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Abstract: The usability assessment of a pacemaker is a complex task where the dedicated programmer for testing programmed algorithms is necessary. This paper provides the outcomes of development and complex testing of the artificial cardiac system to evaluate the pacemaker’s functionality. In this work, we used the modular laboratory platform ELVIS II and created graphical user interface in LabVIEW programming environment. The electrical model of the heart allows signals generation (right atrium, right ventricle) and the monitoring of the stimulation pulses. The LabVIEW user interface allows to set the parameters of the generated signals and the simulation of the cardiac rhythm disorders as well as the monitoring and visualization of the pacemaker behavior in real-time. The results demonstrate the capability of proposed system to evaluate the paced and sensed pulses. The proposed solution allows the scientists to test the behavior of any cardiac pacemaker for its pre-programmed settings and pacing mode. In addition, the proposed system can simulate various disorders and test cardiac pacemakers in different working modes.
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1  Introduction

The heart electrical activity is inherently tied to the synergy and synchrony of cardiac contraction. Specialized cardiac cells of the conduction system of the heart are adapted to the creation of electrical excitations and their conduction on the heart sections. Thus, they provide autonomy (independence), automatism (self-activity), rhythmicity (regularity) and time-sequence of cardiac contraction [1–3].

In a healthy heart, the sinoatrial (SA) node, located in the right atrium near the superior vena cava, spontaneously generates the electrical cardiac activity, i.e., physiological pacemaker. Cells of the SA node generates action potential (AP) at the rate of about 70 beats per min (bpm) [4,5]. The primary electrical impulse propagates throw the right atrium and Bachmann’s bundle into the left atrium, then stimulates the working atrial myocardium. Again, the electrical activity propagates across preferential pathways into the atrioventricular (AV) node, where the AP is delayed by approximately 0.12 s, to full completion of the atrial contraction [6]. The AV interface is composed of non-conductive fibrous tissue allowing for the transmission of excitation from the atria to the ventricles, only via the AV conduction system. The AV conduction system is proximally composed of bundle of His, distally divided into two branches spreading along both sides of the interventricular septum as the left and right bundle branches. The left bundle branch further divides into the left anterior and the left posterior fascicles, further divided into Purkinje fibers, diverging into the inner layers of the ventricular muscle [7,8].

Damage to some part of the electrical conduction system can result in the arrhythmia (bradycardia, tachycardia, atrial or ventricular extrasystoles, flutter, and fibrillation) and incorrect depolarization process, which can be lethal in severe cases. According to anatomical localization of the lesion, the arrhythmias are divided into sine (SA block), supraventricular (AV block) and ventricular (bundle branch block) [9,10].

Medical treatment can be performed either by pharmacological therapy or by artificial cardiac stimulation via implantable instruments (cardiac pacemakers (PCM), Implantable Cardioverter-Defibrillators (ICD) or Cardiac Resynchronization Therapy (CRT)). Artificial cardiac stimulation introduces, via electrodes, a pacing pulse to the affected chambers (atria, ventricles) [11]. Thus, the electrical field is created between the poles of stimulating electrode and the surrounding myocardium. For the AP creation and propagation, the difference of potentials between extracellular and relatively negatively charged intracellular environment should increase from −80  to −60 mV (above the threshold potential) [12]. By applying a negative pulse to the extracellular space, the generation of AP is achieved, which further propagates by means of biophysical mechanisms on the surrounding cells. For cardio stimulation, a rectangular pulse with programmable width and amplitude is used, where the parameters depend on the excitability of cardiac muscle, identified by the Hoorweg-Weiss curve [13,14].

The PCM, ICD and CRT instruments for cardiac stimulation provide different modes and functions and have different therapeutic capabilities. The main difference is the number of the chambers paced and sensed: single-chamber (either atrium or ventricle); dual-chamber (atrium and ventricle); biventricular (left and right ventricle – CRT only). Sensing of intrinsic cardiac activity allows synchronous or controlled stimulation [15]. Modern pacemakers are “on demand”, meaning that they only pace when necessary; they can have adaptive rate and multisite pacing as well. ICD or Cardiac Resynchronization Therapy Defibrilator (CRT-D) also provides anti tachycardia pacing and defibrillation. Basic functions for ant bradycardia pacing are revised in North American Society of Pacing and Electrophysiology (NASPE)/ British Pacing and Electrophysiology Group (BPEG) five digit long generic code, where the first three digits mean the localization of stimulation electrode (0 – None, A – Atrium, V – Ventricle, D – Dual), localization of sensing electrode (0, A, V, D) and type of the sensing response (0 – None, T – Triggered, I – Inhibited, D – Dual). The most common stimulation modes according to the NASPE/BPEG code are Ventricular Demand Pacing (VVI), Atrial Demand Pacing (AAI), Dual Chamber Pacemaker (DDD) and VDD [15–18].

Programming of the currently used PCM, ICD and CRT instruments is possible thanks to a wireless interface. Many parameters can be set (e.g., A-V delay interval following a sensed atrial depolarization, sensing and pacing thresholds) and can be read information about past events and therapies [19]. Some devices have availability to store intracardiac electrocardiograms of the onset and progress of the event, which is helpful for diagnosis and making programming changes [20,21]. Programmer also performs diagnostic testing of the implanted device (sensing of intrinsic cardiac activity, impedance of leads and threshold of generated pulses). The programmer is usually a special purpose equipment to communicate directly with a device of a specific manufacturer [22,23]. Eventually manufacturers’ wands, which communicate with programming protocols in each branded pacemaker can be plugged into one programmer with a universal user interface [24–27].

Although the programmers allow to test the PCM, ICD and CRT instruments functionality, they are not adapted to more complex simulations, such as pacemakers generated pulses measurement and visualization, its response to various states, evaluation of time intervals and synchronization of the intrinsic cardiac activity and finally the pacemaker activity in real-time [28,29]. These options would be useful for demonstration of a pacemaker function, mainly for academic and educational purposes – simulation of pathological states of the electrical conduction system of the heart–and scientific purposes – improving the design of new adaptive algorithms for pacemakers –. In addition, it may also be useful for companies engaged in pacemaker technology for testing the programmed settings in such devices [30–33].

The main motivation of the paper is the design and development of a novel complex electric system, simulating a human’s heart. This system should be capable of generating electrical impulses for the purposes of pacemakers testing. Nowadays, operation and behavior of pacemakers can be tracked by pacemaker programmers. Nevertheless, it would be suitable to utilize a device which is able to perform testing of stimulator’s algorithms without their programmer as a versatile tool, which is applicable in any clinical cardiologic workplace. The main aim of this study is a development a user interface, allowing for settings of generated impulses, which are further transferred into pacemaker. The environment allows for tracking the pacemaker’s and generator’s behavior in a real time.

The proposed solution presents an independent testing system for cardiac pacemakers that does not require any dedicated programmer and could support all types of PCM, ICD and CRT instruments of any brand. The system is composed of an electrical model of the heart, which simulates the conduction system activity in localization of right atrium and right ventricle. It also includes a measuring chain for the artificial heart and pacemaker electrical activity measurement, a graphical interface for changing sensing and pacing parameters and finally a real-time signals visualization. The main contributions of this study are as follows:

•   A novel independent system for testing the individual parameters of pacemakers is proposed. This system enables to test the programmed algorithms of the pacemakers even without its dedicated programmers.

•   The electrical heart model was created. This model enables to generate electrical impulses simulating physiological and pathophysiological conditions of the cardiac conduction system to track the behavior of pacemakers.

•   This novel independent system could find great usability for educational purposes, but also, for pacemakers’ manufactories and further evaluation of pacemaker’s functions.

Organization of the rest of the section is following. The Section 2 deals with the state-of-the-art of synthetic physiological signals. We are especially focused on the methods for generating synthetic physiologic signals. Section 3 is aimed on the complex design of the artificial heart for the cardiac pacemaker testing. Individual components comprise a system for the generated signals adjustment, circuit for pacemaker testing, hear signal generator, and block for input parameters settings for the generated signals from the right atrium and ventricle. Section 4 is focused on the testing and evaluation of the proposed system. We provide testing for Dual-chamber pacing, dual-chamber sensing, inhibited response-The DDI mode provides dual-chamber, sequential AV pacing with atrial sensing but no tracking of the sensed atria. AV synchrony is only provided at the current atrial pacing rate (DDI) and Dual-chamber pacing, dual-chamber sensing, triggered response (DDT) mode of the heart pacemaker. Lastly, Section 5 summarizes the reported fact of this proposed system for the testing and evaluation of the cardiac pacemaker.

2  Recent Work

Generators of the artificial physiological signals has recently gained on its importance from the several reasons. Synthetic (also called artificial) electrocardiogram (ECG) records are important for the clinical specialists for the training of physiological signals from pathological disorders classification, such is atrium flutter, or various types of arrythmias [33–35]. Based on such synthetic signals, we can simulate various pathological states with different severity of manifestation in ECG signal. The further important area is testing of various signal processing techniques. In this context, we can test effectivity and robustness of signal processing methods via different simulated conditions, and consequently compare the results with the real ECG signals [36–38]. Lastly, the synthetic signals represent a significant area, frequently discussed in the research community, which enable create testing system for the cardiac pacemakers. Such systems have the potential to fully substitute pacemaker programmer, and could support all types of PCM, ICD and CRT instruments of any brand. Such pacemaker testing instrument based on the synthetic signals represents one of the most challenging issues in the area of the synthetic signal analysis and modeling [39–41].

In the area of the synthetic signals, various methods have been adopted within the research community. One of the popular approach tackles with the design of synthetic time series, representing the behavior of real clinical signals, such is ECG [42–44]. Such dynamical behavior can be studied based on the periodical synthetical generators. For such approaches, the Fourier transformation can be adopted. Fourier series allows for a periodic expansion of individual elements of physiological signals [45–47]. In such approach, individual elements of ECG signal may be determined via a system of the mathematical equations, and consequently expanded into the Fourier series [48,49]. The further approach for the modeling utilizes a system of ordinary differential equations, in which user should define the characteristics of the heart rate [50–52]. Neural networks are considered as more sophisticated approaches with the aim to generate physiological signals [53,54]. We can note WaveNet, which is based on the auto-regressive neural network [55,56]. Generative Adversarial Networks (GANs) is other powerful alternative, which enables the development of physiological signals [57,58]. The advantage of GANs is not requiring expert’s input. There are several alternatives of GANs. Firstly, they utilized multi-layer perceptron to create the discriminator and the data generator [59,60]. Lately, this approach was improved by using a Deep Convolutional Generative Adversarial Network (DCGAN). It is also worth mentioning a Recurrent GAN (RGAN), which contain a recurrent feedback loop, utilizing both the input and hidden states at each time step [61–65]. The generation of synthetic signals could find application in heart disease diagnosis using Machine Learning (ML) methods. For example, Elhoseny et al. [66] have used binary Convolutional Neural Network (CNN) with innovated multi-agent feature wrapper that implements Genetic Algorithm (GA), Support Vector Machine (SVM) and Naïve Bayes (NB). This hybrid approach achieved highest accuracy 90.1%. Such algorithms are commonly used in other biomedical signals, where the synthetic signal generation could help in fine tuning set parameters [67–71].

These reported approaches are usually aimed on the ECG signal generation, and various simulation of different heart pathological disorders. Nevertheless, such methods commonly work with predefined ECG parameters. A present challenging area is focused on the development of the complex artificial heart systems, enabling settings a wider spectrum of the parameters, including atrial rate, ventricular rate, AV node delay, atrial and ventricular amplitude, and others to provide plenty simulations of the heart function. Such complex models have the potential to provide exhausting testing and evaluation of the cardiac pacemakers.

3  Materials and Methods

In this section, we present a proposal and realization of the heart electrical model.

3.1 A Proposed System for Cardiac Pacemaker

This model is aimed on the electrical pulses production for the purposes of testing of pacemakers. In the present time, workflow and effectivity of the pacemakers can be studied and analyzed by its programmers. Having such physical programmers may be not economical and redundant for the each clinical and testing workspace which need perform testing of the pacemakers. Therefore, such artificial heart is challenging issue to enable testing of the pacemakers by a convenient way. This system is represented by graphical interface in the LabVIEW, enabling settings of generated pulses, which are conducted to the pacemaker. Furthermore, this environment enables a visualization-based tracking of the stimulator behavior in the real time. This is a pilot study, which is realized by using a modular laboratory platform ELVIS II and the product for adjustment of the generated signal to the real physiological values. Consequently, this system allows for generating pathological heart disorders of the cardiac conduction system and generating these disorders from individual heart components.

Fig. 1 shows the block diagram of the testing system for cardiac pacemakers. The system includes hardware for simulation of the electrical heart activity in right atrium and right ventricle – electrical model of the heart (red blocks) – and hardware for measurement of the electrical heart activity and pacemaker stimulation impulses in right atrium and right ventricle (blue block). The hardware was implemented using the analog to digital (A/D) converter and digital to analog (D/A) converter of the modular laboratory platform ELVIS II. Amplitudes of the generated signals were adjusted to physiological values by operational amplifiers NJM4580D in inverting configuration with the gain of 0.001 for simulation of the atrial electrical activity and 0.003 for simulation of the ventricular electrical activity. The further important area is testing of various signal processing techniques.
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Figure 1: Block diagram of testing system for cardiac pacemakers

The whole hardware realization is done by using the platform ELVIS II, from manufacturer National Instruments. NI ELVIS II features one compact form factor integrated with 12 of the most commonly used instruments in the laboratory, including an oscilloscope, digital multimeter, function generator, variable power supply, and Bode analyzer.

3.2 System for Adjustment of Generated Signals

This section presents the block for amplitude adjustment. Since in NI ELVIS II we work with the amplitude range: 0 to 10 V, it is necessary to adjust that before conducting to the stimulator electrodes. For this reason, we propose a hardware design see Fig. 2, serving for the amplitude adjustment as from the right ventricle and from the right atrium.
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Figure 2: A design of circuit for amplitude adjustment of right atrium and ventricle from analog output D/A converter

For this implementation, we determined individual electrical components (R1, R2, R3 and R4) by the following way.

We use a general relationship for inverting amplifier:

Uout=−R2R1.Uin(1)

For given amplitude values of generated signal of the right atrium we use: Uatrium = 10 mV, UAO0 = 1 : 1000. According to the expression for Uout, we can express value for: R1 = R2 ⋅ 1000 = 100 kΩ. In the case of using inverting amplifier, it is important to note that Uatrium will be inverse to UAO0.

For given maximal amplitude value of generated right ventricle signal, which is: Uventricle = 30 mV and UAO1 = 10 V, we selected the value: R4 = 1 kΩ. As we have the ratio: Uventricle : UAO1 = 1 : 300, we can determine the value: R3 = R4 ⋅ 300 = 300 kΩ. Uventricle will also be inverse to UAO0.

Moreover, the electrical circuit included functions for the adjustment of generated signals from the right atrium and ventricles.

3.3 A Design of Electronic Solution for Pacemaker’s Testing

After adjusting generated signal amplitudes of the right ventricle and atrium upon a converter outputs, we designed a circuit for the testing of whole system with the real stimulator. Fig. 3 shows the circuit diagram of the pacemaker’s atrial and ventricular lead connection, the generated signal amplitude adjustment, and the impedance matching. The signals were paced and sensed with unipolar-wired electrodes with the reference signal connected to the pacemaker housing and the analog system ground. The generated signal from the pacemaker was measured on the cathode (distal tip) of the atrial or ventricular lead and connected to the Analog Input AI0 or AI1 of the A/D converter through a 1 kΩ resistance. The generated signal from the electrical heart model was connected to the anode (proximal O-ring) of the atrial or ventricular lead through a 2 kΩ resistance for the measurement of cardiac activity by pacemaker. The anode and cathode of the atrial or ventricular lead were connected through a 1 kΩ resistance to simulate blood resistance.
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Figure 3: Circuit diagram of the pacemaker atrial and ventricular lead connection, generated signal amplitude adjustment and impedance matching. Connection of generated and sensed signals to the channels of A/D and D/A converters

Fig. 4 shows the waveform type used for the generation of the signal. The waveform complies with the EN 45502–2–1 standard, and it is used for the accurate determination of sensitivity (threshold potential) of PCM, ICD and CRT instruments.
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Figure 4: Waveform signal used for generation. Parameters T = 15 ms, t = 2 ms, AT = 0 to 10 mV (atrium), AT = 0 to 30 mV (ventricle), signal source impedance < 1 kΩ

Software for the testing system of cardiac pacemakers was developed in LabVIEW, the graphical development environment for testing, measurement, and control application. Proposed LabVIEW application allows communication with the ELVIS II hardware via USB interface see Fig. 1 and includes algorithms for the generation and sensing of the electrical impulses.

3.4 Proposal of Heart Signal Generator

In this section, we present a proposal of the heart signal generator. This generator is aimed on synthetic signals, simulating physiologic response from various heart components, and consequent detection, visualization, and stimulator testing. The whole heart signals generator is represented by the diagram in Fig. 5.
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Figure 5: Block diagram of the proposed system for heart signal generator

This diagram is composed from three main function parts according to their utilization. Firstly, it is a part for definition of the input parameters, with consequent algorithms, which have the constant parameter values. The following hardware part includes D/A converter, which is intended for the signal definition upon the Analog Outputs (AO), denoted as AO0 and AO1.

The following block makes a generator of simulated signal of right atrium and ventricle. The following part of the heart signal generator is the block for the signal detection and visualization see Fig. 6. Also, in this case, we define the inputs of the system, which are the signals detected on the analog inputs of the A/D convertor. The following part is the block of A/D convertor. After that, two parallel blocks are following. One of them serves for the visualization of the signals, and the second one contains the algorithms, which determine the monitored parameters.
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Figure 6: Block diagram of the signal detection from pacemaker and visualization

Within the experimental testing, we found out that it would be necessary to incorporate a response to the generated signal upon the detected signal from pacemaker into the systems. This feedback is indicated by green color in Fig. 7. As it is obvious from this block part, the feedback is conducted between the algorithm block for the signal generating, and the block of the algorithms, ensuring the stimulation signal parameters. By this way, it is ensured that the influence of the generated signal is given by the detection of stimulation impulses.
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Figure 7: Block diagram of the feedback for response of signal generator based on the stimulation

3.5 A Proposal of Graphical User Interface for Settings of Heart Components Parameter

This section deals with the graphical user interface for settings of the heart components parameters. The graphical user interface see Fig. 8 allows to set parameters of the electrical heart model including frequency and amplitude of both atrial and ventricular impulses, AV node delay as well as impulse width and sampling rate of the generated waveform (shown in Fig. 4. Default sampling rate of the generated waveform was 10 kS/s. Each parameter has defined range, adjustable from physiological to pathological values. Limitation compared to the physiological values is only for the amplitude adjustment, with lowest value of 2.5 mV. This limitation is caused by noise of the used hardware. The electrical heart model can simulate disorders listed in Fig. 8 with each disorder well described in the front panel window.

[image: images]

Figure 8: Parameters of the electrical heart model for signal generation and list of disorders for simulation

Sensed signals from each analog input channel see Fig. 3 were displayed using LabVIEW Waveform Charts tool. The parameters of the A/D converter allow to set the sampling rate and number of the loaded samples. The default value of the sampling rate for the sensed signals was set to 30 kS/s. Based on the sensed signals, the rate and amplitude of the sensed impulses in both atria and ventricle cavities were evaluated and displayed on the front panel window by using the LabVIEW indicators. Figs. 3 and 5 show the examples of generated signals on AI2 and AI3 input channels and sensed pacing pulse signals on AI0 and AI1 input channels for the measurements with a real cardiac pacemaker.

System response to stimulation impulses from the cardiac pacemaker made possible by introducing a feedback. The electrical model of the heart responds to stimulation impulses by resetting the time of impulse generation. Because of the long delay problem in the resetting the analog inputs and outputs, special LabVIEW block structures were used. Slow adaptation of the model was solved by introducing an algorithm for comparing the frequency of the generated impulses in the cavity with its stimulation frequency and including a decision block for the cases of inhibition or triggering pacing modes. In this way, a normal response of the conduction system of the heart to the pacemaker stimulation was simulated.

4  Results and Discussion

The real cardiac pacemaker Biotronik Evia DR-T and the ICS 3000 programmer were used for testing the proposed system. The pacemaker is rate-responsive dual chamber device allowing the programming for the Dual-chamber pacing, dual-chamber sensing, dual-chamber response, rate-responsive pacemaker. In DDDR mode, the pacemaker follows the fastest rate, being either the intrinsic atrial rate or the rate indicated by the sensor (DDDR) and the other appropriate modes. In the cardiac pacemaker Biotronik Evia DR-T, we can note the electrode adjustment, which serves for the connection to hardware circuit for adjustment of the generated signal amplitude. A standard couple of electrodes was used with the connector IS-1 and active fixation. In all the cases of the testing regimes, a unipolar stimulation was programmed. In the detail, showing connected electrodes spots are depicted on the Fig. 9.
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Figure 9: Detail of electrode termination and connecting points

In this part, we describe the testing procedures. The block scheme in Fig. 10 shows the measuring flowchart. Own experimental testing was done by comparing of the visualization of detected events between the proposed system and used programmer within the change of the input parameters based on the selection of the heart disorder. Further, we evaluated calculated parameters of the amplitude and frequency of the stimulation impulses.
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Figure 10: Block scheme of the measuring chain for testing

The test consisted of comparison of sensed events in both LabVIEW and programmer applications. The sensed signals and parameters of calculated rate and amplitude of pacing pulses were evaluated from the LabVIEW front panel see Figs. 13, 14. Impulses generated by the electrical model of the heart, frequency of impulses, AV delay parameters and sensed and paced events of the pacemaker were available in the programmer visualization software see Figs. 11 and 12. The system was tested for physiological values and for disorders listed in Fig. 8 with the pacemaker programmed to dual chamber modes +DOO – dual chamber pacing, none sensing, none response, (Dual-chamber pacing, dual-chamber sensing, inhibited response - The DDI mode provides dual-chamber, sequential AV pacing with atrial sensing but no tracking of the sensed atria. AV synchrony is only provided at the current atrial pacing rate) and Dual-chamber pacing, dual-chamber sensing, triggered response (DDT) as well as to single chamber modes as asynchronous atrial pacing (AOO - Atrial pacing, none sensing, none response), atrial demand pacing (AAI - Atrial pacing, Atrial sensing, inhibited response), atrial pacing (AAT - Atrial pacing, Atrial sensing, triggered response), asynchronous ventricular pacing (VOO - Ventricular pacing, none sensing, none response), ventricular demand pacing (VVI - Ventricular pacing, Ventricular sensing, inhibited response), ventricular pacing (VVT - Ventricular pacing, Ventricular sensing, triggered response).
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Figure 11: Visualization of signals with programmer application for the DDI mode and simulated SA
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Figure 12: Visualization with programmer for the DDT mode and simulated AV block
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Figure 13: The LabVIEW front panel for the DDI mode and simulated SA block
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Figure 14: The LabVIEW front panel for the DDT mode and simulated AV block

Figs. 11 and 13 show the results for the DDI mode and simulated SA block (type II). The programmer Tab. 1: Programmer setup for the DDI mode. A V Mode DDI Pulse amplitude (V) 2.5 2.5 Basic rate/Night rate (bpm) 50/OFF Pulse width (ms) 1.0 1.0 Capture control off Sensor/rate fading (bpm) Atrial upper rate (bpm) 240 Sensitivity (mV) 7.5 7.5 Mode switching Refractory period/Blanking Standard Vp suppression OFF Pacing polarity UNIP UNIP AV delay (ms) 130 Sensing polarity UNIP UNIP Atriithideide Calculated ERI 8 Y. 0 Mo. was set according to the values in Tab. 1: the frequency of stimulation impulses for both atrium and ventricle cavities was set to 50 bpm; AV delay was set to 130 ms; stimulation pulse was set to amplitude of 2.5 V and pulse width of 1 ms; sensitivity for both cavities was set to 7.5 mV, i.e., the generated signals with lower amplitudes were not registered by the pacemaker.
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Physiological values (60 bpm atrial and ventricular rate) were changed to SA block (30 bpm atrial and ventricular rate). As shown in Figs. 12, 14, the electrical model of the heart was after 7 to 8 s fully adapted to the higher stimulation rate, controlled by the pacemaker. The heart rate and AV delay corresponded to programmer settings see Tab. 1.

Figs. 12 and 14 shows the results for the DDT mode and the simulated AV block (Mobitz II). The programmer was set according to the values in Tab. 2: frequency an amplitude of stimulation impulses, AV delay and sensitivity parameters were set to the same values as in DDI mode see Tab. 1. Physiological values (60 bpm atrial and ventricular rate) were changed to AV block (80 bpm atrial rate and 40 bpm ventricular rate). As shown in Figs. 12, 14, the stimulator immediately adapted to the higher atrial rate, i.e., the impulses from the pacemaker, is synchronized with the generated atrial rate from the electrical model of the heart, correctly for the triggered DDT mode. The generated ventricular rate (40 bpm) was slower then programmed value (50 bpm) and has become controlled by the pacemaker with the atrial rate and AV delay according to the values in Tab. 2.
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Examples of the system behavior for two types of stimulation modes and two types of disorders demonstrate that the system is functioning correctly. The paced and sensed signals were correctly visualized in both LabVIEW and programmer applications as well as the evaluated values of amplitude and frequency for atrium and ventricle. The simulated disorders of the conduction system of the heart have tested the pacemaker response and its functionality.

The presented study has certain shortcomings. Our cardiac model was limited to generate electrical signals only from two cavities, the right atrium, and the left ventricle, respectively. This was due to hardware limits of the used measuring card. Moreover, the used algorithm could be further developed for determining the AV delay of the stimulation pulses.

5  Conclusions

This paper presented a novel independent system for testing the individual parameters of pacemakers. The proposed testing system for cardiac pacemakers can be applied in the clinical area for testing all types of PCM regardless of its manufacturer. The application can be also used in teaching and research, to demonstrate the existing principles, but also for the validation of new algorithms for artificial cardiac stimulation. Its advantage is modularity and possibility of modification and extension for testing and developing new PCM, ICD and CRT instruments. The developed system allows scientists to test the PCM almost in all modes except the DDD mode. The LabVIEW application provides all necessary information about the electrical heart model and the pacemaker function and can fully replace the programmer visualization software. The presented study has certain limitation that could be investigated further. The electrical model of the heart could be extended with simulation of electrical activity from the left ventricle, in order to test the biventricular CRT instruments. The described prototype still has a deficiency in setting of the generated pulse amplitude. The lowest adjustable value of 2.5 mV does not correspond to the physiological values, especially for the atrium, where the amplitude should reach tenths of millivolts. Setting a lower value could be solved by using circuits with a controlled current source, which should reach lower output noise. This drawback is caused by the used algorithms, which require user-selectable initialization of the stimulation mode (triggering or inhibition). For the dual mode, the algorithms should be extended with automatic stimulation mode selection. The developed software can be further extended by addition of a time-cursor and AV delay indicator. This method is a promising for further robust testing of larger PM pacing modes using the automatic selecting of the stimulator mode, which would allow to test DDD mode of stimulators in the future.
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Table 1: Programmer setup for the DDI mode

A \Y

Mode DDI Pulse amplitude (V) 2.5 2.5
Basic rate/Night rate (bpm) 50/OFF Pulse width (ms) 1.0 1.0

Capture control off
Sensor/rate fading (bpm)
Atrial upper rate (bpm) 240 Sensitivity (mV) 7.5 7.5
Mode switching Refractory period/Blanking Standard
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Atrial override Calculated ERI 8.Y. 0 Mo.
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Table 2: Programmer setup for the DDT mode
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Capture control
Sensor/rate fading (bpm) -IOFF
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AV delay (ms) 130 Sensing polarity UNIP UNIP

Atrial override Calculated ERI 7Y. 0 Mo.
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