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Chapter 13 notes that patients who suffer from atrial flutter or fibrillation, SSS (sick sinus syndrome), sinus bradycardia, or other types of sinus node disease are incapable of benefiting from atrial-sensed rate-responsive pacing. Although according to Starling’s law, cardiac output can vary due to an increase in stroke volume, such changes are limited to a maximal increase of less than 50%, whereas metabolic demands may require a four to fivefold increase (Houdas and Ring, 1982; Furman, 1990). Therefore, in order for such patients' heart rates to vary, their pacemakers should be able to make accurate and reliable changes in pacing rate in response to direct or indirect metabolic indicators which parallel normal heart rate (HR) modulation. One of these indicators is central venous blood temperature (CVT).


In order to understand how CVT is used as a measurand for rate adaptation, it is both useful and important to understand how the body produces heat and regulates temperature. 

15.1  Body temperature production and regulation

Under normal resting conditions, the average human CVT is approximately 37˚C. The CVT is best represented as—and for the purpose of this chapter is assumed to be—the temperature of the blood XE  "temperature of the blood"  in the right ventricle because the blood in the right ventricle is a mixture of the venous return from all parts of the body. The body produces heat as a byproduct of metabolism: 78±4% of the energy produced during metabolism is in the form of heat, while only 22±4% is released in the form of mechanical energy (Alt et al., 1986). If this heat were not regulated, the body temperature would rise approximately 1˚C/h (Rhoades and Pflanzer, 1992). The body dissipates heat through the peripheral circulation—20% by evaporation, 25% by conduction, and 45% by radiation—and through respiration —8% by evaporation, and 2% by radiation (Rhoades and Pflanzer, 1992).

15.1.1 Regulating temperature: the hypothalamus 

Although there are several thermoregulatory structures XE  "thermoregulatory structures" , mainly in the brain stem and spinal cord, the hypothalamus XE  "hypothalamus"  has the main control over thermoregulation. The hypothalamus contains three main types of neurons that participate in either thermosensitivity or thermoregulation XE  "thermoregulation" . Like the cold and warm receptors in the skin, which modulate their firing rate under most circumstances as a linear function of temperature, the hypothalamus also contains its own thermosensitive neurons, which change their firing rates based on local changes in temperature. In addition to having cold and warm receptors, it also contains interneurons, which change their firing rate in response to local temperature change, but unlike the warm and cold receptors, the change is not linearly related with temperature (Houdas and Ring, 1982).


Although both the warm and cold neurons and the interneurons do not produce thermal effector reactions, they may transmit a signal related to this temperature change as well as provide a pathway to the third type of neuron in the hypothalamus. The hypothalamus receives electrical stimulation from thermoreceptors in the body and responds with thermal effectors, which cause such reactions as skin vasodilation, vasoconstriction, shivering, increased heat production by metabolism, and possibly a link with the sympathetic nervous system, which results in an increase in HR during periods of extreme external heating (Houdas and Ring, 1982).


Interlinked between the affector and effector signals is some form of integrator which compares the affector signals with a set point or reference temperature to determine the required effector stimulus. The set point changes due to such conditions as exercise, at which the set point increases, or sleep, at which the set point decreases. The exact method by which the hypothalamus processes the information, determines the effector stimulus, and sets the temperature reference is uncertain (Morgane and Panksepp, 1980; Houdas and Ring, 1982). Figure 15.1 shows a modification of the thermoregulatory loop diagram (Houdas and Ring, 1982).
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Figure 15.1  The basic components of the negative feedback thermoregulatory loop Tset represents the hypothalamus’s changing thermostat. From Houdas, Y., and Ring, E. F. J. 1982. Human body temperature: Its measurement and regulation. Plenum Press.

15.1.2 Temperature fluctuations and their relationship to heart rate

Because the CVT does not stay at a constant 37˚C but varies in response to several factors, it is necessary to understand these factors and how they relate with HR.

Circadian variation XE  "Circadian variation" 
CVT has a circadian (diurnal) fluctuation: the CVT fluctuates approximately ±0.25˚C around the baseline, reaching a minimum at night and a maximal peak during the day. The increase in HR during the day is at least partially due to the increased metabolic need while awake. However, the CVT reaches a maximal peak generally during mid to late afternoon whether or not a person is active or resting. This peak has been shown to occur continually even during experiments where the subject was completely isolated from factors such as light, time, and noise. Thus the circadian variation is not only a function of increased activity but also seems to be an intrinsic property of the body (Houdas and Ring, 1982). Similarly, HR also varies in parallel with CVT (Sellers, 1987), approximately ±20 beats/min (bpm), reaching a minimum at night, a rise during waking hours, and a maximal peak during late afternoon. Both HR and CVT have a direct correlation with metabolic rate (Hauser, 1984; Berggren and Christensen, 1950; Alt et al., 1986). Figure 15.2 shows the circadian CVT and HR fluctuations over a 24-h period with periods of exercise superimposed.

Exercise

Although circadian variations in HR are significant, the need for an increased HR during exercise in the absence of normal sinus function initiated the development of rate-adaptive pacemakers. HRs can increase between 25 and 90 bpm at low to moderate exercise levels (20–150 W), which corresponds to exercises such as bicycle ergometry at approximately 50–60 revolutions/min or treadmill tests at approximately 2–5 km/h. This value, of course, can vary depending on the physical condition of the individual. At a given workload, the increase in HR as a function of time is linear to exponential in shape until a point at which the HR plateaus (Laczkovics, 1984; Fearnot, 1988). The rate of increase in HR as well as the level of the plateau is dependent on the individual’s oxygen uptake at that workload relative to the maximal oxygen uptake (relative workload) (Alt et al., 1986; Munteanu, 1986).

Figure 15.2  The circadian fluctuations of CVT and HR of one subject, averaged over 10-min intervals, with periods of exercise superimposed. The HR and CVT are at a minimal value during the night and at a maximal value during periods of exercise and in the mid afternoon. From Sellers, T. D., Fearnot, N. E., Smith, H. J., DiLorenzo, D. M., Knight, J. A., and Schmaltz, M. J. 1987. Right ventricular blood temperature profiles for rate responsive pacing. PACE, 10: 467–479.


The need for an increased HR is not only to compensate for increased metabolic demand, but it is also required in order to increase circulation to allow for cooling of the body as suggested by abnormally elevated CVTs in persons during exercise who have impaired cardiac output (Nielsen, 1966). Although the need for an increased HR may be clear, the mechanism by which it changes is not. The increase in HR, according to available evidence, is due to the activation of the sympathetic nervous system by reflexes in the contracting muscle, and not due to either a perceived drop in blood pressure due to vasodilation of the blood vessels in the muscle or due to a drop in concentration or partial pressure of O2 or increase in concentration or partial pressure of CO2 (Berne, 1981). In fact, the baroreceptive reflex, which responds to changes in blood pressure, is reduced during exercise (Berne, 1981).


CVT also increases during exercise. Due to the increase in metabolic rate, additional heat is produced. This additional heat causes the CVT to rise. CVTs can increase between 0.4˚C and 1.4˚C from an initial exercise-evoked dip at low to moderate exercise levels (20–100 W). Similar to HR, at a given workload the increase in CVT as a function of time is linear to exponential in shape (Laczkovics, 1984; Cook, 1984) until a point where heat production is balanced by heat loss at which it plateaus. The rate of increase in CVT as well as the point at which it plateaus is set according to the relative workload of the individual. The CVT rate of increase and its plateau at a sustained workload also correlate with HR. Mean typical HR rate increases (d(bpm)/dt) and CVT rate rises (dT/dt) for exercise levels described previously are approximately 10–15 (bpm)/min and 0.05–0.11˚C/min, respectively (Sellers, 1985; Griffin, 1986). Studies comparing HR change to CVT change during exercise at levels described above have shown correlation coefficients between 0.95 and 0.9864 for both healthy and pacemaker patients (Munteanu, 1986; Alt et al., 1986).

Figure 15.3 A healthy individual’s CVT and HR during moderate exercise. From Alt, E., Barold, S. S., and Stangl, K. (eds.) 1993. Rate adaptive cardiac pacing. Berlin: Springer-Verlag.


Although the correlation between the CVT and HR is very good, it is necessary to investigate the correlation further. Figure 15.3 shows a healthy individual’s CVT and HR variations during moderate exercise (Alt et al., 1993). There is also strong correlation between HR and CVT during less strenuous exercises, such as walking (Alt et al., 1986), and during heavier treadmill exercises (12 km/h) (Behrenbeck et al., 1985).


The graph shows that there is a strong correlation between CVT and HR. Closer investigation of the graph shows an interesting phenomenon: an initial decrease in CVT upon initiation of exercise followed by a later increase in CVT. The initial decrease in CVT, which usually occurs at the onset of exercise, is due to sudden vasodilation, which can occur either just prior to exercise due to anticipation of exercise, or as an initial and sudden response to exercise (Sellers, 1987; Fearnot, 1988; Cook Pacemaker, 1992). The dip is caused by a heat transfer between the cooler surroundings and the greater volume of blood flowing through the periphery due to the vasodilation. The magnitude of the decrease ranges approximately between 0.15–0.5˚C with low to moderate exercise levels with a mean around 0.25˚C and reaches the minimal peak during the first 1–2 min (Sellers, 1985; Sellers, 1987). This value was determined from studies that included both healthy and cardiac patients, the latter who typically have lower than normal cardiac output. During periods of repeated exercise followed by brief periods of rest, the exercise-evoked dip reduces in magnitude (Sellers, 1987). At low exercise levels (10–30 W), the temperature increase after the initial dip may not increase above the resting CVT (Zegelman et al., 1990).


The HR, on the other hand, increases rapidly at the onset of exercise. Both the HR and CVT rise rate and increases in magnitude at a given absolute workload are higher for cardiac patients than in normal, healthy subjects (Alt et al., 1986). In general, the rate of CVT and HR rise during exercise is less than the rate of decline in CVT and HR after exercise. Both CVT and HR usually have a steeper initial slope followed by a gradually decreasing slope at higher and lower CVT temperatures to the exercise and baseline rates, respectively.


Following exercise, CVT has a latency of about 1 min before it begins to fall, while the HR begins to fall immediately. This value was estimated and averaged from values taken from available graphs containing HR and CVT curves from both cardiac patients and normal subjects. There is also a latency associated with the rise in CVT of approximately 1 min; that is, the CVT continues to increase for a period of about 1 min after the HR has either plateaued or has begun to decrease upon cessation of exercise.

Fever XE  "Fever" 
In general, an increase of 10–15 bpm/˚C is associated with fever along with an increase in metabolism (Alt et al., 1986). In addition to CVT increases, often times fevers have periods of chills. Studies involving such effects on HR and CVT have not been reported.

Anxiety XE  "Anxiety" 
Emotional anxiety, which is sometimes experienced before many of the exercise protocols, has been shown to cause both initial HR increases and CVT variations similar to the onset of exercise (dips followed by increases) (Fearnot, 1987; Sellers, 1987; Fearnot et al., 1989).

Environment

A decrease in the ambient temperature, which initially decreases the CVT, will trigger an effector response from the hypothalamus which will cause an increase in thermal metabolism and/or vasoconstriction. If the effector is solely vasoconstriction, the HR will decrease as a result of the baroreceptive reflex to an increased MABP. At temperatures colder than 15˚C (Houdas and Ring, 1982), an increase in thermal metabolism also results. This corresponds to an increase in HR. Similarly, an increase in ambient temperature causes an initial increase in the CVT. This will result in vasodilation causing MABP to decrease, thus causing the HR to increase.


Although there are a limited number of studies relating HR and CVT with taking showers or baths, these will most likely follow the trends of ambient temperature albeit probably with a steeper rate of change of both HR and temperature. Studies by Sellers et al. (1985, 1987), Alt et al. (1993), and Fearnot et al. (1989) have shown that hot baths have caused an increase in CVT of approximately 0.2–0.5˚C over a period of about 10 min after initial CVT drops concomitant with standing, bathing preparation, and movement into the bath tub.

Eating and drinking

Studies by Sellers et al. (1985, 1987) reported that eating causes transient increases in CVT between 0.13–0.48˚C. These studies reported that drinking cold liquids caused transient CVT drops between 0.08–0.15˚C over periods less than a minute. Hot liquids had no effect on CVT. The effects on HR were not reported. Figure 15.4 summarizes the effects of temperature change on heart rate.. heart rate; XE  "Temperature change vs. heart rate" 
	Effector
	CVT Change (˚C)
	Effect on HR (bpm)

	Circadian 
	Magnitude:  ± 0.25

Rate:  slow; dependent on activity.

Temperature low during sleep and higher during day.
	Magnitude:  ∆HR = ± 20

Rate:  slow; parallels CVT.

	Exercise
	Dip magnitude:  0.15–0.5 

Dip duration:  1–2 min.

Rise magnitude:  0.4–1.4 from dip for slow to moderate treadmill/ cycle exercises.

Rise slope:  approximately +0.1/min, dependent on activity.

Fall slope:  approximately –0.15/min
	Magnitude:  ∆HR = 25–90

Rise slope:  7–15/min, parallel to CVT

Fall slope:  –20–28/min, parallel to CVT



	Fever
	Magnitude : < 3.0

Rate:  in general, slow but occasional chills can be experienced.
	Magnitude:  ∆HR =  +10–15/˚C.

	Anxiety
	Similar to exercise onset
	Heart rate parallels CVT

	Food intake
	Hot liquids: none

Cold:  –0.1 (< 1 min)

Eating:  0.4
	Eating changes correspond to an increase in metabolic activity causing HR to increase.

	Environment
	Affected by environment; however, hypothalamus vasoconstriction and dilation help regulate.
	Cardiac output reaches a low at 15˚C (4.8 L/min) and increases otherwise with a steeper slope at higher ambient temperatures.

	Hot tub
	Magnitude:  0.2–0.5 (after initial dip)

Rate:  0.025–0.05/min
	Most likely mirrors environment heading


Figure 15.4  A summary of effectors of CVT change and their relationship to HR.

Heart rate

Studies have shown that an increase in pacing rate does not cause the CVT to rise (Jolgren, 1984; Laczkovics, 1984). Thus pacemakers using this technology have negative feedback. Increased pacing rate, as mentioned earlier, will help regulate the body temperature as a healthy person’s would.

15.2  Hardware requirements

In addition to having a measurand which indicates metabolic activity, and therefore a need for an increased or decreased heart rate, a viable pacemaker system must have a sensor that can accurately and reliably detect the measurand as well as a means by which the sensed measurand is interpreted and introduced to the pacing control algorithm. In addition, the necessary sensor should be relatively small, easily and reliably placed, and require minimal changes or additions to the pacing lead(s). Figure 15.5 shows the general system diagram of a CVT rate-adaptive pacemaker.
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Figure 15.5  The CVT rate-adaptive pacemaker system. The microprocessor controls the sampling rate of the CVT. In addition, the microprocessor may cause the power to be turned off to the evaluation circuit when the temperature is not being sampled. Also, in pacemaker systems such as the Intermedics Circadia® (see Figure 15.6) the microprocessor may adjust the reference temperature of the amplifier/evaluation circuit due to component tolerances or drift.

15.2.1 The thermistor XE  "thermistor" 
Although other types of temperature sensors exist, the thermistor is used because it is by far the most sensitive. Most thermistors are made of semiconductive materials, have negative temperature coefficients, and have resistances with an exponential relationship with temperature; although for blood temperature swings (typically between 36–40˚C) the relationship is very nearly linear. In addition to sensitivity, a thermistor has long term stability, can be very small (necessary to fit inside of lead), and can be chosen to have a low energy consumption. Typical characteristics are shown below.

1.
Type: sealed glass bead.

2.
Size: 0.4 mm diameter.

3.
Nominal resistance: 75 kΩ @ 25˚C.

4.
Temperature coefficient: –3 kΩ/˚C (–4%/˚C).

5.
Accuracy: ±0.004–0.01˚C.

6.
Thermal time constant: 1–5 s (fast enough, limitation due to covering).

7.
Low drift: 0.001–0.002˚C per year.

8.
Covering: high-strength Silastic® or polyurethane tubing which is necessary for isolating thermistor from blood environment, which would shunt the thermistor leads. In addition, the thermistor leads should be coated with a liquid-proof polymer to avoid bridging of the leads which could otherwise occur due to the intrusion of liquid through micropores in the pacing/sensing lead (Sneed, 1994).


The thermistor, due to its tiny size, can be placed inside the pacing lead between 3–7 cm from the end in the right ventricle (see Figure 15.6).
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Figure 15.6  Pacing/sensing electrode with integrated thermistor Adapted from Cook et al. (1985).

15.2.2 Amplifier and ADC
Basic circuit

In order to determine whether or not the present pacing rate should be changed, the change in resistance of the thermistor must be converted to a voltage that relates to temperature. In order to eliminate unnecessary processor floating point operations, it is useful to first linearize the temperature/voltage relationship over the entire range of the ADC before converting the analog representation to digital. Figure 15.7 shows such a circuit. Note that this circuit is only shown for functional purposes, and that in practice it may be done differently.
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Figure 15.7  Functional representation of temperature/voltage linearization amplifier.


The inputs of the circuit, shown with values of 1.2 V and –1.2 V, are below the battery’s voltage because it will gradually decrease over time.


The thermistor, which is assumed to have a negative temperature coefficient of –4%/˚C, assumed to be linear over the temperature range 35–40˚C, and assumed to have a nominal resistance of 1.786R @ 25˚C, in Figure 15.6 is the resistor with the value Rth. Thus the resistance will change by –0.0714R/˚C, which corresponds to a 0.286R swing (between R and 0.714R) over the temperature range of interest (36–40˚C).


Equation (15.1) relates the output of the amplifier,





(15.1)


Thus the output voltage will vary linearly with CVT between 0 V (36˚C) and 2.4 V (40˚C).


The ADC following this circuit is assumed to be an 8-bit ADC with a reference voltage of 2.4 V. The resulting resolution is 0.02˚C/bit, which is a commonly reported value.

An improved approach

Because resistors have imprecise values and both the resistor’s and the thermistor’s values may drift over time, circuit compensation is desirable. The circuit of Figure 15.8, which has been slightly modified from the corresponding figure in Calfee et al. (1989), has the ability to adjust for the aforementioned tolerances. This circuit is used in the Intermedics Circadia pacemaker.
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Figure 15.8  A more advanced temperature/voltage linearization ADC used in the Intermedics Circadia pacemaker which allows for adjustment due to resistor tolerances and component drift. The 8-bit R–2R ladder DAC is used to determine the current CVT while the 4-bit R–2R ladder DAC is used to adjust for resistor tolerance and drift. Adapted from Calfee et al. (1989).


According to Calfee et al. (1989), all the components shown in Figure 15.8, with the exception of Rth and Rt, are located on a single IC. Although it is difficult to fabricate resistors with absolute values on an IC, it is easy to fabricate multiples of a value on such a circuit. Calfee et al. (1989) give the nominal value of R as 500 kΩ. In addition, the thermistor is given as the Thermometrics Model BR16 which has a nominal resistance of 75 kΩ at 37.0˚C and a temperature coefficient of –4%/˚C. Rt, which both linearizes the thermistor as well as matches the thermistor’s temperature response with the range of the 8-bit DAC, is given as 71.5 kΩ (Calfee et al., 1989). The supply voltage, Vs, of the circuit is also the reference voltage of the DACs.


For ease in analysis, the voltage outputs of the 8-bit and 4-bit DACs have been labeled V1 and V2, respectively.


Using superposition, Eq. (15.2) describes the voltage, Vn, of the noninverting terminal of the comparator





(15.2)

V1 and V2 are given by Eqs. (15.3) and (15.4), respectively





(15.3)





(15.4)

where

Vs is the reference voltage of the DAC

n is the bit placement

an is the value 0 or 1 of the individual bit of the 8-bit DAC
bn is the value 0 or 1 of the individual bit of the 4-bit DAC

Combining Eqs. (15.2), (15.3), and (15.4) yields





(15.5)


Equation (15.6) describes the voltage, Vth, of the noninverting terminal of the comparator





(15.6)


Assuming the thermistor has a linear relationship with temperature, the thermistor’s resistance will decrease by 3000 Ω/˚C.


Before describing the 4-bit and 8-bit DACs' relationship with temperature, which does not have an absolute correlation with temperature, it is necessary to first describe the purpose of each of the DACs. The 8-bit DAC is used to increment or decrement the noninverting voltage Vl until it causes the comparator to toggle (meaning that the value is within one bit of Vth). The 8-bit value just prior to toggling is taken as the present CVT temperature. The 4-bit DAC is for calibration of the circuit, both initially to account for resistance tolerances and as time passes to account for drift. Once the circuit has been calibrated, this 4-bit value is kept constant until a future calibration is required.


Calfee et al. (1989) chose a nominal temperature range of 36–40˚C; therefore a value between 40–50H was chosen as the basal 8-bit DAC value. This is one-fourth of the maximal 8-bit value and thus reflects the temperature 37˚C, which is one fourth of the way through the nominal temperature range.


Using the above information, we calculated values of 72H and 8H for the 8‑bit and 4-bit DAC values, respectively, corresponding to 37˚C (assuming all resistor values are absolute).

15.3  Software requirements: the algorithm

Up until now we have shown that the CVT has a strong correlation with heart rate and that the additional hardware changes to nonrate-adaptive pacemakers are minimal and easily implemented. Perhaps the most important—and developing—aspect of the CVT rate-adaptive pacemaker is the algorithm by which the pacemaker changes its rate based on CVT.


The best algorithm is one which exactly mimics the function of a normal person’s heart. Any algorithm relating CVT with HR must have programmable parameters because of individual differences in CVT, HR, and rate-adaptive needs. Some of the factors which need to be considered when developing an algorithm include the magnitude of the temperature change (both for the exercise-evoked dip as well as for the increase in temperature during exercise), the rate of change in temperature (both positive and negative), the rate of change in HR for a given magnitude or rate of temperature change during both exercise and circadian (slow) cycles, the length of time at an elevated pacing HR, and the maximal and minimal pacing rates (common in all types of pacemakers).


In addition, it is necessary to have an algorithm that

 will distinguish exercise-evoked CVT changes with those occurring due to other factors such as circadian cycles or periods of fever. Also, during periods of exercise the algorithm should provide a pacing rate adjustment that is as quick, accurate, and smooth as possible.


This section describes four algorithms that have been used in CVT rate-adaptive pacemakers. The first two algorithms give a general understanding of how the aforementioned parameters are implemented in an algorithm. The last two algorithms, which are more advanced, show the latest algorithms and how they offer an improved pacing response when compared to the two former algorithms. Due to limited public information, all aspects of the following algorithms are true in their description insofar as information allows.

15.3.1 Cook Model Kelvin® 500 series

One of the first CVT rate-adaptive pacemakers was the Cook Model Kelvin 500 series (available in both unipolar and bipolar models). This type of pacemaker bases its rate-adaptation strategy on the following algorithm which was developed from tests on canines (Cook et al., 1985).





(15.7)

where

HR is the instantaneous HR (bpm)

A is the resting heart rate (bpm)

B is the slope of the HR versus temperature curve during exercise

T is the smoothed or filtered instantaneous CVT

T0 is the resting CVT

C is the initial rise in HR (bpm) divided by the slope of the temperature-versus-time curve during exercise

sign(dT/dt) is the sign (±) of the derivative of temperature with respect to time


Equation (15.7), however, is only a basis of the algorithm, not the actual algorithm that is used. The algorithm present in the Kelvin 500 series pacemaker not only modulates the heart rate according to the factors affecting Eq. (15.7), but it also takes into account the initial dip in temperature as well as adjusts its baseline HR and CVT throughout the day (Sellers et al., 1987; Fearnot and Evans, 1991; Bixler, 1994). Figure 15.9 lists a description of the symbols used in Figure 15.10, which gives hysteresis XE  "hysteresis"  curves (a and b) and a flowchart representation (c), which describes the algorithm during each sample period, which happens once every 10 s (Bixler, 1994). In addition to the instantaneous temperature, the rate of temperature change versus time is needed for determining the required pacing rate. This is calculated by taking the average of the six most recent CVT values and subtracting it from the average of the six CVT values which preceded. Therefore, a total of 12 CVT values (2 min) are needed to determine dT/dt. Both Figures 15.9 and 15.10 were developed from available information (Cook et al., 1984, 1985; Sellers et al., 1987; Volosin et al., 1989; Heggs et al., 1990; Fearnot and Evans, 1991).


Using Figures 15.9 and 15.10, we can simplify Eq. (15.7) by the following:





(15.8)

where

HR(t) is the current HR

HR(t–1) is the previously determined HR

∆HR is a positive or negative transient rate increase


Although this equation appears to allow the HR to assume many different values, most of these values are only transient rates which allow the HR to adjust to one of the three distinct rates (Hr, Hi, He). The algorithm changes the pacing rate based on both the difference in CVT from the baseline temperature as well as the rate of change in the CVT versus time. The former of which decides which of the two hysteresis curves (Figure 15(a) and (b)) the algorithm follows. The HR maximal and minimal decision points (Ln, Hx, Lx, Hn) of the two curves are set in such a way as to make it more difficult for the HR to adjust to the exercising rate, He, when the CVT is below Th and easier for HR to adjust to the resting heart rate, Hr, when the CVT is below Th than to adjust to the intermediate rate when the CVT is above Th. These set points help reduce the possibility of an unnecessary adjustment of the pacing rate from Hr  to He as well as reduce the required CVT versus time slope required to adjust the HR from Hi to He. This reflects the natural HR and CVT relationship at higher CVTs (see section 15.1.2).

	Parameter
	Description
	Common value

	Tc
	Current CVT (˚C)
	See Figure 15.4

	dT/dt 
	Derivative of smoothed CVT versus time (˚C/s) determined by taking the difference between two successive 1-min temperature averages
	See Figure 15.4

	Tr
	Resting CVT constant (˚C)
	37˚C

	Th
	Temperature constant which represents Tr plus a constant which is less than the difference in the basal and sustained exercise CVT
	*

	Ln
	Low heart rate minimal set point constant (˚C/s)
	**

	Lx
	Low heart rate maximal set point constant (˚C/s)
	**

	Hn
	High heart rate minimal set point constant (˚C/s)
	**

	Hx
	High heart rate maximal set point constant (˚C/s)
	**

	∆HR
	Two programmable rate ramps (+, –) which provide transient rate changes to change the heart rate to one of the following 3 pacing rates (bpm)
	1–20 bpm every 5 or 10 s (programmable)

	Hr
	Programmable resting HR constant (bpm)
	70 bpm

	Hi
	Programmable intermediate HR constant (bpm)
	85 bpm

	He
	Programmable exercise HR constant (bpm)
	120 bpm

	ti
	Programmed maximal time at Hi
	2, 4, 6, 8, 10, 12 min

	T2m
	2nd lowest CVT value out of 8 values sampled at evenly spaced intervals over a period of 2 h
	variable

	HR 
	Current pacing rate (bpm)
	Hr, Hi, He


Figure 15.9  Parameters used in Figure 15.10, which describes the algorithm by which the Kelvin 500 series pacemaker adjusts the stimulation rate. Note that all of the parameters listed above were not specifically named as such but are provided here for clarification of the algorithm. *Value not given, but is probably less than Tr + 1˚C. **Values not given but are probably a function of the remaining programmable parameter called Kelvin set which determines the sensitivity of the algorithm to temperature changes (Adapted from Cook et al., 1984, 1985; Boal et al., 1987; Sellers et al., 1987; Volosin et al., 1989; Heggs et al., 1990; Fearnot and Evans, 1991).


In addition, the exercise-evoked CVT dip (see section 15.1.2) is accounted for by an incremental increase in HR. It is important to select the dip-detection rate threshold value in such a way that it is less than the slope typically experienced by the patient at the onset of exercise but greater than the slope of temperature drops associated with circadian fluctuations. This holds true for all algorithms using a dip-detected rate criterion. In addition, it is also important to select the programmed maximal time at Hi (ti) in such a way that it is longer than the duration of the typical temperature drop. A further aspect of this algorithm adjusts the baseline temperature value Tr, which corresponds to the programmed baseline rate. The reason for this adjustment is to allow for a more optimal response to exercise regardless of the circadian cycle. In addition, this may also help account for the temperature sensing circuit tolerances and drift. It is important to realize that the baseline temperature reference is adjusted and not the corresponding programmed baseline pacing rate Hr.

Example using the Kelvin 500 series pacemaker algorithm

In order to understand the algorithm, it is useful to pace through hypothetical exercise situations. First, assume that the patient, equipped with the Kelvin 500 series pacemaker, is initially at rest ( CVT = 37˚C, HR = 70). This corresponds to a CVT that is below Th (see Figures 15.9, 15.10(a), 15.8(c)) The patient then begins to exercise, causing his CVT to change at a rate below Ln. The HR will then increase by the programmed rate, ∆HR, every 5 or 10 s (depending on which is programmed). Because the CVT sampling rate of the Kelvin 500 series is 1  sample/10 s, there will either be 1 or 2 transient rate adjustments between CVT sampling times. Assuming that Hi (the intermediate rate) = Hr (70 bpm) + 15 bpm, and +∆HR = 10 bpm, it will take 2 transient rate adjustments for HR to reach 85 bpm (see dotted line of Figure 15.10). Note that the HR does not increase to 90 bpm, but levels off at Hi.
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Figure 15.10  Cook Kelvin 500 series rate-adaptive algorithm XE  "rate-adaptive algorithm"  based on CVT. (a, b) Hysteresis curves which determine the pacing rate. (c) Algorithm flowchart. (Adapted from Cook et al., 1984, 1985; Sellers et al., 1987; Volosin et al., 1989; Heggs et al., 1990; Fearnot and Evans, 1991).


Now assume that the patient continues to exercise, eventually causing dT/dt > Hx. The HR will continue to increase by +∆HR until it reaches He (120 bpm).  After a period of 10 min, and a Tc > Th (see Figure 15.10(b)), the patient stops exercising. The subjects CVT begins a steep drop (dT/dt < Lx). After a period of 3 rate adjustments (–∆HR = 30 bpm), the HR adjusts to the Hi. Soon after, the Tc < Th and the slope of the dT/dt ramp decreases but is still less than Ln. The HR will then begin to drop again according to the rate –∆HR, eventually reaching Hr.


Now assume that the patient stops exercise instead of continuing (once again at Hi on the dotted line of Figure 15.10(a)). The subject’s HR would stay at Hi until ti has elapsed. After this time, the subject’s HR would be decremented by –∆HR until it reached Hr. The purpose of such a limit is to ensure that the pacing rate, HR, does not stay at an elevated rate for an extended period of time in case the patient suddenly stops exercising after initially starting (which would cause a slow return to baseline CVT) or in case the algorithm mistakenly interprets a drop in CVT (due to circumstances other than exercise) as an exercise-evoked dip.


Now let’s assume that rather than stop exercising, the patient continues to exercise for a period of 2 h. Using the left half of Figure 15.10(c), we see that, if the HR stays at any of the three HR levels for more than 2 h, the Tr is adjusted to be the second minimal temperature of 8 equally spaced samples over the 2-hour period (T2m). The algorithm correspondingly adjusts to Hr, the programmed base pacing rate. Presumably Th, Hi, He are also adjusted. This of course is not the desired physiological response. If the patient continues to exercise, however, it is likely that the CVT will rise in such a way to at least adjust for pacing at the intermediate rate because of the resulting increase in CVT due to the relationship between HR and temperature regulation (see section 15.1.2).

Advantages and disadvantages to the Kelvin 500 series pacemaker algorithm

Although this algorithm offers a great improvement to a need for increased heart rate during exercise for patients who cannot benefit from the traditional AV synchronous pacemaker, its implementation is suboptimal because it responds in a stepwise fashion with only three distinct pacing rates. Also, the transitions between the three pacing rates are abrupt, which does not correspond to the naturally smooth transition of the HR and also allows for high levels of undesired tachycardia in the event of false exercise detection. In addition, although the algorithm adjusts to circuit and circadian CVT fluctuations (by adjusting the baseline rate) to allow for an improved response to exercise regardless of the circadian cycle, this also allows for an unnatural response during long periods of sustained exercise. A similar undesirable response can occur during fever, which is more likely to last more than 2 h. Finally, this algorithm has a latency between the algorithm’s response and the natural response as shown in studies by Sellers et al. (1987).


A pacemaker-mediated tachycardia XE  "pacemaker-mediated tachycardia"  was reported in a 61 year old who received the Kelvin 500 series unipolar pacemaker (Volosin et al., 1989a). During a routine arm ergometer stress test while leaning over, the subject experienced intermittent chest wall twitches. Further examination revealed that while the subject was in this position, his diaphragm muscles were being stimulated by the pacemaker. This stimulation caused an increased metabolic rate, which in turn increased CVT at a rate high enough to trigger the algorithm to pace at the upper rate. If the patient remained at this position, the pacemaker-mediated tachycardia persisted. Later the pulse width, which had been at 0.55 ms, was decreased to 0.31 ms. Following this, the patient experienced no further episodes of pacemaker-mediated tachycardia.

15.3.2  Intermedics Nova MR®
Another one of the first CVT rate-adaptive pacemakers was the Intermedics Nova MR (both unipolar and bipolar models), which differs from the Kelvin 500 series in that its pacing algorithm has a more dynamic HR response. Like the Kelvin 500 series pacemaker, the Nova MR not only modulates the heart rate according to the derivative of the CVT versus time curve as well as the instantaneous CVT, but it also takes into account the initial dip in temperature. It does this, however, using an algorithm with a response that is more natural. Figure 15.11 gives the parameters for Figure 15.12, which gives HR and CVT curve relation (a) and (b) and a flowchart representation (c) that describes the algorithm based upon which curve the algorithm is currently working on. Figure 15.12(a) shows a series of curves (3 are shown) that are referred to as the exercise curves and are used to adjust the heart rate as a linear function of CVT during exercise. The algorithm uses two curves that have a linear relationship between CVT and pacing rate. The first of these curves, the basic curve or fever curve, has an adjustable slope of 6, 12, 18, or 24 beats/˚C increase. This curve follows temperature changes that occur more slowly such as those due to circadian fluctuations and fever. The slope of these curves is programmable and is typically around 80 bpm/˚C initially followed by a decreasing slope (about 25 bpm/˚C) at higher HRs (Alt et al., 1986; Alt, 1987; Alt et al., 1993).

	Parameter
	Description
	Common value

	HR
	Current pacing rate
	50–180 bpm

	dT/dt 
	Similar to the Cook Model Kelvin 500 series
	See Figure 15.4

	K1
	The programmed exercise curves
	K2 + 40 to 120 bpm/˚C

	K2
	The programmed basic curve
	70 bpm (37˚C) ±5–25 bpm/˚C

	Tc
	*Current CVT
	36–40 ˚C

	∆Tb
	**CVT dip magnitude from the basic curve
	See Figure 15.4

	∆Td
	Programmable CVT dip magnitude threshold constant
	0.12–0.25˚C

	Tdr
	CVT drop rate threshold constant
	0.12–0.20˚C/min

	HIl
	Intermediate HR  limit (bpm)
	85 bpm

	Hi
	Programmable HR  increase from K2 to HI
	15 bpm

	HI
	Intermediate HR
	K2 + Hi

	Er
	Programmable exercise rate threshold constant
	0.04˚C/min

	Br
	Programmable basic rate threshold constant
	***-0.08˚C/min

	ti
	Programmable maximal time at HI
	2 min

	tt
	Maximal time on an exercise curve
	30 min


Figure 15.11  Parameters used in Figure 15.12 which describes the algorithm by which the Intermedics Nova MR pacemaker adjust the stimulation rate. Note that all of the parameters listed above were not specifically named as such, but are provided here for clarification of the algorithm. *This value is most likely an average of a number of the most recent CVT samples (approximately 8). ** The method by which this value is determined is not given; however, it is most likely taken as the difference between the maximal and minimal CVT from a set of the most recently stored samples. ***Value not given; estimated from available information (Adapted from Alt et al., 1986; Alt, 1987; Alt et al., 1988; Alt et al., 1993).


The sampling rate is given as every few milliseconds or seconds (Alt, 1988) but is reported to be every 4 or 8 pacemaker cycles (Sneed, 1994). The period at which the pacemaker adjusts the pacing rate is identical (Sneed, 1994). Like the Kelvin 500 series, the Nova MR algorithm also uses two sets of CVT values for determining the CVT rate of change, although the number of temperature samples involved in this determination is not indicated. In addition, the Nova MR algorithm also limits the amount of time at an intermediate HR, HI, as well as the amount of time the rate is regulated by the exercise curve, K1. It does so, however, in a more desirable way.
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Figure 15.12  Intermedics Nova MR algorithm based on CVT (Adapted from Alt et al., 1986; Alt, 1987; Alt et al., 1988). (a) Basic (K2) and exercise (K1) curves. (b) CVT dip response curve. (c) Algorithm flowchart. XE  "Rate-adaptive algorithm" 
Example using the Nova MR pacemaker algorithm

In order to understand the algorithm, it is useful to pace through hypothetical exercise situations. First, assume that the patient, equipped with the Nova MR pacemaker, is initially at rest. As the patient continues to rest, his CVT may fluctuate slightly as well as be affected by circadian changes. During this time, the patient’s pacing rate is modulated by the K2 curve (see Figure 15.12(a)) at 70±15 bpm/˚C. Now assume that the subject’s CVT, Tc, and HR are 37˚C and 70 bpm, respectively, and that the subject is at rest. During the day, the subject’s CVT fluctuates according to the circadian rhythm discussed in section 15.1.2. Thus the pacing rate will follow the curve K2 (see Figure 15.12(a)). Assuming that his Tc has risen to 37.2˚C in such a matter, the corresponding pacing rate, with K2’s slope being 15 bpm/˚C, will be 73.0 bpm. At this time the subject begins to exercise, eventually causing his Tc to decrease by 0.4˚C, followed by a rise in Tc accompanying continuing exercise. As soon as the patient’s Tc drops by a value greater than ∆Td and a rate value less than Tdr (meaning that the slope is steeper in the negative direction), the HR will increase through a rapid transition phase to HI. Note that before the required drop threshold value is reached, the pacing rate will experience a transient initial decrease because curve K2 is controlling the pacing rate (see Figure 15.12(b)). Assuming a ∆Td of 0.2˚C, the resulting intermediate heart rate, HI, will be 85 bpm. Now assume that the CVT begins to rise by a rate greater than Er. The HR will rise by a curve, K1, which has an initial slope of 80 bpm/˚C (see Figure 15.11).


Assume that the patient continues to exercise until his HR and CVT plateau at 125 bpm and 37.5˚C, respectively. Soon after, the patient ceases exercise, and his HR continues to follow the exercise curve, K1, which he is currently on until his dT/dt  is greater than Br (meaning that the temperature is not decreasing as fast over time) and the time spent on this curve is greater than tt (approximately 30 min). At this time, the control of the pacing rate, HR, will shift from the K1 curve to the basic curve, K2, through a smooth but rapid transition between the two curves at the present Tc.


The necessity of the time criterion, tt, is as follows. If this criterion were left out, then the HR would immediately be shifted to the K2 curve as soon as the Tc started to plateau. As stated in section 15.1.2, at a given level of exercise, the CVT (and HR) will eventually plateau.


Now assume that the patient stops exercise instead of continuing (once again at HI). The subject's HR would stay at HI until ti has elapsed. After this time, the subject's HR would be decremented to the basic curve, K2, through a smooth but rapid transition between the two curves. The purpose of such a limit is the same as that in the Kelvin 500 series pacemaker algorithm.


Now assume that rather than stop exercising, the patient continues to exercise for a period greater than tt. The algorithm would, through a smooth and rapid transition, adjust the HR to the basic curve, K2. Upon returning to K2 the patient, who continues to undergo significant levels of physical stress, will experience a sudden increase in his CVT. The pacing rate will therefore shift as before from curve K2 to K1. Figure 15.13 shows the pacing HR and the CVT in a 63-year-old man with an implanted Nova MR rate-adaptive pacemaker in an atrial position (AAI-R) during various activities.

Advantages and disadvantages to the Nova MR pacemaker algorithm

The Nova MR pacemaker algorithm is more optimal than the Kelvin 500 series pacemaker algorithm in that it is more dynamic. Such an algorithm allows for both circadian and exercise HR increases which are closer to the natural HR response. However, this algorithm is less than optimal because its Tc (CVT)-vs.-pacing rate is linear in shape when the natural response is exponential as the CVT approaches the exercise plateau from below and approaches the baseline CVT from above. In addition, the patient will experience an initial brief decrease in the pacing rate at the onset of exercise until the dip meets the rate and magnitude threshold criteria. Also during periods of sustained exercise longer than tt, the pacing rate initially shifts from K1 to K2 when the natural response would assume the higher rate. Also, transition between curves K1 and K2 can often be unnaturally abrupt.

Figure 15.13  Pacing HR and the CVT in a 63-year-old man with an implanted Nova MR rate-adaptive pacemaker in an atrial position (AAI-R) during various activities. From Alt, E., Barold, S. S., and Stangl, K. (eds.) 1993. Rate adaptive cardiac pacing. Berlin: Springer-Verlag.


A study of 21 patients by Zegelman et al. (1990) showed a mean increase in exercise capacity of 33% while using the Nova MR in the rate-responsive mode compared to the nonrate-responsive SSI mode. It did, however, report the following suboptimal results:

1.
The mean response time (time to take the HR to increase 5 bpm) was 1.9 min. One factor that may have lengthened this time interval is the fact that the thermistor was located in the apex of the right atrium in some of the patients. At least one study has suggested that such a placement may result in a delayed response due to inadequate mixing of the blood in the right atrium (Alt et al., 1986). In addition, some patients may show a slower and prolonged CVT. This is common with patients suffering from chronic heart disease and is caused by constriction of the peripheral blood vessels that service the limbs upon initiation of exercise (Sneed, 1994). This causes a slower CVT dip. The dip is prolonged due to the decreased blood flow to the muscles, which are responsible for the heat production during exercise. This too would increase the mean response time.

2.
After experiencing the intermediate pacing rate increase after the dip was detected, some patients experienced a decrease (after the 2-min time limit at the intermediate) due to the previously described prolonged dip.

15.3.3 Intermedics Circadia®
The Intermedics Circadia pacemaker (unipolar) algorithm incorporated most of the basic principles applied to the Nova MR pacemaker along with several improvements which include:

1.
An algorithm that adjusts the pacing rate in a way which better simulates the rate of a normal, healthy heart under conditions such as rest, circadian rhythm, exercise, and fever.

2.
An algorithm that provides an improved detection of the beginning of physical activity.

3.
An algorithm that controls the slew rate of the calculated pacing rate to avoid abrupt increases or decrease in HR.

4.
An algorithm that provides a more optimal response after saturation of the pacing rate which can occur during periods of strenuous activity.

5.
An algorithm that, in addition to performing the above, will automatically adjust the reference temperature used by the rate response algorithm.


The algorithm bases its pacing rate, which is calculated every 4 or 8 beats (programmable), on Eq. (15.9) (Calfee et al., 1989; Sneed, 1994). The Circadia pacemaker samples the CVT every beat.

Rate = Reference Rate + Natural Rate Response + Dynamic Rate Response
(15.9)



+ Step Rate Response

where

Reference Rate is the desired base pacing rate.

Natural Rate Response is the desired change in resting pacing rate with a CVT change due to natural causes such as fever and circadian cycles.

Dynamic Rate Response is desired change in the pacing rate due to CVT changes associated with exercise.

Step Rate Response is desired incremental change in pacing rate associated with the exercise-evoked dip in CVT.


The Reference Rate is the desired resting pacing rate and is initially programmed by a physician (typically around 70 bpm). The remaining parameters will be explained using applicable equations, tables, and pseudocode. Figure 15.14 displays a general flowchart of this algorithm while Figure 15.15 illustrates some characteristic curves of the aforementioned parameters (Calfee et al., 1989).

Circadia Natural Rate Response

Figure 15.16 describes the pseudocode governing the Natural Rate Response.

where

KNATP is a programmable positive natural rate coefficient with a typical value of 12 bpm/˚C (see Figure 15.15(b)).

KNATN is a programmable negative natural rate coefficient with a typical value of 6 bpm/˚C.

TAVG is the current average CVT (˚C) calculated from the 4 or 8 (programmable) most recent temperature samples.

REFTMP is the weighted average reference temperature which initially is programmed by the physician (typically 37˚C), but after implantation is modulated by Eqs. (15.10) – (15.12).


REFTMP is periodically calculated by REFTMP = AN, where AN is determined by Eqs. (15.10) – (15.12), to account for any miscalculation in the initially programmed reference temperature as well as to allow the reference temperature to adjust over time due to seasonal or other long term fluctuations in the resting temperature.
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Figure 15.14  Basic algorithm of the Intermedics Circadia pacemaker Adapted from Calfee et al. (1989). XE  "Rate-adaptive algorithm" 

AN = K*SN–1
(15.10)


DN = TAVG  – AN
(15.11)


SN = SN–1 + DN
(15.12)

where

AN is the current weighted average reference temperature over a predetermined time period.

K is a constant coefficient, (1/2)n where n is an integer between 8 and 24.

DN is the difference between the current and weighted average temperatures.

SN is the current sum of the previous average weighted sum and the difference between the current average temperature and the weighted average temperature; initially programmed with a value of 2n(REFTMP).

SN–1 is the previous average weighted sum.


The value chosen for n determines how much reference temperature, REFTMP, is adjusted for the predetermined time period. Three programmable values, slow, medium, and fast, are provided to allow for weighted average time constants of >14 days, 7–14 days, and 1–7 days (Sneed, 1994).


The Natural Rate Response always contributes to the pacing rate value unless TAVG = REFTMP.
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Figure 15.15  Curves that describe the various rate response parameters of the Intermedics Circadia pacemaker Adapted from Calfee et al. (1989).

if ((TAVG – REFTMP) ≥ 0)


Natural Rate Response = KNATP(TAVG – REFTMP);

else Natural Rate Response = KNATN(TAVG – REFTMP);

Figure 15.16  Pseudocode that determines the Circadia Natural Rate Response. Adapted from Calfee et al. (1989).

Circadia Dynamic Rate Response

Figure 15.17 describes the pseudocode governing the Dynamic Rate Response.

if (RTAVG > RBCRIT)

{


if ((TAVG – DYNRFT) < BP1)


    Dynamic Rate Response = KP0(TAVG – DYNRFT);


if (BP1 ≤ (TAVG – DYNRFT) < BP2)


    Dynamic Rate Response = RADJ1 + KP1(TAVG – DYNRFT);


if ((TAVG – DYNRFT) ≥ BP2)


    Dynamic Rate Response = RADJ2 + KP2(TAVG – DYNRFT);

}

Figure 15.17 Pseudocode that determines the Circadia Dynamic Rate Response. Adapted from Calfee et al. (1989).

where

RTAVG is the rate of change of the average CVT (˚C).

RBCRIT is the minimal programmable rate of change threshold value, which indicates whether or not the subject is exercising (typically 0.02˚C/differential cycle). A differential cycle is given as 8 pacing cycles.

TAVG is the current average CVT (˚C).

DYNRFT is a value which tracks the TAVG value until the moment RTAVG > RBCRIT at which it remains constant (see T1 on Figure 15.15(a)).

KP0, KP1, and KP2 are the first, second, third exercise coefficients with typical values of 90, 66, and 48 bpm/˚C, respectively.

RADJ1, and RADJ2 are the first and second constant rate adjustments with typical values of 27 and 46.8 bpm, respectively.

BP1, and BP2 are the first and second temperature breakpoints with values of 0.3 and 0.6˚C, respectively.


It should be apparent that the values KP0, KP1, KP2, RADJ1, RADJ2, BP1, and BP2 are interrelated such that they will provide a smooth pacing rate when the two breakpoints are crossed (see Figure 15.15(c)). These parameters are programmable in such a way as to retain the smooth transition. In addition, the subsequent decreasing slopes of KP0, KP1, and KP2 closely follow the natural, exponential HR as the HR (and CVT) increase.


Once the TAVG rate of change falls below the value RBCRIT (following cessation of exercise; see T2 on Figure 15.15(a)), DYNRFT does not immediately track TAVG; instead, DYNRFT is incremented according to a programmable ramp function according to parameters TSTP and RAMP DELAY in order to provide a smooth pacing rate decrease such as a normal, healthy heart would.

Circadia Step Rate Response

Figure 15.18 describes the pseudocode governing the Step Rate Response.

where

TAVG and DYNRFT are as described earlier.

STPCRIT is a programmable criterion associated with the difference between TAVG and DYNRFT, which assures that the Step Rate Response is not added to the pacing rate when the CVT dip is not due to the initial onset of exercise (typically 0.04˚C).

T_CTR is a counter that ensures that the patient has been at rest for a certain period of time before the Step Rate Response can be added to the overall pacing rate (initially set by the algorithm to MAX_COUNT, which is typically about 22 differential cycles).

TL is the average CVT from the previous differential cycle.

DIPSLOPE is the programmable CVT dip slope criterion (typically 0.006˚C/differential cycle).

DIPSIZE is the dip magnitude criterion.

RATE is the present calculated pacing rate.

STPCRTR is a programmable criterion associated with the present pacing rate, which assures that the Step Rate Response is not added to the pacing rate when the CVT dip is not due to the onset of exercise (typically 80 bpm).

STEP_RESPONSE the step rate adjustment contributed to the overall pacing rate (equal to STEP_SIZE which is typically 15 bpm).

STEP_DURATION is the criterion that determines how long the Step Rate Response will contribute to the overall pacing rate (equal to STEP_DURATION_MAX, which is typically 4 differential cycles).

TPEAK is a peak TAVG which is calculated by the following:


if(TAVG>TNL) then TPEAK = TAVG


     where TNL is the previous TAVG value.

if ((TAVG – DYNRFT) < STPCRIT)
(1)

{


if (T_CTR ≠ 0)
(2)


     decrement T_CTR;


else if (((TL – TAVG) > DIPSLOPE) and ((TPEAK – TAVG) >


     DIPSIZE) and (RATE < STPCRTR))
(3),(4),(5)


{


     STEP_RESPONSE = STEP_SIZE;


     STEP_DURATION = STEP_DURATION_MAX;


}

}

else T_CTR = MAX_COUNT;

Figure 15.18  Pseudocode that determines the Circadia Step Rate Response through the use of 5 criteria. Adapted from Calfee et al. (1989).


Overall, the pseudocode of Figure 15.18 (1) ensures that a Step Rate Response is not added to the overall pacing rate when the exercise response is already underway, (2) ensures that the Step Rate Response is not added to the overall pacing rate if the patient was not previously at rest for a period of about 10 min, (3) ensures that the CVT temperature drop rate is below a threshold value before the Step Rate Response is added to the overall pacing rate, (4) ensures that the CVT temperature drop magnitude is above a threshold value before the Step Rate Response is added to the overall pacing rate, and (5) ensures that the Step Rate Response is not added to the overall pacing rate when the calculated pacing rate indicates that the dynamic rate response has already taken hold.


Similar to the Nova MR algorithm, the Circadia algorithm will not let the overall pacing rate exceed a certain threshold, MAX_STEP_RATE, due to the addition of the Step Rate Response. A typical value of MAX_STEP_RATE is 85 bpm.


Also similar to the previous algorithms is the limited amount of time that the step rate response is added to the overall pacing rate. The point at which the Step Rate Response begins to decay is given by the programmable parameter STEP_DURATION, which has a typical value of 4 differential cycles after the Step Rate Response, STEP_RESPONSE, has been added to the overall pacing rate (see Figure 15.15(d)). The Step Rate Response decays during each STEP_DURATION period by the value STEP_SLOPE, which has a typical value of 4 bpm, until the Step Rate Response no longer contributes to the pacing rate.

Additional features of the Circadia pacemaker algorithm

Another feature of the Circadia pacemaker algorithm is slew rate control. Each time that a new pacing rate is calculated (every 4 or 8 beats), a difference between the new calculated pacing rate, RATE, and the current pacing rate, LAST_RATE, is determined. If this difference exceeds the programmable maximal slew rate value, MAX_SLEW_RATE, then the new pacing rate increase is limited to MAX_SLEW_RATE, which is typically around 2 bpm/rate calculation cycle. The slew rate control limits pacing increases of all the parameters which contribute to the overall pacing rate (see Eq. (15.9)).


Another feature, which is present on all types of pacemakers, is the upper-rate limit, MAX_RATE_LIMIT, which is typically around 133 bpm. Once the calculated pacing rate matches or exceeds this value (see T1 on Figure 15.15(e)), the actual pacing rate is limited to MAX_RATE_LIMIT and DYNRFT is increased by the same amount as TAVG so that the calculated pacing rate remains constant until TAVG ceases rising and begins to fall (see T2 on Figure 15.15(e)). Once this happens, DYNRFT will start ramping up as described earlier, and the Dynamic Rate Response contribution to the overall pacing rate, RATE, will cause RATE to decrease. This prevents pacing at the maximal rate even after the exercise has ceased.

Advantages and disadvantages of the Circadia pacemaker algorithm

The improvements of this algorithm over the previously described algorithms were listed at the beginning of this section. Overall, the Circadia pacemaker has performed exceptionally well (Sneed, 1994). It is difficult to determine any inherent disadvantages of this algorithm due to its complexity. Also, information regarding the success or problems of this, as well as the Nova, model is extremely limited because neither of these advanced beyond clinical trials. The only disadvantages of this algorithm may be due to an individual’s CVT characteristics. Some of these potential problems are described in section 15.6.

15.3.4 Cook Sensor® Model Kelvin® 510 Series Pacemaker 

The Cook Sensor Model Kelvin 510 Series pacemaker (available in both unipolar and bipolar models), like the Kelvin 500 Series, bases its algorithm on Eq. (15.7), but it does so with an algorithm that adjusts the pacing rate in a way that better simulates the rate response of a normal, healthy heart under conditions such as rest, circadian rhythm, exercise, and fever. This not only includes a more accurate response but also a more rapid response than previously mentioned algorithms (Fearnot and Evans, 1991).


The Kelvin 510 Series algorithm contains five parameters that contribute to the overall pacing rate as given in Eq. (15.13). These factors are similar to those used in the Circadia algorithm with one major distinction being that the Kelvin 510 Series algorithm uses the absolute magnitude and derivative of the exercise-evoked CVT dip as an indication of an amount the pacing rate should be increased, rather than their values relative to thresholds. This results in an earlier increase in pacing rate following the onset of exercise.


TR = LR + DIU + DT + STX + TXB
(15.13)

where

TR is the target pacing rate

LR is the base heart rate as well as the lower pacing limit (typically 70 bpm)

DIU is the desired addition to pacing rate with a CVT change due to natural causes such as fever and circadian cycles

DT is the desired addition to pacing rate due to the rate of change of the CVT

STX is the desired addition to the pacing rate due to the magnitude of the exercise-evoked temperature dip

TXB is the desired addition to the pacing rate due to the increase in CVT above a local minimum during exercise


These values are calculated according to the pseudocode of Figure 15.19 and the programmable coefficients for tau which are listed in Figure 15.20. These coefficients were developed by studies relating CVT and HR in both normal and pacemaker patients having normal sinus node activity. In addition, the above pacing parameters are determined primarily by comparing a plurality of temperature deviations from three moving baseline temperature values that are shown in Figure 15.21.

STX = tau5(RST — D/6);
Dip Magnitude

if STX < 0 then STX = 0;

TR = LR + STX;

DIU = tau4(RST — DV);
Diurnal Variation

if DIU < 0 then DIU = 0;

TR = TR + DIU;

TXB = tau3(M0 — BLM);
Deviation from Local Minimum

if TXB < 0 then TXB = 0;

if D < E then:
Negative dT/dt


DT = tau1(E — D);


TR = TR + DT;


if TR > IR then TR = IR;


TR = TR + TXB;


if TR > UR then TR = UR;

if D ≥ E then:
Positive (or zero) dT/dt


DT = tau2(D — E);


if TR > IR then TR = IR;


TR = TR + DT + TXB;


if TR > UR then TR = UR;

NR = (PR + TR)/2
Rate Smoothing

Figure 15.19  Pseudocode that determines the pacing rate of the Cook Sensor Model Kelvin 510 Series pacemaker. Adapted from Fearnot and Evans (1991).
	Coefficients for tau1 through tau5 gain

	
	Minimal
	Nominal
	Maximal

	
	Programmable Kelvin Set number

	Tau
	1
	2
	3
	4
	5
	6
	7
	8
	9
	10

	1
	0.011
	0.013
	0.016
	0.020
	0.025
	0.031
	0.039
	0.047
	0.059
	0.070

	2
	0.059
	0.070
	0.094
	0.109
	0.141
	0.172
	0.203
	0.250
	0.313
	0.375

	3
	0.234
	0.281
	0.375
	0.438
	0.563
	0.688
	0.813
	1.00
	1.25
	1.50

	4
	0.055
	0.055
	0.055
	0.055
	0.055
	0.055
	0.055
	0.055
	0.055
	0.055

	5
	0.203
	0.234
	0.281
	0.375
	0.438
	0.563
	0.688
	0.813
	1.00
	1.25


Figure 15.20  Tau coefficients used in calculating the pacing rate of the Cook Sensor Model Kelvin 510 Series pacemaker. The desired Kelvin Set number (1–10), which represents a set of tau coefficients, is programmed by the physician. Adapted from Cook Pacemaker Corporation (1992).


The Kelvin 510 Series pacemaker samples the CVT once every 10 s and adjusts the pacing rate every 5 s when the pacing rate is increasing and every 10 s when the pacing rate is decreasing. In addition, pacing is adjusted in increments of 1 bpm for pacing rates between 50 and 130 and in increments of 2 bpm for pacing rates between 130 and 160. The range of possible pacing rates is between 50 and 160 bpm (Cook Pacemaker Corporation, 1992).


It should be evident from Figure 15.19 that the target rate, TR, is adjusted in steps. The first possible addition to the target rate is that due to the magnitude of a exercise-evoked CVT dip (STX).

Kelvin 510 Series determination of STX

Figures 15.20 and 15.21(a) and (c) illustrate how STX is determined. The average of the six most recent temperature samples is sampled every 1 min by taking the sum of these measurements D, dividing by the number of measurements (6), and storing this value in the resting buffer, which contains 8 registers. After each new average calculation, the oldest value, which is stored in R7, is discarded and the remaining values are shifted up to make room for the new average. At any given time, the baseline resting temperature, RST, is given by the fourth minimum value in the R (resting temperature) buffer. STX is determined during every CVT sample (every 10 s) and is given by multiplying a gain constant, tau5, by the difference between the resting temperature, RST, and the average of the six most recent temperature samples, D/6. Thus when an exercise-evoked CVT dip occurs, the average of the 6 most recent temperature samples, D/6, will be less than the resting temperature, RST causing an addition, STX, in the target pacing rate. If STX is negative, indicating that there is a temperature increase, then STX is 0 (see Figure 15.19).

Kelvin 510 Series determination of DIU

Figures 15.20 and 15.21(a) and (c) illustrate how DIU is determined. The value DIU, which represents the addition to the pacing rate due to diurnal variations, is given by multiplying a gain constant, tau4, by the difference between the resting temperature baseline, RST, and the daily minimal temperature baseline, DV. At sample periods of 5 min during each 24-h period, the resting temperature, RST, is compared against the lowest resting temperature, DIB, in the DIB buffer. If the present RST is less than the value DIB, then the present RST becomes the value DIB in the DIB buffer. After the 24-h period has expired, the value DIB becomes the value DV, which is the diurnal temperature baseline. Thus when the CVT is greater than the previous daily minimal temperature, DIU will be added to the target pacing rate due to the diurnal variation. If the value calculated for DIU is negative, then DIU is 0 (see Figure 15.19).
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Figure 15.21  The data buffers that are used in the Cook Sensor Model Kelvin 510 Series pacemaker algorithm to help determine the pacing rate. (a) The temperature buffers (T); (b) The minimal value buffer (M); (c) The resting temperature buffer (R). Also indicated are the three moving baseline values, BLM, RST, and DV, corresponding to the local minimal, resting, and diurnal moving baselines, respectively. Adapted from Fearnot and Evans (1991). XE  "Rate-adaptive algorithm" 
Kelvin 510 Series determination of TXB

Figures 15.20 and 15.21(a) and (b) illustrate how TXB is determined. The value TXB , which represents the addition to the pacing rate due to exercise, is given by multiplying a gain constant, tau3, by the difference between the local minimal temperature baseline, BLM, and the latest addition to the minimal value buffer (M0). Every minute the second minimal CVT value in the temperature buffers T0–T5 is added to the M buffer by discarding the oldest M buffer value and shifting the remaining values up. The local minimal baseline value, BLM, is the smallest of the six values in the M buffer. Thus during exercise when the value of M0 is greater than BLM, TXB will be added to the target pacing rate. If the value calculated for TXB is negative, then TXB is 0 (see Figure 15.19).

Kelvin 510 Series determination of DT

Figures 15.20 and 15.21(a) illustrate how DT is determined. As stated earlier, the temperature buffers T0–T5 represent the six most recent temperature samples. These values are added together into a sum, D. The temperature buffers T6–T11 represent the six oldest temperature samples. These values are added together into a sum, E. The difference between these two values, D – E, represents the derivative of the CVT. If D≥ E, then the temperature is rising, and tau2 is multiplied by the aforementioned derivative to obtain DT. This value is then added to the target rate, TR. If D< E, which would be due to an exercise-evoked CVT dip, then the temperature is falling, and tau1 is multiplied by the additive inverse of the aforementioned derivative to obtain DT. This value is then added to the target rate, TR. Note also that according to the pseudocode of Figure 15.19, if the target rate, TR, is already greater than a value, IR (set intermediate rate, most likely around 85 bpm), then the target rate is set to IR before adding DT to the target rate. This has a similar overall effect to the intermediate rate provided in the Kelvin 500 Series pacemaker in that it adjusts the overall pacing rate do to the initiation or cessation of exercise around an intermediate rate. This algorithm, however, is not limited to three pacing rates and responds much quicker than the Kelvin 500 Series algorithm.

Additional features of the Kelvin 510 Series pacemaker algorithm

In addition to the already mentioned parameters, the Kelvin 510 Series algorithm also provides an upper pacing rate limit (UR, typically 110 bpm). In addition, programmable limitations on the slew rate is also provided. These rates, called Rate Ramp parameters, are 12, 24, 36, 48, and 60 bpm/min for an increase in the pacing rate, and 6, 12, 18, 24, and 30 bpm/min for a decrease in the pacing rate. (Cook Pacemaker Corporation, 1992).


A plot showing the simulated pacing rate using this algorithm along with the actual pacing rate is shown in Figure 15.22.

Figure 15.22  An individual’s intrinsic rates compared with simulated rates produced by the Kelvin 510 Series pacemaker algorithm in response to treadmill exercise. The simulated and actual HR show a strong correlation to each other as well as to the CVT. From Fearnot, N. E., and Evans, M. L. 1988. Heart rate correlation, response time and effect of previous exercise using an advanced pacing rate algorithm for temperature-based rate modulation. PACE, 11: 1846–1852.

Advantages and disadvantages of the Kelvin 510 Series pacemaker algorithm

Like the Circadia algorithm, the Kelvin 510 Series pacemaker algorithm provides pacing that is closer that of a normal, healthy heart. Correlation coefficients between normal chronotropic HR and simulated pacing HR using the Kelvin 510 Series pacemaker algorithm during a staged Bruce exercise protocol in 22 patients is reported to be 0.92 with a mean response time of 22±13 s, although the meaning of chronotropic is questionable since the temperature data were recorded and then telemetered from patients with implanted Kelvin 500 Series pacemakers. At least some of these patients most likely were being paced based on their CVT according to the Kelvin 500 Series algorithm, although a VVIC mode is possible for patients who can benefit from it.


By studying the algorithm and the available information, at least one disadvantage is apparent: If a patient has a constant fever which lasts longer than the period required to determine the minimal temperature baseline, then the minimal temperature baseline will be adjusted to the value of the CVT during the prolonged fever. This would then inhibit the pacing rate increase provided by the diurnal variation parameter, DV. This problem may be easily solved by increasing the time period over which a new minimal temperature baseline is calculated (similar to the length of time the Intermedics Circadia takes to calculate the REFTMP parameter in the Natural Rate Response).


Presently the Cook Kelvin 510 Series pacemaker is the only CVT rate-adaptive pacemaker that is commercially available in the US.

15.4  Additional features of CVT rate-adaptive pacemakers

In addition to the features already described and to the features that are common to all pacemakers, there are several additional features that are present in the Cook Kelvin 510 Series pacemaker, and presumably similar features in all CVT rate-adaptive pacemakers. These include the following:

1.
Both rate-responsive modes (VVIR, VOOR) and nonrate-responsive modes (VVIC, VOOC), the latter of which are the default values for the former modes in case of a low-battery or loss-of-temperature sensing.

2.
The ability to telemeter temperature and pacing rate information for determining the rate-adaptation effectiveness (see section 15.5).

15.5  Follow-up functions of CVT rate-adaptive pacemakers

In the event that a CVT rate-adaptive pacemaker is determined to be beneficial and is subsequently implanted it is important to determine the patient’s physiological condition, keeping in mind things such as age, exercise capacity, and overall functionality of the heart when determining the initial values of the programmable parameters. After doing so, close monitoring of the patient is recommended for the first few months after implantation (as it is for any type of pacemaker). In addition to the conventional parameters which should be checked, such as refractory period and pulse width, the effectiveness of the temperature sensing and rate adaptation should be checked. This is determined in the Cook Kelvin 510 Series pacemaker not only by the patient’s comments as to their experiences, especially during exercise, but also by telemetering CVT or pacing data in one of three ways:

1.
A short term (up to 40 min) snap shot histogram, which is initiated using the programmer, that is most helpful for set activities, such as walking or bicycle ergometry, during office visits. While in this mode, every time the pacemaker measures temperature and updates the pacing rate, one of six counters is incremented. The counters represent the temperature ranges of 50–64, 65–79, 80–94, 95–109, 110–124, and 125–160 bpm with a limit of 255 for each counter.

2.
A long term histogram (up to 5 years), which is also initiated by the programmer, that will tell the number of times the pacing rate was above or below a programmable distribution rate.

3.
A synchronized telemetry option is also available, which will cause the pacemaker to telemeter the pacing rate and CVT data every 10 s. This allows the physician to test the effectiveness of changing the various programmable values during an office visit.

15.6  Overall advantages and disadvantages of CVT rate-adaptive pacemakers

CVT rate-adaptive pacemakers have an advantage over other rate-adaptive pacemakers in that they are reliable and stable over time, require minimal hardware changes that are easily implemented, and have a direct correlation with metabolic need.


Although CVT rate-adaptive pacemakers have been criticized for their relatively slow response to exercise in the past, recent algorithms have reportedly improved upon this. Some patients, however, because of their physical conditions may experience the following problems:

1.
Some patients may show a slower and prolonged exercise-evoked CVT dip. This is common with patients suffering from chronic heart disease and is caused by constriction of the peripheral blood vessels that service the limbs. The dip is prolonged due to the decreased blood flow to the muscles, which are responsible for the heat production during exercise. Depending on the rate and magnitude of change, the CVT dip may not be detected possibly causing an initial decrease in the pacing rate followed by a delayed increase.

2.
After experiencing the intermediate pacing rate increase after the dip is detected, some patients may experience a decrease (after the time limit at the intermediate at an intermediate rate has expired) due to the previously described prolonged dip.

3.
In addition, if such a patient stops exercise, his vessels may then dilate causing a greater volume of blood to pass through the warm (due to exercise) peripheral muscles. Thus, his CVT will suddenly increase even though he is no longer exercising. This would cause an undesirable increase in the pacing rate.


In addition, some types of exercising, such as swimming, may not provide sufficient rate increases; although studies relating normal HR and simulated HR using CVT rate-adaptive pacemakers during this type of exercise (where CVT may be affected by the environment) have not been reported.


Also, some pacemakers, such as the Intermedics Nova and Circadia, have not progressed beyond clinical trials, not due to ineffectiveness, but due to business decisions. These business decisions were primarily based on the fact that physicians do not like to be forced to use a certain type of pacing lead (the number of types of pacing leads with integrated thermistors is extremely limited) as well as the fact that rate-adaptive pacemakers using activity sensors, which do not require changes to the conventional pacing leads, have shown acceptable rate-adaptation during most types of exercise (Sneed, 1994). These types of rate-adaptive pacemakers, however, will not provide increased pacing rates due to fever, anxiety, or inherent circadian type cycles.

15.7  Improvements in CVT rate-adaptive pacemakers

Because CVT rate-adaptive pacemakers are relatively new, it is likely that further improvements will be made to the algorithm that determines the pacing rate. However, some of the potential problems that were previously mentioned may not be solved this way. A likely improvement in rate-adaptive pacemakers is the addition of an additional sensor. Because CVT sensors (thermistors) have proven thus far to be the most reliable and accurate metabolic sensors, it is likely that a rate-adaptive pacemaker having multiple sensors may include CVT measurement. Examples of such systems that have been proposed include respiratory and CVT rate control (Sugiura et al., 1988, 1991), activity and CVT rate control (Heggs et al., 1990), and blood oxygen content and CVT rate control (Lekholm et al., 1993).
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15.9  Instructional objectives

15.1
Explain why CVT rate-adaptive pacemakers sample the blood temperature from the right ventricle.

15.2
Explain how the body temperature regulated.

15.3
Sketch the CVT and HR as a person is at rest, then begins to exercise, and finally ceases exercise. State the reasons for the shape of the curve.

15.4
Explain why CVT rate-adaptive pacemakers have negative feedback.

15.5
Draw a basic block diagram of the CVT rate-adaptive pacemaker system and explain the purpose of each of the blocks.

15.6
Describe the importance of isolating the thermistor from possible fluid intrusion. Explain the resulting CVT rate-adaptive pacemaker response in the event of fluid intrusion if it were not detected.

15.7
Explain why the circuit of Figure 15.8 is more optimal than that of Figure 15.7.

15.8
Describe how the present temperature is determined using the circuit of Figure 15.8.

15.9
Describe which factors need to be considered when developing an algorithm for a CVT rate-adaptive pacemaker.

15.10
Describe how the Kelvin 500 series pacemaker algorithm changes the pacing rate based on the CVT.

15.11
Explain the advantages and disadvantages of the Cook Kelvin 500 series pacemaker algorithm.

15.12
Describe how the Intermedics Nova MR pacemaker algorithm changes the pacing rate based on the CVT.

15.13
Explain the advantages and disadvantages of the Intermedics Nova MR pacemaker algorithm.

15.14
State the equation which the Intermedics Circadia algorithm uses to adjust the pacing rate and describe the purpose of each of the parameters.

15.15
Explain how the Intermedics Circadia determines whether or not an exercise-invoked temperature dip has occurred.

15.16
Explain how the Sensor Model Kelvin 510 pacemaker algorithm adjusts the pacing rate following exercise.

15.17
Explain the importance of the follow-up functions of CVT rate-adaptive pacemakers.

15.18
Explain how an additional sensor would increase the effectiveness of the CVT rate-adaptive pacemaker.
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