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Abstract

Background Major depressive disorder (MDD) is a prevalent mental health condition affecting millions worldwide,
leading to disability and reduced quality of life. MDD poses a global health priority due to its early onset and associa-
tion with other disabling conditions. Available treatments for MDD exhibit varying effectiveness, and a substantial
portion of individuals remain resistant to treatment. Repetitive transcranial magnetic stimulation (rTMS), applied

to the left and/or right dorsolateral prefrontal cortex (DLPFC), is an alternative treatment strategy for those experienc-
ing treatment-resistant MDD. The objective of this study is to investigate whether this newer form of rTMS, namely
theta burst stimulation (TBS), when performed unilaterally or bilaterally, is efficacious in treatment-resistant MDD.

Methods In this naturalistic, randomized double-blinded non-inferiority trial, participants with a major depressive
episode will be randomized to receive either unilateral (i.e., continuous TBS [cTBS] to the right and sham TBS to the left
DLPFQ) or bilateral sequential TBS (i.e., cTBS to the right and intermittent TBS [iTBS] to the left DLPFC) delivered 5 days
a week for 4-6 weeks. Responders will move onto a 6-month flexible maintenance phase where TBS treatment will

be delivered at a decreasing frequency depending on degree of symptom mitigation. Several clinical assessments
and neuroimaging and neurophysiological biomarkers will be collected to investigate treatment response and poten-
tial associated biomarkers. A non-inferiority analysis will investigate whether bilateral sequential TBS is non-inferior

to unilateral TBS and regression analyses will investigate biomarkers of treatment response. We expect to recruit

a maximal of 256 participants. This trial is approved by the Research Ethics Board of The Royal’s Institute of Mental
Health Research (REB# 2,019,071) and will follow the Declaration of Helsinki. Findings will be published in peer-
reviewed journals.

Discussion Comprehensive assessment of symptoms and neurophysiological biomarkers will contribute to under-
standing the differential efficacy of the tested treatment protocols, identifying biomarkers for treatment response,
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and shedding light into underlying mechanisms of TBS. Our findings will inform future clinical trials and aid in person-
alizing treatment selection and scheduling for individuals with MDD.

Trial registration The trial is registered on https://clinicaltrials.gov/ct2/home (#NCT04142996).

Keywords Major depressive disorder, Transcranial magnetic stimulation (TMS), Theta burst stimulation (TBS),
Magnetic resonance spectroscopy, Evoked potential, TMS-EEG, Biomarkers, Predictors of response, Corticospinal

Background

Major depressive disorder

Major depressive disorder (MDD) stands among the
leading causes of disability and poor quality of life, affect-
ing ~ 264 million people worldwide [1, 2]. Among many,
symptoms of MDD are characterized by persistent feel-
ings of anxiety, sadness, hopelessness, and lack of moti-
vation [3]. If left untreated these symptoms can be
life-threatening; 31% of those affected by MDD will even-
tually attempt suicide [4]. MDD often has an early onset
and becomes prevalent in young adults (~20-40 years-
old) [5-7], adversely affecting the quality of life of those
who are in the prime of their lives. MDD is a risk factor
for other physical and psychological outcomes and is
present in several other disabling conditions [8—10]. For
these reasons, the socio-economic burden attributable
to MDD is considered a global health priority [8, 10].
Despite the numerous and continuous growth of phar-
macological and clinical therapies, treatment of MDD
is yet empirical and challenging and their effectiveness
is highly variable among individuals [11, 12]. In fact,
approximately 35-50% of people with MDD are treat-
ment resistant and do not respond to current standard
antidepressant treatments [13].

Transcranial magnetic stimulation for the treatment

of MDD

In the early 90, transcranial magnetic stimulation
(TMS) was created with the intent of using brief (~ 1 ms)
single pulse magnetic fields, delivered through an insu-
lated coil placed over the subject’s scalp, to painlessly and
non-invasively activate cortical and spinal neurons and
study human neurophysiology [14]. Rapidly after its crea-
tion, TMS became popular among research laboratories
investigating central nervous system (CNS) function in
healthy and clinical populations. In 1987, Brickford et al.,
first reported possible mood improvements in healthy
subjects after being assessed with TMS for mechanistic
investigation of corticospinal tract excitability [15]. This
unexpected and intriguing finding paved the way for fur-
ther research investigating the potential use of TMS to
treat depression and treatment-resistant MDD. However,
the antidepressant effects of magnetic pulses remained

controversial until further technological advances of
TMS stimulators. New stimulators capable of delivering
high-frequency pulse rate (i.e., higher number of pulses
per shorter period of time, Hz) were created, namely
repetitive TMS (rTMS) [16, 17]. Different from TMS for
mechanistic CNS assessment, rTMS was able to produce
electrophysiological and behavioural changes associ-
ated with brain plasticity-like mechanisms [18]. In 1996,
Pascual-Leone et al. reported the first convincing find-
ing demonstrating mitigation of depressive symptoms on
subjects with treatment resistant MDD following daily
rTMS treatment [19].

Performing rTMS to improve mood initially emerged
from a conceptualization of an asymmetry of prefrontal
cortex activity in individuals with a diagnosis of MDD
[20]. Specifically, hypoactivation of the left and hyperacti-
vation of the right dorsolateral prefrontal cortex (DLPFC)
was believed to play a role in the pathophysiology of
depression (Fig. 1A) [20]. Current and more advanced
neuroimaging and brain connectivity studies have chal-
lenged this concept, and the neurobiological underpin-
nings of rTMS treatment have since evolved into a more
complex network effect [21-28]. Grounded by these
concepts, current rTMS protocols use high-frequency
rTMS (HF-rTMS, e.g., 5-20 Hz) to increase left DLPFC
activity, i.e., to promote long-term potentiation (LTP),
and/or low-frequency rTMS (LF-rTMS, e.g.,<1 Hz) to
decrease right DLPFC activity, i.e., to promote long-term
depression (LTD) [29, 30]. In 2008, HF-rTMS over the
left DLPFC was approved by the Food and Drug Admin-
istration (FDA) for individuals with treatment resistant
MDD. This FDA-approved rTMS protocol, however, still
showed some variable response rates [31] as not all par-
ticipants responded to treatment. This points to the need
for testing other stimulation strategies. Subsequent stud-
ies have been investigating the efficacy of other unilat-
eral and bilateral rTMS protocols on superiorly treating
MDD. Detailed current rTMS protocols and their results
in MDD are well discussed in previous meta-analyses and
reviews [32, 33]. Interestingly, the effectiveness of bilat-
eral sequential stimulation, specifically HF-rTMS fol-
lowed by LE-rTMS over the left and right DLPFC, did
not surpass that of unilateral rTMS in reducing depres-
sive symptoms [33]. Likewise, a recent large naturalistic
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Fig. 1 Representative figure demonstrating the (A) traditionally proposed asymmetry of dorsolateral prefrontal cortex (DLPFC) activity

in people with a diagnosis of major depressive disorder (MDD; represented by the heatmap); lower activity in the left compared to the right
DLPFC and degree of asymmetry have been associated with greater degree of depressive symptoms. B The inhibitory-inducing (i.e,, long-term
depression-inducing), continuous theta burst stimulation (cTBS), is employed to reduce the hyperactivity in the right DLPFC, whereas (C)

the excitatory-inducing (i.e,, long-term potentiation-inducing), intermittent theta burst stimulation (iTBS), is employed to increase activity

in the hypoactivated left DLPFC. Original figure created by the co-author Dr. Arthur R. Chaves (Autodesk® Sketchbook® free software)

study showed no difference between left unilateral and
bilateral sequential rTMS on MDD ([34]. Despite these
results, the concept of unilateral vs bilateral sequential
stimulation treatment provides a foundation for testing
new and more refined ground-breaking brain stimulation
techniques.

Theta Burst Stimulation (TBS) - a newer rTMS protocol

In the early 2000’s a new pattern of rTMS was developed,
namely TBS (Fig. 1B and C) in which the stimulus fre-
quency and interstimulus interval would correspond to
the electroencephalogram-assessed hippocampal theta
waves that are linked with learning, memory formation,
and LTP in humans [35]. Similar to LF-rTMS, continuous
TBS (cTBS) decreases cortical activity through LTD-like
plasticity [36] (Fig. 1B), whereas, similar to HF-rTMS,
the intermittent pattern of TBS (intermittent TBS, iTBS)
increases cortical activity through LTP-like plasticity
(Fig. 1C).

A multi-site randomized non-inferiority trial involving
over 400 individuals with a diagnosis of MDD compared
iTBS over the left DLPFC vs HF-rTMS over the right side
and showed similar efficacy between the two techniques
on clinically decreasing depressive symptoms [37]. Build-
ing upon these findings, the same group showed, in a
subsequent trial, that bilateral sequential TBS is non-
inferior to standard bilateral sequential rTMS in indi-
viduals with MDD [38]. A major advantage of TBS is
that its treatment session lasts only ~3—4 min to induce

the comparable neuroplastic and antidepressant effects
of a~35-45 min rTMS session [39, 40]. Another differ-
ence between the two techniques is that iTBS typically
utilizes lower (i.e., subthreshold) stimulation intensities,
whereas rTMS uses higher (i.e., suprathreshold) stimu-
lation intensities that can often bring some level of dis-
comfort to participants [41]. Therefore, TBS might prove
superior to rTMS as it is grounded on a more complex
neurophysiological background, can be administered in a
fraction of the time, it mitigates patients’ discomfort, and
improves tolerability thus improving adherence to treat-
ment. Those are especially important factors to consider
as they might help encourage the use of non-invasive
brain stimulation techniques in clinical settings.

Biomarkers indexing the efficacy and response to rTMS
treatment

Investigation of symptomology using standardized
clinical assessments is essential to determine treatment
efficacy and are usually the primary outcomes in clini-
cal trials [37, 42, 43]. Additionally, the investigation of
objectively measured biomarkers allows the elucida-
tion of CNS' underlying mechanisms (cellular/molecu-
lar) through which the therapy-induced rehabilitation is
taking place and helps to identify and predict treatment
response [44]. Thus, assessing predictive biomarkers is
crucial in clinical trials. Neurophysiological investigation
of non-invasive brain stimulation protocols tradition-
ally relies on signal analysis of induced-motor evoked
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potentials (MEP) [45, 46]. For instance, MEP changes
following rTMS performed over the primary motor area
provide indexes of neurophysiology and brain plasticity
[45-47]. However, motor outputs (e.g., MEP) might not
index the induced-neurophysiological changes in non-
motor regions such as in the rTMS-targeted DLPFC.
Concurrent TMS and electroencephalography (TMS-
EEG) to investigate TMS-evoked potentials (TEP) is a
promising method to investigate plasticity changes out-
side motor regions that are more involved in depressive
symptoms [48]. In individuals with a diagnosis of MDD,
previous TMS-EEG research has shown that six weeks of
HE-rTMS in the left DLPFC was shown to decrease the
previously excessive gamma-aminobutyric acid (GABA)
-mediated inhibition, a biomarker of hampered neuro-
plasticity [49, 50]. The anterior cingulate cortex (ACC)
is another brain area that is believed to be involved in
symptoms of depression. Previous resting state func-
tional magnetic resonance imaging (fMRI) studies found
that the antidepressant effects of rTMS treatment were
predicted by the degree of connectivity between the
stimulated site (i.e., DLPFC) and the ACC [51-54]. Lev-
els of GABA and glutamate, assessed with magnetic reso-
nance spectroscopy (MRS), have also been shown to be
related to response to rTMS treatment [55, 56]. To date,
no study has combined the measure of resting state fMRI,
motor cortical inhibition/excitation assessed with TMS,
prefrontal cortical inhibition/ excitation TMS-EEG, and
GABA/glutamate levels in the ACC using MRS.

Maintenance treatment

The clinical benefits of rTMS have been shown to last
between three months [57] and one year [58], and there is
limited knowledge on whether a continued maintenance
rTMS therapy could prolong treatment efficacy. Prom-
ising results from one randomized study using rTMS
responders demonstrated that relapse rates could be cut
in half with an extra five months of rTMS maintenance
therapy [59]. In addition, previous electroconvulsive
therapy research showed that a flexible and participant-
tailored maintenance schedule, where patients receive
treatment based on symptomology, was superior to a
schedule where patients receive treatment regardless
of their symptoms [60]. To date, no bilateral sequential
rTMS or iTBS study has performed a flexible mainte-
nance protocol.

Study objectives

No large-scale study has compared left unilateral versus
bilateral sequential TBS for treating symptoms of MDD.
The primary aim of this naturalistic, randomized double-
blinded non-inferiority trial is to investigate the efficacy
of unilateral (i.e., iTBS to the left DLPFC) and bilateral
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sequential (i.e., cTBS to the right DLPFC combined with
iTBS to the left DLPFC) on reducing clinical symptoms
of MDD. Based on previous research, we hypothesize
that both treatments will effectively decrease depressive
symptoms to a comparable degree (i.e., non-inferior) [33,
34, 61]. The incorporation of covariates during analysis
may reveal a superiority of bilateral sequential TBS over
unilateral treatment in specific subgroups. These sub-
groups include older individuals (>60 years-old; [62],
and/or individuals presenting with comorbid anxiety,
and post-traumatic stress disorder [33, 63]). As men-
tioned, the clinical efficacy of rTMS is time limited [57,
58]. Therefore, this study will also investigate the efficacy
of a six-month flexible maintenance phase. Addition-
ally, to better understand the TBS-induced neurophysi-
ological changes and their associations with therapeutic
responses, multiple objectively measured neurophysio-
logical variables will be assessed in this study. See Table 1
for a brief description of outcome measures and detailed
hypotheses of this study. Ultimately, this study aims to:
1) inform whether unilateral TBS performed over the
DLPEC is non-inferior to bilateral sequential TBS on
treating MDD, 2) provide insight on neurophysiological
mechanisms associated with treatment-induced effects
and their longitudinal changes resulting from treatment,
thus providing biomarkers of treatment response, and 3)
explore neurophysiological markers, demographics, and
clinical characteristics that may help identify respond-
ers and non-responders to treatment, paving the way
for a more refined and personalized approach to TBS
treatment.

Methods
Study design and overview
This is a double-blinded randomized, naturalistic, non-
inferiority trial comparing unilateral vs bilateral sequen-
tial TBS (iTBS in the left vs cTBS in the right followed by
iTBS in the left DLPFC, respectively). Participants enroll-
ing in this study are referred by their physician to receive
rTMS for the treatment of MDD and are randomized in a
1:1 ratio to receive either unilateral or bilateral sequential
TBS. The study design and timeline of assessments and
treatment schedule is presented in detail in Fig. 2.
Following referral and screening (see Table 2 for
detailed inclusion/exclusion criteria), written consent to
participate will be obtained by trained research person-
nel after the participant has had the study explained to
them in full and had the opportunity to ask questions.
Participants will then be assessed for demographics
and several clinical and neurophysiological outcomes
(Fig. 2A). All demographic, clinical, and neurophysi-
ological assessments throughout the study will be admin-
istered by trained research personnel. The clinical and
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Outcome Rationale

Hypothesis

Clinical (primary)

Neurophysiological (secondary)  Investigate neurophysiological changes

Neurophysiological (secondary) Explore predictors of outcome

Covariates (exploratory)
trolling variables

Investigate changes in severity of depressive symptoms

Investigate response to treatment and include as con-

Unilateral TBS will be non-inferior in comparison to bilateral
sequential TBS on reducing depressive symptoms

Unilateral and bilateral sequential TBS will reduce the ampli-
tude of the TMS-EEG measures (e.g., N100 and N45 ampli-
tudes) in the left DLPFC, which were previously found to be
enhanced in MDD [64]

The magnitude of changes in TMS-EEG measures after ses-
sion 1 will strongly predict response to treatment

Baseline levels of GABA/glutamate in the ACC will be associ-
ated with treatment response

Baseline levels of resting state connectivity between the left
DLPFC and ACC will be associated with treatment response

Based on a recent large study using TBS in MDD [65-67],
higher severity of depression will be associated with poorer
clinical outcome, while low severity of depression and older
age will be associated with a better clinical outcome.
Bilateral sequential TBS will superiorly treat older individuals
(=60 years-old), individuals with PTSD and comorbid anxi-
ety. Other covariates will be investigated (e.g., biological sex)

ACC Anterior cingulate cortex, DLPFC Dorsolateral prefrontal cortex, MDD Major depressive disorder, PTSD Post-traumatic stress disorder, TBS Theta burst stimulation,

TMS-EEG Interleaved transcranial magnetic stimulation and electroencephalography

neurophysiological outcome measures collected through-
out the study (their description, assessment timepoint,
and rationale for inclusion) are described in detail in
Tables 3 and 4, respectively.

The TBS treatment will be administered by trained
research personnel 5 days a week (Monday-Friday) over
the first 4 weeks (initial treatment phase; Fig. 2B). Partici-
pants who do not achieve remission (i.e., non-remitters)
after the initial treatment phase as per the 17-item Ham-
ilton Rating Scale for Depression (HRSD-17; score of>7)
will undergo two additional weeks of treatment (totaling
6 weeks of initial treatment) (Fig. 2C). The additional two
weeks provides an opportunity for individuals, particu-
larly older adults, who require a longer period to achieve
response from stimulation treatments [89]. Participants
who do not respond to treatment (i.e., < 50% decrease in
pre-treatment HRSD-17 score) after the two additional
weeks of full treatment will be discharged from the study
and treatment recommendations will be provided to
their referring physician by the study psychiatrist. Par-
ticipants who show remission at week 4 or response at
week 6 will enter a six-month maintenance phase, where
treatment will be determined based on their symptoma-
tology (Fig. 2D and E). In the first 4 weeks of this phase,
participants will be remotely assessed for clinical out-
comes (phone or video-call) once per week (e.g., on Mon-
days) and treatment will be administered 2x/week (e.g.,
every Wednesday and Friday). In the following 8 weeks
(i.e., weeks 9-16) treatment frequency will be further
decreased, and the HRSD-17 score, remotely assessed
weekly on Mondays, will determine the number of

treatment sessions that week. Participants can receive 0,
1, or 2 treatment sessions, as follows: a) no TBS session,
if HRSD-17 score of<8 (no depression) or a<3 point
increase from their final initial treatment HRSD-17 score;
b) 1 TBS session, if their HRSD-17 score increased by >3
and <8 from their final initial treatment HRSD-17 score;
c) 2 TBS sessions, if their HRSD-17 score increased by > 8
from their final initial treatment HRSD-17 score [60].
From week 17-25, participants will be clinically assessed
on Mondays of every second week to determine whether
they will receive 0, 1, or 2 TBS sessions that week based
on the same criteria previously mentioned. Finally, in
week 28 participants will complete clinical assessments
and TMS-EEG on Monday and Friday, respectively, they
will not receive TBS treatment.

Throughout the study participants will be reminded
of the importance of following study guidelines and
adhering to the treatment schedule. Study staff will do
their best to accommodate for participants’ schedules
and mitigate conflicts keeping them from adhering to
the study protocol. Missed treatment sessions (e.g., due
to illness or scheduling conflicts) will be made up for at
the end of the treatment phase to ensure the proposed
total number of treatment sessions are completed. Par-
ticipants will be discharged from the study if they are
non-adherent, i.e., fail to attend or are absent for>3
consecutive treatment days or 15% of sessions dur-
ing the treatment phase. Missed treatments relating to
Covid-19 related symptoms will not be counted towards
this criterion. Participants will also be discharged if
they have a sustained relapse in the maintenance phase
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A  Pre-Treatment Phase
Referral, screening, consent, and TBS treatment randomization (1:1)
Demographics and baseline measures [clinical assessments, MRI, and TMS (motor thresholds and

measures of cortical inhibition and excitation)]

B Full Treatment Phase

C Additional Sessions

c
v
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Fig. 2 Study design and timeline of assessments and treatment schedule. A Pre-treatment phase: Following referral, screening, and consent,
participants will be randomized into groups to receive theta burst stimulation (TBS) either bilateral sequentially or unilaterally. Participants will

be assessed for demographics, complete baseline clinical measures (see Table 3), undergo magnetic resonance imaging (MRI), and transcranial
magnetic stimulation (TMS) for motor threshold assessment and measures of cortical inhibition and excitation. B Full Treatment Phase: During
weeks 1 to 3, participants will receive TBS treatment 5 x per week and clinical assessments will be performed every 5™ session. TMS paired

with encephalography (TMS-EEG) will be performed during the first TBS treatment session. During week 4 clinical assessments will be performed
at the second last treatment session, to determine if the participant reached remission. If so, TMS-EEG will be performed on the last treatment
session and remitters will move to the next treatment phase, whereas (C) non-remitters will undergo two additional weeks of TBS treatment.
Clinical assessments will be collected every 5t session of the additional weeks, and a TMS-EEG will be performed at the last treatment session.
Non-responders will be discharged from the study, whereas responders will move to (D) Maintenance Treatment Phase: During maintenance
weeks 5-8, participants will be clinically assessed every Monday, and will undergo TBS treatment twice a week. During weeks 9-16, participants
will receive 0, 1, or 2 sessions of TBS that week determined by their clinical assessment that week. (E) From week 17-25, participants will be
clinically assessed every second week to determine whether they will receive 0, 1, or 2 TBS sessions that week. On week 28 a last clinical assessment

and a last TMS-EEG session will be performed

of the study, i.e., requiring two treatments per week for
more than two consecutive assessments.

Ethics and registration

All protocols and patient informed consent for this
study have been approved by the Research Ethics
Board (REB) of The Royal’s Institute of Mental Health
Research (REB# 2,019,071 approved on August 7, 2019).
Significant changes to this study (e.g., any procedure,
inclusion/exclusion criteria) will only take place after
Ethics Committee’s approval. The trial is registered on
https://clinicaltrials.gov/ct2/home  (#NCT04142996).
All in-person study procedures will take place at
the University of Ottawa Institute of Mental Health
Research at The Royal.

Participants

A maximum of 256 participants (128 per group; bio-
logical male or female, > 18 years-old) with a diagnosis
of a major depressive episode (MDE) will be recruited
through advertisements posted at the Royal Ottawa
Mental Health Centre (ROMHC) and medical clinics in
the Ottawa/Gatineau region. All participants must have
a referral from their treating physician (e.g., psychiatrist
or general physician). Multiple strategies will be used
to ensure participant retention. Specifically, commu-
nication and engagement will be maintained through
regular contact, education and feedback channels. Par-
ticipants will be compensated for their involvement in
the study. Monitoring will be diligent, with frequent
assessments and adherence tracking. In cases of dis-
continuation or protocol deviations, exit interviews,
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Inclusion Criteria  «Voluntary and competent to consent to the study

« Able to communicate/read in English or French

« Primary and/or predominant diagnosis of MDE without psychotic features confirmed by the Mini-International Neuropsychiatric

Interview

« Depressive symptoms not improving after> 1 adequate doses of antidepressant trials in the current depressive episode
- Moderate symptoms in the current depressive episode as indexed by a score of > 15 on the HRSD-17
- Have been referred to rTMS treatment by their treating physician, and took a free and informed decision to follow this treatment

« Are able to adhere to the treatment schedule

+ Have received a stable medication (including prescribed cannabis) or psychotherapy regiment for at least four weeks prior

to entering the study

+ Have an education-adjusted score of > 24 on the Mini-Mental State Evaluation if > 65 years-old
- Negative urine test for use of recreational drugs and/or pregnancy (tested at baseline)

Exclusion Criteria

- Current or past (< 3 months) substance (excluding caffeine or nicotine) or alcohol abuse/dependence, as defined in DSM-5 criteria.

Based on the DSM-5 criteria, mild cannabis or alcohol use would be permissible in the past 3 months, moderate to severe would be

an exclusion

« Current use of illegal substances or cannabis (unless medical use)?
+Have a concomitant major unstable medical or neurologic illness (e.g., uncontrolled diabetes or renal dysfunction)
- Organic cause to the depressive symptoms (e.g. thyroid dysfunctions), determined by the referring physician

« Acute suicidality or threat to life from self-neglect

- Are pregnant or breastfeeding, or thinking of becoming pregnant during course of treatment (pregnancy will be assessed

by a urine test)

« Have a specific contraindication for TMS (e.g., personal history of epilepsy or seizure, metallic head implant, pacemaker)
+ Unwilling to maintain current antidepressant regiment for the four weeks prior to and for the duration of the study

« Are taking more than 1 mg of lorazepam or equivalent®

« Any other condition that in the opinion of the investigators, would adversely affect the participant’s ability to complete the study
« Have failed a course of ECT within the current depressive episode (due to the lower likelihood of response to rTMS after ECT). If
they have had failed ECT in the past, this does not exclude them

2 Participants that have a prescribed dose of less than 3 g of cannabis or equivalent can remain on prescribed dosage for the duration of the study. However, we will
ask participants not to use prescribed cannabis in the morning before each session, and to use a stable dosage for the duration of the study

b patients that are prescribed a small dose of benzodiazepines (e.g. < 1 mg of lorazepam) will be allowed to participate, but patients and their treating physicians will
be strongly encouraged to try reducing benzodiazepine dosage to the minimum possible dose in order to optimize performance prior to entering the study

ECT Electroconvulsive therapy, MDE Major depressive episode, TMS Transcranial magnetic stimulation, rTMS Repetitive TMS

data collection extensions and adverse event reporting
will ensure that data is obtained.

Randomization and blinding

Participants are randomized (1:1 ratio) using the study
randomizer software (https//www.studyrandomizer.
com). A permutated block is used to randomize par-
ticipants into the treatment groups. Participant strati-
fication is based on the following variables: 1) age (<65
or > 65 years-old), 2) depression (unipolar or bipolar), 3)
comorbid generalized anxiety (yes or no), 4) comorbid
post-traumatic stress disorder (yes or no), and 5) biologi-
cal sex (male or female). Upon entering these participant
characteristics, the software provides a number (e.g., 0 or
1) that corresponds to a treatment group in which experi-
menters and participants are blinded to. Participants will
remain assigned to their designated group until the treat-
ment concludes.

This study is a two-arm double-blind trial as neither the
participants nor the outcome assessor, care provider and
data analysts will know the condition assigned to the par-
ticipants. The master randomization list of the treatment
blinding will be kept by a scientist of the research cen-
tre that is not involved in the project. This can be broken
in case of emergency (e.g., severe adverse events such as

seizure induced by treatment) and they can then inform
required medical professionals directly if necessary.
Directly involved research staff will be blinded (including
the principal investigator and study psychiatrists).

Unilateral and bilateral treatment - iTBS and cTBS

The TBS parameters used in this study are consistent
with previous determined guidelines [90]. Specifically,
TBS will consist of triple-pulse 50-Hz bursts applied at a
rate of 5 Hz using a MagPro X100-MagOption stimula-
tor device (Magventure, Farum, Denmark). iTBS will be
delivered through a B70 coil and ¢TBS will be delivered
using an active/sham B65 figure-of-eight cooled-coil
(Magventure, Farum, Denmark). Unilateral TBS consists
of 40 s of sham cTBS applied to the right DLPFC fol-
lowed by 190 s of iTBS (i.e., excitatory-inducing) over the
left DLPFC. Bilateral sequential TBS will consist of 40 s
of cTBS (i.e., inhibitory inducing) over the right DLPFC
followed by 190 s of iTBS over the left DLPFC. Stimula-
tion intensity for both iTBS and ¢TBS will be 80% of the
individual’s active motor threshold (AMT) assessed with
single-pulse TMS (for AMT protocol, see Single- and
Paired-Pulse TMS section below). Magnetic resonance
imaging (MRI) -assisted neuronavigation will ensure
proper coil position and targeting of the participants’


http://www.studyrandomizer.com
http://www.studyrandomizer.com
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DLPFC. The TMS coil will be positioned with the han-
dle pointing backwards and at a 45-degree angle from the
midline and centered against the left and right DLPFC
locations (e.g., Fig. 1). The DLPFC stereotactic coordi-
nates (MNI-152) are: x=-38, y=44, z=26 [37].

To ensure the sham stimulation mimics the somatosen-
sory components experienced during active TBS stimu-
lation (e.g., pulse noise, tingling, tapping sensation), the
sham coil will produce the same auditory feedback and
will deliver synchronous electrical pulses to the scalp
through electrodes. To ensure double-blinding, partici-
pant IDs will be entered in a software-controlled switch
that will automatically select the previously randomized
TBS condition (active or sham) created by a team mem-
ber not involved in treatment and data collection. To
evaluate the integrity of the blinding procedure, at the
end of each treatment phase (i.e., initial and mainte-
nance phase), participants will complete a questionnaire
to assess their opinion on whether they received active
stimulation on one or both sides of their head. A ques-
tionnaire assessing 12 common acute side-effects of
r'TMS (e.g., headache, pain, fatigue) will be given after
each TBS session to monitor potential side effects. These
questions are: 1) in the 24 h following your most recent
TMS session, did you experience back or neck pain? 2)
pain or discomfort at the stimulation site? 3) headache?
4) tinnitus? 5) dizziness? 6) fatigue (more than usual)? 7)
insomnia? 8) anxiety or agitation? 9) nausea? 10) vomit-
ing? 11) migraine aura? 12) abnormal sensations?". Par-
ticipants rate symptoms on a scale ("none," "very mild,"
"mild," "moderate," or "severe") and indicate if they attrib-
ute this rating to the treatment (“yes’, “no"). A post-treat-
ment feedback questionnaire will be administered at the
end of the first and last TBS session in the initial treat-
ment phase to assess the quality of the study and include
questions such as 1) "did you feel welcome when coming
into the lab?", 2) "was everything thoroughly explained to
you prior to treatment?”, 3) "did you feel that you knew
what to expect coming into the study?", 4) "how can we
improve to make the experience better?". Participants
rate these questions as “not at all," “small degree,
tral," “moderate degree," or “high degree." If there are any
adverse events recorded during these questionnaires or
during any study visit, we will record them and report
them to the REB.

"o«

neu-

Study outcomes

Clinical outcomes

Clinical outcomes will be determined using self-report
questionnaires and clinical interviews conducted by
trained research personnel. Several standardized ques-
tionnaires were selected to provide a comprehensive
understanding of depressive-related symptoms and will
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serve as outcomes of treatment response. See Table 3 for
all clinical outcomes collected, their description/purpose,
outcome value, and timepoint of collection.

Primary outcome measure Response to treatment will
be primarily defined as a>50% reduction in pre-treat-
ment symptom severity as measured by the HRSD-17
score. Treatment remission will be defined as a HRSD-
17 score <7. These definitions of treatment response and
remission are based on recent literature assessing the
effects of rTMS in individuals with depression [33, 37, 38,
91, 92].

Secondary outcome measure For secondary analyses
response to treatment will be defined as a>50% reduc-
tion in pre-treatment symptom severity as measured by
the mean 16-item Quick Inventory of Depressive Symp-
toms—self report (QIDS-SR,;) score and Montgom-
ery—Asberg Depression Rating Scale (MADRS). Remis-
sion will be defined as a QIDS-SR; score of<6 and a
MADRS score<12. Additionally, other secondary out-
comes will include effect of treatment on anxiety (Beck
Anxiety Inventory), symptoms of mania (Young Mania
Rating Scale, Altman Self-Rating Mania Scale), quality
of life (Quality of Life Enjoyment and Satisfaction Ques-
tionnaire), symptoms of post-traumatic stress disorder
(Post-traumatic Stress Disorder Checklist for DSM-5),
and well-being (Short Warwick Edinburgh Mental Well-
Being Scale).

MRI - Brain connectivity and metabolism

Within two weeks prior to treatment onset, whole
brain MRI from participants will be collected to
assist with the targeting of the DLPFC, TMS-EEG,
and TBS sessions. MRI scans will be performed using
a 3 T Siemens mMR Integrated Whole-Body PET/
MR Scanner and 32-channel head coil (Ceresensa
Inc.). First, a T1-weighted (MEMPRAGE, 1mm?® iso-
tropic voxel-size, lasting approximately 6 min) scan
will be collected, followed by two runs of BOLD-EPI
(TR=2300 ms, 27 mm?> isotropic voxel-size, 183 vol-
umes/run, 8 min per run) to collect resting state images.
Lastly, a single voxel MRS scan will be collected using
the GABA-edited MEGA-PRESS sequence [93] with the
following parameters: TR=2000 ms, TE=68 ms, acqui-
sition bandwidth=2000 Hz, pulse placement edit-on/
edit-off=1.9/7.5 ppm, number of excitations edit-on/
edit-off =64/64 for a total of 128 averages. The voxel will
be positioned over the bilateral ACC (35x%20x20mm)
using the T1 images and according to previous literature
[94, 95]. Two MEGA-PRESS acquisitions edited with
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GABA will be acquired (4.36 min each) as well as two
water-unsuppressed reference scans (0.48 min each).

Standard resting state fMRI data preprocessing and
denoising steps will be conduted using fMRIPrep
(https://fmriprep.org/) and the functional connectiv-
ity toolbox (CONN: www.nitrc.org/projects/conn).
Preprocessing steps will include correction for motion,
functional realignment and unwarping, direct normali-
zation into the MNI common space, and smoothing with
a spatial filter. Seed region-of-interest will be defined as
a 10 mm radius circle around the TMS target regions.
Correlations between the residuals in the seed and the
whole brain time series will be calculated for each fMRI
run separately. Runs will be combined by calculating a
voxel/vertex—wise mean of z-transformed r-values. Rest-
ing state fMRI connectivity values between the seed and
the ACC will be extracted with a region of-interest in
the ACC (dorsal, pregenual, subgenual). For MRS data,
post-processing of MRS signals will be conducted using
Matlab scripts (MathWorks, USA) and LCModel [96].
The LCModel software will be used to quantify the con-
centrations of GABA and Glutamate + Glutamine (Glx)
in the ACC. Individual resonances having Cramer-Rao
Lower Bounds greater than 20% will be omitted from
further investigation. Moreover, exclusion of data will
be made on spectra that exhibit obvious artifacts, such
as large head motions, lipid contamination (huge peak
near 1 ppm) and poorly shimmed data. Post-processing
will include phase correction and frequency drift correc-
tion of the individual sub-spectra utilizing residual water
as a reference, followed by the average of the phase- and
frequency-corrected spectra. GABA and Glx levels will
be obtained from difference and “EDIT OFF” spectra,
respectively.

Single- and paired-pulse TMS - corticospinal excitability

Participants’ MRI will be uploaded into the neuronaviga-
tion software (Brainsight, Rogue Research Inc, Montreal,
QC) to assist with visualization of participants’ primary
motor cortex and guide coil position during the TMS
and TBS sessions (i.e., neuronavigated MRI-assisted
TMS). Single-pulse TMS will be performed using a Mag-
Pro X100-MagOption Stimulator with a 70 mm figure-
of-eight coil (MagVenture, Denmark) to elicit MEPs in
the contralateral first dorsal interosseous (FDI) mus-
cle. Biphasic pulses will be used to determine treatment
active thresholds, and monophasic pulses will be used
to determine resting thresholds for TMS biomarkers.
MEPs will be collected using the neuronavigation built-
in electromyography (EMG) system (Brainsight, Rogue
Research). Surface electrodes (Kendall™, Cardinal Health,
Waukegan, USA) placed over the belly of the FDI mus-
cles will collect MEPs of both hands. The reference and
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ground electrodes will be placed in the interphalangeal
joint of each index fingers and on any prominent bone
(e.g., olecranon, medial/lateral epicondyle, styloid pro-
cess), respectively, ipsilaterally to the tested FDI muscle.

Using the uploaded MRI in the neuronavigation soft-
ware, a grid with targets (9x9, 3 mm distance between
targets) was a priori centered on the central sulcus. Each
target received three-five suprathreshold stimulations,
and the "hotspot” for the contralateral FDI was deter-
mined based on the target that yielded the highest aver-
age peak-to-peak MEP amplitude. Next, participants’
resting and active motor thresholds (RMT and AMT,
respectively) will be determined using the relative fre-
quency estimation method (for detailed protocol see;
[97]. In brief, the least amount of stimulation intensity
to elicit five out of ten 50 puV amplitude MEPs during
complete relaxation and 200 pV amplitude MEPs while
participants perform 10% of their maximal pinch con-
traction determines RMT and AMT, respectively. RMT
and AMT will be used to normalize the following experi-
ments across participants and to individualize the stimu-
lation intensity for the TBS treatment, respectively (e.g.,
% of RMT and AMT).

TMS biomarkers indexing corticospinal inhibition and
excitation, such as MEP amplitudes, short- and long-
interval intracortical inhibition (SICI, LICI, respectively),
and intracortical facilitation (ICF), will be collected dur-
ing the first TMS session after motor threshold are deter-
mined. Baseline MEP amplitudes will be collected with
single-pulse TMS at a stimulation intensity of 130% of
RMT. SICI, LICI, and ICF will be assessed with paired-
pulse TMS, where the conditioned stimulus precedes
a second stimulus that is separated by an interstimulus
interval (ISI). For SICI and ICF, the conditioned stimu-
lus, delivered at 80% of RMT, is followed by a test stimu-
lus, delivered at 130% of RMT, at an ISI of 2 and 12 ms,
respectively. For LICI, both the conditioned and test
stimuli are delivered at 130% of the RMT, and the ISI
is 100 ms. Degree of inhibition is measured as the ratio
between the single-pulse TMS elicited- and the paired
pulse-TMS elicited- MEPs (e.g.,=conditioned/uncon-
ditioned MEP); lower ratios signify higher degree of
intracortical inhibition [97]. A total of 60 MEPs will be
collected; 20 single- and 60 paired-pulses (20 per paired-
pulse measure).

TMS-EEG: DLPFC activity

To investigate the acute effects of TBS on the DLPFC
activity, TEPs captured with electroencephalography
(EEG; i.e.,, TMS-EEG), will be collected before and after
the first and last TBS session of the initial treatment
phase (i.e., session 1 and session 20 for remitters, or ses-
sion 30 for individuals receiving an additional 2 weeks
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of treatment), and before and after the last treatment
session of the maintenance phase. This will be done to
investigate treatment-induced long-term changes of TBS
induced-plasticity in both DLPFCs. A TMS-compatible
64-channel EEG cap (ActiCap Slim, Brainvision, Gmb)
will be positioned on participant’s head. Conductive gel
will be inserted in each electrode on the EEG cap using
a syringe. Impedance levels will be kept under 5 kQ. An
ActiCHamp Plus EEG system and Brain Vision Recorder
software (BrainVision, Gmb) will record EEG signals at a
sampling rate of 5000 Hz. Electrodes will be referenced
online to CPz and grounded to FPz. To minimize TMS-
induced artefacts, EEG wires will be arranged prior to
recordings according to Sekiguchi et al. 2011 [98]. To
minimize auditory and somatosensory potentials, a white
noise which includes specific time-varying frequencies of
the TMS click will be delivered through sound-reducing
earbuds during EEG recordings and sound-reducing ear
defenders will be positioned on top of the earbuds, as
recommended by Rocchi et al. 2021 [99]. To reduce coil
vibration to the skin, a thin layer of foam will be placed
under the coil. Finally, a questionnaire assessing the level
of sensory perception using a Likert scale (i.e., sound,
vibration, muscle contraction) will be administered after
each TMS-EEG session.

RMT and AMT will be re-investigated after the place-
ment of the EEG cap due to the added distance to the
scalp. Participants will be asked to close their eyes and
a four-minute resting EEG will be recorded. Next, pre
and immediately post the participant’s regular TBS treat-
ment, a block of 80 single-pulse TMS at a stimulation
intensity of 120% of RMT will be delivered over the left
and right DLPFC and TEPs will be recorded.

EEG data will be analyzed using custom scripts on Mat-
lab platform (R2021, Mathworks, USA) and toolboxes
including EEGLAB [100] and Fieldtrip [101]. The signal
will be epoched around the TMS pulse and baseline cor-
rected to TMS free data. Surrounding TMS pulse signal
will be removed and interpolated. Noisy channels and
epochs will be removed via an automated script [102].
Two rounds of independent component analysis (ICA)
will be performed with EEGLAB fastica algorithm to
remove the TMS-related artefacts (i.e., ICA1: high ampli-
tude activation removal) and other sources of artifacts
(i.e., ICA2: eye movements, eye blinks, muscle activation,
and other TMS-related artifacts removal). Bandpass and
notch filters will be applied. Removed channels will be
interpolated and data will be re-referenced to the average
scalp electrodes. TEPs will be measured at the location
of stimulation and on a whole-brain basis and amplitudes
of TEPs will be compared across time at the typical time
windows (N15, P30, N45, P60, N100, and P200). TMS-
evoked oscillatory power, namely event related spectral

Page 13 of 23

perturbation (ERSP), will be measured by converting
TEPs into the frequency domains using Morlet wave-
let decomposition, and power values will be averaged in
the delta to gamma frequency bands at the typical time
windows. TBS-induced DLPFC activity changes will
be determined by the pre-post differences in amplitude
of TEPs and power of TMS-evoked cortical oscillations
over the left and right DLPFC. See Table 4 for a full list
of TMS and neuroimaging techniques used in the study,
their purpose/proposed neurophysiology, targeted CNS
structure, and primary reason for collecting.

Data analysis

All statistical tests will be two-tailed, and significance
(p-value) will be set at a«=0.05. All analyses will be per-
formed on SPSS (Chicago, US) and/or using the open-
source R statistical software (R core Team, Vienna,
Austria and the R-Studio package rstatix; Kassambara,
2022). All data will be reported descriptively to summa-
rize population characteristics. Unless otherwise stated,
continuous data will be reported as mean and standard
deviation (mean + SD) and dichotomous variables will be
reported as frequency (i.e., percentage) values.

All participants will be included in the analyses ‘as-ran-
domized’ (i.e., bilateral and unilateral TBS) and data will
be analyzed regardless treatment adherence and drop-
outs. To this end, missing values in the data set (due to
participants missing appointments, drop-out/discharge),
if present, will be appropriately managed during analysis
as per previous suggested procedures for clinical research
[103, 104].

Data management

Except for the screening forms, the consent forms and
the master code list, all data will be identified exclu-
sively by an anonymous identification code. This code
will be attributed following the phone screening, prior to
the first visit. Following this, all documents will contain
only de-identified/anonymous data. Paper copy of the
Informed Consent Forms will be kept in a locked filing
cabinet under the responsibility of the Principal Investi-
gator (ST). The Research Electronic Data Capture (RED-
Cap; https://www.project-redcap.org/) will be used for
clinical data collection and overall study data manage-
ment over the course of this project. Participant inter-
view and self-report data will be entered directly in a case
report form (CRF) using the REDCap [105] and secured
by multiple levels of authentication. Administrative
privileges will be given to a Data Manager who will be
responsible for design of CRFs, data entry management
and quality control. All data will be password-protected
and saved in a secured server. These will include the EEG
and TMS raw data, master randomization list, the subject
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identification code list and the subject enrollment list.
Automatic backups of electronic data will be performed
daily.

To assure double-blinding, the master randomization
list will be created by a scientist of the research centre
that is not involved in the research project. A paper copy
will be kept in a sealed envelope stored in a locked filing
cabinet and a password-protected electronic copy will
be kept on a flash drive in a sealed envelope stored in a
locked filing cabinet.

Qualtrics will only be used as a means to store par-
ticipant answers to the MINI assessment. This will be
conducted on a laptop that is kept in a locked cabinet.
Qualtrics uses TLS or Transport Layer Security encryp-
tion (also known as HTTPS) for all their data that is
transmitted through their platform. Our Qualtrics
account is password protected. Qualtric services are
hosted by data centres that are trusted as they are audited
independently using the SSAE-18 method (an industry
standard).

As per the Canada Tri-Council Policy Statement: Ethi-
cal Conduct for Research Involving Humans (TCPS-2), a
data monitoring committee is not required for this trial.
Auditing will be conducted yearly from the principal
investigator. The Royal’s Research Ethics Board will also
conduct auditing of trial conduct during the course of the
trial.

In accordance with our commitment to transparency
and the ethical conduct of this clinical trial, a compre-
hensive plan for disseminating trial results to various
stakeholders was established. Firstly, we intend to com-
municate trial outcomes to participants, ensuring they
receive understandable summaries of the study’s findings
in plain language. Healthcare professionals and research-
ers will be informed through open-access peer-reviewed
publications in relevant medical journals and presenta-
tions at local, national, and international conferences.
Findings will also be reported in publicly accessible clini-
caltrial.gov database.

Sample size

Based on our power calculations and the findings from
exemplary studies, our sample size offers sufficient sta-
tistical power for the planned statistical tests. For exam-
ple, Plewnia et al. (2014), in n=32 (16/group), found
clinically meaningful differences in response to treatment
rate (>50% reduction in baseline MADRS score) when
comparing 6 weeks of bilateral sequential vs sham TBS
(56% vs 25%, respectively) [42]. In n=60 (15/group), Li
et al. (2014) showed that 2 weeks of bilateral sequential
TBS had superior effectiveness in treating depressive
symptoms (>50% reduction in baseline HRSD-17 score)
when compared to unilateral (iTBS or cTBS) or sham
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TBS [106]. For our primary (non-inferiority) statistical
analysis (i.e., analysis of covariance, ANCOVA), a total
sample size of n=158 was calculated [Gpower Software
V.3.1 [107]; power 0.80, a=0.05, expected effect size
Cohen’s f=0.25 (medium; Cohen, 1988)]. For our analysis
of predictors of response (i.e., regression analysis), a total
sample size of n=30-39 will be required for a regres-
sion model that includes 3-6 independent (and/or con-
trolling) variables predicting 30% (R?) of variance in the
outcome (dependent) variable (Gpower Software V.3.1
[107]; power 0.80, a=0.05, expected effect size Cohen’s
f=0.43) [108]. All other statistical tests are explora-
tory and, therefore, no sample size calculations were
performed. Therefore, in order to achieve the calculated
sample size (n=158), we aim to recruit a minimum of 171
individuals, considering an anticipated dropout rate of
6—8% based on previous research [37]. Our recruitment
efforts will be capped at a maximum of 256 participants,
aligning with our capacity to provide TBS treatment over
a five-year timeframe.

Non-inferiority analysis — unilateral vs bilateral sequential
TBS

As per Blumberger, et al. (2018), a non-inferiority analy-
sis will be performed to investigate whether the proposed
bilateral sequential TBS is non-inferior to the current
FDA-approved unilateral iTBS [37]. An ANCOVA will
be performed with the baseline HRSD-17 as control-
ling (i.e., covariate) and the final HRSD-17 score as the
dependent outcome variable. The null hypothesis is that
the baseline-adjusted final HRSD-17 scores for unilat-
eral and bilateral stimulation will be comparable (i.e.,
non-inferior) [33, 34, 61]. Although, the incorporation of
covariates (i.e., older individuals and individuals present-
ing with comorbid anxiety and/or post-traumatic stress
disorder) during analysis may reveal a superiority of
bilateral sequential TBS over unilateral treatment. Dur-
ing ANCOVA, potential missing data will be addressed
using multiple imputation methods [104].

Effectiveness of TBS treatment

Secondarily, the effectiveness of both unilateral and bilat-
eral TBS as well as their difference on treating MDD
will be investigated with generalized linear mixed mod-
els with treatment groups (unilateral vs bilateral TBS) as
between-subjects factor, and outcome measures (clinical
scores, neurophysiological measures) as within-subject
factors. The main effects of Time (pre, post) and Time
X Group (unilateral vs bilateral TBS) interaction will be
investigated, and Bonferroni-adjusted pairwise com-
parisons will be performed to determine statistically
significant within- and between-subjects differences.
This analysis take into account missing data, avoiding
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the use of additional methods such as multiple imputa-
tions. The binominal outcomes will also be examined
using Chi-Squared tests, and the difference in proportion
rates between the groups will be reported (e.g., Groups:
bilateral vs unilateral TBS, and outcome: % of response/
remission rate identified as “yes” and “no” as per HRSD-
17 £50% reduction from the baseline score [37, 43, 106].
If the sample size and their demographics allow for group
stratification based on age groups, biological sex and gen-
der, and the presence/absence of comorbidities, we will
conduct additional between-subject analyses to compare
groups.

Predictors of treatment response
Exploratory relationships across outcome measures will
be investigated using Pearson’s or Spearman’s correla-
tion coefficients for normal and non-normal distributed
data, respectively. Specifically, relationships between
baseline levels of neurotransmitters, cortical excitabil-
ity, and capacity of plasticity (rsfMRI and MRS, TMS,
and TMS-EEG, respectively) and the degree of change
(A pre-post treatment) in the assessed clinical outcomes
will be performed to identify potential neurobiological
predictors of response to treatment. As well, to provide
some insight on possible neurobiological mechanisms
involved in response to treatment, correlation analyses
will be conducted between the degree of change (A pre-
post treatment) in cortical plasticity (TMS-EEG) and
clinical treatment response (e.g., HRSD-17). Additionally,
regression analyses will be performed to predict response
to treatment (e.g., “responders” and “non-responders’,
and HRSD-17) with the neurobiological outcomes (MRI,
TMS, TMS-EEQG) entered as predicting variables. We will
include demographics (e.g., age, sex, levels of education,
amount of benzodiazepines being taken, employment
status (measure of functionality), baseline HRSD-17
(MDD symptom severity), baseline BAI anxiety, degree
of resistance to pharmacotherapy, etc.) as controlling
variables. To investigate predictors within each treatment
group, the correlations and regression analyses will be
performed separately for each group and/or with groups
entered as predicting variables. A Receiver Operating
Characteristic (ROC) curve analysis will be performed to
investigate the ability of significant predictors to classify
response to treatment (achieved remission, "yes" or "no",
based on >50% reduction from baseline HRSD-17 score;
dependent variable). The area under the ROC curve with
95% CI will be investigated and the ‘cut-off point’ best
classifying remission and its respective sensitivity and
specificity percentage values will be identified.

Biological sex will be considered during analyses. Bio-
logical sex (male, female) will be inputted as predicting
outcome variables (dependent) during regression analysis
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predicting the independent variables. As well, differences
in treatment response and neurophysiological measures
between the two biological sexes will be explored using
independent t-tests.

Interim analyses of TMS, TMS-EEG, MR], and clinical
data will be conducted to further explore biomarkers of
depression and comorbid disorders and mechanisms of
action of TBS. These will further enhance the impact of
the study and leverage the large dataset collected. These
analyses will be blinded to treatment allocation and trial
outcome (e.g., without dividing response or remission
rates by group) until the end of the trial. Objective and
hypotheses will be guided by existing knowledge and new
discoveries in the field of non-invasive brain stimulation
and psychiatry.

Discussion

The main objective of this work is to investigate the effi-
cacy of unilateral vs bilateral sequential TBS on treating
MDD, the number one leading cause of disability world-
wide [1]. Promising findings have shown that unilaterally
delivering either excitatory- or inhibitory-inducing non-
invasive brain stimulation to the left and right DLPFC,
respectively, can significantly reduce MDD symptoms
[46]. Other findings have shown that performing bilateral
sequential stimulation, i.e., exciting the left and inhibit-
ing the right DLPFC in the same session, is a therapy that
may offer superior therapeutic effects in specific sub-
populations of individuals with MDD such as people over
the age of 65 [33]. Compared to HF-rTMS, TBS may be
a superior non-invasive brain stimulation technique for
treating MDD as it is faster and uses lower stimulation
intensities [37, 38]. This naturalistic randomized large-
scale non-inferiority trial is the first study investigating
unilateral vs bilateral sequential TBS in treating MDD.
On top of a relatively longer period of treatment, one
notable strength of our study is the addition of a main-
tenance-phase protocol where the frequency of treat-
ment is customized according to the individual’s clinical
progress. In addition, because of the heterogeneity of
MDD it is expected that there will be variability of treat-
ment response across participants. By collecting multiple
symptoms using clinically valid assessments and multiple
neurophysiological biomarkers — and to our knowledge,
one of the largest set ever collected to date in a single
study — our findings will: 1) establish whether the tested
protocols (unilateral vs bilateral sequential TBS) differ in
efficacy in treating MDD, 2) identify biomarkers of treat-
ment response that are crucial to assist with participant
stratification in future clinical trials, and most impor-
tantly, during participant selection for TBS treatment in
clinical settings, and 3) help to elucidate CNS mecha-
nisms through which the therapy is taking place, thus
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providing insight for the development of better targeted
non-invasive brain stimulation protocols.

Unilateral vs bilateral rTMS/TBS for the treatment

of treatment resistant MDD

Despite the existence of effective treatments for MDD,
individuals classified as treatment resistant encounter
difficulties in finding suitable treatment options. Both
unilateral and bilateral rTMS have shown some efficacy
in treating treatment resistant MDD (34, 37, 42, 106].
However, no large-scale naturalistic study has directly
compared bilateral sequential and unilateral TBS to
treat MDD. This is especially important to explore con-
sidering the research trend on investigating synergetic
effects of combined brain stimulation therapies. How-
ever, to date, current studies fail to identify effective bilat-
eral brain stimulation protocols for MDD. For example,
recent studies report that the effectiveness of bilateral
sequential stimulation, involving HF-rTMS followed by
LE-rTMS over the right and left DLPFC, did not exceed
that of unilateral rTMS in reducing depressive symptoms
[33, 34]. Expanding on these existing knowledge gaps, the
Blumberger group reported bilateral TBS compared to
standard bilateral rTMS achieved non-inferior symptom
reduction for depression in individuals with a diagnosis
of MDD [38]. Our study on the antidepressant effects of
unilateral and bilateral TBS serves as a valuable addition
to these ongoing research efforts.

Maintenance treatment protocol

We are assessing the efficacy of a 6-month flexible main-
tenance phase, as previous rTMS and TBS research has
shown that relapse and symptom re-emergence can
occur 6 months after cessation of a successful treatment
[58, 59, 109]. One rTMS study has shown that including
a maintenance phase could significantly lower relapses
rate in MDD, in comparison to those who did not receive
maintenance treatment [59]. Though, there are very few
r'TMS controlled and open-label studies that have been
published on maintenance after successful response to
a shorter-term treatment [110], and no studies on TBS
maintenance. Also, as previously suggested, the fre-
quency and schedule of treatment administration needs
to be participant-tailored and delivered based on each
individual symptom severity when transitioning from the
acute to maintenance treatment phases [109, 111]. There-
fore, one of the important goals of this study is to deter-
mine the efficacy of a flexible maintenance TBS treatment
phase that is delivered based on each participant’s symp-
tomology and clinical development, i.e., improvement or
worsening of symptoms. Participants will be evaluated
with several clinically valid tests throughout the study
to gain a full comprehensive data set of depressive and
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linked symptoms (see Table 3). This will help us to iden-
tify distinct symptom changes from the two TBS treat-
ments (i.e., unilateral vs. bilateral).

Brain biomarkers - assessing CNS effects and predicting
treatment response

In clinical research, efforts have been recently made to
improve upon the practice of delivering treatments in a
‘one size fits all’ perspective [44]. This is the reason why
exploring cross-modal biomarkers (e.g., clinical char-
acteristics/neuroimaging/neurophysiology) is  highly
encouraged in clinical trials as they would help to iden-
tify participants who would and would not benefit from
treatment, and provide insight on the underlying cause
behind the different responses [44, 112, 113]. We expect
that not every participant will respond clinically to the
TBS treatments [114, 115], therefore investigating bio-
markers is an important aspect of this study. The multi-
ple neurophysiological and neuroimaging experiments
collected will help us to identify predictors of response
that could serve to guide participant selection for TBS
treatment, and guide future non-invasive brain stimula-
tion research on the development of novel protocols for
participants profiled as non-responders.

Biomarkers indexing effectiveness of non-invasive
brain stimulation protocols traditionally rely on inves-
tigation of corticospinal excitability assessed by TMS-
evoked MEPs. Analysis of its EMG features provide
indexes of excitatory and inhibitory receptor activ-
ity involved in LTP and LTD [116, 117], processes of
strengthening and weakening synaptic connections,
respectively, in which neuroplasticity relies [118]. Several
studies have shown that, although probed in the motor
cortex (M1), MEPs are associated with functionality and
symptoms inside and outside motor regions, such as cog-
nition, migraines, sleep deprivation, cognitive impair-
ment, pain, and others [117, 119-124]. For this reason,
assessment of MEPs is largely used in research attempt-
ing to understand CNS-induced changes resulting from
various interventions and, especially, to provide biomark-
ers of disease, symptom progression, and recovery in the
lesion-disrupted brain (e.g., stroke, Multiple Sclerosis,
Alzheimer’s, Parkinson’s, mild cognitive impairment, and
others [116, 117, 125-127]).

In our study, we are performing typical single- and
paired-pulse TMS experiments to assess biomarkers of
intracortical inhibition and excitation that are primar-
ily, but not exclusively, mediated by GABAergic and
glutamatergic neurotransmission, respectively [97].
Specifically, we will collect motor thresholds (RMT and
AMT), biomarkers of cortical excitation (MEP ampli-
tudes and ICF), and biomarkers SICI and LICI [97].
These biomarkers are of particular importance since
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previous TMS studies have shown that they are sensitive
to abnormalities associated with MDD and related symp-
toms (e.g., cognitive impairments, mood alterations)
[128]. For instance, studies investigating TMS motor
thresholds in depressive disorders have shown reduced
corticospinal excitability in the left cortex [129, 130] and
interhemispheric imbalance, i.e., lower and higher excit-
ability in the left and right cortex, respectively [131].
Delivering r'TMS to excite the DLPFC has shown to
revert this lowered excitability and reduce interhemi-
spheric asymmetries, effects that were associated with
clinical improvements [50]. As for the TMS biomarkers
indexing GABAergic-mediated corticospinal inhibition
(e.g., SICI, LICI) [97], previous studies have suggested
a possible cortical disinhibition (i.e., decreased SICI) in
the left hemisphere in MDD [132, 133]. These findings
are interesting since outside pathology, excitation and
inhibition are not mutually exclusive; lower excitation
is typically followed by higher inhibition and vice-versa
[64]. The fact that this does not seem to be the case in
MDD points to the value of TMS-assessing both inhibi-
tory and excitatory circuitry for a better comprehen-
sion of the treatment induced-neurophysiological effects
and to identify complementary biomarkers of treatment
response in MDD. The limitation of relying solely on
TMS-induced MEPs to investigate the effects of interven-
tions not focusing on the motor cortex (i.e., focusing on
the DLPFC) is that this brain region is not amongst the
most relevant CNS structures involved in symptoms of
MDD and is not the targeted brain region of this treat-
ment. Complementary to MEPs, we hope to improve our
treatment predictability by including other neurophysi-
ological assessments such as TMS-EEG and MRI These
techniques will help us to investigate the TBS-induced
neurophysiological changes within the treatment-tar-
geted region (i.e.,, DLPFC) and connected CNS structures
closely associated with depressive symptoms (e.g., ACC).

For instance, a previous TMS-EEG study has shown
higher intracortical inhibition (e.g., N45 and N100 ampli-
tude) in the DLPFC of individuals with a diagnosis of
MDD in comparison to healthy controls. N45 amplitudes
were also predictive of a higher degree of depression [64].
By looking at other events of TEPs (e.g., P60, a biomarker
of intracortical excitation) these authors also reported
higher excitation and an excitation/inhibition imbalance
in the DLPFC of individuals with a diagnosis of MDD
in comparison to healthy controls, and a further abnor-
mal lack of association between excitation and inhibi-
tion in MDD, an association that is present in the healthy
brain [64]. Abnormalities in neurophysiological features
in MDD have shown to be associated with diminished
capacity for neuroplasticity, which in turn, has been
associated with a higher degree of MDD symptoms and
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relapses [128]. Ge et. al (2022) showed that the first treat-
ment session of rTMS-inhibitory stimulation delivered
to the right DLPFC induced acute widespread changes
in functional connectivity measured by fMRI (i.e., TMS-
fMRI) [134]. Interestingly, these authors reported that
this first acute rTMS-induced plasticity response, but
not resting state fMRI, was predictive of clinical out-
comes (determined by MADRS scores) collected 4 weeks
later, after cessation of daily rTMS treatment [134]. Most
recently, in a subset of MDD participants who completed
the Blumberger trial, Strafella, et al. (2023) reported that
both iTBS and HF-rTMS reduced N100. Interestingly,
participants who responded to treatment had higher
baseline N100 and higher N45 post treatment when com-
pared to non-responders [135]. Taken together, these
findings provide support for the link between the neuro-
physiological effects of TBS and treatment effectiveness.
Therefore, we will use TMS-EEG to investigate trans-
synaptic activation of local and distal cortical networks
mediated by excitatory and inhibitory cortical circuitry
[48]. One novelty of our TMS-EEG method is the addi-
tional investigation during treatment, which has never
done before and could complement the existing pre-
post findings and could identify new neurophysiological
markers of TBS response. As well, like Ge et. al (2022) we
will assess the widespread TBS treatment-induced plas-
ticity throughout treatment (see Table 3 for time points)
[134]. This will be done to investigate whether the first
treatment-induced plasticity is predictive of outcomes
and whether the longer-term treatment can restore the
diminished plasticity in MDD. As well, we will include
additional neuroimaging techniques assessed during
baseline, MRS and resting state fMRI, to investigate the
availability of neurotransmitters (GABA and glutamate)
within the ACC and connectivity between CNS struc-
tures, respectively. Both of these techniques are popular
in MDD research and have shown to be sensitive to iden-
tifying abnormal neurophysiological features in MDD
(for review see [136, 137]).

Limitations and strengths

Limitations

This study is not exempt from limitations. First, as with
many clinical conditions, MDD manifests in various
forms, and this heterogeneity will lead to differences in
treatment response. Also, there is no consensus on opti-
mal stimulation schedule of treatments when treating
MDD. While daily treatment is commonly used in clini-
cal practice and in most research studies, the evidence
supporting its superiority over other treatment regiments
is not definitive. Accelerated treatment approaches
that involve delivering multiple TBS sessions in a con-
densed time frame can offer advantages, particularly
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for individuals in need of immediate relief or those with
other barriers (e.g., jobs, living far away from the treat-
ment site). An example of such an approach is the ’Stan-
ford accelerated intelligent neuromodulation therapy,
which consists of 10 daily TBS sessions [138] and has
demonstrated the ability to achieve remission of MDD
symptoms within five days. Therefore, a limitation of this
study is that we did not explore the effects of different
treatment regiments, and that one treatment per day may
not be optimal for all participants. Further investigation
encompassing a broader range of treatment schedules is
needed.

Strengths

The strengths of this study are noteworthy. First, a major
strength is the naturalistic nature of the study leading to a
sample of participants that is representative of the treat-
ment resistant population being treated in rTMS clinics
(e.g., with comorbidities, bipolar depression, etc.). This
will offer a highly rich dataset allowing for analyses of
subsamples. Secondly, we incorporated multiple assess-
ments using standardized clinical scales with existing cut-
off criteria for diagnosis determination that will help us
obtain a more comprehensive symptomatic profile from
participants. Another strength of our study is the inclu-
sion of a maintenance phase that individualizes treat-
ment frequency based on ongoing clinical assessments.
This approach recognizes the importance of tailoring
the treatment schedule to the specific needs of each par-
ticipant, promoting a personalized approach to therapy.
Also, the utilization of neuronavigation and participants’
own MRI scans for targeting the DLPFC offers significant
benefits in guiding and personalizing treatment. MRI-
and neuronavigated-assisted TBS enhances the precision
and accuracy of targeting, potentially improving treat-
ment outcomes for the participants in this study and
contributes to the scientific rigor and specificity of our
research. Finally, despite debates on stimulation intensi-
ties and their potential for enhanced neuromodulatory
effects, evidence suggests that exceeding 70% of RMT
(~85% of AMT) may not be optimal for effective TBS
neuromodulation [139]. Therefore, our selection of the
standard intensity at 80% of AMT may be optimal and
avoid potential unnecessary side-effects related to higher
stimulation intensities.

Clinical implications

This study aims to investigate the efficacy of unilateral
versus bilateral sequential TBS in treating MDD. Previ-
ous research has shown promising results with unilateral
stimulation of the left or right DLPFC, while bilateral
sequential stimulation has shown potential benefits
in specific subpopulations. This newer rTMS protocol
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(TBS), with its faster treatment time and lower stimula-
tion intensities, offers advantages over its predecessor,
rTMS. This naturalistic randomized trial is the first to
compare unilateral and bilateral TBS in MDD treatment.
The inclusion of a maintenance-phase protocol and com-
prehensive assessment of symptoms and neurophysi-
ological biomarkers will strengthen this study’s findings.
The results will contribute to understanding the differen-
tial efficacy of the tested protocols, identifying biomark-
ers for treatment response, and shedding light on the
underlying mechanisms of TBS therapy. Our findings will
inform future clinical trials and aid in personalized treat-
ment selection for individuals with a diagnosis of MDD.
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