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Highlights
e We estimated alpha power modulation within the rTMS inter-burst intervals of
EEG.

e Arrhythmic rTMS reduced alpha power for the first 2sec; rhythmic rTMS had no

effect.
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Abstract

This study was conducted to provide a better understanding of the role of electric field
strength in the production of aftereffects in resting state scalp electroencephalography
by repetitive transcranial magnetic stimulation (rTMS) in humans. We conducted two
separate experiments in which we applied rTMS over the left parietal-occipital region.
Prospective electric field simulation guided the choice of the individual stimulation
intensities. In the main experiment, 16 participants received rhythmic and arrhythmic
rTMS bursts at between ca. 20 and 50 ™/mm peak absolute electric field intensities. In
the control experiment, another group of 16 participants received sham rTMS. To
characterize the aftereffects, we estimated the alpha power (8-14 Hz) changes recorded
in the inter-burst intervals, i.e., from 0.2 to 10 seconds after rTMS. We found aftereffects
lasting up to two seconds after stimulation with ca. 35 "V/mm. Relative to baseline, alpha
power was significantly reduced by the arrhythmic protocol, while there was no
significant change with the rhythmic protocol. However, we found no significant long-
term, i.e., up to 10-second, differences between the rhythmic and arrhythmic stimulation,
or between the rhythmic and sham protocols. Weak arrhythmic rTMS induced short-lived

alpha suppression during the inter-burst intervals.
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1. Introduction

The self-organized activity of neurons and neural assemblies produces oscillating
electric fields in the brain [1]. These oscillating electric fields are recurrent, as they feed
back onto the neural assemblies thereby facilitating neural synchrony and plasticity [1].
Repetitive transcranial magnetic stimulation (rTMS) induces a periodic electromagnetic
field in the brain [2], which triggers molecular, cellular, and electrophysiological changes
in neuro-glia networks [3].

In our previous work, we studied the immediate electrophysiological effects of rTMS
using a novel stimulation intensity selection approach [4]. In order to individually adapt
the stimulation intensities, we prospectively estimated the rTMS-induced electric field
strengths [4]. Using this approach we have shown that peak absolute electric fields
between ca. 35 and 50 "™V/mm already induced immediate changes in the
electroencephalogram (EEG) in humans [4].

Yet, many applications of rTMS aim at inducing neural effects that outlast the
duration of the stimulation itself. Therefore, in the present study we investigated possible
aftereffects of the stimulation by focusing on the EEG recordings in the inter-burst
intervals from 0.2 to 10 s after the rTMS bursts. The selected time window is free from
rTMS-induced artifacts such as ringing, decay, cranial muscular, somatosensory or
auditory artifacts [5].

To quantify the aftereffects, we estimated the spectral power in the alpha frequency
band which is a common outcome measure in the rTMS-EEG literature [6]. Based on
the entrainment echo hypothesis [7], we expected that rhythmic rTMS at the individual

alpha frequencies would entrain neural oscillations and increase alpha power due to
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facilitated spike-timing dependent plasticity. On the other hand, we expected that
arrhythmic (active control) or sham (90° tilt) protocols would not entrain ongoing

posterior alpha oscillation and, therefore, would not produce any aftereffects.

2. Methods
2.1. Secondary analysis
To test our hypotheses we performed a secondary analysis of our openly available

rTMS-EEG dataset (https://github.com/ZsoltTuri/2019 rTMS-EEG). We reported the

immediate electrophysiological effects elsewhere [4]. This dataset contains EEG

recordings from two separate experiments (see point 2.5 for more details).

2.2. Participants
We included only neurologically healthy participants in the study [4]. For more details,

see Table 1.

Table 1. Participant information. @ We assessed the handedness laterality index with the

Edinburgh Handedness Inventory [8].

Main experiment Control experiment
Sample size (n) 16 16
Mean age * SD (years) 255+ 3.2 23.9+3.9
Age range (years) 21 to 32 20to 34
Number of women/men 8/8 8/8
Exclusion criteria assessed by  Self-reports and/or neurological examinations
Contraindications None None
Mean laterality index? + SD 78.4 +50.1 78.8+31.6
Laterality index range -30 to 100 0 to 100
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2.3. Ethics

The Ethics Committee of the University Medical Center Gottingen approved the
investigation, the experimental protocols, and all methods used in the main and control
experiment (application number: 35/7/17). We performed all the experiments under the
relevant guidelines and regulations. All participants gave written informed consent

before participation [4].

2.4. Head modeling and electric field estimation

We used a freely available open software package called Simulation of Non-invasive
Brain Stimulation (SimNIBS, version 2.0.1) [9]. We used anatomical T1- and T2-
weighted and diffusion-based magnetic resonance imaging data (MRI) to generate
individualized, multi-compartment head models. The head models included the following
compartments (corresponding conductivity values in [S/m]): scalp (0.465), bone (0.01),
cerebrospinal fluid (1.654), gray matter (0.275) and white matter (0.126). For the gray
and white matter compartments, we used anisotropic conductivity values using the

volume-normalized method [10].

2.5. Experimental procedure and stimulation parameters

In the main experiment (n = 16), we performed prospective electric field modeling to
individually adapt the stimulation intensities (see Fig 1A). Participants took part in three
ITMS-EEG sessions separated by at least 48 hours. In each session, we applied rTMS
at 20, 35, or 50 "V/mm peak absolute electric fields. These field values correspond to 9.5

+ 1.1%, 16.8 + 2%, and 23.9 = 2.5 % of the group-averaged device output. We refer to
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92 these sessions as Low, Medium, and High intensity conditions, respectively. For further
93 details about the rTMS protocols, see Fig 1B (top).
94 In the control experiment (n = 16), an independent group of participants received
95 sham rTMS with the coil tilted by 90° (see Fig 1B, bottom) [11]. During the
96 measurement, this sham protocol produced acoustic and ringing/decay artifacts while it
97 minimized the induced electric field in the brain. We used the same stimulation intensity
98 for each participant, which we fixed at 29% of the device output. This value
99 corresponded to the maximum pulse amplitude used in the High intensity condition of
100 the main experiment.
101 In both experiments, we applied rTMS over the left parietal-occipital area, specifically
102 at the PO3 electrode as defined by the international 10/20 EEG system. The participants
103 received the stimulation in the resting state, eyes open condition (Fig 1C). We delivered
104 the rhythmic rTMS at the individual alpha frequency, which we estimated prior to each
105 session from the resting state EEG recordings [4]. Based on the Arnold’s tongue model
106 of neural entrainment, this is a necessary step to maximize the efficacy of inducing
107 neural entrainment. In the arrhythmic rTMS, we applied rTMS in a manner that avoided
108 any rhythmicity in the timing of the consecutive pulses [12,13]. Here, we prospectively
109 adjusted the timing of each pulse so that frequencies in the alpha frequency band (8-12
110 Hz) as well as their harmonics and subharmonics did not occur (e.g., 4 and 16 Hz for 8
111 Hz) [4].
112 In both experiments, we used a MagPro X100 stimulator with MagOption
113 (MagVenture, Denmark), normal coil current direction, biphasic pulses with 280 ps pulse

114  width, and a MC-B70 figure-of-eight coil. During rTMS we simultaneously recorded the


https://doi.org/10.1101/2020.10.28.358986
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.10.28.358986; this version posted October 28, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

115 scalp EEG with a TMS-compatible, 64 channel, active EEG system (BrainProducts,

116  Munich, Germany).

Prospective electric field modeling

- €1

head model modeling rTMS
B Main experiment (n=16)
rTMS bursts * 3 sessions (intensities)

Rhythmic (R) Arrhythmic (A)| |./5 R + 5 A blocks/session

HHIIIIHIIHHHH TN 26 peesrrios v
* 20 pulses/rTMS burst

individualized 7 TGN 50 ™y (20 - 29% MSO)
e caieod = Med: 35 ™/, (13 - 21% MSO) -
© NLow: 20MmY/,. (8-12% MSO)

Control experiment (n=16)
rTMS bursts . 1 sessions
Rhythmic (R) * 5 R block

ot .| | =25 rTMS bursts/block
[ ot sy 007 20 pusesiris purst

| Fixed intensity: 29% MSO |-

Cc Example: Resting state rTMS-EEG block

rTMS inter-burst rTMS rTMS
burst interval burst . burst
=2 e ol

ca. 2s R ca. 10s ca. 2s ca.2s

117 Fig 1. Study overview. (A) The stimulation intensity was individually adapted based on
118 prospective electric field modeling. (B) The stimulation parameters in the main and control
119 experiments. In the control experiment, we delivered rhythmic sham rTMS. (C) We defined the
120 aftereffects by focusing on the rTMS artifact-free inter-burst intervals (highlighted in orange).

121  Abbreviations: MSO — maximum stimulator output.

122 2.6. EEG analysis
123 EEG preprocessing. EEG analysis was performed using the FieldTrip software package
124  (http:/ffieldtrip.fcdonders.nl) with custom-made MATLAB code. First, the TMS-EEG data

125 were segmented into trials that were time-locked to the offset of the rTMS burst (from
5
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126  3.5s before and 10 s after the last TMS pulse). The datasets in both experiments (main
127 and control) included 125 trials with each stimulation condition. We removed the rTMS-
128 induced ringing artifacts from 4 ms before to 9 ms after the TMS pulse. The first round of
129 ICA (fastiICA) was performed to automatically identify the decay artifact by averaging the
130 time course of components over 50ms after each TMS pulse. Components with an
131 amplitude exceeding 30 pV were rejected. Piecewise Cubic Hermite Interpolation (pchip)
132  replaced the time intervals around the pulses.

133 Then, the data were downsampled to 625 Hz. We applied a 80 Hz low-pass and a
134 0.1 Hz high-pass filter (Butterworth IIR filter type, ‘but’ in FieldTrip). A discrete Fourier
135 transform-based filter was used to remove the 50 Hz line noise. Next, the data were
136 inspected for artifactual trials and channels. The procedure included a semi-automatic
137 algorithm described in detail in reference [14]. In brief, we defined the outlier channels
138 and trials, which exceeded 1.5 interquartile ranges. If a trial contained fewer than 20% of
139 such channels, they were interpolated in the trial, but otherwise removed. The channels
140 with line noise or high impedance levels were defined by estimating the correlation
141  coefficient with the neighboring channels. We rejected channels that had a correlation
142  coefficient value lower than 0.4 with their neighbors. All removed channels were then
143 interpolated using the weighted signal of the neighboring channels.

144 After inspecting the data we defined the number of independent components for the
145 ICA (binICA) by estimating the eigenvalues of the covariance matrix of the EEG data.
146  We defined the number of ICA components as the rank of the diagonal matrix minus the
147 number of the interpolated channels. We ran ICA only on trials that did not contain any

148 interpolated channels. Independent components were visually inspected for artifacts.
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149 The components containing eye-related artifacts, muscle, and line noise artifacts were
150 projected out from the data. After preprocessing, 93.8£9.9 (mean =SD) trials remained
151 for the High, 91.1+£13.4 trials for the Medium and 92.5%9.9 trials for the Low-intensity
152 conditions. As the last preprocessing step, we applied two seconds of padding (‘mirror’)
153 to the data intervals corresponding to baseline.

154 Short-term aftereffect. We performed the time-frequency analysis by running Wavelet
155 decomposition on frequencies from 1 to 25 Hz for the whole length of the trial from -5.5
156 to 10 seconds around the TMS burst offset. The wavelet consisted of seven cycles with
157 3 Gaussian widths. Once the wavelet analysis was completed, we performed a
158 statistical analysis to test the short-term aftereffect of the protocols and the time. To this
159 aim, we used two-second intervals before (‘baseline’) and after (‘activation’) the rTMS
160 burst. For each participant we averaged the data over all trials and then performed the
161 statistical analysis (Fieldtrip as ‘actvsbsIT’ test) separately for each intensity condition
162 (High, Medium, and Low). To reduce the influence of the remaining TMS artifacts we
163 performed a cluster-based permutation test (Monte Carlo, 2-25 Hz frequency range two-
164 tailed t-test with 1,000 permutations) 0.2s after the last TMS pulse. The null hypothesis
165 was rejected if the p-value of the maximum cluster level statistics was below 0.05 (one-
166 tailed test).

167 Long-term after effect. For the second analysis, we normalized the power of all
168 intervals of ca. 10 seconds length after rTMS bursts to baseline, i.e., the 1s period
169 Dbefore the start of the rTMS burst, using the decibel conversion. The frequency range

170 was normalized by extracting the IAF from the original frequency, and was averaged
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171 over IAF £ 1Hz and over the ten left parietal channels (i.e., P7, P5, P3, P1, Pz, PO7,
172 P03, POz, 01, Oz).

173 Statistical analysis of the normalized power including ten channels and the entire trial
174  duration from zero to ten seconds was performed for each stimulation intensity
175 separately. First, we used the independent samples t-test to compare rhythmic real and
176  rhythmic sham rTMS protocols in the High-intensity condition. When comparing the real
177 and sham rhythmic protocols, we focused primarily on the high intensity condition
178 because our participants received only one sham rTMS session corresponding to the
179 high intensity condition in the main experiment. Note that in the sham protocol we fixed
180 the stimulation intensity at 29% of the device output. To compare the rhythmic and
181 arrhythmic conditions we used dependent sample t-tests separately for each intensity
182 condition at IAF = 1 Hz. A non-parametric Monte Carlo approach with 1,000
183 randomizations was performed to estimate the probability of whether a given amount of

184  significant electrodes (p<0.05) could be expected by chance.

185 3. Results

186 3.1. Short-term aftereffect

187  First, we focused on analyzing the alpha power change following the rTMS bursts and
188 compared it to the baseline value. In the rhythmic conditions, the analysis revealed no
189 statistically significant differences from baseline in any of the intensity conditions (see
190 Fig 2). Note that in the Medium intensity condition the change was nearly significant (p =
191 0.07). However, in the arrhythmic conditions there was a significant change with the
192 Medium intensity (p = 0.03), but not with any other intensity (see Fig 2B). Lastly, the

193 analysis revealed that the alpha power did not change significantly from baseline after
10
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194  the sham protocol (Fig 2C). Note that the present study used only one sham condition

195 as a control for the High intensity rhythmic condition.

A. Rhythmic
Low rTMS Medium rTMS 7 High rTMS
25 l | E& p=0.25 ' 1R B o2
N 20 1t
I
5 J ,
S 15 1t ; !
> , $ i
210 - -
-
s L i -
0.2 1 2 02 1 2 02 1 2
Time, sec
B. Arrhythmic
5 Low rTMS Medium rTMS High rTMS
W ‘ 0=0.2 *ﬂo's T p=0.1
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i __uile = sl
= : - ;
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2 02 1 2 02 1 2
Time, sec

C. Rhyhtmic - sham

Power
25 p=0.61 T-va;ue
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Time, sec

196 Fig 2. Alpha power change after the rTMS bursts compared with the baseline time period

197 (activation vs. baseline analysis). Time-frequency plots show the power in the range from 5 to

11
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198 25 Hz (A) in the rhythmic, main, (B) in the arrhythmic, control and (C) in the sham rTMS
199 protocols. Horizontal lines represent the limits of alpha rhythm (8-14 Hz). Zero on the abscissa
200 corresponds to the time of stimulation offset. Statistical analysis was performed with a gap of

201 200 ms to reduce the influence of residual TMS artifacts.

202 3.2. Long-term aftereffect

203 In the following analyses, we focused on the IAF, because the entrainment hypothesis
204  predicts that the most pronounced effects should occur in frequencies at and close to
205 the IAF [15]. We compared the rhythmic and sham protocols in the High intensity
206  condition using a non-parametric cluster-based permutation test of the normalized alpha
207 power. The analysis did not reveal any significant difference between the real and sham

208 groups (p = 0.30; Fig 3).

High intensity

Real Sham Alpha power (IAF+1 Hz)

1 x )

go A\ / ' /\/\A/\N\/&\ /\/\w/x\/\/\/\
o VA \(/vw RV PPNV LSS

-2 0 2 4 6 8

Time, sec
209 Fig 3. Real rTMS did not change the spectral power relative to the sham rTMS at the
210 individual alpha frequency. The plots show the mean (black line) and SEM (shaded area) of

211 normalized alpha power during the whole trial. The power at IAF + 1Hz was averaged over ten

212  parietal channels around the stimulation electrode — PO3 (red). The vertical lines at -2 and zero
12
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seconds represent stimulation onset and offset, respectively. Note that we aligned the analysis
relative to the end of rTMS bursts. Thus, the exact beginning at -2 second varies according to

the IAF.

Next, we compared the rhythmic and arrhythmic protocols using non-parametric
cluster-based permutation tests on the normalized alpha power. Again, the test revealed
no significant differences between these protocols either in the High (p = 0.18), Medium

(p =0.08), or Low (p = 0.23) intensity conditions (see Fig 4).

13
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Rhythmic  Arrhythmic Alpha power (IAF+1 Hz)
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220 Fig 4. Lack of significant differences in the individual alpha power between rhythmic and
221 arrhythmic rTMS. The plots show the mean (black line) and SEM (shaded area) of alpha power
222  after ITMS bursts (time = 0). The power is normalized to the 1-second-long baseline period
223  directly before the rTMS bursts with decibel correction and averaged over groups and ten

224  parietal channels. Alpha power is extracted at IAF + 1Hz. Statistical analysis showed no
14
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225 significant difference between the rhythmic and arrhythmic conditions for any stimulation
226 intensity. The vertical lines at -2 and zero seconds represent stimulation onset and offset,
227  respectively. Note that we aligned the analysis relative to the end of rTMS bursts. Thus, the

228 exact beginning at -2 second varies according to the IAF.

229 These findings indicate that relative to the arrhythmic, control conditions, real rTMS
230 at ca. 20 and 50 ™V/mm peak absolute electric field did not change the spectral power in
231 the inter-burst intervals in the individual alpha frequency + 1 Hz range. There was a non-
232  significant (p = 0.08) decrease in alpha power relative to the arrhythmic condition, real

233  rTMS at ca. 35 ™V/mm for up to 10 seconds.

234 4. Discussion

235 In the present study, we investigated the electrophysiological aftereffects of rhythmic,
236  arrhythmic, and sham rTMS protocols in humans. We defined aftereffects as changes in
237 the alpha power (8-14 Hz) during the inter-burst intervals. We measured short-term
238 aftereffects, i.e. up to two seconds after stimulation, and long-term aftereffects, i.e. from
239 two to ten seconds after stimulation. We expected that rhythmic rTMS would entrain
240 alpha oscillations and lead to increased alpha power after rTMS [7]. Based on the
241 entrainment echo hypothesis, we expected alpha power to be increased for up to ca.
242  two seconds after each burst with rhythmic stimulation. We also expected that neither
243  sham nor arrhythmic rTMS would have any aftereffects on power modulation.

244 Contrary to our expectations, we observed no aftereffects on alpha power in the
245  rhythmic rTMS protocols with all intensities. In the medium intensity condition, we
246  observed a significant decrease in alpha power in the arrhythmic, and a slight, but non-

247  significant increase in the rhythmic protocol. When studying the entire ten-second inter-
15
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248  burst interval, we found no significant differences in alpha power between the rhythmic

249  and sham or rhythmic and arrhythmic protocols.

250 4.1. Do stronger electric fields induce more robust aftereffects on alpha power?
251 Compared to conventional rTMS studies that typically use electric fields of ca. 100
252 ™V/mm, the present study applied field strengths that were several times weaker ranging
253  from 20 to 50 ™V/mm. One might argue that the applied electric field strength was simply
254 too weak to induce any aftereffects. Following the above argument, one should find
255 more robust aftereffects on alpha power in studies using much stronger stimulation
256 intensities and thus greater electric field strengths. To gain a comprehensive overview,
257 we performed a systematic literature search on rTMS studies using conventional
258 intensities published between 1989 and 2017 (see S1 Appendix for details).

259 In this search, we focused on studies that evaluated the aftereffects of 10 Hz rTMS
260 on alpha power. We identified 16 eligible articles; ten of which described no aftereffects
261 after rTMS. Two articles described an increase, two articles observed both an increase
262 and a decrease, and one article described a decrease. One article reported incomplete
263  statistical tests to support the claimed aftereffect (e.g., post-hoc tests were missing; see
264 S1. Table for more details). One plausible reason for the contradictory findings may be
265 the known variability in the stimulation parameters, such as the number of pulses,
266 duration of the inter-train intervals, the neuronal state of the stimulated area, etc. [16].
267 Moreover, these studies also differ in how they operationalize the rTMS-induced
268  aftereffects. Whereas some studies focused on the short inter-burst intervals [e.g., 17],
269 others analyzed the time interval after the end of the rTMS protocol [e.g., 18].

270 Furthermore, studies may also differ in whether they evaluate the aftereffects directly
16
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271  after the end of the rTMS protocol or after a certain delay period [e.g., 19]. In the present
272  literature search, this delay period varied from several minutes [e.g., 20] up to one week
273 [e.g., 21]. Finally, these studies recruited healthy persons as well as patients (e.g.,
274  medication resistant major depression [20]), which is an important factor to consider
275 when evaluating the aftereffects of rTMS.

276 Taken together, it is difficult to draw comprehensive conclusions about the expected
277 direction of the EEG aftereffects following 10 Hz rTMS. Therefore, the result of the
278 literature analysis was that the evidence about the aftereffects on spectral power in

279  conventional rTMS studies is currently inconclusive.

280 4.2. Outlook and conclusions

281 At conventional intensities, 10 Hz rTMS is supposed to increase the corticospinal
282  excitability level [16]. The most typical outcome measure in humans is the peak-to-peak
283 amplitude of the single pulse TMS-induced motor evoked potential. Many studies have
284 found increased motor evoked potential amplitudes after the end of a 10 Hz rTMS
285 protocol that lasted for a few minutes [22]. Inhibitory synaptic effects likely play a
286  significant role in the pattern of aftereffects. For instance, a previous in vitro tissue
287  culture study provided evidence that 10 Hz repetitive magnetic stimulation induced long-
288 term potentiation in inhibitory synapses [23]. Moreover, scalp EEG alpha oscillations
289 have been associated with cortical inhibition in humans [24]. Therefore, future studies
290 should also investigate the aftereffects of 10 Hz rTMS on the corticospinal excitability
291 level together with the EEG changes when applying weak electric fields, such as in the

292  present study.

17
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In the present study we focused on electrophysiological aftereffect recorded during
the inter-burst intervals. At medium intensities (ca. 35 ™V/mm), arrhythmic rTMS
significantly reduced the alpha power shortly after the rTMS bursts, while the increase in
alpha power after rhythmic rTMS was not statistically significant. These findings may be
explained by previous observations that cortical inhibitory mechanisms might have lower
intensity thresholds than those producing excitation [25]. It remains to be seen which
electric field intensities can induce more robust and long-term aftereffects that are

manifest for up to several minutes or even longer after the end of the protocol.

18
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400 9. Supplemental information

401 S1 Appendix

402 We found 194 articles between January 2009 and December 2017 that described
403 studies using rTMS at the alpha frequency band in humans. We selected studies
404  delivering rTMS at 10 Hz and at individualized frequencies at alpha or mu rhythms. We
405 excluded 145 articles that did not use the EEG to evaluate the effects of ITMS. We
406 removed six articles that sequentially combined 1 Hz rTMS with 10 Hz rTMS as well as
407  two prospective clinical trials. We identified 41 articles that combined rTMS with EEG
408 measurements, 17 of which evaluated the effects of rTMS by assessing spectral power.
409  We further excluded four articles that focused on immediate electrophysiological effects.
410 Ten of the remaining thirteen articles used a fixed 10 Hz stimulation frequency. Two
411  articles set the stimulation frequency at the individual mu rhythm, and one at the
412  individual alpha rhythm (see Part | in S1. Table).

413 We further divided the 13 articles based on the time period in which they analyzed
414 the rTMS-induced electrophysiological aftereffects. High-frequency rTMS (= 5 Hz)
415 protocols deliver the stimulation in short bursts/trains and therefore employ several
416 seconds of inter-train intervals between each burst. For example, one can deliver 1,000
417 rTMS pulses in 20 bursts, using 50 pulses in each burst and 25 s inter-train intervals.
418 The role of the inter-train interval is at least twofold: they prevent coil overheating, and
419 are important for patient safety. Without inter-train intervals, the likelihood increases that
420 high-frequency rTMS might induce an epileptic seizure even in healthy individuals. The
421 short inter-train interval also allows recording and analyzing simultaneous scalp EEG

422  periods that are free of rTMS-induced artifacts. Therefore, the EEG analysis can focus
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on these short inter-train intervals. It can start directly after the last pulse or several
minutes after the end of the protocol. We identified four articles that analyzed the
aftereffects during the inter-train intervals. Six articles focused on aftereffects occurring
directly after the last pulse and four after the end of the stimulation protocol. This latter

period varied between several minutes to one week.
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428 S1. Table.

429 Summary of studies investigating the rTMS-induced electrophysiological aftereffects.

430 Abbreviations: act: active/real stimulation; DLPFC: dorso-lateral prefrontal cortex; EEG RoT: EEG electrode landmark and rule of thumb;
431 IAF: individual alpha frequency; IMF: individual mu frequency; IPL: inferior parietal lobe; ilPS: inferior intraparietal sulcus; ITI: inter-train
432 intervals; MT: motor threshold; NN anat: neuronavigation based on individual anatomy; n: sample size; No.: number; n.s.: not significant;
433  PT: phosphene threshold; RMD: repeated measures design; RMT: resting motor threshold; RoT: rule of thumb; RT: participants’ reaction
434  time; S1: primary somatosensory cortex; SD: single design without sham or control rTMS; sh: sham stimulation; SGD: separate group

435  design; SPL: superior parietal lobule; sp-TMS: single pulse TMS; vMT: visual motor threshold.

Part I. Our systematic literature search results
. Inter- . Sham/ Aftereffect
Nr. Article Sample n Dose Target Targ_et Frequency Total no. PUIS.ESI Train train Session control Design rTMS EE.G on alpha
selection of pulses train number | . number during | period
interval rT™MS power
medication | act:
Narushima resistant 43 110% left NN sham
1 2010 vascular sh: RMT DLPEC anat 10 1,200 60 20 60 10/15 coil SGD rest after n.s.
depression 22
. left . RMD-
0, -
2 Az'z'gl’\ic’h healthy | 12 1&8'4" motor ﬁgthMc?t IMF 400/1,200 20 20/60 68 1 “gokﬂy same | rest I increase
cortex P day
medication
- . sp-TMS
Valiulis resistant 100% left .
3 2012 major 23 MT DLPEC hOFteS'?Ot 10 1,600 80 20 40 10/15 no SD rest after increase
depression
act: eft
Fuggetta 11 100% sp-TMS tilt by
4 2013 healthy sh: RMT motor hot spot 10 400 20 20 30 1 00° SGD rest ITI n.s.
11 cortex
Puzzo 110% left EEG no
5 2013 healthy 14 RMT IPL P3 IMF+1 720 24 30 15.6 1 ITMS SD task ITI n.s.
6 Pripf supnic | 11 | 2% left NN-anat 10 1,200 50 24 25 1 vertex | RMD rest ?;t;r decrease
2014 RMT DLPFC ! pulse
ITI: Increase
act: left ITI & in real ITMS
Weisz 15 50% . EEG tilt by after driven by
7 2014 healthy sh: MSO auditory RoT IAF 1,000 50 20 25 1 45° SGD rest last decrease in
cortex
15 pulse sham.
after: n.s.
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) Inter- . Sham/ Aftereffect
Nr. Article Sample n Dose Target sglzrcgt?ctn Frequency gftillggs' P?rI:iiS/ n-l:—;qa;)ner train iﬁfnstlnoerr] control Design JI:YLS I(EalrzioGd on alpha
P interval rTMS 9P power
Wozniak- after
0,
8 Kwasniewska healthy 20 120% left NN 10 800 50 16 54 1 sha_m RMD rest last n.s.
RMT DLPFC anat coil
2014 pulse
act: 3cm
De Felice 10 100% left EEG
9 2016 SUD-alc she RMT DLPEC £3 10 1,000 50 20 20 4 wooden SGD rest after n.s.
plate
10
act:
. sp-TMS : after .
Kim 12 110% left tilt by increase
10 2016 healthy sh: YMT DLPEC hot spot 10 1,600 50 32 n/r 12 00° SGD rest last decrease
12 RoT pulse
Pathak major 100% left NN
11 2016 depression 5 MT DLPEC anat 10 1,000 50 20 20 20 no SD rest after n.s.
. ’ after
Mobius 110% left EEG tilt by
12 2017 healthy 23 MT DLPEC £3 10 3,000 50 60 25 1 45° RMD rest pls\lsste n.s.
. after
Xia 18 90% left EEG 1
13 2017 DOC 12 RMT DLPEC F3 10 1,000 100 10 60 20 no SD rest plazte n.s.
Part Il. Selected studies from a review of Thut and Pascual-Leone (2010)
. Inter- ) Sham/ Aftereffect
Nr. Article Sample n Dose Target Targ_et Frequency Total no. PUIS.ESI Train train Session control Design rTMS EE.G on alpha
selection of pulses train number | . number during | period
interval rT™MS power
act: after
Okamura 20 100% left tilt by no statistical
14 2001 healthy sh: MT PEC RoT 10 60 30 2 300 1 00° SGD rest Ialst test reported
12 pulse
. tilt b
right EEG %0
i 0,
15 | Kiimesch heathy | 15 | 110% | IPS P6 IAF+1 1,728 24 72 116+ 1 RMD | task Ml decrease
2003 RMT mid RT increase
frontal Fz IAF-3
20 Hz
act:
110%
. EEG . after
16 Griskova healthy | 18 | RMT left =) 10 2,000 20 100 10 1 tilt by RMD rest last ns.
2007 sh: DLPFC RoT 45 ulse
90% P
RMT
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