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Abstract Simultaneous electrical stimulation and record-

ing are used to gain insights into the function of neuronal

circuitry. However, artifacts produced by the electrical

stimulation pulses prevent the recording of neural responses

during, and a short period after, the stimulation duration. In

this work, we describe a mixed-signal recording topology

with template subtraction for removing the artifact during

the stimulation pulse. Emulated artifacts generated from a

lumped electrical circuit model and experimental artifacts in

cardiac cell cultures are used to evaluate the topology. The

simulations show that delays between the emulated artifact

and its estimated compensation template represent the

largest error source of the analog template subtraction. The

quantization error appears like random noise and determines

the threshold level for the action potential detection. Simu-

lations show that removal of the artifacts is possible,

allowing the detection of action potentials during the stim-

ulation pulsing period, even for high-amplitude saturating

artifacts. Measurement results with artifacts elicited in car-

diac cell cultures show feasible applications of this topology.

The proposed topology therefore promisingly opens up a

previously unavailable detection window for improving the

analysis of the neuronal activity.

keywords Artifact reduction � Template subtraction �
Electrical stimulation � System analysis and design �
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1 Introduction

The simultaneous electrical stimulation and recording of

neuronal and cardiac tissues are desirable for both studying

the network dynamics of cellular populations and improved

clinical treatments of neurological disorders [2, 7, 9, 20].

Independent of using voltage- or current-controlled stim-

ulation, one of the major challenges for such bidirectional

systems is related to the interference of the stimulation

signal on the activity recordings.

The use of current-controlled stimulation results in a

large voltage pulse and a long discharging tail of tens of

milliseconds depending on the type of the electrode,

stimulation patterns, etc. (Fig. 1a). This long tail is com-

monly known as ‘stimulus artifact’ (SA) [10, 12, 24, 23].

Although voltage-controlled stimulation is not affected by

the long tail, it still suffers from a non-detection window

during the stimulation pulse and a short duration (*2 ms)

following the pulse (Fig. 1b). In this paper, we have

focused on enabling recordings during this 2-ms non-

detection window and also during the pulse itself (see

Fig. 1), which we name here ‘pulsing artifact’ (PA).

The main cause of the PA is the amplified crosstalk and

coupling between stimulating and recording electrodes

through the tissue and recording medium. The PA can

saturate the amplification system, making activity record-

ing impossible. While the PA duration is insignificant in

single-pulse stimulation, where the evoked action poten-

tials often occur between 5 and 50-ms post-stimulus [22],

its presence poses a technical difficulty in high-frequency
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stimulation. In deep brain stimulation with a typical fre-

quency of 130 Hz [9], or in cochlear stimulation with a

frequency of 200–5,000 Hz [11], the artifact can entirely or

partially overlap with the action potentials generated within

the stimulus window.

Techniques to remove the SA have extensively been

discussed in the literature and can be classified into four

groups: (1) blanking [11, 21], (2) electrode charge modi-

fication [4], (3) filter modification [1, 8, 19], and (4) artifact

subtraction [10, 24]. The neural signals are reported to be

detectable from 0.5 ms to less than 2 ms after the pulse

[3, 23] (see Fig. 1). But there is no report, up to the

author’s knowledge, on the recovery of the neural data

during the stimulation pulse itself.

The feasibility of applying SA removal algorithms for

removing the PA remains under discussion. Interpolate and

blanking during the stimulus pulse are often applied to

remove the stimulus during the pulsing duration. Electrode

charge modification only minimizes the saturation and

duration of the long tail and has no effect on the recorded

stimulus pulse-induced artifacts. Filter modification, on the

other hand, cannot remove all the PA and results in dis-

tortions of the signals if the frequency spectra of the

stimulus pulse-induced artifacts and the action potentials

overlap, which is often the case. The basic principle of

artifact subtraction is to subtract an estimate of the artifact

waveform from the contaminated recorded signal, which

typically results in large residuals during the stimulus

duration [24, 10]. However, we found that these residuals

can be minimized to allow the detection of action poten-

tials, by the appropriate design of the electronics and

controlling software.

One simple approach for artifact subtraction is using a

low-gain pre-amplifier followed by a high-resolution ana-

log-to-digital converter (ADC). While recording action

potentials of 15! 1; 500 lVp-p requires an ADC of

only 54 dB, a dynamic range of 90 dB is necessary to

accurately record both the action potential and the PA of

2!80 mVp�p: This would increase the power consumption

of the ADC from 8.1 mW to 1.62 W [14]. To avoid this,

we have proposed a mixed-signal topology for artifact

removal, which can be an alternative option towards low-

power implanted stimulation and recording systems [17].

In this paper, we analyze the mixed analog–digital

architecture for PA removal and demonstrate that action

potentials during the pulsing period can be detected under

appropriate conditions. The functionality of the proposed

topology is demonstrated with two sets of data: (1) emu-

lated PAs generated by a lumped electrical circuit and

(2) experimental PAs in cardiac cell cultures. Emulated

artifacts are used as inputs for the performance evaluation

to minimize the large number of experiments required

to obtain PAs with different waveforms, amplitudes, and

occurring at different time points relative to the cellular

signals. The residual artifacts are quantitatively evaluated

as a function of the quantization resolution, the signal

latency, and the gain mismatch.

2 Methods

2.1 Mixed-signal topology for artifact removal

The basic principle of template subtraction is to remove

unwanted interferences from the signal of interest by

subtracting an estimate of the interference from the

measured signal. As illustrated in Fig. 2a, the primary

channel consists of the cellular recordings (signal of

interest), s(t), plus the PA (noise/interference), ao(t), while

the reference channel derives an estimate of the PA,

âoðnTsÞ; with Ts being the clock period of the acquisition

card used.

The algorithm consists of two steps: the training and

stimulation phases (Fig. 2b). During the training phase, the

stimulation signal, V, is scaled down with a factor M to

become a sub-threshold signal, x. This is to minimize

the disturbance to the cellular network. Moreover, sub-

threshold stimulation will not result in evoked action

potentials, which otherwise might be included in the tem-

plate itself and subsequently eliminated after the template

(a)

(b)

Fig. 1 Artifacts generated by a current-controlled stimulation with

long discharging tail; and b voltage-controlled stimulation. During a

window length of the stimulation pulse plus 0.5 up to tens of

milliseconds after the pulse (depending on the type of the electrode,

stimulation patterns, etc.), the detection of cellular responses is

blocked due to the artifacts
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subtraction. The k sub-threshold stimulation waveforms,

x1, x2, …, xk, or in other words the training pulses, are sent

to the electrode. The template signal, âoðnTsÞ; is con-

structed by averaging across all the training artifacts,

ai(t), and digitizing the result:

aoðtÞ ¼ M � 1

k

Xk

i¼1

aiðtÞ ð1Þ

âoðnTsÞ  
ADC

aoðtÞ ð2Þ

A linear relationship between the sub-threshold

stimulation waveforms with amplitude xi and the PA is

assumed [16]. This implies that the scaled template signal

sufficiently estimates the PA. The output of the recording

system, y(t), is then given by:

yðtÞ ¼ sðtÞ þ aoðtÞ � âoðnTs þ uÞ½ � � G2 ð3Þ
yðtÞ
G2

� sðtÞ ¼ âoðnTsÞ þ DQ½ � � âoðnTs þ uÞ ð4Þ

and the residual artifact e(t) by:

eðtÞ ¼ yðtÞ
G2

� sðtÞ ¼ DQþ Dða; nTs;uÞ ð5Þ

where t is the time, n = 1, …, N with N being the total

number of samples in the digitized signal, DQ is the error

due to the finite ADC quantization, and Dða; nTs;uÞ rep-

resents the errors due to mismatch between the PA and its

template in amplitude, a, sampling interval, Ts, and signal

latency, u; respectively.

The residual artifact e(t) is used to update the template

signal in the next stimulation cycle â0oðtÞ :

â0oðnTsÞ ¼ âoðnTsÞ þ eðtÞ ð6Þ

The template updating is stopped when the standard devi-

ation of e(t) does no longer decrease by 50 % in about 2–4

cycles. An actual minimization process could be designed

in a future implementation after determining the order of

the measured error in biological experiments.

2.2 Experimental setup

An experimental prototype system has been designed to

perform in vitro experiments on cardiac cells for two

purposes: (1) to develop a realistic lumped electrical circuit

model for PA emulations, and (2) to demonstrate the reli-

ability of simulation results.

The prototype uses a ±10 V, 12-bit data acquisition

card (National Instruments DAQ PCI-6071E) as interface

between the host computer and the custom-developed

hardware. The DAQ card allows simultaneous stimulation

Fig. 2 a Block diagram and

b timing diagram of the

proposed template subtraction

method for artifact removal.

The illustrated signals are given

for the purpose of illustrating

timing and are not to scale
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and activity recording. Although the stimulator is capable

to operate in a hybrid constant voltage/constant current

mode, only the constant voltage mode is used in this work.

The stimulation parameters such as the signal waveform

and amplitude are controlled through a Matlab-based

graphical user interface (GUI) on the host computer. The

stimulator is decoupled from the recording chain by an

analog switch.

The recording system has a total gain of 1,0009 divided

over two stages (G1 = 109 , G2 = 1009), and a signal

bandwidth from 15.9 Hz to 5 kHz for recording cardiac

action potentials, implemented with a second-order

Butterworth low-pass filter and a first-order RC high-pass

filter. The unequal gain partitioning is a careful step in the

initial design against the very high PA amplitude and the

large fluctuations in the baseline signals.

Cardiac cell action potentials have the same frequency

distribution as neural signals with slightly higher ampli-

tudes, and they are used in our experiments because of the

ease of the cell culturing and the straightforward interpre-

tation of the data. The results presented here are also

applicable to neural recordings. Embryonic cardiac cells

from rats were grown for 5 or 6 days in vitro on top of

micro-fabricated platinum electrodes (1� 9 array; 50 lm

diameter, 100 lm spacing [15]). A large Ag/AgCl electrode

placed in contact with the cell medium, was used as a

reference electrode. Two signal outputs are obtained

simultaneously: (1) the PAs after the first amplification

stage (109) such that non-saturated artifact waveforms can

be extracted, and (2) the cardiac action potentials with

possible saturated PAs or the residual artifacts. The signal

outputs are measured between one electrode on the chip

and the reference electrode, while stimulation pulses are

applied through another neighboring electrode located

100 lm away on the same chip. The artifacts were created

by sending biphasic, cathodic-first, rectangular voltage

pulses, with amplitudes ranging from 0.5 to 1.5 V and a

total pulse width of 1 ms.

All experiments with live animals were carried out in

accordance with protocols approved by the local University

Animal Ethics Committee and in accordance with the

European Communities Council Directive of November

24, 1986 (86/609/EEC).

2.3 Lumped circuit model for PA emulation

The lumped circuit model (see Fig. 3) is built based on the

physical components of the experimental setup and con-

sists of five parts: a stimulator, a stimulating electrode, the

body tissue, a recording electrode, and the first recording

amplifier.

The stimulator is modeled as a quantized pulse generator

with in our case 12-bit resolution and a reference voltage

of ±10 V. The model developed for the recording chain

is relatively straightforward as the amplifiers and filters

were built with discrete commercial electronic components

with the differential input impedance characterized as

ð1012 X==1 pFÞ according to the datasheet.

The electrical model for the micro-fabricated chip con-

tains the various interfacial processes contributing to the

small-signal ac electrode polarization, such as the series

resistance Rs, the charge-transfer resistance Rct, the con-

stant-phase element (CPE) impedance ZCPE, and the para-

sitic capacitance Ci. ZCPE is a nonlinear element and can

linearly be approximated as:

ZCPEðjxÞ ¼
1

TðjxÞa ð7Þ

where T is the CPE capacitance parameter and a is the CPE

exponent. Since a C 0.93 (close to 1), we modeled it as an

ideal double-layer capacitor, Cdl [13, 5]. The other values

for the circuit elements of the stimulating and recording

electrodes are taken from previous work [15].

The tissue model consists of an inter-electrode/tissue

interface and a bulk tissue region [12]. It is modeled as two

RC elements to mimic the signal attenuation at the tissue/

electrode interface. The tissue values used in this work are

estimated by curve fitting and optimized manually from PAs

measured in the cardiac cell culture after removing offset.

2.4 Evaluation of the proposed artifact removal

topology

2.4.1 In simulations

The functionality of the proposed artifact removal architec-

ture will be analyzed as a function of three parameters: (1) the

Fig. 3 Lumped circuit model

for the stimulation pulsing

artifact generation consisting of

a stimulator, a stimulating

electrode, the body tissue, a

recording electrode, and the first

recording amplifier
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ADC–DAC voltage resolution, (2) the ADC–DAC sampling

rate, and (3) the latency between the artifact and its template.

For each parameter, the simulations output two signals: the

residual artifacts, and the residual artifacts when the cardiac

action potentials occur at the onset of the emulated PA.

In all simulations, we use biphasic, rectangular, anodic-first

voltage pulses with a duration of 200 ls per phase. The

equivalent input noise from 2 to 3 lVrms is white Gaussian

noise and is the only noise source in the simulations. The high-

and low-pass filters set a bandwidth from 400 Hz to 5 kHz.

The ADC and DAC were configured with the same parameters

(quantization step Q of 1:5�488:3 lV; sampling rate 1
Ts

of

10 kHz–1 MHz). A continuous signal is generated with a

sampling rate of 24 MHz. The simulation time is set to 3 ms.

2.4.2 In cardiac cell cultures

The prototype system has been built to verify the simula-

tion results. For details of the prototype specifications,

please refer to Sect. 2.2

2.4.3 Quantitative measures

In all cases, the mean squared error (MSE) between the

expected (i.e., artifact-free response), s[n], and the real

(with artifact) response, e[n], integrated over the acquisi-

tion time, is used as a quantitative measure for character-

izing the quality of the removal algorithm:

MSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN

n¼1

ðe½n� � s½n�Þ2
vuut ð8Þ

3 Results

3.1 Validity of the lumped circuit model

For the validation of the lumped model, emulated PAs

derived by a set of tissue values are compared with the

experimental data of the corresponding biphasic rectangu-

lar stimulation pulse amplitudes (0.5–1.5 V). An example

of emulation results is shown in Fig. 4a, which shows a

very close agreement between the emulated and measured

PAs. The absolute values of the residuals are less

than ±2 mV, or 3.4 % of the maximum peak-to-peak PA

(Fig. 4b). The prediction is considered to be good enough

since the differences between the measured and the emu-

lated waveforms are less than 5 % on average (Fig. 4c).

3.2 Impact of parameters of the artifact removal setup

In the ideal case, i.e., stationary signal S and additive

white Gaussian noise (mean = 0, standard deviation

variation = r) distribution for N, the signal-to-noise ratio
S
N

� �
increases with the square root of the number of mea-

surements, k, (S
N ¼

ffiffiffi
k
p

S
r ; where r is the standard deviation

of noise for a single measurement). Usually the artifact-to-

noise ratio is very high A
N � 20
� �

; so averaging over 5 or 10

measurements does not improve the estimation. Therefore,

the following results were obtained with a training of only

one stimulation pulse.

3.2.1 Effect of ADC–DAC voltage resolution

The MSE values for different quantization resolutions of

the ADC–DAC as a function of the PA amplitude are

shown in Fig. 5a. We observe that the error decreases as

the ADC quantization step Q gets smaller. Decreasing Q

allows for more accurate information to be encoded, thus

(a)

(b)

(c)

Fig. 4 a An example of pulsing artifacts predicted by the lumped

circuit model and experimentally measured, after offset removal with

the prototype system. A biphasic rectangular pulse of ±1 V was used

to stimulate cardiac cell cultures. b An enlarged plot of the residuals

versus time. c Relative errors of the artifact prediction model versus

measured artifacts for different stimulation pulse amplitudes
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resulting in a smaller amplitude difference between the

emulated and the actual PA, and subsequently a smaller

MSE. At a given Q, the MSE values are expected to

slightly increase when the PA amplitude increases because

of the distortions in the recording system. Although the

trend is correct for low Q, a slightly opposite trend is

observed for high Q due to the correlation between the PA

amplitude and the quantization noise at low amplitudes. In

general, the MSE values originate from the quantization

error when Q is high, and they are approximately equal to

the amplified input noise when Q is low. Our simulation

results also indicate that the action potentials hidden inside

the PA can be detected with a quantization step Q of 30 lV

or lower by threshold level detection (Fig. 5b). The

detection works best when the action potentials are at least

three times higher than the Q or the input noise. The higher

the DAQ resolution, the higher the S
N is.

3.2.2 Effect of ADC sampling rate and signal latency

Figure 6a illustrates the errors due to signal latency

between the emulated PA signal and the subtracted tem-

plate, for sampling rates of 25 kHz and 1 MHz and for a

quantization step Q of 1:526 lV: At a given sampling rate

and no signal latency, the MSE values increase slightly

when the PA amplitudes increase because of the increasing

absolute errors between the PA and its estimation Da:

Introducing a signal latency u is the same as subtracting a

constant time offset proportional to 2� p� f
fs
� u

� �
from

the signal. Hence, the signal’s phase is shifted by a value

depending on the sampling frequency and the signal

latency. In other words, the rates of MSE increase are

proportional to the PA amplitude, the signal latency and

inversely proportional to the sampling rate:

MSE ¼ f Da;u;
1

fs

� �
ð9Þ

The results are repeated for different DAQ resolutions by

adding the quantization error, since the quantization error

DQ is independent of the other errors, D a;u; n
fs

� �
(see Eq. 5).

The differences between the PA and its delayed esti-

mation create localized peaks, particularly at fast changing

slopes (Fig. 6b). These peaks lead to high MSE values and

subsequently distort the neural spikes when they occur

within or immediately after the stimulation pulses. For the

composite signals considered (a combination of an emu-

lated PA of *50 mVp-p and an action potential of

� 120 lVp�p), the signal responses become undetectable

for latencies above 100 ns.

In our prototype, the timing and triggering of the mixed

analog and digital signals are controlled by the counter

output [18]. The trigger pulse can be programmed with a

20-MHz internal timebase, allowing us to control a delayed

trigger of 50 ns. If the signal latency is about 1 ls; the

residual artifacts continue to saturate the recording system

regardless of the artifact removal topology.

3.3 Evaluation of the artifact removal algorithm

3.3.1 Stimulus artifact reduction

Examples for the mixed-signal prototype for PA removal

are shown in Fig. 7. The PA of *10 to *60 mV was

decreased to an amplitude of about 400 lVp�p (see

Fig. 7b). This level can be calculated from the ADC–DAC

resolution, and is

(b)

(a)

Fig. 5 a Mean squared errors of the emulated residual artifacts as a

function of the quantization step Q and the PA amplitude in the case

of perfect synchronization (no latency) for a sampling rate of 25 kHz.

The residual errors are determined by the amplified quantization noise

at low ADC–DAC resolution (high Q), and by the amplified input

noise (2�3 lVrms in the simulations) at high ADC–DAC resolution

(low Q). The same results are obtained for higher sampling rates.

b The residual artifacts of different DAQ resolutions when an

emulated artifact of *50 mVp-p overlaps completely with a cardiac

action potential of � 120 lVp�p: The signal can be detected by

amplitude thresholding when the signal-to-noise ratio is above 3
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20 V

212 bits
� G2 � 488 mV at the output;

ðG1 ¼ 10�; G2 ¼ 100�Þ ð10Þ
The cardiac action potentials can effectively be recov-

ered and detected by amplitude thresholding when they

occur at a short latency after the PA (\2 ms) (Fig. 7d, left).

When the cardiac action potentials partially overlap with

the residual artifacts (Fig. 7d, middle), the artifacts were

reduced by an order of magnitude. The artifact residuals

within one stimulation sequence of a trial were visually

compared among each other revealing the one with an

action potential, and were confirmed by cross-correlated

with spontaneous action potentials recorded in the same

trial, which gives a strong indication that the tail of the

reduced artifacts originates from the action potentials.

When the action potentials completely overlap with the

stimulation pulse (Fig. 7d, right), the residual artifacts are

reduced to the level set by the ADC–DAC quantization

step. This result is in agreement with the simulations.

However, the cardiac action potentials cannot be detected

because they are still smaller than the residual artifact.

Further, reduction in residual artifacts would be possible

with a better configuration (for example, a 16-bit ADC).

3.3.2 Variability of artifacts

The relative standard deviation (%RSD) is used to measure

the variability of a signal:

%RSD ¼ 100� standard deviation of signal X

mean of signal X
ð11Þ

The residual artifacts’ variation increases with both the

peak-to-peak PA and its variation (Fig. 8a). With PA of

*10 mV, relatively stable residual artifacts were obtained

even with 2.5 % variation of the PA because of the quan-

tization noise. As the PA increases, the residual artifacts

increase with increasing PA variation.

3.3.3 Validity of the linear scaling assumption

The use of sub-threshold signals as training pulses was

validated by experiments varying the stimulation voltages

(b)

(a)

Fig. 6 a Effect of latency on the MSE of the artifact residuals for

sampling rates of 25 kHz and 1 MHz, and with an ADC–DAC

quantization step of 1:526 lV: The residuals are proportional to the

sampling period and the PA amplitude when the latency increases.

With a higher ADC–DAC resolution, the residuals decrease due to the

lower quantization error. b The residual artifacts for different

latencies, fs ¼ 25 kHz and Q ¼ 30lV when an emulated artifact of

*50 mVp-p overlaps completely with a cardiac action potential of

� 120 lVp�p: The localized peaks obstruct the action potential when

the signal latency is above *100 ns

(a)

(b)

(c)

(d)

Fig. 7 Examples of PA removal when the cardiac action potential

occurs at a short latency to (1) or partially overlap (2) or completely

overlap (3) with the PA. In each case: a experimental PA recorded

during the same trial in the cell culture. b Residual artifacts showing

the effect of template subtraction from every subsequent stimulus.

The PAs were decreased *109 or *709 , resulting in a level of

� 400 lVp�p: c Residual artifacts without the action potentials.

d Residual artifacts with the action potentials. The arrows indicate the

positions of spontaneous action potential (red, dot trace), which occur

at a short latency to or partially overlap with the PA in the same trial.

The dot circles indicate the effect of closing the switch for stimulation
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and correlating with their corresponding artifact ampli-

tudes. A linear fitting was sufficient to obtain coefficients

of determination (i.e., measure of the matching accuracy of

the measured data with their linear fitting) higher than 0.92.

The strong correlation indicates that we can use sub-

threshold stimulation as a starting point in generating the

template for artifact cancellation. However, saturated peaks

of residual artifacts between the actual PA and its scaled

template at the first cycle were observed even when their

differences are less than 1 % of the maximum peak-to-peak

PA, because of the high amplification gain in the loop.

Therefore, the template adjusting at every stimulation cycle

is necessary for practical use.

3.3.4 Effect of ADC–DAC voltage resolution

The dependence of residual artifacts on the peak-to-peak

PA is shown in Fig. 8b. With no template adaptation, the

residuals would result in large localized peaks, which can

saturate the recording system. When the template is

updated before subtracting in the next cycle (Eq. 6), the

residual artifacts decrease at least an order of magnitude.

The residuals are approximately the same if the PA

amplitudes are low, which is in agreement with the simu-

lated results in the case of perfect synchronization (Fig. 5).

As the PA amplitudes keep increasing, an increase in MSE

errors, corresponding with localized peaks in the residual

artifacts, is observed, which is probably due to the non-

linear Faradaic processes at the electrode–electrolyte

interface, making the assumption of linearly scaling sub-

threshold and using a simple adaptive template no longer

suitable. Overall, further improvements, such as better

resolutions, are desirable since the noise level is far below

the current residual artifact level. The mixed signal pro-

totype, however, prevents the PA from saturation under all

circumstances.

3.3.5 Number of re-estimations of the artifact template

The ultimate test for the artifact removal algorithm is

whether continuously estimating the template allows for

smaller residuals. Figure 8c reveals that re-estimating the

template signal is no longer required after 2–4 subtraction

cycles. A slightly increasing trend in the MSE is observed

from the 6th cycle onwards, which is possibly due to the

accumulated changing electrode and tissue conditions

during stimuli that the simple weighted template update

cannot handle anymore.

4 Discussion

Our artifact removal topology offers the possibility to

detect cellular signals during the pulsing period. Using a

two-stage amplification, it allows to dynamically adapt to

different PA amplitudes with a low dynamic range of the

ADC. In in vitro experiments, the maximum PA amplitude

was found to be *200 mV when stimulating and recording

from the same electrode while the typical PA amplitude

was *60 mV by stimulating from a neighboring electrode

located 100 lm away. The used dynamic range of the data

acquisition card placed after the pre-amplifier (G1 = 109)

is only about 54 dB ¼ VADC range

rQ
� 20� log10

2:5 V
5 mV

� �� �
:

Otherwise an ADC of 96.48 dB dynamic range

¼ Vartifact

rrms
� 20� log10

200 mV
3 lV

� �� �
would be required to

record accurately both the PA and the action potentials.

This would increase the circuit power consumption con-

siderably, from 8.1 mW to 4.6 W [14].

The lumped circuit model provides a simple and useful

tool for generating realistic PAs. As the stimulation

amplitudes increase, the approximation of the ZCPE as Cdl

(a)

(b)

(c)

Fig. 8 a Effects of pulsing artifacts’ variation on the variability of

residual artifacts. b Peak-to-peak amplitudes and mean squared errors

of residual artifacts versus the peak-to-peak pulsing artifacts. All

charted values are the mean and standard deviations of 6–8 stimuli

sequences in a trial. c Residual artifacts as a function of the number of

cycles of estimating the template signals. The charted values are the

mean and standard deviation of the data collected from five electrodes

when the artifact amplitudes are *58 mVp-p
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may give larger deviations from the ideal capacitive

behavior at low frequencies for a given a (see Eq. 7). In

addition, large stimuli would result in nonlinear distortions

at the microelectrode interfaces [6]. These would result in

large differences in the tail and slow slope (low-frequency

components) between the emulated and measured artifacts.

However, the overall shape of the emulated and the mea-

sured artifacts remain similar. The model was thus proven

useful for evaluating the performance of the artifact

removal topology.

Our prototype system is not yet fully optimized for

completely removing the PA. Due to the fact that the

quantization step sets the threshold level for the detection

of cellular signals below the level of the artifact residuals,

an optimized ADC–DAC resolution should be imple-

mented for an improved performance. However, an arbi-

trary large bit resolution can result in practical issues such

as a large memory size and a large power consumption of

the ADC–DAC. A practical DAQ resolution would satisfy

the relation:

rQ ¼ a� rrms ¼ a� ðrrms; input � G1Þ ð12Þ

where a � 0:1; . . .; 0:5; rQ is the standard deviation of the

quantization noise, and rrms is the standard deviation of the

noise at the difference amplifier. Even for a = 1, simula-

tion results show an acceptable level of detection of action

potentials. The above relation also allows to relax the

constraints on the system complexity by tuning the pre-

amplification factor G1. For example, with an input noise

of 2:5 lVrms; an increase of G1 from 109 to 509 would

relax the DAQ quantization step Q from 0.2 mV

ð2:5 lVrms � 8� 10Þ to 1 mV. However, the increased

gain also increases the risk of saturation and does not allow

to obtain an accurate waveform for template estimation.

The optimal operating point for each system configuration

can be defined by means of simulations.

Without implementing the delay control, the algorithm

is useful to reduce the PA to non-saturating levels, where

other artifact removal techniques such as local curve fit-

tings [23] can be combined to further remove the remaining

artifact. A delay controller between the compensation

system and the recording elements would decrease the

peaks of the residual artifacts. Since the synchronization

between the analog input and the analog output of the DAQ

card can be controlled within nanoseconds, it should be

feasible to control signal latencies of less than 100 ns, thus

allowing the recovery of the action potentials during the

stimulation period.

The results underline the importance of choosing an

appropriate quantization resolution and properly control-

ling the signal delays. Yet, the efficiency of the algorithm

stems mainly from the fact that the amplitude of the

PAs remains relatively invariant during the experiments.

In acute stimulation and recordings, the proposed method

can be applied as it is. In chronic experiments, either re-

training or an adaptive algorithm would be required to

minimize the residual errors and to adapt to changing

electrode and tissue conditions during stimulation. The

interspersing of sub-threshold and above-threshold stimuli

could be used to track changing conditions.

5 Conclusions

In this paper, we propose a mixed signal topology for PA

removal that gives the possibility of detecting action

potentials in a normally artifact-blocked detection window.

While a simulation approach has been developed to derive

appropriate parameter settings to achieve the desired

recordings, this prototype system shows certain limitations.

The simulated and experimental results have indicated the

important parameters (such as the gain settings, the quan-

tization noise, and the delay controller) for the effective-

ness of the presented artifact removal topology.
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