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Abstract— Recording neuronal activity triggered by electrical
impulses is a powerful tool in neuroscience research and neural
engineering. It is often applied in acute electrophysiological
experimental settings to record compound nerve action poten-
tials. However, the elicited neural response is often distorted by
electrical stimulus artifacts, complicating subsequent analysis.
In this work, we present a model to better understand the
effect of the selected amplifier configuration and the location
of the ground electrode in a practical electrophysiological nerve
setup. Simulation results show that the stimulus artifact can be
reduced by more than an order of magnitude if the placement
of the ground electrode, its impedance, and the amplifier
configuration are optimized. We experimentally demonstrate
the effects in three different settings, in-vivo and in-vitro.

I. INTRODUCTION

Electrically evoked compound action potentials (eCAPs)
propagating along a peripheral nerve are commonly studied
to elucidate neuronal functions or evaluate the safety and
efficacy of neural therapies [1], [2]. Depending on the
diameter and myelination, eCAPs can propagate at 1m/s
to 100 m/s with a duration of approximately 1 ms [3] with
an amplitude of the order of a few 'V to 2mV [4]. However,
the recorded signals are often contaminated by stimulus-
related artifacts [2]. The stimulus artifact (SA) may appear
as a sharp, transient waveform in the recording that usually
lasts a few milliseconds and whose amplitude is much larger
than the underlying neural activity. Often, these artifacts
can obscure the neural signals or saturate the recording
amplifier, resulting in distortion or signal loss [5]. As a
result, several different artifact reduction techniques have
been proposed [6]-[24]. These methods can be categorized
into hardware-based [6], [7], software-based [8]-[20], and
experimental design-based [21]-[24]. However, hardware
engineering techniques for artifact reduction are usually ap-
plication specific, expensive, and time-consuming to develop.
Furthermore, most of these techniques are limited to short
artifact durations that do not overlap with the neural response
and suffer from an inability to adapt to the dynamic change
of SA. It should be noted that software-based methods can
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Fig. 1. Schematic representation of a typical experimental setup configura-

tion for the recording of eCAPs. Three different ground electrode placements
are indicated by the green, orange and blue arrows for the topologies A, B
and C respectively. (a) Electrode placement on an earthworm is shown. R-
and R+ = inputs for the amplifier; GND = ground electrode. (b) Electrical
equivalent circuits are shown. Arrows represent closed switches.

only be used if the SA does not lead to saturation of the
amplifier. The hardware and software methods are tailored
to miniaturized systems [25] but are not always suitable
for acute electrophysiological experiments using peripheral
nerves. Next to these, experimental design-based techniques
have been investigated. [21]-[24], [26]. Proposed rules in-
clude low contact impedance, using a large surface area
ground electrode, increasing the distance between stimulating
and recording sides, using alternating polarity stimulus pairs,
placing recording electrodes on equipotential lines, and using
differential, instead of single-ended, amplifiers. Although
these studies are based on surface electrode recordings, many
of their techniques can be transferred to peripheral nerve
experiments.

This work aims to improve the understanding of the
experimental practice of eCAP recording and the effect of
some easy-to-implement methodological guidelines on the
SA. To this end, ground electrode placement and impedance,
together with amplifier configuration and input impedance,
are considered. These are implemented in an electrical equiv-
alent model, and their effect on SA reduction is investi-
gated experimentally and via simulations. The model was
developed to mimic an experimental setup for measuring
explanted peripheral nerves or similar setups with longitu-
dinally arranged electrodes (Fig. 1).



II. METHOD
A. Experimental configuration

The conceptual system overview on which the derived
model and the experiments are based is shown in Fig. 1.
A constant current stimulator (DS8R, Digitimer Ltd., Hert-
fordshire, UK) is triggered by a signal generator (33622A,
Keysight Technologies Co., Ltd., U.S.At) to inject periodic
pulses into the tissue. The resulting SA and neural sig-
nals were acquired using an Intan headstage (RHD2132)
and interface board (RHD2000 USB interface board, Intan
Technologies, Los Angeles, U.S.A). Stainless steel pins were
used as electrodes. The electrodes had a lead body diameter
of 0.33mm, 15mm length with a 10cm cable soldered to
it. The experiments were conducted inside a Faraday cage
to reduce electrical interference. Electrical pulsed stimuli
were delivered as cathodic, monophasic rectangular pulses
of 3mA amplitude, 500 us at a rate of 0.25 Hz. The Intan
headstage and controller were used at a sample rate of
20Ks/s for 1 min recordings.

The experimental arrangement was adapted to account
for three different configurations (see Fig. 1) by varying
the placement of the ground electrode. Topology A is a
single-ended configuration where the ground electrode and
the negative input of the amplifier are shorted. This is
implemented at the headstage by a default onboard 0-{2
resistor. The resistor was removed to separate ground and
reference electrodes for the differential topologies B and
C. In B the ground electrode was placed distally on the
recording side, while in C it was connected between the
stimulating and the recording sites.

In-Vitro: The needle electrodes were placed beneath a
saline-soaked cotton piece and used as stimulation and

recording electrodes. The stimulating electrode was placed
2-3 cm away from the recording electrodes.

In-Vivo: We also tested the feasibility of the ground
electrode configuration in-vivo on earthworms to mimic the
nerve tissue. The worms were initially anaesthetized with
10 % solution ethanol. Then, the worms were washed in
tap water and placed on a Styrofoam base. Electrodes were
placed 0.5 cm posterior to the clitellum for stimulation. The
recording electrodes were inserted at the posterior end, re-
sulting in a distance of 7 cm from the stimulating electrodes.

B. Model

The peripheral nerve setup and respective topologies of
Fig. 1 were modelled using simplified lumped models in
LTspice. Each electrode is defined by a first-order elec-
trical model, commonly referred to as a Randles circuit.
R, stands for the bulk material of the electrode (access
resistance), R, for the polarization resistance and C, for
the polarization capacitance, whereas we refer to R.,I%; and
Cy when considering the grounded electrode elements. The
initial values (R, = R. = 50Q, R, = R, = 109, C}, C,
= 30nF) were estimated from electrochemical impedance
spectroscopy measurements using the electrodes used in the
in-vivo and in-vitro experiments. The recording amplifier is
modelled as a voltage-controlled voltage source in order to
consider it as ideal as possible and independent of separate
amplifier configurations. However, the input impedance is
considered to account for typical given electrical character-
istics of amplifiers. Input impedance is simulated as parallel
impedance. To reflect differential inputs or unipolar inputs
with a common reference configuration, the capacitive and
resistive elements of each input impedance are matched
(referred to as symmetrical input impedance) or mismatched
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Topologies of the electrical equivalent circuit models. (a) Schematic of Topology A: Single-ended configuration with shorted ground electrode.

(b) Schematic of topology B: Differential configuration and ground electrode placed distal to recording and stimulation side. (c) Schematic of topology
C: Differential configuration with the ground electrode placed between stimulation- and recording sides. Illustrations on top of the figure represent each
topology with the respective position of electrodes (S = stimulation electrode, R = recording electrodes, GND = ground electrode).



(referred to as non-symmetrical input impedance). Initial val-
ues were derived from the data sheets of experimental com-
ponents with mismatched input impedances (R; = 13 MS2, C;
= 12 pF for the positive input and R; = 0.5 M2, C; = 325 pF
for the negative input). The current stimulator is modelled
as a current source with isolation impedance. The isolation
aspects are taken into account to match non-ideal conditions.
Stimulators are essentially completely isolated from ground
but still have some capacitive coupling to it, usually in the
order of a few pF. Theoretical values from an isolator unit
for the RC circuit were chosen as R;,, = 10TQ and C;,,
= 33 pf, respectively [27]. The contacts between each elec-
trode were electrically interconnected by tissue compartment
representations based on a simplified Fricke-Morse model
[28], where the intracellular resistance is ignored, reducing
the model to the simple R.;C,, parallel equivalent circuit
shown in Fig. 2 (R;: extracellular resistance, C,,,: membrane
capacitance). Initial values were chosen as R; = 5002 and
Cyn = 0.3uF. The circuit model was used to solve for the
stimulus artifact injected and measured across the amplifier
inputs, resulting from monophasic cathodic stimulation pules
of 3mA amplitude and 300 ps. For each topology, the input
impedances were varied from a mismatched input impedance
to a matched input impedance. The influence of the ground
electrode impedance was also investigated by changing the
initial values of R.,R, and C,, resulting in an effective
impedance |Z,| decrease and increase by a factor of 10.
(1Zg1]: Rg=1kQ, R. =5Q, Cy =300nF,|Zys|: Ry =10kS2,
R, =509, Cy = 30nF, |Z,3|: R, = 100k, R, = 5009,
Cy = 3nF). Fig. 2 gives an overview of the complete models
for each topology, each of which consists of the current
stimulator, two stimulation electrodes, tissue compartments,
the recording amplifier with two recording electrodes and a
ground electrode.

C. Offline Signal Processing and Data Analysis

The artifact signals of each measurement, acquired by the
Intan system, were separated into subtrials by 25 ms windows
using the trigger signals provided by the stimulator. A 2nd-
order Butterworth notch filter with a centre frequency of
50Hz was applied to the data to reduce the main noise.
We quantified the recorded artifact by the peak-to-peak
amplitude of each setting. In addition, baseline correction
was used 5 ms after stimulus onset to avoid unwanted drifts
in the extracted windows. Stimulus-triggered averaging of
the trials was applied. Based on the conduction velocities of
earthworms the first evoked response after stimulus onset is
defined as median giant fibre (MGF) and the second response
as lateral giant fibre (LGR) activity. All the signal processing
and data analysis were performed using Python.

III. RESULTS AND DISCUSSION

A. Simulations

Influence of ground electrode placement: Fig. 3 shows
simulation results for the different ground electrode config-
urations. In all topologies, current flowing into the tissue
compartment in front of the amplifier creates a voltage drop
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Fig. 3. Simulated SA at the amplifier input for topology A (green), B
(orange), C (blue) and initial values of |Zg4| are shown.

over the compartment, which is added to the recording,
i.e., a stimulus artifact. The SA has the greatest amplitude
for topology A, resulting from referencing the input signal
to ground. Therefore, only the input signal of the positive
channel is amplified and not the actual difference of the two
input electrodes. Separating the reference electrode from the
ground reduces the artifact by changing the configuration
from a single-ended to a differential input (topology B and
C). The remaining artifact results from the unequal current
flowing into the electrodes. This is caused by the non-ideal
amplifier and its imbalanced input impedance. The artifact
can be further reduced by placing the ground electrode
between the stimulation and recording side, as depicted in
topology C. In this scenario, creating a direct path to the
ground reduces the current in the tissue compartments in
front of the amplifier inputs.

Influence of amplifier input impedance: In Fig. 4, the peak-
to-peak amplitudes for all three topologies with symmetrical
and non-symmetrical input impedances, only considering the
initial values for |Z,| are shown on a logarithmic scale. The
symmetrical input impedance configuration in Topology A
has no effect on the reduction of SA amplitude. This is
because the negative input of the amplifier is shorted to
ground. Thus, topology A effectively represents an unbal-
anced input impedance in both configurations. The voltage at
the positive input of the amplifier is mainly determined by the
input impedance and electrode-tissue interface. However, the
symmetrical input impedance has an influence on topologies
B and C and leads to a significant reduction in SA amplitude.
The symmetrical input impedance for topology C still results
in a residual SA due to the non-ideal amplifier and the
resulting voltage across the tissue compartment between the
recording electrodes.
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Fig. 4. Simulation results comparing peak-to-peak SA voltages at the
amplifier input for topology A (green), B (orange), C (blue). Symmetrical
(striped) and non-symmetrical (solid) amplifier input impedance for initial
values of |Zg| are shown.
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Fig. 5. Simulation results comparing peak-to-peak SA voltages at the
amplifier input for topology A (green), B (orange), C (blue). Symmetrical
(striped) and non-symmetrical (solid) amplifier input impedance for different
values of |Zg4| are shown.

Influence of ground electrode impedance: Fig. 5 shows the
peak-to-peak amplitudes for all three topologies and different
ground impedances on a logarithmic scale. For all non-
symmetrical configurations, the SA increases with increased
ground electrode impedance. While an increase of the SA
with an increased ground impedance for the symmetrical
topology A and C can be recognized, the SA decreases for
topology B with symmetrical input impedances. This can be
explained by the fact the impedance of the ground electrode
shifts the ratio of the voltage divider between the amplifier
inputs and the ground electrode. However, no SA change can
be observed between the symmetrical and non-symmetrical
input impedance of topology A. This is attributable to the
same effect that has already been described. For config-
uration C, clearly, a good tissue-electrode connection and
impedance of the ground electrode is needed. Otherwise, the
current in the tissue path is increased. It should be noted
that low electrode contact impedances on the recording side
have no effect on the stimulus artifact when the amplifier
input impedance is substantially larger than the electrode
impedance. However, the electrode impedance can affect the
signal-to-noise ratio (SNR) level. A reduced ground electrode
impedance will help decrease the noise in the ground path
and increase the SNR for all three configurations.

B. Experiments

In-Vitro: Fig. 6 illustrates recorded SA during the in vitro
experiments. Compared to the single-ended topology, the
differential amplifier reduced the magnitude of the stimulus
artifact by 53 % for topology B and by 88 % for topology
C. Conversely, the configuration of the single-ended ampli-
fier saturated the amplifier with the same stimulus ampli-
tude. Even with the use of the separated ground electrode
(topology B), there remained a relatively large amplitude
compared to the configuration where the ground electrode
is placed between the stimulus and recording side. Based
on the electrode configuration, a decreased SNR could be
observed. The decreased SNR can also be attributed to the
electrode placement. Thus, interfering signals coupling to
the stimulation side are diverted by the ground electrode in
the middle, while both differential configurations suppress
couplings in the ground electrode.

In-Vivo: Recordings of in vivo signals are shown in Fig. 7.
Again, the effect of electrode placement for topologies B and
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Fig. 6. Average and standard deviation of recorded SA in-vitro for topology
A (green), B (orange), C (blue).

C can be observed in the experiments. We have been able
to subtract eCAPs from the differential recording while the
amplifier saturates in the single-ended topology (results not
shown). The eCAP waveforms recorded in the two config-
urations were of similar magnitude and were qualitatively
similar, with an extracellular recording of the median giant
fibre (MGF) followed by a later, larger in amplitude lateral
giant fibre (LGF) response. The peak-to-peak magnitudes
were on the order of 30V for MGF and 60puV for LGF
responses and eCAP latencies in the range of 7 ms to 13 ms.
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Fig. 7. Averaged SA and eCAPs with standard deviation in-vivo for
topology B (orange), C (blue). The top figures show a magnified view of
the SA (left) and eCAPs (right), consisting of MGF and LGF responses.

IV. CONCLUSION

This work demonstrates the possibility of reducing the
stimulus artifact when using simple guidelines in acute
electrophysiological eCAP experiments. We presented a
model to estimate the stimulation artifact from electrical
stimulation and evaluated the model in in-vitro and in-
vivo experiments. The model considers the influence of
the ground electrode placement, amplifier configuration and
ground electrode impedance on the stimulus artifact. We have
found a differential amplifier configuration with balanced
input impedances and a ground electrode with low electrode-
tissue impedance between the stimulation and recording sides
to be an effective topology for reducing stimulation artifacts.
The learnings from this study will be integrated into future
electrophysiological eCAP experiments.
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