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RESEARCH PLAN

The yearly market for cardiovascular medical devices is over $15 billion, making it the largest segment of the overall medical device market in the United States (1).  The dominating component of this market is ventricular assist devices (VADs), which account for $2.5 billion (2).  A critical problem with some current non-pulsatile assist devices is the inability to monitor the patient's pressure within the heart chamber in real-time.  The benefit of an incorporated pressure-reading device in the TandemHeart™ PTVA (percutaneous transseptal ventricular assist) System is readily apparent because it would enable the system to adapt and respond to changes in patient hemodynamics, improving patient safety and quality of support.  
A. Specific Aims
The goal of this Phase I study is to design a Transseptal Cannula that is capable of accurately sensing left atrial pressures and rapid pressure changes, as well as responding characteristically to over-drainage conditions (accompanied by negative pressures). The specific aims of this proposed Phase I project are:

A.1. 1. Construction and Develop a pressure-sensing Transseptal Cannula prototype for real-time LAP sensing  
The major technical innovation in the proposed system is an incorporated pressure sensing element that allows patient sensitive response by a centrifugal flow pump system.  A proposed cannula re-design has already been initiated that contains the pressure sensor in a position with unknown blood flow disruption effects for left atrial pressure (LAP) reading.  Phase I will be initiated by simulating alternative sensor placements using solid modeling and computational fluid dynamics software (i.e., SolidWorks and FloWorks) to determine an optimal sensor position to obtain accurate atrial pressure readings with minimal disruption of flow dynamics.  A sensor will be identified that meets design specifications for intended application, and a prototype incorporating this sensor will be manufactured.  The prototype will then be evaluated against design requirements of accuracy or measurement, rapid response time, and characteristic response to atrial over-drainage (i.e., “suck-down”).
A.2. Validate that flow dynamics are not disrupted by elements of the re-design  
The incorporation of new elements into the cannula can potentially disrupt flow dynamics, causing blood damage or increasing the potential for clot-formation.  Flow visualization and CFD will be used to verify that no unacceptable turbulent flow or stagnation conditions are introduced.
A.3. Evaluate cannula prototype functionality under simulated clinical use conditions

Phase I will also include testing that evaluates the accuracy of the pressure reading when used with the entire TandemHeart™ PTVA System, including a pVAD pump and Controller, under simulated use conditions (i.e. MAP, LAP, viscosity, and temperature).  The cannula prototype will be incorporated into a mock circulatory loop and tested for accuracy of response to low, fluctuating pressures.  Response time to rapid changes will be evaluated, and sensor response to simulated over-drainage will again be characterized. 
· Company Capabilities: The cannula prototype will be carried through further studies to market by CardiacAssist, Inc., to be offered as part of the TandemHeart PTVA System®.  Regulatory and manufacturing considerations also to be performed by professionals at CardiacAssist.

B. Background & Significance

An Institute of Medicine panel recently estimated that approximately 100,000 people could benefit from long-term mechanical heart support technologies like the VAD (3).  Patients being supported by ventricular assist devices are often hemodynamically unstable, due primarily to the nature of the cardiovascular condition from which they suffer, and aggravated by the physical stress of extensive surgeries.  One of the limitations of a less invasive system that utilizes a centrifugal force pump is the lack of sensitivity to the patient’s physiological cardiac output, which can change erratically, especially during the initial post-surgery recovery stages.  In extreme cases in which the pump speed is too excessive for the patient’s cardiac output, it is possible to over-drain the heart chambers of blood, causing “suck-down” of the chamber and even tissue damage.  If tissue obscures the cannula opening with the system operating at a set pump speed, severe injury and complications could result for the patient, creating a possible need for further surgical procedures, or even death.  This problem is currently addressed by careful monitoring of the patient and manual adjustment of pump speed.  Incorporating a pressure sensor into the pump system to monitor the blood pressure within the heart chamber would enable the system to adapt and respond to changes in patient hemodynamics.  

There is a critical need for an improved system to monitor the real-time pressure within the heart to ensure that undue patient stress or tissue damage does not occur due to inappropriately high pump speeds.  The CardiacAssist TandemHeart® PTVA (Percutaneous Transseptal Ventricular Assist) System utilizes an extracorporeal centrifugal pump that can be placed with a relatively simple procedure in the catheter lab within about 30 minutes.  The TandemHeart Transseptal Cannula is inserted through an incision in the groin and passed through the femoral vein across the septum to the left atrium (see Figure 1).  Oxygenated blood then flows from the left atrium through the Transseptal Cannula into the pump, and is returned to the body via an outflow cannula inserted into the femoral artery at the groin.  The important distinguishing characteristic of the TandemHeart system is the rapid placement procedure, which is enabled by the Transseptal Cannula.  Incorporation of a pressure sensor on the TandemHeart Transseptal Cannula for LAP monitoring is a better method to control pump speed for blood flow than intermittent human monitoring of patient vital signs.  The volume of blood within the heart chamber can decrease critically within about ten heartbeats, causing irrecoverable damage before medical personnel is able to identify the blood supply problem.  
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Figure 1.  CardiacAssist TandemHeart® PTVA System.

There is currently no existing less invasive circulatory support option to implantable pulsatile VADs with the ability to automatically detect and respond to changing patient cardiac output.  Although systemic pressure measurements are typically being monitored in patients being supported by the TandemHeart, pump speeds are still determined and adjusted somewhat subjectively by the pump operator.  The incorporation of an extremely sensitive fiber optic pressure sensing element that detects changing LAP could provide a means to auto-adjust pump speeds as necessary as soon as patient cardiac output begins to drop to significantly low levels.  This device would decrease the need for constant patient monitoring while improving the system’s adaptability to patient sensitivity, ultimately improving patient safety and the quality of support provided

.

C. Preliminary Data

C.1  Aims
Proof of concept experiments were conducted for the purpose of determining whether the basic design concept of locating a pressure sensor at the cannula tip would provide adequate information about simulated LAP.  Specific aims of proof of concept testing were to assess: 1) linearity of relationship between simulated sensed pressure and output voltage, 2) ability of sensor to respond to rapid pressure change, and 3) characterization of sensor response to simulated left atrium over-drainage. 

Testing Prototype:
 A preliminary testing prototype was assembled using an existing Transseptal Cannula and a Motorola® Chip Pak Pressure Sensor (Figure 2).  A Plexiglass® backing was attached to the Chip Pak using a cyanoacrylate adhesive (Superglue®), to isolate the electrical components.  The wiring from an existing assembled pressure transducer (Abbott® Transpac) was cut, stripped, and soldered to the leads of the Motorola Chip Pak.  All exposed conductive elements were covered using a two-part epoxy (3M® Scotch-Weld).  
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Figure 2.  Preliminary testing prototype cannula; Transseptal Cannula and Motorola Chip Pak Pressure Sensor.

Experimental test set-up:  The cannula was incorporated into the mock circulatory loop as shown in Figure 3.  A water column was used to simulate left atrial pressure.  The VDC signal output was amplified using and displayed on a voltmeter.  

C.2 Linearity of Relationship Between Simulated Sensed Pressure and Output Voltage
A linear relationship between simulated pressure and transducer output voltage would indicate a significant measure of sensor precision.  Output voltage was recorded at various pressures in the range of 0-10 mmHg, simulated by step-wise changes of water column height by ½” increments.  A plot of the average of data points from 3 test runs showed a linear relationship between simulated pressure and transducer output voltage (Figure 4).  The relationship can be described as 1 mmHg = 0.0043 Volts.  Standard deviation in transducer voltage between runs was 0.00047.
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Figure 3.  Mock circulatory loop used for preliminary testing in upper right.  Voltage output signal display setup in lower  left.
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Figure 4.  Linear relationship between simulated sensed pressure and output voltage; average of 3 test runs at 37oC.

C.3  Sensor Response to Rapid Pressure Change

Water column height was rapidly increased by ½”, while sensor response was timed using a stopwatch.  Voltage adjusted and stabilized so rapidly that the manual timing method was insufficient to capture quantitative data regarding sensor response time. According to manufacturer product specs, the Motorola Chip Pak has a 1 msec response time.  

C.4  Characterization of Sensor Response to Simulated Left Atrium Over-Drainage:

With the cannula inlet completely occluded, voltage readings were recorded at 1-second intervals for 20 seconds after onset of occlusion.  A reproducible response was shown, with a standard deviation between voltage data points from 3 runs of 0.004 (Figure 5).
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Figure 5. Sensor response to occluded cannula tip; average of 3 test runs.

The results from these preliminary experiments have established proof of the basic design concept by showing that a pressure sensor located at the cannula tip can provide a voltage output that linearly represents the sensed pressure, can respond rapidly to rapid pressure changes, and responds in a reproducible manner to “suck down” conditions.  These characteristics can ultimately be applied to the development of a safety feature that automatically reduces pump speed in response to low patient cardiac output, preventing “suck down” and improving patient safety and quality of support.

D. Research Design and Methods

In order to properly evaluate the feasibility of the project, the experimental phase must be divided into three separate components.  The results obtained from each of these phases can also provide insight on future modifications.  The three components of the experimental phase are: 
1) Development of a pressure-sensing prototype

2) Assessment of flow dynamics with the modified cannula

3) Evaluation of cannula prototype with entire system use  

D.1. Development of a pressure-sensing Transseptal Cannula prototype
Design requirements for the pressure-sensing Transseptal Cannula prototype: 

1. Accurate pressure sensing capabilities within physiological range of application: 0-20 mmHg, with a tolerance of +/- 2 mmHg
2. Rapid sensor response time, within 1 second

3. Characteristic response to simulated “suck down” conditions

4. Can withstand extreme conditions in physiological application and manufacturing process, including pressures of up to 200 mmHg and temperatures of up to 75oC

5. Functionally compatible with in vivo conditions, including temperatures of up to 50oC and saline media environment
6. Minimal/acceptable disruption of cannula flow dynamics.

The development of a prototype involves careful analysis of numerous factors such as optimal pressure sensor location, measurement accuracy, application restrictions, and cannula manufacturing considerations.  A pressure sensor available on the market will be identified that matches the specified requirements for this application.  The current proposed sensor is the FISO FOP-MIV fiber optic pressure sensor, which offers higher fidelity pressure measurements than competitors, as well as a unique signal transmission modality that is more electromagnetically compatible with OR and catheter lab environments.  Introducing a pressure sensor at the tip of the cannula may cause changes in flow dynamics.  Flow conditions will be considered to minimize deviations from the original design.  The effect of sensor placement on flow conditions will be assessed using CFD to compare placements of the pressure sensor at various locations.  From this an optimal position will be selected, which would cause minimal changes in flow from the original cannula design.  A cannula prototype will be manufactured that incorporates the pressure sensor into the cannula, conceivably by sandwiching the sensor between sequential polyurethane dips during the manufacturing process.  A manufacturing method will be devised that allows direct contact between the pressure sensing element and the fluid.  
Compliance with the following existing physical requirements for the Transseptal Cannula will be validated through incoming inspection by Quality Control personnel:

1. No shearing, cracking, or separation in any way when pulled with a force of 10 lbs. (10 lbs. Force is estimated to be much greater than the maximum force expected during cannula use)  

2. No leaking

3. Resistance to kinking

Strength testing will be conducted in-house using a Tinius Olsen Tensile Tester to apply 10 lbs. force to the cannula.  Leak testing of the cannula will be conducted using a Sprint LC Multi-Air Tester.  The measured leak rate should not exceed 1.00 cc/min.  Kink resistance testing will be performed using a kink radius gauge fixture with various radii.  With a bend radius of 2 inches, the atrial cannula should maintain a constant flow within a tolerance of +/- 5%, with an increase in pressure drop across the cannula of less than 10% from data points at an infinite bend radius (i.e., straight).


Compliance with functional requirements (i.e., accuracy, rapid response time, characteristic response to “suck-down”) will be assessed using the test protocols used in obtaining preliminary data.  Using the same test loop setup as shown in Figure 3, accuracy will be assessed by comparing pressure signal output to sensed left atrial pressure (simulated by a water column).  A linear relationship between simulated pressure and signal output will be considered validation of sensor accuracy, since signal conditioning and calibration can be used to account for upward or downward shifts in the overall curve.  Sensor response time will be assessed by observing the time required for signal output to stabilize after rapid change of water column height.  Response time of less than one second is considered validation of design specifications.  To assess sensor response to simulated “suck-down”, the cannula tip will be completely occluded and signal output will be recorded after onset of occlusion, at 1 second intervals until several seconds after an equilibrium pressure is achieved.  This test will be conducted 10 times, and sensor response from different test runs will be compared.  If a characteristic response across all runs is observed, this will be considered validation that the sensor responds in a predictable way to simulated “suck-down” conditions.

Several potential problems may be revealed during validation testing of the proposed cannula prototype design.  First, the prototype may not be able to meet the functional design requirements.  In this case, a different pressure sensor will be identified and a prototype redesign will ensue.  Second, a pressure sensing component of the prototype (i.e., fiber optic cable) may not meet the existing cannula physical requirements (namely, 10 lbs. pull force, leak-proof, and kink-resistant).  In this case, a radio frequency (RF) signal transmission method will be considered, which will eliminate the need for wires or cables running the length of the cannula.
D.2. Assessment of flow dynamics with the modified cannula
The second component of the experimental phase would be to determine that flow dynamics are not disrupted by the modified cannula.  Good flow dynamics are important in cannula design because turbulent flow or stagnation conditions can contribute to blood damage or an increased potential for clot formation.  The flow conditions with the new cannula prototype will be assessed using the FloWorks CFD software.  This software will provide insight on the possibility of turbulent flow or stagnation conditions with the prototype cannula.  Specifically, Reynolds numbers will be assessed to validate that the prototype does not cause turbulent flow.  Flow visualization will also be used to assess the possibility of stagnant areas associated with thrombosis and eddy zones, which are characteristic of high Reynolds numbers associated with hemolysis(4).  
If CFD analysis and flow visualization show that the cannula redesign does not generate unacceptable hemolysis levels or stagnant flow zones, further design proposals will be considered with modified sensor placement and/or different sensor used.

D.3. Evaluation of pressure-sensing cannula prototype with entire system use  

The third component of the experimental phase will validate the pressure sensing cannula prototype against the design specifications, when incorporated into the total TandemHeart™ PTVA System.  The prototype cannula will be incorporated into a clinical simulation mock circulatory loop to simulate clinical use (i.e., simulated MAP, LAP, viscosity, temperature), as shown in Figure 6.  Pressure readings will be obtained from the pressure-sensing Transseptal Cannula prototype over a range of -5 to 20 mmHg during testing for sensor accuracy.  Rapid response time and characterization of “suck-down” response will be tested as per the protocol in Section D.1.  
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 6.  Clinical application mock circulatory loop.
If the results show that design specifications are met and that no significant turbulent or stagnant flow effects are generated, the design will be optimized and completed in a Phase II study, along with establishment of a signal conditioning circuit interface with the pump controller.  Phase II study developmental goals also include the incorporation of an auto-safety feature that will reduce pump speed in response to low LAP or rapidly dropping LAP levels.  Additionally, the safety and feasibility of the cannula re-design will be considered using hemolysis testing conducted according to ASTM standard (ASTM F1841-97: Standard Practice for Assessment of Hemolysis in Continuous Flow Blood Pumps).  Hemolysis level will be quantified by the Normalized Index of Hemolysis (NIH) defined as:

NIH = ΔHb(V)(100-Ht)/100
Q
Where Hb is the rate of plasma free hemoglobin level ((mg/dl)/min), V is the total volume of circulating blood, Ht is whole blood hematocrit, and Q is the pump flow rate (L/min).  Test results will be compared to the standard NIH limit for acceptable hemolysis levels of 0.01 g/100L.
If the cannula prototype does not meet design specifications when used with system setup, reevaluation of prototype design and testing protocols will be conducted in another Phase I study.
In summary, a redesign of an existing Transseptal Cannula to include a pressure-sensing component is proposed.  A prototype will be developed and tested on bench top under simulated clinical use conditions to demonstrate that it is capable of accurate sensing of simulated left atrial pressure, as well as rapid response to quickly changing pressures.  The response of the cannula prototype to simulated “suck-down” conditions will also be characterized, and flow dynamics evaluated.  This cannula redesign will ultimately be used in combination with the CardiacAssist TandemHeart® PTVA System to provide a novel means of ventricular support.  The use of a pressure-sensing Transseptal Cannula with this system offers a rapidly implemented means of circulatory support for patients with failing left ventricular function, which is sensitive and responsive to changing cardiac output levels.  The pressure-sensing cannula will improve patient safety and quality of support by preventing over-drainage of the left atrium and enabling auto-adjusting pump speeds to respond to patient conditions.  This will also ultimately reduce the cost of system operation by reducing the need for extensive supervision by a technician or nurse.  Successful incorporation of this device into the CardiacAssist TandemHeart PTVA System will provide a patient-sensitive support alternative to highly invasive, implantable VADs, increasing the target population to include patients that could not survive the surgical VAD implantation procedure, thus saving many lives.
Biographical Sketches

The principle investigator for the proposed research project will be Dennis Kopilec.  Kirk Lehmann & Joe Motil will assist the project as co-investigators.  Mihoko Hashimoto, Lauren Kokai, Nitin Narayana, and Katie O’Callaghan will participate with experimental design and execution.  The qualifications of the research investigators are listed below.

Research Associates

Mihoko Hashimoto obtained basic electrical knowledge and experience, which she studied at University of Pittsburgh. She also obtained knowledge of biological science and human physiology. She has experience in monitoring heart pressures as well as experience with engineering modeling software such as SolidWorks and FloWorks CFD.     

Lauren Kokai has academic knowledge in a wide range of physiological and electrical concepts that are applicable to this research proposal.  Practical experience in monitoring heart pressures and LVADs was obtained while studying at the University of Pittsburgh.  Ms. Kokai has performed studies in electrical engineering and will obtain a Bachelor of Science in Bioengineering with a concentration in biotechnology and artificial organs.  

Nitin Narayana has academic knowledge of the physiology of the human body and of basic electrical circuits from courses such as Human Physiology, Bioinstrumentation and Artificial Organs.  Mr. Narayana also has some knowledge in the field of pressure sensor technology, a skill obtained by working in the Artificial Blood laboratory.  He is also familiar with software such as SolidWorks, ANSYS, and FloWorks.  Mr. Narayana will be obtaining a Bachelor of Science in Bioengineering.  

Katie O’Callaghan has experience with operation and function of the TandemHeart PTVA System, and has participated in previous cannula redesign projects with CardiacAssist, Inc.  She also has academic knowledge of cardiac cycles and associated pressure waveforms from courses in Human Physiology and Artificial Organs.  Additionally, she gained fundamental electric circuit background from courses in Bioinstrumentation and Biosignals & Systems.  Ms. O’Callaghan also has experience working with FloWorks CFD.  Ms. O’Callaghan will be obtaining a Bachelor of Science in Bioengineering with a dual concentration in Biotechnology & Artificial Organs and Biosignals & Systems.
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