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Abstract
Moderate hypothermia may be defined as a patient’s core body temperature between 32 and 34°C.  Current studies have indicated that induction of moderate hypothermia in cardiac arrest patients may serve as a neurological protectant [1].  This knowledge could be utilized and applied to neonatal ECMO cases involving decreases in oxygenation.  Hypothermia may be induced by the following methods: medications, ice water baths, cooling blankets, and an IV of 4°C crystalloid.  Each of these methods have advantages and disadvantages, therefore the aim of this study the re-design a heat exchanger in an effort to maximize heat transfer while remaining cognizant of human factors requirements.  By maximizing heat transfer in this way, patient hypothermia may be rapidly induced without the need for additional equipment or infused fluids.  The re-design entailed counter-current flow conditions, polypropylene fiber bundle, and an outer polyvinyl chloride shell.  Various heat transfer equations were utilized in determining the required surface area of the polypropylene fiber bundle, which was determined to be 0.741m2.  The subsequent number of fibers and priming volume from the surface area were determined to be 3600 fibers and 60-70mL, respectively.  The efficacy of the redesigned heat exchanger will be tested in accordance with accordance with the FDA guidelines for Cardiopulmonary Bypass Oxygenators (biocompatibility, physical integrity, and performance characteristics).  This device will then be tested for heat transfer efficiency and will be compared to the Gish Biomedical HE-4 heat exchanger used by Children’s Hospital of Pittsburgh’s ECMO team.       
Introduction

Recently, there has been renewed interest in using moderate hypothermia, defined as a patient’s core body temperature is between 32 and 34°C, as a clinical means of offering neurological protection to patients with severe head trauma, cardiac or pulmonary distress, or other pathologies that compromise the body’s ability deliver oxygen to the brain.  Hypothermia helps to counteract the decrease in oxygenation by reducing the brain’s oxygen requirements.  This is most likely due to a decrease in enzyme kinetics because of decreased patient temperature.  Studies have also shown that hypothermia may also improve the neurological outcome of patients by slowing and preventing neuronal apoptosis.

Two recent studies, one carried out in Europe and the other in Australia, have shown that inducing hypothermia in adult cardiac arrest patients can help to improve the patient’s neurological outcome.  Induced hypothermia consists of lowering a patient’s core body temperature from 37°C to 32-34°C and maintaining that core body temperature for 12 to 24 hours.  The European studied showed that patients had a 22 % increase in complications such as pneumonia, bleeding and sepsis [1].  Other studies indicate that pneumonia is not a direct result of hypothermia, rather its likelihood of occurrence increases with several of the procedures done in conjunction with inducing hypothermia.  These procedures include mechanical ventilation and the administration of neuromuscular blockers [2]. Cooling a patient leads to a reduction in enzyme reactions and Ca 2+ signaling needed for platelet activation [3].  The greater the drop in core body temperature the greater the impact on the enzyme reactions and the Ca 2+ signal, and thus a greater the risk of bleeding [3].  Although the European study offers no explanation for the increase in sepsis rates, research in accidental hypothermia indicates that sepsis may be an underlying condition in some patients which is exacerbated with the onset of hypothermia [4].


In light of this research, it might prove to be beneficial to pursue clinical hypothermia in extracorporeal membrane oxygenation (ECMO) cases where neurological impairment occurs in a significant portion of the population [5].  In ECMO cases, neurological damage maybe due to alteration of cerebral blood flow, reoxygenation injury, thromboemboli and ischemia, and loss of puslatile blood flow [5].

Current methods for inducing hypothermia include medications, ice water baths, cooling blankets, and an IV of 4°C crystalloid [1].  Medications such as cannabinoid HU-210 are able to effectively reduce the patient’s core body temperature, but the exact mechanisms by which they act are unknown [6].  Drugs such as barbiturates induce hypothermia by causing a central thermoregulatory failure [4]. Several problems do exist with using medications to induce hypothermia.  The major problem is that each individual reacts differently to the medication and thus the extent of cooling is variable between different patients.  The easiest methods of inducing hypothermia are ice water baths and cooling blankets.  These methods can easily be applied anywhere by health care workers who have a wide range of training [1].  However, these methods are the slowest to act [1].  Research has shown that external means of cooling can take upwards of 6 hours to reach the target core body temperature [1].  External means of inducing hypothermia also elicits a shiver response from patients as their bodies try to rewarm them [1].  Shivering responses during therapeutic hypothermia are reduced using a neuromuscular blocker [7].  The IV of 4°C crystalloid overcomes the major problems with external cooling.  It is able to cool the patient quickly without causing edema in the patient [1].  This technique has only been tested only been tested in one trial with 22 patients.  The results seem to indicate that the 4°C IV is able to lower a patient’s core body temperature to about 35.9°C.  This is approximately 2°C warmer than the target temperature that other research seems to point to [7].
An alternative approach to inducing hypothermia in neonatal ECMO cases would be to improve the efficiency of the heat exchanger used in the ECMO circuit.  Water baths currently used in ECMO circuits have the capability of being set to 32°C.  However, the heat exchangers used in the ECMO circuit are too inefficient to produce that temperature drop in the neonate.  As a result the neonate is only cooled to about 35°C.  An improvement in heat exchanger efficiency should facilitate a neonate temperature drop between 32 and 34°C.
In the case of neonates on ECMO, the use of a redesigned heat exchanger has significant advantages over the other means of inducing hypothermia.  First, a heat exchanger is already part of an ECMO circuit.  This would require no new equipment such as cooling blankets.  The use of a heat exchanger would also result in rapidly inducing hypothermia, which is a major advantage over external means of cooling.  Using a heat exchanger is advantageous to using medication or an IV of 4°C crystalloid because it is more readily controlled by health care workers and the neonate can be rewarmed in a controlled manor.  The heat exchanger has an additional advantage over an IV of 4°C crystalloid in that it requires no increase in infused fluids, which is always an issue with neonatal ECMO patients.
The approach taken in re-designing a heat exchanger was to induce hypothermic conditions more rapidly than the current methods used.  In order to accomplish this goal, the heat exchanger was modeled similar to that of a blood oxygenator.  The design included counter-current flow conditions, the use of non-porous polypropylene microfibers, and redesigned outer shell made of polyvinyl chloride.  Heat transfer calculations were required to determine the necessary surface area of the polypropylene fibers and the priming volume of the device. 

Heat Transfer Calculations
Heat transfer calculations were performed in order to obtain the desired surface area of the heat exchanger being designed.  In addition, the priming volume and number of required fibers were determined. In order to calculate the surface area of the heat exchanger, the following steps were taken:

1. The most important part of these calculations was to determine the temperature of the blood entering the patient needed to cool the patient to hypothermic conditions within a given time. The Pennes equation (Equation 1) was used as a means of relating inlet temperature of the blood into the patient (which is equal to the outlet blood temperature of the heat exchanger), the patient core temperature, and time. This was accomplished by doing an energy balance around the patient as seen in Equation 1. The equation was solved for patient core temperature numerically by substituting 30 second time intervals into the equation until the patient core temperature output reached hypothermic conditions. 
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2. The next step was to do an energy balance was about the heat exchanger, Equation 2. The energy dissipated, log mean temperature change, and the heat transfer coefficient were first calculated and substituted in Equation 2 to determine the surface area.  
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3. In order to determine Ao, a calculation of the amount of energy that the heat exchanger would have to dissipate to cool the blood entering the patient to the desired temperature had to be done. This was accomplished by an energy balance of the patient’s blood entering and leaving the heat exchanger, as seen in Equation 3.  It was determined that 233.6 W of energy was needed to be transferred from the patient blood to the water. 
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4. The desired temperature output of the water in the exchanger needs to be determined in order to calculate the log mean temperature. This was done by an energy balance between the heat lost in the patient’s blood and the heat gained in the water, Equation 4. The temperature output of the water was calculated to be 28.3° C.  
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      With the above temperature calculation, the current water and patient’s blood  

      temperature, and the final patient blood temperature, the log mean

      temperature change was calculated, and determined to be 6.68° C.




[image: image6.wmf](

)

(

)

(

)

(

)

(

)

ú

ú

û

ù

ê

ê

ë

é

÷

÷

ø

ö

ç

ç

è

æ

-

-

-

-

-

-

=

D

out

water

in

blood

in

water

out

blood

out

water

in

blood

in

water

out

blood

mean

T

T

T

T

T

T

T

T

T

,

,

,

,

,

,

,

,

log

ln

  
 (5)

5. The energy dissipated and log mean temperature change were calculated; therefore, only the heat transfer coefficient is left to calculate in order to solve Equation 2 for surface area. Convection and conduction through surfaces were incorporated into the coefficient’s calculation. Subsequently, the heat transfer coefficient with both conductive and convective forces was determined to be 47 by using Equation 6, where hi and ho were from convective heat transfer and Rc was from conductive heat transfer.
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6. Finally, the surface area was calculated using Equation 2 and was determined to be 0.741m2.

Given the surface area needed in the heat exchanger, the number of polypropylene fibers was determined. The fiber parameters of the diameter (inner diameter of 428 μm) and length (6 inches) were determined by the manufacturer of the fibers, CelGard, Inc.  Therefore, the only variable needed was the number of fibers to accommodate the surface area calculation. It was determined that 3600 fibers were required for achieving the calculated surface area for effective heat transfer.

Using the inner fiber volumes and the inner cap volumes of the heat exchanger, the priming volume was estimated from 60mL to 70mL. This value corresponds to the current priming volume of the Gish Biomedical heat exchanger used by Children’s Hospital of Pittsburgh’s ECMO team.  
The calculation of the required surface area from the above equations ultimately led to the determination of the number of polypropylene fibers and priming volume for the device.
Methods

The efficacy of the redesigned heat exchanger will be tested in accordance with accordance with the FDA guidelines for Cardiopulmonary Bypass Oxygenators, provided by the Circulatory Support and Prosthetic Devices Branch of the Center for Devices and Radiological Health.  These guidelines will be utilized for the testing of the non-porous polypropylene fiber heat exchanger design because of its similarity in design to a blood oxygenator.

Heat Exchanger Testing

The biological, material, physical, and performance characteristics of this design are important aspects in comparing this design to predicate devices.  In addition, the failure modes of heat exchanger will be thoroughly investigated, including leaks, toxicity, loss of heat transfer efficiency, thromboembolism, and hemolysis.  All of these conditions will be tested over the entire performance range under expected use conditions:  

1. Comparative Data

The test heat exchanger will be compared to a heat exchanger currently marked in the United States.  For the purpose of this study, the redesigned heat exchanger will be compared to the Gish Biomedical HE-4 model.

2. Preparation of the Heat Exchanger

Testing will be performed on a heat exchanger that has been sterilized and real time aged to determine possible adverse effects caused by the manufacturing process.

The heat exchanger will be subjected to shock/vibration and temperature/humidity conditioning in an effort to simulate the environmental conditions in the transport and storage of the device.  The appropriate tests will be conducted to evaluate the device’s response to these conditions.  Visual inspection and functional testing are performed, and evidence of damage and/or inability to perform within the specifications signifies a failure.  Recommended standards: IEC 68-2 Basic Environmental Test Procedures, MIL-STD-810E, UL-2601.

3. Biological Compatibility

Materials used in the construction of the heat exchanger will be tested in accordance with ISO 10993 for biocompatibility (cytotoxicity, irritation, systemic toxicity, and hemocompatibility) and should be compatible with any compounds that may come into contact with.  Sensitivity and genotoxicity will be tested in accordance with FDA Blue Book Memo G95-1: Use of International Standard ISO 10993, “Biological Evaluation of Medical Devices Part 1: Evaluation and Testing”.

4. Physical Characterization/Integrity

Following sterilization and real-time aging, the physical and mechanical integrity of the heat exchanger will be tested.  Mechanical integrity will be tested by subjecting the heat exchanger to levels 1.5 times the maximum operating limits for the expected maximum lifetime duration of 14 days. 

a. Blood Pathway Integrity

The blood path of the device will be subjected to gradually increased pressures of 1.5 times the maximum recommended pressure for operation to test for leakage.  Testing will be performed with water dyed with food color to differentiate the flow of blood from the flow of water from the water bath.  Samples of each fluid will be measured at regular intervals using a spectrophotometer to determine if any leakage is present.  

b. Blood Volume Capacity of Heat Exchanger

The static volume of blood will be determined after priming at zero flow.  The minimum volume of fluid remaining is the static priming volume.   

c. Mechanical Integrity of the Outer Shell

The device will be subjected to the mechanical stress of being dropped from the waist height of a person (2.5 ft) to test for the mechanical integrity of the outer shell. Analysis to see if the device cracks or seals are broken will be tested. Also the number of drops will be recorded until some failure of the device is recorded.

5. Performance Characterization

Dynamic testing will be performed after sterilization and real-time aging of the heat exchanger over the entire range of operating variables utilizing whole blood.  

a. Before the device is tested in a mock loop, it should be tested for harmful by-products from the EtO sterilization.

b. Fresh whole animal blood (Bovine) must be collected and refrigerated for less than 24 hours for performance testing.  FDA and ISO 7199 recommend anticoagulation with heparin to simulate clinical usage. 

c. The device in a mock loop is tested with animal blood. Most importantly, hemolysis caused by the device should be characterized to see if it meets FDA and ISO 7199 requirements. The other factors listed above will also be taken into consideration.

d. Testing will be performed with flow rates from 500mL/min to 1500mL/min (in 250mL/min increments) and with simulated patients weights ranging from 2.5Kgs to 5Kgs (with 0.5Kg increments).

e. In order to accurately test for clotting the use of animal blood is insufficient because its clotting cascade is different from humans. Thus the use of human blood is necessary to test from thrombosis formation in the device. This will allow the exact determination of the devices lifetime in the circuit.

The above set of guidelines will be used in evaluating the performance of the heat exchanger. The performance of the heat exchanger will be measured by varying the water inlet temperature, fixed water flow rates and varying blood flow rates covering the established operating ranges. A full circuit will be used to test the heat exchanger, including a blood pump, reservoir, oxygenator, conduit tubing, monitors and the test heat exchanger. A heat exchanger currently used by Children’s Hospital of Pittsburgh (HE-4 by Gish Biomedical) will be used as a control. In addition to the heat exchanger being tested, a heating device will be used to mimic the patient’s metabolic processes. Blood sampling ports will be inserted pre and post heat exchanger to measure the temperature gradient across the heat exchanger.  Blood and water side pressure drops pre and post heat exchanger will be tested, evaluated and compared to currently accepted values.

The test heat exchanger and the control heat exchanger will each be tested at blood flow rates from 500 mL/min to 1500 mL/min with increments of 250 mL/min and a water flow rate of approximately 570 mL/min. At each blood flow rate, the inlet and outlet temperatures of the blood and water will be measured and recorded, and the efficiency will be calculated from these temperatures.  Blood and water pressure drops corresponding to the five blood flow rates will also be collected and recorded. 

Lastly, the blood damage produced by the heat exchanger will be evaluated. Blood damage will be evaluated by measuring plasma hemoglobin concentration and platelet activation over a six hour trial. A “blank” circuit, one that does not contain the test heat exchanger, will provide baseline blood damage values that can be compared to the experimental values.  The blood should contain 12 +/- 1 g/dL hemoglobin, pH 7.4 +/- 0.1 and a minimum Activated Clotting Time (ACT) of 200 seconds. [8]
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