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Background
Magnetic Resonance Imaging (MRI) uses pulses of radio waves and strong magnetic fields to produce high resolution images of internal organs and tissues.  To increase the visibility of blood flow, the patients being imaged are injected with a contrast agent called gadolinium.  Since gadolinium is slightly toxic, an injection of saline follows the gadolinium injection to flush the patient’s system.  To inject these solutions into the patient, a MRI compatible infusion pump is used.  The infusion pump consists of two compartments that will contain the contrast agent and the saline solution.  Depending on the particular imaging sequence that will be implemented on the patient, various amounts of gadolinium and saline are infused either simultaneously or independently at specific flow rates.  
Problem Statement/Motivation
Our client, Dr. George Newman, a stroke specialist at UW Hospital, is unsatisfied with the performance of the infusion pump currently used for dynamic contrast and saline injections.  This pump, which is syringe-driven, has several limitations and does not work well with the injection protocol he would like to have.  The solution compartments, each with a capacity of 60 mL, are too small for Dr. Newman’s studies.  Different amounts are used at different points in the injection sequence, and this may possibly conflict with the amount of gadolinium available in the containers they receive.  If some gadolinium is remaining in a vial that is used with a certain patient, it cannot be used with other patients and has to be discarded.  Since gadolinium commercially is very expensive, discarding any of it would not be economical for the hospital.  In addition, the pump is not in any way programmable for the client’s exact injection specifications, consequently requiring multiple manual changes of the desired solution and adjustments of the flow rates during the scan.  These reoccurring breaks to make necessary adjustments during the scan not only create discomfort to the motionless patient under the scanner, but can produce inconsistencies in the images produced.  For example, if the saline flush is not injected at the exact required time in the injection sequence, the delay could potentially interfere with the k-space data acquisition, resulting in ringing artifacts in the solution.  Changes in the circulatory pattern of the patients are also possible during scanning.  If there are frequent pauses during the scan, these changes could also produce inconsistencies in the images.  If a pump can be developed where these limitations do not play a factor, his studies will be greatly benefited.  

Client Requirements
In response to the limitations of the syringe-driven pump the hospital currently uses, Dr. Newman has proposed the development of a less time consuming, programmable infusion pump, designed specifically for his desired injection protocol.  He would like to deliver both of the solutions at various flow rates between 0.2 mL/sec – 5.0 mL/sec.  By implementing specific flow rates during the injection protocol, he can potentially improve the low SNR (signal to noise ratio) that is affected by the magnetic field gadolinium produces.  In addition, he would like to broaden the capacities the compartments had currently hold, with at least a 180 mL capacity for the saline solution.  Finally, the pump should be programmable (via a computer) so that frequent interruptions during the infusion therapy to go into to MR suite and switch configurations can be eliminated.  The technician could instead change solution selection and flow rates from a computer in the control room.  This can make the imaging process go more efficiently, and perhaps help produce more accurate results.  This also means that a motor will need to be implemented in our design.  The specific fluid delivery mechanism this pump would involve is not a concern to Dr. Newman, as long as the pump can deliver the solutions at his desired rates.  Our client hopes that the development of such a pump that can accomplish all of this can eliminate the need to purchase an expensive infusion pump commercially (i.e. Continuum® MR Compatible Infusion System, by Medrad).   
Additional Background Information     
Since our client is flexible with any pump mechanism that would potentially be involved, it has to be made certain that the prototype will be designed devoid of any ferrous materials (i.e. iron).  The MRI consists of a magnet capable of emitting magnetic fields on the scale of 1.5-2 Tesla.  Having any ferrous material in the MR suite is a severe safety hazard and could also produce inaccuracies in the produced images.  


 To assemble a non-ferrous infusion system consisting of a pump and a motor is a great concern to us.  A non-ferrous metal that was suggested to us to use in our study is aluminum.  Another option would be titanium, as suggested by our client.  However, the problem with titanium is that it is somewhat expensive.


Another issue that needs to be of concern is sterility.  Since the infusion pump is used for biomedical purposes, any possibility of contamination has to be eliminated.  However, our client has assured us that contamination may not be a big issue since a filter is always placed between the tubing and the pump, thereby preventing solution backflow into the pump.

Literature search  
Most of the information we obtained on fluid pumps came from internet searches, patents, and interviews with professors and technicians.


Professor Frank Fronczak, from the dept. of Mechanical Engineering, helped us develop two possible pump designs that would meet our design requirements.  He gave us information on a class of pumps called positive displacement pumps.  Positive displacement pumps function such that a fixed volume of a fluid can be delivered per revolution.  Professor Fronczak advised us that pumps from this class would most effectively meet our requirements.  After consideration of possible advantages and disadvantages associated with each pump of this category, we were able to select two pumps that would be the most practical for our design – the spur gear pump and the vane pump.  Both have rotors that can be driven by a motor.

Frank Hospod, who is the technician involved with Dr. Newman’s studies, recommended a third pump design that could potentially be used in our design – the peristaltic pump.  Mr. Hospod informed us that peristaltic pumps are usually ideal for biomedical applications.  Like the pumps Prof. Fronczak had suggested, the peristaltic pump falls under the category of positive displacement pumps as well.


Now that three possible pump designs had been established, we needed to obtain information on a motor that is capable of driving these pumps.  We determined that a stepping motor would be the most ideal choice to drive the three chosen pump designs.  As the name implies, a stepping motor steps by a certain angle as it receives electrical impulses.  The angle at which the motor rotates or steps can be decreased to improve the accuracy of the pump.  An advantage of using a stepping motor to drive the system is that it can be easily programmable.  Stepping motors can be controlled via a computer using LabVIEW or a C++ program.  The only drawback with using this motor is that it is very likely to be made of ferrous materials.  


Our research has indicated that it is possible to use ferrous metals in our design as long as they are properly shielded from magnetic fields emitted by the scanner.  Shielding would prevent any induced contact between the motor and the magnet of the MRI, as well as image artifacts.
Design Constraints    
The most significant design constraint is that any component of the design that is made of ferrous materials must be properly shielded so that magnetic interference between the pump, motor, and the MRI magnet can be prevented.  Another noteworthy constraint is the size of the solution compartments.  The saline compartment must be large enough to hold a capacity of at least 180 mL and the gadolinium compartment must have a capacity of at least 60 mL.  As mentioned earlier, the pump system has to be able to deliver fluids at the rates specified by the client (0.2 mL/sec – 5.0 mL/sec), and it has to maintain a certain level of sterility.  More specifically, cleaning of the apparatus has to be done quickly and easily.  The programmable aspect of the pump should be very user-friendly so that the operating technician can change configurations in a short amount of time.  Finally, the pump has to be very durable and reliable since it will be used for approximately 18 hours per week.
Design Alternatives   
Note: Each design alternative will consist of two pumps and two motors (one for each solution).  
a. Spur Gear Pump
The spur gear pump, a positive displacement pump, consists of two meshed gears and a housing case.  One of the gears is the drive gear that is attached to the drive shaft and the other one is being driven.  In between the teeth of the two gears are small clearances. 
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Figure 1 – internal structure of typical spur gear
As the two gears rotate in opposite direction, air packets are created in the clearances.  As a result, the fluids will be sucked in from the inlet.  As the teeth mesh again, the fluids that are already trapped in the clearances will be pushed into the outlet.  


The advantages of this design are its reliability, simplicity, low cost, and efficiency.  Spur gears are very durable and are widely used in various industries.  In addition, the mechanism involved is very simple and easy to understand.  They are often very inexpensive when they are compared to other pump designs as well.  Furthermore, they will usually deliver an accurate amount of fluids unless the fluids have very low viscosity.


The disadvantages of this design are related to sterility.  Since gadolinium and saline will be in direct contact with the gears, we will have to find ways to prevent contamination.  One possibility is to replace the gears after each particular injection sequence.  However, this method of maintaining sterility is very likely to be time-consuming and expensive.  In addition, the operating technician would have to calibrate the pump each time a gear is replaced to assure the accuracy of the fluid delivery.  Another option for sterilization would be to flush the pump system with an appropriate cleaning solution after a particular injection protocol has been issued.  However, safety and effectiveness issues arise with this option.  Following the sterilization of the pumps, there is a possibility that remnants of the cleaning solution will still be present on the gears and on the inner walls of the casing.  Since the pumps will then be filled with saline and gadolinium, it is very likely that contamination would occur.  This would then be unsafe because these contaminated saline and gadolinium solutions will be eventually injected into the patient.
b. Vane pump

The basic design of a vane pump includes a rotor, one or more vane plates, and a casing.  As seen in figure 2, the vane plates (A) fit into slots of the rotor (B).  These parts are placed inside of the casing which is slightly elliptical to allow for the pumping to occur.  The vanes remain in contact with the casing by either having a spring push them out or by using centripetal force.  Along one side of the casing will be an input for the substance to be pumped in and along the other side there is an output to where the substance is excreted.  The actual pumping is driven by an increase in area between vane plates, the rotor, and the casing as the plates travel through the elliptical casing.  As the area between the plates increase, fluid is taken in, causing the area between the vanes to get smaller on the other side.  As a result, liquid is forced out of the chamber into the outtake (refer to figure 3).


One of the benefits of this system is that it handles thin liquids well, and for our case, we will be primarily using thin liquids.  This pump design also creates a good vacuum, which will help prevent fluid loss.  The vane pump also has a few drawbacks, one being that it is very complex to put together.  Another problem is that cleaning and sterilizing the pump will be rather difficult to do in a short amount of time. 
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c. Peristaltic Pump

Another pump that can be used to deliver the contrast agent and saline to the patient would be a peristaltic pump.  Essentially, the flow rate of the fluid being transported is controlled by a rotating roller clamp.  As the roller clamp moves along the tube, the tube walls are squeezed together to form a tight seal.  The roller clamp can be adjusted such that the flow lumen of the tubing used can be restricted until the desired flow rates are achieved.  Using additional roller clamps will increase the accuracy of the flow rate.  The fluid follows the roller until the tube compression comes back to normal.  However, additional rollers would have already started their compressions to push the initial amount of fluid out of the pump, thus eliminating the possibility of flow back.
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Figure 4 – Outer view of a peristaltic pump
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Figure 5 – “Toothpaste mechanism” in peristaltic pumps
The peristaltic pump’s ability to maintain sterility is a reason why it is commonly used in biomedical applications.  The fluid being pumped is kept inside the tubing at all times.  This means that the fluid can never contaminate the pump and the pump can never contaminate the fluid.  Since the fluid never touches any gears, seals, or other moving parts, finding a pump compatible with a certain solution is as simple as only choosing the tubing compatible with the fluids involved.  The tubing will be replaced following the scanning protocol of each patient, thus eliminating the need to sterilize individual tubing.  This also takes out of consideration the fact that the accuracy of the pump decreases as the tubing wears out. 
Design Proposal
After considering all of the relevant issues associated with each pump design, we determined that using a peristaltic pump would best meet our design requirements.  With the peristaltic pump, we can configure a stepping motor to accurately achieve the desired flow rates.  In addition, sterilization seemed to be the easiest and least expensive out of the three possible pump designs.  Finally, given our potential budget constraints, it seemed that choosing the peristaltic pump would be the most economical when considering overall performance.  Our methodology in making this decision is outlined in the decision matrix below.              
Figure 6 – Design Evaluation Ranking
	
	Maintenance
	Efficiency 
	Cost 
	Accessibility
	Total

	Spur Gear Pump
	1
	2
	3
	2
	8

	Vane Pump
	1
	3
	1
	1
	6

	Peristaltic Pump
	3
	3
	2
	3
	11


         0 = worst, 3 = best

Two peristaltic pumps, along with the two stepping motors needed to drive them, will be attached to an IV stand, with the saline and gadolinium drips on each side.  Since the injection protocol will consist of a simultaneous infusion, the two lines will be connected to each other with a Y - injection port.
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               Figure 7 – Proposed design overview
                            Figure 8: Y-injection port
If we are unsuccessful in finding how to shield the motor and the pump from the emitted magnetic field, we will have to implement a second design proposal.  In this design, the motor and the pumps will be in the control room with the computer, while the rest of the apparatus is in the MR suite (connections between the two components will have to be done through the walls).  While this would solve the problem of shielding the motor and the pump, the apparatus would not be anywhere near the patient, meaning long tubing will have to be used.  Since we will then have a considerable distance between the patient and the pump apparatus, issues regarding flow rate accuracy would arise.  

Future Work
We will need to complete more research into magnetic field shielding, since our second design proposal may seem a little impractical.  While it maybe difficult to obtain information on shielding since most companies want to protect the originality of their products, we have to determine any possibilities that would satisfy our design constraints.  There are some companies that specialize in custom shielding.  We will need to contact them and possibly obtain an estimate on our proposed pump system.  In addition, we will need to look more into how we can obtain the components of the pump system economically.  So far, stepping motors and peristaltic pumps (for biomedical purposes) seem to be somewhat expensive, and this might be a problem given our likely budget constraints.  


We may also have to look into backup designs that would accomplish the desired flow rates, in case obtaining the needed components goes beyond our available resources.  Finally, we hope to sit in during some scans so that we can a better idea about the injection protocol.  A better knowledge on how this works can aid in the designing process.   
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B. Product Design Specification

Function: Current MRI compatible infusion pumps are syringe-driven but limited in their sequence capability and in the amount of saline and gadolinium each can hold. Currently, a technician must manually change the gadolinium and saline reservoirs before each infusion.  As a result, this wastes valuable time and the gadolinium and saline solutions.  In addition, due to changes in the circulatory patterns of the patients, inaccurate results are produced.  To overcome these problems, our clients would like two new large pumps to be made that are programmable and can effectively control the infusion rates of both gadolinium and saline independently without having to refill the syringes.  
Client Requirements:

The pumps:
1. Must be made of a non-ferrous material

2. Must be designed in a way that no gadolinium or saline is wasted

3. Must deliver accurate flow rates (0.2 mL/s to 4.0 mL/s +/- 0.02 mL/s) of gadolinium and saline 

4. Must be easily sterilized

5. Must be compatible with a computer program that controls the flow rates

6. Must hold up to 60 mL contrast and 180 mL saline solution separate at one time

Design requirements: 

1. Physical and Operational Characteristics 

a. Performance requirements: The pumps will be used on a regular basis.  As a result, they must be durable and flexible.  The pumps must be user-friendly; they must be easily sterilized.  They must deliver accurate amounts of gadolinium and saline solutions depending on the weight of the patient.  The pumps must be able to provide flow rates of gadolinium and saline solutions ranging from 0.2 mL/s to 4 mL/s with an error of no more than 0.02 mL/s.  The flow rates will be controlled via a computer program, which means that the pumps must also be compatible with the current MRI computer.  The pumps must be able to hold up to 60 mL contrast and 180 mL of solution at any given time.  They should be easily movable to a position that patient feels most comfortable with.  We will also need to include a stepping motor for each pump.  The motor should have steps of at most 30º to make for smooth flow rates.

b. Safety:  The pumps must not interfere with strong magnetic field created by the MRI of about 1.5 Tesla.  This means, the pumps must be made from a non-ferrous material.  More importantly, the pumps must not pose any health risks to the patient undergoing the MRI or the technician handling the pumps.  They must not interfere with other tubing, wires, etc. in the room. 

c. Accuracy and Reliability: The pumps must deliver accurate amounts of gadolinium and saline solutions in increments desired by the client.  Accuracy can be improved if there is no leakage in the pumps or in the tubing.  Another way of improving accuracy would be to have the pumps deliver constant flow of liquids while minimizing bubbles.  Another alternative would be to get a stepping motor with more steps to make for a smoother deliverance.

d. Life in Service: On average, the pumps will be used five times a day.  As a result, the pump must endure daily usage.  

e. Shelf Life: Since a lot of time and money will be spent on these pumps, they must have a long shelf life.  We expect out system to last at least 3 years.

f. Operating Environment:  The pumps, for the most part, will stay in the MRI room where the temperature will be around 25 degrees Celsius.  The pumps must be free of any magnetic field forces in order to work effectively. 

g. Ergonomics:  The pumps must be mobile.  The technician must be able to move them easily to accommodate various patients or for different studies.  

h. Size: The smaller the pumps, the better.  However, there are no size restrictions.  

i. Weight: The pumps must be light enough so that a technician can move them easily.

j. Materials:  The pumps can be made of any substance, as long as they are non-ferrous and don’t interfere with magnets of the MRI.

k. Appearance, Color:  The overall product should not be too bulky.  However, there is no limit on its appearance or color.  

2. Production Characteristics 

a. Quantity: The single apparatus will consist of two motors and two pumps, one for each solution to be pumped.

b. Target Product Cost:  The more efficient the design, the more money will be saved.  The design must cost below the current programmable pumps that exist in the market which average about $25,000.  Our target cost is about $1,500, figuring about $300 for each pump, $200 for each stepping motor, and $500 in miscellaneous items.  We also found a site where we can get a “magnetic shielding kit” for $189 per two square feet of material, but we still need to check the validity of this.

3. Miscellaneous 

a. Standards and specifications:  Before the device can be tested on human subjects, it needs to be approved by the FDA and tested on animal models.  

b. Competition:  There are no devices in the market that fulfill our client’s requirements.  There are, however, a few companies such as Medrad that make similar products.    

C. Potential Problems
Two main conflicts we foresee are due to magnetic shielding and cost.  When working near an MRI machine one has to be careful to either use all non-ferrous materials or shield the metals in the instrument somehow.  Ferrous metals present in the MR suite is a serious safety hazard.  The large magnetic field emitted by the MRI apparatus induces rapid motion to anything that is attracted to the magnet.  Since our design includes a stepping motor it would be almost impossible to exclude all non-ferrous metals; therefore our options come down to either placing the motor in another room or shielding it.  So far the only option for shielding has come from the MuShield® company.  They offer a “magnetic shield design kit,” but it costs $189 per 2 square feet of material.  This brings us to our next problem: cost.  For our design we will need two peristaltic pumps at about $300 each and two stepping motors at about $200 each.  That alone adds up to $1,000, and that isn’t including any other items that may or will need to be purchased.  If we decide to use the shielding kit it would bring the cost up at least $600.  The funding available to us will most likely not cover all of these expenses.  We estimate that we will get about $300 from our client.  Because of this, we have begun to search for sources of used pumps and stepping motors.
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