 0.59–0.84, p < 0.001) with the best concordance between standard CMR and 4D indirect method (60). Compared to echocardiography, in a cohort of 33 patients with chronic primary MR, Ribeyrolles et al. (57) proposed CMR thresholds of RF ≤ 20% for mild MR; 21–36% for moderate MR and ≥37% for severe MR to get the best agreement between these two methods (Kappa=0.9: 95% CI 0.7–0.9).



How to select patients with MVP for CMR?

In all MVP patients, clinical evaluation, personal and family history, ECG and echocardiography should be the first steps before CMR. As CMR is not an imaging modality always available and echocardiography is the first line technique, we would recommend addressing patients for CMR in case of inconclusive or uncertain echocardiography on MVP and MAD assessment or MR severity discrepancies between MR severity on echocardiography and clinical finding. In case of arrhythmic MVP (complex premature ventricular contractions on ECG or holter monitoring, frequent inverted T-waves in the inferior leads or severe myxomatous disease), a systematic CMR is recommended to identify specific arrhythmic risk factors such as focal or diffuse fibrosis.





Conclusion

CMR has become an important component of MVP assessment due to its accuracy in assessing ventricular dimensions and function, mitral annulus motion, and mitral regurgitation severity, in addition to its unique ability to non-invasively assess focal and interstitial diffuse fibrosis.

With use of cine images in standard long-axis views, MVP can be visualized and quantified, as well as mitral annular disjunction and prolapse volume. Using an indirect method that combines LV measurement and phase-contrast velocity mapping in the ascending aorta, MR can be quantified with a high level of accuracy using the regurgitant fraction and mitral regurgitant volume.

With the use of late gadolinium enhancement sequences and T1 mapping, focal and diffuse fibrosis, with calculation of the extracellular volume, can be detected and quantified, providing useful information to identify MVP patients with a high risk of ventricular arrhythmias.

As a complement to clinical and echocardiographic data, CMR, using a complete protocol as described above, should be integrated into the workup of patients with MVP.
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Mitral valve prolapse (MVP) is a cardiac valve disease that not only affects the mitral valve (MV), provoking mitral regurgitation, but also leads to maladaptive structural changes in the heart. Such structural changes include the formation of left ventricular (LV) regionalized fibrosis, especially affecting the papillary muscles and inferobasal LV wall. The occurrence of regional fibrosis in MVP patients is hypothesized to be a consequence of increased mechanical stress on the papillary muscles and surrounding myocardium during systole and altered mitral annular motion. These mechanisms appear to induce fibrosis in valve-linked regions, independent of volume-overload remodeling effects of mitral regurgitation. In clinical practice, quantification of myocardial fibrosis is performed with cardiovascular magnetic resonance (CMR) imaging, even though CMR has sensitivity limitations in detecting myocardial fibrosis, especially in detecting interstitial fibrosis. Regional LV fibrosis is clinically relevant because even in the absence of mitral regurgitation, it has been associated with ventricular arrhythmias and sudden cardiac death in MVP patients. Myocardial fibrosis may also be associated with LV dysfunction following MV surgery. The current article provides an overview of current histopathological studies investigating LV fibrosis and remodeling in MVP patients. In addition, we elucidate the ability of histopathological studies to quantify fibrotic remodeling in MVP and gain deeper understanding of the pathophysiological processes. Furthermore, molecular changes such as alterations in collagen expression in MVP patients are reviewed.
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Introduction

Mitral valve prolapse (MVP) is the most common heart valve disease with a prevalence of 2%–3% (1, 2). Myxomatous degeneration of the mitral valve (MV) leaflets eventually leads to systolic displacement of one or both mitral leaflets into the left atrium (3). The excessive mobility of the prolapsing leaflets along with increased systolic annular expansion is paralleled by superior papillary muscle (PM) displacement and a systolic curling motion of the inferobasal left ventricle (LV) wall (4–6). The structural link to the valve and potentially increased mechanical stress have previously been suggested as a possible mechanism for myocyte hypertrophy and fibrosis in these areas (7–10). According to this hypothetic mechanism, biomechanical stress might play a central role in the pathophysiology of the subvalvular and surrounding ventricular structural changes, i.e., replacement fibrosis, that occur secondary to MVP (11). Such fibrosis is clinically relevant because of a demonstrated association with ventricular arrhythmias and sudden cardiac death (SCD) (7, 9, 12). Cardiovascular imaging is the clinical noninvasive method used to detect myocardial fibrosis (13), while histological assessment is the validation standard for its detection and quantification (14, 15). To provide a clinical benefit for MVP patients in the future, three steps are recommended for preclinical and clinical research: (i) improvement and refinement in describing fibrosis, (ii) improvement in detecting fibrosis, and (iii) targeting fibrosis by surgical or pharmacological treatment (16). Therefore, the first step of analysis in the MVP patient cohort is the description of the quantity and quality of fibrosis and associated proteins to improve the knowledge about the involved pathological processes. The assessment of MVP patients using clinical, imaging and biological tools is necessary to evaluate the association to heterogeneous anatomic and pathophysiological development and progression of MVP (17).

This review provides an overview of current histopathological studies investigating fibrosis in LV myocardium in MVP patients.



Myocardial fibrosis in MVP and fibrosis-related remodeling

In general, myocardial fibrosis is characterized by myofibroblasts expressing α-smooth muscle actin (α-SMA), formation of contractile polymerized stress fibers, and increased production of extracellular matrix (ECM) proteins such as collagen (14, 18, 19). Mechanical cardiac stress has been shown to induce specific molecular and biochemical alterations in the ECM by triggering an ECM-synthesizing program of structural and matricellular proteins (20). In addition, cardiac fibroblast proliferation is activated with increased expression of periostin which eventually leads to a transdifferentiation into myofibroblasts (1, 18, 19, 21). Whether these processes play a role in fibrosis development in MVP, as well as the underlying potentially biomechanical triggers have to be investigated in experimental mechanistic studies.

Myocardial fibrosis in MVP is characterized by different types and structural distributions of fibrosis (Figure 1). This implies that the interaction between the prolapsing, myxomatous mitral leaflets, the PMs and the LV may result in nonuniform remodeling. This hypothesis was originally generated following investigation of MVP patients who died from SCD (7).
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FIGURE 1
Exemplary histological analyses of Masson's trichrome stained cardiac biopsies of the inferobasal region of the left ventricular wall in MVP patients undergoing mitral valve repair surgery. Advanced interstitial fibrosis (A) and replacement fibrosis (B) can be detected. Scalebars = 100 µm.


Hinderer et al. (18) described three types of myocardial fibrosis: reactive interstitial fibrosis, infiltrative interstitial fibrosis and replacement fibrosis. Reactive interstitial and replacement fibrosis have been found in MVP patients.

Reactive interstitial fibrosis is defined as an increase in ECM deposition without significant loss of cardiomyocytes (18). This type of fibrosis includes the excess of fibrous tissue in relation to cardiomyocytes within the myocardial interstitium, expanding the interstitial space in the form of microscars or bands of fibrous deposits surrounding cardiac muscle bundles or single cardiomyocytes (20). Moreover, fibrous deposits can be formed in the perivascular space around small blood vessels (20). In MVP patients, interstitial fibrosis has been found by CMR T1 mapping (22) and by histopathological investigations (23, 24).

Replacement fibrosis is a locally restricted, irreversible type of fibrosis forming a scar following cell necrosis (14, 18). In MVP specifically, replacement fibrosis has been found in the inferobasal myocardium and the PMs of patients with severe mitral regurgitation (MR) (3, 12, 23, 25), as well as in the LV myocardium at the level of the PMs and the adjacent free wall of patients who suffered SCD (12). Myocardial fibrosis in MVP patients can be characterized as interstitial, compact, focal, diffuse and patchy (3, 12, 18). In addition to focal cellular alterations and fibrosis within the PMs and LV wall, mitral leaflet fibrosis has also been detected in MVP (12, 23, 25). Based on the focal localization of fibrosis even in patients with mild MR, it has been hypothesized that its development occurs secondary to local traction of the myocardium by the prolapsing leaflets (12), a hypothesis that needs to be proved experimentally.

In addition to the reduction of the oxygen supply and nourishment in the myocardium, fibrosis causes electrical changes that predispose patients to arrhythmias (14). Diffuse interstitial fibrosis has been associated with ventricular arrhythmia in MVP patients and may be related to volume overload secondary to MR (22). On the other hand, localized fibrosis in myocardium adjacent to the PMs has been associated with ventricular arrhythmias and SCD in the absence of diffuse ventricular fibrosis (7, 9, 12). This supports the concept of mechanical stress from prolapsing valve structures causing localized fibrosis and subsequent arrhythmia substrate.

Determination of the different patterns of fibrosis and the optimization of the imaging techniques for better detection of these patterns is necessary, because the detection of different types of fibrosis could result in different clinical implications in the future. For example, it is known to date that irreversible replacement fibrosis is of prognostic relevance, and diffuse, interstitial fibrosis might be a dynamic, early and reversible marker of myocardial diseases (26).

Further, the pattern of fibrosis could be influenced by myocardial infarction, cardiomyopathy or genetic predispositions of MVP patients (26, 27). For example, interstitial fibrosis is mostly caused by chronic triggers such as pressure overload of inflammation, replacement fibrosis could occur after acute ischemic injury (28).



CMR-based quantification of fibrosis in MVP patients

Noninvasive imaging plays a key role in direct or indirect detection of myocardial fibrosis with the use of multiple imaging modalities (29, 30). CMR remains the method of choice to detect myocardial fibrosis in daily practice (14, 31). The present review will provide a short overview about CMR-based technical opportunities and limitations of myocardial fibrosis detection compared to histology.

Late gadolinium enhancement (LGE)-CMR has a high sensitivity, specificity and reproducibility to assess focal myocardial replacement fibrosis by a relative accumulation of gadolinium in the extracellular matrix, but is not sensitive for identifying reactive interstitial fibrosis (13, 32–34). Furthermore, CMR T1 mapping is suitable to quantify diffuse interstitial fibrosis by increased extracellular volume (ECV) expansion and seems useful to detect an early stage of fibrosis (13, 31, 35). Additionally, higher native T1 times reflect myocardial disease involving the myocyte and interstitium and can be performed without the use of gadolinium-based contrast agents, and therefore without risk of renal dysfunction (14, 36).

Both CMR-derived LGE and T1 mapping sequences have been used to investigate myocardial fibrosis in MVP patients (11). LV replacement fibrosis detected by LGE-CMR was found in 36.7% of MR patients with MVP compared to 6.7% in MR patients without MVP, suggesting a unique pathophysiology independent of volume overload in MVP (37). Replacement fibrosis worsened with the degree of MR ranging from 13% in trace-mild MR to 37% in severe MR (38) and increased with patient age (37). The main pathologic findings in MVP patients are the focal fibrosis localized to the PMs and the LV wall adjacent to the PMs, including the inferolateral LV wall with an intramyocardial pattern (3, 12, 38). In addition, subendocardial patterns have been described (37).

In addition to focal and replacement fibrotic changes detected by LGE-CMR, diffuse LV interstitial fibrosis has been quantified by T1 mapping CMR sequences using pre- and post-contrast T1 times, and the calculated ECV fraction. ECV is a surrogate marker of diffuse LV interstitial fibrosis and shows a good correlation with histology in patients with cardiomyopathies, heart failure or mixed heart valve diseases (14, 31, 39). ECV is associated with LV dilation in asymptomatic patients with moderate or severe primary degenerative MR (40). Bui et al. showed a significant correlation between post-contrast T1 times and arrhythmias, LV dilation and MR severity, respectively, in patients with MVP (22). Moreover, they noted that among MVP patients with ventricular arrhythmias, only 36% had LGE in LV myocardium, and a shorter post-contrast T1 time was the only predictor of arrhythmias. More recently, ECV fraction by CMR was associated with increased MR severity and the presence of symptoms, but with a similar pattern in MVP and non-MVP cohorts (37). One previous study in patients with chronic primary MR observed a higher biopsy-proven LV fibrosis burden when compared to controls, even before the onset of symptoms (41). No significant relationships were identified between biopsy and CMR T1 mapping or LGE, however, possibly due to the patchy nature of fibrosis and the small amount of biopsy tissue obtained via an epicardial approach by these investigators. Instead, ECV correlated with multiple CMR parameters of LV function and with exercise capacity in this study (41). Furthermore, negative results of T1 mapping do not exclude future ventricular arrhythmias in MVP patients (35).

Previous reports showed that MVP patients with LV LGE had less MR (8). It was hypothesized, that the traction forces from a prolapsed MV leaflet are transmitted to the PM and LV wall inducing myocardial fibrosis (10). The Jensen group used a novel vacuum-based ex vivo model to demonstrate that the total PM force varies linearly with the trans-mitral pressure (42). Theoretically, more severe MR increases the left atrial pressure, which leads to a decrease in trans-mitral pressure gradient, with consequently lower PM traction force. Thus, hypothetically, MVP patients with pronounced flail leaflet and higher regurgitation volume might have less PM stretch.

CMR detection of fibrosis presents several limitations. For example, T1 mapping sequences can be affected by several artifacts. In addition, T1 sampling is sometimes performed in the septum of a single short-axis slice based on the assumption that it is a representative selection, which is not the case for every cardiac pathology (43). A major disadvantage of conventional bright-blood LGE is the poor contrast between scar tissue and the blood pool. Hence, the scar burden can be substantially underestimated or even completely obscured (44), especially in cases with subendocardial patterns or PM fibrosis. Particularly in pathologies with heterogeneous fibrotic distribution such as MVP, a histology-based quantification and characterization of fibrosis could be advantageous.

In the past 15 years, CMR-derived dark-blood LGE methods were introduced aiming to increase the scar-to-blood contrast and improved scar conspicuity (44, 45). Recently, Van de Heyning et al. compared dark and bright-blood LGE and found that dark-blood LGE-CMR improved the detection of LGE at the level of the PMs in MVP patients (46).

Correlating these imaging techniques with histological data would improve the informative value of imaging techniques regarding quantification of fibrosis in MVP, and long-term data collected with more sensitive imaging tools could provide information about the progression of fibrosis over time without additional biopsy sampling.



Histology-based quantification of fibrosis in MVP patients

Histopathological analysis of myocardial biopsies is generally the gold standard for fibrosis detection and characterization, while CMR represents the gold standard for non-invasive detection of myocardial fibrosis (14). While in clinical practice CMR is utilized regularly, details of myocardial fibrosis can be examined more reliably by histological analysis, making the two methods complimentary techniques (20). In contrast to CMR, histological analysis of cardiac biopsies can identify the type of fibrosis (interstitial or replacement fibrosis) as well as structural distribution (e.g., diffuse, compact, focal) within the tissue. Furthermore, histological abnormalities such as fibrous deposits in the perivascular space of arterioles that also occur in MVP patients can be detected (20, 47).

Moreover, histology-based analysis provides the possibility to quantify the total collagen content, and to discriminate between different collagen types. Thus, histopathological analysis of myocardial biopsies may yield extremely valuable information in the context of mechanistic investigation of MVP-associated myocardial fibrosis, potentially leading to discovery of novel treatment options. Histological detection of fibrosis can furthermore guide advances in chemistry that provide specificity for collagen in CMR and positron emission tomography (PET) probes, with the potential for improved noninvasive detection of fibrosis (48).

With regard to MVP, there still is scarce knowledge about the development of myocardial fibrosis and the progression of fibrotic changes. Five studies have reported histological findings of fibrosis within the myocardium of MVP patients (Table 1). Three reports included tissue analyses of a multicentric patient cohort (12, 23, 49), while another two summarized investigations from single center cohorts (3, 50). In these studies, histological assessment was performed using hematoxylin eosin staining to identify abnormal histological features within the LV. Connective tissue was stained according to van Gieson or with trichrome and picrosirius red reagents (Table 1). These stains allow quantification of fibrosis and evaluation of fibrotic distribution.


TABLE 1 Overview of studies investigating myocardial fibrosis in MVP patients.

[image: Table 1]

Three of the 5 histopathological studies investigating myocardial fibrosis in MVP patients analyzed cardiac tissue from autopsy cases of SCD victims with MVP (12, 23, 50). The advantage of analyzing autopsy cases is the availability of the whole heart for histopathological analysis, which allows more reliable results from different regions of the heart or the whole ventricular wall. In a study including 70 autopsy cases of SCD with isolated MVP and 70 autopsy control cases, 29% of the MVP SCD patients showed focal fibrosis, 24% multisegment fibrosis in the subendocardial-midmural LV layer, and 24% multisegment fibrosis plus focal midmural fibrosis (23). In 85% of all cases with fibrotic abnormalities, fibrosis involved the subendocardial-midmural layer of the ventricle wall, while 15% showed transmural fibrosis (23). In another report on MVP patients deceased from SCD, the same authors found an endocardial-to-epicardial gradient of fibrosis in the myocardium of MVP patients, with the highest amounts in the inner third (49).

A consistent pathological feature of MVP is the regionalized fibrosis of the PMs, the LV myocardium at the level of PMs and in the inferobasal region reported for 75%–90% of the cases (3, 12, 23, 50). Basso et al. quantified the fibrotic tissue area in the LV of MVP autopsy cases as 30.5% at the level of PMs and 33.1% in the inferobasal wall (12). Additionally, endomysial and patchy replacement fibrosis at the level of the PMs and the adjacent free wall in all patients as well as in the subendocardial-midmural layer in the inferobasal wall in 88% of the patients was reported, and the authors described increased cardiomyocyte diameters and dysmorphic nuclei in fibrotic areas of the LV myocardium (12). For 24% of the cases, a midwall interventricular septum fibrosis was reported (50).

It is hypothesized that the high-quality histological results obtained in autopsy cases with MVP do not fully explain the pathological processes of living MVP patients. Hence, it is important to consider investigations in living MR patients with syndromic or non-syndromic MVP. Our group recently published a small study cohort of six patients with severe MR secondary to MVP undergoing MV repair surgery (3). In biopsies obtained intraoperatively from valve-linked myocardium, we found pronounced replacement fibrosis within the inferobasal myocardium as well as myocytic bordering of the fibrotic zone with changes in cell size and the presence of disorganized sarcomeres. These changes were not present in control regions such as the interventricular septum and the LV apex. Fibrotic changes in the chordae tendineae and the surrounding tissue have also been described by other groups (25, 51). Interestingly, a higher grade of interstitial fibrosis was reported in MVP patients with idiopathic ventricular tachycardia (24).

Assessment of perivascular fibrosis by histological evaluation is an additional option to evaluate the progression of fibrosis in cardiac tissue. Because perivascular fibrosis might reduce the oxygen supply and tissue nourishment (52), its assessment and correlation with disease progression should be investigated. In MVP patients, perivascular fibrosis has been reported (23), but has not been quantified yet.

Despite the obvious advantages of histological fibrosis quantification, it remains limited by the amount of tissue that is available for analysis as well as sampling errors. Tissue analysis, especially when performed in living MVP patients, is locally restricted and there is risk of obtaining a non-representative biopsy. This risk can be reduced with bioptating at defined positions according to a standardized protocol. While studies with cardiac tissue of SCD victims offers the opportunity to obtain multiple and/or transmural samples from the LV wall (12, 49), the sampling in living patients is limited. For example, Morningstar et al. Obtained LV biopsies from the inferobasal LV wall (3).

However, histological quantification of representative biopsies is the most precise method to detect myocardial fibrosis and allows a very detailed and specific analysis of molecular changes, e.g., by determining the content of different collagen types.



Collagen expression in MVP patients

Collagens form the ground substance of connective tissue (53). Fibrillar collagen I and collagen III are the major collagens in the human cardiac muscle with a share of 85% and 11%, respectively (18, 20). In myocardial fibrosis, an alteration of the collagen I/collagen III ratio occurs, which differs according to the respective underlying pathology (14, 18). For example, an increase of the ratio due to an excess of collagen I was documented for elderly patients, and patients with aortic stenosis and hypertensive heart disease (20). In contrast, patients suffering from ischemic heart disease tend to show a decreased collagen I/collagen III ratio caused by excessive collagen III expression (20). In general, an increase of the collagen I/collagen III ratio is associated with an increase of myocardial stiffness, because type I collagen fibers have a higher stiffness than type III collagen fibers (14, 54).

In MVP patients, investigations of collagen content and distribution in the myocardium are rare. Our group recently documented increased collagen I content in fibrotic LV regions of MVP patients (3). However, we did not compare our MVP patients to a control group. Instead, patients served as their own control by comparing valve-linked myocardium to LV regions not affected by prolapsing MV structures such as the LV apex and interventricular septum.

Figure 2 shows examples of immunohistochemical stains of collagen I and collagen III in exemplary LV regions of MVP patients, demonstrating that collagen content and distribution differ between regions. One major advantage of histological analysis is the ability to differentiate between different types of collagen. Immunohistochemical collagen I staining allows the differentiation of interstitial, compact, diffuse and patchy fibrotic structures (18). The length of collagen fibers gives further information on the type of fibrosis. While short collagen fibers are characteristic for diffuse fibrosis, longer fibers between myocardial bundles are commonly found in patchy fibrosis (18).
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FIGURE 2
Immunohistochemical staining of collagen type I in cardiac biopsies obtained from the inferobasal (A), apical (B) and the septal regions (C) in MVP patients. Scalebars = 100 µm.


Cardiac collagen IV seems to play a role in myocardial fibrosis, because it induces the transdifferentiation of myofibroblasts and its disruption results in reduced fibrosis (18). With increasing remodeling activity, collagen deposition increases from the outer to the inner third of the LV free wall (20). The analysis of collagen expression in MVP cardiac tissue can help improve the understanding of disease extent and progression and may lead to novel mechanistic insights that can inform the development of therapeutic targets of myocardial fibrosis.



Myocardial inflammation in MVP patients

Morningstar et al. described a regional LV inflammation in the peripapillary region of patients with MVP detected by CD206+ macrophage infiltration (3). Using hybrid PET-CMR, an association between degenerative, non-severe MR and occult myocardial inflammation was found that could explain that the majority of SCD victims with MVP do not have severe MR (55). These data point out that inflammatory processes could be involved in MVP-related myocardial fibrosis. The histological evaluation allows the further characterization and quantification of activated tissue-resident or infiltrated immune cells.

Monocytes, macrophages and mast cells are known to regulate cardiac fibrosis (56). For examples, infiltrated monocytes and macrophages are the primary source of fibrogenic growth factor amd cytokines, produce matricellular proteins and secrete matrix remodeling proteases (57), thereby exerting profibrotic effects in the myocardium. Myocardial resident mast cells mediate pro- and anti-fibrogenic signals be secreted proteins such as chymase and tryptase that induce TGF-β1 production (56) or vascular endothelial growth factor-A that increases capillary density in damaged cardiac tissue thereby inducing tissue repair (58, 59).

In addition, perivascular fibrosis, which has been reported in MVP patients (23), can be triggered by endothelial cells producing pro-inflammatory molecules that recruit lymphocytes and macrophages with fibrogenic potential (60).

The detection of infiltrated cells or perivascular fibrosis could give further hints to find the cause of LV fibrosis in MVP patients und underlines the necessity of histopathological investiagtions of the myocardium in the MVP population.



Summary

In summary, the histopathological assessment of MVP-induced myocardial fibrosis in several studies has provided insight into the complex nature of fibrotic changes in MVP. To improve the clinical benefits in MVP patients in the future, correlating histological findings with imaging techniques, especially the different CMR methods such as bright- and dark-blood LGE, is necessary. Furthermore, the full spectrum of histological techniques such as staining with multiple dyes as well as immunohistochemistry for the detection of specific targets of interest should be used to further the understanding of disease development and progression. This includes the application of a classification for fibrosis type and distribution in MVP patients. The combination of advanced imaging methods and histological analyses may lead to novel mechanistic insights and possible therapeutic targets within the development of myocardial fibrosis in MVP.
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The accurate quantification of primary mitral regurgitation (MR) and its consequences on cardiac remodeling is of paramount importance to determine the best timing for surgery in these patients. The recommended echocardiographic grading of primary MR severity relies on an integrated multiparametric approach. It is expected that the large number of echocardiographic parameters collected would offer the possibility to check the measured values regarding their congruence in order to conclude reliably on MR severity. However, the use of multiple parameters to grade MR can result in potential discrepancies between one or more of them. Importantly, many factors beyond MR severity impact the values obtained for these parameters including technical settings, anatomic and hemodynamic considerations, patient's characteristics and echocardiographer' skills. Hence, clinicians involved in valvular diseases should be well aware of the respective strengths and pitfalls of each of MR grading methods by echocardiography. Recent literature highlighted the need for a reappraisal of the severity of primary MR from a hemodynamic perspective. The estimation of MR regurgitation fraction by indirect quantitative methods, whenever possible, should be central when grading the severity of these patients. The assessment of the MR effective regurgitant orifice area by the proximal flow convergence method should be used in a semi-quantitative manner. Furthermore, it is crucial to acknowledge specific clinical situations in MR at risk of misevaluation when grading severity such as late-systolic MR, bi-leaflet prolapse with multiple jets or extensive leak, wall-constrained eccentric jet or in older patients with complex MR mechanism. Finally, it is debatable whether the 4-grades classification of MR severity would be still relevant nowadays, since the indication for mitral valve (MV) surgery is discussed in clinical practice for patients with 3+ and 4+ primary MR based on symptoms, specific markers of adverse outcome and MV repair probability. Primary MR grading should be seen as a continuum integrating both quantification of MR and its consequences, even for patients with presumed “moderate” MR.
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1. Introduction

The landscape of primary mitral regurgitation (MR) has evolved significantly over the past years (1). First, the global burden of primary MR has increased worldwide: approximately 24.2 million people are affected, with higher absolute prevalence accompanying population aging (2). In high-income countries, primary MR is most commonly caused by myxomatous degeneration due to fibroelastic deficiency or Barlow's disease (3). Conversely, although the prevalence of rheumatic mitral heart disease has decreased, it still remains the main cause of MR in low- and middle-income countries (4). Accordingly, in a contemporary prospective European survey involving 28 countries, the prevalence of primary MR, mainly due to degenerative disease, was found to be approximatively 14% (5).

Surgical correction, preferentially by mitral valve (MV) repair when feasible, remains the sole effective treatment for patients with severe primary MR (6). The preservation techniques of MV repair based on the original principles of MV reconstructive surgery described by Carpentier have improved dramatically in recent years, together with surgeon experience (7). Moreover, video-assisted minimally invasive and robotic tele-manipulation have come forward as less traumatic ways to perform MV surgery (8, 9). Consequently, the contemporary mortality risk of MV repair for primary MR is <1% for the vast majority of patients with primary MR (10). On the other hand, percutaneous transcatheter edge-to-edge repair (TEER) is now established as a validated treatment option in selected patients with a contraindication for surgery (11, 12). At the same time, studies derived from large observational cohorts have underlined major drivers of worse outcome in patients with primary MR due to prolapse, even when asymptomatic (13–15). Hence, according to guidelines issued by both the ESC (European Society of Cardiology) and the AHA (American Heart Association)/ACC (American College of Cardiology), surgery is indicated (class I) for patients with primary MR who are symptomatic and/or present markers of severity such as left ventricular (LV) systolic dysfunction (16, 17). For the AHA/ACC, all patients with severe MR and normal LV function have a class IIa indication for surgery if there is a high probability of MV repair (>95%) and a low operative risk (expected mortality < 1%) (18). In all likelihood, indications for MV surgery can be expected to extend in the years to come.

Hence, accurate assessment of MR severity is today more important than ever in order to determine the best time for surgery in these patients (19). Transthoracic echocardiography (TTE) is the mainstay imaging modality for assessing the mechanism, etiology, severity, and repair probability of MR (20). When TTE is suboptimal or inconclusive for MR quantification, cardiac magnetic resonance imaging (CMR) and/or transesophageal echocardiography (TEE) provide complementary information. Indeed, TEE helps in grading MR severity, although its strongest advantage over TTE or CMR is to offer a comprehensive assessment of the anatomical lesions and mechanism(s) of MR, especially when planning MV surgery (21). The role of exercise TTE is to ascertain key information on the clinical and hemodynamic tolerance of MR rather than to help in quantifying MR severity (22).

The purpose of this work is to provide a practical appraisal of the grading of primary MR by echocardiography. We review the strengths and limitations of the echocardiographic parameters used to assess primary MR in the light of contemporary data. Also we highlight the importance of considering MR from a hemodynamic perspective by the calculation of MR regurgitant fraction (RegFrac), a key parameter of MR severity which has been given renewed attention in recent years (23–26). Finally, we share current views on the latest technical innovations in echocardiographic grading of MR severity, focusing on future avenues of research.



2. Echocardiographic workflow for the assessment of primary MR severity

Both ESC/EACVI (European Association of Cardiovascular Imaging) and ACC/AHA/ASE (American Society of Echocardiography) guidelines prone an integrated multiparametric approach to evaluate MR severity since no single parameter perfectly reflecting MR severity in all patients has been identified (16, 17, 27–31). The echocardiographic parameters used to grade MR are classically divided into three main categories: qualitative, semi-quantitative and quantitative. The qualitative approach consists in the search for “red flags”, that is echocardiographic signs highly specific of severe MR but lacking sensitivity. The semi-quantitative echocardiographic parameters are measurements indicative of MR grade (mild or severe) but including a large intermediate range of values where no conclusion on MR severity can be made. Finally, the quantitative approach intends to estimate the key components of MR which are the mitral effective regurgitant orifice area [EROA], regurgitant volume [RegVol] and regurgitant fraction [RegFrac]. Herein, we provide a practical approach of the grading of primary MR by echocardiography in four steps, derived from our shared clinical experience and in accordance with guidelines (Figure 1). Thorough this entire section, the reader can refer to Tables 1, 2 which summarize the acquisition methods, strengths, weaknesses, and the clinical values of the MR echocardiographic parameters discussed in the following paragraphs.


[image: Figure 1]
FIGURE 1
Central algorithm of the echocardiographic assessment of a patient with primary MR. Freely inspired by Zoghbi et al and Hagendorff et al. (23, 28). 2D, two-dimensional; 3D, three-dimensional; BP, blood pressure; CMR, cardiac magnetic resonance; CPET, cardiopulmonary exercice testing; CWD, Continuous-Wave Doppler; ECG, electrocardiogram; EROA, effective regurgitant orifice area; LA, left atrial; LV, left ventricular; MR, mitral regurgitation; MV, mitral valve; PISA, proximal isovelocity surface area; RegFrac, regurgitant fraction; RegVol, regurgitant volume; RV, right ventricular; S-PAP, systolic pulmonary artery pressure; TR, tricuspid regurgitation; TSV, total stroke volume; TTE, transthoracic echocardiography; TEE, transesophageal echocardiography; VCA, vena contracta area; VTI, velocity-time integral.



TABLE 1 Doppler-based echocardiographic parameters used for MR severity grading.
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TABLE 2 Echocardiographic methods used to estimate MR quantitative parameters.
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2.1. Clinical assessment

The evaluation of a patient with MR begins with a full report of her/his past medical history, previous medication regimens and a complete physical examination with heart auscultation and electrocardiography (ECG). Blood pressure, heart rate and rhythm must be recorded before echocardiography. Search for potential valve-related symptoms such as dyspnea requires experience, especially in older patients who are likely to limit themselves in daily activities without reporting any complaint at the time of evaluation. Standardized questionnaires can be helpful (47).



2.2. Baseline echocardiographic assessment


2.2.1. Morphological assessment

Before to compute any measurement, the full assessment of all components of the MV apparatus (leaflets, annulus, sub-valvular apparatus) is critical. The mechanism(s) underpinning mitral loss of coaptation are evaluated according to Carpentier's classification of leaflet motion. This approach allows to distinguish patients with primary MR (due to organic leaflet abnormalities) to those with secondary MR (due to LV dysfunction and/or high LA pressure) (20). It is relatively easy to classify MR as primary in in the presence of obvious valve abnormalities such as prolapse, perforation, flail, or papillary muscle rupture. In patients with Barlow's disease, the presence of a mitral annulus disjunction should be carefully checked notably because of its implications for arrhythmic risk stratification (48, 49). It may be more difficult to elucidate whether MR is “primary” or “secondary” in the presence of single- or bi-leaflet retraction which is usually associated with a dilated mitral annulus (50). Indeed an initially secondary MR can worsen leading to so-called “tertiary” or “mixed” MR (51). Nowadays, 3D-echocardiography imaging provides the best morphologic information for the MV complex, as comprehensively discussed elsewhere (52).


2.2.1.1. Flail leaflet

The presence of a flail leaflet is highly supportive of severe MR and associated with worse outcome (53–55). Also flail was the key inclusion criterion in the original MIDA cohort (56). Whether all patients with flail have severe MR has been recently a source of debate (57, 58). Importantly, the morphological features of chordae rupture and flail in MR should be considered (59). Indeed, sometimes small chordae may rupture and lead only to moderate MR. Sometimes, big chordal rupture occurs, but because of the redundancy and hypermobility of the opposite leaflet the coaptation gap is not big and MR is only moderate. Hence, the accepted echocardiographic signature of flail leaflet requires not only chordae rupture but also clear visualization of a rapid systolic movement of the involved leaflet tip towards the left atrium (LA) (Figure 2). In practice, flail leaflet can be over-detected by TTE when the prolapsed leaflet is not entirely seen, such that the observed distal part of the leaflet seems to be directed towards the LA whereas the real tip looks towards the LV. Further research using advanced 3D-imaging techniques would be of great interest to better appreciate the relationship between the anatomic features of flail leaflet and MR severity.


[image: Figure 2]
FIGURE 2
Morphological assessment of flail leaflet. (A,B) Patient with posterior flail leaflet visible on TTE (the tip is directed towards the LA). TEE confirms the involvement of segment P2 (white arrow) with chordae rupture (blue arrow). (C,D) Patient with bi-leaflet MV prolapse and P2 flail (red arrow) only visible on 3D-imaging TEE (surgical “en face” view). (E,F) Patient with flail involving the segment A1 (green arrow) visible on TEE imaging using biplane mode from the bi-commissural view (60–90°), and on 3D-imaging (surgical “en face” view). LA, left atrium; TTE, transthoracic echocardiography; TEE, transesophageal echocardiography.




2.2.1.2. Cleft-like indentations

Cleft-like indentations (CLI) are deep separations extending ≥50% of the mitral valve leaflet depth in myxomatous valve prolapse (60). They are difficult to detect on standard echocardiography and are best assessed using 3D-imaging (52, 61, 62). CLI are important to treat during surgery otherwise they may cause residual MR following intervention.



2.2.1.3. Papillary muscle rupture

Acute severe MR secondary to papillary muscle rupture is a rare but deadly condition which requires urgent surgery (63). Although it is most frequently due to acute myocardial infraction (AMI), some cases of spontaneous papillary muscle rupture have been reported (64, 65).

Main message for the clinician

“First look at the valve !” when evaluating a patient with MR. Noteworthy, the distinction between primary and secondary MR is not always straightforward. In particular, the progressive aging of patients referred for evaluation can result in more complex degenerative MR presentations not limited to prolapse or flail but also involving extensive calcifications of the mitral annulus, possible reduced echogenicity because of an insufficient acoustic window, restricted mobility, or even some degree of associated mitral stenosis (66). Echocardiographic assessment of MR severity in these patients can be quite challenging.




2.2.2. Color Doppler assessment


2.2.2.1. MR distal jet

The use of Color Doppler mode allows to appraise the presence, origin, timing (with M-mode), and direction of the MR regurgitant(s) jet(s). All echocardiographic views should be checked. It is worth using biplane mode from a bi-commissural view (TTE: apical 2-chamber, parasternal short-axis views; TEE: 60–90°) and sweep the Doppler line from one commissure to another across the MV coaptation line with simultaneous Doppler color mode comparison (67). However, only a full MV 3D color-coded data set with sufficient framerate can objectively document MR regurgitant(s) jet(s), especially when several jets (“multi-jet”) are present (68). Color Doppler analysis of the jet(s) helps in understanding the MR mechanism(s) (69, 70) (Figure 3). Indeed an isolated posterior MV prolapse is expected to induce an eccentric anterior MR jet towards the interatrial septum (71). More complex MR mechanism(s) or associated lesions such as cleft-like indentations or commissural leaks should be suspected in case of “atypical” MR direction and/or multiple jets (72–74). Primary MR due to non-P2 prolapse and/or horizontal MR jet are likely to be underestimated by TTE (75).


[image: Figure 3]
FIGURE 3
Doppler color approach of primary MR evaluation. (A) Anterior MV prolapse with eccentric MR jet impinging on the posterior LA wall because of Coandă effect. The direction of the MR jet helps in understanding the prolapse's mechanism. (B) Posterior MV prolapse with eccentric jet impinging on the interatrial septum down to the pulmonary veins. Despite a small color flow jet area, a significant MR should be suspected because of the presence of a Coandă effect. (C) Posterior MV prolapse with large spontaneous proximal flow convergence (i.e without modifying Doppler color settings). A significant MR should be suspected. (D,E) Examples of posterior MV flail by TEE where the 3 components of the MR are clearly visualized (proximal flow convergence, vena contracta and distal MR jet). Hence, it is possible to measure 2D-vena contracta width. However, it should be kept in mind that the measurement of 2D-VCW could be less reliable when performed orthogonal to the direction of the ultrasound beam because of lower lateral than axial resolution. (F) Surgical “en face” view with Doppler color mode. A full MV 3D color-coded data set can objectively document MR regurgitant(s) jet(s). However, this method could suffer from markedly decreased framerate, therefore multi-beat acquisition is usually required to obtain an acceptable quality imaging. Herein, the origin of the MR is visualized at the MV anterior commissure (red arrow), and the distal MR jet is impinging on the inter-atrial septal wall because of the Coandă effect. (G,H) Double MR jet with a pattern of “Crossed swords sign”. 3D-TEE imaging revealed a large anterior cleft indentation. 3D, three-dimensional; LA, left atrium; MR, mitral regurgitation; MV, mitral valve; TEE, transesophageal echocardiography; TTE, transthoracic echocardiography; VCW, vena contracta width.


Although the assessment of the MR jet size (itself or related to LA size) is still very often used as a first method to grade MR severity, this is not a recommended approach (76). Indeed the appearance of MR distal jet on Color Doppler mode strongly depends on technical settings, hemodynamic and anatomical factors beyond MR severity (77–79). Doppler color mode does not image MR flow but rather the spatial distribution of velocity estimates within the plane. Therefore MR severity assessment based only on color Doppler mode of MR distal jet is not recommended.



2.2.2.2. Color Doppler features suggestive of significant MR

On the other hand, several features of MR assessed by Color Doppler mode are suggestive of significant MR. Independently from jet size, the presence of a Coandă effect (eccentric jet impinging on the LA wall towards the pulmonary veins) suggests significant MR but is not pathognomonic (58, 80, 81). A large “spontaneous” (i.e., not changing Doppler color settings) proximal flow field during the whole systole supports significant MR. Recently, a new sign named “color Doppler splay”, consisting in an artifactual horizontal extension of the color Doppler signal, has been shown to be associated with concealed and significant MR (82).



2.2.2.3. 2D-vena contracta width

The 2D-Vena contracta width (2D-VCW) is a single-plane measurement of the narrowest portion of the MR jet at its origin, thereby acting as a surrogate of the true mitral regurgitant orifice (83–86). The clear visualization of the three components of the MR jet (proximal flow convergence area, vena contracta and distal jet) is required to measure 2D-VCW (87). Because in primary MR eccentric jet formations are often present, the severity of MR cannot be quantified by 2D-VCW in most cases. Indeed, when the VC width is measured orthogonal to the direction of the ultrasound beam and distal to the probe, this is less reliable due notably to the issues of lower lateral than axial resolution in echocardiography. In contrast, the measurement of the 2D-VCW could be more reliable when performed along the direction of the ultrasound beam. Also the assumed independency of 2D-VCW from LV-LA driving pressure or regurgitant flow rate for a fixed orifice is questionable (88). Noteworthy the 2D-VCW does not consider the dynamic variations of MR throughout systole because it is measured in a single frame (89). Despite these important limitations, measuring 2D-VCW sometimes helps in grading MR, notably when the PISA method is not reliable because of a wall-constrained flow field.




2.2.3. Continuous-Wave Doppler assessment

The Continuous-Wave Doppler (CWD) signal of the MR jet is obtained by aligning the Doppler line through the vena contracta, parallel to the jet, with the focus of the CWD at its origin. It is important to record the most complete CWD envelope as possible. However, this can be very challenging in eccentric jets. Indeed in patients with posterior prolapse, the highest envelope density is usually obtained by aligning the Doppler line either in the parasternal long-axis view (CWD ascending signal) or in the LV outflow tract in the apical-5-chamber view. Similarly, an incomplete envelope confined to the latter half of systole could suggest late-systolic MR (Figure 4), while a complete spectrum obtained from another acoustic window would result in reclassification of the MR as holo-systolic. A triangular-shaped CWD MR signal with early peaking and low velocity supports severe MR (90). It can be observed notably in acute severe MR when LA compliance is quickly overwhelmed by excess volume load, resulting in high LA pressure and decreased LV-LA driving pressure. Theorically, the CWD envelope density is proportional to the number of red blood cells passing through the MV, so a dense signal would suggest significant MR (91). However, the CWD signal is affected markedly by settings such as gain, filter or insonation angle. Therefore CWD intensity is not recommended for grading of MR severity (29).


[image: Figure 4]
FIGURE 4
Patient with primary MR with typical features of Barlow's disease. Presence of a MV valve prolapse (A3P3) with mitral annulus dilatation and disjunction (A). The MR jet is very eccentric with small color jet size (B). The best CWD MR envelope is obtained in the long-axis parasternal view, revealing a mid-late systolic MR (C). Using the PISA method, the proximal flow convergence area displays an oblong shape in apical-4-chamber view because being constrained by the LV lateral wall (D). The proximal flow field is better delineated in long-axis parasternal view (E), with an “urchinoid” shape because of loss of Doppler signal on its angles. CWD, Continuous-Wave Doppler; LV, left ventricular; MR, mitral regurgitation; MV, mitral valve; PISA, proximal isovelocity surface area.




2.2.4. Pulsed-Wave doppler assessment


2.2.4.1. MAVIR

The mitral-to-aortic velocity time-integral ratio (MAVIR) is easy, quick to acquire and very reproducible (92). It is the dimensionless ratio of mitral to aortic VTI or in other words a “simplified” approach of the PW Doppler quantitative method (detailed hereafter) because not considering either mitral or LV outflow tract (LVOT) annulus size and shape (93). However, the MAVIR cannot be used in patients in arrythmia, associated aortic regurgitation, and/or with higher mitral inflow velocities which are not attributable to MR, such as in presence of any degree of MV stenosis or annular calcification. Importantly, the PW Doppler sample volume must be positioned at the level of the leaflet tips (not at the mitral annulus, Figure 5). A value of MAVIR > 1.4 suggests significant MR, while a dominant A-wave mitral inflow pattern or a MAVIR < 1 highly supports non-severe MR.
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FIGURE 5
Echocardiographic assessment of MR severity grading. Illustrative example of a 50-year-old male patient with primary MR. Posterior MV flail leaflet is seen on apical-3-chamber view (A). The mitral VTI is measured at 28.7 (B: the sample volume is positioned at the tip of the mitral leaflets). The LVOT VTI is measured at 17.7 (see Figure 7), thus resulting in a high MAVIR (1.62). A short LV ejection time is observed (<260 ms, C). The 3 components of the MR jet (proximal flow convergence, vena contracta and distal jet) are not clearly identified (D), therefore the 2D-VCW cannot be measured accurately. The PISA radius is measured at 1.2 cm for an aliasing velocity of 31 cm/s, thus suggesting significant MR. The MR EROA and MR RegVol estimated by the PISA method are of 0.51 cm2 and 81 ml, respectively. (E) However, the proximal flow convergence is partly constrained by the posterior LV wall (white arrow). Also there is a dropout of MR signal on the other side of the hemisphere (green arrow) because of a “Doppler angle effect”. Then, the MR is mainly mid-late systolic as shown by the CW Doppler MR signal (F). Hence, the MR RegVol by the PISA method is likely to over-estimate the true MR RegVol. All taken together, the MR is likely to be significant. CWD, Continuous-Wave Doppler; MAVIR, mitral-to-aortic velocity-time integral ratio; MV, mitral valve; VTI, velocity-time integral; TEE, transesophageal echocardiography; TTE, transthoracic echocardiography.




2.2.4.2. Peak E-wave velocity

The peak E-wave velocity positively correlates with MR severity, but its true diagnostic value is questionable (94, 95). Indeed many patients have significant MR despite not reaching the recommended thresholds for E-wave velocity (ASE: 1.2 m/s, EACVI: 1.5 m/s) (96). Notably the normal E-wave velocity decreases with age and is higher in women (97). Conversely, some young individuals without MV disease or patients with mitral stenosis, annular calcification or high LA pressure without MR have E-wave velocities higher than 1.2 m/s. Hence the peak E-wave velocity reflects not only MR severity but also the LV-LA pressure gradient.



2.2.4.3. Shape of the aortic velocity-time integral

The shape and duration of aortic velocity-time integral also should be looked. A small, early-systolic and triangular-shaped aortic VTI suggests significant MR (Figure 5). A short LV ejection time (<260 ms) may identify among patients with moderate or severe MR those at higher risk of MV surgery during follow-up (98).



2.2.4.4. Pulmonary venous flow pattern

The pulmonary venous flow pattern assessed by PW Doppler reflects the pulmonary vein-LA driving pressure, which can be impacted by the presence of significant MR but also by other causes of altered loading conditions or LA volume (99). Thus a complete pulmonary vein flow systolic reversal (PVFSR) pattern and not only blunting should be supportive of significant MR. PVFSR can be confounded with the MR jet if both are along the same line. Also an eccentric or high velocity jet of an only moderate MR may selectively enter a given pulmonary vein, resulting in a false-positive PVFSR. The pulmonary venous flow recording by TEE allows to individually interrogate each of the four pulmonary veins. Itakura et al. recently reported a positive correlation between the number of pulmonary veins where a PVSFR pattern was found, pulmonary capillary wedge pressure, and 3D-vena contracta area (100).




2.2.5. Consequences of MR on cardiac remodeling

A very important parameter in valvular heart disease is the evaluation of the consequences on cardiac remodeling. In practice, a whole standard TTE examination is usually performed before to specifically focus on MR quantitative measurements such as EROA or RegVol. Chronic primary MR causes direct volume overload on the LA and in later stages pressure overload. In addition, the left ventricular stroke volume (LVSV) must compensate for the mitral RegVol to maintain LV forward stroke volume. This will progressively lead to LV dilatation according to the Frank-Starling law. Therefore LV volumes and diameters must be carefully assessed. The evaluation of LV volumes would intuitively better reflect MR consequences on remodeling than diameters. Moreover, patients with primary MR can display spherical mid-to-apical LV end-systolic remodeling that contributes to higher LV end-systolic volume (ESV) despite normal LV end-systolic diameter (ESD) (101). However, LVESD remains a crucial parameter of LV impairment in primary MR that integrates LV dilatation, systolic function and afterload. From an epidemiological perspective, the strong prognostic value of LVESD on outcome has been demonstrated in large scale cohort studies. From a practical perspective, LV diameters assessed in parasternal long-axis view, whenever possible using M-mode, are more reproducible from a center to another than volumes in 2D-TTE. It is important to position the probe as high as possible on the patient's chest (only the LV base should be seen) so as to get the ultrasound beam strictly orthogonal to the LV walls, at the tip of the MV leaflets. Also the assessment of LA volume, a strong predictor of outcome in primary MR, requires great consideration. Especially, standard apical views maximize the long axis of the LV, rather than the dimensions of the atria, resulting in LA foreshortening (102). Therefore, LA-focused apical views should be systematically acquired to provide more reliable estimation of size.

In more advanced stage of the disease (or in case of acute worsening, for example due to sudden chordae rupture), symptoms occur, alongside with LV systolic dysfunction and/or pulmonary hypertension (103). A particular problem of MR is that LV afterload is reduced, so the LVEF remains normal or supranormal until the disease reaches an advanced stage. Therefore, parameters such as LVEF or global longitudinal strain over-estimate LV contractility (104). Also the presence of mitral annulus disjunction may simulate stronger LVEF (105). Presence of a small aortic VTI despite a hyperkinetic LV (LVEF > 60%) owing to low impedance is suggestive of severe MR. A significant primary MR with LVEF below 60% indicates early LV dysfunction and requires prompt surgery. It is difficult to estimate accurately LV filling pressure by echocardiography in primary MR (106). Indeed, E/A and E/Ea ratios are not reliable predictors of LV filling pressure in MR (107, 108). In contrast, the difference between the duration of pulmonary vein and mitral A waves may estimate LV end-diastolic pressure independently from MR (108). Recent studies have suggested that a new staging classification for cardiac damage (also including right ventricle damage) in patients with asymptomatic moderate or severe primary MR would provide independent and incremental prognostic value (109, 110). Strikingly, a recent study derived from the MIDA-Quantitative registry reported that LA dilatation, atrial fibrillation, high pulmonary pressure and/or at least moderate tricuspid regurgitation could be independently associated with post-operative survival in degenerative MR (111). Nevertheless, all these consequences are not specific to chronic severe MR and may result from other cardiac conditions that must be carefully ruled out.

The common belief that chronic primary MR cannot be severe if the LV is not dilated is probably accurate for men, but not necessarily for women and/or elderly patients. Indeed, normal LV volumes decrease with age and are lower in women (112). It is not uncommon in daily practice to observe a normal or only mildly enlarged LV in women or elderly patients despite true chronic symptomatic severe MR. Mantovani et al. reported that normalizing for body size, LV and LA diameters were at least as large in women as in men (113). A recent Asian network analysis of cardiac remodeling in 850 patients with at least moderate chronic MR highlighted a phenogroup of old patients with relatively preserved LV size (114). Further studies focusing on volume data are needed to define the sex- and age-normalized cut-off levels for LV and LA dilatation appropriate for valid prognosis assessment of primary MR.

Main message for the clinician

The appraisal of the consequences of MR on cardiac remodeling is as important as the collection of MR specific echocardiographic parameters. A patient with a MR classified as moderate or indeterminate solely on the basis of the TTE findings but with LA/LV enlargement and/or elevated systolic artery pulmonary pressure requires a more thorough assessment. Patient's age and sex should be considered when assessing left heart volumes.




2.3. Echocardiographic estimation of the MR quantitative parameters

The quantitative methods as stated by guidelines refer to those allowing to evaluate the three key components of MR severity: (1) mitral effective regurgitant orifice area (EROA) that directly evaluates the area of leaflet coaptation gap; (2) mitral RegVol; and (3) mitral RegFrac, related to the amount of load and the hemodynamic consequences of MR. Despite that the outcome implications of MR quantitative methods have been demonstrated in epidemiological studies, they still remain widely under-used as shown in two surveys (77, 115, 116). Yet as recently reported, quantitative methods are feasible for use in daily practice in MR (117, 118). In the Mayo Clinic cohort, MR quantification either by PISA and/or PW Doppler quantitative methods was feasible in more than 4 patients out of 5 with moderate or severe MR (117). In practice, there are clinical situations where formal quantification is not required to grade MR as “severe”, such as a symptomatic patient with MV flail leaflet and huge coaptation gap. Apart from these specific situations and in accordance with guidelines, we advocate the use of quantitative methods whenever possible when grading MR severity.


2.3.1. Proximal flow convergence method


2.3.1.1. Pathophysiological basis

The proximal isovelocity surface area (PISA) method is based upon the fact that the amount of regurgitant flow through a given orifice can be determined by basic principles of fluid dynamics alongside the aliasing phenomenon (119–121). Indeed when crossing a finite rounded orifice, the blood accelerates in concentric shells with progressive decreasing surface area and increasing velocity. Therefore, the flow through the regurgitant orifice equals the flow through a given isovelocity shell according to the law of conservation of mass. The isovelocity shells can be revealed by modifying the Nyquist limits of the color Doppler settings, which will result in aliasing at the set levels. This allows to visually identify the hemispheric isovelocity shells close to the orifice provided that the aliasing velocity chosen is approximatively 10% of the peak MR jet velocity (that is in practice between 20 and 40 cm/s depending on low- vs. high-flow status) (32). The MR flow rate is estimated by the following formula: 2π × r2 × Vr where r is the PISA radius and Vr the aliasing velocity. By applying the continuity equation one can estimate EROA as MR flow rate/Vmax and RegVol as EROA x VTI where Vmax and VTI are respectively the maximum Doppler velocity and velocity-time integral of the regurgitant jet estimated by CWD mode.



2.3.1.2. Limitations of the PISA method

The PISA method has been calibrated with LV angiography and TTE indirect quantitative methods (116–119). It is to date the most popular method among cardiologists to quantify MR. However, major limitations hamper its routine use in practice. All of these have been the object of many original studies, state-or-the-art reviews and editorials. Actually, the PISA method which has been first calibrated in experimental models relies on the core assumption that the flow would always be constant over time and orthogonal to well-defined hemispherical isovelocity shells until passing through a “pin-hole” orifice on a flat plane (120). However, these “idealized” conditions are rarely encountered in vivo in primary MR (Figure 6) (36, 37). The main limitations of the PISA method are summarized in Table 2. Those related to the measurement of PISA radius are numerous as recently illustrated by Hagendorff et al. (23). Interestingly, the vast majority of these issues had been well described since the very first PISA validation studies in the 1990s and have been given renewed attention in recent years thanks to the advances in 3D-echo imaging, comparison studies with CMR, software post-processing and computational models (45, 122–124). Therefore there are several features in primary MR where the PISA method may not be reliable including: wall-constrained eccentric jet (usually in case of posterior valve prolapse or commissural MR), multiple jets, late-systolic MR, or extensive Barlow's disease with bi-leaflet prolapse and diffuse MR leaking from one MV commissure to another (Figure 6).
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FIGURE 6
Examples of pitfalls of the PISA method. (A) Patient with anterior MV prolapse. A clear hemispheric-shaped proximal flow convergence is seen on parasternal long-axis view (A). However, this is not the most common situation encountered in clinical practice. (B) Wall-constrained proximal flow convergence with a oblong shape. This is frequently observed in case of posterior MV prolapse or commissural MR. There is a risk of over-estimation of MR EROA and RegVol by the PISA method. (C) Late-systolic MR. As shown in Doppler color coupled to M-mode, the MR is only present in the latter part of systole. Therefore the MR EROA which depends on a single time point measurement (the PISA radius) is not reliable to grade MR. (D) Multiple MR jets. The PISA method is not reliable to grade MR. Indirect quantitative methods should be considered. (E) Bi-leaflet prolapse with extensive MR from one commissure to another. The PISA method is inapplicable. Indirect quantitative methods should be considered. EROA, effective regurgitant orifice area; LV, left ventricular; MR, mitral regurgitation; MV, mitral valve; PISA, proximal isovelocity surface area.


Importantly, the mitral RegVol calculated by the PISA method is based on the EROA measured at a single time point during systole (125). However, in primary MR due to prolapse, the highest flow rate usually occurs during mid-to-late systole (38). Hence, the use of PISA does not truly fit physiological reality and can greatly over-estimate true RegVol. Theorically, both mitral EROA and RegVol should be integrated instantaneously over the entire cardiac cycle. Hence, the MR RegVol assessed by PISA only gives a rough estimate of the true RegVol.

Main message for the clinician

We suggest in routine practice to not report the mitral RegVol assessed by PISA. However, whenever it is possible to obtain a reliable measurement, without any of the clinical situations in primary MR as detailed above, the assessment of mitral EROA by PISA should be performed. Indeed, from an epidemiological perspective, each increase in EROA results in proportional higher risk of long-term mortality. Nonetheless, the numerous pitfalls in PISA method result in significant inter- and intra-observer variability on an individual basis. Hence, as suggested by other recent papers on the field, it is debatable whether PISA-based measurements should be considered as semi-quantitative rather than true quantitative parameters (23, 43).




2.3.2. Indirect quantitative methods


2.3.2.1. Pathophysiological basis

The indirect quantitative methods rely on the principle of conservation of mass: in a heart with normally functioning valves, the amount of blood crossing the MV (=transmitral volume) equals the amount of blood ejected into the aorta across the aortic valve. Hence, in patients with isolated MR, the LV total stroke volume (LVTSV) equals the aortic forward stroke volume (anterograde flow) plus the mitral RegVol (retrograde flow). Then, the MR RegFrac is obtained by dividing the MR RegVol by the LVTSV. Because they estimate MR RegVol and RegFrac without considering the MR regurgitant jet(s), the indirect quantitative methods are of great interest in case of very eccentric, multiple jets, or when the duration of MR is inconstant during systole, such as late-systolic MR, in other words all clinical situations where the PISA method is not reliable as detailed above. Certainly, they are the most appropriate approach for a thorough assessment of the MR severity from a hemodynamic perspective. However, they are only feasible in patients with sinus rhythm.

Noteworthy, the term of “volumetric methods” used in previous studies is somewhat misleading because indistinguishably referring to two different methods of calculating LVTSV: either using PW Doppler mode at the level of the mitral annulus to calculate the transmitral volume, or by computing the difference between LV end-diastolic (EDV) and end-systolic volumes (ESV) LVESV according to the 2D or 3D Simpson's method. For the sake of clarity, the terms of “PW Doppler quantitative method” and “volumetric method”, respectively referring to the former and the latter, will be used.



2.3.2.2. PW Doppler quantitative method

The PW Doppler quantitative method has been historically used to quantify MR (Figure 7) (126–128). Nowadays, it is not routinely used in practice. Indeed, this is a time-consuming approach. Then, this method suffers from two major sources of measurement errors: those related to the estimation of aortic forward systolic volume, as detailed thereafter, but also those related to the mitral annulus which significantly impact the estimation of transmitral volume (Table 2). The recent advances in imaging the mitral annulus with 3D-techniques may help to better estimate the transmitral volume but further research is required to validate this approach. The PW Doppler quantitative method is feasible only in patients with sinus rhythm, without aortic regurgitation but also without any degree of mitral stenosis or annular calcification. To date, this approach should not be used first-line but rather as an additional support when the assessment of other MR parameters leads to discrepant or inconclusive results.
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FIGURE 7
PW Doppler quantitative method. Same patient as Figure 5. The LV total stroke volume is computed by the Doppler method as follows: LVTSV(MV) = π x (ΔMV)2 x VTIMV/4. Importantly, the ΔMV must be measured at early diastole. Also the sample volume must be positioned at the level of the mitral annulus (not that of the leaflet tips). The aortic systolic forward stroke volume is computed by the Doppler method as follows: LVSV(Ao) = π x (ΔLVOT)2 x VTI(LVOT)/4. The ΔLVOT must be measured at mid systole. The MR RegVol(MV) is computed as the difference between the LVTSV(MV) and the LVSV(Ao). Consequently, the MR RegFrac(MV) is obtained by dividing the MR RegVol(MV) by the LVTSV(MV). Δ, diameter; LV, left ventricular/ventricle; LVOT, LV outflow tract; LVSV(Ao), LV systolic aortic forward stroke volume by Doppler method; LVTSV(MV), LV total stroke volume by the PW Doppler quantitative method; MR, mitral regurgitation; RegVol, regurgitant volume; RegFrac, regurgitant fraction; PW, Pulsed-Wave; VTI, velocity-time integral.




2.3.2.3. Volumetric method

The use of volumetric methods to quantify MR has been given renewed attention in recent years (Table 3). This is notably due to the intense debate surrounding the discrepant results between the COAPT and MITRA-FR trials which assessed the efficacy of transcatheter edge-to-edge repair for secondary MR (135, 136). Indeed several authors noticed inconsistencies when analyzing the reported echocardiographic data of the COAPT study (24, 25, 137, 138). Consequently, the need has arisen to reappraise the quantification of MR from a hemodynamic perspective (139, 140). The 2D-TTE volumetric method could suffer criticism because of two sources of measurement errors: those related to the LV volumes, and those related to the LV aortic forward stroke volume by PW Doppler. LV volumes measurements by 2D-TTE can be underestimated markedly compared to those obtained with CMR (141). The reasons explaining this include geometric assumptions of LV shape as elliptic according to the biplane Simpson's method, interobserver variability in the delineation of myocardial borders, apical foreshortening, or poor acoustic window (129, 142). Nonetheless, in our common experience it is possible to obtain reliable total and forward LV stroke volume values (and therefore to calculate MR RegVol and RegFrac) by 2D-TTE in the majority of patients when the image quality is sufficient (Figure 8) (130). This has recently been also reported by other groups (24, 43). To achieve this, the LV borders should be traced at the interface between the LV cavity and the compacted myocardium, and not at the blood-tissue interface (that is at the tip of the trabeculation) (143). The following tips can be helpful to obtain the most accurate apical views, without foreshortening the LV apex: (1) correctly position the patient; (2) select the acoustic window from the lowest rib space achievable; (3) ask the patient to breathe in/out as appropriate then to hold her/his breath while recording the apical views. The use of contrast echocardiography may help on a case-by-case basis but has not specifically been studied in the context of MR (144). Hence, after respecting an initial learning curve on normal exams (where the LVTSV should approximatively equal the aortic forward stroke volume), clinicians should be confident in their own volumetric measurements in pathological conditions such as MR.
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FIGURE 8
Indirect volumetric method. Same patient as Figures 5, 7. The LV total stroke volume is computed as the difference between LV end-diastolic and end-systolic volumes according to the 2D-biplane Simpson's method [LVTSV(2D)] or 3D-volumes [LVTSV(3D)]. The LV borders should be traced at the interface between the LV cavity and the compacted myocardium, and not at the blood-tissue interface (that is at the tip of the trabeculation). The aortic systolic forward stroke volume is computed by the Doppler method (see Figure 7). The MR-RegVol(2D, 3D) is computed as the difference between the LVTSV(2D, 3D) and the LVSV(Ao). The MR-RegFrac(2D, 3D) is obtained by dividing the MR RegVol(2D, 3D) by the LVTSV(2D, 3D). The congruence between MR RegVol and RegFrac values obtained by the different indirect quantitative methods as well as LV hemodynamic and cardiac output should be carefully checked. Δ, diameter; BP, biplane; EDV, end-diastolic volume; ESV, end-systolic volume; LV, left ventricular/ventricle; LVSV(Ao), LV systolic aortic forward stroke volume by Doppler method; LVTSV(2D), LV total stroke volume by 2D-indirect volumetric method; LVTSV(3D), LV total stroke volume by 3D-indirect volumetric method; MR, mitral regurgitation; RegVol, regurgitant volume; RegFrac, regurgitant fraction.



TABLE 3 Relevant published studies in contemporary practice focusing on the volumetric method by echocardiography to quantify primary MR.
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Nowadays, the 3D-TTE evaluation of LV volumes is part of the routine echo assessment in many centers. 3D-TTE has the advantages of not relying on geometric assumptions for volume calculations and of avoiding the need for foreshortened views. 3D-TTE-assessed LV volumes showed significantly less bias and lower intra- and inter-observer variability compared to CMR than those assessed with 2D TTE, at the exception of markedly enlarged LV volumes (145, 146). Importantly, no systematic difference in the measured LV ejection fraction between the 3D-TTE methods and CMR has been reported (147). Notwithstanding this, Levy et al. reported that in a cohort of patients with primary MR, while 3D-TTE LV EDV and ESV values were lower than those measured with CMR, LV TSV values were similar (bias: −5 ± 22 ml) (132). Consequently, MR RegVol values were similar between 3D-TTE and CMR (bias = −2 ± 12 ml). Maréchaux et al. found that in healthy patients without valvular disease 3D-TTE LV TSV and Doppler-based SV values were very close (bias −0.5 ml) without systematic bias. Therefore, MR RegFrac can be routinely determined using 3D-TTE with a high feasibility rate in patients with primary MR (130). However, this method requires good image quality and the benefits of 3D-TTE are tempered by its lower temporal resolution compared with 2D: a minimal frame rate of 25–30 fps should be reached to allow measurements. Also the reliability of 3D-TTE in patients with atrial fibrillation has not been specifically assessed in MR. Importantly, the echocardiography platform and analysis software used significantly affect the values of 3D-echo-determined LV parameters (148). Finally, one should not look for strict consistency between MR RegVol and RegFrac measurements by the volumetric method between 2D-TTE, 3D-TTE and CMR (if performed), but rather to ascertain that the values obtained are in the same range of MR grading severity.

Whichever LV volumes are measured using 2D- or 3D-TTE, the calculation of forward aortic stroke volume is the same and requires consideration. The potential causes for imprecise measurement of the LVOT diameter have been well documented in aortic stenosis (149). In patients with normal aortic valves, it is possible to obtain reliable estimates of forward aortic stroke volume when several conditions are fulfilled: proper positioning of the PW Doppler sample volume, good PW Doppler spectral envelope quality, adequate parasternal long-axis view with zoom on the LVOT, no aortic annular calcification, measurement of LVOT diameter at the level of aortic annulus in mid-systole (150). Nonetheless, the true shape of LVOT is not circular but rather elliptical, thereby resulting in stroke volume underestimation calculated using LVOT diameters vs. 3D LVOT areas (44, 151). Whether the estimation of forward stroke volume by the direct measurement of LVOT area by 3D-echocardiography would result in varying MR RegVol values needs further assessment.

Main message for the clinician

The indirect quantitative methods, feasible in patients in sinus rhythm, allow to obtain MR RegVol and RegFrac measurements, which correspond to hemodynamics. Therefore the 2D- and 3D-TTE volumetric methods should take a central role in the routine echocardiographic examination of patients with MR. The biggest LV volumes between those obtained by 2D vs. 3D-TTE should be selected to calculate LV total stroke volume. Whichever quantitative method is used, it is critical to look for consistency between LV, LA and mitral regurgitant volumes: for instance, it is not physiologically possible to have a MR RegVol value higher than the end-systolic LA volume. Also, the MR RegVol should not reach a value close or even higher than the LV total stroke volume, otherwise the “remaining” aortic systolic forward stroke volume would not be sufficient to ensure a cardiac output compatible with normal life. Both the PISA and volumetric methods have their own strengths and limitations in grading MR severity (152). To avoid mistaking the quantitative method actually used for a given measurement with the others, we suggest reporting PISA-assessed mitral EROA and volumetrically assessed mitral RegVol and RegFrac.




2.3.3. Vena contracta area and proximal flow convergence assessed by three-dimensional echocardiography in primary MR

The integration of 3D echocardiography in modern-day echo units provides an opportunity to better appraise the complex geometry of the MV apparatus, leaflets and coaptation gap (153, 154). In particular 3D-echocardiography allows to consider the mitral EROA as a three-dimensional structure thereby not relying anymore on the many assumptions made when measuring 2D-VCW or 2D-PISA (155, 156). Several single-center cohort studies described good reproducibility of 3D-vena contracta area (VCA) or 3D-PISA with better agreement with CMR compared with two-dimensional measurements (124). The acquisition methods and technical considerations to acquire VCA and EROA by 3D-TTE have been well described in a recent review by Mantegazza et al. (52). Interestingly, these 3D methods may be of great interest to grade residual MR following transcatheter mitral valve repair (157, 158). In practice, although recent improvements in 3D-echocardiography techniques have made it possible to increase spatial and temporal resolutions, they still remain lower than with color 2D. Also the use of 3D-echo with Doppler color mode requires good image quality and sufficient framerate (>20 frames per second). Multibeat acquisition is helpful but not be feasible in patients unable to hold their breath or with arrhythmia. Thus, the subsequent MR jet analysis by multiplanar reconstruction (MPR) is time-consuming, implies advanced 3D-echocardiography skills and may be subject to interobserver variability. Therefore, the use of 3D-VCA and 3D-PISA currently remains limited to a few specialized echo units—although such limitations may be overcome in the near future by promising artificial intelligence (AI)-based tools. The availability of multiple-center prospective data for external validation of test-retest reproducibility and MR severity cut-off levels of 3D-VCA and 3D-PISA associated with adverse outcome would mark a major step towards more widespread use of these methods.




2.4. Conclusion on MR grading by echocardiography and work-up

At the end of echocardiographic evaluation, the MR should be classified as “significant”, “moderate”, “mild”, or “indeterminate”, as discussed in the following section (see Section 3.1). If there is no doubt that the MR is significant by 2D-TTE and with one or more indication(s) for MV surgery, then intervention should be planned promptly after Heart Team discussion according to MV repair probability, patient's risk profile and wishes. In this setting, the role of TEE is to detail the morphology of MV and mechanism(s) of MR either to guide the surgeon if a MV repair surgery is planned or to screen for the feasibility of percutaneous TEER.

If the MR is significant but symptoms are equivocal or absent and the patient is able to exercice, then either exercice stress echocardiography or cardiopulmonary exercice testing (CPET) are indicated to evaluate functional and hemodynamic tolerance of MR. Exercice stress echocardiography also allows to unmask exercice pulmonary hypertension at low workload, while CPET can detect reduced peak oxygen consumption related to MR consequences (159–161). Yet there is no established evidence that one of these two examinations would better stratify patients' risk than the other one in primary MR.

The work-up after TTE of patients with “moderate” or “indeterminate” MR is closely similar. Indeed the risk of patients with moderate MR is not uniform, as discussed further below. Several reasons can lead to classify MR as “indeterminate”. Discrepant results can be found between one or more MR specific echocardiographic parameters. Some of the MR parameters may not be feasible or reliable as previously detailed. Also MR should be graded as “indeterminate” if only mild or moderate apparently on the basis of MR echocardiographic parameters but with suspected valve-related symptoms, LA/LV enlargement or elevated pulmonary pressures without another explanation. Importantly, clinical situations or specific features of MR are at risk of misevaluation of severity including atrial fibrillation, late-systolic MR, bi-leaflet prolapse with multiple jets or extensive leak, wall-constrained eccentric jet or in women and/or older patients with complex MR mechanism. Then, a second-line examination (CMR or TEE) should be performed.

CMR should be considered rather than TEE as second-line imaging modality in patients in sinus rhythm, without contraindication for CMR and able to hold her/his breath, when the main remaining issue is to quantify MR. The comprehensive assessment of MR by CMR both in terms of quantification and arrhythmic risk stratification is beyond the scope of this review (162). The numerous advantages of CMR to quantify MR in patients are well-known (163). However, CMR comprises also some technical limitations which can lead to fluctuations in MR RegVol measurements by the indirect volumetric method. These include the choice of LV basal slice selected to estimate LV volumes because of partial-volume effects and through-plane motion. This is of particular concern in patients with prominent bi-leaflet prolapse (164). LV volumes estimates include the papillary muscles and trabeculae in the ventricular cavity. Then the forward stroke volume value (and thus MR RegVol) may vary regarding the location of through-plane phase contrast velocity mapping (165). Therefore, in our opinion, there is no need to oppose CMR and echocardiography: in experienced hands, both are excellent imaging modalities to assess MR severity and have their own strengths and pitfalls.

On the other hand, TEE should be preferred over CMR as second-line imaging after TTE when there is a specific need to comprehensively assess MV morphology in addition to grade MR severity. Also TEE is the second imaging modality of choice in patients with atrial fibrillation and/or with contraindication to CMR. The main complementary asset of TEE in primary MR evaluation is to provide a comprehensive evaluation of the mechanisms of the leak—notably thanks to high-resolution 3D imaging—and to predict probability of repair (52). MR grading by TEE requires specific considerations. TEE can provide better definition of 2D-VCW or proximal flow convergence than TTE thanks to its higher spatial and temporal resolution. Also the presence of an MR with Coandă phenomenon is well-defined by TEE. The CWD line can be aligned better with the direction of the jet using TEE, so the complete envelope of the signal can be obtained. All four pulmonary veins can be evaluated with TEE (100). 3D-VCA and 3D-PISA TEE provide substantially better image quality than TTE (156). However, for a same given RegVol, the MR jet can appear larger in TEE color Doppler mode because of the higher frequencies of the probe, or smaller in case of increased heart rate. Yet, while a close agreement has been reported between TTE and TEE MR quantitative values by PISA, the prognostic implications of cut-off values for MR EROA and RegVol by 2D-PISA have been studied only using TTE but not TEE (166). Importantly, MR is load-dependent, therefore its quantification may be influenced by the conditions under which TEE is performed (during surgery or under general anesthesia relative to light sedation) (167).




3. Discrepancies in echocardiography-based grading of MR severity


3.1. Considerations about MR grading

Disease grading according to severity is a cornerstone in medicine enabling clear communication between patients and practitioners and identification of appropriate therapies. Historically, the 4-grade classification system for MR severity arose from the qualitative findings of LV angiography used to assess MR (168). Enriquez-Sarano et al. first calibrated thresholds for MR quantitative measurements (EROA, RegVol, RegFrac) using LV angiography as the reference standard. The same group then subsequently demonstrated the prognostic value of these thresholds (116, 169). Thereafter, guidelines endorsed the 4-grade classification system resulting in its widespread use. Yet in routine practice it may be questioned whether this classification is truly discriminative for every patient with primary MR. Indeed Gammie et al. recently highlighted substantial variability in MR severity definition and reporting in contemporary clinical studies of mitral valve interventions (170). For example, 2+ MR was defined as moderate in 64% of studies, mild in 27%, and mild-moderate in 9%.

As such there is significant overlap between all MR semi-quantitative and quantitative parameters against LV angiography or PW Doppler quantitative evaluation. This can be explained in part by the sources of variability of each individual parameter, as well as by the choice of the gold standard. In particular there is considerable overlap between MR grades 3+ and 4+ (121, 167). Not surprisingly, the same overlap was found in recent studies evaluating the diagnostic accuracy of 3D-TTE parameters such as 3D-RegFrac (130). Actually, no one single echocardiographic parameter can discriminate with accuracy 3+ vs. 4+ MR for a given patient. Furthermore, prognosis worsens in asymptomatic MR 3 + patients over long-term follow-up until eventually reaching that of patients classified as MR 4 + at baseline (116). Antoine et al. demonstrated in a large study population that, compared with general population mortality, long-term excess mortality appears for moderate MR (EROA ≥ 20 mm2) and becomes notable at EROA ≥ 30 mm2 (117). They highlighted that patients with “moderate” MR according to guidelines (that is with RegVol between 30 and 60 ml) represent a very heterogenous group where the true challenge is to determine those who already suffer from consequences of MR and need intervention, those who may rapidly progress during follow-up and become eligible for MV surgery, and those at lower risk who should remain under active surveillance. As insightfully stated by Hung et al., the MR RegVol taken alone does not always capture the prognostic importance of MR, hence the patient's overall clinical status should be considered (171).

Main message for the clinician

The indication for MV surgery is discussed in heart teams for patients with 3+ and 4+ primary MR, based on the feasibility of MV repair, symptoms, other markers of adverse outcome in MR such as LV dysfunction, and operative risk. Considering the aforementioned, we think that numerical classification of MR should be abandoned. Following the latest guidelines, MR should be classified as “none”, “trace/mild”, “moderate” or “significant/severe”. Perhaps a further step would be to routinely prefer the term “significant” rather than “severe” MR to define the presence of a hemodynamically significant amount of regurgitant blood flowing across the MV. The term “severe”, implying by its etymology bad outcomes and requirements for intervention, should be employed in case of significant MR associated with one or several triggers for MV surgery. As our knowledge improves, it becomes clear that a rethinking of how we conceptualize MR grading is necessary. We should see it as a continuum integrating both quantification of MR and its consequences, even for patients with presumed “moderate” MR.



3.2. Discrepancies arising from the integrated multiparametric approach

The echocardiographic multiparametric approach has been precisely endorsed by guidelines to address the fact that no one single parameter can be used systematically to grade MR severity. However, the use of multiple parameters inherently results in potential discrepancies between one or more of them. Some of the reasons for this have been previously discussed: MR parameters may be impacted by technical settings, loading or other pathophysiological conditions, or echocardiographer skill. Two reproducibility studies reported only moderate interobserver agreement for grading MR by echocardiography (172, 173). Of note, both studies assessed reproducibility based on pre-recorded sets of echocardiographic loops and images. Actually, no prospective test-retest reproducibility study has been performed yet for echocardiographic grading of primary MR severity. Given the potential differences between echocardiographers when acquiring a MR proximal flow convergence or vena contracta, it can reasonably be hypothesized that doing so would result in greater interobserver variability. Moreover, some MR parameters are directly related to the amount of mitral regurgitant load (vena contracta, flow convergence area), whereas others are related to the impact of MR on heart chambers (LV, LA enlargement). This represents another source of discrepancy since MR volume and its consequences are not systematically related in a linear way.

Recently, a limited concordance between echocardiographic parameters of MR severity was reported, particularly for patients with more severe MR. On the other hand, the concordance between parameters was better when considering only 2D-VCW, MR EROA by PISA and RegVol (174). These findings correspond to the usual application of the integrated approach where quantitative MR parameters when measured prevail over the others. In another study from the same group, the strongest associations between MR RegVol by CMR and MR echocardiographic parameters were found for MR EROA, MR RegVol assessed by PISA, LVEDV, and flail leaflet, suggesting that these parameters should be weighted more heavily than others in echocardiographic grading of MR severity (175). A particular problem is that current guidelines do not suggest how discrepancies between multiple parameters should be handled, in particular whether the most severe parameter should be considered or if a consensus of parameters should be used. Therefore the latest ASE guidelines proposed hierarchical “weighting” of the different MR parameters in an algorithm to guide decision-making according to the presence or absence of these individual parameters and detailed for which combinations MR should be considered definitively mild or severe (27, 28). Gao et al. first investigated the ability of the ASE algorithm to rule in severe MR defined by CMR, proven post-operative LV reverse remodeling and improved functional class (176). Recently, Uretsky et al. observed in a subgroup of 48 patients who underwent MV intervention and post-operative CMR that severe MR by CMR was associated with LV reverse remodeling (defined as change in LVEDV after intervention), whereas “definitely severe MR” by the ASE algorithm was not (177). However, whether a significant decrease in LVDEV after MV intervention necessary implies that MR would be severe is uncertain. To date, data are scarce regarding the relationship between the echocardiographic integrated approach for MR grading or CMR-based MR parameters and clinical post-operative outcome in patients with primary MR.

Main message for the clinician

The large number of MR grading echocardiographic parameters offers the possibility to check the measured values regarding their congruence. The presence of incongruent findings should be explained by the MR type and features, loading conditions, acquisition techniques or echocardiographer skill. On the other hand, the measured values that appear demonstrably incongruent must be viewed critically and with caution. Hence, the large number of echocardiographic parameters available to grade MR offers both challenges and opportunities (178).



3.3. Discrepancies between quantitative MR parameters and outcome implications

Beyond the discrepancies between MR parameters, it is paramount to recognize that there are method-related differences of quantitative parameters such as MR RegVol. Indeed, mitral RegVols assessed by PISA or volumetric methods (either by 2D-TTE, 3D-TTE or CMR) can differ markedly (179). A recent meta-analysis of contemporary studies showed an overestimation with all 2D-echo measurements with only moderate agreement compared to CMR (124). Indeed, a major heterogeneity is observed for RegVol values between one or other method compared with CMR, with some patients having higher RegVol values by echo vs. CMR whereas other patients exhibit the opposite. Focusing on patients with at least moderate-to-severe primary MR exclusively due to prolapse (n = 188), we recently reported that the mitral RegVols obtained by PISA displayed poor correlation with those obtained with a volumetric method (CMR, TTE), thereby precluding direct comparison (134). In practice, this implies that one needs to account for these method-based differences and interpret RegVol according to different methods. Interestingly, Igata et al. recently observed that MR EROA and RegVol assessed by the volumetric method, but not by PISA, were predictive of outcome in patients with secondary MR and LVEF < 35% (180). Such a “head-to-head” comparative study of these MR quantitative methods by echocardiography remains to be done in primary MR.

Strikingly, the MR RegVol overestimation by PISA compared with volumetric methods has been reported to be more prevalent in patients with a normal or only mildly enlarged LV (133, 134). This has important implications for patients with small body surface area, notably women and/or elderly patients. Mantovani et al. observed smaller absolute cardiac dimensions and MR regurgitant volumes for women, thereby suggesting that these measurements should be indexed to body size (113). As a result, a given amount of MR RegVol is likely to impact differently heart chambers and hemodynamics (and thereby occurrence of symptoms) between two patients with different LV sizes and body surface areas. In practice, MR RegVol values obtained by volumetric methods below the 60 ml threshold retained by guidelines are frequently found for women and/or elderly patients, despite clear resolution of MR-related symptoms after intervention. Indeed, there is an expected proportional relationship between MR RegVol and LVEDV in primary MR. However, the LV response to MR may differ according to the underlying etiology (Barlow's disease, fibroelastic deficiency, or restrictive primary MR) or aging, because of impaired LV relaxation which may result in a lesser degree of MR RegVol and LV dilatation before symptom onset. Further studies are warranted to elucidate whether (1) sex-, age-, and/or MR etiology-specific thresholds could help to tailor the timing of intervention for these patients and (2) MR RegFrac rather than RegVol thresholds would allow better evaluation of MR severity, better prognostication and decision-making in all or selected subgroups of patients.

The main advantage of MR RegFrac is to consider the importance of MR from a more hemodynamic perspective, relating MR severity to the patient's LV dimensions and cardiac stroke volume. Using the volumetric method, MR RegVol is calculated using LVEDV. In the presence of normal LV volumes or only moderate dilatation, a unique 60 ml cut-off to define MR severity does not fit to all patients with primary MR. As reported by Uretsky et al., a third of patients with an MR RegVol assessed by CMR of less than 60 ml met the echocardiographic criteria for severe MR (175). Because MR RegVol and LVEDV (and thus LVTSV) are both related to body surface area, the calculation of MR RegFrac by the volumetric method could enable assessment of MR severity independently from LV size (134). Compared with RegVol, the clinical significance of MR RegFrac has been seldom studied, either on echocardiography or CMR. Maréchaux et al. reported that a cut-off of 3D-RegFrac ≥ 40% accurately discriminates patients with 3+ or 4+ MR, with a grey zone of overlap between 1+ or 2+ vs. 3+ or 4+ patients reduced by 3D-TTE compared to 2D-TTE (130). Consistently, CMR studies emphasized the discriminative value of a CMR-RegFrac ≥ 40%, that is below the 50% threshold still retained in guidelines, and with prognostic implications (181). Independently from the imaging modality used (2D-TTE, 3D-TTE, or CMR), further multicenter prospective studies should be conducted to standardize the severity thresholds of RegFrac based on outcome predictions in patients with primary MR.

Main message for the clinician

It is of upmost importance to conciliate MR quantitative measurements and hemodynamic findings when grading MR severity. If there are inconsistencies, either at individual patient- or study-level, the echocardiographic raw data should be carefully checked (26, 138). MR RegVol values estimated by PISA or indirect quantitative methods can differ markedly. Also, a unique MR RegVol cut-off of 60 ml to define MR severity does not fit to all patients with primary MR. MR RegFrac by the volumetric method relates the MR RegVol to the patient's LV dimensions and cardiac stroke volume. From a practical approach, a MR RegFrac assessed by the volumetric method of 40% or more is highly specific of significant (3+ or 4+) MR (182). Its routine calculation may allow to reconcile at least in part alleged discrepancies between echocardiography and CMR in grading MR.



3.4. Morphological features of primary MR at risk of discrepancies in grading MR severity


3.4.1. Late-systolic MR

The presence of a “late-systolic MR” (that is with a jet largely predominating or exclusively present from mid to late-systole) and/or bi-leaflet impairment with mitral annulus disjunction should alert the echocardiographer to risk of misleading evaluation of its severity. Ten years ago, Topilsky et al. reported that the MR EROA assessed by PISA was differently linked to outcome in patients with mid-late systolic MR compared with those with holo-systolic MR (183). Indeed, for a same given EROA, patients with mid-late systolic MR had less harmful consequences of MR in terms of cardiac remodeling and outcome. Hence, the use of EROA alone to quantify MR severity should be avoided in such patients. However, the common belief that late-systolic MR would be rarely severe is untrue. Indeed, there is a risk of under-estimating MR severity using PISA in mid-late systolic MR notably due to hidden multiple jets, especially in case of bi-leaflet prolapse. Accordingly, we reported lower MR RegVol values assessed by PISA compared with volumetric methods in the presence of mitral annulus disjunction (134). A first reason explaining this would be that patients with Barlow's disease and mitral annular disjunction can display multiple jets. Another one would be that in addition to the MR regurgitant jet, these patients present with a “prolapsing volume”, that is a non-regurgitant blood volume shift resulting from the MV prolapse, localized between the mitral annulus and the leaflets in end-systole (184, 185). Levy et al. recently showed that this “prolapse volume” may significantly impact LVESV measurements and thus estimations of MR RegVol and RegFrac by volumetric methods (186). Whether the prolapse volume would have independent prognostic value in addition to the MR transvalvular load or is just a confounding factor when estimating MR RegVol is currently unknown.

It is crucial to acknowledge these clinical situations at risk of discrepancies in MR grading according to methods because they have prognostic implications. Penicka et al. demonstrated that multiple or late-systolic jets were major drivers of the discordance between PISA and volumetric methods (assessed by CMR) in asymptomatic patients with at least moderate primary MR (187). Furthermore, they showed that consideration of these discrepancies led to reclassification of these patients' risk on the basis of hard outcomes (all-cause mortality or indication for MV surgery). Indeed, patients with moderate MR by echocardiography but severe by CMR mainly displayed multiple MR jets and were at higher risk of adverse outcome during follow-up. Conversely, patients with severe MR by echocardiography but only moderate by CMR mainly exhibited late-systolic jets and shared better outcome. These important results highlight the fact that the indirect volumetric methods should be routinely performed in the presence of these features of MR at risk of discrepancies. In addition to Topilsky et al.'s findings, these data also underline the need for further research to discriminate among the mixed group of patients with mid-late systolic MR those who have moderate from those who actually have severe MR.



3.4.2. Atrial fibrillation

Finally, the presence of atrial fibrillation (AF) at the time of echocardiography also substantially hampers MR severity grading. The variability of beat lengths, in particular when associated with tachycardia, impact the evaluation of Doppler color parameters such as VC or PISA. Also the LA can be enlarged because of the consequences of long-standing AF irrespective of the MR severity. Essayagh et al. established separate cut-off values to define LA dilatation in primary MR according to heart rhythm (sinus rhythm or AF) (13). AF particularly affects the accuracy and feasibility of volumetric methods and of 3D-echo imaging which may suffer from stitching artifacts. Patients with AF were present only in few studies assessing the diagnostic value of primary MR parameters. However, new-onset AF represents a turning point in the natural course of primary MR with a strong prognostic value leading to discuss intervention (188). Thus, the challenge is to discriminate patients with severe primary MR and new-onset AF who should be referred for MV surgery from those who still have moderate MR despite AF. In practice, whenever possible, it is better to re-assess a patient with AF after restoration of sinus rhythm by cardioversion.

Main message for the clinician

Late-systolic MR, multiple jets, bi-leaflet prolapse or atrial fibrillation are frequent situations at particular risk of misevaluation when quantifying MR.




3.5. Impact of discrepancies in MR severity grading on TTE serial assessment

Echocardiographic follow-up of patients with chronic primary MR is recommended at annual (moderate) or 6-month (severe) intervals (16, 17). Active surveillance performed in experienced centers for patients with truly asymptomatic severe primary MR is associated with a favorable prognosis, resulting in timely referral to MV surgery, and excellent long-term survival (189). Several practical points concerning TTE serial assessment of these patients are worth underlining. There are two questions being raised here: (1) Has the MR become severe or even worsened? (2) Did adverse cardiac remodeling due to MR occur or worsen?

The first question is easy to answer if the MR clearly worsened between two examinations (for instance moving from grade 2+ to 4+ due to sudden chordae rupture with new-onset flail leaflet). However, more progressive changes in chronic primary MR could be harder to detect. MR parameters depend upon machine settings or loading conditions so they may vary from one TTE to another independently from MR severity. The same machine with recorded settings should be used for the TTE follow-up of a given patient. Importantly, the echocardiographic images and loops should be re-examined side-by-side from one TTE examination to another to detect real changes not related to inter-observer variability. Doppler color MR jet is unable to assess MR progression (190). MR quantitative methods would theoretically allow better assessment of MR progression because they provide “objective” numerical values of MR grading. However, both PISA and volumetric methods may be impacted from intra- and inter-observer variability creating some “noise” in their ability to assess MR progression (191). Moraldo et al. purposefully demonstrated that relying on PISA alone to detect small changes in RegVol would require averaging a considerable number of beats (38). As they rightfully stated in their study, measuring several values and retaining the one which best fits the previous measured value as well as the clinical and full echocardiographic picture at the time of evaluation should be avoided. Because the 3D-TTE volumetric method has shown better reproducibility, it would arguably outperform other MR echocardiographic parameters in assessing MR progression, but this remains to be proven. For 3D-TTE, the same echocardiogram and software must be chosen to allow serial comparison of LV volumes (148). Finally, because of the discrepancies between RegVols assessed by PISA or volumetric methods, it is paramount to acknowledge that in any case measurements of RegVol by PISA or by 2D-TTE are interchangeable.

TTE serial assessment of patients with primary MR also intends to detect progression of LV diameters and volumes, LA size, degradation of LVEF or new-onset signs of pulmonary hypertension. Indeed, chronic MR may cause LA and LV dilatation and worsen mitral annular dilatation, thereby potentially damage the whole MV apparatus, which in turn results in further worsening MR severity and LV impairment (23). Great care should be taken in measuring LV and LA volumes from the same apical windows as previous TTEs. Again it is important to re-examine the echocardiographic loops side-by-side whenever needed. In practice, an apparently moderate MR but with progressive LV and/or LA enlargement without another explanation is suspect to have been under-estimated. Data are scarce on the prospective assessment of cardiac adaptations to primary MR over time. An increased mitral annulus size could be associated with a greater progression of MR severity (191, 192). In a community-based study, MR progression was associated with more severe ventricular and atrial remodeling and worse outcome (193). Latest ACC/AHA guidelines indicate that it is reasonable to consider MV surgery (class IIb, level of evidence C) in patients with severe primary MR and normal LV systolic function but with a progressive increase in LVESD approaching 40 mm or decrease in LVEF towards 60% on longitudinal follow-up (17).

Main message for the clinician

The echocardiographic longitudinal follow-up of patients with primary MR includes not only MR severity grading but also all its consequences on heart remodeling. Serial echocardiograms should be re-examined side-by-side. It is not rare in clinical practice to better appraise the MR severity on a second examination and eventually reclassify an initially “indeterminate” or “moderate” MR as significant.




4. Latest developments and future directions

Several advances in echocardiographic imaging and new approaches are under development to overcome current limitations of MR quantification methods. These include real-time automated 3D-PISA considering the variations of MR during systole (194, 195), automatic quantification of real-time 3D full-volume color Doppler (FVCD) TTE (131, 196), automated quantification of the density of the CWD MR signal, named the “average pixel intensity” method (197), and semi-automated MR quantification based on the Navier-Stokes equation with 3D color modeling of the velocity profile through the regurgitant orifice (198, 199).

All of these attempts to quantify MR with echocardiography in a semi-automatic way have shown positive results with better agreement with TEE or CMR than traditional methods, but only in single-center pilot studies with small sample-sized study populations. Also so far, most of these new MR quantification software products are vendor-dependent, thereby restraining their widespread use. Their incorporation into routine daily workflow will require external validation of their diagnostic yield as well as their implementation on echocardiographic machines. Lastly, the promise of AI-based innovative solutions in echocardiography can be expected to provide in the near future automatic quantification of valvular regurgitation (200).



5. Conclusion

Echocardiographic grading of primary MR severity relies upon an integrated multiparametric approach as recommended by the latest guidelines. It is of paramount importance that clinicians involved in valvular diseases are aware of the respective advantages and pitfalls of each of the different MR quantitative methods and imaging modalities used (2D, 3D-TTE, TEE). Appraisal of MR grading methods also requires comprehensive understanding of the basic principles of echocardiography hemodynamics and of the natural history of the disease. In particular it is important to acknowledge specific clinical situations at risk of misevaluation such as late-systolic MR, bi-leaflet prolapse with multiple jets, elderly patients and/or women, or presumed “moderate” MR but with valve-related symptoms and/or consequences on cardiac remodeling. Primary MR grading should be seen as a continuum integrating both quantification of MR and its consequences. The MR regurgitant fraction by indirect volumetric methods allows to appraise the MR from a hemodynamic perspective and should be the cornerstone of MR severity assessment. Advanced echocardiographic imaging techniques and progress in automatic measurements pave the way for new promising approaches to MR grading which need to be validated in clinical practice.
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Background: Patients with mitral valve prolapse (MVP) requiring surgical repair (MVr) are increasingly operated using minimally invasive strategies. Skill acquisition may be facilitated by a dedicated MVr program. We present here our institutional experience in establishing minimally invasive MVr (starting in 2014), laying the foundation to introduce robotic MVr.



Methods: We reviewed all patients that had undergone MVr for MVP via sternotomy or mini-thoracotomy between January 2013 and December 2020 at our institution. In addition, all cases of robotic MVr between January 2021 and August 2022 were analyzed. Case complexity, repair techniques, and outcomes are presented for the conventional sternotomy, right mini-thoracotomy and robotic approaches. A subgroup analysis comparing only isolated MVr cases via sternotomy vs. right mini-thoracotomy was conducted using propensity score matching.



Results: Between 2013 and 2020, 799 patients were operated for native MVP at our institution, of which 761 (95.2%) received planned MVr (263 [34.6%] via mini-thoracotomy) and 38 (4.8%) received planned MV replacement. With increasing proportions of minimally invasive procedures (2014: 14.8%, 2020: 46.5%), we observed a continuous growth in overall institutional volume of MVP (n = 69 in 2013; n = 127 in 2020) and markedly improved institutional rates of successful MVr, with 95.4% in 2013 vs. 99.2% in 2020. Over this period, a higher complexity of cases were treated minimally-invasively and increased use of neochord implantation ± limited leaflet resection was observed. Patients operated minimally invasively had longer aortic cross-clamp times (94 vs. 88 min, p = 0.001) but shorter ventilation times (4.4 vs. 4.8 h, p = 0.002) and hospital stays (5 vs. 6 days, p < 0.001) than those operated via sternotomy, with no significant differences in other outcome variables. A total of 16 patients underwent robotically assisted MVr with successful repair in all cases.



Conclusion: A focused approach towards minimally invasive MVr has transformed the overall MVr strategy (incision; repair techniques) at our institution, leading to a growth in MVr volume and improved repair rates without significant complications. On this foundation, robotic MVr was first introduced at our institution in 2021 with excellent outcomes. This emphasizes the importance of building a competent team to perform these challenging operations, especially during the initial learning curve.



KEYWORDS
mitral valve (MV) repair, mitral valve prolapse, minimally invasive cardiac surgery, minimally invasive mitral valve repair, robotic cardiac surgery, robotic mitral valve repair





Introduction

Cardiac surgery faces the challenge of integrating ongoing innovations, allowing constant progress, while requiring a significant effort to update and train surgeons in technically challenging and unforgiving procedures. Mitral valve (MV) surgery represents an archetype of this challenge, since for this procedure, conventional full sternotomy has been increasingly replaced by minimally invasive and robotic approaches that aim to limit postoperative complications and allow faster patient recovery while maintaining a high level of technical success (1, 2). The literature leaves little room for doubt: minimally invasive MV surgery has become a standard approach with excellent short- and long-term results (3–6). However, the integration of these procedures, still often limited to tertiary care centers, has been slowed down by learning curves, the need for a time-consuming training program, and the risk of a transient increase in postoperative complications (5). Recently, robotically assisted mitral valve surgery has been gaining increasing popularity, due to potentially even smaller incisions and certain advances in surgical exposure.

Massachusetts General Hospital (MGH) established a focused MV surgery innovation program in 2014, dedicated to mitral valve repair (MVr) via a minimally invasive approach and the introduction of the robotic approach as further innovation. Previously published studies demonstrated that learning curves for minimally invasive MVr can be overcome safely (4, 7) and adverse events can potentially be reduced by dedicated and standardized teaching procedures (8). We aim to analyze the results of our MVr program over eight years in terms of the number and type of mitral procedures, as well as peri- and postoperative outcomes, and present our experience with introducing the robotic MVr approach.



Methods


Patient inclusion and data collection

All patients that had undergone MV surgery at Massachusetts General Hospital between January 2013 and December 2020 were identified via interrogation of the Society of Thoracic Surgeons database. In addition, we included all patients that had received robotically assisted MVr at our institution in 2021 and 2022 to compare the initial outcomes of that innovative approach to previous outcomes. All perioperative notes, surgical reports, and imaging findings were reviewed. The planned operative strategy (repair vs. replacement, minimally invasive vs. conventional approach) was obtained from the perioperative notes, and intraoperative complications or changes in strategy were registered as reported by the individual surgeon. Standard preoperative transthoracic and intraoperative transesophageal echocardiography reports were utilized to evaluate MV pathology and procedural success. Successful repair was defined as MVr without requiring intraoperative conversion to MV replacement. The study was approved, and individual informed consent waived by the Institutional Review Board of Massachusetts General Hospital. Written informed consent was obtained from the individuals for the publication of any potentially identifiable images or data included in this article.



Selection criteria for minimally invasive mitral valve repair

Patients referred for MVr undergo routine preoperative transthoracic echocardiography and either coronary angiography or ECG-gated CT angiography for coronary assessment. In addition, CT angiography of the entire aorta and iliac vessels is added if a patient is considered for a minimally invasive approach. Patients are then scheduled to have a full sternotomy approach if additional valve surgery or coronary artery bypass grafting (CABG) is indicated. The most common exclusion criteria for minimally invasive MVr include dilation of the ascending aorta > 45 mm, significant mitral annular calcification, presence of breast implants, significant pectus excavatum, left diaphragm paralysis, and previous right thoracotomy or sternotomy. Patients with low left ventricular ejection fraction (LVEF) or a predicted risk of mortality > 4% (moderate surgical risk category) by the Society of Thoracic Surgeons (STS PROM) risk score are also preferably operated on via a full sternotomy, to keep aortic cross-clamp times as short as possible. Furthermore, patients with significant calcifications or soft plaques in the descending aorta are not eligible for minimally invasive MVr at our institution, because of the need for retrograde aortic perfusion. Among our staff, 2 individuals perform minimally invasive MVr, while the other surgeons continue to use the sternotomy approach in all MVP patients referred to their practice.



Subgroup analysis of patients undergoing isolated mitral valve repair

To directly compare outcomes of conventional and minimally invasive MVr, patients undergoing isolated MVr were identified from the larger patient cohort excluding those that had major concomitant procedures prohibiting minimally invasive access at our institution i.e., CABG, surgery on aortic, tricuspid, or pulmonary valve, surgery on the ascending aorta or aortic arch, those with acute endocarditis, and those with severe mitral annular calcification requiring debridement and annular patch repair (Figure 1). Non-exclusionary concomitant procedures included closure of an atrial septal defect or a persistent foramen ovale (PFO), the Cox-Maze procedure, and occlusion of the left atrial appendage.


[image: Figure 1]
FIGURE 1
CONSORT diagram of patient selection for minimally invasive vs. sternotomy MVr. MAC = mitral annular calcificiation; MVP = mitral valve prolapse.




Establishing robotic surgery for mitral valve prolapse

The extensive expertise gained throughout the years of successfully performing minimally invasive MVr was the essential foundation to launch a robotic MVr program in 2021, with the goal of obtaining similar excellent outcomes without compromising patient safety and facilitating certain steps of the procedure. Due to less restricted mobility and orientation of the surgical instruments during robotic surgery, exposure of and access to the papillary muscles for neochord implantation is superior to standard minimally-invasive approaches with long-shafted one-directional instruments. Despite initially expected longer procedural times, we believe that by introducing the robotic approach, we can further improve patient care and will eventually achieve equal or even shorter procedural times as with the established techniques.

At our institution, the most experienced minimally-invasive MV surgeon and team consisting of a co-surgeon, a scrub technician, a perfusionist, and an anesthesiologist, underwent comprehensive training via a society-supported formal training program including simulator and cadaver training. In-person proctoring was done for the first 5 cases, and remote proctoring for the sixth, seventh, and eighth cases. This stepwise approach (Figure 2) led to a successful launch of our robotic MVr program (9). For the initial cases included in this analysis, we added selection criteria to the ones mentioned above for minimally invasive surgery: Because we suspected initially prolonged procedural times, we included patients with very low perioperative risk (STS PROM <1%) and focused on pathologies deemed uncomplicated to repair based on preoperative echocardiography. Robotic MVr is currently available on a weekly basis at our institution and offered to all patients eligible for minimally invasive MVr, as described above. All patients that had undergone robotic MVr at our institution until August of 2022 were included in this analysis.


[image: Figure 2]
FIGURE 2
Stepwise approach to launching a robotic mitral valve repair program at Massachusetts general hospital.




Statistical analysis

After assessment for normal distribution, continuous variables were expressed as median with interquartile range [25th—75th percentile], and categorical variables as numbers with percentages. Unmatched group comparisons were conducted using the Wilcoxon rank sum test or Fisher's exact test, as appropriate. For the subgroup analysis, propensity scores were calculated using logistic regression. A 1:1 propensity score analysis was conducted using the “nearest neighbor” algorithm, with a caliper setting of 0.1 standard deviations and without replacement. Before matching, multiple imputations was used to compensate for missing data. Standardized mean differences were used to evaluate the balancing of covariates after matching. Variables used to calculate the propensity score were age, sex, Barlow's valve, arterial hypertension, diabetes, peripheral arterial disease, previous stroke, chronic obstructive lung disease, preoperative LVEF, body mass index, and STS PROM.

After matching, continuous variables were reported as median with interquartile range and compared using Wilcoxon signed rank test; categorical variables were reported as numbers with percentages and compared using McNemar's test. Long-term freedom from re-operation and death was examined using Kaplan-Meier method with log-rank test. Data analysis was conducted using R software (R-Studio, version 3.4.1, Boston, MA, United States).




Results


Patient cohort

A total of 1407 patients underwent MV surgery via full sternotomy or right anterolateral mini-thoracotomy at our institution between January 2013 and December 2020. Of them, 830 patients were operated for mitral valve prolapse (MVP), of which 38 received a planned MV replacement (common reasons were too complex valve anatomy, severe mitral annular calcifications, or patient preference) and 31 were re-operations. Surgical repair of native MVP was thus performed in 761 patients, and those were included for further analysis (Figure 1). Table 1 shows the preoperative characteristics of all 761 patients. In summary, the median age was 64 [55–72] years, and 245 patients (32.2%) were female. Mitral regurgitation was severe in 720 (94.9%), moderate in 37 patients (4.9%), and less than moderate in 4 patients (0.2%) (MVP was not the primary indication for surgery in those latter two groups). Significant mitral annular calcification was present in 38 patients (5%). Moderate or more aortic stenosis was found in 12 patients (1.6%), moderate or more aortic regurgitation in 19 patients (2.8%), and moderate or more tricuspid regurgitation in 112 patients (15%). A concomitant diagnosis of coronary artery disease existed in 102 patients (13.4%), and of atrial fibrillation in 177 patients (23.3%). Twelve patients (1.6%) had a dilated ascending aorta. Table 2 provides an overview of mitral valve repair details in the unmatched sternotomy and mini-thoracotomy groups.


TABLE 1 Baseline characteristics of all MVP patients undergoing MVr between 2013 and 2021.
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TABLE 2 Overall surgical specifics and repair success of MVr regardless of concomitant procedures.
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Concomitant procedures

As expected, patients of the sternotomy group underwent significantly more concomitant procedures, as depicted in Supplementary Table S1. Briefly, in the sternotomy group, 98 patients (19.7%) underwent concomitant CABG, 5 patients (1%) aortic valve repair or replacement, and 8 patients (1.6%) ascending aortic replacement with or without root replacement. Regarding concomitant procedures that are feasible via sternotomy as well as via a mini-thoracotomy approach, LAA occlusion was performed more frequently in the sternotomy group (228 patients (45.8%) vs. 10 patients (3.8%) in the mini-thoracotomy group, p < 0.001), as well as the bi-atrial Cox-Maze procedure (85 patients (17.1%) vs. 2 patients (0.8%), p < 0.001). The left Cox-Maze procedure was performed in similar proportions in both groups (37 patients (7.4%) in the sternotomy group, 15 patients (5.7%) in the mini-thoracotomy group, p = 0.5). A PFO was closed in 66 patients of the sternotomy group (13.3%) and 41 patients of the mini-thoracotomy group (15.6%; p = 0.4).



Changes in institutional volumes and success rates

We observed a continuous growth in the overall institutional volume of surgery for MVP with increasing proportions of minimally invasive operations since 2014, when the mini-thoracotomy approach was first introduced at our institution (Figure 3). Overall native MVP case volume was n = 69 in 2013 and n = 127 in 2020. With the start of our dedicated minimally invasive MVr program, institutional repair success rates improved markedly over the years included in this analysis, with 95.4% in 2013 (before the introduction of minimally invasive MVr) vs. 99.2% in 2020 (Figure 4). Residual MR was mild or more in 9.2% of patients in 2013 vs. 2% in 2020, with a continuous reduction over the years (Figure 5).


[image: Figure 3]
FIGURE 3
Development of institutional volumes after introduction of minimally invasive MVr program. MVP: Mitral Valve Prolapse.
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FIGURE 4
Development of institutional repair success rates for native mitral valve prolapse (MVP).
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FIGURE 5
Proportion of patients with mild or more residual mitral regurgitation. TEE: Transesophageal Echocardiography.




Changes in case complexity and surgical techniques

Since the start of our minimally invasive MVr program, there has been a continuous growth in the proportion of surgically more complex patients [i.e., anterior mitral leaflet (AML) or bileaflet prolapse], with proportions similar to before 2014 (Figure 6). In addition, a steady increase in the utilization of chordal reconstruction with GoreTex neochords and a combination of limited leaflet resection and neochord insertion could be observed. At the same time, a purely resectional technique was utilized less commonly in recent years (Figure 7).


[image: Figure 6]
FIGURE 6
Proportions of patients with posterior leaflet, anterior leaflet, and bileaflet prolapse. AML: Anterior Mitral Leaflet; PML: Posterior Mitral Leaflet. MVP: Mitral Valve Prolapse.
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FIGURE 7
Development of repair techniques over the years.




Outcomes of minimally invasive mitral valve repair

The repair success rate with the minimally invasive approach was 100%, and only 3/263 patients (1.1%) required intraoperative conversion to full sternotomy. Reasons for conversion were bleeding from the aortic root in 2 and an intraoperative localized aortic dissection at the insertion point of the cardioplegia cannula in 1 patient. All 3 patients were discharged home with no significant increase in their hospital stay or further complications.

For the subgroup analysis of isolated MVr via sternotomy vs. mini-thoracotomy, we identified 599 patients that received MVr without major concomitant procedures (Figure 1). Of those, 346 were operated via sternotomy and 261 via right anterolateral mini-thoracotomy. Propensity matching resulted in 214 matched pairs with comparable baseline characteristics (Table 3 and Figure 8). Outcomes of the unmatched groups are summarized in Supplementary Table S2. Between the matched groups, there were significant differences in repair techniques: The neochords + annuloplasty technique was used more frequently in the mini-thoracotomy group (81.8% vs. 38.3% in the sternotomy group, OR 2.1, 95%-CI 1.6–2.8, p < 0.001) while the resection + annuloplasty technique was used less often (4.7% vs. 43.5% in the sternotomy group, OR 0.1, 95%-CI 0.05–0.2, p < 0.001). Occlusion of the left atrial appendage was also done less frequently in the mini-thoracotomy group (3.3% vs. 40.7% in the sternotomy group, OR 0.09, 95%-CI 0.04–0.2, p < 0.001) as well as the bi-atrial Cox-Maze procedure (0.9% vs. 11.7% in the sternotomy group, OR 0.08, 95%-CI 0.009–0.3, p = 0.01). There were no significant differences in the rates of PFO closure or the left Cox-Maze procedure. One patient in the sternotomy group required emergency CABG to the circumflex artery, and 1 patient each of the sternotomy and minithoracotomy groups required emergency replacement of the ascending aorta because of an intraoperative localized aortic dissection. Patients operated via minithoracotomy had significantly increased cardiopulmonary bypass times of 161 min (IQR 147–185) vs. 116 (98–145, p < 0.001); and increased aortic cross-clamp times of 94 min (84–113.8) vs. 88 (70–109, p = 0.001). Information on operative details between the matched groups is displayed in Table 4. MVr was successful in 210 patients (98.1%) of the sternotomy and 214 patients (100%) of the mini-thoracotomy group (p = 0.9), with no significant differences in residual MR and mean mitral valve pressure gradient (see Table 5).


[image: Figure 8]
FIGURE 8
Balancing of covariates by propensity score matching. STS PROM: society of thoracic surgeons–predicted risk of mortality; LVEF: left ventricular ejection fraction; PAD: peripheral artery disease: COPD: chronic obstructive pulmonary disease; BMI: body mass Index.



TABLE 3 Baseline characteristics of the isolated MVr groups before and after propensity score matching.
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TABLE 4 Surgical details of the matched isolated MVr groups.
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TABLE 5 Echocardiographic assessment of repair results in the matched isolated MVr groups.
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Patients operated via mini-thoracotomy had a slightly higher postoperative LVEF than those operated via sternotomy (62% [57–66] vs. 62% [55–66], p = 0.03), required significantly shorter time on mechanical ventilation (4.4 h [2.4–6.3] vs. 4.8 h [3.3–7.5], p = 0.002) and were hospitalized significantly shorter (5 days [4–5] vs. 6 days [5–7], p < 0.001). There were no significant differences between the matched groups regarding postoperative complications. Operative mortality was 0% in both groups, while 30-day mortality was 0.9% in the sternotomy and 0% in the minithoracotomy group (p = 0.5). Kaplan-Meier method with log-rank test revealed no difference regarding long-term freedom from re-operation and death (p = 0.19, Supplementary Figure S1). Postoperative outcomes of the matched groups are summarized in Table 6.


TABLE 6 Postoperative outcomes of the matched isolated MVr groups.
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Initial results with the robotic approach

We included all patients (n = 16) that underwent robotically assisted MVr at our institution. Repair success rate was 100%, with one patient requiring a second CPB run for residual mild-moderate MR after the initial repair attempt. Repair techniques included resection + annuloplasty, neochord implantation + annuloplasty as well as the combined technique. Three patients had no residual MR and 13 had trace residual MR after robotic MVr. Concomitant PFO closure was done in 4 patients (25%). Mean CPB and aortic cross-clamp times were 239 ± 59 min and 153 ± 48 min respectively, which is substantially longer than in the matched minimally invasive and full sternotomy groups of isolated MVr. Mean hospitalization time was 5.4 ± 1.8 days and there were no relevant postoperative complications during the hospitalization. Preoperative characteristics and results of the robotic cohort are displayed in Table 7.


TABLE 7 Preoperative characteristics, surgical details, and outcomes of the first 16 robotic MVr patients.
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Discussion


Minimally invasive mitral valve repair

Since the first reported case of minimally invasive mitral surgery in 1996 (10), minimally invasive MVr has undergone a significant and continuous expansion (11), supported by large series demonstrating the safety and benefit of this type of procedure (3–6). However, full sternotomy remains the most used approach for MVr. In this retrospective analysis, we observed that setting up a program dedicated to the incorporation of mini-thoracotomy for MVr has made it possible to change the management standard in an efficient and controlled manner without significant increases in complication rates. As shown by many groups, the benefits of minimally invasive MVr can be shorter postoperative ventilation times and shorter overall hospital stay without increased postoperative complications, and at similar procedural costs compared to the sternotomy approach (12–15). Our results are in line with these previous studies, showing significantly decreased postoperative ventilation time and hospital length of stay. A possible reason for shorter ventilation time, which we were not able to explore based on the presented data, may be less postoperative pain due to the smaller incision and less intraoperative spreading with quicker recovery to sufficient breathing patterns triggering earlier extubation. Another important benefit of the minimally invasive approach lies in an expedited recovery of these patients from an open-heart surgery. Without sternotomy-related precautions with regards to mobility, these otherwise healthy adults enjoy an earlier resumption of their active lifestyle as well as an earlier return to their work environment.

An important observation was the increase in overall MVr volume at our institution after starting the mini-thoracotomy program. This resulted in regular interaction of a team of experienced MV surgeons and echocardiographers for preoperative case planning and intraoperative consultation which we believe significantly contributes to patient safety and improved repair success rates (Figures 4, 5). This is in line with several prior reports that detected a strong relationship between individual surgeon and institutional case volumes with repair success rates. We believe that this benefit has a wider beneficial effect as well. Chikwe et al. found that even surgeons with lower MVr volumes (<25/year) have higher repair success rates when operating at the same institutions as higher-volume surgeons (>50/year) when compared to working at other institutions. Newell et al. also recently showed that at an institution with high MVr volumes, outcomes of low- and high-volume surgeons were comparable (16–19). Higher volumes also improve educational experiences with regular trainee exposure to complex MVr, allowing for stepwise teaching opportunities.

It should be emphasized that the quality of MVr was not negatively affected by choosing a minimally invasive approach, with a repair success rate of 100% in this cohort and no differences in residual MR compared to patients operated via sternotomy. In addition, neochord insertion, which might have superior long-term success rates (1, 20, 21), was more frequently used in mini-thoracotomy patients of our cohort. Longer lines of coaptation found after the neochord technique may translate into improved long-term outcomes (22, 23). As displayed in Figure 7, increasing expertise in complex MVr via mini-thoracotomy has changed our institutional approaches to MVP and a combination of resection and neochord insertion is not uncommon. In our opinion, it is crucial to be able to provide a wide range of repair techniques tailored to individual valve anatomy, without necessarily restricting the approach to either “resecting” or “respecting”.

With growing institutional and individual experience regarding minimally invasive MVr, a growth in proportion of more complex MVP cases was observed at MGH, such as anterior leaflet and bileaflet prolapse, undergoing MVr (Figure 6). While isolated posterior leaflet prolapse is the predominant lesion in MVP and associated with excellent repair rates, anterior and bileaflet prolapse present a more challenging surgical task. Yet, repairing these pathologies is feasible with similar long-term outcomes as MVr for isolated posterior leaflet prolapse and should be the primary goal for treatment of MVP (20, 24).



Toward the utilization of robotic support for minimally invasive MVr

Especially in recent years, cardiac surgeons are confronted with the utilization of robotic support within a growing range of surgical specialties, sparking interest of patients and referring cardiologists. Perceived as an advance of established minimally invasive procedure, introducing robotically assisted cardiac surgery faces similar challenges as surgical training in general (9, 25). Robotic MV surgery was first reported on in 1998 (10, 26), with subsequent encouraging multicenter studies on the success of robotic MVr (27). However, robotic deployment, in addition to the difficulties inherent to a new procedure, is even more limited by its cost and low availability of equipment. Nevertheless, the learning curves appear to be acceptable, with reported rapid reductions in cross-clamp times and stabilization after 20–30 cases (28, 29). As mentioned above, facilitation of papillary muscle and mitral valve exposure and free multi-dimensional movement of surgical instruments are advantages of robotic MV surgery compared to the established methods.

At MGH, a stepwise approach is now followed to shift from standard minimally invasive to robotic MVr. Badhwar et al. proposed that institutional cardiac surgery case volumes be >250 cases/year, that an experienced team of anesthesiologists and perfusionists be present, and that the individual surgeon have at least 15 minimally invasive MVr cases in his or her record, to allow for safe initiation of a robotic MVr program. These criteria were by far exceeded in our case: Institutional yearly volume = ca. 1900 cases with an established team of cardiac anesthesiologists and perfusionists; individual volume of minimally invasive MVr >250 cases. Use of robotic platform for MVr was introduced only when minimally invasive MVr outcomes were excellent and comparable to those of sternotomy MVr, demonstrated by our subgroup analysis. Through guidance of experienced robotic MVr surgeons at all stages of training (theoretical, simulator, and cadaver training) as well as in-person and remote proctoring (Figure 2), we were able to launch a successful robotic MVr program that thus far has yielded satisfying results with a 100% repair success rate. As previously published, a decrease in aortic cross-clamp time can be expected over the next phase of robotic MVr cases. Especially through development of advanced simulation settings, adaptation of robotic surgery can be facilitated for surgeons already competent in complex minimally invasive MVr (30–32).

In an era of the rapid growth of transcatheter techniques, new percutaneous approaches to MVP repair are being proposed (33). However, the possibility of repairing all aspects of MVP (leaflet, annular and subvalvular abnormalities) and especially the availability of durable and safe annuloplasty currently favors surgical MVr. By reducing invasiveness and tissue trauma using minimally invasive and robotic approaches, earlier discharge and reduced use of rehabilitation facilities are possible, with reduced scarring to improve quality of life and patient satisfaction (34, 35).

It is our hope that the very good results of the presented cohort at an institution that fairly recently had started a minimally invasive MVr program might encourage centers to enable experienced surgeons and trainees to gain competence in minimally invasive MVr via formal training programs and interinstitutional proctoring support.



Limitations

This work presents a retrospective analysis limited to a tertiary care center. Although propensity score matching was used to compare outcomes of minimally invasive and conventional MVr, remaining selection bias as well as surgeon bias need to be considered for the evaluation of the presented results. However, careful application of exclusion criteria and matching served to compare contemporary patient cohorts at a large-volume center. Regarding training aspects and institutional program, the surgical team at an institution like ours is large enough to have a reference surgeon in this type of procedure, and the training of residents is well-structured and standardized. The presented results and educational aspects might therefore not be entirely applicable to non-academic and lower volume centers.




Conclusions

Implementing a minimally invasive mitral surgery approach in the framework of a dedicated support program allows for rapid modification of institutional approaches to complex MVr, with improved institutional outcomes and diversification of repair techniques. Based on an established and successful minimally invasive MVr program, the introduction of robotic support can then be accomplished without compromising patient safety, if a team-based stepwise training protocol is followed. In-person and remote proctoring are key elements for learning new surgical techniques and can be utilized to accomplish a more wide-spread use of less-invasive MVr.
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The most common organic etiology of mitral regurgitation is degenerative and consists of mitral valve prolapse (MVP). Volume overload because of mitral regurgitation is the most common complication of MVP. Advocating surgery before the consequences of volume overload become irreparable restores life expectancy, but carries a risk of mortality in patients who are often asymptomatic. On the other hand, the post-surgical outcome of symptomatic patients is dismal and life expectancy is impaired. In the present article, we aim to bridge the gap between these two therapeutic approaches, unifying the concepts of watchful waiting and early surgery in a “watchful surgery approach”.
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1. Introduction


1.1. Putting the problem in perspective

Organic (primary) mitral regurgitation implies the presence of anatomic abnormalities affecting the leaflets or the sub-valvular apparatus. The most common etiology is degenerative (DMR) (1, 2), and consists of mitral valve prolapse (MVP). Less common etiologies include rheumatic heart disease, valve calcification because of aging, congenital diseases, and endocarditis (3).

On the histological ground, infiltrative or dysplastic tissue disorders characterize MVP, with/without chordal rupture, producing two different phenotypes (4). At one hand of the spectrum, a significant excess of tissue, multi-scallop prolapse, annular dilation, and diffuse thickening/elongation of the mitral tissue indicate Barlow's disease. At the other end, leaflets thinning, chordal elongation, and prolapse limited to a portion of the leaflets set up the phenotype of fibroblastic deficiency (Figure 1).


[image: Figure 1]
FIGURE 1
Multi-modality imaging highlighting the different features of MVP: 2D-TTE in parasternal long-axis view showing (A) diffuse thickening of the mitral tissue and the systolic displacement of posterior leaflets 3 mm beyond the plane of the annulus (green line); (B) leaflets thinning with a prolapse limited to posterior leaflets reaching cut-off of 2 mm (green line); (C) bileaflet prolapse and thickening of the mitral valve tissue with posterior MAD (green arrows; a blue arrow shows the detachment of postero-lateral annulus from posterolateral ventricular myocardium); Cine-CMR imaging in end-systolic 4-chamber view showing (D) Barlow's disease with bileaflet thickening of the mitral valve (green line representing the annulus plane); (E) fibroelastic deficiency with anterior leaflet thinning and prolapse in the left atrium; (F) MAD can be diagnosed in an SSFP three-chamber view in the systole (blue arrow); 2D-TEE (G) apical 4-chambers view showing Barlow's disease with a significantly enlarged mitral annulus and multisegmental prolapse and (H) 3-chamber of fibroelastic deficiency with P2 flail segment (blue arrow); (I) 2-chamber view of multiscallop prolapse with MAD (green arrow); 3D zoom aquisition of the mitral valve in surgical view showing Barlow's disease with multisegmental prolapse (J), and fibroelastic deficiency with P2 flail segment and ruptured chords (blue arrow) (K); cropped sagittal plane demonstrating a lateral view of the mitral valve with posterior MAD (green arrows) (L).


On the physio-pathological ground, a systolic displacement of one or both mitral leaflets more than 2 mm beyond the plane of the annulus in a long-axis view defines MVP, with or without leaflet thickening. Two-dimensional transthoracic echocardiography (2D-TTE) is the most common diagnostic tool (Figure 1) (5). Based on these criteria, MVP prevalence in the general population ranges from 0.6% to 3.1% (6) and is higher in females (6, 7).

MVP may be syndromic, familial, or isolated (sporadic). We encounter syndromic MVP in connective tissue disorders such as Marfan syndrome, Loeys–Dietz syndrome, Ehlers–Danlos syndrome, pseudoxanthoma elasticum, osteogenesis imperfecta, and aneurysms-osteoarthritis syndrome (8). Among familiar patterns, autosomal dominant inheritance with varying degrees of penetrance is more common than the X-linked (9). Gender and age influence gene expression, with high phenotypic variability even within the same family (9). Isolated MVP is more frequently associated with benign extra-cardiac manifestations.

Since MVP is associated with such a composed group of underlying conditions and histological characteristics, its outcome is heterogeneous (10). Besides rhythm disturbances and endocarditis, volume overload is the most common complication, mostly corrected by conventional surgery. Surgery performed before the complications of volume overload restores life expectancy but implies a mortality risk in an asymptomatic patient. On the other hand, when surgery is performed in symptomatic patients with irreparable consequences of volume overload, the post-surgical outcome is dismal, and life expectancy is impaired.

In the present article, we will try to bridge the gap among these two (perhaps only apparently) diverging therapeutic approaches, trying to unify the opposite attitudes of “watchful waiting” (11) and “early surgery” (12) in a “watchful surgery approach”.




2. Before starting all thinking: is mitral regurgitation truly severe?

In MVP, the classic auscultatory finding is a dynamic mid-to-late systolic click, frequently associated with a high-pitched, late systolic murmur (13). A very loud murmur carries a high probability of severe DMR, but patients often present with a medium-intensity murmur, which can either be generated by moderate or severe regurgitation (14). Similarly, symptoms and cardiac remodeling support the diagnosis of severe DMR, but imaging is key if we want to offer surgery before the consequences of volume overload become irreparable. Doppler echocardiography, by providing qualitative, semi-quantitative, and quantitative parameters, represents the standard tool to diagnose the etiology, mechanism, and severity of any valvular lesion, including DMR (15). Grading DMR should be comprehensive, using a combination of clues, signs, and measurements (Table 1) (16). A detailed review of the different echocardiographic methods to establish the severity of DMR is behind the scope of the present article. However, we will summarize a few concepts applying to MVP.


TABLE 1 Echocardiographic features encountered in MVP and indicators of severe chronic regurgitation.

[image: Table 1]

Systolic flow reversal in more than one pulmonary vein is specific for severe DMR, although eccentric jets can alter flow patterns, even mild or moderate in severity when directed into a pulmonary vein. The jet area or jet area/left atrial area ratio by color flow imaging is valuable as a screening tool to confirm the presence of more than mild DMR, but it is imprecise. This happens particularly in eccentric, wall-impinging jets and in late-systolic ones, as it can occur in MVP (16).

The vena contracta (VC) is the narrowest portion of the regurgitant flow and its measurement represents an approximation of the anatomic regurgitant orifice. A VC width ≥0.7 cm is specific for severe MR and this cut-off can be applied both to central and eccentric jets (16). As for color flow imaging, VC in MVP can overestimate the severity of late-systolic jets.

Concerning quantitative approaches, all methods derive three measures. The effective regurgitant orifice area (EROA) (a measure of lesion severity), the regurgitant volume per beat (RVol) (the severity of volume overload), and the regurgitant fraction (the ratio of the RVol to the forward stroke volume). Measurements of EROA and RVol provide the strongest prognostic information (17). In mid-late systolic jets, EROA by flow convergence appears similar to holosystolic. However, a shorter duration of regurgitation results in a smaller RVol. Herein, Rvol, rather than EROA provides more valuable information in this setting (18). When different parameters are contradictory, we must explain discrepancies. If uncertainties persist, transesophageal echocardiography or cardiac magnetic resonance (CMR) can help. On CMR, diffuse interstitial or regional replacement fibrosis by T1 mapping and/or late gadolinium enhancement and edema by T2 mapping can help identify the optimal timing of surgery in MVP complicated by severe DMR (19).



3. Is the patient truly asymptomatic?

Scientific guidelines recommend surgery (class I) in symptomatic severe DMR regardless of left ventricular (LV) function (15, 20) and the planned surgical procedure (e.g., repair/replacement). Before reviewing surgery in truly asymptomatic patients, it is worth noticing that several patients do not engage in a physical activity vigorous enough to reveal their symptoms.

To overcome this limitation, some studies analyzed the role of exercise as an additional prognostic indicator (21). Asymptomatic patients unable to exercise for at least 15 min on a treadmill using a modified Bruce protocol have a higher risk of adverse cardiac adverse events (22). Exercise echocardiography can provide additional information (20). A change in DMR severity (EROA ≥ 10 mm2, RVol ≥ 15 ml) by exercise echocardiography was associated with reduced symptom-free survival in more than moderate DMR (23). Similarly, exercise-induced right ventricular dysfunction (exercise TAPSE < 19 mm) and PASP > 55 mm Hg predict a worse outcome (24, 25).

A reduced peak oxygen consumption (<84% of expected) is common in DMR and is associated with adverse events (26). Although clinically appealing, the overall value of exercise-derived parameters in comprehensive DMR management remains to be properly tested. This is true particularly in the elderly, those with significant comorbidities, and—more in general- patients who cannot engage in intense physical activity.



4. Is there any consequence of volume overload?


4.1. Evaluating the left ventricle

The long-lasting physio-pathological dream in chronic DMR has been to identify the transition of the LV from the compensated phase (when LV is capable of managing the volume overload without permanent consequences if this is relieved by surgery) to the decompensated one (when the consequences of the volume overload are permanent) (27). In theory, the ability to diagnose this sweet spot would allow us to safely manage patients conservatively until the “real” need for surgery, without taking the risk of anticipating it when it is not necessary. Did this dream come through? Guidelines recommend (class I) surgery for DMR (regardless of symptoms and the planned surgical procedure e.g., repair or replacement) when the left LV ejection fraction (LVEF) is ≤60% or LV end-systolic diameter (LVESD) is ≥40 mm (15, 20). Although characterized by considerable interobserver variability of measurements (28), these two cut-offs should set the point in natural history when the risk of higher operative mortality and post-surgical ventricular dysfunction no longer justifies conservative management. Our group showed that patients with LVEF between 45% and 60% represent a large proportion of patients with DMR and, even if rarely symptomatic, they display a higher mortality rate and a worse post-surgical outcome as compared with LVEF > 60% (29).

LVESD is considered less loading dependent than LVEF, and a reliable indicator for surgery. Long-term multi-center studies in patients confirmed that LVESD > 40 mm (>22 mm/m2) represents a predictor of increased mortality under conservative management and after surgery (30). To further reduce the incidence of unexpected ventricular dysfunction after surgery, LVESD and LVEF have been combined, as a single indicator. Although this strategy is based on a valuable rationale, the occurrence of post-operative LV dysfunction remains notable (9% if LVEF ≥ 64% and LVESD < 37 mm, 21% if LVEF ≤ 64% or LVESD ≥ 37 mm, and 33% is LVEF ≥ 64% and LVESD ≥ 37 mm) (31).

Global longitudinal strain (GLS) of the LV is an early and sensitive method to detect dysfunction. In asymptomatic chronic DMR, the cutoffs to identify patients at high risk ranges from −17.9% to −21.7% (32). Further studies are needed to establish the clinical role of GLS in these patients. Similarly, three-dimensional echocardiography may represent a more reproducible and accurate method to assess ventricular size and function, but its incremental prognostic value over 2D-TTE in DMR needs confirmation (21).

Being ventricular function at rest modestly effective in predicting post-operative ventricular dysfunction, previous studies concentrated on exercise-derived parameters. In asymptomatic DMR, lack of contractile reserve (defined as an increase of 4% of LVEF) strongly predicts postoperative ventricular dysfunction (33). The absence of LV contractile reserve evaluated by GLS (exercise-induced increase less than 2%) may predict postoperative LV dysfunction (34).



4.2. Addressing the left atrium

In DMR, left atrial (LA) size is marginally affected by acute changes in preload and afterload, and its remodeling reflects the severity of volume/pressure overload over a longer period (35, 36). Our group showed LA size is a strong predictor of survival under non-surgical management and that LA volume ≥60 ml/m2 is a powerful prognostic indicator (37, 38). Accordingly, European guidelines indicate that a low-risk, effective, and durable mitral repair can be considered (Class II a) without any further risk factors when LA is ≥60 ml/m2 (diameter > 55 mm) (15, 39). LA function provides information (40). Among asymptomatic patients with preserved LVEF, both peaks of atrial longitudinal strain and reservoir strain may predict adverse outcomes (41). Left atrial coupling index (LACI) (represented by the ratio between LA volume index and tissue Doppler myocardial velocity during atrial contraction), emerged as a strong and independent determinant of the outcome under non-surgical treatment. LACI ≥ 5 was identified as a threshold for excess mortality (42). The novel finding that LA functional assessment is a meaningful marker of clinical outcomes underscores the need to standardize the atrial function assessment beyond morphology.

Besides being an indicator of overload severity, LA size negatively contributes to the outcome of DMR through the occurrence of atrial fibrillation (AFib). As the rhythm progress from sinus to paroxysmal to persistent AFib, the associated risk of mortality increases under non-surgical management, and the positive effects of surgery decrease in magnitude (43–45). Current European guidelines assign a Class IIa indication for surgery when Afib complicates DMR but a stronger strength of recommendation could be considered (15).



4.3. Challenging the pulmonary circulation

Pulmonary hypertension (PH) is a common complication of DMR and is related to increased LA pressure due to chronic volume overload. Abnormal pulmonary artery systolic pressure (PASP) independently affects prognosis, by causing right ventricular impairment (46), and subsequent functional tricuspid regurgitation (47). European guidelines recommend surgery when PASP at rest exceeds 50 mmHg (Class IIa) (15). A PASP value >50 mmHg is a powerful marker of poor prognosis in patients candidate for surgery (48). Recent data showed that an even milder increase in PASP (>35 mm Hg at rest) may predict early decompensation (49). In addition, the worsening of DMR during exercise and exercise-induced pulmonary hypertension is related to reduced symptom-free survival (23, 50). The presence of PH by Doppler echocardiography after correction of DMR is associated with late cardiac events and recurrence of symptoms (51). A more favorable postoperative outcome has been observed in patients who underwent surgery before the onset of PH (52, 53).



4.4. Circulating peptides

B-type natriuretic peptide (BNP) is released in response to increased myocardial wall stress (54, 55) and its amount of increase reflects DMR severity. Independent predictors of higher BNP plasma levels are LA and LV volumes, AFib, and PASP (56–61). A cut-off > 105 pg/ml of BNP may identify patients at higher risk (62). As BNP cut-off can vary significantly depending on patients' characteristics, a BNP ratio ≥1 (i.e., measured BNP to maximal expected normal value for age/gender and specific assay) is a powerful prognostic indicator in DMR independently of the other surgical triggers (63). BNP levels during exercise emerged as a marker of increased risk independently of baseline values and clinical/echocardiographic characteristics (64). When taken together, the pieces of evidence suggest that even if BNP is not yet included in guidelines, it may be considered in selected patients when the surgical triggers are contradictory and/or the timing of surgery uncertain.




5. Cardiac rhythm disturbances

Afib is not the only arrhythmic complication. MVP was identified as the cause of sudden cardiac death (SCD) in 4%–7% of young patients undergoing autopsy (65, 66). Arrhythmic mitral valve complex refers to MVP combined with frequent and/or complex LV arrhythmias in the absence of non-valvular pro-arrhythmic substrates (e.g., ventricular scar, channelopathy, etc..). The arrhythmic mitral valve complex includes patients with and without severe DMR (67). Risk factors for SCD in patients with MVP and severe MR are symptoms, Afib, and reduced LVEF (68). Mitral annular disjunction (MAD) is linked to LV arrhythmias in MVP regardless of DMR severity and is characterized by a systolic separation between the ventricular myocardium and the mitral annulus supporting the posterior leaflet (Figure 1) (69, 70). Depending on the diagnostic criteria, the prevalence of MAD in MVP varies between 20% and 58% (67). The origin of LV arrhythmias in MAD derives from the combination of the substrate (regional myocardial hypertrophy and fibrosis, Purkinje fibers) and the trigger (mechanical stretch) (66, 71, 72). In the first decade after diagnosis, MAD is not associated with increased mortality (73).

The stratification of SCD in MAD remains challenging and multiple indicators are currently under investigation. Late gadolinium enhancement localized on the LV infero-basal wall under the posterior leaflet, overlaps with myocardial fibrosis in the autoptic study in SCD victims (66). The prognostic significance of inducible arrhythmias in electrophysiological studies is currently unknown, and this test cannot be routinely recommended (71). While surgery is associated with a reduced risk of SCD in patients with severe DMR, its role in MAD without significant volume overload remains uncertain.



6. The watchful surgery approach


6.1. What is the quality of surgery I can offer?

No randomized prospective data are yet available but a large body of evidence collected at multiple centers worldwide consistently indicates that in DMR an early, low-risk, effective and durable repair is associated with lower in-hospital mortality, better survival, and lower long-term morbidity (12, 74–76). The advantages of minimally invasive surgery over conventional sternotomy –although relevant- are behind the scope of this paper. While European guidelines are more conservative in accepting medical management in asymptomatic patients without any risk factors (15), American guidelines recommend surgery providing a probability of a durable repair >95% and an expected operative mortality <1% (Class IIa) (20). A fundamental question is how often all these surgical requirements are satisfied in MVP. DMR includes patients with a limited alteration of the mid portion of the posterior leaflets as well as severe bi-leaflets prolapse. Such a heterogeneous anatomical spectrum conditions the difficulty of surgical procedures.

In terms of prevalence, an isolated posterior leaflet involvement is present in more than 80% of all comers receiving a diagnosis of severe DMR, complicating MVP (77). Consequently, a simple surgical correction (resulting in a higher likelihood of effective and durable repair) can be achieved in more than 90% of patients referred for surgery (78).

Concerning operative mortality, this was 1.7% overall in consecutive patients referred at tertiary centers for severe DMR, and lower after MV repair (1.3%) than after MV replacement (4.7%) (74). Operative mortality in asymptomatic patients with normal ventricular function undergoing mitral repair has been described in multi-center registries approaching 0% (79).

Concerning durability, the results for anterior and bi-leaflets prolapse are less favorable regarding the recurrence rate of moderate or severe regurgitation, with this risk approaching 1%–2% per year (80–84). Nevertheless, mitral repair after 20 years from the operation is overall characterized by better survival and a similar rate of re-operation as compared to replacement (less than 10%) (74).

Recently, transcatheter edge-to-edge repair emerged as an alternative to conventional surgical repair in high-risk patients unsuitable for surgery. Comparing patients treated with transcatheter and non-operated showed a significant advantage of percutaneous treatment with a prolonged higher survival rate (85).



6.2. Should I recommend surgery in truly asymptomatic patients with normal ventricular function and no consequences of volume overload without waiting any longer?

Yes, under few but stringent conditions.

The first condition is that DMR is truly severe. If uncertainties persist, we should take advantage of multiple diagnostic techniques or refer the patient to a heart valve center for a proper assessment.

The second condition is that an effective, low-risk, and durable repair can be achieved. If we cannot satisfy those requirements at our Institution, the referral of patients elsewhere represents the opportunity to improve and/or develop future internal dedicated surgical valve programs.

The third condition is that the procedure is not futile in light of a reduced life expectancy due to the presence of comorbidities. Percutaneous treatment is an option for these patients.

If multiple multi-center and single-center studies provided converging evidence that early surgical treatment is associated with a better long-term outcome (12, 76) data showing the overall safety and efficacy of a conservative approach taking into account post-surgical outcomes are lacking (11, 86).




7. Conclusions

DMR is a challenging yet tremendously exciting and evolving field of medicine. Thoughtful management of MVP demands a proper and comprehensive knowledge of genetics, hemodynamics, imaging, and arrhythmias substrates.

In the present article, we summarized old concepts, current orientations, and future perspectives applicable to everyday clinical practice.
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Objectives: This study sought to assess the value of myocardial deformation using strain echocardiography in patients with mitral valve prolapse (MVP) and severe ventricular arrhythmia and to evaluate its impact on rhythmic risk stratification.



Background: MVP is a common valvular affection with an overly benign course. Unpredictably, selected patients will present severe ventricular arrhythmia.



Methods: Patients with MVP as the only cause of aborted SCD (MVP-aSCD: ventricular fibrillation and monomorphic and polymorphic ventricular tachycardia) with no other obvious reversible cause were identified. Nonconsecutive patients referred for the echocardiographic evaluation of MVP were enrolled as a control cohort and dichotomized according to the presence or absence of premature ventricular contractions (MVP-PVC or MVP-No PVC, respectively). All patients had a comprehensive strain assessment of mechanical dispersion (MD), postsystolic shortening, and postsystolic index (PSI).



Results: A total of 260 patients were enrolled (20 MVP-aSCD, 54 MVP-PVC, and 186 MVP-No PVC). Deformation pattern discrepancies were observed with a higher PSI value in MVP-aSCD than that in MVP-PVC (4.6 ± 2.0 vs. 2.9 ± 3.7, p = 0.014) and a higher MD value than that in MVP-No PVC (46.0 ± 13.0 vs. 36.4 ± 10.8, p = 0.002). In addition, PSI and MD increased the prediction of severe ventricular arrhythmia on top of classical risk factors in MVP. Net reclassification improvement was 61% (p = 0.008) for PSI and 71% (p = 0.001) for MD.



Conclusions: In MVP, myocardial deformation analysis with strain echocardiography identified specific contraction patterns with postsystolic shortening leading to increased values of PSI and MD, translating the importance of mitral valve–myocardial interactions in the arrhythmogenesis of severe ventricular arrhythmia. Strain echocardiography may provide important implications for rhythmic risk stratification in MVP.



KEYWORDS
mitral valve prolapse (MVP), sudden cardiac death (SCD), ventricular arrhythmia (VA), speckle tracking echocardiography, myocardial deformation imaging





Introduction

Mitral valve prolapse (MVP) is a common echocardiographic finding (prevalence of approximately 2%) that has an overall benign course (1, 2). However, selected patients will present ventricular arrhythmia or even sudden cardiac death (SCD), for which the underlying mechanism remains unpredictable (1–4).

Several MVP phenotypes have been described and correlated to an increased risk of arrhythmias: bileaflet prolapse, female sex, ectopic ventricular activity, and ST-segment/T-wave anomalies (5–8). These risk factors lack specificity in discerning a clinically relevant subset of higher-risk patients.

More recently, cardiac magnetic resonance (CMR) imaging has provided a new focus on fibrosis induced by recurring the stretch exerted by the prolapsing leaflet on the myocardium (9, 10). Moreover, mitral annular anomalies such as disjunction (MAD) or curling provided a dynamic substrate that might aggravate the fibrotic process and facilitate the occurrence of ventricular arrhythmia (11–16).

New insights were provided in assessing the interactions between the mitral valve and the left ventricle (LV) using speckle-tracking strain echocardiography in MVP (17). Regional disparities of myocardial deformation with abnormal postsystolic shortenings have been identified in the mitral annular regions and the surroundings of the insertion sites of the papillary muscles (18). These regions may represent a potential trigger for ventricular arrhythmia.

The aims of our study were to assess myocardial deformation using strain echocardiography in patients with MVP and a history of aborted SCD, to compare this assessment with patients with MVP presenting with and without premature ventricular contraction, and to evaluate the value of strain echocardiography on top of established risk factors for arrhythmic risk stratification.



Materials and methods


Selection of MVP patients with aborted SCD

All patients who had an indication for an internal cardioverter defibrillator (ICD) between 2000 and 2018 were retrospectively selected. Patients with a prophylactic indication were discarded. Secondary indications were guideline-directed and consisted of aborted sudden cardiac death (SCD: ventricular fibrillation and monomorphic and polymorphic ventricular tachycardia) or syncope aggravating a documented cardiomyopathy. Patients underwent a comprehensive cardiac evaluation with systematic echocardiography, coronary angiography, cardiac MRI, and electrophysiological study when judged necessary.

Mitral valve prolapse was implicated when a reversible cause was carefully excluded after the patient's file review and in the absence of any of the following: any obstructive coronary artery disease, structural cardiomyopathy or impaired LV function (ejection fraction <50%), active myocarditis, long QT syndrome, or channelopathy. For the purpose of the study, patients who underwent mitral valve surgery were not included in the analysis (Figure 1).
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FIGURE 1
Patient selection flowchart. ARVD, arrhythmogenic right ventricular dysplasia; ICD, internal cardioverter defibrillator.


To account for potential residual postresuscitation myocardial electromechanical discrepancies, only echocardiography during patients' follow-ups was analyzed.



Selection of control MVP patients

A nonconsecutive control cohort of patients with MVP was retrospectively selected from our echocardiography database. Only comprehensive echocardiography that allowed ad hoc postprocessing speckle-tracking analysis and mitral valve characterization was left for analysis. The clinical investigation focused on MVP-related symptoms (chest pain, palpitations, lipothymia, or syncope) and functional status. The presence of premature ventricular contraction (PVC) was based on 24-h external loop recorders.

The investigation was in line with the Declaration of Helsinki and good clinical practice guidelines.



Echocardiography and speckle-tracking evaluation

Echocardiography was performed using a commercially available standard ultrasound scanner (Vivid 9 and E95; General Electrics Vingmed Ultrasound, Horten, Norway) with a 2.5-MHz transducer.

MVP was defined as a systolic displacement of the mitral leaflet >2 mm beyond the annular plane, and mitral regurgitation (MR) was graded according to recent guidelines (19). The location and etiology of MVP were evaluated from the parasternal and apical views.

Mitral annular disjunction (MAD) was measured in the parasternal long axis as the maximal distance between the insertion of the mitral valve leaflet and the inferolateral basal LV wall. Curling of the basal myocardium, which represents the systolic rocking motion of the inferolateral basal LV wall, was measured as the length of a perpendicular line joining the tip of the inferolateral wall to the insertion of the mitral valve leaflet, as previously described (15, 16). LV ejection fraction (LVEF) was measured for each patient by Simpson's biplane method. LV segmentation was defined according to a 17-segment ACC/AHA model.

Speckle-tracking analysis was performed offline by investigators blinded to the arrhythmic status of the patients using automated and dedicated software (Q analysis software, Echo PAC PC version 110.1.0, GE Healthcare) from the three apical views. Myocardial longitudinal deformation curves were obtained with measurement for each segment of (1) maximal absolute value of strain during the ejection phase before aortic valve closure (peak global longitudinal strain: GLS) and (2) postsystolic strain (PSS) as the maximal absolute value of strain during isovolumic relaxation after the aortic valve closure with the calculation of the PSS index (PSI) (18). Values were obtained for each of the 17 segments and averaged to obtain global values. Contraction duration was calculated as the time from the ECG onset of the Q or R waves to the peak negative strain for each of the 17 segments. Mechanical dispersion (MD) was defined as the standard deviation of the contraction durations. Bull's eyes representations with automatic display of GLS and PSI values were also obtained for visual representation.



Statistical analysis

Normally distributed values were expressed as mean ± SD and compared using Student's t-tests. Data not normally distributed were presented as median (25th–75th or interquartile range) and compared using Mann–Whitney U tests. Categorical variables were expressed as a percentage and were compared using Pearson's chi-squared tests.

Univariable logistic regression was performed to assess the association between aborted SCD as an outcome and each of the explanatory variables: age, female sex, PVC, chest pain, lipothymia/syncope, familial SCD, bileaflet prolapse, Barlow's disease, LVEF, LV end-systolic diameter, left atrial end-systolic volume, curling, MAD, MR >2, GLS, PSI, and mechanical dispersion. Odds ratios and their confidence intervals were reported.

Multivariable logistic regression models were used to estimate the association between aborted SCD and each of the deformation parameters (GLS, PSI, and MD) after adjustment for the previous and significant explanatory variables from the univariable analysis. Odds ratios and their confidence intervals were reported.

The incremental value of the adjunction of deformation parameters on top of classical risk factors (age, female sex, PVC, bileaflet prolapse, MR severity, and LVEF) was assessed using net reclassification improvement (NRI). For this purpose, GLS was considered as a continuous variable, PSI as a binary variable (dichotomized according to the median value of distribution in the global MVP population: PSI >4), and MD in a logarithmic scale. SAS version 9.4 was used for the statistical analysis. P values ≤ 0.05 were considered statistically significant.




Results


Study population characteristics

Twenty patients with MVP had an indication for secondary ICD based on the occurrence of an aborted SCD (aSCD), or equivalent, yielding a 2% incidence. Age ranged from 15.1 to 71.1 years. There were 11 female patients (55%). All data concerning MVP-aSCD patients are presented in Table 1 and Supplementary Table S1.


TABLE 1 Clinical and echocardiographic characteristics of the global population and comparison according to rhythmic profile.
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aSCD was the inaugural event leading to the diagnosis of MVP for eight (40%) patients. MVP corresponded to an incidence of 2% of secondary indications for overall ICD implantation. Indications were based on monomorphic ventricular tachycardia (6 patients, 30%), polymorphic tachycardia (1 patient, 5%), and ventricular fibrillation (13 patients, 65%).

Fifty-five percent of patients had no mitral annular disjunction. CMR was performed in 15 patients (75%). Eleven (73%) patients had LV myocardial fibrosis, and eight (53%) patients had papillary muscle fibrosis.

Following the aSCD event, an ICD was systematically suggested. Seventeen patients (85%) accepted the implantation. At least one recurrent arrhythmic event requiring appropriate ICD therapy occurred in 9out of 17 implanted patients (53%) after a mean delay of 1.6 ± 2.2 years. Seventy-eight percent of recurrence occurred within the first year after ICD implantation. No patient died during a mean follow-up of 5.1 years. Two patients (10%) underwent mitral valve surgery for symptomatic MR.

The control MVP population consisted of 240 patients with no difference in regard to age and sex. The control population was dichotomized on the presence (MVP-PVC) or absence (MVP-No PVC) of PVC. PVC was documented in 54 patients (22.5%). Clinical parameters are presented in Table 1.



Comparison according to rhythmic presentation

Comparative clinical and echocardiographic data are listed in Table 1. MVP-aSCD patients exhibited a higher rate of atypical symptoms (chest pain, p = 0.001; presyncope or syncope, p < 0.001), while others had more frequent MR-related symptoms (dyspnoea, p = 0.014).

Higher-grade MR (3, 4) was predominant among MVP-No PVC patients (p = 0.005) with more frequent flail leaflet (p = 0.001), increased LV end-diastolic volume (p = 0.040), EF (p < 0.001), and global longitudinal strain (p = 0.003). There was no difference in the presence of mitral annular disjunction among the different groups of patients (p = 0.824). However, curling of the inferolateral basal wall increased significantly (p = 0.001) in MVP-aSCD vs. MVP-PVC and MVP-PVC vs. MVP-No. A linear and significant correlation was observed between MAD and curling (r = 0.87, p < 0.001). Significant differences in PSS (p = 0.005) and MD (p = 0.002) were noted, with higher values observed among MVP-aSCD vs. MVP-No PVC (Figure 2).
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FIGURE 2
Strain curve profiles according to the importance of prolapse-induced exaggeration of myocardial deformation along with a global representation (bull's eye view) of myocardial segments with postsystolic shortening. AVC, aortic valve closure; GLS, global longitudinal strain; MD, mechanical dispersion. * indicates segments with postsystolic shortening. For a visual representation, only three deformation curves are displayed: basal anteroseptal segment (red curve), mid-anteroseptal segment (blue curve), and basal inferolateral segment (yellow curve).




Prognostic assessment in regard to the risk of SCD in MVP patients

Associations between aborted SCD and classical risk factors of ventricular arrhythmia in MVP were studied in a univariate analysis (Table 2). Multiple variables correlated to the occurrence of SCD, including documented PVC (OR 3.36 [1.35–8.35], p = 0.009) or pre/syncope (OR 9.8 [3.24–29.67], p < 0.001), curling (OR 1.41 [1.07–1.87], p = 0.016), drop in GLS values (OR 1.26 [1.10–1.45], p = 0.001), and higher MD (OR 1.04 [1.01–1.06], p = 0.013). Additional values of GLS, PSI, and MD were independently assessed in multivariable models after adjustment for pairs of established risk factors (age, PVC, female sex, MR grade, Barlow's phenotype, pre/syncope, presence of MAD, and curling) (Table 3).


TABLE 2 Univariable analysis of clinical and echocardiographic parameters for the risk of SCD.
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TABLE 3 Multivariate analysis of deformation parameters (GLS, PSI, and MD) adjusted for established risk factors of SCD in MVP.
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Improvement in risk reclassification associated with deformation parameters

The increased discriminative values associated with adding GLS, PSI, and MD on top of the classical established risk factors (age, female sex, bileaflet prolapse, MR >2, PVC, and LVEF) were evaluated to predict SCD using NRI. The addition to the logistic model of PSI (NRI = 61%, p = 0.008) or MD (NRI = 71%, p = 0.001) was associated with a significant improvement of reclassification but not of GLS (NRI = 31%, p = 0.18). In a model containing the classical risk factors and MD, adding PSI provided further reclassification possibility (NRI = 60%, p = 0.009) (Figure 3; Supplementary Table S2).
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FIGURE 3
Improvement in risk reclassification associated with deformation parameters over classical risk factors in MVP. Classical risk factors include clinical features (age and female sex), valve structure (bileaflet prolapse and MR severity), the presence of PVC, and LVEF.





Discussion

Based upon the comparative evaluation of 20 patients with MVP who had presented an aborted SCD to a control cohort of MVP patients, our study shows (1) a 2% prevalence of MVP among secondary indications of ICD, (2) clinical and echocardiographic characteristics associated with a higher risk of severe ventricular arrhythmia, and (3) a specific strain deformation profile combining contraction inhomogeneity with postsystolic shortening and increased value of mechanical dispersion.

Strain echocardiography conveys risk reclassification information of relative importance in the arrhythmic evaluation of MVP patients on top of established risk factors. These parameters, relaying the implication of myocardial–leaflet interactions, may be of particular interest in the identification of high-risk MVP patients.


Clinical need for further risk stratification of arrhythmic prolapses

Despite a much lower incidence with regard to ischemic cardiomyopathy, MVP-related cardiac arrests account for 2.5% of overall SCD and mainly affect a younger population (1, 2). This value has to be pondered in light of an estimated 1.2% prevalence of MVP in the general population and an SCD rate ranging from 0.1 to 0.4% per patient year (2, 20, 21).

The mechanisms behind ventricular arrhythmia in MVP are complex. Three sites at the origin of ventricular arrhythmias were identified: (1) papillary muscles, (2) mitral annulus, and (3) LV fascicules (5, 22). Most monomorphic ventricular tachycardia occurs in the presence of a significant anatomic structural substrate, such as myocardial fibrosis, which might exacerbate differences in myocardial excitability responsible for a re-entry mechanism. Nonetheless, most of our patients initially presented with ventricular fibrillation, and the presence of late-gadolinium enhancement was not constant. In this setting, both the genesis and maintenance of these polymorphic tachyarrhythmias remain unclear and are most likely a PVC-triggered mechanism (5, 22). Paradoxically, the prognostic implication of the presence and severity of PVC in MVP remains unestablished.

Various and heterogeneous causes of electrical disturbances may explain the difficulty in identifying a specific mechanism at the origin of cardiac arrhythmias. Understanding the underlying mechanism for better estimating the consequent rhythmic risk is critical in developing a large-scale screening strategy prior to discussing a specific therapeutic algorithm.

Established risk factors include female sex, PVC, bileaflet or valvular redundancy, mitral regurgitation severity, and ST-segment or T-wave anomalies, but all, individually or combined, are not specific enough to clearly identify high-risk patients (6–8). Indeed, most of our aborted SCD patients did not fulfill these conventional criteria. Leaflet redundancy, or Barlow's phenotype, is highly subjective and may concern up to 41% of MVP patients (1).

The implication of MR is also equivocal, and most of our patients had none to mild MR. Fibrosis in the setting of important MR may rather be associated with MR-induced ventricular remodeling, neurohumoral activation, and subsequent myocardial scar (4, 8, 23).

Mitral annular disjunction was recently described as another important dynamic substrate for arrhythmogenesis (16, 24). MAD is preponderantly observed in patients with MVP and is associated with papillary muscle fibrosis and severe arrhythmic event (16). MAD may also accentuate the level of myocardial stretch, particularly in the regions surrounding the mitral annulus, and generate a greater degree of intraventricular electromechanical dyssynchrony than the one intrinsically due to the MVP. However, MAD description and quantification are not standardized, and its prognostic value has mostly been reported in CMR (13, 15, 16). In our study, despite a strong and linear correlation between MAD and curling, only the latter was associated with the presence of PVC and severe arrhythmic events.



Imaging the myocardial substrate and myocardial–mitral valve interactions

Renewed interest in malignant MVP has been stimulated by recent works based on identifying LV myocardial fibrosis (9, 23). Among 650 SCD patients with no other cardiac structural anomaly than MVP on autopsy, Basso et al. reported histologically documented fibrosis in 88% of patients, mostly located in the papillary muscles or adjacent regions and inferobasal LV wall (10). The authors further investigated the relationship between the PVC burden and fibrosis using CMR among MVP patients referred for PVC ablation, hence raising the possibility of fibrosis preceding the occurrence of ventricular arrhythmias and portraying a potential myocardial substrate. Identifying fibrosis implies the possibility of myocardial scarring related to repeated traction exerted on the myocardial wall by an excessive tension imposed on the papillary muscles from the prolapsing leaflet (25, 26).

Fibrosis appears to be a pivotal structural damage strongly associated with the occurrence of ventricular arrhythmia but is not systematically observed in SCD survivors. In a recent meta-analysis evaluating MVP and SCD, Nalliah et al. reported that 13% of patients had fibrosis on CMR without ventricular arrhythmia and 20% had VA without fibrosis (21). Fibrosis may generate re-entry circuits, which are an important determinant of ventricular arrhythmia, but other determinants are suspected to be of equal importance, such as endomyocardial friction, afterdepolarization ectopic contractions, and myocardial–mitral valve interactions (7, 15, 27).

Previous studies focusing on myocardial deformation in MVP have found that the mechanical interactions between the LV myocardium and the mitral valve can be achieved using strain echocardiography (17, 18). GLS, which only reflects the peak of deformation occurring at aortic valve closure, is not sufficient in this assessment and does not account for the important temporal changes occurring throughout the cardiac cycle, particularly during ventricular repolarization (28). Abnormal contraction patterns were identified in MVP with postsystolic shortening consisting of contractions occurring after aortic valve closure. MD reflects on electromechanical dyssynchrony, hence on the amount of post-systolic shortening segments, and relates to the presence of histological alteration, such as fibrosis. Its value increases along with the intensity of the heterogeneity of ventricular depolarization–repolarization and is associated with the occurrence of ventricular arrhythmias in other affections, such as ischemic cardiomyopathy or aortic stenosis (29, 30).

Deformation analysis with a specific focus on postsystolic shortening and MD bore significant supplemental prognostic information in arrhythmic risk reclassification on top of all accepted classical risk factors of SCD. Fibrosis detection using strain analysis has proven reliable, especially when using PSI (31). However, the correlation between increased values of PSI or MD and the extent of fibrosis has never been studied in the context of MVP.



Malignant mitral valve prolapse: One or many sides to the same affection?

The connection between mitral valve prolapse and ventricular arrhythmia has evolved from the initially described ballerina-foot pattern to the identification of myocardial fibrosis in cardiac MRI and the description of MAD and the concept of myocardial stretch (10, 12, 25, 32).

As we have described, patients with aSCD showed a higher degree of myocardial dyssynchrony compared to patients with PVC and control MVP patients, suggesting the possibility of an intertwined cardiomyopathic process rather than an isolated valvular affection. Furthermore, the lack of correlation with MAD and the presence of electromechanical dyssynchrony tend to point toward the left ventricular myocardium rather than the mitral valve. Nevertheless, a larger picture must be kept in mind integrating a wider spectrum of parameters, such as (1) clinical variables (PVC, lipothymia/syncope, and atypical chest pain), (2) valvular structural characterization (presence and severity of MAD and curling), (3) MVP-specific features (etiology, redundancy—single or bileaflet, and MR severity), and (4) myocardial substrate (strain analysis with postsystolic shortening and mechanical dispersion and pathognomonic late-gadolinium enhancement on CMR).

During follow-up, a majority of patients suffered from recurring arrhythmic episodes, mostly within the first year after the initial event, requiring appropriate ICD therapies. This observation points to the concept of a continual cardiomyopathic process and implies that ventricular arrhythmia in MVP has significant prognostic implications.

MVP must be carefully evaluated, particularly at the initial diagnosis, with a clinical focus on syncope or presyncope, and an evaluation of the extent of the prolapse, presence of MAD, and strain analysis must be carried out. PVC has to be regularly looked for using loop recorders. Further serial testing should be performed based on these initial results and in case of new symptoms and not solely on MR grade (19).

We believe that an analysis of myocardial deformation with strain echocardiography in MVP is valuable in routine practice and may help to identify patients in whom CMR may be pertinent. However, the association between postsystolic contraction, mechanical dyssynchrony, and myocardial fibrosis needs further evaluation.



Study limitations

This study was limited by its retrospective design justified by the necessity of risk stratification and the rarity of the occurrence of SCD in MVP. The proportion of patients with SCD and MR grade repartition do not reflect the observed or expected proportion among the general population exposed to a potential risk of referral bias.

We acknowledge that strain measurements are prone to inter- and intraobserver variability (33). Postsystolic shortening may be witnessed in normal patients but with far lower values than in pathological myocardium. As for all indices derived from 2D acquisitions, care must be taken with the quality of images during acquisition and standardization in postanalysis to avoid false-positive PSI and incorrect MD measurement. The poorer reproducibility of these new indices is explained by the fact that they result from calculating at least two different parameters, thus increasing the margins of errors.

Cardiac MRI was systematically attempted in all aborted SCD patients but not always performed due to post-arrest related conditions. We also lack a complete evaluation among the otherwise normal MVP patients. At the present time, cardiac MRI is not routinely recommended for the assessment of MVP, and a specific study assessing the added value of LGE analysis on top of strain analysis in MVP should be undertaken.




Conclusion

MVP remains an under-recognized cause of SCD, and the established risk factors appear insufficient to identify high-risk patients. Myocardial deformation and the presence of fibrosis are at the crossroads of myocardial–leaflet interactions and electrical ventricular hyperexcitability. Strain echocardiography, with identification of postsystolic shortening and increased mechanical dispersion values, conveys risk reclassification information of relative importance in the arrhythmic evaluation of MVP patients on top of established risk factors. Prognostic implications require further evaluation. Nevertheless, these parameters may be of particular interest in identifying high-risk MVP patients.
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Mitral valve prolapse (MVP) represents the most frequent cause of primary mitral regurgitation. For several years, biological mechanisms underlying this condition attracted the attention of investigators, trying to identify the pathways responsible for such a peculiar condition. In the last ten years, cardiovascular research has moved from general biological mechanisms to altered molecular pathways activation. Overexpression of TGF-β signaling, for instance, was shown to play a key role in MVP, while angiotensin-II receptor blockade was found to limit MVP progression by acting on the same signaling pathway. Concerning extracellular matrix organization, the increased valvular interstitial cells density and dysregulated production of catalytic enzymes (matrix metalloproteinases above all) altering the homeostasis between collagen, elastin and proteoglycan components, have been shown to possibly provide a mechanistic basis contributing to the myxomatous MVP phenotype. Moreover, it has been observed that high levels of osteoprotegerin may contribute to the pathogenesis of MVP by increasing collagen deposition in degenerated mitral leaflets. Although MVP is believed to represent the result of multiple genetic pathways alterations, it is important to distinguish between syndromic and non-syndromic conditions. In the first case, such as in Marfan syndrome, the role of specific genes has been clearly identified, while in the latter a progressively increasing number of genetic loci have been thoroughly investigated. Moreover, genomics is gaining more interest as potential disease-causing genes and loci possibly associated with MVP progression and severity have been identified. Animal models could be of help in better understanding the molecular basis of MVP, possibly providing sufficient information to tackle specific mechanisms aimed at slowing down MVP progression, therefore developing non-surgical therapies impacting on the natural history of this condition. Although continuous progress has been made in this field, further translational studies are advocated to improve our knowledge of biological mechanisms underlying MVP development and progression.
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1. Introduction

Mitral valve prolapse (MVP) represents the most common cause of moderate to severe primary mitral regurgitation (MR), affecting 0.6%–3.0% of the general population, and it is in fact the leading indication for isolated MV surgery in most developed countries (1). Generally, it is defined as diffuse redundancy or thickening of the MV leaflets with systolic motion of one or both leaflets beyond the plane of the MV annulus, with or without associated MR (2, 3). Nevertheless, such definition includes a wide variety of specific conditions, since MVP patients may present heterogeneous clinical and anatomical characteristics (2, 4). Similarly, the potential biological mechanisms underlying the development of MVP may be either sporadic or genetically inherited (5).

The translational research on MVP has traditionally started from its peculiar histopathological characteristics, eventually moving into pathophysiological processes involved in the onset of MVP and ultimately into MR progression, including oxidative stress, hemostatic alterations, platelet malfunctioning and, most of all, extracellular matrix (ECM) remodeling (4, 6). Currently, the focus of MVP research has shifted to the identification of altered molecular pathways activation and of the underlying genetic abnormalities associated with those pathways (5).

A pivotal role in the etiopathogenesis of the myxomatous phenotype of MVP is played by altered transforming growth factor-β (TGF-β) signaling pathway, that can however be somehow limited with the help of angiotensin-II inhibitors (5, 7, 8). Nonetheless, other molecular pathways and genetic alterations have been observed in different phenotypes of the MVP spectrum (9). However, it is also important to underline that most of the evidence on MVP biology and molecular patterns comes from animal studies, mainly mouse models, and have been barely carried out in humans.

Mitral valve prolapse may present as either a sporadic form of primary degenerative MV disease or in familial clusters where some genetic patterns can possibly be involved (10). Either form of MVP has peculiar characteristics, both in the clinical course and in the histopathologic presentation. Indeed, while the familial, inherited forms of MVP present more frequently as a Barlow disease, with abundant, myxomatous leaflets, the sporadic, degenerative forms generally show the features of fibroelastic deficiency (4). Finally, MVP may present as a component of the cardiac alterations involving a significant proportion of patients affected by connective tissue diseases (CTDs), such as Marfan syndrome, Loeys-Dietz syndrome (LDS), Ehlers-Danlos syndrome (EDS) and pseudoxanthoma elasticum (PXE) (11). In the syndromic forms of MVP, the pattern of the disease is more clearly reproducible and specific genetic patterns have been thoroughly identified, with some of them specifically weighing more in the pathogenesis of MVP (9). The main differences between non-syndromic and syndromic forms of MVP are presented in Table 1.


TABLE 1 Main characteristics distinguishing non-syndromic and syndromic mitral valve prolapse.
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We performed a narrative review to present the main features of MVP biology, from the genetics and embryology to the pathophysiological processes involved in the development of this condition, as they have been identified throughout the years, mostly on animal models.



2. Gross anatomy of mitral valve

The MV separates the left atrium from the left ventricle (LV). It is characterized by a complex composed of a valvular and sub-valvular apparatus. The valvular apparatus is mainly represented by two leaflets, anterior and posterior, which insert on an elliptical, saddle-shaped fibrous ring that is part of the fibrous skeleton of the heart (4). The anterior leaflet generally covers a significantly larger portion of the MV area, while the posterior one lines almost two-thirds of the mitral annulus. The latter also presents a few small notches on its free margins from which it is possible to ideally divide the leaflet into three scallops that are counterclockwise labeled as P1, P2 and P3; from them, we can also identify the corresponding scallops on the facing anterior leaflet (i.e., A1, A2 and A3). The two mitral leaflets are connected to each other through the anterolateral and the posteromedial commissures (4).

The sub-valvular apparatus is composed by the chordae tendineae that can be primary (marginal), secondary (intermediate), or tertiary (basal) and connect the mitral leaflets to generally two papillary muscles, namely the anterolateral and posteromedial ones (4). An integral component of the sub-valvular apparatus is represented by the LV itself, which plays an active role in the proper functioning of the MV. Indeed, the functional competence of the MV is provided by the mitral-ventricular complex, where all those structures actively contribute to the proper opening and closure of the valve. For instance, also the annulus actively facilitates valve competency by contracting during systole, reducing MV orifice area by 20%–30%, and slightly displacing towards the LV apex.

Within the heart, the MV is also connected with the remaining of the fibrous skeleton of the heart at the level of the aorto-mitral curtain, in continuity to the anterior portion of the MV annulus.


2.1. Embryology of mitral valve

The MV forms between the 5th and the 8th weeks of gestation (12). During early morphogenesis, in the atrioventricular canal the cardiac cushions develop from a regional swelling of the ECM, populated by mesenchymal cells derived from endothelial cells previously undergoing endothelial-to-mesenchymal transition, thus forming the primordial valve which separates the cardiac chambers (13). This process is regulated by bone morphogenic protein (BMP), a cytokine belonging to the large group of TGF-β. During fetal life, BMP-2, produced in the myocardium, and BMP-4 play an important role to initiate the endothelial-to-mesenchymal transition (14). Moreover, other proteins, such as Wnt/β-catenin, hippo/yap, and Notch, promote the development of the endocardial cushions though their signaling pathways. Endothelial-to-mesenchymal transition is activated by SRY-box transcription factor-9 (SOX9) that, when lacking, makes mesenchymal cells unable to promote cardiac cushion cells proliferation through Erb-B2 receptor tyrosine kinase 3 (ERBB3) enzyme expression (15).

Progressing throughout fetal heart development, the interaction between cell proliferation and ECM organization promotes the elongation and stratification of the primordial valve into the mature valve leaflets. During this stage, vascular endothelial growth factor stimulates the proliferation of valvular endothelial cells.

The valvular interstitial cells, a specialized subpopulation of mesenchymal cells already present in the primordial valve, differentiate to create collagen-rich and elastin-rich ECM layers (16, 17). The first transcription factors are activated by calcineurin signaling; subsequently, embryological valve maturation is promoted by Wnt/β-catenin signaling, fibroblast growth factor-4, SOX4, and other downstream modulators of the TGF-β superfamily pathways, including Mothers against decapentaplegic homolog 6 (SMAD6) (16). Mutations affecting each of these pathways may eventually result in a structural or functional alteration of the MV.

In the postnatal period, the MV undergoes a final remodeling leading to the mature form with the three-layered structure that is described below (18).



2.2. Histology of mitral valve

From a histological point of view, MV leaflets are organized into three layers: atrialis, spongiosa and fibrosa (Figure 1). The first layer is constituted of lamellar collagen fibers and elastin sheets that extend from the left atrial endocardium into the leaflet reaching the free margin. On the ventricular side of the valve, the fibrosa is found, a layer made of dense collagen fibers that extends from the mitral annulus downwards. The fibrosa is thicker in proximity to the MV annulus and gets thinner towards the free margins of the leaflets (19). Between the two layers the spongiosa is located, a loose connective tissue layer rich in glycosaminoglycans. Differently from the previous one, this layer is thicker at the leaflet edge and thinner towards the annulus.
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FIGURE 1
Mitral valve histology. VIC, valvular interstitial cell.


Mitral leaflets are layered by endothelial cells on both sides. The underlying subendothelial layer contains quiescent valvular interstitial cells, noncontractile, fibroblast-like cells of endocardial origin that contribute to the homeostatic remodeling of the ECM components (20). The MV leaflets are connected to the chordae tendineae that are made of a collagenous cylindrical structure embedded within an elastin sheath (4, 21).



2.3. Common histological phenotypes of mitral valve prolapse

The peculiar histological alterations associated with MVP most often represent the result of altered TGF-β signaling or related proteins (3). In myxomatous MVP the leaflets tend to present a higher cell density, especially at the level of the spongiosa, which shows a significantly increased thickness, varying also with the level of accumulation of myxoid ECM rich in glycosaminoglycans and with the degree of fibrosis in the atrialis layer (6). Such myxomatous ECM is also responsible for the progressive disruption of the fibrosa. Indeed, in both the leaflets and chordae tendineae this altered, excessive ECM replaces much of the collagen fibers and elastin integrity (22). Typically, chordae tendineae tend to present more water and less collagen content, contributing to the reduced tensile strength observed in MVP (22). Expansion of the spongiosa is paralleled by plaque formation that represents the main responsible of the thickened aspect of MV leaflets in myxomatous degeneration. In this context, valvular interstitial cells undergo activation towards a myofibroblast-like phenotype, characterized by the expression of vimentin and some other smooth muscle proteins, but not smooth myosin isoforms 1 and 2 (SM1 and SM2) that are typical of differentiated smooth muscle cells (5). Moreover, in myxomatous MV leaflets it is possible to identify the presence of CD45-positive cells, representing fibrocytes able to further differentiate into myofibroblasts, serving the same function as activated valvular interstitial cells (5). It is noteworthy that some syndromic forms of MVP present peculiar histological patterns derived from the underlying defect (e.g., pseudoxanthoma elasticum), which will be discussed later in this paper (23).




3. Non-syndromic forms of mitral valve prolapse

In forms not associated with CTDs or related syndromes, MVP presents sporadically in the majority of cases, albeit sometimes it is possible to identify some familial clusters. Moreover, from the clinical and histopathological points of view, MVP may be classified as either fibroelastic deficiency or Barlow disease, which represent two very distinctive forms of this condition (24).


3.1. Fibroelastic deficiency

Fibroelastic deficiency is characterized by thin and translucent leaflets deficient in collagen, elastin, and proteoglycans, with occasionally some excess tissue and few calcifications (22, 24). The prolapse involves a few leaflet segments, usually P2 only, and chordae tendineae are thin and frequently ruptured. MV annulus is mildly enlarged as a result of a MR that often progresses rapidly (within 5 years) (24). In fibroelastic deficiency, it has been observed that the MV annulus is characterized by a strong anteroposterior contraction and saddle-shape accentuation during early systole, followed by a lack of annular expansion later in systole (25). This condition is more frequently encountered in patients aged 60 years or more.



3.2. Myxomatous mitral degeneration and Barlow disease

Barlow disease is characterized by thickened, redundant leaflets as the result of a diffuse, excessive proliferation of connective tissue (Figure 2) (24). It generally develops slowly along the years and is also associated with severe annular dilatation, irregular, abundant and elongated chordae tendineae, sometimes ruptured, and considerable tissues calcification (24). Histologically, it is possible to observe disrupted collagen and elastic layers, and excessive proteoglycans accumulation (22). In this condition, early systole is characterized by a reduced annular contraction and saddle-shape accentuation, while late systolic phase shows an excessive annular expansion (25). This type of myxomatous MVP often leads to multi-segmental MR before the age of 60 and is typical of the familial forms.


[image: Figure 2]
FIGURE 2
Intraoperative picture of non-syndromic Barlow disease, showing bi-leaflet prolapse with thickened, redundant valvular tissue and elongated chordae tendineae, resulting from myxoid extracellular matrix accumulation.




3.3. Genetic alterations of non-syndromic mitral valve prolapse

Although not recognized in most contexts, because clinically silent, and apparently presenting mostly in isolated cases, familial forms of myxomatous MVP have been observed. In fact, some studies reported a familial MVP transmission in as much as 60% of patients (10). They involve multiple, complex genetic pathways mostly associated with tissue strength and ECM remodeling, following either an autosomal dominant or an X-linked pattern of transmission with reduced, sex- and age-dependent penetrance. The main genes associated with non-syndromic form of MVP, as well as the molecular pathways directly affected are presented in Table 2. Moreover, the spectrum of MV alterations in familial clusters of MVP may present early disease expression in gene carriers, whereby allowing to anticipate disease progression and possibly try to influence its clinical course.


TABLE 2 Summary of main genetic and molecular pathway alterations associated with non-syndromic mitral valve prolapse.
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3.3.1. Autosomal inheritance

Familial inheritance of MVP in patients without the features of CTDs or related syndromes is known for decades (10, 26). However, the genetic basis of this disease and its molecular implications in the development of MVP are still poorly understood (9). Indeed, in addition to the X-linked forms of MVP, autosomal inheritance is more common, but traditionally only three loci have been identified as associated with familial MVP, namely chromosome 16p11.2-p12.1 [Myxomatous MVP-1 (MMVP1), the first locus identified in 1999], 11p15.4 [Myxomatous MVP-2 (MMVP2), also identified as a potential disease-causing gene], and 13q31.3-q32.1 [Myxomatous MVP-3 (MMVP3)] (9, 15, 26, 27). Furthermore, polymorphisms and epigenetic alterations known to be deleterious in the Dachsous cadherin-related 1 (DCHS1) gene encoding for a member of the cadherin proteins (mainly involved in protein stability) have been associated with familial and sporadic forms of MVP (27, 28). This gene, as well as DAZ interacting Zinc finger protein 1 (DZIP1), is involved in primary cilia biology that has been shown to play a role in MVP development, including ECM expansion that is observed in myxomatous valve alterations (27).

Filamin C gene mutations leading to weakened cell-cell adhesion have also been identified to potentially cause a peculiar arrhythmogenic MVP syndrome (27).

A polymorphism of the matrix metalloproteinase-3 (MMP-3) gene has been shown to affect MV disease severity, possibly serving as a marker of adverse and rapid clinical course. Similarly, other polymorphisms in genes involved in ECM remodeling, collagen metabolism, and other pathophysiological pathways have been observed in sporadic cases of MVP (22). Examples include the association between MVP onset and progression, and certain genotypes of fibrillin-1 gene (FBN1) and COL3A1 gene (encoding for collagen type III α1) that possibly make fibrillin-1 and collagen less resistant and more extensible, similarly to other well-known CTDs (29).

Other loci possibly associated with the development of MVP have been identified on chromosomes 2q35, 17p13, 22q12, and 1p32.3 (9, 27) The first of these loci includes two genes found to be involved in mitral and tricuspid valves regurgitation, namely LIM and cysteine-rich domains protein 1 (LMCD1), regulating cell migration and replication, and Tensin 1 (TNS1), involved in focal adhesion control (27, 30). On chromosome 1, the Glis family Zinc finger 1 (GLIS1) gene is located, which is usually expressed on MV endothelial and mesenchymal cells in zebrafish models and whose deletion might play a pathogenetic role in MVP (27, 31).



3.3.2. X-linked inheritance

Concerning the smaller group of familial MVPs that don't have autosomal inheritance, the X-linked myxomatous MV dystrophy represents a rare condition related to mutations involving chromosome Xq28 locus (27). Such inherited disorder has been shown to be associated with Filamin A (FLNA) gene mutation, which follows a sex-related different penetrance, incomplete for women and complete for men, respectively (27, 32). Thus, MVP phenotype involving FLNA mutations is now accepted to affect both degenerative and congenital alterations of MV structure.



3.3.3. Genome-wide association studies

Although knowledge about the underlying genetic mechanisms leading to MVP is still limited and their relevance often remains unclear in sporadic forms, as mentioned above, a recent meta-analysis of six genome-wide association studies including almost 5,000 MVP patients was able to identify 14 genetic loci related to MVP (including LMCD1 and TNS1) and to develop a polygenic risk score potentially able to stratify patients according to their genetic risk profile for this condition (9). Moreover, such analysis strengthened the genetic evidence of the role of TGF-β signaling in MVP development, as previously suggested mostly for the syndromic forms of the disease. Indeed, among the relevant loci, two of them are directly involved in such pathway, namely latent TGF-β binding protein 2 (LTBP2) and TGF-β2 (TGFB2) genes (9). LTBP2 encodes for an ECM protein associated with fibrillin-1 and it Is involved in TGF-β signaling and in the pathogenesis of some CTDs (9, 33). Among the other genes potentially implicated in MVP development there is alpha-protein kinase 3 (ALPK3), which is also associated with non-sarcomeric hypertrophic cardiomyopathy, therefore potentially suggesting an overlap between the myopathic and the valvular pathogenic pathways observed in this condition, where often MV disease is considered a primary phenotypic expression of the disease, together with myocyte hypertrophy (9, 34).

Although various genetic and molecular alterations have been associated with this pleiomorphic condition along the years, both in sporadic, familial, and syndromic forms, it is noteworthy that no biomarker for MVP has been clearly identified yet, nor a molecule has been validated for its potential predictive role in clinical setting.




3.4. Molecular pathways involved in MVP pathogenesis

In the pathogenesis of MVP all the components of MV tissue are affected. Moreover, even in non-syndromic MVP, a complex, multifactorial interplay of genetic alterations and external factors, as well as mechanical stress, contributes to the development of alterations typical of myxomatous MVP, including TGF-β1 pathway activation and impaired expression of adherence molecules (e.g., upregulation of cadherin-11, vimentin and β-catenin, and downregulation of N-cadherin), transcription factors, and MMPs (Figure 3) (6, 29). Such altered expression by valvular interstitial cells has also been demonstrated to correlate with disease severity. Indeed, in the myxomatous MV degeneration, activation and proliferation of valvular interstitial cells that further differentiate into myofibroblasts (expressing vimentin and α-smooth muscle actin) are responsible for TGF-β pathway upregulation (considered the key player in the myxomatous MV) and catabolic enzymes expression which, together with possible mutations in cytoskeletal proteins (e.g., filamins), lead to a significant ECM reorganization through an increased production and turnover (6, 15, 35). Moreover, TGF-β further promotes cell proliferation and myofibroblasts differentiation (4).
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FIGURE 3
Biological mechanisms involved in mitral valve prolapse.


As a result, collagen degradation and elastin fragmentation by upregulated catalytic enzymes, especially collagenases and gelatinases (e.g., MMP-1, MMP-2, MMP-3, MMP-9, MMP-13, cathepsin S and cathepsin K), and a substantial increase in the proteoglycan component determine the new altered ECM typical of the myxomatous MV phenotype (3, 6, 29). Such new histological and clinical configuration further increases the mechanical stress on the valvular interstitial cells, therefore perpetuating the pathophysiological mechanisms associated with this condition (6, 36). Furthermore, higher levels of reactive oxygen species have been documented in MVP patients as compared to subjects with coronary artery disease and with aortic valve stenosis (29).

In the pathogenesis of MVP, also a significant crosstalk between valvular interstitial cells and valvular endothelial cells has been observed in various studies (37). Physiologically, such interaction is known to regulate cellular homeostasis, by inhibiting valvular endothelial cells endothelial-to-mesenchymal transition and valvular interstitial cells activation (6, 37). However, endothelial-to-mesenchymal transition has been shown to occur extensively and to be involved in MVP pathogenesis (6). Such differentiation also induces the expression and secretion of osteoprotegerin, a soluble glycoprotein belonging to the tumor necrosis factor family with the role to regulate bone metabolism in the osteoblast-osteoclast interaction (38). Osteoprotegerin has also been shown to be involved in coronary artery diseases and aortic valve stenosis. Interestingly, this protein has been observed to exacerbate MVP phenotype, being involved in its pathogenesis via various direct and indirect mechanisms, namely: induction of reactive oxygen species; endothelial cells migration with increased valvular endothelial cells endothelial-to-mesenchymal transition (also overexpressing BMP-4); collagen production; MMP-9 overexpression; valvular interstitial cells proliferation; and proteoglycans overexpression (38). Moreover, osteoprotegerin is involved in vascular remodeling together with cathepsin K, which has also an extensive role in ECM remodeling (38). Furthermore, it has been suggested that high circulating plasma levels of osteoprotegerin may selectively identify MVP patients, although lacking in specificity (38).

Concerning ECM reorganization, a significant increase in hyaluronic acid content with reduced sulphated glycosaminoglycans may be observed (22). Such alteration can be related to the TGF-β-induced downregulation of genes belonging to the A disintegrin and metalloproteinase with thrombospondin motifs (ADAMTS) family that play a central role in proteoglycans degradation (5, 29). Thus, it may be responsible for the altered mechanical properties of myxomatous MV leaflets, leading to an increased valve extensibility, paralleled by a decrease in leaflet stiffness and failure strain (5). Moreover, it has been observed that areas of chordal rupture tend to show increased expression of vascular endothelial growth factor-1 and absence of tenomodulin, demonstrating altered angiogenic processes in myxomatous valves (5, 29). Furthermore, higher numbers of inflammatory cells expressing high levels of MMP-2 and MMP-13 can be found in the same context. Increased MMPs levels have also been found in atrial appendage specimens of patients undergoing MV surgery, hence suggesting an extended organ involvement of certain histological alterations typical of MVP (5, 29). Moreover, some functional single nucleotides polymorphisms of certain MMPs (especially MMP-2 and MMP-9) have been documented in patients with MVP and may correlate with disease severity (5). A mutation in fibrillin-1 may decrease local binding of TGF-β large latent complex. Moreover, TGF-β binding to its receptors (TGFBR1/2) activates multiple signaling pathways. Such activation increases the nuclear transcription of several proteins, including TGF-β itself. An interaction between TGF-β and angiotensin-II receptors type 1 and 2 (AT1R and AT2R) has also been identified and it represents a possible therapeutic target through selective AT1R antagonism (39). Moreover, certain polymorphisms affecting AT1R have been associated with an increased risk of occurrence and progression of MVP. On the other side, SMAD2/3 and p38 have been shown to stimulate TGF-β-induced ECM production by valvular interstitial cells (5).

Filamin A deficiency may also be associated with MV tissue proliferation through the excessive activation of the mitogen-activated protein kinase 3 (MAPK3) and mitogen-activated protein kinase kinase 1 (MAP2K1) signaling pathways (32, 40).

An osteoblastic cell differentiation mediated by the low-density lipoprotein receptor-related protein 5 signaling pathway has also been associated with progressive leaflet thickening in MVP (41, 42). More typically, mitral leaflet tissue in a prolapsing valve displays a phenotypic expression of the endochondral bone differentiation resembling cartilage tissue, which is consistent with the gross appearance of MVP leaflets. Such differentiation potential of the valvular endothelial cells may suggest their physiological ability to generate valvular interstitial cells present in specific regions of the MV, supporting the valve self-renewal as well (5, 17, 36). These processes have been shown to be activated during MVP pathogenesis, possibly also reflecting a stress response mechanism.



3.5. Concomitant pathophysiological alterations

Various pathophysiological processes have been studied for their possible involvement in MVP. However, most available evidence has been drawn from animal studies, mostly from mouse and zebrafish models, and found poor confirmation in humans (29).

Although contrasting data are available in literature, a link between MVP, especially when clinically relevant, and alterations in the hemostatic pathways, sometimes leading to a pro-thrombotic state associated with higher rates of thromboembolic events, has been observed and discussed since the 80s (43). However, a consensus on the real hemostatic alterations present in this condition has not been reached yet. Moreover, altered platelet function has also been observed, together with an increased thrombin generation (29, 44). Hemostatic perturbations and platelet activation have been observed to be related to the degree of MR, therefore supporting the hypothesis that such alterations represent a consequence of the hemodynamic alterations caused by MV disease (29). As a matter of fact, secondary shear activation and aggregation of platelets due to blood regurgitation through diseased leaflets seems also to explain the platelet dysfunction observed in valvular heart diseases, such as MVP (44). Nevertheless, such observations have been mostly emerged in canine models and few data exist to confirm the link between MVP and specific alterations in the hemostatic pathways (29).

The role of oxidative stress in MVP has also been explored. Indeed, an increased oxidative stress is often found in patients with valvular heart diseases, including MR (29). Particularly, animal studies showed both systemically and locally increased nitric oxide synthase (NOS) expression in leaflet areas showing myxomatous degeneration, therefore suggesting a possible role of nitric oxide in MVP pathogenesis (45). Moreover, endothelial dysfunction has also been observed and it is possibly driven by the degree of MR (29, 45).

An impairment in the renin-angiotensin-aldosterone system (RAAS) has also been identified in the early phases of MVP (29). Indeed, all the components of this pathway appear to be increased in dosage or activity, with still normal levels of endothelin-1, atrial natriuretic peptide, and arginine vasopressin (i.e., markers of congestive heart failure) (29). Thus, it seems that RAAS overactivation represents a consequence of the MV disease itself and not, instead, the result of heart failure that may develop thereafter (29).

Finally, it has been observed that electrolyte imbalance, especially manifested by hypomagnesemia (mirroring low total intracellular erythrocyte magnesium), and autonomic dysregulation, such as increased α-adrenergic status and excessive vagal tone, may play a role in MVP, potentially representing also therapeutic targets to partially control secondary symptoms associated with this condition (29).




4. Syndromic forms of mitral valve prolapse

Mitral valve prolapse may frequently occur also in inherited CTDs, where TGF-β dysregulation has been shown to play a central role (Figure 4). These conditions include Marfan syndrome, Loeys-Dietz syndrome, Ehlers-Danlos syndrome, pseudoxanthoma elasticum and aneurysms-osteoarthritis syndrome (11). Moreover, other disorders, such as filamin A mutation syndrome and osteogenesis imperfecta, have been characterized by higher rates of MVP, as well. Among other inherited syndromes frequently presenting with MVP, adult polycystic kidney disease has been reported to show this condition in about 25% of the patients (46). A much rarer condition, Williams syndrome, may cause MVP secondary to elastin gene mutation (47). The genetic and molecular peculiarities of the main syndromes associated with MVP are presenting in Table 3.
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FIGURE 4
Main pathophysiological mechanisms identified in syndromic mitral valve prolapse. Mutations in fibrillin-1 gene are associated with Marfan syndrome. Mutations in filamin A are associated with Filamin A mutation syndrome. Mutations in the genes encoding for components of the transforming growth factor-β receptors 1 and 2 (TGFBR1 and TGFBR2) are associated with Loeys-Dietz syndrome. Mutations in MADH3, which encodes for SMAD3, are associated with aneurysms-osteoarthritis syndrome. Selective angiotensin-II receptor type 1 (AT1R) antagonism (e.g., Losartan) is associated with decreased levels of SMAD2, providing potential therapeutic benefits to subjects with fibrillin-1 mutation.



TABLE 3 Summary of main genetic and molecular pathway alterations associated with syndromic mitral valve prolapse.
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4.1. Marfan syndrome

Marfan syndrome is an autosomal dominant CTD that affects 1 in 5,000 patients (48). This condition is associated with ocular, musculoskeletal and cardiovascular alterations that may significantly impact on patients' quality of life and life expectancy (49, 50). The first diagnosis is clinical, according to the Ghent criteria (in fact also including the presence of concomitant MVP), and eventually confirmed by genetic and molecular tests (51). Concerning the cardiovascular system involvement, Marfan syndrome is often characterized by diffuse aortic pathology, including aortic aneurysm and dissection (52). However, the majority of patients with Marfan syndrome is diagnosed with some form of MVP, as well (median 56.7%) (27, 53). Indeed, it has been observed that the probability of developing MVP increases to 77% and the risk of developing MR approximates 60% by the age of 60 years in Marfan syndrome patients. Nonetheless, one-tenth of them will undergo surgery due to MR (15).

Marfan syndrome represents the result of mutations in the FBN1 gene (chromosome 15q15-q21) and of inactivating mutations in the TGF-β2 and its receptor (TGFBR2), whose genes are located on chromosome 3p24.2-p25 (25,51,52). Although FBN1 mutations play a central role in the clinical manifestations of Marfan syndrome, fibrillin-2 (FBN2) mutations have also been shown to potentially cause the disease (54). Fibrillins are high-molecular weight ECM proteins serving both structural and non-structural functions. Structurally, fibrillin proteins represent the main component of ECM microfibrils that provide mechanical and elastic support to the connective tissue (55). Moreover, these proteins are also implicated in the cell signaling regulation, similarly to the LTBPs (54). It is noteworthy that Marfan patients presenting FBN1 mutations are more likely to develop MVP than those having alterations in TGFBR2 gene (i.e., 45% vs. 21%) (27, 56).

Indeed, LTBPs decrease TGF-β signaling by modulating its interaction with the corresponding receptors (33). When fibrillin is mutated, such modulating function is missing and TGF-β is overexpressed, thereby increasing the activation of its signaling pathway. This leads to the secretion of ECM proteins and to the proliferation of valvular interstitial cells (35, 57, 58). As a matter of fact, there is strong evidence suggesting that excessive TGF-β signaling leads to many features of Marfan syndrome.

Mouse models with FBN1 mutations were found to develop longer and thicker MV leaflets than wild-type ones, secondarily to TGF-β pathway upregulation (35, 56). Moreover, TGF-β signaling antagonization has been shown to prevent the pathological prolongation and thickening of MV components (35). Indeed, mouse models of Marfan syndrome have been shown to respond positively to TGF-β signaling inhibition, thereby stimulating further investigations on this pathway in human patients. Moreover, proteins belonging to the TGF-β family can also be inhibited by blocking ATR1, a pathway also involved in the pathogenesis of non-syndromic myxomatous MVP, as mentioned above (8, 15, 37, 39, 55, 58). As a matter of fact, Marfan patients have been shown to respond well to losartan (AT1R inhibitor), thus showing reduced aortic root dilatation as compared to controls (8).



4.2. Loeys-Dietz syndrome

Loeys-Dietz syndrome is a rare autosomal dominant CTD. Affected individuals often have a combination of skeletal malformations including craniosynostosis and scoliosis, hypertelorism and cleft palate, either pectus excavatum or carinatum, clubfoot and pes planus. Loeys-Dietz syndrome is associated with heterozygous mutations in genes encoding the components of TGF-β receptors 1 and 2. Similarly to Marfan syndrome, LDS patients show an excessive TGF-β signaling which favors the development of MVP (59). Indeed, MVP has been observed in 29% of patients in the case series analyzed by Loeys et al. (Figure 5) (59). Although generally mutations in TGF-β receptors should decrease its downstream signaling, in LDS the direct effect is a nuclear accumulation of phosphorylated SMAD2 and increased connective tissue growth factor (59).
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FIGURE 5
Intraoperative picture of syndromic myxomatous mitral valve prolapse in an 18-year-old boy with Loeys-Dietz syndrome. Leaflets show excessive tissue with impaired elasticity and thin fibrotic deposits, especially in proximity to the annulus.


A similar condition to LDS is represented by the aneurysms-osteoarthritis syndrome, characterized by aortic aneurysms, arterial tortuosity, craniofacial abnormalities, and osteoarthritis. This condition is associated with an inactivating mutation in the mother against decapentaplegic homologue 3 (MADH3) gene, encoding for the SMAD3, a regulator of TGF-β signaling that promotes TGF-β overexpression. In this condition, MVP occurrence has been reported in up to 50% of patients (60).



4.3. Ehlers-Danlos syndrome

Ehlers-Danlos syndrome includes a heterogeneous group of inherited disorders presenting mutations in collagen I, III, V, or XI genes, and affecting connective tissues, primarily at the level of the skin, joints, and blood vessel walls. The overall prevalence of EDS ranges between 1 in 3,500 and 1 in 5,000 people (61). The commonest clinical phenotypes recognized include joint hypermobility, tissue fragility and skin hyperextensibility (61). Currently, up to thirteen subtypes of this syndrome have been identified. The hypermobile variant of EDS (hEDS) is the commonest; however, a rarer subtype, defined as cardiac-valvular EDS (cvEDS), is more often associated with MVP, skin problems and joint hypermobility (62). The cvEDS variant is of autosomal recessive origin and is caused by mutations in the collagen type 1 α2 chain (COL1A2) gene (63–66).

The mechanism underlying MVP in EDS patients is not well understood yet, but the main genetic alterations associated with this condition are known to cause a defect in the structure and processing of collagen fibers. It has been speculated that such defects decrease the stiffness and increase the flexibility of connective tissue, resulting in an excessive biomechanical tension within the valve tissue during heart systole (11). The increased biomechanical signaling resulting from such excessive tension may stimulate intracellular signaling at the level of valvular interstitial cells, therefore increasing the production of glycosaminoglycans and other ECM components that are associated with MVP development (67).



4.4. Pseudoxanthoma elasticum

Pseudoxanthoma elasticum is a rare CTD affecting approximately 1 in 50,000 people worldwide. This condition is caused by mutations in ATP-binding cassette subfamily C member 6 (ABCC6) gene that leads to an absent or nonfunctional MRP6 protein. The result is an accumulation of deposits of calcium and other minerals (i.e., mineralization) in the elastic fibers (68). Given the role of the elastic fibers component of connective tissue in providing strength and flexibility to body structures, these patients typically present a diffuse loss of elasticity. Moreover, PXE patients develop early atherosclerotic calcifications affecting already dystrophic elastic fibers, with loss of vessel wall elasticity, also involving the coronary arteries, and MVP. Therefore, such genetic and histological backgrounds are significantly different from the other syndromes presented and, when present, identify a peculiar form of MV disease (23).

In this population, MVP has been traditionally identified in more than 50% of patients, as reported by the most representative studies in the 80s, when the diagnosis of MVP lied upon different bases with respect to the modern echocardiographic era (69). As a matter of fact, recent reports showed that in PXE patients MVP occurrence rate is about 4.5%, which is not significantly higher than the general population, although the histopathological findings are characteristic of the underlying alterations inherited in this syndrome (23). Although its specific pathophysiological mechanism is unknown, it is hypothesized that an abnormal degeneration of collagen fibers and loss of elastin with fibrous thickening of the endocardium represent the main cause of MV disease, also involving the left ventricle and leading to a sort of restrictive cardiomyopathy with subendocardial calcific deposits (23, 68, 69).



4.5. Filamin A mutation syndrome

Filamin A mutation syndrome is an X-linked form of myxomatous valvular dystrophy affecting all the four cardiac valves. Filamin A is a protein encoded by the FLNA gene present on chromosome Xq28 (15). It is an actin-binding protein serving to stabilize cortical F-actin networks and linking them to cell membranes, thereby providing membrane integrity and protection against mechanical stress.

Filamin A binds to various cellular proteins, including trans-membrane receptors and signaling molecules, playing a significant role for embryological development, cell migration and mechanical stress response. N-terminal filamin A mutations associated with valvular dystrophy are also involved in small Rho-GTPases regulation, making the affected cells less capable of spreading and migrating on culture surfaces. Indeed, mutated filamin A alters the balance between RhoA and Rac1 GTPases in favor of the first one, therefore impairing the role of Rac1-specific Rho GTPase activating protein 24 (also known as FilGAP) and the downstream trafficking of β1-integrins to the cell membrane (32).

A complete loss of filamin A leads to fetal death due to major malformations involving all the heart and vascular components. Indeed, filamin A has an essential role in intercellular junctions and its mutations influence various signaling pathways involved in valve growth modulation, potentially leading to excessive TGF-β and 5-hydroxytryptamine activation, ultimately causing valvular defects (4, 70, 71).



4.6. Arrhythmogenic mitral valve prolapse

In a subgroup of patients, MVP has also been associated with an increased risk of malignant ventricular arrhythmias and sudden cardiac death (SCD), which in fact has been observed in 0.4%–1.8% of cases (72, 73). The arrhythmogenic mechanism is attributed to fibrotic changes occurring on the MV leaflets secondary to glycosaminoglycans accumulation, ventricular friction lesions and excessive traction on papillary muscles caused by pathological systolic shortening (74). Various reports have shown that MVP can induce an increased tension on MV annulus, chordae tendineae and papillary muscles, therefore contributing to the progressive development of myocardial fibrosis, in a complex interplay between the MV and left ventricle (11, 75–79). It is still to be elucidated whether fibrosis represents a consequence of MVP or it is related to genetic predisposition (or both), but in this group of patients myocardial fibrosis and inflammation have been identified in the regions burdened by higher mechanical strain. As a result, fibrotic areas represent potentially arrhythmogenic foci (79). Recent studies have shown the presence of myocardial fibrosis in mouse models of MVP with DZIP1 mutations (79).

This subset of MVP patients at higher risk of SCD shows also electrocardiographic features, such as ST-segment depression, T wave inversion or biphasic T waves in inferior leads, and premature ventricular contractions arising from the papillary muscles and the fascicular system (80, 81).

Mitral annular disjunction represents another feature characterizing arrhythmogenic MVP syndrome, whereby through echocardiography it is possible to recognize an anatomical “detachment” of the MV annulus from the ventricular myocardium. Although such alteration is more commonly observed under P1 and P2, it involves the whole MV annular circumference, just sparing the mitro-aortic curtain. Mitral annular disjunction has been observed to be associated with arrhythmic events and premature ventricular contractions, with a negative prognostic impact on the affected MVP patients (74).




5. Clinical perspectives

Although the large amount of research conducted during the years in the field of molecular biology of MVP, mostly based on animal studies, the application of those findings in daily clinical practice is still limited. However, interesting areas of future development with potential clinical impact can be identified. Indeed, the information about genetic and molecular patterns gained for familial clusters of non-syndromic MVP, as well as the more consistent data available for syndromic forms, might provide enough robustness to identify potential risk profiles of MR development and progression and therefore delineate dedicated follow-up protocols based on prespecified biomarkers (9, 79). Large scale genetic studies enrolling MVP patients could also be useful to explore and better understand genetic alterations, regulation and expression in this condition (79).

The multiple molecular pathways involved in the development of MVP, mostly leading to an unfavorable remodeling of the ECM, could represent potential pharmacological targets able to prevent development or stop progression of MV disease in high-risk patients and would therefore deserve dedicated pre-clinical and clinical studies (29).

Concerning the pharmacological targets of MVP, they represent a promising area of improvement with potentially favorable impact in clinical practice. For instance, ATR1 inhibition has shown promising results to significantly slow the rate of aortic root enlargement and, therefore, delay the need for surgery. Such results have been more effective among patients with FBN1 mutation (82). Since MVP represents another progressive condition often occurring in Marfan patients, especially when carrying FBN1 mutation with respect to TGFBR2 mutation, the potential impact of angiotensin receptor inhibition on MVP development and progression would represent an interesting area of investigation of dedicated studies.

Finally, given the critical role of TGF-β signaling in the development of myxomatous MVP demonstrated also in animal models, further dedicated pre-clinical and clinical studies are advocated to better investigate the impact of the inhibition of this pathway in the pathogenesis and progression of MVP in humans.



6. Conclusions

Mitral valve prolapse represents the commonest cause of severe primary MR and the first indication for MV surgery in the developed world. It is a heterogeneous disorder presenting with variable phenotypes and clinical characteristics. The biological mechanisms underlying this condition have been thoroughly investigated for decades and multiple pathways have been identified, mostly focusing on the central role of VICs, TGF-β upregulation and ECM remodeling. A few of these pathways have been also experimentally found to respond well to pharmacological inhibition in animal models (e.g., ATR1 inhibition) and may represent potential targets to limit MR progression. However, no biomarker has still been identified or validated for MVP.

The genetic basis of MVP represents a critical starting point in the investigation of syndromic forms of MVP, especially those accompanying CTDs, as well as the heterogeneous group of familial clusters of non-syndromic MVP. Such investigations have allowed a deeper understanding of the molecular mechanisms underlying this condition, potentially providing useful information to stratify patients according to their risk of MVP development and progression.

Although studies merely on animal models and genome-wide analyses have strongly supported the scientific progression in our knowledge of this disorder, further studies are advocated to improve our understanding of MVP predisposition, to possibly identify some specific biomarkers and pathogenetic pharmacological targets, therefore providing a complementary aid to interventional treatment that yet remains the only curative option for these patients.
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indicate statistical sionificance with an alpha-leval of 0.05.
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Surgical technique

MAD Complex Isolated annuloplasty  P-value

(n=33) (n=24) (n=9)
Annulus
Intercommissural width mm 534462 51.3+5.9 57.1+6.6 0.03%
Indexed intercommissural width mm/m? 29.5 (26.2-30.5) 27.5(26.2-29.5) 31.3(28.8-38.5) 0.01*
Anteroposterior diameter mm 415+4.7 40.7 £ 5.4 437+ 54 0.19
Indexed anteroposterior diameter mm/m? 227+£3.6 218+£2.6 24.7+42 0.04*
Circumference mm 161 +19 156 + 18 172+ 20 0.04%
Indexed circumference mm/m? 88 (80-93) 84.0(77.2-89.2) 94.5 (85.5-111.9) 0.02%
Area mm? 1,936 + 447 1,819 £ 410 2,184 + 530 0.05
Indexed area mm?/m? 991 (878-1,207) 964 (870-1,085) 1,170 (969-1,476) 0.06
Height mm 53+ 15 53413 56+17 0.46
Indexed height mm/m? 29+0.7 2.7+0.6 32409 0.16
Annular height-to-intercommissural width ratio, % 99424 100 +24 99428 0.94
Intercommissural width-to-anteroposterior diameter ratio, % 129 £ 11 128 £ 10 131+ 13 0.49
Leaflet
Total leaflet area mm? 2,534 + 698 2,324 £ 510 3,044 + 841 0.01*
Indexed total leaflet area mm?/m> 1,277 (1,088-1,563) 1,195 (1,066-1,465) 1,721 (1,213-2,136) 0.02*
Leaflet area-to-annulus area ratio,% 130 £ 10 128 +9 138+ 10 0.003*
Prolapse volume ml 6.2 (3.2-8.6) 4.5 (2.6-6.8) 13.7 (6.4-15.7) 0.002*
Prolapse volume ratio 0.034 (0.027-0.072)  0.031 (0.023-0.087) 0.087 (0.043-0.140) 0.003*

Values are mean = SD or median (interquartile range) as appropriate; intercommissural width, anteroposterior diameter, circumference, annular area, height and total leaflet area are
indexed (i) to BSA while prolapse volume is indexed to EDV. *p < 0.05 between the two surgical sets of patients. BSA, body surface area; EDV, end diastolic volume; MAD, mitral

annular disjunction.
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Surgical technique

MAD Complex Isolated annuloplasty
(n=233) (n=24) (n=9)
Cardiopulmonary bypass time, min 127428 125 £ 30 131+ 24
Aortic cross clamp time, min 92 +24 91 +23 95+ 26
Prosthetic ring size, mm 36.0 (34.0-38.0) 36.0 (32.0-36.0) 38.0 (36.5-40.0)

Values are mean = SD or median (interquartile range) as appropriate. *p < 0.05 between the two surgical sets of patients.

P-value

0.59
0.73
0.04*





OPS/images/fcvm-10-1128195/fcvm-10-1128195-g005.jpg





OPS/images/fcvm-09-1050476/crossmark.jpg
(®) Check for updates





OPS/images/fcvm-10-1140216/fcvm-10-1140216-t003.jpg
PSI MD

P Values 1C 95% P Values IC 95% P Values

Univariable

SCD [ 126 [ 11145 0001 | 115 | 101132 | o003 | 104 | 101106 | o013

Adjustment variables
Model 1 | AgelLVEF Lis | 096135 | ol 115 | 098134 0.079 104 101-1.07 0.007
Model 2 | PVCleurling 127 | 110-148 0.001 117 | 101134 0.033 103 | 099-105 0076
Model 3| PVC/MAD 127 | 109-148 0001 117 | 101134 0.033 103 | 096103 0774
Model 4 | PVC / presyncope 130 | 112152 | ool 118 | 102137 0.024 104 1107 0031
Model 5| PVC/Barlow 130 | 112151 0.001 117 | 102135 0.029 103 1-1.06 0046
Model 6 | PVC/female sex 129 | 111-149 0.001 116 | 101133 0.04 103 1-1.06 0039
Model 7| PVC/MR >2 126 | 108147 0.004 124 | 106145 0.006 103 1-1.06 003

GLS, global longitudinal strain; LVEF, LV ejection fraction; MAD, mitral annular disjunction; MD, mechanical dispersion; MR, mitral regurgitation; PSI, postsystolic strain
index: PVC, premature ventricular contraction.
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P=0.008 P=0.18 P=0.001
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+
MD and PSI

v

MD + PSI
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MVP patients Global p values

Overall N=240 MVP-No PVC N =186 MVP-PVC N =54 MVP-aSCD N =20

Clinical characteristics

Age | 574165 [ 573217 [ 579148 [ 481185 | 0.056

Male sex | 144 (60) [ 115 (61.8) | 29 (53.7) | 9 (45) | 0.240

Symptoms.

Chest pain 35 (16.1) 20(117) 15 (326) 165) 0.001

Pre/syncope 10 (4.9) 4(2.4) 6 (146) 8 (40) <0.001

NYHA 0014

I 173 (724) 131 (70.4) 43 (797) 20 (100)

/v 66 (27.6) 55 (29.6) 11 (20.4) 0(0)

Atrial fibrillation

Paroxysmal | 28 (117) [ 23 (124) [ 5(93) [ 200) | 0.800

Permanent | 11 (46) [ 10 (5.4) | 1(19) | 165) | 0552

Treatment

Beta-blocker [ 63 (268) [ 44237 | 19 (352) | 14 (70) [ <0.001

Amiodarone | 19 (8.1) [ 18 9.7) [ 1019) [ 1(5) [ 0.19

MvP

Etiology 0.010

FED 149 (90.3) 52 (28.0) 48 (88.9) 16 (80)

Barlow 16 (9.7) 16 (8.6) 6 (1L1) 400

Mitral regurgitation 0.005

<2 86 (35.9) 65 (35) 21 (389) 15 (75)

34 154 (64.2) 121 (65) 33 (61.1) 5(25)

Prolapsing leaflet

Posterior 214 (89.2) 166 (89.2) 48 (889) 15 (75) 0.480

Anterior 117 (488) 89 (47.8) 28 (519) 16 (80) 0526

Bileaflet 90 (37.5) 68 (36.6) 22 (40.7) 11 (55) 0.261

Flail leaflet 112 (46.7) 94 (50.5) 18 (333) 2(10) 0.001

Annular disjunction 93 (3838) 73 (392) 20 37) 945 0.824

MAD (mm) 85+38 82239 97+29 99+40 0.167

Curling (mm) 60+23 5724 7118 92+47" <0.001
function

LVEDD 551277 563+75 526=7.1 0191

LVEDV 1382455 1505 + 42.0 1224 +355" 0.040

LVESD 34760 35.4+62 358+5.0 0.604

LVESV 47.1+18.8 527+18.7 509 +14.7 0.125

EF 658+7.3 64876 584+47" <0.001

LAESD 60733 6072284 4852339 0292

TAPSE 25.6+53 254+55 263142 256+43 0.555

SPAP 305133 30.9+13.7 289118 22877 0.066

Strain echocardiography

GLS (%) -213+33 —21.4+33 -212+35 -18.6+3.1°" 0.003

PSS (%) =215:32 -21.6+32 -214%35 -19.0£32" 0.005

Psi 33229 35226 29237 46=20" 0014

MD (ms) 374%129 364108 409=182 460130 0.002

Values are expressed as mean + SD or n (%)
“p<0.05 MVP-PVC vs. MVP-No PVC

tp <0.05 MVP-aSCD vs. MVP-PVC.

“p<0.05 MVP-aSCD vs. MVP-No PVC.

FED, fibroelastic deficiency; GLS, global train; LAESV, left atrial volume (mU/m?); LVEDD, LV end-diastolic diameter (mm); LVEDV, LV end-diastolic
volume (m); LVEF, LV ejection fraction: LVESD, LV end-systolic diameter (mmy; LVESV, LV end-systolic volume (mi); NYHA, New York Heart Association; MAD, mitral annular
disjunction; MD, mechanical dispersion; PS), postsystolic strain index; PSS, postsystolic strain; PVC, premature ventricular contraction; sPAP, systolic pulmonary artery
pressure (mmHa).
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Curling and MAD were considered categorical variables. GLS, PSI, and MD were
considered continuous variables.

GLS, global longitudinal strain; LVEF, LV ejection fraction; LVESD, LV end-systolic
diameter; LAESV, Left atrial end-systolic volume; MAD, mitral annular disjunction:
MD, mechanical dispersion; MR, mitral regurgitation; PSI, postsystolic strair
index: PVC, premature ventricular contraction.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Comprehensive insights into mitral valve prolapse: From biology to future perspectives of treatment, passing through diagnostic tools, surgical techniques and transcatheter options



		Editorial: Comprehensive insights into mitral valve prolapse: from biology to future perspectives of treatment passing through diagnostic tools, surgical techniques, and transcatheter options



		Author contributions



		Conflict of interest



		Publisher's note



		References









		Mapping of the myxomatous mitral valve: The three-dimensional extension of mitral annular disjunction in surgically repaired mitral prolapse



		Introduction



		Materials and methods



		Study population



		Imaging



		Statistical methods









		Results



		Study population



		3-dimensional geometry of disjunction



		Quantitative analysis of annular structure and leaflets



		Surgical outcomes









		Discussion



		Clinical implication and future perspective



		Study limitation



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References









		3D echocardiography in mitral valve prolapse



		1. Introduction



		2. Historical background



		3. Clinical applications of 3D echocardiography in the study of the mitral valve



		3.1. Morphological evaluation of mitral valve leaflets



		3.1.1. Cleft mitral valve









		3.2. Evaluation of geometry and mechanics of the mitral valve annulus



		3.2.1. Mitral annular calcification



		3.2.2. Mitral annular disjunction









		3.3. Quantification of mitral valve regurgitation









		4. Surgical treatment of mitral valve prolapse



		4.1. Surgical mitral valve repair



		4.2. Surgical annuloplasty



		4.3. Post-operative assessment of outcomes









		5. Percutaneous treatment of mitral valve prolapse



		5.1. Transcatheter edge-to-edge MV repair









		6. Future perspectives



		7. Conclusion



		Author contributions



		Conflict of interest



		Publisher's note



		References









		Genetics and pathophysiology of mitral valve prolapse



		Introduction



		Familial clustering and mode of inheritance



		Genetics of MVP



		Syndromic forms of MVP



		Marfan syndrome



		Loeys-Dietz syndrome



		Other syndromes









		Non-syndromic MVP



		Filamin A (FLNA)



		Dachsous 1 (DCHS1)



		DZIP1









		Common risk alleles for MVP: Genome wide association studies



		Transcriptomics analyses









		A genetic association between MVP and cardiomyopathy?



		Arrhythmogenic MVP



		Animal models of non-syndromic MVP



		Pathophysiological pathways of MVP



		Transforming growth factor β (TGFβ)



		Serotonin



		Ciliation



		Endothelial-to-mesenchymal transition (EMT)



		Immune cells



		Mechanobiology









		Familial screening and genetic counseling



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Footnotes



		References









		Prognostic value of forward flow indices in primary mitral regurgitation due to mitral valve prolapse



		Introduction



		Methods



		Study population and design



		Clinical and echocardiographic data



		Statistical analysis









		Results



		Preoperative data



		Surgical management



		Incidence and determinants of post-operative LV dysfunction



		Optimal thresholds for LVOTTVI, forward Svi, and forward LVEF



		Incremental value of forward LV parameters









		Discussion



		Limitations









		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Conflict of interest



		Publisher's note



		Supplementary material



		Abbreviations



		References









		The evolving role of cardiovascular magnetic resonance in the assessment of mitral valve prolapse



		Introduction



		Cardiac magnetic resonance for diagnosing mitral valve prolapse, left ventricular remodeling, and mitral annular disjunction



		Cine images



		The diagnosis of mitral valve prolapse



		Left ventricular remodeling



		Mitral annular disjunction















		Cardiac magnetic resonance for assessing LV fibrosis



		Late gadolinium enhancement imaging



		T1 mapping and extracellular volume









		Cardiac magnetic resonance for quantifying mitral regurgitation



		Cine imaging and cine phase contrast velocity mapping



		4D flow



		How to select patients with MVP for CMR?















		Conclusion



		Author contributions



		Conflict of interest



		Publisher's note



		Supplementary material



		References









		Histopathological insights into mitral valve prolapse-induced fibrosis



		Introduction



		Myocardial fibrosis in MVP and fibrosis-related remodeling



		CMR-based quantification of fibrosis in MVP patients



		Histology-based quantification of fibrosis in MVP patients



		Collagen expression in MVP patients



		Myocardial inflammation in MVP patients



		Summary



		Author contributions



		Conflict of interest



		Publisher's note



		References









		Quantification of primary mitral regurgitation by echocardiography: A practical appraisal



		1. Introduction



		2. Echocardiographic workflow for the assessment of primary MR severity



		2.1. Clinical assessment



		2.2. Baseline echocardiographic assessment



		2.2.1. Morphological assessment



		2.2.1.1. Flail leaflet



		2.2.1.2. Cleft-like indentations



		2.2.1.3. Papillary muscle rupture









		2.2.2. Color Doppler assessment



		2.2.2.1. MR distal jet



		2.2.2.2. Color Doppler features suggestive of significant MR



		2.2.2.3. 2D-vena contracta width









		2.2.3. Continuous-Wave Doppler assessment



		2.2.4. Pulsed-Wave doppler assessment



		2.2.4.1. MAVIR



		2.2.4.2. Peak E-wave velocity



		2.2.4.3. Shape of the aortic velocity-time integral



		2.2.4.4. Pulmonary venous flow pattern









		2.2.5. Consequences of MR on cardiac remodeling









		2.3. Echocardiographic estimation of the MR quantitative parameters



		2.3.1. Proximal flow convergence method



		2.3.1.1. Pathophysiological basis



		2.3.1.2. Limitations of the PISA method









		2.3.2. Indirect quantitative methods



		2.3.2.1. Pathophysiological basis



		2.3.2.2. PW Doppler quantitative method



		2.3.2.3. Volumetric method









		2.3.3. Vena contracta area and proximal flow convergence assessed by three-dimensional echocardiography in primary MR









		2.4. Conclusion on MR grading by echocardiography and work-up









		3. Discrepancies in echocardiography-based grading of MR severity



		3.1. Considerations about MR grading



		3.2. Discrepancies arising from the integrated multiparametric approach



		3.3. Discrepancies between quantitative MR parameters and outcome implications



		3.4. Morphological features of primary MR at risk of discrepancies in grading MR severity



		3.4.1. Late-systolic MR



		3.4.2. Atrial fibrillation









		3.5. Impact of discrepancies in MR severity grading on TTE serial assessment









		4. Latest developments and future directions



		5. Conclusion



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher's note



		References









		Building a successful minimally invasive mitral valve repair program before introducing the robotic approach: The Massachusetts General Hospital experience



		Introduction



		Methods



		Patient inclusion and data collection



		Selection criteria for minimally invasive mitral valve repair



		Subgroup analysis of patients undergoing isolated mitral valve repair



		Establishing robotic surgery for mitral valve prolapse



		Statistical analysis









		Results



		Patient cohort



		Concomitant procedures



		Changes in institutional volumes and success rates



		Changes in case complexity and surgical techniques



		Outcomes of minimally invasive mitral valve repair



		Initial results with the robotic approach









		Discussion



		Minimally invasive mitral valve repair



		Toward the utilization of robotic support for minimally invasive MVr



		Limitations









		Conclusions



		Data availability statement



		Ethics statement



		Author contributions



		Conflict of interest



		Publisher's note



		Supplementary material



		References









		Watchful surgery in asymptomatic mitral valve prolapse



		1. Introduction



		1.1. Putting the problem in perspective









		2. Before starting all thinking: is mitral regurgitation truly severe?



		3. Is the patient truly asymptomatic?



		4. Is there any consequence of volume overload?



		4.1. Evaluating the left ventricle



		4.2. Addressing the left atrium



		4.3. Challenging the pulmonary circulation



		4.4. Circulating peptides









		5. Cardiac rhythm disturbances



		6. The watchful surgery approach



		6.1. What is the quality of surgery I can offer?



		6.2. Should I recommend surgery in truly asymptomatic patients with normal ventricular function and no consequences of volume overload without waiting any longer?









		7. Conclusions



		Author contributions



		Conflict of interest



		Publisher's note



		References









		Myocardial deformation in malignant mitral valve prolapse: A shifting paradigm to dynamic mitral valve–ventricular interactions



		Introduction



		Materials and methods



		Selection of MVP patients with aborted SCD



		Selection of control MVP patients



		Echocardiography and speckle-tracking evaluation



		Statistical analysis









		Results



		Study population characteristics



		Comparison according to rhythmic presentation



		Prognostic assessment in regard to the risk of SCD in MVP patients



		Improvement in risk reclassification associated with deformation parameters









		Discussion



		Clinical need for further risk stratification of arrhythmic prolapses



		Imaging the myocardial substrate and myocardial–mitral valve interactions



		Malignant mitral valve prolapse: One or many sides to the same affection?



		Study limitations









		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Conflict of interest



		Publisher's note



		Supplementary material



		References









		Biology of mitral valve prolapse: from general mechanisms to advanced molecular patterns—a narrative review



		1. Introduction



		2. Gross anatomy of mitral valve



		2.1. Embryology of mitral valve



		2.2. Histology of mitral valve



		2.3. Common histological phenotypes of mitral valve prolapse









		3. Non-syndromic forms of mitral valve prolapse



		3.1. Fibroelastic deficiency



		3.2. Myxomatous mitral degeneration and Barlow disease



		3.3. Genetic alterations of non-syndromic mitral valve prolapse



		3.3.1. Autosomal inheritance



		3.3.2. X-linked inheritance



		3.3.3. Genome-wide association studies









		3.4. Molecular pathways involved in MVP pathogenesis



		3.5. Concomitant pathophysiological alterations









		4. Syndromic forms of mitral valve prolapse



		4.1. Marfan syndrome



		4.2. Loeys-Dietz syndrome



		4.3. Ehlers-Danlos syndrome



		4.4. Pseudoxanthoma elasticum



		4.5. Filamin A mutation syndrome



		4.6. Arrhythmogenic mitral valve prolapse









		5. Clinical perspectives



		6. Conclusions



		Author contributions



		Acknowledgments



		Conflict of interest



		Publisher's note



		References























OPS/images/fcvm-09-1036400/fcvm-09-1036400-g002.jpg
15
12.5

I0

155

275

mim

15

12.5

10

2.5

mim

URAL
PATTERN

N=2I

6o 70 8o 90 100 110 120 I30 I40 I50 560 I70 380 I90 200 210 220 230 240 250 /o 270 280 290 300 3IO

POSTERIOR ANTERIOR

FLAT N
PATTERN

12

6o 79 80 90 100 II0 I20 130 I40 I50 160 170 180 190 200 210 220 230 240 250 560 270 280 290 300 3IO

POSTERIOR ANTERIOR






OPS/images/fcvm-10-1113908/crossmark.jpg
(®) Check for updates.





OPS/images/fcvm-09-1036400/fcvm-09-1036400-g003.jpg
URAL N
PATTERN (i)

21

0/0 6o 70 8o 90 100 110 120 I30 I40 I50 160 I70 380 I90 200 210 220 230 240 250 /o 270 280 290 300 3IO

POSTERIOR ANTERIOR

FLAT N=12
PATTERN (i)

6.0
4.8
3.6
2.4

I.2

% 60 79 8o 90 100 110 120 I30 I40 I50 160 I70 180 I90 200 210 220 230 240 250 60 270 280 290 300 3IO

POSTERIOR ANTERIOR
MMISSURE COMMISSURE






OPS/images/fcvm-10-1113908/fcvm-10-1113908-g001.jpg
1407 patients had undergone
MV surgery at MGH between

01/2013and 12/2020

Non-MVP etiology (n=545)

Patients with MVP (n=830)

I
MVP patients without prior
heart surgery (n=799)

[ J

v
[ Meeaee) |

Full sternotomy (n=498) Minithoracotomy (n=263)

Patients with concomitant procedures*
Subgroup analysis. « Extensive MAC debridement and

annular patch repair (n=11)
Isolated MVP repairs (n=599) * Aortic valve repair/replacement (n=5)
« Tricuspid valve repair (n=43)

Full sternotomy (n=338) Wirithoracotomy (n=261) | | * Coronaryartery bvpassgraf(i(ng (;),gs)
b =t
* Other (n=5)
kb R——

Full sternotomy (n=214) Minithoracotomy (n=214)





OPS/images/fcvm-09-1036400/cross.jpg
@ Check for updates.





OPS/images/fcvm-09-1036400/fcvm-09-1036400-g001.jpg





OPS/images/fcvm-09-1036400/fcvm-09-1036400-t002.jpg
Posterior mitral leaflet extension

Posterior commissure P3 P2 P1 Anterior commissure  P-value
60°-80° 90°-130°  140°-220° 230°-280° 290°-310°
MAD (n = 33) DD, mm 54422 73419 5143.0 57433 47429 <0.05*
Commissural (n = 21) DD, mm 54424 72+18 3.6+22 50434 41430 <0.05**
Flat (n = 12) DD, mm 55421 75423 78424 70427 58425 <0.05"

Values are mean =+ SD. *p=0,0005 for P3 versus posterior commissure; 0,001 versus P2; 0,02 verus P1 and 0,00007 versus anterior commissure. **p=0,007 for P3 versus posterior
commissure; 0.0000001 versus P2; 0.01 versus P1 and 0,0002 versus anterior commissure. Tp:O.OZ for P2 versus posterior commissure and p=0.04 for P3 versus posterior commissure.

DD, Disjunction distance; MAD, Mitral annular disjunction.





OPS/images/fcvm-10-1107724/fcvm-10-1107724-g008.jpg
VGd Long (A4C) 90cm

+ G 1 o
VGs Long (A4C) 74cm R g
VG Vol tD (AdC sim) 177 ml VG Vol ts (AdC sim)  41ml % = 7%
. o T800m
D Vae sl

olkc 105t

»
. A Y O
- £ = 2
 vedLong 420) ssem ! VGsLong (A20)  7.0cm ota oke vo b e 2D dire
VG VoltD (A2 sim)_184ml VG Vol tS (A2 47mi
P y e e .
DV g
10~ ota oke vo eb e 3D d
. DVsp D
FE@BP)
FE (BP) 15 75
VG Vol tD (BP sim) 182 ml Moy 182
VG Vol tS (BP sim) 45ml Moy 45
R RegVol ,, D Check the congruence between M
R RegFrac,,; R ReaVo 42% RegVoI and RegFrac values by ZD
3D-TTE, PW Doppler indirect
R RegFrac;p R RegVol, 5, o 0%

quantlta(lve methods, as weII asLV
hemodyna and cardiac output





OPS/images/fcvm-09-1036400/fcvm-09-1036400-t003.jpg
Annulus

Intercommissural width mm
Indexed intercommissural width mm/m?
Anteroposterior diameter mm
Indexed anteroposterior diameter mm/m?
Circumference mm
Indexed circumference mm/m?
Area mm?
Indexed area mm?/m?
Height mm
Indexed height mm/m?

Annular height-to-intercommissural width ratio, %

Intercommissural width-to-anteroposterior diameter ratio, %

Leaflet
Total leaflet area mm?
Indexed total leaflet area mm?/m?

Leaflet area-to-annulus area ratio, %
Prolapse volume ml

Prolapse volume ratio

MAD
(n=33)

534462
29.5 (26.2-30.5)
415+47
227436
161+ 19
88 (80-93)
1,936 = 447
991 (878-1,207)
53415
29407
99424
129+ 11

2,534 + 698

1,277 (1,088-1,563)

130 £ 10
62 (3.2-8.6)

0.034 (0.027-0.072)

Distribution pattern

Commissural
(n=21)

528 £5.0
28.7 (25.9-30.7)
40.6+£43
223+34
159 & 14
86 (79-93)
1,862 £ 331
985 (876-1,097)
51+15
28407
97427
131+ 12

2,430 £ 584

1,203 (1,083-1,517)

130 £ 11
4.6 (3.0-8.8)

0.032 (0.024-0.058)

Flat
(n=12)

54.4+84
28.7 (26.7-30.7)
433+53
235433
166 + 26
88 (80-94)
2,085 %616
1,103 (893-1,223)
57414
31407
104+18
126 +9

2,740 £ 887

1,447 (1,131-1,637)

13149
6.8 (4.8-10.8)

0.041 (0.031-0.075)

P-value

0.17
0.82
0.17
0.37
0.34
0.67
0.23
0.46
0.35
0.30
0.47
0.26

0.29
0.43
0.81
0.29
0.40

Values are mean = SD or median (interquartile range) as appropriate; intercommissural width, anteroposterior diameter, circumference, annular area, height and total leaflet area are

indexed (i) to BSA while prolapse volume is indexed to EDV. BSA, body surface area; EDV, end diastolic volume; MAD, mitral annular disjunction.
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Parameter Acquisition method

Color Doppler assessment

Strengths

Weaknesses

MR distal jet - Every apical (4, 2, and 3-chamber) views

- Zoom on the MV and LA
Reduce sector as narrow and imaging depth
as short as possible to increase framerate

- Set color velocity scale as high as possible
(high-velocity MR jet)

- Set Nyquist limit (aliasing velocity) between
50 and 70 cm/s (default position in the
middle of the color bar)

- Keep the baseline settings for transducer
frequency and pulse repetition frequency
(PRE)

Optimize color gain to ensure adequate
visualization of MR jet while removing noise
from non-moving structures

~ Easy and quick to acquire
- Allows to detect MR, its origin and jet

direction(s)

- (Importance of apical 2-chamber and

parasternal short-axis views to detect MR
commissural jet)

- A Coands effect, a large “spontaneous”

(Nyquist limit between 50 and 70 cm/s)
proximal flow convergence during the whole
systole or color Doppler “splay” suggest
significant MR

- A dlear very small central jet without

proximal flow field or visible leaflet
abnormalities suggests mild MR.

- MR distal jet not reliable to grade MR
- Influenced by flow momentum (MR orifice

area x velocity”) and driving pressure between
LV and LA (check systolic blood pressure), and
blood viscosity

- Influenced by Doppler color flow technical

settings (gain, velocity scale, pulse repetition
frequency, transducer frequency, and wall flter)

- Underestimates MR severity in case of eccentric

or wall-impinging jet (Coand effect), severe LA
dilatation or acute severe MR with high LA
pressure

- Overestimates MR severity in case of non-

holosystolic, multiple jets, or central jet with
normal LA pressure (high-velocity jet)

2D-Vena contracta.
width

- TTE Parasternal long-axis view, biplane
‘measurement on 4- and 3-chamber view

(perpendicular to the commissural line), or
TEE long-axis view (120°)

- Clearly visualize the three components of the
MR jet: proximal flow convergence area, vena
contracta and jet (angulate the probe out of
the standard imaging planes if needed)
Zoom on the MV and surrounding structures

- Reduce sector as narrow and imaging depth
as short as possible to increase framerate, set
color Doppler gain just below the threshold
where noise occurs
Set Nyquist limit at the default position in the
middle of the color bar (50-70 em/s)

- Measure the narrowest portion of the jet
where the largest flow convergence is seen,
that is just below the flow convergence area,
orthogonal to the direction of the jet. Average
at least 3 measures

- A value of 2D-VCW < 3 mm suggests mild

MR, >7 mm (8 mm for biplane
measurement) suggests significant MR

- May be useful in very eccentric wall-

constrained jets

- Quick to acquire
- Feasible even in case of concomitant aortic

valve insufficiency

- Wide “grey zone” for intermediate values

(between 3 and 7 mm)

- Easy to misclassify MR severity with small

‘measurement errors: the VCW should not be
‘measured if the three components of the MR jet
are not clearly seen

- Moderate reproducibility on TTE (better on

TEE)

Limited value in case of atrial fbrillation
(average multiple measurements) or mitral
calcification

- The measurement of 2D-VCW is less reliable

when done orthogonal to the direction of the
ultrasound beam and distal to the probe because
the lateral resolution is lower than the axial
resolution in echocardiography

- Single-plane measurement of a 3D regurgitant

orifice which is not circular-shaped: VC is only a
surrogate of the true mitral regurgitant orifice.

- Not applicable to multiple jets
- Dependent on color Doppler technical setings
- Overestimates MR severity in case of non-

holosystolic jet

Continuous-Wave Doppler assessment

CW Doppler MR
envelope

- Perform multiple acquisition windows to
align the ultrasound beam with the MR jet as
best as possible
In case of preserved LVEF, peak MR jet
velocities by CW Doppler typically range
between 4 and 6 m/s: a value of a least 5 m/s
should be reached, suspect misalignment of
the ultrasound beam otherwise
Use gray scale and set CWD gain as
appropriate to optimize signal density
without noise artifacts

- Use non-imaging high-frequency transducer
(Pedof) in right parasternal window in case of
posterior leaflet prolapse with anterior-
oriented MR jet.

~ Easy and quick to acquire (more challenging

in very eccentric jets)

- Allows to assess timing and duration of MR

jet throughout systole (holo-, early- or late
systolic)

- Suspect severe MR in case of short and

triangular-shaped CWD MR jet (acute severe
MR)

~CWD MR signal intensity not reliable to grade

MR

- Risk of incomplete CW Doppler envelope with

under-estimation of peak velocity in case of
eccentric jets.

- Influence of gain on CWD signal density
- Influence of systolic blood pressure on peak MR

jet velocity

Pulsed-Wave Doppler assessment

Mitral inflow pattern
and the mitral-to-
aortic velocity-time
integral ratio (MAVIR)

- Apical 4-chamber view (5-chamber for LVOT
VD)

- Set the sample volume at the tip of the mitral
leaflets for mitral VTI (1 em below the aortic
valve for LVOT VTI)

- Sweep speed 50 to 100 cm/s

- Optimize gain

- Acquire VTl and VTTivor

~Easy and quick to acquire
- Highly reproducible

- Feasible in eccentric or multiple jets

- Excellent diagnostic value to exclude severe

MR in case of MAVIR < 1 or in the presence
of impaired relaxation pattern (A wave
dominance)

- High MAVIR > 1.4 sugges's significant MR

~Not applicable when atrial fibrillation
- Wide “grey zone” for intermediate values of

MAVIR (1 to 1.4)

- Not applicable to secondary MR, atrial

fbrillation, any degree of mitral stenosis or
calcification, associated aortic regurgitation

- Dependent on loading conditions (LV filling

pressure, ejection fraction, LA compliance)

- Influence of age on E wave (decreases with

aging)

Pulmonary vein flow
systolic reversal pattern

Apical 4-chamber view (angulate the probe to
visualize the right upper pulmonary vein on
TTE). Try to record on TTE at least one other
‘pulmonary vein (the 4 veins should be
checked on TEE)

- Set color box on the right upper pulmonary
vein

- Reduce velocity scale

- Set the sample volume of PW Doppler 1 cm
deep into the right upper pulmonary vein
(TTE),

- Set filter gain as appropriate

<1 the MR jet is visualized toward this vein
(usual in posterior prolapse with Coandi),
also try to obtain signal from one left
pulmonary vein (harder to get on TTE)

- Acquire pulmonary venous flow pattern:
systolic (5), diastolic (D) and atrial (Ap)
waves (under normal conditions: § and D
waves are positive, S > D)

- Easy to acquire
- Feasible in eccentric or multiple jets
- Pulmonary vein flow systolic reversal

(PVFSR) suggests significant MR [blunting
of the pulmonary vein systolic wave (S) is not
enough to suggest significant MR]

- The 4 pulmonary veins can be analyzed in

TEE

~ False positive if the MR jet (even in case of

moderate MR) is directly oriented towards the
sampled pulmonary vein (record other
pulmonary veins when possible)

- PVESR pattern largely depends on LA

compliance and LV filling pressure: large V
waves may occur in the absence of significant
MR and vice versa

- PVESR pattern could be absent despite

significant MR in case of severe LA dilatation

- Not reliable if atrial fibrillation
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Parameter
2D-Proximal
Isovelocity Surface
Area (=PISA) method

Acquisition method

- Al available views
- Zoom on the flow convergence area
- Shift baseline Nyquist limit < 10% of the peak MR jet velocity (typically

between 20 and 40 cmy/s), towards the direction jet (i.e. downwards for
TTE apical views, upwards for parasternal long axis views if posterior
‘prolapse or TEE views) to obtain a clear hemispheric flow convergence
area with delimited isovelocity shell (this is required to satisfy the
mathematical assumptions underlying the PISA method)

- (The 20-40 om/s range to set aliasing velocity approximatively

corresponds to 10% of the peak MR jet velocity. Therefore the aliasing
velocity should be optimized within this range according to MR flow
velocity. The lower the aliasing velocity, the higher the PISA radius) (32,
33)

- Increase Doppler color smoothing sometimes helps to better delimitate

the aliasing isovelocity shell

- Use cine-loop frame by frame to select the best-defined PISA

Measure PISA radius from the base of the hemisphere to the point of
color aliasing, directly towards the probe (34). (The location of the
regurgitant orifice can be hard to detect: it is useful to use
simultaneous mode with and without color Doppler to better visualize
the MV plane when measuring the PISA radius but it should be kept in
mind that the hemodynamic and anatomical regurgitant orifice are
often different)

- Obtain the MR jet envelope spectrum by CW Doppler. All

echocardiographic views should be interrogated to obtain the most
complete envelope (it is possible to acquire the CWD MR jet envelope
from another view that where the PISA radius has been measured). A
value of peak MR jet velocity of at least 5 mis in case of normal LV
ejection fraction should be obtained. The view chosen to acquire PISA
radius can be different from the one selected to obtain the most
complete CWD MR jet envelope

- If the CWD MR signal is not available or incomplete, the calculation of

MR EROA can be simplified using the following formuda: EROA = (PISA
radius)’/2, assuming a peak MR jet velocity of 5 m/s and an aliasing
velocity of 40 em/s] (35)

- Calculate MR flow rate, mitral EROA and RegVol (see text for

formula)

Strengths

- Outcome data on large epidemiological cohort studies

- Independent of MR flow rate and driving pressure

- MR EROA 2 30 mm” supports significant MR, while MR EROA <
20 mm” supports mild MR

- A large PISA radius (21 cm) for an aliasing velocity of 30-40 cm/s is
highly indicative of severe MR.

- Automatic calculations of EROA and RegVol by PISA implemented
in echocardiograms

- Feasible in case of associated aortic regurgitation

- Theoretically feasible in case of atrial fibrillation (however
‘measurements vary from one cardiac cycle to another so average at
least 5 consecutive cycles)

Weaknesses

- MR EROA by PISA should be considered as a semi-quantitative
parameter (proportional relationship between increase in EROA or
RegVol at an epidemiological scale but significant variability at an
individual level)

- MR RegVol by PISA should not be reported

- Several specific features in primary MR where the PISA method is not
reliable (see text)

- The PISA method relies on idealized conditions which are rarely
encountered in vivo: the shape of the regurgitant orifice is very often
non-hemispheric but rather hemi-elliptic, “urchinoid”, to even more
complex curvilinear (“smiley-like”) anatomy, therefore all
measurements by PISA are only approximations (36, 37).

- The shape of the isovelocity shell depends on the aliasing velocity: a
velocity set 100 low or too high results in an elongated or flat shell,
respectively (38)

- The value of PISA radius varies according to the selected frame to
measure it (mid-systolic versus the one where the largest radius is
visualized) (38).

- The definition of the base of the flow convergence from which the
radius is measured varies among studies (either the vena contracta, the
anatomical level of the regurgitant orifice or the color base of the flow
convergence) (38).

- PISA radius is squared in the formula used to estimate MR flow rate,
therefore even small error measurements (1 or 2 mm) can lead to high
magnitude errors

- Dropout at the angles of the flow convergence due to underestimated
velocities (“Doppler angle effect”) (40).

Not reliable in case of multiple jets it s theoretically possible to add PISA
radii of separate jets, but this has not been clinically validated) (39).

- The flow convergence can be constrained by adjacent structures such
as the LV wall (notably in posterior valve prolapse with eccentric jet or
commissural MR) or annular calcification, thereby resulting in a
“oblong” shape (angle correction methods have been suggested but in
practice there is no consensus on how the angle should be measured)
(39, 41, 42).

- The calculation of mitral EROA and RegVol are based on a single time
point measurement (PISA radius) therefore not considering the
dynamic variations of MR throughout systole.

- Influence of Doppler angulation on isovelocity surface areas (risk of
under-estimation if there is an angle between the line of the ultrasound
beam and the flow).

2D-TTE volumetric
method

Apical 4-chamber and 2-chamber views for LV volumes according to
the biplane Simpson’s method

- Adjust settings to optimize as best as possible LV endocardial

definition (ultrasound contrast could help when poor echogenicity),
avoid apical foreshortening

- Trace LV borders in end-diastole and end-systole at the interface

between the LV cavity and the compacted myocardium (not at the
blood-tissue interface). Estimate LV total stroke volume

- Parasternal long axis and Apical-5-chamber views for forward aortic

stroke volume measurement

- Zoom on aortic valve, open leaflets, inner edge-to-inner edge, measure

LVOT diameter (4rvor) at mid-systole
Set the PW Doppler sample volume 1 cm below the aortic valve for
aortic VIT [VTIyor)

- Calculate aortic forward systolic stroke volume (ml) = % x (ALVOT)? x

VTILVOT/4

- Calculate MR RegVol and RegFrac

Tmportant clinical value: the determination of RegFrac allows to
appraise MR severity from a hemodynamic perspective

- Indirect method, thereby feasible even in case of very eccentric or
‘multiple jets

- Independent from dynamic variations of MR during systole

- Finding different RegVol values estimated by 2D-volumetric versus
PISA methods is not surprising

- Serial assessment of MR severity using volumetric methods
(comparison of mitral RegVol and RegFrac values for a given patient
over time) is possible under strict methodological conditions

Learning curve o acquire 2D-TTE LV volumes values close to CMR
ones (similar LV stroke volume between 2D-Simpson’s B and
forward aortic stroke volume in normal patients)

- Lack of reliable echocardiographic apical windows in some patients

- Less reliable in case of atrial fibrillation

- MR-RegFrac 40% threshold highly specific of significant MR, but large
grey zone of overlap to discriminate 3 + 4+ MR from 1+2+ MR

- Depends upon LV geometry assumptions

- Relies on the assumption of a circular shape for LVOT when
estimating LVOT area (the true shape of LVOT is rather elliptical)

- Risk of imprecision when measuring LVOT diameter, particularly in
case of associated aortic calcification
Presence of a “prolapse volume” in bi-leaflet prolapse with mitral
annulus disjunction that may result in some degree of measurement
bias

- Higher inter- and intra-observer variability than CMR measurements

- Limited outcome data for TTE volumetric method (available for CMR)

3D-TTE volumetric
method

~ Apical 4-chamber view. A good image quality in 2D is required before

performing 3D mode

- Adjust the size of the sector o cover the entire LV cavity and

myocardium

- Perform semi- or automated 3D-quantification of the LV endocardial

borders

- Check whether the tracking of LV endocardium is adequate

throughout the cardiac cycle with correct LV end-diastolic and end-

~ Indirect method, thereby feasible even in case of very eccentric or
‘multiple jets

- Independent from dynamic variations of MR during systole

~ Closer RegVol values from those obtained with CMR quantitative
method compared with 2D-TTE volumetric methods

- It is also possible to estimate the mitral RegVol as the difference
between LV and RV stroke volumes (if there is no other left or right
valve However, the accurate assessment of RV

systolic volumes. Estimate LV total stroke volume

- Estimate aortic forward stroke volume (see 2D-TTE volumetric

method)

- Calculate MR RegVol and RegFrac

volumes by 3D-TTE can be very challenging or even not feasible in
routine practice.

~Decreased temporal (if multibeal acquisition not achieved) and spatial
resolution compared with 2D

- Possible stitching artifacts (incomplete hold-breathing, motions of the
patient or the probe, arthythmia)

- Beter reproducibility with LV volumes acquired with 3D- versus 2D-
TTE volumetric methods

- Reduced grey zone of overlap for the discrimination of 1+ 2+ MR
from 3 + 4+ MR compared to 2D-TTE volumetric method
Inter-vendor discrepancies in the assessment of LV volumes by 3D
TIE.

- 3D-TTE can be li

- Not applicable in case of atrial fibrillation

- Same concerns than 2D-TTE about LVOT diameter measurement

ed by insufficient acoustic window

Pulsed-Wave Doppler
quantitative method

- Apical 4-chamber view (5-chamber for LVOT VTI)
- Measure LYOT diameter (Arvor) as mentioned above (2D-TTE

volumetric methods), measure mitral annulus diameter (Ayqy) at carly-
diastole
Set the PW Doppler sample volume at the level of the mitral annulus

- “Historical” quantitative approach used as comparative method for
qualitative and semi-quantitative MR indices in landmark studies

- Indirect method, thereby feasible even when very eccentric or
‘multiple jets

from dynamic variations of MR during systole

for mitral VTI [VTMV] [1 em below the aortic valve for LVOT VTI
(VTliyon]

- Acquire mitral (VT then LVOT VTI (VTIiyor) (gain should be

optimized because the quality of the PW Doppler spectral envelope
and manual tracing impact the aortic and mitral VTI values; sweep
speed 50 to 100 cm/s)

- Calculate LV total stroke volume (ml) = % x (AMV
- Calculate aortic forward systolic stroke volume (ml) = 7 x (ALVOT)” x

VTILVOT/4

- Calculate MR RegVol and RegFrac

- Outcome data
- Useful as an additional parameter in case of severe inconsistencies
between other approaches

- Not recommended as first quantitative approach because it is time-
consuming and with numerous sources of error measurements: the
calculation of the transmitral volume roughly estimates the true
amount of blood flowing across the MV.

Only in sinus rythm

- Not feasible in case of associated aortic regurgitation (it is theorically
possible to determine effective stroke volume by the PW Doppler spectral
envelope of the right ventricular outflow tract (RVOT) VII and the
measurement of RVOT diameter.] (43)

- Both the mitral and aortic annulus are assumed of circular shape (44).
The shape of the mitral annulus varies throughout systole and with an
apex-to-base motion (45, 46).

- The measurement of the mitral annulus in the apical-4-chamber view
could suffer from significant interobserver variability according to the
orientation of the ultrasound probe.
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First author,
year (Ref #)
Cawley et al, 2013
(129)

Number of patients

26 with primary MR in sinus rhythm

Comparative method

- CMR volumetric method

Main findings

- Good correlation between RegVol assessed by 2D-TTE versus CMR
volumetric methods (7= 0.79).

- Under-estimation of LV volumes assessed by 2D-TTE compared
with CMR

Maréchaux et al.,
2014 (130)

60 with primary MR due to prolapse (all grades)
in sinus rhythm

~ MR 4 -grades 1+ 10 4+
integrated approach

- High feasibility for determining 3D-TTE RegFrac (90% of patients)

- Highly specific cut-off value of 3D-TTE RegFrac > 40% to detect
significant MR (3+ or 4+)

- Large overlap zone for 3D-TTE RegFrac between 3 +and 4+ MR
grades

- Better discriminative value of 3D-TTE compared with 2D-TTE
RegFrac between 1 and 2+ vs. 3-4+ MR grades

Heo et al, 2017
131y

- 37 (validation group out of 152) who,
underwent CMR with primary (1= 27) or
secondary (n=10) MR (all grades)

- RegFrac by CMR volumetric
method

- Moderate correlation (r = 0.53) with poor agreement (~75; 40 ml)
between RegVol assessed by 2D-TTE versus CMR volumetric
methods.

Levy et al, 2018
(132)

53 with primary MR due to prolapse (all
grades)

- RegVol by CMR volumetric
and 2D-PISA methods

- High feasibility (86% of patients) for determining 3D-TTE RegVol
using automated fast 3D-TTE software (HeartModel)

- Excellent inter- and intraobserver reproducibility for RegVol
between 3D-TTE and CMR volumetric methods (56 + 28 ml vs.
57:+23 ml) but significantly higher using 2D-PISA (69 30 ml)

Lee et al,, 2018
(133)

166 with severe primary MR due to chordac
rupture in sinus thythm

- RegVol by 2D-PISA

- Discordant MR severity grading found in 41% of patients using
RegVol (>60 ml by 2D-PISA but < 60 ml by 2D-TTE volumetric
method)

- Moderate correlation (r = 0.53) with poor agreement (~25; 162 ml)
between RegVol assessed by 2D-TTE volumetric versus 2D-PISA
‘methods.

- Small LV EDV or narrow PISA angle associated with over-
estimation of RegVol by PISA versus 2D-TTE volumetric methods.

Alles et al,, 2022
(134)

~ 188 with moderate-to-severe or severe primary
MR due to prolapse in sinus rhythm

- RegVol by 2D-PISA and
CMR volumetric methods

- Weak correlation (7= 0.30) with poor agreement (-37; 63 ml)
between RegVol assessed by 2D-TTE volumetric versus 2D-PISA
methods.

- Moderate correlation (r = 0.5) between RegVol assessed by 2D-TTE
versus CMR volumetric methods

- Fair correlation between LVEDY and RegVol (r=0.68) but not
RegFrac (r=0.17) assessed by 2D-TTE volumetric methods
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Unmatched Matched

Full Sternotomy Mini- p-value | SMD Full Mini- pvalue

thoracotomy Sternotomy |  thoracotomy
n=261 n=214
Age 62 (53.5-69) 59 (52-67) 64 (56-71.3) <0.001 60 (53-68)
Female Sex 206 (34.4) 124 (36.7) 82 (31.4) 138 (322) 69 (32.2)
Body Mass Index 258 (23.3-28.6) | 26.4 (23.3-29.5) | 254 (23.3-27.1) | <0.001 | 0.375 | 25.4 (23.1-27.8) | 25.2 (22.7-28.6) | 25.6 (23.5-27.3) 0.9
Arterial Hypertension 322 (53.8) 201 (59.5) 121 (46.4) 0.002 | 0.265 214 (50) 112 (52.3) 101 (47.2) 05
Peripheral arterial disease | 10 (1.7) 8(24) 2(08) 02 0129 3(07) 2(09) 1(05) 1
Diabetes 2 42) 11(62) 1015) 0008 | 0244 8(L9) 119 4019 1
copp 29 48) 18 (53) 11(2) 07 002 19 aa) 1161 8(.7) 06
Previous Stroke 30 (5.0) 24 (7.0) 6023 001 028 9@l 523) 4019 1
Preoperative LVEF 65 (60-70) 65 (60-70) 65 (60-69) 03 | 0081 65 (60-70) 65 (60-70) 65 (60-69) 05
Barlow’s valve 83 (13.9) 54 (16) 29 (11.1) 0.1 0.143 60 (14) 31 (14.5) 29 (13.6) 09
STS PROM 0.46 (0.28-0.9) | 0.6 (0.33-1.17) | 0.36 (0.25-0.65) | 0.002 | 0.264 | 0.41 (0.26-0.72) | 0.43 (0.28-0.78) | 0.37 (0.25-0.67) 0.1

COPD, chronic-obstructive pulmonary disease; LVEF, left ventricular ejection fraction; SMD, standardized mean differences; STS PROM, predicted risk of mortality by STS

risk score model. Continuous data presented as median with interquartie range; categorical data presented bers with Unmatched
Wilcoxon rank-sum test and Pearson's chi-squared test; matched comparisons with Wilcoxon sign rank test and McNemar's test. Bold p-values indicate statistical
significanics wath- an aksha-lsvel of 0.05.
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Total cohort

n=761
Age 64 (55-72)
Female sex 25 (322)
BMI 259 (233-288)
Arterial hypertension 438 (576)
Peripheral arterial disease 16 (21)
Diabetes 43(57)
copD 47 (62)
Previous stroke 27 (529)
dialysis 10.1)
Preoperative LVEF 65 (60-69)
Barlow’s valve 108 (14.2)
Mitral annular calcification 38 (5)

STS PROM 0.56 (031-129)
Cardiogenic shock 5(0.7)
variables
Mild aortic stenosis

12 (1.6)

Mild AR 109 (16.2)
Moderate AR 18 27)
Severe AR 1(0.0)
Mild MS 12 (0.8)
Moderate MR 37 (49)
Severe MR 720 (949)
Mild TR 266 (35.6)
Moderate TR 101 (13.5)
Severe TR 11 (15)
Mild PR 77 (10.9)
Moderate PR 9(13)
Atrial fibrillation 177 (233)
Coronary artery disease 102 (13.4)
Ascending aortic dilation 12 (1.6)
Status post mediastinal rediation 1(0.1)
Dextrocardia 1(0.1)
HOCM 1(01)

COPD, chronic-obstructive pulmonary disease; LVEF, left ventricular ejection
fraction; SMD, standardized mean differences; STS PROM, predicted risk of
mortality by STS risk score model. Continuous data presented as median with
interquartile range: categorical data presented as numbers with percentages.
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Total cohort Sternotomy Mini-thoracotomy p-value

n=761 n=498

Conversion to ful sternotomy 3(11)
Repair techniques
Neochords. 433 (569) 216 (434) 217 (825) <0.001
Resection + 208 (27.3) 195 (39.2) 13 (49) <0.001
Neochords + resection + 79 (104) 50 (10) 29 (11.0) 08
Commissuroplasty + annuloplasty 8 (13.1) 8(1.6) 0(0) 0.09
Isolated annuloplasty 10 (1.3) 9(1.8) 1(04) 0.2
Extensive MAC debridement with posterior annular reconstruction 11(.4) 114 00 0035
Successful repairs 745 (97.9) 482 (96.8) 263 (100) 0.007
Of those, devices implanted
Physio I ring 632 (81.8) 375 (753) 261 (99.2) <0.001
Annuloflex band 89 (11.9) 8717.5) 208) <0.001
Annuloflex ring 12 (1.6) 12 (2.4) 0(0) 003
Carpentier band 203 204) 00 08
Carbomedics ring 9(1.2) 9018) 00 0.07
Other ring or band 10.1) 102) (0] 1
More than trace residual mitral regurgi 43 (57) 32 (64) 1142) 03
Converted to after failed repair 16 (2.1) 16 (32) 00 0.007
Of those, valve prostheses implanted
‘mechanical valve | 3(188) [ 3(188) | = [ 5
porcine tissue valve | 13613 | ey | - | -

MAC, mitral annular calcification. Data presented as nurmbers with percentages and compared by Pearson's chi-squared test. Bold p-values are <0.05 indicating statistical
- —
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OR 95% Cl p-value
LVOTpyp
LVOT1y 0.77 0.64-0.94 0.008
Age 1.01 0.97-1.06 0.56
Male 0.49 0.14-1.67 025
NYHA Class 3-4 1.50 0.44-5.07 0.51
LVEF 0.95 0.89-1.02 0.15
Atrial Fibrillation 256 0.52-12.70 024
LVESD 110 1.01-121 0.03
LAVI 1.03 1.00-1.05 0.01
Forward SVi
Forward SVi 0.93 0.87-0.99 0.03
Age 1.01 0.96-1.05 074
Male 055 0.17-1.84 033
NYHA class 3-4 144 0.43-4.82 0.54
LVEF 0.95 0.88-1.02 0.12
Atrial fibrillation 1.88 0.95-8.72 0.42
LVESD 1.09 1.00-1.20 0.05
LAVI 1.03 1.01-1.05 0.008
Forward LVEF
Forward LVEF 0.96 0.90-1.01 0.27
Age 1.01 0.97-1.05 0.68
Male 050 0.15-1.62 0.24
NYHA class 3-4 1.56 0.48-5.06 045
LVEF 0.94 0.88-1.01 0.08
Atrial fibrillation 1.34 0.31-5.73 0.69
LVESD 1.09 1.00-1.20 0.05
LAVI 1.03 1.01-1.05 0.01






OPS/images/fcvm-10-1076708/fcvm-10-1076708-t006.jpg
OR

LVOT vy
LVOTry <15 5.97 1.74-20.50 <0.01
Age 1.02 0.97-1.06 045

Male 0.54 0.16-1.85 0.32

NYHA class 3-4 1.63 0.48-5.49 043

LVEF 0.95 0.89-1.02 0.14

Atrial fibrillation 2 0.43-10 0.36

LVESD L12 1.02-122 0.01

LAVI 1.03 1.01-1.05 0.004
Forward SVi

Forward SVi <31 ml/m* 4.15 1.43-12.05 <0.01
Age 1.01 0.96-1.05 077

Male 053 0.15-1.82 031

NYHA class 3-4 1.68 051-5.62 0.45

LVEF 0.95 0.89-1.02 0.18

Atrial fibrillation 1.81 038-8.33 045

LVESD 110 1.00-1.20 0.05

LAVI 1.03 1.01-1.05 0.008
Forward LVEF

Forward LVEF < 30% 4.02 1.31-12.36 0.01

Age 1.01 0.97-1.05 0.72

Male 0.50 0.15-1.68 0.26

NYHA class 3-4 1.64 0.49-5.47 0.42

LVEF 0.93 0.87-1.00 0.06

Atrial fibrillation 1.26 028-5.55 075

LVESD 1.07 0.98-1.17 0.15

LAVI 1.03 1.01-1.05 0.01
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References
Morningstar,

2021 (3)

Study population
=6 patients with severe MR

secondary to MVP and indication for

MV repair

Analyses
- Masson’s trichrome stain
- collagen stain

Main findings
- pronounced replacement fibrosis within the inferobasal myocardium with
little evidence of fibrosis within the apex or interventricular septum
- increased collagen I protein in fibrotic regions
- myocytes bordering the fibrotic zone with changes in cell size and presence
of disorganized sarcomeres
- peripapillary zone with numerous activated myofibroblasts
- increase of CD206™ cells in the papillary region compared to septum or apex

Han, 2021 (48)

=17 SCD patients with MVP

=17 age, gender- and BMI-matched

controls with noncardiac causes of
death

- picrosirius red stain

~ endocardial to-epicardial gradient of fibrosis with the highest amounts in
the inner third

- more interventricular septum fibrosis in MVP-SCD victims than in controls
- fibrosis in the RV free-wall comparable between MVP-SCD victims and
controls

- comparable fibrosis deposition in the anterior wall and the interventricular
septum

- comparable fibrosis deposition in the lateral and the posterior wall

Han, 2020 (22)

=70 autopsy cases of SCD with
isolated MVP

=70 autopsy cases of noncardiac,
‘motor vehicle accident death

- hematoxilin eosin stain
- connective tissue stain (van
Gieson, trichrome or picrosirius

red)

~ abnormal LV histological features in 79% of MVP cases

- patterns of interstitial and/or perivascular fibrosis

- 24% multisegment fibrosis, 29% focal fibrosis, 24% multisegment and focal
fibrosis

- 24% without fibrosis

- 85% fibrosis involving the subendocardial-midmural layer

- 15% transmural fibrosis

Garbi, 2018 (49)

=68 SCD patients with MVP as cause

of death

- hematoxilin eosin stain

~fibrosis found in 81% of the cases (89% confined to the LV, 1% involving,
the right ventricle)

 focal, intersttial fibrosis within the inner wall, involving particularly the
inner subendocardium, trabeculae and PMs

- fibrosis confluent within the inner third of the LV basal posterior wall, with
extensive replacement fibrosis extending into the trabecula and
posteromedial PM

- 18% with fibrosis within the lateral and anterior LV wall

- 24% with midwall interventricular septum fibrosis

Basso, 2015 (12)

n =43 SCD patients with MVP
=15 age- and sex-matched controls
with noncardiac causes of death

~ hematoxilin eosin stain

- connective tissue stain (van
Gieson, trichrome or picrosirius
red)

- LV myocardium with increased endomysial and patchy replacement-type
fibrosis at the level of PMs and adjacent free wall in 100% of the patients and
in the subendocardial midmural layer in the inferobasal wall under the
posterior MV leaflet in 88% of the patients

 focal fibrosis was present even with only mild MR

- mean fibrous tissue % area in MVP SCD victims is 30.5% at the level of PMs
and 33.1% in the inferobasal wall myocardium

- increased d and ic nuclei in the
LV myocardium at the level of PMs and the inferobasal wall

BMI, body mass index; LV, left ventricle; MR, mitral regurgitation; MV, ritral valve; MVP, mitral valve prolapse; PM, papillary muscle; RV, right ventricle; SCD, sudden cardiac
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CMR Mitral leaflet MA LA MVP MAD/systolic Focal Ventricular Diffuse MR

techniques motion/thickness  diameter measurement measurement curling fibrosis volume and fibrosis quantification
motion function

SSEP long axis
views:

2-chamber X X X X

3-chamber x X X x

4- chamber X X X X

Short axis (MV X
level)

Short axis (base to X X
apex ventricles)

LGE (Dark blood X
for PM if possible)

T1 mapping/ECV x

Phase contrast X
velocity mapping
(sino tubular
junction)

CMR, cardiac magnetic resonance; MA, mitral annulus; LA, left atrium; MV, mitral valve prolapse; MAD, mitral annulus disjunction; MR, mitral regurgitation; SSEP, steady state free precession; LV, left ventricle: MV, mitral valve; LGE, late gadolinium enhancement;
PM, papillary muscles; ECV, extracellular volume fraction.
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CMR acquisitio

Cine imaging
2-chamber
3-chamber
4-chamber
Short axis on the mitral valve

Usefulness/advantages

Assessment of mitral valve apparatus and mitral valve leaflet
Diagnosis of MVP (3-chamber view) and identifying MR
Visualization of MAD

Assessment of mitral leaflet thickness in diastole
Measurement of mitral annulus diameter and atrial dimension
Gold standard modality for ventricular volumes (without
geometric assumptions), ejection fraction, LV mass and wall
thickness

Highly reproducible and accurate

Limitati

pitfalls

Lower spatial resolution than echocardiography (less
accurate to assess leaflet thickness and calcifications)

Less sensitive than echocardiography to visualize MR
Time consuming

Less accurate in case of arthythmic disorders

Limited in patients with breath holding difficulties

and claustrophobia

LGE imaging (bright blood and dark
blood).

Short axis LV stack

2-chamber

3-chamber

4- chamber

T1 mapping. Pre and post contrast
(15 to 20°). Short axis view

Unique non invasive modality to visualize and quantify focal
fibrosis in the myocardium and at the level of the papillary
muscles

Predictors of ventricular arrhythmic event

Allows measurement of ECV: marker of diffuse
interstitial fibrosis

Requires administration of intravenous contrast agent

Requires recent hematocrit value and administration of
intravenous contrast agent

2D phase contrast velocity imaging
(to measure AFF) and contiguous
short axis cine images for LVSV/

MR quantification (MR vol=LVSV-AFF; RF=MR vol/LVSV)
Highly accurate including patients with multiple regurgitation
Independent of jet morphology

Simple equation to calculate regurgitant volume and RF

Requires two different sequences with their own potential
inter-observer and physiologic variabilities
Expertise for selecting the appropriate plane

CMR, cardiac magnetic resonance; MVE, mitral valve prolapse; LV, left ventricle; MAD, mitral annulus disjunction; LGE, late gadolinium enhancement; ECV; extracellular volume fraction; AFF,
aortic forward flow; LVSV, left ventricular stroke volume; MR vol, mitral regurgitant volume; RE, regurgitant fraction.
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Clinical
syndromes
Marfan syndrome

Genes

Proteins

“Fibrillin-1

“Fibrillin-2

TGE-p2

Functions

Structural and non-structural
functions of connective tissue

Loeys Dietz syndrome

IGEp
receptor 1

-TGFBR2

TGE-p
receptor 2

Excessive TGE-p signaling:
SMAD2 accumulation
increasing connective tissue
formation

Aneurysms-
osteoarthritis
syndrome

-SMAD3

TGF- overexpression

Ehlers-Danlos
syndrome

~Collagen

type T a2
chain

Defective collagen fibers in
connective tissue

Pseudoxanthoma
elasticum

-MRP6

Lack of function: calcium
deposits in elastic fibers

Filamin A mutation
syndrome

“Filamin A

Embryological development,
cell migration and response to
mechanical stress

TEE-R trarsfonming orowih factor bets
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Occurrence Proteins Function
Familial
- MMVPI - -
- MMVP2 = -
- MMVP3 - -
- DCHSI - Protein dachsous homolog 1 - Cadherin: cell-to-cell adhesion for tissue morphogenesis and homeostasis
X-linked
FLNA - Filamin A - MAPK3 and MAP2K1 activation for mitral valve tissue proliferation
Sporadic - DCHS! - Protein dachsous homolog 1 - Cadherin: cell-to-cell adhesion for tissue morphogenesis and homeostasis
- pzIp1 - DAZ interacting Zinc finger protein - Cilium assembly
FILNC - Filamin C - Cell-to-cell adhesion
- MMP-3 - Matrix metalloproteinase-3 - ECM remodeling
- FBNI - Fibrillin-1 - Decrease binding of TGF-p binding proteins
- COL3AI - Collagen type I1l a1 chain - ECM structural protein for tissue resistance
- LM - Protein interaction domain - Cell migration regulation
- LMCDI - LIM and cysteine-rich domains protein - Cell migration regulation
- INSI - Tensin 1 - Cell adhesion control
- GLISI - Glis family Zin finger 1 - Transcription factor involved in cell reprogramming and proliferation
- LTBP2 - Latent TGE-b binding protein 2 - ECM protein
- TGEB2 - TGEb2 - ECM protein
- ALPK3 - Alpha kinase 3 - Myocyte hypertrophy

ECM, extracellular matrix:

¢ TGE=R, frarsfciining orowth BEIcr-bets,
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Characteristics

Hereditary
transmission

Non-syndromic
MVP

Sporadic or familial forms

Syndromic MVP

Defined genetic transmission
from known syndromes (most
often CTDs)

Prevalence

More common (about 2%
of general population)

Less common (1:5,000 births)

Age at diagnosis

Middle aged adults

‘Young agefat birth

Clinical
manifestation

Isolated, primary mitral
regurgitation

Mitral regurgitation associated
with other organs involvement
according to the specific
syndrome

Multifactorial genetic
alterations and external
factors

Specific gene mutations

Molecular pathways
involved

TGE-p pathway activation
Upregulation of
adherence molecules

TGE-P pathway overexpression
Nuclear accumulation of
SMAD2

Histological
phenotypes

Accumulation of myxoid
ECM in leaflets and
chordae tendineac

Proliferation of valvular
interstitial cells

Defect in collagen fibers
Calcium accumulation

CTD, connective tissue disease; ECM, extracellular matrix; TGF-p, transforming

growth factor-beta.
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e Myxomatous degeneration
e Inflammation

e Serotonin-mediated mechanism
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Medical imaging appearance (8-10y) \
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j @ Economics JAS
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Main findings:
e Proliferation & migration associated
developmental origin for MVP

Genetic engineering
Therapeutic targets
testing
Aging process
Very well characterized
Physiological relevance
Inbreeding

v,

FInA (c)l}((?, Dchs1 I}((? Dzip1 cll(<|0, Ths1 KO

A
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( Rodent models )—J
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High heart rate

Difficult echocardiography
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Inbreeding

\. J

Main findings:

e Myxomatous degeneration
Mecanotransduction

Erk1/2 mediated

EMT

Developmental origin
Serotonin-TG2-FInA mediated mechanism

Hematopoietic-derived cells infiltration
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2DTEE  Standard Standard Advanced  Advanced

3D TTE 3D TEE 3DTTE 3D TEE
Feasibility +++ ++++ +++ +4+++ +++ +4++
Accuracy in the evaluation of MV morphology ++ +++ +++ ++ 4+ +++ ++++
Differentiation between simple and complex MV prolapse ++ +++ +++ ++++ +++ ++++
Characterization of MV leaflets texture + ++ ++ +++ ++ 4+
Chordal evaluation ++ +++ +++ +++ +++ ++++
Cleft detection + ++ ++ +++ +++ ++++
MA measurements + + ++ il e i
MR quantification +4++ ++++ +++ +++ +++ +++
Accuracy in the identification of MR origin ++ +++ +++ +++ +++ + 4+ ++

2D, two-dimensional; 3D, three-dimensional; MA, mitral annulus; MR, mitral regurgitation; MV, mitral valve; TTE,

transesophageal echocardiography. The role of 3DE in the evaluation of MVP is graded in symbols, in a scale from + to + + +-+.

transthoracic ~ echocardiography;

TEE,
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Qualitative parameters

Number of involved scallops

Commissural or anterior leaflet involvement

Leaflet abnormalities (clefts or calcification)

Annular calcification

Identification of multiple regurgitant jets

Quantitative parameters Normal values

3D VCA (cm?) <0.4 (cut-off for severe MR)
MA circumference (mm?) 106 % 10

MA area (mm?) 738 £ 125

P2 height (mm) <20

A2 height (mm) <26

Intertrigonal distance (mm) 3043

3D, three-dimensional; MA, mitral annulus; MR, mitral regurgitation; VCA, vena
contracta area. Modified from Pastore et al. (75).
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rocedural evalua

3D assessment of MV anatomy and identification of leaflet abnormalities

Measurement of 3D VCA, location of the regurgitant orifice and
identification of multiple MR jets

Favorable echocardiographic features

A2/P2 prolapse

Flail gap <10 mm and flail width <15 mm

Non-tethered leaflets with leaflet length >10 mm

MV area >4 cm? and baseline MV mean gradient <3 mmHg

Single central jet or jet has a dominant central location

Transseptal crossing height to MA plane >4 cm

Challenging echocardiographic features

Barlow’s disease

Commissural or anterior leaflet prolapse

Multisegmented prolapse/flail

Significant cleft; leaflet or chordal calcification within the grasping zone;

leaflet perforation

Severe MA calcification, with <5 mm of leaflet available for grasp

Posterior mitral leaflet length <7 mm

MV area <4 cm? and baseline MV mean gradient 4-5 mmHg

Small LA size

Safe and optimal site of transseptal puncture

Introduction of the steerable guide catheter into the LA and advancement of
the clip delivery system

Safe steering of the clip delivery system and its alignment perpendicular to
the MV coaptation plane

Adequate grasping of the leaflets

Assessment of MR reduction (3D VCA), device release and exclusion of
significant mitral stenosis (3D TEE MV area)

3D, three-dimensional; LA, left atrium; MA, mitral annulus; MR, mitral regurgitation;
MYV, mitral valve; VCA, vena contracta area.
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Pre-operative (0] 95% Cl
parameters

LVOTpy;

LVOT1v1 0.75 0.62-0.91 <0.01
Age 1.02 0.98-1.06 0.42
Male 0.48 0.15-1.57 022
NYHA Class 3-4 1.40 0.44-4.45 0.57
LVEF 0.95 0.89-1.02 0.15
Atrial Fibrillation 2.06 0.45-9.50 0.35
LVESD 111 1.02-1.21 0.02
Forward SVi

Forward SVi 0.93 0.87-0.99 0.02
Age 1.01 0.97-1.05 0.58
Male 0.56 0.18-1.77 0.32
NYHA Class 3-4 1.35 0.43-422 0.60
LVEF 0.95 0.89-1.01 0.11
Atrial Fibrillation 1.37 0.32-5.80 0.66
LVESD 1.10 1.01-1.20 0.02
Forward LVEF

Forward LVEF 0.96 0.92-1.00 0.07
Age 1.01 0.97-1.06 0.49
Male 0.52 0.16-1.64 0.26
NYHA Class 3-4 1.46 0.47-4.47 051
LVEF 0.94 0.88-1.00 0.05
Atrial Fibrillation 1.03 0.26-4.09 0.96
LVESD 1.09 1.00-1.19 0.06
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Age (year) 6413
Female (%) 51(26)
Diabetes mellitus (%) 3(1)
Hypertension (%) 46 (23)
Atrial fibrillation (%) 45(23)
Chronic lung disease (%) 13(6)
Chronic renal insufficiency (%) 2()

NYHA functional class (%)

1(%) 37(18)
11 (%) 117 (59)
11 (%) 40 (20)
1V (%) 4(2)

Euroscore Il (%) 14+ 1.1

BNP (pg/ml) 126+ 133
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198

MR ERO (mm)? 50415
MR RVol (mL) 97 £ 41
LVEDD (mm) 58+7
LVESD (mm) 35+7
Indexed LVEDD (mm/m?) 3244
Indexed LVESD (mm/m?) 1944
LVEDV (ml) 190+ 53
LVESV (ml) 59+24
Indexed LVEDV (ml/m?) 103 £ 25
Indexed LVESV (ml/m?) R2+12
LVEF (%) 69+9
LVOT1vi (em) 16+3
Forward SV (ml) 63+ 16
Forward SVi (ml/m?) 37+8
Forward LVEF (%) 3813
Indexed LA volume (ml/m?) 72424
SPAP (mmHg) 4015
Mitral valve prolapse

Posterior leaflet

P1 (%) 29 (14)
P2 (%) 173 (87)
P3 (%) 4221
Anterior leaflet

Al (%) 9(4)
A2 (%) 31(15)
A3 (%) 18(9)
Flail leaflet (%) 143 (72)
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Preoperative

No post op LV dysfunction
( 177,

parameters

Age (y.0) 6344+ 12.3 64.1 15 1.0 0.97-1.04 0.82
Male gender 132 (74.5%) 15 (71.4%) 0.85 0.32-2.51 075
Symptoms 38 (21.5%) 6(28.5%) 146 0.49-3.87 046
Atrial fibrillation 18 (10.2%) 4(19.1%) 2.08 0.55-6.38 023
LVEF (%) 70 [64-75] 65 [56-69. 0.91 0.86-0.96 <0.01
LVEDD (mm) 58 (53.7-62] 60 [50-66; 1.06 0.99-1.13 0.06
LVESD (mm) 35 [30-40; 40 [35-44. 112 1.05-121 <0.01
Indexed LVEDD (mm/m?) 29[18-31 31 [27-34 114 1.02-127 0.02
Indexed LVESD (mm/m?) 19 [16-21 23 [21-24 1.30 1.12-1.46 <0.02
LVEDV (mL) 187 [155-219) 197 [159-246) 1.00 0.99-1.01 023
LVESV (mL) 53 [41-71 73 [52-96. 1.03 1.01-1.05 <0.01
Indexed LVEDV (mL/m?) 102 [86-114] 111 [96-130] 1.01 0.99-1.03 0.13
Indexed LVESV (mL/m?*) 29 [23-37] 41 [31-52; 1.06 1.02-1.09 <0.01
ERO (mm?) 60 [48.5-80] 74 [56-94. 1.01 1.00-1.02 033
Regurgitant volume (mL) 90 [70-110) 92[72-112) 1.00 0.99-1.01 079
LVOTrvi (em) 16 [14-19; 14 [12-15; 072 0.60-0.85 <0.01
Forward SVi (mL/m?) 37 [32.5-42.7] 27.5[26.9-35.4] 0.90 0.84-0.96 <0.01
Forward LVEF (%) 37.3 [30.6-47.2] 26.1 [24.1-34.6] <0.01 <0.01-03 0.02
LAVI (ml/m?) 69.5[53.7-85) 94 [70-106] 1.03 1.01-1.05 <0.01
SPAP 35 [28-45] 46 [30-55] 1.02 1.00-1.05 0.05

Non-normally distributed data are reported as median and interquartile ranges.
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eGene TWAS NG | Proteomics | RNA-seq MAGMA | Literature Intronic Missense

TGFB2 1 X X X X

SPTBN1 2 X X X X X X
TNP1 2 X

TNS1 X

DIRC3 X

LMCD1 3 X X X X X
CAND2 3 X X X

TMEM40 X X

RBM20 10 X X X

BAG3 10 X X X X
BRAP 12 X X

ATXN2 . 1 X X X X
SH2B3 X X
ADAMIB X

TBX5 12 X X
MZT1 13 X X

DACHI X

LTBP2 14 X

NMB 15 X X

ALPK3 X X X X X

WDR73 X X X X

SECI11A X X X

ZNF592 - X X

ZSCAN2 X

UBE2Q2L X X

CSPG4P12 X

GOLGA2P7 X

LIN00933 X

RP11-182]1.14 X

RP11-182]1.18 X

ERCC4 16 X X

MEOX1 17 X

GLIS1 1 X X X

eGene, expression quantitative trait locus gene; GWAS, genome-wide association study; MAGMA, multi-marker analysis of genomic annotation; MVP, mitral valve prolapse; NG, nearest gene(s);
RNA-Seq, RNA sequencing; TWAS, transcriptome-wide association study. Each line corresponds to a candidate gene. Each column presents the lines of evidence for each gene. Cross indicate that
the evidence is present.
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Gene or chromosome defect Defect localization/Mechanism

Syndromic MVP
Trisomy 18, 13, 15 Chr 18, 13, 15 —
Down syndrome Chr 21 -
Marfan syndrome FBN1 Chr 15 TGFBRI Chr 9 TGFBR2 Chr 3 TGEFB pathway
MASS FBN1 Chr 15? TGEFB pathway?
Loeys-Dietz syndrome TGFBR1 Chr 9 TGFBR2 Chr 3 SMAD3 Chr 15 SMAD2 Chr 18 TGFB2 Chr 1 TGEFB pathway
TGFp3 Chr 14
Juvenile polyposis syndrome SMAD4 Chr18 BMPR1A Chr10 TGEFB pathway
Aneurysms-osteoarthritis syndrome SMAD?3 Chr 15 TGEFB pathway
Ehlers-Danlos syndrome Multiples genes, some forms with valve dystrophy ECM
Osteogenesis imperfecta COL1A1 Chr 17 ECM
Williams-Beuren syndrome ELN Chr 7 ECM
Pseudoxanthoma elasticum MRP6 (ABCC6) Chr 16 ECM
BDCS or FTH syndromes SH3PXD2B Chr 5 Podosomes/cell migration
Larsen-like syndrome B3GAT3 Chr 11 ECM/glycosaminoglycans
Sinus node dysfunction, arrhythmias, LVNC | HCN4 Chr 15 Tonic channel/heart development
Non-syndromic MVP
FilaminA-MVD/MVP FLNA Chr X Mechanotransduction, ciliation
Dachsous1-MVP DCHSI Chr 11 Cell migration and polarity, ciliation
DZIP1-MVP DZIP1 Chr 13 Ciliation

BDCS, Borrone dermato-cardio-skeletal; ECM, extracellular matrix; FTH, Frank-Ter Haar; LVNG, left ventricular non-compaction; MASS, mitral aorta skeleton and skin phenotype.





