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HIGHLIGHTS

® We characterize labeled artifacts in neural recording experiments.

® An algorithm for automatic artifact detection and removal is proposed.

* A modified universal-threshold value is proposed to make the algorithm robust under different recording conditions.

® Both real and synthesized data have been used for testing the proposed algorithm in comparison with other available algorithms.

® Quantitative results show that the proposed algorithm can outperform the others in removing artifacts reliably without distorting neural signals.
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Background: In vivo neural recordings are often corrupted by different artifacts, especially in a less-
constrained recording environment. Due to limited understanding of the artifacts appeared in the in
vivo neural data, it is more challenging to identify artifacts from neural signal components compared
with other applications. The objective of this work is to analyze artifact characteristics and to develop an
algorithm for automatic artifact detection and removal without distorting the signals of interest.

New method: The proposed algorithm for artifact detection and removal is based on the stationary wavelet
transform with selected frequency bands of neural signals. The selection of frequency bands is based on
the spectrum characteristics of in vivo neural data. Further, to make the proposed algorithm robust under
different recording conditions, a modified universal-threshold value is proposed.

Results: Extensive simulations have been performed to evaluate the performance of the proposed algo-
rithm in terms of both amount of artifact removal and amount of distortion to neural signals. The
quantitative results reveal that the algorithm is quite robust for different artifact types and artifact-
to-signal ratio.

Comparison with existing methods: Both real and synthesized data have been used for testing the pro-
posed algorithm in comparison with other artifact removal algorithms (e.g. ICA, wICA, wCCA, EMD-ICA,
and EMD-CCA) found in the literature. Comparative testing results suggest that the proposed algorithm
performs better than the available algorithms.

Conclusion: Our work is expected to be useful for future research on in vivo neural signal processing and
eventually to develop areal-time neural interface for advanced neuroscience and behavioral experiments.
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1. Introduction

Extracellularly recorded neural data from in vivo experiments
provide higher spatio-temporal resolution and SNR compared with
other non-invasive brain signal recordings; e.g. EEG, MEG, fMRI,
etc. (Eichenbaum, 2001; Foffani and Moxon, 2003; Dayan and
Abbott, 2005; Lytton, 2002; Mitra and Bokil, 2008; Buzsaki et al.,
2012). While the recorded data can be corrupted by artifacts and
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interferences, especially under a less constrained recording proto-
col. Hence as a part of neural data preprocessing procedure, the
detection and removal of artifacts without distorting the signals of
interest play an important role. Compared with other applications,
artifact detection and removal for in vivo neural recordings have
the following application related challenges:

e The signal characteristics: Many other physiological signal
recordings mostly contain narrow-band neural data (e.g. band-
widths of EEG, ECG, and EMG in general range from sub Hz to
no more than a few hundred Hz); while in vivo neural recordings
have abroad spectral band, i.e. from sub-1 Hz to several kHz. Thus,
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spectral overlapping between artifacts and signals of interest for 10 o
in vivo recordings is larger. Apart from the wide bandwidth, the e «'I‘
presence of different signal components (i.e. Local Field Poten- -10 chl
tials (LFP), neural spikes, synaptic activities, etc.) and their highly 5 P
non-stationary properties (Tomko and Crapper, 1974; Lewicki, [ T " w e "
1998; Kaneko and Suzuki, 2007; Bar-Hillel and Spiro, 2005) com- -5 18 p——
pared with other recordings, make it more difficult for identifying '1g
artifacts. 0 Moy . » ik s
¢ The artifact characteristics: When dealing with other physiolog- 5
ical signals, often the appeared artifacts have certain stereotype E -10 ch
waveforms or the artifact source itself can be recorded by a ref- > 5..& . o ]
erence channel. This is not the case for in vivo neural recordings. e _g TR - o
In fact, as it will be discussed later, the diversity in artifact types, = P chid
their properties and the way they appear in the recordings make E 5
it more challenging in separating them from neural signals. T O s VD SPRRPIIP I
¢ Deficiency of available algorithms:Many available algorithms E, -5 53
for artifact detection and removal cannot be applied on in vivo 2] -12

recordings for the same purpose. For example, a most frequent
method to detect and remove artifacts in EEG signals is based
on blind source separation (BSS). One assumption of BSS is that
the observations are linear mixing of the sources and the num-
ber of sources is equal or less than the number of observations.
Another assumption is that the sources have to be either inde-
pendent for ICA based methods (Flexer et al., 2005; Winkler
etal,, 2011; Delorme et al., 2007; Guerrero-Mosquera and Navia-

. 0 - P
Vazquez, 2012; Scott, 2011; Rong and Contreras-Vidal, 2006) or o P
maximally uncorrelated for CCA based methods (Sweeney et al., 1 Lewned ch8
2013; Safieddine et al., 2012; Raghavendra and Dutt, 2011; Zhao o 5 10 15
Time ( Sec)

and Qiu, 2011). However, the mentioned assumptions most often
do not match with the in vivo neural recordings. For in vivo neu- Fig. 1. Example of global artifacts appearing in all the recording channels at same
ral data, spiking activities from a same neuron mostly appear in temporal window. The data are recorded from the hippocampus of a rat.

one or few adjacent channels, where in the rest of the channels,
those activities merge into the noise floor. Therefore, spikes can-
not be separated as an independent source if BSS-based algorithm
is applied. Different from artifacts in EEG, the artifacts found here
are sometimes localized in a single channel, which suggests that
the cross-channel analysis cannot be directly applied. Again there
could be some correlation present between neural spikes and LFP
(Buzsakietal.,2012; Wang et al.,2006) which violets the assump-

tion of BSS as mentioned. Although, there are available algorithms In this section, the characterization of different artifacts, their
in the literature, e.g. wavelet-based (Molavi and Dumont, 2010; sources and properties are presented. Such characterization efforts

Castellanos and Makarov, 2006; Zimaetal,, 2012; Hsuetal, 2012)  help todevelop a better algorithm and generate synthesized neural
and EMD/HHT-based (Zhang et al.,, 2009; Wang et al., 2008) algo- database for performance assessment of the algorithm.

rithms to remove such localized artifacts from individual single

channel and they do not assume any independence/uncorrelation 2.1. Artifact sources

between sources unlike BSS. However, while applying for in vivo

In Section 4 comparative simulation results are presented. Section 5
provides discussions about the performance of the proposed algo-
rithm. Section 6 gives concluding remarks.

2. Artifact characterization

data, not only their performances are inadequate but also the Artifacts in a broad sense can be classified into two categories:
computational burden can be heavy (e.g. EMD/HHT based algo- local and global. Local artifacts are localized in space, i.e. appear
rithms) (Fonseca-Pinto, 2010). only in a single recording channel while global artifacts can be seen

across multiple channels of an electrode array. An example to illus-
In this paper, first of all, the characteristics of labeled artifacts ~ trate global artifacts is shown in Fig. 1. The artifacts can also be

appeared in in vivo neural recordings are analyzed and accord- classified into external and internal categories based on their ori-
ingly those artifacts are classified into four types. Subsequently,  gins (Savelainen, 2010, 2011). Internal artifacts arise from body
an artifact detection and removal algorithm is proposed. The algo- ~ activities, e.g. due to movements made by the subject itself, sud-
rithm relies on the spectrum characteristics of the neural signals ~ den changes of bioelectrical potentials, muscle activities, sudden
(i.e. LFP and neural spikes) for artifact detection. It further applies ~ chemical releases, etc. While external artifacts result from cou-
stationary wavelet transform (SWT) to detect possible artifactual plings with unwanted external interferences e.g. power line noise,
regions from the decomposed wavelet coefficients. Once artifacts ~ sound/optical interferences, EM-interferences, etc. The artifacts
have been detected, to restore neural signals, a modified version may appear only once in the whole recording sequence, sometimes
of the existing universal-threshold value is proposed, which makes ~ theycanalso appear inaregular/periodic manner. Examples of such
the algorithm more robust. artifacts are shown in Fig. 2.

In order to validate the proposed algorithm with quantitative
measures, extensive simulations have been performed on both real 2.2. Artifact templates
and synthesized data.

The rest of this paper is organized as follows. Section 2 gives the There are a number of factors and sources for artifacts, each

problem description. Section 3 focuses on formulation and analysis. could add different waveform signatures. After manual labeling,
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Fig. 2. Illustration of rarely appeared (top) and periodic (bottom) artifacts with
zoom-in view on the right side. The appeared data have been recorded from the
hippocampus of a rat.

the wide array of possible artifacts are characterized into four types
based on different signatures, i.e. sharpness of edge, duration and
waveform shape. The four types of artifacts are shown in Fig. 3 and
described as follows:

Type-0: It has dominant power spectrum in low frequency
region. They may appear as a single waveform or in a periodic fash-
ion in recordings and over different channels. For example, this
artifact can be generated from the muscle activities of the subject
during movement.

Type-1: It is similar to step response, where there is an instan-
taneous large impulse whose effects are dampened over a period of
time. Individual artifacts may have different widths and different
decaying spectra with frequency. However, due to the sharp edge,
there always exist localized high frequency features. The intercon-
nect cable between the electrode and the pre-amplifier may work
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as antenna and picks-up some type-1 artifacts due to the subject’s
motion.

Type-2: Type-2 artifacts have been observed more frequently
compared with both Type-0 and Type 1 artifacts. They usually have
two fast ramp edges at two ends and can be modeled as the deriva-
tives of the type-1 artifacts, which suggest that type-2 artifacts are
another form of type-1 artifacts possibly generated from the same
sources. The settling of electrodes may also produce such type of
artifacts.

Type-3: Type-3 artifacts are often large (sometimes cause
recording saturation) and narrow in width (less than 200 ps). They
could appear both as individual waveforms and in a train, and tend
to appear simultaneously over different channels. Different from
neural spikes and local field potentials, they have a wide spectrum
up to the low pass corner frequency set by recording electron-
ics. This type of artifact may be generated from a sudden charge
injection and discharging to the electrode/electronics.

Apart from the mentioned four types, there could be other types
of artifact present as well, but these four types are supposed to
represent/cover most of the artifact types. Because the way they
have been classified (i.e. based on waveform shapes, appearance
and/or frequency characteristics) is quite universal and almost any
appeared artifact we found can be fallen in one of the four types.
This paper deals with the mentioned four types of artifacts for
quantitative evaluation of the proposed algorithm. However, it is
discussed later that the algorithm does not depend on the artifact
types rather it depends on the spectrum characteristics of the sig-
nal of interest. Therefore it can be applied to other types of artifacts
(beyond these four types) as well.

3. Proposed algorithm

Let’s assume r(n) as the recorded neural data at discrete-time
instant n and it can be expressed as:

r(n) = x(n) + a(n), (1)
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Fig. 3. Different types of artifact present at in vivo neural recordings from a rat hippocampus.
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Fig. 4. Overview of the proposed algorithm.
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Fig. 5. An example of all the signals at different stages (as mentioned in the proposed algorithm flow in Fig. 4) in the same temporal domain is provided. A 10-level SWT
decomposition is performed to an artifactual signal with Haar basis wavelet: (a) artifactual signal, r(n); (b) reconstructed signal, r(n); (c) xs;(n) obtained from band-pass
filtering r(n) at 300 Hz-5 kHz; (d) a zoom-in version of (c) showing few spikes; (e) x,(n) obtained from band-pass filtering r,, at 150 Hz-400 Hz; (f) x,(n) obtained from high-
pass filtering r(n) at 5kHz; (g-h) the final approximate coefficient before and after thresholding respectively; and (i-j) the detail coefficients before and after thresholding,

respectively.

where x(n) and a(n) are actual neural signals (i.e. spikes and
field potentials) and artifacts respectively. The proposed artifact
removal algorithm is composed of four stages including artifact
labeling, verification, detection, and reconstruction, as shown in
Fig. 4. In the following each stage of the proposed block diagram is
described in more detail.

3.1. Artifact labeling

Wavelet transform has been chosen to assist labeling arti-
facts. The reason is that it is suitable for non-stationary signal
analysis (e.g. neural signals) and is a powerful tool to detect
abrupt changes or localized events mostly due to artifacts (Mallat,
2008). Among different wavelet transforms, the discrete wavelet
transform (DWT) is the simplest one in terms of computational

complexity.! However, the problem of DWT is that it is not trans-
lation invariant. Therefore small shifts in a signal can cause large
changes in the wavelet coefficients and large variations in the dis-
tribution of energy in the different wavelet scales (Molla et al.,
2012; Coifman and Donoho, 1995). Hence, denoising with DWT
often introduces artifacts in the signal near discontinuities during
signal reconstruction (Safieddine et al., 2012). One solution is to use
stationary wavelet transform (SWT) which is translation invariant,
as there is no down sampling of data involved in the algorithm

1 The computational complexity of DWT is ©O(N) while the computational com-

plexity of SWT is O(NL) (Beylkin, 1992) using fast transform (Moen, 2007). Here L is
the number of decomposition level and N is the signal length.
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Table 1
The frequency bands of the respective SWT coefficients and corresponding signal components for a 10-level decomposition. Here two typical sampling frequencies for
extracellular neural recordings are considered (i.e. 40 kHz and 30 kHz) and the maximum recording bandwidth is assumed to be half of the sampling frequency.

SWTCoef. | Fs | Dy D; D; Dy Ds Dg Dy Ds Dy Do Az
(L=10) | (kHz)
10-20 5=10 2.5=5 1%251=215! 625 Hz — 312-625 156-312 78-156 39-78Hz 19.5-39 0-19.5
40 kHz kHz kHz kHz 1.25 kHz Hz Hz Hz Hz Hz
Freq. Band Z:5 =15 S5 HERTEES 0.937- 469 Hz — 234- 469 117-234 5815117 29-58.5 145-29 0-145
30 kHz 7.5 kHz 3.75 kHz 1.88 kHz 937.5Hz Hz Hz Hz Hz Hz Hz
Signal <«+— Neural Spike —» < LFP >
Component
(Molla et al., 2012; Coifman and Donoho, 1995; Safieddine et al., 3x1o“ LFP Histogram
2012). Reference
2 H = Fitting 4

3.1.1. SWT decomposition

The SWT is performed on the artifactual signal r(n) at level L=10 a T |
with Haar as basis wavelet function.? Thus, two types of coefficients 3 ok J
are generated: approximate and detail coefficients that contain low 2 -008 -0.06 -0.04 -0.02 0 002 004 006 008
and high frequency information respectively as shown in Fig. 5. 5 < 10°
The generated wavelet coefficients at different levels denote the 8 20— T T T T T T T T T T

. . . . S Artifactual

correlation coefficients between artifactual signal and the wavelet a 4y 5- d
function. The artifactual events will have larger coefficient values ok |
if they have higher correlation with the wavelet function while
smaller coefficients will be generated corresponding to the actual 5 - 1
neural activities. In order to perform thresholding, the selected 0 T . -

coefficients are the final approximate coefficient, A1¢ and all the
detail coefficients i.e. Dy, . . ., D1g. Ao consists of all low frequency
components (from 0Hz to 19.5 Hz), such as electrode offset, some
part of information from LFPs, neuron noise and artifacts (e.g. type-
0, type-1 and type-2). While, D1, . . ., D1g contain the high frequency
information such as neural spikes, type-3 artifacts and sharp edges
from artifacts of type-1 or type-2. A plot is shown in Table 1 to
illustrate the frequency bands of different level of coefficients and
the corresponding neural signal bands. It reveals that even in the
decomposed coefficients, the artifacts can overlap with the neural
signals of interest. Therefore the threshold is chosen carefully in
order to detect and suppress possible artifactual activities from the
decomposed coefficients.

3.1.2. Threshold calculation

The next step is to calculate a threshold value to detect the arti-
facts in the wavelet domain. The choice of threshold value will
decide both the amount of artifact suppression and the amount
of distortion to the neural signal at the same time. One possible
solution is to use the universal threshold proposed by (Safieddine
et al., 2012) which is given as follows:

Tj:O{j\/ZlI’lN, (2)

where N is the signal length and q; is the estimated noise variance
for W; which is usually calculated by following formula (Safieddine
etal., 2012)

median(|W;|) 3
%= 06745 3

In (3) W; is the wavelet coefficients at the jth decomposition
level (W;=A; for approximation coefficient and, W;=D; for detail

2 A majority of motion artifacts appear in the form of abrupt changes in the ampli-
tude of the signal. Therefore, Haar is used as basis wavelet since due to its waveform
shape, it can possibly detect and localize such artifactual events and they appear with
relatively high amplitudes in the decomposed coefficients. The choice of level-10
decomposition is done empirically by considering two facts: (i) the no. of signal com-
ponents present in the raw recordings and (ii) the trade-off between latency/storage
and amount of detail information extraction. Less than level-10 would give less
detail information and more than level-10 would consume unnecessary time and
storage.

T T T T T T T T
-09 -08 -07 -06 -05 -04 -03 -02 -0.1 0 0.1
Signal Amplitude

Fig. 6. Comparison in amplitude histogram of LFP for signal without (top) and with
(bottom) artifacts. Gaussian fitting is shown in black.

coefficient). Here, | - | denotes the absolute value of elements in W;.
The constant denominator results in an unbiased estimate assum-
ing the data are normally distributed (Gao, 1998). However, this
particular threshold is fixed for each W; and not optimal most of the
time. By extensive testings, it has been found that this threshold is
not suitable for our application as it may produce serious distortion
to neural signals. Particularly for wavelet coefficients those contain
components from spikes or when the neural recording has severe
large artifacts such that the data distribution violates from the typi-
cal Gaussian fitting (a large tail in the histogram as shown in Fig. 6).3
Hence it is proposed to include an extra parameter k to the original
universal threshold formula in a following way and the resultant
threshold modifies to

Tj = kejj/2In N, (4)

where k={ka,kp},0<ks <1,1<kp<5,which comes from the empir-
ical observations (see Appendix A). More precisely, k =k, is selected
for thresholding approximate coefficient at final level, here itis A
and select k=kp to threshold all the detail coefficients (D;, j=1, 2,
..., 10).

The tuning of parameter k4, depends on the data distribution
as shown in Fig. 6. Since Aqg contains both the LFP and some low-
frequency artifacts, so when the histogram of the data has large
deviation from the standard deviation (large tail on the histogram
on either one side or both), it is more likely due to presence of
artifacts. Therefore a value less than 1 is chosen for k4 and if there
is no such unusual tail present, then k4 =1 is chosen that makes

3 The LFP distribution of an artifact-free reference data has significant fluctuations
due to non-stationary property but has a shape almost similar to that of Gaussian
when curve fitting is done. While the LFP distribution of an artifactual data fails to
fit anywhere near to Gaussian because of its large tail at one of the sides as shown
in Fig. 6.
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the threshold exactly same as the original universal threshold, i.e.
T{ = Ty. The criterion for the choice of k4 is given below:

1 if max(]A1g]) > m x sd(A1g),
ka = (5)
0 <ks <1 otherwise,

where sd denotes the standard deviation of A1g. The value of m is
based on the parameter tuning and can be obtained from some ini-
tial several seconds of incoming raw in vivo data samples to update
the threshold value. From the empirical studies, the value of m is
found as minimum of 5, i.e. 5<m< oo (see Appendix A).

In order to decide the value of kp, power spectra of all detail
coefficients are studied and it is found that coefficients at level 3,
4,5 and 6, i.e. D3, D4, D5 and Dg have highest power around the
neural spikes’ spectra and hence these three level contains spike
information along with artifacts. Therefore it is chosen to put more
weight (kp > 1) on these coefficients and less on the rest of the level
of coefficients (i.e. Dy, D, D3, D7, Dg, Dg and D1g) as follows:

1<ki<5 i=3, 4, 5 and6,
kp = . (6)
1 otherwise,

where i denotes the detail decomposition level and the constant
parameter kp is chosen from the spike data histogram. The spikes
present in neural data with very large amplitudes influence the
selection of kp towards higher value while if the spike amplitude is
normal, then from empirical studies it is found that the value of kp
to be 2-3.

3.2. Filtering

Once the time indices are obtained from the decomposed
coefficients after applying modified threshold function, T}; it is
required to double check possible artifactual segments to sepa-
rate artifacts from signals of interest, especially from spikes. The
use of filtering is inspired from the spectrum characteristics of
neural signal components: LFP and spikes. Although the spectral
band of in vivo recordings has a wide spectrum, there are two
prospective bands, i.e. 150-400Hz and >5kHz, where both LFP
power and spike power are relatively low (Islam et al., 2012). Thus,
band pass and high pass filtering are performed at 150-400 Hz and
5 kHz, respectively, for artifact detection. It is assumed here that the
recording do not contain ripple band oscillations, which appears
around 100-300 Hz, is ignored (Molle et al., 2006).

In order to detect spikes, the raw data is usually band-pass
filtered from 300Hz to 5kHz (Belitski et al., 2008). Denoted by
xp(n), xp(n) and xs(n) as the band-pass filtered, high-pass filtered
and spike signals respectively and their corresponding universal
threshold values are calculated by:

median(|Xp, ] Vo
prvhpvsp = (#) 21n N, (7)

These threshold values Ty, T, and Tsp with the time indices of
artifactual segments (provided by artifact labeling stage 3.1) are
used to make the decision of whether artifacts or signals (stage 2
from Fig. 4).

3.3. Detection

Denote ID; the time index for artifactual segment at decomposi-
tion levelifound from the earlier stage, the condition for separation
of artifact from neural signals is given by the following pseudo code:

Separation of artifacts from signals

If (1%, (ID;)| < Tpp ) OF (X4 (ID;)| < Tpp)
lf(|x5(IDi)‘ > Tsp)
ID; is not artifact index
else
ID; is artifact index
end
else
ID; is artifact index
end

3.4. Signal reconstruction

In the final stage, in order to reconstruct the signal, at first the
coefficients are thresholded once it is confirmed as artifacts from
stage-3. Thus a new set of coefficients, i.e. A}y, and D}, ..., D},
are generated. Finally, inverse stationary wavelet transform is
applied to the new coefficients to restore artifact-reduced neural
signals.

The choice of threshold function is very important, as it influ-
ences the amount of attenuation to the SWT coefficients. A most
popular thresholding function is hard threshold that has a dis-
continuity which may produce large variance to the reconstructed
signal or in other words, output estimate is very sensitive to small
changes in the input data (Gao, 1998). On the other hand, there
is soft threshold function that is continuous but has larger bias
in the estimated signal which results in larger errors. In order to
overcome the disadvantages of these two threshold functions, the
non-negative garrote shrinkage function is proposed in (Gao, 1998)
which is a nice trade-off between hard and soft threshold function
and is given by:

0 x| < Tl!

861’ = T.’Z (8)
X——— |x>T.
X 1
where J, is the garrote threshold function at each decomposi-
tion level of i. This function is less sensitive to input change, lower
bias and more importantly continuous. Therefore garrote threshold
function is chosen for our application.

4. Experiments

To validate the proposed algorithm, extensive testings have
been performed on both real and synthesized data to facilitate both
qualitative and quantitative measurements and compared with
other algorithms in the literature. The data recording protocol is
described below:

Neural recording data from in vivo preparations are provided
by Edward Keefer at Plexon Inc./University of Texas Southwest
Medical Institute and Victor Pikov at Huntington Medical Research
Institute. For Keefer’'s data, the protocols are similar to (Keefer
et al., 2008; Yang et al., 2009), where the subjects (rats) have been
anesthetized for acute experiments. CNT electrodes, microwire,
and electrode array have been used in experiments and connected
to Plexon OmniPlex neural data acquisition system. For Pikov’s
data: the 16-channel electrode arrays with a nominal geomet-
ric area of exposed electrode tips were purchased from Blackrock
Microsystems. The array was chronically implanted in the sensori-
motor cortex and connected to a percutaneous connector mounted
in the animal’s (monkey) head. The experiment protocols are in
accordance with the Institutional Animal Care and in compliance
with the United States Department of Agriculture (USDA) Ani-
mal Welfare Act. We have been authorized by Edward Keefer and
Victor Pikov to utilize the recorded data for research and publica-
tion.
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Fig. 7. Artifact removal algorithm applied to a raw in vivo data recorded from the hippocampus of a rat. The plot is the time course data where both type-1 and type-2
artifacts are present.

Synthesized data are prepared from in vivo recordings. Data seg- 4.1. Experiment on real data
ments without artifacts are used as ground truth data. Labeled
artifacts by a domain expert are used as artifact templates. Initially the proposed algorithm is tested on real in vivo
Individual artifacts under different templates are then simulated data sequences contaminated with artifacts. Then both the data
with different amplitudes, widths and durations and finally super- sequences before and after artifact removal are plotted in the same
imposed onto the ground truth data for quantitative assessment of trace of time domain (as shown in Fig. 7) to observe whether it has
algorithm performance. removed the artifact or not. The local field potentials and spikes
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Fig. 8. A Comparison in field potentials and spike data when there are no visually detectable artifacts (a small data segment from Fig. 7 after low-pass filtering at 200 Hz and
band-pass filtering at 300 Hz-5 kHz are performed to get LFP and spike data, respectively). The proposed algorithm nearly perfect reconstructs the original data when there
is no artifact present.
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Fig. 9. Illustration of the synthesis process to generate artifactual data.

are also plotted for both data sequences to observe qualitatively
(shown in Fig. 8) how much distortion it brings when there is no
presence of visually detectable artifacts.

4.2. Experiment on synthesized data

Different artifacts have been manually identified and extracted
(neural data segments contaminated with obvious visually
detected artifacts) from real in vivo data and categorized each into
one of the mentioned four types, i.e. type-0, type-1, type-2 and
type-3. Based on these extracted templates, similar artifact tem-
plates are simulated with different amplitudes and durations. An
in vivo neural data sequence of 100 s duration is chosen which does
not contain any visually detectable artifacts and termed it as refer-
ence signal. Then the simulated artifacts are linearly added to the
reference signal in different random positions with different ampli-
tudes, edge widths and durations to form a data sequence that is
contaminated with artifacts, it is referred to artifactual signal. The
data synthesis process is illustrated in Fig. 9. Finally the proposed
artifact removal technique is applied on the artifactual signal and
the resultant data sequence is termed as reconstructed signal. An
example of artifact removal is shown in Fig. 10. As mentioned that
the proposed method is applied to the artifactual data to get the
artifact-reduced reconstructed data which is more similar to the
reference data.

4.2.1. Efficiency metrics

The measurement for quantitative evaluation of the algorithm
is mainly two types: one is to measure how much artifact has been
removed and the other one is to measure how much distortion it
brings into the signal of interest. The first type of measurement
includes two metrics: the amount of artifact reduction in percent-
age, A as mentioned in (Sweeney et al., 2013) and the amount of
increase in signal to noise ratio (SNR), ASNR for different artifact
amplitude or artifact SNR (SNRy,¢). The second type of measure-
ment is to quantify the amount of signal distortion which includes:
spectral distortion, Py;s as defined in (Yong et al., 2012) and root
mean square error, RMSE. The former one refers to distortion in fre-
quency domain and the later one measures the distortion in time
domain. Also the efficacy of the algorithm is evaluated in terms of
ROC (Receiver Operating Characteristics) plot for spike detection
before and after artifact removal in comparison with the reference
signal. The calculations of the mentioned metrics are discussed
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Fig. 10. Artifact removal example by the proposed method where the artifactual
signal (synthesized) is corrupted by all four types of artifact. The top plot shows the
three different time course signals of reference, artifactual and reconstructed. The
bottom plot is the zoom-in version of the previous plot highlighted on the artifact-
affected regions.

below. Please note that the following calculations can only be per-
formed on synthesized data. Assuming x(n), r(n) and r’(n) are the
discrete time signals of length N representing reference, artifactual
and reconstructed signal respectively. If the error signal before and
after artifact removal are e; and e, respectively and calculated as
follows:

eq(n) = r(n) — x(n), 9
ey(n) =r/(n) — x(n). (10)

¢ \: The reduction in artifact, A is calculated using the following
formula (Sweeney et al., 2013):

A =100 (1—Rref_Rr“>, (11)
Rref - Rart

Here, R, denotes the auto-correlation of the reference signal

at time lag 1, Ryt and Ryec are the cross-correlation between

reference signal with artifactual and reconstructed signal, respec-

tively.

ASNR: Assuming the signals have zero mean, the ASNR is the

difference in SNR before and after artifact removal is given by the
following formula (Sweeney et al., 2013):

o2 o2
ASNR = 10logo | —Z | —10logyo [ 22 |, (12)
o¢, ¢,

where aref, a and 02 be the variance of reference signal, error

signal before and after artifact removal, respectively.
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e RMSE: The root mean square error, RMSE is calculated as follows:

RMSE =

® Py;;: Denote PSDgeA(f), PSDar(f) and PSDgecon(f) the power spectral
densities of reference signal, artifactual signal and reconstructed
signal respectively, the spectral distortion Pg;; is calculated as
follows:

Z (PSDRecon(f))z
S (PSDer(f))?

® SNRy,¢: Artifact SNR is calculated considering artifact as signal
and reference neural signal as noise using the following formula:

(14)

dis =

o2
SNRa; = 10logo | —- | - (15)
aref
e ATy, It denotes the artifact duration out of total data length in
percentage and calculated as follows:

ATpre(%) = Tare_ 100, (16)
TTotal

where T4, and Ty, are the time duration of artifact and whole
data sequence, respectively.

® ROC curve: In order to evaluate the spike detection accuracy
of a ROC curve, the simple amplitude threshold based detec-
tion method (Harrison, 2003; Yang, 1988; Chandra, 1997; Snider,
1998) is used and compared with the reference signal. The true
positive rate (TPR) and false positive rate (FPR) are calculated by
following equations:

TP

TPR = PN’ (17)
FP
FPR = PN’ (18)

where TP, TN, FP and FN are the number of spikes detected as true
positive, true negative, false positive and false negative, respec-
tively.

AFPR(%)and ATPR(%): If FPR,r and FPR; are the false positive
rate before after artifact removal while TPRy,r and TPR,y are the
true positive rate before after artifact removal respectively, then
the improvement in FPR, AFPR(%) and in TPR, ATPR(%) are given
by:

FPRpes — FPRyy

AFPR(%) = Py x 100, (19)
e
TPR,; — TPR
ATPR(%) = "%beef x 100, (20)
e

5. Results and discussion
5.1. Effect of filtering

In Fig. 11, an example of a ‘Receiver Operation Characteristic’
(ROC) curve for spike detection is plotted where the improvement
due to the inclusion of filtering along with SWT in comparison with
only SWT is obvious. As mentioned in Section 3.2, the reason for
inclusion of filtering (i.e. HPF at 5 kHz and BPF at 150-400 Hz) is to
preserve the spike information (i.e. spike time and shape both) and
thus able to distinguish from artifacts. The decomposed wavelet
coefficients are also thresholded adaptively and selectively in order
to preserve the spikes according to Section 3.4. The data corrupted
with very large amplitude artifacts, especially type-3; result in a
larger number of false negatives (FN). Since the presence of such

ROC for Spike Detection
1

0.9 ——SWT Only
0.8 = SWT + Filtering

0.7
0.6
0.5
0.4
0.3

True Positive Rate (TPR)

0.2

0.1

0
0 0.2 0.4 0.6 0.8 1
False Positive Rate (FPR)

Fig. 11. ROC curve evaluating neural spike detection accuracy to illustrate the effect
of filtering in combination with SWT compared with only SWT.
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SNR improvement, ASNR (bottom) for different artifact SNR after artifact removal
is performed.
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in a synthesized artifactual data.

artifacts increases the data RMS (root mean square) and so does
the detection threshold which eventually misses some of the true
spikes due to theirrelatively lower amplitude compared to artifacts.
On the other hand, the presence of type-3 artifacts and edges of
type-1, type-2 artifacts result in false positives (FP) during spike
detection.
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Fig. 15. Amount of distortion to neural signal in terms of root mean square error,
RMSE (top) and spectral distortion (bottom) before and after artifact removal for
different artifact duration.
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Fig. 16. Amount of artifact removal in terms of Lambda, A (top) and amount of SNR
improvement, ASNR (bottom) for different artifact duration after artifact removal
is performed.

5.2. Quantitative evaluation

The simulation for quantitative evaluation is performed for 100
iterations where each iteration has random number of artifacts
(ranging from 4 to 10) with random time durations (ranging from
200 s to 1) placed in random locations on top of the reference
signal. The artifact removal performance has been evaluated at dif-
ferent artifact SNR, SNR,,+ in order to observe the effects of artifact
strength on the removal efficacy. Fig. 12 shows the spectral dis-
tortion with respect to different artifact SNR for the data before
and after artifact removal. The spectral distortion for artifactual
data increases almost linearly in log scale as the artifact strength
increase while the distortion for reconstructed data is somewhat
constant up to 15 dB SNR of artifact and increases very slowly as
artifact SNR further increases. The similar case can be seen for RMSE
(which is temporal distortion) that the increase is logarithmically
forartifactual data as artifact SNRincreases while on the other hand,
for reconstructed data it is more or less constant over the entire
range of artifact SNR. It is worth to mention that in both cases,
the improvement in terms of reduction in signal distortion is very
impressive after artifact removal process is performed.

By observing the performance of artifact removal in Fig. 13, it
can be seen that, on average, approximately 80% of artifacts are
removed over the wide range of artifact SNR. The reason of no par-
ticular trend in the graph may be due to the random positions of
artifacts and their temporal overlapping as shownin Fig. 14.In some
iterations, in spite of artifact SNR being large, different types of arti-
fact may overlap in temporal domain which slightly reduces the
efficacy of the removal method. The increase in signal SNR with
different artifact SNR follows somewhat linear trend with a posi-
tive offset probably due to the overcorrection in the artifact regions
in some cases.

The mentioned four performance metrics are also evaluated
with respect to the percentage of artifact duration out of the whole
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Fig. 17. SNDR comparison between signals before (artifactual) and after (recon-
structed) artifact removal. The SNDR values are averaged over 200 interactions.

data segment duration in temporal domain in order to observe
the algorithm’s response or sensitivity to the amount of artifact
duration. It is expected that, the higher the duration of artifacts
(i.e. higher temporal overlapping with signals) present in a data
sequence, the more difficult to remove them without distorting the
signal of interest. The relevant plots are shown in Fig. 15 and Fig. 16
where the distortions in both temporal and spectral domain are
plotted respectively with respect to the percentage artifact dura-
tion for data before and after artifact removal.

Fig. 17 shows the average signal-to-noise-and-distortion ratio
(SNDR) over the frequency band of neural signals for both artifactual
and reconstructed data to illustrate the improvement in SNDR.

5.3. Qualitative analysis

The proposed algorithm s also applied to the real in vivo datasets
which contain obvious artifacts. The reconstructed data after appli-
cation of the removal process is plotted in time domain to compare
with the real data qualitatively as previously shown in Fig. 7.

5.4. Comparison with other methods

Table 2 summarizes the comparison between the proposed
method and other available methods used for artifact removal in
physiological signals (e.g. EEG, fMRI, MEG, ECG, etc.). The recent
review paper (Sweeney et al., 2012) reports the techniques used so
far in artifact removal and made an extensive comparison between
them. Among these techniques, the proposed algorithm is com-
pared with wiCA, wCCA, ICA, EMD-ICA and EMD-CCA (the methods
aredescribed in Fig. 18). From Table 2, itis evident that the proposed
method outperforms all of these five methods most of the time in
removal of the artifacts tested in this paper. The possible reasons
are intuitive, ICA and CCA usually perform better for global artifacts
and fail to identify the local ones (Islam et al., 2012). So even wiCA
and wCCA work satisfactory with EEG artifacts where at least few
channels capture the global artifactual events, they fail in identify-
ing the in vivo artifacts which could also be local. The distortions
brought by these algorithms are also higher compared with the pro-
posed method. Since both wIiCA and wCCA are based on DWT, hence

Wavelet-enhanced ICA/CCA (wICA or wCCA)

Multl:channel I Denoising Inverse Inverse Multi-channel
Artifactval —> or ——> DWT ——> i —> Reconstructed
(Thresholding) DWT CCA
Data CCA Data
EMD-ICA or EMD-CCA
Single-channe| g2 . Inverse Inverse Single-channel
Artifactual —> EMD ———> or —> Thresholding —> —> Reconstructed
ICA/CCA EMD
Data CCA Data

Fig. 18. Process flow of other methods used for comparison in this paper: wiCA, wCCA, EMD-ICA and EMD-CCA.
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Table 2
Quantitative comparison of proposed method with other methods on artifact removal for different artifact SNR (SNR4y¢).
SNRa¢ (dB) Proposed wICA wCCA ICA EMD-ICA EMD-CCA
Artifact reduction, A (ideal value =100)
5 58 30 45.5 46.45 —-1.82 9
10 85 8 40 33.1 -3.8 34
15 90 -1 37 38.2 22.25 1.3
20 60 5 29 25.1 26 16
25 18.5 -35 8.85 17.25 -5.5 42
Signal SNR improvement, ASNR
5 7.5 4 0.5 6.67 0.02 0.6
10 16 6.2 5 8 0.05 293
15 20 5 9.8 123 124 3.05
20 18 55 15.2 13.9 9.5 458
25 17.6 54 131 133 35 5.1
Improve in spectral distortion
5 49.5 —-13.03 —-4.17 —-1.21 —5.35 -3.5
10 184 -23 -7 —-2.2 -10.5 -9
15 4.88e3 -25 -3.95 —2.52 -1.0 -70
20 5.34e4 -36.4 -1.92 -14 -9.6 —-37.5
25 5.65e5 -40 16.15 5.69 -164.5 —60.48
Improve in RMSE
5 0.02 0.06 2.1e-3 0.023 1.6e—4 3.6e-3
10 0.044 0.082 —0.05 0.037 0.002 7e-3
15 0.102 0.10 0.07 0.085 0.08 0.016
20 0.17 0.098 0.145 0.164 0.137 0.06
25 0.32 0.114 0.28 0.243 0.031 0.12
Table 3
Improvement in FPR and TPR for proposed method in comparison with all other methods for different data RMS thresholds.
Trh, Data RMS Proposed wlICA wCCA ICA EMD-ICA EMD-CCA
Improve in Avg. FPR (%)
3 73.89 —1.68e3 —833.3 -241.17 —-185.71 —57.14
4 95.24 —1.4e3 —699.6 —783.33 —587.5 —553.85
5 93.41 —1.28e3 —522.2 —1.02e3 —400 —1.16e3
6 90.91 —1.1e3 —474.7 —880.0 —337.5 —1.19e3
Improve in Avg. TPR (%)
3 30.63 -92.21 —98.54 —84.93 -16.16 -5.93
4 14.93 -76 -98.0 —27.45 —34.37 -10.71
5 1.5 -91.43 —-97.14 —56.41 -31.82 —31.82
6 10.46 -97.35 -96.3 -85.71 -71.43 —44.83
the algorithm induced spike-liked artifacts are present after signal reconstruction process. However the proposed method signifi-

reconstruction (Fig. 19). The best results among all the methods
have been highlighted in blue for each SNRy,, level in Table 2.
Another problem with ICA and CCA related algorithms is the
identification of artifacts from the independent components (ICs
or CCs) which is first of all most of the time not automatic and sec-
ondly hard to identify as long as sufficient no. of recording channels
is unavailable. However, wCCA seems to perform better than wiCA
since the sources are assumed to be maximally uncorrelated in CCA
rather independent as in ICA which is a strong assumption. One
important thing to note is that the performance of the algorithms
do not follow any specific trend with respect to artifact SNR change,
rather often it is found to be quite random. One possible reason of
such random results is that because of the random locations of dif-
ferent artifact types, often they overlap in temporal domain, thus
limits the outcome of the artifact removal method. Table 3 presents
the false positive rate and true positive rate for spike detection
before and after artifact removal of different methods compared
with the proposed one. It is also clear that the proposed method
has higher TPR and lower FPR than the other available methods. The
values are given in terms of improve in FPR and TPR. The improve-
ment in FPR, AFPR(%) and in TPR, ATPR(%) suggests that the no.
of false positive decreases and the no. of true positive increases
after artifacts are removed. The high negative values of AFPR(%)
in Table 3 in other methods at almost all threshold values indicate
that those methods highly induce spike-liked artifacts during the

cantly reduces the false positive rate except for threshold of 3
data RMS, even it is still much better than others. Regarding the
improvement on TPR, the proposed method also outperforms all
other methods significantly at all threshold levels. The best results
have been highlighted in blue for each threshold level.

6. Conclusion

In this paper, we proposed an algorithm for artifact detection
and removal which is based on the stationary wavelet transform
with selected frequency bands of neural signals. The selection
of frequency bands is based on the spectrum characteristics of
in vivo neural data. Robustness of the proposed algorithm is fur-
ther improved by a modified universal-threshold value. Both real
and synthesized data have been used for testing the proposed algo-
rithm in comparison with other available algorithms. Quantitative
results showed that the proposed algorithm outperforms the oth-
ers in removing artifacts reliably without distorting neural signals.
Therefore, this work is expected to be useful for future research
on proper preprocessing of in vivo neural signals. However, it also
requires for further observations on experimental data to iden-
tify other artifacts (if any) and more importantly to model their
sources, which is a non-trivial task. Our future work includes fur-
ther optimization of the proposed algorithm and implementation
for real-time applications.
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Appendix A. Calculation of threshold parameters

The threshold parameters k4 and kp are chosen based on artifact
removal results from few initial trial/training cycles. If we sweep
both these two parameters and evaluate the corresponding artifact
removal performance in terms of the correlation value between
signals before and after artifact removal, then we can get a rough
idea of choosing the optimal values for k4 and kp. In order to do
so, we assume that the correlations between artifactual and recon-
structed signals are higher in non-artifactual regions and lower in
artifact-contaminated regions.

If Rxy,,, and Rxy,,, ,. are the correlation values between arti-
factual and reconstructed signals for artifact-contaminated regions
(i.e. ID; is artifact index) and non-artifact-contaminated regions
(i.e. ID; is not artifact index) respectively, then the optimization
problem will be as follows:

¢ Find k4 for maximum Ryy,, ,, and minimum Rxy, .
¢ Find kp for maximum Ryy,,. ,, and minimum Ry, .

Now if ka,,,, be the value when Ryy,,, ,, is maximum and kapin
be the value when Rxy, , is minimum, then the optimal value of k4
(i.e. kAopt) is chosen as the average of these two values as given by
following equation:

kAmax + kA .
Ky = ot~ 1)

Similarly the optimal value of kp, (i.e. kp,, ) is calculated as fol-
lows:

k +kp__
kDopt = Dimax 2 Dimin (22)

The value of m can be averaged over few initial trials of 1-sec
data segment from the following equation:

max(|Aqol;)
NZ (sd( A]o ’ (23)
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