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Abstract

Transcranial magnetic stimulation (TMS) can
induce lasting change in neural activity at both the
stimulation site and brain-wide circuits. However,
the efficacy of repetitive protocols in inducing
brain-wide neuromodulation can vary. This pilot
study used EEG to explore connectivity effects in the
form of phase synchronisation between the left and
right DLPFC after administration of continuous
theta burst stimulation (cTBS) at the left Dorsal
Lateral Prefrontal Cortex (DLPFC). To do this we
used single-pulse TMS to probe connectivity effects
before and after cTBS or sham cTBS. Unlike other
forms of repetitive TMS (rTMS) and intermittent
theta burst stimulation (iTBS), we found no change
in connectivity following cTBS, highlighting the
variability of neural outcomes that can follow
apparently similar intervention protocols.
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Introduction

Transcranial magnetic stimulation (TMS) is a type of
non-invasive brain stimulation that can alter
neurological activity within a localised region of cortical
tissue (Barker, 2017) and has recently emerged as an
effective treatment for various psychiatric disorders,
including major depressive disorder and obsessive-
compulsive disorder (Slotema et al., 2010). A promising
variant of repetitive TMS (recurring TMS pulses at a
specific site) is theta burst stimulation (TBS): TBS
mimics the brain’s natural theta oscillations, which is
thought to potentially underlie its strong efficacy and
longer-lasting effects (Jannati et al.,, 2023; Yang et al,,
2015). Different TBS types have been associated with
different neurological effects. Intermittent TBS (iTBS) is
associated with excitation and long-term potentiation,
while continuous TBS (cTBS) is linked to inhibition and
long-term depression (Chung et al., 2016; Wischnewski
et al,, 2015). However, the clarity of this distinction
remains uncertain (Chen et al., 1997; Wasserman et al,,
1996; Stoby et al., 2022). Despite research and clinical
success, the full extent of the neurological mechanisms
of TMS and TBS remain elusive (Kim et al., 2019).
Outside of its clinical relevance, TBS has been used to
explore functional connectivity due to its efficacy
influencing neural excitation (Friston et al, 1993;
Friston et al., 1997, Hallett et al., 2017). Much of TBS
connectivity research has focused on the motor-cortex
and found evidence of phase synchronisation between
motor-areas during stimulation of iTBS and cTBS,
illuminating the sensorimotor network (Daskalakis et
al, 2012; Johnson et al., 2012; Zrenner et al., 2018).
Other TBS studies on connectivity have mainly targeted
the DLPFC, often using iTBS due to its clinical relevance
in treating psychiatric disorders (Blumberger et al.,
2018). However, it is unclear whether cTBS can induce

similar connectivity changes in the DLPFC (WoZniak-
Kwasniewska et al, 2014; Zrenner et al, 2020).
Examining the connectivity effects of cTBS in the DLPFC
could shed light on the neural dynamics of local DLPFC
connectivity, and the neural effects of cTBS, which might
differ from other rTMS interventions and thus could
potentially expand the range of TMS tools in research
and clinical practice.

This pilot study examined the beta phase
synchronisation between left and right DLPFC following
cTBS stimulation at the left DLPFC. We employed cTBS
and single-pulse TMS to probe functional connectivity,
with concurrent EEG. Single-pulse TMS was used to
elicit a response from the targeted cortex that was not
dependent on a behavioural task. Such brief
interventions have been shown to evoke short-duration
changes in phase synchrony as neural activity
propagates through brain-wide networks (Kawasaki et
al,, 2014, Momi et al,, 2022).

We measured phase synchronisation using the beta
frequency range since beta oscillations and beta phase
synchronisation in the frontal lobe have been
associated with other inhibitory rTMS protocols used at
the DLPFC (Zrenner et al,, 2019, Zrenner et al.,, 2020).
Compared to other measures (e.g. amplitude
correlation or power changes), phase synchronization
captures dynamic inter-area relationships, while
minimizing false positives from volume conduction and
shared sources (Vinck et al,, 2011).

Method

Participants (n = 11) were asked to attend two sessions:
one with sham-cTBS and one with active cTBS.
Otherwise, sessions remained identical: first, two
blocks of single-pulse protocol were conducted with
concurrent EEG recording. A block of 96 single-pulses
was used to probe neural activity, with three different
intensities (40%, 100% and 110% of the participant’s
motor threshold). This was then followed by cTBS or
sham cTBS administration (no EEG recording). Lastly,
we ran two single-pulse blocks of the same design with
concurrent EEG recording.

To analyse DLPFC connectivity and a frontal-occipital
control, two electrode pairs were compared (DLPFC
pair: F5 and F6, frontal-occipital control pair: F5 and
PO7). The data were pre-processed in MATLAB using
EEGLAB and custom analysis scripts (Delorme &
Makeig, 2004). Data were examined in a baseline
window (1000ms before single-pulse stimulation) and
outcome window (1000ms after single-pulse
stimulation) and averaged across the pre versus post
TBS blocks in the session for each of the three single-
pulse conditions. Connectivity was quantified using
weighted phase lag index (wPLI) for each window
separately and hence 24 wPLI measures were
calculated over the two sessions for each electrode pair
across the following factors and levels:
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baseline/outcome window (2 levels), single-pulse
intensity (3 levels: 40%, 100%, 110%), timepoint of
stimulation (2 levels: pre cTBS/sham stimulation, post
cTBS/sham stimulation), and session type (2 levels:
active cTBS, sham cTBS).

Main analysis To test our hypothesis that cTBS affects
beta phase synchronisation in the DLPFC, we examined
changes in beta synchrony in the frontal electrode pair
between baseline and outcome windows usinga 2 x 2 x
3 repeated measures ANOVA. We predicted a three-way
interaction between single-pulse intensity, stimulation
timepoint and session type.

Control Analyses To control for any global effect, we
conducted the same analysis on the frontal-occipital
control electrode pair. To explore if the effect is
frequency-specific, we repeated the analyses on an
additional frequency band (alpha). Lastly, we ran
control analyses using only the baseline window to
assess whether the dominant effect of cTBS was to
induce a baseline shift in phase synchronisation.

Results

In a 2x2x3 ANOVA to examine beta phase
synchronization between the baseline and outcome
windows using the frontal electrode pair, the 3-way
interaction between single-pulse intensity, timepoint of
stimulation and session type was not significant
[F(2,20)=0.277, p=0.761]. There was a significant main
effect of single-pulse intensity [F(2,20)= 3.76, p=
0.0412], driven by a difference between 40% and 110%
of motor threshold where the 110% condition had
decreased phase synchronisation in comparison to 40%
[post-hoc Tukey-Kramer test: p = 0.0347].
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Figure 1: The x-axis shows the single-pulse intensity
conditions pre- and post-TBS. The y-axis displays the
frontal electrode pair beta wPLI difference (wPLI
difference = baseline window wPLI - outcome window
wPLI). The error bars display standard error of the
mean. The graph is split by session type (active/sham).

To test whether the single-pulse effect was specific to
the beta band, we ran a t-test comparing the low versus
high intensity single-pulse conditions in the alpha band.
The t-test for alpha was significant [t(10) = 2.25, p =

0.048], suggesting the single-pulse effect might be
broadband rather than band-specific.

There were no significant results in frontal-occipital
control electrode pair analyses, suggesting the single-
pulse effect was not a global effect [F(2,20)=1.05,
p=0.368]. Additionally, no effect was found in the
baseline window for any of the analyses [all p >.05].

Discussion

This pilot study explored cTBS connectivity effects in
the DLPFC. We observed no effect of cTBS, but found an
effect of single-pulse intensity, where higher intensity
seemed to increase DLPFC connectivity. A lack of altered
connectivity in the DLPFC following cTBS contrasts
with previous findings on the effects of other rTMS
interventions in the DLPFC and the presence of cTBS
connectivity effects in other parts of the cortex
(Daskalakis et al., 2012; Johnson et al., 2012; Maiella et
al,, 2022; Zrenner et al., 2020). Further research directly
comparing rTMS interventions in the same sample is
needed to affirm these conclusions and expand the
understanding of cTBS connectivity effects in the
DLPFC and its underlying neural mechanisms.

It is possible that no effect was found due to
individual variability in TMS response (Kreuzer et al,,
2011; Jannati etal.,, 2019). Some studies have found that
the timing of stimulation could influence variability, for
example matching the onset of stimulation with theta
oscillations seems to increase phase synchronisation
(Gordon et al, 2021; Zrenner et al, 2020). Future
studies could reduce variability in the data by
controlling for brain state at stimulation.

A further consideration is whether the motor
threshold is the optimal method for determining
stimulation intensity in a repetitive protocol when
targeting the DLPFC. Future studies could employ e-
field mapping, which adjust the position and strength of
threshold using a participant’s structural scan (Park et
al,, 2024), to explore more effective dosing.

The change in wPLI following single pulse stimulation
could be a result of a broadband evoked response (TEP,
TMS-Evoked Potential). Our analysis is likely sensitive
to TEPs, meaning that we cannot make claims about this
effect exclusively reflecting oscillations or phase-
indexed connectivity. However, later components of the
TEP have been suggested to reflect the spread of
activation throughout the brain (Klooster et al.,, 2025),
which could reflect changes in network connectivity
dynamics.

To conclude, this pilot study found no phase-
connectivity effects of cTBS in the DLPFC. The single-
pulse effect found is likely due to TEPs, which may
reflect changes in network connectivity dynamics.
Future studies should directly compare rTMS protocols
in the same sample and use TBS stimulation protocols
in relation to brain state to enable the detection of
potentially subtle effects in TMS data.
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