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Abstract

The goal of this project was to construct a mock circulatory system that could be used for testing Ventricular Assist Devices (VADs).  The system was intended to simulate a range of physiological conditions typical of human physiology and allow for a VAD to easily be incorporated, so it could be tested against a specified set of conditions.  The system components include; a pulsatile pump, a compliance chamber, a resistance mechanism and a fluid reservoir.  The pump replicates the pumping action of the heart, the compliance chamber replicates the elasticity of the arteries, the resistance mechanism mimics systemic resistance and the reservoir is analogous to the pressure equalization that occurs in the venous system and has the ability to store fluid. A reliability test demonstrated a high level of dependability for conditions that are most common in people.  A second set of tests examined the range (systolic, diastolic, pulse pressure) of system.  The tests were useful in showing flexibility, should the case arise that a VAD test requires physiological values beyond those that are most commonly used.  Together these tests have shown the system is capable of reproducing all the conditions needed for the testing of VADs.  It is expected to be a valuable tool for future VAD testing.      
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Introduction

The mock circulatory loop for Ventricular Assist Device (VAD) testing was created to replicate the resistance and compliance seen by a diseased heart in vivo.  The system allows for the testing of the VAD in a laboratory setting to simulate the wide ranges of stroke rate, stroke volume, resistance, and systolic/diastolic pressures of the systemic vasculature seen by the VAD while implanted in a human subject.   A ventricular assist device (VAD) is a mechanical implant that attaches to the ventricle of the diseased or weakened heart.  In most cases, it is the left ventricle that needs assistance due to the large pressure gradient of the systemic circuit.  A left ventricular assist device (LVAD) is attached at the apex of the weakened left ventricle and pumps in parallel with the heart to move blood into the aorta, and then out to the systemic circulation (1).  The cardiovascular system consists of three main components: the autonomic nervous system (ANS), the vasculature, and the heart.  The ANS controls both blood pressure and heart rate and is distributed throughout the body.  The heart is responsible for pumping blood through the circulatory system, and creates the pulsatile flow of blood.  The heart also controls the volume of blood per stroke being pumped into the circulatory system.  Vasculature of the systemic circulation contains a high pressure and resistance due to the long, complex branching of the arteries into the arterioles.  A mock circulatory loop to simulate the physiological conditions that VADs encounter was created and validated through testing. 

Methods
Apparatus

The components of the mock circulatory loop consist of a pump, with a VAD in parallel, flow meters, a compliance chamber, a resistance mechanism and a reservoir.  The Harvard Apparatus Pulsatile Pump for Large Animals (Harvard Apparatus item #553305) mimics the heart of the circulatory system and controls the stroke rate (10-100 strokes/minute), stroke volume (15-100 mL) of the system, and systole/diastole ratio (35-50% of total cycle).  The piston of the pump travels the full length of the ejection stroke regardless of the volume of fluid being pumped, and the pump is completely emptied after each stroke.  A ½” inner diameter tubing (McMaster-Carr item #5231k227) functions as the output of the pump by traveling to a ½” brass flow control color-coded needle valve (McMaster-Carr item #498274) to regulate the amount of fluid entering the mock loop.  The valve stem is color-coded to provide a visual reference point for repeatable settings.  

The amount of blood being pumped from the VAD varies with respect to the amount of blood being pumped from the actual ventricle.  A heart that is in worse condition will need the VAD to pump more blood, while a heart in slightly better condition will deliver less blood to the VAD.  This design allows the user to control the amount of flow going through the VAD and the amount of fluid being pumped through the rest of the system.  This allows for a simulation of a wide range of physiological conditions.  The needle valve going to the VAD can be completely shut off, simulating a healthy heart that needs no pumping assistance.  The needle valve going to the rest of the system can also be completely shut off, sending all flow directly to the VAD, making it perform the full duty of the ventricle. A continuous flow pump used to simulate a VAD, with a ½” brass flow control color-coded needle valve placed in front to regulate the flow seen by the continuous pump, is in parallel with the pulsatile pump.  The ½” inner diameter tubing, stemming from the VAD and the needle valve after the pulsatile pump, connects into a 1” inner diameter tube (McMaster-Carr item #5231k265) at a junction via a ½” wye connector (McMaster-Carr item #53415k242).  The beginning of the 1” inner diameter tube represents the aorta, and is the area where pressure is measured.  
    

The fluid in the 1” inner diameter tubing enters a compliance chamber, which is used to dampen the pulsatile flow of fluid moving through the system (simulating the stretching, or compliance, of arteries).  A 5.5 liter chamber was constructed from 6 inch PVC pipe and PVC fittings.  A level indicator was built in with pipe-to-barb elbow fittings and clear tubing.  The compliance chamber is similar to a capacitor in a circuit; its steady state will determine the frequency response of the system.  The steady state, or initial volume, of fluid in the compliance chamber can be adjusted to change the capacitance and achieve the correct pulse pressure (the difference between systole and diastole).  A Brady® Schrader Air Valve with an air pressure gauge was implemented on the compliance chamber to manually adjust the pressure and steady state of the mock loop.  With the addition of an air pressure gauge, compliance can be calculated with the following equation (2):
(1) Compliance= (Volume air/Pressure air).

    
Resistance in the vasculature system is defined as the force that opposes the flow of fluid.  To create the resistance seen in the human vasculature system, two manifolds (Manifold center item #SL 500-8) and ½” inner diameter tubing were used.  The 1” output tubing from the compliance chamber flows into the first manifold.  The manifold displaces the fluid into four ½” tubes that run parallel with each other to the second manifold.  The four tubes enter the second manifold, and leave the manifold through a 1” tube.  Four ½” brass flow control color-coded needle valves are located in the tubing between the two manifolds.  The needles valves are used to decrease the resistance in the system.

Fluid leaving the manifolds travels along a 1” tube into a reservoir made of PVC pipe.  The reservoir serves as holding container for the Harvard Apparatus Pulsatile Pump to passively draw fluid from.  The 1” output tubing from the reservoir travels to the junction of a wye connector fitting.  The wye connector fitting splits the fluid into two ½” tubes, one traveling to the pulsatile pump and the other to the needle valve before the VAD.  A diagram depicting the entire mock circulatory loop is located in Figure 1.
Testing the mock loop

The system was tested without a VAD connected.  The purpose for excluding the VAD branch was to confirm the mock loop was able to simulate the same range of conditions the human vasculature system generates.  A Research Grade Pressure Transducer (Harvard Apparatus item # 724496) was placed between the compliance chamber and the first manifold in the mock loop.  Before any data collection could begin the pressure sensor was calibrated to atmospheric pressure.  The output of the transducer was 1V:100mmHg, this was monitored with an oscilloscope, which enabled recording of the maximum and minimum pressures and waveform observation.  Figure 2 shows a typical waveform observation.  The maximum and minimum voltage readings on the bottom of the screen represent the systolic and diastolic pressures respectively, when multiplied by 100.  

The mock loop was tested at three different stroke volumes: 60, 70, and 80 mL and four stroke rates: 60, 70, 80, 90, and 100 strokes per minute.  These were chosen because they represent typical ranges expected from normal and diseased person. For each combination of stroke rate and stroke volume, the needle valve(s) were adjusted to obtain systolic pressures ranging from 110mmHg to 160mmHg.  Data recording was done in pressure increments of 10mmHg and 20 data points were gathered on ~5 second intervals for each condition.  Figure 4 shows the systolic and diastolic pressures typical of a set of tests.  The needle valve adjustments were recorded in terms of number of turns open.  Markings on the side of the gauge allowed for precision of 20 different settings between each complete turn.  Each valve was fully opened after six turns and after one valve was completely opened the next was then opened.  For the purpose of analysis, data was recorded as a sum of the total number of turns between all valves.  

All conditions besides stroke rate, stroke volume and needle valve adjustment were kept constant.  The ratio of the systolic stroke to the diastolic stroke was kept at 25:75 because it closely simulated human conditions and allowed for better control of pulse pressure.  Pulse pressure is a function of the level of fluid in the compliance chamber, which was kept constant at ~5L.  

The compliance chamber was equipped with a Brady® Schrader Air Valve and pressure gauge that was accurate from 0-15 psi.  The purpose of the gauge was to give an approximate idea of how much pressure was in the system.  This was critical to avoid overload of the pressure transducer, which could withstand 300mmHg.  The compliance chamber needed to be filled with fluid before testing and this was done by tightening the needle valves and keeping the Brady® Schrader Air Valve open, which kept the pressure equalized as the pump filled the chamber with fluid. The pump was turned off when the chamber was filled and needle valve adjustments were made accordingly.  The steady state pressure reached inside the compliance chamber was a function of the needle valve adjustment.  The fluid level inside the chamber would automatically adjust to re-establish steady state pressure if air was added or released.  This is how pulse pressure was controlled.  According to the equation for compliance (1), a lower volume or air kept at a constant pressure will result in lower compliance, thereby increasing pulse pressure.  Typical psi readings during testing ranged from 1.5-3.0 psi, but the gauge was not accurate enough to record pressures for the purpose of data analysis.   
In order to validate that the mock circulatory system can replicate a range of systolic and diastolic pressures, as well as pulse pressures representative of varying pathology, a range test was performed.  The range of pressures shown in Table 1 was used to quantify blood pressures varying from extreme hypotension to extreme hypertension.

This test was performed by first adjusting the fluid level in the compliance chamber to adjust for pulse pressure.  Increasing the fluid level increased the pulse pressure.  The needle valve setting was adjusted to increase or decrease systolic and diastolic pressure.  In order to ensure a high level of precision, these steps were repeated after the system was allowed to reach steady state.  Once the desired systolic and diastolic pressure values were obtained (plus or minus 3 mmHg) the settings of the needle valves, chamber pressure, and chamber volume were recorded.

Statistics

Each set of data points was entered into Microsoft Excel for analysis.  A stroke rate, stroke volume, average, standard deviation, maximum and minimum were calculated for each combination of stroke rate and stroke volume for both systolic and diastolic pressures.  The data gathered is useful in demonstrating the high level of reliability of the system through the small standard deviations.  A summary of all the descriptive statistics can be found in Table 2.  A mean arterial pressure was also calculated for each group, and ranged from 78mmHg to 128mmHg.

(2) Mean arterial pressure (MAP)= (diastolic*2+systolic)/3

The summary for these data points can be found in Figure 3.  The systolic and diastolic means from each unique data set were used to create a series of regression equations. The regression equations have high R squared values which demonstrates each system setting follows a precise pattern.  All regression equations are of power form, as they correlated to the highest R squared values in all cases. It should be noted that the given equations only apply for the measured ranges specified in Table 2, and the ability to achieve a specific pressure will be limited by the desired variable settings.  As shown in Figure 3 the curve for stroke rates of 50 bpm is much flatter than the curves for faster rates. So a needle valve adjustment at a slow stroke rate will result in less pressure change when compared to the same adjustment at a faster rate. There was no statistical analysis done on pulse pressure since it was not a primary area of concern from the client, but it can be adjusted by changing the level of fluid in the compliance chamber, as described above.  
Results
The goal of this system was to replicate the stroke rates and pressures typical of normal and hyper/hypo tension patients. The desired values, along with the system settings and observed values are listed in table 1.  This figure shows the results for the range test, which demonstrates the system is capable of simulating a wide range of systolic and diastolic pressures and pulse pressures.  The ability to achieve results outside the areas of greatest concern is good because it provides additional confidence in the overall dependability of the system.  

Reliability testing was carried out on a more common range of conditions, which demonstrated the system is extremely dependable and maintains a narrow pressure range upon reaching steady state.  Reliability was an important aspect to prove, because it assures that any changes of system pressure observed during VAD testing will be due to the VAD, and not the system itself. The system also accomplished the goals of remaining relatively simple and cost efficient.  In summary, this system accomplished all of the desired goals and is expected to be a valuable tool for testing VADs.  

Discussion


Although the system offers a great deal of control and reliability, there are some uncertainties that must be addressed.  The first concern is testing the device with a VAD.  This analysis was not performed because a VAD was not available due to proprietary reasons.  It is not expected that introducing a VAD into the system will change the amount of control or reliability the current system offers.

Another is the number of measurements taken.  It would have been ideal to take flow rate measurements with an ultrasonic flow meter and take pressure measurements before the compliance chamber.  The lack of such measurements does not justify the quality of the test loop; it simply would have provided an even greater level of reliability.

The next point is the level of fluid in the compliance chamber.  As stated above, a greater fluid to air ratio results in a greater pulse pressure.  But the geometry of the chamber only allowed for the measurement tube to reach 4.5L, though it held 6L.  A variation in the estimated fluid level (5L) would result in a minimal difference in pulse pressure, but it could make repeatability slightly more difficult.  

Adjusting the pulse pressure during the reliability testing was of secondary concern, to being able to obtain a repeatable systolic value so the values tended to have a large range (mean 30.9 to 52.4 mmHg).  However, when accuracy in adjusting pulse pressure was of concern, as in the range test, the desired values were more reliably obtained.
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Figure 1:  Diagram of the mock circulatory loop components: (1) Harvard Apparatus Pulsatile Pump, (2) needle valves, (3) VAD,    (4) compliance chamber, (5) pressure sensor, (6) manifolds, (7) oscilloscope, and (8) reservoir.


[image: image2]
Figure 2:  Screen image from the oscilloscope while testing was being performed.  Vmax represents the systolic blood pressure, while Vmin represents the diastolic blood pressure in the mock loop.

Table 1:  A table depicting the physiological human blood pressure ranges for both systolic and diastolic pressures (mmHg), along with the pathology and conditions that accompany the values.  The values were replicated with the mock circulatory loop and the blood pressure, chamber pressure, chamber volume, and needle valve turns were recorded.

	Replication of physiological human blood pressure range

	Blood pressure range
(mmHg)
	Pathology
	Conditions
	Blood pressure replicated (mmHg)
	Chamber pressure (psi)
	Chamber volume (L)
	Needle valve turns

	Systolic
	Diastolic
	
	
	
	
	
	#3
	#4

	210-230
	120-140
	Very Severe Stage 4
	· Very severe hypertension

· Increased risk of:

· Heart attack

· Kidney disease

· Stroke

· Death
	· 240/120
	3.5
	5+
	0
	3.35

	
	
	
	· 
	· 230/130
	3.0
	5+
	0
	3.4

	
	
	
	· 
	· 210/120
	2.7
	5+
	0
	3.5

	180-210
	110-120
	Severe Stage 3
	· Severe hypertension

· Increased risk of:

· Heart attack

· Kidney disease

· Stroke

· Death
	· 190/115
	2.5
	5+
	0
	3.6

	160-180
	100-110
	Moderate Stage 2
	· Requires treatment
	· 170/105
	2.4
	5+
	0
	3.7

	140-160
	90-100
	Mild Stage 1
	· Hypertension

· High blood pressure

· Morning blood pressure

· After eating salty, fatty foods
	*Replicated in Table 1

	110-140
	70-100
	Normal Blood Pressure
	· Evening blood pressure

· Before eating salty, fatty foods
	*Replicated in Table 1

	90-110
	60-70
	Low Normal Blood Pressure
	· Blood pressure after strenuous exercise

· “Low Normal”

· athletes

· normal children
	· 90/60
	1.0
	4.5
	0.4
	6.0

	50-90
	30-60
	Low Blood Pressure
	· Weak, tired

· Dizzy, fainting

· coma
	· 70/50
	0.8
	3.5
	1.6
	6.0

	
	
	
	· 
	· 50/30
	0.2
	3.7
	3.2
	6.0


Table 2:  A summary of the trials performed during testing.  Stroke volumes of 60, 70, and 80 mL were used at stroke rates of 60, 70, 80, 90, and 100 bpm.  Listed below is the range of pressures found along with the calculated mean standard deviations of both systolic and diastolic pressures.  The mean pulse pressures and standard deviation along with the regression equation are below.

	Stroke volume
(mL)
	Stroke rate (bpm)
	Range of systolic/diastolic pressures measured (mmHg)
	Mean standard deviation of systolic pressures (mmHg)
	Mean standard deviation of diastolic pressures (mmHg)
	Mean

pulse pressure

(mmHg)
	Pulse pressure standard deviation (mmHg)
	Regression equation

(valid for systolic pressures measured)

Y=# of turns on the needle valve(s)

X=systolic pressure desired (mmHg)
	R2

	60
	60
	109.1/75.0-158.6/124.9
	1.19430
	0.44781
	30.9
	3.068572
	Y =15.1*X 0.2913
	0.9886

	60
	70
	108.2/73.8-151.7/119.2
	0.67723
	0.52386
	33.1
	0.988063
	Y =37.329*X -0.4569
	0.9845

	60
	80
	110.3/73.8-147.7/116.1
	0.53460
	0.51616
	32.0
	2.262897
	Y =99.921*X -0.64
	0.9811

	60
	90
	105.1/71.9-150.8/113.7
	0.99643
	0.53543
	35.1
	1.492858
	Y =36721*X -1.8263
	0.9296

	60
	100
	103.7/71.8-156.2/120.6
	0.79626
	0.76467
	33.9
	1.349277
	Y =8276.1*X -1.5107
	0.9899

	70
	60
	106.2/69.8-159.3/112.4
	1.28372
	0.40012
	39.3
	2.533153
	Y = 49.864*X -0.5207
	0.9738

	70
	70
	106.9/67.5-153.2/111.3
	0.74236
	0.42786
	40.1
	0.964713
	Y =44339*X -1.8516
	0.9663

	70
	80
	109.4/71.9-151.3/103.8
	0.76026
	0.46813
	41.7
	2.718856
	Y = 2900.0*X -1.2278
	0.8755

	70
	90
	110.0/56.9-153.2/100.7
	0.72336
	0.45126
	52.4
	0.941177
	Y=618.79*X -0.8905
	0.7377

	70
	100
	110.0/67.5-151.9/93.7
	0.62192
	0.43646
	50.0
	5.589331
	Y=53.096*X -0.3758
	0.8329

	80
	60
	106.3/68.1-157.0/115.0
	1.01877
	0.52918
	38.8
	2.081001
	Y=10903*X-1.5906
	0.9161

	80
	70
	110.0/77.5-153.7/112.5
	0.83276
	0.50263
	36.8
	2.500735
	Y=16143*X-1.599
	0.9703

	80
	80
	109.4/71.2-150.6/109.4
	0.51023
	0.48559
	39.0
	0.690522
	Y=60.081*X-0.405
	0.851

	80
	90
	109.4/71.2-151.9/100.2
	0.73573
	0.57152
	43.7
	3.805853
	Y=24.581*X-0.2157
	0.9868

	80
	100
	110.6/67.5-152.5/109.4
	0.73001
	0.69360
	42.8
	0.829204
	Y=23.305*X-0.204
	0.9516
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Figure 3:  Graph of the mean arterial pressure compared to the needle valve adjustments for stroke volume of 70 mL and stroke rates from 60 to 100 bpm.
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Figure 4:  Graph of the systolic and diastolic pressures compared to the needle valve adjustments for a stroke volume of 60 mL and stroke rates of 70bpm.
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