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Abstract - We investigated removal of electrocardiogram (ECG) artifacts from the myoelectric 
prosthesis control signals, taken from the reinnervated pectoralis muscles of a patient with 
bilateral amputations at shoulder disarticulation level. The performance of various ECG artifact 
removal methods including high pass filtering, spike clipping, template subtracting, wavelet 
thresholding and adaptive filtering was presented. In particular, considering the clinical 
requirements and memory limitation of commercial prosthesis controllers, we further explored 
suitable means of ECG artifact removal for clinical application. 
 

I.  INTRODUCTION 
 

Electrical artifacts (electrocardiogram, ECG) produced by the heart may contaminate 
electromyogram (EMG) signals when recording surface EMG from torso muscles. In particular, 
this source of noise is a big concern for myoelectric prosthesis control in a patient with bilateral 
amputations at shoulder disarticulation level, where the control signals are taken from the 
reinnervated pectoralis muscles of the patient [1]. This noise will result in a compromise of 
accuracy for the prosthesis control and therefore has to be removed. The aim of this work is to 
investigate various ECG artifact removal methods for myoelectric prosthesis control. The 
performance of these methods was evaluated with regard to the efficiency of ECG artifact 
removal, the possible distortion of EMG, and the feasibility for potential clinical application.  

 
II. METHODS 

 
Subject and Data Collection 

Our subject (patient), a high power lineman, suffered severe electrical burns resulting in the 
amputation of both arms at the shoulder disarticulation level. To develop additional myoelectric 
control sites for improved prosthesis control, targeted muscle reinnervation was performed in 
this patient. Four independently controlled nerve-muscle units were created by surgically 
anastomosing residual brachial plexus nerves to dissected and divided aspects of the pectoralis 
major and minor muscles (left side of body, Figure 1). After surgery and recovery, independent 
surface EMG signals (corrupted by ECG artifacts) were obtained from the reinnervated muscles 
to control the myoelectric prosthesis [1].  

Various algorithms were investigated in this study to remove the ECG artifacts from the 
independent myoelectric control signals developed by targeted muscle reinnervation. The patient 
was seated upright in a chair and positioned in a standardized fashion, and was asked to actuate 
various movements (Hand Open; Hand Close; Elbow Flexion and Elbow Extension). For each 
movement, the patient was asked to repeat 10 times by comfortably exerting a level of 
contraction at a medium force. A rest time was allowed between each repetition. As indicated in 
Figure 1, four bipolar surface EMG channels (represented by EF, HO, HC, EE, with each 
channel corresponding to the intended movement it controls) were recorded from the myoelectric 
control sites, located at upper, middle and lower pectoralis major regions where the 
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musculocutaneous nerve, the median nerve and the radial nerve were anastomosed surgically. An 
additional channel of signal was recorded from the pectoralis minor muscle, and was used as 
ECG reference in this study. Surface EMG was recorded with a Noraxon (Phoenix, AZ) Telemyo 
2400R System™, with a bandwidth of 10 – 1000 Hz, a gain of 2000, and an internal sampling 
rate of 2000 Hz. 
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Figure 1. Diagram of nerve-muscle graft procedure and electrode locations 
 
Various ECG Artifact Removal Methods 
 
(1) High pass filtering (HPF): Compared with surface EMG, ECG signal contains relatively low 
frequency components. High pass filtering was therefore implemented for ECG artifact removal 
from the myoelectric control signals. 
 
(2) Spike clipping (SC): ECG spike clipping is a threshold based suppression method, which 
requires an ECG reference signal to identify the occurrence of ECG artifacts. The surface EMG 
signal and the ECG reference were read simultaneously. Once the ECG reference was detected to 
reach the preset threshold, a concurrent window of the EMG signal (spanning the main QRS 
complex) was replaced by the uncontaminated signal immediately before this segment. 
 
(3) Template subtraction (TS) : ECG template subtraction takes advantages of the quasi-periodic 
characteristics of the ECG signals. First, ECG template contaminating the EMG signal was 
formed from an ensemble average of ‘clean’ ECG complexes with no muscle activity or of all 
the ECG complexes based on the assumption that the EMG has a zero-mean Gaussian 
distribution. Then the occurrence of ECG spikes was detected by calculating the correlation 
between the processed signal and the ECG template. A threshold was set in a way that a value 
greater than the threshold indicated the occurrence of an ECG spike (heart rate information was 
also considered in this process). Finally, the ECG template was subtracted from the corrupted 
signal aligned by peak location of the cross correlation. The subtracted ECG templates were 
adapted according to the amplitude of the detected ECG spikes. 
 
(4) Wavelet transform (WT): Nonlinear thresholding in the wavelet domain was also used for 
ECG artifact removal. Signal corrupted by ECG artifacts was first decomposed by wavelet 
transform to sequences representing different frequency components of the signal. The wavelet 
coefficients in the low frequency scales then underwent a nonlinear thresholding process, where 
the coefficients greater than the threshold were set to zero. For each scale, the threshold varied 
with the background coefficients in a way that the conspicuous coefficients (representing the 
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ECG artifacts) or the coefficients much greater than the neighboring ones were adjusted. The 
inverse wavelet transform was then implemented using the new coefficients to obtain the “clean” 
EMG signal. 
 
(5) Adaptive filtering (AF): Adaptive filtering for the cancellation of ECG artifacts was also 
investigated, which requires adjustable filter weights and two input signals. The primary input 
signal was the EMG signal (containing ECG artifacts) from the myoelectric control sites and the 
reference input was the ECG signal measured simultaneously. The filter weights were initially 
set at zero and iteratively adjusted according to the least mean square (LMS) or recursive least 
square (RLS) algorithm. 
 

III. RESULTS 
 

The performance of different ECG artifact removal methods is briefly presented in this 
section. Figure 2 (a) shows an example of the raw signal detected from one of the myoelectric 
control sites (channel EE) when the patient actuated the “Hand Open” movement from the 
relaxed condition. Figure 2 (b-f) presents the signals after ECG artifact removal using various 
algorithms. A second order butterworth filter with cutoff frequency setting at 60 Hz was 
implemented for high pass filtering. For wavelet denoising, seven-level decomposition was used 
and the four low frequency components underwent the coefficient thresholding process. Table 1 
presents the elimination of ECG artifacts at different myoelectric control sites. The average 
rectified value (ARV) of the ECG artifacts before and after the denoising was compared. The 
distortion that different algorithms may impose on the EMG signal was investigated by 
comparing the ARV of the EMG segments between consecutive ECG spikes. Table 2 shows an 
example of this comparison, where the signals were detected from the HO channel during 
different movements. Finally, the time delay imposed by different algorithms and their average 
implementation time is presented in Table 3 (Pentium PC, 3.4 GHz CPU, 3GB RAM). 

Vμ200

 
Figure 2. An example of ECG artifact removal: (a) raw signal; (b) high pass filtering; (c) spike clipping;  

(d) template subtracting; (e) wavelet  denoising; (f) adaptive filtering  
 

Table 1. Amplitude (mean±std, Vμ ) of ECG artifacts before and after the denoising process 

ECG Artifact HPF SC AFTS WT

HO Channel

HC Channel

EE Channel

EF Channel

34.994.196 ±
52.314.168 ±
66.384.104 ±
97.412.133 ±

75.083.8 ±

68.398.22 ±

69.022.7 ±
03.210.17 ± 25.551.13 ±

68.987.17 ±
61.782.16 ±
94.945.16 ±

25.438.11 ±
80.183.11 ±
61.267.11 ±

26.910.18 ±

47.243.6 ±
65.192.7 ±
30.348.9 ±

64.1064.57 ±
60.819.46 ±
39.1415.75 ±

24.1160.92 ±09.317.10 ±
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Table 2. Amplitude (mean±std, Vμ ) of uncontaminated EMG signals before and after the denoising process  

74.3998.183 ±
69.2639.122 ±

88.382.28 ±
61.874.37 ±

86.2018.91 ±
69.2700.143 ±

07.358.21 ±
87.475.23 ± 60.830.37 ±

30.446.28 ±
60.2630.121 ±
95.3910.182 ±

61.874.37 ±
88.382.28 ±

53.2675.122 ±
74.3998.183 ±

61.874.37 ±
88.382.28 ±

69.2639.122 ±

15.915.41 ±
21.452.33 ±

48.2515.126 ±

77.3975.187 ±74.3998.183 ±

 
 

Table 3. Algorithm delay and implementation time for various ECG artifact removal methods 

000041.0
0

000109.0 4.1 000841.0
0
1.2  

 
IV. DISCUSSION 

 
We investigated various ECG artifact removal methods for myoelectric prosthesis control in 

a bilateral shoulder disarticulation amputee. We found that high pass filtering removed most of 
the ECG artifacts while some useful EMG signals were inevitably lost. Due to the local 
resolution of the wavelet transform, wavelet denoising was able to remove the ECG artifacts 
while still keeping the useful EMG information, even in the case of overlapping spectra. Taking 
advantage of the quasi-periodic characteristics of the ECG signal, template subtraction proved to 
be an alternative way to remove the ECG artifacts without sacrificing sections of the EMG 
signal. After adaptive filtering we found that significant ECG contamination can still be 
recognized. This implied that the linearity assumption underlying the classical adaptive noise 
canceller was not satisfied due to some nonlinear and time-variant distortions of the ECG 
signals. It is worth noting that in clinical the maximum delay for controlling the myoelectric 
prosthesis is required to be no more than 50 ms. In addition, the memory of the commercial 
prosthesis controller is limited. In this regard, although performing effectively in ECG artifact 
removal, some methods such as template subtraction and wavelet denoising are not suitable for 
clinical application due to the long time delay caused by the algorithm and the heavy 
computation burden (Table 3). On the contrary, our study indicates that, despite of the loss of 
EMG signals, high pass filtering can remove most of the ECG artifacts while still keeping 
sufficient EMG power. This suggests that high pass filtering (with optimal cutoff frequency and 
filter order) may be an effective approach to remove ECG artifacts in real time for myoelectric 
prosthesis control. Practically, high pass filtering can be implemented by selectively modifying 
the hardware or software configurations of the commercial prosthesis controller. With an ECG 
reference channel to detect the occurrence of ECG artifacts, ECG spike clipping is another 
method characterized with simple implementation, which may be an alternative suitable means 
for clinical application. Finally, if the ECG reference channel can be optimized to satisfy the 
assumption for adaptive ECG canceller, with development of the more powerful commercial 
prosthesis controllers, adaptive filtering represents another potential approach for real time ECG 
artifact removal from the myoelectric control signals. 
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