Electrical Signals from the Heart

By:  Rowan Students Michael Lewitt and Dhruvkumar Vyas

Rowan Faculty:  John Schmalzel and Stephanie Farrell

Objective:
The objective of this laboratory is to look at the heart as a pump controlled by an electrical signal and observe how the signal causes the heart to beat rhythmically to move blood through the body.

Background:

People learn when they are very young that the job of the heart in the human body is to pump blood.  However, what is not so clear is how the heart pumps blood.  This lab module is going to help explore some of the components that make a heart move blood throughout the body.

The heart is a four-chambered pump that serves two purposes: to move oxygen depleted blood to the lungs to exchange CO2 and O2, and to move oxygen rich blood from the lungs to the rest of the body, including the heart itself.  Therefore, the heart is really two pumps in one!  The top two chambers of the heart are called the atria, which receive blood from the veins of the circulatory system.  The lower two chambers are called the ventricles and provide the main pumping force needed to push the blood to the lungs or the rest of the body.

In general, blood moves through the heart in following series of steps, as shown in Figure 1.

1.  First unoxygenated blood moves into the Right Atria of the heart through the Superior (1) and Inferior (2) Vena Cava.

2. The Atria then contracts and pushes the blood through a one-way valve (called the Tricuspid valve) into the Right Ventricle.

3. The Right Ventricle then contracts, pushing the blood out of the heart to the pulmonary arteries to the lungs for the exchange of CO2 for O2.

4. The blood then returns to the heart’s Left Atria via the pulmonary veins.

5. The Atria again contract and push the blood through another one-way valve (called the Mitral valve) into the Left Ventricle.

6. The Left Ventricle then contracts, pushing the blood out of the heart to the Aorta, which then branches off to the rest of the arteries of the human body.
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Figure 1: Four Chambers of the Human Heart


Once the idea of moving the blood through the heart makes sense, it is natural to ask what causes the contractions of the heart’s atria and ventricles, what coordinates the contractions, and how does one control the speed of their heart.  Referencing the figure below, Figure 2,  the answer to these questions is a special group of cells in the right atrium that make up the sinoatrial (SA) node (1), commonly referred to as the pacemaker of the heart.  The heart rate is influenced by external nerves that respond to the blood [image: image8.png]Superior vena cava
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demands of the body by monitoring things like blood pressure, oxygen levels in the blood and other chemicals produced by the body depending on the person’s emotions.  The SA node produces a electrical signal at regular intervals depending on the blood demand of the body. This signal causes both atria to contract, pushing the blood into the ventricles.  The signal reaches the atrioventricular (AV) node (2), where it is naturally delayed, giving the blood a chance to fill up the ventricles.  The signal then proceeds down the Bundle of His (3) to the Perkinje fibers (5) which branch off in the septum and continue to branch off distributing the signal to the muscles surrounding the ventricles.  As the signals reach their destination muscle, the muscle contracts, expelling the blood from the heart.

Figure 2: Electrical Conduction Path through the heart

The coordinated contraction of the muscles of the heart is caused by the signal generated in the SA node.  However, should the SA node stop firing off impulses, other electrical components of the heart will start to send out signals of their own, but these signals will not be as coordinated, nor as frequent as those which were generated by the SA node.  One of the biggest reasons for the SA node to fail is lack of oxygen due to clogged coronary arteries that supply the muscles of the SA node with nutrients.

Now that a basic understanding of the heart as a system has been established, the next step is to observe how professionals, such as doctors and engineers can monitor how efficiently the heart is operating.  It is interesting to note that a person’s heart rate not only changes in the short term, depending on the person’s mood, emotions, exercise, etc, but also in the long term.  As humans age, the heart actually beats slower.  Knowing a person’s heart rate, and then comparing it to the standard can help to determine the health of the person.  The following table displays the average heart rate for various age groups in humans:

	Age group
	Newborn
	1 yr
	4 yr
	12 yr
	Adult

	Normal Heart rate
	140
	120
	100
	85
	60-80


Table 1: Average heart rates for various age groups in humans

A rough indicator of the stress the heart and circulatory system is under can be measured by taking a person’s blood pressure.  This measurement consists of two numbers, a Systolic pressure and a Diastolic Pressure.  The systolic pressure is the pressure the heart is exerting on the arteries when the ventricles contract.  The diastolic pressure is the pressure when the heart is at rest (the period when the atria are filling with blood and the ventricles are relaxing).  The accepted value for the average blood pressure in an adult is 120/80 mmHg.


Although these simple numbers can be quite useful in quickly determining a person’s health, more information can be obtained by looking at a person’s electrocardiogram.  The electrocardiogram is a reading of the electrical signals of the heart.  Three heartbeats of a normal heart rhythm are shown in Figure 3, where the y-axis is Voltage in micro-volts (V) and the x-axis is time in seconds (s).

[image: image9.png]P wave

[H9PPAIGR 995 el Molks e 1Ae

QRS complex T wave




Figure 3: Normal Heart-beat Rhythm

Each part of the waveform corresponds to a different action within the heart as it cycles through its stages to pump blood efficiently.  Each major point in the waveform is given a letter {P Q R S T}.  The first increase in the wave’s amplitude causes the atria to contract and is referred to as the P-wave.  The QRS complex then follows the P-wave after a small delay, which causes the ventricles to contract, expelling the blood from the heart to the lungs and rest of the body.  The T-wave is the last part of the cycle and its purpose it to return the ventricles to a relaxed state.  Then there is a pause with very little activity and then the cycle repeats itself.

Example Problem: If you were to design a machine (computer program) to measure the heart rate of an     individual, what would be an easy way to accomplish this goal, given the waveform above?  

In order for a machine to record a signal like a heartbeat, several engineering decisions must be made.  Unlike an analog voltmeter, where the electricity itself is causing the needle to move to a certain point, thus indicating the voltage, a computer or digital device must sample the signal to obtain an approximation of the signal.  The quality of the approximated signal greatly depends on the sampling rate of the machine; that is how fast the machine is sampling the data.  


Figure 4: Original Waveform


Figure 5: Sampled Waveform

The faster the sampling rate, the more accurate the approximation will be.  However, the faster you sample a signal, the more data points you will need to record, and the more space you will need to record your data.  This is an engineering tradeoff.  The questions an engineer must answer then are:

1. How accurate do I need my sample to be?

2. How much space do I want to allocate for the recorded data?

3. What is the minimum sampling rate that I can use without causing erroneous results?

Method 1:

In order to help engineers deal with this problem a formula called the Nyquist criterion was developed, along with a “rule of thumb” to ensure that it is followed in practical applications.  The Nyquist Criterion states that a signal must be sampled at least twice the maximum bandwidth of the signal in order to prevent aliasing (aliasing will be a topic discussed in future ECE courses( at this point it is only required to know that it is an unwanted phenomenon resulting from inadequate sampling rates.).  Bandwidth is the range of frequencies that the system is expecting.  The “rule of thumb” associated with the criterion is to use 2.5 times, 5 times, or even 10 times the maximum bandwidth as the minimum sampling interval, thus preventing any chance of aliasing.  The rule of thumb is a safeguard for the Nyquist Criterion because physical components will never give the exact values you are expecting, so the rule of thumb leaves some margin of safety, ensuring the criterion is met.
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 (Nyquist Criterion)

To determine the maximum bandwidth for our signal (the ECG), one would over-sample a signal of the fastest heartbeat expected and then convert the signal into the frequency domain from the time domain.  Looking at the signal in the frequency domain, the engineer will notice that the original waveform is made up of many (infinitely many) fundamental frequencies.  By looking at the waveform in this fashion, the engineer can make a decision on how many of these frequencies she or he would like to include.  This would be the maximum bandwidth of the signal.

Problem:  Given that the Cardio-Perfect is operating with  a sampling frequency (fs) of 300 Hz and the   safety factor used was 2.5 instead of the minimum 2.0, the maximum frequency the engineers have decided to include is?

Method 2:

Frequency and the period of the heartbeats can be obtained using another technique as well. This technique uses the Maximum and minimum amplitudes of the QRS Complex wave form. 



   Figure 6: Threshold and period calculation for the waveform

The first step would be to acquire a threshold value for the waveform. As seen in Figure 6, first find the minimum and maximum value (uV) of the QRS Complex. These values can be made available using existing or obtained data of a person’s ECG (This data should contain time and voltage level of the wave at that point of time). Once the maximum and minimum of the waveform is obtained, get an average value for the QRS Complex, which will be your threshold value.

Threshold (V) = Avg. QRS = [(Max. QRS + Min. QRS)/ 2]

Now, the next stop would be to determine the period for the waveform. Since, the threshold value has been already obtained, it will be used to decide on the length of the period. As seen in the Figure 6, find the threshold on the rising edge of the QRS Complex, and call the time at that point t1. Leave the threshold value on the sinking edge of the QRS Complex alone, do not consider it. However, take threshold value on the rising edge of the next QRS Complex, and call the time at that point t2.  Now, simply subtract time t2 from t1 in order to obtain the period (T) between two heartbeats. Hear Rate (Bpm) can also be found using period, T. According to the following equations:

Period, T = t2 – t1, s

Frequency, f = 1/ T, Hz

Heart Rate, Bpm = f * 60 s/min

Example Problem: Given the time t1 and t2, find the heart rate in terms of Bpm, where t1= 0.33 sec and 

t2 = 1 sec.

First we will find T = t2 – t1 => T = 0.67 sec

Since we have found the period of the waverform, we can obtain frequency, f = 1/ T => f = 1.5 Hz

Now we know the formula for Heart Rate, which is:

Bpm = f*60 s/min => Bpm = (1.5 B/s)*(60 s/min)

Heart Rate = 90 Bpm

Sample Program (matlab):

The code below is a Matlab program that gives you the maxvalue, minvalue, threshold value, and voltage at the rising edge of the QRS Complex and the time at that particular point. This example program will also help you to understand how Matlab works. Matlab is a powerful analysis tool that lets you solve and plot engineering analytic problems. Once the program has helped you obtain the time corresponding to similar waveform features, you can figure out the period by the method explained above. Note that this program may not give extremely accurate results, since it tries to capture the closest value within a tolerance of 15% above the average value. You can vary the tolerance value to be more compatible with your data and/or to try and improve accuracy.  We will actually be using a data file that has a sampled ECG waveform that has a large difference between the min and max values. Verify that the program gives you results that agree with the period and frequency of the heart rhythm determined manually.  (NOTE: The ECG data file can be obtained from the HoHB! Website (go to the page for the ECG Module and click on ECG Datafile under Class Materials.
clc;

%Comments in Matlab use the “%” symbol. This command clears the command window.

clear all;

%Clears all the previous work.

close all;

%Closes all previous work.

tolerance = 15; 
% Percentage margin above the avg. value to use.

% You might want to change this value by looking at how big gap there is between

%  voltage values.

load datavalues_2.txt; 
% Loads the data file. Note: Put the file name you want to use on this line.

T = datavalues_2(:,1);
% Reads in the time from first column.

V = datavalues_2(:,2);
% Reads in the voltage from second column.

max_value = max(V)
%This function finds the maximum value of the V array.

min_value = min(V)
%This function finds the minimum value of the V array.

threshold = (max_value + min_value) / 2
%Calculates the threshold value as the average of the






% max and min values.

I = find (V >=threshold & V <=(threshold + (threshold * (tolerance/100))));

%Searches for the voltage values that are closest to the average value for 

% the given threshold.




%The find function also keeps track of the number of occurrences found.




%That is, if there are four cardiac cycles in the data, we would expect to 




% find approximately four features.




%The number of occurrences is called “length.”

for n=1:length(I)

    voltage(n) = V(n);
%Gives you the voltage on the rising edge

    time(n)    = T(n);
%Gives you the time at the voltage feature

end

voltage


%Displays the voltage values. 

Time


%Displays the time values.

---------------------------------------------------------------------------------------------------------------------------------

Note:

Rowan University has an ECG machine, Cardio-Perfect, which is manufactured by Cardio Control, Inc. (http://www.cardioperfect.com). The Cardio-Perfect interfaces with a IBM-Compatible computer through an optical fiber link.  The link between the Cardio-Perfect unit and the computer relies on  light pulses through the fiber. The optical fiber is made of extremely small glass fibers that are grouped together, and will not conduct electricity.  This link ensures that there is no “electrical connection” between the computer and the Cardio-Perfect unit.  Because there is no electrical connection between the unit and the computer, there is no chance of the patient or test subject being electrocuted from the computer.  
Procedure:

In today’s lab, one team member is going to have his or her ECG recorded and will be referred to as patient throughout the rest of the laboratory procedure.  Please select a group member who is going to have the test performed on him or her and record his/her name below:

Name: 




 (patient)

Start Date: 




Group Members:

	Name
	Email
	Phone

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	


1. Open the Cardio-Perfect software by clicking on the icon labeled Medical Diagnostics Workstation.

2. On the File menu choose a New Patient and the following window will appear
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Figure 7: Sample Information for Cardio-Perfect Setup

a. Enter the “Patient Number” as follows FC2_Team1_Sp02, which represents Freshman Clinic 2_your team number_and the Spring term of 2002.

b. Enter the Team Member’s Last Name, First Name, Gender, Weight (optional), and Height in the appropriate fields and click OK.

3. While the patient is seated, place one electrode pad at each of the following four positions as shown in Figure 7:

a. On the underside of the wrist on each arm 

b. On the inside of each ankle about 1 inch above the protruding ankle bone.
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Figure 8: Electrode Placement
4. Connect the patient to the 4 leads, labeled RA RL LA LL, from the Cardio-Perfect unit.  The electrode-to-lead connections are summarized in the Table 2.  V1 V2 V3 V4 V5 and V6 should already be connected to a grounding plate that is wrapped in tin-foil for shielding purposes.  During the tests, place the tin-foil covered grounding strip on the ground.  Do not touch it during the tests, for this will alter the results.

	Lead
	Connected to

	RL
	Right Ankle (leg)

	LL
	Left Ankle (leg)

	RA
	Right Wrist (arm)

	LA
	Left Wrist (arm)

	V1
	Grounding Plate

	V2
	Grounding Plate

	V3
	Grounding Plate

	V4
	Grounding Plate

	V5
	Grounding Plate

	V6
	Grounding Plate


Table 2: Lead Connections

5. In the Cardio-Perfect Software, click and hold on the New drop-down menu and choose New Resting ECG, which will open the following window:
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Figure 9: Generating the ECG

6. Ask the patient to remain seated and as relaxed and motionless as possible. Turn the Cardio-Perfect unit on and then software will start displaying the ECG.

7. After it appears that the waveforms being displayed have leveled out (after about 10 seconds or so), click on the Recording button in the top left corner of the window.  The software will record a ten-second ECG and then ask you to turn off the Cardio-Perfect unit.

8. If you would like to make another recording repeat steps 5 through 7 again.

9. When a satisfactory recording has been made, print out the 4x3 summary of the waveforms by using the print command from the Workstation menu. The following picture shows what your data should look like.
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Figure 10: Recorded ECG Summary

10. Now choose the Measurements tab, and print out the measurements using the Workstation Menu

11. Choose the Averages tab to observe how the representation of the signal changes depending on the viewpoint and polarity of the leads.  Note that V1 through V6 contain no information because they were not connected to the body. The other six signals represent different viewpoints of the signal.  These viewpoints are obtained by letting the different leads represent the positive or negative reference points when performing the measurements.  The abbreviation, relative sensors and their polarity are displayed in the following table.
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Figure 11: Averages of Recorded Leads

	Lead
	Electrodes (Reference points)

	
	Positive
	Negative

	I
	LA
	RA

	II
	LL
	RA

	III
	LL
	LA

	aVR
	LA
	LA & LL

	aVL
	LA
	RA & LL

	aVF
	LL
	RA & LA


Table 3: Positive/Negative Reference Points for different Lead sets

12. When you are finished using the program, please close it, and place the used electrodes in the trash.

Homework:

1. Answer the two questions proposed in the background section of this lab.

2. Looking at the Waveform summary printout

a. Measure the approximate heartbeat analytically (using the graph) and compare this answer with the value determined by the Cardio-Perfect software

b. Measure the amplitude of the P, QRS complex, and T-waves on the graph.  Then compare these values with those shown on the measurement summary printout.

c. Compare the three amplitudes with each other.  When comparing the P and the QRS complex amplitudes, explain why each of the amplitudes are the size that they are, and their relative function within the heart. 

3. Knowing that for different people, the ECG, shown in Figure 3, will have different maximum amplitudes and slight variations on the signal length, suggest an algorithm (in pseudocode or prose form) for processing these types of conditions on the waveform.  To complete this question perform the following activities:

a. In Microsoft Excel, either import the data as given by the instructor, and plot the sample data of a simulated heart-rhythm, labeling the axes.

b. Looking at the generated waveform and the data, look at distinguishing points of the waveform that might allow you to count the number of beats per minute.

c. After deciding on a feature of the waveform, complete the pseudocode below to count the number of beats per minute.

begin

{

input_data = open(filename); //load/open data set for file input;

t_end = getTime() + seconds(60); //add 60 seconds to current time

count = 0;  //count will count the number of heartbeats

while (getTime() <= t_end)  // stay in loop for one minute

{

//Your algorithm, in pseudocode or prose goes here:

}

//display result to the screen

cout << "The heartrate is << count << " BPM." << endl; 

}

end
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