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Rate-Adaptive Pacemakers

Timothy Harvey

Rate-adaptive pacemakers use information from a sensor to change the rate of stimulation. In situations like complete heart block, when there is a naturally stable atrial signal, pacemakers can synchronize the heart beat to that signal. Pacemakers like DDD and VAI sense the atrium. However, about 50% of all pacemaker patients have symptomatic sinus node dysfunction. Other patients have unreliable atrial signals due to atrial flutter or other possible disorders. For these patients there is no adequate frequency command signal to the heart for the pacemaker to measure. Therefore, the heart rates for about half the people that get pacemakers are determined solely by the pacemaker. The major focus of this chapter is the sensors, other than the atrial sensor, that can help pacemakers know when and how to change the heart rate. 

13.1  Introduction

Cardiac output is determined by two factors, the volume of blood pumped out per beat and the heart rate. Normally, the heart rate is the major factor in controlling cardiac output. During strenuous exercise, heart rate can increase by 250% over its resting rate, compared to about 50% for stroke volume. If the heart rate is set at a constant rate, for example by a VVI pacemaker, then the body will have to adjust stroke volume in order to adjust cardiac output. A fixed heart rate places a serious limitation on the ability of the body to adjust cardiac output to the demands of exercise or other physical activity. This abnormal situation puts a heavy strain on the heart muscle. If there is insufficient cardiac output, the patient may become fatigued and may not be able to continue exercise. It is clear that, especially for active patients, rate adaptation will increase the quality of life, compared to fixed rate pacemakers.


One way to determine if rate-adaptive pacemakers XE  "rate-adaptive pacemakers"  will help a patient is to look at their heart rate reserves (Furman et al., 1993). Generally, chronotropic incompetence is classified as when the range of heart rate is less than 80% of the theoretical value. The theoretical maximal heart rate XE  "maximal heart rate"  (MR) and the heart rate range are determined from the patient’s age and resting heart rate (RR).


MR = 220 – age
(13.1)


Range = MR – RR
(13.2)


To calculate the border of chronotropic incompetence XE  "chronotropic incompetence"  (BCI), multiply the heart rate range by 80% and add it to the resting heart rate.


BCI = RR + 0.8  range
(13.3)


Putting Eqs. (13.1) through (13.3) together, 


BCI = 176 + 0.2RR – 0.8  age
(13.4)


For example, consider a 70 year old patient with a resting heart rate of 65 bpm. Using Eq. (13.1), his maximal heart rate should be


220 – 70 = 150 bpm
(13.5)


From Eq. (13.2), his theoretical heart rate range is 


150 – 65 = 85 bpm
(13.6)


The border of chronotropic incompetence is calculated from Eq. (13.3) or (13.4)


BCI = 65 + 0.8  85 = 133 bpm
(13.7)


Using exercise testing, the patient’s maximal heart rate is found. If it is less than 133 bpm he would be a good candidate for a rate-adaptive pacemaker. However, this is only an approximation, and does not allow for the fitness of the patient.


This chapter gives the reader a general understanding of rate-adaptive pacemakers. First, it describes the various sensors used. Then it discusses different control strategies. Finally, it gives a summary of rate-adaptive pacemakers.

13.2  Sensors

This section summarizes the different sensing techniques used by rate-adaptive pacemakers. It describes what each sensor measures, and why. It also discusses, how the signal is measured. This includes the sensor type and location. Finally, it gives some advantages and disadvantages for each of the sensors.


There are a few special considerations when evaluating different sensors. Some sensors require extra leads, other than the pacing lead. An extra lead may move around over time, increasing the likelihood of irritation. Other sensors can use the pacing lead with a few specialized modifications. Specialized leads have the sensor built into the lead. This requires more wires in the lead, making the lead bigger and less flexible. If special or extra leads are needed the system will be more difficult to implant, and it will be more expensive. During pacemaker upgrades, the old leads are left in if possible. If the new sensor needs a special lead, it might not be possible to use the old leads.


Placing leads in the bloodstream causes other problems. First, to correctly place the electrode in the heart, x-ray fluoroscopy is commonly used. This adds cost, complexity and perhaps some radiation side effects. Electrodes in the bloodstream may also experience more motion artifacts during heart beats. Sensors which do not need to be placed in the bloodstream are attached to the outside of the heart. Typically these are implanted during open heart surgery, which also adds trauma. In the body, some sensors and electrodes get coated with more fibrotic tissue, making them less sensitive and perhaps less useful. Also, some sensors require more power than others. This will lead to shorter pacemaker lifetimes.

13.2.1 Impedance measurements XE  "Impedance measurements" 
Many of the sensing techniques use impedance measurements to get their information (Alt et al., 1993; Benditt, 1993). This section will describe three different impedance measuring systems which the following sections may refer back to. There are other methods and configurations, some are mentioned in section 16.4. However these three systems cover the main ideas of impedance measurements.


Common impedance measurements use three electrodes, with the pacemaker case serving as one of the electrodes. Two of these electrodes are used to emit a signal, which is typically either a low-amplitude high-frequency signal, or a low-amplitude pulse train. The amplitude is typically 1–10% of the threshold required for muscle stimulation to save energy. A different pair of the electrodes is used to pick up the signal. One method (Figure 13.1(a)) uses a unipolar pacing lead and an extra unipolar lead, with the pacemaker case as the ground. The extra lead is placed in the subcutaneous tissue across the anterior chest wall. Unipolar leads can become inhibited by myopotentials. Another similar method uses a standard bipolar pacing lead as shown in Figure 13.1(b). The ring electrode takes the place of the auxiliary electrode in the previous system. These two systems have durable sensors. However, even though the emitted signal has a small amplitude, they add up. These two measurements require additional power consumption. Also, the signal generator used to measure impedance may be an annoyance to electrocardiographers, and may interfere with transtelephonic pacemaker monitoring (Benditt, 1993).
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Figure 13.1  Impedance measurement systems. (a) Extra lead configuration. The extra lead is placed in the subcutaneous tissue across the anterior chest wall. (b) Bipolar lead configuration. (c) Two-electrode configuration.


The final impedance measuring technique is in the experimental stage. Impedance can be measured using a single unipolar pacing lead as in Figure 13.1(c). Actually, a bipolar lead similar to Figure 13.1(b) can be used with the emitter and measurement taken between the ring and tip electrodes. A voltage is applied between two electrodes and the current is measured. Using Ohm’s law the impedance can be obtained. The obvious signal to use is the pacing pulse (Chirife, 1991), which will yield the right ventricle end-diastolic volume. Using the pacing pulses means that this method does not require any more power, except for processor power. A problem with this method is that it may not provide adequate sampling rates for certain signals. For example, if an inhibited pacemaker mode is used, and no stimulus is needed for a few beats, the pacemaker will not be able to measure ventilation rate. Also, the sampling rate would be dependent on heart rate, making calculations more complicated. Due to these problems, this technique is not very useful for slower signals like ventilation. Properly timed pulses other than the pacing pulse can yield specific cardiac information. One such measurement is end systolic volume, obtained by a second, smaller pulse emitted at the end of systole.

13.2.2 Atrial sensing XE  "Atrial sensing" 
In patients where there is adequate atrial stimulation, a sensor can be used to detect the signal (Furman et al., 1993). Once an atrial signal is detected, the ventricle can be stimulated with the proper AV delay. To measure the atrial signal two different methods can be used. The common way to measure the atrial signal is to use an extra, standard lead placed in contact with the atrial wall. Alternatively, a special lead used to stimulate the ventricle can be used that can also detect the atrial signal.

If the atrial signal can be properly measured, then this type of pacemaker can properly control the heart rate following the SA node signal. This pacemaker will synchronize with the SA node and needs no tuning after installation, and effectively bridges AV blocks. However, this method can not be used in cases where there is no reliable atrial signal. If a second lead is used to sense the atrium, it adds expense and complexity to installation. Also for younger patients, the second lead may add discomfort as they grow. The atrial lead can always be added later, during a pacemaker upgrade. Sinus node dysfunction, atrial fibrillation, flutter, and other arrhythmias make this sensor useless. According to Furman et al. (1993) about one third of US patients use atrial sensing.

13.2.3 Direct metabolic sensors XE  "metabolic sensors" 
Cardiac output should increase with an increase in the metabolic rate. This helps transport more oxygen to the body and remove more waste products. The following two sensors, in effect, measure the metabolic rate of the body. Using either of these two sensors would allow the pacemaker to use a closed loop controller. These sensors are theoretically appealing, but not very practical so far.

Central venous pH

One of the first sensors studied for use in rate adaptation was the pH sensor XE  "pH sensor"  (Benditt, 1993). As the exercise level increases, the blood becomes more acidic. The system consisted of a reference Ag–AgCl electrode placed in the pacemaker case and a pH-sensitive Ir–IrO2 electrode placed in the right atrium. These electrodes could detect a change in the blood pH due to exercise or disease. Once a change was detected, the pacing rate could be changed accordingly. Using this system like a closed-loop controller essentially let the pacemaker adjust the heart rate to keep the pH constant.


The system would not require any additional power consumption. However, there are many problems with this system. First, there is a complex relationship between pH and heart rate. The electrodes are even more of a problem. The lack of long-term pH reliability and stability in the body have led to problems. Also, the specialized pacing lead with the pH sensor in it is a drawback. The electrode gets covered with fibrotic tissue and may become less sensitive to pH. The pH-monitoring systems were unsuccessful in their initial clinical applications and are not currently available.

Mixed venous O2 saturation

The other sensor that directly measures metabolic rate is the oxygen saturation XE  "oxygen saturation"  (SO2) sensor (Alt et al., 1993; Benditt, 1993). One of the major roles of the cardiac system is to deliver oxygen to the body. If the heart is not providing enough blood to the body, the SO2 decreases. To compensate for this, the body should increase the cardiac output in order to get more oxygen from the lungs. It is only natural to try to use SO2 in a rate-adaptive pacemaker. One way to measure SO2 is to use two LEDs and a photodetector to measure the blood’s reflectivity in the right ventricle. The photodetector is most likely a phototransistor that is sensitive to both of the LEDs’ frequencies, however photodiodes and photoresistors could also be used. One of the LEDs is red (660 nm), while the other is in the infrared region (805 nm). The reflectivity of the blood in the red wavelengths depends on the hemoglobin. This can be understood when you consider that oxygenated blood looks red and deoxygenated blood looks bluish. Since the lungs will replenish the blood’s oxygen levels, the measurements should be taken on the venous side of the cardiac system, where there are greater variations in SO2.


Oxygen rich red blood will reflect the red LED light much better than deoxygenated blood and will cause a higher detector current. If SO2 drops, the photodetector current will decrease and the pacemaker will speed up the heart rate in order to increase SO2. The infrared LED is not affected by SO2 and is therefore used as a reference value. In the blood, this window can become covered with fibrotic tissue. This would change the amount of reflected red light. The sensor may also move around inside the ventricle over time. The measured signal may be very different if the window is facing across the ventricle or if it is up against a wall. For all these disturbances, the infrared signal would be changed similar to the red signal. The pacemaker can use the infrared signal to compensate for these disturbances. If both the red and infrared signals drop by the same amount, then the pacemaker will ignore it. If the red signal increases and the infrared signal doesn’t, then SO2 is increasing. Since both LEDs use the same detector, the two LEDs are time multiplexed so that only one LED is on at a time. Typically the LEDs are pulsed for 2 to 10 ms every 4 s or so. Over a five year period, the LEDs will be on for about 100 h.


An SO2 sensor will allow closed loop control that can react to stress and emotion. There are problems with this system. First a special lead, with the LED and photodetector in it, is needed. This lead needs to have the LED and photodetector inside of a window, as shown in Figure 13.2. The sensor needs to be placed in the right ventricle. There is also a lag in the system due to the time it takes the blood to return to the heart from the muscles. The main problem is that the LEDs are very inefficient light sources and require a lot of power, which will decrease the battery life of the pacemaker. Benditt (1993) estimated that these sensors will shorten the pacemaker life by six months. There is no SO2-sensor-based pacemaker available today. However, due to rapid progress with these sensors, they may be important rate-adaptive sensors in the future. 
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Figure 13.2  Oxygen saturation sensor. Oxygenated hemoglobin in the right ventricle reflects the red LED’s light. Conversely the deoxygenated hemoglobin absorbs it. Both reflect infrared light.

13.2.4 Indirect metabolic sensors

Indirect metabolic signals allow the pacemaker to estimate the metabolic rate. With good estimations, near closed-loop control can be implemented.

Ventilation rate XE  "Ventilation rate" 
Since effective SO2 sensors are not available yet, another method is to estimate the oxygen intake. Perhaps the most obvious parameter to estimate oxygen intake is the ventilation rate (Alt et al., 1993; Benditt, 1993; Furman et al., 1993). Since 1966, ventilation rate has been considered for use with rate-adaptive pacemakers. It has been shown experimentally that there is a good correlation between heart rate, ventilation rate, and oxygen intake. This is in both normal patients and those with respiratory diseases.


Ventilation rate can be measured by analyzing the impedance between the pacemaker electrode and the pacemaker’s body. The impedance measurement configurations in Figure 13.1(a, b) are the techniques used for measuring ventilation rate, with the extra lead method more common. As the patient breathes, the chest impedance changes. From changes in this measured impedance, ventilation rate can be derived. The ventilation signal has a relatively low frequency, compared to heartbeats and noise. The pacemaker must select and measure the proper signal component. Since the range of ventilation rate and heart rate overlap, just simple bandpass filters cannot be used. The range of heart rates is normally 60–200 bpm, so the pacemaker must be able to handle a ventilation rate above 60 breaths/min. Typically, the pacemaker would filter out signals above 60 cycles/min, thus losing track of the ventilation rate. The pacemaker will hold the sensor signal to that corresponding to a ventilation rate of 60 breaths/min, until the rate drops into the readable range.

A final way to detect ventilation rate is to use envelope detection of other sensor signals (Chirife, 1991). Many signals like the intracardiac ventricular electrogram fluctuate with ventilation. Therefore it is possible to extract ventilation rate information from them. Envelope detection seems to suffer less from arm-movement artifacts. This method is useful in multiple sensor designs, which will be discussed later. Envelope detection is still in the experimental stage.


An advantage of the ventilation rate system is the durable sensors. However, just ventilation rate does not track all physiological changes well. If the auxiliary lead is used, it adds expense and can lead to more irritation, and other problems. Arm swinging and coughing change the chest size and can be detected by these sensors. This can cause erroneous heart rates. Ventilation rate systems cannot distinguish between shallow and deep breathing. Not much work has been done on ventilation rate sensors, since minute ventilation seems more promising. However ventilation rate pacemakers have been successfully used in Europe for years.


To see how well ventilation rate approximates SO2 sensors, consider the task of breath holding. For a SO2 sensor, as the SO2 decreases, the heart rate increases. Eventually, the rate may reach the maximal value. A ventilation rate sensor decreases the heart rate, eventually to the resting heart rate. These will be the results regardless of the activity. It makes no difference whether the patient is swimming or resting.

Minute ventilation XE  "Minute ventilation" 
A better approximation of the SO2 sensor is the minute ventilation sensor (Alt et al., 1993; Benditt, 1993) (see Chapter 17). Minute ventilation is the product of ventilation rate and tidal volume. This effectively measures the amount of air that is being inhaled. Minute ventilation has been found to be an excellent parameter for estimating metabolic rate, and can detect some changes due to stress and fever. Minute ventilation ranges from about 6 L/min at rest to about 150 L/min for an athlete at maximal exertion. To measure minute ventilation, impedance measurements of the chest, like those used by ventilation rate, are used. Envelope detection of other sensor signals (like pressure, and electrograms) can also be used to obtain ventilation information in multiple-sensor systems. The frequency of the ventilatory signal gives the ventilation rate, and the amplitude gives tidal volume. The bipolar lead in Figure 13.1(b) is the most common impedance sensor.


The signal received by the sensor contains a lot of information and has to be processed. First, the signal will have in it a higher frequency component due to the heart beats. To alleviate this problem a signal-averaging process with a 30‑s averaging window is used (Alt et al., 1993). This works like a low-pass filter. The system should also track slow changes in minute ventilation, due to things like circadian rhythm and sickness. To do this a reference value is determined by a second signal-averaging process, with an averaging window of about one hour. The difference between the two averagers is the change in minute ventilation that is sent to the controller. This setup allows the system to track slow changes, as designed, but can present a problem. If the patient participates in prolonged exercise, approaching one hour or more, the reference value will slide up to the current value. This would cause the difference between the two averagers to decrease eventually to zero. If the pacemaker was allowed to do this, the heart rate would erroneously decrease. To keep this from happening, minute ventilation pacers of this type freeze the long term averager when the short term value is above 50% its maximal value. Once the short term value drops below 50%, both registers resume their averaging.


Experimentally, minute ventilation pacemakers have proven to have very successful rate response at rest and during exercise. Minute ventilation systems can use the standard bipolar pacing leads. Also, the system tracks many physiological changes well. Unlike activity sensors, minute ventilation sensors increase heart rate while ascending stairs and decrease heart rate while descending them. However, the impedance measurements consume power, which shortens the battery life. Just like ventilation rate, minute ventilation pacemakers will slow the heart rate while breath holding. Motion artifacts due to the electrode moving or upper body movement can be picked up, causing possible false detection. Arm swinging can be picked up since it may have a frequency very similar to ventilation. This may cause an increase in the heart rate. Talking during exercise will decrease the heart rate. Finally, there is a lag incorporated in the controller, since the measurement does not measure the instantaneous ventilation rate but the average rate over the last breath or so. Another problem is due to the overlap of ventilation rate and heart rate. If ventilation rate exceeds 60 breaths/min, the rate-adaptive algorithm is suspended. For this reason these sensors should not be used in young children or in patients prone to hyperventilation.


Because of its ease of implantation and setup, one application for minute ventilation sensors is for pregnant women (Lau et al., 1990). Not wanting to expose an unborn baby to x rays, a minute ventilation pacemaker can be put in using a left subclavian puncture, with ECG and ultrasound for guidance. Studies show that minute ventilation works well during pregnancy and Cesarean section.

Mixed venous temperature XE  "temperature" 
As metabolic rate increases, body temperature, and subsequently blood temperature, also increases (see Chapter 15). The lungs normally tend to cool off the blood as it passes through the alveoli. For the best temperature measurements, venous temperatures should be used. Measuring blood venous temperature can be a good indicator of metabolic rate. Putting a small ceramic thermistor in the pacing lead and positioning the lead so the thermistor is in the right ventricle lets the blood temperature be measured. A thermistor is a temperature-dependent resistor, so it is a simple sensor to use. Also, temperature changes are only a few degrees, so the thermistor can be assumed to be linear. Blood temperature increases with exercise and fever.


One advantage of temperature sensing is that blood temperature is a good indicator of metabolic need. Also, the sensor is quite durable. However, a special pacing lead is needed. Encapsulation of the lead by the body may insulate the sensor over time. The signals of interest are small and slow, so the pacemaker’s response may be slower than desirable. Short sprints may not raise the temperature enough to be detected. Finally, any heat sinks near the body may effect the response. Temperature-based pacemakers are available, as Chapter 15 will elaborate on.

13.2.5 Nonmetabolic physiological sensors

Nonmetabolic physiological sensors attempt to measure physiological changes which indicate a change in heart rate is in order. All but the pressure sensor measure changes caused directly by the body. If it is sensed that the body is trying to increase cardiac output, the pacemaker can help by increasing the heart rate.

Q–T interval XE  "Q–T interval" 
The most successful physiological sensor for rate adaptation has been the Q–T interval sensor (see Chapter 16). The Q–T interval is the same as the Stim-T interval and is the time between the onset of the QRS wave to the T wave. When the body tries to increase the heart rate, not only is the SA node frequency increased, but catecholamines are also injected into the heart muscle. These hormones shorten the contraction duration. During exercise or stress, the Q–T interval decreases. An appropriate heart rate response can then be implemented. To measure these signals, the pacing leads used for stimulation can be used to pick up the intracardiac ventricular electrogram.


Since this system has been successful, there is a good basis of clinical support for it. This system also uses the standard lead, which does not need to be placed inside the heart. They do not require any more power, except for the extra processing. Q–T measurements respond to physiological changes in about one minute. One limitation is that there are problems detecting repolarization signals.

Ventricular depolarization gradient

Ventricular depolarization gradient XE  "Ventricular depolarization gradient"  (VDG) sensors are very similar to Q–T interval sensors (Benditt, 1993). Instead of measuring the time intervals, VDG sensors measure the area under the paced intracardiac ventricular electrogram’s QRS wave. Other names for this signal are evoked ventricular potential and paced depolarization integral. The area is affected by heart rate and sympathetic neuroendocrine activity in opposite directions. As exercise increases, the VDG decreases. As heart rate increases, so does the VDG.


This system uses the standard pacing electrodes, not necessarily inside the heart. This variable is a very good one for closed-loop control. It does not require additional power and responds quickly. VDG sensors can also detect emotion and stress. However electrode polarization and some drugs make the sensing of precise local ventricular electrograms difficult. There is no available VDG-based pacemaker, but there is a multiple-sensor pacemaker that combines VDG and minute ventilation sensors.

Systolic indices XE  "Systolic indices" 
Systolic indices include stroke volume and pre-ejection phase (see Chapter 16). The pre-ejection phase (PEP) is the time between the onset of ventricular depolarization and the opening of the aortic valve. Systolic indices are good indicators for rate adaptation. Impedance measurements from the pacing electrode to the pacemaker body can be used to measure changes in blood pool volume. Stroke volume will increase and the PEP will decrease with exercise. The pacemaker can then adapt the heart rate to minimize the change in stroke volume.


These pacemakers can use standard or slightly modified leads. They should respond quickly to changes. However, like all impedance measuring systems, they require more power and therefore shorten the battery life. These systems may also pick up motion artifacts.

Pressure

The cardiovascular control system works to keep the mean arterial blood pressure XE  "mean arterial blood pressure"  (MABP) constant (Alt et al., 1993; Benditt, 1993; Furman et al., 1993). Therefore it is only natural to try to make a pacemaker that does the same. Both magnitude and rate of change of pressure increase with exercise. A piezoelectric sensor is placed in the right ventricle. Because it cannot measure mean pressure, it measures dP/dt,  and from this infers mean pressure. A silicon strain gage pressure sensor could measure mean pressure.


 EMBED "Word.Picture.6" \* mergeformat  


Figure 13.3  Blood pressure derivative sensor. As the blood pressure changes around the sensor, the wall deflection will change. Deflections of the wall apply a force on the piezo element, which creates an electrical signal.


This system would be theoretically appealing since a closed-loop controller could be used to keep the pressure constant. The sensor would react quickly, since the blood pressure should change quickly with exercise. However, no system has yet been adequately tested which incorporates pressure sensors. The sensor would need a specialized lead, with extra wires in the lead.

13.2.6 Direct activity sensor XE  "activity sensor" s

Because the major reason for changing the heart rate is exertion, the most common rate-adaptive pacemaker is the motion-detecting pacemaker (see Chapter 14). In these systems, either an  XE  "accelerometer sensor" accelerometer or a vibration sensor XE  "vibration sensor"  is used to estimate activity. These elements are placed inside the pacemaker case. These sensors detect motion and vibrations in the upper chest. After the level of activity is estimated, the heart rate is adjusted according to an algorithm.


The prime advantage of activity sensors is the experience and confidence people have in them. Further, placing the rugged sensors inside the pacemaker case makes implanting a rate-adaptive pacemaker of this type no different than a normal pacemaker. This also protects the sensor, providing long-term reliability. Also, very little additional power is needed to run these sensors. Activity sensors are very fast and therefore can allow for very responsive pacemakers. The main disadvantage of these sensors are their specificity. They may pick up some undesirable signals and miss other desirable ones. Imagine a task of walking stairs. Going up is harder work than going down, but the latter causes heavier footsteps and thus stronger pressure waves in the chest. An activity sensor may very well cause a higher heart rate going down stairs, compared to going up.

13.2.7 Other sensors

There are many other sensor techniques that may prove useful after more research. Many of these can be obtained from standard leads (Chirife, 1991). Other possible cardiac indices which can be obtained by impedance measurements are end-diastolic volume, end-systolic volume, ejection fraction dV/dt, and ejection time. Some other possible signals that can be obtained from intracardiac electrograms are T-wave slope, pacing threshold, and depolarization.

13.2.8 Multiple sensors XE  "Multiple sensors" 
Many of the sensors discussed above have good attributes and work well, but none is perfect (Alt et al., 1993; Furman et al., 1993). The obvious solution is to combine more than one of them. In almost all available single-chamber multiple-sensor systems a fast activity sensor are combined with a slower, more accurate sensor. Activity sensors have been combined with Q–T and minute ventilation sensors. One available system that does not use the activity sensor is a minute ventilation and a ventricular depolarization gradient system. Here, minute ventilation provides the prolonged response while ventricular depolarization gradient provides the quick response.


Activity, minute ventilation, and PEP are each used along with atrial sensors in rate-adaptive dual-chambered pacemakers. The first two are available, and the PEP system is under investigation.


With one set of leads, many different signals can be obtained (Chirife, 1991). Sensor techniques such as intracardiac ventricular electrograms and impedance measurements, along with envelope detection, can yield many different signals. Many of these are listed in the previous section. Actually, a standard bipolar lead could be used for both impedance measurements and electrograms. With increasing processor power and speed, it may be possible that many more combinations of sensors will be used in one pacemaker in order to help eliminate artifact. Artifact is erroneous signals that the pacemaker detects and acts on. The algorithm that runs the pacemaker may check the signals to see if they are corrupted with motion artifact or other artifact. For example, if the pacemaker saw both Q–T and stroke volume decrease, something is wrong. Signal processing could then be used to resolve the contradiction.

13.3  Control strategies

The information received by the sensors needs to be applied to a control algorithm. There are two basic types of control algorithms closed loop and disturbance feedforward.

13.3.1 Control architectures

Different controllers use their inputs in different ways. Closed loop and disturbance feedforward (open-loop) controllers are the two basic control architectures. Some pacemakers like the minute ventilation are a combination of the two.

Closed loop controllers XE  "Closed loop controllers" 
The most appealing control strategy is the use of a closed-loop controller (Alt et al., 1993; Furman et al., 1993; Schaldach, 1992). Closed-loop control can be used when it is desirable to keep the sensor output, or a modification of it, at some set value. Figure 13.4 shows that in closed-loop control, the signal is compared to the reference. The difference is then put into a control algorithm, which determines the heart rate. The controller will continue to increase or decrease the heart rate until a limit is reached or the sensor output matches the reference value.
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Figure 13.4  Closed-loop control system. The control strategy computes a heart rate to keep the sensor signal equal to the reference value.


The SO2 decreases with metabolic rate but increases with heart rate. SO2 can be used with a closed-loop controller since it is desirable to keep SO2 constant. On the contrary, the Q–T interval decreases with increased heart rate and with increased metabolic rate. If metabolic rate increases, the measurement will decrease. A closed-loop controller would see this and try to get the Q–T value back to the reference value. It would do so by decreasing the heart rate, trying to lengthen the Q–T value. There is no reference value for the Q–T interval, so the Q–T controller cannot be used in a closed-loop format.

Disturbance feedforward (open loop) controllers

Figure 13.5 shows that disturbance feedforward is an open-loop control strategy designed to cancel the effect of disturbances on the system (Schaldach, 1992). The way it works is that the disturbance is estimated by a sensor. Then, with knowledge of the system the effect of  the disturbance is estimated. Finally an input to the system is applied that should cancel the effect of the disturbance. The disturbance can be either physical activity or metabolic demand.
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Figure 13.5  Disturbance feedforward controller. It calculates a heart rate to cancel the effect of physiological disturbances.


All of the different sensors can be used with a disturbance feedforward system. However it must be kept in mind that it is still possible to get positive feedback if the sensor signal is dependent on heart rate. For an example of positive open-loop feedback, consider a very responsive Q–T pacemaker with no allowance for heart rate. If the Q–T interval shortens due to exercise the pacemaker will increase the heart rate. As heart rate increases, the Q–T interval shortens even more, causing the pacemaker to falsely detect more activity. If the pacemaker is responsive enough this could yield an unstable system.

Combination controllers

There are some controllers that do not fit either of the previous categories. They seem to fit somewhere in between the two. For example, the minute ventilation sensors use the sensor signal and a reference value to obtain the change in minute ventilation, which resembles a closed-loop controller. However the algorithm used, as shown in Figure 13.6, is an open-loop type algorithm. For any given change in minute ventilation, the algorithm yields one heart rate. A closed-loop controller would try to adjust the heart rate to keep the change in minute ventilation value equal to zero. Ventilation rate, minute ventilation, and systolic indices all fit in between closed loop and disturbance feedforward.

13.3.2 Control algorithms

The pacemaker control algorithm is the heart of the rate-adaptive pacemaker (Alt et al., 1993; Benditt, 1993). It is the mathematical function that calculates the pacemaker’s rate. The x axis is the sensor signal, and the y axis is the calculated heart rate. With modern microprocessors, the control functions can be very elaborate. However, an important factor in implementing rate-adaptive pacemakers is setup. After implanting the pacemaker, the doctor must set various parameters to fit that patient. The more complicated the algorithm, the harder it is to set up. This would mean longer hospital visits, and more cost. Many of the rate-adaptive curves can be approximated by a straight line connecting a minimal and maximal heart rate.
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Figure 13.6  An example of a multiple slope control function XE  "multiple slope control function"  used for a minute ventilation pacemaker. The minimal and maximal heart rates are specified by the physician, along with the number corresponding to the desired preprogrammed curve.


Figure 13.6 shows a multiple slope control function that is similar to those used in minute ventilation pacemakers. The algorithm has about 60 different preprogrammed slopes. The pacemakers only need three parameters to be set by the physician or technician. These parameters are the minimal and maximal heart rate, and the number of the desired slope. Some variations of this algorithm are to have three levels, or different attack and decay slopes. Other control algorithms are presented in the following four chapters.

13.3.3 Setting parameters

Once a control algorithm is chosen, it needs to be custom fit to the patient (Furman et al., 1993). The first parameter that is separate from the algorithm is the sensitivity. The sensitivity is the gain of the sensor amplifiers. It determines how small a signal can affect the algorithm. The parameters that customize the algorithm then need to be chosen. The more complicated the algorithm, the greater number of parameters. However, as in Figure 13.6, the main three basic parameters are the minimal and maximal heart rate and the responsiveness. A very responsive algorithm is one which makes drastic changes in the heart rate for small changes in the sensor output. The more responsive the pacemaker, the greater the exercise capacity. Patients with undertuned pacemakers tend to complain about being tired and short of breath. However a more responsive pacemaker is not necessarily better (Sulke et al., 1990). A very responsive pacemaker tends to react to noise. For example, a very responsive activity pacemaker may begin to race during a car ride. Patients with overtuned pacemakers complain about palpitations and find the settings unacceptable. Patients prefer properly tuned pacemakers and can live with undertuned ones, but most demand that an overtuned pacemaker be changed. In order to properly set the parameters, exercise tests (Zegelman et al., 1988) and/or Holter monitors are typically used along with trial and error.


Newer models of rate-adaptive pacemakers incorporate automatic parameter setting modes (Alt et al., 1993; Benditt, 1993; Furman et al., 1993). Various multiparameter optimization techniques are used to automatically set the parameters at their optimal values. They typically take about four months to settle down to a final value but are close even after one month. If they are preset with a good estimate, it may take much less time to settle down. Automatic setting is probably the way of the future. They allow for fewer clinical visits and more accuracy. They also let the pacemaker get tuned in the patient’s natural habitat, doing what they normally do. Automatic setting also lets more complex functions be used, since it won’t depend on an operator selecting the best settings. As far as the optimization routines are concerned, another parameter is easily added. It just takes a little longer to settle down.

13.4  Conclusion

From many clinical studies, rate-adaptive pacers have been shown to allow the recipient the potential for greater exercise capacity. For example, a Q–T sensor can provide twice the cardiac output as compared to a fixed-rate pacer. Further research into sensors like the SO2 will provide more viable sensor options. The future of rate-adaptive pacemakers is multiple sensor, more advanced algorithms, and automatically tuning systems.


Several sensor techniques have been mentioned. Figure 13.7 summarizes some of the key aspects of the different techniques.

	Sensor type
	Long term stability sensors
	Excess power drain
	Closed loop con-trol
	Type of leads used
	Senses emo-tion & stress
	Speed of re-sponse
	Ease to implant
	Avail-able & well tested

	Atrium
	Yes
	No
	No
	Extra
	Yes
	Fast
	Difficult
	Yes

	pH
	No
	No
	Yes
	Special
	Yes
	Slow
	Difficult
	No

	SO2
	Yes
	Yes
	Yes
	Special
	Yes
	Slow
	Medium
	No

	Ventilation rate
	Yes
	Yes
	No
	Extra
	No
	Slow
	Difficult
	Some

	Minute ventilation
	Yes
	Yes
	No
	Standard
	Yes
	Slow
	Easy
	Yes

	Temperature
	Yes
	Some
	Yes
	Special
	Little
	Slow
	Medium
	Yes

	Q–T interval
	Yes
	No
	No
	Standard
	Yes
	Slow
	Easy
	Yes

	VDG
	Yes
	No
	Yes
	Standard
	Yes
	Fast
	Easy
	No

	Systolic indices
	Yes
	Yes
	No
	Standard
	Some
	Fast
	Easy
	No

	Pressure
	N/A
	No
	Yes
	Special
	Yes
	Fast
	Medium
	No

	Activity
	Yes
	No
	No
	None
	No
	Fast
	Easy
	Yes


Figure 13.7  Typical characteristics of different rate-adaptive pacemakers. Standard leads can be either unipolar or bipolar pacing leads. Special leads are modified pacing leads. Extra leads mean that a lead other than the pacing lead is used. Fast response means signal changes are on the order of a heart beat.
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13.6  Instructional objectives

13.1
Explain why it is important to control heart rate.

13.2
Determine if a 26-year-old patient with a maximal heart rate of 167 bpm and a resting heart rate of 65 bpm has chronotropic incompetence.

13.3
List some reasons why atrial sensing might not be used in some patients.

13.4
List some reasons why pH sensing is not very practical.

13.5
Explain how SO2 can be measured.

13.6
Explain how digital averagers are used in minute ventilation-sensing pacemakers.

13.7
List the signals that can be obtained from standard bipolar leads.

13.8
List the available multiple sensor pacemakers.

13.9
Explain what kind of signals can be used with a closed-loop controller.

13.10
Discuss the pros and cons of a more responsive pacemaker.

13.11
Describe which available rate-adaptive pacemakers can quickly react to emotion and stress.
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