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Abstract

In addition to low mood, major depressive disorder (MDD) is characterized by persistent
cognitive deficits that impair daily functioning and resist improvement with conventional
pharmacotherapies. Repetitive transcranial magnetic stimulation (rTMS) holds promise as an
efficacious alternative, offering better outcomes than medication for patients with treatment-
resistant depression (TRD). Yet, current rTMS protocols that administer sinusoidal biphasic
pulses achieve remission in less than the majority. However, monophasic pulses may yield
higher success rates based on greater cortical excitation/neuromodulation strength. MDD is
associated with altered P300 event-related potentials (ERPs), indexing decreased attentional
resource allocation and slower cortical processing speed.

Using a cohort of 20 TRD patients who received high-frequency rTMS, this study aimed
to assess the impact of monophasic and biphasic stimulation on attention-related P300 measures
and their utility as correlates of clinical/cognitive response. Based on baseline and post-treatment
change in P300 components, rTMS-induced increases in automatic attention/passive information
processing differed by pulse type and predicted greater clinical improvement in depressed
individuals. This study represents an important step towards identifying cognitive changes and

underlying cortical mechanisms associated with rTMS response and targeted MDD treatment.
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Chapter 1: Introduction

1.1 Major Depressive Disorder

1.1.1 Overview

Ranked as the leading cause of disability worldwide by the World Health Organization,
(WHO) (Marcus et al., 2012), Major Depressive Disorder (MDD) is a debilitating psychiatric
condition associated with substantial impairment in quality of life (Ishak et al., 2013). MDD is a
clinically heterogenous disorder characterized by profound sadness or loss of interest for a 2-
week period, accompanied by 200 possible symptom combinations that fulfill criteria for
diagnosis, including: disturbed sleep, psychomotor agitation or retardation, weight fluctuation,
feelings of worthlessness, diminished energy and concentration, and recurrent thoughts of death
(American Psychiatric Association, 2013). MDD imposes a major economic impact owing to
high occupational, medical service, and suicide-related costs; in 2010, the economic burden of
MDD in the United States was estimated at over $200 billion (Greenberg et al., 2015).

1.1.2 Prevalence

MDD is a pervasively common disorder, affecting approximately 350 million individuals
worldwide and showing a lifetime prevalence of 15% in North America alone (Marcus et al.,
2012). A descriptive epidemiology report by Patten et al. indicated a lifetime MDD prevalence
rate of 9.9% in Canada and determined more than 1.5 million Canadians experienced a major
depressive episode (MDE) in 2012. Despite increased awareness and greater provision of mental
health services in Canada, there have been no changes in annual prevalence of MDE across
recent years (4.8% in 2002 vs. 4.7% in 2012; Patten et al., 2015). Demographically, greater
annual MDD prevalence rates are observed in women (3.8%) than men (2.8%) and subgroups at

a disproportionate risk for depression include: individuals with low socio-economic status, ethnic



minorities, aging adults, and clinical populations facing chronic or terminal illness (Hegeman et
al., 2017; Patten et al., 2015; Perrino et al., 2015).
1.1.3 Etiology

The etiological complexity of MDD is showcased by the multitude and heterogeneity of
interacting risk factors (genetic, epigenetic, endocrine, and environmental) that increase
vulnerability. The most significant risk factor affecting susceptibility to depression is acute
traumatic or chronic stress (Duman et al., 2016); stress exposure can occur during early
childhood, resulting in long-lasting biological consequences (e.g., epigenetic alterations) (Menke
and Binder, 2014; Sun et al., 2013), or during adulthood. The development of MDD in response
to trauma or stress is influenced by physiological features and previous exposure to stressful life
experiences, as well as genetic composition which accounts for 35-40% of the variance in
depression (Sullivan et al., 2000).

Other risk factors that increase MDD susceptibility include sex steroid fluctuations
(Bloch et al., 2003; Borrow and Cameron, 2014), elevated inflammatory cytokines , and
dysfunctional activation of the hypothalamic-pituitary-adrenal (HPA) axis and abnormal cortisol
release (Duman et al., 2016). These pathological determinants alter gene transcription and
translation, intracellular signalling, and neurotransmitter systems, leading to disruptions in
neuronal function and behavior (Duman et al., 2016). Dysfunction in cellular respiration
(Gardner and Boles, 2011), loss of neurotrophic support (Duman and Aghajanian, 2012),
imbalanced gut microbiome-interactions (Petra et al., 2015), and metabolic disorders (i.e.,
obesity, diabetes) (Leone et al., 2012; Mansur et al., 2015) are also associated with increased

depression risk.



1.1.4 First-Line Treatment Strategies

Various MDD treatment options have been made available, the most common of which
being psychotherapeutic and pharmacological interventions, including: first-generation (i.e.,
tricyclic antidepressants [TCAs] and monoamine oxidase inhibitors [MAOIs]) and second-
generation antidepressants (i.e., selective serotonin reuptake inhibitors [SSRIs], serotonin-
norepinephrine reuptake inhibitors [SNRIs]), and norepinephrine-dopamine reuptake inhibitors
[NDRIs]. Although often used as a primary intervention strategy, antidepressant medications
(alone and in combination) show high rates of partial or non-responsiveness, delayed response
onset (weeks to months), and limited duration of efficacy (Gaynes et al., 2009).

Despite variable symptom clustering in MDD, current practices rely on trial-and-error
treatment provision, resulting in suboptimal clinical outcomes. Only 30-40% of patients achieve
remission during the first antidepressant trial (Gaynes et al., 2009; Rush et al., 2006) and
findings from the large-scale (3,671 MDD outpatients) Sequenced Treatment Alternatives to
Relieve Depression (STAR*D) project indicate steadily declining remission rates and higher
relapse rates after subsequent medication attempts (Rush et al., 2006).

1.1.5 Treatment-Resistant Depression (TRD)

An estimated 15-35% of depressed patients fail to reach remission and are classified as
treatment-resistant (Nemeroff, 2007). Although the definition of treatment-resistant depression
(TRD) has faced considerable debate, the general consensus now classifies a depressive episode
as treatment-resistant if adequate response is not attained following two trials of different classes
of antidepressants (Berlim and Turecki, 2007). TRD carries disabling consequences for the
individual by increasing functional impairment in domains of occupation, physical health and

social relationships (Lam et al., 2016). Furthermore, TRD is commonly linked to poor quality of



life and increased suicidal behavior (Al-Harbi, 2012). Medical expenses are six times more
costly in TRD (vs. non-TRD) patients (Crown et al., 2002), underscoring the significant
economic burden associated with treatment resistance. Low remission rates in patients following
successive courses of medication (10-15% per attempt; Rush et al., 2006) and intensive TRD-
focused psychotherapy (20%; Schatzberg et al., 2005) indicate an urgent need for: a) precision
medicine with treatments that are uniquely tailored to the individual; and b) more potent
intervention strategies to improve depressive outcomes.

1.2 Cognitive Dysfunction in Depression

1.2.1. Overview

Though depression is traditionally characterized by clinical symptomatology, cognitive
impairment is considered a core feature of the disease and is reported by 94% of patients in a
current MDE (Conradi et al., 2011). The Diagnostic and Statistical Manual for Mental
Disorders, 5™ Edition (DSM-5) lists deficits in concentration and decision-making as criteria for
determining cognitive dysfunction in MDD (American Psychiatric Association, 2013); however,
these do not comprise the full spectrum of cognitive symptoms associated with depressive
disorders, which also include disturbances in: attention, processing speed, memory, and
executive function (Lam et al., 2016).

Cognitive deficits in MDD worsen as a function of illness severity and episode
length/frequency. Moreover, greater cognitive impairment has been linked to female gender,
lower intelligence, and older age (Pan et al., 2017; Porter et al., 2007). Following symptomatic
remission, deficits remain in 44% of MDD patients (Conradi et al., 2011) and contribute to
failures in full functional recovery (Woo et al., 2016). Although neuropsychological dysfunction

is a common residual symptom in the absence of low mood, its relationship with TRD has yet to



be conclusively elucidated. One study by Spronk et al. (2011) determined that pre-treatment
memory scores were positively associated with antidepressant outcomes; these findings
corroborate those from numerous studies reporting that enhanced cognitive performance (i.e.,
executive function, working memory, psychomotor function) contributes to better treatment
outcomes (Bogner et al., 2007; Dunkin et al., 2000; Gorlyn et al., 2008; Kalayam and
Alexopoulos, 1999; Taylor et al., 2006). Conversely, Herrera-Guzman et al. (2008) showed
successful response was linked to worse pre-treatment cognitive performance.

There exists a bidirectional relationship between cognition and daily functioning,
whereby functional impairments contribute to the persistence of deficits (Pan et al., 2017) and
cognitive impairment powerfully predicts poor psychosocial/occupational functioning (Mcintyre
et al., 2013; Woo et al., 2016). In contrast to overall illness severity, cognitive function has a
greater impact on quality of life and is more indicative of self-reported health measures in MDD
(McIntyre and Lee, 2016). Furthermore, workplace productivity is differentially affected by
individual MDD symptoms; coupled with depressed mood, occupational impairment is most
closely associated with concentration difficulties (Fried and Nesse, 2014). Specific targeting of
cognitive deficits is needed to elevate occupational performance and overall daily functioning in
MDD patients.

1.2.2. Attentional Processing Deficits

While controversy exists over the nature of cognitive impairment in MDD, there is
evidence that specific domains (i.e., attentional and executive dysfunction) exist independently
from fluctuating symptomatology and may be important trait-markers of MDD (Lee et al., 2012;
Paelecke-Habermann et al., 2005; Vinberg et al., 2013). Previous studies have specifically

depicted attentional processing as persistently deficient in MDD and a significant contributor of



diminished functional performance (Hasselbalch et al., 2011; Mcintyre et al., 2013). In a meta-
analysis of 24 studies, Rock et al. (2014) examined the degree of cognitive impairment in MDD
and, compared to healthy controls, found moderate deficits in sustained attention (as measured
by the Rapid Visual Performance task) in both remitted and currently depressed patients.
Moreover, in their systematic review of remitted patients, Hasselbalch et al. (2011) found
residual dysfunction in sustained and selective attention, in accordance with Douglas and Porter
(2009) who revealed that attention remained impaired during treatment. To date, only two meta-
analyses have examined cognitive processing in first-episode depression (FED): Ahern and
Semkovska (2017) revealed moderate (effect size 0.35) auditory attentional deficits in FED
patients (relative to controls) and their findings are consistent with Lee et al. (2012) who showed
similar levels of attentional impairment (effect size 0.36). Overall, these findings underscore the
persistence of neuropsychological dysfunction within attentional processing and support the
hypothesis that impairments in certain cognitive domains develop and increase during the course
of depression.

1.2.3 Neurocognitive Correlates

Although the neural processes underlying the pathophysiology of MDD have been
extensively investigated, the exact mechanistic features of implicated brain structures and
neurotransmitter pathways remain inconclusive. Reduced gray matter in the bilateral
hippocampus and prefrontal cortex (PFC) has emerged as the most common finding from reports
of structural abnormalities in depression and this volumetric loss is positively associated with
illness duration and severity (Lener and Iosifescu, 2015; MacQueen et al., 2008; Malykhin et al.,
2010). Additionally, MDD is commonly characterized by morphometric changes in the

amygdala and subgenual anterior cingulate cortex (sgACC) (Bora et al., 2012; Drevets et al.,



2008; Lener and losifescu, 2015). Neurobiological research has traditionally focused on
monoamine systems (i.e., serotonergic, noradrenergic, dopaminergic) in MDD pathophysiology
and treatment (aan het Rot et al., 2009); however, other neurotransmitters (e.g., GABA,
glutamate), brain-derived neurotrophic factor (BDNF), and various neural pathways have also
been investigated as targets for intervention strategies (Duman et al., 2016; Lee and Kim, 2010)
Although not fully elucidated, the pathoetiology of neuropsychological impairment in
MDD involves disturbances to brain structure and function, as well dysconnectivity between
several distinct neural networks linked to clinical symptoms (e.g., anhedonia, mood, fatigue,
suicidality) that contribute to cognitive fluctuations (MclIntyre et al., 2016, 2015). The presence
of proinflammatory cytokines, glucocorticoid imbalances, obesity and metabolic syndromes,
decreased BDNF, and catecholamine dysregulation have all been associated with cognitive
symptoms in MDD (Bortolato et al., 2015; Hidese et al., 2018; Millan et al., 2012; Stahl et al.,
2003). Importantly, aberrations within the amygdala-ACC-PFC pathway have been strongly
implicated in neurocognitive impairment (Duman et al., 2016; Pizzagalli, 2011). Depression is
associated with overactivity in the amygdala and volumetric loss in the ACC, an integration
point bridging affective and attentional information by assessing the significance of external
stimuli. Abnormal projections from the amygdala are received by the ACC and the dorsolateral
prefrontal cortex (DLPFC) (Davidson et al., 2002; Drevets, 2000), thereby contributing to
disordered executive networks that are reliant upon these neuroanatomical regions (Cabeza and
Nyberg, 2000). It has therefore been postulated that the perpetual attentional deficits observed in
MDD are directly associated with amygdala-ACC-PFC dysfunction (Paelecke-Habermann et al.,
2005). Sustained pathological input to the DLPFC can result in an enduring hypoactive state and

decreased ability to cognitively override automatic emotional responses, resulting in persevering



negative affect. Further investigation is required to address and adequately treat the
neurobiological abnormalities related to clinical and cognitive dysfunction observed in MDD,
specifically for recurrent-episode and treatment-resistant patients.

1.2.4. Pharmacotherapeutic Effectiveness

Currently, evidence of the cognitive-enhancing effects of pharmacological treatment in
MDD is conflicted. Although conventional antidepressants (e.g., buproprion, escitalopram,
sertraline) have reportedly improved some aspects of neuropsychological processing (Ragguett et
al., 2016; Schrijvers et al., 2009; Soczynska et al., 2014), these changes are largely attributed to
diminished depressive symptom severity. Most medications appear to offer minimal direct
cognitive benefit, with the exception of duloxetine (SNRI) and vortioxetine, a multimodal,
atypical antidepressant that modulates serotonin (5-HT) receptors (Pan et al., 2017). The paucity
of available pro-cognitive medications highlights the urgent need for alternative treatments that
specifically target and enhance cognitive processing and psychosocial functioning in MDD
patients.
1.3. Repetitive Transcranial Magnetic Stimulation

1.3.1. Overview

The lack of responsiveness to traditional pharmacotherapies warrants improved clinical
methods of treating refractory depression and the personalization of treatment for the individual.
Repetitive transcranial magnetic stimulation (rTMS) is a non-invasive, stimulus-based
technology involving the induction of a transient magnetic field to stimulate neuronal electric
current flow. Compared with electroconvulsive therapy (ECT), a more invasive brain stimulation
modality that can produce significant cognitive deficits, rTMS is associated with minimal side

effects; light-headedness, headache, and transient pain or discomfort are the most commonly



experienced adverse events, with the greatest risk being the rare occurrence of fainting or seizure
(Rossi et al., 2009).

By administering repeated pulses via an inductor coil held over the scalp, rTMS can
induce lasting changes in cortical excitability; the duration of after-effect is influenced by several
variables, including: length of application period, magnetic pulse shape, total number of stimuli,
pulse intensity, and pulse frequency (Rossi et al., 2009; Taylor and Loo, 2007). Neural activation
patterns are modulated by stimulation frequency: rTMS applied at a low frequency (1 Hz or
lower) induces inhibitory activity, whereas high-frequency (HF-)r'TMS (faster than 1 Hz)
generates cortical excitability (Houdayer et al., 2008).

The finding that rTMS produces durable increases or decreases in cortical activity raised
the possibility of its use as a therapeutic tool to normalize dysfunctional signaling in psychiatric
patients. Indeed, the DLPFC was proposed as an effective stimulation target after early
functional neuroimaging studies identified prefrontal abnormalities in MDD patients (George et
al., 1994; George and Wassermann, 1994). Pioneering trials revealed improvement in depressive
symptoms in medication-resistant patients receiving 10 Hz (Pascual-Leone et al., 1996) and 20
Hz (George et al., 1995) prefrontal stimulation, introducing the clinical utility of HF-rTMS
directed at the left DLPFC. To date, the left DLPFC remains the most common therapeutic target
region, representing the gold standard for delivering rTMS at a high frequency.

1.3.2 Neural Mechanisms of Action

Although unclear, the mechanisms by which rTMS normalizes disrupted functional
connectivity involves focal increases in cortical activity and propagated downstream effects on
PFC-subcortical circuitry (Paus and Barrett, 2004). During stimulation, cortical areas are

activated transsynaptically (i.e, perpendicular to descending pyramidal neurons, parallel to



GABAergic interneurons); it is the orientation between the inductor coil and the underlying
neural tissue that determines which groups of neurons are selectively activated (Rothwell, 1997).
High frequency left-sided (HFL)-rTMS can generate repeated and consistent cell firing to induce
long-term potentiation (LTP) of plasticity, the strengthening of synaptic connections and
adaptive rewiring of neurons (Fitzgerald and Daskalakis, 2013). Furthermore, some studies have
found evidence of post-r'TMS increases in BDNF concentrations (Yukimasa et al., 2006;
Zanardini et al., 2006), an important mediator of neuroplasticity that is decreased in patients with
untreated depression (Lee and Kim, 2010).

In conjunction with induced neuroplasticity, the therapeutic effects of HF-rTMS in
depression are likely associated with relevant biochemical changes. For example, MDD studies
have found increased DLPFC glutamate levels in rTMS treatment responders that corresponded
with reduced depressive symptom scores (Luborzewski et al., 2007; Yang et al., 2014).
Similarly, Mingli et al. (2009) detected significantly lower post-treatment salivary cortisol
concentrations across patient groups that were positively correlated with depression severity
measures, whereas Zwanzger et al. (2003) found decreased cortisol only in rTMS responders.
Excitatory left hemisphere (L-)r'TMS has been linked to increased levels of neurochemicals, such
as norepinephrine (Yukimasa et al., 2006), choline (Luborzewski et al., 2007), and myo-inositol
(m-Ino), a sugar molecule involved in cellular signal transduction (Zheng et al., 2010). By
stimulating the cortex, neurochemical changes can also be induced in subcortical brain regions:
following HFL-rTMS, Strafella et al. (2001) reported striatal dopamine release, indicating that
stimulation effects are produced both locally and distally through interconnected circuitry. By

upregulating neuronal outputs and altering the strength of connections between neural substrates,
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rTMS may function therapeutically by reorganizing pathological patterns of activity seen in
depression.

1.3.3. Treatment of Cognitive Deficits

There is ample evidence to suggest that HF-rTMS exerts pro-cognitive effects (Guse et
al., 2010; Martis et al., 2003; Siebner et al., 2009) and improvements in neuropsychological
processing have specifically been observed in MDD subpopulations (Serafini et al., 2015).
Interestingly, a 30-study systematic review by Guse et al. (2010) involving both patients and
controls revealed that the effects of rTMS on cognitive function are laterality-dependent and are
likely to appear only when stimulating the left, but not the right PFC. Additionally, they found
that cognitive domains are differentially affected by excitatory stimulation. With respect to
attentional processing, results were largely inconsistent; some studies assessing post-treatment
changes in selective and sustained attention detected statistically relevant improvements
(Hausmann et al., 2004; Martis et al., 2003; Rektorova et al., 2005), whereas several others failed
to find significant effects (Avery et al., 2006; Mogg et al., 2008; Speer et al., 2001;
Vanderhasselt et al., 2006). Conversely, robust ameliorations in working memory were
consistently observed following HFL-rTMS (Hausmann et al., 2004; Martis et al., 2003;
Vanderhasselt et al., 2009). The neural mechanisms subserving rTMS-induced cognitive
improvements in depression are not fully understood, but evidence strongly implicates white
matter changes in PFC-subcortical networks (Peng et al., 2012). The strengthening of
connections along this pathway could potentially allow for increased prefrontal executive control
to regulate abnormal activity in subcortical mood circuitry. Further investigation into the
neurobiological basis of cognitive modulation with rTMS, as well as the impact of various

stimulation parameters (e.g, intensity, frequency, train duration), is necessary to identify novel
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targets for therapeutic intervention as a means of optimizing neuropsychological outcomes in
MDD patients.

1.3.4. Therapeutic Outcomes in Depression

rTMS has been robustly recognized as a safe, tolerable and effective treatment option for
TRD, with response and remission rates comparing favorably to antidepressant medications at
~50% and ~30%, respectively (Berlim et al., 2014; Connolly et al., 2012; Fitzgerald et al., 2011;
Loo et al., 2008). In accordance with initial reports, large-scale randomized controlled trials
indicate that prefrontal rTMS can outperform sham stimulation to consistently and markedly
reduce depressive symptoms (George et al., 2010; O’Reardon et al., 2007). Though, despite its
recognition as a useful intervention for treating TRD, up to 45% of patients who undergo rTMS
do not achieve a clinically significant response (Fitzgerald et al., 2011). Findings from Fitzgerald
et al. (2016) showed that the likelihood of antidepressant response to rTMS is variable among
individuals; responders exhibited lower pre-treatment depression scores, shorter illness duration,
and later age of onset. Interestingly, response rates were disproportionately lower in patients with
a single compared to multiple episodes of depression. Moreover, the degree of treatment
resistance reportedly influences clinical improvement: antidepressant effects were substantially
better in patients who failed to respond to only one medication in the current episode compared
to those with several treatment failures (O’Reardon et al., 2007).

Recently, clinicians and researchers have developed novel treatment parameters in an
attempt to boost its therapeutic potential in depression. Superior results were obtained by
increasing the number of rTMS sessions: studies that included 20-30 treatments reported a
doubling of response and remission rates (up to 58% and 43%, respectively) (Berlim et al.,

2014). Over time, researchers manipulated additional dosage parameters to enhance clinical
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response: a) stimulation intensity was progressively raised from 90-100 % to 120% of the
recipient’s resting motor threshold (RMT), and b) the number of pulses per session applied
during initial trials (~10 trains) was increased to 75 trains or more in recent studies (Fitzgerald
and Daskalakis, 2013). Strategies for stimulation site targeting were also modernized and shifted
away from the conventionally used ‘5 cm method’(Pascual-Leone et al., 1996), an ambiguous
measurement technique that misses the DLPFC in a third of cases (George et al., 2010).
Increased target precision has been achieved using structural image-guided neuronavigation
(Schonfeldt-Lecuona et al., 2005) and Beam F3 methodology (Beam et al., 2009). Despite these
rTMS parameter modifications, remission is achieved in less than the majority, warranting
alternative treatment protocols to improve antidepressant outcomes for medication-resistant
patients.
1.3.4.1. Monophasic Pulses

The presently accepted rTMS practice utilizes biphasic waveforms; however,
monophasic magnetic pulses may be more effective based on the homogenous activation of
neurons compared to the complex cortical activation pattern observed during biphasic
stimulation (Arai et al., 2005). The monophasic waveform is a unidirectional pulse that rises
rapidly from zero then slowly decays (Fitzgerald and Daskalakis, 2013); in contrast, the
sinusoidal biphasic pulse is shorter in duration and has empirically demonstrated lower
neuromodulation strength (Arai et al., 2007, 2005; Hosono et al., 2008; Taylor and Loo, 2007).
Recently, Goetz et al. (2016) compared the inhibitory strength of novel pulse shapes to biphasic
by applying 1 Hz stimulation to the primary motor cortex (M1) and observing the amplitudes of
elicited motor evoked potentials (MEPs). The unidirectional pulse shape generated greater

inhibition of MEP amplitude than the biphasic pulse, which did not produce a significant change
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in cortical activity. Current literature indicates greater cortical excitability with monophasic
pulses in healthy volunteers, but there is no work to date examining clinical or cognitive
outcomes compared to biphasic stimulation in MDD patients.

1.3.5 Predicting rTMS Response

With the techniques currently available, up to half of patients undergoing rTMS fail to
achieve a clinical response. Research indicates a bimodal distribution of antidepressant outcome,
suggesting that distinctions in response to rTMS can be reflected categorically as groups of
responders and non-responders, rather than a continuum of change in treatment response
(Fitzgerald et al., 2016). Despite the identification of MDD subpopulation characteristics that
relate to rTMS response, these clinical variables (e.g., depression severity, treatment resistance,
illness duration) demonstrate insignificant strength in accurately parsing responders from non-
responders (Avery et al., 2008; Berlim et al., 2014; Fitzgerald et al., 2016).

Early prediction of successful rTMS outcomes in individual TRD patients could prove
useful by sparing non-responders from undergoing unnecessary weeks of treatment.
Furthermore, accurate prediction methods may reduce systemic health care costs by dramatically
reducing the proportion of futile treatment attempts. Investigative approaches have turned
towards measurable biological markers (biomarkers) as a potential avenue for treatment
prediction; for example, a recent neuroimaging study retrospectively determined that rTMS
responders showed increased functional connectivity in limbic and frontostriatal networks,
including the left DLPFC, ACC, and amygdala (Drysdale et al., 2017). These encouraging
findings warrant replication using accessible, cost-effective methodology to practically and

reliably identify biomarkers predictive of therapeutic outcomes in depression.
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1.4 Electroencephalography

1.4.1 Overview

Electroencephalography (EEG) is a non-invasive electrophysiological tool that measures
neural network activity using scalp-placed electrodes. The EEG signal is generated by a number
of summed postsynaptic potentials (PSPs) occurring primarily at apical dendrites of pyramidal
neurons oriented perpendicular to the surface of the cortex (Olejniczak, 2006). Electrical activity
associated with a single action potential event does not contribute to the measured signal, as it is
too small and quick to be detected (Shibasaki, 2008). The characteristic oscillation pattern of the
EEG wave reflects synchronized interactions between thalamocortical neurons that form cyclical
current loops to produce rhythmic cortical activity (Olejniczak, 2006). Neural oscillatory activity
is sensitive to cognitive and emotional states; EEG waveforms will change in frequency and
amplitude with the altering state of the individual. Oscillations within specific frequency ranges
are divided according to bands that reflect varying levels of arousal: delta (< 4 Hz; sleep), theta
(4-8 Hz; drowsy), alpha (8-12 Hz; relaxed), and beta (13-30 Hz; alert).

1.4.2. Event-Related Potentials

Event-related potentials (ERPs) are positive (P) or negative (N) voltage deflections
evoked by the brain in anticipation of or in response to internal or external events (Luck, 2012).
ERP waveforms are time-locked to the onset of a stimulus; they are extracted from averaged
EEG data and mirror the perception of sensory information, as well as higher-order cognitive
operations. The amplitude of an ERP peak indexes the extent of neural resources devoted to
processing specific cognitive information, whereas its latency tracks the timing of mental
processing with millisecond precision (Duncan et al., 2009). ERP components can be classified

based on polarity (P or N), latency (short or long), and scalp distribution (anterior or posterior);
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they can also be categorized as either: a) exogenous components that are obligatorily elicited
during the preconscious sensory processing of stimuli (peaks occurring <200 ms) and are highly
determined by raw stimulus features (e.g, intensity, rate of presentation); or b) endogenous
components that are influenced by cognitive factors (e.g., attention, stimulus relevancy) and
reflect later (~200-1000 ms) neural processing stages (Luck, 2012). With their exceptional
temporal resolution, ERPs are an effective method for assessing the neural correlates of
dysfunctional sensory/cognitive processing in MDD and may provide insight into outcomes of
various intervention strategies.

1.4.3. P300 ERP

The auditory evoked P300 waveform is the most extensively studied ERP and represents
cognitive information processing in the realms of context-updating and attention
shifting/orienting (Polich and Kok, 1995). P300 potentials are generated during the oddball
paradigm as a positive deflection peaking at approximately 300 ms in response to infrequent
and/or task-relevant auditory stimuli (Polich, 2007). The most distinctive property of the P300
component is its sensitivity to task-defined probability, resulting in the elicitation of larger
amplitudes by rare oddball stimuli than frequently-presented standard stimuli (Luck, 2012). The
size of the P300 wave reflects the amount of attentional neuronal resources allocated to an
incoming stimulus; it also indexes neural representations of working memory performance when
a stimulus environment changes in the presence of novel sensory input (Polich, 2007, 2004).
P300 latency is tied to cortical processing speed and predominantly mirrors the time taken to
perceive and evaluate a stimulus (Luck, 2012); it is independent from overt behavioral response

generation and typically correlates negatively with cognitive function (Polich, 2004).
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The P300 (P3) ERP encompasses two distinct subcomponents that emerge during the
three-stimulus auditory oddball paradigm, the most common being the P3b waveform. The P3b
peak is maximally activated at parietal regions (~250-600 ms) by task-related target tones and is
thought to reflect cognitive capabilities associated with conscious, sustained attention (Polich,
2007). An earlier (~250-300 ms) P3a subcomponent is elicited fronto-centrally when distractor
sounds are presented within a train of standard tones and infrequent target stimuli; the P3a wave
can be characterized as a cortical measure of novelty discrimination and involuntary attention
capture (Luck, 2012; Polich, 2004). Other observable ERP components are elicited by the
auditory oddball paradigm and precede the onset of P300 waveforms as indices of earlier
perceptual processing. For example, the N100 (N1) is a negative potential with a latency around
100 ms that reportedly represents the unconscious sensory analysis of physical stimulus features
(Barry et al., 2003), whereas the P200 (P2) component (positive; ~200 ms) corresponds with
cortical network activation and the initial differentiation of incoming task-relevant/irrelevant
stimuli (Barry et al., 2003; Rennie et al., 2002). The N200 (N2) complex detects deviations from
auditory memory traces; it reflects cognitive evaluation of stimuli and occurs earlier (~200 ms)
than more advanced P3-indexed task-processing (Luck, 2012). As seen for P300, N200 can be
subdivided into overlapping subcomponents; the novelty-associated N2a component is
associated with automatic mismatch detection among stimuli, whereas the later N2b is elicited
while categorizing and processing target stimuli (Bruder et al., 2012).

Although the precise neurobiological substrates underlying the P300 are unknown,
recordings show peaks emerging simultaneously across the scalp, suggesting contributions by
multiple neural generators that are either operating within a widespread, interconnected system

or independently of one another (Duncan et al., 2009). Major foci have been identified in the
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PFC, hippocampus, superior temporal sulcus, and intraparietal sulcus; thus, it has been
postulated that P300 generation relies on the integrity of the PFC and its connections with the
limbic system and temporoparietal brain regions (Duncan et al., 2009; Polich, 2004). In addition
to studies of basic information processing, the P300 component has been used extensively as a
measure of attentional impairment in neuropsychiatric research and has emerged as an illness
marker of MDD (Duncan et al., 2009).

1.5 Electrophysiological Findings in MDD

1.5.1 Overview

Neuroimaging modalities such as functional magnetic resonance imaging (fMRI) have
proven useful for detecting biologically meaningful markers of depression (Drysdale et al.,
2017); however, EEG is an advantageous candidate for widespread use in clinical settings as a
less complex, low-cost alternative. The clinical utility of EEG is showcased by its potential to aid
with diagnosis, classification, and response prediction by directly capturing ongoing neuronal
activity (versus proxy measurement) (Olbrich and Arns, 2013). Numerous resting EEG
alterations have been observed in MDD, though certain pertinent findings have emerged
consistently, including: increased cortical theta power (Knott et al., 2000; Ricardo-Garcell et al.,
2009), diminished sgACC theta activity (Jaworska and Protzner, 2013; Saletu et al., 2010), and
elevated global alpha activity/asymmetry (Jaworska et al., 2012; Olbrich and Arns, 2013; Towers
and Allen, 2009). Whether EEG can reliably differentiate between treatment response groups has
not been properly established. Previous work has been largely contradictory, with some studies
supporting the predictive value of alpha/theta activity in MDD, and others depicting these
measures as insignificant for determining antidepressant response (Arns et al., 2016; Bailey et

al., 2018; Wade and losifescu, 2016; Widge et al., 2019). Investigation into additional
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electrophysiological endophenotypes that are reflective of clinical status in depression is
warranted to uncover markers that effectively classify individuals as treatment responders/non-
responders.

1.5.2 P300 Abnormalities

The P300 ERP has been extensively used in depression research, with most, but not all,
studies reporting attenuated amplitudes in patients compared to healthy controls (Bruder et al.,
2012; Van Dinteren et al., 2015; Zhou et al., 2019). Despite conflicting findings, Bruder et al.
(2012) calculated a moderate group difference (mean effect size: 0.85) among P300 studies in
MDD, indicating an overall trend of smaller potentials and deficient attentional allocation in
depressed patients. Concordantly, findings of P300 latency in MDD are equivocal, though
studies predominantly report delayed peak onset (Tripathi et al., 2015; Zhou et al., 2019) which
suggests inefficient perceptual processing in depression.

Heterogeneity among P300 findings in MDD may be influenced by differences among
patients. For example, amplitude reductions and latency delays reportedly correspond to illness
severity (Tripathi et al., 2015; Van Dinteren et al., 2015), thus classifying the P300 ERP as at
least partially state-dependent. Furthermore, several studies comparing MDD patients to controls
have failed to differentiate P300 subcomponents (P3a and P3b) embedded within a more
cognitively challenging three-stimulus auditory oddball paradigm. Importantly, one study by
Bruder et al. (2009) found smaller novelty and target P300 amplitudes in patients; however, the
difference between controls had a larger effect size for novelty P3a (1.0) than target P3b (0.61).
The P3a and P3b reflect distinct cognitive operations and underlying neurophysiological
mechanisms; therefore, individual examination of each subcomponent could yield new insight

into the nature of attentional deficits in MDD (Bruder et al., 2012).
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Compared to P300, there is considerably less agreement regarding ERP-indexed early
sensory processing in depression; though deficits have been reported, results have been
inconsistent. In MDD patients, some studies have found abnormal N1 latencies/amplitudes
(Coffman et al., 1989; Greimel et al., 2015; Kemp et al., 2009; Van Dinteren et al., 2015),
whereas others detected no significant differences from controls (Bruder et al., 1998; Kawasaki
et al., 2004; Kemp et al., 2010). Similarly, for P200, both decreased amplitudes/prolonged
latencies and no group differences have been reported (Anderer et al., 2002; Greimel et al., 2015;
Kemp et al., 2010, 2009; Zhou et al., 2019). N200 results have been particularly variable, with
some researchers finding increased amplitudes (Bruder et al., 1998; Giese-Davis et al., 1993),
and others finding no differences (Blackwood et al., 1987; Kaiser et al., 2003) or reduced
amplitudes in depressed subjects (Deldin et al., 2000; el Massioui et al., 1996). Though
attentional deficits are prevalent in depressive states, further investigation of auditory oddball
ERP subcomponents is required to draw more definitive conclusions regarding sensory
processing, task-relevance evaluating, mismatch detecting, and context updating capabilities in
MDD.

1.5.3 Effects of rTMS on P300

A large body of work has already demonstrated the pro-cognitive effects of HFL-rTMS
(Guse et al., 2010; Martis et al., 2003); thus, it may be hypothesized that HF-rTMS applied to the
left DLPFC should produce P300 alterations associated with enhanced attentional processing.
Yet, a meta-analysis of the effects of rTMS on P300 components yielded conflicting results
among 3 studies administering left-sided stimulation at a high frequency (Régo et al., 2012). In
samples of healthy controls, Jing et al. (2001) used 10 Hz L-rTMS and reported increases in P3

latency, whereas Evers et al. (2001) found decreased latencies when using left-sided stimulation
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at 20 Hz. One study recorded P300 data from 10 patients diagnosed with a depressive disorder
before and after 5 sessions of HFL-rTMS (10 Hz) and reported a significant post-treatment
increase in amplitude, but no change in latency (Mdller et al., 2006). More recently, Choi et al.
(2014) explored the effects of 10 Hz L-rTMS on ERP components in medication-resistant
depression. Following 3 weeks of stimulation, results from an auditory oddball task showed
significant increases in P2 amplitude and P3 latency, albeit no changes in P3 amplitude were
detected (Choi et al., 2014). Notably, clinical improvement was achieved after 3 weeks of HFL-
rTMS (Choi et al., 2014), but not after 5 consecutive days of treatment (Moller et al., 2006).
Given the overall paucity of findings from studies with limited treatment duration, ERP changes
should be evaluated after longer therapeutic regimens of HFL-rTMS to adequately determine the
effects of high-frequency stimulation on P300 parameters in TRD.

1.5.4. P300 Biomarkers

Emerging evidence indicates that auditory oddball ERP measurements may serve as
biomarkers predictive of treatment outcomes in depression. Reduced P300 potentials and
prolonged latencies at baseline have been detected in individuals who respond poorly to
antidepressants (Bruder et al., 1995; Isintas et al., 2012; Vandoolaeghe et al., 1998); studies
suggest these non-responders may comprise a subgroup with ‘pre-frontal dysfunction’ (Dunkin
et al., 2000; Kalayam and Alexopoulos, 1999). Furthermore, the N100 component has been
proposed as an illness marker based on findings of larger pre-treatment amplitudes in medication
responders (Olbrich and Arns, 2013; Spronk et al., 2011). These findings were recently
replicated by Van Dinteren et al. (2015); baseline N1 amplitudes correlated with percentage

improvement on depressive symptom rating scales and were increased in male SNRI responders.
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With the establishment of the efficacy of rTMS, there has been increased interest in
uncovering potential neural correlates of treatment response. Though the P300 wave has shown
considerable promise as a biomarker in MDD, research examining its specific association with
rTMS outcomes is exceptionally limited. In a pioneering trial investigating P300 components as
predictors of rTMS response, Arns et al. (2012) measured ERP parameters in 90 depressed
patients treated with left DLPFC HF-rTMS. Treatment responders elicited marginally (p = .054)
diminished P300 amplitudes at baseline, contrary to previous findings (Bruder et al., 1995;
Vandoolaeghe et al., 1998); however, there were no differences between response groups with
respect to P300 latency. A follow-up study by Krepel et al. (2018) failed to replicate these
findings, though trending reductions in pre-treatment P300 amplitudes among rTMS responders
were detected.

1.5.5 Summary

MDD literature assessing HFL-rTMS effects on various auditory oddball features (i.e.,
N1/200, P2/P300 amplitudes and latencies) and their utility as response classifiers is unclear,
underscoring the need for further investigation into the cognitive impacts of rTMS and the
neurophysiology underlying ERP-indexed attentional processing in depression.
Electrophysiological endophenotypes that are reflective of clinical status and cognitive
dysfunction may be important in providing insight into the prediction of antidepressant response
in TRD patients.

Chapter 2: Research Objectives and Hypotheses

2.1. Objectives

Two primary objectives were defined for this project:
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1. To examine the impact of HFL-rTMS therapy and monophasic vs. biphasic pulse type
on attentional processing in TRD as indexed by P3 potentials and clinician-rated
concentration scores

2. To assess P300 ERP components as biomarkers predictive of clinical and cognitive
response to monophasic and biphasic HFL-rTMS as a means of targeting and
personalizing antidepressant treatment

In an effort to expand upon the current literature base, a secondary objective was defined for this
project:

3. To investigate differences in novelty and target detection between healthy controls
and treatment-resistant MDD patients using pre- and post-treatment P3a/P3b
measures

Finally, two exploratory objectives were defined for this project:

4. To compare the efficacy of monophasic versus biphasic HFL-rTMS in improving
clinician-rated antidepressant outcomes

5. To assess the effects of monophasic versus biphasic HFL-rTMS on early sensory and
perceptual processing in TRD as assessed by N100, P200, and N200 ERP
components.

2.2. Hypotheses
In relation to these research objectives, three primary and two secondary hypotheses were
proposed:

1. Both target detection and novelty discrimination are expected to improve following 6

weeks of rTMS therapy in MDD patients
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2. Compared to the biphasic condition, patients in the monophasic treatment condition
will demonstrate improved attentional processing reflected by increased P3a/P3b
amplitudes and reductions in reported concentration difficulties

3. Baseline P300 amplitudes and latencies will differ significantly between HFL-rTMS
treatment response groups and will correlate with degree of symptomatic (clinical and
cognitive) improvement in patients

4. TRD patients will produce attenuated P3a and P3b amplitudes and slower latencies
compared to healthy controls at baseline

5. Contrary to the post-rTMS improvement predicted in patients, healthy controls will
display little to no change in attentional processing as indexed by follow-up ERP
measurements

Chapter 3: Methods

The clinical and electrophysiological data for this study were derived from a larger
double blind, randomized controlled trial comparing monophasic to biphasic rTMS in treatment-
resistant depression (TRD).

3.1. Participants

TRD patients were recruited from clinician referrals of registered outpatients at the Royal
Ottawa Mental Health Centre (a teaching psychiatric hospital providing specialized mental
health care as a tertiary referral centre across Eastern Ontario). Patients were also recruited
externally through public online postings; external candidates were admitted as outpatients of the
Royal Ottawa Mental Health Centre prior to treatment initiation. Healthy volunteers were

recruited through public online postings and word of mouth. Written informed consent was
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obtained from all study participants (forms approved by the Research Ethics Board of The

Royal’s Institute of Mental Health Research; Appendix A).

3.1.1 Screening Procedure

The eligibility criteria for study participation are listed in Table 1. Interested candidates

were administered a pre-screen telephone interview to assess initial eligibility. Subsequently, a

referral was requested from the patient’s primary physician, whereby further information

regarding the length and onset of the current depressive episode was obtained. Following

referral, patients underwent a psychiatric consultation with a study psychiatrist (Pierre Blier, Lisa

McMurray, Asif Khan, or Ahmed Rostom) to review medication history, confirm a diagnosis of

major depressive episode, and assess any DSM-IV comorbidities. During a final in-person

screening session with research personnel, patients underwent a blood draw to rule out

significant laboratory abnormalities, a urine toxicology screen to confirm substance abstinence,

and an auditory test to ensure adequate hearing thresholds. Following the informed consent

process and prior to EEG recording, healthy volunteers were subject to screening during the

baseline session, which included a urine toxicology screen and an auditory test.

Table 1. Eligibility Criteria for Patients and Healthy Controls

Inclusion Criteria

Exclusion Criteria

Patients

(1) A confirmed DSM-IV diagnosis of unipolar
major depressive disorder

(2) Were voluntary, competent to consent to
treatment, and able to adhere to the treatment
schedule

(3) Between the ages of 18-75

(4) Failed to achieve a clinical response to an
antidepressant of adequate dose and duration in
the current episode; or were unable to tolerate at
least 2 antidepressant trials of inadequate dose
and duration

(5) Maintained a stable regimen of medication
and/or psychotherapy for at least 4 weeks prior

(1) A history of substance dependence or abuse
in the last 3 months; or current substance
indicated by a urine screen

(2) Any significant neurological disorder or
insult

(3) Any rTMS contraindications including
implanted devices, foreign metal bodies in or
around the head, any unstable medical
conditions, and/or a history of seizures

(3) Pregnant
(4) Active suicidal intent

(5) A lifetime DSM-IV diagnosis of bipolar I or
11, schizophrenia, or other psychotic disorder; or
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to screening with no anticipated changes during  any other current primary Axis I or Axis II
treatment diagnoses causing greater impairment than

(6) Scored >22 on the MADRS MDD

(7) Passed the TMS Adult Safety Screen (TASS)
(Wasserman et al. 2000)

(6) Failed a course of ECT during the current
episode or episode prior

(8) Normal thyroid functioning based on pre- (7) Received rTMS for any previous indication
treatment blood work (8) Had taken lorazepam (>2 mg) or any
anticonvulsant in the 4 weeks prior to screening

(9) Failed 3 or more adequate trials of
medications of different drug classifications in
the current episode

Healthy (1) Were voluntary and competent to consentto (1) A history of substance dependence or abuse
Controls treatment in the last 3 months; or current substance

(2) Between the ages of 18-75 indicated by a urine screen
(2) Any significant neurological disorder or

(3) Patient-matched by age, gender, education, insult

and smoking status
(3) Any current or history of psychiatric illness
based on the Structured Clinical Interview Non-
Patient (SCID-NP) version for DMS-IV (Spitzer
et al., 1995)

3.1.2 Treatment Protocol

Eligible TRD patients (N=20) were stratified at random to one of two treatment
protocols, receiving either high-frequency (20 Hz) monophasic or biphasic stimulation of the left
dIPFC. Treatment allocation of enrolled patients was conducted using a computer algorithm
(www.randomizer.org) and a sealed randomization list was generated. Experimenters, symptom
raters and patients were blind to the treatment allocation. By necessity, treatment technicians
accessed the randomization list immediately before treatment initiation; they were instructed to
abstain from discussing treatment allocation with patients and research staff. The study timeline

of events is illustrated in Figure 1.
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Figure 1. Study Timeline. a) Eligible TRD patients were randomly assigned to receive either
monophasic or biphasic stimulation over a six-week treatment period consisting of five rTMS
sessions per week (Monday to Friday, 30 sessions total). EEG recordings were acquired twice for
each subject: 1) during the week prior to treatment initiation; and 2) at one week post-treatment
termination. Clinician-rated MADRS assessments were completed at baseline, during treatment
(weeks 1, 2, 4, and 6), and at three follow-up points (1 week, 4 weeks, and 12 weeks post-
treatment); b) Patient-matched healthy controls underwent two separate EEG recordings: 1) at
baseline; and 2) after 7 weeks post-baseline.
3.2 rTMS Technique

Each patient received 30 sessions of rTMS (monophasic or biphasic) at 120% motor
threshold (MT) once per day, 5 days per week (Monday to Friday), over a span of 6 consecutive
weeks. All treatments were administered at the Royal’s Institute of Mental Health Research
using a NeuroQore Investigational TMS Device (NeuroQore, Ottawa, ON) equipped with a
cooled Figure-8 70 mm coil; rTMS stimulation parameters are summarized in Table 2. Patients

were monitored for both short-term (over 24 hours) and acute adverse events using a self-report
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checklist (Appendix B) administered prior to and immediately following daily rTMS treatment,
respectively. Patients were compensated $10 daily for travel expenses.

Table 2. Stimulation Parameters

Monophasic Biphasic
Effective pulse width Fall time 60ps Rise and fall time 60us
Ineffective pulse width Rise time 200ps -
Frequency 20 Hz 20 Hz
Pulse interval Is Is
Silent interval Ss Ss
Pulses per session 3,000 3,000
Stimulation duration 15 minutes 15 minutes

3.2.1 Neuronavigation

Neuronavigation was accomplished using Beam F3 methodology (Beam et al., 2009) to
locate the optimal stimulation target. Three measurements were obtained for this method: 1) the
distance from tragus to tragus, 2) the distance from nasion to inion, and 3) the head
circumference. To identify site F3 over the DLPFC, two coordinates were calculated according
to the 10/20 EEG system (Trans Cranial Technologies Ltd, 2012): 1) distance along the
circumference from midline and 2) distance from the vertex.

3.2.2 Motor Threshold Calibration

Resting MT was assessed prior to treatment initiation by stimulating the primary motor
cortex according to published methods (Schutter and van Honk, 2006). The stimulation intensity
for each patient was defined by the technician’s visual observance of a twitch in the first dorsal
interosseous (FDI) muscle in the hand. If the individual MT could not be determined for any
anatomical-physiological reason, the stimulation intensity was set according to the lower 95%

confidence interval of the average MT value from previously enrolled patients.
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3.3 Clinical Assessment

Patients were administered the Montgomery-Asberg Depression Rating Scale (MADRS),
a semi-structured interview indexing depression severity, by study psychiatrists during scheduled
clinical assessments (see Figure 1). MADRS score was recorded at each assessment point and
used as the primary outcome measure. Treatment response was defined as a >50% reduction in
MADRS score from baseline and the scoring criterion for remission was <10 at one-week post-
treatment (primary endpoint).

3.3.1 Adverse Events

Adverse events were recorded using a self-report checklist consisting of varied items
clustered into psychological, physical, and psychomotor symptoms (Table 3). TRD patients
completed this checklist twice per daily treatment session: once prior to receiving rTMS to assess
short-term adverse stimulation effects (over the preceding 24-hour period) and once immediately
following treatment to assess acute effects.

Table 3. Symptom Clusters of Adverse Events Associated with rTMS Treatment

Physical Psychological Psychomotor

Light headedness Agitated Seizure

Headache Irritated Tremors

Drowsy Fatigue Dizziness

Nausea Depressed Spinning sensation
Jaw/muscle pain Anxious Lack of coordination
Heart palpitations Mood swings Disorientation

Chest pain Difficulty concentrating Weakness/lack of energy
Difficulty breathing Hallucinations

Dry mouth

Blurred vision

3.4 EEG Procedure
EEG assessments occurred during a single 1-hour session between 9:00 am and 4:00 pm
on weekdays. Participants were asked to abstain overnight from caffeine and alcohol, and at least

2 hours from food and nicotine; any medications consumed the morning of were noted.
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Participants were seated in a dimly lit, sound-attenuated chamber and subjected to various task
paradigms while EEG activity was recorded. Embedded within the paradigms, the active

auditory P300 task consisted of 4 blocks of randomized stimuli binaurally presented through

headphones. Auditory stimuli included high-pitched (1000 Hz) standard tones (336 ms duration;

70 dB), low-pitched (700 Hz) target tones (336 ms duration; 70 dB), and novel distractor sounds

(169-399 ms duration; 65-75 dB) (e.g., horn honking, dog barking). Participants were instructed

to respond as quickly and accurately as possible via mouse-button click to the infrequently-
presented (10%) target tones, while ignoring the frequent (80%) standard tones and rare (10%)
distractor sounds (e.g., barking dog). To ensure adequate task comprehension, participants
completed a short practice block (6 target tones) without EEG recordings. Hits (% of correct
target clicks), false alarms (standard or distractor clicks), and reaction time (ms) were recorded
as measures of behavioral performance. Healthy volunteers were compensated $30 per EEG
session for a total of $60; similarly, patients received $15 per session ($30 total).

3.4.1 Recordings

EEG activity was acquired with Brain Vision Recorder® and a Brain Vision Quick Amp
amplifier (Brain Products; bandpass filter: 0.1-70 Hz, sampling rate: 500 Hz) with Ag/AgCl
passive electrodes placed according to the 10/20 international EEG system (Trans Cranial
Technologies Ltd, 2012)(see Figure 2). Two electrodes were placed on left and right mastoids
(sites TP9 and TP10), in addition to a ground electrode (site AFz) and two reference electrodes
placed on either side of the nose. Vertical and horizontal electrooculographic activity was
recorded by electrodes on the supraorbital ridges and outer canthi, respectively. Electrode

impedance was maintained at <5 kQ.

®
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Figure 2. EEG Electrode Montage. Recordings obtained from 32 scalp sites (circled in red).
3.5 ERP Processing

Using Brain Vision Analyzer 2® software (Brain Products), EEG recordings were re-
referenced to mastoids, digitally filtered (0.1-30 Hz), ocular corrected (Gratton et al., 1983), and
segmented by stimulus type (standard, novelty, target) into 1000 ms epochs, beginning 150 ms
pre-stimulus onset. Segments were baseline corrected (150 ms pre-stimulus) and subject to
artifact rejection; segments with voltages exceeding £70 pV were excluded from further
analysis. Remaining segments were averaged and used to derive amplitude and latency
measurements for each stimulus waveform. Novelty P3a and target P3b amplitudes and latencies
were chosen at maximally positive peaks between 200-700 ms at sites Fz/Cz (P3a) and Pz (P3b).
N1 (standard, novelty, target), N2 (target), and P2 (standard, target) measurements were derived
from site Fz for exploratory investigation. Amplitude and latency information was exported with

5 points to the left and right of the peak values for statistical analysis.
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3.6 Statistical Analysis

3.6.1 Clinical Qutcome

A restricted maximum likelihood (REML) mixed-model of repeated measures (MMRM)
approach was used for the primary outcome analysis with MADRS score as the dependent
variable. The MMRM statistical model effectively handles missing data, unequal variances, and
correlated data that is common in repeated measurements of subjects. The model included visit
(week 0/1/2/4/6/7) as the repeated measure; and treatment (monophasic/biphasic), and treatment-
by-visit interaction as fixed effect variables. Using Bayesian Index Criterion (BIC) values, a
first-order autoregressive (AR1) covariance structure was determined as the best fit and was
therefore included in the model. An identical model was subsequently used to examine the
effects of treatment type and duration on concentration in TRD patients; Concentration
Difficulties (MADRS: item #6) score served as the dependent variable. To assess patient
outcome rates, a test of two proportions analyzed monophasic vs. biphasic group differences in
the proportion of responders and remitters at the primary endpoint (Fisher’s exact test was run
due to small sample sizes).

3.6.2 ERP Components

ERP data was statistically analyzed using the Statistical Package for the Social Sciences
(SPSS; SPSS Inc., Chicago, IL). Mixed analysis of variance (ANOV A) procedures were used to
analyze ERP amplitude, latency, and behavioral performance measures among TRD patient and
healthy control groups, with session (baseline/follow-up) as the within-subject factor. Electrode
site (Fz/Cz) was used as an additional within-subject factor in the P3a and target N2 analyses, as
peak amplitudes were differentially maximal between patients (Cz) and healthy controls (Fz).

Significant effects (p <.05) and planned comparisons were examined with Bonferroni-corrected

32



t-tests. One-way analysis of covariance (ANCOVA) was used to analyze stimulation
(monophasic/biphasic) group differences in TRD patients. Baseline amplitude, latency, and
behavioral performance values were used as covariates with post-treatment ERP measures
serving as the dependent variable.

3.6.3 Response Prediction

Independent t-tests were used to assess the utility of ERP components as predictors of
rTMS treatment response in TRD. Patients were stratified into responder or non-responder
groups based on MADRS score at one week post-treatment; differences in baseline ERP features
(amplitude/latency) between response groups were analyzed. As exploratory analyses, Pearson’s
correlations examined the association between baseline P300 components and the percent change
in MADRS score (difference in primary endpoint score from baseline); relationships between
baseline ERP features and the change in the Concentration Difficulties item score were analyzed
using Spearman’s ranked-order correlation.

3.6.4 Adverse Events

Fisher’s exact test was used to examine proportional differences in clustered adverse
symptoms experienced both short-term and acutely within each treatment week (1-6) by patients
receiving monophasic versus biphasic rTMS.

Chapter 4: Results

4.1 Clinical Outcomes

Of the 20 TRD patients enrolled to undergo rTMS, 18 completed the 6-week treatment
protocol; two patients dropped out after week 1 and week 4, respectively, and could not be
classified as treatment responders or non-responders. Differences in patient demographics and

baseline characteristics between monophasic and biphasic groups were analyzed using
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independent t-tests. Fisher’s exact test was used to compare proportion of sexes between groups;
treatment groups did not significantly differ in sex, age, baseline MADRS score, length of
current depressive episode, or number of current antidepressant medications (see Table 4 for a
summary of results).

Table 4. Demographics/Baseline Characteristics of Monophasic and Biphasic Patients who

Completed Treatment (N = 18)

Item Monophasic (N=9) Biphasic (N=9) p-value
Sex (Male/Female) 4/5 3/6 .500
Mean Age (Years) 52.8+11.0 412+153 .072
Mean Baseline MADRS 29.6 4.5 294+45 926
Score

Mean Current Episode 57.9+82.6 38.0 £40.1 489
Length (Months)

Mean # Current 14+1.2 1.3+£1.1 147
Medications

Note: mean + standard deviation, unless otherwise stated

4.1.1 Treatment Response

At one-week post-rTMS treatment, 5 patients (55.6%) responded to monophasic
stimulation compared to 7 patients (77.8%) in the biphasic group; there was no significant
difference in proportions between the two stimulation types (p = .620). Comparison of remission
rates at the primary endpoint revealed no significant difference (p = .153) in the proportions of
remitters who received monophasic stimulation (2 patients; 22.2%) versus biphasic stimulation
(6 patients; 66.7%).

A mixed model of repeated measures (MMRM) was used to assess the significance of
treatment (monophasic/biphasic) and visit (weeks 1/2/4/6/7) as predictors of antidepressant
response (change in depression severity as indexed by MADRS score); this analysis used all
available data from patients who received at least one week (5 consecutive days) of rTMS

treatment (N = 20). A significant time effect emerged, with all patients demonstrating clinical
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improvement (decreased scores from baseline) across visits [F(5, 75) = 11.82, p <.001] (see
Figure 3a). Both treatment [F(1, 23) =.000, p = .990] and treatment-by-visit [F(5, 75) = .86, p =
.512] were non-significant predictors of antidepressant response. Parameter estimates revealed
significant differences between baseline MADRS scores and scores at each subsequent visit
(Week 1: p <.05; Week 2: p <.01; Week 4-7: p <.001). MADRS scores are summarized for
each visit in Table 5.

To estimate treatment effect on cognitive changes, an MMRM analysis was performed on
Concentration Difficulties score (MADRS: item #6). Results indicated a significant improvement
in concentration over time [F(5, 63.76 = 10.03, p <.001) (see Figure 3b); scores were
significantly reduced from baseline at each visit (Week 2: p <.05; Weeks 4-7: p <.001), except
for Week 1. Treatment emerged as a trending predictor [F(1, 27.08) = 3.81, p =.061]; however,
the between-groups difference (0.66; monophasic > biphasic) was not significant (p =.124). A
significant treatment-by-visit interaction effect was found [F(5, 63.76) = 2.46, p = .042]. Least
square mean differences indicated significantly reduced Concentration Difficulties scores in
biphasic patients (M = 1.13, SE + .30) compared to monophasic patients (M = 2.56, SE + .30) at
treatment conclusion (Week 6).
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Figure 3. Treatment Effects on Clinical Response. a) Raw MADRS scores significantly
decreased across time but did not differ between stimulation groups; b) Concentration
Difficulties scores significantly improved across time and greater improvement was observed
post-biphasic stimulation than monophasic

Table 5. Summary of MADRS Scores by Visit

Monophasic (N=9) Biphasic (N=11)*

Baseline

Mean (SD) 28.4(4.2) 29.4 (4.5)
Week 1

Mean (SD) 22.6 (9.7) 24.0 (8.0)

A from Baseline -5.8 -5.4
Week 2

Mean (SD) 18.3(7.2) 21.3(8.4)

A from Baseline -10.1 -8.1
Week 4

Mean (SD) 18.6 (7.7) 15.4 (8.7)

A from Baseline 9.8 -14
Week 6

Mean (SD) 13.6 (6.6) 9.9 (9.2)

A from Baseline -14.8 -19.5
Week 7

Mean (SD) 11.4 (7.7) 9.8 (10.6)

A from Baseline -17 -19.6

*Week 2-4 (N =10), Week 6-7 (N =9)

4.1.2 Adverse Events

Analyses using Fisher’s exact test indicated no significant differences in the proportion of
reported physical, psychological, or psychomotor symptoms between stimulation groups (see
Table 6 and Table 7 for acute and short-term adverse event frequencies, respectively).

Table 6. Proportion of Patients who Experienced Acute Adverse Events

Week Physical Psychological Psychomotor
Monophasic Biphasic Monophasic Biphasic Monophasic Biphasic
1 6 (66.7) 7 (63.6) 4 (44.4) 4(36.4) 2(22.2) 4(36.4)
2 4 (44.4) 3(30) 5(55.6) 3(30) 2(22.2) 3 (30)
3 3(33.3) 3 (30) 3(33.3) 0 2(22.2) 1(10)
4 3(33.3) 2 (20) 2(22.2) 3 (30) 1(11.1) 1(10)
5 3(33.3) 2(22.2) 3(33.3) 1(11.1) 0 1(11.1)
6 3(33.3) 2(22.2) 1(1L.1) 0 0 1(11.1)

Note: N (%)
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Table 7. Proportion of Patients who Experienced Short-Term Adverse Events

Week Physical Psychological Psychomotor
Monophasic Biphasic Monophasic Biphasic Monophasic Biphasic
1 7 (87.5) 7 (70) 6 (75) 8 (80) 5(62.5) 4 (40)
2 3(37.5) 4(44.4) 5(62.5) 5(55.6) 3(37.5) 4(44.4)
3 5(62.5) 3(33.3) 5(62.5) 4(44.4) 2 (25) 2(22.2)
4 3(37.5) 3(33.3) 5(62.5) 4(44.4) 1(12.5) 1(11.1)
5 2 (25) 2 (25) 4 (50) 2 (25) 1(12.5) 2 (25)
6 4 (50) 2 (25) 4 (50) 2 (25) 1(12.5) 2 (25)

Note: N (%)
4.2 ERP Results

The properties (i.e., amplitude and latency) of ERPs indexing attention-related neural
processes were statistically analyzed to compare differences between TRD patients/healthy
controls and monophasic/biphasic conditions over time. All 20 enrolled healthy controls
completed both EEG sessions; however, controls matched to the 2 patient dropouts were
removed from analysis to ensure consistency between samples. Differences in age and education
level between patients and controls were assessed using independent t-tests; no significant results
were detected. Chi-square analyses revealed non-significant proportional differences in
handedness, smoking status and sex between groups (see Table 8 for a summary of results).

Table 8. Demographic Comparison of TRD Patients and Healthy Controls (N = 18)

Item Patients (V=9) Controls (V=9) p-value
Sex (Male/Female) 7/11 8/10 735
Mean Age (Years) 473+143 45.7+12.2 708
Handedness 14/3/1 14/3/1 1.000
(Right/Left/Ambidextrous)

Smoking Status 2/16 1/17 .546
(Smoker/Non)

Education Level (Years) 17.7+1.9 177+ 1.4 1.000

Note: mean + standard deviation, unless otherwise stated

4.2.1 Standard N1/P2 Amplitude and Latency

NI1: Data are mean = SE, unless otherwise stated. A two-way mixed ANOVA revealed no

main effects of session (baseline/follow-up), group (patient/control), or session-by-group
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interaction on N1 features. One-way ANCOVA results indicated that N1 amplitude and latency
did not significantly differ between treatment groups (monophasic/biphasic).

P2: Analysis of frontal P2 components showed a main group effect [F(1, 34)=7.95,p =
.008] with healthy volunteers displaying increased amplitudes (3.37 + .36 uV) compared to TRD
patients (1.95 + .36 V). Conversely, P2 latency did not significantly differ between groups;
there were no main effects of session or session-by-group-interaction for either P2 component.
Exploratory follow-up comparisons revealed significantly attenuated P2 amplitudes in patients
(1.58 £.36 uV; controls: 3.39 + .36 uV) at baseline (p = .001) with non-significant group
differences at Week 7. Following rTMS treatment, TRD patients exhibited significantly
increased P2 amplitudes (2.32 + .41 uV, p =.021) and longer latencies (218.78 £ 8.53 ms, p =
.045) compared to baseline (amplitude: 1.58 £ .36 uV; latency: 206.11 + 7.62 ms). Healthy
controls showed no significant amplitude or latency differences between sessions.

No significant group differences existed in P2 amplitude or latency between patients
receiving monophasic versus biphasic rTMS. Given the significant findings indicating post-
treatment (versus baseline) differences in amplitude and latency within patients, exploratory
independent t-tests were conducted examining baseline P2 components as predictors of treatment
response. Although baseline latency was not a significant predictor of clinical response, there
was a trend towards significantly reduced baseline amplitudes [t(16) = 1.98, p = .065] in
responders (1.11 £ .43 pV; non-responders: 2.30 = .33 V). This trend reached statistical
significance [t(7) = 2.84, p = .029] within the biphasic group (responders: .76 £+ .48 uV; non-
responders: 2.49 + .30 uV). Furthermore, biphasic treatment responders exhibited significantly
shorter [F(1, 7) =7.47, p =.029] baseline P2 latencies (184.80 + 11.32 ms) than non-responders

(222.50 £ 5.74 ms). No significant differences emerged within the monophasic group.
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4.2.2 Novelty N1/P3a Amplitude and Latency

N1: No main effects of group (patient/control), session (baseline/follow-up) or group-by-
session interaction were noted with N1 novelty amplitude or latency. Similarly, no significant N1
differences existed between monophasic and biphasic conditions (Figure 5).

P3a: Mixed ANOVAs of P3a amplitude in patients versus controls (factors: session and
site as within; group as between) revealed no main effects of session, site, or group. No main
interaction effects were detected; however, a trending session-by-group interaction effect
emerged [F(1, 34) = 3.95, p = .055]. Planned comparisons revealed a significant amplitude
difference (p = .041) between pre- (6.64 £ 1.11 pV) and post-treatment (8.22 + 1.23 pV) sessions
in patients, but not in healthy controls. No significant differences in baseline amplitude were
detected between patients and controls (see Figure 4a). Exploratory follow-up comparisons
indicated a site-dependent effect, with patients exhibiting significantly increased post-treatment
amplitudes (8.38 + 1.30 puV; pre-treatment: 6.46 £ 1.22 uV) at site Cz (p = .029; Figure 4c), but
not site Fz (Figure 4b). Analysis of P3a latency showed no main session effect. A main effect of
group was detected [F(1, 34) = 8.49, p = .006], with patients exhibiting significantly longer
latencies (350.67 = 9.51 ms) than controls (311.47 = 9.51 ms). A main site effect [F(1, 34) =
6.81, p = .013] revealed slower latencies at Cz (336.36 + 7.16 ms) compared to Fz (325.78 +
6.89 ms). A significant time-by-group interaction [F(1, 34) = 9.28, p = .004] emerged, with
follow-up comparisons showing slower (p <.001) post-treatment latencies in TRD patients
(358.33 £9.66 ms) versus controls at week 7 (303.89 + 9.66 ms); group differences did not exist
at baseline. Compared to baseline, both groups exhibited significant P3a latency differences at
week 7 (patients: p = .037; controls: p = .039); patients displayed significantly longer post-

treatment latencies (358.33 + 9.66 ms; baseline: 344.00 = 10.61 ms), whereas controls exhibited
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shorter follow-up latencies (303.89 £ 9.66 ms; baseline: 319.06 = 10.61 ms). No other two- or

three-way interaction effects emerged.
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Figure 4. ERP-Indexed Novelty Processing in TRD Patients and Healthy Controls. a) Grand
averaged N1 and P3a auditory evoked potentials elicited at baseline; mean + standard error of
P3a amplitudes at baseline and Week 7, at b) site Fz and ¢) site Cz (*p < .05).

Analysis of stimulation (monophasic/biphasic) effects on post-treatment P3a amplitude at
site Fz and Cz found no significant differences between patient groups. Assessment of post-
treatment P3a latency between groups indicated significantly longer [F(1, 15) = 36.86, p = .006]
latencies in monophasic patients (383.78 + 31.41 ms; biphasic: 346.22 + 47.27 ms) at site Cz.
There was no significant group difference at site Fz (see Figure 5).

Mixed ANOVAs (factors: site, response, site x response) were performed to assess
baseline P3a amplitude and latency as predictors of post-rTMS treatment response. Overall,
baseline P3a features were non-significant predictors of response in TRD patients; however,
planned comparisons revealed a significant difference (p = .023) in P3a latency between

response groups at site Fz (but not Cz), with responders eliciting longer latencies at baseline
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(355.64 £ 13.29 ms) compared to non-responders (302.00 + 16.66 ms). In biphasic patients, a
main group effect existed for both baseline P3a amplitude [F(1, 7) = 19.74, p = .003] and latency
[F(1,7)=6.06, p =.043], with treatment responders showing significantly smaller amplitudes
(6.14 £ 1.07 uV) and longer latencies (373.00 + 17.68 ms) at baseline than non-responders
(amplitude: 13.29 + 1.20 pV; latency: 307.75 + 19.76 ms). Neither baseline P3a amplitude nor
latency emerged as significant predictors of rTMS response in monophasic patients. Exploratory
one-way ANOVAs revealed a significant group (responders/non-responders/healthy controls)
effect on baseline P3a amplitude [F(2, 39) = 3.32, p = .047] and latency [F(2, 39)=4.84,p =
.014] at site Fz. Post-hoc comparisons indicated significantly smaller (p = .043) baseline
amplitudes in responders (5.86 £ 3.61 uV) than healthy controls (10.34 + 4.54 uV); neither
responders nor healthy controls differed from non-responders. Baseline latencies exhibited by
responders (364.31 = 57.99 ms) were longer than both non-responders (300.86 + 53.13 ms; p =
.025) and healthy controls (321.00 + 43.25; p = .05), with no observed difference between non-
responders/healthy controls.

Relationships between baseline P3a features and clinical improvement were examined
using Pearson correlations. A significant negative correlation between percent change in
MADRS score and baseline P3a latency emerged, »(16) = -.57, p = .014, with longer latencies at
baseline associated with greater reductions in MADRS score at one week post-treatment (Figure
6a). Furthermore, there existed a strong negative correlation, 7(16) = -.89, p <.001, between
prolonged P3a latency at baseline and greater reduction in post-treatment Concentration

Difficulties item score (MADRS-assessed) (Figure 6b). Neither overall A MADRS score (%), nor
A Concentration Difficulties item score (%), was significantly correlated with baseline P3a

amplitude.

41



.
SR e
0 BN BTN OO

Pz

Pre/Mono
— Post/Mono
e Pre/Bi
—— Post/Bi

Figure 5. ERP-Indexed Novelty Processing in TRD patients Receiving Monophasic or

Biphasic rTMS. Grand averaged N1 and P3a auditory evoked potentials at baseline and post-

treatment.
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Figure 6. Relationship Between ERP-Indexed Novelty Processing and Clinical

Improvement in TRD Patients. a) Baseline P3a latency correlation with percent A MADRS

score [(post-treatment score — baseline score)/baseline score x 100]; b) baseline P3a latency

correlation with percent A Concentration Difficulties Item score.

4.2.3 Target N1/N2/P2/P3b Amplitude and Latency

NI: Analysis of target N1 amplitude revealed no main group (patient/healthy control),

session (baseline/follow-up), or group x session effects. There existed a main session effect on

N1 latency [F(1, 34) = 6.22, p = .018]; shorter latencies were present at baseline (108.06 = 2.56
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ms) compared to follow-up (113.17 = 2.32 ms). A main group effect also emerged [F(1, 34) =
4.86, p = .034] with TRD patients exhibiting longer latencies (115.50 = 3.14 ms) than controls
(105.72 £+ 3.14 ms). Although no two-way interaction effect emerged, planned comparisons
showed significantly longer latencies in patients (118.67 + 3.29; controls: 107.67 + 3.29) at
follow-up, but not at baseline. Furthermore, patients displayed significantly longer latencies post-
rTMS (118.67 + 3.29; baseline: 112.33 + 3.62), whereas healthy controls showed no change
between sessions. After controlling for baseline latency values, one-way ANCOV As revealed no
significant differences in post-treatment N1 amplitude or latency between patients receiving
monophasic or biphasic rTMS (Figure 8).

N2: Mixed ANOVAs indicated no main effects of group (patients/healthy controls), site
(Fz/Cz), or session (baseline/follow-up) on target N2 components. Furthermore, no main two- or
three-way interaction effects were revealed. Post-treatment N2 amplitude and latency means did
not significantly differ between stimulation groups (monophasic/biphasic) at either site (Figure
8).

P2: Assessment of target P2 features between patients and healthy controls yielded no
main effects of group, site, or session; no two- or three-way interaction effects existed. No
significant differences in P2 amplitude were detected between monophasic/biphasic patients.
Monophasic patients trended [F(1, 15) =3.99, p = .064] towards longer post-treatment latencies
(191.43 £ 6.29 ms; biphasic: 173.32 £+ 6.29 ms) at site Fz, but not Cz (Figure 8).

P3b: Analysis of P3b features yielded no main group or session effects in patients versus
healthy controls. A trending session x group interaction effect existed for both P3b amplitude

[F(1,34)=3.51, p=.069] and latency [F(1, 34) =3.11, p = .087]. Planned comparisons revealed
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no significant differences in P3b amplitude or latency between patients and controls at baseline

or follow-up (see Figure 7a, 7c¢).
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Figure 7. ERP-Indexed Target Processing in TRD Patients and Healthy Controls. a) Grand
averaged N1, N2, P2 and P3b auditory evoked potentials elicited at baseline; mean + standard
error of P3b amplitudes at baseline and Week 7, at b) site Fz and c) site Pz.

Post-treatment P3b amplitudes did not significantly differ between monophasic and
biphasic conditions (Figure 8). A trend towards significantly longer post-rTMS latencies [F(1,
15) =3.53, p = .080] existed in monophasic (496.64 = 18.56 ms) versus biphasic patients (447.14
+ 18.56 ms). Independent t-tests were used to assess baseline P3b features as predictors of
treatment response in TRD patients. Analyses indicated no significant differences in baseline
amplitude or latency between treatment responders and non-responders (overall and within
monophasic/biphasic groups). Exploratory one-way ANOV As of baseline P3b features revealed
no group differences between responders/non-responders/healthy controls.

Pearson correlations were used to assess associations between baseline P3b features and

clinical response following rTMS. Although baseline P3b features did not significantly correlate
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with clinical improvement in TRD patients (Figure 9a), there existed a significant negative
relationship, 7(16) = -.49, p = .048, between baseline P3b amplitude and percent change in
MADRS-assessed Concentration Difficulties item score (Figure 9b); larger amplitudes were

correlated with greater concentration improvement at one week post-treatment.
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Figure 8. ERP-Indexed Target Processing in TRD Patients Receiving Monophasic or
Biphasic rTMS. Grand averaged N1, N2, P2 and P3b auditory evoked potentials at baseline and

post-treatment.
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Figure 9. Relationship Between ERP-Indexed Target Processing and Clinical Improvement
in TRD Patients. a) Baseline P3b amplitude correlation with percent A MADRS score [(post-
treatment score — baseline score)/baseline score x 100]; b) baseline P3b amplitude correlation

with percent A Concentration Difficulties Item score.
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4.2.4 Behavioral Performance

There were no main session (baseline/follow-up), group (patients/healthy controls), or session x
group effects on correct responses (CRs) or false alarms (FAs). A main session effect on average
reaction time (RT) emerged [F(1, 33) = 5.25, p = .028] with shorter post-treatment RTs than
baseline. Planned comparisons showed significantly decreased RTs at follow-up (vs. baseline) in
patients (p = .044), but not in controls (Table 9). Behavioral performance measures did not
significantly differ between monophasic and biphasic groups (Table 9).

Table 9. Behavioral Performance Measures on Target P300 Task

Correct Response (%) False Alarm (n) Avg. Response Time (ms)

EL0 Baseline  Follow-up Baseline Follow-up Baseline Follow-up

TRD Patients (N = 18) 99.1+17 978+36 15+1.6 12+14 487.0+101.5 450.6=+83.7
Healthy Controls (V=18) 98.5+2.6 985+26 14+22 14+2.0 488.8+107.2 469.6+98.9

Monophasic (N =9) 99.8+.44 989+31 15+19 15+£1.7 4623+957 4443+62.6
Biphasic (N =9) 983+22 974+38 1.6+x1.5 89+12 509.0+1069 456.3+102.4

Note: mean + standard deviation
Chapter 5: Discussion
5.1 Study Summary and Significance

The key objectives from this project were to compare the cognitive effects of monophasic
and biphasic HFL-rTMS in TRD patients and evaluate the utility of ERPs reflective of
attentional processing as correlates and/or predictors of clinical response. Our findings contribute
towards enhanced understanding of several factors that contribute to optimizing clinical and
cognitive rTMS outcomes for TRD patients. First, the results demonstrate that monophasic and
biphasic rTMS are equally effective at improving depressive symptoms. Additionally, these
findings highlight the procognitive impacts of monophasic/biphasic HFL-rTMS and provide
insight into electrophysiological features of baseline attentional (and pre-attentional) processing

that are associated with clinical improvement.
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5.2 Evaluation of Clinical Outcomes

In an effort to markedly improve rTMS treatment for TRD patients, this project is the
first to evaluate the clinical efficacy of monophasic versus biphasic stimulation (the presently
accepted practice). Monophasic pulses generate uniform neuronal activation patterns that
purportedly induce greater cortical excitability than biphasic waveforms in studies with healthy
volunteers (Arai et al., 2005). On this basis, we explored whether monophasic rTMS exerts
greater antidepressant effects than biphasic rTMS in patients with TRD.

Clinical ratings of depressive symptomatology (MADRS score) showed a marked
decrease following 6 weeks of HFL-rTMS treatment (overall response rate of 67%). Concordant
with previous literature (Berlim et al., 2014), antidepressant outcomes were influenced by the
length of treatment administration: greater improvement was accomplished with increased rTMS
sessions. Overall, response/remission rates did not differ between stimulation groups and pulse
type (monophasic vs. biphasic) was not a significant predictor of clinical improvement.
Furthermore, MADRS score did not differ between stimulation groups at any time point
throughout treatment. Ratings of concentration difficulties significantly improved over the
course of treatment, consistent with previous reports of enhanced neuropsychological function
following HFL-rTMS (Guse et al., 2010; Serafini et al., 2015). Contrary to our hypothesis,
concentration scores did not differ between groups at most assessment points, though
improvements were more pronounced in biphasic than monophasic patients at treatment
termination (week 6).

As no treatment differences emerged, monophasic and biphasic rTMS regimens appeared
equally effective at reducing symptom severity. To our knowledge, no previous studies have

assessed the antidepressant outcomes of monophasic stimulation. However, given that HFL-
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rTMS putatively exerts therapeutic effects via sustained alterations in synaptic plasticity, our
findings are inconsistent with preliminary data showing greater neuromodulatory strength with
unidirectional pulses applied to M1 (Arai et al., 2005). A possible explanation for this
discrepancy relates to critical differences among stimulation targets and their underlying
cytoarchitectonic features; monophasic stimulation of M1 may not be directly comparable to
DLPFC, which possesses distinct neuronal geometric and physiological properties. Furthermore,
whereas conclusions drawn from earlier research relied on easily quantified MEP outputs,
findings from clinical protocols are multifaceted and exceedingly complex in their interpretation.
However, this explanation warrants further scrutiny and more comprehensive evaluations of
these outcomes will be explored in upcoming publications by the primary investigators of the
RCT.

5.3 Evaluation of ERP Outcomes

5.3.1. Pre-to-Post Treatment Changes in P300 Features

Deficits in attention reflected by P3 abnormalities have been consistently observed in
depression (Bruder et al., 2012). Therefore, of particular interest in this project were the effects
of HFL-rTMS on markers of attentional processing (i.e., pre- to post-treatment changes in P300
amplitude and latency) in TRD patients. Functional neuroimaging studies in MDD cohorts have
depicted hypoactivity in the DLPFC (George et al., 1995), an important node within the central
executive network (CEN) implicated in cognitive control functions (e.g., attention) that modulate
emotion regulation (Dolcos et al., 2011). On this basis, we predicted that P300 potentials
indexing attentional dysfunction (attenuated amplitudes/prolonged latencies) in TRD patients
would normalize in response to left-sided HF-rTMS; in particular, we expected greater

improvement post-monophasic (vs. biphasic) stimulation.
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Compared to controls, smaller P3a/P3b amplitudes and longer latencies were observed in
depressed patients at baseline, though differences were not significant. We did not observe any
significant changes in post-treatment P3b features, contrary to previous findings (Mdller et al.,
2006) and our prediction that HFL-rTMS would enhance neural processing associated with
contextual updating and sustained attention in TRD patients. Consistent with expectations,
depressed individuals exhibited larger P3a amplitudes post-rTMS, indicating an increase in
attention allocation to novel stimuli that was absent in controls. We noted slower post-treatment
P3a latencies in depressed individuals, with monophasic rTMS producing longer latencies than
biphasic. These findings are somewhat in line with other studies that similarly detected post-
rTMS increases in P3 amplitude/latency (Choi et al., 2014; Mdller et al., 2006). We identified a
trend towards significantly prolonged P3b latencies in the monophasic group only, indicating an
overall delay in attentional processing post-monophasic stimulation. Our hypothesis that
monophasic stimulation would generate more robust P3a/P3b waveforms was not supported, as
no post-treatment differences existed between stimulation groups. Regarding behavioral
performance, average RTs were significantly reduced in TRD patients following rTMS
treatment, though no stimulation differences were noted.

Aberrations in preconscious ERP components that correlate with higher-order attentional
processing have been depicted in depressed individuals (Greimel et al., 2015; Kemp et al., 2009).
On this basis, we explored the impact of monophasic and biphasic HFL-rTMS on N1, N2, and
P2-indexed sensory/perceptual processing in TRD patients. Interestingly, at baseline, patients
(vs. controls) elicited smaller P2 amplitudes in response to standard tones that significantly
increased following rTMS treatment; similarly, standard P2 latencies were increased post-

treatment. With respect to target stimuli, we found prolonged post-treatment N1 latencies in
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TRD patients in the absence of P2/N2 changes. However, no N1 differences were noted in
response to novelty stimuli. We did not detect any pulse-specific effects on early
sensory/perceptual ERP components in depressed individuals.

Overall, our findings support the notion that HFL-rTMS strengthens cortical resources
devoted to automatic attentional processing in TRD patients. The P2 potential has been linked to
early attention allocation and initial conscious stimulus awareness (Nditinen, 1992), whereas the
P3a wave is thought to index involuntary attention orienting (Bruder et al., 2012); therefore, our
detection of larger post-treatment P2/P3a amplitudes reflects enhanced passive processing of
incoming auditory information. This suggests that left DLPFC-rTMS may normalize MDD-
induced disruptions in functional connectivity within and between frontocortical circuits that
play a crucial role in executive function and attentional allocation [i.e., the CEN, the default
mode network (DMN), and the salience network (SN)]. Comprising the ACC and amygdala, the
SN mediates dynamic switching between internal and external attention, largely subserved by the
DMN and CEN, respectively (Bressler and Menon, 2010; Sha et al., 2019). Evidently, MDD is
associated with impaired modulation of DMN activity and subsequent inability to shift attention
from introspective processes to external stimuli (Duman et al., 2016). In line with findings from
Liston et al. (2014), our results suggest that HFL-rTMS may alleviate MDD symptoms by
suppressing abnormal DMN hyperactivity, in conjunction with engagement of SN/CEN nodes to
increase environmental saliency and attentional control over negative mood states. This
explanation is further bolstered by evidence that P3a generation is related to ACC activity when
incoming stimuli replace working memory contents and command frontal lobe attention (Polich,
2004). In contrast, we determined that HFL-rTMS did not increase P2/P3b amplitudes elicited by

target stimuli. However, this discrepancy may be attributed to higher-order attentional demands,
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as these ERPs reflect conscious allocation of neural resources for stimulus evaluation (Polich,
2004). Pronounced improvements in voluntary attention in MDD may require more intensive
rTMS protocols that include increasing the overall number of sessions or treating with multiple
sessions per day. Curiously, prolonged P3 latencies (indexing slower attentional processing)
were detected post-rTMS, with longer latencies elicited by monophasic patients. Taken together
with our findings of increased P3a amplitudes, delayed peak onset at baseline may reflect
cortical inefficiency in MDD, whereas longer post-treatment latencies could represent enhanced
analysis of elicited stimuli features in response to increased allocation of attentional resources.
Though P3 latency is putatively tied to RT (Luck, 2012), reactions to target stimuli were quicker
post-r'TMS treatment than baseline in TRD patients, which may be explained by faster motor
response generation that is unrelated to stimulus classification speed. Collectively, these results
support the notion that HFL-rTMS potentiates cortical changes that reflect enhanced involuntary
attentional processing in patients with depression.

5.3.2. Predicting Response with Baseline P300 Features

The value of clinical features in predicting antidepressant outcome is limited, warranting
the noticeable shift towards uncovering neurobiological markers of response and a ‘personalized
medicine’ approach to alleviating MDD symptoms. Pre-treatment ERP measures have shown
promising results in aiding treatment prediction in depression. Thus, we hypothesized that
baseline P3 amplitudes and latencies would serve as effective predictors of rTMS response and
correlates of clinical/cognitive improvement in TRD patients.

The handful of studies assessing P300 measurements as predictors of rTMS outcomes in
depression have yielded mixed findings (Arns et al., 2012; Krepel et al., 2018; Moller et al.,

2006). In partial concordance with a study by Arns et al. (2012), we observed smaller P3a
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amplitudes and longer latencies in TRD patients who successfully responded to biphasic
treatment. Interestingly, pre-treatment P3a features were not predictive of monophasic rTMS
outcomes. Though, regardless of stimulation type received, MADRS-assessed clinical and
cognitive improvement was significantly correlated with prolonged P3a latencies at baseline.
Contrary to our predictions, HFL-rTMS treatment response was not predicted by pre-treatment
P3b features; however, larger baseline P3b amplitudes were associated with greater alleviation of
concentration difficulties. The observed change in standard P2 parameters (pre- to post-
treatment) gave us justification to examine its utility as a neurophysiological marker of response.
We found that attenuated amplitudes and shorter latencies at baseline predicted better
antidepressant outcomes post-biphasic, but not monophasic, rTMS treatment.

Overall, the majority of neural predictors/correlates of response appeared in one domain
of interest: deficient automatic information processing was associated with better treatment
outcomes. Previous MDD studies have linked prolonged P3 latency with poor response to
antidepressant medication (Isintas et al., 2012; Jaworska et al., 2013). In contrast, we determined
that attenuated/delayed P2 and P3a components were predictive of successful response. Our use
of HFL-rTMS as a treatment modality (vs. pharmacotherapy) may account for this discrepancy
in findings. The generation of sensory/perceptual and early attentional ERP components (i.e.,
P2, P3a) relies in part on the functional integrity of the DLPFC (Bruder et al., 2012; Sato et al.,
2013), a critical component of the CEN which also comprises the ACC and posterior parietal
cortex. Disrupted in MDD patients, the CEN regulates the operations of overlapping cognitive
and emotional systems. It has been postulated that HFL-rTMS exerts its antidepressant effects by
normalizing CEN function and enhancing cognitive control, allowing for adequate engagement

of attentional resources in response to changing environmental demands (i.e., orientation to
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novel/involuntary stimuli) (Niendam et al., 2012). Thus, our findings may suggest that treatment
responders were characterized by pathological interactions between attentional/affective circuitry
and HF-rTMS of the DLPFC may beneficially impact cortical CEN modulation in this patient
subgroup. Conversely, non-responders presumably represent a proportion of depressed
individuals with intact frontal neurocognitive network connectivity for whom HFL-rTMS may
not be therapeutically useful. Interestingly, early ERP components were less predictive of
monophasic stimulation response, indicating that rTMS pulse types may be differentially
sensitive to poor automatic attentional processing in MDD. Moreoever, baseline P3
subcomponents differentially modulated HFL-rTMS treatment response; larger P3b amplitudes
were associated with greater reductions in concentration difficulties. Evidently, TRD patients
who are better able to consciously direct attentional resources acquire procognitive benefits from
rTMS treatment within the realm of sustained attention/concentration. Consistent with our
findings that P3b measures showed negligible change post-treatment, it appears that
electrophysiological indices of higher-order attentional processing are less sensitive in predicting
rTMS outcomes in TRD than ERPs that reflect passive information processing.
5.4. Limitations and Future Directions

Despite this study’s novel findings, there are several limitations that must be
acknowledged. Most notably, sample size is limited, thus interpretations of these preliminary
results should be treated with caution. As a next step, this research should be replicated with a
larger sample size to ensure adequate statistical power. Another important limitation in the
project’s design involved the absence of sham stimulation. Although the intent behind this trial’s
design was to compare the efficacy of monophasic pulses to the standard of care (biphasic

stimulation), a sham condition must be present to adequately rule out non-specific treatment
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effects on neural function and clinical response. However, this limitation is somewhat mediated
by the inclusion of a patient-matched healthy control group. This direct comparator group
provided benchmark values that allowed us to better assess whether treatment was in fact
normalizing brain activity in TRD patients.

Though we collected clinician-rated concentration scores, our conclusions are also
limited by the absence of any self-report cognitive measures that have been psychometrically
validated. The Montreal Cognitive Assessment (MoCA) was administered to rule out substantial
neuropsychological impairment; however, it has been described as insufficiently sensitive to
detect cognitive deficits in depression (Mcintyre et al., 2013). Thus, future rTMS investigations
in MDD would benefit from the use of a highly sensitive cognitive battery to explore potential
correlations with objective measures of brain activity. We must also acknowledge that the three-
stimulus auditory oddball paradigm is a relatively simple, low-demand cognitive task and there is
a need to assess neural correlates of other attentional domains, including selective and divided
attention. Notably, we did not assess whether clinical outcomes or ERP measures were
influenced by specific MDD subtypes (e.g., melancholic) or the presence of secondary anxiety
symptoms. Further, though we ensured that medication status was stable prior to initiating
treatment, we did not examine pharmacological effects in our analysis. Future work should
control for these parameters, as evidence exists that rTMS efficacy varies when administered
under different medication conditions (Slotema et al., 2010).

Certain limitations inherent to EEG methodology must be noted. As a neuroimaging tool,
EEG enables visualization of functional cortical activity that underlies basic sensory and
cognitive processing. However, our conclusions regarding brain-behavior relationships are

limited by the fact that post-treatment changes in electrophysiological features cannot be causally
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connected with improvement in depressive symptomatology. Indeed, numerous external factors
that affect electrocortical recordings have been elucidated, with P3 characteristics specifically
impacted by fatigue, heart rate, intelligence, and substance exposure (Polich, 2004). Though we
attempted to control for nicotine and caffeine consumption, compliance was verified through
self-report and cannot be guaranteed. Finally, the validity of ERP measurement is hindered by
the inherently poor spatial resolution of EEG recordings; using a combined EEG/fMRI or source
localization approach would provide more detailed insight into the cortical and subcortical
effects of monophasic and biphasic rTMS in medication-resistant depression.
5.5 Conclusions

Monophasic pulses generate increased cortical excitability and provide a novel
opportunity for optimizing rTMS outcomes in TRD patients. Therapeutic rTMS has been shown
to exert network-level effects, modulating cortical-subcortical circuitry involved in cognition and
emotion regulation. Alterations in P300 characteristics have been identified across a wide
spectrum of psychiatric cohorts, including depressive patients. Attenuated P3 amplitudes appear
to reflect deficits in regulating appropriate functional responses to salient stimuli, exemplified by
an inability to voluntarily sustain attention, in addition to impaired contextual updating and
involuntary orientation to unexpected stimuli. Prolonged P3 latencies index delayed information
processing and could represent a bias towards internal stimuli in depression. These
neurophysiological markers of deficient attentional processing may reflect critical disruptions in
cognitive control pathways implicated in the pathophysiology of MDD and may serve as
correlates of clinical improvement in patients who undergo monophasic and conventional

(biphasic) HFL-rTMS.
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Our study found that monophasic stimulation shows equal clinical effectiveness to
biphasic rTMS. Overall, HFL-rTMS reduced depressive symptoms and cognitive difficulties,
and strengthened discriminability of novel stimuli and passive listening in depressed patients.
We identified early attentional ERP predictors of response that applied to patients receiving
biphasic stimulation (or either type of stimulation, in some cases). Superior antidepressant
outcomes were predicted by P2/P3a-indexed deficiencies in automatic information processing.
On the contrary, cognitive improvement in TRD was associated with greater ability to direct
attention at baseline, as reflected by P3b potentials. In addition to elucidating clinical and
cognitive outcomes of monophasic/biphasic rTMS therapy in treatment-resistant MDD patients,
these findings yield insight into a) electrophysiological correlates of HFL-rTMS response and b)
potential neural mechanisms underlying its therapeutic effects. It is our hope that future work
will build upon our findings by further identifying neurocognitive correlates of response to

innovative rTMS protocols and increasing targeted treatment for MDD patients.
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Appendix A: Informed Consent Forms (Patients/Healthy Controls)

University of Ottawa Centre de santé mentale
Institute of Mental Roya |Ottawa
Health Research Mental Health Centre

PARTICIPANT INFORMED CONSENT FORM

Study Title: NeuroQore Repetitive Transcranial Magnetic Monophasic vs.
Biphasic Stimulation for Major Depressive Disorder: A
Randomized Controlled Pilot Trial

Principle Investigator: Verner J. Knott, Ph.D., C. Psych.

Co-Investigators: Pierre Blier, M.D., Ph.D.; Lisa McMurray, M.D., FRCPC; Ahmed Rostom,
M.D., Asif Khan, M.D., FRCPC

Funding Agency: NeuroQore, Inc.

Participation in this study is voluntary. Please read this Information Sheet and Informed Consent
Form carefully before you decide if you would like to participate. Ask the study doctor and study
team as many questions as you like. We encourage you to discuss your options with family,

friends or your healthcare team.

Whyv am I being given this form?

You are being asked to take part in a research study because you have a diagnosis of Major
Depressive Disorder and are interested in pursuing treatment using Repetitive Transcranial
Magnetic Stimulation (rTMS). This new technology will be investigated with the use of a
recently developed rTMS device by NeuroQore, Inc. Please read this explanation about the study
and its risks and benefits before you decide if you would like to take part. You should take as
much time as you need to make your decision.

Why is this study being done?

e You have been asked to take part in this research study because you have a diagnosis of
Major Depressive Disorder and are interested in pursuing treatment using Repetitive
Transcranial Magnetic Stimulation (rTMS). rTMS is a treatment that involves
stimulating certain areas of the brain with magnetic field pulses. Over time, the magnetic
field pulses can gradually change the activity level of the stimulated brain region. This
can be helpful in treating some kinds of psychiatric and neurological disorders.
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e One form of I TMS, involves the administration of two-way (bi-phase) magnetic pulses at
a frequency of 20 pulses per second (or 20 Hz), with breaks, over a period of 15 minutes
per session.

e The problem with the two-way pulses is it generates a complex activation pattern in the
brain with short after effects.

e Another form of rTMS involves the administration of one-way (mono-phase) magnetic
pulses at a frequency of 20 pulses per second (or 20 Hz), with breaks, over a period of 15
minutes per session. One-way pulses result in greater activation of the brain and could
therefore be more effective in producing sustained after effects than two-way pulses.

e This study will compare these two different pulses (two-way versus one-way) within
rTMS, using the same overall strength and target, to see if they have the same or better
effectiveness in treating major depression.

e The technology used in this study, rTMS, has been approved by Health Canada for
investigational research studies like this one. Health Canada does not currently specify
what pulse for stimulation should be used to treat major depression. Currently, the
standard of care for patients undergoing rTMS involves two-way pulses.

e Forty participants from the Royal Ottawa Mental Health Centre will be enrolled in this
study

e Ifnew information emerges about the treatments in this study that alters the risks or
benefits of participation you will be notified.

How is the study designed?

This study compares the effectiveness of two different kinds of rTMS: one-way and two-way.

Whether you receive one-way or two-way stimulation will be decided randomly (by chance) like
flipping a coin or rolling dice. The number of people getting treatment in each study group will
be ~20 so you will have a 1 in 2 chance of receiving one-way stimulation and a 1 in 2 chance of
receiving two-way stimulation.

This study will be double-blinded. This means you will not be told if you will be receiving one-
way or two-way rTMS. Your study team will also not know. Blinding helps to remove any bias
or pre-conceived notions from affecting the outcome of the study. However, in an emergency
this information can be obtained quickly. You may be told once the study is finished.

You will undergo rTMS treatment in this study every weekday for 6 weeks (for a total of 30
sessions). Once your treatment is complete, you will come in for a total of 3 additional visits
occurring over 12 weeks for a follow-up of clinical outcomes. In addition to the rTMS
component of the study, there are two additional, optional components to the study. First is the
option to participate in a brain-based research component of the study, where you will be asked
to complete two electrophysiology (EEG) sessions: one before you begin treatment and one after
you complete treatment. Second is a blood-based portion of the study where we will draw blood
for analysis once prior to the beginning of treatment and once after you complete treatment. This
will help us to study biological markers in the blood that are associated with depression.
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Should you choose to withdraw from the treatment of the study or are unable to finish all of the
scheduled treatment appointments due to unforeseen circumstances, you may still agree to
participate in the remaining clinical assessments as scheduled.

What is expected of me?

Screening Session

The first study visit will be a screening visit. This visit will involve an interview to confirm your
diagnosis of major depressive disorder and rule out other psychiatric diagnoses that might
interfere with treatment. It will also confirm if you can safely undergo rTMS. You will also be
asked for information about your substance use (this will include a urine drug screen). Finally,
your medical chart will be assessed and you will undergo a blood test to ensure that there is no
medical cause for your depression. The results of the tests/questions at the screening visit help
the researchers to decide whether you can continue in this study. If you are eligible, your regular
physician will be notified of your study participation. If you choose to participate in the optional
blood-based component of the study, you will have an additional blood draw during this
screening session, to be used to study biological markers that are associated with depression. The
results of all tests and interviews are completely confidential. The screening session will take
approximately 90 minutes.

Baseline rTMS Session (Calibration)

During your first visit for rTMS, you will be asked to sit in a chair while the study technician
takes head measurements to determine where to aim the stimulation. This will be done using a
measuring tape and a safe, washable skin pen. Once the best location is determined, the
coordinates will be entered into a computer and the rTMS machine will automatically move the
stimulation arm over the correct scalp area. Next, they will perform a short stimulation procedure
called motor threshold (MT) testing to determine the proper strength of the rTMS, by observing
the movements of your hand in response to stimulation. Should you decide to participate in the
brain-based (EEG) component of this study, you will complete your first EEG session during this
visit, prior to your rTMS treatment. The EEG session will take place on the third floor of the
hospital and will last approximately 1.5 hours. During this time period you will undergo a brief
hearing test and then you will be brought into a recording chamber where you will be set up in a
chair, electrodes will be attached, and recordings will be taken while you are presented with
various clicks and tones, as well as at rest with your eyes open or closed.

rTMS Visits

The rTMS treatments will take place over a 6 week time frame, every day from Monday to
Friday, for a total of 30 sessions. On each day, you will arrive at the Royal and make your way to
the 6th floor where you will be greeted by the study research assistant. You will then enter the
rTMS chamber where the rTMS technician will prepare you for stimulation in the same way as
the baseline session. The rTMS treatment will last approximately 15 minutes, and your
involvement at each session will last approximately 30 minutes in total.
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In addition to the rTMS stimulation, you will be required to meet with the study research
assistant one time at the end of week 1, week 2, week 4, and week 6 to do a brief interview and
series of questionnaires to monitor any changes. This will take approximately an addition 30
minutes at each of the four time points.

If you miss more than 3 consecutive treatment days you will be excluded from the study as that
would be clinically significant to your treatment.

Follow-Up Visits

After you have finished your 6 weeks of rTMS treatments, we will ask that you come back in for
a total of 3 additional visits occurring 1 week, 4 weeks, and 12 weeks following the completion
of treatment. During these sessions you will be asked to complete questionnaires and a short
interview to determine if there are any long-lasting effects of your treatment. If you have chosen
to take part in the EEG and/or the blood-based component of the study you will complete your
second EEG session (which will be identical to the first) and your second blood draw one week
following the completion of your rTMS treatment.

Calendar of Visits

Boxes marked with an X show what will happen at each visit:

. Motor
Visit InterV}eW apd Threshold 1TMS
Questionnaires . Treatment
Testing
Screening Session X
rTMS Calibration X X
rTMS Visits 1-30 X
rTMS weeks 1, 2, 4, and 6 X X
(once at end of week)
Clinical Assessment
Follow-Up (1 week, 4 X
weeks, 12 weeks post
treatment)

How long will I be involved in the study?

The entire study is expected to last approximately 2 years. Your participation in this research
study will last approximately 18 weeks (6 weeks of rTMS treatment and 12 weeks of clinical

assessment follow-up). Over this time, you will be required to visit the Royal Ottawa Mental

Health Centre a total of 36 times.

Your participation in the study may be stopped for any of the following reasons:
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* You are not deemed eligible after the screening session

» The study doctor feels it is in your best interest.

* A government agency such as Health Canada cancels the study.

* You need additional health treatment or medication that would interfere with the study.

+ Ifyou experience any major side effects to the study treatment during the laboratory
sessions.

* You do not follow the study staff’s instructions.

*  You become pregnant.

What are the potential risks I may experience?

Tens of thousands of people have received rTMS treatment over the last 20 years. rTMS has
certain risks. Some of these risks we know about. There is also a possibility of risks that we do
not know about and have not been seen in study subjects to date. Some can be managed. Please
call the study doctor if you have any side effects (unwanted effects or health problems) even if
you do not think it has anything to do with this study.

The risks associated with rTMS that we know of are: (The numbers in brackets show how often
the side-effect happened.)

Common: Headache (30%), discomfort or pain at the stimulation site (20%), lightheadedness or
dizziness after the treatment (20%), facial muscle twitching (30%). These side effects are
usually temporary, and can usually be managed with rest, or with over-the-counter pain
medications such as acetaminophen (Tylenol) or ibuprofen (Advil).

Less Common: (1-7%) fatigue, headache persisting after the treatment, dizziness or fainting
during the initial sessions of rTMS treatment.

Rare but Serious: Onset of suicidal thinking (less than 1%). There is also a 1% chance that
rTMS may lead to a hypomanic episode (the opposite of depression, with symptoms elevated
mood and energy, increased activity, impulsiveness, and decreased need for sleep). You will be
monitored regularly for these symptoms during treatment and will have immediate access to a
study psychiatrist if they appear.

Very Rare but Serious: There are rare cases of an epileptic seizure resulting from rTMS (less
than 0.1%). Safety guidelines have been in place since 1997 to minimize the risk of seizures
from rTMS, and this study follows those guidelines. Still, worldwide, there have been four
reports of a seizure during rTMS even when the guidelines were followed. In many of these
cases, patients were taking medications known to increase the chances of a seizure occurring
spontaneously. Therefore, be sure to tell the study team about all of the medications you are
taking.

Risks of EEG

The risks involved in EEG testing are very minimal. Brain wave activity (EEG) monitoring
procedures are similar to those carried out in hospitals. Slight redness may occur where
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electrodes are placed on the scalp and skin. You may also experience boredom or restlessness
during tasks that are more passive.

Risks of Blood Draw

Obtaining blood samples may cause mild discomfort, pain, bruising and soreness. There may
also be slight bleeding at the needle site for a short period of time following the blood draw that
will be covered with a bandage.

Risks Related to Pregnancy

There are no known risks of rTMS during pregnancy. However, there is always a possibility that
if you are pregnant, rTMS may have risks that we do not know about. For this reason, you
should not participate in the study if you may be pregnant. Pregnancy will be assessed with the

blood test as part of your screening.

Can I expect to benefit from participating in this research study?

You may or may not receive any direct benefit from being in this study. rTMS may improve
your symptoms of depression, or may have no effect. Information learned from this study may
help other people undergoing rTMS for major depression in the future.

Do I have to participate? What alternative do I have?

You can choose not to participate in this study. If you choose not to participate, it will not affect
your current or future medical care. Your study doctor will discuss your options with you.

Your participation in this study is voluntary. You may decide not to be in this study, or to be in
the study now, and then change your mind later without affecting the medical care, education, or
other services to which you are entitled or are presently receiving at this institution.

Additionally, you do not have to join this study to receive treatment for your condition. rTMS is
offered in a non-research setting through some private clinics in Ottawa and elsewhere. There are
also many other approved medications/interventions for major depression:

e There are many antidepressant medications that are available alternatives to
participation in this study. Your psychiatrist or family doctor can help you decide on
the best antidepressant medication for your illness.

e Psychotherapies such as cognitive behavioral therapy (CBT), interpersonal therapy
(IPT), or mindfulness-based cognitive therapy (MBCT).

¢ Brain stimulation therapies such as electroconvulsive therapy, for depression that is
severe or unresponsive to other treatments.

e There are also other research studies looking at other treatments for your condition.

e You may also choose not to have any treatment for your condition.

Y our doctor will discuss any of these options with you.
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If I agree now, can I change my mind and withdraw later?

You may withdraw from the study at any time without any impact on your current or future care
at this institution.
e Ifyou decide to stop the study treatment you should contact the study doctor or the study
team first. They will discuss the related issues or possible safety concerns for you.
e You may also choose to discontinue your participation in the study. However, a final
visit(s) may need to be completed to ensure your safety and well-being.
e Ifyou withdraw your consent, the study team will no longer collect your personal health
information for research purposes, unless it is needed for review of safety.

What compensation will I receive if I am injured or become ill in this study?

In the event of a study-related injury or illness, you will be provided with appropriate
medical treatment and care. Financial compensation for lost wages, disability or
discomfort due to an injury or illness is not generally available. You are not waiving any
of your legal rights by agreeing to participate in this study. The study doctor and the
Royal Ottawa Mental Health Centre still have their legal and professional responsibilities.

Will I be paid for my participation?

You will be paid $10 for each rTMS session to compensate for travel expenses for a total of
$300. In addition, you will not have to pay for any of the treatments or other procedures involved
with this study. If you choose to participate in the brain-based component of the study, you will
be paid an additional $15 for each of the two EEG sessions (one at baseline and one at 1 week
follow-up) in order to compensate for your time.

How is my personal information being protected?

If you agree to participate in the study, you will be assigned a study-specific code for storage of
your personal information. A Master List will provide the link between your identifying
information and the coded study number. Only the principal investigator, co-investigators, and
research assistants will have access to the study information. The coded information will be
stored for 25 years in a locked cabinet at the Royal Ottawa Mental Health Centre. The list of
participants' names with their matching codes will be stored a secured server in a password-
protected file.

The data collected in this study may be used for education and/or scientific purposes. For
example, in publications, classroom materials or presentations to conferences. None of these
publications, materials or presentations will identify the study’s participants. Your research file
may also be viewed by the Research Ethics Board and/or Research Quality Associate for quality
assurance purposes.

A description of this clinical trial will be available on http://www.ClinicalTrials.gov. This Web

site will not include information that can identify you. At most, the Web site will include a
summary of the results. You can search this Web site at any time.
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During the research, if we learn you are having thoughts about suicide or hurting yourself or
others, the research staff will ask you more questions about your thoughts. Based on your
response, the staff may provide you with help to get treatment. This may include:

e working with you to contact your doctor,

e contact a trusted family member, or a therapist to discuss your thoughts,

e or work with you on a plan that may include getting you to a hospital for safety

Do the investigators have anv conflicts of interest?

This study is being funded by NeuroQore, Inc. The researchers in this study have no conflicts of
interest to declare.

What are my responsibilities as a study participant?

It is important to remember the following things during this study:
» Ask the study doctor and/or research staff if you have any questions or concerns.
» Tell the study research staff or study doctor if anything about your health has changed.
+ Tell study staff if you are considering any changes to your medications or doses.
» Tell study staff if you have changed any of your medications or doses.
» Tell study staff if you become pregnant during the study.
» Tell study staff if your depression becomes worse.
+ Tell study staff if you are having thoughts about hurting yourself or anyone else.
+ Tell your study team if you change your mind about being in this study.
» Call the study doctor if you experience any side effects, even if you are unsure whether it
has anything to do with this study.

Will I be informed about any new information that might affect mv decision to continue
participating?

You will be told in a timely fashion of any new findings during the study that could affect your
willingness to continue in the study. You may be asked to sign a new consent form.

Contact Information

If you have any specific questions about this research, you should contact Dr. Knott, who can be
reached 24-hours a day.

If you have any questions about the ethical conduct of this study, please contact the REB of the

Royal Ottawa Mental Health Centre at 613-722-6521 ext 6214 during business hours for more
information.
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NeuroQore Repetitive Transcranial Magnetic Monophasic vs. Biphasic Stimulation for
Major Depressive Disorder: A Randomized Trial

Consent to Participate in Research
e [understand that I am being asked to participate in a research study about two different

methods of rTMS treatment.
e This study was explained to me by

e [ have read, or have had it read to me, each page of this Participant Informed Consent Form.

¢ All of my questions have been answered to my satisfaction.

e [fI decide later that I would like to withdraw my participation and/or consent from the study,
I can do so at any time.

¢ [ voluntarily agree to participate in this study.

o [ will be given a copy of this signed Participant Informed Consent Form.

It is important that your personal doctor be aware you are in a research study, as you may be
taking a treatment that could affect your health. With your permission, we will notify him/her
that you are taking part in this study.

I consent to my personal doctor being notified that I am taking part in this study.
U YES U NO  Participant’s Initials

I agree to participate in the rTMS component of this study.
U YES U NO  Participant’s Initials

I agree to participate in the optional brain-based (EEG) component of this study.
U YES U NO  Participant’s Initials

I agree to participate in the optional blood-based component of this study.
U YES U NO  Participant’s Initials

Participant’s Printed Name Participant’s Signature Date

Investigator or Delegate Statement

I have carefully explained the study to the study participant. To the best of my knowledge, the
participant understands the nature, demands, risks and benefits involved in taking part in this
study.

Investigator/Delegate’s Printed Name Investigator/Delegate’s Signature  Date
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PARTICIPANT INFORMED CONSENT FORM - Healthy Volunteers

Study Title: Biomarkers Predictive of and Responsive to Repetitive Transcranial
Magnetic Stimulation (rTMS) in Major Depressive Disorder (MDD)

Principle Investigator: Verner J. Knott, Ph.D., C. Psych.

Co-Investigators: Pierre Blier, M.D., Ph.D., Lisa McMurray, M.D., FRCPC., Ahmed Rostom,
M.D., Asif Khan, M.D., FRCPC

Funding Agency: NeuroQore, Inc.

Participation in this study is voluntary. Please read this Information Sheet and Informed Consent
Form carefully before you decide if you would like to participate. Ask the study team as many
questions as you like. We encourage you to discuss your options with family, friends or your

healthcare team.

Whyv am I being given this form?

You are being asked to take part in a research study to provide brain-based and blood-based
biomarker data that will be analyzed in comparison with similar data collected from patients that
are diagnosed with treatment-resistant major depressive disorder who will be undergoing
repetitive transcranial magnetic stimulation (rTMS) therapy.

Why is this study being done?

e TMS is a treatment that involves stimulating certain areas of the brain with magnetic
field pulses. Over time, the magnetic field pulses can gradually change the activity level
of the stimulated brain region. This can be helpful in treating some kinds of psychiatric
and neurological disorders.

e The technology used in this study, rTMS, has been approved by Health Canada for
investigational research studies like this one. Currently, the standard of care for patients
undergoing rTMS involves two-way pulses.

e Biomarkers found in the brain and in the blood that are associated with depression can
help us understand the illness and how to better treat it

e 40 healthy volunteer and 40 patient participants will be enrolled in this study

e Healthy volunteers will be asked to complete 2 EEG sessions and 2 blood draws at
different time points to serve as a comparison group for patients with major depressive
disorder
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What is expected of me?

Should you decide to participate in the brain-based (EEG) component of this study, you will
complete your first EEG session during your first visit and your second EEG session after 6
weeks. The EEG sessions will take place on the third floor of the hospital and will last
approximately 1.5 hours. During this time period you will undergo a brief hearing test, an
expired-air carbon monoxide test, and a urine screen. You will then be brought into a recording
chamber where you will be set up in a chair, electrodes will be attached, and recordings will be
taken while you are presented with various clicks and tones, as well as at rest with your eyes
open or closed. You will also be asked to complete several self-report questionnaires.

If you choose to participate in the blood-based component of the study, you will have blood draw
during your first visit and another blood draw after 6 weeks; these will be used to study
biological markers that are associated with depression. The results of all tests and interviews are
completely confidential.

How long will I be involved in the study?

The entire study is expected to last approximately 2 years. Your participation in this research
study will occur over the course of 6 weeks (1 baseline visit and 1 visit post-6 weeks). Over this
time, you will be required to visit the Royal Ottawa Mental Health Centre a total of 2 times.

Your participation in the study may be stopped for any of the following reasons:
* A government agency such as Health Canada cancels the study.
* You need additional health treatment or medication that would interfere with the study.
* You do not follow the study staff’s instructions.

What are the potential risks I may experience?

Risks of EEG

The risks involved in EEG testing are very minimal. Brain wave activity (EEG) monitoring
procedures are similar to those carried out in hospitals. Slight redness may occur where
electrodes are placed on the scalp and skin. You may also experience boredom or restlessness
during tasks that are more passive.

Risks of Blood Draw
Obtaining blood samples may cause mild discomfort, pain, bruising and soreness. There may
also be slight bleeding at the needle site for a short period of time following the blood draw that

will be covered with a bandage.

Can I expect to benefit from participating in this research study?

You will not receive any direct benefit from being in this study. Information learned from this
study may help other people undergoing rTMS for major depression in the future.
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Do I have to participate? What alternative do I have?

Your participation in this study is voluntary. You may decide not to be in this study, or to be in
the study now, and then change your mind later.

If I agree now, can I change my mind and withdraw later?

You may withdraw from the study at any time.
e Ifyou withdraw your consent, the study team will no longer collect your personal health
information for research purposes

Will I be paid for my participation?

You will be paid $30 for each session to compensate for your time, for a total of $60.

How is my personal information being protected?

If you agree to participate in the study, you will be assigned a study-specific code for storage of
your personal information. A Master List will provide the link between your identifying
information and the coded study number. Only the principal investigator, co-investigators, and
research assistants will have access to the study information. The coded information will be
stored for 25 years in a locked cabinet at the Royal Ottawa Mental Health Centre. The list of
participants' names with their matching codes will be stored a secured server in a password-
protected file.

The data collected in this study may be used for education and/or scientific purposes. For
example, in publications, classroom materials or presentations to conferences. None of these
publications, materials or presentations will identify the study’s participants. Your research file
may also be viewed by the Research Ethics Board and/or Research Quality Associate for quality
assurance purposes.

A description of this clinical trial will be available on http://www.ClinicalTrials.gov. This Web
site will not include information that can identify you. At most, the Web site will include a

summary of the results. You can search this Web site at any time.

Do the investigators have anv conflicts of interest?

This study is being funded by NeuroQore, Inc. The researchers in this study have no conflicts of
interest to declare.

What are my responsibilities as a study participant?

It is important to remember the following things during this study:
» Ask the study doctor and/or research staff if you have any questions or concerns.
» Tell the study research staff or study doctor if anything about your health has changed.
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+ Tell study staff if you are considering any changes to your medications or doses.
+ Tell study staff if you have changed any of your medications or doses.
+ Tell your study team if you change your mind about being in this study.

Will I be informed about any new information that might affect mv decision to continue
participating?

You will be told in a timely fashion of any new findings during the study that could affect your
willingness to continue in the study. You may be asked to sign a new consent form.

Contact Information

If you have any specific questions about this research, you should contact Dr. Knott, who can be
reached 24-hours a day by telephone.

If you have any questions about the ethical conduct of this study, please contact the REB of the

Royal Ottawa Mental Health Centre at 613-722-6521 ext 6214 during business hours for more
information.
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Biomarkers Predictive of and Responsive to Repetitive Transcranial Magnetic Stimulation
(rTMS) in Major Depressive Disorder (MDD)

Consent to Participate in Research — Healthy Volunteers

e This study was explained to me by

e [ have read, or have had it read to me, each page of this Participant Informed Consent Form.

¢ All of my questions have been answered to my satisfaction.

e [fI decide later that I would like to withdraw my participation and/or consent from the study,
I can do so at any time.

¢ [ voluntarily agree to participate in this study.

o [ will be given a copy of this signed Participant Informed Consent Form.

I agree to participate in the optional brain-based (EEG) component of this study.
U YES U NO  Participant’s Initials

I agree to participate in the optional blood-based component of this study.
U YES U NO  Participant’s Initials

Participant’s Printed Name Participant’s Signature Date

Witness’s Printed Name Witness’s Signature Date
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Appendix B: Adverse Events Questionnaire

Date: ID: Session:

Checklist of Symptoms

Please rate how you have felt since your last treatment by indicating with a checkmark one of
the following five options, as they relate to the severity of possible treatment related symptoms
you may or may not have experienced.

Symptoms

No
symptoms
0

Mild

Moderate
2

Moderately
Severe
3

Severe
4

Light headedness

Headache

Seizure

Tremors

Drowsy

Nausea

Dizziness

Spinning sensation

Lack of coordination

Jaw/muscle pain

Disorientation

Heart palpitations

Chest pain

Difficulty breathing

Agitated

Irritated

Fatigue

Depressed

Anxious

Mood swings

Difficulty concentrating

Dry mouth

Blurred vision

Weakness/lack of energy

Hallucinations

High feeling

Other (please list)

84




