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Abstract

Capturing cardiac electrical propagation or electrocardiographic images demands simultaneous, 

multidomain recordings of electrocardiographic signals with adequate spatial and temporal 

resolution. Available systems can be cost-prohibitive or lack the necessary flexibility to capture 

signals from the heart and torso. We have designed and constructed a system that leverages 

affordable commercial products (Intantech, CA, USA) to create a complete, cardiac signal 

acquisition system that includes a flexible front end, analog signal conditioning, and defibrillation 

protection. The design specifications for this project were to (1) record up to 1024 channels 

simultaneously at a minimum of 1 kHz, (2) capture signals within the range of ± 30 mV with a 

resolution of 1 μV, and (3) provide a flexible interface for custom electrode inputs.We integrated 

the Intantech A/D conversion circuits to create a novel system, which meets all the required 

specifications. The system connects to a standard laptop computer under control of open-source 

software (Intantech). To test the system, we recorded electrograms from within the myocardium, 

on the heart surface, and on the body surface simultaneously from a porcine experimental 

preparation. Noise levels were comparable to both our existing, custom acquisition system and a 

commercial competitor. The cost per channel was $32 USD, totaling $33,800 USD for a complete 

system.

1. Introduction

Improving our understanding of cardiac electrical propagation and electrocardiographic 

imaging demands simultaneous multidomain signal recordings with high spatial and 

temporal resolution. [1–4] Electrical activation of the heart and the resulting bioelectric 

currents and electrical fields in the thorax are complex, dynamic events. Capturing these 

events with any degree of coverage requires hundreds of individual recording sites organized 

throughout the heart and torso. While past experience, especially of the normal heartbeat, 

may allow some efficiencies in spatial density or coverage, pathophysiology can take an 
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almost infinite number of forms so that detailed understanding requires detailed sampling. 

Therefore, especially in the research setting, there is a significant need for cardiac signal 

acquisition, or ‘mapping’ systems that can record a large number of signals simultaneously 

with a high temporal resolution. First, the terms ‘large’ and ‘high’ need to be defined in a 

specific context, along with the other specifications of a useful mapping system.

Several characteristics are typical of a contemporary cardiac electrocardiographic mapping 

systems. First, the inputs must be flexible enough to use with a wide variety of recording 

arrays, each of which samples a different region of the heart and thorax, resulting in a range 

of signal amplitudes from microvolts to millivolts.[5] Second, the system must employ 

carefully tuned analog signal filtering, amplifier gains, and flexible referencing, and also 

protect against defibrillation pulses that can arise during an experiment. Third, the system 

must convert analog electrical potentials to digital signals with high fidelity, minimal noise, 

and adequate sampling and time resolutions for subsequent processing and analysis. Finally, 

the system must display and store the resulting volumes of signal data in a manner that 

facilitates subsequent retrieval for transfer and postprocessing.

Meeting the small demand during the early phases of cardiac mapping research required 

custom systems, constructed by the researchers, and based on the limited capabilities of the 

time, often using the most advanced components available. [6–10] Such custom systems 

have improved in capacity to record from 256, 512, and up to 1024 channels simultaneously 

at up to 1kHz sampling frequency. Some of these custom systems are still in use today; [10] 

however, they are extremely large and difficult to repair, and their advancement is limited by 

hardware and software constraints. Recent commercial interest, especially driven by 

neuroscience research, has motivated important advances beyond these custom systems, 

including state-of-the-art miniaturization, improvements to stability, and increased capacity.

[8, 11] However, these commercial systems tend to come at a high cost, with limitations 

such as input signal range and the inability to connect custom electrode configurations.

With these characteristics and current system limitations, we set out to design and build an 

inexpensive and flexible cardiac mapping system based on the core functionality of an 

available, state-of-the-art commercial system (Intantech, CA, USA). For comprehensive 

cardiac applications, we required that the system record signals from within the heart, on the 

heart surface, and on the torso surface, potentially simultaneously. To record these diverse 

and numerous signals, a mapping system must be able to (1) record up to 1024 channels 

simultaneously at a minimum of 1 kHz sampling rates, (2) record signals within the full 

range of cardiac potentials, up to ± 30 mV with a sensitivity of 1 μV, and (3) provide a 

flexible interface to allow for custom electrode inputs.

2. Methods

2.1. System Design:

Our design is based on the commercial Intantech (CA, USA) acquisition system, which is a 

miniaturized system designed to sample and record neurological potentials in 

electrophysiology research applications.[11] These systems are extremely compact, 

relatively inexpensive, and consist of a biosignal acquisition chip, recording controller, and 
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an interface to a standard computer to control acquisition and to capture signals. The final 

two elements (panels D and E) in Figure 1 show the Intantech system in the context of our 

design.

Key elements of any acquisition system are the signal conditioning and the analog-to-digital 

(A/D) conversion. Intantech has packaged these steps into a single acquisition chip that 

contains the integrated components for A/D conversion, filtering, and sampling for 64 

individual analog channels. The bandpass filters are adjustable, with variable upper and 

lower cutoff frequencies ranging between 100 Hz to 20 kHz and 0.1 Hz to 500 Hz, 

respectively. The A/D converters can sample between 1 kHz to 30 kHz and record input 

voltages between ± 5 mV at 16-bit resolution, which provides a dynamic range of 65,536 

levels or 96 dB. In addition, auxiliary ADC inputs are available for interfacing with the chip 

directly. a With systems that acquire many channels simultaneously, the next step is 

multiplexing the output of all the A/D converters into a single data stream and then capturing 

and storing this stream. The Intantech system controller supports up to 1024 channels 

simultaneously and relays this information via a USB interface to a separate standard 

computer, laptop, or desktop. For our system, we selected a standard Apple Mac Mini with a 

3.2 GHz 6 core Intel i7 processor, 16 GB of DDR4 RAM, and a 256 GB SSD Hard Drive. 

Intantech provides an open-source recording software package for the computer that 

supports driving the acquisition, controlling the adjustable parameters of the acquisition 

chips, and visualizing up to 64 channels simultaneously. Once recorded, the files can be 

opened and processed using MATLAB specific file readers for any subsequent signal 

processing. We have developed an open-source toolkit, PFEIFER, for processing 

electrograms [12] to generate all the sample results shown here.

2.2. Modifications to the Intantech system

The Intantech system is highly miniaturized and efficient but was designed to record neural 

signals, which are much smaller in amplitude and have a different frequency spectra from 

cardiac electrograms and ECGs. Therefore, significant modifications were needed to adapt 

this system for cardiac mapping. To meet cardiac needs, we designed an additional 

subsystem that would (1) connect with custom electrodes used in the cardiac mapping, (2) 

lower the voltage range of cardiac signals within the range of the Intantech system, (3) 

provide AC-coupling suitable for cardiac applications, and (4) protect against the possibility 

of defibrillation during recording.

To achieve these goals, we developed a signal processing subsystem that incorporated the 

Intantech acquisition chips and augmented them with the features necessary for cardiac 

applications. Figure 2 shows the block diagram of an individual channel and front-end signal 

processing. We implemented a combination of diodes (± 5 V) and electronic relays at each 

channel that can be deactivated in the case of defibrillation, thus decoupling the sensitive 

electronics from the electrodes. The analog signals then pass through a high pass filter with a 

cutoff frequency of 0.03 Hz. The signals are gain adjusted and buffered by stepping up by 

10X, AC-coupling, and then attenuating by 0.015-X, totaling an attenuation of 0.15-X. This 

attenuation and coupling allowed a functional recording range of input signals between ± 33 

mV to be safely lowered to the Intantech input range of ± 5 mV. Grounding and reference 
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ports for Wilson’s central terminal were also added to correctly reference input signals to the 

Intantech system.

To connect with our highly variable custom electrode configurations, we also developed a 

customizable ’front-porch’ system. This system was based on a previous design that allowed 

for swapping of ’faceplates’ with a wide variety of high-density input connectors, each 

assembled for a customized recording array or arrays. The completed equipment was 

mounted on a rolling cart for easy movement and transport. The second two panels of Figure 

1 show the elements of the resulting system. The overall dimensions of the new system were 

approximately 25% of those of our previous mapping hardware.

3. Results

3.1. Recorded Signals

We tested our novel cardiac mapping system by recording intramyocardial, epicardial, and 

torso cardiac signals of an experiment model described previously.[5] The example 

experimental recording in figure 3 shows 530 individual electrograms from all three 

domains. The peak-to-peak amplitude ranges were 25 mV, 18 mV, and 1 mV, for the 

intramural, epicardial, and torso domains, respectively.

3.2. Assembly and Cost

The signal processing subsystem and integration of the Intantech acquisition chips were 

manufactured and assembled using standard professional printed circuit board equipment 

and surface mount techniques. The total cost of the system was $33,000 USD which was 

$32 USD per channel.

4. Discussion

We designed and constructed a flexible, inexpensive, cardiac mapping system that can 

record up to 1024 channels of cardiac potentials at over 1 kHz. The system is based on the 

Intantech neural recording system, which provides 16-bit resolution. To adapt this system to 

cardiac electrograms, we designed a signal processing subsystem that includes high pass 

filtering, signal attenuation, AC coupling, and defibrillation protection. The system 

attenuates cardiac potentials to within the recording range of the Intantech system (±5 mV). 

Finally, we incorporated a ‘front-porch’ system to interface between the signal preprocessing 

system and our custom electrode arrays.
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Figure 1. 
Necessary components of a cardiac mapping system. A. Cardiac potentials are recorded 

from multiple domains using custom electrode arrays. B. A flexible ‘front porch’ system 

provides connections. C. An initial filtering, defibrillation protection, and signal attenuation 

condition the signals. D. Signals are then converted to a digital form, multiplexed into a 

single data stream, and transferred to a computer. E. Computer visualization and storage.
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Figure 2. 
Block diagram of the designed front-end system including defibrillation protection (relays 

and diodes), filtering (high pass filter), and signal attenuation (amplifiers).
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Figure 3. 
Example simultaneous recordings from three measurement domains: intramyocardial, 

epicardial, and the torso surface. A total of 530 channels are recorded from 204 needle, 233 

sock, and 93 torso electrodes.
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