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ABSTRACT

Background: Intrinsic motor cortex activity modifies corticospinal excitability (CSE) in accordance with
both oscillatory power fluctuations and phase-specific modulation along the oscillatory beta cycle,
particularly in the 16—17 Hz frequency bin.

Objective: To determine the magnitude of CSE and the relevance of stimulation timing for input gain
mediated by either oscillatory power or phase.

Methods: We applied single-pulse transcranial magnetic stimulation (TMS) over the primary motor
cortex of healthy subjects at rest during electroencephalography recordings. The corticospinal gain
modulation was indexed by the amplitude variability of the induced motor-evoked potentials recorded
from the forearm muscle.

Results: Low compared to high beta power led to a robust 40—70% CSE increase over a wide range of
power values. By contrast, the phase modulation was critically dependent on the precise timing of the
stimuli to the rising phase of the oscillatory beta cycle, but could then achieve CSE increases of 180%.
Conclusion: These findings can influence closed-loop, state-dependent stimulation in the context of

neurorehabilitation.

© 2018 Elsevier Inc. All rights reserved.

Introduction

Intrinsic fluctuations of oscillatory activity reflect the current
brain state, i.e., high and low oscillatory power indicate the inhib-
itory and excitatory state, respectively. They determine how the
brain responds to external stimuli [1,2]. Furthermore, the motor
cortex shows gain modulation along the oscillatory cycle. It adheres
to a unimodal pattern of increased responsiveness and peaks at the
rising phase of the oscillatory beta cycle [3]. This frequency- and
phase-specific response modulation does not depend on oscillatory
power fluctuations [3]. We therefore hypothesize that oscillatory
power and phase vary in their influence on the magnitude of cor-
ticospinal excitability (CSE) as well as with regard to the temporal
precision required for the input gain of stimulation-induced re-
sponses. To prove our hypothesis, data must be sampled in such a
way as to enable us to make direct comparisons between different
subgroups of power levels and phases. The findings will be relevant
for brain state-dependent stimulation protocols which are
attracting ever more attention. In particular, it remains unclear as to

* Corresponding author. Division of Functional and Restorative Neurosurgery,
Eberhard Karls University Tuebingen, Otfried-Mueller-Str.45, 72076, Tuebingen,
Germany.

E-mail address: alireza.gharabaghi@uni-tuebingen.de (A. Gharabaghi).

https://doi.org/10.1016/j.brs.2018.10.015
1935-861X/© 2018 Elsevier Inc. All rights reserved.

which physiological property of the intrinsic brain activity (i.e.,
power vs. phase) would be the most appropriate control signal for
effective state-dependent interventions for robustly increasing
corticospinal excitability. Moreover, we require clarification as to
which temporal precision is required by these triggered stimulation
systems to achieve the desired effects.

Materials and methods

We investigated 61 healthy, right-handed subjects (mean age,
24.32 + 3.4 years, range 18—36 years, 38 females). All participants
had given their written informed consent prior to participation in
the study which was approved by the ethics committee of the
Medical Faculty, University of Tuebingen. This was a secondary
analysis of a previously reported dataset that had revealed fre-
quency- and phase-specific gain modulation independent of the
respective power fluctuations [3]. In this study, we analyzed the
contributions of power and phase to the magnitude of CSE, and the
relevance of the temporal precision of the applied stimuli for the
input gain. Data acquisition and analysis were performed as
recently described by our group, and are cited here accordingly [3]:

In brief, we used a TMS stimulator (MagVenture, Willich, Ger-
many) with a biphasic current waveform connected to a figure-8
coil [4]. The stimulator was navigated with frameless stereotaxy
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(Localite GmbH, SanktAugustin, Germany) based on a standard MNI
dataset (ICBM152). The subjects relaxed in a reclining chair
throughout the measurements and were instructed not to move
during the stimulation periods, each of which lasted only a few
minutes. During the intervention, the examiner monitored the
EMG of the target muscle and provided verbal feedback. Following
the intervention, artifact rejection (e.g., due to involuntary EMG
activity) was performed on the basis of trial variance using a
custom-written script. The hotspot of their left forearm muscles
was determined in the right hemisphere as described previously
[5,6]. The resting motor threshold (RMT) was determined using the
relative frequency method, i.e., by detecting the minimum stimulus
intensity that resulted in MEPs >50 pV in the peak-to-peak ampli-
tude in at least 5 out of 10 consecutive trials [7]. This analysis
focused on data acquired at near-motor threshold (100% RMT),
since previous work had revealed that a robust frequency- and
phase-specific gain modulation occurs at this intensity [3].

Electromyography (EMG)/electroencephalography (EEG) data
were recorded at a sampling rate of 5 kHz after band-pass filtering
(using an antialiasing filter) with cutoff frequencies at 0.16 Hz and
1 kHz. In a next step, data were downsampled to 1.1 kHz by the
BrainAmp Amplifier [8,9]. The raw EEG and EMG signals were cut
into epochs of +1 s around the TMS pulse and detrended linearly.
Following artifact rejection, the epochs with MEP amplitudes
>50 uV were taken into account. In a follow-up analysis, MEP am-
plitudes >40puV, >30uV, or >20uV were also considered, and
confirmed the findings for >50 uV. The power spectrum was esti-
mated using Fourier transformation with zero-padding. Epochs
were given a length of 360 ms before the TMS onset [3]. The phase
of the EEG/EMG rhythm was estimated in 1 Hz intervals preceding
the TMS pulse. Epochs had a length of 2 cycles at the respective
frequency and ended prior to the TMS artifact [3]. They were
Fourier transformed to determine the phase at the respective fre-
quency [10]. Since EEG/EMG power may differ across subjects, the
absolute values could not be directly compared with each other.
Normalization was thus necessary prior to group analysis. We
therefore normalized the pre-TMS EEG/EMG power and MEP
amplitude for each subject individually before group analysis. The
MEP amplitude (and pre-TMS power accordingly) of each epoch
was normalized for each subject with regard to the maximum MEP
amplitude (power) across all epochs.

To quantify the respective effect of power and phase on the MEP
increases observed, we applied a binning procedure with a 50%
overlap of adjacent bins for the pre-TMS power and phase at the
site of stimulation (C4 sensor) as described previously [3,10]. Spe-
cifically, we classified the epochs on the basis of the power of
16—17 Hz (which showed both the highest correlation coefficient
between power and MEP and the highest phase-related modulation
depth [3]) and binned them to provide four groups with 2, 4, 8, and
16 bins, respectively. In parallel, the 16 overlapping phase bins
(estimated previously on the unit circle with centers equally spaced
between -7 and +7 and a width of 45° [3]) were downsampled by
merging the epochs of adjacent phase bins, yielding four groups
with 2, 4, 8, and 16 bins, respectively. Finally, the corresponding
power/phase groups were compared by estimating the MEP dif-
ferences between the bins with the lowest/highest power and
optimum/non-optimum phases, respectively. The optimum and
non-optimum phases corresponded to the highest and lowest MEP
amplitudes, respectively. This binning procedure therefore enabled
us to draw direct comparisons between the different subgroups of
power levels and phases. We could thus determine the impact of
the stimulation timing on MEP increases in each binning resolution.
Specifically, when 2 broad bins equivalent to a median split of all
epochs were applied, we could compare the upper to the lower half
of the samples; when 16 bins were applied, the most optimal phase

could be compared to the least optimal phase opposite to it, or the
highest beta power could be compared to the lowest beta power.
We were thus able to explore the specificity of the power- and
phase-dependent findings.

For our statistical analysis, MEP amplitude differences were
tested by applying rmANOVAs with factors 'power’ (2 levels: low,
high) and 'bin resolution’ (4 levels: 2, 4, 8, 16 bins), 'phase’ (2 levels:
rise, decline) and 'bin resolution' (4 levels: 2, 4, 8, 16 bins). Post-hoc
tests were applied with a Bonferroni-corrected p-value of 0.0125.

Results

We observed a significant effect of bin resolution on power
F(3,103)=24.129 p<0.0001 and phase F(3,103)=4.2 p=0.017.
Post-hoc tests revealed that the beta power had a significant in-
verse relation with MEP amplitudes for different bins (for 2 bins
t(113) =4.66, p<0.0001, unpaired t-test, Fig. 1A; for 16 bins
t(26) =3.42, p = 0.0021, unpaired t-test, Fig. 1B). This led to a robust
40—70% CSE amplitude increase across binning resolutions when
stimuli were applied at low instead of high power levels (Fig. 1E). By
contrast, the phase-modulation was critically dependent on the
binning procedure (for 2 bins t(113) = 0.51, p = 0.61, unpaired t-test,
Fig. 1C; for 16 bins t(4) = 27.48, p = 0.0001, unpaired t-test, Fig. 1D),
indicating the importance of precisely timing the stimuli to specific
phases of the oscillatory cycle. However, when phase specificity
was achieved, a CSE increase of 180% could be attained (Fig. 1E)
with an optimum phase in the rising flank of the oscillatory beta
cycle (1.68Pi + 0.17Pi after cosine fitting).

Discussion

Near-threshold stimulation enabled us to probe the differential
influence of oscillatory power and phase on the magnitude of CSE:
The lower the beta power (16—17 Hz), the higher the MEP ampli-
tudes with an increase across the levels investigated. Deviations in
power may account for 40—70% of MEP amplitude differences be-
tween inhibitory and excitatory states. This suggests that state-
dependent stimulation, when triggered by low oscillatory beta
power, may lead to a >20% improvement in the MEP magnitude in
comparison to unspecific stimulation applied at an average power
level. Notably, previous power-triggered stimulation achieved
precisely this magnitude of robust CSE changes, which lasted
beyond the intervention [11,12].

Notably, the binning procedure applied in this study resulted in
different MEP sample sizes for different power bins. This may in-
fluence the mean MEP amplitude when grouped according to low
and high pre-TMS EEG power (Fig. 1A/B). This means that, in EEG
power groups with relatively higher sample sizes, i.e., in the 2 bin
condition with a median split of all samples, there is a higher
probability that they contain samples also applied at the optimal
phase (see below). These samples will thereby disproportionally
increase CSE, since power and phase influence the MEP amplitude
independently of each other [3].

However, the present study suggests that phase-triggered
stimulation may improve the input gain even further, albeit only
when it is applied with a temporal precision of at least <8 ms at the
rising flank of the beta oscillatory cycle investigated (16—17 Hz).
The corresponding CSE increase was 180% higher than at the least
optimal phase in the falling flank, i.e., opposite the most optimal
phase. Importantly, if these stereotyped phase patterns of rhythmic
synchronization in the underlying neuronal populations are to in-
fluence the response to probe stimulation, the latter must be weak
[3]. Gain modulation was therefore revealed when stimuli were
applied at near-threshold intensity only, i.e., at 100% RMT [3]. This
stimulation intensity-dependent influence of alternating neuronal
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Fig. 1. State-dependent CSE increases by power versus phase. A, Average and standard error (vertical line) of the MEP amplitude grouped according to low and high pre-TMS EEG
power (2 bin-resolution). The asterisk "' represents the statistically significant difference between the mean of the compared groups (p < 0.0001). B, Same as A except for 16 bin-
resolution (p = 0.0021). C, and D, Same as A and B except for pre-TMS phase, (p = 0.61 and p = 0.0001, respectively). E, Percentage of MEP amplitude increase related to the pre-TMS
power (dashed gray line) and phase (solid black line) after binning at different resolutions (number of bins).
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up and down states on CSE was recently confirmed by Schawor-
onkow and colleagues [13] when targeting the peak or trough of
alpha oscillations (8—12 Hz). In their study, a subgroup of the
examined subjects (8 out of 15) showed a state-dependent CSE
modulation. The largest response variability and relative CSE
changes were observed during low-intensity stimulation at 107%
RMT. The corresponding CSE increase was 100% for the trough
compared to the peak condition. On the basis of the present find-
ings, the observed CSE gains may be increased even further by
targeting a different frequency (beta vs. alpha) and/or phase (rising
vs. through) and by achieving a higher precision of the applied
stimulation than that reported [+55.67°].

However, since online phase estimations may not be able to
synchronize pulsed stimulation with the required temporal preci-
sion to the intrinsic rhythms, the oscillatory activity may be artifi-
cially modulated by simultaneous exogenous stimulation. By
combining alternating current stimulation with concurrently
applied and temporally targeted [14—18], rhythmic [19] or burst
[20] stimulation, we may be able to overcome this limitation. These
findings may influence the timing of those state-dependent in-
terventions informed by the instantaneous oscillatory beta-band
that aim to restore post-stroke motor function [21—-25].
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