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Abstract

Background—©lectrical stimulation of muscle or nerve is a very useful technique for
understanding of muscle activity and its pathological changes for both diagnostic and therapeutic
purposes. During electrical stimulation of a muscle, the recorded M wave is often contaminated by
a stimulus artifact. The stimulus artifact must be removed for appropriate analysis and
interpretation of M waves.

Objectives—The objective of this study was to develop a novel software based method to
remove stimulus artifacts contaminating or superimposing with electrically evoked surface
electromyography (EMG) or M wave signals.

Methods—The multiple stage method uses a series of signal processing techniques, including
highlighting and detection of stimulus artifacts using the Savitzky-Golay filtering, estimation of
the artifact contaminated region with the Otsu thresholding, and reconstruction of such region
using signal interpolation and smoothing. The developed method was tested using M wave signals
recorded from biceps brachii muscles by a linear surface electrode array. To evaluate the
performance, a series of semi-synthetic signals were constructed from clean M wave and stimulus
artifact recordings with different degrees of overlap between them.

Results—The effectiveness of the developed method was quantified by a significant increase in
correlation coefficient and a significant decrease in root mean square error between the clean M
wave and the reconstructed M wave, compared with those between the clean M wave and the
originally contaminated signal. The validity of the developed method was also demonstrated when
tested on each channel’s M wave recording using the linear electrode array.
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Conclusions—The developed method can suppress stimulus artifacts contaminating M wave
recordings.

M wave; Stimulus artifact suppression; Electromyography (EMG)

INTRODUCTION

The electromyographic (EMG) signal is the electrical manifestation of a contracting muscle.
A muscle can be activated voluntarily or by applying electrical stimulation. Electrical
stimulation of a peripheral nerve innervating a muscle results in the near simultaneous
activation of the motor units. The resultant surface EMG signal is called a compound muscle
action potential (CMAP) or M wave. Supramaximal stimulation of a muscle evokes the
maximum M wave, the electrical equivalent of the recruitment of all the motor units of the
muscle.

Electrical stimulation of muscle or nerve is a very useful technique for understanding of
muscle activity and its pathological changes for both diagnostic and therapeutic purposes.
For example, the amplitude of the maximum M wave and the number of motor unites
(estimated from maximum M wave and incremental nerve stimulation) have been used to
track progress of motor neuron diseases (de Carvalho et al. 2005). Such methods can also be
used to investigate motor unit or muscle fiber changes following neurologic disorders such
as stroke or spinal cord injury (Li et al., 2011; 2012). Electrical stimulation is also an
important therapeutic approach for individuals with neurologic injuries targeting prevention
of function loss or promotion of functional restoration (Schuhfried et al., 2012).

During electrical stimulation of a muscle, the recorded M wave is often contaminated by a
stimulus artifact. The degree of contamination depends on the stimulus and recording
conditions as well as the muscle studied. Stimulus parameters and the choice of detection
parameters (e.g., selection of particular stimulation waveforms, inter-electrode distances, or
electrode configuration) have been previously examined (Mandrile et al., 2003). Although
experimental techniques can be developed to minimize stimulus artifact contamination, such
artifacts routinely exist in M wave recordings. The stimulus artifact may obliterate the onset
and rising phase of the M wave, making measures of latency impossible and influencing the
M wave amplitude and area. The stimulus artifact mostly constitutes high frequencies and
biases M wave spectrum analysis toward high values. The nontraveling signal components
induced by stimulus artifact may alter M wave conduction velocity estimation using a linear
electrode array (Mandrile et al., 2003).

The stimulus artifact can be removed for appropriate analysis and interpretation of M waves.
For example, blanking based techniques have been applied to remove an artifact when it is
separate from the M wave (Knaflitz and Merletti, 1988). In the case where the stimulus
artifact and M-wave are superimposed, more complicated methods than blanking are
required to remove the artifact without altering useful signal components.
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The objective of this study was to develop a novel software based method to remove
stimulus artifacts contaminating or superimposing with M waves. The method takes
advantage of the Savitzky-Golay filtering (Savitzky and Golay,1964; Schafer, 2011) and
Otsu thresholding (Otsu, 1979) techniques to highlight and blank the region of artifact
contaminating M wave recordings. Then, signal interpolation and smoothing are employed
to replace such a region for M wave reconstruction. The validity of the developed method
was demonstrated using both simulation and experimental approaches.

A. Framework for stimulus artifact removal

The developed method for stimulus artifact suppression from M waves is a software based
approach. The framework includes highlighting, detection and blanking of the region of
stimulus artifact contamination and replacement of artifact contaminated region for M wave
reconstruction (Figure 1). The framework was implemented using a program written in
MATLAB (v.7.12.0 R2011a, MathWorks Inc., Natick, MA), and the details of each step are
described below.

B. Savitzky-Golay filtering

Compared with the M wave, artifacts evoked by electrical stimulation are rapidly varying
signals (Figure 2a&b). The first step for artifact removal is to apply a Savitzky-Golay
smoothing filter to attenuate short-term variations and obtain the underlying unadulterated
form (Figure 2c) of the processed signal (Figure 2b). A Savitzky-Golay filter is a simplified
least square fit convolution for smoothing and computing derivatives of a set of consecutive
values (Savitzky and Golay, 1964; Schafer, 2011). The general equation of a Savitzky-Golay
filter can be given as follows:

m T
v MG mCiYit

= 1
Y 2ma1 @

where y is the input signal, y* is the output signal, c; represents filter coefficients, mis the
half-width of the smoothing window. The coefficients of a Savitzky—Golay filter (c;) can be
determined from the equations presented by Madden (1978). After the Savitzky-Golay
filtering, the stimulus artifact can be highlighted in the residual signal (i.e. subtracting the
filter output from the original signal, Figure 2d), which contains short term variation of the
signal.

The behavior of a Savitzky-Golay filter is influenced by the polynomial order and the
smoothing window length (2m+1). In this study, we initially filtered the signal by using a
Savitzky—Golay filter of a second order polynomial and 7 data points. The equation for this
particular Savitzky-Golay filter is defined as:

Yr=(—2x¢_3+3xs_9+6xs 1 +724 46241 1+3240 — 22443) /21 (2)

To optimize the window length of the Savitzky-Golay filter for stimulus artifact suppression,
the influence of different window lengths ranging from 7 to 35 data points (at a sampling
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rate of 6k Hz as used in this study) on the artifact removal performance was examined (see
Results).

C. Otsu thresholding

The residual signal after the Savitzky-Golay filtering is composed of two classes: the
dominant stimulus artifact and the M wave with a relative low magnitude. The Otsu
thresholding (Otsu 1979) was then used to optimize the threshold towards locating the
artifacts in the residual signal (Figure 3a&b). Otsu thresholding was originally proposed to
extract objects from their background in a grey-scale image. It determines an adaptive rather
than fixed intensity threshold which minimizes, on a frame by frame basis, the intra-class
variance of the grayscale values of the pixels to be binarized. The method can be applied in
general to separate two classes of elements given their magnitude. It calculates the optimum
threshold separating those two classes by making each cluster as tight as possible, thus
minimizing their overlap. As the threshold is iteratively adjusted in one way, the variance of
one class is increased while the variance of the other is decreased. The algorithm selects the
threshold that minimizes the within-class variance or, equivalently, maximizes the between-
class variance.

In this study, after computing the normalized histogram of the residual signal, Otsu
thresholding was applied to determine the optimum threshold to separate the stimulus
artifacts from the M wave (Figure 3a). The center of the artifact was identified as the middle
point of the set of consecutive data points above the optimum threshold. The stimulus
artifact region Waa was then empirically determined as 37 data points (i.e. 6 ms with 6k Hz
sampling rate) (Figure 3c), which resulted in the best performance for the data sets tested in
this study.

D. M wave reconstruction

The artifact region (Wsa) identified from the previous step was removed from the raw signal
(Figure 4a&b). Signal interpolation with piecewise cubic Hermite polynomials was then
used replace the removed region. Such an interpolation function was chosen to preserve
shape and respect monotonicity for M wave reconstruction (Figure 4c). The signal was then
smoothed with a sliding-average filter, which calculates a moving average under a
rectangular window of 23 data points (Figure 4d).

E. Testing datasets description

A validation study was conducted using a database of stimulus artifacts and M wave
recordings from biceps brachii muscles of four neurologically intact subjects. Electrical
stimulation was delivered through standard bar electrodes to the musculocutaneous nerve
using a constant current stimulator (DS7A,; Digitimer Ltd., Hertfordshire, UK). The M wave
was recorded from the biceps brachii muscle using a home-made 20-channel linear electrode
array (silver bars, each bar 10 mm in length and 1 mmm in width, inter-bar distance 5 mm)
positioned over the midline and parallel to the muscle fibers. All signals were measured with
the Refa multiple channel EMG acquisition system at a sampling frequency of 2k Hz per
channel, using Portilab 2 software (TMS International, The Netherlands). The recorded
signals were up-sampled to 6k Hz per channel to facilitate M wave reconstruction.
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To evaluate stimulus artifact removal performance of the developed method, semi-synthetic
signals were constructed where the precise M wave and stimulus artifact components were
known a priori. To construct the semi-synthetic testing signals, two types of experimental
signals were identified. The first type represents clean M waves. The second type represents
typical stimulus artifacts. For each of the four subjects, four signal segments were selected
to represent each type. Each segment of the clean M wave was then superimposed with each
of the stimulus artifacts. For every combination, four different degrees of overlapping were
used, generating artifact contaminated regions being 19, 23, 27 and 31 data points,
respectively. Thus, for each subject, 64 semi-synthetic signals were generated. In total, we
had 256 semi-synthetic testing signals.

F. Performance evaluation

RESULTS

The stimulus artifact removal performance was quantified using the constructed semi-
synthetic testing datasets. The performance of the method was assessed by two criteria: the
comparison of the correlation coefficient (CC) and the root mean square (RMS) error
between the clean M wave and the signal before and after the processing. The stimulus
artifact removal performance was also tested on each channel’s M wave recording using the
linear electrode array.

A. Optimal window length of Savitzky-Golay filter for stimulation artifact removal

Figure 5 shows the effect of the Savitzky-Golay filter length on stimulus artifact removal
performance. The dependence of correlation coefficient and the RMS error between the
clean M wave and the reconstructed M wave are demonstrated in Figure 5(a) and (b),
respectively. The results were averaged from all the semi-synthetic signals constructed from
clean M wave and stimulus artifact recordings. It was observed that the correlation
coefficient reached the maximum value when the window length was set to be 21 data
points. The RMS error was approximately the minimum with 21 data points. Based on this
analysis, the length of 21 data points was considered as a robust and optimal Savitzky-Golay
filter length for the datasets used in this study.

B. Artifact suppression of semi-synthetic signals

Figure 6 shows examples of artifact removal using semi-synthetic signals with different
degrees of overlap between clean M waves and stimulus artifacts. After artifact removal,
good matching between the clean M waves and the reconstructed signals was obtained
(Figure 6d) for both tested degrees of overlap.

To quantitatively evaluate the stimulus artifact removal performance, the distribution of
correlation coefficients and RMS error was further investigated using all the semi-synthetic
signals (Figure 7). The average correlation coefficient between clean M wave and
reconstructed M wave was 0.89, much higher than the average correlation coefficient of
0.64 between clean M wave and original signal. The average RMS error between clean M
wave and reconstructed M wave was 223V, much smaller than the average RMS error of
425 pV between clean M wave and original signal.
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C. Artifact suppression of experimental signals

Figure 8 shows an example of stimulus artifact removal by the developed method using
experimental M wave recording from biceps brachii muscle, where several selected specific
steps were demonstrated. Figure 9 shows removal of stimulus artifacts from multiple
channel M wave recordings using a linear electrode array. Sixteen channels of bipolar
signals are shown in the figure. It was observed that the M wave recordings were severely
contaminated by stimulus artifacts (Figure 9a). With such contaminations, it was difficult to
observe the M wave propagation patterns along the muscle fibers. Figure 9b shows the
reconstructed M waves for each channel using the developed method, where the M wave
propagation pattern can clearly be observed. Based on this, the muscle innervation zone can
be estimated (marked by the dotted oval).

DISCUSSION

Electrically evoked EMG or M wave recording is a very important tool for both
neurophysiological research and clinical electrodiagnosis. Reliable measurement of M wave
is important for its various applications. Although experimental procedures may be
optimized to reduce stimulus artifacts, stimulus artifacts routinely exist in the electrically
evoked myoelectric signals. It is not uncommon that the recorded signals are contaminated
with dominant stimulus artifacts. In such a situation, suppression of stimulus artifacts is
required for appropriate interpretation and application of the signals.

Stimulus artifact removal is a research topic for many fields such as M wave recording,
electrically evoked potentials (EEPs) from visual cortex and electrically evoked compound
action potentials (ECAPs) during deep brain stimulation. Thus suppression of stimulus
artifacts has received considerable attention. Different methods have been developed
including the most commonly used blanking techniques and more complicated methods (e.g.
based on template subtraction, digital filtering, multi-channel signal processing) which can
reduce stimulus artifact while leaving the useful signal relatively intact (Al-ani et al., 2011,
Blogg and Reid, 1990; Boudreau et al., 2004; Brown et al., 2008; Erez et al., 2010; Grieve et
al., 2000; Hashimoto et al., 2002; Heffer and Fallon, 2008; Kent and Grill, 2012; Lu et al.,
2012; Mahmud et al., 2012; McGill et al., 1982; O’Keeffe et al., 2001; Sadeghian et al.,
2010; Taulu and Hari, 2009; Wagenaar and Potter, 2002; Wichmann, 2000; Wichmann and
Devergnas, 2011).

In this study we presented a novel and relatively simple method to effectively remove
stimulus artifacts contaminating M wave recordings. The method includes multiple stages
taking advantage of a series of signal processing techniques. These include highlighting and
detection of stimulus artifacts using the Savitzky-Golay filtering, estimation of artifact
contamination region with the Otsu thresholding, and reconstruction of artifact contaminated
region using signal interpolation and smoothing. The primary feature of the method is that it
does not require extra channel recording. The user is not required to record any pure artifact
signals for use in stimulus artifact removal methods, such as those based on template
subtraction, adaptive filtering or independent component analysis. Moreover, the techniques
used in the present study have the ability to cope with stimulus artifacts superimposed with
M wave. The Savitzky-Golay smoothing operation was utilized to extract instantaneous
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short-term variations, followed by the Otsu thresholding which determines an optimal
threshold for discrimination of M wave and stimulus artifacts. Application of such
techniques can help separate and suppress stimulus artifacts superimposed with M waves.

The methods presented in this study are designed for artifact removal from M waves.
Stimulus artifacts from other recordings (e.g., EEPs from visual cortex, ECAPs during deep
brain stimulation) share similar characteristics. Thus theoretically similar methods can be
used for stimulus artifact removal from other signals. It is acknowledged that the stimulus
artifacts of each type of signal may vary. The parameters, empirically set for the current
study, may need to be adjusted in order to achieve the best performance of artifact removal
using the similar framework. Indeed, even for simultaneously recorded EMG channels of an
electrode array, the characteristics of stimulus artifacts and M waves may be different from
each other. Our program allows batch processing of multiple files. It also provides a
convenient way to compare the artifact removal performance with different parameter
settings and adjust relevant parameters according to signal characteristics of a specific file.
This facilitates application of the developed method for stimulus artifact removal from
different types of signals.
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Figure2.
Iustration of stimulus artifact detection with the Savitzky-Golay filtering. (a) Representative stimulus artifact and clean M

wave; (b) Superimposition of the M wave and the stimulus artifact; (c) Output signal after the Savitzky-Golay filtering; (d)
Residual signal after the Savitzky-Golay filtering.
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Illustration of locating stimulus artifact with the Otsu thresholding. (a) Otsu thresholding of the residual signal (demonstrated in

Figure 2d) to determine the optimum threshold for discrimination of M wave and stimulus artifact. (b) Locating the center of the

stimulus artifact as the middle point of the set of consecutive data points above the optimum threshold; (c) Defining the stimulus
artifact contaminated region of width Waa,
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Figure4.
Ilustration of M wave reconstruction. (a) The M wave with identified region of artifact contamination; (b) The artifact

contaminated region was removed from the signal; (c) Reconstruction of the removed region with piecewise cubic Hermite
interpolation; (d) Reconstruction of the removed region with a 23-point sliding-average smoothing filter after signal
interpolation.
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Evaluation of the effect of Savitzky-Golay filter length on stimulus artifact removal performance. (a) The dependence of
correlation coefficient between clean M wave and reconstructed M wave on the filter length; (b) The dependence of RMS error
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between clean M wave and reconstructed M wave on the filter length.
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Figure6.
Examples of stimulus artifact removal in M wave recordings. (a) Representative stimulus artifact and clean M wave recordings;

(b) Simulation of contaminated M waves with different degrees of overlap between clean M wave and stimulus artifact; (d) A
comparison of contaminated M wave and reconstructed M wave; (e) A comparison of clean M wave and reconstructed M wave.
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Evaluation of artifact removal performance using semi-synthetic signals. (a) Distribution of correlation coefficient and RMS

error between clean M wave and the signal before the artifact removal; (b) Distribution of correlation coefficient and RMS error
between clean M wave and the signal after the artifact removal.

NeuroRehabilitation. Author manuscript; available in PMC 2015 January 01.



1duosnuely Joyny vd-HIN

Liuetal. Page 16

1mV

0.5mV

L

10ms

10ms

Identified center of
stimulus artifact

() (b)

10ms

.—

Identified region of
artifact contamination

() (d)

Figure 8.

1duosnuely Joyny vd-HIN

1duosnuely Joyny vd-HIN

An example of stimulus artifact removal from experimental M wave recording. (a) M wave superimposed with stimulus artifact;
(b) Locating the center of the stimulus artifact by the Otsu threholding of the residual signal after the Savitzky-Golay filtering;
(c) Identification of the region of artifact contamination region in the M wave recording; (d) the reconstructed M wave after
removal of stimulus artifact.
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Figure9.
An illustration of artifact removal from M wave recordings of a linear electrode array. Sixteen single differential surface EMG

signals are demonstrated. (a) Raw M waves contaminated or superimposed with stimulus artifacts; (b) The corresponding M
waves after removal of stimulus artifacts.
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