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Mitral regurgitation (MR) was the most common heart valve disease. Surgical repair with artificial chordal replacement had become one of the standard treatments for mitral regurgitation. Expanded polytetrafluoroethylene (ePTFE) was currently the most commonly used artificial chordae material due to its unique physicochemical and biocompatible properties. Interventional artificial chordal implantation techniques had emerged as an alternative treatment option for physicians and patients in treating mitral regurgitation. Using either a transapical or a transcatheter approach with interventional devices, a chordal replacement could be performed transcatheter in the beating heart without cardiopulmonary bypass, and the acute effect on the resolution of mitral regurgitation could be monitored in real-time by transesophageal echo imaging during the procedure. Despite the in vitro durability of the expanded polytetrafluoroethylene material, artificial chordal rupture occasionally occurred. In this article, we reviewed the development and therapeutic results of interventional devices for chordal implantation and discuss the possible clinical factors responsible for the rupture of the artificial chordal material.
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1 INTRODUCTION
Mitral regurgitation (MR) was a common heart valve disease in clinical practice and was characterized by the backflow of blood from the left ventricle to the left atrium during diastole (Enriquez-Sarano et al., 2009; Xu et al., 2022). A large number of patients require urgent treatment (Li et al., 2016). The mitral apparatus consisted of the mitral annulus, leaflets, commissures, chordae tendineae, posterior left atrium, LV free wall, and papillary muscles; dysfunction of any of these components may lead to mitral valve pathology, including MR (Figure 1A, Figure 1B) (Ali et al., 2020). Among them, degenerative MR (DMR) caused by structural lesions of the valve itself, such as mitral valve stenosis or prolapse due to redundancy or chordal rupture, was one of the main etiologies of MR (Soulat-Dufour and Addetia, 2020). Different treatment modalities were chosen clinically depending on the etiology of MR, which was divided into mitral valve replacement and repair. With better long-term outcomes, fewer valve-related complications, and lower mortality (Gillinov et al., 2008), mitral valve repair has emerged as a treatment option for patients with DMR.
[image: Figure 1]FIGURE 1 | (A) Atrial and sagittal views of mitral valve. Left, P1-A1 was anterolateral, P3-A3 was posteromedial. Right, Sagittal view showing subvalvular supporting structures. A indicates anterior; P, posterior; and PM, papillary muscle (Ali et al., 2020). (B) Mitral Valve Anatomical Map. (C) Comparison of artificial and native chordae, reoperation after 12 years (Salvador et al., 2008).
Mitral valve repair mainly consists of annuloplasty (96.1%), leaflet resection (58.9%), and prosthetic chordae repair (29.2%) (Gammie et al., 2018b). With the development of technology, “preservation without resection” was the principle of mitral valve repair surgery. This allows complete preservation of lobular tissue and subvalvular structure to better preserve left ventricular function. A meta-analysis of 6,046 patients in 17 studies of mitral valve repair by Ibrahim et al. (2012) showed that the “preserved method” was superior to the “resected method.”
Artificial chordae surgery repairs mitral prolapse or flail leaflets by replacing the diseased chords with a string-like material. This approach does not affect the surrounding valve structure and was more in keeping with the physiological anatomy of the valve. It has become the standard of care for DMR (Bortolotti et al., 2012b).
Although surgical mitral valve repair has a good long-term therapeutic effect, it must be performed under the conditions of thoracotomy and extracorporeal circulation, which were more invasive. Compared with surgical thoracotomy, minimally invasive interventional repair devices can be performed under non-extracorporeal circulation and continous heartbeat, with the advantages of less trauma and faster postoperative recovery (Ahmed et al., 2021).
The artificial chord intervention instrument was a minimally invasive interventional technique based on surgical mitral valve chordal repair, which may be divided into transapical chordal repair and transcatheter chordal repair according to the surgical approach. It could capture the prolapsed or tethered leaflet under ultrasound and/or x-ray guidance and implant the prosthetic chordae. It could also be readjusted to the appropriate length to restore leaflet alignment and reduce or eliminate MR (Fiocco et al., 2019). Many artificial chordae interventional devices have been developed based on this principle (Maisano et al., 2013), and some of them have entered the clinical or commercial application stage.
This review reports the development of artificial chordae materials, the principles of two routes of artificial chordae intervention devices, implantation methods, force differentials, and their clinical application effects and failure modes.
2 DEVELOPMENT HISTORY OF ARTIFICIAL CHORDAE MATERIALS
The selection of materials was particularly critical for chordal replacement. The selection and research of artificial chordal materials began as early as the mid-20th century (David, 2004). To have a stable function under the complex physiological environment and long-term stress conditions in vivo, the ideal material should have the following properties: 1) High tensile strength and inelasticity to avoid fracture or deformation under the action of stress. 2) Resistance to calcification and mineral deposition to prevent hardening or fracture of the artificial chord after calcification. 3) Good fatigue properties, resistant to creep or fracture. 4) Fine, pliable, and capable of retaining this property long after implantation. 5) Porous structure that allows tissue growth to form a stable fibrous envelope and endothelial layer. 6) Good biocompatibility, resulting in producing an acceptable inflammatory response and resistance to thrombosis (Kunzelman and Cochran, 1990; David, 2004; Casado et al., 2012).
Initially, silk sutures, polyester sutures, polypropylene sutures, and pericardium were used to be artificial chords; however, they all had certain limitations and were abandoned due to changes in length and thrombosis after implant (January et al., 1962; Kay and Egerton, 1963; Morris et al., 1964; David, 2004). Among the pericardial materials, thickening, and stiffening, and contracture were found early after implantation of the autologous pericardium (Rittenhouse et al., 1978); while for allogeneic pericardial materials, a certain degree of flexibility was maintained in the early stage of implantation, but they showed insufficient long-term effects with fibrous hyperplasia, calcification, thickening and stiffness 3 years later (Frater et al., 1983). These materials must experience more than hundreds of millions of cardiac contractions. Because they had less flexibility, tensile strength, histocompatibility, and durability, they were difficult to fully meet the application requirements, so they have not been used and commercialized in large-scale clinical applications.
It was reported that expanded polytetrafluoroethylene (ePTFE) sutures were the gold standard in current clinical practice for the use of artificial chordae (David, 2022). The ePTFE suture was a microporous, non-absorbable monofilament suture made of PTFE that can stretch and expand, and also had many other unique properties. The molecular formula of ePTFE was the same as PTFE. Its chemical structure was very stable and resistant to hydrolysis and aging. The expanded and stretched ePTFE suture had good flexibility and tensile strength. It also had good biocompatibility and carries negative surface charges consistent with endothelial cells, making it less prone to thrombosis (Wang G. et al., 2022). The surface of the microporous structure was conducive to tissue growth, and the degree of inflammation was lower than that of the multifilament braided sutures (Nistal et al., 1990).
Gore’s GORE-TEX® ePTFE product was commercially used in clinical practice and was approved by the FDA in 1985. Two major sizes were shown in Table 1.
TABLE 1 | GORE-TEX® ePTFE suture.
[image: Table 1]When ePTFE was used for artificial tendons, it was found that after a few months of implantation, the surface was covered with fibers and endothelial tissue. This discovery was a major stimulus for ePTFE research. The two pioneers who extensively tested ePTFE on animals were Frater and Revuelta (Pomar et al., 2013). Revuelta et al. (1989) used ePTFE sutures as artificial chordae to replace the chordae of the ovine mitral valve. They resected one or two marginal chordae of the anterior leaflet of the mitral valve in 35 sheep and replaced them with a double-armed, pledget-supported, expanded polytetrafluoroethylene suture. The 30 surviving animals were hemodynamically studied and euthanized 3, 6, 9, 18, and 24 months after surgery. None of the sheep experienced mitral insufficiency. All specimens had normal mitral valves without thrombosis. The polytetrafluoroethylene suture remained pliable and was incorporated into the anterior leaflet and papillary muscle. Scanning and transmission electron microscopy showed that the suture was completely covered by a sheath of tissue with a collagen structure remarkably similar to that of native chordae. There was no evidence of calcification in the new chordae. This reproducible and safe technique may greatly simplify the difficult repair of chordae anomalies. This result was also confirmed in an authoritative article on chordal replacement published by Zussa (1996). Based on discussions with Frater, David began using the ePTFE suture as an artificial chord in the clinical treatment of DMR patients in 1989, and has done so for over 30 years (David, 1989). David et al. (2013) reviewed the long-term outcomes of 606 patients with ePTFE artificial chordal between 1986 and 2004. During the 18-year follow-up period, the cardiogenic mortality rate related to valvular disease was 8.5%. The reoperation rates at 1 year, 10 years, and 18 years were 1.4%, 5.3%, and 9.8%, respectively, and recurrent moderate/severe MR was 1.5%, 12.2%, and 32.5%. Hata et al. (2014) also reported on the long-term outcomes of 224 patients who received ePTFE artificial chordae between 1988 and 2013. Over 20 years, the mortality rate related to cardiac and valvular disease was 3.1%. The reoperation rates at 1, 10, and 20 years were 7%, 16%, and 26%, respectively, and recurrent moderate/severe MR were 9%, 18%, and 41%. These studies demonstrated that the clinical efficacy of early and long-term use of ePTFE suture as an artificial chord to repair DMR valve prolapse was effective.
The long-term durability of ePTFE artificial chordae was closely related to their biocompatibility. This has been confirmed by the histopathology of many ePTFE chordae taken removed during reoperations. The ePTFE sutures implanted in vivo remained macroscopically smooth and pliable, with a morphology close to that of native chordae (Figure 1C) (Salvador et al., 2008). Histopathologic examination showed that protein infiltrated into the internal microporous structure of ePTFE, and the surface was covered with fibrous tissue and endothelium by histopathological examination. These tissue-material composite artificial chordae were formed by the interaction between the material and the organism. It improved the suture and reduced the inflammatory response and thrombosis, ensuring its long-term stability in the body (Hata et al., 2014).
3 IMPLANTATION METHODS AND DIFFERENCES BETWEEN ARTIFICIAL CHORDS
ePTFE sutures have been used as artificial chordae for more than 35 years with proven durability and clinical efficacy. Currently, ePTFE sutures were used in both surgical and minimally invasive interventional devices. There were three methods of implantation: 1) surgical thoracotomy; 2) minimally invasive transapical implantation; and 3) transfemoral vein/atrial septal implantation (David, 2004; Fiocco et al., 2019). The advantages and disadvantages of the above repair techniques were listed in Table 2 and Figure 2 summarized the development process of artificial chordae implantation technology and various representative devices.
TABLE 2 | Advantages and disadvantages of the interventional repair techniques.
[image: Table 2][image: Figure 2]FIGURE 2 | The development process of artificial chorda implantation technology.
3.1 Surgical thoracotomy implantation
The surgical method of artificial chordae implantation was to stop the heart beating with the support of extracorporeal circulation, then fully exposed the heart through a median sternotomy. The mitral valve was exposed through the right atrium-atrial septal incision or a combined right atrium-atrial septal-left atrial apex incision, and artificial chordae were implanted under direct visualization (Figure 3) (Morris et al., 1964).
[image: Figure 3]FIGURE 3 | (A) Regurgitant jet produced by chordal rupture attached to posterior leaflet as seen from right thoracotomy. (B) Prosthetic chorda attached to flailing leaflet. (C) Pulley stitch completed in the ventricular wall. Tension adjusted on chorda, restoring leaflet position. (D) Prosthetic chorda anchored at the atrial wall and excess length excised (Morris et al., 1964).
Due to cardiac arrest, the suture length cannot be adjusted in real time to determine whether to eliminate regurgitation, and the smoothness of the ePTFE suture made tying the knot difficult, Therefore, surgeon experience was very important (Madhurapantula et al., 2020). The position of the chordae anchor was at the edge of the valve leaflet and the papillary muscle, which corresponded to the physiological and anatomical structure and had a good long-term effect. However, it was very traumatic for patients, and the postoperative recovery period could be as long as 6 weeks (Oh et al., 2020). A study of 449 patients who underwent mitral valve surgery from January 1995 to December 1999 showed that the operative mortality rate was 4.4%. Therefore, it may not applied to many patiens at high surgical risk patients due to poor cardiac function, high comorbidity, advanced age, and other factors (Bech-Hanssen et al., 2003).
3.2 Minimally invasive transapical implantation
Minimally invasive apical implantation was the implantation of ePTFE artificial chordae under 2D and 3D transesophageal echocardiographic (TEE) guidance without cardiopulmonary bypass while the heart continued to beat. In this method, only a small incision of approximately 4 cm was made in the fifth or sixth intercostal space to expose the cardiac apex of the heart, followed by deployment of the apical load and a ventriculotomy to establish the apical access (Figure 4) (Colli et al., 2018a). The artificial chordae were implanted and anchored to the edge/root of the leaflets and the apical part of the epicardium, guided by TEE. As the heart beats continuosly during the procedure, the suture length can be adjusted in real-time to determine the optimal length. Because the access of the transapical minimally invasive repair device was short, it had advantages such as short operation time, easy operation and high success rate. Although this approach was less traumatic for patients than surgical thoracotomy, it was prone to complications such as pericardial adhesions or left ventricular rupture due to damage to the apical and pericardial tissues (Blumenstein et al., 2012; Simões Costa et al., 2021).
[image: Figure 4]FIGURE 4 | Transapical NeoChord mitral valve repair (Colli et al., 2018a).
3.3 Transcatheter implantation
Transcatheter implantation meant that the device entered through the femoral vein, punctures the interatrial septum, and then entered the left atrium and ventricle to complete the implantation of artificial chordae anchored at the edge of the valve leaflets and the papillary muscle under the guidance of echocardiography and digital subtraction techniques (Figure 5) (Rogers and Bolling, 2021; Weber et al., 2021). This approach allowed real-time adjustment of chordal length without the need for cardiac arrest or extracorporeal circulatory support. It also required no thoracic or cardiac incision, which was minimally traumatic for the patient, who recovered quickly and was discharged 2–3 days postoperatively (Oh et al., 2020).
[image: Figure 5]FIGURE 5 | ChordArt implant. There were nitinol leaflets and papillary muscle anchors with an ePTFE chord (Rogers and Bolling, 2021; Weber et al., 2021).
However, the success rate of transcatheter chordae implantation was low due to the length of the approach, the complexity of the mitral valve anatomy, the difficulty of the technique, and the narrow indication. It was currently in the early stages of development.
3.4 Differences of surgical, transapical and transcatheter repair
3.4.1 How many and where to place the artificial chordae
Depending on the extent and location of the prolapsed area, the number and placement of the artificial chordae may vary. One study found that the artificial chordae tendineae technology could preserve the effective opening area of the valve leaflet to the maximum extent, and could effectively cope with large-scale pathological changes by inserting a plurality of artificial chordae tendineae, better preserving the systolic and diastolic function of the left ventricle (Perier et al., 2008). A few studies have reported outcomes after mitral valve repair with artificial chordae including surgical repair and transapical repair (Table 3).
TABLE 3 | Differences of mitral valve repair therapeutic strategy.
[image: Table 3]3.4.2 The position of the artificial chordae tendineae fixation
Surgical implantation of artificial chordae was a technique that was gaining acceptance. This technique involved suturing one or more artificial chordae to the head of a papillary muscle and the other end of the artificial chordae to the prolapsed leaflet (Aubert and Flecher, 2010). The length of the artificial chordae was appropriately adjusted to maintain the free edge of the anterior mitral leaflet at the same level as the free edge of the posterior leaflet below the annular plane to obtain an adequate area of apposition (Zussa et al., 1997). All chords attached directly to the papillary muscle (PM). The posteromedial PM gave chords to the medial half of both leaflets (i.e., posteromedial commissure, P3, A3 and half of P2 and A2) (Figure 1A). Similarly, the anterolateral PM chords attached to the lateral half of the MV leaflets (i.e., anterolateral commissure, A1, P1 and half of P2 and A2). During surgical mitral valve repair, the physician arrached another segment of the artificial chordae tendineae to the papillary muscle following the normal anatomy.
In minimally invasive apical implantation, ePTFE artificial chordae were implanted on the leaflet and the chordae were stretched until adequate leaflet coaptation was achieved and then all chordae free ends were secured to the LV wall (Colli et al., 2018a). Annabel M et al. performed an in vivo biomechanical study of apical versus papillary neochordal anchoring for mitral regurgitation. Force tracings were compiled for each class of chordae at baseline, after prolapse, and after both repair techniques. Baseline forces were recorded for primary (0.18 N ± 0.08 N) and secondary (0.94 N ± 0.31 N). Echocardiographic and hemodynamic data confirmed that the repairs restored physiological hemodynamics. Forces on the chordae and neochord were lower with papillary fixation than with apical fixation (p = 0.003). In addition, the maximum rate of change of force on the chordae and neochordae was higher for apical fixation than for papillary fixation (mean difference of 4.7 N/s, p = 0.028). Annabel M highlighted the impact of the anchoring position of artificial neochordae and might help guide strategies to increase durability. Although the development of minimally invasive and percutaneous devices for mitral valve repair was benefiting patients by providing superior survival and freedom from reoperation, adjustments to reduce leaflet stress were essential to fully utilize these new devices.
3.4.3 Chordal replacement in combination with partial leaflet resection
Chordal replacement with ePTFE strings to correct leaflet prolapse in patients with DMR was initially used for prolapse of the anterior leaflet, but over the years it was been used to correct prolapse of all segments of the MV. The use of Gore-Tex sutures as artificial chords to replace native chordal has largely been used to correct prolapse of the anterior leaflet, commissural areas, and posterior leaflet with heights of 20 mm or less. However, large, voluminous posterior leaflets with prolapse must first be treated with partial resection followed by chordal replacement. Patients with advanced myxomatous degeneration often had large posterior leaflets and associated posterior displacement of the posterior mitral annulus. In these cases, the posterior leaflet was usually trimmed to a height of 15–18 mm, and the posterior leaflet was sutured back to the endocardium of the left ventricle with running 4-0 polypropylene sutures (David et al., 2020). In David’s study, isolated chordal replacement was used to correct prolapse in 186 (24.9%) patients and combined with leaflet resection in 560 (75.1%) patients. In their practice, chordal replacement with ePTFE sutures did not provide better results than MV repair using the established techniques of leaflet resection and chordal transfer, but it has dramatically increased the likelihood of MV repair in patients with MR due to leaflet prolapse.
Finite element results (Choi et al., 2017) showed that both repair techniques revealed reduced leaflet prolapse, decreased stress concentration, and restored leaflet coaptation. While neochordoplasty demonstrated further improved leaflet coaptation and superior posterior leaflet mobility, leaflet resection showed more uniform leaflet stress distributions. Virtual MV repair simulation has the ability to predict and quantify biomechanical and functional improvement after MV repair.
It could be said that chordal replacement with ePTFE sutures to correct mitral valve leaflet prolapse, either alone or in combination with leaflet resection all allowed a low probability of mitral valve reoperation and recurrent mitral regurgitation.
3.4.4 Concomitant combination therapy (COMBO)
A cohort of 595 (278 women, mean age 65 ± 16 years) consecutive patients with isolated mitral valve prolapse, with comprehensive clinical, rhythmic, Doppler echocardiographic, and consistent mitral annular disjunction assessment. The presence of mitral annular disjunction was common [n = 186 (31%)] in patients with mitral valve prolapse, generally in younger patients, and was not random but was independently associated with severe myxomatous disease with bileaflet mitral valve prolapse and marked leaflet redundancy (Essayagh et al., 2021). Javier G reported that 744 consecutive patients with degenerative mitral regurgitation and prolapse underwent mitral valve surgery from January 2002 to December 2010 (Castillo et al., 2012). All patients underwent mitral valve repair with concomitant annuloplasty with a median ring size of 32 mm, and 175 patients (23.5%) underwent PTFE chordoplasty. Mitral ring annuloplasty could reverse annular dilation and restored the zone of coaptation in appropriately selected patients (Yap et al., 2021). If neochordae were implanted, concomitant annular reduction might help restore better systolic leaflet coaptation and reduced neochord forces. For transapical and transcatheter devices, there were several types of transcatheter mitral valve repair (TMVr) that tareted the leaflets, annulus and chordae. Concomitant combination (COMBO) therapy of TMVrs was rarely used as a treatment and there were very few publications about this therapeutic strategy (Yokoyama et al., 2023), only transcatheter edge-to-edge repair has been combined with other interventional repair methods to treat mitral regurgitation. One could speculate that the COMBO approach might be a better option for patients suffering from severe MR with a selected anatomy where the combined devices could best play out their advantages, simultaneous mitral ring annuloplasty and PTFE chordoplasty as in surgical treatments.
4 ARTIFICIAL CHORDAE INTERVENTIONAL IMPLANTATION DEVICES
Artificial chordae interventional repair was based on the proven chordae implantation technique, which used special devices to repair the valve while the heart was beating. The following section described the principle, implantation methods, force differences, and therapeutic effects of the artificial chordae interventional devices.
4.1 Transapical artificial chordal intervention implantation devices
At present, the apical chordae repair devices that have entered the clinical stage included NeoChord DS1000 (NeoChord, United States), Harpoon TSD-5 (Edwards Life Science, United States), MitralStitch (Hangzhou Valgen Medtech Co., Ltd., China), and other products. The technical difference was mainly in the method of anchoring the chordae. NeoChord and Harpoon have received CE certification (Savic et al., 2018).
4.1.1 Neochord DS1000 system
The Neochord DS1000 system was the first CE-marked transapical minimally invasive chordae repair product with over 1,700 patients implantated and was currently in FDA pivotal clinical trials. The system consisted of the Gore-Tex CV-4 size ePTFE suture. The conveyor has the following functions: valve leaf capture, optical fiber sensor detection of valve leaf capture, and artificial chordal anchor valve leaf (Figure 6A) (Rucinskas et al., 2014; Fernando et al., 2020). The procedure consisted of entering the left ventricle through the apical channel, crossing the mitral valve into the left atrium under TEE guidance, and then opening the collet to capture the leaflet. After the fiber optic sensor confirmed the capture, the leaflet was punctured and one end of the artificial chord was anchored to the leaflet edge, and the other end was withdrawn from the heart and fixed apically after real-time adjustment of the chord length to eliminate regurgitation under TEE guidance (Rucinskas et al., 2014).
[image: Figure 6]FIGURE 6 | (A) The NeoChord DS 1000 system (Rucinskas et al., 2014; Fernando et al., 2020), (B) The Harpoon TSD-5 system (Gammie et al., 2016), (C) The MitralStitch system (Wang et al., 2018). Courtesy of (http://www.dinovamedtech.com).
Gerosa et al. (2021) reported a 3-year follow-up experience of a patients who underwent NeoChord DS1000 surgery for severe DMR due to single/bipartite leaflet mitral valve prolapse or flail between November 2013 and June 2019. The study enrolled 203 patients with severe DMR, of whom 200 (99%) had successful surgery (implantation of ≥2 pairs of chords and MR ≤ 1); patient survival rates and primary endpoints (successful surgery, MR ≤ 2+ and no major adverse events) were 91.2%, 89.7%, and 81.2% at 1, 2, and 3 years, respectively. Survival and re-intervention rates at 3 years were 94.0% and 6.4%, respectively. This suggested that the NeoChord DS1000 system for minimally invasive repair early to mid-term DMR was safe, effective, and reproducible. Early clinical and echocardiographic results showed reduction in MR and significant improvement in symptoms with good left ventricular remodeling and low reintervention rates. However, the long-term effects needed to be confirmed with more clinical data and longer follow-up. The authors also examined the effect of different anatomic types (type A, isolated central posterior leaflet prolapse and/or flail; type B, posterior multisegmental prolapse; type C, anterior and/or bi-leaflet prolapse; and type D, paracommissural prolapse and/or flail and/or significant leaflet and/or annular calcifications) on repair outcomes, with probabilities of achieving effective end points of 88%, 83%, 72%, and 57%, respectively. This suggested that transapical chordal repair might be more appropriate for patients with posterior leaflet prolapse.
D'Onofrio et al. (2022) reviewed the treatment outcomes comparing the NeoChord DS1000 device group to the surgical group. A propensity analysis selected 88 matched pairs. Kaplan–Meier analysis showed similar 5-year survival in the 2 groups. The ratio of moderate/severe MR in patients who underwent instrumentation versus surgery was: MR > 2+ (42.4% vs. 15.4%) and MR ≥ 3+ (21.6% vs. 10.3%), respectively; the reoperation rate was 21.1% vs. 8%, with a significant difference. However, in type A patients, moderate/severe MR (63.9% vs. 74.6% and 79.3% vs. 79%) and reoperation rates (79.7% vs. 85%) were close with no significant difference. Demonstrating that transapical beating-heart mitral valve chordae implantation can be considered as an alternative treatment for degenerative mitral regurgitation, especially in patients with isolated P2 (central posterior leaflet) region prolapse.
4.1.2 Harpoon system
The Harpoon system was another transapical chordal repair device (Figure 6B) (Gammie et al., 2016) that differed from the Neochord DS1000 in that the chord was anchored to the root of the valve leaflet. The Harpoon system (Edwards Lifesciences, Irvine, CA, United States) was a 14-Fr, echo-guided, transapical chordal replacement device that allowed for the implantation of multiple and adjustable PTFE chordae. The Harpoon device was inserted and precisely navigated to the target. The prolapsed segment was punctured and an ePTFE chord was knotted on the atrial side of the prolapsed segment. The cord was externalized through the introducer (Gackowski et al., 2022). Safety and feasibility were demonstrated in the initial feasibility study in 30 patients with severe degenerative MR. At 1 month, MR was mild or less in 89% of patients and moderate in 11% of patients. At 6 months, MR was mild or less in 85% of patients, moderate in 8% of patients, and severe in 8% of patients (Gammie et al., 2021). Gammie et al. (2021) reported the results of a 1-year CE Mark clinical trial of the Harpoon system, mean study follow-up 1.4 ± 0.6 years, 1-year clinical follow-up was 100%, 1-year echo core lab follow-up for 52 patients at 1 year was 100%. 65 patients were enrolled and 62 (95%) achieved procedural success. Only two patients required conversion to surgery and one patient discontinued the procedure. Total procedure time was 126 ± 36 (72–222) min, and the introducer time was 42 ± 18 (18–126) min. Intraoperative blood loss was 272 ± 182 (50–949) ml and this data was collected for TRACER CE Mark study only (n = 51). The number of chords implanted was 4.0 ± 1.1 (0–7). During the perioperative period (from procedure to discharge), the rate of mortality, stroke rate, renal failure, and atrial fibrillation rate were 0%, 0%, 0%, and 18%, respectively. Atrial fibrillation was pooled only for those without baseline atrial fibrillation (n = 50). At 1 year, 2 of the 62 patients died (3%) and 8 (13%) others required reoperation. At 1 year, 98% of patients with Harpoon cords were in New York Heart Association class I or II, and mitral regurgitation was none/trace in 52% (n = 27), mild in 23% (n = 12), moderate in 23% (n = 12), and severe in 2% (n = 1). Favorable cardiac remodeling outcomed at 1 year included decreased end-diastolic left ventricular volume (153 ± 41 to 119 ± 28 ml) and diameter (53 ± 5 to 47 ± 6 mm), and a mean transmitral gradient of 1.4 ± 0.7 mmHg. This early clinical experience with the Harpoon beating heart mitral valve repair system demonstrated encouraging early safety and performance.
4.1.3 MitralStitch system
MitralStitch was the first product to offer both edge-to-edge repair and chordae repair. For edge-to-edge repair, a pair of chordae was implanted in each anterior and posterior leaflet, and the two chordae were locked together with titanium staples, resulting in a double-hole structure in the anterior and posterior leaflets (Figure 6C) (Wang et al., 2018). It was similar to Neochord for chordae repair (Figure 7A). The chord was implanted at the edge of the leaflet and anchored to the apex of the heart (Figure 7B). Wang S. et al. (2022) reported the first-in-human (FIH) experience with MitralStitch, which was successful in all 10 patients with severe MR, including 9 patients who underwent chordae repair, and 1 patient who received chordae repair and edge-to-edge repair. At discharge, MR decreased from severe to trace in 5 patients and was mild in the other 5 patients (Figure 7C).
[image: Figure 7]FIGURE 7 | (A) The MitralStitch™ system device, Valve Stitcher and Sutures Knotter. The suture and pledget were preloaded in the head of the Valve Stitcher. (B) Mechanism of artificial chordae implantation by Valve Stitcher. (C) (Left) Intraprocedural two dimensional and color TEE image showing severe MR due to P2 region leaflet prolapse. (right) TTE view showing the implanted artificial chordae (arrow) (Wang S. et al., 2022).
In conclusion, the transcatheter apical chordae repair device was easy to operate and had a high technical success rate. Theoretically, this technique can treat not only high-risk patients who were ineligible for surgery but also young patients with low surgical risk, Which could largely replace traditional surgery and has a promising application prospect. Appropriate patient inclusion criteria were also a key factor in achieving the best results. In some complex MR anatomies, surgical repair was superior. In type A patients with isolated P2 prolapse/flail, minimally invasive implantation via the apical approach was close to the early and mid-term results of surgery. Therefore, it was an ideal entry point for transapical chordal implantation as an adjunct to surgery. However, the transcatheter approach remained the ultimate approach for artificial chordae, as the apical approach was still traumatic and carried the risk of long-term pericardial adhesion.
4.2 Transcatheter intervention artificial chordae repair devices
Transcatheter chordae repair devices had attracted much attention due to their lower trauma and better compliance with the physiological and anatomical structure. However, due to their technical difficulties, the products were currently in animal experiments or early clinical stages, including NeoChord NeXuS (NeoChord, United States), CardioMech (CardioMech, Norway) (Figure 8A) (Rogers and Bolling, 2021), and Pipeline (Gore, USA) (Figure 8B) (Fiocco et al., 2019), which have performed animal experiments and early clinical experiments. The transcatheter chordae repair device was composed of implants and a delivery system. The implants included ePTFE sutures (artificial chordae), papillary muscle anchor pieces, and leaflet anchor pieces connected at both ends. The delivery system included the large sheath for spacer puncture, the adjustable curved middle sheath, and the chordae implantation components (leaflet suture device, papillary muscle anchor device, chordae length adjustment, locking and cut-off devices, etc.). In addition, stents were included to assist in device stabilization procedures.
[image: Figure 8]FIGURE 8 | (A) The CardioMech Device. Courtesy of (CardioMech, Oslo, Norway) (Rogers and Bolling, 2021). (B) The Pipeline Device. Courtesy of (Pipeline Medical Technologies, Inc. a wholly-owned subsidiary of W.L. Gore & Associates, Inc., Santa Rosa, California) (Fiocco et al., 2019). (C) The Valtech V-Chordal Device. Courtesy of (Valtech, Or Yehuda, Israel) (Maisano et al., 2011).
Unlike transapical artificial chordae devices, transcatheter devices required the implantation of metal anchors to hold sutures to the papillary muscle, which may carry the risk of damaging the papillary muscle. Animal studies of the Neochord NeXuS system reported at the Transcatheter Cardiovascular Therapeutics (TCT) conference showed that the anchor nail on the papillary muscle was covered by fibrous tissue and endothelium at 90 days. Overall, the papillary muscle healed well overall and no obvious necrosis was observed. Maisano et al. (2011) compared the healing difference between metal screw anchors and surgical sutures anchoring the papillary muscle in the V-chordal system (Figure 8C) through in vivo experiments in sheep, and both showed good healing of at 90 days. Animal experiments with the Pipeline system also confirmed that the metal anchors did not damage the papillary muscle. These experiments provided preliminary confirmation of the in vivo safety of metal anchors for anchoring the papillary muscle.
Transcatheter chordae repair devices were still in the early stages of development due to their technical difficulty, and only a few clinical trials were reported. Rogers et al. (2020) reported in 2020 the first human trial of the Pipeline system (Figure 8B) in a 56-year-old male patient with severe MR due to prolapse in the P2 region, in which two artificial chords were successfully implanted transcatheterly and attached to a papillary muscle base anchor, eliminating MR intraoperatively. However, the papillary muscle anchor was found to be dislodged prior to discharge, resulting in recurrent MR, and the patient ultimately underwent mitral valve replacement. The authors concluded that the anchor nail displacement was related to the device technique and planned to reopen the clinical trial.
Unlike other solutions, the CardioMech system (Figure 8C) protocol implanted only a piece of chordal to treat MR, with metal pieces connected at both ends of the suture to anchor the leaflet and papillary muscle. Rinaldi reported three clinical trials of the CardioMech system at the TCT 2021 conference, and all three patients with P2 region prolapse had a reduction in MR from 4+ to <2+ after successful implantation of one chord, with no serious adverse events occurring during the operation. However, postoperative dislodgement of the leaflet anchor nail occurred in all three patients and was ultimately unsuccessful.
The Neochord NeXuS system was a product based on the DS1000 for transfemoral/interatrial septal access that accessed the left atrium through a large 28F sheath via the femoral vein, captured the leaflet under the guidance of TEE and confirmed by a fiber optic sensor, and finally achieved multiple chords attached to a papillary muscle metal screw anchor. Currently, Latib et al. (2022) completed the FIH clinical trial with the Neochord NeXuS system in 2021 and reported 6-month follow-up results. Two pairs of artificial chords implanted in the leaflet and anchored to the anterior papillary muscle in a 55-year-old patient with prolapsed MR in the P2 region successfully reduced MR and maintained mild or trace MR at 1/3/6 months with firm anchoring of the papillary muscles without displacement.
Transcatheter chordae repair devices might be a viable and feasible option for the treatment of isolated single-leaflet prolapse in the future, with a good risk-benefit ratio. However, the technique and procedures were more complex with many steps and were still in the early stages of development, requiring stable devices, long-term follow-up, and more cases to confirm these preliminary results.
5 ARTIFICIAL CHORDAE RUPTURE CASES AND FAILURE FACTORS
Transapical implantation of ePTFE chordae under beating heart condition was a minimally invasive interventional therapy with a very low rupture rate and proven durability and long-term results in a 25-year study published in 2013 (David et al., 2013), showing a bright prospect for the treatment of DMR. However, in early clinical trials, there were still reports of artificial chordae rupture cases, whether in traditional surgery or intervention, (Mori et al., 2017). Although rare, the rupture of the artificial chordae might cause recurrent mitral regurgitation, endangering patients’ health. We reviewed the cases of recurrent MR caused by rupture of ePTFE artificial chordae and discussed the possible causes of rupture.
Heuts et al. (2019) reported in 2019 that a female patient’s implanted artificial chordae ruptured at the top of the apex knot (Figure 9A) during cycling 5 months after NeoChord treatment, resulting in acute MR. Grinberg et al. (2019a) reported two cases of chordae ruptured 1 year and 3 year after the implantation of the NeoChord DS1000 system in 2019. Both of them underwent second surgeries (Figure 9B). Bortolotti presented one patient with 2 pairs of CV-5 ePTFE implanted in the anterior leaflet that ruptured after 11 years postoperatively. In one case, only minimal calcification was observed, and the chordal rupture was therefore considered to be most likely related to weakening of the ePTFE by collagen infiltration and fatigue-induced lesions (Bortolotti et al., 2012a).
[image: Figure 9]FIGURE 9 | (A) A rupture in an implanted NeoChord below the knot and the pledget (Heuts et al., 2019). (B) Surgical view and histologic analysis of the resected ruptured neochords (Grinberg et al., 2019a).
The long-term durability of transapical artificial chordae implantation was still unknown, so it was very important to understand the potential mechanism of chordal rupture.
5.1 Analysis of the force difference of artificial chordae between different anchorage positions
The durability and long-term effects of artificial chordae were closely related to the amount of force applied to them, and excessive force could lead to chordae rupture. The anchoring position and the length of the artificial chordae influenced their force. Surgical thoracotomy and transcatheter artificial chordae tended to be anchored to the leaflet and papillary muscles, whereas transapical chordae implantations tended to be leaflet and the apex. Since artificial chordae implantation led to post-reconstruction shrinkage of the left ventricle, the length of the artificial chordae was often shortened somewhat from the optimal length to avoid recurrent MR (Bortolotti et al., 2012b). For apical anchoring, it was often clinically tightened by 5% from the optimal length; for papillary muscle-anchored chordae, it was shortened by 1–2 mm (Kasegawa et al., 1994).
Caballero et al. (2020) analyzed the effect of transapical anterolateral and posterolateral approaches and length on the force of artificial chordae through computer simulation. Their results showed that the forces on the artificial chordae with the anchoring position in the anterolateral apical region were generally greater than those in the posterolateral region, reaching more than 80% at the peak systolic period. Therefore, the postero-lateral approach was preferred for transapical minimally invasive instrumentation. Four artificial chordae were implanted in a model of severe MR due to prolapse the P2 region, and the total force was 2.68 N when the chordae were at their optimal length, which increased significantly with 5% tension, reaching a maximum total force of 12.2 N and a maximum force of 4.2 N for a single chord. Sturla et al. (2015) investigated the effect of the length of the artificial chords anchored to the papillary muscles on their force. The optimal length and the maximum force of 2 mm tightening were 1.31 and 1.62 N, respectively; when two artificial chordae were implanted, the maximum total force was 1.54 N for the optimal length and 1.92 N for the 2 mm tightening. According to the simulation force analysis, the force of the artificial chordae anchored at the apex was significantly higher than that of the papillary muscle, which might pose a challenge for the long-term durability of the artificial chordae implanted by transapical devices. Grinberg et al. (2019b) measured forces on the neochordae when implanted apically using the DS1000 system in humans. After all the neochordae were implantated, tracked the neochordae respectively. First, the neochordae implanted in the ideal location (in the middle of the prolapse) were tracked alone until the best TEE control was obtained. The tension was measured at between 0.7 and 0.9 N, and the oscillation in the amplitude of tension of about 13% that followed the respiratory cycles; second, the other neochordae were then tracked one by one with a single screw to achieve an equivalent tension on all neochordae, the tension of the neochordae tracked first was reduced from 0.8 N to 0.2–0.3 N when 4 neochordae were put in tension. The tension (F = 0.98 ± 0.08 N) of all neochordae was higher than the previous tension (F = 0.8 N) of the tracked neochordae; then all neochordae were tracked together under TEE control until the optimal condition was reached. When the optimal TEE results were obtained, the tension of all neochordae was reduced to 0.87 ± 0.07 N, about 12% ± 2% decrease; and finally all the neochordae were fixed at the apex of the left ventricle at the optimal length. During all the steps, neochordae tension, electrocardiogram, radial blood pressure, 3-D TEE, and surgical view were recorded. The author said in the section of study limitation that relative to the resistance, the length and direction of tension of the neochordae (from the leaflet free edge to the apex) were more important, which were different from those of the native chordae.
5.2 Differences in chordae implantation techniques in the leaflet
Differences in chordae implantation techniques might have a significant impact on the durability of the ePTFE artificial chordae. We found several cases of chordae rupture in the “loop” implantation technique (Figure 10A) (Duran and Pekar, 2003; Kudo et al., 2014), probably due to frictional damage to the suture caused by the relative motion of the two loops during the cardiac cycle. This frictional rupture often occured in the early and middle stages. Castillo described a case in which the “loop” technology was used for repair. Ultimately, the CV-5 ePTFE suture ruptured, which was analyzed by scanning electron microscopy (SEM) and found to be weakened at the point of contact between the two suture rings, which the author believed was caused by relative friction (Figure 10B) (Castillo et al., 2013). Kudo reported a case of CV-5 ePTFE suture loop rupture, which was found to be thinning by SEM, with a rupture time of 3 years, also using the “loop” technique (Figure 10C) (Kudo et al., 2014). Yamashita and Skarsgard (2011) reported two cases of early CV-5 ePTFE rupture at 14 and 2 months postoperatively, respectively, using the “loop” technique in both patients.
[image: Figure 10]FIGURE 10 | (A) The “loop” artificial chordal Implantation Technology (Duran and Pekar, 2003; Kudo et al., 2014), (B,C) Macro and SEM images of the partial fracture of the ePTFE loop (Castillo et al., 2013; Kudo et al., 2014).
5.3 Calcification
Calcification might be one of the causes of the late rupture of ePTFE artificial chordae. Butany et al. (2004) reported a case of rupture after 14 years postoperatively. Histopathology showed that the ePTFE sutures ruptured due to calcification, but no inflammatory cells were found inside and around the sutures (Figure 11). Luthra et al. (2022) reported a 76-year-old woman who presented with severe mitral regurgitation 6 years after Neochord artificial chordae repair with Gore-Tex, the explanted sutures were found to be ruptured and stiff. Electron microscopy revealed microstructural disruption with extensive calcium infiltration at the site of rupture. Farivar et al. (2009) reported a case of rupture of two pairs of CV-5 chords after 11 years after the implantation in which the ePTFE was thickened and hardened. Coutinho et al. (2007) reported two cases of rupture; one patient had two pairs of CV-5 sutures implanted with a rupture time of 6 years and an unknown cause of rupture; the other patient also had two pairs of CV-5 sutures implanted with 1 pair of chords ruptured after 11 years due to calcification.
[image: Figure 11]FIGURE 11 | The anterior leaflets showed thickening chordae tendineae (white arrows). Longitudinal sections through the ruptured ePTFE suture. Large areas of mineralization were seen within the graft interstices and in the areas surrounding the graft (asterisk) (stain: hematoxylin and eosin, tissue viewed with polarized light, original magnification = ×1.6) (Butany et al., 2004).
5.4 Specification of sutures
The rupture of the ePTFE artificial chordae might also be related to the suture specification. First, in all of the above cases, the sutures that ruptured were mainly CV-5 ePTFE sutures. Mutsuga reviewed the failure cases of using ePTFE artificial chordae from 2002 to 2020. One (0.5%) of 186 patients using CV-4 ruptured at 78 months. In addition, 6 (3.9%) of 154 patients using CV-5 ruptured at 44–201 months. The durability of CV-4 specification ePTFE suture might be better than CV-5 (Table 4) (Mutsuga et al., 2022). Therefore, there was a growing preference among physicians to use CV-4 with a thicker line diameter and stronger mechanical properties, and to increase the number of sutures to distribute the force on a single suture (David et al., 2020).
TABLE 4 | Distribution of use of expanded polytetrafluoroethylene suture on each mitral valve (Mutsuga et al., 2022).
[image: Table 4]5.5 Other factors
There were also some cases where fracture factors were not described. Nakaoka reported a patient with three pairs of CV-5 ePTFE implanted in the anterior leaflet, in which one pair of ePTFE ruptured after 7 years, and the suture was thickened (Nakaoka et al., 2017). Yeo described a patient with chordal rupture at 4 months postoperatively (Yeo et al., 1998), and Lam reported a case with an unknown rupture time, neither of which mentioned the cause of the rupture (Lam et al., 2004).
6 CONCLUSION AND OUTLOOK
At present, the use of ePTFE artificial chordae to resolve mitral valve prolapse caused by extended or ruptured native chordae has become a mature method with a clinical history of more than 35 years, providing stable valve function and clinical outcomes in most patients with DMR. The long-term durability of ePTFE played a key role, which was closely related to its physicochemical properties and biocompatibility. Although this technology was safe and effective, there were still cases of ePTFE artificial suture rupture occurring due to chordae calcification, friction, surgical injury, and excessive force. Therefore, when performed artificial chordae repair, some measures could be taken to reduce the probability of this adverse event, such as 1) paying attention to chordae implantation and suturing techniques to avoid frictional damage to the sutures; 2) increasing the number of chords to reduce the force distributed on each suture; and 3) using CV-4 instead of CV-5, which had a thicker string diameter and stronger mechanical properties.
Artificial chordae interventional devices had gradually become a substitute therapy for high-risk DMR patients, providing physicians with a variety of options. The two different types of devices had their own advantages and disadvantages. Among them, the transapical chordae repair devices had more clinical data, relatively simple technique and operation, and a high success rate, but it was traumatic, and the force on the chordae was greater than the papillary muscle anchoring. Transcatheter chordae repair devices were in the early investigational phase with limited clinical data. Their advantages include less trauma and anchoring of the chordae to the papillary muscle, which was closer to the physiologic and anatomic structure. However, they had narrow indications and anatomical limitations, and the technique and operation were relatively complex. In the future, clinical studies with larger sample size and longer follow-up are necessary to confirm the long-term outcomes and patient selection criteria.
As an important part of the interventional mitral valve treatment technology, transcatheter chordae repair technology will continue to be a mainstream development direction in the field of interventional mitral valve treatment in the future, which has unparalleled advantages over interventional mitral valve replacement such as:
(1) More physiological.
(2) Less impact on mitral valve hemodynamics.
(3) No interference with future secondary surgical procedures.
(4) Feasibility for low-risk, low-grade patients.
The continued emergence of interventional transcatheter chordae repair devices via the femoral vein also meant that a solid step had been taken in this technical field and that it still had a wild prospective.
For the patients with prolapse but no significant dilatation of the valve ring, whose cardiac function was still good, interventional transcatheter chordae repair devices were the most beneficial for them at that time.
However, in high-risk patients with severe mitral regurgitation leading to the stage of heart failure, the lack of clinical experience with simple interventional artificial chordae repair and the existence of distant recurrent regurgitation risk, which to some extent limits the application of artificial chordae, but we still have reason to believe that with the accumulation of experience and the progress of technology, the complete intervention of mitral valve repair will no longer be an unattainable dream.
AUTHOR CONTRIBUTIONS
Conceptualization, TZ, YW, LY, and RL; methodology, investigation, TZ and WZ; data analyses, resources, and writing (original draft), TZ and YD; review, editing and supervision, YW and KM; funding acquisition, YW; supervision, resources, XZ. All authors contributed to the article and approved the submitted version.
FUNDING
This work was financially supported by the National Key Research and Development Programs, China (Grant No. 2022YFC2409100), the CAMS Innovation Fund for Medical Sciences (Grant No. 2021-I2M-5-013).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Ahmed, A., Abdel-Aziz, T. A., AlAsaad, M. M. R., and Majthoob, M. (2021). Transapical off-pump mitral valve repair with NeoChord implantation: A systematic review. J. Card. Surg. 36 (4), 1492–1498. doi:10.1111/jocs.15350
 Ali, M., Shreenivas, S. S., Pratt, D. N., Lynch, D. R., and Kereiakes, D. J. (2020). Percutaneous interventions for secondary mitral regurgitation. Circ. Cardiovasc. Interv. 13 (8), e008998. doi:10.1161/CIRCINTERVENTIONS.120.008998
 Aubert, S., and Flecher, E. (2010). Is an anterior mitral leaflet prolapse still a challenge?Arch. Cardiovasc. Dis. 103 (3), 192–195. doi:10.1016/j.acvd.2009.12.002
 Bech-Hanssen, O., Rydén, T., Scherstén, H., Odén, A., Nilsson, F., and Jeppsson, A. (2003). Mortality after mitral regurgitation surgery: Importance of clinical and echocardiographic variables. Eur. J. Cardiothorac. Surg. 24 (5), 723–730. doi:10.1016/s1010-7940(03)00502-5
 Blumenstein, J., Van Linden, A., Arsalan, M., Moellmann, H., Liebtrau, C., Walther, T., et al. (2012). Transapical access: Current status and future directions. Expert Rev. Med. Devices 9 (1), 15–22. doi:10.1586/erd.11.66
 Bortolotti, U., Celiento, M., Pratali, S., Anastasio, G., and Pucci, A. (2012a). Recurrent mitral regurgitation due to ruptured artificial chordae: Case report and review of the literature. J. Heart Valve Dis. 21 (4), 440–443. PMID: 22953668.
 Bortolotti, U., Milano, A. D., and Frater, R. W. M. (2012b). Mitral valve repair with artificial chordae: A review of its history, technical details, long-term results, and pathology. Ann. Thorac. Surg. 93 (2), 684–691. doi:10.1016/j.athoracsur.2011.09.015
 Butany, J., Collins, M. J., and David, T. E. (2004). Ruptured synthetic expanded polytetrafluoroethylene chordae tendinae. Cardiovasc. Pathol. 13 (3), 182–184. doi:10.1016/S1054-8807(04)00006-7
 Caballero, A., Mao, W., McKay, R., and Sun, W. (2020). Transapical mitral valve repair with neochordae implantation: FSI analysis of neochordae number and complexity of leaflet prolapse. Int. J. Numer. Method. Biomed. Eng. 36 (3), e3297. doi:10.1002/cnm.3297
 Casado, J. A., Diego, S., Ferreño, D., Ruiz, E., Carrascal, I., Méndez, D., et al. (2012). Determination of the mechanical properties of normal and calcified human mitral chordae tendineae. J. Mech. Behav. Biomed. Mater. 13 (0), 1–13. doi:10.1016/j.jmbbm.2012.03.016
 Castillo, J. G., Anyanwu, A. C., Fuster, V., and Adams, D. H. (2012). A near 100% repair rate for mitral valve prolapse is achievable in a reference center: Implications for future guidelines. J. Thorac. Cardiovasc. Surg. 144 (2), 308–312. doi:10.1016/j.jtcvs.2011.12.054
 Castillo, J. G., Anyanwu, A. C., El-Eshmawi, A., Gordon, R. E., and Adams, D. H. (2013). Early rupture of an expanded polytetrafluoroethylene neochord after complex mitral valve repair: An electron microscopic analysis. J. Thorac. Cardiovasc. Surg. 145 (3), e29–e31. doi:10.1016/j.jtcvs.2012.12.011
 Choi, A., McPherson, D. D., and Kim, H. (2017). Neochordoplasty versus leaflet resection for ruptured mitral chordae treatment: Virtual mitral valve repair. Comput. Biol. Med. 90, 50–58. doi:10.1016/j.compbiomed.2017.09.006
 Colli, A., Adams, D., Fiocco, A., Pradegan, N., Longinotti, L., Nadali, M., et al. (2018a). Transapical NeoChord mitral valve repair. Ann. Cardiothorac. Surg. 7 (6), 812–820. doi:10.21037/acs.2018.11.04
 Colli, A., Manzan, E., Aidietis, A., Rucinskas, K., Bizzotto, E., Besola, L., et al. (2018b). An early European experience with transapical off-pump mitral valve repair with NeoChord implantation. Eur. J. Cardiothorac. Surg. 54 (3), 460–466. doi:10.1093/ejcts/ezy064
 Coutinho, G., Carvalho, L., and Antunes, M. (2007). Acute mitral regurgitation due to ruptured ePTFE neo-chordae. J. Heart Valve Dis. 16 (3), 278–281. PMID: 17578048.
 David, T. E., Armstrong, S., and Ivanov, J. (2013). Chordal replacement with polytetrafluoroethylene sutures for mitral valve repair: A 25-year experience. J. Thorac. Cardiovasc. Surg. 145 (6), 1563–1569. doi:10.1016/j.jtcvs.2012.05.030
 David, T. E., David, C. M., Lafreniere-Roula, M., and Manlhiot, C. (2020). Long-term outcomes of chordal replacement with expanded polytetrafluoroethylene sutures to repair mitral leaflet prolapse. J. Thorac. Cardiovasc. Surg. 160 (2), 385–394.e1. doi:10.1016/j.jtcvs.2019.08.006
 David, T. E. (1989). Replacement of chordae tendineae with expanded polytetrafluoroethylene sutures. J. Card. Surg. 4 (4), 286–290. doi:10.1111/j.1540-8191.1989.tb00291.x
 David, T. E. (2004). Artificial chordae. Semin. Thorac. Cardiovasc. Surg. 16 (2), 161–168. doi:10.1053/j.semtcvs.2004.03.004
 David, T. E. (2022). Chordal replacement with expanded polytetrafluoroethylene sutures to correct leaflet prolapse. Ann. Thorac. Surg. 115, 103–104. doi:10.1016/j.athoracsur.2022.06.002
 D'Onofrio, A., Mastro, F., Nadali, M., Fiocco, A., Pittarello, D., Aruta, P., et al. (2022). Transapical beating heart mitral valve repair versus conventional surgery: A propensity-matched study. Interact. Cardiovasc. Thorac. Surg. 35 (1), ivac053. doi:10.1093/icvts/ivac053
 Duran, C. M. G., and Pekar, F. (2003). Techniques for ensuring the correct length of new mitral chords. J. Heart Valve Dis. 12 (2), 156–161. PMID: 12701786.
 Enriquez-Sarano, M., Akins, C. W., and Vahanian, A. (2009). Mitral regurgitation. Lancet 373 (9672), 1382–1394. doi:10.1016/S0140-6736(09)60692-9
 Essayagh, B., Sabbag, A., Antoine, C., Benfari, G., Batista, R., Yang, L.-T., et al. (2021). The mitral annular disjunction of mitral valve prolapse: Presentation and outcome. JACC Cardiovasc. Imaging 14 (11), 2073–2087. doi:10.1016/j.jcmg.2021.04.029
 Falk, V., Seeburger, J., Czesla, M., Borger, M. A., Willige, J., Kuntze, T., et al. (2008). How does the use of polytetrafluoroethylene neochordae for posterior mitral valve prolapse (loop technique) compare with leaflet resection? A prospective randomized trial. J. Thorac. Cardiovasc. Surg. 136 (5), 1200–1206. doi:10.1016/j.jtcvs.2008.07.028
 Farivar, R. S., Shernan, S. K., and Cohn, L. H. (2009). Late rupture of polytetrafluoroethylene neochordae after mitral valve repair. J. Thorac. Cardiovasc. Surg. 137 (2), 504–506. doi:10.1016/j.jtcvs.2008.02.053
 Fernando, R. J., Shah, R., Yang, Y., Goeddel, L. A., Villablanca, P. A., Núñez-Gil, I. J., et al. (2020). Transcatheter mitral valve repair and replacement: Analysis of recent data and outcomes. J. Cardiothorac. Vasc. Anesth. 34 (10), 2793–2806. doi:10.1053/j.jvca.2020.01.009
 Fiocco, A., Nadali, M., Speziali, G., and Colli, A. (2019). Transcatheter mitral valve chordal repair: Current indications and future perspectives. Front. Cardiovasc Med. 6, 128–138. doi:10.3389/fcvm.2019.00128
 Frater, R. W. M., Gabbay, S., Shore, D., Factor, S., and Strom, J. (1983). Reproducible replacement of elongated or ruptured mitral valve chordae. Ann. Thorac. Surg. 35 (1), 14–28. doi:10.1016/S0003-4975(10)61426-9
 Gackowski, A., D'Ambra, M. N., Diprose, P., Szymański, P., Duncan, A., Bartus, K., et al. (2022). Echocardiographic guidance for HARPOON beating-heart mitral valve repair. Eur. Heart J. - Cardiovasc. Imaging 23 (2), 294–297. doi:10.1093/ehjci/jeab044
 Gammie, J. S., Wilson, P., Bartus, K., Gackowski, A., Hung, J., D’Ambra, M. N., et al. (2016). Transapical beating-heart mitral valve repair with an expanded polytetrafluoroethylene cordal implantation device. Circulation 134 (3), 189–197. doi:10.1161/CIRCULATIONAHA.116.022010
 Gammie, J. S., Chikwe, J., Badhwar, V., Thibault, D. P., Vemulapalli, S., Thourani, V. H., et al. (2018b). Isolated mitral valve surgery: The society of thoracic surgeons adult cardiac surgery database analysis. Ann. Thorac. Surg. 106 (3), 716–727. doi:10.1016/j.athoracsur.2018.03.086
 Gammie, J. S., Bartus, K., Gackowski, A., Szymanski, P., Bilewska, A., Kusmierczyk, M., et al. (2021). Safety and performance of a novel transventricular beating heart mitral valve repair system: 1-year outcomes. Eur. J. Cardiothorac. Surg. 59 (1), 199–206. doi:10.1093/ejcts/ezaa256
 Gerosa, G., Nadali, M., Longinotti, L., Ponzoni, M., Caraffa, R., Fiocco, A., et al. (2021). Transapical off-pump echo-guided mitral valve repair with neochordae implantation mid-term outcomes. Ann. Cardiothorac. Surg. 10 (1), 131–140. doi:10.21037/acs-2020-mv-86
 Gillinov, A. M., Blackstone, E. H., Nowicki, E. R., Slisatkorn, W., Al-Dossari, G., Johnston, D. R., et al. (2008). Valve repair versus valve replacement for degenerative mitral valve disease. J. Thorac. Cardiovasc. Surg. 135 (4), 885–893.e2. doi:10.1016/j.jtcvs.2007.11.039
 Grinberg, D., Adamou Nouhou, K., Pozzi, M., and Obadia, J.-F. (2019a). Artificial mitral chordae: When length matters. J. Thorac. Cardiovasc. Surg. 157 (2), e23–e25. doi:10.1016/j.jtcvs.2018.09.015
 Grinberg, D., Cottinet, P.-J., Thivolet, S., Audigier, D., Capsal, J.-F., Le, M.-Q., et al. (2019b). Measuring chordae tension during transapical neochordae implantation: Toward understanding objective consequences of mitral valve repair. J. Thorac. Cardiovasc. Surg. 158 (3), 746–755. doi:10.1016/j.jtcvs.2018.10.029
 Hata, H., Fujita, T., Shimahara, Y., Sato, S., Ishibashi-Ueda, H., and Kobayashi, J. (2014). A 25-year study of chordal replacement with expanded polytetrafluoroethylene in mitral valve repair. Interact. Cardiovasc. Thorac. Surg. 20 (4), 463–469. doi:10.1093/icvts/ivu441
 Heuts, S., Daemen, J. H. T., Streukens, S. A. F., Olsthoorn, J. R., Vainer, J., Cheriex, E. C., et al. (2018). Preoperative planning of transapical beating heart mitral valve repair for safe adaptation in clinical practice. Innovations 13 (3), 200–206. doi:10.1097/imi.0000000000000506
 Heuts, S., Kawczynski, M., Olsthoorn, J. R., and Sardari Nia, P. (2019). Late rupture of transapically beating heart implanted neochords. J. Thorac. Cardiovasc. Surg. 157 (2), e27–e29. doi:10.1016/j.jtcvs.2018.07.106
 Ibrahim, M., Rao, C., and Athanasiou, T. (2012). Artificial chordae for degenerative mitral valve disease: Critical analysis of current techniques. Interact. Cardiovasc. Thorac. Surg. 15 (6), 1019–1032. doi:10.1093/icvts/ivs387
 January, L. E., Fisher, J. M., and Ehrenhaft, J. L. (1962). Mitral insufficiency resulting from rupture of normal chordae tendineae: Report of a surgically corrected case. Circulation 26 (0), 1329–1333. doi:10.1161/01.cir.26.6.1329
 Kasegawa, H., Kamata, S., Hirata, S., Kobayashi, N., Mannouji, E., Ida, T., et al. (1994). Simple method for determining proper length of artificial chordae in mitral valve repair. Ann. Thorac. Surg. 57 (1), 237–238. doi:10.1016/0003-4975(94)90413-8
 Kavakli, A. S., Ozturk, N. K., Ayoglu, R. U., Emmiler, M., Ozyurek, L., Inanoglu, K., et al. (2016). Anesthetic management of transapical off-pump mitral valve repair with NeoChord implantation. J. Cardiothorac. Vasc. Anesth. 30 (6), 1587–1593. doi:10.1053/j.jvca.2016.06.031
 Kay, J. H., and Egerton, W. S. (1963). The repair of mitral insufficiency associated with ruptured chordae tendineae. Ann. Surg. 157 (3), 351–360. doi:10.1097/00000658-196303000-00005
 Kiefer, P., Meier, S., Noack, T., Borger, M. A., Ender, J., Hoyer, A., et al. (2018). Good 5-year durability of transapical beating heart off-pump mitral valve repair with neochordae. Ann. Thorac. Surg. 106 (2), 440–445. doi:10.1016/j.athoracsur.2018.01.092
 Kobayashi, J., Sasako, Y., Bando, K., Minatoya, K., Niwaya, K., and Kitamura, S. (2000). Ten-year experience of chordal replacement with expanded polytetrafluoroethylene in mitral valve repair. Circulation 102(Suppl. l_3), III30-30–III34-34. doi:10.1161/01.cir.102.suppl_3.iii-30
 Kudo, M., Yozu, R., and Okamoto, K. (2014). Recurrent mitral regurgitation due to ruptured ePTFE neochordae after mitral valve repair by the loop technique: A report of case. Ann. Thorac. Cardiovasc. Surg. 20 (Suppl. ment), 746–749. doi:10.5761/atcs.cr.13-00240
 Kunzelman, K. S., and Cochran, R. P. (1990). Mechanical properties of basal and marginal mitral valve chordae tendineae. ASAIO Trans. 36 (3), M405–M408. PMID: 2252712.
 Lam, B.-K., Cosgrove, D. M., Bhudia, S. K., and Gillinov, A. M. (2004). Hemolysis after mitral valve repair: Mechanisms and treatment. Ann. Thorac. Surg. 77 (1), 191–195. doi:10.1016/S0003-4975(03)01455-3
 Lange, R., Guenther, T., Noebauer, C., Kiefer, B., Eichinger, W., Voss, B., et al. (2010). Chordal replacement versus quadrangular resection for repair of isolated posterior mitral leaflet prolapse. Ann. Thorac. Surg. 89 (4), 1163–1170. doi:10.1016/j.athoracsur.2009.12.057
 Latib, A., Ho, E. C., Scotti, A., Modine, T., Shaburishvili, T., Zirakashvili, T., et al. (2022). First-in-Human transseptal transcatheter mitral chordal repair. JACC Cardiovasc Interv. 15 (17), 1768–1769. doi:10.1016/j.jcin.2022.05.020
 Li, J., Pan, W., Yin, Y., Cheng, L., and Shu, X. (2016). Prevalence and correlates of mitral regurgitation in the current era: An echocardiography study of a Chinese patient population. Acta Cardiol. 71 (1), 55–60. doi:10.1080/AC.71.1.3132098
 Luthra, S., Eissa, A., Malvindi, P. G., and Tsang, G. M. (2022). Calcification of gore-tex neochord after mitral repair: Electron microscopy. Ann. Thorac. Surg. 114 (1), e1–e3. doi:10.1016/j.athoracsur.2021.08.057
 Madhurapantula, R. S., Krell, G., Morfin, B., Roy, R., Lister, K., and Orgel, J. P. R. O. (2020). Advanced methodology and preliminary measurements of molecular and mechanical properties of heart valves under dynamic strain. Int. J. Mol. Sci. 21 (3), 763–779. doi:10.3390/ijms21030763
 Maisano, F., Cioni, M., Seeburger, J., Falk, V., Mohr, F. W., Mack, M. J., et al. (2011). Beating-heart implantation of adjustable length mitral valve chordae: Acute and chronic experience in an animal model. Eur. J. Cardiothorac. Surg. 40 (4), 840–847. doi:10.1016/j.ejcts.2011.01.021
 Maisano, F., Buzzatti, N., Taramasso, M., and Alfieri, O. (2013). Mitral transcatheter Technologies. Rambam Maimonides Med. J. 4 (3), e0015. doi:10.5041/RMMJ.10115
 Mori, M., Pang, P., and Hashim, S. (2017). Rupture of GORE-TEX neochordae 10 years after mitral valve repair. J. Thorac. Dis. 9 (4), E343–E345. doi:10.21037/jtd.2017.03.64
 Morris, J. D., Penner, D. A., and Brandt, R. L. (1964). Surgical correction of reptured chordae tendineae. J. Thorac. Cardiovasc. Surg. 48 (5), 772–780. doi:10.1016/S0022-5223(19)33360-4
 Mutsuga, M., Narita, Y., Tokuda, Y., Uchida, W., Ito, H., Terazawa, S., et al. (2022). Predictors of failure of mitral valve repair using artificial chordae. Ann. Thorac. Surg. 113 (4), 1136–1143. doi:10.1016/j.athoracsur.2021.04.084
 Nakaoka, Y., Kubokawa, S.-i., Yamashina, S., Yamamoto, S., Teshima, H., Irie, H., et al. (2017). Late rupture of artificial neochordae associated with hemolytic anemia. J. Cardiol. Cases 16 (4), 123–125. doi:10.1016/j.jccase.2017.06.007
 Nistal, F., García-Martínez, V., Arbe, E., Fernàndez, D., Artiñano, E., Mazorra, F., et al. (1990). In vivo experimental assessment of polytetrafluoroethylene trileaflet heart valve prosthesis. J. Thorac. Cardiovasc. Surg. 99 (6), 1074–1081. doi:10.1016/S0022-5223(20)31464-1
 Oh, N., Kampaktsis, P., Gallo, M., Guariento, A., Weixler, V., Staffa, S., et al. (2020). An updated meta-analysis of MitraClip versus surgery for mitral regurgitation. ACS 10 (1), 1–14. doi:10.21037/acs-2020-mv-24
 Perier, P., Hohenberger, W., Lakew, F., Batz, G., Urbanski, P., Zacher, M., et al. (2008). Toward a new paradigm for the reconstruction of posterior leaflet prolapse: Midterm results of the “respect rather than resect” approach. Ann. Thorac. Surg. 86 (3), 718–725. doi:10.1016/j.athoracsur.2008.05.015
 Pomar, J. L., Revuelta, J. M., and Frater, R. (2013). Cuerdas artificiales de ePTFE: ¿imprescindibles en las técnicas de preservación mitral actuales?Cirugía Cardiovasc. 20 (3), 119–121. doi:10.1016/j.circv.2013.09.001
 Revuelta, J. M., Garcia-Rinaldi, R., Gaite, L., Val, F., and Garijo, F. (1989). Generation of chordae tendineae with polytetrafluoroethylene stents: Results of mitral valve chordal replacement in sheep. J. Thorac. Cardiovasc. Surg. 97 (1), 98–103. doi:10.1016/S0022-5223(19)35132-3
 Rittenhouse, E. A., Davis, C. C., Wood, S. J., and Sauvage, L. R. (1978). Replacement of ruptured chordae tendineae of the mitral valve with autologous pericardial chordae. J. Thorac. Cardiovasc. Surg. 75 (6), 870–876. doi:10.1016/S0022-5223(19)39602-3
 Rogers, J. H., and Bolling, S. F. (2021). Transseptal chordal replacement: Early experience. Ann. Cardiothorac. Surg. 10 (1), 50–56. doi:10.21037/acs-2020-mv-10
 Rogers, J. H., Ebner, A. A., Boyd, W. D., Lim, S., Reardon, M. J., Smith, T. W., et al. (2020). First-in-Human transfemoral transseptal mitral valve chordal repair. JACC Cardiovasc Interv. 13 (11), 1383–1385. doi:10.1016/j.jcin.2019.12.019
 Rucinskas, K., Janusauskas, V., Zakarkaite, D., Aidietiene, S., Samalavicius, R., Speziali, G., et al. (2014). Off-pump transapical implantation of artificial chordae to correct mitral regurgitation: Early results of a single-center experience. J. Thorac. Cardiovasc. Surg. 147 (1), 95–99. doi:10.1016/j.jtcvs.2013.08.012
 Salvador, L., Mirone, S., Bianchini, R., Regesta, T., Patelli, F., Minniti, G., et al. (2008). A 20-year experience with mitral valve repair with artificial chordae in 608 patients. J. Thorac. Cardiovasc. Surg. 135 (6), 1280–1287.e1. doi:10.1016/j.jtcvs.2007.12.026
 Savic, V., Pozzoli, A., Gülmez, G., Demir, H., Batinkov, N., Kuwata, S., et al. (2018). Transcatheter mitral valve chord repair. Ann. Cardiothorac. Surg. 7 (6), 881–740. doi:10.21037/asvide.2018.881
 Simões Costa, S., Brandão, M., and Martins, D. (2021). A potentially catastrophic complication of transapical mitral neochordoplasty. Rev. Española Cardiol. (English Ed.) 74 (11), 984–985. doi:10.1016/j.rec.2021.03.004
 Soulat-Dufour, L., and Addetia, K. (2020). Degenerative mitral regurgitation. Curr. Opin. Cardiol. 35 (5), 454–463. doi:10.1097/hco.0000000000000769
 Sturla, F., Votta, E., Onorati, F., Pechlivanidis, K., Pappalardo, O. A., Gottin, L., et al. (2015). Biomechanical drawbacks of different techniques of mitral neochordal implantation: When an apparently optimal repair can fail. J. Thorac. Cardiovasc. Surg. 150 (5), 1303–1312.e4. doi:10.1016/j.jtcvs.2015.07.014
 Wang, S., Meng, X., Luo, Z., and Pan, X. (2018). Transapical beating-heart mitral valve repair using a novel artificial chordae implantation system. Ann. Thorac. Surg. 106 (5), e265–e267. doi:10.1016/j.athoracsur.2018.05.031
 Wang, L. H., Pu, Z. X., Kong, M. J., Jiang, J. B., Ren, K. D., Gao, F., et al. (2019). The first four cases of successful NeoChord procedure in mainland China. World J. Emerg. Med. 10 (3), 133–137. doi:10.5847/wjem.j.1920-8642.2019.03.001,
 Wang, G., Gao, C., Xiao, B., Zhang, J., Jiang, X., Wang, Q., et al. (2022a). Research and clinical translation of trilayer stent-graft of expanded polytetrafluoroethylene for interventional treatment of aortic dissection. Regen. Biomater. 9, rabc049–064. doi:10.1093/rb/rbac049
 Wang, S., Meng, X., Hu, S., Sievert, H., Xie, Y., Hu, X., et al. (2022b). Initial experiences of transapical beating-heart mitral valve repair with a novel artificial chordal implantation device. J. Card. Surg. 37 (5), 1242–1249. doi:10.1111/jocs.16342
 Weber, A., Taramasso, M., Podkopajev, A., Janusauskas, V., Zakarkaite, D., Vogel, R., et al. (2021). Mitral valve repair with a device for artificial chordal implantation at 2 years. JTCVS Open 8, 280–289. doi:10.1016/j.xjon.2021.08.041
 Xu, H., Liu, Q., Cao, K., Ye, Y., Zhang, B., Li, Z., et al. (2022). Distribution, characteristics, and management of older patients with valvular heart disease in China: China-DVD study. JACC Asia 2, 354–365. doi:10.1016/j.jacasi.2021.11.013
 Yamashita, M. H., and Skarsgard, P. L. (2011). Intermediate and early rupture of expanded polytetrafluoroethylene neochordae after mitral valve repair. Ann. Thorac. Surg. 92 (1), 341–343. doi:10.1016/j.athoracsur.2011.01.042
 Yap, J., Bolling, S. F., and Rogers, J. H. (2021). Contemporary review in interventional cardiology: Mitral annuloplasty in secondary mitral regurgitation. Struct. Heart 5 (3), 247–262. doi:10.1080/24748706.2021.1895457
 Yeo, T. C., Freeman, W. K., Schaff, H. V., and Orszulak, T. A. (1998). Mechanisms of hemolysis after mitral valve repair: Assessment by serial echocardiography. J. Am. Coll. Cardiol. 32 (3), 717–723. doi:10.1016/S0735-1097(98)00294-0
 Yokoyama, H., Ruf, T. F., Geyer, M., Tamm, A. R., Da Rocha E Silva, J. G., Gößler, T. A. M., et al. (2023). Reverse cardiac remodeling in patients undergoing combination therapy of transcatheter mitral valve repair. Front. Cardiovasc Med. 10, 1029103–1029109. doi:10.3389/fcvm.2023.1029103
 Zussa, C., Polesel, E., Rocco, F., and Valfrè, C. (1997). Artificial chordae in the treatment of anterior mitral leaflet pathology. Cardiovasc. Surg. 5 (1), 125–128. doi:10.1016/S0967-2109(96)00066-X
 Zussa, C. (1996). Different applications of ePTFE valve chordae: Surgical technique. J. Heart Valve Dis. 5 (4), 356–361.
Conflict of interest: Authors TZ, WZ, and KM were employed by Hangzhou Valgen Medtech Co., Ltd., China.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Zhang, Dou, Luo, Yang, Zhang, Ma, Wang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-11-1173413-t002.jpg
Surgical ansapical Transcatheter
Material ePTFE €PTFE €PTFE + metal anchor
Therapy method | Conventional thoracotomy and cardiopulmonary bypass Minimally invasive, beating heart Interventional and transseptal treatment
Risk and The surgical risk was relatively high, and the postoperative | Risk was lower than surgical, and the prognosis | Risk was relatively low, and the prognosis
prognosis prognosis was relatively slow was faster than surgical was relatively fast
Applicable Younger patients with low surgical risk Patients unable to undergo conventional Patients unable to undergo conventional
patients surgical procedures surgical procedures
Location of Posterior leaflet prolapses, anterior leaflet prolapses or Isolated posterior leaflet prolapses Isolated posterior leaflet prolapses
prolapse bileaflet prolapse






OPS/xhtml/nav.xhtml
Contents

		Cover

		A review of the development of interventional devices for mitral valve repair with the implantation of artificial chords		1 Introduction

		2 Development history of artificial chordae materials

		3 Implantation methods and differences between artificial chords		3.1 Surgical thoracotomy implantation

		3.2 Minimally invasive transapical implantation

		3.3 Transcatheter implantation

		3.4 Differences of surgical, transapical and transcatheter repair





		4 Artificial chordae interventional implantation devices		4.1 Transapical artificial chordal intervention implantation devices

		4.2 Transcatheter intervention artificial chordae repair devices





		5 Artificial chordae rupture cases and failure factors		5.1 Analysis of the force difference of artificial chordae between different anchorage positions

		5.2 Differences in chordae implantation techniques in the leaflet

		5.3 Calcification

		5.4 Specification of sutures

		5.5 Other factors





		6 Conclusion and outlook

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/fbioe-11-1173413-t001.jpg
ameter (m Tensile strength (kg)
cv4 0.404 179
cvs 0321 162






OPS/images/fbioe-11-1173413-t004.jpg
Suture AML AML + PM Other

cv4

Ruptured ePTFE 1 0 0 0

Number 186 238 116 84

patients 45 59 18 17

Rupture rate, % 05 0 0 0
cv-s

Ruptured ePTEE 6 9 0 0

Number 154 394 % 176

patients 4 95 16 2

Rupture rate, % 39 23 0 0
p-value 03 019

AML, anterior mitral leaflet; PML, posterior mitral leaflet.






OPS/images/fbioe-11-1173413-t003.jpg
Therapeutic
strategy

Repair method

Patient
number

Area of lesion

Number of artificial
chordae implanted

EEENES

Surgical Posterior leaflet repair using chordae 192 PML 1-6 Lange et al. (2010)
alone
Double-armed approach using ePTFE 608 PML, AML, Bi-ML 4-8 Salvador et al.
chordae and Carpentier resection (2008)
Loop technique 129 PML 34 Falk et al. (2008)
Simple chordae replacement 74 PML, AML, Bi-ML 2-12 Kobayashi et al.
(2000)
Transapical Neochord Transapical off-pump MVr 10 PML (58.3%), AML 3-6 Kavakli et al.
(26.7%), Bi-ML (25%) (2016)
Transapical off-pump MVr 213 PML (90.6%), AML 3-4 Colli et al. (2018b)
(5.29%), Bi-ML (4.2%)
Transapical off-pump MVr 7 PML 3-4 Grinberg et al.
(2019b)
Transapical off-pump MVr 7 PML 35 Heuts et al. (2018)
Transapical off-pump MVr 6 PML 3or3+ Kiefer et al. (2018)
Transapical off-pump MVr 4 PML 2-3 Wang et al. (2019)
Transapical Harpoon Transapical off-pump MVr 11 PML 35 Gammie et al.
(2016)
Transapical off-pump MVr 5 PML 0-7 Gammie et al.
(2021)

AML, anterior mitral leaflet; PML, poster

‘mitra leaflet;

ML, bilateral mitral leaflet (Figures 1A, B).






OPS/images/fbioe-11-1173413-g011.gif





OPS/images/fbioe-11-1173413-g010.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers i

Bioengineering and Biotechnology





OPS/images/fbioe-11-1173413-g005.gif





OPS/images/fbioe-11-1173413-g006.gif





OPS/images/fbioe-11-1173413-g003.gif





OPS/images/fbioe-11-1173413-g004.gif





OPS/images/fbioe-11-1173413-g009.gif





OPS/images/fbioe-11-1173413-g007.gif





OPS/images/fbioe-11-1173413-g008.gif





OPS/images/cover.jpg
, frontiers ‘ Frontiers in Bioengineering and Biotechnology

A review of the development of

interventional devices for mitral
valve repair with the

implantation of artificial chords





OPS/images/fbioe-11-1173413-g001.gif





OPS/images/fbioe-11-1173413-g002.gif





