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Since even the most sophisticated pacemakers cannot perfectly adapt to changes in their operating conditions over the devices’ lifetimes, it is advantageous to allow the physician to change the performance of the device noninvasively. This process is known as programming XE  "programming" . The first programmable pacemaker was introduced by Medtronic, Inc. in the early 1960s and used triangular transcutaneous needles to adjust two potentiometers that controlled the rate. Later pacemakers used magnetic reed switches to temporarily adjust the sensitivity, rate, and pulse magnitude (Schoenfeld, 1993). Modern programmable pacemakers use electromagnetic coils and digital codes to program parameters. Electromagnetic coils also permit the pacemaker to transmit information out of the device. This can be useful for verifying parameters.


Such a bidirectional communications link can also be used to relay data collected from sensors in the patient or pacemaker. This process is called telemetry. Although programming and telemetry are different pacemaker functions—putting data in versus getting data out—they share much of their hardware and theory of operation. 

12.1  Hardware interface

Figure 12.1 shows the block diagram of the pacemaker programming and telemetry interface. The left half of the figure is the programmer—an external device which communicates programming and telemetry information with the pacemaker. The sections of the pacemaker associated with programming and telemetry are shown on the right. The programming sequence is initiated by bringing a permanent magnet in the proximity of the pacemaker, which closes a reed switch in the latter. Information is then encoded into a special error-correcting pulse sequence and transmitted electromagnetically through a set of coils. The received message is decoded, checked for errors, and passed on to the unit’s logic circuitry. Modern pacemakers include the capability of bidirectional communication.

12.1.1 Reed switch XE  "Reed switch" 
A reed switch is a magnetically-sensitive mechanical switch (Figure 12.2). It consists of two thin strips of metal (the “reeds”) which are ferromagnetic. The reeds normally spring apart when no magnetic field is present. When a field is applied, the reeds come together to form a closed circuit because doing so creates a path of least reluctance. Although both normally open and normally closed switches are available, only the former are used in pacemakers. The programming head of the programmer contains a high-field-strength ceramic magnet; consequentially, care must be taken to avoid placing the magnet near floppy disks, magnetic tapes, and other magnetic storage media (Fyke, 1993).
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Figure 12.1  Block diagram of pacemaker programming and telemetry interface.


When the switch closes, it places the pacemaker into a temporary VOO or AOO pacing mode, activates the programming hardware, and initiates an interrupt of the pacemaker central processor. The temporary pacing mode is designed to avoid the dangerous situation that could occur if the pacemaker resumed pacing after incomplete programming. It can also be used to manage an out-of-control pacemaker in an emergency. Closing the reed switch also resets the logic used to encode and decode programming and telemetry signals. A nonmaskable interrupt (NMI) is sent to the pacemaker processor, which then executes special programming software. Since the NMI is an edge-triggered signal and the reed switch is vulnerable to mechanical bounce, a debouncing circuit (such as in Figure 12.2) must be used to avoid multiple interrupts. The overall current consumption of the pacemaker increases during programming because of the debouncing circuit and other communication circuits.
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Figure 12.2. Debouncing XE  "Debouncing"  circuit for the reed switch. Without debouncing, the switch could activate its edge-triggered interrupt several times. The above circuit uses an RC network and a Schmitt-trigger gate to debounce the switch: the 22‑kΩ resistor pulls up the input when the switch is closed, the low-pass filter smoothes the signal to a 10‑ms time constant, and the Schmitt trigger uses hysteresis to permit only one transition. The circuit will output a logic one when the switch is closed.


Some early pacemakers used the reed switch itself as a communication channel. The switch was closed for a particular duration of time which represented a desired setting. This mechanism is no longer used because the reed switch has a slower response time than other techniques (due to its mechanical nature) and because magnetic fields in the patient’s environment can easily cause spontaneous reprogramming (Schoenfeld, 1993).


Not all pacing systems require a magnet to enable communication between the pacemaker and the programmer. In some, the link is enabled and maintained through a handshaking protocol.

12.1.2 Coils

Pacemaker manufacturers began using radio-frequency communication XE  "radio-frequency communication"  beginning in the late 1970s (Schoenfeld, 1993). A coil is used as an antenna for both reception and transmission (Figure 12.3). Another set of coils is placed in the programming head, a fist-sized unit connected to the programmer. All coils are tuned to the same resonant frequency. The interface is usually half-duplex; that is, only one unit is transmitting at a time.
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Figure 12.3  Location of the programming and telemetry coil in a pacemaker unit.


Since the relative positions of the programming head and pacemaker determine the coupling of the coils, a special circuit has been devised to aid the positioning of the programming head (Figure 12.4). It operates on similar principles to the linear variable differential transformer. An oscillator tuned to the resonant frequency of the pacemaker coil drives the center coil of a three-coil set in the programmer head. The phase difference between the original oscillator signal and the resulting signal from the two outer coils is measured using a phase-shift detector. It is proportional to the distance between the pacemaker and the programmer head. The phase shift, as a voltage, is compared to a reference voltage and is then used to control an indicator such as an LED. An enable signal allows switching the circuit on and off (Baltina and White, 1985).

12.1.3 Encoding XE  "Encoding"  and decoding

Programming and telemetry messages comprise many bits; however, the coil interface can only transmit one bit at a time. In addition, the signal must be modulated to the resonant frequency of the coils, must be transmitted in a relatively short period of time, and must provide detection of erroneous data. There is no universal format used, since each pacemaker manufacturer has evolved its proprietary coding. In this chapter, we will use the format implemented by Medtronic, Inc. as an example (Hartlaub et al., 1981).
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Figure 12.4  Programmer head XE  "Programmer head"  positioning circuit. Adapted from Baltina and White (1985).
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Figure 12.5  Typical encoding and modulation of programming messages. (a) Parts of the message. (b) Encoding of the first five binary digits of (a) into pulses. (c) Modulated signal. (d) Signal after reception and demodulation.


A programming message is comprised of five parts (Figure 12.5(a)). The start bit indicates the beginning of the message and is used to synchronize the timing of the rest of the message. The parameter number specifies which parameter (e.g., mode, AV delay, pulse width) is to be programmed. In the example in Figure 12.5(a), the number 10010000 specifies the pulse rate to be specified. The parameter value represents the value that the parameter should be set to. This value may be an index into a table of possible values; for example, the value 00101100 represents a heart rate of 80 beats/min. The access code is a fixed number based on the pacemaker model which must be matched exactly for the message to succeed. It acts as a security mechanism against use of the wrong programmer, errors in the message, or spurious programming from environmental noise. It can also potentially allow more than one programmable implant in the patient. Finally, the parity field is the bitwise exclusive-or of the parameter number and value fields. It is one of several error-detection mechanisms.


All of the bits are then encoded as a sequence of pulses of 0.35-ms duration (Figure 12.5(b)). The start bit is a single pulse; the remaining bits are delayed from their previous bit according to their bit value. If the bit is a zero, the delay is short (1.0 ms); if it is a one, the delay is long (2.2 ms). This technique, called pulse position coding, makes detection of errors easier.


The serial pulse sequence is then amplitude modulated for transmission (Figure 12.5(c)). The carrier frequency is the resonant frequency of the coils. This signal is transmitted from one set of coils to the other and then demodulated back into a pulse sequence (Figure 12.5(d)). Each manufacturer uses a different set of frequencies.


Figure 12.6 shows how each bit of the pulse sequence is decoded from the demodulated signal. As soon as each bit is received, a timer begins timing the delay to the next pulse. If the pulse occurs within a specific early interval, it is counted as a zero bit (Figure 12.6(b)). If it otherwise occurs within a later interval, it is considered to be a one bit (Figure 12.6(d). Pulses that come too early, too late, or between the two intervals are considered to be errors and the entire message is discarded (Figure 12.6(a, c, e)). Each bit begins the timing of the bit that follows it. The start bit is used only to time the first bit.
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Figure 12.6  Decoding one bit of the signal from Figure 12.6. The timing begins from the rising edge of the bit that preceded it. (a) Pulse occurs too early and is invalid. (b) A valid zero bit. (c) A pulse which is invalid because it occurs between the zero and one intervals. (d) A valid one bit. (e) Pulse occurs too late and is invalid.


Telemetry data may be either analog or digital. Digital signals are first converted into a serial bit stream using an encoding such as shown in Figure 12.6(b). The serial stream or the analog data is then frequency modulated for transmission.


An advantage of this and other encodings is that they provide multiple forms of error detection. The coils and receiver circuitry are tuned to the modulation frequency, eliminating noise at other frequencies. Pulse-position coding can detect errors by accepting pulses only within narrowly-defined intervals. The access code acts as a security key to prevent programming by spurious noise or other equipment. Finally, the parity field and other checksums provides a final verification that the message is valid. At any time, if an error is detected, the entire message is discarded (Gordon et al., 1982).


In order to increase the bit transmission rate, many pacing systems use a more sophisticated type of pulse position modulation. In these, the position of a pulse within a frame is encoded into one of a finite number of values, e.g. 16. A special synchronizing bit is transmitted to signal the start of the frame. Typically, the frame contains a code which specifies the type of data contained in the remainder of the frame.

12.1.4 Output drivers

Programming and telemetry typically use different modulation methods; therefore, different circuits are used to drive the coil. The driving circuitry in the programmer consists of an amplifier which drives the coil in parallel with a capacitor (see Figure 12.5) using pulsed amplitude modulation. Figure 12.7 shows the circuit for driving the telemetry coil using frequency modulation. Analog data or serial digital data are frequency modulated using a voltage-controlled oscillator (VCO). An increase to the input voltage of the VCO will increase the frequency of the output signal. This signal drives an analog switch, which alternately charges capacitor C1 and discharges it through the coil. Since the analog switch has an undesirably high impedance, a field-effect transistor is also used to lower the impedance. The parallel combination of capacitors C1 and C2 plus the coil create a resonant frequency which should be matched to the carrier frequency of the VCO. The circuit can be turned off to conserve power.
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Figure 12.7  Circuit for driving telemetry coil. Adapted from Duggan (1981).

12.1.5 Input amplifiers

The pacemaker coil, in parallel with capacitor C2 in Figure 12.7, creates a tuned circuit for receiving data. Figure 12.8 shows that the signal is band-pass filtered and envelope detected to create the pulsed signal in Figure 12.6(d). After decoding, the parameter value is placed in a RAM at the location specified by the parameter number. Some pacemakers have two copies of the RAM—a permanent set and a temporary set—which make it easy for the physician to set the pacemaker to a temporary configuration and later reprogram it back to the usual settings.
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Figure 12.8  Diagram of receiving and decoding circuitry XE  "decoding circuitry"  for programming data.


Figure 12.9 shows the basic circuit used to receive telemetry data from the circuit of Figure 12.7. The coil and capacitor create a resonant circuit tuned to the carrier frequency. The signal is further band-pass filtered and then frequency-demodulated using a phase-locked loop.
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Figure 12.9. Diagram of receiving and decoding circuitry for telemetry data. Adapted from Duggan (1981).

12.1.6 Interrupt and CPU interface

As stated earlier, the closure of the reed switch by the programming magnet causes a nonmaskable interrupt to the pacemaker processor. The processor suspends its normal operation and reverts to an asynchronous pacing mode. It then waits for an incoming message and dispatches it. Programming parameters replace old values in the parameter RAM. Telemetry can be started and stopped by special programming instructions. When the magnet is removed, the processor restarts pacing with the new parameters.

12.2  Software interface

Because of the complexity involved in interpreting the parameters in a modern pacemaker, it is handled by software. The following sections describe various parameters used in programming and telemetry.

12.2.1 Configurable parameters

Modern pacemakers use complex algorithms requiring numerous parameters. Many of these values can be programmed after implantation. Figure 12.10 summarizes many of the commonly-used parameters.

	Parameter
	Allowable value(s)
	Typical value
	Units

	Mode
	VVO, DDDR, Off, etc.
	DDD
	None

	Lower rate
	30 to 140
	60
	pulses/min (ppm)

	Hysteresis rate
	30 to 140, Off
	Off
	ppm

	Upper rate
	80 to 185
	160
	ppm

	Upper rate response
	Wenckebach, fixed ratio, automatic mode
	–
	None

	Refractory period*
	200 to 775
	400 (A), 300 (V)
	ms

	AV delay, sense
	15 to 300
	180
	ms

	AV delay, pace
	15 to 300, Dynamic
	Dynamic
	ms

	Dynamic AV delay
	Low, Medium, High, Off
	Medium
	None

	Safety AV delay
	100 to 150
	100
	ms

	Sensitivity*
	0.5 to 7.5
	1.5 (A), 2.5 (V)
	mV

	Ventricular blanking period
	12 to 72
	24
	ms

	Electrode polarity, sense*
	Unipolar, bipolar
	Unipolar
	None

	Electrode polarity, pace*
	Unipolar, bipolar
	Unipolar
	None

	Pulse amplitude*
	0.1 to 9.6
	4.8
	V

	Pulse width*
	0.05 to 1.5
	0.5
	ms

	Downloadable code
	–
	–
	CPU instructions

	Telemetry
	On, Off
	Off
	None


Figure 12.10  Typical programmable parameters. Items denoted with asterisks (*) have separate atrial and ventricular settings.


The pacing mode is the basic operating mode for the pacemaker, as defined by the NBG code. In the absence of sensed beats, the pacer outputs at the sensor-indicated rate or the lower rate, whichever is greater. The unit will not begin pacing until the natural rate falls below the hysteresis rate. The upper rate is the fastest rate that the pacemaker will output; special options are sometimes available to handle tachycardia. The refractory period is the period after the last sense or pace during which a new pace will not occur. The AV delay is the interval after an atrial sense or pace that the ventricle must be sensed; otherwise, a ventricular pace may occur. It may be reduced with increasing heart rate by setting the dynamic AV delay (Biotronik, 1993.). Chapter 9 gives further descriptions of these parameters.


In order to detect an atrial or ventricular event, the voltage received by the sense amplifier of that channel must exceed its sensitivity value. After an atrial pace, the ventricular sense amplifier is blocked for a given duration to avoid its sensing of the atrial pulse. The polarity of the leads during sensing and pacing—whether the voltage applied or measured is relative to the pacemaker case or across a bipolar lead—can also be configured. See Chapter 8 for more information. When a pace occurs, its peak amplitude and duration is determined by the pulse-width and pulse-height parameters (Chapter 11).


Additional functions can be enabled via programming. Some microprocessor-based pacemakers allow executable code to be downloaded into a RAM. This allows the physician to patch the built-in code or provide a different algorithm. This capability is generally implemented only in prototype or research pacemakers (Ripart et al., 1984). The uploading of telemetry data is also controlled using special start and stop commands.


Many pacemakers now have the capability of performing programmed stimulation through the pacemaker. The procedure spares the patient the trauma associated with electrophysiological (EP) catheterization, and in most cases reduces cost. Original implementations operated the pacemaker in VVT or AAT modes and used chest wall stimulation to trigger the pacemaker. Newer designs implement noninvasive pulse stimulation (NIPS) either in the pacemaker itself or in the programmer.

12.2.2 Telemetry XE  "Telemetry"  of biomedical signals

One of the advantages of a bidirectional communication link is the ability of the pacemaker to communicate the status of the patient and pacer back to the physician. Figure 12.11 summarizes typical data that are commonly telemetered.

	Parameter
	Units

	Programming parameter status
	Read back value

	Battery voltage
	V

	Battery impedance
	kΩ

	Battery current
	µA

	Low battery
	True/False

	Lead impedance
	Ω

	Pulse voltage
	V

	Pulse current
	mA

	Pulse width
	ms

	Pulse charge
	µC

	Pulse energy
	µJ

	Sensed events
	Count

	Paced events
	Count

	Histogram of events vs. pulse rate
	Counts

	Electrogram
	mV

	Rate-adaptive sensor reading
	Varies


 XE  "Interrogation" 


Figure 12.11  Typical telemetry data and their respective units.

All of the parameters that can be programmed can also be read back, or interrogated. This allows the physician to confirm the programming of the pacemaker. The voltage, current, and internal impedance of the pacemaker battery can be measured to estimate the remaining battery life. A low battery indicator is also available; it is latched on if the battery voltage falls below a certain reference voltage and can be reset through programming. The impedance of the leads and the voltage, current, width, output charge, and energy of the output pulse can be reported in real-time. Counts of the number of sensed and paced events can be measured, as well as a statistical report of the number of events in particular ranges of the heart rate. Finally, the physician can acquire the electrogram and signals from any other sensors in the pacemaker in real time.

12.3  Pacemaker follow-up and care

Although modern pacemakers are self-contained units which require no daily maintenance, it is important for the physician to perform regular checkups to assess the condition of the patient and pacemaker as well as perform any corrective actions. There are also conditions from which the patient should be restricted because of possible damage to or malfunctioning of the pacer. The following sections detail the follow-up procedure and pacemaker care.

12.3.1 Office visits XE  "Office visits"  and telephonic monitoring XE  "telephonic monitoring" 
The pacemaker should be monitored closely during the first few months after implantation. In the U.S., Medicare Guideline I specifies coverage for pacing systems with less than five years of clinical data. It provides for transtelephonic follow-up once a month for the first six months, then every other month until the end of the third year after implantation, and monthly thereafter. Many physicians use this schedule (Biotronik, 1993).


The visit begins by placing the programmer head—containing the reed switch magnet and the programmer coils—over the pacemaker body (Figure 12.12). LEDs on the programmer head indicate when the head and pacer are within the proper range.
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Figure 12.12  Positioning of the programmer head over the pacemaker for programming.


Several tests are routinely performed during these visits. The programming parameters are verified and the battery status is checked. Real-time telemetry of the electrogram and other sensor signals is acquired; a normal rhythm should be observed. Finally, the pacemaker should exhibit the normal operation of sensing and pacing. Because programmers are often used by persons without engineering or computer backgrounds, it is especially important to make it easy to use.


Pacemaker manufacturers sell programmers that are compatible with their own pacers, but are rarely compatible with other pacemakers due to proprietary modulation and encoding schemes. Programmers which are compatible with a variety of pacemaker brands are also available. Multiprogrammers can interface with more than one manufacturer’s proprietary protocol. A single protocol for all pacemakers has been proposed but not accepted; in that case, we could use a single universal programmer to program any pacemaker. An emergency programmer has also been proposed which could revert any pacemaker into a basic VOO mode with 70 beats/min at maximal output (Schoenfeld, 1993).


Instead of making an office visit for a check-up, a patient may save time and money by using a telephone link from home or a local clinic to the physician’s office. The patient, with prior training, uses a portable programming unit that has the entry and display hardware replaced by a computer modem. Another modem connects the physician’s computer via local or long-distance telephone (Thakor et al., 1982).

12.3.2 Restrictions to other therapies

Many diagnostic and therapeutic procedures create conditions that may damage the pacemaker (physically or electrically) or can mimic the normal or abnormal function of the heart. Malfunctions may occur immediately or at a later time. Many pacemaker manufacturers suggest the following restrictions.


Diathermy is the use of high-frequency electric fields to heat tissue for therapy. Because of heating effects in the pulse generator, this therapy should be avoided (Medtronic, 1990; Biotronik, 1993).


Electrosurgery and electrocautery use electricity during surgery to cauterize tissues. The currents can cause the pacemaker to fail, change mode and parameters, or exhibit low-battery settings. If electrosurgery is necessary, steps should be taken to preprogram the pacemaker into VOO mode, place the ground plate under the buttocks or legs, choose a bipolar electrocautery system, use low energy levels and short duration bursts, and keep the scalpel at least 15 cm from the pacemaker. In addition, a temporary pacing system and a defibrillator should be available as a backup (Medtronic, 1990; Biotronik, 1993).


Many pacemakers are protected against defibrillation; nonetheless, several precautions should be observed. The paddles should placed along a line that is perpendicular to that of the pacemaker and the implanted lead and should be no less than 10 cm from the pacemaker or electrodes. After applying a pulse of the lowest necessary energy setting, the pacemaker should be checked for proper operation (Biotronik, 1993).


Magnetic resonance imaging (MRI) is a medical imaging technique that uses strong magnetic and RF fields. The static magnetic field can cause movement of the pacemaker unit and leads or closure of the reed switch, even when the unit is not scanning. When scanning, the RF field can cause improper triggering and pacing, tissue damage, or pacemaker malfunction (Holmes et al., 1986). Because of the danger involved, MRI should be used only in extreme circumstances (Medtronic, 1990; Biotronik, 1993).


Transcutaneous electrical nerve stimulation (TENS) is the application of electric currents to relieve pain. It is not widely clinically accepted and should not be used on pacemaker patients (Biotronik, 1993).


Lithotripsy is the use of shock waves to disintegrate calcifications in the body. It can interfere electrically or mechanically with the pacemaker (Biotronik, 1993). If treatment is necessary, the pacemaker should be preprogrammed into VOO mode, placed at least 5 cm from the focal point of the lithotripsy beam, and checked for proper operation after treatment (Medtronic, 1990).


X ray and fluoroscopy can be used with pacemakers. All pacemakers have a radiopaque label which can be used for identification of the device. The levels of ionizing radiation used in radiation therapy, however, may permanently damage the pacemaker (Medtronic, 1990; Biotronik, 1993). If therapy is necessary, the pacer should be shielded from the radiation and checked for proper function after treatment (Muller-Runkel et al., 1990).


Finally, additional factors in home and work environments are often cause for concern for pacemaker patients. Electromagnetic interference (EMI) from power lines has been shown to have little effect on the operation of pacemakers; careful selection of lead placement and sensitivity levels will reduce susceptibility under even extreme circumstances (Toivonen et al., 1991). However, electrogram artifacts have been noted in the vicinity of occupational electric equipment such as arc welders (Embil et al., 1993) and degaussing coils (Marco et al., 1992). Other hazards have also been reported from metal detector security gates (Copperman et al., 1988), retail antitheft devices (Dodinot et al., 1993), and radio-controlled toys (Man et al., 1993).


In conclusion, telemetry and programming enable the physician to monitor the patient and provide changes to the operational parameters of the pacemaker. The hardware provides encoding, modulation, and error checking in order to reduce the risk of spurious programming. Many parameters may be set and/or measured depending on the type of pacemaker. Finally, successful therapy depends on good follow-up and care of the patient and pacemaker after implantation.
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12.5  Instructional objectives

12.1
Describe the difference between pacemaker programming and telemetry.

12.2
Sketch the reed switch debouncing circuit and explain its operation.

12.3
Explain why the reed switch is no longer used to receive communication pulses.

12.4
Describe the parts of a programming message.

12.5
Given a particular bit sequence, such as 001011, sketch the encoded (but not modulated) signal using the encoding technique in the text.

12.6
Describe the methods used to detect communication errors.

12.7
Describe five programming parameters.

12.8
Describe five telemetry data.

12.9
Explain the difference between universal programmers, multiprogrammers, and emergency programmers.

12.10
Describe five medical procedures that may adversely affect pacemaker operation.
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