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ABSTRACT

In order to test the mechanical properties of vessels, preliminary trials were carried out using a 6.35 outer diameter rubber tube.  A rubber tube was connected to a pulsatile pump.  Fluid from the pump expanded the rubber tube at 30, 60, and 90 times per minute.  The result shows that Einc = 11 ( 2 dynes/cm² , (( = 0.068(0.104 rad, Txx = 0.036718(0.0009 dynes/cm² * 10^6, and T0.080(0.002 dynes/cm² * 10^6.  ((  T- crit value of 0.092 is smaller than t value of 2.306, indicating that (( is not significantly different from the theoretical value of 0 rad at the 95% confidence interval.

SPECIFIC AIMS
The specific aims of the experiment are: 1) to devise a protocol for the determination of viscoelasticity, hoop and axial stresses, and incremental elastic modulus of pig carotid arteries in-vitro, and 2) to test the above mechanical properties in freshly excised arteries, arteries under mechanical force in ex vivo system, and arteries under no mechanical force in ex vivo system.   

BACKGROUND

Mechanical properties of vessels can be quantified in a number of different ways, namely, the incremental elastic modulus, the viscoelastic property, the axial stress, and the hoop stress.  These material properties can be derived by conducting static or dynamic tests.  In static testing, the vessel is exposed to a certain amount of pressure and allowed to come to an equilibrium position, during which time the displacement is measured.  In dynamic testing, the vessel is exposed to flow through pulsatile flow apparatus.  

Under pulstaile conditions, the incremental elastic modulus of the vessel is
:
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where TP is the transmural pressure (inside pressure minus the outside pressure)

( = Poisson’s ratio (assumed to be 0.5 in vessels)

R=radius

Subscript i = inside, o = outside, 1 =minimum (diastolic) value, 2 = mean value and 3 = maximum (systolic) value.

To calculate the axial (Txx) and hoop (T) stresses, equations are derived in which it is assumed that the arterial wall is “elastic, axisymmetric, semi-infinite in length, straight with circular cross-section, constrained from motion longitudinally”
, with minimal radial displacement of vessel compared to the mean radius.  
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where r = radial coordinate

h = vessel wall thickness

R = radius

( = Poisson’s Ratio (assumed to be 0.5)

I = inside, 1 = minimum (diastolic) value

( = experimentally measured radial displacement of vessel wall
[image: image3.png]



(Figure adopted from Berceli et al.  Txx = longitudinal wall stress, T = circumferential wall stress)

As different levels of pressure are applied to the vessel, it is expected that the mechanical properties will change.  This is because under different pressures, different vessel wall component is bearing the weight.  In a vein, for example, at a contracted state (less pressure), stretching induced by pressure will serve to elongate the smooth muscle, making the vessel viscoelastic.  After the smooth muscles are relaxed, however, any further pressure serves to elongate the elastic and collagen parts of connective tissue
.  

APPARATUS AND MATERIALS

· Pulsatile pump (Harvard Apparatus, Pulsatile Blood Pump for Large Animals, Model No. 1423)

· Tygon tubing

· Catheter transducer (Millar)

· Laser system (BetaLaserMike, LX2-12W Laser Scanner)

· 6.35 mm outer diameter Natural Latex rubber tube

· LabView Acquisition Software

· Ringstands

· Clamps

· Erlenmeyer flasks

· Stopcocks

METHODS 

Pulsatile flow closed loop (Fig 1) is set up in which a pulsatile pump drives fluid flow through Tygon tubing connected in series.  Setup to test the vessel is in positioned in the middle between the Tygon tubing.  There is a catheter pressure transducer inserted into the middle of the vessel, where the diameter of the vessel is taken.  The outer diameter of the vessel is measured by a Laser system.  At rest, the thickness of the vessel is measured, and is determined to be 0.8 mm uniformly in the rubber tube (for preliminary study).  Assuming that the volume of the vessel stays constant, the inner diameter of the vessel is then calculated from the outer diameter.  Data acquired from the catheter pressure transducers, as well as from the laser, is read in LabView Data Acquisition Software.  Tygon tubing goes to a reservoir for fluids before going back into the pulsatile pump.  

A schematic of apparatus is as follows:
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Fig 1. Schematic of Apparatus

Attempts are made to control the pressure at physiological (arterial) levels when doing biomechanical testing.  Specifically, this means that a number of trials are done under different pressures, but in all trials, mean pressure lying within arterial range are maintained.  A strain of fewer than 10% of original is be maintained.

A preliminary trial using rubber tube is performed.  The amplitude of the trials are controlled at 40 mmHg.  Trials with condition of roughly 120 / 80 diastolic-systolic pressure, and also 140 / 100 pressure are performed.  Mean pressure and pressure magnitude (systolic pressure - diastolic pressure) is altered by changing the position of the reservoir, the pump rate, and the amount of air in the compliance chamber.  Lowering the position of the reservoir leads to a reduction in pressure.  Lowering the pump rate leads to reduction in mean pressure and magnitude.  Reducing the amount of air in the compliance chamber leads to an increase in pressure magnitude.  

After pressure and diameter versus time data is obtained, the data is analyzed to obtain the coefficients (Ak and Bk) for the Fourier transform, in order to calculate the modulus and finally, the phase angle.  The phase angle is an indication of the viscoelastic property of the vessel.  The Fourier transform equations are: 
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s = index

( = 2(f

f = frequency

N = number of points

K = harmonic

Modulus (M) and phase (() of any harmonic can be calculated from the Fourier coefficients (A and B)
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DATA


A preliminary trial has been done on a 6.35 mm (outer diameter) elastic rubber tube.  The results are as follows.

Fig 2.  Rubber tube pressure versus time
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Fig 3.  Rubber tube, radius versus time
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he above two graphs shows the pressure and radius change at the same trial.  
Fig 4.
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In this table, trials 11, 12, and 13 were taken under the same experimental conditions, and so were trials 16, 17, and 18.  

Fig 5.
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Fig 7. Phasic angle vs. Ec
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Fig 6.
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To test the consistency of the data, trials with the same exact condition (140 / 100 mmHg, 60 beats / min) were taken. CI = confidence interval

Fig 8.






Fig 9.
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Fig 10.

In Fig 8, 9, and 10, phasic angle and incremental elastic modulus were determined under different beats per minute (30, 60, and 90).  CI = confidence interval.  The error bars indicate standard deviation.  

Fig 11.






Fig 12.
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Fig 13.
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Figure 11, 12, and 13 show the axial stress (Txx) and hoop stress (T) of the rubber tubing under different beats per minute (30, 60, and 90).  CI = confidence interval.  The error bars indicate standard deviation.  

Fig 14. Combined Trials
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Figure 14 shows the combined values of Einc, , Txx, and T.  The data derived from the 3 trials at the different BPM (30, 60, and 90) are averaged into one, and the standard deviation and 95% calculated accordingly.  CI = confidence interval

DISCUSSION AND CONCLUSION

The preliminary rubber tube trials were designed to simulate the vessel trials, so as to affirm the design’s workability before putting biological tissues into experiment.  All of the parameters would be maintained in the same way for both specimens, with the exception that with the biological specimen, PBS buffer would be used instead of water so as to maintain an isotonic condition with the vessel cells.

As opposed to the vessels, it is expected that the rubber tube is completely elastic.  Hence, it is expected that the pulsatile flow through the rubber tube will cause changes in pressure that are in phase with the changes in radius.  If this is so, it is expected that the point of highest pressure and the point of most radius change should occur at the same time.  (The peak at Fig 2 should correspond to the peak at Fig 3).  

The peak of Fig 2 and Fig 3 correspond roughly to the same time, although it is not exactly at zero, nor are the data derived from many other trials.  To determine the position effect of the pressure transducer on the phase angle, the pressure transducer was moved up and downstream with no more than 1 cm difference in position from the center (Fig 4).  Note that the angle difference ((() 
= angle pressure - angle radius.  If angle is negative, it would mean that radius changed before pressure changed.  When the pressure transducer is moved downstream, we would expect the radius to change before the pressure, and hence a more negative ((.  This would mean that we should get a more positive angle.  In trials 11, 12, and 13, a move downstream result in a 0.016810 rad increase, while a move upstream result in a 0.093412 decrease.  In trials 16,17, and 18, a move downstream result in a 0.001346 rad decrease, and that upstream result in a 0.016923 rad increase. Hence, while trials 16, 17, and 18 agree with theoretical, trials 11, 12, and 13 are in contrast with the expected.  On average, however, it can be seen that a small change (small change (< 1 cm) in the position of pressure transducer does not affect (().  
During the experiment, it was observed that right after the system has been disturbed, such as after the adding of more water to the reservoir or the slight change in position of any part of the tubing, the (( becomes large.  Hence, it was suspected that air bubbles were the most likely cause of the random error.  A series of the same trials were then performed to test the consistency of the data.  In this set of trials, the system was set up and left in place.  Then, the data was taken over time.  The results of this set are summarized in Figures 5, 6, and 8.  All of these trials were performed under the condition of 140 / 100 mmHg, and at 60 beats / min.  In these trials, it can be seen that the smallest (most ideal) (( is that of 0.003531 rad, and the largest (most deviant) (( is that of -0.26294 rad, corresponding to a percentage difference of 206%.  The smallest Einc is 9.991262 dynes/cm^2*10^6, while the largest Einc is 12.64336 dynes/cm^2*10^6, corresponding to a 23% difference.  The (( deviance, however, does not correlate in magnitude to the incremental modulus.  In Fig 5 and 6, it can be seen that the largest (( does not correspond to the smallest (or largest) Einc, and vice versa. 

Through this set of data, it can be seen that leaving the system at a macroscopically undisturbed state does not seem to eliminate the ((.  Also, the (( value for this set is significantly different from the theoretical of 0 rad (t crit = 5.634, t = 2.209).  However, despite the (( of -0.16(0.06 rad (39%) (95%CI), the elastic modulus overall has a high precision, having a value of 11.1(0.7 (5%) (95% CI).

Subsequently, elastic modulus, phasic angle difference, axial stress and hoop stress were determined at 30, 60, and 90 beats/ min, and the results are displayed in Fig 9, 10, 11, 12, 13, and 14.  Because the rubber tube is elastic, it is expected that the same values for the parameters above would be derived for the same rubber tube over different pump rates.  This, however, does not seem to be the case.  While the Einc of 30 and 90 BPM fall within each other’s 95% CI, that of 60 BPM is significantly below either of the other two.  Meanwhile, (( of 30 and 90 BPM has a rather large 95% CI (30% and 16% respectively), while that of 60 BPM has a small 95% CI (3%).  However, while the values for (( of 30 and 90 BPM are not statistically different from the theoretical value of 0 rad (30 BPM: t-crit 0.619, 90 BPM: t-crit 0.270, t = 4.302), that for 60 BPM is significantly different from 0 rad (t crit of 43.7, t = of 4.302), making the data for Einc less reliable.  

In contrast, the data derived for axial stress and hoop stress show much more precision. The average of 30, 60, and 90 BPM for Txx and T all lie within each other’s 95% CI.  Overall, however, the 95% confidence interval increases with the pump rate.  (95% CI, Txx, for 30 BPM

= 3.6%, 60 BPM = 5.0%, 90 BPM = 12.6%.  T:   30 BPM = 3.7, 60 BPM = 5.0, 90 BPM = 11.9%).  

As stated before, the fact that the rubber tube is elastic and is uniform in materials over the whole tube means the same values for Einc, ((, Txx, and Tshould be in agreement with each other through all different pump rates.  As a result, the values for all these parameters are combined in Fig 14. The result shows that Einc = 11 ( 2 dynes/cm² , (( = 0.068(0.104 rad, Txx = 0.036718(0.0009 dynes/cm² * 10^6, and T0.080(0.002 dynes/cm² * 10^6.  Also, (( has a t- crit value of 0.092, which is smaller than the t for 8 degrees of freedom at 2.306, making the value for (( not significantly different from the theoretical of 0 rad at the 95% confidence interval (a good sign!).  

To improve the accuracy of this experiment, it is recommended that a bubble filter be added to  the experimental apparatus.  Also, the experiment can be repeated using smaller increments of pump rate (this part has already been done by Becky Gusic).  

Next, the procedure above will be applied to actual vessels.  The properties of freshly excised arteries, arteries under mechanical force in ex vivo system, and arteries subjected under no mechanical force will be compared.
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