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Background and Need

The mitral valve is a two-leaflet valve and is the passageway between the left atrium and the left ventricle of the heart. The chordae tendineae are tendon-like chords that anchor the mitral valve leaflets to the papillary muscles. The chords prevent the leaflets from mitral valve prolapse into the left atrium. Mitral regurgitation happens when the mitral valve does not close completely and there is retrograde blood flow into the left atrium.  When there is retrograde flow in the heart, the blood flow does not move efficiently through the heart, which reduces cardiac output and can make you feel tired or out of breath. (6)

Mitral regurgitation is the most common form of valvular heart disease. Two percent of the adult population suffers from mitral regurgitation with similar prevalence in males and females. There are 20 to 25 thousand mitral valve procedures performed a year with an 80% success rate. (6) However, only 44.3% of patients who have mitral regurgitation actually undergo mitral valve repair. This is due to the high complexity of the surgery and risk factors associated with the operations. Symptomatic patients have an annular death rate of 5% or more without intervention. (4)

In the United States degenerative mitral valve disease is the most common cause of mitral regurgitation. (7) Detached or elongated chordae of the posterior leaflet are the most common sources for mitral regurgitation. (13) Mitral valve regurgitation is most often mild and progresses slowly. Severe mitral valve regurgitation can lead to heart failure, atrial fibrillation, endocarditis, and pulmonary hypertension. There is a positive feedback loop associated with mitral regurgitation. Mild mitral regurgitation leads to less blood flow in the body, which leads to less oxygen circulation. Receptors in the heart sense the lack of oxygen flow and therefore dilate the annulus of the valve. This leads to poorer valvular function, which in turn leads to a greater retrograde flow in the heart, which increasingly contributes to the positive feedback loop. Therefore valvular repair should be recommended for patients with mild mitral regurgitation because the condition will become progressively worse with time. (1) However, currently the guidelines recommend surgery for moderate-to-severe or severe mitral regurgitation in patients with symptoms or indication of left ventricular dysfunction. (4)
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There are three types of mitral regurgitation, shown in Figure 1. Type I is when the valve is enlarged and is caused by annular dilation. Type I regurgitation is quite rare and requires valvular replacement or annuloplasty. Type II, or mitral valve prolapse, is when there is increased leaflet motion; it is the most common form of MR. There are different subtypes of Type II regurgitation. Type IIa occurs when the chordae tendineae stretch out and type IIb occurs when the chordae tendineae rupture. Type IIc occurs when the papillary muscle scars and Type IId occurs when the papillary muscle ruptures. Minimal invasive catheter repairing of Type II mitral regurgitation is what we are focusing on for our design project. Type III regurgitation occurs with restricted leaflet motion. (1)
Figure 1: Type I: Normal mitral motion 

      Type II: Increased leaflet motion

      Type IIIa: Restricted leaflet motion during diastole and systole

      Type IIIb: Restricted leaflet motion predominantly during systole

Project Scope

Our design project is focused on providing a minimally invasive percutaneous Type II mitral regurgitation repair. Our project is the final step in a three-step process to repair Type II Mitral Regurgitation (MR). The first step of the design process involved anchoring the artificial chordae to the mitral leaflet.  The second step required attaching a separate chordae to the left ventricle wall. Our project is to adjust the lengths of the chordae and to design a cinching device that accounts for compliance and tension of the artificial chordae. (6)

While the first two steps of the design project have been developed, there is a great need for a sound-cinching device in the final step of the design process. With out the cinching device, there is no way to connect the artificial chords that have been attached to the mitral leaflet and left ventricular wall. Our initial development involves weekly meeting with our mentor, Dr. Traves Crabtree, a cardiothoracic surgeon at Barnes Jewish Hospital in St. Louis.  Dr. Crabtree provides us with the in depth clinical knowledge of mitral valve repair and the physiology of the heart. Our job is to design a cinching device that takes into account the dimensions, dynamics, and limitations of the heart. In order to expand our clinical knowledge of mitral valve repair we will be shadowing Dr. Alan Zajarias in the cath lab at Barnes Jewish Medical Center. With the help of our mentors’ background and knowledge of the clinical aspect of the heart and our engineering background, we plan to design an efficient device that maintains the physiology of the heart. (6)
Existing Solutions Overview

Currently, mitral regurgitation can be fixed by:

· Mechanical valve replacement

· Biological valve replacement

· Open mitral valve repair

· Percutaneous mitral valve repair
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Mechanical valve replacement became popular in the 1980s as the primary solution to a defective valve. The mechanical heart valve (Figure 2) is resilient and remain in working condition for the lifetime of the patient.  However, a major drawback to mechanical valve replacement is the requirement of lifelong blood thinners. Anticoagulants are necessary in order to keep the mechanical valve functioning properly. Anticoagulants can be dangerous to patients resulting in bleeding complications, especially if the patient were to get into an accident with blood loss. Due to these serious setbacks mechanical valve replacement is no longer the primary solution to MR.

Biological Valve Replacement

Biological valve replacements have many advantages to mechanical replacement. Biological materials do not require lifelong anticoagulants. The valve (Figure 3) is made from cow or pig and is surgically inserted into the patient. One drawback to biological valves is that they are not as durable as mechanical valves and can wear out easily when stress is applied to the heart often. Complications with biological valve [image: image24.png]


replacement include stenosis, endocarditis, hemolysis, thromboembolism, valve thrombosis, anemia, arrhythmia, congestive heart failure, hemorrhage, myocardial infarction, and angina. These complications could lead to reoperation, explanation, permanent disability, or death. Biological valve replacement has lost some of its popularity since mitral repair has shown greater long-term survival than biological and mechanical valve replacement.
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Open Mitral Valve Repair


Mitral repair does not require replacing the valve and keeps the majority of the native valve intact. Many studies have shown that there is a survival benefit with mitral repair vs. mitral replacement. Mitral repair has shown 1-2% mortality where replacement is 10.7% mortality. Mitral repair is less invasive than replacement as the incision for repair is smaller. Surgical mitral valve repair involves reshaping and removing portions of the leaflets in conjunction with annuloplasty, shrinking the diameter of the annulus.  The benefit to this procedure is that the majority of the patient’s tissue is still intact and the dynamics of the left ventricle remain unchanged.


Despite the fact that valve repair has proven to be more effective than valve replacement, there are still many drawbacks.  Repair techniques are more complicated than replacement and require greater skill of the surgeon to complete. Repair operation also takes longer than replacement. An average mitral repair takes 3-6 hours where an average mitral replacement takes 1-2 hours. This means the patient is on cardiac bypass for a longer amount of time, which increases the risks of side effects.

Percutaneous Mitral Valve Repair

Percutaneous mitral valve repair is a catheter-based approach that reduces the side effects associated with open mitral repair and replacement. Percutaneous repair is done off-pump and therefore does not have the complications associated with cardioplegia and also maintains the physiology of the heart which is believed to increase life-expectancy and coaptation of the mitral valve. Percutaneous mitral valve repair techniques are still being developed. From a design standpoint, there are many limitations in repairing the mitral valve percutaneously – one key limitation is the size of the device. One major benefit of percutaneous repair is that patients who forwent open mitral vale repair due to the risk of cardiac bypass will now be able to undergo the repair. Percutaneous treatment is associated with increased safety, faster recovery time, cheaper procedures, improved left ventricular dimensions, and clinical improvements in quality of life. Long-term follow-up is intended to provide additional data to better understand the risks and benefits to percutaneous treatment of mitral regurgitation. (4)
Existing Solutions Explored


This paper looks in depth at existing solutions and patents regarding open mitral valve repair and percutaneous mitral repair. Because mitral replacement has shown to be less effective for fixing MR we will not be looking in depth at current solutions for mechanical and biological replacement.

Open Mitral Valve Repair
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Currently the most common technique for mitral regurgitation is quadrangle resection of the posterior leaflet with annuloplasty. For this technique, if the leaflet is greater than 1.5 cm, a procedure invented by Carpentier is used called sliding leaflet plasty of the posterior leaflet. Figure 4 shows the sutures involved in Carpentier’s technique. (7) This involves changing an extensive portion of the posterior annulus. (16) Sliding repair is designed to reduce the risk of systolic anterior motion (SAM). (7) Carpentier’s procedure has been implemented since 1970 and has long-term satisfactory results. This procedure requires no need for long-term anticoagulation and shows no signs for risk of thromboembolism. (5) For this procedure a 10-year freedom of reoperation was 93%, however anterior leaflet prolapse showed less successful results. In optimal cases that used quadrangle posterior resection with annuloplasty and confirmation by echocardiography, the 10-year freedom of reoperation was 98%. (7) However, one risk factor showed excessive tension on posterior leaflet during attachment after quadrangle resection. (16)

For anterior leaflet prolapse, which is less common than posterior leaflet prolapse, different techniques are used. Due to the greater complications associated with anterior leaflet prolapse, physicians are much less inclined to operate on the anterior leaflet than the posterior leaflet to repair mitral regurgitation. (5) There are greater complications associated with anterior leaflet repair because it is a larger leaflet so trying to resect a portion of the anterior leaflet requires a more complicated procedure. The anterior leaflet is also more difficult to reconstruct surgically. 

The most common repair techniques for the anterior leaflet are transferring chords from posterior leaflet or adjacent areas of the anterior leaflet prolapse to the region of the anterior leaflet that needs a chordae tendineae, creation of artificial chords, and Alfieri edge-to-edge repair. Annuloplasty is used in in conjunction with these techniques. (7)


Creation of artificial chords with expanded polytetrafluoroethylene (e-PTFE) has become increasingly popular because of its accessibility and long-term durability. However, challenges to this procedure include determining correct chordal length and tying the knot without slipping. In a 20-year study of 608 patients who underwent artificial chordae creation with e-PTFE, calcification of GORTEX was never reported. (18) Risk of operation increased with anterior leaflet prolapse, chordal shortening, lack of intraoperative echocardiography, and failure to use an annuloplasty. (7)

The double orifice mitral valve, shown in Figure 5.2 and 5.3 is created by estimating the free edges of the mitral valve and suturing together a section of the posterior and anterior leaflet. It also usually requires an annuloplasty ring. Operative deaths occurring with in 30 days of operation occurred in 1.3% of patients, reoperation occurred in 8% of patients. (5)
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The above techniques showed improved results when annuloplasty was used in conjunction with the operation. However, a lab study in a normal beating ovine heart published in September 2011 showed that annuloplasty rings alter native annular dimensions, dynamics, and shape. This resulted in changing anterior mitral leaflet strain patterns, impaired flow from atrium to ventricle, and shortened long-term repair durability. (3)

Currently the majority of mitral valve operations are performed using bicaval venous cannulation, mild systemic hypothermia, and intermittent cold-blood cardioplegia. The procedures are performed on heart-lung bypass with the surgeon entering the heart through the left atrium, which allows the physician a clear view of the mitral valve. (13) Most of these procedures require annuloplasty, resection of the prolapsed leaflet, and/or artificial chordae replacement. (6)

There are complications that are associated with putting a patient on cardiac bypass. These include Postperfusion syndrome (Pumphead), hemolysis, capillary leak syndrome, and clotting of blood in the circuit or air embolism. During cardiac bypass cauterizing device is used to cut and seal soft tissue and to burn edges shut. Bits from the cauterizing mix with the blood during the procedure and suction is used every 10 to 20 minutes for 10-15 seconds. This material is always passed through a filter before it is put back into the circulating blood system. The problem of filtering the blood is exposing the blood to a large surface are of a manmade surface. It has also been shown that neural behavioral problems are common after cardiac bypass. It is believed to be due to reduced cerebral blood flow due to microemboli. The microemboli are believed to be due to the oxygenator in the heart-lung machine. (13)
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Many patients forgo mitral valve surgery due to the many side effects and the 1% mortality rate risk. Our minimally invasive catheter based off-pump procedure would allow for these patients to undergo mitral regurgitation repair without the risk factors from going on cardiac bypass. This would increase patient use, reduce recovering time, and reduce cost of the procedure due to less equipment and less physicians needed in the operating room during the procedure. (13)
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Recently a technique has been used for mitral valve repair by artificial chordae replacement. It is performed in a minimally invasive, closed chest off-pump procedure. Performing the procedure while the heart is beating allows for the surgeon to adjust the length of the chord while looking at real-time echocardiography as a guide to see what tension provides minimal regurgitation. A 3-4 inch incision is made in order to access the heart by left lateral thoracotomy. Using transesophageal echocardiography as guidance, the NEOCHORD device punctures the apex of the left ventricle. The NEOCHORD device then adheres to the prolapsed mitral leaflet and secures an artificial chordae tendineae (5-0 Gore-Tex) to its edge. This is shown in Figure 6A & B. After the surgeon is satisfied with the MR reduction, the suture is tied and cut. The 3-4 inch incision is sutured and the surgery is complete. The NEOCHORD device is currently under clinical investigation and is not yet approved for sale. (2)

An in vitro study showed that the technique of implanting an artificial chordae tendineae from the mitral valve leaflet to the apex of the left ventricular wall while the heart is still beating generates tension vectors that are in different direction than the tension of the physiological chordae of the heart. With increased time this could lead to early failure of the mitral valve prolapse repair. However, results also showed that the new ACTs were in the same ranges of tension as the native chordae. Using a transapical approach by puncturing the apex also could lead to complications due to the bulkiness of the device. A transaortic procedure would be ideal as it only has one small entry point through the femoral artery and also does not require a 3-4 inch incision for a left lateral thoracotomy. (2)
Percutaneous Mitral Valve Repair

A percutaneous device for mitral regurgitation has been developed that requires a mechanical MitraClip, which grabs onto the free-edges of the leaflets and clamps down creating a double-orifice. The MitraClip is delivered into the left atrium through transseptal catheterization.  The MitraClip device is a 4-mm-wide cobalt–chromium implant consisting of two arms that open and close with the clip delivery system handle. The system consists of two principal components, shown in Figure &A & 7B: 

· Clip delivery system (CDS) used to position and implement the clip
·  Steerable guide catheter
The MitraClip device is attached to the CDS. A stabilizer keeps the system in a precise position. In a 107-patient study, the MitraClip repair significantly reduced mitral regurgitation. (4) 
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       Figure 7 A: Clip delivery System        Figure 7 B: MitraClip device

The patient is under general anesthesia and the MitraClip is guided with the use of fluoroscopic and transesophageal echocardiographic to reach the inferior vena cava. Atrial transseptal puncture is completed, which allows the device to be steered until it is aligned over the mitral valve regurgitation area. The device grabs onto the free leaflets and the MitraClip clamps down on the anterior and posterior leaflets. Echocardiography is used to assess a grade of 2+ or less mitral regurgitation. Patients were treated with heparin during the procedure, with aspirin for 6 months and with clopidogrel for 30 days after the procedure. (4)

Percutaneous valve repair reduced the risk of any major adverse event within in 30 days of the operation as compared to open valvular repair surgery. However, MitraClip percutaneous repair was less effective at reducing mitral regurgitation than open surgery before hospital discharge. The rates of mitral regurgitation reduction evened out at 12 and 24 months. Another potential drawback to the MitraClip device is that the device is so big it has to puncture the septum of the heart, which can lead to further complications. The procedure also does not maintain the physiology of the heart and creates a double-orifice in the valve, which is not the native structure of the mitral valve. (4)
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The CARILLON device procedure is another percutaneous mitral valve repair, except it manipulates the coronary sinus to constrict the mitral valve instead of dealing with the mitral valve directly. During the CARILLON device procedure the patient is put under general anesthesia and a transesophageal echocardiography is used to guide the 9F catheter. The coronary sinus is cannulated and the arteriovenous anatomy’s dimensions are taken in order to implement an appropriately sized CARILLON device. The CARILLON device, shown in Figure 8, is a fixed length implant with a double-anchor made of nitinol. The delivery catheter is guided through the superior vena cava to the coronary sinus and then the CARILLON device is threaded through the catheter. Once the device is in the correct placement of the coronary sinus near the anterior commissure of the mitral valve, the delivery catheter is retracted to enable passive expansion of the CARILLON device. The delivery catheter then pushes the device so that the device expands to its full potential. The anchors of the device are oversized compared to the diameter of the coronary artery which creates pressure on the inside walls of the coronary sinus. The expansion of the coronary sinus puts pressure on the mitral valve. This causes increased coaptation of the mitral valve leaflets, which reduces mitral regurgitation. (19)
Drawbacks to this device implantation included a 43% removal of the device, the major causes being insufficient mitral regurgitation reduction and coronary artery compromise. The anatomy the coronary sinus varies from patient to patient is not always complete and consistently near the mitral annulus. These cases would lead the CARILLON device obsolete. There was a 2.2% death rate 30 days or earlier to the operation. Further studies need to be conducted in order to define the long-term efficacy of the study. (19)
Neochord Device Patent (20)
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Neochord, Inc. has a pending patent (US 2009/0105751) for a device designed to perform minimally invasive repair of a valve leaflet in a beating heart.  The Neochord device, invented by John Zentgraf, is an existing solution to deliver and implant artificial chordae tendineae to the mitral valve leaflet and is likely the most promising current solution.  The device is pictured in Figure 9 and below in Figures 10 through ___.  It is comprised of a handle assembly (300), a capture assembly (302), and a needle assembly (138).  The handle is designed to maneuver the device within the patient’s chest cavity, the capture assembly is designed to capture a valve leaflet between distal and proximal tip portions, and the needle is designed to penetrate the valve leaflet and pull suture through the puncture.  Additionally, a capture confirmation system (101) verifies successful capture of the leaflet.


An actuator (309) is positioned on the proximal end of the handle and a shaft (308) extends from the distal end of the handle.  The shaft has a circular cross-section so it can be smoothly inserted into an incision in the lower portion of the left ventricle underneath the mitral valve.  At the end of the shaft is the clamping mechanism (314) that is operated by the actuator.  The clamping mechanism is designed much like a jaw – it is made up of two separate components (316 and 318) whose inside surfaces fit tightly together.  In the more detailed diagrams below, the lower clamp jaw (124) and the upper clamp jaw (128) are shown to form a tapered tip (180).  When the actuator mechanism is activated, space is created between the two jaw components.  The clamping jaw can then be positioned so that the leaflet is between the jaw components.  Because the device enters from the bottom of the left ventricle, the lower clamp jaw clamps the leaflet from above and the upper clamp jaw clamps the leaflet from below.  The leaflet capture verification monitor (110) on the capture confirmation system (101) indicates when the leaflet is securely captured within the clamp.


The suture deployment device (118) is comprised of a suture cartridge (102), a shaft (104), a handle (106), and a needle assembly (116).  A preloaded suture cartridge (120) is contained in the shaft.  It is comprised of a tapered lower clamp jaw (124), a suture (112), a suture retention system (130), a handle interface (174), a channel (131), and a groove on the clamp surface (162).  The suture runs down the grooves (178) in the shaft to the distal end, where it weaves through the grooves (162 and 163) in the lower clamp jaw. The suture thereby forms a loop on the lower clamp jaw and then doubles back on itself to travel back up the shaft and back out the retention system.  Note that the grooves have a depth approximately equal to the diameter of the suture.


The needle assembly also runs along the shaft and is comprised of a needle (138), a needle handle (140), and a needle head (146).  The needle head has a notch (148), which is approximately equal in size to the diameter of the suture, and a hook (150).  The needle handle includes finger tabs (142) and a needle carriage (144) that can slide along the top of the shaft.  As the needle carriage is guided along the shaft, the needle head slides out from where it is contained within the upper clamp jaw.  It pierces through the leaflet and enters the lumen (182) in the lower clamp jaw.  It then hooks onto the loop of suture wound within the groove in the lower clamp jaw just beneath the lumen.  The needle is then guided back through the leaflet, pulling the loop of suture through the puncture in the leaflet.  The needle is pulled back all the way down the shaft, pulling the suture along with it, until it exits the device outside of the heart.  The clamping jaw is then removed from the leaflet and the shaft and clamp assembly are removed from the left ventricle.  As the device is removed from the heart, the suture, which is looped through the puncture in the leaflet, winds out from the shaft.  Once outside of the heart, the suture strands are cut from the clamping assembly.  The loose suture ends are then strung through the looped end of suture that was pulled out using the needle.  The suture ends are pulled through this loop until the suture is tight around the leaflet.
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Figure 10 & Figure 11. Detailed drawings of the Neochord clamping jaw.
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Existing Patents: Cinching of Suture Ends


We are concerned with developing a device that cinches together two loose ends of suture – one extending from the mitral valve leaflet and the other from the wall of the left ventricle.  Two device patents are particularly pertinent:

1. The double-bow shoelace device

2. Knot tying device and method

These patents are detailed below.

Double-bow Shoelace Device (12)

Patent Number: US 6,571,437 B2


The double-bow shoelace device, invented by Kun-Chung Liu, is used to cinch two ends of a shoelace together. The parts involved in the device are a shoelace, a clamp member used to cinch the laces, and a positioning unit used to form the bow on top of the clamp member.  We are interested in the clamping member of this device because it has the ability to fasten together two ends of string or suture without the need for a knot.  The two ends of lace are fed through and pinched within the clamping member by a spring action.  The depressible spring-activated clamping member allows for the ability to adjust where the fastener is applied along the string, so that the length of the chord formed by both strings can be adjusted.


The double-bow shoelace device is used with a shoe that has laces coming out of eyelet tabs on either side of a tongue.  For the explanation of this device, the shoelace is thought of in three separate sections.  The lower section of lace weaves back and forth between the eyelets to form a crisscross pattern.  The upper sections of lace are tied together in a knot with the distal lace ends hanging from the knot. The middle section includes the stretch of lace that extends from each of the eyelet tabs up to the knot.  The clamp member is positioned on this middle stretch of lace – above the eyelets and below the knot.  The clamp slides along this middle section to tighten or loosen the shoe.  Sliding the clamp down the laces pulls the lower sections of the laces closer together, tightening the shoe.  Sliding the clamp up the laces allows the lower sections of laces to separate from one another, loosening the shoe.  The positioning unit is connected to the clamp member and to the knot.  As the positioning unit is pulled down, it positions the knot on top of the clamp member and pulls the middle sections of lace in to form two loops between the knot and the clamp member.  The entire design is shown in Figure 15.


Detailed diagrams of the clamp member are shown below in Figures 16 and 17.  The member includes an elongate casing (23), a clamping block (24), and a biasing member (25).  The elongate casing (23) has a lower base (21) and a cover plate (22).  The lower base includes a reel accommodating portion (213), a lace retention portion (216), and a channel between the two portions (219).  The two posts (213 and 214) in the reel accommodating portion make a groove (215) for the positioning unit (30) to fit securely within.  The clamping block (24) fits into the lateral opening of the lace retention portion (217).  The middle portions of shoelace (10) run through the grooves formed by the holes in the lace retention portion (218 and 224) and the holes in the clamping block (243).  The laces then run up through the holes in the cover plate (222).  The biasing member (25) is a spiral spring that extends into the positioning hole and pushes the clamping block towards the open lateral side of the lace retention portion, thus pinching the laces within the grooves.
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Figure 16 & 17. Detailed diagrams of the double-bow shoelace device.

Knot Tying Device and Method (9)

Patent Number: US 6,171,317 B1


A knot tying device, invented by Jasper Jackson and colleagues, is shown in Figure 18.  We are interested in this device because it provides a possible method of configuring the suture ends into a knot.  The devise is comprised a pair of snare chords (30 and 32) that are carried in a knotting guide (12) with a handle (14) of appropriate length.  The knotting guide includes a base (16) with a removable cover.  The snare chords can be made of any appropriate sized filament and each has a capture end (34 and 38) and a pull end (36 and 40).  The chords are positioned in a loose knot pattern by guide pins (20) within the knotting guide.  The pins can be placed to make the type of knot desired and the removable cover has holes that match with the pins. The knot pictured in Figure 18 is a sliding surgeon’s knot.  Both chords are configured in partial knot patterns that are complementary of each other so that together the chords form a full knot.  This knot, though, is loose so that each of the chords can be pulled through the knotting guide.


The suture ends (not pictured) are passed through the capture loops of the snare chords.  The snare cords are then pulled by their pull ends through the knotting guide, either sequentially or simultaneously, thereby pulling the suture ends through the knotting guide.  Through this method, the suture ends are configured in the loose knot pattern the snare chords were originally positioned in.  The suture ends can be pulled from the knot tying device as far as necessary to pull the suture chordae as tight as desired.  The snare chords are then detached and the suture knot is removed from the knotting guide and tightened.  The slack in the loose knot needs to be accounted for when determining where to position the knot in order to achieve the desired tension in the chordae.

Existing Patents: Chord Tension


In order for the artificial chord to simulate a biological chord, a certain amount of tension needs to be in the chord.  While we aim to construct the artificial chord out of material that allows for natural tension to develop, we must investigate other methods of controlling the tension within the chord.  Two possible device patents involve splints that stretch across the left ventricle:

1. Transventricular Implant Tools and Devices

2. Valve to Myocardium Tension Members Device and Method

These devices can alter the curvature or form of the left ventricle, thereby affecting the tension that develops within the chord.  These patents are detailed below.

Transventricular Implant Tools and Devices (14)

Patent Number: US 7,722,523 B2


Transventricular implant tools, invented by Todd J. Mortier and colleagues, are used to place a transventricular splint into a patient’s heart.  The transventricular splint primarily works to reduce mechanical heart wall muscle stress.  The transventricular splint (number 12 in Figure 19) includes a tension member that is anchored to the heart.  The surgeon first identifies entry and exit points for the tension member.  The tension member extends across the ventricle and through the wall at these points on either side.  Outside of the heart, the tension member is attached on both sides to pads (14) that lie securely against the outer wall of the ventricle.  The walls of the heart are drawn together and the tension member is trimmed to the desired length.  The anchor pads are then secured to the heart.  This device reduces the radius of curvature of the ventricle wall, thereby reducing the tension that can develop in the wall and altering the tension of the chordae.  This splint is especially relevant for patients who have mitral regurgitation due to heart failure because reducing tension in the heart walls will help to prevent heart failure from occurring again and worsening the regurgitation problem.  An additional benefit of the splint is that, by bringing the walls of the left ventricle together, it may shrink the annulus of the mitral valve to reduce mitral regurgitation.

Valve to Myocardium Tension Members Device and Method (15)

Patent Number: US 6,332,893 B1


This device, invented by Todd J. Mortier and Cyril J. Schweich Jr., is used for heart valve repair, specifically mitral valve repair.  Figure 20 shows a cross section view of the left ventricle on the left and a close up view of the configuration of the device on the right.  The device includes at least one elongate tension member (24) with a basal anchor on one end and a secondary anchor on the other.  The basal anchor is anchored next to the mitral valve.  In Figure 20, the basal anchor (20) is depicted as an annuloplasty or suture ring sewn around the annulus.  The basal anchor could also be an artificial heart valve for patients with severely deteriorated mitral valves.  The secondary anchor is anchored at a location away from the valve; it is typically anchored to a papillary muscle (12) or transmurally anchored.  The secondary anchor could be a hook-shaped loop sewn through the papillary muscle tissue, a screw-shaped tissue anchor, or a transmural anchor pad.  Figure ___ shows the tension member extending transmurally and attaching to a pad (44) secured against the outer wall of the left ventricle.  The positioning of the second anchor is chosen such that the tension member alters the geometry of the left ventricle in order to reduce wall tension on the valve leaflets.  By reducing tension on the leaflets, tension in the chord is altered as well.  The tension member can be designed to be as rigid or as flexible as necessary.  Additionally, a second tension member can be positioned across the ventricle, perpendicular to the first tension member, to further reduce wall stress.  Additionally, as with the previous device, this device could shrink the annulus of the mitral valve to reduce regurgitation.

Equations

Pressure-Tension
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1. P: Pressure

2. F: Force

3. A: Cross sectional area

Pressure on Chordae Tendineae
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1. PChordaeTendineae: Pressure in the chordae tendineae (mmHg)

2. BP: Blood pressure (mmHg)

3. #ChordaeTendineae: The number of chordae tendineae in the left ventricle
Note that this equation is crude and potentially inaccurate.
Experimental Studies: Tension in Chordae Tendineae


A more effective method of calculating tension in the chordae tendineae (CT) involves inserting artificial CT into the left ventricles of pig or dog hearts and measuring the CT tension in the animal hearts.  The size of the left ventricle has an affect on the tension in the CT; therefore, CT tension measured in a pig or dog heart is not a completely accurate measurement of the CT tension in a human heart.  Yet the left ventricles used in the experiments were maintained at specific pressures in order to simulate human conditions. 

Bajona et al performed an in vivo study on porcine (pig) left ventricles.  Two artificial CTs made of 5-0 Gore-Tex were attached next to existing CTs on the left ventricle wall and to the leaflet.  The corresponding CTs were severed and the tension was measured in 20 different hearts. (2)

1. Range of tension: 0.6-1.05 N

2. Average: 0.8 N.  

Nielsen et al found similar results. (2)
1. Range: 0.5-1.7 N

2. Mitral valve diameter: 2.5-2.9 cm

a. 
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3. Mitral valve diameter: 3.0-3.3 cm 

a. 
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4. Summary Table:
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repairs by replacement or shortening of chordae with ePTFE
sutures. The authors preferred chordal replacement with
ePTFE sutures because the method is relatively simple and
reproducible and had a superior outcome than chordal short-
ening after a long-term follow-up (mean, 3.7 years).24



The present study investigated the tension of LV apex-
secured ACTs implanted on MV anterior leaflet under simu-
lated physiologic conditions. The results give clear insights
into the role of the anterior leaflet principal strut chordae and
the feasibility of their replacement with ACTs anchored at the
LV apex. The new ACTs were subjected to same ranges of
tension of the native chordae.21 Despite being implanted and
fixed in a different position from the native chordae, the LV
apex-anchored ACTs provided physiologic stress tension and
did not interfere with the mitral subvalvular apparatus. Inter-
estingly, the study suggested that ACTs implanted in smaller
diameter MV may be subjected to lower levels of tension than
ACTs implanted in larger MVs. Further in vivo investigations
are necessary to clarify this relationship.



Moreover, we noted that changes in the PMs position
immediately affected coaptation, increasing or decreasing
tension on native chordae. This was in accord with the
published results of He and coworkers,25,26 which reported
that changing the position of both the PMs from the normal
position increased tension in native chordae.



Limitations
In this in vitro study, there are several limitations



associated with both the apparatus and the procedure. Be-
cause the LHS is a rigid model, a major limitation is that
ventricular, atrial and MV ring motions, and PM contractions
are not reproduced. In both humans and animals, these
variables interact with the valvular and subvalvular MV
apparatus. Their absence may bring to a discrepancy between
our tension measurements and the in vivo tension of native
chordae. Further, we focused our attention only on the ante-
rior leaflets and its two major struts chordae. However, this in
vitro methodology provided good control over the variables
of interest. The pressure and flow conditions during tests
simulated physiologic conditions. Therefore, the shortcom-
ings of the model will likely have little impact on the
conclusions.



CONCLUSIONS
From the present study, we draw the following conclu-



sions:



1. In an explanted porcine MV apparatus evaluated in an
in vitro simulation of physiologic hemodynamic condi-
tions, ACTs implanted between the anterior mitral leaf-
let and the LV apex are subjected to LV pressure-
dependent tension levels comparable with those of
native chordae.



2. From the tension-vector perspective, the LV apex may
be considered as a potential anchoring spot for ACTs.



3. These initial results should be verified and expanded
using an in vivo model.
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FIGURE 5. ACT tension plotted
against time and pressure during
several cardiac cycles.



TABLE 1. Relationship Between ACTs Tension and MV
Diameter Under Physiologic Conditions in the LHS



MV diameter (range in cm) 2.5–2.9 3.0–3.3
n ! 12 n ! 8



Tension (N) 0.68 " 0.08 0.98 " 0.08
LV pressure peak (mm Hg) 120 " 6 120 " 4
HR (beats/min) 70 70
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Salisbury et al preformed a similar study using 15 dogs.  The dogs were put on bypass while the tension in the CTs was calculated. (17)

1. Range of tension: 25 -75 g (0.735 N)

2. Table shows

a. Tension in the chordae

b. Action potential

c. Pressure in the left ventricle


[image: image14.wmf] 


Figure 9: Shows the CT tension (CTT), action potentials (AP), and pressure (LVP) in the dogs’ left ventricles over the course of the experiment. The range of tension in the LV is 25 – 75 g.

Tension in the Equatorial Ventricle Wall

According the American Heart Association:

[image: image15.png]T, =rPi2




1. T(: Equatorial ventricle wall tension (N/m)

2. r: Minor equatorial radius (m)

3. P: Left ventricle pressure (N/m2)
Compliance
Compliance is the tendency of a hollow organ to return to its original dimensions after a change in volume and pressure.
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1. C: compliance (mL/mmHg)

2. V: volume (mL)

3. P: pressure (mmHg)
Table 2: Shows native compliance in healthy individuals; on average, the compliance ranges from 5.17 (ml/mm Hg) to 12.93 (ml/ mm Hg). (10)

[image: image17.emf]


Liu et al Reduced LV Compliance in Mitral Stenosis 1451



TABLE 2. End Systolic and End-Diastolic Pressure-Volume Relations



ESPURs EDPURs



E,s V100 No. Cmph Cmpl
(mm Hg/mi) (ml) r loops (mi/mm Hg) (mimm Hg) n



Normal subjects
1 1.51 13.9 0.992 9 4.55 16.41 18
2 1.89 18.5 0.958 9 4.28 10.24 21



3 2.26 26.3 0.993 10 4.29 19.29 24



4 1.77 54.8 0.966 17 3.00 13.44 15



5 1.49 30.9 0.998 12 11.64 26.16 19



6 2.08 44.6 0.986 10 4.14 6.36 20



7 1.87 44.5 0.998 9 4.90 6.55 35



8 1.26 29.1 0.995 6 5.65 10.01 21



Mean 1.77 32.8 0.986 10.2 5.17 12.93 21.6



SD 0.33 14.1 0.015 3.2 2.67 7.39 6.0



Mitral stenosis patients
1 1.57 49.9 0.980 13 1.32 2.92 24



2 1.27 37.7 0.974 24 2.45 2.07 21



3 1.87 27.9 0.979 19 2.63 8.07 33
4 1.95 14.3 0.986 16 1.36 2.41 24



5 1.39 34.2 0.950 10 2.59 9.15 27



6 2.08 14.6 0.980 14 1.64 4.36 26
7 3.16 16.4 0.990 7 2.98 10.83 24



8 2.71 26.2 0.998 6 2.30 4.59 15
9 1.74 18.7 0.943 16 2.86 6.66 18



Mean 1.97 26.7 0.976 13.9 2.24 5.7 23.5



SD 0.61 12.2 0.018 5.7 0.64 3.2 5.2



Systolic data are for the end-systolic pressure-volume relation slope (Es,) and volume at 100 mm Hg (VJs). The
number of pressure-volume loops used in the end-systolic pressure-volume relation (ESPUR) and linear correction
coefficient (r) are also provided. Diastolic data are compliance calculated in upper half (Cmph) and lower half (Cmp,)
of the volume load range. The number of points in each end-diastolic pressure-volume relation (EDPUR)(r) is also
noted.
ESPURs, end-systolic pressure-volume relations; EDPUR, end-diastolic pressure-volume relations.



ESPVR fits) are graphically displayed in Figure 2
(upper panel).



In contrast to the systolic data, MS EDPVRs fell to the
left of controls and had a steeper slope (Figure 2, lower
panel). Linear compliance analysis was performed in two
ranges (upper and lower halves of the measured diastolic
volume range, Table 2). The mean diastolic pressures for
these ranges were quite similar (8.1±8.6 versus 8.0±2.8
mm Hg for high range, 4.9±5.1 versus 5.2±2.4 mm Hg for
low range, p=NS). Compliance values in both ranges,
however, were significantly lower in the MS subjects than
in controls (see Table 2). Similar results were obtained by
the combined multiple regression analysis using a single
linear regression to the entire range of diastolic PV data
(average r values were 0.86±0.11 for linear fits). Mean
compliance was 6.0±0.19 ml/mm Hg for controls versus
2.6±0.26 for MS (p<0.001). Group data averaged over
equispaced pressure ranges are also displayed in Figure 2
(lower panel). Thus, diastolic PV data in MS patients did
not simply reflect reduced filling volumes caused by re-
stricted inflow but also indicated primary reduction in
chamber compliance.



Integration of Systolic and Diastolic Changes
The net effect of an essentially unchanged systolic PV



boundary relation and a leftward-shifted and steeper
diastolic boundary could be indexed by the relation



between stroke work and end-diastolic volume. Al-
though this relation has been previously reported for
assessment of systolic chamber performance, it can also
be altered by changes in diastolic compliance. Stroke
work links PV data between the diastolic and systolic
boundaries (similar to developed pressure for isovolu-
mic contractions); thus, abnormalities in either relation
can affect the stroke work-end-diastolic volume rela-
tion. Stroke work-end-diastolic volume relations were
obtained using the same PV loops during transient IVC
occlusion used to construct the ESPVRs and EDPVRs.
The slopes for these relations (Figure 3) were signifi-
cantly lower in the MS group versus controls (61.7± 21.2
versus 82.7±+11.3) (p<0.05). This was confirmed by
multiple regression analysis, which revealed both a
significantly lower slope and a slight leftward shift of the
relation (-13 ml) in MS versus control subjects. Thus,
for a given increase in filling volume of the heart, the
MS ventricle displayed a smaller increment in external
work compared with controls.



Mechanisms ofAltered Compliance:
Valvuloplasty Results
There are a number of mechanisms whereby chamber



compliance could be reduced by mitral stenosis, includ-
ing 1) delayed relaxation, 2) abnormal right-left heart
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1. Cmph: Compliance in the upper half of the volume load range

2. Cmpl: Compliance in the lower half of the volume load range

Dr. Richard Klabunde created the following figure that shows three different compliance curves. (11)
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Figure 10: Shows compliance curves with varrying End Diastolic Pressures (EDP) but with the same End Diastolic Volume. Increased compliance shows a lower EDP than decreased.
French as a Dimension
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Biological Dimensions

Left Ventricle

Left ventricle length in human: ~50 mm (22)
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Table 3: Shows the left ventricular internal dimensions and wall thickness.

The average LV length is around 50 mm.
Chordae Tendineae

Biological chordae tendineae have the following specifications. (8)

1. If diameter= 1mm, breaking strength: 400 g

2. In physiological conditions, CT Tension range: 150-200 g.
Gore-Tex Dimensions

Gore-Tex is the most commonly used material for artificial CTs.  Gore-Tex has the following specifications. (8)

1. Breaking strength: 1,000 g

2. If suture is clipped: 500 g threshold

Therefore, Gore-Tex sutures are able to replace biological CTs because Gore-Tex can withstand the physiological conditions of the left ventricle.


We anticipate our device will utilize a stiffer material than Gore-Tex.  The stiff material will be easier to anchor onto the leaflet and ventricle wall.  The device will contain all the compliance needed to allow for normal heart functioning.  A stiffer material will be easier to maneuver in the cinching process and will allow for sturdier attachment to our cinching device.
Design Specifications

Metric Design Specs

1. Tension in the CT: Tear limit of at least 9.8 N (1,000 g)

2. Tension in the CT: Cinch limit of at least 4.9 N (500 g)

3. Compliance: 5-13 mL/(mmHg)

a. To account for the different volumes of blood that flows through the heart

4. Length of artificial chordae tendineae: 30-45 mm

5. Diameter of artificial CT: 1 mm

6. Diameter of catheter: 20 French (6.67 mm)

7. Diameter of femoral artery: 8.2–12.7 mm (21)
8. Diameter of cinching device < Diameter of catheter
9. Selling price: $27,000
Safety Design Specs
10. The device should be safe

a. Biocompatible

b. Does not inhibit blood flow

c. Does not inhibit heart motion

d. Does not inhibit electrical signals

i. In the body

ii. EKG

Patient Design Specs

11. Last the remaining life of the patient

12. Must be small and not allow for plaque build up

13. Once the artificial chordae are cut, no sharp edges may be present

Clinical Design Specs

14. The lengths of the artificial chordae must be adjustable before cinching

15. Easily operable by a single physician

16. Procedure < 1 hour long

17. Must integrate with a catheter delivery system 

18. Able to move within the left ventricle to be able to cinch the CT where needed

19. Catheter and artificial chordae tendineae must be visible under Transesophageal Echocardiography (TEE)

Design Schedule

	Deadlines
	Project to be Completed

	28-Sep
	Preliminary Report Due

	 
	Oral Presentation 1

	5-Oct
	Establish materials used for artificial CT

	 
	Establish compliance within device

	 
	Web page creation

	12-Oct
	Design mechanism for adjusting chordae length

	19-Oct
	Design mechanism for cutting chordae

	26-Oct
	Progress Report Due

	 
	Oral Presentation 2

	2-Nov
	Design mechanism for cinching ends of chordae

	9-Nov
	Last Weekly Report Due

	16-Nov
	CAD representation of device

	23-Nov
	Investigate prototyping

	 
	Create cost analysis

	30-Nov
	Peer Review Due

	 
	Course/Mentor/Client Reviews Due

	7-Dec
	Final Report

	 
	Final Oral Presentation

	14-Dec
	Poster Competition


Team Organization


Our team has worked together throughout the years, and through working together the members have formed a natural and synergetic relationship.  There is no leader and there are no followers.  Everyone is equally motivated and we all take charge on different aspects of the project.  We naturally work well together.  Everyone keeps everyone else on track and up to date on assignments.

Personality Breakdown

1. Kaitlin

a. Driver

b. Mediator

2. Brooke

a. Big picture thinker

b. Motivator

3. Tucker

a. Organizer

b. Detail oriented
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Figure 2: Mechanical mitral valve.





Figure 3: Carpentier-Edwards PERIMOUNT biological mitral valve.





Figure 4: Carpentier’s technique of valvular reconstruction.





Figure 5.2: “Edge-to-edge” technique to correct a prolapse of the middle portion of the anterior leaflet. This creates a double mitral orifice.


Figure 5.3: “Edge-to-edge” which corrects a prolapse of the anterior leaflet of the mitral valve in the proximity of the postero-medial commissure. This reduces the mitral orifice.





Figure 6 A: Instrument inserted into left ventricle grabbing onto free edge of prolapse leaflet and securing 5-0 Gore-Tex to its free edge.





Figure 6 B: Instrument is removed from left ventricle and artificial chordae is secured outside of the left ventricular apex. 





Figure 8: The CARILLON Mitral Contour System is a fixed length, double-anchor, nitinol device designed to be positioned within the coronary sinus to reduce Type II mitral regurgitation.





Figure 9. The Neochord Device.
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Figure 11





Figure 10





Figure 12





Figure 13





Figure 14





Figures 12, 13, & 14. Detailed drawings of the Neochord needle and suture assemblies.





Figure 15. Double-bow shoelace device.





Figure 16





Figure 17





Figure 18. Knot tying device.





Figure 19. Transventricular splint in the left ventricle.





Figure 20. Tension member extending from the mitral valve to the myocardium of the left ventricle.
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