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ABSTRACT

Background: Neural oscillations reflect rapidly changing brain excitability states. We have demonstrated
previously with EEG-triggered transcranial magnetic stimulation (TMS) of human motor cortex that the
positive vs. negative peak of the sensorimotor p-oscillation reflect corticospinal low-vs. high-excitability
states. In vitro experiments showed that induction of long-term depression (LTD) by low-frequency
stimulation depends on the postsynaptic excitability state.
Objective/Hypothesis: We tested the hypothesis that induction of LTD-like corticospinal plasticity in
humans by 1 Hz repetitive TMS (rTMS) is enhanced when rTMS is synchronized with the low-excitability
state, but decreased or even shifted towards long-term (LTP)-like plasticity when synchronized with the
high-excitability state.
Methods: We applied real-time EEG-triggered 1-Hz-rTMS (900 pulses) to the hand area of motor cortex
in healthy subjects. In a randomized double-blind three-condition crossover design, pulses were syn-
chronized to either the positive or negative peak of the sensorimotor p-oscillation, or were applied at
random phase (control). The amplitude of motor evoked potentials was recorded as an index of corti-
cospinal excitability before and after 1-Hz-rTMS.
Results: 1-Hz-rTMS at random phase resulted in a trend towards LTD-like corticospinal plasticity. RTMS
in the positive peak condition (i.e., the low-excitability state) induced significant LTD-like plasticity.
RTMS in the negative peak condition (i.e., the high-excitability state) showed a trend towards LTP-like
plasticity, which was significantly different from the other two conditions.
Conclusion: The level of corticospinal depolarization reflected by phase of the p-oscillation determines
the degree of corticospinal plasticity induced by low-frequency rTMS, a finding that may guide future
personalized therapeutic stimulation.
© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

low- or high-frequency rTMS are used to achieve up- or down-
regulation of cortical excitability [3—5], however with high inter-

Repetitive transcranial magnetic stimulation (rTMS) can induce
aftereffects in the human brain that outlast the period of stimulation
and are thought to reflect long-term potentiation (LTP)- and long-
term depression (LTD)-like synaptic plasticity [1—3]. Patterned
protocols (e.g., intermittent or continuous theta burst stimulation,
quadripulse stimulation with different pulse intervals) or regular
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individual and intraindividual variability of outcomes, and low effect
sizes [6—11].Indeed, induction of plasticity is not only dependent on
the parameters of stimulation, but also on instantaneous excitability
state of the stimulated neurons that is reflected by the level of
postsynaptic depolarization. At the systems level, the phase of
ongoing oscillations, as recorded by local field potentials or elec-
troencephalography (EEG) reflects synchronized synaptic activity
fluctuations of large neuronal populations, and these play a decisive
role for the direction and magnitude of plasticity induction. In vitro,
this has been shown in hippocampal slices for high-frequency bursts
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[12] as well as for single pulses [13], where the direction of afteref-
fects by an otherwise identical protocol was determined by the
oscillatory phase during which the stimuli were applied.

Recently, this has also been demonstrated by real-time EEG-
triggered TMS in the human [14]. The negative peak of the senso-
rimotor p-rhythm as extracted with a reference-free Laplacian
montage centered over EEG sensor C3 (following the nomenclature
of the international 10—20 system [15]) corresponds to a cortico-
spinal high-excitability state, thought to be generated by excitatory
postsynaptic potentials (EPSPs) from activity of radially oriented
pyramidal cells located on the crown of the pre- and/or postcentral
gyrus [16] and projecting onto corticospinal cells of primary motor
cortex located in the anterior wall of the central sulcus [17]. High-
frequency rTMS with bursts of 100 Hz triplets, synchronized to
this corticospinal high-excitability state led to LTP-like corticospinal
plasticity, whereas the same burst stimulation during the low-
excitability state (positive peak of the p-rhythm) or a control con-
dition (random phase of the p-rhythm) had no significant effect [ 14].

These results are consistent with models of synaptic plasticity
[18,19] that postulate the timing of presynaptic spiking (as evoked
by the TMS pulses) relative to postsynaptic voltage (EPSPs, as
measured by the EEG signal) is crucial for determining the degree
and direction of induced synaptic plasticity.

One of the most frequently applied rTMS protocols is the near
1 Hz or low-frequency rTMS protocol, which typically induces LTD-
like corticospinal plasticity. Described originally by Chen et al. [20],
it was one of the first rTMS plasticity protocols to be characterized,
and influential for the development of other rTMS protocols [21].
Currently, it is still one of the most widely used therapeutic pro-
tocols in clinical settings, e.g., by stimulating the contralesional
hemisphere of stroke patients to support recovery during neuro-
rehabilitation [22].

Here, we investigated the dependency of corticospinal plasticity
induction on the phase of the ongoing sensorimotor p-rhythm,
applying 1 Hz rTMS triggered on real-time EEG-defined brain
states. In accord with previous in vitro studies [23,24], we hy-
pothesized that 1 Hz rTMS synchronized to the positive peak of the
p-rhythm, i.e., the corticospinal low-excitability state, will lead to
strongest LTD-like plasticity, while synchronization to the negative
peak, i.e., the high-excitability state, will result in attenuation of
this LTD-like effect or even a switch towards LTP-like plasticity. If
confirmed, this will elucidate further the physiological processes
underlying rTMS plasticity induction, and this may lead to pro-
tocols in clinical settings with more reliable and stronger neuro-
modulatory and eventually therapeutic effects.

Material and methods
Participants

The study was performed in accordance with the Declaration of
Helsinki and approved by the local ethics committee at the medical
faculty of the University of Tiibingen (716/2014B0O2). Experiments
were conducted in conformity with current TMS safety guidelines
[25], and participants gave their written informed consent prior to
enrolment. Eighteen right-handed healthy young adults (7 male,
mean age (+1 SD): 24.2 + 3.3 years, age range: 19—29 years, mean
laterality score (+1 SD) in the Edinburgh handedness inventory
[26]: 0.91 + 0.15) without history of neurological or psychiatric
disease or usage of CNS active drugs were recruited from a pool of
pre-screened participants. Twelve of the 18 subjects (66.7%) were
newly recruited subjects that had never participated in any other
experiment performed in our lab before (aside from the pre-
screening session). The other 6 subjects participated in one or
several of our previous studies [14,27,30,41,42]. All subjects had an
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anatomical cranial MRI scan for neuronavigation. The only inclu-
sion requirement from our pre-screened pool was the presence of a
single spectral EEG peak in the 9—13 Hz alpha band measured over
sensorimotor area, with a signal-to-noise ratio (SNR) after removal
of fitted 1/f noise > 5 dB, since sufficient SNR is a requirement for
adequate phase estimation of the phase-detection algorithm
[27—29]. In addition, participants had to meet the following
criteria, which were tested in the first experimental session
(‘screening session’), prior to the actual plasticity experiments: (1)
resting motor threshold (RMT) of first dorsal interosseus (FDI)
muscle < 62.5% of maximum stimulator output (MSO), allowing for
exploration of a stimulation intensity range of up to 160% RMT
(160% x 62.5% = 100% MSO); (2) average peak-to-peak amplitude of
the resting-state p-oscillation signal > 3 uV during triggering (see
below). This criterion ensured sufficient accuracy of our phase-
trigger algorithm since, unlike the phase-triggered experiments
performed in our group previously [14,27,30], no p-power
threshold was applied for stimulation in the plasticity experiments
in order to achieve a stimulation rate as close as possible to 1 Hz; (3)
To ensure that subjects showed a p-rhythm-dependent phase
stimulation effect with the positive peak being the low excitability
state and the negative peak being the high excitability state [14],
the median MEP elicited by TMS pulses triggered at the negative
peak had to be larger than the median MEP at the positive peak (no
statistical test was performed to screen for this criterion). Two
participants were excluded because they did not meet the RMT
criterion. Three further subjects were excluded due to low-
amplitude p-oscillation signal, two of them also failed the phase
effect criterion. Another subject was excluded, because the phase
effect criterion was not met. This resulted in a final sample size of
12 participants. A single session in one subject was repeated, due to
local headache resulting from pressure of the coil held by the fix-
ation device. Otherwise, procedures were tolerated without any
adverse effects.

EEG and EMG recordings

A combined EEG-TMS set-up was used to synchronize stimula-
tion pulses with the target phase of sensorimotor p-rhythm. Scalp
EEG was recorded from a 64-channel TMS-compatible Ag/AgCl
sintered ring electrode cap (EasyCap GmbH, Germany) in the In-
ternational 10—20 system arrangement [15]. Electrodes were pre-
pared by mild skin abrasion utilizing an abrasive gel (Nuprep Skin
Prep Gel, Weaver and Company, USA) followed by application of
conductive gel (Electrode Cream, GE Medical Systems, USA) until
the desired impedance of <5 kQ was attained. EMG was recorded
from the voluntarily relaxed right FDI muscle with adhesive
hydrogel electrodes (Kendall, Covidien, Ireland) in a bipolar belly-
tendon montage. EEG and EMG were recorded simultaneously
with a 24-bit biosignal amplifier (NeurOne Tesla with Digital Out
Option, Bittium Biosignals Ltd., Finland) at a sample rate of 5 kHz, in
DC mode, with a 1.25 kHz lowpass anti-aliasing filter.

TMS set-up

A passively cooled TMS figure-of-eight coil (PMD70-pCool,
70 mm winding diameter) connected to a magnetic stimulator
(Research 100, MAG & More GmbH, Germany) was used, configured
to deliver biphasic single cosine cycle pulses with 160 ps period,
such that the major second component of the induced electric field
was oriented from lateral-posterior to medial-anterior, i.e.,
orthogonal to the central sulcus. Each TMS pulse was triggered
through an external trigger input from the real-time computer
system. For determining RMT and the motor evoked potential
(MEP) input-output (I0)-curve, stimulation intensity was set by an
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analog control signal between 0 and 5 V corresponding to 0—100%
MSO through an analog output port interface (UEI PD2-MF-64-500/
16L, United Electronic Instruments, USA) enabling automated
adjustment of stimulation intensity. Stimulation was applied to the
hand representation of left primary motor cortex (M1). The motor
hot spot was identified as the coil position and orientation resulting
consistently in maximum MEP amplitudes [31]. RMT was defined
as the lowest intensity that elicited MEPs with a peak-to-peak
amplitude of >50 uV in at least 5 out of 10 trials [32], and deter-
mined by an automated algorithm. A stereoscopic neuronavigation
system (Localite GmbH, Sankt Augustin, Germany) with individual
MRI scans of each subject was used to maintain a consistent coil
position over the motor hot spot within and between sessions. The
coil was held in position using a mechanical arm, with 3D coil
position monitored continuously throughout the experiment and
corrected manually if necessary.

Real-time EEG-triggered TMS

The real-time processing system used in this study is described
in detail in Zrenner et al. [ 14]. Briefly, an algorithm implemented in
Simulink Real-Time (Mathworks Ltd, USA, R2016a) was used for
real-time EEG data processing and to trigger TMS pulses. Sensori-
motor p-rhythm was extracted by computing a surface Laplacian
montage centered over left sensorimotor cortex comprising of EEG
channel C3 referenced to the average of four surrounding channels
(CP1, CP5, FC1, FC5) (Fig. 1a) [33]. Data was down-sampled from
5 kHz to 1 kHz by averaging 5 samples, and a sliding window of data
of 500 ms width was used to compute estimates of instantaneous
phase. The signal window was band-pass filtered (finite impulse
response filter with order 128 and pass band 9—13 Hz), the last
64 ms were discarded because of edge artifacts and then forward
predicted by an autoregressive model (Yule-Walker, order 30) for
128 ms. Instantaneous phase was determined using the Hilbert
transform. In addition, the power spectrum was calculated from a
sliding window of 1024 samples using Hann-windowed FFT and
integrating spectral power in the 9—13 Hz frequency band (for a
detailed discussion on optimal filter parameters please see
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Refs. [29]). However, for the rTMS intervention in the plasticity
experiments, no power threshold was implemented. The stimu-
lator was triggered at the desired phase closest to (before or after)
1000 ms after the previous trigger, to achieve a median trigger
frequency of 1 Hz.

Experimental sessions

Each of the 12 subjects underwent four experimental sessions.
Sessions were spaced apart by at least 72 h to prevent carryover
effects. Subject were seated comfortably in an adjustable chair and
instructed to fixate a cross approximately 1 m in front of them
during data recording. Head position was stabilized by a vacuum
neck support pillow (Vacuform, B. u.W. Schmidt GmbH, Germany).

Screening session

Before the three 1 Hz rTMS plasticity-induction sessions, one
screening session was performed to check the inclusion criteria
described above and to determine Slsgymax. This session consisted
of four blocks: (1) 5 min eyes open resting-state (rs)-EEG was ob-
tained to validate the accuracy of our phase trigger algorithm [14].
(2) RMT was determined as described above. (3) A recruitment
curve was established as described earlier in Schaworonkow et al.
[27], and Slsogmax Was determined as the stimulation intensity
resulting in median MEP amplitude of 50% of maximum MEP
amplitude. (4) The effect of u-rhythm phase on MEP amplitude was
explored in each subject by applying 100 TMS pulses each in the
random phase, negative peak and positive peak conditions in a
randomized order. The p-power threshold for stimulation in this
screening session was adjusted manually, targeting a median
interstimulus interval (ISI) of 2.5 s. Across participants, an ISI of
2.42 s was achieved with an interquartile range (IQR) of 0.47 s.

Plasticity sessions

Three experimental sessions (‘plasticity sessions’) were con-
ducted in a double-blind, randomized crossover design (Fig. 1b),
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Fig. 1. Experimental design. a p-rhythm was derived using a 5-channel (black dots) Laplace transform centered on EEG sensor C3 (top), an example raw data trace is shown at the
bottom. b Plasticity sessions started with a 5 min resting-state EEG (rs-EEG) to test the accuracy of our phase triggering algorithm. Thereafter, each plasticity session contained a
block of 90 single TMS pulses at a rate of 0.1 Hz before and after the rTMS intervention block, with TMS pulses applied irrespective of the EEG signal (“open loop”). For the
intervention block, a double-blind, randomized crossover design was applied, so that each participant received 900 pulses of ~1 Hz rTMS in the positive peak condition (POS), 1 Hz
r'TMS in the random phase (RAND, irrespective of p-rhythm) or ~1 Hz rTMS in the negative peak condition (NEG). Time points of stimulation are indicated schematically by yellow
bars. TMS was applied to the hand representation of left primary motor cortex. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)
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consisting of 5 min rs-EEG recording and a 45 min plasticity block.
To measure the effect of the intervention on corticospinal excit-
ability, 90 TMS pulses were applied open-loop (i.e., non-informed
by EEG data of p-rhythm phase) at a rate of 0.1 Hz before and af-
ter the rTMS block. The intervention block consisted of 900 TMS
pulses at approximately 1 Hz with each pulse applied, in three
different sessions, either at the (1) positive peak, (2) random phase,
or (3) negative peak of ongoing p-rhythm. Stimulation intensity
was set to Slsozmax as determined in the screening session. Across
participants, this resulted in mean stimulation intensity (+1 SD) of
123 + 4% RMT. This relatively high rTMS intensity of Sl5ogmax Was
chosen based on the following considerations: (1) The 1 Hz rTMS-
induced LTD-like plasticity effect depends on stimulation intensity,
with higher stimulation intensities leading to a more pronounced
LTD-like effect [34—36]. (2) The brain-state-dependent stimulation
effect on MEP amplitude also depends on stimulation intensity,
with lower intensities leading to a greater relative effect [27]. (3)
The greatest absolute phase effect was observed at Slsgymax [27]
and a robust 1 Hz LTD-like effect is described for this stimulation
intensity as well [20,34,36,37].

Data analysis and statistics

Data was analyzed with Matlab (Mathworks Ltd, USA, R2019a).
Circular statistics was performed for analysis of real-time phase
targeting accuracy, applying formulas adapted from the CircStat
Matlab  toolbox [38], wusing circular standard deviation
((v/—2 log(1 — variance))) as a measure of angular spread.

MEP trials with muscle activity in the 100 ms prior to the TMS
pulse were discarded with a threshold criterion (max-min
amplitude > 40 pV). The median portion of trials discarded was
4.0% (IQR 1.3—11.2). Peak-to-peak MEP amplitudes were deter-
mined within the interval of 20—50 ms after the TMS pulse.

Absolute MEP amplitudes were log transformed for statistical
analysis. Significance testing was performed using IBM SPSS Sta-
tistics v.26. Normality distribution was tested by Shapiro-Wilk test.
Normally distributed data with more than two intervention groups
measuring the same subjects within groups was tested by
repeated-measurements analysis of variance (rmANOVA), with the
main effects of PHase (three levels: positive peak, random phase,
negative peak) and Tive (two levels: pre-intervention, post-inter-
vention). Mauchly’s test was used to test for violation of sphericity.
If sphericity could not be assumed, Greenhouse-Geisser correction
was applied. In case of significant rmANOVA, post-hoc paired, two-
tailed t-tests were applied. Non-normally distributed data with
more than two intervention groups measuring the same subjects
within groups were tested by Friedman Test. A significance
threshold of p < 0.05 was used.

Results
Phase-dependent excitability

RmANOVA confirmed a significant effect of Puase on MEP
amplitude (F; 22 =4.54, p = 0.02) (Fig. 2) in the 12 subjects included
in this study. Mean (+1 SEM) normalized MEP amplitude was
93.9 + 3.1% in the positive peak condition (p = 0.32 vs. random
phase; p = 0.04 vs. negative peak), 98.2 + 1.7% in the random phase
condition (p = 0.03 vs. negative peak, all paired two-sided t-tests),
and 108.0 + 3.0% in the negative peak condition. MEP amplitude in
the negative peak condition was on average 14.1 + 5.8% (mean + 1
SEM) larger compared to the positive peak condition, in line with
results from our previous study [14]. However, this finding was to
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Fig. 2. Excitability data. Bars represent mean + 1 SEM (n = 12) of the MEP amplitude in
the positive peak (red), at random phase (grey), and negative peak (blue) phase con-
ditions of the ongoing p-rhythm, normalized to the mean of all three conditions. In-
dividual data are shown by circles. *p < 0.05. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

be expected, since larger MEPs in the negative compared to the
positive peak condition was an inclusion criterion of this study.

Real-time phase targeting accuracy

We analyzed the accuracy of our trigger algorithm in the rs-EEG
prior to 1 Hz rTMS plasticity induction, using markers generated by
the real-time system without triggering the stimulator. This
enabled us to compare the triggers for positive and negative peaks
of the p-rhythm with the actual “true” phase, which we could
determine from the C3 Laplacian transformed EEG signal with
standard non-causal methods (band-pass filter and Hilbert trans-
form), as this signal was not affected by any stimulus-related arti-
facts (Fig. 3a). 200 non-stimulating EEG phase-triggered markers
were recorded per subject and phase condition before each plas-
ticity measurement. The average peri-stimulus C3 Laplacian
transformed EEG signal across all participants was calculated
(without applying any filters) to visualize the average oscillation
(Fig. 3a). The mean phase angle (+1 circular SD) across all partici-
pants was 13.9 + 54.4° for the positive peak and —163.1 + 54.9° for
the negative peak (Fig. 3b).

Due to the TMS-induced artifact, phase targeting accuracy could
not be calculated using the same method in the rTMS intervention
conditions. However, the pre-stimulus average C3-Laplace-trans-
formed EEG signal (which was used by the real-time system to
estimate phase and trigger the stimulator) is shown without
applying any filtering or post-processing in Fig. 4a (900 epochs per
subject per condition, 12 subjects). We also performed spectral
analysis of the rs-EEG. The results showed an alpha component
typically of 9—11 Hz (Supplementary Material, Fig. S1).
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Fig. 3. Phase accuracy tested in the triggered but non-stimulated rs-EEG. a Mean C3-centered Laplace-transformed EEG signal for negative peak (blue) and positive peak (red)
across all real-time triggered but non-stimulated trials of all subjects (n = 12). Dashed vertical line represents time point of the trigger. b Binned distribution (7.5° per bin, 2%
frequency steps) of actual phase angle at the time of trigger of non-stimulated trials as determined by Hilbert transformation of the band-pass filtered segment of data before and
after each marker. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Plasticity experiment data. a Mean pre-stimulus C3-Hjorth EEG signal for all stimuli in the rTMS intervention period for positive peak (red), random phase (grey) and
negative peak condition (blue), approximately 900 trials per condition and subject, across all 12 participants. The dashed vertical line represents the time of the TMS pulse. b
Mean + 1 SEM (n = 12) post-intervention MEP amplitude normalized to mean pre-intervention MEP amplitude in the three phase conditions. Circles indicate individual data.
*p = 0.02 (two-sided two-tailed t-tests), #p < 0.05 (one-sided two-tailed t-test, indicating difference from 100%). ¢ Mean MEP amplitude for each PHast condition, binned in 3 min
segments. RTMS intervention period is indicated by the grey area. Data is normalized to the mean pre-intervention MEP amplitude of each participant and Puase condition (100%,
black dashed line). Error bars indicate +1 SEM. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Phase-dependent plasticity

The mean absolute MEP amplitudes (+1 SEM) were
1.93 + 0.25 mV (positive peak), 1.64 + 0.21 mV (random phase) and
1.69 + 0.27 mV (negative peak) for the pre-intervention period.
RmANOVA did not show an effect of PHasE on absolute pre-
intervention MEP amplitude (F2; = 0.49, p = 0.62). Therefore,
there were no differences in pre-intervention MEP amplitudes be-
tween PHast conditions that could have accounted for the observed
(see below) differential rTMS effects on corticospinal plasticity. In-
dividual absolute pre- and post-intervention MEP amplitude data
(in mV) are shown in the Supplementary Material (Fig. S2).

RmMANOVA of the absolute MEP amplitude data (Fig. S2) did not
yield significant effects of PHase (Fp22 = 031, p = 0.74) or TiMe
(F111 = 2.67, p = 0.13) but a significant PHase x TiME interaction
(F111 = 3.85, p = 0.04). Post hoc paired t-tests revealed a significant
decrease of MEP amplitude post-intervention vs. pre-intervention
(effect of Time) for the positive peak condition (p = 0.04), but not for
the random phase (p = 0.07) and negative peak conditions (p = 0.41).
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For assessing further the effects of PHask, post-intervention MEP
amplitudes were normalized to the corresponding pre-intervention
values of each subject and Puase condition. RmANOVA showed a
significant effect of PHask (F2 22 = 5.19, p = 0.01). This was explained
by significant post hoc differences in the positive peak (mean + 1
SEM, 88.0 + 5.0%, p 0.02) and random phase conditions
(89.1 + 5.5%, p = 0.02) compared to the negative peak condition
(108.2 + 6.4%) (Fig. 4b). One-sided two-tailed t-tests confirmed a
significant change of normalized MEP amplitude from 100% for the
positive peak condition (p = 0.04) but not for the random phase
(p = 0.09) and negative peak conditions (p = 0.25) (Fig. 4b).

MEP amplitudes normalized to mean pre-intervention before,
during and after the 1 Hz rTMS interventions are visualized over
time in Fig. 4c showing means + 1 SEM in 3-min bins (18 data
points per bin pre- and post-intervention, 180 data points per bin
during the intervention). During the phase-synchronized 1 Hz
rTMS intervention period, MEPs showed a larger amplitude in the
negative peak condition as compared to the positive peak and
random phase condition, due to the negative peak condition
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representing a high-excitability state [14]: Positive peak (mean + 1
SEM) 90.6 + 11.0%, random phase 90.3 + 10.3%, negative peak
114.1 + 18.3%, all data normalized to pre-intervention. The rmA-
NOVA indicated that these effects of PHasE were not significant
(F12713.99 = 3.05, p = 0.10).

Interstimulus interval (ISI) analysis

Since the trigger intervals in the intervention period were
dependent on the ongoing p-rhythm for the positive peak and
negative peak condition (cf. Fig. 1b), the frequency was not exactly
1 Hz and there was some jitter. We therefore analyzed the median
ISIs of every subject in the intervention period for all three groups.
Positive peak stimulation resulted in a median ISI (IQR) of 999 (60)
ms, random phase stimulation in 997 (1) ms, and negative peak
stimulation in 997 (48) ms. Friedman Test did not show a significant
effect of PHase (X3(2) = 0.50, p = 0.78).

Discussion

This EEG-TMS study demonstrates for the first time, to the best
of our knowledge, that induction of LTD-like corticospinal plasticity
in human motor cortex depends on the state of corticospinal
excitability, as indexed by the phase of the ongoing p-oscillation.
Similar LTD-like plasticity effects were induced by low-frequency
stimulation synchronized with the low-excitability state (positive
peak of the p-oscillation) and by random phase stimulation, while
otherwise identical rTMS synchronized with the high-excitability
state (negative peak of the p-oscillation) resulted in a trend to-
wards LTP-like plasticity, significantly different from the other two
conditions. These findings substantiate the notion that stimulation-
induced brain plasticity is determined not only by parameters of
the stimulation protocol, such as frequency, intensity, number of
pulses and pattern of stimulation, but also by the current state of
the brain at the time of stimulation.

Physiology

Induction of LTD-like corticospinal plasticity by low-frequency
(1 Hz) rTMS occurs at the level of motor cortex because late I-
waves but not the [1-wave or the D-wave are selectively suppressed
in association with the depression of MEP amplitude [39]. Late I-
waves indicate synaptic activation of the corticospinal cells by EPSPs,
most likely through circuits of excitatory interneurons [40]. There-
fore, LTD-like plasticity induced by low-frequency rTMS can be
viewed as a model of long-term depression of interneuronal cir-
cuitry projecting with excitatory synapses onto corticospinal cells.

We have shown consistently in several studies (with only minor
overlap of subjects between studies), that MEPs are larger if the
TMS pulse is applied at the time of the negative peak of the
sensorimotor p-oscillation compared to the positive peak
[14,27,30,41,42]. Therefore, the negative peak of the p-rhythm is a
more excitable state of M1 output neurons. This higher excitability
might be induced by pulsatile excitatory inputs, received by these
neurons at the instant of the negative EEG peak, rendering their
postsynaptic potential towards stronger depolarization. Indeed,
EPSPs at the apical dendrites (superficial layers) of radially oriented
pyramidal cells underlying the EEG montage are considered to be a
major contributor to the negative deflection of the overlying sur-
face EEG [16,43]. Yet, the precise mechanisms of these relationships
remain elusive at the moment and need to be addressed in further
research work.

Invitro experiments on rat hippocampal slices demonstrated that
induction of LTD by low-frequency stimulation was reliably possible
by slight postsynaptic depolarization achieved by current injection,
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whereas the same low-frequency stimulation resulted in LTP if
paired with a stronger level of postsynaptic depolarization [24].
Similarly, high-frequency or burst stimulation protocols in various
in vitro preparations resulted in LTP if paired with a high level of
postsynaptic depolarization but in LTD if paired with a lower level of
depolarization or hyperpolarization [23,44]. This is also similar to
our previous observation that 100 Hz burst rTMS induced LTP-like
corticospinal excitability only when synchronized with the nega-
tive peak of the ongoing p-oscillation, i.e., a putatively high level of
postsynaptic depolarization of the corticospinal cells [14].

One puzzling finding is that, for the 1 Hz rTMS plasticity effect,
the reduction of amplitude in the positive peak condition differed
only slightly from that of the random phase condition. This finding
is analogous to Zrenner et al. [14], where high-frequency burst
r'TMS at the negative peak of the p-oscillation resulted in LTP-like
corticospinal plasticity, whereas stimulation at random phase and
the positive peak did not result in significant plasticity. One
possible explanation is a non-linear dependence of plasticity in-
duction on the level of postsynaptic depolarization, as observed in
slice experiments [44,45] and supported by recent computer
models [18], suggesting that LTP requires a distinctly stronger
postsynaptic depolarization compared to LTD. Another explanation
for the similarity between random phase and positive peak con-
ditions could be, that the negative peak lasts for only a relatively
brief proportion of the p-oscillation, owing to the typical asym-
metric arciform shape of the p-rhythm [46,47], with the negative
peak sharper and shorter compared to the positive peak (see
Fig. 1a). Therefore, in the random phase condition, the different
length of the two phases will lead to an increased probability of
triggering TMS pulses at the low excitability broad positive “peak”.
This could also explain, why the MEP amplitudes in the random
phase condition were closer to the positive peak than negative peak
condition (cf. Fig. 2).

LTD-like corticospinal plasticity in the random phase condition
resulted in a non-significant trend (p = 0.07) of MEP amplitude
depression. This finding contrasts at first sight with the seemingly
robust induction of LTD-like plasticity by open-loop 1 Hz rTMS in
the literature [34]. However, the aftereffects of low-frequency
stimulation are influenced by many factors: these include stim-
ulus intensity [34—36], number of stimuli [48], coil orientation [49]
and pulse wave form [50]. These stimulation factors, that go far
beyond the simplistic concept of pure frequency-dependence of
rTMS-induced plasticity effects, may contribute, in concert with a
multitude of biological factors [51], to the well-known inter- and
intraindividual variability, that has also been described for low-
frequency rTMS [52,53]. Therefore, our non-significant finding of
LTD-like plasticity after 1 Hz rTMS in the random phase condition is
not surprising. Large inter-subject variability and, on average, nil
effects of rTMS plasticity protocols also have been reported in
several other recent studies [6—11].

Limitations

MEP amplitudes during the 1 Hz rTMS intervention were larger
for the negative peak condition compared to the other two condi-
tions (see Fig. 4c). Although this difference was not significant (see
Results), this suggests that the three PHase conditions did not only
differ in the level of postsynaptic depolarization, but also in the
proportion of corticospinal cells that reached firing threshold by
the TMS pulse. However, it is very unlikely that these differences in
MEP amplitude during the intervention explain the differential
effects of the phase of the p-oscillation on rTMS-induced cortico-
spinal plasticity: The magnitude of the 1 Hz rTMS-induced LTD-like
effect depends on stimulation intensity, with higher intensities
leading to more pronounced effects [34—36]. Therefore, larger MEP
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amplitudes during the intervention would have been expected to
lead to a more pronounced LTD-like effect. As a consequence, the
observed differential effect of the phase of the p-oscillation on LTD-
like corticospinal plasticity was likely underestimated. Another
limitation of our study is that, due to the requirement of a good SNR
of the p-oscillation, the EEG-TMS method can be applied only to the
fraction of subjects satisfying this criterion [29]. Therefore, it is
unclear to what extent our findings would be generalizable to a
non-selected population. Finally, the duration of the observed dif-
ferential effect of p-oscillation phase on 1 Hz rTMS-induced LTD-
like plasticity is unclear as we recorded only for 15 min post-
intervention.

Implications

In conclusion, we have shown a dependency of low-frequency
rTMS-induced corticospinal plasticity on the instantaneous phase
of the ongoing p-oscillation. Induction of LTD-like plasticity by low-
frequency stimulation was reversed to an LTP-like trend, signifi-
cantly different from the other two stimulation conditions, if the
TMS pulses were synchronized with the negative peak of the p-
oscillation, a state of high postsynaptic depolarization. Findings
substantiate the view that induction of synaptic plasticity in human
cortex does not only depend on the parameters of the stimulation
protocol but also on the brain state at the time of stimulation. The
novel real-time EEG-TMS technology may be used to develop brain-
state-dependent personalized stimulation protocols for plasticity
induction that are characterized by reduced inter-subject vari-
ability and larger effect size, features that likely will turn out
beneficial for rTMS treatment of brain disorders.
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