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Background: Repetitive transcranial magnetic stimulation (rTMS) of the left dorsolateral prefrontal
cortex (DLPFC) is an effective treatment for major depressive disorder (MDD), but response rates are low
and effect sizes small. Synchronizing TMS pulses with instantaneous brain oscillations can reduce
variability and increase efficacy of TMS-induced plasticity.
Objective: To study whether brain oscillation-synchronized rTMS is feasible, safe and has neuro-
modulatory effects when targeting the DLPFC of patients with MDD.
Methods: Using real-time EEG-triggered TMS we conducted a pseudo-randomized controlled single-
session crossover trial of brain oscillation-synchronized rTMS of left DLPFC in 17 adult patients with
antidepressant-resistant MDD. Stimulation conditions in separate sessions were: (1) rTMS triggered at
the negative EEG peak of instantaneous alpha oscillations (alpha-synchronized rTMS), (2) a variation of
intermittent theta-burst stimulation (modified iTBS), and (3) a random alpha phase control condition.
Results: Triggering TMS at the negative peak of instantaneous alpha oscillations by real-time analysis of
the electrode F5 EEG signal was successful in 15 subjects. Two subjects reported mild transient
discomfort at the site of stimulation during stimulation; no serious adverse events were reported. Alpha-
synchronized rTMS, but not modified iTBS or the random alpha phase control condition, reduced resting-
state alpha activity in left DLPFC and increased TMS-induced beta oscillations over frontocentral
channels.
Conclusions: Alpha-synchronized rTMS of left DLPFC is feasible, safe and has specific single-session
neuromodulatory effects in patients with antidepressant-resistant MDD. Future studies need to further
elucidate the mechanisms, optimize the parameters and investigate the therapeutic potential and effi-
cacy of brain oscillation-synchronized rTMS in MDD.

© 2019 Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).
nd Stroke, Hertie Institute for
ngen, Hoppe-Seyler-Straße 3,

Ziemann).

s article under the CC BY-NC-ND li
Introduction

Major depressive disorder (MDD) is a severe mental disorder
and one of the leading causes of disability worldwide [1]. Although
antidepressant drugs and psychotherapeutic treatments such as
cognitive behavioral therapy (CBT) are efficacious and evidence-
based [2,3], at least one third of MDD patients do not respond
satisfactorily to an initial antidepressant treatment [4e6], with up
cense (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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to 15% of patients being refractory to multiple pharmacological and
psychotherapeutic approaches [4]. MDD therefore remains a sig-
nificant mental health problem andmajor contributor to the overall
global burden of disease [1].

High-frequency repetitive transcranial magnetic stimulation
(rTMS) of the left dorsolateral prefrontal cortex (DLPFC) was shown
to be beneficial in the treatment of MDD [7,8], and was approved by
the U.S. Food and Drug Administration and the EuropeanMedicines
Agency for the treatment of patients who have not responded to at
least one adequate prior pharmacological antidepressant treatment
trial. However, despite definite antidepressant effects at the group
level, high-frequency rTMS of the left DLPFC in MDD is rather
limited by low response rates and small effect sizes reflecting only
moderate clinical improvement [9e13].

At the level of single neurons, high-frequency (10 Hz) repetitive
magnetic stimulation was shown to induce structural and func-
tional plasticity of both excitatory [14] and inhibitory [15] post-
synapses, corroborating its therapeutic potential to remodel aber-
rant connectivity in dysfunctional brain networks in MDD [16]. Yet,
in vitro experiments in rat hippocampus suggest that the phase of
the ongoing oscillatory network activity determines the sign and
magnitude of stimulus-induced synaptic plasticity [17,18]. In line
with this notion, it was recently shown that synchronizing TMS
pulses with ongoing m-oscillations in the electroencephalography
(EEG) alpha-band (8e12 Hz) in human sensorimotor cortex results
in a differential modulation of corticospinal excitability [19]: while
repeated stimulation at the negative peak of the m-alpha-rhythm,
i.e., during a high excitability state of the sensorimotor cortex,
resulted in long-lasting and consistent increases in motor-evoked
potentials (MEPs), triggering TMS at the positive peak, i.e., during
a low excitability state, or at random phase did not affect MEP
amplitudes [19]. These findings suggest that it requires a syn-
chronization of each stimulus with the individual’s instantaneous
brain state (i.e., oscillatory brain activity) to realize the full potential
of TMS to effectively modulate brain networks.

Brain oscillations play a major role in the pathophysiology of
MDD [20] and modulation of synchronized electrical activity in
neuronal networks seems to be a common effect of antidepressant
treatments [21]. Specifically, alpha oscillations are increased in
power in MDD [20], left frontal alpha power positively correlates
with depressive symptomatology [22], and a favorable response to
antidepressant treatment was found to be associated with a
decrease in alpha power [23]. In addition, other studies have pro-
vided evidence for a left frontal hypoexcitability/-activity in MDD
[24,25]. Based on these findings we hypothesized that triggering
TMS synchronized with the negative peak of endogenous alpha
oscillations in left DLPFC would more effectively increase cortical
excitability (as measured with TMS-evoked potentials), and
decrease resting-state alpha power, respectively, than a non-alpha-
synchronized stimulation protocol. TMS-induced oscillations and
performance in a delayed working memory task with emotional
distraction, which has been linked to left DLPFC activity [26], served
as exploratory outcome measures. The study was designed as a
single-session pseudo-randomized controlled crossover trial of
alpha-synchronized rTMS of left DLPFC in patients with
antidepressant-resistant MDD, defined as a failure of at least one
adequate pharmacological treatment trial of one major class of
antidepressants in the current or a previous depressive episode
[27]. Using real-time EEG-triggered TMS [19] patients received
either rTMS synchronized with the negative peak of instantaneous
alpha oscillations in left DLPFC (alpha-synchronized rTMS), or a
variation of intermittent theta-burst stimulation (modified iTBS),
an increasingly used patterned rTMS protocol [28], which is non-
inferior in reducing depressive symptoms compared to conven-
tional 10 Hz high-frequency rTMS [29]. As a control condition TMS
pulses were applied independent of instantaneous alpha oscilla-
tions in left DLPFC. The aim of our study was to investigate feasi-
bility, safety and neuromodulatory effects of a single session of
alpha-synchronized rTMS of left DLPFC in patients with
antidepressant-resistant MDD in comparison with non-alpha-
synchronized rTMS protocols, i.e., modified iTBS and Replay.

Material and methods

Subjects

The study protocol was approved by the local Ethics Review
Committee of the Medical Faculty of Eberhard Karls University
Tübingen (Project number: 293/2016BO2). The study was pre-
registered at ClinicalTrials.gov (NCT02920840) and conducted in
accordance with the latest version of the Declaration of Helsinki
and present consensus guidelines on the safety, ethical consider-
ations and application of TMS in clinical practice and research [30].

After giving written informed consent, 22 right-handed subjects
(mean Edinburgh Handedness Inventory laterality score [31] of
79.4± 17.1, range: 50e100) meeting the clinical criteria for a single
or recurrent episode of MDD as defined in the Diagnostic and
Statistical Manual of Mental Illnesses Fourth Edition (DSM-IV) were
screened to identify 17 subjects (7 females, 10 males; mean
age± s.d., 51.4± 11.8 yrs, range: 27e65 yrs; mean 17-item Hamilton
Rating Scale for Depression [HRSD17] score of 20.5± 2.1, range:
18e24) that fulfilled all pre-established inclusion criteria of the
study. Inclusion criteria were: (i) Age between 18 and 65 years. (ii)
18 points or more on the HRSD17 during the current depressive
episode. (iii) Failure of at least one adequate pharmacological
treatment trial of one major class of antidepressants in the current
or a previous depressive episode [27]. (iv) Resting motor threshold
(RMT, see supplementary material) of the right abductor pollicis
brevis (APB) muscle <70% of maximum stimulator output (MSO).
The RMT threshold criterionwas applied to increase the probability
of TMS-induced plasticity [32] and to ensure that the TMS stimu-
lator would be capable of generating the rTMS protocol at the
required intensity of 70% RMT (highest intensity of the stimulator at
100 Hz was 48%MSO). Two subjects failed on the RMTcriterion and
were thus not included in the study. One subject was excluded from
the study due to intake of amitriptyline as a pro-convulsive drug
[33] and two other subjects were excluded due to an acute crisis
with suicidal ideation (see supplementary material for exclusion
criteria).

Real-time alpha-synchronized DLPFC stimulation

For brain oscillation-synchronized stimulation of the left DLPFC
[34] a EEG-TMS set-up was used, with the capability of analyzing
EEG signals in real-time and triggering TMS pulses depending on
the instantaneous oscillatory phase of the recorded EEG signal [19].
EEG was recorded using a 24-bit 80-channel biosignal amplifier
(NeurOne Tesla with Digital Out Option, Bittium Biosignals Ltd.,
Finland). TMS pulses were delivered through an air-cooled TMS coil
(Magstim 70mm Double Air Film Coil, Magstim Ltd., UK) using a
Magstim Super Rapid Plus magnetic stimulator (Magstim Ltd., UK)
(see supplementary material for details). To extract alpha oscilla-
tions in left DLPFC at sensor-level a Hjorth-style Laplacian spatial
filter [35] was computed by the real-time system (implemented in
Simulink Real-Time [R2015a, MathWorks Inc., USA]), centered on
the EEG electrode F5 with the average of four surrounding EEG
electrodes (Fp1, F1, FCC5h, FFT9h) serving as reference. The elec-
trode F5, as opposed to the frequently used left DLPFC sensor F3,
was selected as the central electrode because the stimulation target
chosen for this study is relatively lateral and located directly
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underneath F5 [34]. The Laplacian montage used in our study is
especially sensitive to scalp-normal oriented cortical dipoles at the
crown of the cortical gyrus underlying the central electrode of the
montage, in our case F5. The resulting Hjorth-F5 signal was used for
subsequent estimation of power [36] and phase [37] in the alpha
(8e12Hz) frequency band (for details of real-time digital biosignal
processing, see Ref. [19]). Estimated power and phasewere updated
every 100ms and 2ms, respectively. The real-time system was
configured to generate an output signal to the magnetic stimulator
to trigger TMS triple pulses at 100 Hz either i) in a pre-determined
sequence (modified iTBS, Replay; see below), or ii) by a combined
criterion of alpha phase and power of the Hjorth-F5 signal (alpha-
synchronized rTMS). In the alpha-synchronized rTMS condition the
phase condition was set to always trigger the first pulse of the TMS
triplets at the Hjorth-F5 negative peak of the alpha oscillation.
Here, “negative peak” refers to the EEG signal after application of
the surface Laplacian to yield a reference-free estimate, where a
negative value corresponds to an inward flow of radial currents at
the scalp generated predominantly by excitatory postsynaptic po-
tentials in scalp-normally oriented pyramidal cells in the underly-
ing cortex [38]. Because the accuracy of the phase estimation
algorithm depends on the alpha power (increased during high
alpha power, not reliable during low alpha power), an alpha power
threshold was used to ensure reliable phase detection. This
threshold affected the average inter-triple pulse interval and was
set manually before the beginning of the stimulation and, if
necessary, adjusted during the intervention such that a median
interval between TMS triplets of approximately 2 s was attained.
However, inter-triple pulse intervals varied substantially due to the
automated EEG artifact detection and trigger conditions (i.e., alpha
phase and power) of the real-time algorithm. Phase trigger accu-
racy was determined from resting-state EEG data collected before
the rTMS intervention by comparing the actual “true” phase
(calculated post-hoc using a band-pass filter and Hilbert transform)
at the time points where the real-time algorithm detected a
negative alpha oscillation peak (without actually triggering a
stimulus as the stimulus artifact would have prevented accurate
post-hoc phase determination). The parameters and execution of
the real-time system were asynchronously controlled from a
standard PC running Microsoft Windows and MATLAB (R2015a,
MathWorks Inc.).

Study design

At the beginning of each session 5min of resting-state EEG with
eyes open were obtained. Subjects were instructed to relax and
fixate a cross at eye level 1m in front of them. Next, 160 TMS pulses
at 120% RMTwere applied over left DLPFC [34] during simultaneous
EEG recording (eyes open condition), with an inter-stimulus in-
terval of 3 s± 0.75 s to limit anticipation of the next trial. Thereafter,
subjects conducted a non-verbal delayed response working mem-
ory task with emotional distraction, taken from a previous report
[26] and implemented with slight adaptations in MATLAB (R2015a,
MathWorks Inc.) using Psychtoolbox (see supplementary material).

After BASELINE measurements subjects underwent one of three
rTMS interventions (600 pulses) in a pseudo-randomized
controlled crossover design: 1) Alpha-synchronized rTMS, i.e.,
200 TMS triple pulses at 100 Hz applied at the negative alpha peak
of the Hjorth-F5 signal, 2) modified iTBS according to a previous
report [28] with the adaptation of 100 Hz bursts (3 pulses at
100 Hz) instead of 50 Hz bursts to match the alpha-synchronized
rTMS and modified iTBS condition, or 3) a random alpha phase
control stimulation (Replay), in which the time sequence of stimuli
in a given subject in the alpha-synchronized rTMS interventionwas
replayed in a subsequent session, i.e., TMS pulses were given
independent of the phase of endogenous alpha activity. All rTMS
interventions were applied with the subjects having their eyes
open and fixating the cross in front of them to suppress occipital
alpha activity. Stimulus intensity was set at 70% RMT, stimulation
site was (�50, 30, 36) in MNI coordinates according to a previous
report [34]. The position of the TMS coil in 3D-space relative to the
participant’s head was maintained within and across experimental
sessions using an individually magnetic resonance imaging guided
stereoscopic neuronavigation system (TMS Navigator, Localite
GmbH, Sankt Augustin, Germany). Experimental sessions 1 (alpha-
synchronized rTMS) and 2 (modified iTBS) were randomized across
subjects, with session 3 (Replay) always following session 1, i.e.,
session orders were 1-2-3,1-3-2 or 2-1-3. The inter-session interval
was at least one week to avoid carry-over effects. Experimental
sessions in a given participant were conducted always on the same
time of day to avoid diurnal fluctuations in TMS-induced plasticity
[39].

Immediately after the rTMS intervention measurement of
resting-state EEG, TMS-evoked EEG responses and the working
memory taskwere repeated (POSTmeasurements) to test for rTMS-
induced neurophysiological and behavioral changes.
Data and statistical analyses

Analyses were performed in MATLAB (R2017b, MathWorks Inc.)
using the FieldTrip toolbox [40] and custom code. Electrophysio-
logical data were processed as described in detail previously [41]
(see supplementary material) and analyzed using cluster-based
statistics [42]. Resting-state EEG data were analyzed permuting
the frequency and channel domains (i.e., not analyzing predefined
frequency bands or regions of interest), comparing the difference in
spectral power between BASELINE and POST measurements sepa-
rately in each stimulation condition (i.e., alpha-synchronized rTMS,
modified iTBS, Replay). TMS-evoked potentials were analyzed
permuting the time and channel domains, comparing the differ-
ence in signal amplitude between BASELINE and POST measure-
ments in each stimulation condition, covering a latency of
30mse300ms after the TMS pulse. TMS-induced oscillations were
analyzed permuting the frequency and channel domains,
comparing the difference in z-transformed spectral power between
BASELINE and POST measurements in each stimulation condition,
covering a latency of 30mse750ms after the TMS pulse. The fre-
quency domain was divided into five different frequency bands:
4e8 Hz (theta), 8e13 Hz (alpha), 13e20 Hz (low beta), 20e30 Hz
(high beta) and 30e48Hz (gamma). The number of permutations
for theMonte Carlo method in the cluster-based statistics was 1000
for analysis of resting-state EEG and TMS-evoked potentials (TEPs),
and 2000 for analysis of TMS-induced oscillations.

Statistical analyses of the behavioral data were performed using
MATLAB (R2017b, MathWorks Inc.) and SPSS® Statistics (IBM®,
v.24). To determine the effects of TIME, INTERVENTION and
VALENCE on working memory performance (i.e., response accu-
racy) a 2� 3� 2 three-way repeated measures analysis of variance
(rmANOVA) with the within-subject factors TIME (2 levels: BASE-
LINE, POST), INTERVENTION (3 levels: alpha-synchronized rTMS,
modified iTBS, Replay) and VALENCE (2 levels: neutral, emotional)
was conducted. Mauchly’s Test was used to test for sphericity, and
the Greenhouse-Geisser correction was applied whenever sphe-
ricity was violated. Post-hoc paired two-tailed t-tests and follow-up
one- and two-way rmANOVAs were applied in case of a significant
main effect or interaction.

Data are given as mean± 1 standard deviation, if not otherwise
indicated. The level of significance was set to p< 0.05.
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Results

All 17 subjects completed all aspects of the study protocol
without serious adverse events. Two subjects reported mild tran-
sient discomfort at the site of stimulation during all rTMS in-
terventions and one subject reported mild headache lasting until
the next day after iTBS. These side effects did not affect the subjects’
capability to fully comply with all requirements of the study. No
other side effects were reported.
Demographic and clinical subject data

Mean HRSD17 scores were 22.1± 4.1 in session 1 (range: 18e31),
21.8± 3.7 (range: 17e29) in session 2, and 21.4± 3.6 (range: 17e28)
in session 3, with no statistically significant difference between
sessions (p> 0.1 for all comparisons). Mean RMT was 61.0± 6.9%
MSO (range: 42e69%MSO). Nine of the 17 patients (52.9%) were on
concomitant antidepressant pharmacotherapy, seven (41.2%)
received psychotherapy, and four (23.5%) received both. No patient
had undergone electroconvulsive therapy prior to study inclusion.
Alpha-synchronized left DLPFC stimulation

Triggering TMS by real-time analysis and phase prediction of
instantaneous alpha oscillations in the Hjorth-F5 EEG signal was
successful in 15 of the 17 subjects (88.2%). One subject showed no
alpha frequency peak in the power spectrum, in another subject
contamination of large occipital alpha oscillations prevented
detection of frontal alpha activity using the Hjorth-F5 signal. In the
remaining 15 subjects, however, TMS triple pulses could be reliably
triggered based on both power and phase of local alpha activity in
left DLPFC with a phase angle error distribution for alpha-
synchronized rTMS targeting the negative alpha peak (phase
angle, 0�) of �1.26� ± 61.9� (mean± standard deviation) and a
median inter-triple pulse interval of 1.80 s (inter-quartile range
from 1.20 s to 3.15 s; note that the inter-triple pulse interval dis-
tribution is asymmetric with a long-tail due to occasional pauses
when the real-time system did not trigger a stimulus due to EEG
artifacts, and is better described by quartiles than mean and stan-
dard deviation [which was 2.67 s± 2.51 s]) (Fig. 1). The median
duration of alpha-synchronized rTMS was 7min 54 s (mean 8min
16 s± 3min 2 s std).
Resting-state EEG

Cluster-based statistical analysis of resting-state EEG (eyes
open) revealed a significant difference between BASELINE and
POST measurements in the signal’s power spectrum within the
frequency range of 11e14Hz in the alpha-synchronized rTMS
condition (Fig. 2). No difference in power spectra between BASE-
LINE and POST measurements were found in the iTBS and Replay
conditions (data not shown).
TMS-evoked EEG potentials

Single-pulse TMS of left DLPFC resulted in a series of deflections
of the EEG signal (TEPs) with typical polarities and latencies
including N40, P60, N120 and P200 potentials, in line with previous
studies [43] (data not shown). Cluster-based statistical analysis
showed significant differences in TEPs between BASELINE and POST
measurements in the modified iTBS and Replay conditions (Fig. 3).
No difference in TEPs between BASELINE and POST measurements
was found in the alpha-synchronized rTMS condition.
TMS-induced oscillations

Left DLPFC TMS-induced oscillations were significantly different
between BASELINE and POST measurements in all stimulation
conditions, with specific patterns of significant channel clusters
and changes in time-frequency responses (Fig. 4). Alpha-
synchronized rTMS, but not modified iTBS or Replay, increased
TMS-induced beta oscillations over mesial frontocentral channels
(p¼ 0.013).

Working memory task

Performance in the working memory task was 84.0± 7.8%
response accuracy and 1.24± 0.20 s latency for correct responses at
BASELINE, averaged across rTMS interventions (alpha-synchro-
nized rTMS, modified iTBS, Replay) and valence categories (neutral,
emotional). There was no significant difference in response accu-
racy or latency for correct responses between BASELINE and POST
measurements for any of the three stimulation conditions. For
response accuracy, a 2� 3� 2 three-way rmANOVA with the
within-subject factors TIME, INTERVENTION and VALENCE showed
no significant main effects (all p> 0.05), but a significant three-way
interaction between TIME, INTERVENTION and VALENCE
(F2,28¼ 5.26, p¼ 0.011) (Fig. 5). Follow-up two-way rmANOVAs
revealed no significant simple two-way interaction between TIME
and INTERVENTION for neutral distractor trials (F2,28¼ 1.39,
p¼ 0.265), but a significant simple two-way interaction between
TIME and INTERVENTION for emotional distractor trials
(F2,58¼ 3.24, p¼ 0.046), which was explained by a significantly
higher response accuracy after vs. before modified iTBS
(F1,29¼ 5.65, p¼ 0.024). No changes in response accuracy between
POST vs. BASELINE measurements were found in the alpha-
synchronized rTMS (F1,29¼ 0.56, p¼ 0.46) and Replay (F1,29¼1.54,
p¼ 0.225) conditions.

Discussion

Here we report feasibility, safety and immediate neuro-
modulatory effects of real-time EEG-triggered alpha-synchronized
rTMS of left DLPFC in patients with antidepressant-resistant
MDD. To synchronize the TMS pulses with the instantaneous
oscillatory alpha activity in left DLPFC, we extracted alpha oscilla-
tions at the sensor level using a Hjorth Laplacian spatial filter
centered on the electrode F5, whichwas the closest electrode to our
targeted stimulation site [34], using Fp1, F1, FCC5h and FFT9h as
adjacent electrodes. Applying an autoregressive forward prediction
method [37] on the Hjorth-F5 signal led to an accurate prediction of
the phase of instantaneous alpha oscillations, sufficient to trigger
the 100 Hz TMS triple pulses at the predefined target phase (i.e.,
negative alpha peak) in 15 of the 17 patients (cf. Fig. 1). The vari-
ability of the phase angle is explained by the contamination of the
signal with other oscillations, and the trade-off between filter ef-
ficacy and length of the signal delay thereby introduced, as dis-
cussed in Ref. [19]. In addition, the Hjorth-F5 signal was
significantly contaminatedwith periocular and frontal scalp muscle
activity, which could not be removed in our real-time procedure
(but only post-hoc using ICA). Despite these limitations the filter
settings and alpha power threshold chosen for this study worked
satisfactorily for all but two patients: in one patient contamination
of large occipital alpha oscillations prevented detection of frontal
alpha activity using the Hjorth-F5 signal and another subject
showed no alpha frequency peak at all in the power spectrum. We
expect that individually optimized spatial filters computed by
spatial-spectral decomposition [44] increase the signal-to-noise
ratio of the EEG signal, thereby increasing accuracy and reducing



Fig. 1. Real-time EEG-triggered alpha-synchronized stimulation of the left DLPFC. (A) EEG montage using a Hjorth Laplacian filter (centered on electrode F5) to extract the EEG
signal from left DLPFC. (B) Group average phase accuracy of alpha-synchronized rTMS, targeting the negative peak (‘trough’) of instantaneous alpha oscillations (phase angle, 0�) by
real-time EEG analysis of the F5-Hjorth signal. The resting-state EEG before the experiment was used for post-hoc calibration. Phase angles are binned (width, 10�) and normalized
probabilities are indicated as sector radii. (C) Group average of the pre-stimulus F5-Hjorth signal in the alpha-synchronized rTMS condition. Shade, standard deviation of the signal,
the stimulus artifact is indicated by the bar at time zero. (D) Same data as in (C) for the Replay condition. Data in this and all following figures are from the n¼15 subjects with
successful alpha-synchronized rTMS (for details, see text).
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variability of targeting a predefined phase of instantaneous brain
oscillations in left DLPFC.

Alpha-synchronized rTMS, but not a predetermined static rTMS
sequence (modified iTBS) or random alpha phase control stimula-
tion (Replay), reduced left frontal resting-state alpha power and
increased TMS-induced beta oscillations over mesial frontocentral
channels. The phase-dependency of these neuromodulatory effects
is in line with previous results from human primary motor cortex
(M1) demonstrating the critical role of the phase of the
Fig. 2. Modulation of resting-state EEG spectral power by alpha-synchronized rTMS. Left: Top
and POST measurements in the alpha-synchronized rTMS condition, within the frequency
nificant clusters. Right: Power spectrum of the signal from the channels comprising the stat
statistical difference was found. Grey and white areas delineate frequency bands: 4e8 Hz (
sensorimotor m-alpha-rhythm for induction of corticospinal plas-
ticity [19]. Our findings extend these prior results by demonstrating
that brain oscillation-synchronized rTMS as opposed to rTMS not
synchronized with instantaneous brain oscillations differentially
alters brain network dynamics in non-motor brain areas (i.e., left
DLPFC) and in a disease state (i.e., MDD). Of note, left frontal and
right parietal resting-state alpha power was reduced after 600
alpha-synchronized TMS pulses only (cf. Fig. 2). In contrast, no
changes in resting-state EEG power spectra were seen after a single
ographical plot of the cluster statistical difference in spectral power between BASELINE
range of 11-14 Hz. Asterisks correspond to channels pertaining to the statistically sig-
istically significant clusters. Black bar and asterisk mark the frequency range where the
theta), 8e13 Hz (alpha) and 13e20 Hz (low beta).



Fig. 3. Modulation of TMS-evoked potentials. Topographical plots of the statistical difference in TMS-evoked potential (TEP) amplitude between BASELINE and POST measurements
in the iTBS (left top: positive cluster at 90-150 ms latency; left bottom: negative cluster at 200-240 ms latency) and Replay condition (right; positive and negative clusters at 160-230
ms latency). (*) corresponds to channels pertaining to the statistically significant clusters. TEPs were computed from channels comprising statistically significant clusters. Black bars
and asterisks mark the time periods where the statistical difference was found.
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session of left DLPFC transcranial direct current stimulation (tDCS)
with current stimulation parameters used in tDCS protocols for
depression [41]. Together, these findings suggest that real-time
EEG-triggered brain oscillation-synchronized rTMS is capable of
modulating fronto-parietal oscillatory network activity. In line with
this notion recent studies have shown that adaptive deep brain
stimulation (DBS), which uses the power or phase of oscillatory
beta activity in the subthalamic nucleus (STN) to trigger DBS, is
highly effective in suppressing pathological beta bursts in the STN
in patients with Parkinson’s disease [45e48]. As increased alpha
power in left prefrontal cortex has been reported in MDD [49e51],
although some studies have failed to replicate these findings (for
review, see Ref. [52]), and a clinical improvement to antidepressant
treatments was found to be associated with a decrease in alpha
Fig. 4. Modulation of TMS-induced oscillations. Top: topographical plots of the cluster-b
measurements in the three stimulation conditions. (*) corresponds to channels pertaining
different time-frequency responses (TFRs) are delineated by dotted-squares with designate
activity [23], our findings suggest that alpha-synchronized rTMS
might have therapeutic potential to also alleviate depressive
symptomatology in MDD. Clinical trials with multiple treatment
sessions are now needed to test the therapeutic potential and ef-
ficacy of alpha-synchronized rTMS in MDD.

Several reports suggest that oscillatory brain activity in other
frequency bands also plays an important role in the pathophysi-
ology of depression (for review, see Ref. [20]). For instance, delta
and beta band activity is closely correlated with functional con-
nectivity in the default mode network [53] showing aberrant
functional connectivity in MDD [54], and increased theta activity in
frontal and anterior cingulate cortex has been reported in patients
with MDD [55]. Although findings on oscillatory EEG biomarkers as
endophenotypes of MDD are not unequivocal (for review, see
ased statistical difference in TMS-induced oscillations between BASELINE and POST
to statistically significant clusters. Bottom: for each stimulation condition significantly
d numbers (#). TFRs correspond to the average of all channels.



Fig. 5. Modulation of working memory performance. Response accuracy (% correct responses) in neutral (A) and emotional (B) distractor trials. Modulation of response accuracy
showed a significant three-way interaction between TIME, INTERVENTION and VALENCE (F2,28 ¼ 5.26, p ¼ 0.011), which was explained by an increase in response accuracy after vs.
before iTBS in emotional distractor trials (F1,29 ¼ 5.65, p ¼ 0.024). Data show mean ± 95% confidence interval.
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Ref. [56]), it is intriguing to speculate in this context that brain
oscillation-synchronized rTMS offers a unique tool to interfere with
and modulate dysfunctional microcircuits and brain networks in
MDD. Future studies on brain oscillation-synchronized rTMS in
MDD should also address the question whether the resting-state is
the optimal state for interference with dysfunctional brain net-
works, or whether task-dependent activation of these networks
[57] might open a window to induce context-specific plasticity in
these networks by brain oscillation-synchronized rTMS.

Modified iTBS and Replay, but not alpha-synchronized rTMS,
modulated late TEPs (cf. Fig. 3). Although the physiological mech-
anisms of TEPs are currently not well understood, for TEPs elicited
by M1 stimulation the N100 potential has been associated with
GABA-B receptor activation [58] and the P180 potential may be
linked to axonal excitability, as the voltage-gated sodium channel
blocker lamotrigine reduces the P180 amplitude [59]. These find-
ings suggest that modified iTBS and Replay had effects on cortical
inhibition and excitation in our patients that were different from
those of alpha-synchronized rTMS.

In addition to decreasing left frontal and right parietal resting-
state alpha power, alpha-synchronized rTMS, but not modified
iTBS or Replay, increased TMS-induced beta oscillations at
200e350ms over mesial frontocentral channels (cf. Fig. 4). In M1,
TMS typically leads to a strong beta-desynchronization at
200e400ms in the stimulated and contralateral sensorimotor
cortex [60]. It is likely that this late beta-desynchronization is
linked to GABAergic inhibition, as alprazolam and diazepam (pos-
itive modulators at the GABA-A receptor) as well as baclofen (a
specific GABA-B receptor agonist) enhanced this late TMS-induced
beta-desynchronization [60]. Although TMS-induced perturbations
of endogenous oscillatory brain activity are site-specific, i.e., show
different patterns in the time-frequency response in different brain
areas such as M1 and DLPFC [61], the increase in TMS-induced beta
oscillations in the alpha-synchronized rTMS condition may be
interpreted as a transient reduction in GABAergic neurotransmis-
sion. In line with this notion, both animal [15] and human studies
[62] have suggested modulation of inhibitory neurotransmission as
a possible mechanism of action of repetitive magnetic stimulation.
Importantly, disinhibition may prime cortical networks for the
subsequent expression of input-specific (i.e. context-dependent)
associative synaptic plasticity, constituting a circuit mechanism of
behavioral learning [63]. Future studies, including pharmacological
studies in patients with MDD, need to test this further.
On a behavioral level, modified iTBS, but not alpha-
synchronized rTMS or Replay, increased response accuracy in
emotional (but not neutral) distractor trials (cf. Fig. 5). These
findings are in line with one recent study, which reported an in-
crease in performance in this delayed working memory task in
emotional, but not neutral distractor trials after a single session of
anodal tDCS of the left DLPFC in patients with MDD [64]. The rea-
sons for the lack of an effect of alpha-synchronized rTMS on
response accuracy in the current study remain unknown, but could
involve differences in the cortical microcircuits and networks
activated following stimulation of alpha-synchronized rTMS vs.
modified iTBS. A deeper mechanistic understanding of alpha-
synchronized rTMS vs. non-synchronized rTMS protocols,
including their effects on resting-state functional connectivity in
brain networks, will likely provide important insights into how
rTMS therapy can be further optimized in the context of
connectivity-based MDD subtypes [65].
Limitations of the study

For the purpose of comparing the effect of alpha-synchronized
rTMS vs. (modified) iTBS we adapted the original iTBS protocol as
described by Huang and colleagues [28] by applying 100 Hz TMS
triple pulses instead of 50 Hz triple pulses. This ensured that the
TMS bursts covered the same period of the alpha cycle in both
stimulation conditions and allowed us to exclude that any differ-
ence in the effect of alpha-synchronized rTMS vs. modified iTBS
could be attributed to the temporal structure of the TMS bursts in
the two conditions. In reverse, we cannot exclude the possibility
that the 100 Hz TMS triple pulses in our modified iTBS condition
had different effects on the stimulated neuronal circuits as
compared to 50 Hz TMS triple pulses used in the original iTBS
protocol, as suggested by prior work using quadripulse stimulation
in M1 [66].

Due to the constraints of our real-time phase estimation and
stimulus trigger algorithm (see Material and Methods) inter-triple
pulse intervals, and thus intervention durations, differed signifi-
cantly across subjects in the alpha-synchronized rTMS condition
(median intervention duration 7min 54 s, mean 8min 16 s± 3min
2 s), and were significantly longer than the duration of modified
iTBS (3min 10 s, fixed). Although inherent to our personalized
stimulation approach, these differences in the stimulation duration
may have contributed to the differences in the observed
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neurophysiological and behavioral effects between alpha-
synchronized rTMS and modified iTBS.

We used a comparatively low stimulation intensity of 70% RMT
in our TMS intervention, given that current clinical rTMS protocols
in MDD use intensities of up to 120% RMT [29]. In our pilot ex-
periments of alpha-synchronized rTMS of the left DLPFC in healthy
subjects, however, a stimulation intensity of 80% RMT, which we
initially selected based on our own work in the motor system [19],
was not well tolerated by some subjects due to discomfort. The
reasons for this are likely (i) the use of high-frequency 100 Hz TMS
triple pulses during alpha-synchronized rTMS/modified iTBS in our
study as opposed to 50 Hz TMS triple pulses in the original iTBS
protocol [28]; (ii) stimulation at a more lateral position in left
DLPFC [67] as compared to previous work [29], which increases co-
activation of scalp/facial muscles [68,69]; and (3) non-employment
of a ramping-up protocol, which is often used in clinical rTMS
therapy to adapt patients to the sensation of higher stimulation
intensities. The 70% RMT intensitywhichwe used in ourmain study
was generally well tolerated by our subjects (see Results) and ex-
ceeds the intensity of 80% AMT applied in the original iTBS protocol
[28] (based on studies comparing RMT and AMT for biphasic TMS
[70,71]). Nevertheless, future studies investigating the clinical po-
tential and efficacy of brain oscillation-synchronized rTMS may
need to incorporate a ramping-up algorithm to test higher intensity
stimulation and/or stimulation at different cortical targets.
Conclusions

Alpha-synchronized rTMS of the left DLPFC is feasible, safe and
has specific single-session neuromodulatory effects in patients
with antidepressant-resistant MDD. With regard to future studies,
physiological investigations are necessary to better understand
which frontal brain areas and which brain oscillations (in terms of
both target frequency and target phase) may serve as a suitable
target for the directional modulation of frontal brain networks
relevant in MDD, as well as clinical trials with repeated stimulation
sessions to investigate the therapeutic potential and efficacy of
brain oscillation-synchronized rTMS in MDD as compared to cur-
rent TMS therapies.
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