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Background: Transcatheter edge-to-edge repair (TEER) is frequently used to treat mitral regurgitation (MR) patients. Despite its widely reported efficacy, complications such as single-leaflet device attachment (SLDA) and loss of leaflet insertion (LLI) can lead to recurrent MR, which compromises the clinical outcomes.



Objectives: This study compares the acute MR reduction and leaflet anchoring stability of a novel TEER device, GeminiOne (GEM), and MitraClip (MC).



Methods: In this study, ex vivo benchtop degenerative mitral regurgitation (DMR) and functional mitral regurgitation (FMR) models were used to evaluate the acute effectiveness of MR reduction by MitraClip XTW and GeminiOne 0626 in a BDC pulsatile flow duplicator. Furthermore, a benchtop study was performed to compare leaflet anchoring stability between XTW and GEM0626, in an attempt to investigate the likelihood of post-procedure leaflet detachment.



Results: The results of the pulsatile flow evaluation from the DMR and FMR model demonstrate that both TEER devices effectively reduced the regurgitant fraction (DMR vs. GEM0626 vs. XTW, 59.21 ± 10.29% vs. 35.73 ± 6.62% vs. 43.50 ± 8.89%; FMR vs. GEM0626 vs. XTW, 56.99 ± 8.74% vs. 27.99 ± 11.30% vs. 28.13 ± 10.64%). However, in the leaflet stability study which compared the various TEER devices under full grasp and partial grasp conditions, the detachment force of the anchored leaflet for GeminiOne is significantly higher than that of MitraClip, especially for the partial grasp (full grasp detachment force: 7.89 ± 2.42 vs. 6.36 ± 0.96 N, p = 0.1214; partial grasp detachment force: 6.03 ± 2.05 vs. 2.97 ± 0.76 N, p = 0.0021).



Conclusion: In the ex vivo pulsatile experiments, both GEM0626 and XTW are effective in terms of acute reduction of MR caused by DMR and FMR. However, in an anchored leaflet stability study, under partial grasp conditions, GEM0626 demonstrated a significantly higher leaflet detachment force. The better anchored stability of GeminiOne TEER may have long-term clinical benefits for MR treatment.
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1 Introduction

Mitral regurgitation (MR) is a common valvular disease that can lead to heart failure, pulmonary edema, and life-threatening conditions (1–3). In recent years, transcatheter edge-to-edge repair (TEER) has been increasingly used in functional mitral regurgitation (FMR) and has been evaluated against optimal medical therapy resulting in an upgrade of the recommendation (4–7). The MitraClip (MC) system (Abbott, Santa Clara, CA, USA) is the first-of-its-kind device in the field of transcatheter mitral valve treatment. In the MC TEER procedure, native mitral leaflets are captured and secured between the TEER clip arms (closed) and grippers resulting in the reduction or elimination of MR. Although the safety and efficacy of the TEER treatment have been improving over the recent years with newer versions of TEER device and with better accumulated experiences by the physician (8, 9), single-leaflet device attachment (SLDA) and loss of leaflet insertion (LLI) remain as the main complications associated with TEER procedures (10–12). These complications may occur during the procedure and/or beyond hospitalization (10). Sugiura et al. (13) found that leaflet tear and LLI were the most common morphologies associated with recurrent MR in patients with degenerative mitral regurgitation (DMR). Residual leaflet prolapse or tear can progress over time, gradually leading to residual MR and recurrent MR. Ikenaga et al. (14) also studied the causes of MR recurrence in primary MR. They identified worsening leaflet prolapse, subsequent leaflet tear, and SLDA as the main factors contributing to MR recurrence. SLDA and LLI can happen due to either incomplete or inadequate grasping of the leaflets or, in the case of fully grasped leaflets, native leaflet tears or perforations (12–15). Therefore, the TEER device must provide a stable and secured anchoring of the native leaflets in its closed configuration to minimize MR to avoid subsequent residual MR to provide long-term sustainable clinical benefits. The MC system has undergone several upgrades to simplify the procedure and enhance the MR reduction while minimizing the occurrence of complications, with G4 being the latest generation. XTW (long wide model), shown in Figure 1A, has a nominal arm length is 12 mm and a width of 6 mm and consists of six pairs of frictional elements (16) on each of the grippers. The longer and wider arms of the XTW design is to enhance the capture and anchoring of the native leaflets between the arm and gripper (8). Studies have demonstrated that the MC G4 system outperforms its predecessors in reducing MR at 30 days, a reduction in the occurrence of device-associated clinical complications (12–15, 17).


[image: Comparison of two types of mesh structures labeled A and B. Structure A is larger, showing dimensions L 12 mm, E 22 mm at 120°, W 6 mm, H 18 mm. Structure B is smaller with L 9 mm, E 25 mm at 120°, W 6 mm, and H 15 mm. Both structures appear cylindrical with perforated surfaces.]
FIGURE 1
(A) MitraClip (MC) XTW. (B) GeminiOne (GEM) 0626.


The Peijia Medical's GeminiOne (GEM) system (Peijia, Suzhou, China) is a novel TEER device; GEM0626 (long wide model) is shown in Figure 1B with a nominal arm length of 9 mm and a width of 6 mm and consists of four pairs of frictional element on each of the grippers. As illustrated in Figures 2A,B, GEM consists of a clip arm with a central rigid cylinder (filler) with a self-locking inner threaded design (Elgiloy alloy) and a pair of grippers (nitinol alloy). The inner threaded element, connected and manipulated by an external delivery control, drives the closing (or opening) of the clip arm. Once the leaflets are captured between the grippers and the U-shaped clip arms, the clip arms can be closed by manipulating the inner threaded element (increasing torque). The grasped leaflet will be increasingly compressed and secured between the clip arm and the rigid central filler.


[image: Illustration showing two diagrams labeled A and B. Diagram A displays a cross-sectional view of a threaded component within a surrounding structure. Diagram B presents a detailed view of a clip mechanism, with labels indicating the native leaflet, central filler, and clip. Both diagrams depict technical components and designs, presumably related to medical or engineering applications.]
FIGURE 2
(A) GeminiOne self-locking design with threaded rigid central filler. (B) Native leaflets secured within the central filler and the wide “U-shaped” clip arms.


The success of a TEER system in treating MR should be evaluated based on its acute reduction of MR, as well as its ability to achieve a complication-free sustainable MR reduction over the long term. In this study, porcine mitral apparatus was used to create DMR and FMR models, which were then used to evaluate the acute effectiveness of MR reduction by XTW and GEM0626 in a BDC pulsatile flow duplicator. Furthermore, detachment force measurements were performed on the anchored implants and porcine leaflets to compare the leaflet anchoring capabilities of the two TEER devices.



2 Materials and methods


2.1 Ethical statement

Ethics approval was not required for this study because this was an ex vivo study. Porcine hearts were sourced from a local abattoir in Suzhou county which are considered by-products of the food processing industry, thereby not requiring to undergo ethnic committee review by local law.



2.2 Experimental models


2.2.1 Preparation for ex vivo model

Due to the similarity between the physiological structure of the porcine mitral valve and human mitral valve, porcine valves were selected for the ex vivo simulation experiments (18).

To prepare the MR model, porcine hearts were obtained, and the entire mitral valve apparatus, including both papillary muscle heads, all chordae tendineae, both leaflets, the annulus, and approximately 1 cm of left atrial tissue, was carefully excised (Figure 3A). The annular circumference was measured using a flexible ruler, and felt layers and 3D-printed mitral disks with inner circumferences close to the measured annular size were selected for the DMR model (Figure 3B). For the FMR model, felt layers and mitral disks with inner circumferences 50% larger than the annular size were selected (19), to create an enlarged mitral area with the primary extension between the anterior and posterior leaflets (Figure 3C). The annulus was sutured onto a felt layer glued to a mitral disk. The papillary muscle heads were wrapped with fabric material and polyester suture threads (Figure 3D).


[image: Four-panel image providing a step-by-step view of a medical procedure. Panel A shows a heart valve with surrounding tissue. Panels B and C depict the valve positioned on circular supports, highlighting different stages of preparation. Panel D displays the final assembly with the valve secured and stitched, indicating completion of the procedure. Each panel shows blue-gloved hands for manipulation.]
FIGURE 3
(A) Entire mitral valve apparatus excised from fresh porcine hearts. (B) Mitral annular matching felt layer and mitral disk for the degenerative mitral regurgitation model. (C) Mitral annular matching felt layer and mitral disk for the functional mitral regurgitation model. (D) Papillary muscle heads covered by fabric and wrapped by suture threads.




2.2.2 Preparation for leaflet captured area measurement and leaflet stability experiment

The anterior and posterior leaflets were then separated along the anterolateral and posteromedial commissures (Figure 4A). As shown in Figure 4B, the anterior and posterior leaflets retained their complete rough and clear zone, as well as the annular portion (basal zone) (20). These leaflets were then used for the TEER device leaflet captured area experiment and leaflet anchoring stability experiment.


[image: Two images labeled A and B show dissected heart tissue. In image A, gloved hands hold a section displaying internal heart structures. Image B displays two separate tissue sections with yellow outlines indicating specific areas of interest.]
FIGURE 4
(A) The anterior and posterior leaflets were separated along the anterolateral commissures. (B) Complete anterior and posterior leaflets, and the yellow area is the rough zone.





2.3 Pulsatile flow evaluation

The immediate efficacy of MR reduction by the two TEER devices was evaluated in an ex vivo mitral valve simulator (21, 22). This system (Figure 5A) has a piston pump that helps generate a physiological hydrodynamic environment for the mitral valve. An in-built transonic flow probe was used to monitor trans-mitral flow (ME 25PXNB, Transonic Systems Inc., Ithaca, NY, USA) and multiple pressure transducers (PT-7160, ifm electronic GmbH, Essen, North Rhine-Westphalia, Germany) were used to measurement the pressure inside the left ventricular, left atrial, and aortic chambers.


[image: (A) A heart flow simulation device with labeled components: systemic reservoir, piston pump, pulmonary reservoir, LV, and LA. (B) A cylindrical chamber with attached tubes and valves. (C-F) presents highspeed camera images.]
FIGURE 5
(A) Pulsatile flow duplicator device (arrows indicate the direction of flow). (B) The threads controlling the papillary muscles are fixed by two side channels on the left ventricle (LV) chamber. (C) En face view taken with high-speed after creating mitral valve flail of systolic. (D) En face view taken with high speed after creating functional mitral regurgitation. En face view after GeminiOne (E) and MitraClip (F) deployment [left atrium (LA), aortic valve (AV)].


The prepared MR model was placed into the 3D-printed left ventricle (LV) chamber. Subsequently, the suture thread used to secure the papillary muscle was extruded through two side holes of the chamber and fixed first. Afterward, another 3D-printed left atrial chamber was attached to the left ventricle chamber along with the mitral valve (Figure 5B), and the entire setup was mounted onto the pulsatile flow duplicator (HDTi-6000 Heart Valve Pulse Duplicator, BDC Laboratories, Wheat Ridge, CO, USA).

The system was filled with 0.9% saline, and the hemodynamic setting for the mitral valve with 70 bpm, 5 L/min cardiac output, diastole occupying 2/3 of a cardiac cycle, and aortic pressure of 120/80 mmHg was set up. For the DMR, the papillary muscle heads were positioned anatomically below the commissures, and the marginal chordae tendineae of the P2 segment of the mitral valve's posterior leaflet were transected to establish the mitral valve flail model. The flail of the P2 segment was verified using a high-speed camera (Figure 5C), accompanied by recorded hydrodynamic data. For the FMR model, the suture threads attached to the papillary muscles were tightened to further restrict the mobility of the anterior and posterior leaflets. Combined with the expanded annulus, this created a gap at the coaptation zone between the anterior and posterior leaflets, as shown in Figure 5D. Hydrodynamic data were subsequently recorded in the same manner. Finally, a simplified short-handle TEER delivery catheter was used to deploy the TEER implants (GEM0626 and XTW) onto the both A2 and P2 segments (Figures 5E,F). The grasped positions on the leaflets were marked to ensure consistent positioning for both TEER devices and uniform lengths of the secured leaflets. The mitral valve was remounted into the duplicator and recorded the hydrodynamic data.

For the DMR and FMR, six sets of comparative experiments between XTW and GEM0626 were respectively conducted to evaluate the acute efficacy of MR reduction.

After the simulator ran stably, all captured hemodynamic data were averaged over 10 cardiac cycles, and the trans-mitral flow and pressure data were analyzed. Figure 8A shows a representative trans-mitral flow waveform captured by the flow probe. During initial systolic valve closure, a certain volume of saline was pushed into the left atrial chamber, causing a negative flow pattern, which was calculated as the closing volume. The remaining negative flow during systole was integrated as the leakage volume. The positive flow during mitral valve opening in diastole was integrated as the forward flow, which is considered as the stroke volume. The regurgitant fraction was used to assess the severity of MR and was calculated as the ratio of the regurgitant volume (closing volume + leakage volume) to the total stroke volume, expressed as a percentage. The mean pressure difference (PDmean) between the left atrium and the left ventricle during diastole was recorded, and the effective orifice area (EOA) was calculated using the following equation (23):



EOA=Qrms51.6PDmeanρ





where Qrms is the root mean square of diastolic forward flow and ρ is the density of the physiological saline.


[image: (A) Graph showing trans-mitral flow against time, with systole and diastole phases. Leakage volume is marked in red and closing volume in blue during systole; stroke volume is highlighted in green during diastole. (B) Graph comparing MVF and GEM trans-mitral flow, with two colored lines indicating their flow patterns over time.]
FIGURE 8
(A) Representative trans-mitral flow pattern. (B) Flow pattern of a single cardiac cycle acquired using a transonic flow probe under degenerative mitral regurgitation conditions [mitral valve flail (MVF), GeminiOne (GEM)].




2.4 Leaflet captured area comparison between TEER devices

Due to the different designs of the clip arm structures of MC and GEM, the leaflet captured areas in contact with the clip arms at the closed configuration of the TEER device vary, as illustrated in Figures 6A,C. To further investigate whether the structural differences between the clips of the two TEER devices impact the degree of MR reduction, we first need to examine the leaflet area that the clip can accommodate.


[image: It shows the main views where GeminiOne 0626 and MitraClip XTW anchor the leaflets respectively, as well as their corresponding pressing areas.]
FIGURE 6
(A) Closed MitralClip XTW with anchored leaflets. (B) Corresponding pressure field (MitralClip). (C) Closed GeminiOne with anchored leaflets. (D) Corresponding pressure field (GeminiOne).


Trimmed porcine leaflets were used as leaflet model in this experiment. The average thickness of the porcine mitral valve is 1.3 ± 0.3 mm.

XTW and GEM0626 were used to compare the captured area for different grasp lengths (n = 11). Area measurements were conducted for GEM0626 at a grasp length of 6 and 9 mm, while XTW measurements were taken at a grasp length of 6, 9 mm, and overall length (nominal 12 mm). Given that the pressure-sensitive films (0.5–2.5 MPa, FUJIFILM, Tokyo, Japan) exhibit a specific level of hardness and thickness, which may impact the contact area between the clip arms and the leaflets, the pressure-sensitive films are arranged between the grippers and the leaflets. When the clip is closed tightly, these films change color due to compression, indicating the captured area of the leaflet (Figures 6B,D). The outer frame of the discolored area was marked, and the contour of the unfolded leaflet was captured using an imaging measurement device, through which the contour area was determined by AutoCAD 2021 (Autodesk, Inc., San Francisco, CA, USA).



2.5 Leaflet anchoring stability of TEER devices

MR reduction relies on securing mitral leaflets within the “closed” TEER device, i.e., leaflet anchoring stability. The stability is influenced by the length of leaflets grasped by the clip arm, assessed by measuring the force needed to detach the secured leaflet under different grasp lengths.

Clinically, MC emphasizes the importance of capturing sufficient leaflet length (XTW nominal length of 12 mm recommended capturing at least 9 mm of leaflet length) (24). In this experiment, “partial grasp” is defined as a grasped leaflet length that does not meet the minimum capture length recommended. Under the partial grasp condition, due to the reduction in the contact between the clip and the leaflets, certain partial frictional elements on the gripper do not engage with the leaflets.

Since the TEER implant is clamped around a rough zone of the porcine valve leaflet (within the yellow area in Figure 4B), the surface of this zone connected to the chordae tendineae is very rough, resulting in a highly uneven thickness of this area. To control the experimental variables, in this study, the closing angle of the TEER implant for both fully and partially grasped leaflets was controlled to be approximately 12°.


2.5.1 Experimental design

Hence, taking into account the abovementioned factors affecting the stability of the anchoring force, the following experiments are designed to explore the anchoring force stability of MC and GEM clips. Table 1 illustrates the experiment setup to compare the detachment force between XTW and GEM0626 (n = 9). For the “full grasp” comparison, the inserted leaflet length for both XTW and GEM0626 devices was in accordance with the respective nominal arm length. Whereas for the “partial grasp” comparison, XTW is set to 6 mm, which corresponds to 2/3 of its recommended grasping length (XTW is recommended to grasp at least 9 mm of leaflet length) (24). For GEM0626, “partial grasp” was also set to 6 mm, which corresponds to 2/3 of its nominal arm length.



TABLE 1 Experimental matrix for leaflet detachment force comparison between XTW and GEM0626 [GeminiOne (GEM)].



	XTW (full grasp)
	XTW (partial grasp)
	GEM0626 (full grasp)
	GEM0626 (partial grasp)



	GLL
	GLL
	GLL
	GLL





	12 mm
	6 mm
	9 mm
	6 mm




	Experiments carried out under either fully grasped or partially grasped leaflets, defined with different grasping leaflet lengths (GLL). Sample size n = 9.









2.5.2 Experimental setup

The setup procedure involves inserting the porcine mitral valve leaflet into both sides of the clip arms and then lowering the gripper to capture the leaflet. Subsequently, the clip will be manually closed and locked, with the fully closed state shown in Figures 7A,B. Optical imaging measurements (950HC, OUMIT Inc., Suzhou, China) were used to measure the angle between two clip arms of the TEER device with an anchored leaflet—closed angle, as shown in Figure 7C. The leaflet detachment force test is conducted by fixing the clip at one end of the tensile test fixture of the force gauge (HP-50, HANDPI Inc., Yueqing, China), while the leaflet is fixed on the other end (Figure 7D). The sample is pulled vertically along the length of the device, and the peak force at which the leaflet is detached from the device is recorded, defined as the detachment force.


[image: The two leaflets are connected together by the TEER device.]
FIGURE 7
(A) Preparation of closed XTW samples for the detachment force experiment. (B) Preparation of closed GEM0626 samples for the detachment force experiment [GeminiOne (GEM)]. (C) Closed angle of GEM0626. (D) Experimental setup for detachment force measurements.





2.6 Statistical analysis

Statistical analysis of this study is performed with GraphPad Prism 9.0 (GraphPad Software, San Diego, CA, USA). For ex vivo hemodynamic evaluation, the data were first tested for normality. Data that follow normal distribution were presented as mean ± standard deviation and analyzed by paired t test. Data that failed to pass the normality test were presented as median with interquartile ranges and analyzed by the Wilcoxon test. A p-value of ≤0.05 is considered as statistically significant.




3 Results


3.1 Pulsatile flow evaluation

Figure 8B shows the measured flow pattern of a single cardiac cycle acquired using a transonic flow probe under DMR conditions. This pattern is consistent with the typical flow patterns illustrated in Figure 8A. Therefore, the ex vivo mitral valve simulator can be used to quantify regurgitation under different pathological conditions.


3.1.1 DMR model

As shown in Figures 9A,B, significant reductions in both closing volume and leakage volume were observed in the presence of GEM and MC as compared with the DMR condition. Specifically, the closing volume: GEM0626: 16.55 ± 3.70 vs. 11.57 ± 1.45 ml, p = 0.0126; XTW: 16.55 ± 3.70 vs. 13.04 ± 2.09 ml, p = 0.0361. The leakage volume: GEM0626: 26.01 ± 3.75 vs. 13.91 ± 4.41 ml, p = 0.0015; XTW: 26.01 ± 3.75 vs. 18.08 ± 4.96 ml, p = 0.006. The overall regurgitant fraction (Figure 9C) further demonstrates the trend (GEM0626: 59.21 ± 10.29% vs. 35.73 ± 6.62%, p = 0.0014; XTW: 59.21 ± 10.29% vs. 43.50 ± 8.89%, p = 0.0067). GEM seems to have a slightly better capability of lowering regurgitant fraction (GEM0626 vs. XTW: 35.73 ± 6.62% vs. 43.50 ± 8.89%, p = 0.0295).


[image: Four bar graphs labeled A, B, C, and D compare the effects of DMR, GEM0626, and XTW on different measurements. Graph A shows closing volume in milliliters, Graph B displays leakage volume in milliliters, Graph C illustrates regurgitant fraction in percentage, and Graph D represents effective orifice area in square centimeters. Each graph indicates significance with p-values. DMR has higher values compared with GEM0626 and XTW in all graphs, with various levels of significance indicated.]
FIGURE 9
Pulsatile flow evaluation between GeminiOne (GEM) and MitraClip under degenerative mitral regurgitation (DMR) experimental conditions. Sample size of n = 6. (A) Closing volume. (B) Leakage volume. (C) Regurgitant fraction. (D) Effective orifice area.


The impact of XTW and GEM0626 TEER devices on mitral valve diastolic hemodynamics is illustrated in Figure 9D. The presence of both GEM0626 and XTW lower the EOA compared with DMR (GEM0626: 1.40 ± 0.08 vs. 1.24 ± 0.08 cm2, p = 0.0192; XTW: 1.40 ± 0.08 cm2 vs. 1.29 ± 0.08 cm2, p = 0.0692).



3.1.2 FMR model

The pulsatile flow evaluation for the FMR model is illustrated in Figure 10. The results indicate that both GEM0626 and XTW significantly reduced closing volume, leakage volume, and regurgitant fraction. The closing volume (Figure 10A): GEM0626: 22.56 ± 4.06 vs. 11.87 ± 2.94 ml, p < 0.0001; XTW: 22.56 ± 4.06 vs. 11.45 ± 2.93 ml, p < 0.0001. The leakage volume (Figure 10B): GEM0626: 18.40 ± 3.00 vs. 8.05 ± 5.80 ml, p = 0.0028; XTW: 18.40 ± 3.0 vs. 8.60 ± 5.44 ml, p = 0.0031. The regurgitant fraction (Figure 10C): GEM0626: 56.99 ± 8.74% vs. 27.99 ± 11.30%, p = 0.0001; XTW: 56.99 ± 8.74% vs. 28.13 ± 10.64%, p = 0.0001. For the comparison of EOA (Figure 10D), no significant differences were observed among FMR, GEM0626, and XTW (1.53 ± 0.16 vs. 1.43 ± 0.06 vs. 1.46 ± 0.13 cm2).


[image: Bar charts labeled A, B, C, and D show various volumes and percentages for FMR, GEM0626, and XTW. Each chart compares metrics: closing volume, leakage volume, regurgitant fraction, and effective orifice area. P-values indicate statistical significance among groups.]
FIGURE 10
Pulsatile flow evaluation between GeminiOne (GEM) and MitraClip under functional mitral regurgitation (FMR) experimental conditions. Sample size of n = 6. (A) Closing volume. (B) Leakage volume. (C) Regurgitant fraction. (D) Effective orifice area.


Comparing the results of DMR and FMR, the effect of the TEER device led to a more significant reduction in closing volume for FMR compared with DMR, while the degree of leakage volume reduction was similar for both.




3.2 Leaflet captured area comparison between TEER devices

The comparison of the different leaflet captured areas between the two TEER devices was illustrated in Figure 11. It can be seen that “GEM0626 9 mm” has the largest captured area, compared with “XTW 12 mm” which has a slightly smaller captured area, with no significant difference (53.15 ± 1.23 vs. 52.62 ± 1.26 mm2, p = 0.7851). In contrast, the captured area of “XTW 9 mm” is comparatively smaller than “GEM0626 9 mm” (45.70 ± 1.20 vs. 53.15 ± 1.23 mm2, p < 0.0001). On the other hand, comparing the partial grasp condition, the captured area of “XTW 6 mm” is significantly smaller than “GEM0626 6 mm” (32.22 ± 0.72 vs. 40.77 ± 0.86 mm2, p < 0.0001). The above results indicate that, with the same length of grasped leaflet, GEM0626 secured more leaflet tissue compared with XTW.


[image: Bar graph showing the area in square millimeters for XTW and GEM10626 across different sizes: 6 mm, 9 mm, and 12 mm. XTW 9 mm shows a significantly larger area. p-values indicate statistical differences, with p < 0.0001 between most sizes except for GEM10626 6 mm and 9 mm, where p = 0.7851.]
FIGURE 11
The leaflet captured area of the GeminiOne (GEM) and MitraClip were measured and compared under full grasp and partial grasp conditions. Sample size of n = 11 (mean ± SD).




3.3 Leaflet anchoring stability evaluation

Detachment force evaluation between XTW and GEM0626 under full grasp and partial grasp conditions were shown in Figure 12. Comparing the results of full and partial grasp for XTW, the average detachment force decreased significantly from 6.36 to 2.97 N. The trend shows that having a shorter inserted leaflet length results in a lower detachment force of leaflets in XTW. However, GEM0626 demonstrated a different pattern compared with XTW, showing only a slight decrease in results when transitioning from full grasp to partial grasp (7.89 vs. 6.03 N). In addition, Figure 12 illustrates the comparison of detachment force between GEM0626 and XTW (full grasp detachment force: 7.89 ± 2.42 vs. 6.36 ± 0.96 N, p = 0.1214; partial grasp detachment force: 6.03 ± 2.05 vs. 2.97 ± 0.76 N, p = 0.0021). Under the partial grasp condition, the detachment force of GEM0626 is more than twice that of XTW. Under the full grasp condition, the detachment force of GEM0626 is slightly higher than that of the MitraClip but without a statistically significant difference.


[image: Bar graph comparing detachment force in Newtons for XTW and GEM0626 at different sizes. XTW shows 12 millimeters at around 6 N and 6 mm below 4 N. GEM0626 shows 9 mm above 9 N and 6 mm below 9 N. Significant difference indicated with p = 0.0021; no significant difference shown with p = 0.1214.]
FIGURE 12
Transcatheter edge-to-edge repair anchored leaflet stability evaluation. Detachment force was evaluated for the GeminiOne (GEM) and MitraClip under full grasp and partial grasp conditions. Sample size of n = 9 (mean ± SD).





4 Discussion

In this project, using ex vivo benchtop setups, we evaluated MR correction efficacy and mitral leaflet anchoring stability between two TEER devices, namely, MitraClip and GeminiOne. The key findings can be summarized as follows: First, GEM has better regurgitation correction capabilities than MC in the DMR model, but not in the FMR model. Second, GEM has a larger leaflet-capturing area and higher leaflet detachment force compared with MC, suggesting improved tissue anchoring stability.

TEER with MC devices has been widely established as a viable treatment for MR patients with high surgical risk. However, adverse device complications due to unstable leaflet capturing such as SLDA and LLI are reported to occur in 1.6%–4.8% of the cases, which leads to the recurrence of MR that significantly impair patient outcomes (9–12). In addition, patients with wide areas of mitral leaflet lesions often have large regurgitant orifice areas that necessitate the implantation of more than one MC device (8), which is reported to impair diastolic hemodynamics. Building upon the unmet clinical need, we have developed a novel TEER device that can grasp a large leaflet area with stronger anchoring forces, lowering the likelihood of SLDA and LLI and the chances of needing a second device with comparable or improved MR correction compared with MC.

Ex vivo pulsatile models using porcine or ovine mitral valves have been widely reported in literature. Various leaflet geometric distortions such as prolapsed leaflet, annular dilation, and papillary muscle displacement that are seen clinically can be introduced in such models, which then allows for the investigation of any surgical procedures and transcatheter devices (21, 22). In our experiments, we successfully established clinically severe levels of DMR and FMR. Interestingly, despite similar regurgitant fraction results (DMR vs. FMR: 59.21 ± 10.29% vs. 56.99 ± 8.74%), the closing volume in the FMR model was larger than in the DMR model (16.55 ± 3.7 vs. 22.56 ± 4.06 ml), while the leakage volume was smaller in the FMR model (26.01 ± 3.75 vs. 18.40 ± 3.0 ml). This is likely due to delayed coaptation due to leaflet tethering in FMR. Such delay is reported to increase the backflow during the valve closure period (i.e., closing volume) (25).

Additionally, comparing the DMR models between the two TEER devices (Figure 9), GEM0626 was slightly better than XTW in terms of mean regurgitation reduction. Based on the leaflet captured area experiments, this phenomenon might be explained by the fact that, with the same length of leaflet grasped, GEM0626 captured more leaflet tissue than XTW, thereby eliminating a larger flail area. Similarly, since FMR does not involve prolapse or other leaflet abnormalities, the results for the two devices were very similar. However, in both DMR and FMR cases, both devices leave quite significant residual regurgitation, which is likely due to the overly severe regurgitation states created. Future studies will focus on comparing multiple devices.

The results of the leaflet captured area experiment also supported the observation in Figures 6A,B: The U-shaped cross-section of GEM0626's clip is wider and deeper compared with XTW, making it more capable of accommodating and compressing more leaflet tissue.

From the results of the leaflet anchoring stability experiment (Figure 12), both TEER implants were able to effectively anchor onto the leaflets when sufficient leaflet tissue was grasped. However, when only a partial grasp was achieved, the anchoring stability of XTW significantly decreased, while GEM0626 exhibited only a slight decline. This difference might be due to XTW relying solely on the frictional element on the gripper to stabilize the leaflet. Under partial grasp conditions, the shortened leaflets are engaged with lesser frictional elements, therefore resulting in a significantly lower engagement force compared with full grasp. On the other hand, GEM relies on both the frictional element on the gripper and the compression action between the clip arms and the rigid central filler. During clip closure, as the threaded structure inside the central filler is continuously tightened, the compression on the leaflet between the clip and the central filler gradually increases, providing additional stabilization (even with shorter grasp lengths) and preventing the leaflet from slipping out of the clip. This “screw thread” principle is similar to the screw jack; according to the principle of “The Mechanics of Power Screws” (26), torque (T) is linearly proportional to the compressive force (F), as illustrated by the equation as follows:



T=dm2(l+πfdmπdm−fl)F,T=kF





where “l” is the lead of the thread, dm is the screw diameter, and f is the coefficient of friction. These parameters are determined by the material and size of the screw which can be simplified as constant k.

As discussed in the previous section, residual MR and certain complications (such as SLDA and LLI) are common causes of MR recurrence. This study evaluated the pulsatile flow and leaflet anchoring of two TEER implants, offering insights for clinical applications. When using XTW and GEM0626 to treat DMR, the clip should aim to grasp as much prolapsed leaflet tissue as possible to further reduce systolic leakage volume. In addressing FMR, efforts should focus on coapting the anterior and posterior leaflets at the implant location to counteract the tethering effects from the papillary muscle and annular dilation, ultimately eliminating the delayed coaptation of leaflets. By achieving a good leaflet coaptation, residual regurgitation can be minimized, enabling patients to achieve long-term clinical benefits. Furthermore, in cases of either incomplete or inadequate leaflet grasping, TEER implants with robust leaflet anchoring stability can reduce the risk of SLDA and LLI, which therefore leads to design features that enhance such property, for example, by incorporating more frictional elements on the gripper or optimizing their distribution. Alternatively, additional stabilization could be provided, as seen with GEM, through leaflet compression.

Additionally, comparing GEM0626 and XTW for FMR models, there is significantly higher leaflets tension when the TEER is coapted with the leaflets as compared with DMR models due to the much higher opposing forces from the annular dilation and chordal tethering. In some of the FMR model experiments, full leaflet grasping resulted in excessive tension which led to incomplete clip closure. This finding may be used to explain why clinical reports indicate that MitraClip G4 NTW (with an arm length of 9 mm and four pairs of frictional elements on the gripper) is the most frequently used for FMR (17). Using shorter arm lengths frees up more leaflet tissue, hence reducing the tension on the leaflets. On the other hand, GEM, with its better anchoring stability at shorter grasp lengths, leads to reduced tension on the mitral leaflets and potentially lowers the risk of TEER-induced leaflet injury. Further clinical validation is required to confirm these findings.



5 Study limitations

There are a few limitations in this research. First, the ex vivo mitral valve study is carried out by simulating the hemodynamics of the mitral valve without considering the dynamic motion of the mitral annulus, the viscosity of blood, papillary muscle, and actively contractile components of the left atrium and left ventricle. Second, the valvular diseased model is either DMR (P2 segment) or FMR; the efficacy of regurgitation correction by GEM has not been studied in other MR etiologies such as myxomatous degeneration and commissural flail. Third, the FMR model is created by suturing the mitral apparatus onto an enlarged rigid 3D-printed disk which does not allow any annular remodeling after TEER implantation which differs from the clinical situation in some cases. Finally, the other commercial TEER device—Pascal (Edwards Lifesciences Corporation, Irvine, CA, USA) TEER was not compared in this analysis as the device is not available commercially in this jurisdiction.



6 Conclusion

In the ex vivo pulsatile experiments, both GEM0626 and XTW are effective in terms of acute reduction of MR caused by DMR and FMR. However, in an anchored leaflet stability study, especially under partial grasp conditions, GEM0626 demonstrated significantly higher leaflet detachment force. The better anchored stability of GEM TEER may have long-term clinical benefits for MR treatment.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

Ethical approval was not required for the studies on animals in accordance with the local legislation and institutional requirements because only commercially available animal material was used.



Author contributions

KW: Formal analysis, Writing – original draft. DX: Formal analysis, Methodology, Writing – original draft. BX: Validation, Writing – original draft. ZH: Methodology, Writing – review & editing. JT: Project administration, Supervision, Writing – review & editing. SK: Methodology, Writing – review & editing.



Funding

The authors declare that financial support was received for the research and/or publication of this article. This study was funded by Peijia Medical Limited.



Conflict of interest

KW, DX, and BX were employed by Peijia Medical Limited. JT was employed by Sierra Valve LLC. SK is a consultant for Peijia Medical.

The remaining author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The authors declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.



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.



Abbreviations

: TEER, transcatheter edge-to-edge repair; DMR, degenerative mitral regurgitation; FMR, functional mitral regurgitation; SLDA, single-leaflet device attachment; LLI, loss of leaflet insertion; MC, MitraClip; GEM, GeminiOne; MR, mitral regurgitation; EOA, effective orifice area.



References


	1. Ling LH, Enriquez-Sarano M, Seward JB, Tajik AJ, Schaff HV, Bailey KR, et al. Clinical outcome of mitral regurgitation due to flail leaflet. N Engl J Med. (1996) 335:1417–23. doi: 10.1056/NEJM199611073351902


	2. Trichon BH, Felker GM, Shaw LK, Cabell CH, O’Connor CM. Relation of frequency and severity of mitral regurgitation to survival among patients with left ventricular systolic dysfunction and heart failure. Am J Cardiol. (2003) 91:538–43. doi: 10.1016/s0002-9149(02)03301-5


	3. Agricola E, Ielasi A, Oppizzi M, Faggiano P, Ferri L, Calabrese A, et al. Long-term prognosis of medically treated patients with functional mitral regurgitation and left ventricular dysfunction. Eur J Heart Fail. (2009) 11:581–87. doi: 10.1093/eurjhf/hfp051


	4. Enriquez-Sarano M, Michelena HI, Grigioni F. Treatment of functional mitral regurgitation: doubts, confusion, and the way forward after MITRA-FR and COAPT. Circulation. (2019) 139:2289–91. doi: 10.1161/CIRCULATIONAHA.118.038207


	5. Stone GW, Abraham WT, Lindenfeld J, Kar S, Grayburn PA, Lim DS, et al. Five-year follow-up after transcatheter repair of secondary mitral regurgitation. N Engl J Med. (2023) 388:2037–48. doi: 10.1056/NEJMoa2300213


	6. Stone GW, Lindenfeld J, Abraham WT, Kar S, Lim DS, Mishell JM, et al. Transcatheter mitral-valve repair in patients with heart failure. N Engl J Med. (2018) 379:2307–18. doi: 10.1056/NEJMoa1806640


	7. Vahanian A, Beyersdorf F, Praz F, Milojevic M, Baldus S, Bauersachs J, et al. 2021 ESC/EACTS guidelines for the management of valvular heart disease: developed by the task force for the management of valvular heart disease of the European society of cardiology (ESC) and the European Association for Cardio-Thoracic Surgery (EACTS). Eur Heart J. (2022) 43:561–632. doi: 10.1093/eurheartj/ehab395


	8. von Bardeleben RS, Rogers JH, Mahoney P, Price MJ, Denti P, Maisano F, et al. Real-world outcomes of fourth-generation mitral transcatheter repair: 30-day results from EXPAND G4. J Am Coll Cardiol Intv. (2023) 16:1463–73. doi: 10.1016/j.jcin.2023.05.013


	9. von Bardeleben RS, Mahoney P, Morse MA, Price MJ, Denti P, Maisano F, et al. 1-Year outcomes with fourth-generation mitral valve transcatheter edge-to-edge repair from the EXPAND G4 study. J Am Coll Cardiol Intv. (2023) 16:2600–10. doi: 10.1016/j.jcin.2023.09.029


	10. Mangieri A, Melillo F, Montalto C, Denti P, Praz F, Sala A, et al. Management and outcome of failed percutaneous edge-to-edge mitral valve plasty: insight from an international registry. J Am Coll Cardiol Intv. (2022) 15:411–22. doi: 10.1016/j.jcin.2021.11.040


	11. Gheorghe L, Ielasi A, Rensing BJWM, Eefting FD, Timmers L, Latib A, et al. Complications following percutaneous mitral valve repair. Front Cardiovasc Med. (2019) 6:146. doi: 10.3389/fcvm.2019.00146


	12. Schnitzler K, Hell M, Geyer M, Kreidel F, Münzel T, von Bardeleben RS. Complications following MitraClip implantation. Curr Cardiol Rep. (2021) 23:131. doi: 10.1007/s11886-021-01553-9


	13. Sugiura A, Kavsur R, Spieker M, Lliadis C, Goto T, Öztürk C, et al. Recurrent mitral regurgitation after MitraClip: predictive factors, morphology, and clinical implication. Circ Cardiovasc Interv. (2022) 15:290–99. doi: 10.1161/CIRCINTERVENTIONS.121.010895


	14. Ikenaga H, Makar M, Rader F, Siegel RJ, Kar S, Makkar RR, et al. Mechanisms of mitral regurgitation after percutaneous mitral valve repair with the MitraClip. Eur Heart J Cardiovasc Imaging. (2020) 21:1131–43. doi: 10.1093/ehjci/jez247


	15. Kreidel F, Frerker C, Schlüter M, Alessandrini H, Thielsen T, Geidel S, et al. Repeat MitraClip therapy for significant recurrent mitral regurgitation in high surgical risk patients: impact of loss of leaflet insertion. J Am Coll Cardiol Intv. (2015) 8:1480–89. doi: 10.1016/j.jcin.2015.06.019


	16. Chad A, Lauren H, Santosh P, Zach C. Design evolution of the MitraClip device. Cardiac IntvToday. (2023) 17:9.


	17. Chakravarty T, Makar M, Patel D, Oakley L, Yoon SH, Stegic J, et al. Transcatheter edge-to-edge mitral valve repair with the MitraClip g4 system. J Am Coll Cardiol Intv. (2020) 13:2402–14. doi: 10.1016/j.jcin.2020.06.053


	18. Crick SJ, Sheppard MN, Ho SY, Gebstein L, Anderson RH. Anatomy of the pig heart: comparisons with normal human cardiac structure. J Anat. (1998) 193:105–19. doi: 10.1046/j.1469-7580.1998.19310105.x


	19. Boltwood CM, Tei C, Wong M, Shah PM. Quantitative echocardiography of the mitral complex in dilated cardiomyopathy: the mechanism of functional mitral regurgitation. Circulation. (1983) 68:498–508. doi: 10.1161/01.CIR.68.3.498


	20. Ranganathan N, Lam JHC, Wigle ED, Silver MD. Morphology of the human mitral valve. II. The value leaflets. Circulation. (1970) 41:459–67. doi: 10.1161/01.cir.41.3.459


	21. Zhan-Moodie S, Xu DY, Suresh KS, He Q, Onohara D, Kalra K, et al. Papillary muscle approximation reduces systolic tethering forces and improves mitral valve closure in the repair of functional mitral regurgitation. JTCVS Open. (2021) 7:91–104. doi: 10.1016/j.xjon.2021.04.008


	22. Gooden SCM, Hatoum H, Zhang W, Boudoulas KD, Dasi LP. Multiple MitraClips: the balancing act between pressure gradient and regurgitation. J Thorac Cardiovasc Surg. (2022) 163:1319–27. doi: 10.1016/j.jtcvs.2020.05.049


	23. Stasiak JR, Serrani M, Biral E, Tatlor JV, Zaman JV, Jones S, et al. Design, development, testing at ISO standards and in vivo feasibility study of a novel polymeric heart valve prosthesis. Biomater Sci. (2020) 8:4467–80. doi: 10.1039/d0bm00412j


	24. Qintar M, Chhatriwalla AK. Update on the current status and indications for transcatheter edge-to-edge mitral valve repair. Curr Cardiol Rep. (2020) 22:135. doi: 10.1007/s11886-020-01391-1


	25. He S, Fongaine AA, Schwammenthal E, Yoganathan AP, Levine RA. Integrated mechanism for functional mitral regurgitation: leaflet restriction versus coapting force: in vitro studies. Circulation. (1997) 96:1826–34. doi: 10.1161/01.CIR.96.6.1826


	26. Richard GB, Nisbett JK. Shigley’s Mechanical Engineering Design. 9th ed. New York: McGraw-Hill Education Press (2015). p. 416.






OPS/images/fcvm-12-1558454-g004.jpg





OPS/images/fcvm-12-1558454-g003.jpg





OPS/images/fcvm-12-1558454-g006.jpg





OPS/images/fcvm-12-1558454-g005.jpg
Pulmonary
i 4 reservoir






OPS/images/fcvm-12-1558454-g008.jpg
&

‘Trans-mitral flow (Vmin)

Systole

Diastole

0.4 0.6
Time (s)

Leakage volume

Closing volume

0.8

Trans-mitral flow (Vmin)

®) Systole Diastole
B — MVF
B — GEM
02 0.4 0.6 08 1.0
Time (s)
4
-15
-2





OPS/images/fcvm-12-1558454-g007.jpg





OPS/images/fcvm-12-1558454-g009.jpg
P - 0.006

0.1259
I
.

+
0.0692

& &
@Q
0‘9
,-
P=0.0192
EUL
i &

P-0.0361

251

(@Y

e -
T T T T & LY S
R & = & ® 3 = ]
(jur) awinjoa a3eyear| m ANES BAIE DYLIO A
=3
° - a
£ % Bl 1 %
L4 HS gy L
&
8 : *| & %,
3 s A\@
I Ll & TR
~ . . \§
e
s 3 = & v o
S w ) " % b 5 - M
_ - =

S.ans
(jur) dwnjoa 3uiso|) (%) uondesy yuenznzoy

©





OPS/xhtml/Nav.xhtml




Contents





		Cover



		GeminiOne transcatheter edge-to-edge repair: comparative hemodynamic and biomechanical evaluation

		1 Introduction



		2 Materials and methods



		2.1 Ethical statement



		2.2 Experimental models



		2.2.1 Preparation for ex vivo model



		2.2.2 Preparation for leaflet captured area measurement and leaflet stability experiment











		2.3 Pulsatile flow evaluation



		2.4 Leaflet captured area comparison between TEER devices



		2.5 Leaflet anchoring stability of TEER devices



		2.5.1 Experimental design



		2.5.2 Experimental setup











		2.6 Statistical analysis











		3 Results



		3.1 Pulsatile flow evaluation



		3.1.1 DMR model



		3.1.2 FMR model











		3.2 Leaflet captured area comparison between TEER devices



		3.3 Leaflet anchoring stability evaluation











		4 Discussion



		5 Study limitations



		6 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher's note



		Abbreviations



		References




















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Cardiovascular Medicine

GeminiOne transcatheter edgeto-
edge repair: comparative
hemodynamic and
biomechanical evaluation








OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
& frontiers | Frontiers in Cardiovascular Medicine





OPS/images/fcvm-12-1558454-g011.jpg
P <0.0001
P <0.0001

P =0.7851

6mm 9mm 12mm 6mm 9mm
XTW GEMO0626





OPS/images/fcvm-12-1558454-g010.jpg
P=0.0031

B)

P<0.0001

]| 4
H %,
g %,
S % . ba, ©
: %,
@
FF & & o
(Ju1) dwnjoA a3eyea|
8 ._..mw. K
il “
i %
s N
alo|g . .%&x
Gy
% & % &% =

(jur) dwnoa 3uisor)

P=0.1771

P=0.0001

.
R A
Z <
i ﬁ +
£ o -
2 2.
| . TEp———
7 “,
~Lo _olm b, 9
NN\,%
A
~ — - < <
ANE& ©BAIE OYLIO DAY
- b . [ 4
ﬁ k4
= PR
- . b o
g %,
g 2,
. s
%
) ) Y < °
®© A=l - a

(9/) uondR.Iy JUBISINGIY





OPS/images/fcvm-12-1558454-g002.jpg





OPS/images/fcvm-12-1558454-g001.jpg
E:22mat120°  W:6mm E:2Smmat120°  W:6mm





OPS/images/fcvm-12-1558454-g012.jpg
Detachment Force(N)

91

34

P=0.1214

P=0.0021

.o

12mm 6mm
XTW

9mm  6mm
GEMO0626





