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Abstract
Endocardial access to the left atrium is commonly achieved to treat patients with atrial fibrillation, using different device delivery systems for cardiac ablation. But the large variation in human anatomy presses the limits of existing medical devices. In this unique study, we directly visualized the device-tissue interface in fresh reanimated human hearts using Visible Heart® methodologies. Our goal was to better understand any opportunities to improve therapeutic approaches. The visual images obtained in this study (also featured in this article) allow a more intimate grasp of the key steps required in various ablation procedures, as well as some limitations of current device designs. These images show the potential risks of conducting transseptal punctures and the difficulties of placing catheter tips in certain scenarios (e.g., when creating circumferential lesions); they also demonstrate potential problems that could occur while attempting to place catheter tips on such anatomies like the mitral isthmus. In our analysis of these images, we focus on where enhancements are needed to refine device functionality. 
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[bookmark: _GoBack]Core tip: Visible Heart methodologies are utilized to directly visualize a functional human heart and key steps in the cardiac ablation procedure to emphasize limitations of current device delivery systems. Specifically, these images illustrate potential risks of transseptal punctures as well as the challenges faced by clinicians when placing catheter tips in certain scenarios, considering the wide variation in human anatomy. The focus is on where enhancements are needed to refine device functionality and improve therapeutic approaches.
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INTRODUCTION
For many years, ablation (either radiofrequency or cryogenic) has been used to treat patients with atrial fibrillation (AF)[1-3]. But variations in cardiac anatomy have consistently influenced therapeutic success[4-8]. Different medical device designs have been developed for creating effective lesions in such varied anatomic structures[9-12]. However, in order to apply therapies for left atrium (LA) targets, navigation is first required into the right atrium (RA) and then across the septum. 
Reaching the anatomic locations within the left heart was initially made feasible by Cox’s maze procedure[13-16]. In such a procedure, each step requires an intimate understanding of the endocardial anatomy[17]. Importantly, the inappropriate placement of devices in any ablation procedure can result in significant unintended consequences, including the creation of ineffective lesions (no transmurality), the need for subsequent ablation procedures, or cardiac tamponade during transseptal punctures[18-20]. In an effort to reduce the incidence of such unintended consequences, ablation is commonly performed with the assistance of imaging tools such as fluoroscopy or echocardiography. Imaging tools not only help eliminate unintended consequences such as perforation, but also help ensure occlusion of pulmonary veins (PVs). In addition, the use of fluoroscopy, angiography, and noncontact mapping has improved the quality of the images[21]. However, no imaging method allows one to directly visualize the device-tissue interface or to take into consideration the impact of accuracy on heart rhythm[21,22].   
In this unique study, we used Visible Heart® methods to directly visualize the device-tissue interface in fresh human hearts reanimated in a clear Krebs-Henseleit buffer (Sigma-Aldrich Corporation, St. Louis, MO, United States), as previously described[22,23]. Our goal was to better understand any opportunities to improve therapeutic approaches during the key steps of various ablations procedures. The visual images obtained in our study (and featured in this article) allow a more intimate grasp of the steps required as well as any limitations of current device designs. 
In particular, the images reveal the interaction of ablation technology with human tissue, providing a sense of the spatial relationship between the device and anatomic structures. In our analysis of these images, we focused on where enhancements are needed to refine device functionality. For purposes of analysis, we separated the key steps of ablation procedures into 3 distinct image sets, based on the device used and the anatomy: (1) navigating the RA; (2) conducting transseptal punctures from the RA to the LA; and (3) creating lesions and reaching the key anatomic locations in the LA with different types of ablation devices. Delineating the limitations of current devices and pinpointing the major anatomic challenges should prove to be of great importance for both practicing physicians and medical device designers[23].   

NAVIGATING THE RA 
Success in navigating the RA has been limited, given the challenging anatomy of key RA structures combined with the limitations of current device design. Endocardial cardiac ablations of the atria commonly originate via access from the inferior vena cava (IVC). An introducer, at the groin, is inserted into the femoral vein and then advanced into the RA. The IVC serves as a low-pressure return path of deoxygenated blood to the RA. Thus, the IVC is a suitable starting point for endocardial procedures because it eliminates risks associated with device introduction. Key ablation procedure structures in the RA include the fossa ovalis (FO), coronary sinus (CS), and right atrial appendage (RAA). 

FOSSA OVALIS
The FO serves as the access point for ablation of the LA. As devices enter the RA, the Eustachian valve of the IVC forms a bridge between the IVC and the Eustachian ridge (ER) (Figure 1).
The FO is also a structure that causes devices to bind or become lodged, and device tips can catch on the compliant membrane of the valve[24-26]. Because the FO and the IVC are located on the superior aspect of the ER, the ER can serve as a guide to facilitate device delivery to the FO, allowing the device to glide along the valve and onto the ER (Figure 2B and C).
The ER is a prominent rise between the FO and the CS ostium (Os)[27-29]. The superior and posterior margins of the FO are enfolded to produce the prominent muscular protrusion on the endocardial surface. The FO lies next to the aorta, making transseptal punctures difficult[30]. Bordered by septal tissue and the ER, the FO is typically slightly recessed (Figures 2B and C). These structures can either facilitate or inhibit the operation of a medical device, either directing it in the intended direction or preventing it from being placed in the desired location. 
Current catheter delivery systems face challenges in reaching the FO and conducting transseptal punctures. Pectinated muscles adjoin the ER, which itself is pronounced and moves with each contraction. The pectinated muscles adjacent to the FO are composed of undulations that are capable of restraining the tip of a dilator or catheter (Figure 3). Dilator tip dimensions are sized to only allow a transseptal needle to pass. This small tip size also increases the chance of binding in these muscles if the tip is placed incorrectly. 
During transseptal punctures, the FO is manipulated extensively. Both its size and thickness contribute to changes in the amount of compliance when force is applied (Figure 4). A large amount of compliance in the FO, coupled with a lack of compliance in the much thicker septal wall, can result in concentration of the transseptal force on the FO. 
Dilator tips enable practitioners to confirm anatomic location by tenting the FO. Once tenting is achieved, a transseptal needle can be advanced through the FO (Figure 5A and B). The large amount of tenting that is usually required and the compliance of the membrane draw into question how much force the FO is able to tolerate before the procedure fails. Though necessary to perform transseptal punctures, FO tenting -combined with excess extension of the transseptal needle tip into the LA - can result in cardiac tamponade. 
The very close proximity of the FO to both the right superior pulmonary vein (RSPV) and the right inferior pulmonary vein (RIPV) makes it challenging to reorient device tips after transseptal punctures (Figure 6).
Devices whose total deflection is limited, or whose deflection is located more proximally in the shaft, result in tip changes that make it impossible to orient the device in a way that facilitates catheter introduction into the right PVs. Consequently, the FO needs to be manipulated more. Additionally, an incorrect puncture site location can increase the difficulty of introducing a catheter into the right PVs. 
Once a transseptal puncture is complete, the tissue is stretched over the outside diameter of the dilator and onto the outside diameter of the sheath (Figure 5B). This transfer of force, the overall diameter of the sheath, and manipulation of the device in the LA can all contribute to the possibility of tearing the FO. As the sheath is deflected and the device is introduced into the LA, the resulting forces on the sheath push and pull the FO. If these forces become excessive, the FO can tear (Figure 7). 
This step in the procedure prompts additional consideration of the use of the transseptal needle in the LA. The transseptal needle extends beyond the tip of the dilator. The amount of extension is dictated by the interference fit of the diameter on the needle shaft to the internal diameter reducer in the dilator tip. Given the large amount of needle extension and the relative thickness of the FO, future device designs must improve the needle tip to reduce the risk of cardiac tamponade, while still preserving the ability to achieve successful punctures. Clearly, anatomic variations can have an impact on the ability to conduct transseptal punctures as well as possible complications. 
Such variability in anatomic structures - combined with current device limitations in sheath size and in needle, length, and deflection capabilities - require continued advancements in order to decrease the risk to patients. Device developers must continue to collaborate with electrophysiologists. A partnership between engineers and health care providers is critical for improving patient outcomes. 

CORONARY SINUS
Arrhythmia ablation procedures commonly involve the CS[6,31]. Its ostium is located on the opposing side of the ER. In addition, the thebesian valve is located at the CS ostium (Figure 8). Inferior to the CS ostium, anatomic structures can be of various shapes and sizes[32].  
Clearly, anatomic factors can increase the complexity of device delivery. The CS ostium resides in a deep pocket that is bordered by the ER, making catheter tip placement challenging. The location of the CS ostium relative to the IVC, along with the size of the ostium, can also present challenges. 
To enter the CS, devices must have a high degree of deflection; furthermore, the region of deflection must have a small radius. With devices whose deflection is located more proximally in a stiff shaft and whose diameter is 8-Fr or larger, it will be more difficult to orient the tip so that it aligns with the CS ostium (Figure 9). Further design work is needed to develop devices that can deflect in a small radius, allowing the catheter tip to be oriented in such a way that it can align with the CS ostium. 

RIGHT ATRIAL APPENDAGE
Right atrial ablation is required in instances of AF in which the cycle length recorded in the RAA is shorter than is the cycle length recorded in the left atrial appendage (LAA). The RAA location near the ostium of the IVC prompts the need to deflect devices (Figure 10A). The appendage can be a large structure; it is composed of very thin tissue as well as pectinated muscle and a sagittal band (Figure 10B and C).
Given the thin tissue of these anatomic structures, devices need to have very smooth tips that do not focus force into a point. With devices that have a rigid shaft, the risk of perforating the RAA is greater, because of the higher transfer of force. In contrast, with devices that have a compliant tip at the distal end, the tip can bend, thereby lessening the chance of perforating the RAA.

ABLATING LEFT ATRIAL STRUCTURES:  PV, MI, AND LAA ROOFLINE
The LA has a venous component, along with a vestibule and an appendage. The additional 4 venous orifices serve as corners to the atrium. The vestibule surrounds the mitral ostium. The LAA is typically a small extension that originates adjacent to the mitral valve annulus and the left PVs. 
In the atrial areas, the anterior wall behind the aorta is commonly thin and can be torn during transseptal punctures[33]. The thicker parts of the LA are on the superior wall[34].  The ostium of the right PVs are adjacent to the plane of the atrial septum. The tissue that makes this transition is smooth. The target of PV isolation is a muscular sleeve that extends into each vein and ends inside the sleeve; the role of the sleeve has been reviewed in other studies[35,36]. The organization of electrical activity from the PV is well known[37,38]. 
The smooth wall of the LA facilitates a uniform drag of the catheter tip against the tissue. The size of the LA is conducive to catheter tip placement against the tissue surface[27]. But the formation of a small gap is possible; complex cardiac navigation systems do provide some guidance as to gap location, yet it might not be sufficient. 
LA ablation can occur in a number of different locations and can be prompted by continuous electrical activity, with a minimum duration of 100 ms[39] and either fractionated or fragmented electrical activity[40].

LEFT ATRIAL PULMONARY VEINS
Pulmonary vein isolation is a key step in treating patients with all forms of AF. Of note, the muscle sleeves in the ostial opening of all 4 PVs emit ectopic beats. Electrical isolation of each vein is now the standard of care for treating AF, using either cryogenic or radiofrequency ablation[28-30]. In electrical isolation procedures, both ablation and diagnostic devices are used around and inside the PVs including guidewires, balloons, diagnostic catheters, and focal ablation catheters. 
The ostia of the right PVs are adjacent to the FO. The ostial opening of the PV is a smooth surface. The close proximity of the PV ostia to the FO, and the sharp angle between them, make it difficult to orient a catheter through the puncture site and into the PV (Figure 11).
The ostia can comprise ridges and are adjacent to each other on opposing sides of the atrium. The shape and orientation of the PV can vary; other anatomic structures can be atypical. Variations can include differences in ostial size and the existence of a common shared ostium. All of these factors can affect the effectiveness of the devices used to electrically isolate the tissue. 
The PVs interface with guidewires, sheaths, balloons, and focal ablation catheters. The location of the transseptal puncture can have a dramatic effect on the ability to place the catheter tip in the ostium of the PV, especially because the distance from the FO to the ostium is short. In addition, the orientation of the opening of the PV is directed in a way that can result in the need to twist the guidewire to allow it to migrate inside the PV (Figure 12A). This anatomic orientation of the FO and the PV illustrates the importance of a sheath that has a small radius of deflection at the tip in order to facilitate guidewire insertion. 
Catheter placement into the PV is also affected by the contour of the catheter tip. The angle of the catheter’s approach might require anatomic guidance to properly position the tip (Figure 12B). This device-tissue interface shows the importance of a smooth, contoured tip. 
The complete insertion of the ablation catheter is affected by its size and by the size of the atrium. The proximity of the FO to the PV can limit the ability to have both the sheath and the catheter in the chamber (Figure 12C). Limiting the distance of the therapeutic region of the catheter would provide greater latitude for use of the entire system in the atrium. Operation of these devices on the right side of the atrium is one of the more challenging steps of the procedure. 
Performing the same steps on the left side of the atrium requires different device performance. The orientation of the FO to the left PV ostia (as compared with the right side of the atrium) is more conducive to device delivery. Guidewire introduction is typically facilitated by the nearly linear orientation of the FO to the PV ostium (Figure 13A), which allows the guidewire to be placed and lodged in the PV (Figure 13B).
The alignment of the FO and left PVs allows for easy catheter introduction into the LA and sufficient room to operate the device, thereby reducing the stress on the FO and lessening the demands on the sheath (Figure 13C). For balloon-based devices, which require more area to operate than do focal ablation catheters, the alignment of the FO and left PVs is of particular importance. 
Once the catheter is delivered into the PVs, therapy delivery remains challenging. For example, balloon-based therapeutic devices are larger, with only a limited amount of deflection ability, so they require more room to operate. Given the orientation of the transseptal puncture to the ostium of the PV, the balloon is able to fully occlude the vein. However, uniform cooling may not be achieved, because the balloon’s orientation is limited by the FO’s orientation to the PV’s muscular sleeve (Figure 14).
These anatomic challenges accentuate the importance of having an acute distal deflection segment on the ablation device, in order to improve catheter tip orientation to, and alignment with, the PV ostium. Such challenges also jeopardize the ability of the sheath to maintain its placement in the LA. Decreasing the length of the distance between the distal tip of the sheath and the proximal end of the balloon would allow more sheath to be retained in the LA. The sheath must have a very distal deflection control with an acute radius of deflection. The smooth wall of the atrium facilitates placement of the ablation catheter. 
If additional lesions are necessary beyond PV isolation, they can be created in the LA in the form of a linear lesion along the roofline or a mitral isthmus lesion, or via ablation of the LAA. 

LEFT ATRIAL APPENDAGE 
Many times, the LAA is a site for the deposition of thrombus. A stroke is a possibility if the thrombus is able to dislodge and travel to a part of the vasculature that supplies blood to the brain. The LAA is oriented on the opposing side of the LA from the FO, making device delivery less challenging (Figure 15A). 
For achieving and retaining device placement, the opening of the LAA can be challenging. The ability to place a focal ablation device at the ostial opening is complicated by the presence of prominent ridges in the ostial area of the LAA. Focal devices for performing point-by-point ablation around the opening are difficult to operate. Alternatively, devices that encircle the LAA, or that occlude it, preclude the need to create point-by-point lesions and remove the complexity of attempting to place a catheter tip on a ridge structure. 
Devices that deploy into the LAA and then place the therapeutic region at the opening are able to encircle the opening (Figure 16). Focal ablation devices need the ability to apply sufficient force on the tissue for lesion generation, without slipping into the pectinated muscles of the LAA interior. 
Dynamically shaped ablation devices that could occlude the LAA would have an advantage, as they might be able to maintain position and sufficient force for lesion generation. 

MITRAL ISTHMUS AND ROOFLINE ABLATION 
The mitral isthmus (MI) is a region of tissue that borders the annulus of the mitral valve and the LAA, and then rises over the ridge toward the left PV (Figure 17A). This is a common area to create a contiguous lesion in which it helps to terminate conduction patterns in patients with AF in whom PV isolation is not sufficient[27,31,32].   
The creation of the MI or roofline linear lesion is affected by even a minor amount of anatomic movement of the MI with each contraction, making catheter tip placement on the ridge difficult. Any anatomic movement changes the force on the catheter tip and can contribute, at times, to a temporary loss of sufficient contact for lesion creation. The ability to maintain tissue contact is a byproduct of the amount of force on the catheter tip. For MI linear lesion creation, given the orientation of the FO in relation to the mitral valve annulus (MVA), the catheter tip must be able to reach to the MVA, and the deflection must be able to place force on the catheter tip (Figure 17B).The presence of a ridge is an additional complicating factor; the shape of the ridge can be pointed, making it difficult for the catheter to be placed on it. 
To ensure necessary contact when creating a linear lesion, a focal catheter may be used against a supporting structure, such as another catheter (Figure 18A) or the wall of the atrium (Figure 18B).
A focal ablation catheter has the advantage of adaptability. This device design could be extended to include repositioning of electrodes, softening of the tip, and better deflection capabilities - all of which could widen application across an array of atrial anatomies, resulting in an improvement in energy delivery. 

CONCLUSION
Understanding how ablation devices interface with tissue and anatomic structures can make a crucial difference in their therapeutic application. Anatomic structures vary from person to person. Within each person, the endocardial surface changes shape with each heartbeat and can prompt catheter migration, making it difficult to know exactly where the device was placed and what is happening at the device-tissue interface. By using Visible Heart® methods to directly visualize the device-tissue interface in fresh reanimated human hearts, we assembled and analyzed an array of illuminating images, providing a critical aid to clinicians and medical device designers alike. 
The tools that have traditionally been used to treat patients with AF have numerous limitations, all of which lengthen ablation procedure time and increase the likelihood of disease recurrence. Future research in this field needs to focus on reducing the risks of transseptal procedures, increasing catheter mobility, enhancing the anatomic precision of catheter tip placement, and improving imaging capabilities. Studies must investigate methods for improving transseptal punctures, reaching targeted anatomies with therapeutic devices, and assessing the effectiveness and quality of lesions at the point of their creation. 
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Figure 1 Fossa ovalis and transseptal punctures. All of the 5 locations shown on the fossa ovalis (black arrow) are transseptal puncture possibilities, and the path of device delivery to the fossa ovalis is shown (green arrow). CS Os: Coronary sinus ostium; ER: Eustachian ridge; FO: Fossa ovalis; IVC: Inferior vena cava; RA: Right atrium. 
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Figure 2 Anatomy of fossa ovalis and Eustachian ridge related to transseptal punctures. A: Inferior vena cava approach to transseptal punctures (green arrows); B: Image of fossa ovalis and Eustachian ridge (ER); C: Image of a patent foramen ovale in the fossa ovalis (two white arrows), with the ER adjacent to the fossa ovalis.  
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Figure 3 Catheter dilator and sheath in the right atrium. Pectinated muscles border the Eustachian ridge (ER, red rectangle). IVC: Inferior vena cava.
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Figure 4 Fossa ovalis manipulation during transseptal punctures. A: Deformation of the fossa ovalis at the point of needle puncture in the left atrium; B: Transseptal puncture at the time of dilator insertion, with deformation of the fossa ovalis (red oval) and a tight fit between the dilator and the fossa ovalis; C: Image of the septal ridge (red circle 1) around the fossa ovalis, the thin and highly compliant nature of the fossa ovalis (red circle 2), and the Eustachian ridge (red circle 3). 
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Figure 5 Tenting of the fossa ovalis. A: View from the left atrium of the fossa ovalis at the point of needle puncture (red square); B: Simultaneous view from the right atrium at the point of needle puncture (red rectangle). 
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Figure 6 Fossa ovalis anatomy and device delivery for transseptal punctures. A: Path of device delivery to the pulmonary vein originating from the fossa ovalis (green arrows); B: Left atrial sheath placement after a transseptal puncture, with a guidewire introduced into the right superior pulmonary vein (RSPV). FO: Fossa ovalis; RIPV: Right inferior pulmonary vein.
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Figure 7 Tearing of the fossa ovalis. Example of a potential complication as a result of catheter navigation performed in a swine, showing the fossa ovalis tearing due to excessive deflection force from a delivery sheath attempting to navigate into a pulmonary vein. 
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Figure 8 Coronary sinus and ablation procedures. A: Device approach originating from the inferior vena cava into the coronary sinus ostium (green arrows); B: Regional anatomy in the area of the coronary sinus is bordered by the thebesian valve, including the inferior vena cava catheter introduction point. 


[image: ]
Figure 9 Deflection of devices in the coronary sinus. Green arrow depicts the device approach originating from the inferior vena cava; devices in this region require a high degree of deflection.
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Figure 10 Right atrial appendage and transseptal punctures. A: Approach to the right atrial appendage through the inferior vena cava (green arrows); B: Image shows the large size of the right atrial appendage (red oval, right side) and pectinated muscles (red oval, left side); C: Image of the pectinated muscles and thin tissue.
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Figure 11 Pulmonary veins and ablation devices. A: Directions of device introduction originating from the fossa ovalis into the left atrial pulmonary anatomy (green arrows); B: Image shows the left pulmonary vein ostium; C: Image of the right pulmonary vein.
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Figure 12 Device placement in the right pulmonary veins. A: Catheter sheath and the use of a guidewire for placement into the right superior pulmonary vein (RSPV, red oval); B: Introduction of the catheter tip at the pulmonary vein ostium (red oval); C: Retraction of the catheter sheath to the fossa ovalis (FO) and the introduction of a balloon catheter (red oval). RIPV: Right inferior pulmonary vein. 
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Figure 13 Device placements in the left pulmonary veins. A: Catheter sheath and the use of a guidewire for placement into the left superior pulmonary vein (LSPV, green arrow); B: Placement of the guidewire into the pulmonary vein ostium (red oval); C: Introduction of the balloon catheter across the left atrium (green arrow).  
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Figure 14 Balloon-based left atrial right superior pulmonary vein occlusion. The sheath is retracted to accommodate the ablation catheter (red circle). The catheter orientation (green arrow 1) is not aligned with the pulmonary vein ostium orientation (green arrow 2). FO: Fossa ovalis; RIPV: Right inferior pulmonary vein; RSPV: Right superior pulmonary vein.
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Figure 15 Left atrial appendage and device delivery. A: Approach to the left atrial appendage from the fossa ovalis (green arrow); B: Position of the left atrial appendage relative to the mitral valve annulus and the presence of pectinated muscle; C: Position of the left atrial appendage relative to both the mitral valve and the left superior pulmonary vein. 
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Figure 16 Device encircling the left atrial appendage. Image shows the catheter shaft circulating around the left atrial appendage (LAA) ostium; the red circle depicts the ridge between the LAA and left superior pulmonary vein (LSPV).   
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Figure 17 Mitral isthmus and roofline ablation. A: Diagram shows the mitral valve in the left atrium; B: Various structures, including the mitral valve annulus, which serve as the starting point for creating a linear lesion in the mitral isthmus. 
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Figure 18 Focal ablation catheter. A: Mitral isthmus lesion creation originating at the mitral valve annulus (MVA, red rectangle); B: Creation of a roofline linear lesion (red curved lines). FO: Fossa ovalis; LA: Left atrial; LIPV: Left inferior pulmonary vein; LSPV: Left superior pulmonary vein.
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