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Ongoing brain activity has been implicated in the modulation of cortical excitability.

The combination of electroencephalography (EEG) and transcranial magnetic stimulation

(TMS) in a real-time triggered setup is a novel method for testing hypotheses about

the relationship between spontaneous neuronal oscillations, cortical excitability, and

synaptic plasticity. For this method, a reliable real-time extraction of the neuronal signal

of interest from scalp EEG with high signal-to-noise ratio (SNR) is of crucial importance.

Here we compare individually tailored spatial filters as computed by spatial-spectral

decomposition (SSD), which maximizes SNR in a frequency band of interest, against

established local C3-centered Laplacian filters for the extraction of the sensorimotor

µ-rhythm. Single-pulse TMS over the left primary motor cortex was synchronized with

the surface positive or negative peak of the respective extracted signal, and motor

evoked potentials (MEP) were recorded with electromyography (EMG) of a contralateral

hand muscle. Both extraction methods led to a comparable degree of MEP amplitude

modulation by phase of the sensorimotor µ-rhythm at the time of stimulation. This could

be relevant for targeting other brain regions with no working benchmark such as the local

C3-centered Laplacian filter, as sufficient SNR is an important prerequisite for reliable

real-time single-trial detection of EEG features.

Keywords: spatial filtering, brain-state-dependent stimulation, sensorimotor oscillations, EEG-TMS, corticospinal

excitability

INTRODUCTION

Electroencephalography (EEG) provides access to neural dynamics on a millisecond timescale. In
real-time EEG-triggered transcranial magnetic stimulation (TMS) it is possible to target specific
brain states in applications such as personalized brain-stimulation (Zrenner et al., 2018). However,
as EEG is a mixture of different interacting sources, there is inherent ambiguity in inferring the
brain state from the signal recorded with surface electrodes: the signal extracted depends not only
on the source activity of interest but also on how the sensor channels are combined (i.e., the spatial
filter) to maximally extract the source of interest while minimizing crosstalk from other sources
and noise (Hauk and Stenroos, 2014).
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Whether the extracted signal corresponds to a functionally
relevant brain state can be assessed by comparing TMS-evoked
responses during different putative states. The relationship
between TMS-evoked responses and ongoing oscillatory
activity has previously been investigated with different methods
regarding spatial filtering, e.g., in channel space (Dugué et al.,
2011; Bergmann et al., 2012; Keil et al., 2014), average over
channel groups (Mäki and Ilmoniemi, 2010), with current source
density (Berger et al., 2014), and with local spatial filters (Thies
et al., 2018; Zrenner et al., 2018). These different approaches for
defining brain states may explain some of the inconsistent results
regarding the relationship between corticospinal excitability
as measured by motor evoked potential (MEP) amplitude and
features of EEG oscillations.

In this study, we computed a participant-specific spatial filter
and a standard local filter (C3-centered Laplacian) to extract
the sensorimotor µ-rhythm. Then we tested the dependence of
corticospinal excitability on the phase of the extracted signal in a
real-time triggered EEG-TMS setup. The accuracy of our phase-
estimation algorithm depends strongly on signal-to-noise ratio
(SNR) (Schaworonkow et al., 2018). Therefore, for computation
of participant-specific spatial filters, we chose spatial-spectral
decomposition (SSD) (Nikulin et al., 2011), a method designed
to maximize the spectral power in a frequency band of interest
while minimizing the power in neighboring (“noise”) frequency
bands. SSD was also chosen because of its small set of parameters,
the robust extraction of spatially localized oscillatory components
with minor blurring (Haufe et al., 2014a), and its insensitivity to
artifacts due to the usage of bandpass-filtered data, which enables
fast computation during an experiment. The aim was to compare
the degree of modulation of MEP amplitudes by the ongoing
phase of the sensorimotor µ-rhythm (µ-phase) (Zrenner et al.,
2018) as extracted by the two methods.

MATERIALS AND METHODS

Participants
Eighteen right-handed participants (4 male, 14 female, mean ±

SD age: 24.99±3.53 years, age range: 19–30), without a history of
neurological disease or usage of CNS drugs, were selected from
a pre-screened participant pool showing a clearly identifiable
SNR in the µ-frequency band (8–13Hz), with 5 dB above noise
level. In this study, SNR is evaluated with a power spectrum
from which the 1/f-component was subtracted (Schaworonkow
et al., 2018). Three participants were excluded after acquisition
of resting EEG data because of excessive muscle Artifacts, leaving
15 participants. Current TMS safety guidelines (Rossi et al., 2009)
were adhered to. All participants gave written informed consent
prior to the experiment and tolerated the procedures without any
adverse effects. The study protocol was approved by the ethics
committee at the medical faculty of the University of Tübingen
(protocol 716/2014BO2).

Experimental Setup
EEG and EMG Recordings
The setup uses a combined EEG-TMS approach to trigger TMS
pulses according to the instantaneous oscillatory phase of the

extracted µ-rhythm. A 64-channel Ag/AgCl ring electrode EEG
cap (EasyCap GmbH, Germany) was used, with an increased
electrode density over the motor cortex (Figure 1A). A 24-bit
amplifier was used for EEG and EMG recordings (NeurOne Tesla
with Digital Out Option, Bittium Biosignals Ltd., Finland). EMG
was recorded from relaxed right-hand muscles (right abductor
pollicis brevis and first dorsal interosseous) using a bipolar belly-
tendon montage.

TMS Setup
Biphasic stimulation (AP-PA direction) was applied to the motor
hotspot of the left primary motor cortex [coil position and
orientation with maximal MEP amplitudes (Rossini et al., 2015)]
with a magnetic stimulator (Research 100, MAG &More GmbH,
Germany) using a TMS double coil (PMD70-pCool, MAG &
More GmbH, Germany). The target muscle was defined as
the muscle with strongest responses at the lowest stimulator
intensity. Resting motor threshold (RMT) was determined
with a maximum likelihood PEST approach (Mishory et al.,
2004). Neuronavigation (Localite GmbH, Germany) was used to
maintain coil position.

Real-Time EEG-Triggered Brain Stimulation
A real-time signal processing system was used to trigger TMS
pulses according to the ongoing EEG (see Zrenner et al.,
2018). The phase-detection algorithm, implemented in Simulink
Real-Time (Mathworks Ltd, USA, R2016a), was extended
for processing signals filtered by two different spatial filters
simultaneously. Single TMS pulses were triggered when the
following conditions were met: (1) a minimum interstimulus
interval (ISI) to the last pulse of 1.75 s was exceeded, (2)
the instantaneous phase estimate for the signal filtered by
the selected spatial filter fell within the specified target phase
range, (3) a common oscillatory power threshold was exceeded
simultaneously for the signals from both spatial filters in a
1024 ms sliding window. The power-threshold was monitored
such that a median interstimulus interval of 2 s was attained. (4)
Themaximumpeak-to-peak amplitude of the targetmuscle EMG
signal during the last 500 ms was below a threshold of 50 µV in
order to prevent stimulation during muscle contraction.

Computation of Spatial Filters
To minimize the influence of muscle artifacts and other non-
stationarities, we used a reduced channel set to compute spatial
filters (Figure 1A). Resting EEG data were band-pass filtered
around the individual µ-peak frequency with ± 2 Hz, with
1 Hz width of the flanking frequency band defined as noise
(Figure 1B). Two ipsilateral localized components were chosen
from the resulting filter set (subsequently referred to as SSD#1
and SSD#2), according to the covariance-based spatial pattern
(Haufe et al., 2014b). SSD is invariant with respect to polarity.
Therefore, the polarity of SSD spatial filters was aligned to
minimize the mean phase difference to the Laplacian-filtered
signal to maximize comparability. After computation, spatial
filters were passed to the Simulink model for the phase-
dependent TMS blocks (see Figure 1C for two example filters).
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FIGURE 1 | Methods and results. (A) EEG cap layout. Channels used for

estimation of the individual spatial filters are marked with circles. Red circles

indicate the channels used for determination of individual µ-peak-frequency.

(B) Example 1/f-corrected spectrum used for determination of individual

µ-peak frequency. Frequency bands used for the computation of SSD filters.

Marked in yellow are the individual µ-peak frequency ±2Hz, in gray the

flanking noise frequency bands. (C) Example SSD spatial filter (right)

computed from resting state EEG activity and the standard C3-centered

Laplacian filter (left). (D) Group median MEP amplitudes for the respective

(Continued)

FIGURE 1 | filters, normalized by global median. p-values for Wilcoxon

signed-rank test, multiple comparison corrected for the two types of filters,

N = 15. (E) Modulation of MEP amplitudes by µ-phase as assessed by the

N/P fraction for the respective filters, Laplace N/P-fraction vs. SSD

N/P-fraction with 2.5–97.5th-percentile confidence intervals for each subject,

N = 15.

Experimental Session
The experiment was structured as follows: (1) Eight minutes
of eyes-open resting state EEG, used to compute participant-
specific spatial filters for the main experiment. (2) Determination
of RMT. (3) Three blocks were obtained of µ-phase-dependent
stimulation with a fixed intensity of 112% RMT. In each block,
four conditions were tested, triggering TMS pulses at surface µ-
positive and µ-negative peaks for two spatial filters, respectively,
referred to as P- and N-trials, with trials in randomized order.
The types of filters tested for each block: (1) Laplacian vs. SSD#1,
(2) Laplacian vs. SSD#2, (3) SSD#1 vs. SSD#2. 1800 trials were
acquired in total (2 phases × 2 filters × 150 trials per condition
× 3 blocks).

Data Analysis and Statistics
Data were analyzed with Matlab (Mathworks Ltd., USA, R2017b)
and the BBCI toolbox (Blankertz et al., 2016). EMG signals were
high-pass filtered (Butterworth filter, order 4, cut-off 10 Hz).
Peak-to-peak MEP amplitudes were determined within 20–
60ms after the TMS pulse. P- and N-trials were compared
pairwise in the order as they appeared in the experiment
(comparing the ith N-trial with the ith P-trial), calculating the
N/P-fraction, the proportion of trials whereMEPN >MEPP. This
procedure reduces the impact of slow time effects on absolute
MEP size. The stronger the N/P-fraction deviates from 0.5, the
stronger the observed phase-modulation. Confidence intervals
were estimated with a bootstrap procedure by calculating the
N/P-fraction which compares the ith N-trial with the i+ jth P-
trial (with the shift j drawn from a uniform distribution between
0 and 25, 10 000 iterations).

RESULTS

Characteristics of Individualized Spatial
Filters
Contrary to pilot data on which the experimental protocol was
based, generally, only one ipsilateral motor-component with
high SNR could be extracted by SSD. Therefore, we focused
on analyzing one specific block (150 trials per filter and phase
condition, 600 trials in total) for each participant. The block was
selected according to similarity (measured by cosine distance) to
the topography of the Laplacian spatial pattern.

While SSD improves SNR in contrast to using only sensor
space data for channel C3 (mean SNR C3 channel= 12.08± 3.35
dB, mean SNR SSD = 15.27 ± 2.83 dB, Wilcoxon signed-rank
test, p = 0.0001), no increase in SNR could be detected when
comparing SNR for SSD and the Laplacian filter (mean SNR
Laplacian = 14.14 ± 3.61 dB, mean SNR SSD = 15.27 ± 2.83
dB, Wilcoxon signed-rank test, p > 0.05). On resting state EEG
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data, we computed the mean phase shift between the Laplacian
and the selected SSD filtered signal, bandpass filtered around the
individual µ-frequency. On average over participants, a mean
phase shift of 1.44◦ ± 3.93◦ was found, signifying a high
correspondence in phase between Laplacian-filtered and SSD-
filtered signals. We tested the phase accuracy of the real-time
algorithm by passing the data through the Simulink model.
A weak but significant decrease of the phase prediction error
for SSD filters was detected (mean standard deviation of the
phase prediction error: Laplacian 47.17◦, SSD 44.25◦, Wilcoxon
signed-rank test, α = 0.05, p = 0.01).

Modulation of MEP Amplitudes by µ-Phase
Consistent with Zrenner et al. (2018), for the Laplacian filter, we
found larger MEP amplitudes for N-trials compared to P-trials
(Wilcoxon signed-rank test, α = 0.05, p = 0.018, Figure 1D).
Across participants, MEP amplitudes in N-trials were larger in
59.5% ± 11.8% (mean ± standard deviation) of trials compared
to MEP amplitudes in successive P-trials. In terms of relative
increase, median MEP amplitudes for N-trials were 1.33 ± 0.48
times larger compared to median MEP amplitudes for P-trials.
For SSD filters, also a significant difference between medianMEP
amplitudes of P- and N-trials was found (Wilcoxon signed-rank
test, α = 0.05, p = 0.022, Bonferroni-corrected for the two types
of spatial filters).

We compared the N/P-fraction computed from MEP
amplitudes for P- and N-trials for each type of spatial
filter, see Figure 1E. The degree of observed modulation
by µ-phase varied substantially between participants. On a
group level, no significant difference between the N/P-fraction
obtained by Laplacian filter stimulation and the individualized
filter stimulation was detectable (Wilcoxon signed-rank test,
p > 0.05). Also, at the individual participant level, no
participant showed significant improvements with individualized

filters when correcting for multiple comparisons (χ2-test of
proportions, p > 0.05, Bonferroni-corrected for the number of
tested participants).

For one participant, two ipsilateral motor SSD-components
could be extracted. Each filter led to a signal for which a
significant difference between P- and N-trials could be detected.
While one SSD filter showed no offset to the Laplacian filter, the
other SSD filter produced a signal with an offset of 40.19◦. For this
participant, we also looked at the third block, in which both SSD-
filters were directly contrasted against each other. No significant
difference in the degree of modulation was found (χ2-test of
proportions, p > 0.05).

DISCUSSION

Brain-state dependent brain stimulation has the potential to
increase the effectiveness and reliability of therapeutic protocols.
Targeting a fixed brain state may reduce variability in the
direction and degree of induced plasticity (Zrenner et al., 2018).
Extracting a functionally relevant brain state is therefore of
interest. In this study, we computed individualized spatial filters
using SSD for extraction of the sensorimotor µ-rhythm and
compared this approach with a Laplacian filter. Using a real-
time EEG-TMS setting, we tested whether and to what degree
MEP amplitudes were modulated by the phase of the spatially
filtered EEG signals. We found that it is feasible to compute
individualized filters efficiently online during the experiment. A
limitation is the robustness of different spatial filter methods to
time-varying noise from scalp muscles. This is a common issue in
therapeutic settings and warrants further investigation, however,
is not addressed in this study, where subjects and epochs with
muscle noise were excluded. However, using individualized filters
yielded the same degree of observed phase-modulation as the
benchmark Laplacian filter.

FIGURE 2 | Illustration of phase shifts in sensor space. (A) Topography with three neighboring channels (FCC3h, C3, CCP5h) selected as center electrodes for the

local spatial filter. (B) Resting-state EEG sensor space signals of one participant spatially filtered by a Laplacian filter centered on the selected electrode. The events

are aligned to the troughs of the C3-centered Laplacian signal. A systematic phase shift is visible in the FCC3h- and CCP5h-centered signal respective to the

C3-centered Laplacian signal troughs, with 58.5◦ and −29.7◦, respectively.

Frontiers in Neuroscience | www.frontiersin.org 4 December 2018 | Volume 12 | Article 954

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles


Schaworonkow et al. µ-Rhythm Phase Correlates With Excitability

The accuracy of the real-time phase-detection algorithm
strongly depends on SNR. Sufficient SNR is therefore a
prerequisite for brain-state dependent stimulation. Filters which
maximize SNR may be applied in situations where there is no
clear pre-defined benchmark filter. In this study, the level of
µ-SNR was relatively high. The potential SNR improvement
obtained from using individualized filters may be larger for
participants with lower SNR. This may enable the inclusion of
a larger participant subset in studies where high SNR is an
inclusion criterion, as higher SNR aids the phase-accuracy of the
real-time algorithm.

The sole focus on SNR may, however, not be the optimal
objective, as the phase of the extracted oscillation can vary
strongly depending on scalp electrode position with respect to
the cortical generators in a traveling wave manner (Suzuki,
1974; Nunez et al., 2001). This is illustrated in Figure 2 with a
single-subject example of oscillatory phase of the sensorimotor
µ-rhythm. Depending on the selected central electrode of
the local spatial filter, the phase is shifted between closely
neighboring electrodes. For this study, participant-specific filters
did usually not yield a systematic phase shift compared
to the standard C3-centered Laplacian filter. Future studies
should investigate methods for establishing correspondence of
phase on the level of sensor space signals with the phase
in the source space. This could yield insight about the
cortical generators of local co-existing sensorimotor rhythms
(Pfurtscheller et al., 1997), as observed in one participant
of our study. An open question yet is to what extent
triggering on source level signals will increase the effect size

of excitability modulation by phase for a wider participant
range.
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