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Monitoring brain activity during transcranial electric stimulation (tES) is an attractive approach for causally
studying healthy and diseased brain activity. Yet, stimulation artifacts complicate electrophysiological recordings
during tES. Design and evaluation of artifact removal methods require a through characterization of artifact
features, i.e. characterization of the transfer function that deﬁnes the relationship between the tES stimulation
current and tES artifacts. Here we characterize the phase relationship between stimulation current and tES artifacts in EEG and MEG. We show that stimulation artifacts are not pure in-phase or anti-phase signals, but that
non-linear mechanisms induce steady phase deﬂections relative to the stimulation current. Furthermore, phase
deﬂections of stimulation artifacts are slightly modulated by each heartbeat and respiration. For commonly used
stimulation amplitudes, artifact phase deﬂections correspond to signals several times bigger than normal brain
signal. Moreover, the strength of phase deﬂections varies with stimulation frequency. These phase effects should
be accounted for during artifact removal and when comparing recordings with different stimulation frequencies.
We summarize our ﬁndings in a mathematical model of tES artifacts and discuss how this model can be used in
simulations to design and evaluate artifact rejection techniques. To facilitate this research, all raw data of this
study is made freely available.

1. Introduction
Current neuroscience in humans largely relies on correlative approaches. Thus, manipulative techniques to precisely interfere with
human brain function are much needed. Transcranial Electric Stimulation (tES) is a non-invasive brain stimulation technique, applicable to
both healthy and diseased subjects, in which a weak electrical current is
applied to the subject's head (Fertonani and Miniussi, 2016; Nitsche and
Paulus, 2000). Despite promising behavioral effects of tES, its use in both
forms of direct and alternating current stimulation (tDCS and tACS,
respectively) has been mainly restricted to behavioral and after effect
studies (Kuo and Nitsche, 2012; Soekadar et al., 2016; Thut et al., 2017).
This is because strong stimulation artifacts interfere with simultaneous
electrophysiological recordings (Noury et al., 2016).
Recently, several approaches to monitor brain activity during tES by
means of EEG and MEG have been proposed (Helfrich et al., 2014;
Neuling et al., 2015; Soekadar et al., 2013; Voss et al., 2014; Witkowski
et al., 2016). Several of these efforts are based on artifact removal
techniques that aim to dissociate brain signals from stimulation artifacts.

These techniques, as well as computer simulations and phantom experiments employed to design and evaluate these techniques, are based on
critical assumptions about stimulation artifacts. If these assumptions are
wrong, this may lead to misleading results and wrong interpretations
when trying to dissociate human brain signals and tES artifacts from EEG
and MEG (Noury et al., 2016). Thus, a thorough understanding of stimulation artifacts is needed to prevent pitfalls of simultaneous tES-M/EEG
research and to pave the way for new artifact removal methods. Importantly, this understanding of stimulation artifacts is also needed to verify
artifact removal methods by means of phantoms or computer
simulations.
Recently, we characterized the amplitude of tES artifacts and showed
that, contrary to previous assumptions, for both EEG and MEG, tES artifacts do not simply reﬂect stimulation currents, but that heartbeat and
respiration strongly modulate the strength of stimulation artifacts in a
non-linear fashion and cause a time-varying mapping between stimulation current and tES artifacts (Noury et al., 2016). Here, we extend our
previous work by characterizing the phase properties of tACS stimulation artifacts.
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2. Materials and Methods

(injected) current, vertical EOG (two electrodes above an below the right
eye), ECG, and respiratory movements using bipolar channels of the EEG
system. The injected current was measured by recording the voltage drop
across a 200 Ω resistor positioned in series to the head. The ECG was
recorded through 2 electrodes placed below the right clavicle and below
the left pectoral muscle. Respiration was continuously recorded with a
piezo respiratory belt transducer (Vermed-Medizintechnik).

2.1. Participants and experimental protocol
All experiments were conducted in 5 healthy male participants, were
carried out in accordance with the Declaration of Helsinki, and were
approved by the local ethics committee. All subjects gave written
informed consent before participating. 4 subjects participated in 6
experimental runs of the main tACS experiment with small stimulation
electrodes. EEG and MEG signals were recorded during the entire
experiment. Each run consisted of the following sequential conditions:
sham, tACSa, tACSb, sham, tACSb, tACSa. Each condition was 66 s, and
tACSa and tACSb were randomly assigned to 11 Hz and 62 Hz tACS. In
the ﬁrst 5 runs, subjects were ﬁxating at a central ﬁxation spot (60 Hz
monitor refresh rate) and in the last run they were asked to close
their eyes.
To check the inﬂuence of stimulation electrode size on the artifact's
phase, we performed a control experiment with large rubber electrodes
in one subject (6 experimental runs similar to the main experiment,
subject 2). In another control experiment in the same subject, we
recorded one experimental run with only MEG signals recorded during
application of tACS with large rubber electrodes (no EEG cap attached to
the subject, eyes open). The aim of this control experiment was to check
for potential noise effects of the EEG device on the MEG system. We
performed one more control experiment on another single subject (subject 5) to check for the potential inﬂuence of the EEG ground electrode
placement on the stimulation artifact. The recording and stimulating
electrode layout was the same as the layout in the main tACS experiment.
In this control experiment, we applied 62 Hz tACS and continuously and
recorded 10 min of EEG with ground on the right forearm and 10 min of
EEG with ground on the forehead (Fpz of 10-10 system), while the subject ﬁxated a central ﬁxation spot.

2.4. Eye blinks
We applied a zero-phase 6th order Butterworth low-pass ﬁlter at 4 Hz
to the difference of the vertical EOG channels, and visually inspected the
result to ﬁnd the moments of eye blinks. Application of a low-pass ﬁlter
was necessary, because during 11 Hz tACS strong stimulation artifacts
mask the effect of eye blinks. All intervals with eye blinks were removed
from the phase signals.
2.5. Artifact phase shift
For each EEG and MEG channel, we deﬁned the temporal artifact
phase-shift signal as the phase shift between each channel's signal and the
injected current. As the injected current was recorded with the EEG
system, for calculating the phase shift of the MEG channels, we used an
MEG-synchronized version of the injected current (see below). The
original injected current recorded with the EEG system was used for the
EEG channels. We ﬁrst band-pass ﬁltered the signals using a 6th-order
zero-phase Butterworth ﬁlter centered at the stimulation frequency of
interest with a pass-band of ±5 Hz. After band-pass ﬁltering, we downsampled signals to 1 000 Hz and 781.25 Hz, respectively for EEG and
MEG, and applied the Hilbert transform to obtain phase signals. Finally,
we subtracted the un-wrapped phase of the injected current form the unwrapped phase of each channel. For all comparisons between sham and
tACS conditions, we used the ﬁlter and injected current of the corresponding tACS condition. To test the signiﬁcance of the phase shift of
each channel, we calculated phase shifts of 1 000 white noise signals with
the same procedure as applied to the recorded signal for the corresponding condition, and compared the circular standard deviation of
each channel's phase shift over time with the population of circular
standard deviations of the noise phase signals.
EEG recordings corresponding to the reference channel by deﬁnition
contain only measurement noise. Therefore, we excluded this channel
from all following analyses.

2.2. Transcranial electric stimulation
Stimulation current was applied with an IZ2h stimulator (Tucker
Davis Technologies Inc.) with 0.5 mA amplitude (i.e., 1 mA peak-to-peak
for tACS). None of the subjects reported any ﬂicker percept. For the main
experiment, stimulation was applied through two standard Ag/AgCl EEG
electrodes over right occipital and right parietal areas (electrodes O10
and CP4 of the 10-10 electrode system). For the control experiment with
large electrodes, 35 cm2 MR-compatible rubber electrodes (neuroConn
GmbH) were placed over occipital and frontal lobes underneath the EEG
cap. For all experiments, stimulation electrodes were attached using
Ten20 conductive paste (Weaver and Company) and their impedance
was kept below 2.5 kΩ. To minimize magnetic artifacts produced by the
stimulation current, we carefully twisted all stimulation cables.

2.6. Phase deﬂection
For each channel, we calculated the circular mean of the phase shift
over time and deﬁned the phase deﬂection as the smallest value among
the phase mean subtracted by 0, π and -π.
To test the signiﬁcance of the phase deﬂection of each channel, we
applied a permutation test. First, we calculated the phase deﬂection from
0, π or -π at each time point (the temporal average of this signal is the
phase deﬂection, as deﬁned above). Band-pass ﬁltering around the
stimulation frequency induces a dependency of phases at nearby time
points. To take into account this dependency, we re-sampled the phase
deﬂection signal at 2 Hz, i.e. substantially below the bandwidth of the
pass-band (±5 Hz). We then computed the p-value of the null-hypothesis
of zero phase deﬂection, by comparing the absolute of the temporal
average of this signal against the distribution of the absolute of temporal
averages of 1 000 random phase deﬂection signals. These random signals
were generated by randomly assigning a sign to the phase deﬂection at
each time point.
We deﬁned the effective strength of phase deﬂections as the strength
of a sine signal that could have generated these phase deﬂections, when
added to a sinusoidal artifact with no phase deﬂection. To ﬁnd such a sine
signal, for each channel and each stimulation frequency, we calculated
the difference between a sine wave with zero-phase and a sine wave with

2.3. Data acquisition and preprocessing
We simultaneously recorded 72-channel EEG (NeurOne system, Mega
Electronics Ltd) and 272-channel MEG (Omega, 2000; CTF Systems)
throughout all experiments at 10,000 Hz and 2343.8 Hz sampling rate,
respectively. EEG electrodes were positioned based on the 10-10 electrode system using an EEG cap (EC80, EASYCAP). All signals were in the
dynamic ranges of the recording systems and no clipping was observed
for either EEG or MEG signals.
EEG electrodes were attached using Abralyt 2000 conductive gel and
impedances were kept below 2.5 kΩ for most electrodes. In the main
experiment, we referenced EEG electrodes to FCz, while in the control
experiment with large rubber electrodes signals were referenced to Fz,
because of the placement of the stimulation rubber electrodes. The
ground electrode was positioned on the right forearm, except for one
control experiment with 10 min of ground electrode placement on the
forehead. We did not apply any ofﬂine re-referencing to the EEG recordings. Along with EEG and MEG, we recorded the stimulation
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phase modulations. For each channel, we generated two 4 s long sinusoids, one with no phase modulation and the other one with the
measured average heartbeat-locked phase modulation, subtracted them
from each other, multiplied the result with the channel's average artifact
strength (the standard deviation of each channel's signal over time), and
compared the standard deviation of this residual signal with the standard
deviation of the sham recordings.
We applied the same procedure to check the effect of respiration on
8 s long segments centered on inspiration endpoints.

the observed phase deﬂection, and multiplied the result with the mean
artifact amplitude. Finally, we calculated the standard deviation of this
signal and compared it against the standard deviation of sham recordings
(the sham signal was band-passed ﬁltered with a 6th order Butterworth
ﬁlter centered at the stimulation frequency of interest with a pass-band of
±5 Hz). We applied a similar procedure to quantify the effective strength
of phase jitters over time. We calculated the difference between a sine
wave with zero-phase and a sine wave with mean-removed phase signal
(i.e. containing only the phase jitter) of each channel, multiplied the
result with the mean artifact amplitude of each channel, and divided the
variance of this signal by the variance of the sham recording.
To test the effect of tACS frequency on phase deﬂections, for each
channel, we calculated the ratio between the absolute value of phase
deﬂections of the two stimulation conditions, found the median across all
channels and subjects, and compared this value to the distribution of
1 000 randomly generated values. These random values were generated
by applying the same procedure with condition labels randomly assigned
to the phase deﬂections.

2.9. Spectral analyses
We estimated the power spectra of sham and tACS conditions on 4 s
long segments. We ﬁrst split the data in 4 s long segments, applied a
Hanning window to each segment, computed the Fourier transform of
each segment, and calculated the average power across segments. To
study the inﬂuence of the artifact's phase modulation on the artifact's
power spectrum (Fig. 3e, j), we ﬁrst estimated the average heartbeatlocked phase modulation as explained above. Then we constructed two
4 s long 62 Hz sine waves: one without phase modulation and one with
the average heartbeat-locked phase modulation. We scaled both sine
waves with the average artifact strength of the relevant channel. Finally,
to check the inﬂuence of the phase modulation on the power spectrum,
we subtracted the non phase-modulated signal from the phasemodulated signal and calculated the power of the Fourier transform of
the residual.

2.7. MEG-synchronized injected current
Because the stimulation current was recorded with the EEG system,
we generated the MEG-synchronized version of the stimulation current
by estimating and correcting the differences in system clocks and temporal offsets between the MEG and EEG systems based on trigger codes
that were simultaneously sent to both systems. We ﬁrst generated two
time vectors, representing moments that triggers were received by EEG
and MEG systems. Next, we performed a linear regression to ﬁnd the best
scale and shift parameters that map MEG time to EEG time. Using these
parameters, we estimated the corresponding EEG time points for the
moments at which the MEG system sampled the data, and ﬁnally
resampled the injected current at these time points to ﬁnd the ratecorrected version of the injected current.
This procedure corrected for the difference between EEG and MEG
clock rates, and most of the temporal offset between the two systems.
However, the resulted rate-corrected injected current still contained a
small temporal offset relative to the MEG signals. This offset was either
due to a difference of hardware-induced delays between EEG and MEG
signals (e.g. due to anti-aliasing ﬁlters), or due to a small difference in
how fast MEG and EEG hardware register the received trigger codes. We
estimated this temporal offset based on the increase in the phase difference between the rate-corrected injected current and MEG signals from
6.99 to 38.85 (median across channels and subjects), when the stimulation frequency increases from 11 Hz to 62 Hz. These phase values
correspond to a temporal offset of 1.7 ms between the MEG signals and
the rate-corrected injected current. Therefore, we generated the MEGsynchronized injected current by shifting the rate-corrected injected
current by 1.7 ms.

2.10. Inﬂuence of pure amplitude modulation
Heartbeat and respiration strongly modulate the strength of artifact
signals (Noury et al., 2016). To make sure that these amplitude modulations do not inﬂuence Hilbert transformation and phase estimations in
a way that leads to the observed heartbeat and respiration locked phase
effects, we repeated the temporal analysis on a fake phase signal. For
each channel and each stimulation condition, we excluded the actual
phase of signals and generated waveforms that only reﬂected the
amplitude modulations of the recordings. This was done by calculating
each signal's amplitude by means of Hilbert transform and multiplying it
with the injected current. Finally, we obtained the fake phase signals by
estimating phase of the resulted waveforms.
2.11. Heartbeat simulation
We checked if a combination of EEG referencing, small random phase
shifts on each EEG electrode (i.e. the random capacitive effect), and
heartbeat-locked artifact amplitude modulations might generate
heartbeat-locked artifact phase modulations (Fig. 5c). We ﬁrst rereferenced EEG recordings to average reference to estimate the tACS
artifact of each EEG electrode prior to referencing to Fcz. By means of
Hilbert transform, we found the artifact amplitude at each EEG electrode,
segmented it into 4 s long pieces centered at each ECG R-peak, and
computed the average heartbeat-locked artifact amplitude modulation at
each EEG electrode. For each electrode, we then multiplied this amplitude signal onto a 4 s long sine wave at 11 Hz, which had a small constant
random phase drawn from a uniform distribution from 0 to 0.05 radians.
This speciﬁc interval was chosen because the absolute value of phase
deﬂections of the 10 percent of channels with strongest artifact amplitudes were lying in an interval of about 0.05 radians. The rational behind
this selection is that, based on the model presented in Fig. 5a, phase
deﬂections of channels with strong artifacts should mostly reﬂect the
capacitive effect of the EEG electrodes. Next, we simulated the effect of
referencing by simply subtracting the signal of the desired reference
electrode from all other electrodes. Finally, for each channel we estimated the temporal phase modulation by means of Hilbert transformation, and quantiﬁed the modulation strength as the temporal
standard deviation of the phase modulation in radians. We repeated this

2.8. Temporal analyses
To ﬁnd the effect of heartbeats on artifact phase signals, we ﬁrst found
the R-peaks of each subject's simultaneous ECG, deﬁned 4 s long segments of the phase shift signal centered on the R-peaks, and averaged all
these segments. To assess the signiﬁcance of each subject's heartbeat
related modulation, for each channel we calculated the power of the
average heartbeat-locked phase signal at the frequency of the subject's
average heart rate by means of the discrete-time Fourier transform. Next,
we assigned a p-value to this power value based on the histogram of
1 000 power values generated with the same procedure but using random
R-peak moments. The resulting p-values were corrected for false discovery rate (FDR; Benjamini and Hochberg, 1995). We studied the
temporal dynamic of the heartbeat-locked phase modulations by means
of PCA. PCA was applied only to the average heartbeat-locked phase
modulation of those channels that showed signiﬁcant heartbeat-locked
phase modulations. Finally, we estimated the effective strength of these
408
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3. Results

simulation 100 times and calculated the mean across all simulations.

3.1. Anti-phase regions of artifact
2.12. Heartbeat and respiration frequencies
We recorded EEG and MEG during 11 Hz tACS, 62 Hz tACS, and sham
stimulation in 4 subjects. Stimulation currents were injected through two
Ag/AgCl electrodes with 1 mA peak-to-peak strength (Fig. 1a). EEG was
recorded through the 72 remaining electrodes of the 10-10 electrode
system, along with 272 MEG channels. Throughout the experiment, we
also recorded the electrocardiogram (ECG) and respiration of subjects.
The stimulation current leaves one tACS electrode, runs through the
entire head, and reaches the other tACS electrode. Therefore, all EEG
electrodes experience strong sinusoidal stimulation artifact. The artifact's
amplitude topography reﬂected the location of the stimulation and
reference electrodes (top topographies in Fig. 1b and c). This is because,
for each EEG channel, the EEG device measures the voltage difference
between that EEG electrode and the reference electrode. Due to this
subtraction, one expects that the artifact phase divides EEG channels into
two anti-phase groups. To test this, we calculated the phase difference
between each EEG signal and the stimulation current. All channels
showed signiﬁcant phases relative to the stimulation current and, as

For each subject, heartbeat and respiration rates were deﬁned as the
inverse of the median of the temporal intervals between successive ECG
R-peaks and inspiration endpoints, respectively.

2.13. Analysis software
All data analyses were performed in Matlab (MathWorks) using
custom scripts, the open source toolbox Fieldtrip (Oostenveld et al.,
2011), and the circular statistics toolbox (Berens, 2009).

2.14. Raw data
The raw data analyzed here is the same as the data analyzed in our
previous study (Noury et al., 2016), and is available by contacting: noury.
siegel.2017@gmail.com.

Fig. 1. tACS experiment and artifact phase. (a) 74 Ag/AgCl electrodes were placed according to the 10-10 system. Two electrodes (purple circles) were used for tACS stimulation and the
all other electrodes were used for EEG measurement. The brown circle and black square indicate the channels used for demonstrating the EEG (O9) and MEG (MLT31) results in the next
ﬁgures, respectively. The blue circle shows the reference EEG electrode. (b) Typical EEG and (d) typical MEG recordings during 11 Hz tACS. Time domain plots show 2 cycles of normalized
signals of all channels (solid lines) and stimulation current (dashed lines). Subplots show the zero-crossing moment. Notably, different channels cross the zero line at different moments.
The top topography shows the artifact strength relative to sham recordings, i.e. the standard deviation of signals recorded during tACS divided by the standard deviation of sham recordings, in logarithmic scale. Middle and bottom topographies depict the average phase shift of each channels signal relative to the stimulation current. Bright colors indicate regions with
signiﬁcant phase shift. (c) and (d) show recordings during 62 Hz tACS. The data shown is from the ﬁrst subject.
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to the observed phase deﬂection (Materials and Methods). Next, we
compared the strength of these sinusoids to the strength of sham recordings in the same frequency band (Fig. 2c, f). For most of the channels
the sinusoids that would have to be added to a purely linear artifact were
more than 10 times bigger that the normal EEG and MEG signals (79%
and 94% of EEG channels and 18% and 69% of MEG channels for 11 Hz
and 62 Hz tACS, respectively). As none of the subjects experienced
phosphenes or other sensations during the experiment, we concluded
that the brain could not have generated such strong sinusoids. We
concluded that the observed phase deﬂections are part of the stimulation
artifacts (see the next section for a third observation supporting this
conclusion).
We tested if the phase deﬂections of the two stimulation conditions
were related to each other. In both EEG and MEG, phase deﬂections of
11 Hz and 62 Hz tACS artifacts were strongly correlated across sensors
(Spearman correlation (r) of 0.79 and 0.85 for EEG and MEG, respectively; both p < 1016). Next, we investigated if the strength of phase
deﬂections changes with tACS frequency. For both, EEG and MEG we
found a signiﬁcant change in phase deﬂections by increasing the stimulation frequency from 11 Hz to 62 Hz. For EEG, the median of ratios of
absolute phase deﬂections (62 Hz divided by 11 Hz) across channels was
0.84, suggesting a general decrease of phase deﬂections, while the median of ratios across MEG channels was 1.32, suggesting an increase in
phase deﬂections ([10th, 90th] percentile of [0.4, 1.39] and [0.56, 4.48]
for EEG and MEG, respectively; all p < 1e-3, permutation test, Materials
and Methods).

expected, the phase topography reﬂected two anti-phase regions (Fig. 1b
and c, blue and red regions in middle topographies).
For the MEG, the main sources of artifacts are the inward and outward
currents running through the stimulation cables and the scalp. Due to the
opposite current direction of inward and outward currents, artifact phase
should be divided into two anti-phase regions. Indeed, similar to EEG, all
MEG channels showed signiﬁcant phase shifts relative to the stimulation
current, and the phase topography was divided into two anti-phase regions (middle topographies in Fig. 1d and e). As a simple control, we
checked whether band-passed sham recordings show any signiﬁcant
stable phase throughout the experiment. We did not ﬁnd a signiﬁcant
phase in any EEG or MEG channel during sham condition (bottom topographies in Fig. 1b, c, d, e).
3.2. Artifact phase deﬂections in EEG and MEG
If EEG and MEG signals at the stimulation frequency were reﬂecting a
purely linearly transformed version of the stimulation current, each
channel's signal had to be on average either an in-phase (0 phase shifted)
or an anti-phase (180 phase shifted) version of the stimulation current.
To test this, we quantiﬁed each channel's phase deﬂection from such a
pure in-phase or anti-phase signal (Materials and Methods). For almost
all EEG and MEG channels this revealed an average phase deﬂection that
was signiﬁcantly different from 0 or 180 with small jitters over time
(subplots in Figs. 1 and 2a, d, p < 0.05 Bonferroni-corrected for multiple
comparisons across channels, for properties of phase jitter see Supplementary Fig. 1).
Do these average phase deﬂections from pure linear artifacts reﬂect
the effect of tACS on brain activity, or are they due to nonlinear technical
artifacts? We hypothesized that if the observed phase deﬂections were
due to technical artifacts, their value should be related to the artifact's
strength. Indeed, for both, EEG and MEG and for both tACS conditions,
we found a signiﬁcant negative correlation between the strength of the
tACS artifact and strength of the phase deﬂection (Fig. 2b, e; Spearman
correlation (r) of 0.32 and 0.26, for EEG, and 0.51 and 0.61, for
MEG, p < 1e6, pooled across subjects and channels). To further address
this question, for each channel we quantiﬁed the effective strength of
phase deﬂections as the smallest sinusoidal signal that, when added to an
artifact with no phase deﬂection (pure in-phase or anti-phase), could lead

3.3. Heartbeat-locked phase modulations
Heartbeats move the head and EEG electrodes and inﬂuence the
electrical properties of the body (Kristiansen et al., 2005; Nyboer et al.,
1950; Pinheiro et al., 2010). Consequently, heartbeats modulate the
amplitude of tES stimulation artifacts for EEG and MEG (Noury et al.,
2016). Therefore, we hypothesized that heartbeats also modulate the
phase of the stimulation artifact. To test this, in each subject we checked
whether the artifact phase in EEG and MEG shows a rhythmic modulation
locked to the subject's ECG R-peak (Materials and Methods). Indeed, in
all subjects and for both, 11 Hz and 62 Hz tACS, most channels showed a
signiﬁcant rhythmic modulation of their artifact phase (P < 0.05, FDR

Fig. 2. Artifact phase deﬂection. (a) Artifact phase deﬂection in EEG. Time domain plot shows 1 min of artifact phase shift relative to the stimulation current during 11 Hz (red) and 62 Hz
(blue) tACS (channel O9 of the ﬁrst subject). Topographies show the phase deﬂection for each channel in radians. Almost all channels show signiﬁcant phase deﬂections (non-signiﬁcant
regions are masked at P ¼ 0.05 corrected). (b) Relation between artifact strength (standard deviation of signals during tACS) and absolute value of phase deﬂection in log-log scale. Data
from all subjects is shown. Each point corresponds to a single channel in one subject. (c) Effective strength of phase deﬂections relative to sham recordings. Topographies show, in
logarithmic scale, how big the signal is that results from the artifact deﬂection from pure in-phase or anti-phase linear artifacts, relative to the signal during sham recordings. (d-f) Artifact
phase deﬂection properties in MEG. Same conventions as in (a-c). The time domain plot in (d) shows results from channel MTL31 in the ﬁrst subjects. Bigger topographies correspond to the
ﬁrst subject (S1) and smaller topographies correspond to all other subjects (S2-S4).
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modulations of artifact phase, similar to heartbeat-locked effects.
Indeed, for many channels, respiration-locked segments of artifact phase
showed signiﬁcant rhythmic modulations with sensor topographies
similar to heartbeat-locked modulations (Supplementary Fig. 2).
Compared to heartbeat-locked phase modulations, respiration-locked
phase modulations reached signiﬁcance in fewer channels, which may
be due to the lower number of respirations as compared to heartbeats.

corrected, Fig. 3a, b, f, g). Heartbeat-locked phase modulations were
clearer for 62 Hz tACS as compared to 11 Hz (topographies in Fig. 3a, b, f,
g), which might be due to weaker physiological signals mixing with the
artifact at 62 Hz. In the frequency domain, these phase modulations
spread the stimulation artifact beyond the stimulation frequency (Fig. 3e,
j). This is because frequency is proportional to the temporal derivative of
phase. Due to the heartbeat-locked phase modulations, the temporal
derivative of the artifact's phase is not constant. Therefore, in the frequency domain, several frequencies are contaminated with the stimulation artifact. In other words, similar to the inﬂuence of the artifact's
amplitude modulation (Noury et al., 2016), the artifact's phase modulation results in broadband artifacts.
To characterize the temporal dynamic of the spatial pattern of
heartbeat-locked modulations, in each subject we applied PCA to the
average heartbeat-locked phase modulations (Fig. 3c, h, Materials and
Methods). In each subject, at least 2 of the ﬁrst 3 PCs showed rhythmic
dynamics and the ﬁrst 3 PCs explained more than 99% and 97% of the
variance for EEG and MEG, respectively. Consequently, the spatial
pattern of phase modulations is not constant over time, but shows
rhythmic temporal changes. Moreover, this suggests that for simulating
tES artifacts, simulated phase modulations should contain at least 2 PCs.
The strength of heartbeat-locked phase modulations tended to be
stronger for channels with bigger artifact phase deﬂections. For both EEG
and MEG, we found a strong positive correlation between the modulation
strength and absolute value of the artifact phase deﬂection (spearman
correlation (r) of 0.56 and 0.64, for EEG, and 0.5 and 0.5, for MEG, for
11 Hz and 62 Hz tACS, respectively; all p < 109). Furthermore, we found
that for both, MEG and EEG and for both stimulation frequencies across
channels, the strength of the heartbeat-locked phase-modulation was
negatively correlated with the overall strength of tACS artifacts
(spearman correlation (r) of 0.78 and 0.55, for EEG, and 0.85 and
0.69 for MEG, for 11 Hz and 62 Hz tACS, respectively; all p < 1016).
These effects provide additional evidence for the interpretation that the
observed phase deﬂections are caused by nonlinear artifacts, and not by
brain activity.
Heartbeat-induced phase modulations were in the range of milliradians (Fig. 3a, b, f, g). Therefore, we asked if the effect of these small
phase modulations is negligible, or if they should be considered in design
and evaluation of artifact removal techniques. To answer this, we
quantiﬁed each channel's modulation strength, in analogy to how we
quantiﬁed the effective strength of average phase deﬂections before
(Fig. 3d, i, Materials and Methods). For many channels, heart-beat locked
phase modulations lead to artifact signals bigger than 10% of the EEG
and MEG signals, and in some channels, in particular for MEG, the effect
of heartbeat-locked phase modulations was as big as the signals recorded
without stimulation. In sum, heartbeat-locked modulations of the artifact's phase induced sizable artifacts that should be accounted for in the
design and evaluation of artifact removal techniques.
Heartbeats modulate artifact amplitudes in both EEG and MEG
(Noury et al., 2016). Therefore, we checked if these amplitude modulations may inﬂuence our phase estimations such that the observed phase
modulations may merely reﬂect these amplitude modulations. We
simulated the case of stimulation artifacts with only amplitude modulation (Materials and Methods) and repeated the heartbeat-locked phase
analysis on the estimated phase of these simulated artifacts. None of the
EEG or MEG channels showed any signiﬁcant heartbeat-locked phase
modulation (p > 0.05, FDR corrected). Thus, we concluded that the
observed phase-modulations did not merely reﬂect heartbeat locked
amplitude modulations.

3.5. Ground electrode
We investigated whether the position of the EEG ground electrode
could have generated the artifact phase-features observed in EEG recordings. To this end, in one subject we recorded two sessions of a 62 Hz
tACS control experiment with EEG ground positioned either on the
forearm or forehead. The two recordings showed similar artifact phase
deﬂection and heartbeat-locked phase modulations (Supplementary
Fig. 3). Thus, we concluded that artifact phase features in EEG are not
related to the position of the EEG ground electrode.
3.6. Stimulation electrode size
In one subject, we performed another control experiment with big
rubber stimulation electrodes to test if the observed features of the
artifact phase might be due to the size of our stimulation electrodes
(Fig. 4). For both, EEG and MEG and for both, 11 Hz and 62 Hz tACS, we
found artifact phase deﬂection and phase modulations similar to the
experiment with small stimulation electrodes. Thus, we concluded that
the observed features are not related to the stimulation electrode size.
3.7. MEG without EEG
As the EEG cap and recording device may potentially generate noise
on the MEG recordings, we checked if the artifact phase features
observed in MEG were due to the simultaneous EEG measurements. In
one subject, we recorded 2 min of MEG per tACS condition, without the
EEG cap (Materials and Methods). We observed phase features in the
recorded MEG data that were similar to the phase features observed
during simultaneous MEG and EEG recordings (Supplementary Fig. 4).
Thus, we concluded that the observed MEG phase effects were not related
to the simultaneous EEG recordings.
4. Discussion
Here, we provide, to the best of our knowledge, the ﬁrst characterization of the phase relationship between stimulation current and tACS
artifacts in EEG and MEG. We show that tACS artifacts are not simple
sinusoids at either 0 or 180 phase relative to the stimulation current, but
that each channel shows a frequency dependent phase deﬂection. The
magnitude of this phase deﬂection is negatively correlated with the
amplitude of tACS artifact. Moreover, we show that the artifact phase is
modulated by heartbeat and respiration. These phase modulations result
in weak tACS artifacts at frequencies beyond the stimulation frequency.
To facilitate research on tES artifacts and artifact rejection methods, all
raw EEG and MEG data used in this study is made available online.
4.1. Artifact's bandwidth
The artifact's phase modulations spread stimulation artifacts beyond
the stimulation frequency (Fig. 3e, j). This is in general similar to the
effect of artifact's amplitude modulations, which result in broadband
stimulation artifacts contaminating the power spectrum up to ±10 Hz
beyond the stimulation frequency for a stimulation current of 1 mA peakto-peak (Noury et al., 2016). It should be noted that the effective strength
of phase modulations (Fig. 3d, i and Supplementary Fig. 2) is on average
about hundred times smaller than the effective strength of amplitude
modulations (Figs. 3 and 4 of Noury et al., 2016). In other words,

3.4. Respiration-locked phase modulations
Similar to the heartbeat, also respiration moves the head and EEG
electrodes, modulates body impedance, and modulates tES artifact amplitudes (Dornhorst et al., 1952; Michard, 2005; Noury et al., 2016;
Pinheiro et al., 2010). Thus, we expected to observe respiration-locked
411

N. Noury, M. Siegel

NeuroImage 158 (2017) 406–416

Fig. 3. Heartbeat-locked artifact phase modulation. (a) The time courses show how on average the EEG phase-shift relative to the stimulation current modulates around the time of
heartbeats during 11 Hz tACS (signal from channel O9). The topography shows the modulation strength quantiﬁed as the decadic logarithm of the standard deviation of average heartbeatlocked phase modulation (non-signiﬁcant modulations are masked at P ¼ 0.05 corrected). The large panel shows data from subject S1. Smaller panels show all other subjects. (b) Similar to
(a), but for 62 Hz tACS. (c) First 3 principle components (PCs) of a PCA applied to the average heartbeat-locked phase modulation. Only channels with signiﬁcant heartbeat-locked
modulations are included in the PCA. Data from 62 Hz tACS condition of the ﬁrst subject. (d) Topographies show the effective strength of heartbeat-locked phase modulations, relative to the strength of sham recordings in decadic logarithmic scale. (e) Inﬂuence of the artifact's phase modulation on the artifact's power spectrum. Light and dark gray curves depict
average power spectra of recordings from sham and 62 Hz tACS conditions, respectively (EEG channel O9). The magenta curve shows the power spectrum of a sine wave with constant
amplitude and time-varying phase. The phase of this wave was set equal to the heartbeat-locked phase modulations of the same channel. The blue curve shows the effect of phase
modulations in the frequency domain, i.e. the power spectrum of the residual signal, when a pure sine wave with no phase modulation is removed from the sine wave with phase
modulations. (f-j) Same conventions as for (a-e), but for MEG recordings. Figures (f, g, j) depict results from channel MTL31.
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Fig. 4. tACS artifact phase properties for large stimulation electrodes. (a) Two large
rubber stimulation electrodes (purple squares) were positioned between 62 EEG electrodes
placed according to the 10–10 system. The brown circle and black square indicate the
position of channels used for demonstrating EEG (P6) and MEG (MLT54) results,
respectively. The blue circle shows the reference EEG electrode. (b) EEG artifact phase
during 11 Hz tACS. The top left topography shows the average phase shift relative to the
stimulation current. As expected, this topography is divided into two anti-phase regions.
The top right topography shows artifact phase deﬂections from linear artifacts. Similar to
tACS with small stimulation electrodes, different channels' artifacts deﬂect from linear
artifacts. Bottom panel shows the heartbeat-locked phase modulation. The topography
shows the standard deviation of phase modulation in decadic logarithmic scale (non-signiﬁcant modulations are masked at P ¼ 0.05 corrected). (c) As (b), but for 62 Hz tACS. (de) As (b-c), but for MEG recordings.
Fig. 5. EEG artifact phase. (a) Schematic diagram of tACS stimulation and EEG recordings. The stimulation current leaves the tACS device, ﬂows through the head, and
returns to the tACS device. The EEG device senses the voltage deference between the scalp
position touched by the reference electrode (blue) and the scalp position touched by
another electrode (purple). Electrochemical processes at the contact surface of electrodes
and skin give rise to capacitive effects. These effects happen for both stimulation and EEG
electrodes. (b) Schematic display of an EEG measurement in vector space. The length and
phase of each vector represent amplitude and phase of the corresponding time domain
signal, respectively. Blue and purple vectors correspond to the voltage sensed by the
reference and example EEG electrodes, respectively. Dashed vectors represent the differential EEG signal measured for an EEG electrode, which is simply the difference between
voltages sensed by that electrode (purple) and the reference electrode (blue). Capacitive
effects of EEG electrodes (blue and purple in (a)) induce small phase shifts to the voltage
sensed by each EEG electrode (non-zero phase of blue and purple vectors). This effect,
together with the difference in the amplitude of voltages sensed by different electrodes,
leads to various phase shifts of EEG measurements. The vector model explains the negative
correlation between artifact amplitude and phase deﬂection, which is demonstrated in
topographies. The bottom topography shows the absolute value of artifact phase deﬂections. The top topography shows the inverse of the artifact amplitude in decadic logarithmic scale (11 Hz tASC, averaged over subjects). (c) Simulating heartbeat-locked phase
modulations. The vector model in (b) generates heartbeat-locked phase modulations,
when the amplitude of each electrode's voltage is modulated by each heartbeat. Topographies show the average result of simulations with reference electrodes at Fcz (left) and
P8 (right). Top topographies show inverse artifact amplitude and bottom topographies
depict the standard deviation of heartbeat-locked phase modulations, in decadic logarithmic scale. Channels with smaller artifact amplitude (yellow regions in top topographies) show higher heartbeat-locked phase modulations (yellow regions in bottom
topographies).

although both, phase and amplitude modulations contribute to broadband tACS artifacts, the bandwidth of tACS artifacts is practically governed by the artifact's amplitude modulations.
4.2. Underlying mechanisms
Capacitive effects at the contact surface of EEG electrodes and skin
(Fig. 5a, Bronzino and Peterson, 2015; Tyner and Knott, 1983) induce
small phase shifts to the voltages sensed by different EEG electrodes
(Fig. 5b, phase of turquoise and magenta vectors). Small differences in in
this capacitive effect between the reference electrode and other electrodes (Fig. 5b, phase difference of turquoise and magenta vectors),
together with the variable strength of tACS artifact across electrodes
(Fig. 5b, length of magenta vectors), lead to variable artifact phases
across different EEG channels (Fig. 5b, phase of dashed vectors).
Conceptualizing this effect in vector space explains the negative correlation between artifact amplitude and phase deﬂection observed for EEG
(Fig. 5b). Most electrodes pick up either much stronger or much weaker
artifacts relative to the reference electrode. Differential recordings from
these electrodes show big artifacts with phases close to zero or 180
(Fig. 5b, ﬁrst and last vector drawings). On the other hand, few electrodes
experience artifacts with very similar strength as the reference electrode.
Recording from these electrodes show small artifacts with phases close to
either 90 or -90 (Fig. 5b, middle vector drawing). This mechanism leads
to the observed negative correlation between artifact amplitude and
phase deﬂection across channels (Fig. 2b and topographies in Fig. 5b).
Furthermore, because of the capacitive effect at the contact surface,
electrode impedance is frequency dependent, which explains why we
observed a change in phase deﬂection across frequencies.
The aforementioned mechanism can not only explain the observed
EEG artifact phase deﬂections from pure linear in-phase or anti-phase
versions of the stimulation current, but it may also explain the observation of heartbeat-locked and respiration-locked artifact-phase modulations. As we have shown before (Noury et al., 2016), the artifact's

amplitude is modulated by physiological processes. The artifact phases of
EEG measurements depends on the electrodes' capacitive effect and the
artifact amplitude at each electrode (Fig. 5b). Thus, rhythmic modulations of artifact amplitude at each electrode (amplitude modulation of
magenta and turquoise vectors in Fig. 5b) could lead to observed
rhythmic phase modulations of the measured artifacts (phase of dashed
vectors in Fig. 5b).
We tested this idea in a simulation, in which each electrode had a
small random phase shift and its amplitude was modulated by each
heartbeat (Fig. 5c, Materials and Methods). This simulation conﬁrmed
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Widely used EEG and MEG signal-processing methods like PCA, ICA
and beamforming assume a linear and time-invariant mapping between
sources (artifactual or non-artifactual) and sensors. These methods have
been recently used for removing stimulation artifacts (Helfrich et al.,
2014; Neuling et al., 2015). However, artifact phase and amplitude features reﬂect a non-linear and time-varying mapping between stimulation
current and tES artifacts. During normal EEG and MEG recordings
without tES, discarding non-linear and time-varying properties of sourceto-senor projections leads to negligible errors, because their effective
strength is small relative to brain signals. However, because tACS artifacts are several orders of magnitude larger than brain signals, small nonlinear and time-varying effects cause artifact components that are well on
the order of, or even larger than, brain signals (Figs. 1–3; and Noury et al.,
2016). These components are hard to capture with linear and timeinvariant signal processing methods. In other words, using these signal
processing methods for removing stimulation artifacts result in residual
artifacts (Marshall et al., 2016; Noury et al., 2016). These residual artifacts are likely to lead to higher artifactual power of the processed signal
at or near the stimulation frequency compared to the sham condition.
Importantly, an increase in neuronal activity at the stimulation frequency
is one of the targeted physiological effects of tACS. Thus, dissociating a
potential physiological signal power increase from a power increase
caused by residual artifacts is challenging and requires a careful assessment of the measured power changes in comparison to the effects of
potential residual artifacts. Such comparisons could be done by means of
computer simulations and evaluations that are based on realistic artifact models.
Another approach to artifact rejection is to design appropriate nonlinear and time-varying methods. For example, in the artifact rejection
method introduced by Voss et al. (2014) an optimum phase-shift is
applied to the artifact estimation of each EEG channel. Although this
approach is theoretically powerful, it is not able to completely remove
stimulation artifacts. The main challenge in this approach is to estimate
the exact amplitude and phase of the artifact over time. This is difﬁcult
because signals recorded during tES contain both artifact and brain activity. Therefore, estimations of phase and amplitude of artifact might be
sub-optimal and artifact-removed signals might contain residual artifacts. Similar to the previous approach, one might be able to deal with
this problem by means of computer simulations. In other words, one
could estimate the strength of residual artifacts through realistic artifact
models in silico, to then quantitatively assess if the observed changes in
recordings during tES relative to sham recordings could be explained by
residual artifacts.
We showed that artifact phase properties in EEG and MEG depend on
tACS frequency. This suggests that the performance of a single artifact
rejection method may vary with stimulation frequency. Therefore, artifact rejected signals of different tACS frequencies should be compared
with caution. In this context, it is also important to note that, as tDCS
artifacts by deﬁnition do not have any phase shift, tES artifact removal
methods may perform better for tDCS as compared to tACS.

that the mentioned mechanism could lead to heartbeat-locked phase
modulations. As observed in the experimental measurements (Fig. 3a and
b), in the simulation heartbeat-locked phase modulations were strongest
for channels on the zero isoline, i.e. channels with artifact amplitudes
similar to the artifact amplitude of the reference channel (Fig. 5c). This
led to a negative correlation between artifact amplitude and phasemodulation strength (Spearman correlation (r) of 0.84, p < 1016), as
also observed in the experimental measurements.
In addition to rhythmic amplitude modulation, also rhythmic
impedance changes may contribute to the observed phase-modulation. In
particular, rhythmic movements of EEG electrodes induced by each
heartbeat may rhythmically change capacitive and resistive electrode
impedances.
Capacitive effects also affect invasive electrophysiological recordings
during tACS. Thus, the abovementioned model could also explain phase
properties of those recordings. In fact, a recent study (Opitz et al., 2016)
reported small phase shifts in invasive recordings during tACS in the
range of the phase deﬂections reported here. Although the authors do not
statistically check the relationship between signal strength and phase
shifts, they report largest phase shifts at electrodes with smallest signals,
and relate this to less accurate phase estimations at these electrodes. Our
model suggests that the reported phase deﬂections result from small
capacitive effects together with referencing. Moreover, according to our
model, we speculate that the phase of invasive recordings should also be
rhythmically modulated by heartbeat and respiration due to small
rhythmic brain movements or blood volume changes. It should be noted
that these phase features happen at the measurement level. In other
words, we predict that neuronal tissues experience tACS currents inphase with the stimulation current. However, neuronal responses to
these electrical currents are not necessarily in-phase with the stimulation
current, and might show phase shifts that depend on different parameters, including bioelectrical features of the neurons. Detailed computer
simulations and invasive recordings (Ali et al., 2013; Opitz et al., 2016)
are necessary to further our understanding of the phase relationship
between tACS currents and induced neuronal responses.
Our results show that phase features of MEG artifacts are generally
similar to phase features of EEG artifacts. However, we are not aware of
any direct counterpart of the capacitive EEG effects for SQUID-based
MEG that could lead to the observed phase features of MEG artifacts.
These phase features may arise from the special electronics of the MEG
system. One candidate could be the ﬂux feedback loop of the SQUID
circuitry. The delay of this feedback loop could potentially generate
phase delays in the recordings. Another alternative is the effect of electromagnetic waves generated by oscillating stimulation currents. Usually, it is assumed that MEG signals are measured under the quasi-static
condition. This is a fair assumption when measuring brain activity,
because electromagnetic waves produced by time varying brain activity
are negligible. However, stimulation currents are usually much bigger
than electrical currents produced by brain activity. Consequently, their
produced electromagnetic waves are also several orders of magnitude
bigger than electromagnetic waves produced by brain activity. These
electromagnetic waves are not necessarily in-phase with stimulation
currents, and therefore they could induce phase shifts in artifacts
measured by MEG sensors. Pinpointing the exact mechanisms underlying
observed MEG phase effects remains subject to future investigations.

4.4. Evaluation of artifact rejection methods in silico
Whether or not all properties of stimulation artifacts are considered in
the design of artifact rejection methods, their performance needs to be
evaluated. One possibility for such evaluations is to apply the artifact
rejection methods to the EEG or MEG data recorded during tES, and
compare the results with ground truth EEG or MEG signal. Such a ground
truth, especially at the stimulation frequency, is not easy to obtain,
because it is not clear how tES inﬂuences the brain activity during
stimulation. The alternative is to use computer simulations to simulate
artifactual signals with known ground truth. For example, Helfrich et al.
(2014) simulated the artifactual signals by adding a constant 10 Hz sine
wave to sham recordings, and further evaluated the performance of their
artifact rejection method by applying their method to this simulated data
and comparing artifact-removed results with the original sham

4.3. Consequences for artifact rejection methods
Any sub-optimality in artifact rejection leads to a decrease in the
signal to noise ratio of the recovered brain signal and residual artifacts,
which, in the worst case, may lead to spurious results. This is particularly
important to consider because tACS artifacts are typically several orders
of magnitude larger than brain signals. Optimizing artifact rejection
methods requires knowledge of the nature and characteristics of artifacts.
By providing these characteristics, our results pave the way for this
optimization.
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recordings. However, from our ﬁndings, it is clear that such a simulation
does not reﬂect the non-linear and time-varying phase and amplitude
features of tES artifacts, and thus, is not suited to assess the performance
of artifact rejection method. This highlights that a necessary and critical
part of such simulations is an appropriate model of stimulation artifacts
that captures all relevant artifact characteristics. Our results provide the
basis for such simulations by characterizing phase and amplitude features
of tES artifacts, and by showing how the strength of different artifact
features could be estimated from EEG and MEG recordings during tES.

is because it is not clear how much of the observed band-passed signal's
phase jitter is related to the artifact and how much is related to brain
activity (Supplementary Fig. 1, bottom row). Therefore, one should
evaluate the performance of artifact rejection methods assuming
different levels of φjitter ðtÞ to ﬁnd the potential effect of φjitter ðtÞ on results
of the artifact-rejection pipeline.
The abovementioned simulation could be done with different assumptions regarding the effect of tES on brain signal (i.e. bðtÞ). Four
situations are possible: no effect of tES on the brain, phase-locked
entrainment of brain signal, non-phase-locked increase in brain's oscillatory activity at the stimulation frequency, and a combination of the
latter two cases. For the ﬁrst case, bðtÞ could be replaced with sham recordings and a simulation could be performed to check whether artifact
rejected signals show any spurious effect of stimulation, i.e. a false positive result. For the other three cases, the likelihood of a false negative
result could be tested by adding different levels of phase-locked or/and
non-phase-locked stimulation effects to the sham recordings, applying
the artifact rejection method to the simulated data (i.e. bðtÞ), and ﬁnally
checking whether the induced stimulation effects are observable after the
artifact removal.
It should be noted that heartbeat-locked and respiration-locked
modulations of amplitude and phase might slightly vary across heartbeats and respiratory efforts. Therefore, in the case that an artifact
rejection method uses heartbeat-locked and respiration-locked modulations, these variations should be estimated from recorded data and
considered in simulations and evaluations. Furthermore, it should be
noted that the above model only captures those aspects of tES artifacts
described here and in our previous work (Noury et al., 2016). Further
research should investigate if there are other artifact properties that
should be incorporated into the model.

4.5. A model for tES artifacts
We next suggest a complex-valued model for simulating EEG and
MEG recordings during tES at frequencies close to the stimulation frequency, i.e. frequencies that do not include any stimulation harmonic.
This model summarizes the results presented here and in our previous
paper (Noury et al., 2016):

ArtðtÞ ¼ aðtÞ  eiφðtÞ  CurðtÞ

(1)

sðtÞ ¼ RefArtðtÞg þ bðtÞ

(2)

in this model, sðtÞ is the EEG or MEG recording, bðtÞ is the brain activity,
and ArtðtÞ and CurðtÞ are analytic representations1 of stimulation artifact
and normalized stimulation current, respectively. aðtÞ and φðtÞ represent
each channel's time-varying artifact amplitude and phase and are
deﬁned as:

aðtÞ ¼ aavr þ aslow ðtÞ þ HeartðtÞ*hah þ RespðtÞ* har ðtÞ

(3)

φðtÞ ¼ φavr þ φjitter ðtÞ þ HeartðtÞ*hφh þ RespðtÞ* hφr ðtÞ

(4)

Notes

While a model for tACS requires both aðtÞ and φðtÞ, Eqn. (4) should be
discarded for tDCS models and φðtÞ in Eqn (1) should be replaced with
zero. In Eqns (3) and (4), aavr and φavr represent each channel's average
amplitude and average phase shift relative to the stimulation current,
respectively. aslow ðtÞ represents slow changes in the artifact amplitude
due to slow head movements or slow changes in EEG electrode impedance. φjitter ðtÞ represents artifact's phase jitter, hah ðtÞ and har ðtÞ represent
mean-removed average heartbeat-locked and respiration-locked amplitude modulations, and hφh ðtÞ and hφr ðtÞ represent mean-removed average
heartbeat-locked and respiration-locked phase modulations, respectively. HeartðtÞ and RespðtÞ are impulse trains with impulses at moments
of, respectively, ECG R-peaks and inspiration ends. In Eqns (3) and (4), *
denotes temporal convolution. This operation simply applies heartbeat
locked and respiration locked modulations to amplitude and phase signals with each heartbeat and respiratory effort.
To evaluate the performance of an artifact rejection method, one
could ﬁrst estimate the parameters of the model based on EEG or MEG
signals recorded during tES. This could be done with methods presented
in this and our previous papers (Noury et al., 2016). Using these parameters, a simulated version of the recorded data, sðtÞ, could be calculated. Next, the artifact rejection method should be applied to this
simulated data and the results should be evaluated. It should be noted
that any model parameter estimates cannot be ideal, simply because the
EEG and MEG recordings that are used for estimating model parameters
contain tES artifacts together with brain activity and measurement noise.
That said, a versatile artifact rejection method should be able to deal with
different artifact magnitudes and should not be sensitive to small changes
of model parameters.
While most of the parameters in (2) and (3) could be estimated from
EEG and MEG recordings, estimating φjitter ðtÞ is not straightforward. This
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