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The most widely used method for rate-adaptive pacemakers is to sense body movements. This approach has been met with clinical success because it does not require additional leads (sensor is inside the pacemaker can) so the system is easy to implant, is relatively simple to program, and, as we will see later, rapidly adjusts the pacing rate. A motion sensor inside the pacemaker senses body movements which are primarily due to the patients’ foot fall. The pacemaker uses this sensor signal to determine the appropriate pacing rate. Body motion sensing does not directly sense metabolic changes such as anxiety, fever, or circadian heart rate changes. 


The motion-based rate-adaptive pacing rate accuracy is based on:

1.
Sensitivity: modifying the sensor signal to make it proportional to patient exertion.

2.
Specificity: pacing rate should be specific to activities that normally increase heart rate, in other words, pacing should not change due to activities that normally do not cause heart rate increases (nonactivities), environmental factors such as vehicular travel, or other noise inputs.

3.
Rate of increase/decrease (speed of response): appropriate pacing rate increase/decrease following activity changes.


To meet these requirements the motion-based pacemaker designer must carefully choose (Figure 14.1):
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Figure 14.1  Rate-adaptive pacemaker XE  "Rate-adaptive pacemaker"  basic block diagram. The raw sensor signal is converted to an activity estimate with signal processing (i.e. filtering, amplifying, threshold detectors). Designers are challenged to make the activity estimate proportional to the patient activity level. A pacing rate is determined based on the activity estimate and programmed parameters.

1.
A sensor that detects activity and uses nanoamperes of power.

2.
Signal processing that distinguishes between activities and nonactivities.

3.
An algorithm for generating an appropriate pacing rate based on the processed activity level and is adjustable to meet the needs of various patients.


Clinicians typically program the adjustable parameters through telemetry after the pacemaker is implanted. These commonly programmed parameters are (1) minimal activity level required to increase pacing rate, (2)  the rate of pacing rate increase/decrease, and (3) the maximal pacing rate. Typically the programmable parameters are optimized by having the patient simulate daily exercises such as walking or climbing steps.


There are three sensors currently used for detecting body motion: piezoelectric, piezoresistive, and piezocapacitive. Also there are two methods are used for mounting these sensors:

1.
A piezoelectric crystal is bonded to the inside of the pacemaker can. This detects pressures caused by the moving body.

2.
An accelerometer mounted on the circuit board.


This chapter discusses motion sensing, the sensing elements, and it discusses the designs of commercial rate responsive pacemakers. Finally, it presents comparisons of the various devices.

14.1  Human activity and heart rate

Original pacemakers maintained a minimum heart rate so that patients did not become dizzy and faint during a cardiac conduction block. This was a great advancement, but during patient activity this minimum heart rate would limit cardiac output, since cardiac output equals the product of stroke volume and heart rate. During exercise a person with a normal heart rate triples cardiac output, with the increase mainly due to heart rate and a smaller portion to enhanced contractility and stroke volume.


The first solution (introduced in the 1970s and still used today) is the use of atrial synchronous pacing. In this mode an electrode senses atrial depolarization (P wave) and then uses a second electrode to stimulate the ventricles, the main pumping chamber in the heart. This bypasses the dysfunctional AV node; however, 30–50% of paced patients have a dysfunctional atrium, classified as sick sinus syndrome (Anderson, 1986). Therefore, in the late 1970s researchers started investigating techniques to emulate a normal, variable heart rate of a normal sinus. In the past few years, clinicians have routinely used rate-adaptive pacemakers which produce a pacing rate responsive to the body’s needs.

14.1.1 Correlation basis

The relationship between human activity and heart rate is based on the correlation that body activity requires energy expenditure which increases the oxygen consumption. The body increases blood circulation by increasing the cardiac output to meet this energy expenditure rise in oxygen consumption. The contractility change is limited so the primary cardiac output increase is due to a heart rate increase. Therefore, body activity is accompanied by a heart rate increase.


The degree of the correlation between sensed body activity and heart rate is dependent on the ability to distinguish between varying exertion levels of different activities while excluding nonactivities (activities which do not cause a heart rate increase). This distinguishability depends on the relative magnitudes and frequencies of activities and nonactivities. Nonactivities include things like vehicular travel vibrations, a vacuum cleaner, or an electric knife. Different levels of exertion need to be distinguished to adjust heart rate; for example climbing stairs should produce a higher rate than descending stairs. The same exertion level for different activities should require the same rate such as walking or biking at 100 W of expenditure.

14.1.2 Power expenditure research

Motion-based rate-adaptive pacemakers try to measure the power generated by the body to adjust the heart rate appropriately. The power (W) integrated with respect to time is energy (W·s). Physics reveals that for a free-moving frictionless body of mass m starting at rest, the energy W required to accelerate it to velocity v is 



W =  EQ \F(mv2,2)  =  EQ \F(m [\I(0,t,a dt)]2,   2) 
(14.1)

Thus, energy is proportional to the integral of acceleration squared.


Cotes and Meade (1950) studied human ambulation theoretically and experimentally. They found three relationships on walking/running:

1. 
Lift height per minute is proportional to the square of the velocity.

2. 
Energy expenditure is proportional to the square of the velocity.

3. 
Energy expenditure is proportional to the lift work.

Therefore, either lift height per minute or forward velocity can be used to measure walking energy.


Montoye and Epstein (1965) studied energy expenditure for correlating diseases with inactive or sedentary life-styles.


Ismail et al. (1971) reliably predicted oxygen consumption using force platform measurements which measure the three orthogonal components of a force acting on a rigid platform. For a rigid body, acceleration components are proportional to force based on the relationship f = ma. Therefore acceleration can be used to predict oxygen consumption. An accelerometer is a device that  measures acceleration. Reswick et al. (1978) found the integral of absolute value of the acceleration divided by time yields oxygen consumption. The result obtained using the absolute value of acceleration is a good estimate if the subject is not involved in high force activities with short movements such as weight lifting or isometric exercises.


Wong et al. (1981) designed and tested a portable accelerometer which could be worn by a subject as a measure of energy expenditure. The absolute value of acceleration is integrated and scaled to produce an energy expenditure estimate. Servais et al. (1984) redesigned this device to improve the transducer and display resolution and reduce the power consumption and size. This device measured accelerations in the vertical axis of the subject. These devices had good reproducibility and produced good energy expenditure estimates.


These researchers showed that it is possible to measure body activity and estimate energy expenditure and found it possible to correlate these with oxygen consumption and heart rate.

14.1.3 Acceleration sensing of various exertion levels, activities, nonactivities, and noise

Alt et al. (1989) used triaxial external accelerometer XE  "accelerometer" s strapped onto the pectoral region of twelve subjects (six healthy volunteers and six pacemaker patients) to emulate accelerometers inside a pacemaker can implanted in the pectoral region. Mianulli et al. (1989) and Benditt et al. (1991) found strap-on acceleration-sensed rate-adaptive pacemakers are valid representations of implanted rate-adaptive pacemaker response when standardized techniques are used. Vertical (up and down for a standing human), horizontal (forward and backward), and lateral (side to side) accelerations were recorded for a variety of exertion levels, activities, and noise sources. The piezoresistive accelerometers from Endevco (2262 CA-200) had a measuring range of ±200 g, a much wider range than they measured (±2 g).


The following sections describe the results from the study performed by Alt et al. They performed a Fast-Fourier Transform  on the data to provide frequency and amplitude information. The subjects had a wide variability in age (22–78), height (154–196 cm), and weight (58–100 kg) however, the data showed no direct influence due to these parameters.

Walking

For various exertion levels walking on a treadmill, the acceleration frequency for each axis was linearly related to the step frequency (number of times the foot hits the surface per second) . The frequency of the highest acceleration amplitude was found to be in the range from 1 to 4 Hz for speeds varying from 3.2 km/h (0% grade) [a normal walk] to 5.6 km/h (16% grade) [a near run] (Alt et al. 1989).

Harmonics

The peak amplitude occurred at the step frequency. Harmonics of the step frequency are also significant, but less than the fundamental step frequency. For instance, the horizontal axis, acceleration third harmonic for a walking speed of 4.2 km/h is about 40% of the peak value, while the component at 10 Hz is about 20% of the peak (Alt et al. 1989).

Stationary bicycling and axis comparisons

Bicycling does not have the foot impacts that other activities do and therefore it is harder to determine the activity level. The vertical axis has the largest walking signal for all exertion levels, but it also has the smallest bicycling signal for all levels. The vertical mean acceleration signal changes by about 100% over the range of exertion levels for walking but has negligible change during biking. The lateral axis signal is at least twice the horizontal or vertical axis signals for all exertion levels. The lateral and horizontal mean acceleration signals change by about 40% over the range of exertion levels for biking and 100% for walking (Alt et al. 1989).

Stair ascent/descent and axis comparisons

The average age of a bradycardia pacemaker patient is 72 years old (Medtronic, 1993). A common activity which requires a pacing rate increase is climbing a flight of stairs. The acceleration going up stairs is very low, but the need for a pacing rate increase may be high depending on the patient condition. Three speeds were tested for ascending and descending a flight of stairs. Acceleration variation with speed of ascent or descent was insignificant for the lateral and horizontal axis. The horizontal axis showed similar mean acceleration levels for ascent and descent. The lateral axis mean acceleration ascending was almost double that of descent. The vertical axis mean acceleration had a variation with speed, but mean acceleration levels were similar during ascent and descent (Alt et al. 1989).

Comparing low and higher frequencies for walking and noise

Two fourth-order Butterworth filters were constructed to show the relative strength of the activity data. The low-pass filter had a corner frequency at 3 Hz and the high-pass filter had a corner frequency at 8 Hz. The low-passed data were about five times greater in amplitude than the high-passed data for each walking level tested. Both sets doubled in amplitude from the lowest walking level to the highest.


Tests on acceleration levels for various noise sources were presented for the horizontal axis. Household duties such as vacuuming, cleaning windows, or cutting with an electric knife had mean acceleration values at similar levels both below 3 Hz and above 8 Hz. Hitting the chest produced strong noise signals at the frequency of excitation as well as at the harmonics. (Alt et al. 1989).

14.1.4 Pressure sensing of various exertion levels, activities, nonactivities, and noise

The first rate-adaptive sensing technique used a piezoelectric sensor XE  "piezoelectric sensor"  which is bonded to the inner surface (Figure 14.2) of the pacemaker housing (or can) to sense acceleration pressures. A pacemaker is normally implanted so that the sensor faces inward. Body movement causes pressures which bend the can and thus the sensor. An intimate bond between the sensor and can is required for transducing the pressure exerted on the can to the sensor. A piezoelectric bender element is used to convert this bending action into a generated voltage, which is amplified and filtered as mentioned in section 14.2.1.
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Figure 14.2  Piezoelectric element bonded to the inside of the pacemaker can. Body motion causes pressure fluctuations which cause the can to deflect which bends the sensor to produce a voltage. The leads from the piezoelectric sensor are connected to the pacemaker electronics. This is one possible layout for the pacemaker components.


The body acts like a mass-damper system with a resonance around 10 Hz. According to Deickmann (1957), the mechanical energy originating from the feet propagates through the body as pressure waves, especially if the energy is in the 5 to 40 Hz region.


We have not found published raw data on the crystal bonded to the can like the study done by Alt et al. (1989) on accelerometers. Many studies have tested the heart rate performance of piezoelectric-based pacemakers but did not measure raw sensor output. The studies will be presented later in the chapter. Anderson and Brumwell (1984) reported that “data has been collected which shows that the response of the typical human body which results from mechanical activity related to the physical activity of the patient such as pedal impacts from walking or running are centered around approximately 10 Hz.”


The noise components, similar to the signals from the accelerometer, occur at a variety of frequencies and amplitudes. A piezoelectric sensor does not respond to dc signals; however, direct pressure on the body around the can will increase the effective mass of the can which will magnify signals. For instance, the cardiac signals from the heart (≈ 1 Hz) may appear as an activity when the patient is lying prone (i.e. sleeping).


The piezoelectric sensors like classical accelerometers should have a stronger signal descending stairs than ascending because the feet are hitting the ground harder. An activity like biking should produce amplitudes less than walking or running because very little impact is present. However, there is body movement and signals will be produced.


The type of footwear may affect the amplitude of crystal and accelerometer signals because some shoes (i.e. running) may absorb the foot impact more than other shoes. However, the step frequency is not affected by changes in footwear.
14.2  Sensors currently used

Piezoelectric, piezoresistive, and piezocapacitive are three different sensing techniques which are used in various configurations to sense accelerations.

14.2.1 Piezoelectric sensor XE  "Piezoelectric sensor" s

Piezoelectric transducers are used to sense various mechanical properties because, when they are bent or deformed, an electric charge is produced. They produce strong signals (several millivolts) when deflected only a few nanometers. Mechanical strain produces the electric potential because an asymmetrical crystal lattice is distorted causing a charge reorientation which yields a relative displacement of negative and positive charges. These internal charges induce surface charges of opposite polarity on opposite sides of the crystal, which can be measured by the voltage between electrodes attached to the surfaces. They are different from most other sensors because their effect is reversible; they deflect mechanically when subjected to an applied voltage.


The Curie family discovered the piezoelectric effect in natural quartz around 1880. Modern transducers often use artificially grown quartz (SiO2) crystals, eliminating impurities and crystal imperfections, but man-made piezoelectric ceramic materials are more common.


Piezoelectric sensors can be configured to sense a variety of mechanical variables including: force, displacement, vibration, pressure, or acceleration. These modes are implemented using certain materials and crystallographic orientation of the plates and the method of fixation. Longitudinal compression mode induces a voltage across the electrodes when the thickness is changed. Thickness-shear action is the common mode for piezoelectric sensors in pacemakers. Figure 14.3 shows the bender configuration which has two layers of crystalline material laminated together with a brass center layer. When an external force is applied to the lower part of the sensor, the top expands and the lower part is compressed. Charge outputs of like polarity are produced because the two layers are polarized in opposite directions. The charge q produces an output voltage Vo= q/Cs. This charge generator is equivalent to a current generator because i = dq/dt.
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Figure 14.3  A piezoelectric bender element induces a voltage (several millivolts) when mechanically deflected.


Accelerometer XE  "Accelerometer" s use piezoelements and a seismic mass and/or a cantilever beam. It is analogous to a weight on a spring which is connected to a frame.  As the frame moves, the mass will tend to stay at rest until the spring, being stretched, can exert enough force on the mass to make it move. The piezoelectric bender element is one example of a sensor used in accelerometers to measure displacement changes of the base. A beam of piezoelectric or piezoceramic material is attached to the seismic mass as shown in Figure 14.4. Electrical contact is made to electrodes on the top and bottom of the beam. The base of the accelerometer is attached to the test object whose movement, say, is perpendicular to the bender and will exert a force on the mass of the beam. The mass’s inertia will resist movement, causing the beam to bend. The electrodes detect the electric signal which can be conveyed to an amplifier. 
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Figure 14.4  Accelerations perpendicular to the base mass are sensed by a piezoelectric element which produces an electrical signal across the electrodes. 


The advantage of a piezoelectric accelerometer is that it produces a voltage while the two other acceleration sensors (piezoresistive and piezocapacitive) consume some power for sensing. Often a custom-designed sensor is used for pacemaker applications because a small size and range (±2 g) is required. Manufacturers of piezoelectric accelerometers include IC Sensors and Endevco.


One piezoelectric accelerometer suitable for implementation in a pacemaker is the ENDEVCO Model 12 Picochip®. This model uses a bimorph sensing element with a cantilever beam to generate a high charge output for its size (3.82  4.57  1.53 mm) and mass (85 mg). The device can be mounted to the pacemaker can or used as a surface mount chip component. The frequency response is 1–2000 Hz (±5%). The charge sensitivity is 2.0 pC/g with a sensor capacitance of 550 pF. The voltage sensitivity is about 3.6 mV/g when cabling capacitance is low. The maximal vibration is 500 g. A charge amplifier is used for converting the charge into a usable voltage signal. An example of a switched-capacitor charge amplifier is now presented. The fundamentals of switched-capacitor amplifiers are covered in Chapter 8.


Figure 14.5 shows a two-stage amplifier with bandpass filtering. The first-stage converts charge to voltage with high-pass filtering while the second-stage provides low-pass filtering. Both stages have adjustable gain. The high-pass corner frequency is



fcH =  EQ \F(1,2πCf1Reff1)  =  EQ \F(fsCs1,2πCf1) 
(14.1)

where, Reff1= 1/fsCs1, fs = the clock switching frequency, and Cs1 = leakage capacitance. 
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Figure 14.5  The first-stage is a charge amplifier and high-pass filter while the second stage is a low-pass filter. The switched capacitors act like a resistance. This circuit is a parasitic insensitive topology.


The charge sensitivity for the Picochip accelerometer determines the charge induced by an acceleration (g), and then the amplifier first stage converts charge to voltage. The gain of the first-stage charge amplifier XE  "charge amplifier"  is



G1 =  EQ \F(1,Cf1)  \F(V,C) 
(14.2)

The low-pass filter corner frequency and gain are



fcL =  EQ \F(1,2πCf2Reff2)  =  EQ \F(fsCs2,2πCf2) 
(14.3)



G2 = –  EQ \F(Ci,Cs2)  \F(V,V) 
(14.4)

Example for charge amplifier in Figure 14.5:


Design a circuit for the Picochip by Endevco which passes frequencies from 1–5 Hz. For an acceleration of 2 g the circuit’s output should be 5 V. The clock frequency range is 1–5 kHz and capacitors’ values must range from 0.25–50 pF.

Solution:

The charge produced by the Picochip for an acceleration of 2 g is

 EQ \F(2 pC,g)   2 g  =  4 pC

For the high-pass filter, given fcH = 1 Hz, choose fs =1000 Hz and 

Cs1 = 0.25 pF to minimize Cf1 so G1 is maximized.

Solving for Cf1 in Eq. (14.1): Cf1 = 40 pF and 

G1 =  EQ \F(1, 40 pF)   =  0.025  EQ \F(V,pC) 
First stage output = 0.025  EQ \F(V,pC)  times 4 pC = 0.1 V. We want second-stage gain

G2 =  EQ \F(– 5 V,0.1 V)    =  – 50  EQ \F(V,V) 
For the low-pass filter, given fcL = 5 Hz, choose Cs2= 0.25 pF and fs =1000 Hz. Solving for Cf2 in Eq. (14.3): Cf2 = 8.0 pF.

Solving for Ci in Eq. (14.4): Ci = 12.5 pF.

14.2.2 Piezoresistive sensors

A piezoresistive sensor is based on the property that electrical resistance changes when the material is mechanically deformed. They are often called strain gage XE  "strain gage" s because the deformation causes strain. The first strain gages used metal filaments on a backing film of electrically isolating material (Pallás-Areny and Webster, 1991). Currently, they are often made from copper/nickel alloy (constantan) or a single crystal semiconductor material such as silicon with boron impurities. Stressing semiconductor materials causes resistivity changes. The semiconductor’s variation with strain is approximately 50 to 70 times that of the metals. This larger variation is desirable because less amplification is needed. The semiconductor resistive changes from mechanical stress are dependent on the type of material and the doping dose. A p-type material increases resistance with strain while an n-type material decreases resistance from strain (Pállas-Areny and Webster, 1991). The strain sensitivity is temperature dependent, but the temperature of a sensor in a pacemaker implanted in the body only changes a few degrees centigrade which has very little effect on the sensor materials. If there is temperature sensitivity, either additional temperature compensation circuitry is used or an expandable backing material is used which causes the backing resistance to decrease and offset the semiconductor resistivity increase.


Piezoresistive accelerometers use a mass suspended by four semiconductor strain gages (Figure 14.6) that act like legs of a table. As the mass is accelerated perpendicular to its surface a strain occurs on the gages which changes their resistance proportional to the acceleration. Manufacturers include Endevco and IC Sensors.
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Figure 14.6  (a) Top view of a piezoresistive accelerometer XE  "accelerometer" . Accelerations in or out of the page cause the mass to move in or out which stretches or compresses the semiconductor resistive elements. (b) Side view. Accelerations up or down cause the strain gages to stretch or compress. (c) A strain gage bridge which outputs a voltage proportional to small resistance changes due to acceleration. The differential amplifier (Figure 8.18(a)) converts the signal into a usable voltage level.


A strain gage bridge with a differential amplifier is used to convert small resistive changes to accelerations (Figure 14.6(c) ). The resistance of each semiconductor is on the order of several kilohms. The bridge is balanced by making R1/R2 = R3/R4 so that the output is 0 V, but under strain the resistance changes making the output voltage



Vo =  EQ \b( \F(R2,R1 + R2)  –  \F(R4,R3 + R4)) Vi
(14.5)

14.2.3 Capacitive sensor XE  "Capacitive sensor" s

Capacitive sensors have grown in popularity due to the application of photolithography techniques used in the semiconductor industry. The advantages of the capacitive sensor include their high stability, reproducibility, and resolution. These sensors can be applied to the measurement of any quantity that can be converted to a displacement, such as pressure, force, torque, and acceleration. 


A capacitor is made from two electric conductors separated by a dielectric, often air or vacuum. The difference in voltage between the conductors is V = Q/C, where Q is the charge and C is the capacitance. The capacitance is a function of the plate area, dielectric material, and the distance between the plates. Therefore, different capacitor arrangements can be used to build capacitive sensors whose output varies as a function of plate area, plate separation, or dielectric. The change in dielectric is rarely used due to the mechanical problems during manufacturing and operation. The variation of area is commonly used for medium range displacement measurements (1–10 cm). The common arrangement for small and large displacements is based on the variation of distance between plates (Pallás-Areny and Webster, 1991).


Capacitive accelerometers utilize a varying distance between plates as a function of acceleration. These sensors usually have one plate stationary (connected to the housing) and another plate is attached to the moving mass. To compensate for interference and drift a third (upper) plate is added in the same structure and is also connected to the housing (Figure 14.7). One capacitor is formed between the bottom and middle capacitor and the other between the middle and top plate. Figure 14.7(a) shows a micromachined silicon, piezocapacitive accelerometer cross section where an internal mass is supported by four silicon springs in between the upper and lower caps. The outside plates are rigidly held in place and the center mass (plate) moves proportional to accelerations perpendicular to the substrate. When the mass (center plate) is displaced a distance x towards the upper plate, the upper plate spacing decreases by x. The amount of decrease is equal to the force acting on the mass divided by the spring constant of the silicon springs. Therefore, the capacitors vary proportional to acceleration when the electrostatic forces do not affect the mass position. If d is the plate distance for the top Ct and bottom Cb capacitances at rest then after movement,



Ct =  EQ \F(e0 er A,d – x)    and Cb =   EQ \F(e0 er  A,d + x) 
(14.6)


The difference between the top and bottom capacitor voltages is proportional to the acceleration. Therefore, two capacitors can be used as the input impedances to a differential switched-capacitor amplifier (Figure 14.6(b)) whose output is proportional to acceleration.


Piezocapacitive accelerometers in the ±2 g range change capacitance by about 2–5% with a total displacement around one 1 µm. This makes the sensors difficult to mount because a small change in the thin ceramic walls will produce capacitive offsets. Piezocapacitive accelerometer signal conditioning is also more difficult than for piezoresistive and piezoelectric accelerometers. Manufacturers of these sensors include Silicon Designs, Inc., Endevco, Analog Devices, Motorola, and Kistler.


 EMBED Word.Picture.8  


Figure 14.7  (a) A piezocapacitive accelerometer where an internal mass is supported by four silicon springs in between the upper and lower capacitors. The capacitances of the upper and lower plate vary as a function of acceleration. (b) A switched-capacitor differential amplifier whose output voltage is proportional to acceleration.

14.3  Pressure-based approaches

This section discusses pacemaker implantation issues for detecting pressures resulting from accelerations. Then, it presents the signal processing and rate-adaptive algorithms for common pacemakers or patents from Medtronic, Inc., Biotronik, Inc., and Pacesetter Systems (St. Jude).  XE  "Pressure sensor" 

All the pacemakers have programmable minimal and maximal heart rates. A programmable threshold is also common to most designs. The threshold sets the minimal level of activity which must occur for an activity to be processed by the rate-adaptive algorithm and also allows for sensor-to-sensor manufacturing variation. Lowering the threshold allows lower levels of activity to be detected. For instance, an older person may move slower than an athletic person, but the older person will probably need a pacing rate increase with minimal activity. Therefore, the threshold should be set low. Present pacemakers also have programmable curves that map activity levels to target pacing rates. The rate of pacing rate increase and rate of pacing rate decrease as a function of time are often programmable.

14.3.1 Issues of detecting pressure

Chevalier (1985) reported clinical studies which suggested that the sensor could be placed in either the pectoral or abdominal region. Anderson and Moore (1986) performed a couple of activities with the sensor located at both locations. They found a slightly larger signal from the abdominal location than the pectoral region, but both were within the range of the threshold programming.


Pacemaker manufacturers are constantly trying to reduce the size and weight  of the pacemaker and its can. The size of the pacemaker can may vary the coupling (how the can transmits movement) between the patient, sensor, and can. Therefore, each model will be built with a slightly different internal gain so that heart rate response does not change. The coupling may also be affected by the patient’s upper body structure or how the pacemaker rests in the patient (pacemaker may move around after implanted).

14.3.2 Medtronic, Inc.

This section describes the first motion-based rate-adaptive pacer patent to show the basic operation of a rate-responsive pacemaker. Then, the operation of Medtronic’s various rate-adaptive motion-based pacemaker models are discussed. In 1992, rate-adaptive pacing systems accounted for more than 60% of Medtronic pacemaker units sold around the world (Medtronic, 1992).
First rate-adaptation by motion patent

Anderson and Brumwell (1984), from Medtronic, Inc., patented the first rate-adaptive pacer. Figure 14.8 is a functional block diagram of Anderson and Brumwell’s rate adaptive pacer. These functions were used in Medtronic’s first rate adaptive pacemaker, the Activitrax. The following paragraph discusses the operation of the patent.


Body accelerations produce pressure, which bends the piezoelectric sensor XE  "piezoelectric sensor"  producing a signal in the millivolt range. A bandpass filter removes respiratory, cardiac, and other low-frequency noise from the raw sensor signal. The comparator produces an activity estimate . An activity estimate is usually generated after filtering, amplifying, and using threshold levels on the raw sensor signal. Designers are challenged to make the activity estimate proportional to the patient activity level. The activity estimate is a series of variable-spaced pulses of constant height and width. Next, the activity estimate is integrated to produce a voltage signal which in turn causes a proportional pacing rate. The integrator has a programmable curve that determines the heart rate increase/decrease. The rate of increase/decrease is a programmable parameter between the activity estimate and pacing rate. Most manufacturers use linear curves, however some have exponential shapes. The pacing rate decrease operation is not described in this patent, however, the techniques implemented by Medtronic’s pacemakers are discussed in the following sections. The term voltage-controlled oscillator XE  "voltage-controlled oscillator"  (VCO) is used; a VCO produces constant height pulses which causes a pacing rate proportional to their occurrence per unit of time. This signal is used by the pacemaker’s escape timer to generate a stimulation rate.
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Figure 14.8  The signal is bandpass filtered to reduce unwanted signals. A comparator produces activity estimates which are pulses with widths proportional to the area above a programmed threshold. The integrator uses programmable slopes to produce a voltage signal which produces a pacing rate proportional to that signal.is. The VCO generates pulses whose frequency is the pacing rate.

Activitrax®

Activitrax was released in 1984 as the first rate-adaptive motion-based pacemaker. The motion-based rate-adaptive technology has been used by over 100,000 patients between 1984 and 1989 (Medtronic, 1989). Similar to the patent by Anderson and Brumwell (1984), accelerations produce pressure to bend the piezoelectric sensor which produces a voltage. The programmer selects from three minimal pacing rates (60, 70, or 80 ppm) and three maximal rates (100, 125, 150 ppm). A bandpass filter removes ventilatory, cardiac, and other low-frequency noise components from the raw sensor signal. A threshold detector and counter counts excursions per second above a programmable threshold (Figure 14.9). Zero counts/s is no detected activity above the threshold and 15 counts/s is the heaviest activity. The programmer has the choice of three threshold levels. The counts/s are mapped to a target pacing rate XE  "target pacing rate"  using one of ten programmable curves that map an activity estimate (level) to a target pacing rate. The target pacing rate is the pacing rate that should be obtained for the present activity estimate (level). The target rate is updated every two seconds, but the pacing rate does not change as rapidly because the pacing rate is smoothed by the pacing rate time constants, which are discussed in the following paragraphs. The activity estimate to target pacing rate mapping could be implemented with a look-up table. Figure 14.10 shows the shape of five rate-response curves.
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Figure 14.9  Activitrax rate-adaptation block diagram. Counter counts activities above a programmable threshold setting. Rate response curves convert the activity estimate (counts/s) to a target pacing rate. The pacing rate is calculated based on present rate, target rate and rate of increase/decrease which determines how fast the pacing rate should change.


The next pacing rate is calculated based on the present pacing rate, target pacing rate, and the rate of increase/decrease. The rate of increase/decrease is how fast/slow the pacing rate can change as a function of time. The Activitrax has set  XE  "acceleration time" acceleration and deceleration time XE  "deceleration time" s, which determine the rate of increase/decrease as a function of time. The acceleration and deceleration times vary the rate of pacing rate change as a function of time (how fast/slow does the pacing rate change). The acceleration/deceleration time is the time it takes to achieve 90% of the difference between the present rate and the sensor-indicated target rate. The 90% difference is calculated using pacing intervals and not by the pacing rate.


 EMBED Word.Picture.8  


Figure 14.10  Five of the ten programmable rate response curves. The curves map the activity estimate (counts/s) to a target pacing rate. Reprinted with permission from Medtronic, Inc. ©Medtronic, Inc. 1986.


After an increase in the activity estimate, the rate increase curve resembles a relatively fast (smaller time constant) first-order system step response, while after an activity decrease the pacing decrease curve resembles a slowly decaying response. If activity level stabilizes, the pacing rate maintains its steady state value until the activity level changes. Equations (14.7) and (14.8) show the response is dependent on the present pacing rate (ppr), target pacing rate (tpr) and the time constants. The time constants are proportional to the acceleration/deceleration time and determine the rate of increase/decrease. The increase (i) and decrease (d) time constants are nonprogrammable for the Activitrax but have programmable values for other Medtronic pacemakers such as the Legend®. Figure 14.11 shows a first-order response to a step change in activity level. The actual pacing rate is updated once per second and therefore would be constant over the one second interval. 
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Figure 14.11  An increase in the activity estimate causes the pacing rate to slew towards the target pacing rate that is determined from the mapping curves. An activity estimate decrease causes the pacing rate to decay to a lower target pacing rate.



npr = ppr + (tpr – ppr) (1 – e–t/i)
(14.7)



npr = tpr + (ppr – tpr) (e–t/d)
(14.8)

where

npr
= next pacing rate

ppr
= present pacing rate

tpr
= target pacing rate

i
= rate of increase time constant

d
= rate of decrease time constant


One disadvantage of a device depicted in Figure 14.10 is that, for maximum activities along some curves, the rate can not reach the programmed maximal rate. An example of this is: curve #5 is programmed along with a maximal pacing rate of 150 bpm. The maximal rate is not achievable because the maximal curve flattens out at 140 bpm. The inability of the Activitrax to achieve the maximal rate was confirmed in several studies including Mond (1993) and Lau (1989). This disadvantage was fixed by using linear mapping curves in Medtronic’s next generation pacemakers.


Toff et al. (1987) tested the Activitrax with typical settings aboard an aircraft. They found that pacing rates were not unduly affected by travel in fixed wing aircraft although large rate increases did occur transiently in the smaller aircraft. Sustained rates were observed in rotary wing aircraft and hovercraft. These rates are often well tolerated and often unnoticed as long as the patient is awake.


Kubisch et al. tested the Sensolog in a sports plane and reported that jostling from turbulences causes rate increases. The affect is highly dependent on the chosen programming parameters. Further investigation of air travel with respect to the programmed parameters should be carried out.


Medtronic’s present rate-adaptive pacemakers do not distinguish the intensity of activities once they are over the minimal threshold. The amount of activity is indicated by counting activity occurrences, even though one count may have a much higher intensity over the threshold than another count. The effect on the pacing rate may be minimal for most exercises because as the activity level increases, so does the cyclic frequency. This was shown by Coates and Meade in 1960. Lau et al. (1988b) showed that a better correlation between pacemaker and sinus rates could be achieved by using the strength of vibration rather than a process of peak counting. However, an accelerometer was used to determine the strength of vibration and this was compared to the Activitrax’s heart rate response. Therefore, this study is somewhat inconclusive because two different variables were sensed and different signal processing is used in the devices.


Lau et al. (1988a) found that the Activitrax responds rapidly and accurately to variations in walking speed on a constant slope, but when the treadmill slope was increased the pacing rate did not change even though the energy level was higher. This effect is similar to stair ascension and will probably be experienced by all motion sensing pacemakers because the impact frequency and magnitude do not change proportional to grade levels so the heart rate will not be dependent on grade.

Synergyst ®

The Synergyst line uses Activitrax’s rate-adaptive technology, but is a dual chamber pacemaker, pacing both the atrium and ventricle in response to activity.

Legend® and Elite®

This next generation rate-adaptive pacemaker provides the user with more programming features and the ability to record and report cardiac events. It was introduced in the United States during Medtronic’s fiscal year 1990. The Legend, a single chamber pacemaker, keeps the fundamental operation of rate-adaptive pacing the same but adds more programming features for improved sensitivity, specificity, and rate response. The Elite line uses the Legend technology. However, it is a dual chamber device.


This pacemaker has six programmable lower rates (40–90 ppm) and seven programmable upper rates (100–170 ppm) (Medtronic, 1990). A new pacing rate is determined every two seconds as follows. A bandpass filter removes ventilatory, cardiac, and other low-frequency noise from the raw sensor signal. The bandpass filter has a range from 7–45 Hz. The activity estimate XE  "activity estimate"  is generated by counting peaks/2 s exceeding one of five programmed threshold windows (Figure 14.12) instead of counting activities above a positive threshold like the Activitrax. For one count to occur the signal must exceed both the positive and negative levels of the window. The number of counts per 2 s is truncated at 24. 
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Figure 14.12  Legend® and Elite® rate-adaptive block diagrams. The activity estimate (counts/2 s) is produced by counting the number of peaks outside a programmed threshold window. The activity estimate is mapped to a target pacing rate through a programmable rate response linear curve. The pacing rate is determined using the present rate, target rate and the programmable rate of increase/decrease settings.


The activity estimate (counts/2 s) is converted into a target pacing rate like the Activitrax with one of ten programmable rate response curves (Figure 14.13). Unlike the Activitrax, these curves do not flatten out, and therefore the patient’s upper pacing rate can be reached from any of the rate-response settings, provided he/she can produce enough counts. Each curve’s slope varies depending on the lower and upper rate settings, therefore they are relative curves and not set slopes. Curve #1 is always the least responsive to activity and curve #10 is the most responsive so it has the greatest incremental rate change. The pacing rate is determined using the present pacing rate, target pacing rate, and the programmable rate of increase/decrease (time response) settings. The Legend has three programmable rate of increase/decrease settings called the acceleration and deceleration times. The programmed time should be programmed to emulate the normal heart. The programmable acceleration times are 0.25, 0.5, or 1 min and deceleration times are 2.5, 5, or 10 min. (Medtronic, 1990).


Since the Legend and Elite, Medtronic has developed several other motion-based rate-adaptive pacemakers with an operation common to the Legend, but with additional features. The Legend Plus is a dual sensor pacemaker that uses minute ventilation and activity sensing.  The Thera line are Medtronic’s first microprocessor based pacemakers that use activity sensors and provide many added therapeutic and diagnostic features.
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Figure 14.13  Five of the ten linear programmable rate response curves XE  "rate response curves"  used to map an activity estimate to a target pacing rate. Note that each curve starts at the programmed minimal rate and increases to the programmed maximal heart rate. Reprinted with permission from Medtronic, Inc. ©Medtronic, Inc. 1990.

14.3.3 Biotronik - Ergos®

Figure 14.14 shows that the Biotronik Ergos operates similar to Anderson and Brumwell (1984) because it uses a pressure sensor, bandpass filter, comparator and integrator. The raw signal is filtered with a second-order bandpass filter centered at 4 Hz. Figure 14.15 shows two of three programmable thresholds, which determine the level of a comparator which outputs an activity estimate. This is a fixed height pulse width proportional to the area of the filtered signal above the programmed threshold. Then, the activity estimate is integrated to produce a signal proportional to the pacing rate. The slope of integration is set by a programmable rate of increase gain. In the absence of pulses, the pacing rate decreases proportional to the programmed rate of decrease. The programmer has a choice of three decay time settings (30, 50, or 100 s), which determine how long it takes for the pacing rate to decrease down to the target pacing rate.
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Figure 14.14  The vibration-induced signal is bandpass filtered to reduce unwanted signals. A comparator produces activity estimates, which are pulses with widths proportional to the area above a programmed threshold. The integrator uses programmable slopes to produce a signal that is proportional to pacing rate.
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Figure 14.15  The programmed threshold changes the width of the comparator output. The rate of increase/decrease settings vary how fast the pacing rate can change as a function of time.

14.3.4 Pacesetter Systems, Inc. (St. Jude)

Pacesetter Systems has developed several rate-adaptive pacemakers using a motion sensor. One of the patents will be discussed and then three different pacemakers’ operations will be described from the pacemaker manuals.


Smith and Jones (1990) describe a Pacesetter rate-adaptive pacemaker where a piezoelectric sensor raw signal is amplified and then rectified. The rectification could be either a half-wave rectifier or a full-wave bridge. Then the signal is integrated to generate an average amplitude signal. It is claimed that this technique does not lose any useful information which techniques like filtering and threshold detection do. However, this is also prone to letting noise or low-level nonactivities, contribute to the false activity sensing.
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Figure 14.16  Sensolog III uses a piezoelectric sensor, a threshold detector, and a target rate mapping.

Sensolog III®

The piezoelectric sensor signal is first multiplied by a programmable gain (Figure 14.16) (Pacesetter, 1990). A bandpass filter with a range from 2–50 Hz (Stangl et al., 1989) is used after the gain, and then an activity estimate is produced after a programmable threshold (choice of 5) is used to reject any low-level signals. The activity estimate is mapped to a target rate using one of eight programmable linear curves. Next, the target rate is converted to a pacing rate using one of five different reaction/recovery times. These times determine the rate of increase/decrease as a function of time. This pacemaker can also generate histograms through telemetry which indicate the number of times paced in certain heart rate intervals.

Solus® and Synchrony®

These pacemakers add a little more programmability, but the rate-adaptive algorithm is similar to the Sensolog III. Also, the user can choose an automatic threshold level or program one of seven. Another change is that the threshold level is subtracted from the raw signal, and this difference is used as the activity estimate, which is a number from 1–31. The Sensolog’s programmable features include 16 activity-estimate-to-target-rate-mapping curves, 4 rate-of-increase curves, and 3 rate-of-decrease curves. These pacemakers can also generate pacing histograms.

14.4  Accelerometer-based approaches

14.4.1 Issues for acceleration detection

Accelerometer XE  "Accelerometer" s can be made to detect accelerations up to 2000 g and frequencies from dc to 3 kHz. Patient accelerations are usually within the ±2 g range. A pacemaker accelerometer can be integrated onto the same circuit board as the signal conditioning and the unit may be tested before putting the unit into the pacemaker can. All present devices sense acceleration in the horizontal axis (Figure 14.17) of the body (anterior–posterior, forward–backward). Section 14.1.3 presents some advantages and disadvantages regarding signal specificity of each axis. Mounting the sensor to detect anterior–posterior accelerations is much more compatible with the can design and the other electronics. In general the piezoelectric accelerometers are about 10 to 20 times more expensive than the piezoelectric elements, although the sensor is a small part of the pacemaker cost.
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Figure 14.17  Accelerometers detect upper body accelerations in the horizontal axis (anterior–posterior, forward–backward direction).

14.4.2  Cardiac Pacemaker, Inc. 

Cardiac Pacemaker uses a piezoresistive accelerometer with a bandwidth from 0–300 Hz. The following description of Figure 14.18 is from Meyerson et al. (1993). A technique similar to this is believed to be used in the Excel rate-adaptive pacemaker.
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Figure 14.18  The piezoresistive accelerometer signal is modulated/demodulated to remove dc offsets. The demodulated signal is bandpass filtered and then an activity estimate is produced by taking the root mean square and subtracting the programmed threshold. A target rate is produced after mapping the activity estimate to a change in rate and adding the base rate. The pacing rate is determined from the present rate, target rate, and the programmed rate of increase/decrease.


The accelerometer signal (±30 µVp-p/g) has a dc offset added to it from a diode drop. Therefore, a modulation/demodulation technique is used to extract the acceleration signal. Another technique is used to eliminate dc offsets. Meyerson et al. (1993) show the details of these techniques. After demodulation the signal is proportional to acceleration and the bandwidth is still 300 Hz. The patent claims a distinguishability of 0.01 g. A low-pass filter with a corner frequency of 10 Hz is used to filter out unwanted nonactivities and noise. Next, a high-pass filter with a corner frequency of 1 Hz is used to filter out very low-frequency components. Then a programmable gain is used to amplify the signal before sampling the analog signal at 2,738 Hz to convert it to a digital signal. A programmable threshold is subtracted from the root mean square to produce an activity estimate. This estimate is mapped to a change in pacing rate using a programmable gain. Then the base rate is added to produce the target pacing rate. The next pacing rate is determined from the present rate, target rate, and the programmed rate of increase (reaction time) and rate of decrease (recovery time).

14.4.3  Intermedics, Inc. 

Intermedics was assigned dual sensor patents (Alt (1991); Adkins and Baker (1989)) that incorporate a piezoresistive accelerometer. Alt (1991) describes the use of a piezoresistive accelerometer and Adkins and Baker’s (1989) describe the use of a piezoelectric accelerometer. Section 14.1.3 describes Alt’s (1989) work on the basis for detecting human activities with an accelerometer. Alt (1991) also shows some time domain accelerometer raw data during walking, running, hitting thorax, coughing, laughing, and during a car stopping. Frequency domain data are also included during walking.


Both patents show the use of a bandpass filter to isolate frequencies between 0.3–4 Hz. Various long algorithms to incorporate dual sensors have been described in the patents. The acceleration algorithm relies only on acceleration changes and not on absolute acceleration values (Alt et al. 1988). Alt (1991) explains the details of this algorithm.


Intermedics Dash® and Relay® pacemakers use accelerometers and pass accelerations between 1 and 4 Hz (Figure 14.19(a)). Then the signal is integrated to produce an activity estimate. The activity estimate is mapped to a pacing rate response using a triphasic curve (Figure 14.19(b)) (Intermedics, 1990). These curves have a steep slope at the onset of activity, level off, then have a steep slope again during high levels of activity. According to Lau et al. (1992) this maintains rate stability during ordinary workloads. The programmer can choose between several onset slopes, ordinary workload levels, and ten high-activity-level slopes.
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Figure 14.19  The activity estimate is converted to a pacing rate using a triphasic curve (b). This curve has a more sensitive acceleration/pacing rate relationship during low and high levels of activity, with a less sensitive intermediate slope to maintain stability during ordinary workloads.

14.5  Studies on motion-based rate-adaptive pacemakers

Extensive clinical studies have been performed on motion-based rate-adaptive pacemakers. A number of factors may affect the outcome of these studies and specific features are rarely isolated. For instance, many studies conclude that accelerometers are better than pressure sensing, but the study compares the pacing rates from the pacemaker and not the raw sensor data. The signal processing, algorithms, and programmed features influence the outcome therefore, the conclusions from he study may be inaccurate.


Mianulli et al. (1989) and Benditt et al. (1989) found strap-on acceleration-sensed rate-adaptive pacemakers are valid representations of implanted rate-adaptive pacemaker response when standardized techniques are used. Matula et al. (1992) strapped external pacemakers onto ten patients with implanted pressure-sensed devices. There was little difference between the external and internal pacemakers during various treadmill exercises.


For studies comparing different pacemakers, we must always be aware of the interindividual variability, the selection of programmed parameters, as well as the factors mentioned above. Often studies set the programmed parameters at the nominal values while performing tests but, the pacemakers are intended to be programmed for each specific patient. With these factors in mind, the conclusions from several studies are presented.

14.5.1 Cardiac performance

Humen et al. (1985) showed that the Medtronic’s early motion-based pacemakers significantly improved cardiac performance and increased exercise tolerance. This was confirmed by Faerestrand et al. (1987) and Beyersdorf et al. (1986). Candinas et al. (1991) studied the patient well being during routine daily exercise for patients with either an Activitrax or Sensolog pacemaker. The conclusion was that patients who were fully dependent on pacemakers showed greater benefit from rate response pacing compared to those who only intermittently required pacing.

14.5.2 Stair ascent/descent XE  "Stair ascent/descent" 
A pressure or acceleration sensed systems will not generate proportional responses during stair ascent/descent because foot impact is harder (and pressure signals are larger) during descent than during ascent. This is confirmed in studies by Candinas (1991) and Lau (1989). Acceleration sensor systems have shown a little better response than pressure sensed systems, but the response still does not have a proportional response. Alt (1989) showed that horizontal axis accelerations exhibit a very small difference between stair ascent and descent.


Matula (1993) tested the second-generation accelerometer-based pacemakers from Intermedics (Relay®, Stride®, and Dart®). The pacemakers tracked the actual heart rate change at 90 steps/min, but at 120 steps/min the pacing rate increase from descent to ascent was about one-third of the actual heart rate’s increase.


Bacharach et al. (1992) tested Excel® VR by CPI (acceleration-sensed) and the Legend by Medtronic (pressure-sensed). The study showed the pacing rate of the acceleration-sensed pacemaker increased during ascent. However, the change was significantly less than the intrinsic heart rate. At 100 steps/min, the pacing rate change was about one-tenth the intrinsic heart rate change. This test also showed that the pressure-sensed pacemaker inaccurately had higher pacing rates descending than ascending stairs for rates of 80 and 100 steps/min. 

14.5.3 Studies comparing pacemakers using pressure sensing

Res and de Boer (1990) compared the Ergos 2® and the Activitrax pacemakers during a multiphase protocol. This study showed that the Ergos 2 followed the intrinsic rate much better than the Activitrax. The Ergos 2 did perform much better during bicycling. However, the Activitrax’s performance may have been improved by programming the pacemaker better because it is biased about 25 beats/min below the Ergos 2 and the intrinsic heart rate. The poor pacing rate during bicycling and lower rate increases may have been improved by lowering the Activitrax activity threshold or by choosing a quicker activity response.


Stangl et al. (1989) compared the Sensolog and Activitrax pacemakers during bench tests and in patients during various activities. The Sensolog pacemaker increased its pacing rate for a constant speed, increasing slope test performed on a treadmill. The Activitrax did not discriminate between slope levels. This could be due to the Activitrax’s algorithm of counting steps/s and disregarding the intensity information over the set threshold. Sensolog’s algorithm includes integrating the signal over the set threshold so that intensity information is included. A disadvantage to this technique, as supported in this study, is that the pacing rate increases more when the patient is lying in a prone position. Various noise sources from travel were found to have the same minimal effect on both devices.


In contrast to Stangl et al. (1989), Kubisch et al. (1988) did not find a rate increase of the Sensolog during treadmill exercise with an increasing gradient while keeping the same speed. Kubisch et al. chose the same rate responsive parameters found useful in the patients’ daily life while Stangl et al. did not report the programming parameters chosen.


Lau et al. (1992c) studied the effect of footwear on these two devices. The Sensolog's signal integration is more susceptible to the type of footwear because the impact intensity over the threshold changes the pacing rate. Medtronic’s threshold detection method is not used for amplitude information but to 1) distinguish between noise and activities and 2) correlate the activity frequency to heart rate.

14.5.4 Studies comparing pressure-sensed and acceleration-sensed pacemakers

Bacharach et al. (1992) compared the Legend (pressure sensed) and Excel (acceleration sensed) during various activities using nominal programmed settings. Excel’s pacing rates were closer to the intrinsic heart rate than the Legend’s rates during treadmill walking, bicycle ergometry, and stair ascension.


Lau et al. (1992b) found that acceleration-sensed pacemakers respond better than pressure-sensed pacemakers during walking, jogging, and standing.


Matula et al. (1992) compared pacing responses of the Relay (accelerometer-sensed), Sensolog, and Activitrax (pressure-sensed) during a treadmill exercise with changing speeds and slopes (Figure 14.20). The basic rate for all pacemakers was set at 70 bpm, and the pacemakers were calibrated to yield a pacing rate of 95 bpm when the subjects were walking on a treadmill with a speed of 3.2 km/hr and a 0% grade. The resting rate of subjects was 90 bpm, but for an unknown reason, the experimenters programmed the devices to 70 bpm. The heart rates and pacemaker rates were plotted as a function of workload. The Relay’s pacing rates and slopes most closely correlated with the intrinsic heart rate.

Figure 14.20  A comparison of the Relay accelerometer-sensed pacemaker with the Activitrax and Sensolog vibration-sensed pacemakers and the intrinsic heart rate. The plots are based on the average from 20 subjects. The starting intrinsic rate was 90 bpm while the pacemakers basic rate was set to 70 bpm. The x axis is the walking speed in km/h and the slope of the treadmill (%). From Alt, E. 1993. Advances in sensor technology for activity rate-adaptive pacemakers: traditional piezoelectric crystal versus accelerometer. In Barold, S. S. and Mugica, J. (eds.) New perspectives in cardiac pacing. Mount Kisco, NY: Futura Publishing.

14.6  Summary of sensing techniques and designs

Motion sensing is the most widely used method for rate-adaptive pacemakers. It is clinically successful because this method does not require additional leads so the system is easy to implant, is relatively simple to program, and rapidly adjusts the pacing rate. Acceleration and pressure sensors produce activity signals primarily due to the acceleration forces working on the pacemaker mass. Body motion sensing does not directly sense metabolic changes such as for anxiety, fever, or circadian heart rate changes. Dual-sensor designs should include an activity sensor for a fast rate response at the onset of exercise and a metabolic sensor to improve the physiological response.


The designer must consider the following:

1. 
Sensor, signal processing, and algorithms to produce an accurate pacing rate.

2. 
Pacemaker mass and can design because they affect the sensor output.

3. 
Minimizing power requirements to extend pacemaker life.

14.6.1  Sensing methods

The advantages of acceleration sensing XE  "acceleration sensing"  over pressure sensing include:

1.
The acceleration signal produced during stair descent is not incorrectly larger than stair ascent, while the vibration signal during stair descent is inappropriately larger than stair ascent. However, the acceleration signal is not proportional to activity level during stair ascent or descent.(Alt, 1989).

2.
Manufacturability: the acceleration sensor can be flow soldered to a surface mount hybrid chip with an automatic assembly, while a piezoelectric vibration sensor is bonded to the can and usually manually soldered to the electronics.

3.
DC pressure (i.e. lying prone) may largely increase the sensor coupling for pressure sensing so that cardiac signals could be detected as activity. Note that some pressure-based designs filter out these low-frequency components. DC pressure does not produce an activity signal in acceleration sensors, but tight clothing above the pacemaker may decrease an accelerometer’s output.


Vibration sensing XE  "Vibration sensing"  advantages include:

1.
The piezoelectric element initial cost is about an order of magnitude lower than for an accelerometers. 

2.
The vibration sensor produces an activity signal without consuming power, which is of vital importance in a pacemaker. The amplification for accelerometers is also about 100 times greater than vibration sensors.

3.
The pressure sensor signal to noise ratio is less than the acceleration sensor signal to noise ratio. Therefore, the designer has a greater challenge to extract the acceleration signal with minimal power requirements.


Alt et al. (1989) showed that acceleration signals from about 1–4 Hz should be used for activity sensing, but a slightly higher cut-off could be used effectively because this would incorporate higher frequency activity signals. The horizontal-axis (anterior–posterior) accelerations are currently sensed. The lateral-axis also shows distinguishable acceleration variations during biking and large variations during stair ascent/descent and walking. The lateral and vertical axis has probably not been used because it may be harder to mount the sensor inside the pacemaker sideways and also if the pacemaker rotates inside the body the detected signal levels may change.

14.6.2 Motion-based rate-adaptive pacemaker designs

Figure 14.21 summarizes some of the pacemakers produced. This does not include dual-sensor designs.
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14.8  Instructional objectives

14.1
List the three pacing rate accuracy factors for a rate-adaptive pacemaker with a motion sensor and give an example of each.

14.2
Give the frequency range that should be used for acceleration sensing according to Alt et al. (1989). State whether or not the horizontal axis acceleration can distinguish between stair ascent/descent. Repeat for different exertion levels during biking.

14.3
Design a switched-capacitor amplifier with a total gain >400 and a bandpass filter to pass the frequency range from 0.5–4 Hz for the Picochip piezoelectric accelerometer by Endevco. The clock frequency range is 1–5 kHz and capacitors’ values must range from 0.25–50 pF. 

14.4
Describe the operation of a piezoresistive accelerometer.

14.5
Describe the operation of a piezocapacitive accelerometer.

14.6
Describe and illustrate how a piezoelectric crystal is used to sense vibration and pressures in pacemakers. Explain how this configuration is different from using an accelerometer. List two advantages and give two examples of inappropriate pacing responses.

14.7
Explain what the threshold levels are used for. Give an example for why one patient’s level would be set low and another patient's level high.

14.8
Describe how a disadvantage of the Activitrax was fixed in the next-generation Legend.

14.9
Explain the differences between the methods used to generate an activity estimate for the Medtronic Legend, Biotronik Ergos, and Pacesetter Sensolog III.

14.10
Explain the differences between the methods used to generate an activity estimate for Cardiac Pacemaker and Intermedics pacemakers.

14.11
List three factors that determine the pacing rate for the Medtronic Legend pacemaker and explain how the factors are determined.
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