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Continuous theta burst stimulation
at 30 hz does not modulate cortical
excitability in a sham-controlled
study

Joana Frieske®%2™“, Sybren Van Hoornweder', Marten Nuyts®, Stefanie Verstraelen?,
Stephan P. Swinnen? & Raf L.J. Meesen:2

Theta burst stimulation (TBS) can modulate cortical excitability but suffers from high inter-subject
variability. Modified TBS frequency patterns (30 Hz) showed consistent inhibitory aftereffects, but
further research into the time course of these effects is needed. This study aimed to investigate the
efficacy of a 30 Hz continuous TBS (cTBS) protocol. Participants (n=20) underwent an experimental
session (real cTBS) and a control session (sham cTBS). To assess cortical excitability, Transcranial
Magnetic Stimulation was applied over the primary motor cortex before cTBS, and at five timepoints
after cTBS. Percentage change (PC) to baseline was analysed using a Linear Mixed Model. No
difference in PC was found between real and sham cTBS (p=0.696). Our results demonstrate a
significant increase in PC over time (p=0.006) at 30, (p=0.01), 45 (p=0.027), and 55 min (p=0.024)
post cTBS, irrespective of condition. Secondary analysis dividing the sample into responders and
paradox-responders showed no significant predictors for cTBS responsiveness. We could not replicate
previously reported suppressive effects of 30 Hz cTBS. Increases in MEP amplitudes over a 60-minute
time window were independent of stimulation condition and marked by high inter-subject variability.
Validations of modified TBS protocols are further needed to replicate findings and understand
mechanisms underlying individuals’ responsiveness.

Keywords Transcranial magnetic stimulation (TMS), Continuous theta burst stimulation (cTBS), Variability,
30 hz cTBS, Responsiveness, Cortical excitability

Transcranial magnetic stimulation (TMS) is a non-invasive brain stimulation technique that can be used to
assess cortical excitability and modulate neuronal activation patterns!. While the former is typically achieved
via single TMS pulses, the latter can be attained via repetitive TMS (rTMS), which generates multiple high
frequency pulses leading to transient post-stimulation changes in neuroplasticity'2.

Theta burst stimulation (TBS) is an rTMS protocol that was shown to demonstrate benefits over conventional
r'TMS protocols as it achieved neuroplastic changes in a shorter timeframe, by applying fewer number of pulses
with a lower intensity’. Depending on the temporal sequencing, TBS was initially found to either enhance
or decrease cortical excitability, which was defined as intermittent TBS (iTBS) or continuous TBS (cTBS)
respectively*>.

The cTBS protocol of Huang et al. (2005), which has become the standard protocol in use, induces triplets of
pulses with a frequency of 50 Hz. These triplets are repeated every 200 ms (5 Hz) over a time frame of 20-40 s.
Applying a total of 600 pulses over 40 s has been shown to induce a suppression of cortical excitability up until
60 min following cTBS°. However, the time course of the effect varies noticeably across different studies. A meta-
analysis by Chung et al. (2016) found significant reductions of cortical excitability up until 60 min following
cTBS, with the strongest effect being present at 5 min?. Others have found suppressive effects peaking 10-
20 min post intervention®. Contrasting results were found by a large-scale analysis which reported a significant
reduction of motor evoked potentials (MEP) up until only 10 min post cTBS’. Additionally, there seems to be an
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overall lack of adequate sham-controlled studies in rTMS and TBS research®, which undermines the validity of
conclusions drawn from previously observed significant effects.

With the implementation of TBS protocols becoming more and more widespread, it has become evident
that subsequent cortical excitability changes are notoriously variable, both across- and within-subjects®!°. This
observation has sparked previous researchers to investigate which factors may explain across- and within-subject
differences. For instance, Corp et al., 2020 found that methodological factors such as baseline MEP peak-to-peak
amplitude, target muscle, age and time of day contributed to the observed high inter-individual variabilities’.
Furthermore, differences in the recruitment of I-waves, brain-derived neurotrophic factor (BDNF) genotypes,
age, sex, and methodological differences have also been put forward as potential causes of TBS response
variability!!"!>. To identify which persons do respond to TBS, research dividing the sample into responders vs.
non-responders based on contrasting effects following stimulation has previously been conducted!®. However, a
lack of knowledge about the underlying mechanisms characterizing responders calls for more investigation into
individual-specific factors.

Akin to most non-invasive brain stimulation modalities, TBS is characterized by an extensive parameter
space. Previous work has highlighted that isolated deviations from the standard protocol can already lead to
vastly different TBS after-effects. For instance, in their search for an optimal number of pulses, McCalley et
al,, 2021 showed that doubling the number of pulses from 600 to 1200 reversed the effect of cTBS on cortical
excitability from inhibition to facilitation'®. A similar effect was shown when increasing the stimulation intensity
to 100% of active motor threshold (aMT) instead of the commonly used 80% aMT'”. Measuring cortical
excitability via single-pulse TMS on M1 could be an additional factor amplifying the high variability observed
in previous studies. Research investigating the effects on variability comparing multiple stimulation intensities
via input-output curves suggested that MEP amplitudes might be less variable on the upper end of the curve!s.
150% of resting motor threshold (rMT) was found to be the most reliable stimulation intensity to capture cTBS
suppressive effects due to the near-maximal late I-wave recruitment. The recruitment of near-maximum late
I-waves was implied to lower variability and increase detection of early I-wave suppression induced by cTBS'®1°.
Since mechanisms underlying these effects are not well understood, more studies are needed to disentangle how
certain protocol adaptations affect underlying neuronal mechanisms and cortical excitability.

A study by Goldsworthy et al., 2012 revealed promising results with respect to stabilizing TBS after-effects
and lowering inter-subject variability. They examined alterations to the frequency of pulses which are typically
applied at 50 Hz, using a frequency of 30 Hz instead. Their protocol entailed 600 pulses applied in triplets every
167ms (i.e., ~6 Hz), whereby the three pulses within one train were applied at 30 Hz instead of the common
50 Hz. By comparing the standard 50 Hz ¢TBS with the modified 30 Hz cTBS, they demonstrated that 30 Hz
cTBS induced a more consistent and stronger suppression of cortical excitability over a time course of 30 min®.
Despite their promising results, only a few studies have adopted the 30 Hz cTBS protocol to probe its effects on
cortical excitability, with all these studies supporting the stable suppression of MEP amplitudes?!?2. However,
sample sizes ranged from 9 to maximally 12 participants and none of these studies have tested cortical excitability
effects in time windows exceeding 30 min in a sham-controlled design. Accordingly, whether a modified cTBS
protocol might overcome the highly variable effects of TBS over a 60-minute time course is yet to be investigated.
Certainly, it is important to extend research on modified experimental paradigms and the minimization of inter-
subject variability using adequate sham conditions to enhance the reliability of TBS.

The aim of this study was to investigate the variability and duration of cTBS aftereffects on cortical excitability
using a modified 30 Hz protocol. We explored the length and consistency of its aftereffect by comparing 30 Hz
cTBS with a sham control condition over five different timepoints (0, 15, 30, 45, 55 min). We hypothesized
to observe a decrease in cortical excitability in the experimental cTBS condition by means of reduced peak-
to-peak MEP amplitudes in all post-stimulation timepoints compared to baseline. Also, given that previous
research showed 30 Hz cTBS to result in robust MEP suppression, we expected to see a consistent effect of MEP
suppression across participants throughout the experiment.

Methods

Participants

A sample of 20 healthy volunteers was included in the study (aged 19-28, mean age + SD: 22.35+2.21 years,
11 female). Prior to inclusion, participants filled in the Edinburgh Handedness Inventory®® and a TMS safety
screening questionnaire to ensure eligibility. Participants were excluded if they showed any history of neurological
and/or psychiatric disease, were regular smokers, used chronic medication or illicit drugs affecting the central
nervous system, and/or had contraindications for TMS. All participants were right-handed and provided full
written informed consent before participation. All methods were carried out in accordance with Declaration of
Helsinki. The study was approved by the local Ethics Committee of UZ/KU Leuven (reference S66028).

Experimental design and procedure

This sham-controlled, single blinded study consisted of two sessions, which were separated by a week. All
participants underwent an experimental session and a control session, of which the order was randomised. Both
sessions were identical except for the stimulation condition (real versus sham c¢TBS) and took place at the same
time of day for each participant. Participants were seated comfortably in a chair with both arms resting on a
table and a monitor in front of them. During the experiment, participants were presented a digital slide show of
nature images to keep their state of attention constant. Surface Ag-electrodes (Bagnoli™ DE-2.1 EMG Sensors,
DELSYS Inc, Boston, MA, USA) with single-use double-sided adhesive skin interfaces (DELSYS Inc, Boston,
MA, USA) were placed over the right first dorsal interosseous (FDI) and the reference electrode on the bony part
of the dorsal wrist. Raw electromyographic (EMG) signals were measured, (Bagnoli-4 EMG System, DELSYS
Inc, Boston, MA, USA) and 50 Hz line noise was eliminated (HumBug, Quest Scientific, North Vancouver, BC,
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Canada). Following amplification (gain =1000) and bandpass filtering (20-2000 Hz), signals were digitised at 5
k Hz (CED 1401 micro, CED Limited, Cambridge, UK) and stored on a computer for offline analysis.

The hotspot of the FDI was mapped using a 1 cm-spaced rectangular 19X 19 cm target grid in the Brainsight’
software by placing the coil over the left primary motor cortex and inducing the strongest and most consistent
motor evoked potentials (MEPs) averaged over 5 consecutive TMS pulses!. The resting motor threshold (rMT)
was determined as the lowest intensity evoking at least 5 out of 10 MEPs with a peak-to-peak amplitude larger
than 50 pV on the FDI hotspot. Depending on the stimulation condition, either real cTBS or sham c¢TBS was
applied. In both sessions, single-pulse TMS over M1 with an intensity of 150% rMT was followed immediately
after, as well as 15, 30, 45, and 55 min following cTBS in blocks of 25 consecutive pulses (inter-pulse interval:
10 s 4/- 20%; duration: ~4 min, 0.08 —0.11 Hz) to assess cortical excitability. Two blocks of 25 single pulses were
applied prior to cTBS for baseline reference (Fig. 1). Corticospinal excitability assessment was performed with a
MagPro X100 stimulator (MagVenture A/S, Farum, Denmark) connected to a figure-of-eight coil (Magventure,
MC-B70). At the beginning and end of each session, participants filled in the TMS adverse events and associated
sensations questionnaire (TMSensQ)?. After participation, participants were asked to indicate whether they
thought they received real or sham stimulation.

Session 1 Session 2
I
%
N=14
Real cTBS Tweek  gham cTBS
200
Session 1 Session 2
N=20
71y
(\_/l ‘
hiz6 Sham cTBS | Week Real cTBS
Session 1
TO T T2 T3 T4 15
Baseline Omin 15min 30min 45min 55min
25 MEPs x2  30Hz cTBS 25 MEPs 25 MEPs 25MEPs 25 MEPs 25 MEPs
Session 2
To T T2 T3 T4 T5
Baseline Omin 15min 30min 45min 55min
25 MEPs x2  S0Hz cTBS 25 MEPs 25 MEPs 25MEPs 25 MEPs 25 MEPs

Fig. 1. Design and timepoints of experimental (real cTBS) and control condition (sham cTBS). MEPs =motor
evoked potentials, cTBS = continuous theta burst stimulation.
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cTBS paradigm

We used a cTBS protocol, which was modified using biphasic anterior posterior — posterior anterior (AP-PA)
three-pulse bursts separated by 33.3 ms (30 Hz) induced every 167ms (~ 6 Hz) leading to the total stimulation
duration of 33.3 s. A total of 600 pulses were given within the time frame of 33.3 s?° with 70% rMT intensity
using a 70 mm figure-of-eight coil (MCF-B70) connected to the MagPro X100 stimulator (MagVenture A/S,
Farum, Denmark). In the control condition, the same protocol was applied using a sham coil (MC-P-B70). An
additional 3D printed spacer (3.3 cm thickness), was attached to the sham coil to increase the distance to the
scalp and further attenuate the electric field induced in the cortex??’.

Data processing and analysis

Data were pre-processed in MATLAB v9.13.0 (R2022b, the Mathworks, Massachusetts). Statistical analyses were
performed in R (Version 4.2.2) and RStudio using packages ‘lme4, ‘car, ‘performance, ‘sjstats?>-3!. Per trial,
peak-to-peak MEP amplitude was calculated as the difference between the maximum and minimum value from
20 to 100 ms following a single TMS pulse. Trials in which EMG root mean square (RMS) exceeded 100 pV
within the time window of 200 ms prior to the TMS pulse were excluded from analysis®>**. Single-pulse peak-
to-peak MEP amplitudes were averaged over trials for each timepoint. Mean MEP amplitudes were normalised
to baseline (mean of baseline block 1 and 2) and expressed as percentage change (PC) from baseline for each

post-cTBS timepoint (timep O;Zt;n_;:::;:gselme) x 100 . The difference in percentage change (APC) between

conditions was calculated by subtracting sham ¢TBS PC from real cTBS PC for each post-cTBS timepoint. Based
on the grand average APC of all timepoints participants were divided into responders (APC <0) and paradox-
responders (APC>0). In addition, we extracted MEP onset latencies. After visual inspection, we defined MEP
onset automatically based on EMG signals exceeding 3 times the standard deviation from the pre-stimulus
average signal. Baseline-latency was defined as the average of the two baseline blocks.

Statistical analysis

A linear Mixed Model was constructed with PC as dependent variable, and condition (real vs. sham), timepoint
(T1, T2, T3, T4 and T5) and their interaction as fixed factors and participant as a random intercept. Statistical
significance was set at p <0.05. Shapiro-Wilk tests were conducted to test for normality of residuals and multiple
comparisons were Bonferroni corrected. Binomial logistic regression was implemented using responders
(responder vs. paradox-responder) as the dependent variable and age, sex, rMT, time of day (morning vs.
midday vs. evening) and baseline-latency as independent factors to predict which factors might impact cTBS
responsiveness. In all models, backwards model building was performed, removing the fixed factors with the
highest p-values not included in any higher-level interactions first.

Results
Participant’s demographics and baseline neurophysiological measures are shown in Table 1.

No effect of cTBS on cortical excitability
Average PC values and their standard deviations are visualised in Fig. 2 accompanied by individual data points
of each participant.

In a first analysis, we aimed to assess whether 30 Hz cTBS is effective at modulating cortical excitability at 5
timepoints ranging from immediately after cTBS to 55 min post-cTBS.

There was no significant difference between real and sham cTBS as linear mixed model analysis revealed no
significant effect of condition (FL 171 = 0.99, p=0.696) and no significant condition*timepoint interaction (F 4171
= 0.54, p=0.706). However, a significant effect of timepoint remained in the model after backwards building
(F, 176 = 3.77, p=0.006). Bonferroni-corrected multiple comparisons showed significant differences between
Tl and T3 (p=0.01), T1 and T4 (p=0.027) and T1 and T5 (p=0.024), indicating that corticospinal excitability
increased over time in both the real and sham conditions.

Across both real and sham cTBS, PC values at all timepoints were consistently positive, emphasizing the
absence of MEP amplitude suppression post-cTBS timepoints, compared to baseline.

No significant predictors of cTBS responders vs. paradox-responders

Beyond examining the impact of ¢TBS on cortical excitability on the group-level, we set out to investigate if
certain participant-related variables could explain their response to cTBS. Based on the grand mean across all
timepoints (Fig. 3B), participants were divided into groups of responders (APC <0) and paradox-responders
(APC>0). Mean values of APC of each group per timepoint are visualised in Fig. 3A.

Following backward model building, no significant fixed effects remained in the binomial logistic regression
model ()(23 =1.7, p=0.63). Thus, our results indicate that neither sex ([3ferm1le =1.32,2=0.775,p=0.438), age (B =
-0.206, z = -0.734, p=0.463), MT (p=0.127, z= 1.088, p=0.276), time of day (B=-1.495, z = -1.612, p=0.107)
nor baseline-latency (f=52.854, z=0.083, p=0.934) were successful at predicting who responds to cTBS.

Discussion

The aim of this study was twofold. First, we investigated the efficacy of a modified 30 Hz cTBS protocol, which
was previously found to induce more persistent suppression of MEP amplitudes than standard 50 Hz cTBS
protocols lasting up to 30 min?°-22. Second, we extended the time window of investigating cTBS aftereffects to
60 min. We were unable to replicate previous results. Our results revealed high inter-subject variability on the
immediate and delayed after-effects of cTBS and no significant suppression of cortical excitability in this sham-
controlled 30 Hz cTBS paradigm at whole group level.
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Participant Sex Age (years) | Time of day | Caffeine units <24 h | rMT, in %MSO | cTBS intensity, in %MSO
01 male |22 09:30 1(0) 41.5(1) 32 (5.66)
02 male 22 14:00 0.5(0.71) 25(0) 21 (1.41)
03 male 23 13:30 1(0) 34.25(0.5) 29.5(0.71)
04 female | 24 09:30 0 (0) 30.5 (0.58) 27.5(2.12)
05 female | 21 09:30 2(1.41) 31.5 (0.58) 27 (1.41)
06 male 22 13:30 0(0) 36.5 (1.29) 30.5(2.12)
07 female | 25 09:30 0 (0) 33.5(1) 28 (0)
08 female | 24 13:30 0(0) 39.25(0.96) 33.5(3.54)
09 female | 23 13:30 0.5(0.7) 40.25 (2.21) 34.5(3.54)
10 male |19 09:30 0 (0) 39.5 (2.65) 33 (1.41)
11 male 21 13:45 0(0) 36 (1.15) 29 (0)
12 female | 19 09:30 0.5(0.7) 33.7 (2.08) 32(2.83)
13 female | 24 13:30 0(0) 41.75 (0.96) 34.5(0.71)
14 female | 21 16:30 1.5(0.7) 25 (0.82) 24 (2.83)
15 female | 28 09:15 0(0) 38 (1.41) 32.5(0.71)
16 female | 21 13:30 0(0) 41.75 (0.96) 35(1.41)
17 female | 20 13:30 0(0) 28.25 (0.5) 22,5 (0.71)
18 male 21 16:30 0(0) 37 (2.3) 31(1.41)
19 male 22 16:30 0(0) 44.5 (1.91) 37.5(0.71)
20 Male |25 13:30 0 (0) 29.75 (0.96) 265 (2.12)
22.35(2.21) ?0359) 35.37 (0.71) 30.05 (1.39)

Table 1. Participant’s demographics and neurophysiological measures: Mean (SD) across both sessions.
rMT = Resting motor threshold; cTBS = continuous theta burst stimulation; %MSO = percentage of maximum
stimulator output. Note: Last row indicates group Mean (SD).

Noticeably, there was a significant increase of MEP amplitudes over time. However, this effect was not only
present in the experimental but also in the sham condition, which highlights the critical importance of including
sham control conditions in TBS research. As shown in a study by Magnuson et al., 2023, single session rTMS and
TBS paradigms might not induce clear neuromodulatory effects when a robust sham control condition is included
in the experimental design®. Our study is consistent with these findings and calls for careful interpretation of
previously obtained results, depending on the experimental designs being used. In addition to the overall high
variability and relatively low reproducibility of results from previous studies'®"??, the efficacy of TBS effects on
cortical excitability might be less reliable than initially thought given the lack of sham-controlled conditions.

The increase of MEP amplitude across conditions over time in this study might be due to cumulative
effects of single-pulse TMS** and/or placebo effects or state-dependent changes as a result of the experimental
environment. Longer inter-stimulus intervals (ITIs) of 10s (+-20%) were chosen to counteract cumulative
effects, since ITTs of 10-15 s were found to show lower variability and high reliability across sessions*. Besides,
circadian rhythmicity as well as caffeine consumption could have impacted state-dependency and influence
cTBS responses®. As suggested by Ly et al. 2016, corticospinal excitability slightly decreased from afternoon to
evening hours and increased during the biological night’’. However, the majority of the sessions in our study
took place in the morning / midday hours and caffeine intake within the last 24 h was kept at a minimum as
reported in Table 1. Research suggested no direct impact on resting state MEP amplitudes after acute caffeine
intake®®. Nevertheless, fluctuations of alertness during one session could have contributed to increases in
MEP amplitudes in our study. Previous research indicated an increase in MEP amplitudes at an initial stage of
drowsiness measured via Electroencephalography (EEG) flattening®.

Additionally, recruitment of I-waves potentially impacts neuromodulatory effects depending on stimulus
intensity, direction and type of stimulation. For instance, 150% rMT with a posterior-anterior current was shown
to induce near maximum recruitment of late-1 waves'®!°. Crucially, cTBS effects on cortical excitability were
found to reduce amplitudes of early I-waves rather than late I-waves®’. But these expected inhibitory effects
following cTBS were associated with the efficiency of recruiting late I-waves, which varied strongly between
individuals and their interneuron networks!?. Vallence et al. 2015 found that 150% rMT was the optimal stimulus
intensity reliably capturing the suppressive effects of cTBS interventions which might be due to lower variability
across late I- waves and therefore improved detection of early I-wave suppression!®4..

Furthermore, the relatively high stimulus intensity of 150% rMT has been reported to initiate D-waves, next
to I-waves***. As research by Vallence et al., 2015 has suggested, 180% rMT stimulus intensities showed less
reliable suppression of MEPs following cTBS potentially due to the influence of D-waves which poses difficulties
in detecting early I-wave suppression'®. The contamination of D-waves that mask the effects of cTBS on I-waves
may not be restricted to 180% rMT but may be an explanation for the current negative results.

Due to the high variability in responses among participants, our secondary analysis explored factors that may
explain an individual’s responsiveness to cTBS by dividing the sample into responders and paradox-responders.
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Fig. 2. Group average [+/-SD] percentage change to baseline per timepoint A) across both conditions B) for
each real cTBS and sham cTBS condition C) raw MEPs at baseline of real cTBS (left) and sham ¢TBS (right)
condition. *cTBS = continuous theta burst stimulation.

Half of our sample was defined as paradox-responders indicating facilitation post cTBS whereas the other
half was defined as responders with expected suppression on MEP amplitudes post cTBS, compared to sham
(Fig. 3B). Responder classification rules differ across studies depending on experimental design and parameters
estimating cut-off values. Conclusions from responder vs. paradox-responder groups should therefore be
interpreted carefully. Previous literature showing peaks of standard cTBS suppression between 10- and
20-minutes post cTBS, declining in magnitude up until 50 min® partially supports the visual trend of suppressive
effects in the responder group in the current study (Fig. 3A). Based on our regression analysis, neither sex, age,
rMT, time of day, nor baseline-latency significantly predicted cTBS responsiveness. Previous research found a
robust correlation between late I-wave recruitment and ¢TBS responsiveness, which showed that participants
prone to recruit late I-waves were more likely to show the expected inhibitory effect than participants recruiting
early I-waves!?. Yet, recent work identified a relationship between age, sex and late I-wave recruitment, in which
the previously found association of responsiveness and late I-waves was only replicated in adolescent females*?.
We aimed to find a relationship between cTBS response and MEP baseline latencies, which could have been
affected by stimulus intensity and D-wave or I-wave recruitment. We did not find a significant predictive effect
of baseline-latencies on cTBS responsiveness, but further research might be needed to explore the most adequate
classification of responders as well as the relationship of MEP latencies, stimulus intensity and TBS outcomes.
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dividing the group into Paradox-Responders (positive APC) and Responders (negative APC) accompanied by
means per timepoint for each participant. *APC = difference in percentage change; cTBS = continuous theta
burst stimulation.

Predicting the responsiveness of TBS outcomes might be dependent on a complex interplay of personal and
experimental factors, with latencies providing additional insight into cTBS outcome measures.

The absence of an effect of age on cTBS responsiveness may be due to the current sample consisting of young
healthy adults between 19 and 28 years old. The difference in responsiveness within this small age range might
not be sufficient to detect any effects of age. Since personal factors like BDNF-genotypes and I-wave recruitment
were not in the scope of the current study, we do not know if those could have driven the responsiveness into a
certain direction. In future studies, it would therefore be of high importance to consider the interplay of those
factors with sex and age in relation to neuromodulatory effects of cTBS.

A limitation of the current study might be the relatively small sample size (n=20). Nevertheless, previous
TBS experiments using lower numbers of participants (n~10) have found significant suppressive cTBS
effects>?*43. These studies might suffer from false positive results (Type-I error) due to a lack of statistical power.
Interestingly, our results are in line with the study by Hamada et al., 2012, which revealed no significant effects
of TBS in a larger sample size (n=>50) and showed opposing patterns of TBS after-effects when dividing the
sample into groups of responders and non-responders'. However, adequately powered cTBS studies are further
needed to draw definite conclusions from TBS effects on cortical excitability. Another limitation of our study
is that only participants were blinded to which ¢TBS condition they were subjected in each session. Due to the
3-D printed spacer attached to the sham coil, and the difference in weight of the coils, it was not possible to
blind the experimenter while applying the stimulation. Nevertheless, at the end of the sessions, only one out of
20 participants indicated that they felt a noticeable difference between real and sham cTBS. The level of fatigue
was aimed to be kept constant by showing participants nature pictures in the form of a slideshow on the screen
in front of them. Still, it is not clear how effective these pictures were in regulating participants’ alertness. Future
studies might be able to include more objective measurements to capture the level of tiredness by using EEG or
eye-tracking techniques to monitor drowsiness and pupil dilation. In addition, considering I-wave recruitment
and BDNF genotypes as well as carefully reporting inclusion/exclusion criteria which could interact with
additional factors influencing responsiveness will further be necessary to understand how TBS responsiveness
is driven not only by external but also internal factors and how responders vs. non-responders can be identified.

Conclusion

In conclusion, the current study showed no suppression of cortical excitability with a 30 Hz cTBS protocol over
a 60-minute time window at group level. However, this non-existent effect may be driven by high inter-subject
variability marked by differences in responsiveness to cTBS. These outcomes underscore the complexity of TBS
effects on cortical excitability and highlight the need for more sham-controlled research to unravel the impact
of personal- and experimental factors on neurophysiological mechanisms governing TBS responsiveness.
Furthermore, they emphasize the necessity for rigorous validation of tailored cTBS protocols to optimize
therapeutic efficacy.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request.
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