

Design of cardiac pacemakers


RATE ADAPTATION BY MINUTE VENTILATION



17

Rate Adaptation by Minute Ventilation

John G. Webster

Rate-adaptive pacemakers measure minute ventilation XE  "minute ventilation"  to adjust the heart rate. Examples are the META MV™ Model 1202, META II Model 1204™, META DDDR Model 1250™, and META DDDR Model 1254™ (metabolic minute ventilation) from Teletronics Pacing Systems and the Chorus RM from ELA Medical, Montrouge, France. The Legend Plus™ SSIR pacemaker from Medtronic, Inc. measures both minute ventilation and body motion to gain more information. 

17.1  Advantages and disadvantages of minute ventilation

Of all the sensors considered for rate-adaptive pacemakers, minute ventilation (MV) provides one of the best physiologic sensors of heart rate. Minute ventilation is the product of ventilatory rate and tidal volume. It is the physiologic variable that most closely reflects the metabolic demands of exercise. Resting MV is about 6 L/min. With moderately severe exercise MV increases to 60 L/min. These changes in MV accurately reflect oxygen uptake, which is the most accurate measure of human energy expenditure (Mond, 1993). Minute ventilation corresponds almost linearly with the aerobic oxygen consumption during exercise up to the anaerobic threshold (approximately 60 to 70% of VO2max), changes in cardiac output, and heart rate. Thus by measuring minute ventilation, we are able to use this information to set the correct heart rate. The standard bipolar lead that is used for pacing can also be used for measuring electrical impedance, from which we can obtain minute ventilation.

17.2  Measuring electrical impedance

The measurement of thoracic electrical impedance XE  "electrical impedance"  yields a good approximation of lung volume changes caused by ventilation. The most specific measurement would use four (tetrapolar) electrodes. Two outer electrodes would inject a constant current. Two inner electrodes would measure the voltage across the lung. To minimize the number of electrodes, it is possible to inject current and measure voltage at each of two (bipolar) electrodes. Then the use of small electrodes would yield an output that is most sensitive to changes in the immediate vicinity of the electrodes where the current density is high, rather than in the desired larger area of the lung between the two electrodes where the current density is low. Two large electrodes can be used to minimize this problem of sensitivity to changes near the electrodes because the current density is low everywhere.


Pacemakers compromise by using the three (tripolar) electrodes as shown in Figure 17.1. The pacemaker can serves as a large electrode for both injecting current and measuring voltage. Injecting current through the ring electrode and measuring voltage at the tip electrode avoids the sensitivity to changes in impedance that would occur by using a single small electrode.
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Figure 17.1  The pacemaker can is large and serves to both inject current and measure voltage without emphasizing local sensitivity. The ring electrode injects current and the tip electrode measures voltage, which also avoids emphasizing local sensitivity.


In order to avoid undesirable stimulation of cardiac cells, we choose current having very narrow pulse widths of 7–30 µs and 1 mA at 20 Hz. This permits measurement of impedance at an average current drain of 1–3 µA, which does not decrease battery life substantially.


These electrodes are also used for sensing and stimulating the heart. Figure 17.2 shows switches that connect to the impedance-measuring circuit only when the sense amplifier and pulse generator are not connected (Nappholz, 1990).


The measured impedance is about 100 Ω. Change in impedance caused by ventilation is about 1 Ω. To detect small changes in minute ventilation, the circuit must distinguish changes of 0.06 Ω (Nappholz et al., 1995).

17.3  Signal processing

For Teletronics pacemakers, after determining the impedance from the samples, the signal is filtered for information from 0.1–1 Hz. This minimizes undesirable impedance changes caused by stroke volume changes. A zero-crossing detector XE  "zero-crossing detector"  measures the ventilatory rate. If 7 of 10 samples are of one polarity, the signal is considered of that polarity. Each time the polarity changes, it is recorded and used to compute the ventilatory rate VR, as shown in Figure 17.3.  XE  "minute ventilation, signal processing" 

The impedance signal is also rectified and filtered to yield a signal proportional to tidal volume. This is multiplied by ventilatory rate to yield minute ventilation (MV). The resting MV defines the lower pacing rate. Because the impedance may drift with time, the resting MV is determined by a long-term (1 h) averager. The MV is determined by a short-term (36 s) averager. The long-term resting MV is subtracted from the short-term measured MV to yield the change in MV, MV. This algorithm works correctly if the patient has been resting for 1 h, then begins exercise. However, if the patient continues exercising for 1 h, the long-term average creeps up to the short-term average and MV goes to zero, whereas it should stay high. To prevent this problem, any time that impedance change exceeds 50% of its maximal value within 35 s, it locks the long-term average so it doesn’t creep up.

Figure 17.2  When the lower pair of switches is closed, the pacemaker can sense electrograms and stimulate the heart. When the upper pair of switches is closed, the pacemaker can measure impedance between the tip and the case (Nappholz, 1990).
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Figure 17.3  From impedance we obtain ventilation rate XE  "ventilation rate"  (VR) and tidal volume XE  "tidal volume"  (TV), then multiply to yield short-term minute ventilation (MV). After subtracting long-term resting MV, we multiply by a rate-response factor to yield the target heart rate, which heart rate approaches with a slow time constant.


The MV is converted to heart rate by the rate-response factor XE  "rate-response factor"  (RRF), which differs for each patient. The physician selects a lower pacing rate. The patient exercises to his or her symptomatic limit (usually past the anaerobic threshold). The programmer uses the measured maximal value of upper heart rate and MV and chooses one of 16 relationships (slopes) between heart rate and MV (usually linear).


For Medtronic pacemakers, so that heart rate changes are not sudden, the physician also programs in acceleration and deceleration time constants XE  "time constants"  of 0.25, 0.5, 1, 2.5, 5 or 10 min.

17.4  Interference XE  "Interference" 
Because the voltage-sensing electrodes that measure impedance are widely separated, external electrical interference can cause measured impedance changes that can incorrectly change the heart rate. Electrosurgical units (ESUs) and radio-frequency (RF) ablation equipment used during surgery emit large broadband electromagnetic fields. Thus the rate-adaptive function of minute ventilation pacemakers should be turned off prior to surgery.


The rate-adaptive function of minute ventilation pacemakers should be turned off prior to placing the patient on a ventilator. In this case, the nonphysiologic changes in lung volume can incorrectly change the heart rate.


Arm swinging on the side of the pacemaker at 30 to 40 arm swings per minute can result in an artifactual increase in  pacing rate. Coughing and hyperventilation can also increase the heart rate. Talking during exercise can decrease the expected pacing rate (Lau et al., 1989).


To prevent pacemaker sense amplifiers from sensing the impedance pulses, the sense amplifier can be blanked by the switches shown in Figure 17.2 whenever an impedance pulse appears.


To prevent impedance pulses from appearing on the surface electrocardiogram (ECG), the 7-µs positive pulse can be followed by a 60-µs lower amplitude balance pulse in the reverse direction. This yields a zero net pulse when filtered by the ECG amplifier.

17.5  Automatic mode switching XE  "Automatic mode switching" 
If the atrial rhythm is sinus tachycardia, it is physiologically appropriate and we would like to sense the atrial rate to pace the ventricle. If the atrial rhythm is pathological (e.g., atrial fibrillation, atrial flutter, atrial tachycardia), it would be best to switch off the AV synchronization. Teletronics models 1250 and 1254 DDDR pacemakers use automatic mode switching (AMS™) to achieve this control. Figure 17.4 shows that when atrial rhythm occurs at long enough intervals, the pacemaker operates in the dual chamber DDDR mode with AV synchronization (region III). When three atrial beats occur at intervals shorter than the postventricular atrial refractory period (PVARP), this rhythm is inappropriately rapid and causes the pacemaker to switch to single chamber VVIR mode (region II). If only a single atrial beat occurs prematurely, no atrial pacing pulse is delivered in order to prevent atrial pacing in the vulnerable period of repolarization, which could cause induction of an atrial tachyarrhythmia. 


If the pacemaker senses a P wave during the atrial absolute refractory interval XE  "refractory interval" , it ignores it for all purposes (region I). If the pacemaker senses P waves during the atrial monitor interval XE  "atrial monitor interval" , the AMS switches to VVIR mode (region II). If the pacer senses P waves during the DDDR atrial inhibit interval XE  "atrial inhibit interval" , it paces AV synchronous with sensing of the ventricle inhibiting pacing in the ventricle (region III). If the intrinsic atrial rate is too low, causing time-out of the atrial alert timer XE  "atrial alert timer"  and entering the DDDR atrial pace region, the pacer stimulates the atrium at the metabolic indicator rate (region IV) (Nappholz et al., 1992).


Figure 17.5 shows timing diagram of a cardiac cycle and its associated time intervals indicating how the pacemaker responds to a cardiac event when sensed in different time intervals (Nappholz et al., 1992). 
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Figure 17.4  When the atrial rhythm is at long intervals, the AMS pacemaker operates in the DDDR mode (regions III and IV). When the interval is shorter than PVARP, it operates in the VVIR mode (regions I and II). The PVARP limit and AV delay shorten with increasing MV. 

Figure 17.5  If a P wave is sensed, after the AV delay the ventricle is paced. During the atrial alert time, a sensed P wave will trigger a synchronized pacing of the ventricle (Nappholz et al., 1992).


If after the pacemaker generates a ventricular pacing pulse, retrograde conduction XE  "retrograde conduction"  causes sensing of a P wave in the atrium within the PVARP, the pacemaker extends the timer for the atrial alert period sufficiently to allow the atrium to repolarize following the retrograde depolarization. This prevents pacemaker-mediated VVIR mode.


The AMS feature allows automatic switching from an atrial-tracked DDDR mode to a nonatrial-tracked VVIR mode in the setting of unphysiologic atrial beats. This has allowed implementation and programming of DDDR pacemakers and DDDR pacing modes in patients who have intermittent episodes of atrial tachyarrhythmias (atrial flutter and atrial fibrillation). Thus, these patients enjoy full AV synchrony during periods of normal atrial activity without a physician constantly reprogramming their pacemakers. 

17.6  Minute ventilation and body activity sensors

Figure 17.6 shows that the Legend Plus pacemaker from Medtronic, Inc. extracts information from two sensors. A piezoelectric ceramic bonded to the inside of the flexible pacemaker can provides a signal caused by the mechanical muscle movement under the can. Thus body movement provides information that yields a rapid increase in pacing rate at the onset of activity. An impedance-based measurement of minute ventilation provides a more accurate pacing rate for sustained exercise.

Figure 17.6  Dual sensor rate-responsive pacemaker. Piezoelectric sensor 20 yields fast response to motion. Impedance circuit 82 measures minute ventilation to yield long-term accuracy (Wahlstrand et al., 1993).


Cooper (1994) has designed an algorithm that combines inputs from activity and minute ventilation inputs. The algorithm is based on a hierarchical fuzzy logic XE  "fuzzy logic"  expert system XE  "expert system" . A group of expert electrophysiologists recommended that:

1.
Except as otherwise recommended, the dual-sensor rate output should follow the minute ventilation indicated rate.

2.
At the onset of exercise, the dual-sensor rate output should follow the activity-indicated rate, but only up to 50% of the maximal rate elevation.

3.
If the activity response is very low, and the minute ventilation response is very high, limit the dual-sensor rate response to 25% of the maximal rate elevation. This cross-check prevents long-term pacing at high rates due to hyperventilation in a resting patient.


Figure 17.7(a) shows the response to a simulated step function of exercise. The dual-sensor XE  "dual-sensor"  response at onset of exercise is more rapid than minute ventilation alone, but the activity contribution is contained at 50% of maximal rate elevation until minute ventilation catches up. Figure 17.7(b) shows the response to a stepped ramp function of exercise. The difference between dual-sensor response and minute ventilation response mainly occurred at the onset of the first step of exercise.


(a)
(b)

Figure 17.7  (a) Dual-sensor response to a simulated step function of exercise. (b) Dual-sensor response to a simulated stepped ramp function of exercise. From Cooper, D. 1994. A dual-sensor rate-responsive pacemaker algorithm incorporating a fuzzy logic expert system. Computers in cardiology 1994. Piscataway, NJ: IEEE.
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17.8  Instructional objectives

17.1
Explain the advantages and disadvantages of the use of minute ventilation as compared with the use of body motion for rate-adaptive pacemakers.

17.2
When measuring electrical impedance in the body, explain the problem with using small electrodes instead of large electrodes.

17.3
When measuring electrical impedance in the body, explain the advantage of using four electrodes instead of two electrodes.

17.4
When measuring electrical impedance in the body, explain how to avoid undesirable tissue stimulation.

17.5
When measuring electrical impedance in the body, explain how to avoid pickup by pacemaker sensing amplifiers.

17.6
When measuring electrical impedance in the body, explain how to avoid pickup by surface ECGs.

17.7
Explain how to calculate minute ventilation from impedance.

17.8
When measuring minute ventilation, explain how to avoid errors due to the long-term drift of impedance.

17.9
When measuring minute ventilation by impedance, explain how to avoid errors due to long-term sustained exercise.

17.10
When measuring minute ventilation by impedance, explain how to avoid sudden changes of pacing rate.

17.11
Explain the situations where external interference may cause malfunction in minute ventilation rate-adaptive pacemakers.

17.12
Explain the result of sensing P waves during the atrial monitor interval.

17.13
Explain the result of sensing P waves during the atrial inhibit interval.

17.14
Explain the result of the atrial alert timer timing out.

17.15
Explain the advantages of using dual minute ventilation and body motion sensors in rate-adaptive pacemakers.
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