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Abstract  

Introduction: Cognitive dysfunction (CD) is a commonly reported symptom of Major 

Depressive Disorder (MDD) and recognized as a distinct symptom domain. Patients with 

treatment-resistant depression (TRD) tend to experience greater rates of CD, however cognition 

is not well-characterized in this population and treatment options remain scarce. Repetitive 

Transcranial Magnetic Stimulation (rTMS) is effective in treating affective symptoms in TRD, 

but its effect on CD in TRD has not been established.  

Objectives: (1) To characterize CD in TRD; (2) to assess whether rTMS is associated with 

cognitive improvement.  

Methods: This study used data from a non-inferiority clinical trial investigating two excitatory 

rTMS protocols to the left dorsolateral prefrontal cortex in unipolar outpatients with TRD. 

Cognitive testing was performed at baseline and 3 months post-treatment in patients and a 

demographically matched cohort of healthy volunteers (HV). A MANOVA was performed on 

baseline data to assess the effects of TRD on cognition using both normative and individualized 

adjustments. K-means clustering was performed on the patient sample to elucidate cognitive 

subgroups, and binomial logistic regression was subsequently performed to determine significant 

clinical and demographic predictors of cluster belonging. Changes in cognitive performance 

from baseline to post-treatment were assessed using repeated-measures ANOVA.   

Results: At baseline, TRD showed selective impairment compared to HV in domains of verbal 

memory, speeded attention, set shifting, and inhibitory control. Relative cognitive scoring 

revealed greater differences in scores between TRD and HV across all cognitive domains. 
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Clustering revealed two cognitive subgroups in TRD, namely a global impairment (GI, 57%) and 

a selective executive dysfunction (SE, 43%) subgroup. Belonging to the GI subgroup was 

predicted by benzodiazepine use and older age. Only the GI subgroup showed meaningful 

changes in cognitive performance at 3 months post-treatment, with significant improvements in 

verbal memory. Further, improvement in verbal memory was associated with improvements in 

affective symptoms.  

Conclusions: This research provides new insights into the cognitive heterogeneity of TRD by 

identifying cognitive subgroups and predictors of cognitive functioning. Furthermore, the 

findings suggest that rTMS to the left DLPFC may improve verbal memory in a subgroup of 

TRD patients.
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Lay Summary  
 

Major Depressive Disorder (MDD) is a serious psychiatric disorder that can present with 

significant cognitive challenges, e.g. difficulty remembering things, concentrating, or making 

decisions. Patients who do not respond to first-line treatments are at particular risk for cognitive 

symptoms. This study found that about half of patients with treatment-resistant depression 

(TRD) present with widespread cognitive dysfunction (CD) , and that this is more likely in 

patients who are older and taking benzodiazepines (a class of anxiolytic medications). Repetitive 

transcranial magnetic stimulation (rTMS), a non-invasive neurostimulation treatment, was found 

to improve memory functions in patients who showed widespread CD before treatment, in 

addition to effectively treating their mood symptoms. rTMS may be a useful multifaceted 

intervention for treating TRD patients who also suffer from CD.  
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CHAPTER 1: INTRODUCTION 

 

1.1 Cognitive Dysfunction in Major Depressive Disorder  

Major depressive disorder (MDD) is a widely prevalent mood disorder, affecting roughly one in 

six adults in their lifetime (World Health Organization, 2017). MDD is characterized in the 

DSM-5 as the presence of either persistent depressed mood or anhedonia (i.e. the loss of interest 

or pleasure in usual activities) lasting for at least a two-week period of time (American 

Psychiatric Association, 2013). In addition to affective symptoms, the DSM-5 conceptualizes 

cognitive symptoms as a key symptom domain, with one of the nine criteria for diagnosis being 

the presence of impaired thinking, concentration, and decision-making (American Psychiatric 

Association, 2013).  

The definition of cognitive impairment in MDD is disputed in the literature, as MDD is not 

typically associated with severe, widespread impairments in cognitive functions as seen in other 

psychiatric disorders such as schizophrenia (Rund et al., 2006). Cognitive impairment is 

typically defined as performance below a certain standard deviation (SD) of a standardized age 

appropriate average, with definitions ranging from 0.5 to 1.5 (SD) below the population average 

(Douglas et al., 2018; Douglas, Milanovic, Porter, & Bowie, 2020). Using this method, rates of 

impairment in MDD samples are typically quite low, despite MDD showing deficits in a number 

of cognitive domains relative to matched healthy controls (McClintock et al., 2010).  

Normative definitions of impairment fail to account for an individual’s cognitive abilities prior to 

the onset of an illness or disorder. As longitudinal data on cognitive performance is often not 

available for MDD patients, performance on word reading tests, such as the North American 
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Adult Reading Test (NAART), can be an effective and reliable way of estimating an individual’s 

premorbid abilities, as language functions are not typically affected by neuropsychiatric 

disorders (Crawford, Deary, Starr, & Whalley, 2001). Previous research on MDD samples has 

found that accounting for individual differences in cognition using premorbid IQ estimates 

allows for greater sensitivity in the detection of impairments, and that these scores are more 

closely aligned with the patient’s subjective experience of their cognitive functioning (Douglas et 

al., 2018; Tran, Milanovic, Holshausen, & Bowie, 2021). In light of this, it may not be accurate 

to describe cognition in MDD as impaired, given that “cognitive impairment” typically refers to 

performance relative to the general population. As such, the term “Cognitive Dysfunction” (CD) 

will be instead by used throughout this paper.  

Cognition, the mental process of understanding, acquiring, and applying knowledge, is widely 

accepted as being comprised of the following broad domains: Executive function and attention, 

memory, processing speed, and language abilities (Weintraub et al., 2013). MDD is associated 

with moderate yet broad deficits across all cognitive domains, with the exception of language 

functions (Douglas, Milanovic, Porter, & Bowie, 2020; Rock, Roiser, Riedel, & Blackwell, 

2014).  

Executive function encompasses cognitive abilities associated with frontal lobe function and 

responsible for the control of attention, or the allocation of limited conscious resources to a 

particular task (Stopford, Thompson, Richardson, Neary, & Snowden, 2010). Executive function 

is comprised of three separable but correlated functions: updating, shifting, and inhibition 

(Miyake et al., 2000). Updating functions are necessary to monitor and assess incoming 

information for its relevance to the task; inhibition allows for the suppression of responses or 

behaviours irrelevant to the task at hand; finally, shifting is required for attentional engagement 



 
3 

and disengagement when switching between tasks or sub-tasks (Miyake et al., 2000). Studies 

probing updating, shifting, and inhibition consistently find widespread, significant deficits in 

MDD patients (Lee, Hermens, Porter, & Redoblado-Hodge, 2012; Snyder, 2013; Stordal et al., 

2004). 

Memory is involved in functions of information encoding, storage, and retrieval. Tulving’s 

monohierarchy postulates that there are three hierarchical levels of memory: procedural, 

semantic, and episodic (Tulving, 1985). Procedural, the most basic form of memory, involves 

memories for performing activities; for example, riding a bike or driving a car. Semantic 

memory is the ability to store and remember concepts such as object categories (e.g. animals, 

plants, furniture), allowing us to create schemas about the world. The third and most complex 

level is episodic memory, which encompasses memories of specific events rather than general 

knowledge (Radvansky & Tamplin, 2012). Episodic memory is dependent on the hippocampus, 

whereas procedural and semantic memory are disassociated with hippocampal functions, instead 

relying on cortical areas within the temporal lobes (Mishkin, 1997). MDD is associated with 

deficits specifically in episodic memory (MacQueen, Galway, Hay, Young, & Joffe, 2002), with 

moderate deficits in recall and recognition reported across studies (den Hartog, Derix, Van 

Bemmel, Kremer, & Jolles, 2003; Fossati, Coyette, Ergis, & Allilaire, 2002; Fossati et al., 2004; 

Philip Gorwood, Corruble, Falissard, & Goodwin, 2008; Rock et al., 2014).  

Processing speed, also referred to as psychomotor speed, is broadly defined as the time taken to 

process, and react to, a specific amount of information, essentially reflecting an individual’s 

efficiency when performing a task (Weintraub et al., 2013). Deficits in this domain are moderate 

in MDD (Rock et al., 2014), and some studies have even suggested that slowed processing speed 

may mediate the deficits demonstrated in more complex cognitive tasks, i.e. memory and 
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executive functions (den Hartog et al., 2003; Zaremba et al., 2019). However, processing speed 

tasks are typically impure measures, but rather involve a wider array of cognitive functions 

including attention and executive processes (Weintraub et al., 2013).  

Finally, functions of language require the synchronization of memory functions (knowledge of 

words, grammatical structure and meaning), sensory input (visual, auditory, and/or tactile 

processing), and motor output (expressing concepts through verbal, written, or signed 

communication) to effectively communicate (Price, 2000). Language functions are fairly stable 

and appear to only be affected with significant neurological changes, such as with 

neurodegenerative diseases or stroke (Weintraub et al., 2013). In MDD, language does not seem 

to be significantly impacted, although deficits on verbal fluency tasks have been noted (e.g. 

Fossati, Guillaume, Ergis, & Allilaire, 2003). However, this is thought to be attributed to 

executive dysfunction, as verbal fluency is a non-specific task involving a number of cognitive 

domains (Aita et al., 2018; Snyder, Miyake, & Hankin, 2015; Whiteside et al., 2016).  

MDD is one of the leading global causes of disability, accounting for more than 8% of global 

years lost to disability according to an analysis using data from the 2010 Global Burden of 

Disease study (Ferrari et al., 2013). However, psychosocial and occupational functioning is best 

predicted not by the severity of affective symptoms, but rather by cognitive functioning (Lam, 

Kennedy, McIntyre, & Khullar, 2014; McIntyre et al., 2013). CD persists in remitted states of 

Major Depressive Disorder (Conradi, Ormel, & De Jonge, 2011; Rock et al., 2014). This has 

been speculated to be a significant contributing factor for patients who are unable to regain 

premorbid levels of psychosocial functioning even with the remission of mood symptoms (Evans 

et al., 2013; Lam et al., 2014). Problematically, there are no standard, effective treatments to 

address CD in MDD (Douglas et al., 2020). 
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1.2 Cognitive Symptoms: State or Trait?  

The origins of CD in MDD give further insight into this debilitating symptom. Thus, an important 

question is whether CD is a state or trait of MDD. A state characteristic is evident only during 

depressive symptomology and shows a relationship with symptom severity. On the other hand, a 

trait characteristic must be associated with the onset of an illness as well as show independence 

from clinical state. Historically, CD in MDD was associated with disorder state, in that these 

deficits were considered to be causally related to mood symptoms. Certainly, some aspects of CD 

in MDD appear to change with mood, the most consistent being psychomotor speed (Douglas & 

Porter, 2009). Improvements in memory and verbal fluency may accompany remission of mood 

symptoms (Douglas & Porter, 2009; Lin et al., 2014), although the likelihood of improvement with 

remission appears to reduce with age (Douglas & Porter, 2009). However, if CD were an 

epiphenomenon of low mood, a relationship between the severity of mood symptoms and CD 

would be expected. Interestingly, subjective, but not objective, cognitive complaints, are 

associated with mood symptom severity (Petersen, Porter, & Miskowiak, 2019). Instead, studies 

consistently report a lack of relationship between the severity of mood symptoms and CD, 

suggesting these symptoms may be distinct entities in MDD (McDermott & Ebmeier, 2009; Rock 

et al., 2014).   

Instead, evidence is accruing supporting  the notion that CD MDD may be a trait-like feature in 

MDD. Effects of deficits in psychomotor speed, executive functions, and memory are seen 

across first-episode patients both in acute and remitted states (Goodall et al., 2018). However, 

CD in remission could be associated with a multitude of other factors, such as lingering 

subclinical mood symptoms (Halahakoon, Lewis, Roiser, & Psychiatry, 2019), side-effects of 

medication (Gregory et al., 2020; S Pu, Noda, Setoyama, & Nakagome, 2018), or comorbid 
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disorders, such prodromal dementia, that is especially common in elderly depressed populations 

(Brommelhoff et al., 2009).  

On the one hand, the presence of affective symptoms does appear to at least exacerbate CD 

(Allott, Fisher, Amminger, Goodall, & Hetrick, 2016). CD are related to disease history, with 

patients in first-episode MDD exhibiting substantially less impairment in comparison to patients 

with recurrent MDD (Basso & Bornstein, 1999). In both acute and remitted states there is a 

relationship between the number of past episodes and CD (P. Gorwood, Richard-Devantoy, 

Baylé, & Cléry-Melun, 2014; Vanderhasselt & De Raedt, 2009). In accordance, Dotson and 

colleagues (2008) examined cumulative effects of affective symptom severity on cognitive 

function over a period spanning several decades, finding that these symptoms averaged 

longitudinally, rather than acute symptomatology at the time of neuropsychological testing, was 

more closely associated with cognitive functioning.  

In addition, the developmental stage during which MDD first presents seems to play an 

important factor: Affective symptoms in adolescence were associated with later reduced 

vocabulary abilities in adulthood, even with normal vocabulary abilities in adolescence (Allott, et 

al., 2016). Further, cognitive control appears to be impaired in individuals who develop MDD in 

adolescence, while normal cognitive control development occurs in individuals who do not 

develop MDD until adulthood. This suggests that MDD impairs the normal development of 

cognitive faculties (Allott, et al., 2016). Acute depressive episodes have previously been 

conceptualized as chronic stressors on the brain, which are associated with alterations of core 

gene expression in both the hippocampus and the prefrontal cortex that compromise both 

neuroplasticity and functionality (Belleau, Treadway, & Pizzagalli, 2019; Kobrosly, van 

Wijngaarden, Seplaki, Cory-Slechta, & Moynihan, 2014; Mcewen et al., 2015). Further, in 
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bipolar patients, chronic stress responses in the brain induced by mood episodes were associated 

with greater CD (Vieta et al., 2013).  

Together, these findings suggest that rather than being a state or trait symptom of MDD, CD 

might be caused by scarring effects of mood episodes which accumulate over time. Assuming 

the burden of depressive symptoms is causal in the development of CD, it stands to reason that 

early, effective interventions for MDD are crucial in preserving cognitive function. 

 

1.3. Cognition and Treatment-Resistant Depression 

Despite the vast number of treatments available for major depressive disorder, non-response 

continues to be a major challenge. Specifically, 30-50% of patients do not respond to first-line 

treatments (Milev et al., 2016). Thus, a rather large subset of MDD can be considered to have 

treatment-resistant depression (TRD; Ionescu, Rosenbaum, & Alpert, 2015), which is 

accompanied by greater rates of disability and disease burden (Lam et al., 2014). 

 TRD is associated with more pronounced CD both during, and after remission of, depressive 

episodes (Maeshima et al., 2016; Reppermund, Ising, Lucae, & Zihl, 2009). TRD patients 

typically present with an earlier onset of symptoms (Kornstein & Schneider, 2001), so it is 

possible that the CD in TRD are related to scarring caused by affective symptoms during critical 

developmental periods. However, there is a distinct relationship between treatment response and 

cognition; for example, non-response to antidepressants is associated with worse baseline 

executive function and attention (Groves, Douglas, & Porter, 2018; Pimontel et al., 2016; M. 

Vicent-Gil et al., 2018). Furthermore, patients presenting with TRD perform substantially worse 
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on an array of cognitive tasks, including memory, psychomotor speed, and executive function, 

compared to patients experiencing first-episode MDD (Basso & Bornstein, 1999; Meijsen et al., 

2018; Rao et al., 2019).   

Proponents of the cognitive neuropsychological model of depression propose that CD is 

antecedent to the development of the affective symptoms of MDD, driving negative biases and 

maladaptive thinking patterns that maintain low mood (e.g. LeMoult & Gotlib, 2019). Indeed, 

there is evidence for CD in unaffected family members of patients (such as in twin studies), 

suggesting a genetic liability exists (Allott et al., 2016; Douglas & Porter, 2009). Premorbid IQ 

and the risk of CD are highly correlated, although it is unclear how much this is due to the effects 

of cognitive reserve, i.e. the notion that patients with a higher IQ are less susceptible to cognitive 

insult caused by disorders (Elgamal, Denburg, Marriott, & MacQueen, 2010). The cognitive 

neuropsychological model thus suggests that rather than TRD being a risk factor for CD, it 

would be CD that drives non-response to interventions, resulting in chronic, refractory 

depression.  

In light of this, it is important to note there are several other factors specifically associated with 

TRD that further differentiate this subgroup from the general MDD population. In addition to 

aforementioned factors, the most consistent clinical features associated with a greater risk for 

TRD are the presence of a comorbid anxiety disorder, suicidal ideation, chronicity, melancholic 

symptoms, and overall depressive severity (Balestri et al., 2016; Bergfeld et al., 2018; Kautzky et 

al., 2019; Murphy, Sarris, & Byrne, 2017). Critically, these features are also associated with 

worse cognitive functioning, rendering the disentanglement of the relationship between 

treatment-resistance and CD challenging (Basso et al., 2007; Philip Gorwood et al., 2008; 

McDermott & Ebmeier, 2009; Shenghong Pu, Setoyama, & Noda, 2017; Zaninotto et al., 2016).  



 
9 

1.4 Neurobiology of Cognitive Dysfunction in Treatment-Resistant Depression 

According to Menon (2011), many psychiatric and neurological disorders can be conceptualized 

as network-based disorders, rather than caused by the aberrant activity of discrete brain regions. 

There are three primary large-scale brain networks, being the default mode network (DMN), the 

central executive network (CEN), and the salience network (SN) (Bressler & Menon, 2010). The 

triple network hypothesis posits that aberrant activity within and between the three large-scale 

brain networks is the source of psychopathology in a number of disorders, including mood-based 

disorders such as MDD, as well as psychotic, anxiety, developmental and neurodegenerative 

disorders (Menon, 2011).  

The DMN (primary nodes: the ventromedial prefrontal cortex and the posterior cingulate cortex) 

is active primarily during periods of rest and relaxation as well as self-referential processes and 

deactivates during engagement in cognitively demanding tasks (Bressler & Menon, 2010; Qin & 

Northoff, 2011). In contrast, the CEN (primary nodes: the dorsolateral prefrontal cortex and the 

posterior parietal cortex) is most active during cognitively demanding tasks involving attentional 

control and task monitoring (Seeley et al., 2007). The DMN and CEN typically show 

anticorrelated activation, in line with their opposing functions (Bressler & Menon, 2010). 

Finally, the SN (primary nodes: the anterior insula and the anterior cingulate cortex) is 

responsible for detecting and orienting towards personally salient and rewarding stimuli, 

essentially serving as a switch between the former two networks (Seeley et al., 2007; Sridharan, 

Levitin, & Menon, 2008).  

As per the triple network theory, all three large-scale networks are implicated in MDD (Mulders, 

van Eijndhoven, Schene, Beckmann, & Tendolkar, 2015). MDD may be thought of as a DMN-
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dominant disorder, with hyperconnectivity thought to be a source of affective symptoms, 

including rumination, negative self-perception, and hopelessness (Anderson, Hoy, Daskalakis, & 

Fitzgerald, 2016). While the CEN and DMN are considered to be opposing networks, anti-

correlation of the two is less pronounced in MDD patients, whom tend to show DMN dominance 

over the CEN. Furthermore, abhorrent switching between the DMN and CEN is hypothesized to 

contribute not only to the affective symptoms, but also to the CD associated with MDD.  

The dorsolateral prefrontal cortex (DLPFC), one of the two primary CEN nodes, is of particular 

interest, as this brain region shows consistent hypoconnectivity during resting state in MDD (e.g. 

Kaiser, Andrews-Hanna, Wager, & Pizzagalli, 2015; Koenigs & Grafman, 2009; Liston et al., 

2014). As part of the CEN, the DLPFC plays an important role in executive functions (Miller & 

Cohen, 2001), and MDD have also demonstrated DLPFC hypoactivation during working 

memory tasks (Siegle, Thompson, Carter, Steinhauer, & Thase, 2007). It is also speculated that 

the DLPFC plays a role in cognitive control, which may contribute to the reduced emotional 

regulation associated with MDD (Murrough, Iacoviello, Neumeister, Charney, & Iosifescu, 

2011).  

While relatively few studies have examined large-scale network connectivity in TRD patients, as 

opposed to more general MDD populations, there is evidence that TRD patients show the same 

aberrant connectivity patterns, albeit with a greater degree of disturbance compared to non-TRD 

patients (de Kwaasteniet et al., 2015). Furthermore, Ge et al. (2019) found evidence of 

hyperconnectivity between the DLPFC, amongst other CEN nodes, and the hippocampus 

(involved in DMN functions), which was associated with memory deficits in TRD patients. In 

all, this suggests that the DLPFC plays an important role in the CD associated with TRD.  
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1.5 Addressing Cognitive Dysfunction: Pharmacological and Non-Pharmacological 

Interventions  

While the underlying cause of the relationship between TRD and CD is not clear-cut, successful 

treatment of cognitive symptoms in TRD could aid in achieving improved functionality. The 

burden of disease is elevated in TRD compared to MDD due to greater functional impairment, 

which appears to be mediated by CD (Gupta et al., 2013). Remission of cognitive symptoms may 

be key to achieving full remission in TRD (Bortolato et al., 2016). It is thus of high importance 

to investigate potential therapies for cognitive symptoms in TRD.   

Currently, therapies exist for CD in MDD, although their efficacy is inconsistent across studies. 

Conventional pharmacological treatments for MDD, such as selective serotonin reuptake 

inhibitors (SSRIs), show modest effect sizes in improving cognition in MDD, although it is unclear 

whether cognitive changes are due to improvements in affective symptoms (Listunova et al., 

2018). Of note, patients who have more pronounced CD, particularly in domains of executive 

function, show poor response to SSRIs; potential improvements in cognition from SSRIs may not 

benefit those that are most in need of treatment for these symptoms (Groves et al., 2018). 

Additionally, SSRIs are not infrequently accompanied by unfavourable side effects, further 

reducing the number of patients that may be able to seek this treatment for cognitive complaints 

(Carvalho, Sharma, Brunoni, Vieta, & Fava, 2016). Novel treatments specifically for CD, such as 

vortioxetine, have demonstrated clinical efficacy, however these medications carry side effect 

profiles similar to SSRIs, and long-term safety and tolerability are unknown to date (Kelliny, 

Croarkin, Moore, & Bobo, 2015).  
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Unconventional pharmacological treatments, such as erythropoietin, insulin, and antibiotics, have 

been investigated as potential treatments for CD, although investigations are preliminary and 

inconclusive (Bortolato et al., 2016). Non-pharmacological interventions, such as physical 

exercise and cognitive remediation therapy (CRT), on the other hand, are not accompanied by the 

same tolerability issues as SSRIs, and while studies report benefits of both on cognition in MDD, 

these reports are inconsistent, potentially due to variability in methods and a lack of standardization 

of protocol across studies (Listunova et al., 2018). In the case of CRT, ecological validity is 

questioned, as gains made in training do not necessarily transfer to other cognitive domains or 

improve real-world functioning (Morimoto, Manning, Kim, & Cote, 2018). Furthermore, as both 

treatment options are time-intensive, treatment adherence is often low, particularly in TRD 

(Helgadóttir, Hallgren, Kullberg, & Forsell, 2018; Preiss, Shatil, Cermakova, Cimermannova, & 

Flesher, 2013).  

 

1.6 Addressing Cognitive Dysfunction: Repetitive-Transcranial Magnetic Stimulation 

Alternatively, neuromodulation techniques have been proposed in recent years as a tool to treat 

CD in TRD. Repetitive transcranial magnetic stimulation (rTMS) therapy is a relatively novel yet 

effective treatment for TRD (Leggett et al., 2015), with response and remission rates of roughly 

50-60% and 30-40%, respectively (Milev et al., 2016). The underlying neurobiological 

mechanisms of action of rTMS are not fully elucidated but preconditioning the stimulation target 

and related synaptic pathways is hypothesized to induce long-term potentiation (LTP) at high 

frequency stimulation rates (Morimoto et al., 2018). Notably, compared to other effective 

stimulation therapies for TRD, such as electro-convulsive therapy (ECT), rTMS is not 
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accompanied by cognitive side effects (Schulze-Rauschenbach et al., 2005), and may even 

improve cognitive functioning in TRD (Serafini et al., 2015).  

High frequency rTMS is typically delivered over the left dorsolateral prefrontal cortex (DLPFC). 

As the DLPFC is a node of the CEN, excitatory stimulation of this region is purported to 

rebalance large-scale network interactions, namely reversing the DMN dominance over the CEN 

typically evident in depression (Anderson et al., 2016). In healthy individuals, stimulation of the 

left DLPFC using rTMS has been shown to enhance working memory (Bagherzadeh, Khorrami, 

Zarrindast, Shariat, & Pantazis, 2016). As hypoactivity of the DLPFC is implicated in CD in 

TRD, stimulation of this region could alleviate cognitive symptoms in this patient population (de 

Kwaasteniet et al., 2015; Ge, Downar, et al., 2019; Menon, 2011).  

A recent systematic review by Martin et al. (2016) of sham-controlled rTMS investigated left 

DLPFC stimulation effects on CD in depression. The authors report modest gains in performance 

on the trail-making test, which measures processing speed and executive functions of attentional 

shifting. This test is sensitive to frontal lobe dysfunction (Stuss & Levine, 2002), suggesting that 

rTMS may elicit beneficial functional changes related to cognition. Martin and colleagues report 

that cognitive gains due to rTMS were independent of improvements in mood symptoms, however 

it is unclear whether this is due to true lack of relationship or if gains in cognition and mood occur 

along different time-courses with rTMS. Further, several studies included in the review measured 

cognition immediately following rTMS; thus, whether rTMS can invoke long-term cognitive 

changes remains unclear. Lastly, because this review did not focus on TRD, but rather investigated 

cognitive changes due to rTMS in MDD overall, it is unclear how the findings translate to the TRD 

subtype.  
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Unfortunately, research on the use of rTMS as a treatment for CD in TRD is similarly inconclusive. 

A systematic review of 22 studies investigating cognitive changes after rTMS in TRD by Serafini 

and colleagues (2015) found that the majority reported variable cognitive gains in domains of 

psychomotor speed, attention, verbal fluency, executive function, and working memory from 

rTMS treatment. The authors, however, noted flaws in the methodology of many of the studies, 

such as inadequate control groups and/or statistical power, thus bringing the role of practice effects 

and expectation into question. Furthermore, only eight studies included in the review stimulated 

the left DLPFC, although six of those investigating this protocol revealed promising cognitive 

improvements.  

Looking at individual studies of rTMS treatment and CD in TRD, a majority of those that report 

positive results tend to be missing control groups for which to compare cognitive gains against 

(e.g. Holtzheimer et al., 2010; Martis et al., 2003; Pallanti et al., 2012). Another important aspect 

of study design to consider is when cognitive assessment occurs in relation to rTMS delivery. 

rTMS is known to exert acute, transient effects on cognition (Luber & Lisanby, 2014), and it is 

thus important to determine whether measured improvements in cognition are transient or 

enduring. In contrast, the majority of studies report cognitive testing on the same day as the final 

treatment session, with only a handful of studies measuring cognitive function between 3 days to 

3 months following the final treatment session (P. Holtzheimer et al., 2010; Martis et al., 2003; 

Nadeau et al., 2014; Schulze-Rauschenbach et al., 2005). 

Variation in stimulation intensity, frequency, and number of treatments, all parameters which may 

alter the ability of rTMS to exert positive changes in cognition, pose a challenge when generalizing 

the results of individual studies (Trevizol & Blumberger, 2019). At least 20 daily sessions of rTMS 

stimulation of either 10Hz or intermittent theta burst stimulation (iTBS) to the left DLPFC at 120% 
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of an individual’s motor threshold (MT), determined by the minimal stimulation intensity needed 

to elicit visual observation of a thumb twitch with motor cortex stimulation, has been shown to 

produce optimal results for MDD (Trevizol & Blumberger, 2019). Sub-optimal parameters may 

be responsible for negative results; for example, Nadeau and colleagues report no cognitive 

improvement; however, only 10 daily sessions were delivered, using 5Hz stimulation to the left 

DLPFC at 100% MT (2014). 

Given the shortcomings of studies investigating the cognitive benefits of rTMS to date, whether 

or not rTMS is an efficacious treatment for CD in TRD remains an open question. Studies 

employing optimal rTMS parameters are necessary in order to determine whether or not an 

adequate course of rTMS over the left DLPFC alleviates the symptom of CD in TRD. Control 

groups are additionally necessary to address the issue of practice effects. Finally, understanding 

whether cognitive effects of rTMS are enduring, or whether improvements are due to acute, 

transient effects of stimulation, is essential to determining the utility of this treatment for cognitive 

symptoms in TRD. All studies to-date which have investigated cognitive benefits of rTMS to the 

left DLPFC in patients with a primary diagnosis of treatment-resistant depression are summarized 

in Table 1.6.1.   
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Table 1.6.1 Summary of studies investigating cognitive changes from rTMS to the left DLPFC in patients with treatment-resistant 
depression.  

First author, 
year 

Sample Stimulation 
Parameters 

Cognitive Tests Testing timeline Findings Comparator 
group 

Avery et al., 
2006) 

66 unipolar TRD 
outpatients (33 
active, 33 sham). 
Failed to respond 
to at least 2 AD.  

20 daily sessions of 10 
Hz stim to the left 
DLPFC. 110% MT. 

RAVLT, WAIS 
intelligence, TMT 
A/B, COWA, GOAT 
(attention/goal 
orientation) 

Baseline, treatment 
completion.  

No significant differences 
in neurocognitive 
outcomes between the 
two groups 

Sham-
controlled.  

Blumberger, 
2012) 

74 TRD inpatients 
(19 left, 24 
bilateral, 18 
sham).  

15 daily sessions of 
10Hz for left DLPFC, 
1Hz for right DLPFC. 
100% MT for people 
under 60, 120% MT 
for people over 60.  

RBANS, Hopkins 
verbal learning 
(HVLT), brief visual 
memory test, 
grooved pegboard 
test  

At baseline and 
treatment completion.  

No significant changes 
between three groups on 
cognitive measures. 
Greater improvement in 
remitters compared to 
non, but not statistically 
significant.  

Sham-
controlled. 

Concerto, 
2015 

30 TRD 
outpatients (15 
receiving HFL, 15 
receiving sham) 

20 daily sessions, 10 
Hz stimulation to the 
left DLPFC at 120% 
MT.  

Frontal assessment 
battery, Stroop 
colour-word test  

Baseline, end of rTMS 
treatment, 3 months 
post-treatment, 6 months 
post-treatment  

HFL group showed 
significantly better 
performance at end of 
treatment, but this 
improvement was no 
longer evident at 3- and 6-
month follow-ups.  

Sham-
controlled. 

Corlier 2020 77 TRD 
outpatients (failed 
at least 3 AD 
trials)  

30 daily sessions, 10 
Hz stimulation of left 
DLPFC at 120% MT.  

Stroop task accuracy 
and reaction time 

Not specified  Improvement in accuracy 
greatest for older 
responders. 

None.  
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First author, 
year 

Sample Stimulation 
Parameters 

Cognitive Tests Testing timeline Findings Comparator 
group 

Fiztgerald, 
2009  

27 TRD 
outpatients (16 
receiving HFL, 11 
receiving LFR) 

15-20 daily sessions, 
110% MT; HF = 10 
Hz (left DLPFC), LF = 
1 Hz (right DLPFC),  

Brief visuospatial 
memory test, 
Hopkins verbal 
learning test, 
COWA, digit span 

Baseline, week 3 (after 
15 treatments), week 4 
(after 20 treatments).   

Improvement in 
immediate verbal 
memory, verbal fluency. 
Unrelated to stimulation 
site.  

Double-blind 
HFL versus 
LFR but no 
differences 
between the 
groups. No 
sham 
condition. 

Galletly, 2016) 63 TRD patients 
(in/outpatient 
status not 
reported) 

18-20 treatments either 
3 or 5 days per week, 
bilateral stimulation 
(10Hz to left DLPFC, 
1 Hz to right DLPFC), 
110% MT  

IntegNeuro cognitive 
battery (assesses 
sensorimotor, 
verbal/language, 
memory, executive 
planning, attention)   

Baseline, after final 
rTMS treatment  

Improvement in visual 
memory, which was no 
longer significant when 
change in depressive 
symptoms were added as 
a covariate  

None.  

Hausmann, 
2004) 

41 unipolar & 
bipolar inpatients 
(12 left DLPFC; 
13 left then right; 
13 sham).  

10 daily sessions of 
20Hz to left DLPFC at 
100% MT, 1Hz to the 
right DLPFC at 120% 
MT.  

German equivalent 
of CVLT, TMT A/B, 
Stroop test, CO)WA.  

At baseline, day 14 
(following last 
treatment).  

Improvement in Stroop, 
TMT A and B, in rTMS 
groups compared to 
control. Trend for COWA 
improvement too. 
Significant group by time 
effect for CVLT 
encoding. CVLT 
improvement was 
associated with mood 
improvement. 

Sham-
controlled. 
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First author, 
year 

Sample Stimulation 
Parameters 

Cognitive Tests Testing timeline Findings Comparator 
group 

Holtzheimer, 
2004) 

15 TRD 
outpatients (7 
rTMS, 8 sham). 
failed at least 2 
AD trials. 
Out/inpatient 
status not 
reported. 

10 daily sessions 
10HZ to the left 
DLPFC. 110% MT.   

RAVLT, digit 
symbol, digit span, 
Stroop test.  

Screening, baseline, and 
after final rTMS.  

Subjects receiving rTMS 
showed greater 
improvement in RAVLT 
delayed recall trial 
compared to sham  

Sham-
controlled. 

Holtzheimer, 
2010) 

14 TRD inpatients 
(failed at least 1 
AD trial). 

15 sessions over the 
span of 2 days. 10 Hz 
left DLPFC  

RBANS full testing 
battery  

Before treatment, 1 day 
after, 3 weeks after, 6 
weeks after treatment 
completion.   

Improvement at 6 weeks 
in RBANS total score.  

Sham-
controlled. 

Hoy, 2012  137 TRD failed to 
respond to at least 
2 AD.  
Out/inpatient 
status not 
reported. 

20-30 daily sessions to 
right, left, or bilateral 
DLPFC. 1 Hz right, 10 
Hz left. 100% MT for 
left.  

Digit span, HVLT, 
BVMT, COWA  

Baseline, after either 2 
or 3 weeks rTMS, and at 
end of rTMS treatment  

Depression improvement 
associated with 
improvement in 
immediate visuo-spatial 
memory. Improvements 
in WM and verbal fluency 

None.  

Kedzior, 2012 10 TRD 
outpatients, 8 
healthy 
volunteers.  

20 daily sessions, 10 
Hz stimulation of left 
DLPFC at 100% MT.  

RBANS full testing 
battery, modified 
concept-shifting task 
(mCST) 

Daily testing before and 
after rTMS (40 in total) 
for the mCST, before 
the first and after last 
rTMS treatment for 
RBANS 

Improvement in RBANS 
immediate memory, as 
well as mCST 

Healthy 
volunteers (not 
matched to 
patients) 
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First author, 
year 

Sample Stimulation 
Parameters 

Cognitive Tests Testing timeline Findings Comparator 
group 

Loo, 2001) 18 MDD (9 
rTMS, 9 sham). 
Out/inpatient 
status not 
reported. 

10 daily sessions of 
10Hz rTMS to left 
DLPFC at 110% MT. 
additional 10 sessions 
same protocol in open-
label following.  

RAVLT, COWA, 
tower of London, 
autobio memory 
interview, digit span 
(forward), visual 
paired associates 
learning.  

At baseline, after 10 
sessions blind and after 
10 sessions open label. 

Trends for improvement 
in neuropsych 
performance but no 
different between sham 
and rTMS groups.  

Sham-
controlled. 

(Loo, 2003) 19 TRD (9 rTMS, 
10 sham) unipolar 
non-TRD. 4 
inpatients, 15 
outpatients. 
Excluded patients 
who had failed 
more than 2 AD 
trials.  

20 sessions of twice 
daily rTMS in in blind 
phase. Extra 4 weeks 
open label phase (once 
daily). 10Hz stim to 
left DLPFC at 110% 
MT.  

RAVLT, TMT A/B, 
digit span, COWA,  

At baseline, weekly 
during blind phase, and 
after 4th week (2 weeks 
after blind phase 
completion).  

No improvement in 
neuropsych test scores for 
active group – worsening 
for TMT A in active 
group compared to sham 
at 2 week; no differences 
at 4 week.  

Sham-
controlled. 

Martis, 2003 15 TRD (both 
unipolar and 
bipolar). 
Out/inpatient 
status not 
reported. 

10-12 rTMS sessions 
over 2-4 weeks. 10 Hz 
left DLPFC at 110% 
MT.  

Information 
processing speed 
task, Stroop, COWA, 
letter number span, 
Weschler memory 
scale, mental 
alternations; NART; 
grooved pegboard, 
squire test  

Day before or morning 
prior to first rTMS, and 
3 days after last rTMS.  

Improvements in working 
memory, objective 
memory, fine motor speed 

None.  
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First author, 
year 

Sample Stimulation 
Parameters 

Cognitive Tests Testing timeline Findings Comparator 
group 

McDonald, 
2006) 

62 outpatient 
TRD with severe 
resistance 
(average of 8 
failed AD trials; 
12 sham, 25 left 
then right, 25 
right then left).  

10 daily sessions of 10 
Hz to the left DLPFC 
+ 1 Hz to right DLPFC 
at 110% MT.  

BVMT, RBANS, 
COWA  

At baseline and after 
final treatment. 

No effects related to 
group on cognitive 
performance.  

Sham-
controlled. 

McLoughlin, 
2007) 

46 TRD inpatients 
(24 = rTMS, 22 = 
ECT) 

15 daily sessions of 10 
Hz stim of left 
DLPFC.  110% MT.  

Digit span, 
autobiographical 
memory interview, 
TMT A/B, symbol 
digit task,  pegboard 
task 

Baseline, after 
treatment. 

No difference between 
rTMS and ECT on 
neurocognitive outcomes 

ECT group 

Mosimann, 
2004) 

24 elderly (>40 
years, mean age 
62) outpatient 
TRD (15 rTMS, 9 
sham) Failed to 
respond to at least 
2 AD 

10 daily sessions, 20 
Hz stimulation of left 
DLPFC at 100% MT.  

VLT, TMT A/B, 
Stroop, COWA  

Baseline and after last 
rTMS session.  

No differences in 
cognitive gains between 
the rTMS and sham 
group.  

Sham-
controlled. 

Nadeau, 2014 48 outpatients 
with moderate-
severe TRD (18 
left, 16 right, 14 
sham)  

10 daily sessions, 5 Hz 
stimulation of left 
DLPFC at 100% MT 

Boston naming test, 
block design subtest 
of Wechsler, Stroop, 
TMT B, COWA, 
CVLT, PASAT 

Immediately post-
treatment, 1 month, 3 
months 

Left side stimulation was 
not beneficial to 
cognition, and if anything, 
was associated with worse 
cognitive performance 
compared to sham. 

Active right 
(same 
parameters as 
left), sham-
controlled 
(right and left). 
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First author, 
year 

Sample Stimulation 
Parameters 

Cognitive Tests Testing timeline Findings Comparator 
group 

(Ozcan, 2020) 30 TRD inpatients 20-30 daily sessions of 
20 Hz rTMS to the left 
DLPFC. 100% MT.  

Cambridge gambling 
test, stop signal test, 
internal/external 
dimensional change  

Baseline and following 
final rTMS treatment  

No significant changes in 
performance  

None.  

Padberg, 1999  18 inpatient TRD 
(6 in each group).  

5 daily sessions of 
rTMS to the left 
DLPFC. Either 10Hz, 
0.3 Hz, or sham. 90% 
MT.  

Verbal learning and 
memory task. 

Prior to first rTMS and 
on same day following 
last rTMS. 

Improvements in verbal 
memory after 10Hz. 

Low frequency 
stimulation 
group, sham-
controlled. 

Rosa, 2006 35 unipolar TRD 
(20 rTMS, 15 
ECT). Failed to 
respond to at least 
2 AD. 
Out/inpatient 
status not 
reported. 

20 daily sessions of 10 
Hz stimulation to the 
left DLPFC. 100% 
MT.  

WAIS intelligence, 
digit span, rivermead 
behavioural memory 
test 

Baseline, after 2 weeks 
Tx, after 4 weeks (Tx 
completion). 

No significant differences 
in neurocognitive 
outcomes between the 
two groups. 

Compared to 
ECT. 

Schulze-
Rauschenbach, 
2005  

30 TRD (16 
rTMS, 14 ECT), 
15 healthy 
controls. 
Out/inpatient 
status not 
reported. 

10 daily sessions of 
10Hz stim to the left 
DLPFC. 100% MT.   

AVLT, memory for 
persons test, autobio 
memory test, four-
card task (from 
rivermead 
behavioural mem 
test), TMT A/B, digit 
span, letter-number 
span, word fluency  
 

Baseline, ~1 week after 
last treatment.  

Improvement in learning 
and memory functions for 
rTMS group relative to 
ECT group, but not 
relative to controls.  

ECT group. 
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First author, 
year 

Sample Stimulation 
Parameters 

Cognitive Tests Testing timeline Findings Comparator 
group 

(Tovar-
Perdomo, 
2017) 

24 TRD 
outpatients. 

20 twice daily sessions 
of 10Hz to the 
DLPFC. 120% MT.  

Iowa Gambling 
Task, balloon analog 
risk task, game of 
dice task, Stroop 
colour/word task, 
continuous 
performance task, 
stop-signal task         
 

Baseline, within 1 week 
after last treatment  

No changes in 
performance on any tasks.  

None. 

Vanderhasselt, 
2009 

15 TRD, 
inpatients and 
outpatients.  

10 daily sessions 10 
Hz stimulation of left 
DLPFC. 110% MT.  

Task-switching 
paradigm (not 
validated)  

Baseline and after the 2 
week treatment course. 

improvement in motor 
speed, task switching 
associated with treatment 
response 

Crossover 
sham-
controlled.  

Wajdik, 2014 68 (35 rTMS, 33 
sham) TRD. 
Out/inpatient 
status not 
reported. 

15 daily sessions 10Hz 
stimulation of left 
DLPFC. 110% MT.  

RAVLT, digit 
symbol, digit span, 
TMT A/B, COWA, 
logical memory 
(Wechsler), Stroop  

Twice before rTMS; 
immediately following 
each of the 15 
treatments.  

No significant difference 
in rTMS versus sham.  

Sham-
controlled. 
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1.7 Thesis Objectives  

The aims of this thesis are two-fold: firstly, to characterize CD in patients with TRD, and 

secondly, to determine whether an adequate course of repetitive transcranial magnetic 

stimulation is associated with enduring cognitive benefits in TRD. To address these goals, I used 

data from the THREE-D study, a clinical trial investigating the non-inferiority of two repetitive 

transcranial magnetic stimulation protocols (Blumberger et al., 2018a). Neuropsychological 

assessments were performed at baseline and at three months post-treatment follow-up for 

patients as well as in a sample of demographically matched healthy volunteers.  

For the first aim, we hypothesized that patients would present with global CD relative to healthy 

controls. Further, we hypothesized that CD would present heterogeneously in patients; that is, 

distinct subgroups of patients could be identified based on cognitive performance.  

For the second aim, we hypothesized that rTMS treatment would be associated with gains in 

domains of executive function. Furthermore, we hypothesized that these improvements would be 

independent from antidepressant response to the treatment.  
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CHAPTER 2: METHODS 

 

2.1 General Methods 

Participants  

62 TRD patients and 43 age-, sex-, and premorbid IQ-matched HVs were recruited as part of two 

randomized clinical trials, in which patients with TRD were assigned to receive either 

intermittent theta burst stimulation (iTBS) or high frequency left (HFL) rTMS protocols to the 

left DLPFC (Blumberger et al., 2018a). Patient inclusion criteria included a confirmed primary 

diagnosis of MDD, outpatient status, and a Hamilton Rating Scale for depression score (HRSD-

17; Hamilton, 1960) of ≥18. MDD diagnosis was confirmed by a trained rater using the Mini 

International Neuropsychiatric Interview (MINI) assessment (David V. Sheehan et al., 1998). 

TRD was defined as failing to achieve a clinical response to at least 1 adequate antidepressant 

trial in the current episode, or as being unable to tolerate at least two separate antidepressant 

trials.  

HV were included if they had no history of Axis I or Axis II disorders as determined by the Mini 

International Neuropsychiatric Assessment (Sheehan et al., 1998), and excluded if they had a 

lifetime diagnosis of psychiatric disorder; a history of mood disorders or psychosis in first-

degree relatives; a history of substance dependence within the last 3 months; had a significant 

neurological condition or a major unstable medical illness.  

The complete inclusion and exclusion criteria for both trials are outlined in supplement 

Appendix A.  
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The trials were registered in ClinicalTrials.Gov, identifier NCT02800226 and NCT0188778229. 

All participants provided informed consent and both experimental protocols were approved by 

both the UBC Clinical Research Ethics Board as well as the Vancouver Coastal Health Research 

Institute. 

 

Demographic and clinical characteristics 

Demographic characteristics collected for all participants included age, sex, number of years of 

education, and estimated premorbid IQ.  

For patients, the following additional variables were collected once at screening: length of current 

depressive episode, number of years with depression, anxiety disorder comorbidity, antidepressant 

treatment history form (ATHF) score, antidepressant equivalent dose, and benzodiazepine 

equivalent dose. The MINI assessment was used to identify anxiety disorder comorbidities. ATHF 

score provides an objective measure of antidepressant treatment trial adequacy in the current 

episode as described by Oquendo and colleagues (2003). Given the variability in antidepressant 

dosage, dose equivalence is necessary for accurate comparisons of pharmacotherapy. Escitalopram 

dose equivalents were calculated using previously defined ratios from the literature (Colvard, 

2014; Y. Hayasaka et al., 2015; Inada & Inagaki, 2015). Use of benzodiazepines was limited to 

2mg or less of lorazepam or equivalent dose as per study protocol.   

Repeat psychiatric assessments were performed at baseline and at 3 months post-treatment, 

including the following measures: The HRSD-17 (Hamilton, 1960), the Sheehan Disability Scale 

(SDS; Sheehan, Harnett-Sheehan, & Raj, 1996), the Perceived Deficits Questionnaire (PDQ; 
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Sullivan, Edgley, & Dehoux, 1990), and the Brief Symptom Inventory anxiety subscale (BSI-A; 

Derogatis & Melisaratos, 1983).  

 

Neuropsychological assessment 

A neuropsychological assessment was conducted at baseline and at 12 weeks post-treatment 

follow-up. The assessment was performed by trained research personnel supervised by a senior 

clinician-researcher and registered clinical neuropsychologist (IT). All participants were required 

to be fluent in English, assessed using a language questionnaire. This was indicated by participants 

reporting English as their primary language or else reporting a preference for English language use 

in the majority of the items on the questionnaire.  

The North American Adult Reading Test (NAART) was included as an estimate of premorbid IQ 

(Blair & Spreen, 1989). The Rey Verbal Learning Test (RAVLT) was administered to measure 

verbal learning and memory (Lezak, Howieson, Loring, Hannay, & Fischer, 2004). An alternate 

version of the task was administered at follow-up to minimize practice effects (Strauss et al., 2006). 

Four tests were used to assess domains of executive function. 1) The Size Judgment Span (SJS) 

task, shown to be analogous to the digit span task (Cherry, Elliott, & Reese, 2007) was 

administered as a measure of working memory. 2) The Trails Making Test (TMT) parts A and B 

were administered as measures of attentional shifting (Heaton et al., 2004). 3) The Controlled Oral 

Word Association (COWA) test, version FAS at baseline, and version CFL at follow-up, was used 

as a measure of verbal fluency.  4) The Stroop test was administered as a measure of executive 

functioning involving inhibition (Golden, 1978). All measures of executive function were selected 



 
27 

on the basis that they have been shown to be which impaired in depression (Snyder, 2013; Strauss 

et al., 2006). 

As premorbid IQ is a stable trait, the NAART was only administered at baseline (Strauss et al., 

2006). The other tests (i.e. RAVLT, SJS, TMT, Stroop, COWA) were delivered both at baseline 

and follow-up, in the same order, with alternate forms for select tests known to be most susceptible 

to practice effects; namely, an alternate word list was used for the RAVLT test at follow-up, and 

two separate versions of the COWA test were used at baseline (version FAS) and follow-up 

(version CFL).  

 

Neuropsychological Scoring 

All baseline and follow-up test scores, except for the SJS, were converted to z scores using 

normative data obtained from either A Compendium of Neuropsychological Tests (Strauss et al., 

2006), the Heaton norms (Heaton et al., 2004), or from the appropriate test manuals (Golden, 

1978). For the SJS, normative data was not available for the age group used in the study, so HV 

data were used as the normative data to convert raw scores into z scores. Using the Shapiro-Wilk 

test, the SJS data was not normally distributed for any of the groups being tested (p<0.05), however 

both patients and controls’ SJS histograms showed similar distribution and groups were matched 

for sex, age and premorbid IQ, and thus this was judged to be an acceptable method to obtain 

normative group for Z score computation. 

For the RAVLT test, we chose to include the total score (sum of trials 1-5) as a learning and 

memory indicator, and the delayed recall score (trial 7) as a delayed memory indicator, and 

exclude all other trials (i.e. trial 6, distractor list, and recognition trials). Trials 1-5 and trial 7 are 
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the most reliable measures whereas the other measures have low reliability, particularly when 

interpreting differences between scores (Strauss et al., 2006).  

When considering only baseline scores, RAVLT subtests showed high levels of collinearity 

(r>0.80). For this reason, RAVLT trials 1-5 was the chosen subtest due to the greater reliability 

and external validity associated with this subtask as well as larger effect sizes previously noted in 

these cognitive domains in MDD samples (Strauss et al., 2006). RAVLT trial 7 was excluded from 

analysis. Six domains were thus assessed: working memory (SJS), learning and memory (RAVLT 

1-5), speeded attention (TMT part A), task switching (TMT part B), verbal fluency (COWA 

FAS/CFL), and inhibitory control (Stroop Colour/Word Trial).  

For the effects of rTMS treatment, seven domains of cognitive performance were assessed: 

working memory (SJS), learning and memory (RAVLT trials 1-5), delayed memory (RAVLT trial 

7), speeded attention (TMT part A), task switching (TMT part B), verbal fluency (COWA 

FAS/CFL), and inhibitory control (Stroop Colour/Word Trial).  

 

Cognitive performance adjusted by individual IQ  

A common challenge in interpreting neurocognitive scores is that a patient’s individual potential 

is not typically taken into account. Normative scores indicate an individual’s performance relative 

to the general population (often stratified by factors such as age, sex, or educational attainment). 

However, this method fails to take into account an individual’s cognitive potential, where the 

subject’s neuropsychological performance may be considered normal with respective to normative 

datasets, whereas their scores are far below what would be expected when taking premorbid 

cognitive functioning into account (Douglas et al., 2020). For example, a patient may have a z 
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score of 1 on a cognitive test, which by normative standards is intact cognitive performance. 

However, if the individual had achieved a Z score of 2 on the test in their premorbid state, this 

denotes a clear deficit in their cognitive performance that would not be captured by simple 

normative scoring.  

Longitudinal neuropsychological data, especially premorbid performance, is often not available. 

Instead, IQ scores derived from word-reading tests are a useful proxy measure for premorbid 

ability, as ability in these tasks are not typically affected by neuropsychiatric conditions (Crawford 

et al., 2001).  

To explore the effects of normative versus individualized definitions of CD, wwe created 

individualized IQ-adjusted scores (iIQAS). Aall z scores created with the use of normative data 

(i.e. all scores except from the SJS task), were transformed using methods outlined by Douglas et 

al. (2018). For each subject, their premorbid IQ was subtracted from their test score. For example, 

a subject scoring 1 on a cognitive test, with an IQ z score of 2, would have an IQ-adjusted test 

score of -1 on that particular test.  In contrast to normative scoring, the iIQASs ascertain how close 

or far a given individual is from their optimal cognitive potential. The reference point for the Z 

score is not the population, but rather a hypothetical distribution of likely values for each individual 

based around their estimated premorbid abilities.  

 

Statistics  

All statistical analyses were performed using R, version 3.5.1, unless otherwise specified.  
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2.2 Cognitive Dysfunction at Baseline: Normative versus Individualized Definitions of 

Impairment 

Demographic variables for TRD and HV were compared using t-tests for continuous variables, 

or chi-squared tests for discrete variables, namely age, estimated premorbid IQ, highest level of 

education, and sex.  

To compare the effects of normative (norm-adjusted scores; NAS) versus individualized (iIQAS) 

on differences in performance between TRD and HV, the percent change between each subject’s 

normative and iIQAS were calculated for all tests except for the SJS, since this score was not 

created using normative data. To calculate percent change, scores were first converted to T 

scores, and the following equation was used:  

iIQAS	-	NAS
NAS ×100% 

Independent sample t-tests with FDR correction were performed to compare the mean change in 

these scores between TRD and HV.  

Two multivariate analyses (MANOVAs) were then carried out to compare the TRD and HV 

groups, one using NAS, and one using iIQASs. Dependent variables were z scores on the 1) SJS, 

2) COWA FAS, 3) RAVLT trials 1-5, 4) TMT part A, 5) TMT part B, and 6) Stroop colour-word 

trial.  

All MANOVA assumptions were checked prior to the analysis. Box’s M test was used as a 

preliminary test of the homogeneity of variance-covariance matrices. Homogeneity of variance 

was not rejected at significant levels (p>0.05). Multivariate normality was not violated according 
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to a Shapiro-Wilks test of normality for any of the neuropsychological measures in either testing 

condition, (p>0.05), except for the SJS, which was discussed in the section above. No multivariate 

outliers were identified after determining each participant’s Mahalanobis distance.  The 

assumption of linear relationships among dependent variables was tested by examining scatterplots 

between all pairs of DVs through SPSS PLOT. All relationships between DVs were significantly 

correlated except the SJS and TMT scores, with a Pearson’s r = 0.154, and with a p value of 

p=0.063; there was not a significant linear relationship between the SJS and Trails B, but the linear 

assumption was not severely violated for this sample. No tolerance scores were significant 

(p>0.05), indicating that the assumption of absence of multicollinearity and singularity was not 

violated.  

 

2.3 Cognitive Dysfunction at Baseline: Heterogeneity in Patient Sample 

As the use of iIQAS yielded larger differences between TRD and HV, these scores were used for 

all further analyses (baseline cluster analysis and rTMS changes).  

To determine subgroups within TRD based on cognitive performance, a K-mean cluster analysis 

was performed with the five cognitive z scores as the clustering variables. The optimal number 

of clusters for the TRD sample was found to be 2 using the Calinski-Harabasz index (maximum 

number of iterations set to 10), which evaluates the cluster validity based on the average 

between- and within-cluster sum of squares. See Figure 2.2.1 for CH index evaluation of cluster 

validity. Cognitive performance between the subgroups was compared using analysis of variance 

(ANOVA). 
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Figure 2.3.1 Calinski-Harabasz values for k number of clusters.  
 

A binary logistic regression was performed to assess the demographic and clinical factors 

associated with cognitive function, using cluster membership as the dependent variable. 

Predictors were loaded using a forward loading likelihood ratio model as follows: age, highest 

level of education, estimated premorbid IQ based on NAART score, number of years with 

depression, length of current episode in months, ATHF score, HRSD score, SDS score, PDQ 

score, antidepressant dose (in mg), benzodiazepine dose (in mg), and CRP levels (in mg/L). Sex, 

presence of an anxiety disorder comorbidity, and lifetime diagnosis of PTSD were loaded into 

the model as factors. BSI-A was not included in the binary logistic model as it demonstrated a 

high degree of multi- collinearity with HRSD (p = .001). Anticonvulsant, antipsychotic, and 

lithium pharmacotherapy use were not included as the number of patients taking these 

medications were low, and counts did not differ significantly between the two clusters (see Table 
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2.2.1). A Box Tidwell test indicated that the relationship between continuous predictors and the 

log odds was linear (p>0.05 for all predictors).  

Post-hoc path analyses (PROCESS macro for SPSS, version 3.4; Hayes, 2012) were performed 

to further characterize the mediation effects of significant predictors on the relationship between 

clinical variables that had shown an association with cognitive performance but did not load onto 

the logistic regression model as predictors.  

 

Table 2.3.1 Counts of patients receiving pharmacotherapy   
 IQ-adjusted clusters 

 Global impairment Selective Executive 
Dysfunction  

)2 

Pharmacotherapy (n = 34) (n = 26)  

Benzodiazepine 13 2 7.33** 

Anticonvulsant 4 5 0.64 

Antidepressant 20 18 0.69 

Antidepressant combination 8 5 0.00 

Antipsychotic augmentation 6 3 0.43 

Lithium augmentation  3 1 0.59 
 

 

2.4 Assessing the Effects of rTMS on Cognition  

rTMS treatment 

Treatment parameters were previously reported with clinical trial outcomes; see Blumberger et 

al. (2018) for a detailed description.  
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In brief, patients were randomized to receive either 10 Hz or intermittent theta burst (iTBS) 

stimulation. Patients received 20 to 30 daily treatments over the course of 6 weeks (5 daily 

treatments per week). For 10Hz rTMS, patients received stimulation at 120% resting motor 

threshold (RMT) intensity, 10 Hz frequency, with 3000 pulses delivered per session (duration: 

37.5 minutes). For iTBS, patients received stimulation at 120% RMT, triplet 50Hz frequency, 

with 600 pulses delivered per session (duration: 3 minutes).   

 

Missingness  

13 of the 60 patients were lost to the three-month follow-up, leaving 47 patients that were 

measured at both timepoints. To explore factors associated with adherence, independent samples 

t-tests or chi-squared tests were conducted comparing adherers and non-adherers on a number of 

baseline variables, including clinical, cognitive, and demographic factors (See table 2.4.1). The 

only variable that was significantly different between the two groups was education, where 

adherers were more highly educated compared to those that were lost to follow-up. 

To ensure that missingness was not associated with treatment outcome, we also assessed 

frequency of response and remission, as measured at the final rTMS treatment, of adherers and 

non-adherers. There was no difference in response to treatment, indicating that loss to follow-up 

was not related to treatment outcome.  

Given that there appeared to be no systematic differences between adherers and non-adherers, a 

complete-case-analysis approach was used (Mukaka et al., 2016), where patients lost to follow 

up were excluded from analysis.  
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Table 2.4.1 Relationship between study completion and clinical, cognitive, and demographic 
variables.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Effect of rTMS on cognition  

A repeated-measures ANOVA (package “ez”) was used to determine effects of rTMS treatment 

on changes in cognitive score. The 7 neurocognitive test scores (SJS, RAVLT 1-5, RAVLT 7, 

 
Demographic or clinical 
characteristic 

Adherers (n=47) Non-adherers 
(n=13) 

 

 

t or c2 M (SD) M (SD)  

Age 42.02 (12.54)  46.85 (10.53) -1.05 

Sex (female/male) 28/19  7/6 0.34 

Highest Level Education 15.49 (2.24) 13.77 (2.45) 2.42* 
Estimated Premorbid IQ  115.17 (4.94) 111.96 (6.19)  1.45 

Baseline HRSD 21.77 (4.00) 23.85 (3.56)  -1.84 

SJS (NAS) 0.01 (1.02) -0.37 (0.83) 1.38 

RAVLT 1-5 (iIQAS) -1.02 (1.18) -1.08 (1.27) 0.15 

RAVLT 7 (iIQAS) -0.94 (1.00) -0.96 (0.92) 0.09 

TMT A (iIQAS) -1.27 (1.26) -0.98 (0.91) -0.76 

TMT B (iIQAS) -1.12 (0.95) -1.54 (1.28) 1.30 

COWA FAS (iIQAS) -0.89 (1.21) -0.91 (0.93) 0.42 

Stroop C/W (iIQAS) -0.93 (1.11) -0.81 (0.82) -0.34 

Neurocognitive cluster (GI/SE) 21/26 5/8 0.16 

AD dose (mg) 22.21 (17.68) 12.16 (17.65) 1.92  

BZD dose (mg)  0.69 (1.47) 0.80 (1.54)  0.06 

ATHF  7.83 (3.88) 6.92 (3.12)  0.39 

Treatment type (iTBS/HFL) 25/22 5/8 0.88 

Response (responder/non) 26/21 8/5 0.07 

Remission (remitter/non) 19/28 6/7 0.52 

Abbreviations: HRSD: Hamilton Rating Scale for Depression; SJS: Size Judgment 
Span; RAVLT: Rey Auditory Verbal Learning Test; TMT: Trails Making Test; COWA 
FAS: Controlled Auditory Word Association, version FAS; NAS: Normative-adjusted 
score; iIQAS: Individualized IQ-adjusted score; GI: Global impairment; SE: Selective 
executive dysfunction; iTBS: Intermittent theta burst stimulation; HFL: High-
frequency left.  
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TMT A, TMT B, COWA, Stroop) were set as the dependent variable, with time set as a between-

subjects factor. Diagnostic status (TRD versus HV) set as an additional between subjects-factor.  

Partial eta squared was calculated for each model. Post-hoc tests of significant effects were 

performed using package “emmeans”, with Tukey HSD adjustment for multiple comparisons.  

As treatment may be expected to have differing benefits on cognition depending on an 

individual’s baseline cognitive functioning, we performed an additional repeated-measures 

ANOVA with clustered baseline cognitive functioning as an additional between-subjects factor 

rather than diagnostic status. This was based on k-means patient clusters derived from baseline 

test scores, which grouped patients into two distinct cognitive groups (see results, section 3.3 for 

further details). Controls were also included in this analysis against which to compare the two 

patient groups. 

Although patients received two different rTMS protocols, the clinical trial reporting these data 

showed no differences in treatment response between the protocols (Blumberger et al., 2018a), 

and preliminary comparisons found no significant differences in baseline performance, nor 

changes in cognitive performance, between patients receiving iTBS and those receiving HFL 

(Table 2.4.2). rTMS protocol (i.e. iTBS or HFL) was therefore not included in any of the models. 
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Table 2.4.2 Baseline cognitive scores and difference in pre/post cognitive scores separated by 
rTMS treatment type.  

 

 

Relationship Between Cognitive Improvement and Treatment Response  

As verbal learning and memory (RAVLT 1-5) showed significant improvement over time in the 

GI cognitive cluster, but not in the SE cluster, further analyses were performed to determine 

whether this improvement had any association with antidepressant response to rTMS. 

Specifically, did the gains in verbal learning and memory seen in the GI group vary between 

responders and non-responders? To answer this question, two-way ANOVA was performed to 

compare the effect of cognitive cluster (GI/SE), treatment response (responder/non-responder), 

and the interaction between these two variables on change in verbal learning and memory. 

Absolute change in RAVLT 1-5 score was calculated (3-month post-treatment score – baseline 

score). The variables of cognitive cluster and treatment response showed no direct association  

(c2 = 1.15, p = 0.28; see table 2.4.3).   

 
 
Cognitive Test 

Baseline Cognitive Performance  Difference at follow-upa 

iTBS (n = 25) HFL (n =22)  iTBS (n = 25) HFL (n =22)  

M (SD) M (SD) t-test M (SD) M (SD) t-test  

SJS (NAS) -0.10 (0.99) -0.04 (1.00) -0.24 0.02 (0.81) -0.19 (0.99) 0.82 

RAVLT 15 (iIQAS)  -0.96 (1.25) -1.10 (1.14) 0.44 0.30 (0.84) 0.50 (1.01) -0.74 

RAVLT 7 (iIQAS) -0.85 (0.98) -0.94 (1.00) -0.01 0.35 (0.57) 0.42 (1.05) -0.39 

TMT A (iIQAS) -1.27 (1.19) -1.14 (1.21) -0.44 0.42 (1.05) 0.42 (1.18) 0.02 

TMT B (iIQAS) -1.16 (1.06) -1.25 (1.01) 0.34 0.46 (0.80) 0.28 (0.89) 1.12 

COWA (iIQAS) -0.80 (1.08) -0.99 (1.22) 0.63 0.44 (0.82) 0.28 (0.89) 0.67 

Stroop C/W (iIQAS) -1.01 (1.06) -0.79 (1.04) -0.82 0.49 (0.82) 0.19 (0.79) 1.26 

a Absolute difference in pre/post scores were used (3-month follow up z score – baseline z score).  
Abbreviations: iTBS: Intermittent theta burst stimulation; HFL: High frequency left; SJS: Size Judgment Span; 

RAVLT: Rey Auditory Verbal Learning Test; TMT: Trails Making Test; COWA FAS: Controlled Auditory Word 

Association, version FAS; NAS: Normative-adjusted score; iIQAS: Individualized IQ-adjusted score.  
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Table 2.4.3 Contingency table of response and k-means derived neurocognitive cluster.  
 

 

 

Relationship Between Cognitive Improvement and Predictors of Cluster Belonging  

To further discern the contributing factors to improvement on verbal learning and memory at the 

3-month follow-up, we investigated the degree to which baseline predictors of GI cluster 

belonging were associated with gains on the RAVLT 1-5 task. Only age showed significant 

correlations and was thus further explored. Post-hoc path analysis (PROCESS macro for SPSS, 

version 3.4; Hayes, 2012) was performed to explore whether there was a moderating effect of 

cluster membership on the relationship between age and task improvement   

  

 Global impairment Selective executive 

dysfunction  

Total 

Response 16 16 32 

Non-response 10 5 15 

Total  26 21 47 
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CHAPTER 3: RESULTS 

3.1 Baseline analysis: Demographic Characteristics  

Demographic characteristics for TRD and HV were similar in every 

measure except for highest level of education, wherein HV was significantly more educated than 

TRD (p = 0.03). For a full summary of results, see Table 3.1.1 

 
Table 3.1.1 Summary of demographic variables of treatment-resistant depression patients (TRD) 
and healthy volunteers (HV) and clinical characteristics of the TRD sample.  

 TRD (n = 60) HV (n = 40)     

 M or % SD M or % SD t or  c2 p 95% CI 

Age (years) 43.07 12.22 42.28 12.60 0.31 0.76 -0.33, 0.46 

Education (years) 15.12 2.37 16.13 1.91 -2.24 0.03 -0.86, -0.05 

Estimated premorbid IQ 114.48 5.35 112.75 8.07 1.40 0.17  -0.14, 0.66 

Sex (% female) 57.00   60.00  0.11 0.74 -16.36, 21.56 

Anxiety comorbidity (% yes)  33.33       

Lifetime PTSD diagnosis (% yes) 31.70       

Disease duration (years)  17.58 11.80      

Current episode length (months) 24a 12-24a      

ATHF score  7.63 3.72      

HRSD score 22.22 3.98      

SDS score 22.80 13.90      

PDQ score 43.65 13.90      

BSI-A score 14.39 5.60      

Escitalopram equivalent dose (mg)   19.92  18.02      

Taking antidepressants (% yes) 71.67       

Lorazepam equivalent dose (mg) 0.43  1.19      

Taking benzodiazepines (% yes)  23.33       
a Median, first and third interquartile range reported rather than mean and standard deviation 
Abbreviations: TRD: Treatment-resistant depression; HV: healthy volunteers; PTSD: Post-traumatic stress 
disorder; ATHF: Antidepressant Treatment History Form; HRSD: Hamilton Rating Scale for Depression; 
SDS: Sheehan Disability Scale; PDQ: Perceived Deficits Questionnaire; BSI-A: Brief Symptom Inventory, 
anxiety subscale.  
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3.2 Baseline Analysis – Normative versus Individualized Neuropsychological Performance  

Normative Versus Relative Cognitive Scores  

Sample mean scores for both NAS and iIQAS definitions of cognitive performance are 

summarized in Table 3.2.1.  

 

Table 3.2.1 Mean neuropsychological performance by group with iIQASs as compared to 
standard normative scores.  

 

Independent samples t-tests comparing percent change in cognitive scores in TRD and HV with 

normative versus relative adjustments were performed. All t-tests were significant (p<0.05 after 

FDR correction), with the IQ adjustment resulting in greater decreases in cognitive scores in 

MDD compared to HV. Mean percent change and statistics are summarized in Table 3.2.2.  

 

 

 

 

 

 Normative adjusted score Individualized IQ-adjusted score 

 TRD (n = 60) HV (n = 40) TRD (n = 60) HV (n = 40) 

Cognitive Domain  M (SD)  M (SD) M (SD)  M (SD) 

Working Memory  -0.07 (0.99)  0.00 (1.00) - - 

Verbal Fluency -0.07 (1.25) 0.43 (0.92) -0.90 (1.15)) -0.68 (1.01) 

Verbal Learning & Memory -0.20 (1.20) 0.30 (1.10) -1.03 (1.19) -0.42 (1.00) 

Inhibitory Control -0.20 (1.00) 0.60 (1.50) -0.90 (1.05) -0.36 (0.92) 

Speeded Attention 0.07 (1.21) 0.17 (1.21) -1.21  (1.19) -0.54 (1.06) 

Task Switching 0.10 (1.00) 0.50 (1.00) -1.21 (1.03) -0.26 (1.30 
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Table 3.2.2 Independent samples t-test comparisons of mean percent change in cognitive scores 
with IQ adjustment relative to standard normative scoring in TRD versus HV.  
 TRD (n=60) HV (n=40) t-test 95% CI 

Verbal learning & memory -20.45 (9.34) -15.94 (10.40) -2.26* -8.47, -0.55 

Verbal Fluency -19.65 (7.94) -15.67 (11.22) -2.07* -7.77, -0.16 

Inhibitory control  -19.73 (8.38) -15.14 (10.03) -2.48* -8.26, -0.92 

Speeded Attention -21.55 (10.75) -15.94 (11.31) -2.50* -10.05, -1.16 

Task shifting -21.30 (10.13) -15.21 (11.07) -2.84* -10.35, -1.83 

Abbreviations: TRD: treatment-resistant depression; HV: healthy volunteers 

 

MANOVA: TRD versus HV  

Two MANOVAs were performed, one using normative scores as the dependent variables, and 

the other using iIQASs (for all except the SJS) as the dependent variables. In both cases, a 

significant multivariate effect of group was found, indicating a difference in performance 

between TRD and HV at baseline. Similarly, univariate tests in both cases found that TRD were 

significantly worse compared to HV in domains of set shifting (TMT B), speeded attention 

(TMT A), verbal learning and memory (RAVLT 1-5), and inhibitory control (Stroop 

Colour/Word); whereas there were no significant group differences in verbal fluency (COWA 

FAS) or in working memory (SJS).  

However, partial h2 values, as well as observed power, for both multivariate and univariate 

effects were found to be greater when iIQASs were used as the dependent variables, as opposed 

to NAS. Results of both MANOVA analyses are summarized in Table 3.2.3.  

Because iIQASs showed greater effect sizes for differences in TRD and HV compared to NAS in 

the MANOVAs, these scores were used in all further analyses. Neuropsychological profiles of 

the iIQASs are shown in Figure 3.2.1.  
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Table 3.2.3 MANOVA comparing TRD and HV cognitive performance, using both normative 
scoring and relative scoring.  

 

 
Figure 3.2.1 Neuropsychological profiles of patients with treatment-resistant depression (TRD) 
and the control group of healthy volunteers (HV). iIQASs are depicted. 
 

 

 Normative adjusted score Individualized IQ-adjusted score 

 F-test Partial h2 Observed 
power 

F-test Partial h2 Observed 
power  

Multivariate effect  3.01 0.16 0.89 4.12 0.21 0.97 
Univariate effects        
    Working memory 0.12 0.00 0.06 0.12 0.00 0.06 
    Verbal learning &    
    memory 

4.75* 0.05 0.58 7.35** 0.07 0.77 

    Verbal Fluency 0.17 0.00 0.07 0.93 0.01 0.16 
    Inhibitory control  4.17* 0.04 0.52 7.13** 0.07 0.75 
    Speeded Attention 5.34* 0.05 0.63 8.06** 0.08 0.80 
    Set shifting 11.26*** 0.10 0.91 16.33*** 0.14 0.98 
p values indicated as follows: * <.05, ** <.01, ***  <.001 
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3.3 Baseline Cognitive Clusters 

The cluster analysis output yielded two subgroups of TRD based on cognitive functioning: A 

globally impaired group (GI) (n=34) and a selective executive dysfunction group (SE) (n = 26). 

The GI group showed lower scores compared to the CU SE group in working memory (SJS: F(1, 

58) = 53.01, p&lt;0.001, partial η 2 = 0.48), verbal learning and memory (RAVLT 1-5; F(1, 58)= 

48.81, p&lt;0.001, partial η 2 = 0.46), verbal fluency (COWA FAS; F(1, 58)=35.47, p&lt;0.001, 

partial η 2 = 0.38), and inhibitory control (Stroop colour/word; F(1, 58) =15.18, p&lt;0.001, 

partial η 2 = 0.21). 

In contrast, the groups were not different in two domains of executive function: Speeded 

attention (TMT A; F(1, 58) = 3.26, p = 0.08, partial η2 = 0.05) and task switching (TMT B; F(1, 

58) = 2.10, p = 0.15, partial η2 = 0.04). Cluster profiles are depicted in Figure 3.3.1, and cluster 

means are indicated in Table 3.3.1.  

 
Figure 3.3.1 Patient cognitive clusters based on individualized neurocognitive test scores.  
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Table 3.3.1 Mean neurocognitive scores of derived clusters.  
 
 
 

 
 

 

 

  

  

 

 

Differential Characteristics of GI and SE Subgroups 

 Demographic information for both subgroups used in the binomial logistic regression is shown 

in Table 3.3.2. Four patients had incomplete data in one or more covariate domains, leaving 

n=56 for this analysis; n=32 for GI, n=24 for SE. An omnibus test using a likelihood ratio of the 

full model found that there were significant differences between the fitted model and intercept-

only model (χ2=20.59, p<0.001), with Nagelkerke's pseudo r2=0.413. Classification of GI was 

62.5% correct, and classification of SE was 84.4% correct, with an overall percentage correct of 

75.0%. Two steps were taken to load all contributing factors to the analysis. Significant 

predictors that contributed to the model were age (B(1) = 0.09, p = 0.003, S.E. = 0.03, wald 

value = 8.79, odds ratio = 1.09) and benzodiazepine use (B(1) = 2.56, p = 0.02, S.E. = 1.14, wald 

value = 5.08, odds ratio = 1.92).  

The odds ratios indicate that for each increased year in age risk of global CD increased by 9%. 

Taking benzodiazepines increased the risk of global CD by 93%.  

           GI (n = 34) SE (n = 26) MANOVA   

Cognitive Domain            M (SD) M (SD)  p  95% CI 

Working Memory -0.66 (0.47)  0.70 (0.96) <0.001 -1.74, -0.99 

Verbal Fluency -1.51 (0.85) -0.09 (0.98) <0.001 -1.89, -0.94 

Verbal Learning & Memory -1.73 (0.90) -0.12 (0.87) <0.001 -2.07, -1.15 

Inhibitory Control -1.38 (0.90) -0.36 (1.00) <0.001 -1.45, -0.47 

Speeded Attention -1.44 (1.00) -0.89 (1.35) 0.15 -1.16, 0.06 

Task Switching -1.37 (0.91) -0.99 (1.15) 0.08 -0.92, 0.15 

Abbreviations: GI: Global impairment; SE: Selective executive dysfunction.  
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Table 3.3.2 Demographic and clinical characteristics of the cluster-derived neurocognitive 
subgroups.  

 GI (n = 34) SE (n = 26)      

 M  SD M SD t or  c2 p 95% CI 

Age (years) 47.74  9.75 36.96 12.59 43.74 <0.001 0.43, 1.51 

Education (years) 15.06 2.31 15.19 2.50 -0.21 0.83 -0.57, 0.46 

Estimated premorbid IQa 114.10 5.46 114.96  5.28 -0.61 0.54  -0.67, 0.35 

Sex (% female) 53%  62%  0.44 0.51 -15.61, 31.73 

Anxiety comorbidity (% yes)  29%  38%  0.54 0.46 -14.11, 31.76 

Lifetime PTSD diagnosis (% yes) 31%  32%  0.02 0.90 -21.24, 24.16 

Disease duration (years)  20.44 10.39 13.54 12.46 2.29 0.03 0.07, 1.14 

Current episode length (months) 40.34 48.38 24.79 18.76 1.49 0.14 -0.13, -0.94 

ATHF score  8.00 3.76 7.15 3.68 0.87 0.39 -0.29, 0.74 

HRSD score 22.5 3.44 21.85 4.64 0.63 0.53 -0.35, 0.67 

SDS score 23.50 4.67 21.88 5.18 1.27 0.21 -0.19, 0.84 

PDQ score 44.32 14.76 42.77 12.92 0.43 0.67 -0.40, 0.62 

BSI-A score 14.88 5.19 13.72 6.16 0.79 0.44 -0.31, 0.72 

Escitalopram equivalent dose (mg)   19.91 18.59 19.94 17.57 -0.01 1.00 -0.53, 0.53 

Taking antidepressants (% yes) 59%  69%  0.69 0.41 -14.25, 31.94 

Lorazepam equivalent dose (mg) 1.07 1.73 0.23 0.86 2.27 0.03 0.07, 1.10 

Taking benzodiazepines (% yes)  35%  8%  6.28 0.01 5.49 – 44.75 

Abbreviations: TRD: Treatment-resistant depression; HV: healthy volunteers; PTSD: Post-traumatic stress 
disorder; ATHF: Antidepressant Treatment History Form; HRSD: Hamilton Rating Scale for Depression; 
SDS: Sheehan Disability Scale; PDQ: Perceived Deficits Questionnaire; BSI-A: Brief Symptom Inventory, 
anxiety subscale. 

 
 

Mediation Analysis  

Illness duration was found to be significantly different between GI and SE, with GI showing a 

longer illness duration, although this variable did not load into the regression model when the 

effects of age and benzodiazepine use were accounted for. Illness duration and age showed a 
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significant Pearson correlation (r = 0.46, p<.001), whereas illness duration was not related to 

benzodiazepine use (r = 0.13, p = 0.33).  

The relationship between illness duration and age was thus further explored to determine 

whether age could explain the significant differences in illness duration between the GI and SE 

clusters. Using PROCESS macro for SPSS 26 (Hayes, 2012), path analysis indicated that the 

direct relationship between illness duration and neurocognitive cluster belonging (path c,  b = 

0.29) was no longer significant when controlling for the effects of age (path c’, b = 0.03), which 

was significantly associated with both illness duration (path a, b  = 0.48) and neurocognitive 

cluster (path b, b  = 0.08). Instead, there was an indirect relationship between the two variables, 

which was shown to be mediated by the effect of age (path a x path b,  b  = 0.04). Paths are 

summarized in Figure 3.3.2.  

Figure 3.3.2 Path analysis demonstrating the mediating effect of age on the relationship between 
illness duration and neurocognitive cluster.  
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3.4 Cognitive Changes Associated with rTMS  

Neurocognitive Changes: TRD versus HV 

There was a significant multivariate effect of group (F(7, 61) = 4.04, p=.001, h2 = 0.32) as well 

as a significant multivariate effect of time (F(7, 61) = 7.58, p <0.001, h2 = 0.47). The group by 

time interaction was not significant (F(7, 61) = 1.06, p = 0.40, h2 = 0.11).  

TRD were worse than HV in measures of working memory  (F(1, 130) = 4.624 p = 0.03, h2 = 

0.04), verbal learning and memory (F(1, 130) = 11.14, p = 0.001, h2 = 0.08), speed and attention 

(F(1, 130) = 17.96, p<.001, h2 = 0.12), task switching (F(1, 130) = 33.81, p<0.001, h2 = 0.21), 

verbal fluency (F(1, 130) = 7.21, p = 0.01, h2 = 0.05), and inhibitory control (F(1, 130) = 19.00, 

p<0.001, h2 = 0.13). There were no significant differences between TRD and HV in the measure 

of delayed verbal memory (F(1, 130) = 2.79, p = 0.10, h2 = 0.02).  

Significant improvement from baseline to follow-up was seen across most measures: verbal 

learning and memory F(1, 67) = 11.62, p = 0.001, h2 = 0.15), delayed verbal memory (F(1, 67) = 

17.83, p<0.001, h2 = 0.21), speeded attention (F(1, 67) = 19.13, p<.001, h2 = 0.22), task 

switching (F(1, 67) = 5.06, p = 0.03, h2 = 0.07), verbal fluency (F(1, 67) = 14.59, p<.001, h2 = 

0.18), and inhibitory control (F(1, 67) = 5.09, p = 0.03, h2 = 0.07). The only measure that did not 

show significant improvements over time was working memory (F(1, 67) = 0.15, p = 0.70, h2 = 

0.00).  

Mean scores of TRD and HV are summarized in Table 3.4.1. Effects of diagnostic status and 

time are summarized in Figure 3.4.1.  
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Table 3.4.1 Mean neurocognitive performance by diagnostic status at baseline and at follow-up. 
 

 

 

Cognitive Domain 

Baseline  Follow-Up  

TRD (n = 

47) 

HV (n = 22) TRD (47) HV (22) 

Mean (SD) Mean (SD) Mean (SD) Mean (SD) 

Working Memory 0.01 (1.02)  0.09 (1.01) -0.07 (1.03) 0.26 (1.18) 

Verbal Learning & Memory -1.02 (1.18) -.44 (0.97) 0.00 (0.93) -0.62 (0.97) 

Delayed Verbal Memory -0.94 (1.01) -0.69 (0.73) -0.55 (0.92) -0.32 (0.86) 

Task Switching -0.96 (0.89) 0.18 (0.97) -0.63 (0.98) 0.29 (0.74) 

Speeded Attention -1.25 (1.25) -0.50 (0.97) -0.83 (1.19) 0.27 (0.83) 

Verbal Fluency -0.94 (1.11) -0.35 (1.04) -0.22 (1.03) -0.59 (1.12) 

Inhibitory Control  -0.87 (1.23) -0.43 (1.07) -0.47 (1.27) 0.01 (0.98) 
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Figure 3.4.1 Changes in cognitive performance from baseline to follow-up in treatment-resistant depression and healthy volunteers.   
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Neurocognitive Changes: Relationship with Baseline Cognitive Status 

The between-subjects effect of baseline cognitive status (F(14, 122) = 6.23, p <.001 h2 = 0.42) 

was significant, as well as the within-subjects effect of time (F(7, 60) = 8.39, p <.001, h2 = 0.50). 

Finally, the baseline cognitive status by time interaction (F(14, 122) = 1.80, p = 0.04, h2 = 0.17) 

showed a significant effect.  

The effects of group were significant for all measures; working memory (SJS; F(2, 66) = 18.80, 

p<.001, h2 = 0.36), verbal learning and memory (RAVLT 1-5; F(2, 66) = 17.40, p<.001, h2 = 

0.35), delayed verbal memory (RAVLT 7; F(2, 66) = 10.95, p<.001, h2 = 0.25), speeded 

attention (TMT A; F(2, 66) = 8.32, p = 0.001, h2 = 0.20), task switching (TMT B; F(2, 66) = 

13.66, p<.001, h2 = 0.29) verbal fluency (COWA: F(2, 66) = 13.74, p<.001, h2 = 0.29), and 

inhibitory control (Stroop Colour/Word; F(2, 66) = 9.28, p<.001, h2 = 0.22).  

SE performed worse than HV in only in the measure of task switching (p = 0.01), while GI 

showed worse performance compared to HV on all measures (p < 0.01 for all comparisons).   

Domains of neuropsychological testing affected by time were verbal learning and memory 

(RAVLT 1-5; F(1, 66) = 12.44, p=0.001, h2 = 0.16), delayed verbal memory (RAVLT 7; F(2, 

66) = 19.96, p<.001, h2 = 0.23), speeded attention (TMT A; F(2, 66) = 18.99, p<.001, h2 = 0.22), 

task switching (TMT B; F(2, 66) = 7.48, p = 0.008, h2 = 0.10), verbal fluency (COWA; F(2, 66) 

= 15.02, p <.001, h2 = 0.19), and inhibitory control (Stroop Colour/Word; F(2, 66) = 7.96, p = 

0.01, h2 = 0.11). Working memory did not improve with time (F(2, 66) = 0.01, p = 0.95, h2 = 

0.00).  
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Investigation of the significant group by time interaction showed that the neurocognitive groups 

differed in changes in verbal learning and memory across the two timepoints (F(2, 66) = 1.97, 

4.82, p = 0.01, h2 = 0.13). Further post-hoc analyses using Tukey’s HSD corrections revealed 

that the GI subgroup showed a significantly greater change across the two timepoints compared 

to the SE subgroup and HV, wherein at baseline GI were significantly worse than both SE (t = -

5.65, p <.001) and controls (t = -4.63, p = 0.003), but did not differ significantly from either 

groups at the follow-up timepoint; SE (t = -2.73, p =0.77), HV (t = -3.49, p = 0.20). Furthermore, 

the GI subgroup showed significant improvements from baseline to follow up (t = 4.62, p = 

0.004), whereas neither SE (t = 0.30, p = 1.00) nor HV (t = 2.49, p = 0.91) showed any changes 

across the timepoints.  

Mean scores at each timepoint for SE and GI are summarized in Table 3.4.2. Effects of baseline 

cognitive status in the patient sample are summarized in Figure 3.4.2.  

Table 3.4.2 Mean performance of the two neurocognitive clusters identified at baseline.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Cognitive Domain 

Baseline  Follow-up  

SE (n=21) GI (n=26) SE (n=21) GI (n=26) 

M (SD) M (SD) M (SD) M (SD)  

Working Memory 0.86 (0.90) -0.67 (0.42) 0.63 (0.80) -0.62 (0.83) 

Verbal Learning & Memory -0.14 (0.81) -1.73 (0.93) -0.20 (0.99) -0.96 (0.97) 

Delayed Verbal Memory -0.31 (0.72) -1.44 (0.93) -0.07 (0.78) -0.93 (0.86) 

Task Switching -0.65 (1.05) -1.21 (0.65) -0.45 (1.09) -0.78 (0.87) 

Speeded Attention -1.07 (1.39) -1.39 (1.14) -0.42 (1.31) -1.16 (0.98) 

Verbal Fluency 0.04 (1.01) -1.54 (0.91) 0.19 (1.09) -1.00 (1.16) 

Inhibitory Control  -0.41 (1.04) -1.36 (0.99) 0.02 (0.93) -1.08 (1.02) 

Abbreviations: SE: selective executive dysfunction; GI: global impairment 
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Figure 3.4.2 Changes in cognitive performance from baseline to follow-up in treatment-resistant depression neurocognitive subgroup
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Relationship with Cognitive Improvement and Treatment Response 

To determine whether the improvement in verbal learning and memory (RAVLT 1-5) 

performance identified in the GI cluster were associated with treatment response, a two-way 

ANOVA was performed with absolute change in RAVLT 1-5 score set as the dependent 

variable, with neurocognitive cluster (SE versus GI) and treatment response (responder/non-

responder) set as the between-subjects factors.  

This returned a model which found the main effect of neurocognitive cluster to be significant 

(F(1, 43) = 5.56, p = 0.02, h2 = 0.11), while the main effect of response was not (F(1, 43) = 0.94, 

p = 0.34, h2 = 0.02). However, the neurocognitive cluster by response interaction was significant 

(F(1, 43) = 5.17, p = 0.004, h2 = 0.18).  

Further inspection of the interaction found in responders, the GI cluster showed significantly 

more change in RAVLT 1-5 scores compared to the SE cluster (t = 4.96, p<.001). In contrast, in 

non-responders, there was no difference in the degree to which RAVLT 1-5 scores changed 

between GI and SE (t = 0.40, p=0.98).     

The interaction effect on changes in RAVLT 1-5 scores is summarized in Figure 3.4.3.  
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Figure 3.4.3 Interaction effect between neurocognitive cluster and treatment response on 
improvement in verbal learning and memory.  
 

Relationship with Cognitive Improvement and Baseline Predictors of CD  

Correlations were performed between the two predictors of GI cluster belonging, age and 

benzodiazepine use, and change in RAVLT 1-5 performance. Age showed a moderate positive 

correlation with RAVLT 1-5 change (r = 0.38, p = 0.001), whereas benzodiazepine dose showed 

a small, non-significant positive correlation (r = 0.15, p = 0.20).  

There was a moderate positive relationship between age and RAVLT 1-5 improvement within 

the CI cluster (r = 0.60, p=0.001), whereas there was not a significant relationship between these 

variables within the CU cluster (r = 0.25, p = 0.26). Therefore, path analysis was used to 
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determine whether cluster membership acted as a moderator on the relationship between age and 

verbal learning and memory improvement, with percent change in HRSD included as a covariate 

in the model, using PROCESS macro for SPSS 26 (Hayes, 2012). There was indeed a significant 

moderating effect of cluster membership on age (F(1,42) = 3.98, p = 0.05). For the SE cluster, 

there was no relationship between age and change in RAVLT 1-5 score (b = 0.00, p = 0.97), 

whereas for the GI cluster, for each year in age, there was an added 0.05 point improvement in 

RAVLT 1-5 score at follow-up (b  = 0.05, p = 0.007).  

The relationship between age, neurocognitive cluster, and memory performance is plotted in 

figure 3.4.4.   

    

       

Figure 3.4.4 Baseline neurocognitive clusters showed a moderating effect on the relationship 
between age and absolute change in RAVLT 1-5 scores.  
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CHAPTER 4: DISCUSSION 

4.1 Overview: Objectives and Findings  

This thesis had two objectives:  

1. To characterize CD in patients with treatment-resistant depression during an acute depressive 

episode.  

2. To assess the cognitive benefits of an adequate course of high frequency repetitive transcranial 

magnetic stimulation to the left dorsolateral prefrontal cortex.  

To accomplish these objectives, I conducted analyses on data obtained from the THREE-D 

study, a clinical trial investigating the non-inferiority of two repetitive transcranial magnetic 

stimulation protocols in patients with TRD (Blumberger et al., 2018a).  

The key findings from the objectives are as follows:  

1. Patients with TRD show worse performance in select cognitive domains when compared to a 

matched cohort of healthy volunteers; however, their scores are considered ‘normal’ with respect 

to normative databases. Controlling for an individual’s premorbid functioning, on the other hand, 

allowed for better detection of cognitive deficits, and provided more clear insight into disorder-

specific effects on cognition. However, cognitive function in TRD was found to be 

heterogeneous. Two cognitive subgroups emerged in the TRD sample, indicating about half of 

patients show global deficits in cognition, whereas the remaining half showed only selective 

deficits in executive functions. Older age and benzodiazepine use were identified as variables 
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contributing to heterogeneity, specifically with these variables predicting belonging to the global 

deficit subgroup.  

2. rTMS is not associated with significant cognitive improvement in our sample. However, those 

who have worse cognitive deficits at baseline showed significant improvements over the course 

of treatment  in the domain of verbal memory. Furthermore, improvements in verbal memory 

appeared to be associated to improvements in affective symptoms. Therefore, our data suggest 

that rTMS targeting of the left DLPFC affects large-scale networks involving both affect and 

cognition.  

This final chapter will discuss the findings from these analyses, identify strengths and 

limitations, as well as explore the implications for future research and treatment of patients with 

TRD.  

 

4.2 Adjusting for Premorbid Cognition Improves the Detection of Deficits in Treatment-

Resistant Depression 

TRD showed worse cognitive functioning compared to HV in several cognitive domains, namely 

verbal learning and memory, speeded attention, set shifting, and inhibitory control. However, 

due to the sample being highly educated and demonstrating high IQ according to the NAART 

task, sample means of the TRD group are considered to be within the normal range of normative 

scores. Recent studies have suggested adjusting for estimated premorbid IQ in patients can lead 

to more accurate depictions of the true CD experienced by patients with TRD (Douglas et al., 

2018; Tran, Milanovic, Holshausen, & Bowie, 2021).  
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Using these same techniques in the current study, adjusting for premorbid IQ led to greater 

differences in cognitive performance between TRD and HV, while the domains that were 

impaired remained consistent. While adjusting for IQ, referred to as iIQAS, decreased the mean 

scores of both TRD and HV, this adjustment led to greater decreased in TRD scores. It must be 

noted that estimated premorbid functioning was used to adjust cognitive scores, whereas ideally 

longitudinal information on cognitive function prior to, and over time, is an ideal way to measure 

changes in cognitive ability due from a disorder (Douglas et al., 2020). However, the current 

findings assert that verbal reading tests, such as the NAART, are a useful surrogate measure 

when longitudinal data are not available, as is often the case in both clinical and research 

applications.  

Furthermore, the method of premorbid adjustments may also bridge the gap between subjective 

reporting of CD and objective measures, which have been consistently reported as dissociated 

from one another (McDermott & Ebmeier, 2009; Petersen et al., 2019; Rock et al., 2014). This is 

evidenced by a recent study by Tran and colleagues (2021), which found an association between 

subjective dysfunction and individualized, but not normative, cognitive performance. This 

suggests that individualized cognitive scores may be more clinically relevant, as they seem to be 

more closely associated with a patient’s perceived loss of cognitive and functional abilities.  

Analyses on the entire TRD sample compared to matched HV using both normative and 

individualized cognitive scores were consistent with prior research suggesting that CD in TRD 

may be more circumscribed to a few cognitive domains rather than characterized by more severe 

generalized impairments such as those found in patients with schizophrenia (Heinrichs & 

Zakzanis, 1998; Vila-Rodriguez et al., 2017). Deficits in verbal learning/memory are frequently 

reported in MDD patients (den Hartog et al., 2003; Fossati et al., 2002, 2004; Philip Gorwood et 
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al., 2008), and the length of current depressive episode tends to correlate with greater verbal 

memory deficits (consistent with studies in first-episode depression failing to report verbal 

memory deficits, e.g. Basso and Bornstein, 1999), suggesting that this deficit is more pronounced 

in TRD (Fossati et al., 2004). In addition, the finding of deficits in executive function aligns with 

previous studies reporting deficits in attention and inhibitory components of executive function 

in TRD (Hammar et al., 2011; Tsaltas et al., 2011). The lack of a deficit in working memory in 

the TRD sample is intriguing, as deficits in this domain are consistently reported (Galecki et al., 

2013; Gruber, Zilles, Kennel, Gruber, & Falkai, 2011; Stordal et al., 2004). This negative finding 

may be attributed to the use of the SJS test as a measure of working memory, which was 

designed in the southern United States and for geriatric subjects (Cherry et al., 2007). 

Differences in regional dialects may have importantly affected performance in our participants, 

whom were located in Vancouver, Canada (Boberg, 2005). A further explanation for the lack of 

finding may be associated with clinical heterogeneity in working memory presentation within the 

TRD group.  

 

4.3 Cognitive Dysfunction is Heterogeneous in Treatment-Resistant Depression  

The strategy to cluster our sample driven by neuropsychological data was an avenue to explore 

the presence of potential subgroups. I chose to conduct this cluster analysis using the 

individualized scores (iIQAS) as this method showed a larger gap in cognitive performance 

between TRD and HV, suggesting it is more sensitive to the impacts of depression on cognition. 

Cluster analysis yielded two groups based on cognitive performance: a selective executive 

dysfunction group (SE) and a globally impaired group (GI). The GI subgroup demonstrated 
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widespread impairment, whereas the SE subgroup performed significantly better than GI in all 

cognitive domains except speeded attention and task switching, reflected in TMT parts A and B 

performance. Furthermore, GI comprised a substantial portion of the TRD sample, with 34 of the 

60 patients belonging to this subgroup, whereas 26 belonged to the SE subgroup.  

Previous studies also report discrete neuropsychological subgroups in MDD samples (Douglas et 

al., 2018; Hermens et al., 2011; Martin et al., 2020; Pu et al., 2018; Vicent-Gil et al., 2020). The 

globally impaired subtype reported has some consistency with previous findings in the literature 

(Martin et al., 2020; Pu et al., 2018; Vicent-Gil et al., 2020). On the other hand, other studies 

have typically reported 3 subtypes: a subtype with mild or no deficits and a subtype with 

selective memory deficits, in addition to the globally impaired subtype (Martin et al., 2020; Pu et 

al., 2018; Vicent-Gil et al., 2020). Furthermore, Vicent-Gil et al. (2020) found that treatment 

resistance was a strong predictor of belonging to the selectively, or globally, impaired clusters. In 

this study, only TRD patients were invested, finding a globally impaired and a selective 

executive dysfunction cluster. Given the established associations between executive dysfunction 

and treatment-resistance, the data replicate this finding. It is unclear whether the 2-cluster 

solution reflects the true cognitive variation in TRD patients, or whether this was instead due to 

the relatively small sample size of 60 patients (Siddiqui, 2013), particularly as larger clustering 

studies have returned 3 cluster solutions in similar populations (e.g. Martin et al., 2020; S Pu et 

al., 2018; Muriel Vicent-Gil et al., 2020). However, the results suggest that most TRD patients 

present with some degree of CD, however the domains affected are heterogeneous across this 

subtype. While these findings should be expanded upon in larger scale studies, the clustering 

strategy shows promise for identifying depressive subgroups. This may improve characterization 

of patients with depression, and may prove particularly helpful if neuropsychological 
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subgrouping maps onto biomarkers such as brain imaging abnormalities (Rasetti & Weinberger, 

2011). 

The binomial logistic regression model elucidated sources of variation in the current sample, 

namely age and benzodiazepine use. Benzodiazepine dose loaded as the greatest predictor of CD 

in our sample. This finding may be of utmost clinical significance as the prescription of 

benzodiazepines is widespread for MDD patients (Liu, Ye, Watson, & Tepper, 2010). The 

findings converge with a significant body of literature pointing to the detrimental effects of 

benzodiazepines on cognition, with impairment encompassing many cognitive domains beyond 

memory and psychomotor processing speed (Crowe and Stranks, 2018). Specifically, a recent 

meta-analysis by Crowe and colleagues demonstrated negative effects on working memory, 

processing speed, divided attention, visuoconstruction, recent memory, and expressive language 

with Hedges’ g effects sizes that range between -0.78 to -0.12. Although there were some 

improvements in cognitive performance in those who had discontinued benzodiazepine use, 

significant deficits persisted in recent memory, processing speed, visuo-construction, divided 

attention, working memory, and sustained attention, with Hedges’ g effect sizes ranging between 

-1.4 to -0.7 (Crowe & Stranks, 2018). Further, benzodiazepine use has been linked to increased 

risk of dementia in elderly patients (Gallacher et al., 2012). The results of the current study 

suggest that this negative side effect may occur even at low dosage of medication, which was 

also found in a recent systematic review (Uzun, Kozumplik, Jakovljević, & Sedić, 2010). Stewart 

(2005) reported that cessation of benzodiazepines improved cognition in patients treated long-

term with the medication; however, patients did not return to levels of functioning that matched 

the control group. Whether this is due to side effects of long-term use, or because the patients 

were cognitively impaired prior to benzodiazepine use, is unclear. The presence of psychiatric 
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comorbidities, in particular anxiety disorders, has been suggested as a potential confounder as 

they tend to be associated with increased rates of CD (Basso et al., 2007; Baune, Mcafoose, 

Leach, Quirk, & Mitchell, 2009; Nelson & Gregg, 2012). In the current sample, however, GI and 

SE had negligible differences in prevalence of anxiety comorbidities (GI = 29%, SE = 38%) and 

the clusters also showed no differences in levels of anxiety symptoms (BSI-A score, p=0.44). 

Despite benzodiazepines being primarily indicated to treat anxiety symptoms, they are used in a 

wide range of contexts, including insomnia (Riemann & Perlis, 2009), and even as a 

monotherapy for approximately 1 in 10 patients for the treatment of depression in the United 

States (Soric et al., 2019). Although the indication for benzodiazepine prescription is unclear in 

the current sample, it did not appear to be limited to patients with anxiety disorders. The findings 

regarding the detrimental effect of benzodiazepine is of particular relevance considering the 

small dose these patients were on, as the usual therapeutic dose ranges 2-8 mg of lorazepam 

equivalent dose (Johns Hopkins Psychiatry Guide, 2016). Our group also recently reported that 

this small dose of benzodiazepine use is associated with decreased effectiveness of repetitive 

transcranial magnetic stimulation (Kaster et al., 2019). 

Other psychiatric medications did not show significant relationships with cluster belonging. 

Antidepressants and benzodiazepines were included in the logistic regression as other psychiatric 

medication classes (e.g. antipsychotics, stimulants) were taken by too few patients to provide 

meaningful signal. In contrast, a clustering study by Pu et al. (2018) found that antidepressants 

associated with better, and that antipsychotics were associated with worse, cognitive 

performance. However, their sample comprised of MDD, rather than TRD, and included a larger 

range of depression severity, briefer disease duration, and less stringent exclusion criteria related 

to psychotic and manic symptoms. Finally, while current medication does not provide 
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information on other aspects of pharmacological intervention, such as the duration of, or past 

medication use, we also assessed treatment history, through the use of the ATHF form, and did 

not find any significant contributing effect.  

The relationship between age and CD in depression is converging with previous research; nearly 

40% of geriatric MDD patients exhibit cognitive symptoms (Morimoto, Kanellopoulos, & 

Alexopoulos, 2014). In TRD, the relationship of CD and aging may be further pronounced, as 

the number and length of depressive episodes appears to increase a patient's risk for developing 

dementia, specifically Alzheimer's disease (Ownby, Crocco, Acevedo, John, & Loewenstein, 

2006). As patients with TRD get older, they may become at higher risk for CD. In the current 

sample, normal changes of cognition across the lifespan alone cannot account for this effect as 

participants’ scores were calculated from age-corrected normative data, except in the case of the 

SJS. Aging is associated with an increased risk for non-psychiatric medical conditions (e.g. 

diabetes mellitus, cardiovascular disease) which are known to affect cognition (Angermann & 

Ertl, 2018; Zheng, Yan, Yang, Zhong, & Xie, 2018). Patients with major unstable concomitant 

medical illnesses were excluded from the current study; however, we cannot rule out the effects 

of chronic medical conditions in our sample.  

Interestingly, while no affective symptoms and disease characteristics loaded into the logistic 

regression model, GI had a significantly greater disease duration compared to SE (GI M = 20.44 

years versus SE M = 13.46 years). Although this relationship was found to be mediated by age, it 

aligns with previous findings that depression may have a cumulative effect on cognition over 

time, evidenced by lesser dysfunction in patients with first-episode depression (Basso & 

Bornstein, 1999), as well as worse cognition associated with a greater number of depressive 

episodes (Dotson et al., 2008; Gorwood et al., 2014). However, as a longer history of depression 
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is by nature associated with older age, disentangling these factors remains a challenge. Future 

investigation of age-related decline in TRD is warranted. Regardless of the directionality of the 

relationship between age and disease duration, the findings suggest that it is imperative to 

identify and treat TRD patients before the emergence of cognitive decline that becomes 

increasingly likely over time. 

Although other clinical characteristics did not load into the model, factors such as depression 

severity and treatment-resistance have been previously reported as risk factors for CD (Philip 

Gorwood et al., 2008; McDermott & Ebmeier, 2009; Muriel Vicent-Gil et al., 2020). In light of 

this, it is important to consider the homogeneity of the current sample, which included moderate 

to severely depressed patients who all showed at least some degree of treatment resistance. The 

ability to detect effects of severity and treatment resistance are affected when using a restricted 

range; thus, larger, heterogenous samples of MDD patients may provide better insight into the 

contributions of these factors.  

 

4.4 Overlap of Improvements in Memory and Mood symptoms after rTMS in Patients with 

Baseline Dysfunction   

rTMS did not show discernable longitudinal improvements in cognition in the entire sample, 

however patients belonging to the GI cognitive subgroup at baseline showed significant 

improvements in verbal memory at the follow-up assessment, whereas the SE subgroup and HV 

showed no significant changes in verbal memory across the two timepoints. It is important to 

note that GI showed significantly worse verbal memory performance at baseline compared to SE 

and HV, whereas at the follow-up GI performance was no different than the other groups.  
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Previous research has found that when cognitive interventions are not circumscribed to patients 

presenting with CD, a ceiling effect present in cognitively intact patients impacts a study’s 

ability to identify the true benefits of the intervention (Douglas, Milanovic, Porter, & Bowie, 

2020; Miskowiak, Ott, Petersen, & Kessing, 2016; Ott et al., 2016). Furthermore, patients with 

more severe cognitive symptoms tend to benefit more greatly from cognitive interventions 

(Miskowiak, Carvalho, Vieta, & Kessing, 2016). As cognition was not a primary outcome in the 

clinical trial from which these data were collected (Blumberger et al., 2018b), there was 

considerable variation in the cognitive presentation of the sample. Instead, change in cognition 

across the baseline-identified cognitive clusters was investigated, which allowed for the detection 

of improvement only in the subset of patients who had the greatest degree of CD at baseline. 

These findings therefore solidify the notion that cognitive interventions for TRD should be 

investigated specifically in samples who present with CD in an effort to reduce noise from 

cognitive variability and detect true effects.  

Baseline analyses indicated that GI belonging was predicted by older age and benzodiazepine 

use. I therefore investigated the relationship between these variables and changes in cognitive 

symptoms in an attempt to discern potential mediation. Age showed a moderate positive 

correlation with improvement in verbal memory within the entire sample. In the path analysis, 

there was a moderating effect of age, where a positive relationship between age and memory 

improvement was found in patients with impaired memory performance at baseline.   

Age has been previously reported a positive predictor of response to rTMS in patients with 

treatment-resistant depression. Specifically, Kaster et al. (2019) analyzed trajectories of 

antidepressant response on the complete THREE-D sample, finding that older age predicted 

belonging to a rapid response trajectory. Intervention for older TRD patients experiencing 



 
66 

cognitive function is extremely important, as chronic depression is a risk factor for dementia 

(Ownby, Crocco, Acevedo, John, & Loewenstein, 2006). Furthermore, deficits in verbal memory 

are in particular associated with later-life depression (Thomas et al., 2009). An intervention that 

specifically targets this cognitive domain, such as rTMS, could be very promising in improving 

patients’ quality of life by simulatenously treating their cognitive and affective symptoms 

(Bortolato et al., 2016).   

 

Specificity of Improvement of Cognitive Domains  

Verbal learning and memory showed improvement at the 3-month follow-up, whereas no other 

cognitive domains showed improvements associated with rTMS. A handful of previous studies 

have similarly reported improvement in memory following rTMS treatment, although it is 

important to note that these studies either did not employ a comparator group to control for 

practice effects from repeated neuropsychological testing (Fitzgerald, Hoy, D, & Kulkarni, 2009; 

Hoy et al., 2013; Martis et al., 2003), or had small sample sizes (between 6 – 14 subjects per 

condition depending on the study), reducing the ability to discriminate between true signal and 

noise (Hausmann et al., 2004; P. E. Holtzheimer et al., 2004; Kedzior, Rajput, Price, Lee, & 

Martin-Iverson, 2012; Padberg et al., 1999).  

In contrast, studies in both healthy controls and clinical populations have found that high 

frequency stimulation of the left DLPFC is associated with gains in working memory functions 

(Brunoni & Vanderhasselt, 2014). Given the role of the left DLPFC in the central executive 

network, and its known implications in executive functioning, one would expect to see 

improvements in cognitive domains such as working memory, set shifting, and inhibitory control 
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(Miyake et al., 2000). Meta-analyses do indeed report improvements in executive functions, in 

addition to psychomotor speed and attention, using similar rTMS protocols (Martin et al., 2016; 

Serafini et al., 2015). However, these improvements may be transient, rather than persistent, 

effects of rTMS. Concerto et al. (2015) conducted sham-controlled rTMS to the left DLPFC in 

TRD patients and assessed executive function in patients over the course of treatment. They 

found that while subjects demonstrated improvements in inhibitory control (measured using the 

Stroop task) when tested immediately following treatment completion, these improvements did 

not last at the 3 or 6 month follow-up timepoints (Concerto et al., 2015). Changes in cognition 

were not assessed immediately following rTMS treatment, so whether transient cognitive 

benefits occurred is unknown. Future research is therefore needed to characterize the timelines of 

cognitive change due to rTMS across cognitive domains.  

 

Biological Mechanisms of Cognitive Improvement  

The relationship between treatment response and improvement in cognitive symptoms suggests 

that the mechanism of response to rTMS is similar for these symptom domains. A vast body of 

evidence points towards the subgenual anterior cingulate cortex (sgACC) a key node of the 

salience network, being critical in the antidepressant response to rTMS (Fox, Buckner, White, 

Greicius, & Pascual-Leone, 2012; Ge, Downar, Blumberger, Daskalakis, & Vila-Rodriguez, 

2020; Weigand et al., 2018). On the other hand, cognitive functions are typically associated with 

activity of the central executive network (Seeley et al., 2007). Despite vastly different brain 

regions having relevance for these two symptom domains, there was nonetheless a relationship 

between antidepressant response and cognitive improvement. While the physiological basis of 
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the therapeutic effect of rTMS is not fully elucidated, evidence suggests that rTMS works by 

perturbing brain networks, causing changes in how different brain regions work together 

(Anderson et al., 2016). The DLPFC, targeted in the current study, is directly implicated in 

cognitive processes, and also has anatomical connectivity with regions implicated in both 

affective (e.g. the sgACC) and cognitive (e.g. posterior parietal cortex, orbitofrontal cortex) 

functions (Anderson et al., 2016). Recent work by our group examined physiological response to 

acute rTMS using a concurrent TMS-fMRI protocol, finding that TRD patients who showed 

greater transient alterations in functional connectivity during the concurrent TMS-fMRI 

stimulation, interpreted as an index of macro-scale neuroplasticity, showed better subsequent 

response to rTMS treatment (Ge et al. 2021, in preparation). This evidence suggests that patients 

with a greater index of neuroplasticity are more amenable to trans-network changes induced by 

rTMS, resulting in improvements across a number of symptom domains.  

The DLPFC has well-established anatomical and functional connections with the hippocampus 

(Anderson et al., 2016). In a recent analysis on this same sample by our group, we found that 

functional connections of bilateral hippocampal subregions and the right dorsolateral prefrontal 

cortex were negatively correlated with delayed recall (RAVLT 7 performance) in TRD but not 

HV (Ge, et al., 2019). This suggests a depression-specific pattern of functional connectivity 

between the hippocampus and the DLPFC that is implicated in impaired memory functions. As 

the hippocampus and the DLPFC are important nodes of the default mode network (DMN) and 

the central executive network (CEN), respectively, the increased functional connectivity between 

these regions may represent a disruption in the typical anticorrelation patterns seen between 

these networks (Menon, 2011). A study by Liston et al. (2014) investigating changes in 

functional connectivity related to rTMS treatment in TRD found significant increases 
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anticorrelated connectivity between CEN and DMN nodes, such as between the left DLPFC and 

parahippocampal cortices. Furthermore, studies investigating structural changes in the brain 

following rTMS have found increased cell proliferation and brain-derived neurotrophic factor in 

the hippocampus in rat models of depression (Peng et al., 2018), as well as increases in 

hippocampal gray matter volume found in TRD patients (Hayasaka et al., 2017; Noda, 

Zomorrodi, Daskalakis, Blumberger, & Nakamura, 2018).  

Together with the results of the current study, this suggests that rTMS may induce improvements 

in memory functions through connections between the DLPFC and limbic regions, altering not 

only the functional activity between key resting-state brain networks but perhaps also inducing 

structural changes in the hippocampus. 

 
4.5 Limitations and Future Considerations   

The current study was comprised of a modest sample size in a homogeneous sample of TRD and 

HV. Demographic and disease factors were not available for all TRD, further reducing the 

sample size for the logistic regression analysis. Furthermore, loss to follow-up contributed to 

further reductions in the sample size for the repeated-measures analysis, reducing the study’s 

power to detect cognitive effects of rTMS. The limited sample size should thus be considered 

when interpreting the results of this study.  

 

Characterizing Cognition in TRD at Baseline 

Although the effects of benzodiazepine use in this sample are striking and converging with 

mounting evidence on the detrimental effect of chronic benzodiazepine use, a definite causal 
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relationship with CD cannot be inferred in the current data due to the cross- sectional nature of 

this study. Future research should work to characterize the timeline of benzodiazepine use and 

cognitive symptoms in TRD. The homogeneity of the sample, being a treatment-resistant, 

severely depressed cohort, indicates that findings cannot be generalized to the broader MDD 

population. Affective and patient-reported symptoms (e.g. depression severity, functional 

impairment) and disease characteristics (e.g. disease duration, length of current episode) are 

within a restricted range and by no means encompass the full scope of variation in MDD. Rather, 

this study characterizes the most important factors relating to CD in adults with severe, chronic, 

treatment- resistant depression. Future research comparing TRD to MDD may give a better 

understanding of what factors are specific to CD with TRD patients, and whether there are 

different predictors of dysfunction in the general MDD population.  

Furthermore, while older age was also found to be a significant predictor of belonging to the GI 

cluster, it is important to note that the age of the sample ranged from 19-63 years. Caution is 

warranted when extrapolating these findings to geriatric samples, although a similar pattern is 

expected given previous findings in the literature (Thomas et al., 2009).  

The sample in the current study was highly educated and intelligent with high socioeconomic 

status; these results may thus only apply to a narrow population and may not be generalized to 

the entire TRD population. Nonetheless, despite being a highly educated, intelligent cohort, a 

large portion of TRD displayed CD, both when defining dysfunction through normative, and 

relative, cognitive scores. The HV group was slightly (but significantly) more educated than the  

TRD group, which may indicate a greater degree of cognitive reserve in HV; however, this 

should not have biased the results of the study, as scores were converted to z scores using 

normative data.  
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Cognitive Effects of rTMS  

An important limitation of the longitudinal analyses is the lack of a patient comparator group 

who did not receive rTMS intervention. While a demographically matched cohort of HV was 

included a comparator gorup, patients with TRD may show differences in practice effects from 

non-clinical populations, as has been reported in patients with schizophrenia (Beglinger et al., 

2003).  

Next, patients were not pre-screened for CD as cognition was not a primary outcome of the 

clinical trial for which these patients were recruited. This may have reduced the ability to detect 

meaningful improvements as a significant portion of our sample performed normally at baseline. 

Cognitive improvements were detected in patients who presented with baseline deficits in verbal 

learning and memory, however this resulted in a significant reduction in power to detect change 

as group sample sizes were further reduced by splitting the patients into cognitive subgroups (GI 

= 26, SE = 21, HV = 22).  

Finally, cognitive function were assessed at two timepoints, namely at baseline and 3 months 

post-treatment. While this allowed the detection of longitudinal effects of rTMS on cognitive 

performance, it remains unclear whether transient effects on other cognitive domains also 

occurred.  

Future studies seeking to assess the cognitive benefits of rTMS should (1) include clinically 

similar comparator groups, (2) pre-screen patients for CD, and (3) assess changes in cognition at 

multiple timepoints following the end of rTMS to provide more insight into the timelines of 

cognitive changes.  
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rTMS Protocol and Treatment Target  

While this study employed a protocol of 30 daily treatments of high frequency stimulation to the 

left DLPFC, it must be noted that there is a vast number of options when it comes to parameters 

including treatment schedule, stimulation intensity, and frequency. As rTMS is still in the early 

days of development, further knowledge of the contribution of these parameters to efficacy is 

needed in order to exert maximal benefits (Cash, Cocchi, Lv, Fitzgerald, & Zalesky, 2020). 

Finally, the left DLPFC may not be the optimal site to target when treating CD. A study targeting 

both the left and right DLPFC noted greater cognitive gains in patients who received right sided 

stimulation (Nadeau et al., 2014). Furthermore, research suggests that the right DLPFC may be 

more relevant to cognitive functions such as attention, whereas the left DLPFC may be more 

involved in emotional processing (Grimm et al., 2008). Additional treatment targets, including 

parietal regions functionally linked to the hippocampus (Mielacher et al., 2020), or the 

dorsomedial prefrontal cortex (Downar, 2019), have also shown promise in targeting cognitive 

symptoms. Targeting alternative brain regions with rTMS may prove to be more efficacious and 

could be stimulated in addition to the left DLPFC, in TRD who experience cognitive symptoms.  

 

4.6 Conclusions 

This study found that TRD is associated with a heterogeneous presentation of CD, with global 

CD in roughly half of patients, and selective executive dysfunction in remaining patients. Global 

deficits were associated with older age and use of benzodiazepines. These findings have 

particularly important clinical implications in screening patients who may be at-risk for cognitive 
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dysfunction, as well as informing clinicians on the cognitive effects that even low doses of 

benzodiazepines can exert.   

Secondly, rTMS was found to selectively improve verbal memory in patients who showed 

deficits in this domain at baseline. This impresses upon the need to screen for CD in studies 

investigating cognitive effects in order to detect actual cognitive benefits of treatment.  

Rather than attributing memory improvements as an epiphenomenon of improvement in 

symptoms, I hypothesize that patients who improved in these symptom domains had a greater 

index of neuroplasticity and were thus more amenable to rTMS-induced changes in both 

affective and cognitive neural pathway; however, future research into the neural mechanisms of 

cognitive improvement following rTMS is warranted.  
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APPENDIX A. Participant Inclusion and Exclusion Criteria  

 

The inclusion and exclusion criteria listed here was originally documented in the THREE-D 

study protocol for the Non-Invasive Neurostimulation Therapy (NINET) Lab study site 

(University of British Columbia, Vancouver, Canada).  

 

Patient Inclusion Criteria: 
Patients were included if they: 
(1) were outpatients 
(2) were voluntary and competent to consent to treatment 
(3) had a Mini-International Neuropsychiatric Interview (MINI) confirmed diagnosis of MDD, 
single or recurrent 
(4) between the ages of 18 and 65 years 
(5) failed to achieve a clinical response to an adequate dose of an antidepressant based on 
an Antidepressant Treatment History Form (ATHF) score of at least 3 in the current episode OR 
were unable to tolerate at least 2 separate trials of antidepressants of inadequate dose and 
duration (ATHF 1 or 2) 
(6) had a score ≥ 18 on the HRSD-17 item 
(7) were no increase or initiation of any psychotropic medication in the 4 weeks prior to 
screening 
(8) were able to adhere to the treatment schedule 
(9) passed the TMS adult safety screening (TASS) questionnaire 
 
Patient Exclusion Criteria: 
Patients were excluded if they: 
(1) had a history of substance dependence or abuse within the last 3 months 
(2) had a concomitant major unstable medical illness, cardiac pacemaker or implanted 
medication pump 
(3) had active suicidal intent 
(4) were pregnant 
(5) had a lifetime Mini-International Neuropsychiatric Interview (MINI) diagnosis of bipolar I 
or II disorder, schizophrenia, schizoaffective disorder, schizophreniform disorder, delusional 
disorder, or current psychotic symptoms 
(6) had a MINI diagnosis of obsessive compulsive disorder, post-traumatic stress disorder 
(current or within the last year), anxiety disorder (generalized anxiety disorder, social anxiety 
disorder, panic disorder), or dysthymia, assessed by a study investigator to be primary and 
causing greater impairment than MDD 
(7) had a diagnosis of any personality disorder, and assessed by a study investigator to be 
primary and causing greater impairment than MDD 



 
96 

(8) had failed a course of ECT in the current episode or previous episode 
 
Health Volunteer Inclusion Criteria: 
Participants were be included if they: 
(1) were voluntary and competent to consent to the study 
(2) were between the ages of 18 and 65 
(3) were fluent in English, sufficient to complete interviews and cognitive testing 
(4) had no history of Axis I or Axis II disorders, as determined by the MINI 
 
Health Volunteer Exclusion Criteria: 
Participants will be excluded if they: 
(1) had a lifetime Mini-International Neuropsychiatric Interview (MINI) diagnosis of bipolar I 
or II disorder, schizophrenia, schizoaffective disorder, schizophreniform disorder, delusional 
disorder, or current psychotic symptoms 
(2) had a MINI diagnosis of obsessive compulsive disorder, post-traumatic stress disorder 
(current or within the last year), anxiety disorder (generalized anxiety disorder, social anxiety 
disorder, panic disorder), dysthymia or any personality disorder 
(3) had history of mood disorders or psychosis in first degree relative (parents, siblings, 
offspring) 
(4) were unable to provide family history of biological family (i.e., adopted persons are not 
eligible) 
(5) had a history of substance dependence within the last 3 months 
(6) had a concomitant major unstable medical illness 
(7) had any significant neurological disorder or insult including, but not limited to: any 
condition likely to be associated with increased intracranial pressure, space occupying brain 
lesion, cerebral aneurysm, Parkinson’s disease, Huntington’s chorea, multiple sclerosis, 
significant head trauma with loss of consciousness for greater than or equal to 5 minutes 
(8) had a non-correctable clinically significant sensory impairment (i.e., cannot hear well 
enough to cooperate with interview). 
(9) had a personal or family history of seizures 


