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Abstract

Introduction. Memory is a complex cognitive process formerly linked to mechanisms of brain
plasticity that can be estimated in the left dorsolateral prefrontal cortex (DLPFC) using transcranial
magnetic stimulation and electroencephalography (TMS-EEG). Also, cortical thickness in the
DLPFC may be a potential proxy measure of brain plasticity as previous literature reports a link
between better memory and thicker cortex. However, the link between brain plasticity and memory
performance as well as DLPFC thickness remains to be clarified.

Methods. Intermittent theta burst stimulation (iTBS) probed plasticity-like mechanisms in the left
DLPFC in 17 cognitively healthy participants. TMS-EEG recordings were performed before and
after sham and active iTBS to quantify plasticity via transcranial magnetic stimulation-evoked
potentials (TEPs). Composite memory scores for each domain (verbal episodic, visual episodic
and working memory) were obtained using the Cambridge Neuropsychological Test Automated
Battery. Anatomical T1 images were acquired by magnetic resonance imaging and processed by
open-source software (CIVET) and the Automated Anatomical Labeling atlas to extract cortical
thickness of the DLPFC. All statistical analyses (linear mixed model, Tukey’s post hoc test and
Pearson’s correlations) were completed in R Studio.

Results. iTBS resulted in increased TEP amplitude P30 (F= 5.239, p = 0.029), as shown by a
significant interaction between condition (iTBS, sham) and time (pre- and post-condition).
Specifically, Tukey's post hoc test revealed that the P30 increase was near trending significant
post-iTBS compared to pre-iTBS for the active condition (p = 0.166) but not for the sham condition
(p = 0.294). A trending significant relationship was observed between the magnitude of P30
change post-iITBS and thicker left DLPFC (r = 0.488; p = 0.108). Lastly, no significant

relationships between P30 change and memory performance were observed.



Conclusion. These preliminary findings suggest there could be a relationship between increased
capacity for brain plasticity and a thicker left DLPFC. To further investigate these relationships,
we plan to recruit additional cognitively healthy participants. Our preliminary findings support the
foundation for future clinical studies in which DLPFC thickness could be explored as a predictive

factor for response to plasticity-targeting iTBS treatment.
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1 Introduction
The human brain is a complex organ which can develop and adapt over time in ways still

not fully understood. Scientists have spent years studying the brain to understand its capacity for
adaptation. However, it was not until the late 1800s that researchers such as Santiago Ramon y
Cajal and Donald Olding Hebb first used terms such as the “neuron doctrine” and “brain plasticity”
to describe adaptive neural communication and cell re-organization found in the central nervous
system (Fuchs & Fliigge, 2014). Brain plasticity refers to the process of neural network
modification and adaptation in response to repeated network activation with actions like thought,
behaviour, and other external stimuli (Gillick & Zirpel, 2012). Without brain plasticity, adaptive
processes such as learning would be impossible (T. V. P. Bliss & Collingridge, 1993b; Lashley,

1920; Oberman & Pascual-Leone, 2013; Stanley & Jaynes, 1949).

1.1  Mechanism of brain plasticity
The Hebbian Theory of Learning was one of the first published theories to explain the core

cellular mechanisms underlying brain plasticity (Hebb, 1949; Tees, 2003). The famous citation,
“neurons that fire together wire together,” credited to Carla Shatz highlights the foundation of the
Hebbian Theory (Hebb, 1949). This theory proposes that repeatedly activated neurons and their
associated synaptic connections will create an association between the experience, creating cell
memory. When cell memory occurs, efficient neural communication at the synapse level can occur
during processes involved in learning and memory. Neuroscientists Terji Lemo and Timothy Bliss
published some of the first evidence of cell memory and synaptic plasticity in the hippocampus of
rabbits, in which repetitive stimulation of perforant path fibres in the hippocampus produced a
lasting potentiated cellular response (T. V. P. Bliss & Gardner-Medwin, 1973; T. V. P. Bliss &

Lemo, 1973). As a result of research such as this, long-term potentiation (LTP) may be used to



describe the synaptic mechanisms facilitating strengthened synaptic connections (Andersen &

Lemo, 1967; T. V. P. Bliss & Lemo, 1973; Lemo, 2003, 2018).

1.2 Long-term potentiation (LTP)
The process of LTP has been observed to produce a long-lasting increase in neuron-to-

neuron signal transmission between two or more neurons (Cooke & Bliss, 2006). Tetanic
stimulation (i.e., a high-frequency series of pre-synaptic neuron stimulation) can induce LTP in
vivo, which produces an excess of ion fluctuation that can trigger various cellular processes,
including changes in neurotransmitter and synaptic receptor function that may alter synaptic
activity (T. V. Bliss & Collingridge, 2013; T. V. P. Bliss et al., 1968; Cooke & Bliss, 2006;
Madison et al., 1991; Maren, 1999). Activity-dependent synaptic modifications are essential for
ongoing neural communication, as they can influence and reinforce molecular and electrical
properties of neural networks (Citri & Malenka, 2008). Such modifications may include increased
excitability and sustained excitatory postsynaptic potentials (T. V. P. Bliss & Gardner-Medwin,
1973). When neural networks are reinforced, brain function and behaviour may change. For this
reason, LTP is one of the potential mechanisms of brain plasticity. Previous research suggests that
LTP may produce adaptive functional change within the brain, which can have an essential role in

learning and memory (Eccles, 1983; Lynch, 2004).

1.3 Transcranial magnetic stimulation and brain plasticity
LTP has been extensively studied in animal models using electrophysiological stimulation

techniques (Anderson et al., 2016; Eccles, 1983; Vulovic et al., 2018). However, such invasive
techniques cannot be replicated in vivo; thus, human research requires different stimulation
techniques. The development of brain stimulation methods from animal studies, such as
transcranial magnetic stimulation (TMS), has provided researchers with a new tool to examine

human brain plasticity mechanisms (Bashir et al., 2010). TMS is a neurostimulation tool based on



Faraday’s law of electromagnetic induction, in which a magnetic pulse is applied to the cortex to
induce electrical activity in neurons of the targeted cortical region (Rossi et al., 2021; Rossini et
al., 2015). TMS is non-invasive, painless, and can be used to stimulate any cortical area (Rossi et
al., 2009, 2021). When applied repeatedly, TMS can modulate brain activity beyond the duration
of the stimulation (Huang et al., 2005; Hui et al., 2019). A specific form of TMS called intermittent
theta burst stimulation (iTBS) was developed based on LTP induction protocols in animal studies
(Guerra et al., 2018; Huang et al., 2005). ITBS uses a pattern of stimulation (i.e., two trains of
50Hz burst pulses repeated at SHz frequency every 10s for a total of 600 pulses), in which the
timing and frequency of stimulation may modify brain activity. When applied to cortical regions,
the iTBS protocol modulates cortical activity (Struckmann et al., 2019). In previous LTP induction
studies, researchers have observed a similar change in neural activity between stimulation of the
hippocampus in rodents compared to iTBS-dependant modulation of the human cortex (Capocchi
etal., 1992; ] & G, 1986, 1989). For this reason, similar brain plasticity mechanisms are suggested
to underlie each process (Suppa et al., 2016). The TMS research field refers to “LTP-like” brain
plasticity when discussing iTBS (Pell et al., 2011) since it is believed that iTBS-dependent neural

modulation may represent a change in synaptic strength.

1.4 LTP-like brain plasticity in the human cortex
The primary motor cortex was the first cortical site targeted to quantify the LTP-like effects

of iTBS for human application (Huang et al., 2005). When single TMS pulses were applied to the
primary motor cortex, the stimulation activated the corticospinal tract, producing quantifiable
muscle activity in the targeted muscle (Rossini et al., 2015). The induced muscle activity, known
as motor-evoked potentials (MEPs), can be measured with electromyography (EMG) which
provides a marker of cortical excitability (Rossini et al., 2015). Previous literature has linked

changes in MEP amplitude to changes in local brain activity (Huang et al., 2005; Premoli et al.,



2014). With one 3-minute session of iTBS to the motor cortex, a sustained increase in cortical
excitability was obtained and quantified by an increase in MEP amplitude up to 90 minutes after
stimulation (Chung et al., 2017; Guerra et al., 2018; Hui et al., 2019). The sustained increase in
cortical excitability due to iTBS is suggested to mirror the process of LTP in brain plasticity
(Chung et al., 2019; Chung, Rogasch, Hoy, & Fitzgerald, 2018; Chung, Rogasch, Hoy, Sullivan,
et al., 2018). However, brain regions outside the primary motor cortex require additional
electrophysiological monitoring technology to measure iTBS-induced changes in cortical
excitability.

A combination of electroencephalography (EEG) and concurrent TMS may be used to
monitor iTBS-induced changes to cortical excitability in non-motor regions, such as in the
prefrontal cortex (see Figure 1; PFC) (Hui et al., 2019; Tremblay et al., 2019). More specifically,
EEG was used to measure changes in cortical electrical activity through summated excitatory
postsynaptic potential (EPSP) evaluation from recording electrodes built into the EEG cap
(Tremblay et al., 2019). Research groups have recently combined both methods (TMS-EEG) due
to advancements in EEG amplifier technology and data processing techniques. The electrical
current generated by TMS in neural tissue produces a measurable waveform pattern of neural
electrical activity in the cortex known as TMS-evoked potentials (TEPs), which can be further
examined with EEG before and after iTBS application (Hui et al., 2019; Siebner et al., 2019). The
standard TEP waveform response exhibits specific patterns in amplitude (positive peaks (P) or
negative troughs (N)) at five-time points after a TMS pulse (i.e., P30, N45, P60, N100, P200) as
shown in Figure 2. The number associated with these components represents the time in ms when

they present after TMS stimulation.



Each peak or trough observed in the TEP waveform listed above has been linked to either
excitatory or inhibitory neural communication and can be monitored to estimate LTP-like brain
plasticity in response to repeated brain stimulation (Casarotto et al., 2010; Huang et al., 2005;
Ilmoniemi et al., 1997). To better understand the TEP waveform's excitatory and inhibitory
mechanistic nature, research groups have employed a method termed pharmaco-TMS in which
pharmacological agents, such as GABAergic receptors agonists, are administered before TMS-
EEG recordings to assess their effects on TEP waveform amplitudes (Tremblay et al., 2019).
Specifically, previous literature suggests that early positive TEP components (i.e., P30, P60) may
reflect excitatory activity through glutamatergic receptors, and negative TEP components (i.e.,
N45 and N100) may reflect inhibitory activity via GABAergic receptors (Tremblay et al., 2019).
For example, TEP component P30 was shown to be modulated by a novel anti-epileptic drug
known to reduce cortical excitability (Premoli et al., 2019), while P60 was modulated by an anti-
glutamatergic drug (Belardinelli et al., 2021). Conversely, TEP components N100 and N45
recorded in the left primary motor cortex have significantly changed in response to GABA-B and
GABA-A receptor action (Premoli et al., 2014, 2018; Darmani et al., 2016). Although the majority
of pharmaco-TMS-EEG studies to date have been conducted in the left primary motor cortex,
results can be translated to other cortical regions in which similar TEP waveforms are observed.
Altogether, these studies provide important insights into the independent mechanisms involved in
TEP component presentation and modulation following iTBS in cortical regions like the left

DLPFC.
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Figure 1. Schematic of TMS coil and EEG cap placement, created with BioRender.com.

TMS = transcranial magnetic stimulation; EEG = electroencephalography.
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Figure 2. Transcranial magnetic stimulation evoked potential waveform.

In 2017, the first demonstration of 1TBS-induced LTP-like brain plasticity in the human

dorsolateral prefrontal cortex (DLPFC) was shown (Chung et al., 2017). This study used TMS-



EEG to measure brain plasticity in healthy participants before and after iTBS and sham stimulation
were applied to the left DLPFC. A significant change in cortical excitability was reported
following active iTBS compared to the sham condition. Specifically, mean amplitudes of
components N100 and P200 significantly increased post iTBS, in which N100 became more
negative in amplitude and P200 became more positive in amplitude. This finding is crucial as it
provides evidence to support plastic-like cortical activity in the DLPFC due to iTBS (Chung et al.,
2017). Following this evidence of LTP-like plasticity in the DLPFC, iTBS-induced changes to
TEP amplitudes in the DLPFC were partially replicated in a series of studies from the same group
(Chung et al. 2018a, b; 2019), as well as from other groups. A summary of TMS-EEG studies
assessing the impact of iTBS on DLPFC activity in healthy individuals is presented in Table 1.
Table 1. TMS-EEG protocols at left DLPFC in healthy individuals only.

Authors & Sample Sham Neuronavigation Results post- EEG

Date size TEP (y/n) & MRI iTBS electrodes
Chung et al., N40, P60, Increased N100 F3, Fl,
2017 10 N100, yes none and P200 FC3 FC1
P200 amplitude ’
Chungelal, o N4S, P60, . Incgﬁ;‘;&loo FCI, FCz,
2018a N100, P200 : FC2
amplitudes
Chung et al., 16 N45, P60, o none Increased N100 FCl1, FCz,
2018b N100, P200 amplitude FC2
Chung et al., N45, P60, FC1, FCz,
2010 20 Ni00,P200 | M none No change FC2
AF3, F5,
Goldsworthy 33 N45, P60, e none Increased P60  F3, FlI,
etal., 2020 N100, amplitude FCS5, FC3,
FC1
Decreased P30,
Desforges et P30, N45, MRI (n(‘)ne)‘, P60 aqd P200 AF3,F1,
al. 2022 14 P60, N100, no  Neuronavigation amplitude; F3, FC1,
" P200 (yes) Increased N45 FC3
amplitude



Six out of seven studies in Table 1 showed significant modulation of TEP amplitudes after
1TBS. However, the effect and direction of TEP amplitude change in the DLPFC due to iTBS are
generally inconsistent across the studies. The most consistent finding by Chung and collaborators
was an increase in the amplitude of the N100 component, reflecting increased inhibition following
1TBS. Even so, this result was not replicated by recent studies conducted by other groups (Chung
et al., 2017, 2019; Chung, Rogasch, Hoy, & Fitzgerald, 2018; Chung, Rogasch, Hoy, Sullivan, et
al., 2018). In addition, four out of seven studies showed a modulation of the amplitude of the P200
component although the direction of the change has been inconsistent, with three studies showing
an increase (Chung et al., 2017; Chung, Rogasch, Hoy, & Fitzgerald, 2018) and one showing a
decrease in its amplitude (Desforges et al., 2022). Finally, two studies showed an increase in N45
amplitude (Desforges et al., 2022; Noda et al., 2021) while the P60 amplitude was modulated in
two studies. Nonetheless, discrepancies occurred in these studies (Table 1) regarding the direction
of effect (Desforges et al., 2022; Goldsworthy et al., 2020). Of note, one study did not show any
significant group effects of iTBS on TEP compared to sham (Chung et al., 2019). Moreover, this
group showed a significant impact on TEP amplitude when the frequency of iTBS was individually
adjusted to participants’ EEG. The above result could reflect inter-individual variability in the
after-effects of iTBS, a topic previously highlighted by TMS-EEG studies in the motor cortex
(Corp et al., 2020).

Apart from interindividual variability, multiple factors could account for these variable
findings. One example could be the use or lack of MRI data to produce individualized stimulation
targets or the lack of advanced neuro-navigational software for consistent coil positioning pre- and
post- iTBS (Casarotto et al., 2022). Another factor could be related to the small sample sizes in

TMS-EEG studies. In addition to these factors, EEG electrode selection for the region of interest



in which TEP amplitude is assessed also vary among studies due to differences in EEG systems
used. In addition, environmental noise and TMS-linked artifacts could have impacted amplitudes
in EEG recordings. Therefore, appropriately designed studies with sufficient statistical power are
required to help elucidate the direction of LTP-like effects on the TEP waveforms. As such, the
current study aims to replicate and improve on recent studies in the field. We will do this by 1)
examining the same five TEP components as Desforges et al., 2022, and 2) including a sham
condition in a 3) larger healthy population sample. Altogether, further examinations of the impact
of iTBS on prefrontal cortical activity will help define the role of LTP-like mechanisms in DLPFC
function and provide more clarity on the relationship between LTP-like brain plasticity and the

direction (i.e., increase or decrease) of cortical changes post-iTBS.

1.5 Memory and brain plasticity in the dorsolateral prefrontal cortex
Memory is a complex cognitive process linked to mechanisms of LTP brain plasticity. For

instance, previous research has investigated patterns of synaptic activity within the hippocampus;
a brain region suggested to be essential for memory processes (Bruel-Jungerman et al., 2007).
Important mechanisms such as LTP in regions like the hippocampus have been associated with
enhanced synaptic efficiency (Andersen, 1982; T. V. P. Bliss & Collingridge, 1993a; Eccles, 1983;
Lemo, 2003). Both in vivo and in vitro studies have identified a relationship between hippocampus
activity and memory processes (Neves et al., 2008).

While most research focused on the LTP in the hippocampus underlying memory ability, other
brain regions, such as the PFC, have been identified as important for memory processes (Anderson
et al., 2016; Guimond et al., 2016; Luu et al., 2014; McEwen & Morrison, 2013; Wierzba et al.,
2018). Elevated PFC activity during retention intervals of delayed response-type neuroimaging
tasks has been observed, which has linked this region to cognitive processes like working memory

(Curtis & D’Esposito, 2003). In other related studies, the DLPFC was shown to be highly involved



in episodic and working memory processes (Barbey et al., 2013; Hui et al., 2019; Isaacson &
Scanziani, 2011; Sanches et al., 2009). Functional magnetic resonance (fMRI) imaging has
provided further evidence to support the activation and role of the DLPFC in memory ability
(Curtis & D’Esposito, 2003). More specifically, increased DLPFC activation was obtained in fMRI
tasks targeting working memory processes such as memory manipulation (Kluen et al., 2019),
preparation of action using short-term memory (Pochon, 2001) and delay-related selection and
maintenance of items from memory (Rowe et al., 2000; Turnbull et al., 2019) to name a few. In
the context of memory deficits, neuroimaging-based studies investigating the implication of
altered DLPFC activity or structure in psychiatric disorders like depression and schizophrenia
supports the role of abnormal DLPFC activity in impaired memory performance (Guimond et al.,
2018; Meyer et al., 2019; Wheeler et al., 2014). In essence, previous neuroimaging studies have
identified the DLPFC as a key region linked to human memory ability. To further explore the role
of DLPFC activity in memory in healthy human populations, additional evidence is required to
clarify the link between memory processes and plasticity-like mechanisms in humans.

A recent study has gone one step further and provided some of the first evidence linking LTP-
like brain plasticity to better memory performance (Goldsworthy et al., 2020). In this study, the
authors investigated the link between memory performance in two groups (healthy young adults
(n=33) and older adults (n=33)) and their differences in TEP amplitude modulation post-iTBS in
the left lateral PFC. Increased TEP amplitude post-iTBS was observed at timepoint P60 in the
young adult group with better memory performance compared to the older adult group with poorer
memory performance. The older adult group revealed no significant change in TEP amplitude P60
post-iTBS. The older adult group also showed a link between reduced memory performance and

smaller changes in P60 peak amplitude post-1TBS. This result is important as it is the first to
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suggest a relationship between reduced brain plasticity (i.e., no significant TEP modulation post-
1TBS) and reduced memory ability.

To date, the scientific community has suggested that brain regions like the left DLPFC display
LTP-like mechanisms that may be linked to memory ability. Research requires further
investigation and replication of current findings related to the complex LTP-like brain plasticity
processes involved in memory for healthy populations. With more evidence, the effect and
direction of iTBS on left DLPFC LTP-like brain plasticity mechanisms can be clarified, which
may help us to elucidate the relationship between brain plasticity in the DLPFC and memory

performance.

1.6  Brain plasticity, memory and brain structure
Previous studies using iTBS and assessing memory performance suggest that potential changes

in brain plasticity are linked with memory ability (Goldsworthy et al., 2020). Furthermore, a link
between memory performance and brain structure, like cortical thickness, has also been observed
(Emami et al., 2016; Guimond et al., 2016; Jiang et al., 2016). Cortical thickness is a measure of
brain structure that is suggested to be sensitive to changes in brain plasticity (List et al., 2013).
Cortical thickness is a structural MRI morphometric measure used to quantify the thickness or
width of grey matter segmentation from white matter within the cortex (Hutton et al., 2008). Since
an association between LTP-like brain plasticity and better memory performance has occurred in
TMS-EEG and 1TBS literature (Goldsworthy et al., 2020), other studies have further explored the
relationship between cortical thickness and memory ability. Brain imaging evidence generally
supports that an overall thicker cortex is linked with better cognitive functioning and memory
performance (Engvig et al., 2010; Jiang et al., 2016; Yuan & Raz, 2014). In a 2010 study, a group
of researchers observed that middle-aged adults and elderly healthy individuals who participated

in memory training showed improved memory performance and a regional increase in cortical
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thickness, further linking structural brain plasticity, memory and cortical thickness (Engvig et al.,
2010). In another study with a younger population, better cognitive performance was also linked
with greater regional grey matter density in the PFC, specifically the left DLPFC (Wang et al.,
2017). In comparing differences in PFC cortical thickness and memory ability in individuals
exhibiting memory deficits, individuals with schizophrenia showed lower levels of working
memory ability in addition to reductions in both left and right DLPFC cortical thickness (Guimond
et al., 2018; Wheeler et al., 2014). Overall, greater cortical thickness in the PFC has been linked
to better memory and cognitive performance. This relation may suggest a larger link between the
neural processes involved in learning and memory, in which LTP-like brain plasticity mechanisms
have an important contribution to brain structure. However, no study to our knowledge has
explored whether LTP-like brain plasticity in the left DLPFC (via TMS-EEQG) is linked to its

cortical thickness.

2 Study objectives
Thus far, only a handful of studies have investigated LTP-like brain plasticity in the left

DLPFC using iTBS and TMS-EEG. More research is needed to examine these measures of LTP-
like plasticity concerning memory ability and cortical thickness in the left DLPFC. This thesis
aims to better understand the mechanisms surrounding brain plasticity, cognitive function, and
brain structure in humans. Firstly, I identified the TEP amplitude deflections most sensitive to
1TBS in the left DLPFC in a sample of cognitively healthy adults as a baseline of LTP-like brain
plasticity in the left DLPFC (Aim 0). I also determined whether there is a relationship between
differences in TEP amplitude post-iTBS (i.e., LTP-like brain plasticity) in the left DLPFC and
overall memory performance (Aim 1) and whether there is a relationship between differences in
TEP amplitude post-iTBS (i.e., LTP-like brain plasticity) and cortical thickness of the left DLPFC

(Aim 2).
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Based on previous TMS-EEG and 1TBS application to the left DLPFC, I hypothesized that
1TBS would modify cortical excitability (LTP-like plasticity) by altering amplitudes of any of the
five TEP components examined in previous literature (i.e., P30, N45, P60, N100 and P200) in the
left DLPFC, while sham iTBS would not induce any significant change in amplitudes (Chung et
al., 2017; Chung, Rogasch, Hoy, & Fitzgerald, 2018; Desforges et al., 2022; Goldsworthy et al.,
2020) (Aim 0). Based on previous trends in the literature, I expected to observe an increase in at
least one of the five TEP amplitudes post-iTBS. I also hypothesized that better memory
performance would be associated with a greater increase in at least one of the five TEP amplitudes
sensitive to 1TBS, reflecting LTP-like brain plasticity in the left DLPFC as previously shown in
healthy controls (Goldsworthy et al., 2020) (Aim 1). Since there is little evidence investigating the
relationship between the direction of amplitude change post-iTBS and better memory
performance, | foresaw a possible positive relationship between larger TEP change and higher
memory score. Finally, I hypothesized that participants with greater cortical thickness in the left
DLPFC would have a greater increase in TEP amplitude post-iTBS (i.e., increased LTP-like brain
plasticity) (Aim 2).

3 Methods

3.1 Participants
Seventeen participants were recruited through community flyers and online advertisements

were in the study if they were between 18 to 45 years of age, had an 1Q > 70 as measured by the
Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler, 2008), and could read and speak
fluent English. Participants were excluded if they had; a current or past history of health-related or
neuropsychiatric disorders producing cognitive impairment; a current or past history of severe

brain injury; a recent history (< 3 months) of substance abuse or dependence; any magnetic
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resonance imaging (MRI) or transcranial magnetic stimulation (TMS) contraindications (e.g.
metallic head implant, history of seizure, pacemaker) as defined by (Rossi et al., 2009, 2021);
decisional incapacity requiring a guardian; taking benzodiazepine and/or anticholinergic
medication; and if they have a first-degree relative who received a diagnosis of major depression,

schizophrenia or schizoaffective disorder.

3.2 Procedure
The current study was an optional portion of a larger ongoing cognitive remediation trial

(NCT04159662) at the Royal Ottawa Institute of Mental Health Research (IMHR), where all
participants were invited to participate if they were interested. Informed written consent was
obtained for study participation prior to the evaluation of participant eligibility. All study visits
took place at the IMHR. The current study had a randomized crossover double-blinded sham-
controlled design, consisting of five visits over one month. Before participants were enrolled, an
initial telephone screening was conducted to assess initial eligibility. Participants were then invited
for two in-lab visits where written consent was obtained, and eligibility was evaluated. Cognitive
assessments using clinical and cognitive tests were completed during these visits. Participants were
invited for a third visit, where they completed an MRI imaging session. Brain stimulation (i.e.,
active 1TBS condition, sham iTBS condition) occurred at visits 4 and 5. During each stimulation
session, cortical excitability was measured before and after active/sham iTBS using concurrent
TMS and EEG. The order of iTBS and sham was randomized (one visit was sham, and the other
was active 1TBS). Furthermore, the two stimulation sessions were separated by more than five

days to eliminate potential carryover effects of iTBS stimulation.

3.2.1 Clinical assessments
Mini International Neuropsychiatric Interview (M.LN.I) (Sheehan et al., 1998)

administration confirmed that participants did not show signs of a psychiatric illness. This
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interview assessment controlled undiagnosed psychiatric illnesses that may represent altered
neural functioning. Therefore, neural functioning associated with psychiatric illness was controlled

for in the current study.

3.2.2 Cognitive assessments
The Wechsler Abbreviated Scale of Intelligence (WASI) (Wechsler, 2008) is an 1Q test

used to measure each participant's intelligence and general cognitive ability. The WASI assessed
eligibility and excluded individuals with potential intellectual disabilities.

The Cambridge Neuropsychological Test Automated Battery (CANTAB) (Cambridge
Cognition Ltd.) is a computerized cognitive assessment that targets cognitive functions linked to
specific neural processes. The CANTAB tests used to assess memory ability in the current study
were; paired associate learning (PAL), spatial working memory (SWM), verbal recognition
memory (VRM) and delayed matching to sample (DMS) (Figure. 2). Following the CANTAB
recommendation for aggregating scores, a composite memory score was created for each
participant using their combined raw scores from the tasks listed above. In addition, memory
subdomain scores were created: DMS and PAL were used to represent visual episodic memory,
SWM for working memory, and VRM for verbal episodic memory. Raw task scores were averaged
for each participant and compared to the norm of the same CANTAB tests completed by other
healthy controls in three other research experiments at the IMHR, including the current study (n =
82). Z-scores defined participant performance for each task and memory subdomain. Finally, a
composite overall memory score was used for each participant by averaging all memory z-scores.

See Table S4 and Table S5 for measure details.

3.2.3 Neuroimaging
A 3T Siemens MR-PET system Siemens Biograph mMR, (Siemens, Germany) at the Royal

Ottawa Brain Imaging Centre was used for participant MRI acquisition for a total of 50 mins. For
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the current study, localizer sequences (3 mins) and high-resolution three-dimensional (3D)
magnetization-prepared rapid gradient-echo (MPRAGE) sagittal sequences (5 mins) produced T1-
weighted structural brain imaging data for cortical thickness assessment. Additional imaging
sequences were acquired during this visit as a part of a larger study but were not used for the

current project.

3.2.4 TMS-EEG procedures

3.2.4.1 EEG preparation
At the start of each session, a TMS- compatible 64-channel EEG cap (64Ch actiCAP slim

or BrainCap, BrainVision, EASYCAP GmbH, Germany; Figure 3) was positioned on the head of
the participant and connected to a TMS-compatible amplifier (ActiCHamp or BrainAmp,
BrainVision Gmb). First, head measurements were conducted to determine the EEG cap size and
placement. To guide sham electrode placement, electrode locations 3(F3)-4(F1)-7(FC3)-7(FC1)
and 6(FC5)-7(FC3)-9(C5)-8(C3) were marked with washable eyeliner on the scalp. These
electrodes were used during the iTBS and sham to mask the stimulation condition. Conductive gel
was inserted using a small syringe on the EEG cap electrode to improve conductance. Impedance
levels were kept under 5-10 kQ throughout the three recording sessions (baseline, iTBS/sham,
post).

For the first 6 participants (pre-covid, 2019), the first model of a TMS- compatible 64-
channel EEG cap (64Ch-Standard-BrainCap for TMS with Multitrodes, BrainVision EASYCAP
GmbH, Germany) and amplifier (BrainAmp, Brainvision Gmb) were used. A new EEG system
was obtained during the covid-19 research halt at the IMHR (64Ch actiCAP slim, BrainVision,
EASYCAP GmbH, Germany (cap); ActiCHamp, BrainVision Gmb, Germany (amplifier)). When
research resumed in June 2021, recruitment continued. The purpose of the new EEG system was

to enable faster EEG preparation and data collection than the previous system.
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3.2.4.2 Neuronavigation
Neuronavigation guided TMS coil placement with an infrared camera system that

displayed coil location on the structural MRI of the participant in real time (Brainsight, Rogue
Research, Canada; Figure 4). The TMS coil was spatially co-registered with the participant’s
structural MRI image as follows: prior to applying TMS, a headband with an attached 3-
dimensional tracker was placed on the head of the participant and away from the left dorsolateral
prefrontal cortex (DLPFC) target, a 3D digitizer marked fiduciary landmarks and additional scalp
points, after which TMS coil was displayed in real-time. The left DLPFC was identified for each
participant using reversed co-registration with the following MNI152 stereotaxic coordinates: x =

-38, y =44, z=26 (D. Blumberger, 2019; D. M. Blumberger et al., 2018).

3.2.4.3 Threshold determination
Resting and active motor threshold (RMT, AMT) intensities were determined using a

MagPro X100-MagOption Stimulator with a 70 mm figure-of-eight MC-B70 coil and a 70 mm
figure-of-eight CB-60 coil (MagVenture, Denmark) respectively. Electromyographic (EMG)
surface electrodes were placed on the right first dorsal interosseous muscle as well as a reference
electrode on the right elbow joint. Before RMT and AMT determination, the left motor cortex
hotspot was targeted to determine stimulation intensity. To define the motor hotspot, the TMS coil
was positioned (handle pointing 45° away from the midline) where the TMS produced the largest
motor-evoked potential (MEP) amplitude. To determine RMT, the TMS coil was placed at the
defined motor hotspot while stimulation intensity was decreased until the EMG recorded an
average 50uV motor-evoked potential (MEP) amplitude response in 5 out of 10 trials, while the
target muscle was at rest. To determine AMT, stimulation was decreased until about a 2000V MEP
amplitude response was obtained in 5 out of 10 trials, while the participant maintained a minimal

contraction (10% of maximal contraction) in the target muscle. Once RMT and AMT were
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obtained at the beginning of visit five, these threshold intensities were used for TMS intensity

selection for 1TBS and single-pulse TMS.

3.2.4.4 Single-pulse TMS-EEG recording
Baseline and post-iTBS cortical excitability in the left DLPFC were measured using TMS-

EEG recording blocks of 80 single pulses at 120% RMT sent every 5-7 seconds (see Figure.
2) using a cooled B70 coil (MagVenture, Denmark). A TMS-compatible amplifier (Brain Amp
DC or ActiCHamp, Brain Vision, Gmb) recorded EEG signals at a sample rate of 5000Hz during
each TMS-EEG block. During EEG, participants wore noise-cancelling earphones which produced
white noise to help mask auditory potentials derived from single-pulse TMS delivery (Rocchi et
al., 2021). Participants also wore ear defenders on top of the earphones, and a piece of Imm foam
was attached to the coil to minimize confounding auditory and sensory potentials, respectively

(Conde et al., 2019; Gordon et al., 2018; Mancuso et al., 2021; Rocchi et al., 2021)

3.2.4.5 Plasticity-inducing procedure
1TBS was applied to the left DLPFC with a cool-B65 coil (MagVenture, Denmark) using

the standard iTBS procedure (i.e., triple pulse bursts at a frequency of 50Hz and a rate of SHz, at
2-second intermittent trains, repeated every 10 seconds) for a total of 600 pulses in 190 seconds at
80% of the AMT (Huang et al., 2005) (see Figure. 6). The symmetrical appearance of this coil
blinded the investigators to the active or placebo side of the coil. Unique and randomized
identification codes were entered into the TMS machine, which indicated coil orientation on the
scalp through internal sensors. The identification codes directed the TMS machine to select either

active (1iTBS) or sham stimulation.

3.2.4.6 Sham procedure
When the identification code signalled sham, the placebo side of the coil was positioned

against the scalp of the participant. Similar tactile sensations experienced during active iTBS

condition were produced by synchronous electrical pulses delivered by two scalp electrodes
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attached to the TMS machine. Identification codes were randomized by a member outside of the
research team who had no participation in the TMS application or data analysis. Participants were
told that they would receive one active and one placebo condition, but both the research team and
participants were blinded to the stimulation condition. At the end of each stimulation visit,
participants were asked which stimulation condition they believed they received. The purpose of
the sham stimulation condition was to control for potential placebo response and to provide reliable

TMS-EEG cortical measurements.

3.2.5 Data preprocessing

3.2.5.1 MRI data processing & DLPFC selection
The T1 weighted images were pre-processed using B-PIPE

(https://github.com/CoBrALab/minc-bpipe-library). B-PIPE is an advanced processing pipeline
available online for free. Upon image input, the pipeline performed various pre-processing steps:
N4 correction, neck removal, head/brain masks and registration to MNI space. The CIVET
processing pipeline (Montreal Neurological Institute at McGill University, Montreal, Quebec,
Canada) was wused to measure participants’ left DLPFC cortical thickness
(https://github.com/CobralLab/documentation/wiki/Cortical-Thickness-&-Surface-Analysis-

with-CIVET). CIVET (version 2.1.0) performed multiple tasks: N3 correction to correct for
nonuniformity in imaging data (Sled et al., 1998), mask and interpolation to template (0.5mm
voxel resolution stereotaxic MNI152 space), tissue classification (i.e., white matter, grey matter,
cerebral spinal fluid, subcortical), hippocampus masking and exclusion, hemisphere separation,
surface parcellations using the Automated Anatomical Labeling (AAL) atlas (Tzourio-Mazoyer et
al., 2002). In the end, CIVET produced cortical thickness information (Bhagwat et al., 2020; Sled

et al., 1998) (see Table S4-S5). The images were visually inspected for motion and issues with
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image capture (i.e., distorted image, missing portions in image). No participants were excluded
during this quality control assessment.

Cortical thickness is defined as the distance between grey matter and white matter cortical
surface boundaries, a measure indicating the size integrity of the cerebral cortex. The average
cortical thickness value of the left dorsolateral superior frontal gyrus (SFGdor.L._CT) and the left
middle frontal gyrus (MFG.L_CT) were combined to provide an average left DLPFC thickness

measure (mm).

3.2.5.2 EEG data preprocessing
EEG signals were recorded at a sample rate of 5000Hz, filtered, digitized and recorded

offline for analysis. Transcranial magnetic stimulation-evoked potentials (TEPs) were processed
in MATLAB (Version R2021a, The MathWorks Inc., USA) using the EEGLAB toolbox (Delorme
et al., 2003; Delorme & Makeig, 2004), FieldTrip toolbox (Oostenveld et al., 2011) and the
FastICA MATLAB program (Aapo Hyvarinen et al.;

https://research.ics.aalto.fi/ica/fastica/about.shtml, 2022).

First, if present, unneeded channels (TP9, TP10, Iz and FT10) were removed. Next, noisy
impedance channels were removed using the pop_rejchan function in the EEGLAB Toolbox with
absolute values (non-ROI threshold 2.5c, ROI threshold 3.5c). After channel and epoch removal,
data from -2ms to 15ms (large-amplitude TMS artifact) were removed, epoched around the TMS
pulse (-2000 to 2000 ms), then interpolated. To remove potential distortion in the data, epochs
were detrended and data were baseline corrected (0 mV). EEG data were down-sampled to 1000Hz
from 5000 Hz. A custom MATLAB script completed the initial processing steps described above.
Next, residual TMS-provoked muscular artifacts (i.e., voltage decay, eye blinks, jaw clenching,
head muscle activation) were removed via two rounds of independent component analysis (ICA)

using the FastiICA MATLAB algorithm (Desforges et al., 2022; Rogasch et al., 2014). If artifact-
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like activity was visually detected, it was manually removed during ICA analysis. Following ICA
component analysis, data filters were applied (band-pass filter 0.2-80Hz and notch filter 0.2-60Hz)
and data were referenced to the average of all electrodes. Finally, all previously removed channels
were interpolated from the average of surrounding electrodes.

Overall, the pre-and post- 80 single-pulse TMS-EEG recording sessions were averaged to
extract TEP amplitudes at time points specific to DLPFC activity. The window for TEP extraction
was slightly adjusted to match the current sample: P30 (30-48 ms), N45 (60-78 ms), P60 (80-98
ms), N100 (105-133 ms) and P200 (200-250 ms) (Figure 3-4, highlighted gray regions) (Tremblay
et al., 2019). TEP amplitudes were visually identified, and then a +/- 9 ms time window was
selected to capture the peak for the first three components. For later TEP components N100 and
P200, time windows were adjusted by visual inspection of the TEP waveform. This step follows
similar peak identification methods, yet the time windows (ms) were adjusted compared to
previous research (Desforges et al., 2022; Goldsworthy et al., 2020). TEP amplitudes were
extracted over the left DLPFC region of interest from electrodes containing the least amount of
noise located under the coil (FC1, F1, AFz) and averaged for each participant pre- and post-EEG
recording session. Lastly, all participant grand averaged TEP data were organized into files for
each TEP amplitude value and unblinded stimulation condition. To effectively compare EEG
recordings from two different EEG systems, differing electrodes for each group were removed to
include the same 58 electrodes for all participants.

In conclusion, 1TBS-induced LTP-like brain plasticity was measured by comparing the
magnitude of amplitude change at each TEP amplitude before (baseline/pre) and after (post) iTBS

stimulation in the left DLPFC.
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4  Statistical analysis
Potential outliers were removed prior to statistical analysis (see Table S3). Memory

performance left DLPFC cortical thickness and TEP component amplitude outliers were identified
based on the interquartile range (IQR) criterion displayed using a boxplot in R studio, which
flagged a total of 13 values. Scores for visual episodic and working memory were missing for one
participant, which caused some inconsistencies in the degrees of freedom (see Table 2 and S3).
Secondly, average TEP waveforms for each participant were inspected and removed if they
exceeded 10pV amplitude to minimize the influence of the TMS artifact further. Altogether, 12
out of 17 participants were included in statistical analyses due to outlier removal.

All statistical analyses were conducted in R studio (v. 2021.09.0). Positive and negative
TEP amplitude values were extracted for each participant, giving five sets of amplitude values per
individual (i.e., pre- and post-active iTBS and sham). Each set consisted of 5 amplitude values
within a select time window (P30, N45, P60, N100, P200).

Firstly, linear mixed model ANOVAs, with an alpha of 0.05 as the threshold of
significance, were performed to assess the TEP amplitude change before (time = pre) and after
(time = post) the active iTBS condition and the sham stimulation condition for each TEP
component, then Tukey’s Post Hoc tests were conducted to explore for multiple comparisons (Aim
0). Time (i.e., pre-, post-) was the dependent variable, and condition (i.e., iTBS, sham) was the
independent variable. Age, sex and the difference in EEG cap type were evaluated as covariates in
this model. Secondly, two-tailed Pearson’s product-moment correlations were conducted to assess
the linear relationship between the differences in TEP amplitude (uV) over time (ms) for each
stimulation condition and the overall memory z-score for each participant (Aim 1). Thirdly, one-
tailed Pearson’s product-moment correlations were performed to assess the linear relationship

between the differences in TEP amplitude (uV) over time (ms) for each stimulation condition and
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participant left DLPFC thickness (mm). Results were significant if p values were < 0.05 and
trending significant if < 0.15, considering our relatively small sample size. Given the small sample
size, we did not apply a correction for multiple comparisons for Pearson’s correlation. Such
comparisons will be performed on the final sample when the larger study will be completed.

5 Results

5.1 Demographics
In total, 3 of the 17 participants were female and 14 were male, and they were between 18

and 43 (29 +/- 7.16). Concerning race and ethnicity, the participants identified as Asian (7),
Caucasian (6), Aboriginal (1), African (1), Mestizo (1), and one did not specify. All participants
were right-handed except one. In addition, all participants completed high school and completed

or partially completed college/undergraduate programs.

5.2 Aim 0: Difference between active iTBS and sham TEPs
Linear mixed model with condition and time (ms) as fixed factors revealed a significant

interaction for component P30 (F= 5.238, p = 0.029) (Figure. 5). An averaged single-pulse TEP
waveform for the active iTBS condition is shown in Figure. 3. An average single-pulse TEP
waveform for the sham condition is shown in Figure. 4. Single-subject TEP waveforms and
topographies for the active iTBS and sham conditions are shown in Supplementary Maternal
(Figure S1-S6). Detailed results for interactions between stimulation condition and pre-, and post-
stimulation differences in TEP amplitude (uV) are outlined in Supplementary Material (Table S1).
See Table S6 for participant information. No significant interactions were observed for the other

components.
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Pre-iTBS (single-pulse TMS)
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P30 N45 P60 N100 P200

Figure 3: Active iTBS Condition — Averaged single-pulse TEP waveform obtained from ROI
(FCI, F1, AFZ). The single solid red line displays the grand average waveform pre-iTBS, whereas
the dotted blue line displays the grand average waveform post-iTBS. iTBS = intermittent theta
burst stimulation; TEP = transcranial magnetic stimulation evoked potential; ROI = region of
interest; **p < 0.05; *p < 0.15.
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Amplitude (uV)

Pre-sham (single-pulse TMS)
= = = = Post-sham (single-pulse TMS)

P30 N45 P60 N100 P200

Figure 4: SHAM Condition — Averaged single-pulse TEP waveform obtained from ROI (FCl,
F1, AFZ). The single solid red line displays the grand average waveform pre-sham, whereas the
dotted blue line displays the grand average waveform post-sham. iTBS = intermittent theta burst

stimulation;, TEP = transcranial magnetic stimulation evoked potential; ROI = region of interest;
*p < 0.05; *p < 0.15.
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Figure 5: Single-pulse TEP amplitudes (uV) pre- and post-iTBS and sham from ROI (FCI, F1,
AFZ) for each TEP peak of interest. iTBS increased the amplitude of the P30 component. Error
bars represent the standard error of the mean. iTBS = intermittent theta burst stimulation;, TEP =
transcranial magnetic stimulation evoked potential; ROI = region of interest; **p < 0.05; *p <
0.15.

Tukey’s post hoc for multiple comparisons revealed that the mean value of amplitude (LV)
for component P30 was near trending significant between pre- and post- iTBS (P30: p-value =

0.166, 95% C.1.), but not in the sham condition (P30: p-value = 0.294, 95% C.1.; see Table S2).

5.3 Aim I: Relationship between baseline memory scores and TEP amplitudes
A Pearson’s product-moment correlation coefficient revealed no significant relationships

between the differences in TEP amplitude for component P30 (uV) over time (ms) for each
stimulation condition and overall memory z-score for each participant (Table 2). See Table S4-S5

for additional participant information.
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Table 2: Pearson's product-moment correlation for memory domain z-score vs difference in P30
amplitude

Active iTBS condition — P30

Memory domain t df p-value cor
Overall memory -1.134 9 0.286 -0.354
Visual episodic -0.390 9 0.706 -0.129
Working memory -1.379 9 0.201 -0.418
Verbal episodic -1.004 9 0.342 -0.317
Sham condition — P30

Memory domain t df p-value cor
Overall memory 0.388 10 0.706 0.121
Visual episodic 0.572 9 0.581 0.187
Working memory 0.291 9 0.777 0.097
Verbal episodic 0.438 10 0.670 0.137

Note: iTBS = intermittent theta burst stimulation. **p < 0.05; *p < 0.15. Inconsistencies in the

degrees of freedom (df) occur due to missing data or outlier data which were removed (see Table
S3 for details).

5.4 Aim 2: Relationship between left DLPFC thickness and TEP amplitudes
A one-tailed Pearson’s product-moment correlation coefficient was computed to assess the

linear relationship between the differences in TEP amplitude (uV) over time (ms) for component
P30 for each stimulation condition and participant left DLPFC thickness. A trending significant
relationship was observed between the change in TEP component P30 amplitude and left DLPFC
thickness (r = 0.488; Figure 6; Table 3). The below scatterplot displays the strength and direction
of correlation between left DLPFC thickness and the difference in TEP amplitude (V) for the

active iTBS is shown in Figure 10. See Table S4-S5 for additional participant information.
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Figure 6: Active iTBS condition - Difference in single-pulse TEP amplitudes (uV) post-sham
from ROI (FCI1, F1, AFZ) for TEP peak P30 and left DLPFC thickness (mm) (Pearson’s
correlation). Trending significance observed. iTBS = intermittent theta burst stimulation; TEP =
transcranial magnetic stimulation evoked potential; ROI = region of interest.

Table 3: Pearson's product-moment correlation for left DLPFC thickness vs difference in P30
amplitude.

Active iTBS condition — P30

t df p-value cor
‘Lf,ft DLPFC thickness — ¢ 10 0.108 0.488
Sham condition — P30

t df p-value cor
Left DLPFC thickness 0.403 10 0.695 0.126

Note: iTBS = intermittent theta burst stimulation. **p < 0.05; *p < 0.15.

6  Discussion
In the current sample, LTP-like plasticity was examined in the left DLPFC through a direct

comparison of neurophysiological effects pre- and post-iTBS. To do this, we investigated the
direction and magnitude of TEP amplitude change post-iTBS at time windows P30, N45, P60,

N100 and P200. Furthermore, we looked for interactions of TEP amplitudes post-iTBS between

28



two stimulation conditions (active iTBS, sham 1TBS). We also assessed whether there was a
relationship between iTBS-induced LTP-like plasticity in the left DLPFC to both memory
performance and left DLPFC cortical thickness. The current study showed a significant increase
in amplitude post-iTBS for time window P30. This increase in amplitude is suggested to reflect
LTP-like plastic effects in the left DLPFC, whereby cortical excitability was temporarily modified.
We also observed a significant trending relationship between the change in P30 amplitude post-
1TBS and a thicker left DLPFC. No trending nor significant relationship was observed between
change in P30 amplitude post-iTBS and overall memory performance. Although the sample is

rather small, the data suggest a link between LTP-like brain plasticity and a thicker left DLPFC.

6.1 Prevalence of P30 modulation & iTBS

6.1.1 Motor cortex
The motor cortex is a region examined by electromyography and single-pulse TMS-EEG

techniques to assess cortical excitation and inhibition, and is the key region in which iTBS was
developed. With iTBS application to the motor cortex, sustained increases in MEP amplitudes
have occurred post-iTBS (Gedankien et al., 2017; Suppa et al., 2016). In a 2017 study, MEP
amplitudes significantly increased post-iTBS delivery to the left motor cortex (Gedankien et al.,
2017). In the same study, MEP amplitude change post-iTBS significantly correlated with changes
in early TEP amplitude at P30 post-1TBS. This result followed an earlier study from 2010, which
also observed significantly correlated amplitudes for both MEP change and TEP component P30
in the left motor cortex (Mdki & Ilmoniemi, 2010). Moreover, it is well known that TEP
component amplitude responses post-iTBS in the motor cortex show a greater magnitude of
amplitude change compared to other cortical regions (Kdhkonen et al., 2004, 2005; Lioumis et al.,

2009; Tremblay et al., 2019). To further understand the similarities and differences between the
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motor cortex and non-motor cortical regions, additional studies are needed to compare TEP

amplitude modification post-ITBS between motor and non-motor regions.

6.1.2 Left DLPFC
Motor cortex studies, such as the ones listed above, have explored and highlighted the use

of TMS-EEG and iTBS to target LTP-like plasticity and modulate cortical activity successfully.
Even though this evidence occurs in the motor cortex, similar trends of altered cortical activity
following iTBS have occurred in the DLPFC (see Table 1). In the current study, our results showed
that active iTBS increased TEP component P30 amplitude and was not significantly altered in the
sham stimulation condition. Other TEP components of interest (i.e., N45, P60, N100 and P200)
remained unchanged following both active iTBS and sham. Our results replicated a previous 2019
study in which no significant change in TEP amplitudes post-iTBS in the left DLPFC were
revealed in time windows N45, P60, N100 or P200, while P30 was not quantified (Chung et al.,
2019). Three different iTBS frequencies were examined in this study (30 Hz bursts repeated at 6
Hz; 50 Hz bursts repeated at 5 Hz, and individualized iTBS), where no significant differences in
TEP components post-iTBS occurred following both the 30Hz and 50Hz iTBS conditions. This
group only observed an effect of iTBS when the frequency was individualized based on cross-
frequency coupling between frontal theta (phase) and parietal gamma (amplitude) oscillations
during an EEG memory task (3-back). With individualized iTBS, TEP component P60
significantly increased post-iTBS, whereas components P100 and P200 significantly decreased in
amplitude post-iTBS (Chung et al., 2019). Although some features were not replicated in the
current study (i.e., individualized iTBS, 30 Hz at 6Hz iTBS, two post-iTBS time measurements (5
and 30 minutes post-iTBS)), both the current study and the Chung et al., 2019 study did not
produce a significant change in TEP component P60 amplitude in response to S0Hz iTBS. In a

more recent TMS-EEG study, and the only one that quantified the P30 component following
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DLPFC 1TBS, three different dosages of active iTBS at the same 50Hz frequency (i.e., 600 pulses,
1200 pulses, 1800 pulses) were performed, which produced a significant change in P30 amplitude
post-iTBS in the left DLPFC; however, the direction of this change did not relate to the current
study (Desforges et al., 2022). Although we observed a discrepancy in the direction of P30 change
post iTBS compared to the study by Desforges and colleagues, it is important to note that only this
study revealed a significant decrease in TEP P30 amplitude after iTBS application (Desforges et
al., 2022). In addition, significant modulation of TEP components post-iTBS (active) was not
compared to a sham condition; therefore, the overall significance and direction of TEP component
modulation in this study may have been fueled by external factors such as procedural or placebo
effect. To further clarify the significance of TEP amplitude P30 change following iTBS, additional

studies must include TEP component P30 as an amplitude of interest.

6.1.3 Pharmaco-TMS-EEG evidence
Based on the increased TEP amplitude at P30 post-iTBS, the direction and significance of

amplitude changes suggest increased cortical excitability in the left DLPFC following iTBS. The
specific neural mechanisms involved in LTP-like plastic changes in cortical excitability at P30
were not explored in the current study, but previous pharmaco-TMS-EEG studies suggest a
possible role of glutamatergic neurotransmission and excitatory cell mechanisms for the change
in early positive TEP amplitude components P30 and P60, which are thought to be linked to
similar mechanisms (Belardinelli et al., 2021; Premoli et al., 2019). More specifically, a 2019
study assessed TMS parameters of cortical excitability (TEPs) in the left motor cortex before and
administering a novel potassium channel opener which is being developed for treatment of
epilepsy, XEN1101, using TMS-EEG (Premoli et al., 2019). After drug intake, which is known
to reduce cortical excitability, a decrease in TEP component P30 amplitude was observed. This

result indicated that P30 is sensitive to pharmaco-modulation of cortical excitability (Premoli et
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al., 2019). Again pointing towards the link between early positive TEP components and
excitatory mechanisms, another study observed a decrease in TEP component P60 after anti-
epileptic drug intake (Perampanel), known to modulate glutamatergic transmission, following
TMS stimulation in the left motor cortex (Belardinelli et al., 2021). Although the P60 component
was not modulated by iTBS in the current study, these results help better understand the
underlying mechanisms of early TEP components such as the P30 and P60. Of note, both studies
by Belardinelli et al., 2021 and Premoli et al., 2019 are limited to left motor cortex TMS
stimulation and smaller sample sizes (n < 20), highlighting the need of DLPFC-specific studies
in larger samples. Pharmaco-TMS-EEG studies are vital for exploring the relationship between
neurotransmission and neuroelectrophysiological patterns in cortical activity in the human
cortex. More pharmaco-TMS-EEG studies looking at the sensitivity and direction of significant
TEP amplitude change post-iTBS for TEP component P30 are critically required to further

clarify the mechanism of action in non-motor regions like the DLPFC.

6.1.4 TEP component exclusion
Altogether, the current study is one of two projects to have explored TEP component P30

in the left DLPFC with TMS-EEG and iTBS (see Table 1). One reason underlying P30 exclusion
is due to the component’s proximity to the TMS single pulse trigger, which has made the
component harder to isolate and visualize if a large TMS artifact is observed. Overtime, research
groups have provided detailed descriptions and methods to support effective TMS and other
artifact removal allowing for isolated artifact-free brain signals (Bertazzoli et al., 2021; Rocchi et
al., 2021; Rogasch et al., 2014). For example, advancements in EEG active recording electrodes
and TMS-compatible amplifiers equipment over the years have contributed to improved data
collection and a better signal-to-noise ratio during EEG recording (Farzan & Bortoletto et al.,

2022; Mancuso et al., 2021; Varone et al., 2021). Improved recording methods have resulted in
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improved data cleaning for final signal analyses. In time, replication and fine-tuning of TMS and
EEG procedures will provide a more reliable and accurate assessment of cortical neurophysiology

and, therefore, LTP-like brain plasticity in the DLPFC.

6.2 Memory performance and cortical excitability
As discussed in the introduction, memory performance has been associated with brain

plasticity mechanisms in animal models for many years. However, this relationship has not been
directly explored in humans. Previous research has used TEP amplitude in the DLPFC as a proxy
of cortical excitatory and inhibitory mechanisms to explore its relationship with memory. Although
the increase in TEP P30 amplitude post-iTBS was not significantly correlated with overall memory
performance assessed at baseline in the current sample, cortical excitability (i.e., TEP amplitude
monitoring without iTBS) has been previously linked to memory performance in the DLPFC in
other groups using TMS-EEG. In 2019, a group of researchers explored whether cortical
excitability/inhibition, as measured by TEP amplitudes in the left DLPFC, could predict memory
performance in patients with Alzheimer’s disease (Bagattini et al., 2019). To do this, they delivered
single TMS pulses to the left DLPFC and measured TEP amplitudes locally (i.e., region of interest
located around the left DLPFC), as well as using a whole-brain analysis method which allowed
this group to measure the spread of activity induced by TMS in other cortical regions. Results
showed that component P30 amplitude shared a relationship with memory performance.
Specifically, the P30 amplitude located in the right parietal region predicted poorer memory
performance in these patients (a control sample was not included). In another TMS-EEG study,
cortical excitability was examined via TEP amplitudes from the left motor cortex and left DLPFC
in three different groups: (1) younger, (2) older and (3) schizophrenia (Noda et al., 2021). The
purpose of this study was to explore the relationship between patterns of cortical excitability in

individuals with altered cognition and memory performance due to aging and schizophrenia
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disease progression compared to cognitively healthy younger individuals. Although no significant
differences in P30 TEP amplitude were shown among the three groups, the authors revealed a
significant interaction between TEP component P30 and the groups based on a multiple regression
analysis. The significant interaction between P30 amplitude and the groups examined in this study
suggests that TEP P30 amplitude predicted group classification; however, this result is unclear and
requires further exploration into the relationship between TEP P30 amplitude and additional
quantifiable information about cognitive and memory performance for each group.

Previous literature observed a link between poorer memory performance and differences
in baseline cortical excitability in Alzheimer's disease (Bagattini et al., 2019), other studies with
more groups (i.e., controls, older, schizophrenia) showed similar trends (Noda et al., 2021).
However, these studies did not assess LTP-like brain plasticity as they only examined baseline
measures of cortical excitability without iTBS. In line with these discrepancies, the current study
exhibited no significant relationship between overall memory performance and change in TEP
component P30 amplitude post-iTBS. It is important to note that baseline TEP amplitudes (i.e.,
pre-iTBS) were not statistically compared to the overall memory scores between participants in
the current study, but this could be explored in the final sample with more participants. In addition,
whole-brain analyses could also be included in the final sample. The addition of these steps could
provide further insight into the overall relationship between memory performance and baseline
cortical excitability in cognitively healthy individuals.

There are a few potential reasons why the current study showed no significant relationships
between memory performance and LTP-like brain plasticity in the left DLPFC (as measured by
the difference in TEP P30 amplitude post-iTBS). One possibility for the lack of relationship could

be due to the healthy control population assessed in the current sample. A small group of
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cognitively healthy individuals may not exhibit the same differences in memory performance
observed between clinical populations with cognitive features (i.e., Alzheimer’s disease,
schizophrenia.) or in older participants compared to healthy control samples. Similarly, the overall
memory scores for the current small healthy control sample may not be sensitive enough to
compare to our measure of LTP-like brain plasticity in the left DLPFC. This lack of sensitivity
could be related to the overall intelligence of our healthy control sample. Since our participant
sample generally performed well in the memory tasks (i.e., the majority of overall memory z-
scores fall >0), it may be harder to differentiate the impact of their performance. Overall, a larger
and more generalizable sample size may help to differentiate the impact of memory performance
concerning our LTP-like brain plasticity measure. The addition of a clinical group displaying

cognitive impairments might also help shed light into this potential relationship.

6.3 Left DLPFC thickness and plasticity
In the current study, a trending significant relationship was shown between a thicker left

DLPFC and our measure of LTP-like brain plasticity in the left DLPFC. To our knowledge, TEP
amplitude components in the left DLPFC have not been examined with left DLPFC thickness
before; therefore, our study has provided preliminary evidence for this topic. Interpretation of these
preliminary and novel results has required careful examination of applicable work.

Firstly, most of the research to date have investigated overall cortical thickness instead of
specific regions like the left DLPFC. In such literature, it is suggested that experience-dependent
plasticity (also known as brain plasticity) has been linked with the specific brain structure involved
in the experience (Zatorre et al., 2012). A famous London taxi-driver experiment examined the
general trend of this relationship, whereby larger regional brain volume (specifically in the
posterior hippocampus) was reported in individuals who expressed a high level of spatial

navigation and spatial memory (Maguire et al., 2000). Studies like this have revealed a link
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between knowledge or prowess in a specific task or cognitive function and a larger activity-
dependent brain structure, reflecting a link between structural brain plasticity and experience-
dependent brain plasticity. Since the literature has also shown a link between better cognitive and
memory performance with a higher degree of cortical excitation in the left DLPFC, we expected
to observe a link between thicker DLPFC and increased cortical excitability in the same region
following an effective stimulus for LTP-like brain plasticity (i.e., iTBS) in the current study. Other
studies have explored the proposed relationship between better cognitive and memory
performance, which is suggested to be linked with experience-dependent brain plasticity in both
the prefrontal cortex as well as the entirety of the cortex. For example, a thicker cortex was
observed in young middle-aged adults with better cognitive functioning, reflected by higher
intelligence quotients (IQ) (Schnack et al., 2015). In contrast, a thinner cortex was reported in older
adult populations who exhibited a decline in cognition with age (Engvig et al., 2010). This negative
relationship is suggested to reflect altered or loss of plastic effects in the cortex.

With respect to clinical populations such as schizophrenia, previous groups have reported
a link between a thinner cortex in the left frontal lobe and parahippocampal gyri and reduced verbal
memory ability (Guimond et al., 2016), which may also indicate altered plasticity mechanisms in
these regions. Further investigation of experience-dependent plasticity (via skill/cognitive
assessment), LTP-like brain plasticity (via TMS) and activity-dependent cortical regions of
interest, like the DLPFC, are required to examine the overarching relationship between cortical
thickness and brain plasticity. Future exploration of these relationships in clinical populations

would yield relevant and important information for this topic.

7  Limitations
The current study should be reviewed considering its limitations. With a small final sample

of 12 participants, the results from our correlational analyses may have undermined the internal
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and external validity of the project, for which the strength of relationships (or lack thereof) may
be exaggerated by a biased sample with inadequate power. Small sample size is a recurrent and
relevant problem in TMS-EEG literature, even before the halt of research activities during the first
couple of years of the covid-19 pandemic. The current study will continue to recruit participants
until 25 participants can be included for statistical analyses.

Secondly, our raw TMS-EEG data exhibited different TMS artifacts that were difficult to
remove during EEG post-processing. For example, each TMS pulse produced a TMS pulse artifact
(i.e., time-linked spike in neural activity that extends beyond the pulse), auditory and
somatosensory artifacts (i.e., activation of sensory axons) and muscle artifacts (i.e., activation of
motor axons and cranial nerves) that may corrupt EEG recorded brain signal. These artifacts
produced electromagnetic activity that is larger in amplitude than typical brain activity, which was
observed in the entirety of the raw TEP waveform (Farzan et al., 2016; [lmoniemi et al., 1997,
Ilmoniemi & Kici¢, 2010; Rossi et al., 2009, 2021; Tremblay et al., 2019). Participants were
removed from analyses if these artifacts were not completely removed, which would have
contributed to noisy or distorted or shifted EEG data. Five participants were removed as a result
(Table S6).

With a small sample, each participant’s data contributes a great deal to the overall trend,
and those distortions could have prevented us from observing generalizable results for our
population of interest. A solution for this obstacle for future studies would be to implement real-
time TEP visualization software to minimize artifacts and fine-tune TMS parameters for optimal
cortical stimulation during TMS-EEG recordings (Casarotto et al., 2022; Varone et al., 2021).

Future studies could also include whole-brain analyses to minimize the influence of TMS artifacts
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on regional EEG signals as not all brain regions show the same artifacts (Bertazzoli et al., 2021;
Mutanen et al., 2013; Rocchi et al., 2021).

Another limitation of the current study was the use of two different EEG caps and
amplifiers for the current sample. Although this limitation was ruled out by entering this as a
covariate in our analyses, it is never good practice to alter recording methods once a study begins.
We justified the change in EEG equipment during the COVID-19 pandemic since the initial EEG
equipment was older compared to newer and updated EEG equipment.

Lastly, a large limitation of the current study was, and still is, the covid-19 pandemic (Alsiri
et al., 2021; Bikson et al., 2020; Luck & Kappenman, 2020; Perellon-Alfonso et al., 2021).
Participant recruitment and assessment halted from March 2020 to June 2021, causing this project
to lose potential participants who would have increased statistical test power and lowered the
standard error of sample distribution. Recruitment continues to run at a slower pace than before
the covid-19 pandemic; moreover, the current project will continue into 2023 to compensate for

lost time.

8  Conclusion and future directions
By combining MRI, an increased number of TEP components and memory assessment,

our team were provided with key measures to explore brain plasticity in a greater capacity.
Nonetheless, even with a small sample, we observed a significant change in TEP component P30
post-iTBS. Overall, our results suggest that we can successfully combine TMS-EEG and iTBS to
estimate LTP-like brain plasticity in the left DLPFC. Our data also suggest cortical excitability
post-iTBS may be associated with a thicker left DLPFC, which has not been explored before in
the literature. Our team will continue to recruit participants to gain a more generalizable sample

for future study publication.
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Future studies could supplement our findings by including resting-state connectivity to
further individualize left DLPFC targeting with iTBS (Cash et al., 2021). In conjunction, future
studies could also include TEP component P30 during post-iTBS TEP waveform analysis to clarify
our results. It is also important to note that the current study focused on a small healthy control
sample. Furthermore, the inclusion of a clinical population sample could provide additional insight
into the relationship between LTP-like brain plasticity, cognition and brain structure. Based on our
results relating to LTP-like brain plasticity and left DLPFC thickness, the current study opens a
new door for future studies to use TMS-EEG, iTBS and brain imaging to explore disease pathology
and predict illness severity in different groups and at individualized cortical targets. Future studies
should continue to include measures of LTP-plasticity (via TMS-EEG and iTBS) and cortical
thickness in cognitively healthy individuals as well as in clinical populations to establish these
measures as indicative factors in disease progression. With more evidence, TMS-EEG methods
could become common practice along disease pathophysiology, just as brain imaging or prescribed
blood panels are used to indicate and monitor signs of disease. Additionally, it would be of interest
to apply real-time visualization tools to monitor TEPs during EEG recording to minimize artifacts
and signal noise (Casarotto et al., 2022; Varone et al., 2021). With more TMS-EEG, brain imaging
studies, and fine-tuned standard procedures using newer and adaptive visualization tools
mentioned above, research groups will continue to effectively replicate, accurately compare and
interpret the overarching synthesis of evidence. Overall, the current study supports the
combination of TMS-EEG and iTBS as a safe and effective tool to examine brain plasticity in the
cortex. Lastly, our preliminary findings support the foundation for future clinical studies in which
DLPFC thickness could be explored as a predictive factor for response to plasticity-targeting iTBS

treatment.
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10 Supplementary Material
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Figure S1: Active iTBS condition — Averaged single-pulse TEP waveform for each participant
at ROI (FC1, F1, AFZ). The shaded gray areas denote the time window for each peak of interest.
iTBS = intermittent theta burst stimulation; TEP = transcranial magnetic stimulation evoked
potential; ROI = region of interest.
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Figure S2. Sham iTBS condition — Averaged single-pulse TEP waveform for each participant
at ROI (FC1, F1, AFZ). The shaded gray areas denote the time window for each peak of interest.
TEP = transcranial magnetic stimulation evoked potential;, ROI = region of interest.
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Figure §3: Active iTBS condition - Topographical plots of voltage (uV) scalp distribution for
TEP components of interest, pre- and post-iTBS. iTBS = intermittent theta burst stimulation;
TEP = transcranial magnetic stimulation evoked potential.

P30 N45 P60 N100 P200

PRE

POST

Figure S4: Sham iTBS condition - Topographical plots of voltage (uV) scalp distribution for

TEP components of interest, pre- and post-sham. TEP = transcranial magnetic stimulation
evoked potential.
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Table S1. Type III Analysis of Variance Table with Satterthwaite's method — ANOVA Mixed Model
Jor TEP components.

P30 Sum Sq Mean Sq  NumDF DenDF F value Pr(>F)
age 12.75573  1.275573 10 2977702 0.880 0.619
sex 1.656627  1.656627 1 3360706  1.143 0.355
cap 0.082511  0.082511 1 2403298  0.056 0.830
condition 2902143 2902143 1 2924372 2.002 0.167
time 0.457396  0.457396 1 28.53087 0315 0.578
condition:time ;500361 7500361 1 28.53087  5.238 0.029

N45 Sum Sq Mean Sq NumDF DenDF F value Pr(>F)
age 85.45694  8.545694 10 4504407  2.133 0.223
sex 11.47987 1147987 |1 7579785  2.865 0.131
cap 2.026996  2.026996 1 2770419  0.505 0.532
condition 1.667249  1.667249 1 30.66716  0.416 0.523
time 1.332442 1332442 |1 29.40463  0.332 0.568
condition:time 4.654544  4.654544 1 29.40463  1.161 0.289

P60 Sum Sq Mean Sq NumDF DenDF F value Pr(>F)
age 46.96936  4.696936 10 32 1.001 0.462
sex 1.161453  1.161453 1 32 0.247 0.622
cap 1.07035  1.07035 1 32 0.228 0.636
condition 4710432 4.710432 1 32 1.004 0.323
time 2735346  2.735346 1 32 0.583 0.450
condition:time 0.015166  0.015166 1 32 0.003 0.955
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N100

P200

Note: TEP = transcranial magnetic stimulation evoked potential. **p < 0.05; *p < 0.15.

age

SeX

cap

condition

time

condition:time

age

SeX

cap

condition

time

condition:time

Sum Sq

30.69346
2.227207
0.920411
3.926035
0.658617
0.399207
Sum Sq

82.63825
0.403061
0.091287
1.399711
0.930354

2.163692

Mean Sq
3.069346
2.227207
0.920411
3.926035
0.658617
0.399207
Mean Sq
8.263825
0.403061
0.091287
1.399711
0.930354

2.163692
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NumDF DenDF

10 3.88255

1 4.510655
1 2.960497
1 29.95132
1 29.23315
1 29.23315

NumDF DenDF

10 32
1 32
1 32
1 32
1 32
1 32

F value

0.883

0.640

0.264

1.129

0.189

0.114

F value

2.438

0.118

0.026

0.413

0.274

0.638

Pr(>F)
0.605
0.463
0.642
0.296
0.666
0.737
Pr(>F)
0.027
0.732
0.870
0.525
0.603

0.430



Table S2. Tukey multiple comparisons of means (95% family-wise confidence level),

evaluating time (pre-, post-).

Active iTBS condition

TEP Df Sum Sq Mean Sq F-value
P30 1 5.89 5.887 2.054
Sham condition

TEP Df Sum Sq Mean Sq F-value

P30 1 2.16 2.161 1.154

Pr F)

0.166

Pr F)

0.294

diff
0.991

diff
-0.600

Iwr upr  p adj
-0.443  2.424 0.166

Iwr upr  p adj
-1.759  0.558 0.294

Note: TEP = transcranial magnetic stimulation evoked potential. **p < 0.05; *p < 0.15.
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Table S3. Total identified outliers and missing/incomplete data

Overall memory outlier(s) removed Missing/incomplete memory data

CRO025
(working & visual episodic memory)

Left DLPFC thickness outlier(s) removed

CRO07

TEP amplitude outlier(s)

Active iTBS Sham
P30 CRO32 P30 CR027
N45 - N45 CR0O27
PRE P60 - PRE P60 CR027
N100 a N100 CRO07
P200 CRO25 P200 -
P30 - P30 -
CRO18 CRO17
N43 CRO30 N45 CRO27
POST P60 - POST P60 -
N100 CRO18 N100 -
P200 _ P200 CRO027

TEP waveform outliers(s) per participant
Active iTBS Sham
CRO14 CRO002, CRO18
Total TEP participant data removed (per condition)
Active iTBS Sham
CRO14, CRO18, CR025, CR030, CR032 CRO002, CR007, CRO17, CRO18, CR027

Note: TEP data for 12 participants were included for each condition after outlier removal. One
participant (CR007) and two memory domains (CR025) were not included in the final sample.
TEP = transcranial magnetic stimulation evoked potential, iTBS = intermittent theta burst
stimulation, DLPFC = dorsolateral prefrontal cortex.
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Table S4: Active iTBS condition - Participant information for TEP component P30 (aims 1 & 2).

SmRCT e vost b OYIRALL WORKING WAUMC MG LGp sy SFGRORL MEGL  DiFEC
CRO002 1.253789 1.904412 0.650623 0.189082 0.597723 -0.05442 0.267443 38 male 2.9391 2.806 2.87255
CR004 -0.23563 5.325594 5.561224 -0.0549 0.335278 -0.26165 -0.03156 32 male 29486 2.9018 2.9252
CR006 0.073607 -0.51256 -0.58617 -0.1385 0.737252 -0.5208 -0.24968 34 male 2.9454 29131 2.92925
CRO007 3.583967 1.690792 -1.89318 - - - - 35 male 28147 28191 2.8169
CRO012 0.580858 0.909595 0.328737 -0.11192 0.737252 -0.50808 -0.16879 43 male 2.9855 2.9282 2.95685
CRO16 -2.26522 -0.79642 1.4688 0.10726 -0.2173 0.418385 -0.19043 21 male 2.9059 2.8892 2.89755
CRO17 0.75811 3.749563 2.991453 -0.30299 -0.66055 0.140145 -0.83172 25 female 2.9514 29521 2095175
CRO021 -0.77256 0.071113 0.843676 0.610099 0.603261 0.417317 1.002503 34 male 2.8932 2.8185 2.85585
CR023 1.945321 0.915827 -1.02949 0.842966 0.597723 0.881438 1.011264 25 male 2.9635 2.8752 291935
CRO024 -1.15417 0.5824 1.736573 0.153466 -0.48805 0.163058 0.775802 25 male 29319 2.9625 2.9472

CRO027 2.532606 2.007147 -0.52546 0.356204 0.527958 0.163058 0.570741 37 male 2.7399 2.8172 2.77855

CRO031 -0.0695 2.270333 2.339832 0.677076 0.737252 0.588951 0.793149 25 male 2.9754 29 2.9377

Note: TEP = transcranial magnetic stimulation evoked potential, DIFF = POST - PRE (amplitude, uV),
SFGdor.L CT = left dorsolateral superior frontal gyrus cortical thickness (mm), MFG.L CT = left middle
frontal gyrus cortical thickness (mm), DLPFC CT = dorsolateral prefrontal cortical thickness.
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Table S5: Sham iTBS condition - Participant information for TEP component P30 (aims 1 & 2).

SUBJECT

CRO004

CRO006

CRO012

CRO014

CRO16

CRO021

CRO023

CR024

CRO025

CRO030

CRO031

CRO032

PRE

0.887744

1.156615

0.777979

-0.8956

-0.99539

-0.28278

-0.13037

-1.23116

0.023036

-1.2094

-0.27975

-1.28697

POST

2.355202

-1.77675

1.526436

-2.19646

-1.28569

-1.82874

-0.71965

0.699741

-3.00678

-0.89341

-0.29324

-3.24768

DIFF

1.467459

-2.93336

0.748457

-1.30086

-0.29031

-1.54596

-0.58928

1.930897

-3.02982

0.315989

-0.0135

-1.96071

OVERALL WORKING VISUAL

MEMORY

-0.0549

-0.1385

-0.11192

-0.61137

0.10726

0.610099

0.842966

0.153466

0.208144

-0.03527

0.677076

-0.56884

MEMORY

0.335278

0.737252

0.737252

-1.97481

-0.2173

0.603261

0.597723

-0.48805

-0.2173

0.737252

-1.10308

EPISODIC

-0.26165

-0.5208

-0.50808

-0.08234

0.418385

0.417317

0.881438

0.163058

-0.04221

0.588951

-0.72201

VERBAL
EPISODIC

-0.03156

-0.24968

-0.16879

-0.30601

-0.19043

1.002503

1.011264

0.775802

0.208144

0.160619

0.793149

0.271737

AGE

32

34

43

32

21

34

25

25

26

20

25

23

SEX

male

male

male

male

male

male

male

male

female

female

male

female

SFGDOR.
L
CT

2.9486

2.9454

2.9855

2.8648

2.9059

2.8932

2.9635

2.9319

2.9107

2.8359

2.9754

MFG.L
CT

2.9018

2.9131

2.9282

2.8422

2.8892

2.8185

2.8752

2.9625

2.8056

2.7206

2.9

DLPFC
CT

2.9252

2.92925

2.95685

2.8535

2.89755

2.85585

2.91935

2.9472

2.85815

2.77825

2.9377

3.0214  2.9747 2.99805

Note: TEP = transcranial magnetic stimulation evoked potential, DIFF = POST - PRE (amplitude, uV),
SFGdor.L CT = left dorsolateral superior frontal gyrus cortical thickness (mm), MFG.L CT = left middle

frontal gyrus cortical thickness (mm), DLPFC CT = dorsolateral prefrontal cortical thickness.
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Table S6: Participant information for aim 0 analyses (Linear Mixed Model ANOVA).

SUBJECT CONDITION VALUE

CR002
CR002
CR004
CR004
CR004
CR004
CR006
CR006
CR006
CR006
CRO0O7
CRO0O7
CRO12
CRO12
CRO12
CRO12
CRO14
CRO14
CRO16
CRO16
CRO16
CRO16
CRO17
CRO17
CR021
CR021
CR021
CR021
CR023
CR023
CR023
CR023
CR024
CR024
CR024
CR024
CR025
CR025
CRO27
CRO27
CR030
CR030
CR031
CR031

Active
Active
Active
Sham
Sham
Active
Active
Sham
Sham
Active
Active
Active
Active
Sham
Active
Sham
Sham
Sham
Active
Sham
Active
Sham
Active
Active
Active
Sham
Active
Sham
Active
Active
Sham
Sham
Sham
Active
Sham
Active
Sham
Sham
Active
Active
Sham
Sham
Active
Sham

1.253789
1.904412
-0.23563
2.355202
0.887744
5.325594
0.073607
-1.77675
1.156615
-0.51256
3.583967
1.690792
0.580858
0.777979
0.909595
1.526436
-0.8956
-2.19646
-2.26522
-1.28569
-0.79642
-0.99539
0.75811
3.749563
-0.77256
-0.28278
0.071113
-1.82874
1.945321
0.915827
-0.13037
-0.71965
-1.23116
-1.15417
0.699741
0.5824
0.023036
-3.00678
2.532606
2.007147
-0.89341
-1.2094
2.270333
-0.29324

TIME
1

DN DN~ B0 Do~ Mo~ BB~ o~ B0~ DN~~~ N~ ~ B0 N~ B~ NN N~ B~ N~ N~ N~ N~ N

COMPONENT

59

P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30
P30

AGE
38
38
32
32
32
32
34
34
34
34
35
35
43
43
43
43
32
32
21
21
21
21
25
25
34
34
34
34
25
25
25
25
25
25
25
25
26
26
37
37
20
20
25
25

SEX
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male

female
female
male
male
male
male
male
male
male
male
male
male
male
male
female
female
male
male
female
female
male
male

CAP
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new



CR031
CR031
CR032
CR032
CR002
CR002
CR004
CR004
CR004
CR004
CR006
CR006
CR006
CR006
CRO0O7
CRO0O7
CRO12
CRO12
CRO12
CRO12
CRO14
CRO14
CRO16
CRO16
CRO16
CRO16
CRO17
CRO17
CR021
CR021
CR021
CR021
CR023
CR023
CR023
CR023
CR024
CR024
CR024
CR024
CR025
CR025
CRO27
CRO27
CR030
CR030

Active
Sham
Sham
Sham

Active

Active

Active
Sham
Sham

Active

Active
Sham
Sham

Active

Active

Active

Active
Sham

Active
Sham
Sham
Sham

Active
Sham

Active
Sham

Active

Active

Active
Sham

Active
Sham

Active

Active
Sham
Sham
Sham

Active
Sham

Active
Sham
Sham

Active

Active
Sham
Sham

-0.0695
-0.27975
-1.28697
-3.24768
-1.29555

-7.6658
-6.98687
-5.86795
-1.97257
1.928433
1.865252

-0.3576
1.375072
0.790635
-1.10959
-2.10401
-0.53247
0.684849
-1.55419
-0.11972
-1.42616
-3.50075

1.94123
0.203942
1.456318
1.988343
-3.27511

-2.2374

-2.2857
0.936716
-0.50256
1.105691
2.716659
1.182664
0.065885

-0.6452
-2.18877
-0.88678
2.381282
1.343564
-1.41872
-1.64638
0.446302
0.280991
0.781962
4.083647

60

P30
P30
P30
P30
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45
N45

25
25
23
23
38
38
32
32
32
32
34
34
34
34
35
35
43
43
43
43
32
32
21
21
21
21
25
25
34
34
34
34
25
25
25
25
25
25
25
25
26
26
37
37
20
20

male
male
female
female
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
female
female
male
male
male
male
male
male
male
male
male
male
male
male
female
female
male
male
female
female

new
new
new
new
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new



CR031
CR031
CR031
CR031
CR032
CR032
CR002
CR002
CR004
CR004
CR004
CR004
CR006
CR006
CR006
CR006
CRO0O7
CRO0O7
CRO12
CRO12
CRO12
CRO12
CRO14
CRO14
CRO16
CRO16
CRO16
CRO16
CRO17
CRO17
CRO21
CRO21
CRO21
CRO21
CR023
CR023
CR023
CR023
CR024
CR024
CR024
CR024
CR025
CR025
CRO27
CRO27

Active
Sham
Active
Sham
Sham
Sham
Active
Active
Active
Sham
Sham
Active
Active
Sham
Sham
Active
Active
Active
Active
Sham
Active
Sham
Sham
Sham
Active
Sham
Active
Sham
Active
Active
Active
Sham
Active
Sham
Active
Active
Sham
Sham
Sham
Active
Sham
Active
Sham
Sham
Active
Active

0.395929
-2.32627
-0.75773
-3.47963
0.702059
-2.13053
-0.95814
-5.02345
-1.50994
-3.14887
-4.56693
1.584669
1.318683
-1.00892
-0.95441
0.114714
-0.70157
-4.23699
-1.78963
-1.36923
-1.19639
-0.33618
-2.04727
-5.63829
2.436603
-0.97587
1.482173
2.534988
-0.12082
2.960531
-2.42191
2.797603
-1.80209
3.822693
2.26329
0.54088
-0.01834
-0.56778
-2.56179
-1.51261
2.566887
1.944203
-0.09503
-0.35007
4.833801
1.082833

Mo~ ~NMNDMMOSNSNMSNNMNSNNMMNSNNSNMDSNSNNMNMNSNMNSNNMNMSNNSNMNNMDNMDNNMNMDNMNNNNNDNDNNNDNDDN
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N45
N45
N45
N45
N45
N45
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60
P60

25
25
25
25
23
23
38
38
32
32
32
32
34
34
34
34
35
35
43
43
43
43
32
32
21
21
21
21
25
25
34
34
34
34
25
25
25
25
25
25
25
25
26
26
37
37

male
male
male
male
female
female
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
female
female
male
male
male
male
male
male
male
male
male
male
male
male
female
female
male
male

new
new
new
new
new
new
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new



CR030
CR030
CR031
CR031
CR031
CR031
CR032
CR032
CR002
CR002
CR004
CR004
CR004
CR004
CR006
CR006
CR006
CR006
CRO0O7
CRO0O7
CRO12
CRO12
CRO12
CRO12
CRO14
CRO14
CRO16
CRO16
CRO16
CRO16
CRO17
CRO17
CRO21
CRO21
CRO21
CRO21
CR023
CR023
CR023
CR023
CR024
CR024
CR024
CR024
CR025
CR025

Sham
Sham
Active
Sham
Active
Sham
Sham
Sham
Active
Active
Active
Sham
Sham
Active
Active
Sham
Sham
Active
Active
Active
Active
Sham
Active
Sham
Sham
Sham
Active
Sham
Active
Sham
Active
Active
Active
Sham
Active
Sham
Active
Active
Sham
Sham
Sham
Active
Sham
Active
Sham
Sham

-2.95374
3.388501
0.656873
-0.20614
1.572843
-2.27922
4.329783
1.799089
0.683616
-3.94659
-3.51503
-2.62033
-3.29819
-3.29415
0.271445
-0.75813
-2.11073
-0.99009
-0.98068
-3.77421
-1.99458
-1.30831
0.584526
-1.59132
-0.22913
-3.91123
-4.99806
-4.17737
-4.67496
-2.78443
-3.86295
-2.04593
-5.12078
-2.42095
-3.6137
2.477339
2.966194
0.973177
0.568354
0.612403
-4.85593
-4.60832
-0.17598
-1.75461
2.429674
1.056767

PO~ Do Do ~ ~ o~ Do~ NN~ ~ Do~ ~ DKM~ Do~ NN~~~ B~ N~ N~ B~~~ BN~~~
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P60
P60
P60
P60
P60
P60
P60
P60
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
N100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
NI100
N100
NI100
NI100
N100
N100

20
20
25
25
25
25
23
23
38
38
32
32
32
32
34
34
34
34
35
35
43
43
43
43
32
32
21
21
21
21
25
25
34
34
34
34
25
25
25
25
25
25
25
25
26
26

female
female
male
male
male
male
female
female
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
female
female
male
male
male
male
male
male
male
male
male
male
male
male
female
female

new
new
new
new
new
new
new
new
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new



CRO27
CRO27
CR030
CR030
CR031
CR031
CR031
CR031
CR032
CR032
CR002
CR002
CR004
CR004
CR004
CR004
CR006
CR006
CR006
CR006
CRO0O7
CRO0O7
CRO12
CRO12
CRO12
CRO12
CRO14
CRO14
CRO16
CRO16
CRO16
CRO16
CRO17
CRO17
CRO21
CRO21
CRO21
CRO21
CR023
CR023
CR023
CR023
CR024
CR024
CR024
CR024

Active
Active
Sham
Sham
Active
Sham
Active
Sham
Sham
Sham
Active
Active
Active
Sham
Sham
Active
Active
Sham
Sham
Active
Active
Active
Active
Sham
Active
Sham
Sham
Sham
Active
Sham
Active
Sham
Active
Active
Active
Sham
Active
Sham
Active
Active
Sham
Sham
Sham
Active
Sham
Active

2.981829
-0.69241
-3.02858
-0.74449
-1.6819
0.307332
-1.73351
-0.30585
0.601333
-3.27213
2.823553
-0.18131
5.656053
1.797053
-0.48315
1.927113
2.759764
1.835711
1.811313
2.228269
1.108451
2.165651
1.627222
2.559337
0.464166
-0.569
0.618635
3.808079
-1.49742
1.524045
-1.40189
-0.05426
-0.2757
3.771853
-2.38127
4.013134
6.26385
1.593917
3.842701
3.363909
1.943133
0.877751
-0.38174
1.07139
3.082351
1.980967

DN N N~ o~ DD~ N~ B0 RD ~ o~ R~~~ BN~ B~ NN NN N NN~ B~ DN~ B~ N~~~ NN N~ N~
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NI100
NI100
NI100
NI100
NI100
NI100
NI100
N100
NI100
NI100
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200

37
37
20
20
25
25
25
25
23
23
38
38
32
32
32
32
34
34
34
34
35
35
43
43
43
43
32
32
21
21
21
21
25
25
34
34
34
34
25
25
25
25
25
25
25
25

male
male
female
female
male
male
male
male
female
female
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
male
female
female
male
male
male
male
male
male
male
male
male
male
male
male

new
new
new
new
new
new
new
new
new
new
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
old
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new
new



CR025
CR025
CRO27
CRO27
CR030
CR030
CR031
CR031
CR031
CR031
CR032
CR032

Sham
Sham
Active
Active
Sham
Sham
Active
Sham
Active
Sham
Sham
Sham

3.864416
1.845712
2.3471
3.320988
3.807655
5.451527
3.098721
2.154241
1.483633
1.967296
-1.40396
-3.60606

PO~~~ NN~ Db~ N~
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P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200
P200

26
26
37
37
20
20
25
25
25
25
23
23

female
female
male
male
female
female
male
male
male
male
female
female

new
new
new
new
new
new
new
new
new
new
new
new



