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UW Pacemaker Tester XE  "Pacemaker Tester" 
Mark D. Werkheiser

A computer simulation that allows observation of a pacemaker’s behavior was developed at the University of Wisconsin on a Digital Equipment Corp. (DEC) VAXstation 3200. The pacemaker tester was developed in a semester-long undergraduate computer control class and allows the user to design and save test signals and use them as a source for a cardiac pacemaker. A pacemaker electrode senses these test signals and the signal and the pacemaker’s behavior can be examined graphically. The first section of this chapter briefly discusses some commercially available pacemaker testers. The next section of the chapter describes the UW pacemaker tester. The last section of the chapter shows some of the testing algorithms used to observe the behavior of a Medtronic Legend® single chamber pacemaker, such as the pacemaker in inhibit and trigger mode, the pacemaker’s refractory period, and the pacemaker's reaction to a missed heartbeat. 

20.1  Pacemaker testing

20.1.1 Pacemaker testers

A pacemaker tester is a device that is used to test the operating characteristics of a pacemaker. Some of these characteristics are pulse width, pulse amplitude, rate, and demand sensitivity. Pacemaker testers are used in hospitals to verify the performance of external pacemakers and to test implantable pacemakers before they are implanted. Two commercially available pacemaker testers are described below.

Netech®PMT 100

The Netech PMT 100 is a portable, microprocessor-based pacemaker tester. It is capable of testing invasive and transthoracic pacemakers. The PMT 100 measures and displays amplitude, rate, energy, and pulse width of the pacing pulse as well as demand sensitivity tests, refractory period, and susceptibility to 50/60‑Hz interference.

Environics Adaptive Technology PaceAlyzer®

PaceAlyzer is an PC‑based pacemaker tester that uses software in conjunction with a plug‑in interface card. The PaceAlyzer system is capable of testing invasive and noninvasive pacemakers. The PaceAlyzer measures pulse duration, pulse height, pulse energy, pulse rate, AV delay, sensitivity, refractory periods, and interference immunity. After the measurements are performed, the results can be stored in the Device History. There is also a database containing Model Personalities, which are ideal characteristics of different pacemaker models. These personalities are compared to measured values when testing so the technician performing the test can verify the performance of the pacemaker. A technician can perform an Auto‑Test, which cycles through all the measurements, and determines the status of the pacemaker by comparing the measurements to the Model Personality for the specific pacemaker.

20.1.2 UW pacemaker tester

The UW pacemaker tester is different from the two pacemaker testers described above in that the user can develop test signals and observe how the pacemaker behaves while sensing the signal. There are two aspects of the pacemaker tester that allow for the observation of a pacemaker’s behavior. The first is the production of the pacemaker test signal, and the second is the detection of the pacemaker pulses. Figure 20.1 shows a block diagram of the UW pacemaker tester.
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Figure 20.1  Block diagram of the UW pacemaker tester. The VAX is a DEC VAXstation 3200, the ADC is a DEC ADQ-32 analog-to-digital converter, and the DAC is a DEC AAV11-D digital-to-analog converter. The pacemaker is a Medtronic Legend. The VAX develops the test signal and sends it to the DAC, which sends it to the pacemaker electrode. The ADC samples the pacing pulses and sends the data to the VAX to be processed.


A DEC VAXstation 3200 produces a test signal and sends the signal to a digital-to-analog converter (DAC, DEC AAV11-D). The pacemaker senses the test signal and responds by pulsing. The pulses are sampled by an analog-to-digital converter (ADC, DEC ADQ-32) and processed. Next, the test signal and pacing pulses are displayed graphically on the VAX’s monitor.

Test signal requirements

To produce a test signal compatible with a pacemaker, the signal developed must be similar to the signal sensed by the pacemaker electrode when implanted in a human heart. The signal sensed in the left ventricle (ventricular electrogram) is different from a surface ECG, as shown in Figure 20.2. The QRS complex is the dominant wave form in a ventricular electrogram since it is produced by a ventricular contraction. The T wave is present, but the P wave is not because of the distance to the atrium from the sensing electrode. The P wave is not always absent depending on where the sensing electrode is positioned in the left ventricle. A ventricular sensing pacemaker uses the QRS complex to determine when to pace.
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Figure 20.2  Acute ventricular electrogram XE  "electrogram"  and a typical ECG. The ventricular electrogram is the signal recorded when a sensing electrode is located in the left ventricle. Notice that the QRS complex is the dominant wave shape in the signal and the absence of the P wave. The amplitude of the electrogram QRS complex is 5 mV and the width of the complex is about 100 ms. These characteristics vary with sensory electrode placement and patient.


The sensing circuitry in a pacemaker does not look for an actual QRS complex, it simply senses when the signal crosses a voltage threshold that can be specified by external programming. The QRS complex is the only part of the electrophysiological signal that exceeds this threshold, so the other parts of the signal, such as the P or T wave, do not have to be incorporated into the test signal. The UW pacemaker tester uses triangle pulse waveforms to simulate the QRS signal and thus the ventricular electrogram. Figure 20.3 shows the triangles used in the model. The parameters of the triangles (width of 100 ms and amplitude of 5 mV) are taken from the ventricular electrogram in Figure 20.2.
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Figure 20.3  The model used to simulate the ventricular electrogram are a sequence of triangle pulse waveforms 100 ms wide and 5 mV high. The time intervals between the triangles (T) can be specified to allow development of different test signals.

20.2  Providing the test signal

As described above, triangle pulse waveforms are used in the UW pacemaker tester to model the QRS complex and thus the signal seen by an actual pacemaker electrode located in the left ventricle. The pacemaker tester allows a 30​s test signal to be developed in software and then sent to the pacemaker electrodes via a hardware interface. The user designs the test signal by specifying where the triangles are placed and the time between each triangle. 

20.2.1  Software

The software aspect of the UW pacemaker tester is written in C code. VAXLAB software is also used to communicate with the hardware (ADC and DAC), and a MOTIF graphics environment is used to display the test signal and observe the pacemaker’s behavior.


The user develops a 30‑s signal by specifying the location of all the triangles and the time between each of the triangles. This is done by typing a “Q” for triangle and typing the time interval (in seconds) between each of the triangles. This is repeated until a 30‑s signal has been developed. Figure 20.4 shows an example of how the signal is developed. The triangle data points were developed using Matlab and are stored on the VAX’s hard drive. The 100-ms width of the triangles has to be accounted for by the user when developing the 30‑s test signal. After the signal is developed, the user has the option of saving the signal. The user also has the option of loading a predeveloped signal that is saved on disk instead of designing a new signal. Future improvements made to the UW pacemaker tester will incorporate a graphical user interface to develop, load, and save test signals.
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Figure 20.4  A sample test signal produced when the user types Q, 1.0, Q, 1.5, Q, 2, Q.

After the test signal is developed or loaded from disk, it is placed in a 32,768‑element array consisting of short integers (2 bytes). A 32,768‑element array is used because the VAXLAB software allows a continuous output signal (Continuous Direct Memory Access) when the buffers contain 64 kilobytes (32,768 elements  2 bytes/element). The triangle data has 114 samples which represents 0.104 s in the 32,768‑element array. 

20.2.1 Hardware

After the signal is put in the array, it is loaded into four 16‑kilobyte data buffers. The signal is sent out through a Digital AAV11-D DAC at a rate of 1092 samples/s. This rate corresponds to 30 s of signal for the 32,768‑element buffer. The output signal has a magnitude of about 5 V peak, and the pacemaker needs a signal of about 5 mV to sense, so the signal coming out of the DAC is voltage divided down from 5 V to 5 mV. The 5‑mV signal is then sensed by the pacemaker electrodes. Figure 20.5 is a block diagram of the signal development aspect of the UW pacemaker tester.

20.3  Measuring the pacing signal

While the DAC is sending out the test signal, the pacemaker responds by pulsing depending on the signal it receives. These pulses must be detected so the user can observe when the pulses occur with respect to the test signal. This is done by sampling the pacemaker electrode voltage using a DEC ADQ-32 ADC.
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Figure 20.5  Block diagram of the signal development aspect of the UW pacemaker tester. The VAX computer produces the test signal and the DAC sends the signal to the pacemaker. A voltage divider is used to step the output of the DAC from 5 V down to 5 mV.

20.3.1 Software

The software samples the pacemaker electrode voltage and uses the samples to determine when the pacing pulses occur with respect to the test signal. First, the pacing electrode voltage is sampled at the same rate as the test signal is being sent out by the DAC. This is accomplished by using the ADQ-32 internal clock as a source for both the ADQ-32 and the AAV11-D. Since the clock rates are the same for the ADC and the DAC, the DAC begins sending out the test signal as soon as the ADC begins to sample the pacing electrode voltage, and each sample from the ADC corresponds to the same point in time as the test signal being sent out by the DAC. So after the 30‑s test signal is sent out, there is a 32,768‑element array containing the test signal as well as a 32,768‑element array containing the sampled pulse data. Next, each element of the sampled pulse data array is compared to a threshold that is determined by the pacing pulse amplitude. Finally, if the element has an amplitude that is greater than the threshold, the corresponding element in the test signal array is replaced by a flag denoting a pulse.
20.3.2 Hardware

A pacemaker’s pacing pulse widths are externally programmable and can be as small as 0.2 ms. In order to effectively sample these pulses, a sampling rate of at least 10 kHz must be used. If this sampling rate were used for 30 s, a 300,000-element sample array would be produced, which is too big to store in memory and would take too long to process. To allow a sampling rate of 1092 samples/s, the UW pacemaker tester uses the pacing pulses to trigger a 555 timer implemented as a one-shot. The one-shot produces a pulse whose width can be specified by external resistor and capacitor values. Choosing a pulse width of 3 ms allows the data to be sampled at the same rate the electrogram signal is sent out by the DAC. The maximal timing error involved is only about 1 ms. Figure 20.6 shows the circuit used to sample the pacing pulses. 


Figure 20.7 is a block diagram of the software used in the pacemaker tester. It shows the output of the test signal and the measurement of the pacing pulses. Figure 20.8 shows some of the C code used to produce the test signal and process the pacing pulses.
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Figure 20.6  Hardware block diagram for sensing the pacing pulses. The pacemaker sends out a pulse whose width can be specified by external programming. For every pacemaker pulse, the 555 timer produces a 3‑ms pulse. These pulses are sampled by the ADC and processed by the VAX computer software.

20.4  Testing algorithms

This section shows the results of several tests that were developed and run on the Medtronic Legend pacemaker. These results come directly from the test signal array with pacing flags as described in section 20.3.1. The pacemaker was put in ventricular sensing mode and programmed for a rate of 70 bpm and a refractory period of 425 ms.  XE  "Pacemaker tester algorithms" 

The UW pacemaker tester sends a test signal to the pacemaker and records when the pacemaker pulses. In an actual heart, a ventricular contraction would result from the pacemaker pulses and a QRS complex would result. The 30‑s test signal cannot be changed while being sensed by the pacemaker, so any changes in the test signal, such as a QRS stimulated by a pacing pulse, cannot be accounted for. This open‑loop characteristic of the UW pacemaker tester brings up three timing cases that must be observed:


1) pulse-triangle interval > pacemaker refractory, heart refractory: This case is accounted for by the UW pacemaker tester. If the time interval between the pacing pulse and the next triangle produced by the tester is greater than the pacemaker and heart refractory period, no alteration of the test signal is needed. Figure 20.9 illustrates this timing case.


2) heart refractory < pulse-triangle interval < pacemaker refractory: This case is also accounted for by the UW pacemaker tester. The pacemaker pulse would produce a natural QRS, and the next triangle wave produced by the tester can  occur because it is not in the QRS’s refractory period. If the time interval between the pacing pulse and the next triangle produced by the tester is less than the pacemaker refractory period, the triangle will not be sensed by the pacemaker. Figure 20.10 illustrates this timing case.


3) pacemaker refractory < pulse-QRS interval < heart refractory: This case is not accounted for by the UW pacemaker tester. A pacing pulse could occur that would produce a QRS, and the next triangle produced by the tester could occur within the QRSs refractory period. None of the tests developed and run on the pacemaker allow the third timing case to occur. Figure 20.11 illustrates this timing case.
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Figure 20.7  A block diagram of the software used in the UW pacemaker tester. First, the user makes or loads a test signal. Next, the signal is loaded into the DAC data buffers. Next, the ADC clock is started, which starts the electrode voltage sampling and output of the test signal from the DAC. After the ADC buffer is full, every element of the buffer is checked against a threshold. If the element is above the threshold, the corresponding element in the test signal array is flagged. Finally, the test signal array containing the pulse flags is saved to disk and plotted on the screen.


The following diagrams (Figures 20.12 through 20.15) show the results of the tests run on the pacemaker. The top curve in all of the diagrams shows the triangles produced by the tester. The middle curve in all of the diagrams shows the pacemaker pulses sensed by the tester. The bottom curves show the what the final results would look like: the triangles produced by the tester (solid lines) and the QRSs that would be produced by the pacing pulses (dashed lines). Remember that the QRSs that would be stimulated by the pacing pulses are not produced by the UW pacemaker tester.

/*



This code makes the test signal. The user has already entered 



the specifications (Qs and time intervals between the Qs) into 
an array called signal_spec. The triangle data has been loaded 
into a 114‑element array called triangle. The test signal is 


put into a 32,768‑element array called test_signal. */

count = 0;

for(i=0; i<300; i++)


{


if (signal_spec[i] == 'done') break;


if (signal_spec[i] == 'Q')

/*
put triangle data into next 114 elements of test_signal */




{




current_count = count;




for (j=0; j<114; j++)





{





count++;





test_signal[current_count + j] = triangle[j];





}




}

/*
put zeros into test_signal corresponding to the time interval 
the user specified. */


else




for (j=0; j<((int)(signal_spec[i]*1092)); j++)





{





test_signal[count] = 0.0;





count++;





}


}

/*
This section of code takes the test_signal array and puts it 
into the four DAC buffers. The DAC buffer is a 4 8192‑element 
array called DA_buffer. */

count = 0;

for (i=0; i<4; i++)


for (j=0; j<8192; j++)




{

/*
convert test_signal to short integers and scale for DAC. */




DA_buffer[i][j] = (short)(204.8 * test_signal[count]);




count++;




}

/*
This section of code checks each pacing pulse sample against a 
threshold (pulse_threshold). If the samples is greater than the 
threshold, the corresponding element in the test_signal array 
is set equal to a flag (pulse_flag). */

for (i=0; i<32768; i++)


if (samples[i] > pulse_threshold)




test_signal[i] = pulse_flag;

Figure 20.8  C code for making the test signal and sensing the pacing pulses.

Inhibit and trigger modes

The first test ran on the pacemaker was to observe the difference between inhibit and trigger modes. 


 EMBED Word.Picture.8  


Figure 20.9 Timing case 1. The time interval between the pacing pulse and the next triangle produced by the tester is greater than the pacemaker (lighter shaded rectangle) and heart refractory period (darker shaded rectangle).
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Figure 20.10 Timing case 2. The time interval between the pacing pulse and the next triangle produced by the tester is less the pacemaker refractory period (lighter shaded rectangle).
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Figure 20.11 Timing case 3. The time interval between the pacing pulse and the next triangle produced by the tester is less than the heart’s natural refractory period (darker shaded rectangle).

Figure 20.12 shows the results of the test while in inhibit mode XE  "inhibit mode" . Two triangles are produced by the tester 0.85 s apart (70 bpm). The pacemaker senses these triangles and is inhibited from pulsing. After a third triangle is not sensed for 0.85 s, the pacemaker pulses. The bottom curve shows that the pacemaker would cause a steady heart rate of 70 bpm.
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Figure 20.12  This test shows the pacemaker’s behavior in inhibit mode. The two triangles occur at a rate of 70 bpm (0.85 s apart). The pacemaker senses the two triangles and is inhibited from pulsing. After a third triangle is not sensed for 0.85 s, the pacemaker responds by pulsing. 


Figure 20.13 shows the results of the test while in trigger mode XE  "trigger mode" . A pacemaker pulse is triggered by the first two triangles in the test signal. After a third triangle is not  sensed for 0.85 s (70 bpm), the pacemaker pulses. The bottom curve shows that the pacemaker will cause a steady heart rate of 70 bpm.
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Figure 20.13  This test shows the pacemaker’s behavior in trigger mode. The two triangles occur at a rate of 70 bpm (0.85 s apart). The pacemaker is triggered by the first two triangles. After a third triangle is not sensed for 0.85 s, the pacemaker responds by pulsing.

Missed beat XE  "Missed beat" 
The next test on the pacemaker was to observe its behavior when the input signal missed a beat. Figure 20.14 shows the results of the missed beat test while in triggered mode. The pacemaker is triggered off the first two triangles. After a third is not sensed for 0.85 s, the pacemaker pulses. Next, the third triangle is sensed within 0.85 s after the pulse and the pacemaker is triggered. The bottom curve shows that the pacemaker produced a steady heart rate of 70 bpm.
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Figure 20.14  Representation of a missed beat. The top curve shows that two triangles are produced by the simulator 0.85 s apart. The next triangle produced by the simulator does not occur until 1.7 s later, representing a missed beat. The pacemaker triggers off the first two triangles and produces a pulse after a third triangle is not sensed for 0.85 s. The pacemaker triggers off the third triangle produced by the simulator.

Refractory period XE  "Refractory period" 
The last test performed on the pacemaker was to observe its refractory period. Figure 20.15 shows the results of the refractory period test while the pacemaker is in trigger mode. The first triangle produced by the simulator is triggered on by the pacemaker. The next triangle occurs 0.85 s later and is also triggered on by the pacemaker. This pacing pulse starts the pacemaker 425‑ms refractory period. The next triangle produced by the simulator occurs within the refractory period, so it is not sensed. The next pacing pulse occurs 0.85 s after the second pacing pulse because no triangle wave had been sensed. 
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Figure 20.15  Testing the refractory period of the pacemaker. The third triangle is not sensed by the pacemaker because it occurs within the pacemaker 425‑ms refractory period. So the next pacing pulse occurs 0.85 s after the second triangle produced by the simulator.


The four tests shown above are just a few that can be performed using the patient simulator. The flexibility of the simulator allows many different heart signals to be developed and sensed by a pacemaker. Further study of different pacemaker programming characteristics such as rate adaptation, hysteresis, and sensitivity can also be done using the patient simulator.


A future improvement to the UW pacemaker tester would incorporate a conduction model of the heart to produce the signals instead of having the user develop them. This would allow real time observation of pacemaker behavior to realistic patient heart rhythms. It would allow analysis of dual chamber as well as single chamber pacemakers because both atrial and ventricular signals would be produced by the conduction model. The conduction model could also provide abnormal heart rhythm signals so the pacemaker’s pacing algorithms could be examined. In order to accomplish this, a computer capable of developing a test signal and sampling the pacemaker pulses in real time as well as and displaying them would be needed. The speed of the VAXstation 3200 would not allow real time development of a test signal that would adapt for changes, such as a QRS produced by a pacing pulse.


Patient simulators have been developed by pacemaker manufacturers that use conduction models of the heart to produce test signals. These patient simulators are used to demonstrate real time pacemaker behavior. Pacemaker manufacturers also use the simulators to analyze and design pacing algorithms. For example, a conduction model that includes heart blocks, tachycardia, or premature beats can be used to analyze or develop pacing algorithms to control these abnormalities. Pacemaker manufacturer patient simulators also include provisions to simulate rate adaptation signals that control the rate response of rate adaptive pacemakers, such as respiration signals, temperature signals, and motion signals.
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20.6  Instructional objectives

20.1
Explain the difference between a the two commercially available pacemaker testers described in section 20.1.1 and the UW pacemaker tester.

20.2
Explain why triangle pulse wave forms are adequate in modeling the electrogram signal.

20.3
Calculate the minimal pulse width of the one-shot output that allows at least two points in the pulse to be sampled at a rate of 1092 samples/s.

20.4
Explain how the UW pacemaker tester determines when the pacing pulses occur with respect to the test signal.

20.5
Sketch the test signal that would be developed if the user typed Q, 1.0, Q, 2.0, Q, 1.5, Q.

20.6
Explain the “open‑loop” characteristic of the UW pacemaker tester.

20.7
Explain why the UW pacemaker tester can account for the situation in Figure 20.9.

20.8
Explain why the UW pacemaker tester can account for the situation in Figure 20.10.

20.9
Explain why the UW pacemaker tester cannot account for the situation in Figure 20.11.

20.10
Describe inhibit mode using Figure 20.12.

20.11
Describe trigger mode using Figure 20.13.

20.12
Describe the pacemaker’s behavior when the test signal misses a beat using Figure 20.14.

20.11
Explain why the pacemaker (while in trigger mode) does not trigger on the third triangle in Figure 20.15.
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