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Abstract

Background

Intermittent theta-burst stimulation (i)(TBS) is a transcranial magnetic stimulation (TMS)
plasticity protocol. Conventionally, TBS is applied using biphasic pulses due to hardware
limitations. However, monophasic pulses are hypothesised to recruit cortical neurons more
selectively than biphasic pulses, thus yielding stronger plasticity effects. Monophasic and
biphasic TBS can be generated using a custom-made pulse-width modulation-based TMS

device (pTMS).
Objective

Using pTMS, we tested the hypothesis that monophasic iTBS would induce greater plasticity

effects than biphasic, measured as induced changes in motor corticospinal excitability.
Methods

In a repeated-measures design, thirty healthy volunteers participated in three separate
sessions, where monophasic and biphasic iTBS was applied to the primary motor cortex (M1
condition) or the vertex (control condition). Plasticity was quantified as changes in motor
corticospinal excitability after versus before iTBS, by comparing peak-to-peak amplitudes of

motor evoked potentials (MEP) measured at baseline and over 60 minutes after iTBS.
Results

Both monophasic and biphasic M1 iTBS led to significant increases in MEP amplitude. As
predicted, monophasic iTBS induced a significantly larger effect than biphasic iTBS (linear
mixed effect model analysis: (y*(1) = 7.48, p = 0.006), which persisted even after subtracting
each individual’s control (vertex) condition data from the M1 conditions (x*(1) = 5.48, p =

0.019).
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Conclusions

In this study, monophasic iTBS induced a stronger motor corticospinal excitability increase
than biphasic within participants. This greater physiological effect suggests that monophasic
ITBS may also have potential for greater functional impact, of interest for future fundamental

and clinical applications of TBS.

Key words: Transcranial magnetic stimulation (TMS), Theta burst stimulation (TBS), Pulse-

width modulation based TMS, TMS pulse shape, motor plasticity
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Introduction

Transcranial magnetic stimulation (TMS) is a non-invasive tool for neuroscientific research
and is increasingly used for diagnosis and therapy in clinical practice [1]. It uses the
fundamental principles of magnetic induction to modulate the nervous system: a brief electric
current is applied to a stimulating coil, which creates a rapidly changing magnetic field that
induces a voltage in the brain tissue underneath the coil. When applied repeatedly, TMS can
induce plasticity — causing a change in cortical excitability of the targeted brain area that

outlasts the stimulation period [2].

Different stimulation waveforms have been shown to recruit different neural populations, have
different excitation thresholds, and have different effects on corticospinal excitability [3-8].
However, the range of stimulation pulses and patterns that can be generated by conventional
TMS devices is limited by the device hardware and is usually confined to either monophasic
or biphasic damped cosine pulses, where the exact shape and length of the pulse is determined
by the resonance between the device components [9]. For monophasic pulses, the current flow
is commonly stopped half-way through the cycle of the cosine pulse and the energy is
dissipated through a resistor. This restricts not only the choice of TMS pulse waveforms and
widths but also the achievable repetition rates [10]. For example, one class of repetitive TMS
protocol, widely used for plasticity induction in fundamental research and clinical applications,
that is constrained by these hardware limitations, is theta burst stimulation (TBS). During TBS
bursts of 3 pulses are applied at 50 Hz and repeated every 200 ms [11]. In intermittent (i) TBS,
a largely excitatory protocol, these triplets are applied for 2 s followed by an 8 s break and then
repeated again, for 600 pulses in total [11]. To sustain these repetition rates, large amounts of
energy need to be recovered after each stimulation pulse, and so TBS can usually only be

delivered via a conventional TMS device using biphasic stimulation pulses.
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Monophasic pulses are thought to more selectively recruit cortical neurons and have been
shown to more strongly modulate cortical excitability than biphasic pulses when used in other
repetitive TMS protocols [1, 6, 8, 12, 13]. For example, in quadripulse stimulation (QPS),
bursts of four pulses are applied at inter-stimulus intervals of 1.5-1250 ms, repeated every 5s
over 30 min [14]. A study comparing the after-effects of monophasic and biphasic QPS found
that monophasic QPS induced stronger and longer lasting after-effects compared with biphasic
QPS [13]. Such findings lead to the hypothesis that applying TBS with monophasic pulses may

be more effective than existing biphasic TBS.

Recent technological developments of TMS devices using switching circuits, rather than the
conventional resonance circuits, have allowed more control over TMS parameters and better
energy recovery from the stimulation pulses [9, 15-17]. The programmable (p)TMS, a TMS
device developed within our research group, which uses pulse-width modulation (PWM) to
control cascaded inverters, enables more control over the pulse shapes by approximating a
reference pulse of arbitrary shape using discrete voltage levels [9]. Previous evidence from
computational modelling and an in-human physiology study indicated that the approximations
of conventional pulse shapes generated using the pTMS have similar effects on the motor
corticospinal excitability of healthy volunteers as the pulses generated by a conventional TMS
device [18, 19]. Additionally, the pTMS device recovers energy effectively after each pulse,

making the generation of monophasic TBS possible.

In this study, we use the pTMS device to generate monophasic and biphasic TBS and compared
the effects on motor corticospinal excitability of healthy volunteers. We predicted that
monophasic TBS would produce a larger plasticity effect (higher MEP amplitudes) than
biphasic TBS. To control for intra- and inter-individual variability, we also applied the same

stimulation to the vertex (control) and subtracted each individual’s MEP time-course in that
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control condition from each of the two active (motor cortex) TBS conditions, to test if the

predicted difference would still be upheld.

Materials and Methods

Ethical approval

This study and the use of the pTMS device in this study were approved by the local ethics
committee at the University of Oxford (Central University Research Ethics Committee,
R75180/RE008). All participants gave their written informed consent prior to participating and

were compensated for their time with £10/hr.
Participants

30 healthy volunteers (16 females, aged 19-33 years, mean age 24.5 years) participated in one
familiarisation session followed by three data collection sessions for this single-blind, within-
participants crossover study. All participants were right-handed as assessed by the Edinburgh
Handedness Inventory [20]. Participants were screened to rule out any current significant
medical condition and any contraindication to TMS in line with international safety guidelines

[21].
Transcranial magnetic stimulation

The TBS intervention protocols were applied using the pTMS stimulator. The pulse waveforms
generated by the pTMS stimulator were designed to closely approximate the conventional
biphasic and monophasic pulses generated by a Magstim Rapid®> and a Magstim 200,
respectively (see [18] for a detailed comparison). To measure the motor corticospinal
excitability before and after TBS, a Magstim 200 stimulator (Magstim Co., UK) was used to
generate monophasic single-pulse TMS to induce MEPs. A 70 mm figure-of-8 coil (Magstim

Co., P/N 9925-00) was used to deliver all stimulation. Owing to coil overheating, for
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participants with resting motor thresholds (RMTs) above 43% of the maximum stimulator
output (MSO) of the Magstim 200 (N = 3), one coil was used for MEP measurement and a

second coil for TBS. For all other participants, the same coil was used throughout.

Prior to the three test sessions, there was an initial familiarisation session for participants naive
to TMS, where TMS was introduced to the participant and the hotspot and thresholds for the
different parameters and devices were found. The pTMS stimulator’s maximum pulse
amplitude is 1600 V, compared to the maximum amplitude of the Magstim Rapid? and Magstim
200, which are approximately 1650 and 2800 V, respectively [19]. Therefore, to ensure the
pTMS stimulator could generate iTBS at 70% of the RMT for both monophasic and biphasic
pulses, individuals with RMTs above 47% MSO of the Magstim 200 were excluded from any

further participation in the study (N = 3).

During the familiarisation and test sessions, participants were seated in a chair with their arms
resting on a pillow on top of a table in front of them. The ‘motor hotspot’ of the left primary
motor cortex was defined as the scalp location over which the lowest TMS pulse intensity
elicited MEPs in the relaxed first dorsal interosseous (FDI) muscle of the right hand. For all
TMS pulses, the coil was held by the operator and oriented at 45° to the midline with the handle
pointing posteriorly, which results in a posterior-anterior current flow in the brain for the
monophasic pulse. The direction of the biphasic pulse was reversed via the software, such that
the direction of the dominant second phase of the pulse matched the current flow of the
monophasic pulse (Fig. 1) [3, 5]. A Brainsight neuronavigation system (Rogue Research Inc.,
Montreal, Canada) was used to record the motor hotspot and for continuous tracking to
maintain the position and orientation of the coil. Surface electromyography (EMG) of the right

FDI was recorded in a belly-tendon montage (see supplementary file for details).
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Fig. 1: Simulations of the Magstim and pTMS pulse waveforms. Normalised simulated voltage
waveforms of (a) the Magstim 200 and (b) the Magstim Rapid? stimulators which were used as
the references pulses to generate (c) the monophasic pulses and (d) the biphasic pulses with
the pTMS stimulator. The direction of the biphasic pulses in (b) and (d) was adjusted such that

the dominant second phase of the pulse matched the direction of the monophasic pulse.

The RMT, defined as the minimum intensity required to evoke an MEP of > 50 uV peak-to-
peak amplitude in 5 out of 10 consecutive trials, was determined by applying 10 pulses at each
intensity and inspecting the EMG traces visually in real time for each device and pulse shape.
To find the RMT, the pulses were triggered automatically via scripts in Signal version 7.01
(Magstim device) and Control desk (pTMS device) software at inter-pulse intervals of 5

seconds (x 15%).

Baseline excitability before and after TBS was quantified by blocks of 30 single TMS pulses
at 120% of the RMT at inter-pulse intervals of 5 seconds (+ 15%). The TBS protocol consisted

of 600 either monophasic or biphasic pulses applied at 70% of the RMT [22].

Procedure
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The familiarisation and data collection sessions were at least one week apart, with each
participant’s total duration of participation not exceeding 10 hours. During each data collection
session the timeline was as follows (Fig. 2). After confirmation of the hotspot and the motor
threshold, two baseline blocks of MEPs were recorded 5 minutes apart (30 pulses per block).
iTBS was applied 10 minutes after the start of the first baseline block and follow-up blocks
were recorded every 5-10 minutes after the start of the TBS protocol over the following hour
(at5, 10, 15, 20, 30, 40, 50 and 60 min). For each participant, two sessions were M1 conditions,
where TBS was applied to the motor hotspot, and one session was a control condition, where
TBS was applied to the vertex (similar to [23]). In the control condition, participants were
randomized to receive either monophasic TBS (N = 14) or biphasic TBS (N = 16). The coil
was lifted from the participants' heads between each stimulation block and participants were

instructed to keep their hands as relaxed as possible throughout.

The three test sessions were performed at the same time of day for each participant and the
session order was randomised and counterbalanced. The participants were blinded to the

stimulation condition.

/v iTBS (mono) —__ |
Baseline > iTBS (bi) Post-iTBS
\‘{ iTBS (vertex) }/
Magstim 200 pTMS Magstim 200
(120% RMT) 70% RMT (120% RMT)
1 1 1 | 1 1 1 1 1
1 1 1 1 1 1 1 1 1
-10 -5 0 +5 +10 +15 +20 +30 +40
Time (min)

Fig. 2: Overview of study design representing the flow of data collection at each visit. Each
participant received each TBS condition on separate days (at least one week apart) in counter

balanced order. Baseline MEPs in response to single-pulse TMS (30 pulses applied at 120%

10
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of the resting motor threshold) were collected in 2 separate blocks 10 and 5 min before the
start of the TBS administration. iTBS was applied to the primary motor cortex (M1 condition)
or the vertex (control condition) using monophasic or biphasic pulses for 190s. After TBS,
MEPs were collected every 5 min for the first 20 min and then at 10-min intervals up to 60 min

post-TBS.

Data processing

The data were processed in Python using custom scripts. Since muscle activation can influence
MEP amplitude, trials were excluded if the root mean square (RMS) of the EMG trace in the
90ms before the TMS stimulus (excluding the 5ms preceding the pulse) exceeded 0.02 mV.
The EMG recordings included burst noise, a type of electrical noise characterised by sudden
transitions between discrete voltage levels. To distinguish between this noise and any muscle
activation, the pre-stimulus RMS was compared to the RMS during the silent period after the
MEP (60 — 90 ms after the TMS pulse), where no muscle activity is expected but electrical
noise may be present. Any trials where the pre-stimulus RMS was 0.005 mV larger than the
RMS of the silent period or where the MEP was smaller than the peak-to-peak amplitude of
the electrical noise (0.039 mV) were also excluded. The peak-to-peak MEP amplitude was
calculated in the 15 — 60 ms time window after the TMS pulse was applied. Since the MEP
amplitude data in over 55% of the stimulation blocks were not normally distributed (Shapiro-
Wilk < 0.05), for each time point block the median (rather than the mean) MEP amplitude was
calculated without applying any outlier removal. The medians from the two baseline blocks
were averaged for each participant to give one baseline score per session. For each participant
within each condition, the post-TBS change in MEP amplitude was calculated by subtracting
the baseline for that condition from each post-TBS time point block, similar to McCalley et al
[24]. Analyses were performed on these MEP change data. In addition, grand-average MEP

change data were calculated for each condition by averaging over all post-TBS blocks (5-60
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mins) and then contrasting across conditions. For time-course analyses, the vertex data of each
individual were subtracted from the M1 TBS conditions for each of the post-TBS timepoint

blocks, to control for inter- and intra-individual variability in MEP amplitude.

Data analysis

To test for significant differences in pre-iTBS baseline excitability, repeated measures analysis
of variance (rmANOVA) with factors Time (baseline blocks 1 and 2) and Condition
(monophasic, biphasic, control) was used to compare the peak-to-peak MEP amplitudes of the
two baseline blocks within and across conditions. Resting motor thresholds across testing
sessions were also compared using rmANOVA with the factor Condition (monophasic,

biphasic, control).

To investigate whether each iTBS condition induced plasticity (i.e. a significant increase in
MEP amplitude), the data were averaged over all post-TBS time points and subtracted from
the baseline to yield a single change score per participant per condition. These grand-average
MEP change data were then compared against zero using one-sample t-tests. To test the a priori
one-way directional prediction that both of the M1 stimulation conditions (monophasic and
biphasic TBS) would induce plasticity (i.e. increased MEP amplitude), a one-tailed test was
used. For the control (vertex) condition a two-tailed test was used. To compare relative
plasticity induction across conditions, pairwise one-tailed t-tests on these change scores were
conducted according to the a priori prediction of larger plasticity induction for monophasic
than biphasic TBS and for M1 stimulation than vertex stimulation. Bonferroni correction for
multiple comparisons was applied. Effect sizes are reported using Cohen’s d for one-sample t-

tests and Cohen’s dz for pairwise t-tests [25].

To make use of the full MEP time-course data and to directly compare the effect of pulse shape

when stimulating the motor cortex, complementary analyses were also run on the M1
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conditions (monophasic or biphasic motor cortex stimulation) using linear mixed effects
(LME) models. One advantage of this approach over rmANOVA is that it enables the inter-
and intra-participant variability in the baseline data to be modelled in the analysis, as opposed
to accounting for the baseline variability by calculating MEP percentage change scores, an
approach which often fails to correctly model physiological processes [26]. In contrast to the
previous grand-average MEP change analysis, the MEP change for each post-TBS time point
were used, without grand averaging over the time points. In the LME models, baseline MEP
amplitude, time (5-60 min post-iTBS) and TBS condition (monophasic, biphasic) were
modelled as fixed effects while participants were modelled as a random effect. This allowed
model intercepts to differ for different participants. To test the hypothesis that monophasic M1
TBS would induce stronger plasticity than biphasic, likelihood ratio testing was used to contrast
two models — one that included TBS condition as a factor in the model versus a model without
the TBS condition. The y? statistics representing the difference in deviance between the two
models are reported, together with the p values calculated by the anova function using the
Satterthwaite's method for denominator degrees-of-freedom and F-statistic [27]. The analysis
was repeated with the vertex control-subtracted data to account for inter- and intra-individual
variability in MEP amplitude across post-TBS time points. All linear mixed effects models
were created and analysed using purpose-written R code using the LME4 and ImerTest

packages [27, 28]. The significance level was set to 0.05 for all analyses.

Results

No differences in RMTs or MEP amplitude at baseline

Resting motor threshold intensities did not differ between conditions (F(2, 58) = 0.43; p =
0.65). Also, a two-way rmANOVA showed that within sessions there were no significant

differences between the first and second baseline measurements (F(1, 29) = 1.18; p = 0.29),
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nor did these differ across the TBS sessions (F(2, 58) = 0.11; p = 0.89; Supplementary Fig. S1).
Thus, these analyses confirmed that participants were tested at comparable levels of motor

corticospinal excitability prior to TBS in all three conditions.

Both active iTBS conditions led to increased motor corticospinal excitability

Fig. 3 shows the group mean average change in MEP amplitude over the follow-up period (5-
60 min post-TBS) after the baseline mean for each participant has been subtracted. As
predicted, biphasic iTBS induced a significant increase in MEP amplitude (t(29) = 3.67, p <
0.001; AM: 0.19mV, SEM: £ 0.05mV; d = 0.67), confirming a plasticity effect. Monophasic
iITBS also induced significant plasticity (t(29) = 4.53, p < 0.001; AM: 0.30 mV, SEM: %
0.07mV; d = 0.83). By contrast, in the control condition, iTBS over the vertex did not lead to
a significant MEP increase (t(29) = 1.30, p = 0.204; AM: 0.06mV, SEM: + 0.05mV; d = 0.24).
Bonferroni corrected pairwise one-sided t-tests showed that only the monophasic plasticity
effect was significantly larger than the control condition (t(29) = 2.82; p = 0.013; dz = 0.52;
monophasic vs biphasic: t(29) = 1.59; p = 0.183; dz = 0.29; biphasic vs control: t(29) = 2.07; p
= 0.071; dz = 0.38). This analysis indicates that both monophasic and biphasic M1 iTBS
induced plasticity, with only the monophasic iTBS leading to larger plasticity induction than

the control condition when averaging over post-TBS time points.

14
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Fig. 3: Group mean grand-average change in MEP amplitude compared to baseline across
60-min post-iTBS time period for the M1 (monophasic and biphasic) condition and the
control (vertex) condition. Monophasic and biphasic iTBS led to significant increases in
MEP amplitude. Only the monophasic plasticity effect was significantly larger than the
control condition. Individual participants are indicated by dots, the bars indicate group
means and the error bars represent +/- 1 standard error of the mean. Asterisks indicate

significance (***: p < 0.001; *: p < 0.05).

TMS pulse shape affects the iTBS plasticity effect

Fig. 4a shows the full time-course of changes in MEP amplitude across the 60-minute follow-
up period for each stimulation condition. Raw plots (of non-baseline subtracted data) for each
individual participant, timepoint and condition are shown in Supplementary Fig. S2. To directly
compare the effect of pulse shape in the M1 conditions, the LME models with and without the
fixed effect of TBS condition were compared using likelihood ratio testing, which showed that

the pulse shape during iTBS (monophasic, biphasic) had a significant effect on the MEP change
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(x*(1) = 7.48, p = 0.006). Fig. 4b shows the model fit of the LME model including the fixed
effect of TBS condition for both M1 conditions. In line with the findings from the grand
average analyses (Fig. 3), the summary output for the LME model, which includes the factor
TBS condition, indicated that the MEP change was on average 0.11 mV higher in the
monophasic relative to the biphasic TBS condition (B = 0.11, SE = 0.04, t = 2.75). Similarly,
after subtracting the MEP values of the control condition from the M1 conditions, to control
for the variability across the post-TBS time window (Fig. 4c), the likelihood ratio test still
showed a significant effect of the pulse shape on the change in MEP amplitude (y?(1) = 5.48,
p = 0.019), with changes being on average 0.11 mV higher in the monophasic versus biphasic
TBS condition (B = 0.11, SE = 0.05, t = 2.35). This analysis confirms that when considering
the full MEP time-course data, monophasic iTBS induced a stronger motor corticospinal
excitability increase than biphasic iTBS, even when subtracting the control condition to

account for inter- and intra-individual variability in MEP amplitudes.
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Fig. 4: Group mean change in motor evoked potential amplitude (difference from baseline)
over time for the different TBS conditions. (a) The mean change in MEP amplitude for the
monophasic and biphasic M1 iTBS conditions and the control condition are shown across the
post-TBS time points. (b) Visualisation of the fit of the linear mixed effect models to the data
from the M1 (monophasic and biphasic) TBS conditions. Solid lines show the model prediction,
single dots show partial residuals as generated using the ‘visreg’ function in R. (C) The group
mean MEP change data over time for the monophasic and biphasic M1 TBS conditions,
normalised by the control condition by subtracting the vertex change data for each participant

across all post-TBS time points. Error bars indicate standard error of the mean.
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Discussion

In this study, both monophasic and biphasic iTBS applied to the primary motor cortex increased
motor corticospinal excitability as measured using MEPs. The application of iTBS using the
pulse-width modulation based TMS device resulted in excitability increases, as expected from
studies applying iTBS using conventional resonance-based devices. On the group level,
monophasic 1TBS induced larger plasticity effects than conventional biphasic iTBS,
confirming the importance of pulse shape in repetitive TMS protocols. TBS applied to the
vertex in the control condition did not lead to significant MEP increases and the effect of pulse
shape in the M1 conditions was sustained even when subtracting the control condition data

from the M1 conditions.

Choice of probing pulses

To measure the changes in motor corticospinal excitability, single pulses were applied at 120%
of the RMT, similar to previous work such as [29, 30]. Other studies, including the early TBS
studies [31], did not use % of RMT as a baseline/probe, but instead used the individualized
intensity of TMS needed to reliably elicit MEPs of 1mV on each trial. However, this approach
can suffer from floor or ceiling effects across individuals (e.g. in some participants, TMS may
not induce peak-to-peak amplitudes much higher than 1mV) which can contribute to the high
variability across participants [32]. Therefore, plasticity effects have been suggested to best be
probed at a percentage of the resting motor threshold to take into account this difference in the
input-output characteristics of the participants [33]. This reduces the risk of ceiling and flooring
effects on plasticity but entails higher variability between participants at baseline. This was
accounted for in the analysis of this study by including the baseline as a factor in the LME

model.

18


https://doi.org/10.1101/2023.03.06.531158
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.03.06.531158; this version posted April 27, 2023. 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 4.0 International license.

Consistent with the literature, monophasic single pulses applied using a conventional Magstim
200 were used to measure MEPs pre/post iTBS. While this allowed the direct comparison of
effects across conditions, monophasic and biphasic pulses may activate different neural
populations during TBS. Using monophasic pulses therefore limits the ability to probe the
potentially different neural populations activated by biphasic TBS [12, 34]. However, a study
using both monophasic and biphasic pulses to assess plasticity effects found the results of using

both pulse shapes highly comparable [35].

Directionality of pulse currents

The direction of the current induced in the brain affects which neuron populations are activated
and influences the size of the motor threshold [3, 5]. In this study, the monophasic pulses were
applied to induce currents in the posterior-anterior direction both for single pulses and the TBS
protocol, as this has been shown to have the lowest thresholds [5] and may therefore be the
best current direction to increase motor corticospinal excitability. The biphasic pulses were
applied to match this current direction in the second phase of the pulse, as this is thought to be
the dominant activating phase of the biphasic pulse [5]. Future studies should evaluate and
compare the effects of different current directions of the different pulse shapes, both for single

pulses and the TBS protocol, to determine the optimal current direction.

Intermittent vs continuous TBS

Intermittent TBS is a protocol that tends to increase the excitability of the targeted area. In its
counterpart, continuous (c)TBS, the 50Hz bursts are repeated continuously at 5Hz, without the
8s break between burst trains, and this has been shown to decrease excitability. While cTBS
was not tested in this study, the effects of using monophasic pulses may translate to the cTBS
protocol as well, as inhibitory protocols applying monophasic pulses at 1Hz have been shown

to decrease the excitability more effectively than biphasic pulses [4, 8].
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Further considerations to improve TBS

Monophasic pulses approximating the pulse shape of conventional stimulators were used in
this study, but other pulse shapes or widths may cause larger effects in TBS and other repetitive
TMS protocols. With the newer TMS devices such as the pTMS device used in this study,
researchers gain the ability to investigate more parameters to optimise the effects of TBS. Other
studies looking at the number of pulses per burst [36], different stimulation intervals [34, 37]
as well as the total number of pulses [24, 38] show further possible avenues to increase the

plasticity effects induced by the stimulation.

This study was conducted by applying iTBS to the primary motor cortex, which is a common
target to test plasticity effects of stimulation protocols. However, in clinical practice targets
other than M1 are of interest. For example, repetitive TMS is used in the treatment of major
depressive disorder (MDD), where it is applied daily to the dorsolateral prefrontal cortex
(DLPFC) over several weeks [39]. Further studies will be required to understand how the
results observed here after motor cortex stimulation may translate to other brain areas,

cognitive functions and disease states.

Vertex stimulation as control condition

In the control condition, iTBS was applied to the vertex of the head, using the same parameters
as in the active conditions, to achieve a realistic control condition with similar skin sensation
and audio effects [23, 40]. The purpose of the control condition was to control for the natural
variability observed in MEP measurements when taken over the same time period as in the
active conditions. However, as the brain was still actively stimulated in this condition, albeit in

a different location, brain network effects may have influenced those results.

Limitations
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Due to the technical setup of the study, it was conducted in a single-blinded manner, where the
participants were blinded to the condition and the study hypothesis, but the experimenters were
aware of the stimulation condition. This was partially due to the online programming needed
for the custom-made pTMS device to generate monophasic or biphasic pulses and the fact that
the coil was placed in a different location during the control condition. Additionally, the test
sessions were 2-3h long, during which experimenters interacted with the participants, albeit as
little as possible, which may have had an influence on the results and the MEP variability,
though the use of a within-participants crossover design should help to mitigate this potential

issue to some extent.

Conclusions

This study confirms that the pulse shape affects the group level plasticity effects induced after
iTBS, with monophasic pulses leading to larger increases in MEP amplitude than conventional
biphasic. This adds to the literature exploring improvements of the TBS protocol in the hope
of enhancing plasticity induction for applications in basic neuroscience and medical practice

such as depression therapy.
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