
ENGINEERING 12:  PHYSICAL SYSTEMS ANALYSIS  


Laboratory 5
Heart Rate Dynamics

Purpose
To find an approximate transfer function for a process from experimental data. To observe the response of the heart rate to simple patterns of respiration and find the characteristic parameters of a system from discrete (rather than continuous) data.

Analysis


In many instances too little is known about a process or system to derive a transfer function from physical principles.  In these cases the response of the process to a known (test) input may be used to obtain an approximate transfer function.  Test functions that are widely used for this purpose include an impulse, a step, a ramp, a sinusoid and random noise.  In this lab you will be using a step input.


An approximate transfer function for a given process might take on several mathematical forms.  The selection of a form is usually guided by a common sense balance between simplicity and the degree to which the parameters of the model may be adjusted to better fit the available data.  While a complicated model will usually fit the data better than a simple model, the added complexity might make it unwieldy to use in design calculations.


In previous laboratories, we have shown that system parameters of electrical and mechanical systems may be extracted by observing the behavior of the system to known inputs (displacements, voltages, etc.).  Although many biological systems are too complex to be analyzed simply, there are several systems that can be modeled as simple first or second-order systems.  The response of the cardiac system to respiratory changes is an example of such as system.


You will be utilizing a technique called plethysmography to measure your heart rate.  This technique uses the fact that your skin becomes more opaque to certain wavelengths of light as more blood is pumped into it during the cardiac cycle.  Measuring the heart rate (beats/sec, Hz) can be done by simply measuring the time between pulses on the plethysmogram.


The cardiac system has many regulatory loops that are used to keep the blood pressure constant.  In the case of a hemorrhage (rapid loss of blood from the circulatory system), the body will attempt to keep the blood pressure constant through a variety of mechanisms including constriction of small arteries and capillaries as well as by changes in the heart rate.  Alternatively, during exercise when the capillaries are all open to supply oxygen and nutrients to the muscles, the heart must compensate by increasing the blood flow rate through it.  However, the mechanisms that maintain blood pressure also vary the heart rate in response to the changes in pressure in the chest cavity caused by filling and emptying of the lungs that occur with breathing.


It has long been known that the pacemaker of the heart is inhibited by stimulation of the vagal nerve.  The pacemaker function has been shown to obey the following differential equation:
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which can be rewritten
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where  is some constant,  is the strength of the signal from the vagal nerve, and  is the radian frequency of the firing of the heart assuming constant .  The signal from the vagal nerve has been found to be related to chest diameter (and therefore to pressure since there is increased pressure on the heart muscle with increased lung volume) by the following equation:
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where C is the chest size, k is a constant, and 1 and 2 are two time constants that characterize the system.  For a step input of chest size, you should show that:
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where k’ is a constant.


Your task in this lab is to determine the values of , k’, 1 and 2 that characterize your own cardiac control system from the measurements of your heart rate in response to a step impulse in pressure caused by a rapid inhalation followed by holding your breath.
Procedure
1.
Hook one member of the lab group to the photo-plethysmograph and respiration transducer, and observe the output on a strip chart recorder.

2.
Practice the procedure in steps 310 below until you can do it easily.

3.
Relax.  (Pretend that this is fun).

4.
Start the recorder.

5.
Breathe out shallowly and hold your breath.

6.
Continue holding your breath for five or six heartbeats.

7.
Inhale deeply and quickly and try to remain relaxed. 

8.
Hold your breath for 15-20 heartbeats.

9.
Have your partner stop the recorder.

10.
Exhale and breathe normally (do not forget this step).

11.
After you can repeat this procedure without error, do steps 4 through 10 collecting data on the computer at a rate of 1000 pts/20 sec.

Results

1.
Create a spreadsheet for the data you collected
*.  The first column should be time, the next column is the measured heart rate, , versus time, with t = 0 set at the moment of rapid inhalation.  You should measure by measuring the time between successive peaks in you data; there should only be about 20-30 entries in your spreadsheet.

2.
In the next column in your spreadsheet to give values of  (from eq. 4) at each value of time (guess at the parameters 1, 2, , and k’;  1 and 2 should be on the order of 0.5 to 10 sec,  is related to the resting (steady-state) value) .  The value of this function should be set to zero for time t < 0.  Find a value of  for each value of time and convert this to Hertz in another column.  Make 1, 2, , and k’ separate entries in the spreadsheet.

3.
Calculate the quantity 
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where i is the ith experimental value of heart rate and i is the ith calculated value.

4.
Adjust the parameters k’, , 1, and 2 to minimize the value of ss.    Experiment with the values of these constants in order to obtain the “best fit” of theory to experiment.  Note that for a linear or exponential functions the parameter (e.g., m and b for a straight line) can be calculate to exactly minimize ss.  However, for more complicated functions this is often not the case and the values of parameters which minimize ss must be estimated by an iterative process.

Report
1.
Show plots of experimental data ( vs t) and the “best fit” ( vs t) for each set of data you took.

2.
Give the “best fit” parameters for the data.

3.
Find the sensitivity of your fitted function to changes in each of the parameters.  Do this by varying each of the parameters a small amount (say, 10%). and seeing what percentage change in ss results.  Which parameters have the greatest and least effect?  What significance does this have for your confidence in these parameters?

4.
Discuss the various sources of error and how you might increase the accuracy of this experiment.

5.
Observations?  Conclusions?

�*  You may write a program to carry out the minimization of ss by automatically varying the parameters, if you would prefer this to using the spreadsheet.
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