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Modern cardiac pacemakers are equipped with a function that allows the heart rate to adapt to the current needs of the

patient in situations of increased demand related to exercise and stress ("rate-response" function). Modern pacemakers

are equipped with a number of functions and algorithms that adjust the basal rate of pacing to situations associated with

increased demands of the body—this requires sensors for accelerometer-based measurements; measurements of minute

ventilation; measurements of myocardial contractility; and the analysis of myocardial, transthoracic, and transvalvular

impedances.
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1. Principles of Rate-Response Algorithms

A typical implantable cardiac pacemaker consists of a pulse generator and one, two, or three leads that are implanted,

depending on the patient’s needs, endocavitary, into the muscularis of the right atrium, into the right ventricle, epicardially

to the left ventricular wall, or directly or indirectly to the fibers of the conduction pathways or in their vicinity (stimulation of

the bundle of His, stimulation of the left bundle branch area) . Based on their construction, equipment, and technical

capabilities, pacemakers are divided into classic subclavian-implanted (in most cases) systems, with leads inserted

intravenously into the heart cavities, or leadless, endocavitary-implanted pacemakers . The choice of type of pacemaker

is made before implantation and is based on the indications for implantation, age, body structure (anatomical anomalies),

comorbidities (diabetes, renal failure), and risk assessment of potential complications; additionally—in the case of patients

previously treated with other cardiac implantable electronic devices—the presence of previous systems or components

thereof (including abandoned or damaged leads), vascular patency in the planned course of electrode placement, and any

history of past infectious complications will also be considered . All currently produced pacemakers are equipped with a

function to match the pacing frequency to the patient’s current metabolic demand (a rate-response function). However, the

principles of operation; scope of application; methods of recording the variability of metabolic, hemodynamic, and physical

parameters; and the method of processing signals related to this function can differ . The general principle of the rate-

response function is that it senses a specific factor that signals the start of physical activity or the existence of a situation

related to increased oxygen demand.

These pacemakers use built-in sensors to detect a signal that indicates the need for a faster heart rate and, in accordance

with the programmed settings for the dynamics of the response and the permitted limit of the change in the pacing rate,

calculates the number of sensor stimulations proportionally to the effort intensity; it increases the atrial (in pacing systems

operating in single-chamber atrial-responsive pacing (AAIR mode) or dual-chamber sequential-responsive pacing (DDDR

mode)) or ventricular (in single-chamber ventricular-responsive pacing (VVIR mode)) pacing rate to match the performed

effort, up to the maximum pacing frequency limit defined by the parameter value (most often referred to as the "upper

sensor rate") or until the effort ceases. In the parameters of the rate-response function, there is also a mechanism for

setting the dynamics of a gradual return to the basic rate of pacing after the end of the exercise. This prevents sudden,

significant drops in the stimulation frequency in situations where the effort is stopped abruptly. The parameters for the

dynamics of increase and the dynamics of decrease, and for the limitation of the pacing rate, are programmable in order

to individually adapt to the patient’s age, condition, needs, and lifestyle, taking into account their health history (it is also

possible for multiple and noninvasive modifications to be made using the programming functions) .

Each type of sensor (categorized by the factor to which it responds) has its own specific capabilities, advantages, and

limitations. A common solution involves two different sensors combined in one system in order to increase the sensitivity

and specificity of stimulus perception by the system, optimizing the stimulation frequency change under the influence of

the received factor and reducing the susceptibility to disturbances caused by interference from other stimuli acting on the

sensed parameters .
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According to the order in which they sense and react to the body’s increased demand for oxygen and the consequent

need to increase the pacing frequency, the rate-response sensors can be divided into primary, secondary, and tertiary

categories. The least physiological are the tertiary sensors, which detect parameters resulting from exercise, e.g.,

accelerometers. Secondary rate-response sensors detect parameters resulting from metabolic demand, e.g., minute

ventilation. The most physiological sensors, termed primary sensors, detect parameters influencing cardiac function

during exercise, e.g., closed-loop stimulation . In terms of the sensed stimulus, the rate-response sensors can be

divided into mechanical (accelerometer), electrical (impedance-based sensors), and algorithm-based (QT-interval, closed

loop) categories. 

2. Rate-Response Algorithms Based on Patient Activity

The simplest, most commonly used system for sensing a patient’s activity and the related need to adjust the pacing rate to

their effort is an accelerometer that is built into the pacemaker’s pulse generator. In this type of sensor, the device detects

the patient’s movement on the basis of the change in the position of the pulse generator, i.e., the deflection that naturally

accompanies the movement of the chest while walking or running. The device continuously counts the number and

frequency of recorded movements. It then converts this information into a proportional change in the pacing frequency in

accordance with the dynamics programmed for a given patient, as well as the difference between the baseline pacing rate

and the maximum limit to which stimulation may be increased during exercise. This sensor, however, has several

significant disadvantages: it responds to increased effort with a delay and it is susceptible to disturbances in the form of

external vibrations unrelated to, or disproportionately related to, the patient’s activity (e.g., while on a swing, riding over

bumps, or riding a horse) .

The operation of an activity sensor based on the incorporation of a circuit with a piezoelectric crystal works similarly. In

pacemakers with a rate-response function based on a built-in piezoelectric crystal, the sensed mechanical energy related

to vibration, muscle tension, and body movement is converted into electrical signals, triggering an algorithm responsible

for adjusting the pacing rate. Research studies have shown that sensors based on accelerometers more quickly and

precisely select the frequency of stimulation appropriate to the effort than pacemakers with sensors based on the

piezoelectric effect . Despite this finding, a study that compared the primary endpoint of death or stroke and

mortality, hospitalizations for heart failure, the incidence and duration of atrial fibrillation episodes, and the quality of life in

patients with sinus node dysfunction (MOST Trial), found no statistically significant differences in patients with an

accelerometer-based rate-response pacemaker when compared to patients with pacemakers with an embedded

piezoelectric crystal. Interestingly, this study also observed a group of patients with blended-sensor pacemakers

consisting of an accelerometer and piezoelectric circuit— this group of patients demonstrated significantly worse results in

terms of quality of life and physical performance . 

3. Rate-Response Algorithms Based on Minute Ventilation

Adjustment of the stimulation frequency can also be based on a minute-ventilation sensor, which acts as a physiological

sensor of increased metabolic demand associated with stress or exercise. Minute ventilation, which is calculated on the

basis of respiratory rate and tidal volume, correlates well with heart rate in patients without sinus node dysfunction; it may,

therefore, serve as an ideal pattern to utilize for adjusting the pacing frequency to exercise in patients receiving cardiac

pacing . This system has also been successfully validated in pediatric patients . Minute ventilation can be

measured by assessing intrathoracic impedance due to fluctuating gas-to-tissue and -fluid ratios in the area throughout

the respiratory cycle. In pacemakers, minute ventilation is based on monitoring changes in intrathoracic impedance

measured in the circuit between the pulse generator and the tip of the pacing lead . 

Unfortunately, this parameter has its limitations. It is susceptible to disturbances and changes in intrathoracic impedance

that are not related to effort. Previously conducted measurements showed that the accuracy of this sensor may be

impaired in situations of different body position (sitting vs. lying) and depending on the required effort (running vs. cycling)

. This sensor is also of limited use in patients with respiratory diseases . A significant disadvantage of this solution is

its susceptibility to interference associated with other medical equipment. There have been reports of inappropriate control

of the pacing rate in patients with mechanical ventilation systems  and cardiac rhythm monitoring systems , and

during transesophageal echocardiography . There have also been reports of incorrect pacing frequency caused by

sensor malfunction as a result of damage to the pacing lead . In order to take advantage of the strengths and reduce

the impact of the disadvantages of this system, a common solution is to combine a minute-ventilation sensor with an

accelerometer-based sensor in a single pacemaker. This solution allows for the benefits of the physiological response of

the minute-ventilation sensor (as opposed to the nonphysiological response of the accelerometer sensor), while also

using a cross-check method that verifies the need to activate the rate-response algorithm using the observed movement
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recording by the accelerometer, reducing the risk of an inappropriate increase of the pacing rate in response to external

disturbances .

Study results have shown that the use of this combination produces a greater improvement in heart rate scores compared

to the use of an accelerometer alone; this is a measure that determines the risk of death in patients with an implanted

cardioverter-defibrillator and allows for the identification of patients that may benefit more from rate-responsive stimulation

. The results for the use of two sensors are contradictory and inconclusive in terms of the impact on physical capacity

and exercise tolerance for cardiac pacing, and thus this issue requires in-depth research to assess which patient types

could benefit most from the use of combined responsive stimulation with two activity sensors .

4. Rate-Response Algorithms Based on the Analysis of the QT Interval

Electrocardiographic QT-interval-based sensors provide a completely different solution for analyzing physiological

increases in the body’s metabolic demand. These pacemakers continuously record the heart rhythm by calculating the

potential difference between the poles of the pacing leads (bipolar pacing) or between the pole of the lead and the can of

the pulse generator (unipolar pacing). This registration is called an intracardiac electrogram (EGM).

Correct registration of intracardiac EGM signals forms the basis for the proper functioning of these pacemakers. Based on

the EGM recording, the pacemaker calculates the time from the occurrence and sensing of a native or paced impulse.

This allows it to send stimulation impulses at the appropriate time and control the heart rhythm according to programmed

settings. The pacemaker also makes changes to basic pacing and sensing parameters using EGM. By automatically

adjusting the sensitivity of the electrodes by adjusting the low- and high-pass filters, the pacemaker reduces the risk of

incorrect pacing that could be caused by following incorrect signals registered by the lead (e.g., sensing muscle

potentials, electromagnetic interference, incorrect classification of the QRS complex due to double or triple counting,

incorrect classification of the T-wave or atrial fibrillation wave).

Based on the EGM recording, the pacemaker can also automatically assess the effectiveness of stimulation during

periodic tests of the pacing threshold. In the absence of a deflection corresponding to the excitation of the atrium or

ventricle after sending the test pacing impulses, the pacemaker can register ineffective stimulation. It can then change the

amplitude of the stimulation output, reducing the risk of asystole. Additionally, the accurate recording of beats by the EGM

allows for the use of algorithms that can change the atrioventricular interval to limit the pacing of the right ventricle.

Excessive stimulation of the right ventricle (i.e., pacing in a situation where atrioventricular conduction is preserved with a

delay that does not affect the deterioration of hemodynamic parameters) increases the risk of developing poststimulating

cardiomyopathy .

In the majority of currently used cardiac implantable electronic devices, it is possible to automatically manage the pacing

of the right ventricle. This is achieved by gradually extending the atrioventricular (A-V) interval in order to evaluate

whether a native ventricular beat can be detected after a sensed or paced atrial beat .

QT interval analysis is a tool for the management of pacing rate during exercise (rate response) based on electrographic

recordings (EGM) . This algorithm is based on analysis of the duration of changes in the QT interval during exercise

and rest after sending a single unipolar impulse during ventricular depolarization . Under exercise or stress conditions,

myocardial contractility increases in response to autonomic nervous system regulation, resulting in a change in the

duration of the QT interval corresponding to the period of ventricular repolarization . The atrioventricular interval,

depending on the native atrioventricular conduction time or the programmed A-V interval settings on the pacemaker, is

also closely related to the QT interval . Recent studies describe the phenomenon of QT adaptation as an

abrupt change in the rate or interruption of atrial and ventricular pacing; this is indicative of the complexity of the

phenomenon and the existence of many potential factors (extrinsic, such as pacing, and intrinsic, such as

pharmacotherapy of conduction dysfunctions, electrolyte disturbances, or short- or long-QT syndromes) that can affect

this parameter . One of the disadvantages of this sensor type is the slow response to effort. Numerous

attempts have been made to improve response time and to allow diversification of the rhythm and pacing frequency

distribution to achieve a nearly physiological distribution of heart rate in a human undertaking various forms and degrees

of intensity of exercise .

Unfortunately, pacing rate control based on the analysis of changes in the QT interval has been associated with a

susceptibility to malfunction and inadequate acceleration or deceleration of pacing under nonexercise conditions affecting

QT interval duration. Additionally, inappropriate control of rate modulation pacing has been reported in association with

drugs that affect the duration of myocardial repolarization . In patients with coronary artery disease, there is a particular
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need for care when using QT-based rate modulation pacing settings. In these patients, ischemic pain may induce a

pacemaker response in the form of an increase in heart rate by increasing the adrenergic response, which carries a small

risk of increasing pain in a vicious circle by increasing the heart rate .

In patients with an implanted pacemaker that modulates the pacing rate based on QT interval analysis, changes in the

pacing rate have been observed both during and after fever . Due to the ability to monitor subtle changes in the QT

interval and the response to physiological changes associated with inflammatory processes, an attempt was made to use

this method as a noninvasive tool for diagnosing early signs of rejection in heart transplant recipients; however, the trials

did not result in a sufficient level of diagnostic sensitivity and specificity to allow the solution to be considered clinically

useful . As with the previously described sensors, the combination of two different methods for recognizing increased

metabolic demand could eliminate the impact of the disadvantages and enhance the advantages of using algorithms

based on the analysis of the QT interval. Currently used pacemakers are, however, not equipped for this type of

monitoring of physical activity .

5. Rate-Response Algorithms Based on Closed-Loop Stimulation

An innovative type of rate-response sensor is based on the closed-loop stimulation (CLS) algorithm. The principle behind

this method is the continuous observation (in a closed loop) of changes in unipolar intracardiac impedance related to the

filling of the ventricles with blood in the diastolic phase and the change in the ratio of the volume of fluid (blood) to tissue

(walls of the myocardial chambers) in the contraction phase, under the direct influence of stimuli from the autonomic

nervous system .

In CLS systems, a series of subthreshold electrical pulses are sent to enable impedance measurements in the tissue

immediately surrounding the tip of the pacing lead placed in the chamber. A pacemaker with a CLS system adjusts the

pacing rate by continuously analyzing the rate of change in impedance associated with changes in myocardial contractility

during increased metabolic demand caused by emotions, exercise, or other conditions. It then calculates the difference

between gradient sums of actual and reference impedance measurements . CLS sensors are one of the most

physiological options among the currently used cardiac implantable devices because they detect and respond to

parameters influencing cardiac function simultaneously with the changing demand, rather than secondarily after the

recording of parameters resulting from exercise or metabolic demand. This ensures a proportionate improvement in

physical capacity and allows daily living activities to be performed with less effort .

CLS (Biotronik, Germany) works based on the measurement of intracardiac impedance of the area of about 0.5–1 cm

diameter around the ventricular electrode (blood and endocardial tissue), on the basis of which it builds a model of the

instantaneous work of the heart. Changes in the impedance of the right ventricle are correlated with dP/dtmax of the right

ventricle, which corresponds to the rate of contraction of the right ventricle. Thus, during the contraction of the heart, there

is greater contact between the electrode and the endocardial tissue, which increases the impedance and, as a result,

sends information about the need to increase the heart rate—i.e., the stronger the contraction, the greater the impedance

causing the acceleration of the heart rate. Changes in intracardiac impedance are often illustrated by impedance curves,

and changing the shape of these curves causes CLS activation. Despite the known mechanism of action of CLS and the

undeniable benefits in counteracting vasovagal syndrome (VVS) syncope, it is not fully known what activates this

algorithm during such an episode—it may be the acceleration of the activity and the increase in the force of contraction of

the heart in the first phase of the presyncope state, which is a physiological response to prevent it. Activation of CLS in

this mechanism also allows the minute volume to be maintained at the time of pressure drop during the vascular reflex.

After the reflex (when CLS-activating factors have subsided), the cardiac pacing rate gradually returns to baseline values

according to the pacing program. It should be mentioned that there are no universal recommendations for programming

CLS in the case of VVS, and the program of the device should be set individually so that the patient does not feel

discomfort due to the increased frequency of stimulation or its overlong duration. It seems that in cases of VVS, it may be

beneficial to program a higher CLS activation .

Due to the principle underlying the CLS sensor, it characteristically reduces symptoms associated with syncope in patients

with vasovagal syndrome. Several clinical trials have evaluated the use of CLS in patients with vasovagal reflex syncope,

with a mean follow-up of 30 months, and 88% of patients experienced a reduction in symptoms associated with vasovagal

syndrome after using CLS .

In accelerometer-equipped pacemakers, the rate-drop response (RDR) is used to prevent vasovagal syncope. This

function is based on the short period of overstimulation after an episode of sudden decrease in heart rate is detected

(cardiodepressive mechanism of vasovagal syncope).
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The main disadvantage of this function is the late reaction. The rate-drop response is activated after the beginning of the

vasovagal mechanism, which often starts with a hypotensive reaction. The pacemaker detects a decrease in heart rate,

which can precede syncope as a result of hypotension. Consequently, patients with vasovagal syncope achieve only

partial improvement in the form of reducing the number of syncopes and prolonging the prodromal period, allowing them

to adopt a safer body position before the syncope.

Furthermore, the rate-drop response function is based on a nonphysiological, sudden increase in the pacing rate, which is

sometimes not well tolerated by patients, interpreted as long-lasting (even up a minute) attacks of palpitations which

accompany the feeling of upcoming syncope . Closed-loop stimulation is based on continuous analysis of intracardiac

impedance, which changes along with the heart’s work cycle and under the influence of mechanisms that change

myocardial contractility.

In clinical trials comparing the effectiveness of CLS and RDR in preventing vasovagal syncope, superior efficacy of CLS

devices has been evidenced . This effect was also observed in patients with an epicardial lead . Consequently, in the

latest European Society of Cardiology (ESC) 2021 pacing guidelines, the implantation of a CLS pacemaker in patients

>40 years of age with severe, recurrent, unpredictable reflex syncope caused by asystole was placed in class I indications

(recommended) .

Moreover, this sensor is capable of detecting and responding to fluctuating demands of cardiac output due to blood flow

and electrolyte changes associated with hemodialysis renal replacement therapy . In a retrospective analysis of

patients diagnosed with paroxysmal atrial fibrillation with an implanted pacemaker with a closed-loop sensor, a lower

burden of atrial fibrillation was observed when compared to patients with a pacemaker without rate response or with a

different sensor .

The limitation of this method is the need to implant a right ventricular lead (an algorithm impossible to use in AAIR

systems). Furthermore, some patients experience accelerated pacing that is unsuitable for their needs and individual

tolerance range. Additionally, the use of negative inotropic drugs and the presence of postinfarction scars in the area of

the implanted right ventricular lead may reduce the effectiveness of the algorithm . Currently, this algorithm is used only

in implantable cardiac devices from BIOTRONIK, Germany.

6. Rate-Response Algorithms Based on Peak Endocardial Acceleration

Another solution for using an accelerometer as the basis for a rate-response function is to optimize the pacing rate in

response to isovolumic contraction (and the first cardiac tone) and isovolumic relaxation (and the second cardiac tone)

intervals. Technically, this is performed by analyzing endocardial vibration sensed using an accelerometer built into the tip

of the ventricular lead (usually ventricular, but it is also used in systems with an accelerometer lead placed in the atrium).

This solution allows for the assessment of systolic isovolumic peak acceleration—mechanical activity of the heart which

increases during adrenergic stimulation, a parameter of heart contractility. It can also be used to follow the changes in

heart rate and demand during exercise. The disadvantage of this solution is the need to use a dedicated electrode

compatible with the pulse generator (Sorin Group, Saluggia, Italy). This prevents this solution from being used in patients

in whom there are no indications for replacement or additional implantation of the leads from previously used systems,

even when replacing the pulse generator itself due to battery depletion .

7. Rate-Response Algorithms Based on Transvalvular Impedance (TVI)

An example of pacing rate modulation based on hemodynamic parameter analysis is the rate-response function based on

measurements of and changes in transvalvular impedance (TVI). TVI is measured via electrical impulses in a circuit

created between the ends of the atrial and right ventricular leads. This method is based on the fact that changes in the

impedance of this area are associated with changes in the filling of the heart chambers with blood during the heart cycle.

The TVI reaches a minimum value during atrial systole (which corresponds to the end-diastolic phase of the cycle) and a

maximum at the end of the QT period (which corresponds to the end-systolic phase) . The maximum TVI

corresponds to the end-systolic volume and is sensitive to changes in cardiac contractility, which allows this solution to be

used to express the autonomic nervous system’s regulation of the heart in patients with chronotropic insufficiency .

Changes in the TVI waveform correspond to echocardiographic recordings of filling parameters used in the evaluation of

myocardial contractility under the influence of right ventricular stimulation. This allows for an indirect assessment of

changes in ventricular contractility with stimulation from the septal region compared to the apical region of the right

ventricle . Diagnostic information on trends in TVI, due to reliable correlation with hemodynamic parameters in
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preclinical studies, may prove valuable in cardiac disease therapy in patients with an implanted device . This system is

available in Medico (MEDICO S.R.L., Rubano, Italy) cardiac devices.
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