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Abstract 

Electroencephalographic (EEG) and magnetoencephalographic (MEG) signals can 

often be exposed to strong power line interference at 50 or 60 Hz. A widely used 

method to remove line noise is the notch filter, but it comes with the risk of potentially 

severe signal distortions. Among other approaches, the Discrete Fourier Transform 

(DFT) filter and CleanLine have been developed as alternatives, but they may fail to 

remove power line noise of highly fluctuating amplitude. Here we introduce spectrum 

interpolation as a new method to remove line noise in the EEG and MEG signal. This 

approach had been developed for electromyographic (EMG) signals, and combines 

the advantages of a notch filter, while synthetic test signals indicate that it introduces 

less distortion in the time domain. The effectiveness of this method is compared to 

CleanLine, the notch (Butterworth) and DFT filter. In order to quantify the 

performance of these three methods, we used synthetic test signals and simulated 

power line noise with fluctuating amplitude and abrupt on- and offsets that were 

added to an MEG dataset free of line noise. In addition, all methods were applied to 

EEG data with massive power line noise due to acquisition in unshielded settings. 

We show that spectrum interpolation outperforms the DFT filter and CleanLine, when 

power line noise is nonstationary. At the same time, spectrum interpolation performs 

equally well as the notch filter in removing line noise artifacts, but shows less 

distortions in the time domain in many common situations.  

 

Keywords: Power line noise, Artifact removal, Spectrum interpolation, Notch filter, 

Ringing, Gibbs effect 
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Introduction 

Among the variety of artifacts affecting the quality or signal to noise ratio of MEG and 

EEG (MEG/EEG) measurements, the 50 or 60 Hz interference from power lines is 

probably the most pervasive one. Shielded rooms can help reduce the influence of 

power line interference on MEG/EEG recordings, but often not completely. 

Furthermore, the mobility of EEG systems makes them a good candidate for “field” or 

mobile measurements (Gramann et al., 2014; Makeig et al., 2009), where shielding is 

usually impractical and proximity to everyday electrical appliances is more likely. 

In this context, wireless and dry electrode EEG systems facilitate measurements in 

natural environments outside the lab, which is also especially desirable in the context 

of brain-computer interfacing (De Vos et al., 2014; Debener et al., 2012; Gramann et 

al., 2014; Zander and Jatzev, 2012). This expands opportunities for research, but 

also increases the exposure of the EEG system to power line noise, since shielding 

against this interference is impractical in these scenarios.  

Similar problems occur in clinical applications of the EEG, including monitoring of 

sleep disorders and epilepsy, which typically occur in unshielded environments 

subject to electrical noise from both medical equipment and ordinary infrastructure. 

Intracranial EEG, often employed prior to neurosurgical resection for epilepsy or brain 

tumors, can also be subject to line noise. 

There are several approaches to remove artifacts stemming from power line noise, 

with different strengths and weaknesses. The most prevalent method might be to 

filter the data in the respective frequency band with a notch filter (a bandstop filter 

with a narrow stopband). This attenuates the power for frequencies in the respective 

stopband (centered at either 50 or 60 Hz). However, filtering comes with the risk of 
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causing distortions in the passband and in the resulting time domain signal, 

producing artifacts like ringing (Widmann et al., 2014).  

One of the possible causes for ringing artifacts is the Gibbs effect (Smith, 1997), 

which can be especially pronounced when there are sharp discontinuities in the 

filter’s frequency response (Fay and Kloppers, 2001). This is especially the case with 

notch filters, due to the sharp and narrow stopband. Spectrum interpolation results in 

a smoother Fourier spectrum, which has been shown to reduce the Gibbs 

phenomenon (Brezinski et al., 2004). 

Such signal distortions can be evaluated by examining the time and frequency 

domain responses of the filter to artificial signals like an impulse or step signal. An 

ideal frequency domain response would have unity passband and zero stop 

magnitude. A real-world filter necessarily deviates from this ideal, with potential 

ripples in the passband and stopband as well as a certain transition bandwidth. The 

impulse and step responses reveal filter behavior in the time domain, visualizing the 

amplitude and extent of distortions. 

There are several studies reporting severe signal distortions in the temporal domain, 

such as filter or ringing artifacts and artificial components after the application of 

filters (Luck, 2005; Widmann et al., 2014). This might cause unwanted effects in the 

MEG/EEG parameters of interest, e.g., a distortion of the peak amplitude (Acunzo et 

al., 2012) or even artificial oscillations with a frequency near the cutoff frequency of 

the filter (Widmann et al., 2014).  

A widely used notch filter in this context is the Butterworth filter. This type of filter is 

an infinite impulse response filter (IIR), causing a delay in the time domain and a 

nonlinear phase response that can be corrected (zero-phase delay) by reverse 
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filtering, also referred to as two-pass filtering (Widmann et al., 2014). In consequence, 

signal components in the time domain as, e.g., event-related potentials might be 

shifted back in time after non-causal low-pass filtering, which hinders the correct 

estimation of onset latencies or peak amplitudes (Rousselet, 2012; VanRullen, 2011). 

Low-pass filtering can also cause artificial smearing of oscillations to preceding 

samples, which might lead to misinterpretations of phase or connectivity effects, as, 

e.g., spurious prestimulus phase effects (Zoefel and Heil, 2013) or it might cause 

detrimental effects on Granger causality (Barnett and Seth, 2011; Bigdely-Shamlo et 

al., 2015). 

Even though features of zero-phase filters are often desired in MEG/EEG signal 

processing, since they do not introduce a delay in the time domain signal, all these 

filters come at the cost of introducing a symmetric smearing of the signal in the time 

domain (Widmann et al., 2014). In consequence some authors recommend to avoid 

notch filters in ERP research in general, due to the high probability of introducing 

strong artifacts (Luck, 2005; Widmann et al., 2014).  

Consequently, other alternatives to reduce line noise artifacts have been developed. 

One method widely applied (Buch et al., 2012; Fiebelkorn et al., 2013) to MEG/EEG 

data containing line noise interference is the discrete Fourier transform (DFT) filter, 

an example of which is implemented in FieldTrip, an open source MEG/EEG analysis 

toolbox (Oostenveld et al., 2011). The DFT filter is realized by fitting a sine and 

cosine at interference frequency to the signal. The estimated components are 

subtracted from the data.  

One major advantage over the notch filter is that the DFT filter avoids potential 

corruption of frequencies away from the powerline frequency. The best performance 

can be achieved by applying the DFT filter to relatively short segments of data (e.g., 
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1 s or less), ensuring the closest fit of the estimated components, in case the line 

noise interference exhibits certain dynamics. This filter approach assumes a constant 

amplitude of the line noise component. Hence it may fail if the amplitude of the power 

line noise fluctuates over the input data segment, as is likely to occur with longer 

trials or continuous data. In consequence, the mean estimated amplitude does not 

apply to the actual amplitude of the line noise, resulting in additional line noise 

artifacts after subtraction (for a schematic illustration, see 

http://www.FieldTriptoolbox.org/faq/why_is_there_a_residual_50hz_line-

noise_component_after_applying_a_dft_filter).  

In the Fourier domain, fluctuations in the amplitude of line noise interference 

effectively translates to spreading of the noise component to neighboring frequencies, 

thereby escaping the DFT filter.  

There are also regression-based approaches to remove line noise interference. The 

CleanLine method uses a sliding window and Slepian multitapers, to transform the 

data into the frequency domain (Bigdely-Shamlo et al., 2015; Mullen, 2012). 

Subsequently a regression model is applied to estimate the amplitude and phase of 

the power line noise to reconstruct the time-domain sinusoid for the respective 

frequencies, which is afterwards subtracted from the data. Compared to notch filters 

that often result in distortions around line noise frequencies, CleanLine removes only 

deterministic line components, while trying to preserve “background” spectral energy. 

Nevertheless the developers demonstrated how this approach might fail in case of 

large, non-stationary spectral artifacts (Bigdely-Shamlo et al., 2015). 

An alternative approach to remove power line noise – termed spectrum interpolation 

–  has been developed to remove line noise from the electromyogram (Mewett et al., 

2004), but has not yet been applied to EEG or MEG data. This method is based on 
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the simple concept of: (I) transforming the time domain signal into the frequency 

domain via a discrete Fourier transform (DFT), (II) removing the line noise 

component in the amplitude spectrum by interpolating the curve at interference 

frequency according to neighboring frequencies, and (III) transforming the data back 

into the time domain via an inverse discrete Fourier transform (iDFT). The undesired 

signal distortions in the time and frequency domain mentioned above may be 

reduced by the application of spectrum interpolation.  

The objective of this study was to evaluate and compare the performance of the 

spectrum interpolation approach to a notch filter, a DFT filter and the CleanLine 

method, three widely used methods to remove power line interference in EEG and 

MEG data. The three methods were applied to (I) synthetic test signals, as an 

impulse, step and a Gaussian-shaped signal, (II) abrupt on- and offsets of power line 

noise added to line-noise-free real MEG data, (III) simulated power line noise data 

exhibiting non-stationarities in amplitude and frequency, that was added to line-noise-

free real MEG data and (IV) unshielded EEG measurements in a typical home 

environment, presumably containing non-stationary power line noise components. 

 

Material and Methods  

Data were simulated and analyzed using FieldTrip, an open source MEG/EEG 

analysis toolbox (Oostenveld et al., 2011), together with in-house MATLAB 

(MathWorks, Natick, MA, USA) scripts. 
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Experimental Paradigms and Data Simulation 

Synthetic Test Signals 

The properties of a filter are by convention tested by a sharp impulse and step signal. 

The unit impulse signal had a length of 2 s, ranging from -1 to 1 s, with a sampling 

rate of 500 Hz and consisted of zeros with a single element of unit magnitude (value 

of one) at time point zero, constituting a single sharp pulse (delta function). The same 

length and sampling rate applies to the step signal created, but the signal consists of 

zeros for negative time points and of ones for time point zero and the following 

positive time points. 

Gaussian waveforms are suitable test signals to investigate the effects of filtering on 

ERP/ERF results (Widmann et al., 2014). The Gaussian-shaped test signal had a 

length of 500 ms with a sampling rate of 500 Hz. The signal was a probability density 

function of a normal distribution with a standard deviation of 5 ms. 

 

Power Line Noise Simulation and MEG Data 

To quantify the robustness of the methods against non-stationary line noise 

interference, power line noise with fluctuating amplitude and with abrupt on- and 

offsets was simulated and added to an MEG dataset that was practically free of line 

noise. 

MEG data: visual evoked fields  

The MEG dataset was recorded for a study investigating visual perception and 

information processing of light flashes. Full-field white flashes were presented to the 
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right eye, while the left eye was occluded. The flashes had a duration of 16.67 ms 

with an ISI of 2.41 s. The experimental task required no behavioral response. Brain 

activity was recorded via MEG with a 148-magnetometer whole head MEG 

(MAGNES 2500 WH, 4D Neuroimaging, San Diego, USA) in a magnetically shielded 

room. MEG was recorded with a sampling rate of 1017.2 Hz and a 0.1 Hz high pass 

hardware filter was applied prior to digitization. A sample dataset with a length of 

109.2 s of one participant (27 years old, male) was chosen for the current 

investigation of power line noise artifact removal methods. Global noise, 

incorporating power line noise, was removed by subtracting external noise recorded 

via 11 MEG reference channels. These reference channels were multiplied with 

individually calculated fixed weight factors, before their signal was subtracted from 

MEG data. Hence the MEG dataset exhibited no discernible power line noise at 50 

Hz and its respective harmonics (Figure 2A). 

Simulated power line noise with abrupt on-/offsets and with fluctuating amplitude 

In order to create abrupt on- and offsets of power line noise, a 50 Hz sinusoid (zero 

phase) was multiplied with a unity-height rectangular pulse with a width of 4.93 s 

centered at a signal with a length of 16.4740 s. Six of these rectangular pulse signals 

were concatenated, multiplied with the 50 Hz sinusoid and added to line-noise-free 

MEG data of 109.2 s length, such that the resulting line noise segments had a root 

mean square (RMS) amplitude approximately four times as high as the original line-

noise-free MEG data and a width of 4.93 s. The simulated six abrupt on- and offsets 

of 50 Hz line noise were centered at the epochs that were used later for single trial 

and ERF analysis in order to reveal possibly detrimental filter effects. 

In order to simulate line noise interference with fluctuating amplitude, Gaussian white 

noise with a length of 109.2 s and a sampling rate of 1017.2 Hz (parameters matched 
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to the real MEG dataset), was filtered with a 0.4 Hz low-pass filter (FIR filter, zero-

phase forward and reverse filter). Low-pass filtering included mirror-padding the data 

to a length of 250 s, to avoid filter edge artifacts. The maximum of the absolute 

values of the lowpass-filtered white noise signal was added to the signal to ensure 

only positive values for the amplitude modulation. The resulting filtered white noise 

signal was multiplied with a 50 Hz sinusoid (zero phase) to create an amplitude-

modulated line noise component. The simulated line noise signal was added to the 

power line-noise-free MEG dataset (described above) such that the resulting signal 

had a root mean square (RMS) amplitude approximately twice as high as the original 

MEG signal, yielding a signal-to-noise ratio (SNR) of -6.0 dB. 

 

Slow-Wave-Sleep (SWS) Experimental Paradigm and Procedure  

The artifact removal methods were also tested by applying them to an EEG dataset 

that we recorded for an overnight sleep study. EEG measurements took place in the 

participants’ own homes without the benefit of a shielded EEG booth, so these 

measurements were subject to line noise interference presumably exhibiting different 

types of non-stationarities. The all-night EEG recordings (including electrooculogram 

and electromyogram recordings) were conducted with a portable BrainAmp DC EEG 

system and a BrainProducts ActiCap electrode system (BrainProducts GmbH, 

Gilching, Germany). The electrode placement was according to the standard 

international 10-20 system layout (Schomer and Lopes da Silva, 2011). The ground 

electrode of the BrainProduct ActiCap electrode system is AFz and the reference 

electrode is FCz. The electrode impedances were below 20 kΩ, as recommended by 

the manufacturer (BrainProducts GmbH, Gilching, Germany). This was checked to 

the extent possible, at the beginning and at the end of the recording in the morning. 
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For online preprocessing hardware filter settings were set to a bandwidth of 0.016 – 

1000 Hz, with a sampling rate of 2500 Hz. During the night, a continuous auditory 

stimulation of condensation-rarefaction clicks of 100 ms length was performed. The 

stimuli were saved as a lossless WAVE-format file, with an inter-stimulus-interval 

(ISI) of 500±150 ms. The acoustic stimuli were presented via a battery-powered iPod 

Nano 2G (Apple Inc., Cupertino, USA) and delivered via in-ear earphones (hf5, 

Etymotic Research Inc., Elk Grove Village, IL, USA) at a volume level of 40 dB sound 

pressure level.  In order to ensure trigger recording with high temporal precision, the 

stimulus signal from the playback device was split into two channels. This way 

simultaneously sound impulses were send to the earphones and to the trigger 

recording box. Recording sessions lasted between 5.5 and 8.5 hours. For the present 

analysis, the dataset of one participant (29 years old, male) was used to compare the 

performance of the different approaches. The signal from electrode TP10 was 

selected for the respective analysis.  

 

Signal Processing: Preprocessing and ERP/ERF Analysis 

Analysis of MEG Data with Simulated Line Noise.  

The data was segmented into epochs including the flash stimulus, with a prestimulus 

and a poststimulus time period of 500 ms, resulting in 40 non-overlapping trials of 1 s 

length. A baseline correction was performed by demeaning single trials according to 

the prestimulus period of -200 ms to 0 ms. 
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Analysis of EEG SWS Data. 

Slow wave sleep periods were defined as data segments representing deep sleep 

(stage N3) according to current international guidelines (Iber et al., 2007). These 

periods were identified by inspecting the time-frequency spectrogram of the whole 

night’s data for extended epochs of <2 Hz activity. These blocks were subsequently 

further processed via an automatic slow wave detection program (FASST toolbox for 

MATLAB) (Leclercq et al., 2011). Data segments with a high number of slow wave 

events were considered to represent stage N3 sleep, and were visually confirmed to 

fulfill sleep slow wave morphology (Iber et al., 2007). For the dataset used in the 

present analysis, this resulted in two data segments of 1100 s and 1000 s length.  

In order to calculate auditory ERPs, these two long data segments were bandpass-

filtered with a Butterworth filter (filter order of 4) between 15-500 Hz for the so-called 

middle latency response (MLR) component of auditory brain responses (Picton et al., 

1974). Then the data was segmented into epochs, with a pre- and poststimulus 

period of 500 ms relative to the auditory stimulus, resulting in 4197 trials of 1 s length. 

 

Signal Processing: Power Line Noise Removal 

Spectrum Interpolation 

If power line noise interference is considered as an additional component – with a 

peak at 50 Hz – superimposed on the continuous power spectrum curve of 

MEG/EEG data, it can be removed by interpolating the curve of the power spectrum 

at the respective frequency samples (Mewett et al., 2004). If this interpolation is 

calculated in complex Fourier space, the inverse Fourier transformation can be used 

to retain the time domain signal in which the line noise is now reduced.  
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The code for spectrum interpolation is made available in FieldTrip, an open source 

MEG/EEG analysis toolbox (http://fieldtriptoolbox.org ; Oostenveld et al., 2011). We 

implemented spectrum interpolation in FieldTrip (Oostenveld et al., 2011), involving 

the following processing steps. First the data is transformed into Fourier space by 

calculating a DFT. The absolute value of the complex Fourier coefficients is 

calculated to retain the amplitude. The interpolation of the interference frequencies is 

realized by calculating the mean of the amplitude of the neighboring frequencies and 

replacing the amplitude of the line noise Fourier coefficients with the respective value. 

The number of neighboring frequencies to be included can be determined by the user. 

After interpolation, the amplitude spectrum is combined with the original phase 

information via Eulers formula. It is not known a priori how the phases of neighboring 

frequencies relate to each other, hence phases of the Fourier spectrum were not 

interpolated, but the original phase information was retained. The interpolated 

complex Fourier signal is then transformed back into time domain by calculating the 

inverse DFT. To retain a real-valued signal after the inverse transform, Fourier 

coefficients were treated as conjugate symmetric, ensuring that the positive and 

negative frequency components are mirror images of each other (Mewett et al., 2004). 

The code for spectrum interpolation can be directly accessed here 

(https://github.com/fieldtrip/fieldtrip/blob/master/preproc/ft_preproc_dftfilter.m, section 

Method B): Spectrum Interpolation). 

First, a DFT was applied to continuous data segments, resulting in Fourier 

coefficients with a frequency resolution higher than 0.01 Hz for both datasets (EEG 

and MEG). Spectrum interpolation can also be applied to short data segments (e.g., 

epochs). We decided to apply the method to the continuous data in order to ensure 

high frequency resolution for a precise comparison with the other approaches. It 
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should be noted, however, that there is a risk of spreading distortions wider in the 

time domain with longer DFT inputs. In any case, the DFT length should fit the 

periodicity of the frequency of the power line noise in order to avoid leakage, so an 

integer number of cycles of the line noise fits in the data. Therefore the DFT input 

length was adjusted accordingly for the MEG and EEG data.  The length of the DFT 

input for the MEG data (mixed with simulated fluctuating power line noise or abrupt 

on- and offsets) was 108 s, with a sampling rate of 1017.25 Hz. With respect to the 

EEG dataset (sampling rate of 2500 Hz), the length of the DFT input was 1100 s and 

1000 s length for the two data segments. The line noise component was interpolated 

in the amplitude spectrum by replacing the amplitude of the 50 Hz Fourier coefficient 

(∆ = ± 2 Hz) with the mean of the amplitude of the adjacent Fourier coefficients of 48 

Hz and 52 Hz (∆ = ± 2 Hz) for the synthetic test signals and for the MEG dataset 

mixed with simulated fluctuating line noise. For the analysis of the EEG datasets the 

amplitude of the 50 Hz Fourier coefficient (∆ = ± 3 Hz) was replaced with the mean of 

the amplitude of the adjacent Fourier coefficients of 47 Hz and 53 Hz (∆ = ± 3 Hz). 

Since the width of the line noise component was larger for the EEG dataset, as 

revealed by the power spectrum, the width of the interpolated frequency range was 

adjusted accordingly to ± 3 Hz. The simulation of abrupt on- and offsets of power line 

noise (mixed with MEG data) produced the largest width of the power line noise 

component. Here, a wide range of frequencies around 50 Hz (∆ = ± 12 Hz) were 

replaced with the mean of the adjacent Fourier coefficients of 38 Hz and 62 Hz (∆ = ± 

12 Hz). In general, the width of spectrum interpolation can be adjusted to the nature 

of the line noise interference.  

Spectrum interpolation was repeated for the respective harmonics up to 500 Hz for 

the EEG data, since the ERP analysis incorporated a band signal width up to 500 Hz 

for the SWS study (see above: Analysis of EEG SWS Data).  
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Notch Filter 

A 4th-order Butterworth notch filter (zero-phase two-pass) was applied to the 

continuous MEG data segment (mixed with simulated line noise). A stopband of 48-

52 Hz (please note that cutoff frequencies are defined for the single-pass case in 

FieldTrip, accordingly cutoff frequencies are shifted slightly for the two-pass version 

of the filter, e.g. to 47.58 Hz and 52.24 Hz in this particular case) was used for the 

synthetic test signals and the MEG data with simulated fluctuating power line noise. 

For the abrupt on- and offsets of power line noise that had been added to the MEG 

data a stopband of 38-62 Hz (defined for the single-pass case) was used. The same 

filter was applied to the continuous EEG data segments (SWS sleep segments of 

1100 s and 1000 s length, see Methods section above). Here, the stopband included 

frequencies between 47-53 Hz (defined for the single-pass case) and the respective 

harmonics up to 500 Hz (∆ = ± 3 Hz), in order to account for the nature of the line 

noise in the EEG dataset (for an explanation see section above). 

 

DFT filter 

A DFT filter was applied after data segmentation into trials of 1 s length for the MEG 

and EEG data. The DFT filter implemented in FieldTrip was used. The line noise 

removal is realized by fitting a sine and cosine at the respective interference 

frequency to each data segment. The estimated components are afterwards 

subtracted from the signal. With respect to the synthetic test signals, the DFT filter 

was applied for the 50 Hz component. Since power line noise was broadband and to 

ensure comparability to the other approaches, the DFT filter was not only applied for 
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50 Hz but also for the neighboring integer frequency values of 48, 49, 51 and 52 Hz 

for the MEG data mixed with simulated fluctuating line noise. The frequency 

resolution of the DFT filter is limited by the frequency resolution of the signal, which is 

1 Hz for a trial length of 1 s. Therefore, only the neighboring integer values were 

removed. For the MEG data with added abrupt on- and offsets of line noise, the DFT 

filter was only applied for the 50 Hz component because this generated the best 

performance. With respect to the EEG data, the DFT filter was applied for integer 

frequency values between 47-53 Hz and the respective harmonics up to 500 Hz (∆ = 

± 3 Hz). It is advantageous to apply the DFT filter to relatively short segments of data 

or trials, since it fails to remove power line noise if it is non-stationary, e.g., line noise 

that fluctuates in amplitude over time. Therefore, to enable a fair comparison of the 

different artifact removal methods, the DFT filter was not applied to the long SWS 

data segments, but as recommended to segmented trials of relatively short duration.   

 

CleanLine 

The CleanLine EEGLAB plugin developed by Mullen (2012) was used to compare a 

regression-based method to the other approaches. CleanLine transforms the signal 

into the frequency domain using a sliding window and Slepian tapers. After 

estimating amplitude and phase for line noise frequencies with a regression model, a 

time-domain sinusoid is reconstructed and the fitted signal is subtracted from the 

data. For further details about this method, please refer to Bigdely-Shamlo et al., 

(2015). 

Here, a sliding window of 4 s and a 1 s step size (EEGLAB default) was used for the 

MEG dataset mixed with fluctuating line noise and a sliding window of 0.3 s and a 0.1 
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step size was applied for the abrupt on-/offsets of line noise. A sliding window of 1 s 

and a 0.1 s step size was used for the EEG dataset, because this improved the 

performance. A taper bandwidth of 4 Hz was used for the MEG data with fluctuating 

amplitude (centered around 50 Hz), a bandwidth of 24 Hz was used for the abrupt 

on-/offsets and a taper bandwidth of 6 Hz was used for the EEG data, to achieve 

comparable results to the other methods (see bandwidths for the other methods 

above). Default values from the EEGLAB implementation were used for all other 

parameters. 

 

Evaluation 

Synthetic Test Signals. In order to evaluate the impulse and step response of the 

different filter approaches and the distortions in the time domain, the mean root mean 

squared error (RMSE) was calculated between the filtered signal (time domain 

response) and the synthetic test signals, leaving out time periods with an amplitude 

of one (time point zero for the impulse and in addition all time points for the step 

signal that were larger than zero). This was done to evaluate time domain distortions 

with respect to the signal period that had an amplitude of zero before line noise 

removal. In order to evaluate the effects of the different approaches on a Gaussian-

shaped test signal, the mean RMSE was calculated between the processed signal 

(after line noise removal) and the original Gaussian-shaped signal. 

MEG Data with Simulated Line Noise. The original MEG signal was free of 

discernible line noise, and therefore represents the “ground truth”. The normalized 

RMSE (nRMSE) between the signal after line noise removal and the original MEG 

signal was calculated for each single trial and then averaged. In order to normalize 
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the results, the single trial RMSEs were divided by the difference of the maximum 

and the minimum of the respective original single trials (line-noise-free) they were 

compared to.  

EEG SWS Data. The mean RMSE between the original, notch- or DFT-filtered single 

trials and the spectrum-interpolated single trials was calculated. Results were not 

normalized since the ground truth (line-noise-free signal) is unknown. 

 

Results 

Synthetic test signal results  

 
Synthetic test signals – as an impulse and step signal – are commonly used to 

characterize the properties of a filter and can reveal possible distortions in the time 

domain that might occur due to power line noise removal by the different approaches 

presented in the current study. For all approaches, frequencies between 48-52 Hz 

were attenuated (except for the DFT filter, which was only applied to 50 Hz), since 

this is a commonly used frequency range to reject power line noise artifacts. The unit 

impulse response of the Butterworth notch filter revealed the most pronounced time 

domain signal distortions (Figure 1A), with the highest RMSE = 0.0038. It is followed 

by the DFT filter response that deviates from the original signal with a RMSE = 

0.0014. These distortions become apparent as artificial oscillations near line noise 

frequency (50 Hz) around the impulse (Figure 1A, magnified view), at time points that 

contained no energy in any frequency band beforehand (zero line of the impulse 

signal). These distortions are also referred to as ringing artifacts that might occur 

when only part of a broadband signal is attenuated.  
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In contrast, spectrum interpolation shows almost no deviations from the original 

signal, with a RMSE = 8.4631 × 10-18. These time domain distortions are so small, 

that they are not even visible in the magnified view (Figure 1A). CleanLine shows the 

best performance, with no distortions and a RMSE = 0. A statistical test is used to 

identify significant power line noise frequencies, accordingly there is no attenuation of 

the energy in the 48-52 Hz frequency band, since the impulse signal did not contain 

line noise interference. 

The same applies to the step signal, which also did not contain power line noise and 

therefore no frequency component was attenuated by CleanLine, resulting in the best 

performance with no time-domain distortions and a RMSE = 0 (Figure 1B). The 

application of the notch filter as well as spectrum interpolation resulted in distortions 

visible as small artificial oscillations around 50 Hz before and after the step, with a 

RMSE = 0.0057 for spectrum interpolation and RMSE = 0.0061 for the notch filter. 

The performance of the DFT filter was considerably better, showing almost no 

distortions with a RMSE = 7.7039 × 10-16 (Figure 1B). 

 

- insert Figure 1 approx. here – 

 

The Gaussian-shaped signal served as a test signal to compare the different 

approaches with respect to possibly detrimental effects of line noise removal on the 

analysis of ERP/ERF components and other measures that might be affected, as 

phase or connectivity measures. Here spectrum interpolation performs better than 

the Butterworth notch filter and the DFT filter, showing less distortions with a RMSE = 

0.0014 compared to a RMSE = 0.0142 for the notch filter and a RMSE = 0.0103 for 
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the DFT filter (Figure 1C). These time domain distortions become apparent as 

artificial oscillations near line noise frequency before and after the Gaussian-shaped 

curve (Figure 1C, magnified view). CleanLine shows the smallest and a neglectable 

deviation from the original signal, with a RMSE = 2.6795 × 10-9. 

 

 

ERF and single trial results for MEG-Simulated-Noise data  

 

The original MEG data did not show artifacts stemming from power line noise (50 Hz) 

in the power spectrum of the continuous data segments (Figure 2A). In order to 

evaluate the performance of the different approaches, simulated power line noise (50 

Hz sinusoid) with abrupt on- and offsets was added to the line-noise-free MEG data.  

 

- insert Figure 2 approx. here – 

 

Over the time course there were six sudden on- and offsets of power line noise (width 

of 4.93 s), centered at the respective epochs, with an RMS amplitude four times as 

high as the original MEG signal (Figure 2B), which mimics an extreme case of power 

line noise pulses. The power spectrum of the mixed signal reveals that the abrupt on- 

and offsets of line noise resulted in a pronounced 50 Hz component incorporating a 

wide frequency range between 38-62 Hz (Figure 2B). Spectrum interpolation was 

used to reduce line noise interference by replacing values for all Fourier coefficients 

between 38-62 Hz by the mean of the neighboring frequencies (26-38 Hz and 62-74 

Hz) in the amplitude spectrum (see Method section and Figure 2C for the resulting 
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power spectrum). The same frequency range (38-62 Hz) was used for the two other 

approaches, as the notch filter and the CleanLine method (see Method section), 

except for the DFT filter. Here fitting and removing a single 50 Hz sinusoid from each 

trial resulted in better performance than the removal of all integer values between 38-

62 Hz. 

The frequency spectra reveal that the application of spectrum interpolation and the 

notch filter resulted in a reduction of line noise interference (Figure 2C, D and E), 

whereas CleanLine was not able to reduce line noise to a satisfying extent (see also 

Bigdely-Shamlo et al. 2015 for demonstrating this issue with large non-stationary 

power line noise). 

Figure 3B shows three example trials for single trial difference curves between the 

filtered signals and the original clean signal, with a line-noise-free trial, a trial with an 

abrupt onset of line noise at the center and a trial with line noise over the whole time 

period. The single trial difference curves reveal that all methods lead to slight signal 

distortions even in time periods that were free of line noise before filtering except for 

CleanLine, showing no visible distortions (Figure 3B and C, first sample trial). 

Especially notch filtering leads to artificial oscillations (around 50 Hz) in these time 

ranges, but also spectrum interpolation shows these distortions to a slightly lesser 

extent (Figure 3C, D).  

 

- insert Figure 3 approx. here – 

 

The CleanLine method and the DFT filter show the least (or no) distortions at these 

time ranges, but both methods perform worse around sudden on- and offsets of line 
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noise. In addition, the difference curves during time periods of line noise reveal 

substantial residual line noise after the application of the CleanLine method (Figure 

3B), but an effective attenuation of line noise with the three other methods. The 

performance of the filter methods was quantified by calculating the mean nRMSE of 

all single trial difference curves. There was a mean nRMSE = 0.2450 between the 

simulated line noise interference with abrupt on- and offsets and the original clean 

MEG data. The nRMSE exhibited high variance as revealed by the box plot (Figure 

3D). Leaving the few extreme outliers (stemming from the trials with on- and offsets 

of line noise) aside, the DFT filter shows the best performance, with a mean nRMSE 

= 0.0439, but with the lowest median (Figure 3D). Spectrum Interpolation performs 

slightly better than the notch filter, with a mean nRMSE = 0.0201 compared to a 

mean nRMSE = 0.0221 (Figure 3D). CleanLine shows the lowest performance, with a 

mean nRMSE = 0.0454 and with a substantial variance.  

The ERFs reveal that the few extreme outlier trials (containing on- and offsets of line 

noise) of the DFT filtered signal corrupted the averaged ERF (Figure 3A). The same 

applies to the ERF after the application of CleanLine, though restricted to a time 

window of approximately 200 ms, revealing an artificially enhanced ERF component. 

Spectrum Interpolation and the notch filter show the most faithful reproduction of the 

original ERF (Figure 3A).  

For the investigation of the effects of filtering non-stationary power line noise with 

fluctuating amplitude, simulated line noise (50 Hz) with an amplitude modulation was 

added to the original MEG data (free of line noise). The power spectrum of the mixed 

signal shows a strong 50 Hz component, leaking into neighboring frequencies (48-52 

Hz) due to the amplitude modulation (Figure 4A). Hence this was the target 

frequency range to be removed by all approaches. The amplitude of the simulated 
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line noise changed on a fast time scale, randomly between 0 and 0.4 Hz and the 

RMS amplitude of the simulated line noise signal was scaled to be a factor of 2 of the 

RMS amplitude of the original MEG signal. The parameters were chosen in a way to 

simulate a severe case of non-stationary line noise interference, but with a magnitude 

comparable to what we have observed “in the field” as with our sleep EEG data. 

The notch filter and spectrum interpolation substantially reduced line noise, as 

evident from the frequency spectra (Figure 4B and C). CleanLine was not able to 

attenuate this non-stationary line noise interference, and introduced seemingly 

inappropriate components corresponding to integer frequencies (Figure 4D). The 

frequency spectra also reveal how the signal is slightly changed in the passband 

frequencies after notch filtering, while it is preserved with spectrum interpolation 

(Figure 4A, B and C). 

 

- insert Figure 4 approx. here – 

 

The comparison of the single trials after line noise removal reveals substantial 

residual 50 Hz noise for the DFT-filtered signal and the signal after applying 

CleanLine, but only small deviations from the original signal for the spectrum-

interpolated and notch-filtered signal (see Figure 5B for an example trial). This is 

visualized by the difference curves between the filtered (DFT filter, notch filter, 

CleanLine or spectrum interpolation) signal and the original noise free MEG signal for 

the example trial (Figure 5C).  

With respect to the simulated line noise, there was a mean nRMSE = 0.3828 for the 

single trial differences between the MEG signal mixed with the simulated line noise 
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and the original noise-free MEG signal (Figure 5D). The mean nRMSE between the 

DFT-filtered signal and the original signal was relatively reduced, but larger (nRMSE 

= 0.0234) than the nRMSE between the spectrum-interpolated and the original signal 

(nRMSE = 0.0061). This indicates a higher artifact removal performance of the 

spectrum interpolation method compared to the DFT filter and a slightly better 

performance compared to the notch filter (nRMSE = 0.0072).  

Compared to all other methods, CleanLine showed the largest deviation from the 

original signal, with a mean nRMSE = 0.1522. This is also mirrored by the ERF. 

While performance differences between the DFT filter, the spectrum interpolation and 

notch filter were not revealed by averaged data, showing almost no differences 

between the three filter methods, the ERF of the CleanLine-processed data shows 

residual line noise (Figure 5A).  

 

- insert Figure 5 approx. here - 

 

 

ERP results for EEG sleep data  

In order to visualize the performance of the different filter methods removing line 

noise interference, auditory ERPs (in this case the MLR component) were calculated 

for the SWS periods of one dataset of the EEG sleep study.  

 

- insert Figure 6 approx. here - 
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The original EEG signal showed high amounts of power line noise artifacts for the 50 

Hz component and the respective harmonics, which is visualized in the power 

spectrum of an example SWS segment (Figure 6A). In addition, the power line noise 

appears to be non-stationary with amplitude fluctuations. This amplitude modulation 

of the 50 Hz line noise is mirrored by the broadness of the 50 Hz component, which 

is not confined to 50 Hz but extends to the neighboring frequencies of 47 Hz and up 

to 53 Hz. The frequency spectra demonstrate that spectrum interpolation and notch 

filtering attenuated power in the 50 Hz frequency and in the harmonics up to 500 Hz 

to a large extent as intended (Figure 6B, C). But applying the CleanLine method 

results in substantial residual energy in those frequency ranges and additional 

artificial frequency components (Figure 6D).  

The large non-stationary power line noise artifacts of the original data are also visible 

in the MLR. Here the power line noise in the original MLR has an amplitude of 

several multiples of the spectrum-interpolated MLR (Figure 7A), with a mean RMSE 

= 63.8567 µV for the MLR single trial differences between the original noisy and the 

spectrum-interpolated signal (Figure 7B). CleanLine shows the largest residual line 

noise interference of all methods, with a mean RMSE = 9.2486 µV compared to 

spectrum-interpolation. The DFT-filtered MLR also shows large residual line noise 

artifacts of fluctuating amplitude. Compared to the spectrum-interpolated MLR, there 

is a mean RMSE = 3.3336 µV for the single trial differences. Again the notch-filtered 

MLR and spectrum-interpolated MLR show almost no residual line noise left and only 

small differences between them, with a mean RMSE = 0.5253 µV for the MLR single 

trial differences between both signals (Figure 7B).  

 

- insert Figure 7 approx. here - 
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Discussion 

In the present study, we suggest spectrum interpolation as an alternative approach to 

remove power line noise artifacts in MEG/EEG data and compare its performance to 

three other widely used approaches: the notch filter (Butterworth), the DFT filter and 

CleanLine. Spectrum interpolation had been introduced by Mewett et al. (2004) to 

remove power line noise in EMG data. Here we applied spectrum interpolation to 

synthetic test signals, a MEG data set that included simulated abrupt on-/offsets of 50 

Hz and nonstationary power line noise of fluctuating amplitude and to EEG data from 

an overnight sleep study that was subject to substantial power line noise due to 

unshielded measurement conditions. With respect to the MEG dataset that included 

non-stationary power line noise and the EEG dataset, spectrum interpolation 

outperformed the DFT filter (Buch et al., 2012; Fiebelkorn et al., 2013) and the 

CleanLine method and performed equally well to the notch filter. Compared to notch 

filtering with a Butterworth filter, spectrum interpolation introduced less signal 

distortion in the time domain, as indicated by the synthetic test signals used in the 

current study.  

The impulse and step responses of a filter are practical methods to evaluate filter 

behavior and distortions that might occur when broadband signals are filtered 

(Widmann et al., 2014). The impulse response revealed the largest undesired 

distortions in the time domain for the Butterworth notch filter, indicated by artificial 

oscillations near the notch frequency. Likewise, the DFT filter also resulted in signal 

distortions of the same nature, but smaller in magnitude. The CleanLine method 

showed no deviation from the original signal and did not affect the signal at all, since 

it incorporates a statistical test to identify significant line noise interference, which 
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was not present in the impulse signal. Aside from CleanLine, spectrum interpolation 

showed the best performance with neglectable deviations from the impulse signal. 

The step response on the other hand revealed signal distortions in the time domain 

for both the notch filter and spectrum interpolation. Here CleanLine and the DFT filter 

performed better than the other approaches, with no or almost no deviations (but 

please note that CleanLine again did not affect the signal).  

The Gaussian-shaped signal served to test the potentially detrimental effects of line 

noise removal on the analysis of ERP/ERF signals. Again, it revealed the strongest 

signal distortions for the notch filter, followed by the DFT filter. CleanLine, which 

again almost did not affect the signal, showed the best performance with almost no 

deviations from the original test signal. Aside from CleanLine, spectrum interpolation 

performed considerably better than the other approaches, with only slight signal 

distortions in the time domain, visible as very small artificial oscillations near the line 

noise frequency.  

These time domain signal distortions are also referred to as ringing artifacts, and can 

occur if only part of the frequency range of a broadband signal is attenuated. Since 

all synthetic test signals had a broadband spectrum, ringing artifacts occurred in all 

approaches presented here, except for CleanLine, which had no impact on the 

impulse or step signal.  

The simulated power line noise allowed us to measure and compare the 

effectiveness of the different approaches to remove non-stationary power line noise 

(with fluctuating amplitude and with abrupt on-/offsets), since it was added to MEG 

data practically free of line noise, which therefore represented the “ground truth” that 

is otherwise missing in experimental datasets. Spectrum interpolation effectively 

removed the simulated power line noise (both for abrupt on-/offsets and fluctuating 
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line noise), resulting in a smaller nRMSE (compared to the line-noise-free MEG 

dataset) than the signal processed with CleanLine, which showed residual power line 

noise artifacts that was clearly visible in single trials and in the ERF. For the MEG 

data that incorporated simulated line noise with fluctuating amplitude, spectrum 

interpolation in addition outperformed the DFT filter, which was not able to remove 

line noise interference completely.  

Likewise, spectrum interpolation performed considerably better than the DFT filter 

and CleanLine with respect to the EEG sleep data, that was subject to large line 

noise artifacts. The results of the application of the DFT filter and CleanLine to the 

EEG data revealed that residual line noise artifacts might also be clearly evident in 

the ERP. The developers of CleanLine have already demonstrated the respective 

difficulties this regression based method might encounter with large non-stationary 

spectral artifacts (Bigdely-Shamlo et al., 2015). 

The reason for the failure of the DFT filter is the non-stationary nature of the power 

line noise, fluctuating in amplitude (at 50 Hz in the current study). This amplitude 

modulation of the 50 Hz sinusoid resulted in a 50 Hz component with a width of 4 Hz 

in the frequency domain, spreading the artifact into the neighboring frequencies.  

Since the DFT filter is realized by fitting a sine and cosine (here at 50 Hz) at the 

respective interference frequency to each data segment, the width of the frequencies 

removed cannot be controlled directly, but only indirectly via the width of the time 

window of the trial, which in turn determines the frequency resolution of the DFT. In 

addition the estimated amplitude of the power line noise is a mean across time. This 

is only feasible if the amplitude of the power line noise is stable over time. If the 

amplitude fluctuates, the subtraction is not removing the artifact but can even add 

artifacts in this frequency range. Even though the DFT filter was applied in addition to 
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the neighboring frequencies (48-52 Hz) to account for the amplitude modulation and 

respective width of the line noise component, the DFT filter was not able to attenuate 

power line noise to a sufficient extent. The failure of the DFT filter to remove a non-

stationary power line noise artifact has already been described and therefore advised 

to be used with caution by the developers of FieldTrip 

(http://www.fieldtriptoolbox.org/faq/why_is_there_a_residual_50hz_line-

noise_component_after_applying_a_dft_filter).  

The performance of the notch filter (Butterworth) was comparable to the spectrum 

interpolation approach and removed power line noise equally well in the MEG and 

EEG datasets. There was almost no difference in RMSE between both approaches, 

except for the simulated amplitude modulated line noise and the abrupt on-/offsets of 

line noise added to MEG data. In both cases spectrum interpolation had slightly less 

deviations from the original signal, but this difference was very small and not as clear 

as the comparison to the other approaches. 

However, the application of a notch filter might cause unintended adverse filter 

effects that seriously change the signal and affect results (Widmann and Schröger, 

2012; Widmann et al., 2014). The resulting signal distortions can affect MEG/EEG 

features of interest as, e.g., ERPs or phase and connectivity measures and therefore 

might lead to spurious effects (Acunzo et al., 2012; Luck, 2005; Rousselet, 2012; 

VanRullen, 2011; Widmann et al., 2014). The severity of the signal distortions after 

filtering depend on the signal properties and on the filter types and settings, which 

can – if carefully selected – minimize unwanted side effects of filtering (Widmann and 

Schröger, 2012; Widmann et al., 2014). However notch filters are very likely to induce 

strong filter artifacts, therefore many guidelines recommend completely avoiding 

notch filters in ERP research (Luck, 2005; Widmann and Schröger, 2012; Widmann 
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et al., 2014). Since the precision of the filter in the frequency domain is inversely 

related to the precision in the time domain, a sharp notch filter (high frequency 

resolution) results in signal distortions and wider temporal smearing (low temporal 

resolution) of distortions in the time domain (Widmann et al., 2014).  

These signal distortions might include ringing artifacts, which become evident as 

artificial oscillations in the filtered signal or oscillations that are smeared back in time, 

which could lead to false interpretations of the results (Acunzo et al., 2012; Rousselet, 

2012; VanRullen, 2011; Widmann et al., 2014). In the current study, the removal of 

power line noise from synthetic test signals also revealed this type of signal 

distortions, which were especially pronounced for the Butterworth notch filter.   

Here we demonstrate that spectrum interpolation might be a preferable alternative to 

the DFT filter and the CleanLine method in case the power line noise exhibits severe 

non-stationarities, as e.g., large fluctuations in amplitude over time. In this case, it is 

as effective as a Butterworth notch filter in removing the artifact, but likely introduces 

less distortion in the time domain.  

Limitations of the current study are related to the application of the four methods to 

the EEG datasets, since the “ground truth” of a clean signal without power line noise 

was unknown here. Hence the RMSE compared to a noise free signal cannot be 

computed and the evaluation of the performance of the different approaches is 

limited to the visualization of the ERPs and the computation of the RMSE is restricted 

to a relative comparison of the notch- and DFT-filtered signal to the spectrum-

interpolated signal. The quantification of the superior performance of spectrum 

interpolation over the DFT filter was only possible by applying it to artificially 

simulated power line noise added to line-noise-free MEG data.  
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The relevance of time domain signal distortions (demonstrated here for synthetic test 

signals) might differ strongly between studies, depending on the measures of interest 

and many other parameters. Therefore it should be evaluated individually to what 

extent the time domain signal distortions presented here are of relevance for the 

different types of analysis (as, e.g., ERP/ERF or phase and connectivity measures). 

For the current study, we applied the Butterworth filter that is commonly applied when 

sharp cutoffs in the frequency response are required, but other filter types might 

show less signal distortions in the time domain than the Butterworth filter. Therefore 

the demonstrated superior performance of spectrum interpolation with respect to time 

domain signal distortions is limited to the comparison with the Butterworth filter.  

A further limitation of the study is that the application of CleanLine involves the 

complex interplay of many parameters that can be adjusted by the user. We 

attempted to select parameters that improved performance as much as possible, but 

it may be the case that different parameters could have yielded better performance. 

Since the developers already demonstrated that one shortcoming of CleanLine is that 

it might fail with large non-stationary artifacts, we believe that there is no substantial 

improvement possible with this specific type of high amplitude power line noise 

(Bigdely-Shamlo et al., 2015). 

By visualizing ERPs of real EEG data, we were able to demonstrate cases where the 

application of CleanLine and the DFT filter clearly fails to remove power line noise, 

while spectrum interpolation is capable of removing this artifact and performs as well 

as a notch filter. At the same time the synthetic test signals revealed that undesired 

filter distortions as they occur with a notch filter are reduced with spectrum 

interpolation, considering the impulse signal and the Gaussian-shaped test signal. 

Since the Gaussian-shaped test signal mimics the ERP/ERF components occurring 
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in almost all neurophysiological signals it is especially notable that spectrum 

interpolation performs better than the Butterworth notch filter. As already pointed out, 

these distortions around the ERP/ERF might also lead to undesired effects in phase 

or connectivity measures, possibly leading to spurious results (see above). A further 

advantage of spectrum interpolation over notch filtering is that it does not affect 

frequencies in the passband, preserving spectral energy of frequencies outside the 

stopband.  

However, CleanLine showed the best performance with respect to signal distortions 

in the time domain in synthetic test signals. In many cases time domain regression-

based methods as, e.g., CleanLine might be preferable over a notch filter or 

spectrum interpolation, since they only remove deterministic line components, 

inducing almost no time domain signal distortions (Bigdely-Shamlo et al., 2015; 

Widmann et al., 2014). Since CleanLine incorporates a sliding window estimation, it 

also allows for non-stationarities in the phase and amplitude of the line noise 

component to a certain extent (Bigdely-Shamlo et al., 2015). But if non-stationarities 

are especially strong, as, e.g., with amplitude fluctuations of line noise as large as in 

the presented EEG and MEG data, CleanLine may fail to remove line noise 

interference. In these scenarios, the line noise removal of spectrum interpolation is 

superior to the CleanLine approach and the DFT filter, while the risk of signal 

distortions in the time domain seems to be relatively reduced in comparison to a 

notch filter. The artifact removal approach should be carefully selected in each case 

according to the measures of interest and the nature of the power line noise. 

The code for the spectrum interpolation approach introduced here has been made 

available in FieldTrip, an open source MEG/EEG analysis toolbox 

(http://fieldtriptoolbox.org ; Oostenveld et al., 2011). 
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Conclusions 

Power line noise is a pervasive artifact in MEG and EEG data that cannot always be 

satisfactorily reduced by shielding the recording environment. Typical filter 

approaches to remove this type of artifact come at the risk of introducing ringing or 

other signal distortions that can lead to spurious effects or may not be effective for 

longer data segments. In addition, some of these approaches, such as the DFT filter 

and the CleanLine method, are not capable of removing non-stationary line noise 

interference of high magnitude. Here we demonstrate how spectrum interpolation can 

be used as an alternative approach to also effectively reduce non-stationary power 

line noise in MEG and EEG data, while undesired signal distortions in the time 

domain are reduced compared to the Butterworth notch and the DFT filter. 
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Captions to Figures: 

Figure 1: The synthetic test signals that were used to compare signal distortions in 

the time domain incorporated A) a unit impulse signal, B) a unit step signal and C) a 

Gaussian-shaped curve to mimic the ERP/F case (magnified views on the right). The 

original signal is shown in black, the spectrum interpolated (48-52 Hz) signal in blue, 

the DFT filter (50 Hz) in green, the notch filtered (48-52 Hz) signal in red and the 

signal after the application of CleanLine (48-52 Hz) in light blue. The impulse and the 

Gaussian-shaped signals reveal the largest signal distortions for the notch filter 

(Butterworth), followed by the DFT filter, while spectrum interpolation shows the 

smallest distortions apart form CleanLine. Please note that CleanLine did not affect 

the signal in case of the impulse and step signal (and showed almost no effect in 

case of the Gaussian-shaped signal) and therefore shows no difference to the 

original test signal.        

Figure 2: Original MEG signal and MEG signal with added simulated abrupt on- and 

offsets of line noise interference. A) Example time series of the line-noise-free 

original MEG raw data and the respective power spectral density (PSD, Log scale). 

The frequencies of interest (FOI) around line noise interference are shown in a 

magnified view on the right.  B) Time series of the simulated line noise with abrupt 

on- and offsets added to the original noise free MEG signal are shown and the 

respective power spectrum, with a magnified view of the FOI (right panel). C) PSD of 

the signal after the application of spectrum interpolation (blue) D) a notch filter 

(Butterworth, red) and E) the regression based method CleanLine (light blue) reveal 

that spectrum interpolation and the notch filter attenuate power line noise to a 
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sufficient extent, while CleanLine does not. All magnified views of the FOI are shown 

on the right side. 

Figure 3: MEG signal with added simulated abrupt on- and offsets of line noise 

interference. A) ERF (here the MLR) after the application of spectrum interpolation 

(blue, first panel), the notch filter (red, second panel), the DFT filter (green, third 

panel), CleanLine (light blue, fourth panel) and for the original noise-free MEG signal 

(black, all panels). There is residual line noise for the DFT filter and CleanLine. B) 

Single trial difference curves (relative to the original MEG signal) after the application 

of all four methods reveal signal distortions in the time domain with different 

magnitude. CleanLine shows the largest deviation from the original signal during time 

segments of line noise and around the abrupt onset, while C) the notch filter and 

spectrum interpolation show larger deviations during line-noise-free time segments 

(magnified view of the first trial). D) The boxplot of the nRMSE relative to the original 

data reveals that over all single trials of the MLR component CleanLine shows the 

largest signal distortion, followed by the notch filter (Butterworth), spectrum 

interpolation and the DFT filter. The magnified view of the boxplot is shown on the 

right. 

Figure 4: MEG signal with added simulated fluctuating line noise interference. A) 

Example time series (20 s length) of the simulated amplitude modulated line noise 

signal (amplitude modulation in a lighter blue) mixed with the original MEG signal 

(mixed signal in dark blue) and the respective power spectrum (PSD, Log scale, right 

panel). The magnified view of the FOI is shown on the right. B) PSD (Log scale) after 

the application of spectrum interpolation (blue), C) the notch filter (red) and D) after 

the application of CleanLine (light blue) reveal that spectrum interpolation and notch 
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filtering attenuate line noise interference, while CleanLine is not able to attenuate it to 

a sufficient extent. All magnified views of the FOI are shown on the right. 

Figure 5: MEG signal with added simulated fluctuating line noise interference. A) The 

ERFs (here the MLR) after the application of spectrum interpolation (blue, first panel), 

the notch filter (red, second panel), the DFT filter (green, third panel), CleanLine (light 

blue, fourth panel) and for the original noise-free MEG signal (black, all panels) 

reveal residual line noise interference after the application of CleanLine. B) An 

example trial reveals also substantial residual line noise after DFT filtering (in addition 

to CleanLine), only visible on a single trial level. C) The single trial difference curves 

(relative to the original MEG signal) for the same trial show the signal distortions in 

the time domain more clearly. D) The boxplot of the nRMSE (arbitrary units) relative 

to the original data reveals that over all single trials of the MLR component, 

CleanLine shows the largest signal distortion followed by the DFT filter. Spectrum 

interpolation shows a slightly better performance than the notch filter (Butterworth). 

The magnified view of the boxplot is shown on the right. 

Figure 6: Example segment for EEG sleep data with massive power line noise due to 

acquisition in unshielded settings. A) The power spectra (PSD, Log scale) of the 

original EEG signal (dark blue) and B) after the application of spectrum interpolation 

(blue), C) a notch filter (red) and D) the regression based method CleanLine (light 

blue) reveal that spectrum interpolation and the notch filter attenuate power line noise 

to a sufficient extent. CleanLine does not attenuate the line noise interference 

sufficiently while even adding artificial components in the frequency domain. All 

magnified views of the FOI are shown on the right side. 

Figure 7: Example segment for EEG sleep data with massive power line noise due to 

acquisition in unshielded settings. A) The ERFs of the original noisy EEG signal 
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(black), after the application of the notch filter (red, second panel), the DFT filter 

(green, third panel), CleanLine (light blue, fourth panel) and for the spectrum 

interpolated signal (blue, all panels) reveal residual line noise interference after the 

application of the DFT filter and CleanLine. B) The boxplot of the RMSE relative to 

the spectrum interpolated data reveals that over all single trials CleanLine shows the 

lowest performance, followed by the DFT filter. The notch filter (Butterworth) and 

spectrum interpolation show the best performance, with almost no differences. The 

magnified view of the boxplot is shown on the right. 
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