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ABSTRACT 

Background. Thirteen percent of 12- to 17-year-old adolescents suffer from depression, but only half 

respond to antidepressants and psychotherapy. Recent studies have successfully employed repetitive 

Transcranial Magnetic Stimulation (rTMS) to treat depression. However, there is a need to precisely 

determine the rTMS site of stimulation. A recent study in adults with depression (Fox et al., 2012) 

proposes that using the connectivity between the dorsolateral prefrontal cortex (DLPFC) and subgenual 

cingulate to define the site of stimulation for rTMS results in increased clinical efficacy. To date, no 

studies have investigated this phenomenon in the pediatric population. 

Methodology. Functional magnetic resonance imaging (fMRI) scans of 37 adolescents with treatment-

resistant depression (TRD) and 18 controls were analysed. TRD individuals underwent 15 consecutive 

rTMS sessions and were assessed for depression before and after treatment by the Hamilton Depression 

Rating Scale (Ham-D). We calculated the DLPFC-Subgenual connectivity for the seven different rTMS 

targeting approaches described in Fox et al. (2012). Then, we measured the DLPFC-Subgenual 

connectivity from the individual stimulation sites and explored any correlation with clinical efficacy.  

Results. Contrary to Fox et al. (2012), four and three targeting approaches presented a positive 

correlation for the TRD and control groups respectively. Moreover, more positive values of DLPFC-

Subgenual connectivity were significantly associated with a higher decrease in Ham-D scores (p = 

0.025, one-tailed).  

Limitations. We used coordinates for the targeting approaches and subgenual cingulate that had been 

originally defined in adults. Furthermore, small changes in the noise reduction procedure causes great 

divergence in the outcomes.  
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Conclusions. Since adolescents showed a distinctive and stronger functional connectivity between 

DLPFC and the subgenual cingulate, depression treatments have to be directly adjusted to pediatric 

population. Additionally, higher DLPFC-Subgenual positive connectivity predicted a higher clinical 

efficacy. This suggests that future work should consider defining the stimulation site at the DLPFC 

location with the strongest positive connectivity with the subgenual cingulate. However, the novelty of 

this research and the differences in outcomes with the literature in adult population indicates that 

reanalysing this association is necessary.  

 

Keywords: Depression; resting-state functional MRI; adolescents; DLPFC; rTMS; DLPFC-

Subgenual connectivity 
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CHAPTER 1: INTRODUCTION 

Basics of Major Depressive Disorder (MDD) 

How is MDD defined? 

Major Depressive Disorder (MDD) is characterized by the presence of sad, empty or irritable 

moods that substantially impact the individual’s functioning in daily life. There are five criteria 

points for MDD to be diagnosed (see Table 1). Among the symptoms in the outlined criteria, 

either depressed mood (or irritable in children and adolescents) or diminished interest must be 

present. There are 14528 possible symptom combinations according to the DSM-IV and DSM-

V criteria, illustrating the heterogeneity of MDD diagnosis (Zimmerman et al., 2014; Park et al., 

2017). Each MDD diagnosis is defined based on whether it is a single or a recurrent episode, 

severity (mild, moderate, or severe), presence or absence of psychotic features, and remission 

status (partial or full). Neuroticism, adverse childhood experiences, stressful life events, having 

first-degree relatives with MDD, and the presence of substance use, anxiety or borderline 

personality disorders are recognized risk factors for MDD (American Psychiatric Association, 

2013). 
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Table 1. Diagnostic Criteria for Major Depressive Disorder (MDD) 

Diagnostic criteria for Major Depressive Disorder (MDD) in Diagnostic and Statistical Manual 

of Mental Disorders V (DSM-V). (American Psychiatric Association, 2013) 

 

Criteria Description 

(A) 

At least five of the following symptoms are constantly present during the same 2-

week period (one of them must be either 1 or 2):  

1. Depressed mood 

2. Diminished interest or pleasure 

3. Significant weight loss or weight gain, or decrease or increase in appetite 

4. Insomnia or hypersomnia 

5. Psychomotor agitation or retardation 

6. Fatigue or loss of energy 

7. Feelings of worthlessness or excessive guilt 

8. Decreased ability to think, concentrate or make decisions 

9. Recurrent thoughts of death 

(B) 
The symptoms cause clinical distress, or social or occupation impairment  

(C) 
The symptoms are not due to substance abuse or another medical condition 

(D) 
The episode is not explained by any schizophrenia spectrum or psychotic disorder 

(E) 
There has never been a maniac or a hypomanic episode  
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Does MDD differ in youth? 

MDD presents differently in adolescents compared to adults. In youth, there is usually a greater 

variation in weight and appetite, less hypersomnia, fewer delusions, and decreased perception of 

psychomotor retardation and loss of energy (Mullen, 2018). Moreover, youth have a higher rate 

of recurrence and faster recovery of their depressive episodes. Unfortunately, depression in 

youth comes with serious consequences, including suicide, which is the second leading cause of 

death in adolescence (Centers for Disease Control and Prevention, 2021). Depression incidence 

increases suicide rate attempts from 3.3% to 22% in children and adolescents (Gould et al., 

1998). More than half of adolescent victims of suicide have a depression disorder (Thapar et al., 

2012), and data shows that 8% of adolescents with MDD will commit suicide by young 

adulthood (Mullen, 2018). Additionally, MDD throughout this period is related to substance 

misuse, obesity, and serious educational impairments (Thapar et al., 2012). It is common for 

adolescents with MDD to present conditions including attention-deficit/hyperactivity disorder 

(ADHD), anxiety disorder, disruptive disorder, substance use disorder, enuresis or encopresis, 

and/or separation anxiety disorder (Mullen, 2018). This bouquet of symptoms and diagnoses 

likely contributes to the high suicide rates observed in adolescent depression. 

 

How common is MDD in youth? 

Depression is a global public health issue. Currently, more than 300 million people suffer from 

depression, and this prevalence is increasing (Duda et al., 2020). In 2030, Major Depressive 

Disorder is expected to become the first cause of burden of disease worldwide (Malhi and 

Mann, 2018). In adulthood, MDD is as twice as frequent in women as in men (Kuehner, 2017). 
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The prevalence of MDD increases from early childhood through adolescence with rates of 0.5% 

in 3- to 5-year-olds, 6% in 6- to 11-year-olds, and 12% in 12- to 17-year-olds (Frieden et al., 

2013; Mullen, 2018). According to the 2018 National Survey on Drug Use and Health, one in 

seven adolescents aged 12 to 17 had a Major Depression Episode (MDE) in the last year. 

Female teenagers appeared to be three times more likely to have experienced a recent MDE than 

males (Lipari and Park-Lee, 2019). This data suggests that the period of adolescence is uniquely 

vulnerable to depression. In fact, studies show that the window between 12 and 21 years old is a 

period with important changes in connections and myelination of the cortical and subcortical 

regions involved in emotion regulation, impulse control and executive functions (Lichenstein et 

al., 2016; Johnston et al., 2017; Croarkin et al., 2018; Lima-Ojeda et al., 2018). For this reason, 

mental health imbalances are common during adolescence, which leads to the onset of many 

psychiatric disorders, including depression (Tymofiyeva et al., 2020). Nonetheless, pediatric 

depression is often underdiagnosed, and less than half of the cases of youth depression receive 

treatment before the age of 18 (Kessler et al., 2001; Mullen, 2018). 

 

Treatments for MDD in Youth 

Treatment for adolescents with MDD combines psychoeducation, individual psychotherapy, 

family interventions and pharmacotherapy (Croarkin and MacMaster, 2019). For mild cases, 

psychoeducation and psychotherapy are effective in 62% of patients (Mullen, 2018). Education 

generally consists of informative sessions involving close relatives so that they become 

“informed partners” in the recovery process. The most common form of individual therapy is 

cognitive behavioural therapy (CBT), which has the objective of addressing cognitive biases 
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that may trigger and maintain depressive behavior and thoughts (Park and Goodyer, 2000). 

According to the Canadian Network for Mood and Anxiety Treatments (CANMAT) guidelines, 

antidepressants, in combination with psychotherapy, are the first-line treatment for moderate-to-

severe depression. Selective serotonin reuptake inhibitors (SSRIs) are the most used medication 

for MDD in youth (MacQueen et al., 2016). SSRIs improve symptoms of depression by 

reducing the synaptic reuptake of serotonin, which increases the availability of serotonin in the 

synaptic cleft (Chesebro et al., 2019). Fluoxetine is a first-choice SSRI, followed by 

escitalopram and sertraline, which are considered second-choice medications because these 

medications have shown smaller effects with respect to placebo, and there are fewer pieces of 

evidence in the literature to support their efficacy compared to fluoxetine. The CANMAT 

guidelines advise to trial antidepressants for 6-12 months in patients without previous depressive 

episodes, and for at least one year for adolescents with two or more MDE, or one severe or 

chronic episode (MacQueen et al., 2016). These mentioned recommendations are based on adult 

MDD research as studies regarding pediatric MDD pharmacology are rather limited. 

 

How is Treatment-Resistant Depression (TRD) defined in research and practice? 

Despite the extensive use of psychotherapy and medication to treat depression, 40% of total 

patients with MDD are resistant to these treatments (Lefaucheur et al., 2020). There is no 

universal definition for TRD, and a lack of consensus between researchers and clinical 

professionals. In a systematic review conducted by Brown et al. (2019), 155 different definitions 

were found in 150 articles. In those, the most common approaches to define TRD were the 

staging models such as the Antidepressant Treatment History Form (ATHF) and the Thase and 

Rush Staging Model (TRSM), or the treatment failure method, in which the TRD is determined 
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based on a certain amount of failed psychotherapy or pharmacology rounds. 50.3% of the 

definitions included a minimum of two unsuccessful treatment trials (Brown et al., 2019; 

Voineskos et al., 2020). In clinical practice, the term TRD is rarely used. Instead, physicians 

tend to refer to those cases with the following concepts: “recurrent or relapsing depression,” 

“complex depression,” “difficult to treat,” “multiple episodes of depression,” “chronic 

depression,” and “struggled with depression throughout their lives” (Brown et al., 2019).  

The risk for relapse and chronification is 85% and 20% respectively in adult MDD (Lefaucheur 

et al., 2020). In children and adolescents, the rates of antidepressant response and remission are 

even lower (Chen et al., 2020; MacMaster et al., 2019), with almost 50% of pediatric depression 

cases reported as TRD (Lefaucheur et al., 2020; MacQueen et al., 2016). Once a patient has 

failed to the first round of antidepressants, treatment guidelines suggest trying another 

pharmaceutical option (e.g. other SSRI, TCAs, or MAOIs), or a neurostimulation technique 

such as transcranial magnetic stimulation (TMS) or electroconvulsive therapy (ECT). ECT is 

only recommended for very severe episodes of depression, such as MDD with psychotic 

features (Lefaucheur et al., 2020; MacQueen et al., 2016). Although neurostimulation is 

showing encouraging results, to treat TRD, there are some pieces missing. A target derived from 

an understanding of the underlying pathophysiology of the disorder is lacking at present. 

 

What do we know about the pathophysiology of MDD? 

In spite of the numerous research studies conducted regarding the basis of depression, the 

pathophysiology of MDD is still not fully understood. MDD is considered a complex disease 

with many possible causal mechanisms, and not all of these mechanisms are necessary to 
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present MDD. For many years, the monoamine hypothesis of depression dominated the field, 

which states that the depletion of serotonin (5-HT), norepinephrine (NE), dopamine (DA) and/or 

monoamine oxidase enzymes (MAO) in neuronal synapses leads to alterations in mood in MDD 

patients. Although being overly simplistic, this hypothesis resulted in the development of 

antidepressants (Dean and Keshavan, 2017). Other studies have shown that glutamate and 

γ‑aminobutyric acid (GABA) are decreased in depression in regions such as the medial 

prefrontal cortex (mPFC) and the amygdala. More recent evidence has established the 

neuroimmune hypothesis, which attributes altered neurobiological structure and function in 

MDD to a chronic overstimulation of immune cells including microglia, monocytes and 

macrophages. Several cytokines such as interleukin-1 (IL-1), interleukin-6 (IL-6) and tumor 

necrosis factor-α (TNF-α) are overexpressed in patients diagnosed with depression. Brain-

derived neurotrophic factor (BDNF), a neurotrophin that promotes survival of existing neurons, 

and growth and differentiation of new neurons, is reduced in depression as well. This suggests 

that neurogenesis and neuroplasticity are affected in MDD. Finally, a dysregulation of the HPA 

axis and a hyperactive response to stress has been associated with MDD. Particularly, patients 

with depression have shown excessive secretion of corticotropin-releasing factor (CRF), 

impaired negative feedback, increased size of adrenal glands, hypercortisolemia and enlarged 

pituitary gland (Dean and Keshavan, 2017; MacMaster et al., 2006; Pitsillou et al., 2020). 

From a systematic perspective, the limbic system and the cortical cognitive networks are 

dysregulated in depression (Pitsillou et al., 2020). These systems are reciprocally interconnected 

and work collectively in emotion regulation. Neuroimaging techniques [i.e. functional magnetic 

resonance imaging (fMRI) to evaluate brain activity, diffusion tensor imaging (DTI) for white 

matter integrity (Smith and Jakobsen, 2013), positron emission tomography (PET) to study the 
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dynamics of molecular processes in the brain, electroencephalography (EEG) for brain activity 

with high temporal resolution, and voxel-based morphometry (VBM) to identify local 

neuroanatomical differences] together with neurostimulation procedures [i.e. repetitive 

transcranial magnetic brain stimulation (rTMS), deep brain stimulation (DBS), and 

optogenetics] have been essential to identify the circuitry abnormalities in MDD, although there 

is a lack of consistency (Park et al., 2019). Patients with depression show (1) hyperactivity of the 

amygdala with response to negative stimuli; (2) increase in mPFC activity and resting-state 

subgenual cingulate and thalamic functional connectivity, which are regions involved in 

rumination and self-referential thoughts; (3) decreased left dorsolateral prefrontal cortex 

(DLPFC) activity, and hyperactivity of the right DLPFC, which is coherent with the symptoms 

of excessive anticipatory anxiety and difficulty disengaging from aversive input found in 

depression; (4) heightened attention to environmental negative stimuli due to hypoactivity of the 

ventrolateral prefrontal cortex (VLPFC); (5) impaired functioning and decreased volume of the 

dorsomedial prefrontal cortex (dmPFC), associated with difficulties in separating the emotional 

states from salient thoughts; and (6) reduction of the volumes of the nucleus accumbens (NAc, 

involved in reward and motivation) and the subgenual cingulate by up to 48% (Park et al., 2019; 

Pizzagalli et al., 2009; Sheline, 2003). Figure 1 summarizes the activity differences between 

healthy and MDD individuals in the regions involved in emotion regulation. As can be 

perceived, the abnormalities in the affect regulation system are very diverse, and the 

relationships between these systems and cellular and molecular irregularities is unclear. Recent 

efforts have been dedicated to developing a unified theory of depression, including all the 

fundamental mechanisms, circuit abnormalities, and how they interconnect (Dean and 

Keshavan, 2017; Pitsillou et al., 2020). However, having that many representations of 
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Figure 1. Brain Differences in Depression 

Brain regions involved in emotion regulation affected individuals with MDD in (A) lateral view 

(adapted from doi.org/10.5281/zenodo.3925989) and in (B) medial view (adapted from 

10.5281/zenodo.4312476). Green and red regions indicate overactivation and hypoactivity 

respectively, compared to healthy individuals. Adapted from “The neural systems of emotion 

regulation and abnormalities in major depressive disorder” by Park et al, 2019, Behavioural Brain 

Research. Brain outlines were downloaded from a free repository (www.scidraw.io.).  

(B) 

depression, it could be questioned whether or not they all have the same origin. In any case, only 

a deeper understanding of the changes in depression at the molecular level can lead us to unravel 

the relationships between the possible abnormalities presented in this disease.    
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TMS to Treat MDD 

Repetitive TMS (rTMS) is a non-invasive technique that has shown encouraging results in 

treating MDD. In TMS, a magnetic coil is placed on the dorsolateral prefrontal cortex (DLPFC) 

and magnetic pulses are delivered (see Figure 2). This generates long-term changes in the 

cerebral activity of systems involved under the area of stimulation (Magavi et al., 2017). Unlike 

ECT, rTMS does not cause significant side effects or cognitive sequela, or relevant adverse 

consequences such as tardive seizures, cognitive impairment, or confusion (Magavi et al., 2017). 

The most common method of stimulation is high frequency (HF) rTMS to the left DLPFC using 

a figure-of-eight coil. Generally, patients receive 1200-1500 10Hz pulses per session, grouped 

into 2-4 second train intervals (‘on time’) with 20-30 second intertrain intervals (‘off time’) 

(Lefaucheur et al., 2020; McClintock et al., 2018). The combination of shorter trains and 

relatively longer intertrain intervals is associated with increased safety. Sessions last for 30-40 

minutes, and standard strategy comprises 10 to 30 treatment sessions over the course of 3 to 6 

weeks (Lefaucheur et al., 2020; McClintock et al., 2018). High-frequency pulses are thought to 

excite neurons, which are hypoactive in the left DLPFC in patients with depression (Borrione et 

al., 2019; Pitsillou et al., 2020). About fifty experiments using rTMS to the left DLPFC in adults 

with treatment-resistant depression (TRD) have been performed since 1996, following very 

heterogeneous protocols (Lefaucheur et al., 2020). Two randomized well-controlled studies with 

sample sizes of 199 and 301 patients respectively (George et al., 2010; O’Reardon et al., 2007) 

showed that HF rTMS of the left DLPFC has antidepressant effect in patients with TRD. rTMS 

as a treatment for psychiatry disorders in adults has been approved by Health Canada and by the 

Food and Drug Administration (FDA) in 2002 and 2008 respectively (Leggett et al., 2014). 

Additionally, the CANMAT guidelines together with the Alberta Health Technology 
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Assessment consider high frequency (10 Hz) rTMS on the left DLPFC an effective treatment for 

adults with depression (Milev et al., 2016; Leggett et al., 2014). Other publications show valid 

justification for using low frequency (LF) stimulation of the right DLPFC, or bilateral 

stimulation (HF in the left DLPFC and LF in the right DLPFC). FDA has recently accepted deep 

rTMS utilizing a H1-coil to treat MDD, as it produces equivalent results to superficial rTMS 

(Lefaucheur et al., 2020). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Schematic of The Application of TMS 

Representation of the application of TMS on the left dorsolateral prefrontal cortex (DLPFC). A 

figure-of-eight coil is utilized to induce electric currents in the brain. Adapted from the press 

release from neuroCare Group (2017). 
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In the pediatric population, articles addressing the application of rTMS as a treatment for TRD 

are less abundant, and therefore the FDA has not yet approved the use of rTMS for adolescent 

depression. Nonetheless, there is evidence of beneficial effects of this technique in youth with 

several mood disorders, including MDD (McClintock et al., 2018). In fact, age is negatively 

correlated with clinical efficacy in adults with MDD, with rTMS being more effective the 

younger they are (Fregni et al., 2006). Similar to adults, TMS is a safe and tolerable procedure 

for children and youth, with headache being the most common side effect (experienced in 11% 

of cases) (Zewdie et al., 2020). The American Academy of Child and Adolescent Psychiatry 

(AACAP) suggests using rTMS treatment for 6-12 months in children and adolescents with 

depression, although significant variety is found in the literature (Narang et al., 2019). In the 

past decade, approximately ten studies have examined the effect of rTMS in adolescents with 

depression with promising results. MacMaster et al. (2019) conducted an experiment with 32 

adolescents with moderate-to-severe TRD aged 13-21 in the Alberta Children’s Hospital (ACH), 

which is the first pediatric TMS lab in Canada. This is the largest rTMS study in TRD pediatric 

population. After receiving rTMS for 15 consecutive weekdays, 56% of subjects presented a 

50% or more decrease in the Hamilton Depression Rating Scale 17 items (Ham-D17) score. The 

Ham-D17 is the main depression assessment scale in clinical settings and evaluates 17 different 

symptoms of depression in a structured interview format (Hamilton, 1960). The outcomes in 

MacMaster et al. (2019) support the use of rTMS in adolescent depression, but more studies are 

needed to optimize protocols and stimulation parameters for this specific age group.  

Very recently, Dr. Croarkin and his lab published the largest study investigating the efficacy and 

safety of HF rTMS in adolescents (12-21 years old) with MDD (Croarkin et al., 2021). It was a 

double-blind randomized sham-controlled trial with 48 individuals receiving TMS by the 5 
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centimetres rule targeting approach and 55 participants assigned to sham. The results showed 

that although there was a significant decrease in the Ham-D 24 items score at the end, this 

change occurred in both the treatment and the sham group with no significant differences. This 

suggests that the antidepressant effect of TMS in the adolescent group could be due to placebo 

and has an important impact in this field of research. Future studies should work on reducing the 

placebo effects and re-examine the efficacy of TMS in adolescents with depression. In terms of 

safety outcomes, no tolerability issues emerged, and only relatively minor adverse effects 

appeared without compromising the safety of the patients.  

 

Targeting Approaches for TMS 

The left DLPFC, involved in higher-order cognitive processes and executive functions, is a 

relatively large structure with a volume of approximately 9 cm3 (Sanches et al., 2009). It has a 

surface area of about a playing card with differing projections based on where you are in the 

DLPFC. Many targeting approaches to determine the rTMS stimulation site in the DLPFC in 

MDD have been used including the 5 centimetres rule, electroencephalogram (EEG) landmarks 

(F3 and F5), Broadmann Areas 9 and 46 (BA9 and BA46), their junction point, and the 

middorsolateral prefrontal cortex (see the location of these sites in Figure 3). The conventional 

“5-centimetre rule” (5 cm rule) identifies the hand motor hotspot, usually defined at the first 

dorsal interosseous (FDI) muscle of the contralateral hand (i.e. right FDI for left primary motor 

cortex or LM1 and left FDI for right primary motor cortex or RM1), and then the stimulation 

target site is determined to be 5 cm anterior to this hotspot (see Figure 4). However, this method 

has been shown to be inaccurate as the left DLPFC appears to be more anterior in most 
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individuals at about 7 cm from the hotspot. In fact, Herbsman et al. (2009) showed that the more 

anterior and lateral the coil was placed using the conventional 5 cm rule, the better the outcome 

was in adults with depression. Another method for positioning the coil is based on the F3 

standardized electroencephalogram (EEG) landmark using the International 10-20 System for 

placement of electrodes. The F3 EEG approach is more precise than the 5 cm rule because it 

accounts for cranial size and shape. Similarly, Rusjan et al. (2010) used the F5 EEG landmark. 

Other targeting approaches involve coordinates centered on Broadmann areas (BA) 9, 46, and 

the junction between these two using neuronavigation (3D brain rendition from template or 

individual MRI data). A target-comparison study showed that stimulation at the junction 

between BA9 and BA46 had an increased antidepressant effect compared to the standard 5 cm 

rule procedure. These results suggest that the location of the rTMS stimulation site is very 

relevant when it comes to treatment efficacy, and that more anatomically accurate approaches 

seem to lead to an increased rTMS response. However, rationale regarding why some sites 

might produce more favorable outcomes is lacking (Lefaucheur et al., 2020; Pitsillou et al., 

2020). 
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Figure 3. Targeting Approaches 

Representation of the 25mm spheres used as regions of interest (ROIs) for each of the seven targeting 

approaches’ sites in the DLPFC, (A) individually and (B) together. They are centered on the MNI 

coordinates provided in Fox et al. (2012) paper. MRIcroGL software was used to display the ROIs. 
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Fox et al. (2012) and Functional Connectivity 

In 2012, Fox et al. proposed a novel targeting technique to treat adults with treatment-resistant 

depression. They hypothesized that the differences in treatment efficacy could be related to the 

changes in functional connectivity between the rTMS stimulation site and an area heavily 

affected in depression: the subgenual anterior cingulate cortex (sgACC) or subgenual cingulate. 

Figure 4. Schematic of the 5cm rule 

Illustration of the TMS coil location using the 5 centimetre-rule targeting approach. First, the coil is 

applied to the first dorsal interosseous muscle (FDI) in search of the FDI motor hotspot, which 

determines resting motor threshold (RMT). Then, the coilThe coil is then moved 5 cm anteriorly to 

target the DLPFC. Adapted from Sokhadze et al. (2018). 
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For a clear understanding, background regarding functional connectivity in resting-state imaging 

is given in the next paragraph.   

The brain is divided into different functional networks that encompass regions that cooperate 

together to perform a given task (Liston et al., 2014). Even though these networks were 

originally identified by observing changes in brain activity during task performance, similar 

relationships are consistent at rest and thus, are represented intrinsically in the brain (Fox and 

Raichle, 2007). In resting-state circumstances, the correlation between spontaneous fluctuations 

in the blood oxygen level-dependent (BOLD) signal is examined to determine the intrinsic 

functional connectivity between two given regions (Fox et al., 2005). With this being said, two 

areas expressing high positive correlation during resting-state imaging, have similar and 

simultaneous fluctuations of activity during a significant part of the scan time. Therefore, it can 

be said that they have a high functional connectivity and they are part of the same intrinsic 

network (Chen et al., 2011). On the other side, large negative correlations (or anticorrelations) 

denote opposite activation patterns throughout the resting-state scan. The actual meaning of 

these negative correlations between brain regions and their functional relationship is still unclear 

(Parente and Colosimo, 2018).  

Two important intrinsic networks in the brain that show consistent abnormalities in depression 

are the default-mode network (DMN) and central-executive network (CEN), which includes the 

DLPFC (Liston et al., 2014). As we have already mentioned, the DLPFC appears to be 

consistently hypoactive in patients with MDD, making DLPFC the focus of TMS targeting for 

depression. Another recurrent finding in MDD is the increased correlation or abnormal 

connectivity patterns between several areas of the DMN and the subgenual cingulate (Greicius 
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et al., 2007). The sgACC is a key brain region in the affect (or emotion) regulation system as it 

has connections to both the limbic system and the cognitive control network (Scharnowski et al., 

2020). In patients suffering from depression, sgACC is decreased in grey matter volume due to 

glial cells loss and is distinctively hyperactive (Drevets et al., 2008; Lichenstein et al., 2016). 

Additionally, individuals diagnosed with depression express a decreased functional connectivity 

between the sgACC and the DLPFC with respect to healthy controls (Chai et al., 2016). 

Although, this evidence mostly comes from data in adults, there a few studies showing similar 

results in relatively small samples of adolescents with MDD (Cullen et al., 2009, Gaffrey et al., 

2010). Since several studies demonstrate that the activation level of sgACC is reduced after 

rTMS treatment, this technique could be evoking the antidepressant effects through the DLPFC-

sgACC connections (Jing et al., 2020).  

 

In Fox et al. (2012), they utilize this distinctive DLPFC-Subgenual functional relationship to 

optimize the rTMS targeting in adults with depression. In their study, they obtained the 

coordinates of rTMS stimulation sites from studies that had utilized seven different targeting 

approaches to find the DLPFC stimulation site: the standard 5 cm rule (average of Herwig et al., 

2001 and Herbsman et al., 2009 coordinates), F3 EEG (Herwing et al., 2003), BA 9 (Rajkowska 

G et al., 1995), BA 46 (Rajkowska G et al., 1995), the junction between BA 9 and BA 46 

(Fitzgerald et al., 2009), F5 EEG (Rusjan et al., 2009), and mid-dorsolateral prefrontal cortex 

(Paus et al., 2001 and Cho et al., 2009). Functional connectivity from these coordinates to the 

subgenual cingulate was determined in 98 control subjects. The FMRIB Software Library (FSL) 

was used to analyse resting-state functional connectivity MRI (fcMRI). The 5 cm and F3 EEG 

approach showed the weakest anticorrelation, whereas the Fitzgerald junction between BA9 and 
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BA 46 showed the strongest negative correlation. Data was extracted from Herbsman et al. 

(2009) and Fitzgerald et al. (2009) specifically and the results showed that the more 

anticorrelated a TMS target site was with the subgenual cingulate, the more efficient the rTMS 

therapy appeared to be in reducing depressive symptoms. Utilizing this information, Fox et al. 

(2012) generated an optimized left DLPFC target site for TMS by finding the location most 

anticorrelated with the subgenual cingulate. The authors applied this connectivity analysis to 13 

individuals (aged 18-65 years) with MDD, including the optimized site coordinates, and showed 

that better clinical efficacy was related to a higher anticorrelation between the stimulation site 

and the subgenual cingulate. As a consequence, they support the use of a connectivity-based 

targeting approach to determine the rTMS stimulation site in adults with MDD. 

 

Gaps in Literature and Rationale 

According to the literature, the location of the site of rTMS stimulation to treat depression 

significantly affects the treatment response. However, among the many targeting approaches 

that have emerged in the last two decades, there is no evidence that justifies the use of one target 

site above the others. There is need for further optimization of TMS targeting strategy, 

especially in adolescents. Fox et al. (2012) suggested that individual connectivity patterns 

between the cortex and deeper subcortical structures could be used to identify a DLPFC 

optimized stimulation site. They called this method the “connectivity-based approach” and 

observed that the correlation in activity between the DLPFC and the subgenual cingulate was an 

efficient predictor of clinical efficacy in adults. However, there are no studies investigating this 

approach in the pediatric population. The purpose of this study is to (1) replicate Fox et al. 



 

   20 

(2012) and determine the connectivity pattern using various targeting approaches in adolescents 

and (2) to determine if connectivity-based targeting method is associated with rTMS treatment 

in TRD youth. These aims will be achieved by analysing data that had been previously collected 

by the MacMaster research lab in adolescents with TRD. Results from this study will provide 

evidence for precise rTMS treatment targeting in children and youth suffering from depression. 

 

Specific Aims and Hypothesis 

Experiment 1: Target approach analysis 

Aim 1. To replicate connectivity patterns based on targeting approaches described in Fox et al. 

(2012) in adolescents with depression. We will be using brain coordinates previously defined by 

Fox et al. (2012) for each target and the fMRI scans from both typically developing controls 

(TDC) and treatment resistant depression (TRD) adolescent populations (n=18 and n=37 

respectively, ages 12-22). 

Hypothesis 1. Akin to Fox et al. (2012), we hypothesize that all seven left DLPFC sites will 

express a negative correlation (anticorrelation) with the subgenual cingulate at rest. Among 

them, I expect BA46 and the Fitzgerald approach (junction between BA9 and BA46) to express 

the highest anticorrelation, and the F3 EEG and 5 cm rule to show the lowest anticorrelation. 

 

Experiment 2: Functional connectivity and clinical efficacy 

Aim 2. (2A) To determine if the strength of the connectivity between the individual rTMS 

coordinates at baseline and the subgenual cingulate is different in treatment responders (≥50% 
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decrease in Ham-D) versus non-responders; (2B) to determine if the strength of the connectivity 

between the individual rTMS coordinates and subgenual cingulate is associated with treatment 

response. We will use the fMRI data from a population of youth with TRD who completed 3-

weeks (15 sessions) of rTMS treatment (ethics ID 24656; REB15-0970_REN3) and the clinical 

outcome from the 17-item Hamilton Depression Rating Scale (Ham-D). 

Hypothesis 2. We hypothesize that responders will show a higher anticorrelation with the 

subgenual cingulate than non-responders at baseline. Overall, we expect that the larger the 

anticorrelation between rTMS stimulation site and the subgenual cingulate the greater the 

reduction in Ham-D score, suggesting a more efficient treatment protocol. In other words, the 

decrease in Ham-D score will be higher when the anticorrelation is larger.  
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CHAPTER 2: METHODOLOGY 

Participants 

This study used the data collected in our lab and published recently (MacMaster et al. 2019). A 

total of 39 adolescents diagnosed with treatment-resistant depression (TRD) in the Alberta 

Children’s Hospital were originally recruited. The inclusion criteria included being 12-22 years 

old, having an MDD diagnosis based on the Kiddie Schedule for Affective Disorders and 

Schizophrenia Present and Lifetime version (K-SADS-PL), having failed to respond to at least 

one SSRI trial and have the ability to give verbal consent. Out of the 39 participants with TRD, 

37 (15 F, 22 M, mean age 17.4 ± 2.1) underwent baseline brain imaging acquisition, and 32 (15 

F, 17 M, mean age 17.9 ± 2.0) completed rTMS treatment. The Hamilton Depression Rating 

Scale 17 items (Ham-D17) (Hamilton, 1960) was used for depression assessment before and after 

treatment as described in detail in MacMaster et al. (2019). Eighteen adolescents (13 F, 5 M, 

mean age 17.7 ± 2.6) without MDD were recruited as typically developing controls (TDC) after 

the K-SADS-PL interview.  

According to the Ham-D scores pre-treatment (baseline) 5 of 32 individuals with TRD were 

rated as having mild depression, 9 as moderate, 4 as severe, and 14 as very severe. Psychotropic 

pharmacology was allowed if medication type and dosage was constant for at least 6 weeks 

before study participation, with the intention to stay constant throughout the trial. Ten (31.25%) 

participants were not taking any medication, 14 were having SSRIs, 7 norepinephrine and 

dopamine reuptake inhibitors (NDRIs), 4 serotonin and norepinephrine reuptake inhibitors 

(SNRIs), 3 atypical antipsychotics, 1 benzodiazepines, 1 guanfacine, 1 lithium, 1 opioid 

analgesics, 1 antibiotic, 1 tetracyclic antidepressant, and 1 serotonin antagonist and reuptake 
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inhibitors (SARIs). No participants modified their medication or dosage during the three weeks 

of rTMS intervention. Eighty-eight percent of participants reported comorbidities: 24 showed 

generalized anxiety disorder (GAD), 10 social phobia, 8 panic disorder, 4 attention deficit 

hyperactivity disorder (ADHD), 3 social anxiety disorder, 2 post-traumatic stress disorder 

(PTSD), 2 specific phobias, 1 separation anxiety disorder, 1 conduct disorder, 1 bulimia, and 1 

Ehler-Danlos syndrome. Some individuals reported more than one comorbidity.  

 

MRI Acquisition 

Baseline anatomical T1-weighted and resting-state functional magnetic resonance imaging 

(rsfMRI) scans were acquired for 18 TDCs and 37 patients with TRD. Scans were collected at 

the Alberta Children’s Hospital with a General Electric (GE) Healthcare Discovery MR750w 

3.0T Magnetic Resonance scanner using a 24-channel head coil. During the resting-state fMRI, 

subjects were asked to “be still, look at the cross and think of nothing in particular” (dark cross 

on grey screen). Resting-state whole-brain fMRI scans were collected for 5 minutes using an 

echo-planar imaging (EPI) mode under these parameters: TR = 2,000 ms, TE = 30 ms, flip angle 

= 90º, number of slices = 36, total volumes = 150, voxel size = 3.6 x 3.6 x 3.6 mm3, interleaved 

bottom-up acquisition, field of view = 230 mm 64 x 64 matrix. 

Axial T1-weighted fast spoiled gradient echo (FSPGR) brain volume (BRAVO) was acquired 

with the following parameters: TR = 8.27 ms, TE = 3.15 ms, TI = 600 ms, flip angle = 10º, 

number of slices = 226, voxel size = 0.46 x 0.46 x 0.80 mm3, 300 x 300 matrix. 

 



 

   24 

RTMS Intervention 

The TRD group received 15-sessions of rTMS to a left DLPFC target determined through the 5-

cm rule. A Magstim SuperRapid2, air cooled 90mm figure-of-8-coil connected to a Magstim 200 

stimulator (Magstim, Dyfed, UK) was used for rTMS treatment delivery. Resting motor 

threshold (RMT) of the left motor cortex (LM1) was determined by the right FDI muscle. RMT 

was defined as the minimum intensity of stimulator output required to cause motor-evoked 

potentials (MEP) of 50 μV in at least 5 of 10 trials (Kirton et al., 2010). The DLPFC target was 

located by the 5 cm rule approach, in which the coil was moved 5 cm anterior along the scalp 

following the line between the nasion (most anterior point of the frontonasal suture) and the 

hotspot, and the target was anatomically confirmed and adjusted using neuronavigation of each 

participant’s 3D MRI (Brainsight2, Rogue Research, Montreal). The TMS coil was placed 

laterally at 45 degrees to the midsagittal line for both RMT determination (at the LM1) and 

treatment target site (left DLPFC). 

Participants received high frequency (10Hz) rTMS for 15 consecutive weekdays for 37.5 

minutes each day (120% RMT, 75 trains of 4 seconds, intertrain interval 26 seconds, 3,000 

pulses). Passive activities during rTMS sessions were performed, including watching movies or 

listening to music. 

 

MRI Processing and Analysis 

The present study utilized the FMRIB Software Library (FSL) version 6.0.3 for fMRI 

preprocessing and first-level analysis. Preprocessing steps were based on methods described in 
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previous studies (Fox et al. 2012, Fox et al. 2005 and Van Dijk et al. 2010) and are described 

below.  

 

Experiment 1: Target approach analysis 

The anatomical and functional MRI scans acquired at baseline (pre-treatment, 18 TDCs and 37 

individuals with TRD) were used to determine the connectivity between the various target site 

options (as presented in Fox et al., 2012) and the subgenual cingulate. A total of eight regions of 

interest (ROIs) were defined a priori for this analysis, the subgenual cingulate ROI and the 

DLPFC ROIs for the seven targeting approaches: (1) F3 EEG, (2) 5 cm rule (average), (3) BA9 

Center, (4) Rusjan Target, (5) Paus/Cho Target, (6) Fitzgerald Target, and (7) BA46 Center. 

Coordinates were converted from MNI space to voxel location using FSLeyes. Then, 10 mm 

and 25mm spheres were created centered on the subgenual cingulate and on the DLPFC 

coordinates, respectively. The subgenual cingulate ROI is located in the right hemisphere and 

the DLPFC ROIs in the left. Spheres were masked to exclude voxels outside grey matter using 

the Harvard/Oxford atlas available in FSL, thresholded at an intensity of 70. Additionally, we 

used the Harvard/Oxford atlas to generate masks for deep white matter and lateral ventricles, 

which were later removed as sources of noise in first-level analysis.  

Preprocessing: First, for each participant’s scan, non-brain tissue was eliminated by robust brain 

centre estimation using the Brain Extraction FSL Tool (BET). Second, through the FEAT 

function the following preprocessing steps were performed to reduce artifacts: the first 4 

volumes of the functional scan were deleted, high pass filter cut-off of 100 seconds and spatial 

smoothing at 6 mm full-width at half-maximum were applied, and interleaved slice timing 
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correction was selected. The intra-modal motion correction tool MCFLIRT was selected. As a 

consequence, six motion parameters computed by rigid body and rotation during preprocessing 

were created. They were later used in First-Level Analysis to account for motion. Last, the 

intensity values of the preprocessed image were scaled to 1000 as described in Fox et al. (2005). 

Registration and Noise Time Series Extraction: Linear and non-linear transformations were 

applied to the scaled filtered functional images generated after preprocessing using the FLIRT 

and FNIRT toolboxes respectively. Next, the registered functional images were used to extract 

time series for the sources of noise, i.e., mean whole-brain signal or global signal (using a 

binarized MNI standard image as mask), lateral ventricles, and deep white matter.  

Motion Detection: Using the fsl_motion_outliers tool, the framewise displacement (FD) of the 

preprocessed fMRI volumes (n=146 volumes) for each subject was calculated. FD is measure of 

volume-to-volume changes in head position. We set a threshold at a FD of 0.5 mm and obtained 

one confound matrix per participant containing the volumes with a FD above the threshold 

(outliers). This matrix was later used for patient exclusion and volume censoring in the next 

step.  

Noise Removal and ROIs Time Series: The sources of variance (the six motion parameters, 

global signal, lateral ventricles signal and deep white matter signal) were removed by linear 

regression utilizing the FEAT tool in FSL. Each source was included as a different explanatory 

variable (EV). Moreover, the motion confound matrix was inserted as additional EV in the 

model to censor those volumes with excessive head position change (outliers). To the residual 

image generated after this step, we added the mean signal. The outcome was used to extract the 

time series of the Subgenual ROI and the seven DLPFC ROIs. 
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Quality check: The raw functional and anatomical images, the outcome of the brain extraction 

and reorientation steps and the registered image were individually reviewed for quality. Those 

individuals with a lack of fMRI scan, signal drop or extreme signal homogeneity were excluded 

from functional connectivity mapping and data analysis. Additionally, participants with more 

than 30 outliers (one minute of data) in the confound matrix for head motion were also excluded 

from the analysis. A total of eight participants (6 patients and 2 controls) were excluded.  

Functional Connectivity Coefficients: R programming language was used to calculate the 

strength of functional connectivity (and its significance) between each of the DLPFC ROIs and 

the Subgenual Cingulate ROI by using Pearson correlations. Once this was calculated for each 

participant and targeting approach, the average, standard deviation and standard error was 

calculated for TRD and TDC groups independently. A one-sample t-test was used to determine 

whether the mean correlations were showing a significant connectivity between a specific 

targeting region in the DLPFC and the subgenual cingulate (i.e., significantly different from 0). 

Afterwards, we measured if there were any significant correlations between DLPFC-Subgenual 

connectivity and age, and between DLPFC-Subgenual connectivity and biological sex (after 

testing for homogeneity of sex distribution with a chi-squared test). One-way repeated measures 

ANOVA was used to observe if the average correlation values for each targeting approach were 

significantly different. Last, two-sample t-tests were used to identify significant differences 

between the average correlations in the TRD versus the TDC groups.  

Functional Connectivity Maps: This last step is aimed to create seed-based correlation maps to 

show the correlations visually. To do them, the FEAT tool in FSL was again utilized at the 

individual level. Statistical correlation analysis was performed between the targeting 
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approaches’ sites and the rest of the brain by inserting the time series of the DLPFC ROIs as the 

only EV in the model. Two contrasts were applied to obtain both positive and negative 

correlation images. The MNI standard was used as a pre-threshold masking to eliminate 

correlation values from outside the brain. Images were thresholded at p<0.001 uncorrected as 

used in (Fox et al, 2012). Later, the thresholded images (or maps) of positive correlation for 

each ROI were merged to create a 4D image including the participants of a specific group (TRD 

or TDC). For instance, EEGF3 positive correlation images were merged for participants with 

TRD and controls, respectively. Similarly, merged images for EEGF3 negative correlation maps 

and repeated for the other 6 ROIs. Last, one-sample t-test was performed to create the final 

connectivity maps for each targeting approach. These maps were thresholded at t = 1.7 (p<0.05) 

for visualization.  

More methodological details can be found in the  

Chapter 5:  section. This includes Table 4, which shows the specific input and output files for 

the subject-level analysis. 

 

Experiment 2: Functional Connectivity and Clinical Efficacy 

For experiment 2, the structural and functional scans at baseline from the 32 participants with 

MDD who underwent TMS were used (5 participants withdrew or were excluded before TMS 

intervention finished). Participants excluded in experiment 1 due to poor image quality or 

excessive motion were also excluded for experiment 2. We also utilized the percentage change 

in Ham-D of these individuals from baseline (pre-treatment) to post-treatment. The individual 
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coordinates of the rTMS stimulation site in the DLPFC were first converted from world 

coordinates to voxel coordinates using RStudio (Rnifit, fslr and oro.nifti packages). An 

individualized 10 mm sphere ROI centered on the individual stimulation site was created. 

Following the same steps as experiment 1, the functional connectivity strength from the 

individual DLPFC stimulation sites to the subgenual cingulate were calculated. Then, to address 

aim 2A, a two-sample t-test was used to calculate significant differences between DLPFC-

Subgenual correlation in responders (≥ 50% decrease in Ham-D scores) versus non-responders. 

For aim 2B, the correlation coefficient between the DLPFC-Subgenual connectivity and the 

Ham-D % change for each patient was calculated. Our significance threshold was at p<0.025 

(one-tailed). We also identified possible outliers and extreme points in the dataset. 
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CHAPTER 3: RESULTS 

Experiment 1: Target Approach Analysis 

Final Sample: Out of the 37 participants in the treatment group, we excluded 2 due to poor 

quality of the functional scan and 4 due to excessive movement in head position (more than 30 

volumes were outliers). Among the 18 participants in the control group, 2 participants were 

excluded due to a lack of an fMRI scan and an excess of head movement respectively. The final 

sample for experiment 1 included 31 patients with TRDs (13 F, 18 M, mean age 17.7 ± 2.1) and 

16 TDCs (11 F, 5 M, mean age 18.0 ± 2.4).  The groups did not differ in age (t = -0.40, df = 

26.84, p = 0.69) or sex distribution (χ2 = 2.06, p = 0.15). 

Functional connectivity: The Pearson Correlation between the seven targeting approaches’ 

regions and the subgenual were calculated successfully for the 31 participants with TRD and 16 

controls, generating a total of 217 and 112 correlation values respectively. Among them, 33% 

(TRD group) and 21% (TDC group) of the correlations indicated that there was significant 

linear relationship between the activity patterns of the targeting approach and subgenual ROIs at 

an alpha value of 0.05. Later, these values were grouped by targeting approach. The values of 

the mean correlations, standard deviations and standard errors of the mean for each targeting 

approach are displayed in  

. For the TRD group, Rusjan, BA46 and Paus ROIs show an overall anticorrelation with the 

subgenual cingulate, whereas Fitzgerald, 5 cm rule, EEGF3 and BA9 techniques showed a 

positive correlation on average (see Figure 5A). For the TDC group, the mean r values are more 

negative than in the individuals with treatment-resistant depression. BA46, Rusjan, Paus and 

Fitzgerald are anticorrelated, and 5 cm rule, BA9 and EEGF3 are positively correlated with the 

subgenual (see Figure 5B). Three targeting approaches in the TRD group (EEGF3, Avg5 and 

BA9) showed a mean positive functional connectivity to the subgenual that is significant at a 

confidence level of 95%. Similarly, three in the TDC group (Rusjan, Paus and BA46) have a 

significant mean negative functional connectivity (see the asterisks in Figure 5). The functional 
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connectivity maps between the subgenual cingulate and the DLPFC ROIs are also included in 

Figure 5. The one-way repeated measures ANOVA showed that the majority of the differences 

between two DLPFC-Subgenual mean correlations from two given targeting approaches were 

significant in the TRD group. Contrarily, in the TDCs, most of the mean correlations from 

distinct targeting approaches were not significantly different (see  
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Table 3). The two-sample tests showed that given a specific targeting approach, the mean 

correlation was not significantly different between patients and controls (p>0.01).   

 

Table 2. Mean Correlation, Standard Deviation and Standard Error.  

For each of the seven targeting approach, the mean Pearson Correlation (r) between the 

targeting approach and subgenual ROIs are displayed, together with the standard deviation and 

the standard error of the mean.  

 

TRD Group TDC Group 

Mean 

Correlation 

Standard 

Deviation 

Standard 

Error 

Mean 

Correlation 

Standard 

Deviation 

Standard 

Error 

EEGF3 0.102 0.126 0.023 0.043 0.102 0.025 

Avg 5 0.064 0.149 0.027 0.010 0.147 0.037 

BA9 0.114 0.138 0.025 0.039 0.099 0.025 

Rusjan -0.058 0.168 0.030 -0.110 0.115 0.029 

Paus 0.000 0.167 0.030 -0.063 0.108 0.027 

Fitzgerald 0.031 0.156 0.028 -0.031 0.114 0.029 

BA46 -0.052 0.166 0.030 -0.114 0.117 0.029 

 

 

 

 

 

 

  

(A) 

(B) 
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Table 3. One-way Repeated Measures ANOVA Results.  

Significance of the difference between the mean DLPFC-Subgenual correlation of two given 

targeting approaches (named target 1 and 2 in the table) after the one-way repeated ANOVA 

statistical test.  

 

Target 1 Target 2 
TRD Group 

Significnace 

TDC Group 

Significance 

Avg5 BA46 * ns 

Avg5 BA9 ns ns 

Avg5 EEGF3 ns ns 

Avg5 Fitgerald ns ns 

Avg5 Paus ns ns 

Avg5 Rusjan ** ns 

BA46 BA9 **** *** 

BA46 EEGF3 **** ** 

BA46 Fitzgerald **** **** 

BA46 Paus * ns 

BA46 Rusjan ns ns 

BA9 EEGF3 ns ns 

BA9 Fitzgerald *** ns 

BA9 Paus **** *** 

BA9 Rusjan **** *** 

EEGF3 PFitzgerald ns ns 

EEGF3 Paus *** ** 

EEGF3 Rusjan **** *** 

Fitzgerald Paus ns ns 

Fitzgerald Rusjan *** * 

Paus Rusjan **** *** 

 

 

 

 

 

  

Note. * indicates p<0.05, **indicates p<0.01, *** indicates p<0.001, **** indicates p<0.0001, ns 

indicates “not a significant difference”.  
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Experiment 2: Functional Connectivity and Clinical Efficacy 

Final Sample: 5 patients with MDD did not undergo rTMS due to withdrawal or exclusion 

(MacMaster et al., 2019). Therefore, 32 participants completed all the rTMS sessions. These 

patients were assessed by Ham-D before and after treatment. The 6 MDD patients excluded in 

experiment due to poor quality and excessive head motion, were also not included in the 

analysis for experiment 2. Thus, the final sample for experiment 2 consisted of 26 patients with 

treatment-resistant depression (13 F, 13 M, mean age 17.9 ± 1.8).  

Results: Out of the 26 individuals, 15 had a 50% or higher reduction in Ham-D scores and thus 

were categorized as responders. The other 11 patients were non-responders. There was no 

significant difference in age (t = 0.28, df = 21.29, p = 0.78) or sex-distribution (χ2 = 2.52, p = 

0.11) between responders and non-responders. Two-sample t-test showed that there was no 

significant difference in DLPFC-Subgenual connectivity in responders compared to the non-

responders (t = -1.53, p = 0.15). Correlation between clinical efficacy (Ham-D % change) and 

DLPFC-subgenual connectivity indicated a positive association (r = 0.39, p = 0.051) (see 

Figure 6). This correlation is significant at an alpha value of 0.025 (one-tailed). Additionally, 

we can say that 15% of the variability in Ham-D % change can be explained by the subgenual 

correlation. By observing the data distribution, one data point was identified as an outlier 

although there were no extreme points. Even though the outlier did not change the direction of 

the correlation, the strength of the correlation was reduced (see Figure 8). 
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Figure 6. Functional Connectivity and Clinical Efficacy 

(6A) Box plots depicting subgenual-DLPFC connectivity for rTMS treatment responders (R) and non-

responders (R). There were no significant differences between the groups (ns, p > 0.05). (6B) 

Correlation between the % decrease in Ham-D scores (clinical efficacy) and the subgenual 

connectivity. The coefficient of correlation (R) with its p-value and the coefficient of determination 

(R2) are displayed in the graph. Grey area: 95% confidence interval for the linear fit. 

Boxplots Subgenual Correlation vs Clinical Responsiveness  
(A) 

(B) 

Correlation between Clinical Efficacy and Subgenual Connectivity 
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CHAPTER 4: DISCUSSION 

Overview and Comparison to Fox et al. (2012) 

In this study, we examined the novel connectivity-based targeting approach in children and 

adolescents. We did so by replicating and extending some of the experiments performed by Fox 

et al. (2012) in a pediatric group. An important asset of our work is that our sample includes 

both typically developing controls and youth with TRD that underwent rTMS treatment. The 

outcomes show some contradictions if they are compared to the adult sample of Fox et al. 

(2012). Unlike their work, where all seven DLPFC ROIs were negatively correlated, our TRD 

group had three DLPFC ROIs positive correlated to the subgenual cingulate. Similarly, in our 

control group, DLPFC-Subgenual positive correlations were noted in 4 out of the 7 targeting 

approaches. Secondly, as opposed to the results in Fox et al., higher positive correlation (and not 

negative) between DLPFC and subgenual was significantly associated with greater clinical 

efficacy (% decrease in Ham-D scores).  

In the sections below, we will be discussing the meaning of these results by comparing our 

outcomes to those found in literature and referring to the neurobiology of depression. We will 

also mention the limitations that we have encountered, as well as the future work that could 

positively complement this research project. Finally, we will sum up the main points in the  

Conclusion section.  
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DLPFC-Subgenual Connectivity in Adolescents 

A Precise Targeting Method 

Since the first use of TMS to treat depression at the end of the 20th century, many targeting 

protocols have been proposed (Lefaucheur et al., 2020). The 5 centimetres rule approach is the 

most common one and although it is very practical, it does not account for individual differences 

in brain size, morphology and functional connections (Jing et al., 2020). Apart from the 5 

centimetres rule, other techniques have arisen, including the F3 and F5 EEG landmarks, and 

those based on the Broadmann Areas, among others (Herbsman et al., 2009; Rusjan et al.,2010). 

The literature shows a great variability in the efficacy of rTMS with changes in the location of 

the stimulation site (Lefaucheur et al., 2020; Pitsillou et al., 2020). The large variability among 

the sites of stimulation in the DLPFC is what motivated Dr. Fox and his lab to examine the 

DLPFC-Subgenual connectivity of seven different targeting regions and eventually correlate it 

to the clinical efficacy. We followed the methods described in Fox et al. (2012) to study this 

approach in a pediatric population. Our first experiment shows that most of the DLPFC-

subgenual correlations happened to be different from one another in the TRD group. This 

supports the fact that the brain activity in the DLPFC can significantly differ even in very 

proximal sites, and thus, every point is distinctly connected to other regions of the cortex and 

deep limbic structures such as the subgenual cingulate. These differences reinforce the 

importance of precisely defining the stimulation target (Jing et al., 2020). Nevertheless, we did 

not find many differences in the DLPFC-Subgenual connectivity in the seven targeting 

approaches in the healthy group. This could be due to the reduced size of the TDC sample. 

Future studies should investigate how DLPFC-Subgenual correlation changes as we move the 

site of stimulation in a larger group of healthy adolescents. 
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Direction and Magnitude of DLPFC-Subgenual Connectivity 

The direction of DLPFC-Subgenual correlations reported in experiment 1 were in disagreement 

with the initial hypothesis. Not all seven targeting approaches appeared to have a negative 

correlation with the subgenual. In fact, only Rusjan BA46 and Paus in the TRD group showed 

an anticorrelation. The functional relationship between DLPFC and the sgACC in the general 

population is not very clear in the literature. Whereas most of the articles state that these two 

regions maintain an anticorrelation in adults (Fox et al., 2012; Margulies et al., 2007), other 

studies show that, within the extension of the DLPFC, there are both positively and negatively 

correlated parts to the sgACC (Cole et al., 2020). Thus, since the coordinates we used in 

experiment 1 to define our DLPFC ROIs in our pediatric population were extracted from studies 

in adults, it could be possible that we ended up encompassing an area of the DLPFC with both 

positive and negative correlations to the subgenual.  

Another possible reason for this shift toward a more positive correlation could be the nature of 

the neurodevelopment. Our results suggest that the activity patterns in DLPFC and the 

subgenual cingulate are more similar in adolescents and children than in adults. In other words, 

according to our findings, when the DLPFC is active in adolescents, it is more common to find 

the subgenual in a similar activity state in adolescents than in adults. It is not strange to find 

activity and connectivity disagreement between adult and pediatric populations considering the 

neurodevelopment differences between these two life stages. Adolescence is a period of drastic 

neuroplasticity and changes in neural structure and function, including areas involved in self-

regulation such as the anterior cingulate cortex (ACC) (Lichenstein et al., 2016). This 

emphasizes the importance of optimizing the treatment for depression and other mental 
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disorders specifically in the population of interest. Future studies should evaluate the changes in 

subgenual correlation from childhood to adulthood.  

One final explanation for these differences could be originated in the noise removal process. 

Variation in the data processing procedure can have a tremendous impact in the outcomes (see 

the  

 

Global Signal Regression Debate section below). While our goal was to replicate the methods in 

Fox et al. (2012) as closely as possible, we had to make some personal decisions due to 

differences in the data set or the inability to find some very specific methodological information 

in Fox et al. (2012), Fox et al. (2005) or Van Dijk et al. (2010). This could have introduced 

some deviation from Fox et al. (2012) results.  

The last item for discussion from our experiment 1 outcomes is the comparison with the control 

group. We obtained that individuals with MDD had a more positive DLPFC-Subgenual 

correlation for all seven targeting approaches, although the differences were not significant. 

These results do not seem to align with previous studies that show that adolescents with MDD 

or at familial risk of depression have a decreased functional connectivity between subgenual 

anterior cingulate cortex and cognitive control network (Cullen et al., 2009; Chai et al., 2016; 

Gaffrey et al., 2010). We have not been able to provide an educated guess of what could be 

causing this divergence. However, we must take into account that we did not find a significant 

difference between TRD and TDC groups. This prevent us from assuring with confidence 

whether there is an actual difference between the connectivity in youth with TRD and controls.  
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DLPFC-Subgenual Connectivity and Clinical Efficacy in Adolescents 

Fox et al. (2012) ends up proposing an alternative targeting method based on the intrinsic 

networks of each individual (connectivity-based approach) in 2012. We attempted to investigate 

this association in experiment 2. As opposed to their results, we obtained that higher positive 

correlation between the individual sites of stimulation and the subgenual cingulate is associated 

with a decrease in the Ham-D score. This is not only contrary to Fox et al. (2012) results, but 

also to Weigand et al. (2018) and Cash al. (2019), who reported that the treatment response is 

higher when the anticorrelation is higher. To our knowledge, no studies in adolescents have 

studied this relationship. The initial positive-shifted DLPFC-Subgenual correlations (instead of 

anticorrelation) in the TRD group in our first experiment, could be strictly related to the 

differences in the association with clinical efficacy with the studies in adults. Furthermore, when 

we removed the outlier from the dataset (see Figure 8), the correlation with treatment response 

decreased from 0.39 to 0.20 and became nonsignificant. Even though this data point is not 

extreme and follows the trend, it may be largely driving the correlation. Coincidentally, a more 

recent study has pinpointed that the correlation with clinical efficacy in Fox et al. (2012) is also 

significantly dragged to the more negative end by an outlier (Jing et al., 2020). Regardless of 

this divergence, the results in experiment 2 seem consistent with the ones experiment 1, where 

the TRD group presents more positive correlations than the control group. We could think that 

the rTMS has caused a decrease in the positive correlation between the DLPFC and the 
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subgenual cingulate. Nevertheless, this should be corroborated in a longitudinal study where the 

DLPFC-Subgenual connectivity is calculated before and after treatment.  

Fit to Networks in Depression 

The most recent literature considers depression a network disorder where several interconnected 

brain structures can be dysregulated (Mayberg, 2007; Pitsillou et al., 2020). Among them, 

DLPFC and subgenual cingulate have received great attention because they appear consistently 

affected. Individuals with depression have distinct hypoactivity in the left DLPFC and 

hyperactivity in the subgenual cingulate (Dean and Keshavan, 2017; Pitsillou et al., 2020). 

Additionally, increase in activity in the DLPFC and decrease in activity in the subgenual 

cingulate is associated with an antidepressant effect (Drevets et al., 2008; Koenigs and Grafman, 

2009). Looking at our results close enough, we can observe that in experiment 1, the 

correlations for TRD and TDC groups follow a very similar pattern whereas BA46, Rusjan, 

Paus and Fitzgerald have the lowest correlations, and Average 5, BA9 and EEGF3 have the 

highest ones. This is also consistent with figure 2 in Fox et al. (2012), even if the correlations in 

our results are shifted to more positive values. This means that specific sites within the DLPFC 

experience specific levels of correlation with the subgenual cingulate when compared with the 

other sites in the DLPFC. For instance, more posterior and medial regions in the DLPFC (such 

as the Average 5) express higher correlations than regions that the ones that are more anterior 

and lateral (such as BA46). From these results, we could say that DLPFC and subgenual 

cingulate are regions intrinsically related during resting-state, and thus, that the dysregulation of 

one of the regions could be caused by abnormalities in the other. Furthermore, this has a direct 

implication in the mechanism of rTMS in depression. If these two regions are intrinsically 
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connected in some way (whether positively, negatively or both), it would be logical to think that 

the stimulation of the DLPFC by TMS, which causes changes in activity of this region, could 

also trigger changes in activity in deep limbic regions that are also affected in depression, such 

as the subgenual cingulate. The use of the DLPFC-sgACC network to reduce the 

symptomatology of depression seems an appropriate method of targeting this condition as 

suggested in Jing et al. (2020).  

 

Global Signal Regression Debate 

There is a current debate as to whether global signal regression (GSR) should be included as a 

preprocessing step when studying networks in resting-state functional MRI scans. The goal of 

removing the whole-brain signal from the analysis is to discard effects of motion, respiration 

and cardiac rhythms in the overall bold signal (Li et al., 2019). The use of global signal 

regression has been associated with the appearance of robust negative correlations. This could 

be occurring because the negative correlations are only detected once the global artifacts are 

removed, but also this method itself could be shifting the correlations to the negative end due to 

a change in the correlation distribution (Fox et al., 2009; Chang and Glover, 2009). Li et al. 

(2019) shows that GSR is very effective in reducing artifacts due to motion and respiration in 

young adults. However, the decision as to use GSR is currently on the investigators’ hands. In 

any case, it is suggested that researchers should not interpret the magnitude of the correlations 

when GSR is part of the data processing (Van Dijk et al., 2010). This is the reason why we must 

be very careful extracting conclusion from the interpretation of the correlation specific 

magnitudes from our experiments. 
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We have directly approached this debate by reporting the correlation between the DLPFC 

targets (experiment 1) and the subgenual cingulate before GSR was applied. The product of that 

is Figure 7. Whole-brain signal regression caused a decrease in the correlation values (Figure 

5), including the shift of positive to negative correlations in several of the targeting methods for 

both TRD and TDC groups. We can conclude that at least, in our case, correlations between two 

regions of interest in resting-state fMRI are shifted to the negative end after whole-brain signal 

regression. Due to the evidence in the literature, we trust that this procedure successfully 

removed significant noise produced by physiological sources as well. However, it is unclear 

whether this process also shifted the correlations due to a mathematical redistribution of the data 

points. We believe future studies should employ different GSR methods to observe any changes 

among them and with non-regressed data.  

 

Limitations 

There are several limitations that could have had serious implications in our study. To begin 

with, we were unable to find some of the Fox et al. (2012) methodology details for data 

processing, among which the precise steps to remove global signal is the most relevant one. 

Considering the changes in correlation that global signal regression can create as discussed 

previously, we think that small differences in the GSR process or other steps to remove artifacts 

could have exacerbated the differences in the outcomes. Another limitation we encounter is the 

duration of the resting-state fMRI. Our scans had a length of 5 minutes. This is accepted in 

children (White et al., 2014). However, if we want to see an increase in both reliability and in-

depth analysis without sacrificing safety, it is suggested to carry scans of ~13 minutes (Birn et 
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al., 2014). A third limitation has to do with adapting adult coordinates to the pediatric 

population. For this study we used the coordinates for seven different TMS targeting approaches 

that were performed in adults. That is, we were using adult coordinates in children and 

adolescent’s brains. Considering that the head circumference keeps increasing until late 

adolescence (Kara et al., 2016), we might have placed our DLPFC ROIs in functionally 

different regions in the brain. This fact has most likely a significant impact in the subgenual 

correlation values. Nevertheless, the lack of rTMS practice in pediatric population leaves us 

very few data regarding different targeting methods for TMS in youth with MDD. 

 

Future Work 

In first place, an appropriate extension of this work would be to measure the changes in 

subgenual correlation before and after treatment in the experiment 2 sample. Additionally, since 

the results in experiment 1 and 2 are quite opposite to the literature, a replication of this study 

would be convenient. When attempting to do so, future work should try to minimize the 

limitations that emerged in the present study. First, fMRI scans should be acquired for 

approximately thirteen minutes as it is currently recommended. Additionally, more studies 

should quantify the effect of using different global signal regression methods when specifically 

looking at DLPFC-Subgenual correlations in a pediatric population. Alternatively, they could 

compare different techniques used for noise reduction. We believe that if the threshold for head 

motion correction, which we set at 0.5 mm, is considerably reduced at around 0.2 mm the data 

would appear cleaner for analysis (Byrge and Kennedy, 2018; Power et al., 2012).  
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On the other hand, we cannot disregard the positive correlation between the DLPFC-Subgenual 

connectivity and clinical efficacy that we found in our second experiment. This suggest that 

intrinsic connectivity patterns can be used to predict treatment response. Therefore, 

connectivity-based approach for rTMS targeting should be further investigated for depression 

treatment in adolescents. If replication studies confirm our findings in this population and 

demonstrate that there is an association between the DLPFC-Subgenual connectivity and the 

clinical efficacy, future clinical trials should implement rTMS using the connectivity-based 

approach. In this sense, our lab has a plan of attack to continue this line of research. We aim to 

corroborate the efficiency of the connectivity-based targeting approach in a larger sample. To 

address this, our lab will use data from the new Adolescent Depression and Other Psychiatric 

disorders TMS (ADAPT) clinic, in which adolescents with TRD will be divided into two groups 

based on the method used to determine. One of them will receive rTMS over the site of 

stimulation: connectivity-based approach andthe DLPFC associated with a higher treatment 

response. In the other group, the DLPFC will be targeted using the 5 centimetres rule 

respectively. Consequently, we will be able to compare the clinical efficacy between these two 

targeting strategies.  

 

Conclusion 

The current research project aimed to investigate the efficacy of the connectivity-based 

approach to determine the rTMS target in adolescents with TRD. We found that the connectivity 

between the DLPFC and subgenual cingulate in adolescents seems to differ from adults 

demonstrating the importance of doing mental health research specifically in pediatric samples. 
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Additionally, our results confirm that small differences in the location of the rTMS site within 

the left DLPFC can translate in significant differences in treatment response. Thus, defining an 

appropriate targeting method in this population is very relevant.  

Addressing our specific aims, we found that only three out of the seven targeting approaches 

showed subgenual anticorrelation. This shift toward the positive end was higher than in the 

control group. Secondly, our outcomes showed that higher positive correlation is associated with 

a greater decrease in depression symptomatology. Nonetheless, the contrariety of our results to 

the literature and the novelty of this study makes it necessary to replicate the experiments 

performed while reducing some of the sources of error. In the end, we moved a step closer to 

our overall goal of improving the treatment options for such a debilitating disease in a very 

vulnerable population.   
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CHAPTER 5: SUPPLEMENTARY MATERIAL 

DLPFC-Subgenual Correlation Steps 

This section is used to sequentially present the steps followed to calculate the correlation 

between the seven targeting approaches DLPFC ROIs and the Subgenual Cingulate ROI at a 

subject level (first-level analysis). The description below includes parameters that were set as 

we worked through the optimization of each of the steps for an easier replication if needed. 

Although this refers specifically to experiment 1, experiment 2 followed the same procedure but 

with individual coordinates for one single DLPFC ROI (actual site of stimulation for rTMS).  

1. Conversion of the images from DICOM to NIfTI using MRIcroGL. 

2. ROIs spheres. We generated the subgenual cingulate ROI and the seven different 

DLPFC ROIs corresponding to the seven different targeting approaches using the 

coordinates defined in Fox et al. (2012). The voxels outside of the cortex were 

eliminated by using the binarized version of the left cortex Harvard-Oxford structural 

area thresholded at an intensity of 70. The DLPFC spherical ROIs for the targeting 

methods are depicted in Figure 3. 

3. Sources of variance. From the Harvard-Oxford atlas available in FSL, we obtained the 

structural areas corresponding to the lateral ventricles (bilaterally) and the deep white 

matter (bilaterally), thresholded them at an intensity of 70 and binarized them. Similarly, 

we binarized the whole brain MNI standard image to use as a global signal. These three 

masks were later used in step 8. 

4. Initial FSL steps. This includes brain extraction (BET) and brain reorientation for the 

structural and the fMRI images. The brain extraction of the anatomical image was 
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computed by robust brain center estimation because the input data contained a 

significant amount of non-brain matter. The fractional intensity threshold for brain 

extraction was set individually ranging from 0.10 to 0.80. 

5. First-level preprocessing (FEAT). Following Fox et al. (2012) indications, the first 4 

volumes were deleted, frequencies lower than 0.01 Hz were eliminated and spatial 

smoothing was set to 6 mm FWHM. The motion correction tool called MCFLIRT was 

applied. We also used slice timing correction, as our scans were collected interleaved. 

6. Intensity scaling. The filtered image was transformed to a new image were the intensity 

values ranged from 0 to 1000.  

7. Registration (FLIRT+FNIRT). After scaling, the functional data was registered to the 

MNI152 standard space via the anatomical image through linear (FLIRT) followed by 

non-linear (FNIRT) registration as suggested in the FNIRT user guide (Andersson, et al., 

2010). The Rigid Body model (6 degrees of freedom) was used for linear registration.   

8. Time series extraction (noise). By using the filtered functional image transformed to 

MNI space and the masks created in step 3, we extracted the average signal of the whole 

brain and the average signal within the voxels corresponding to the lateral ventricles and 

the deep white matter masks. The resulting files were used in step 11.  

9. Motion parameters partition. In the preprocessing step, a file containing the six motion 

parameters computed by rigid body and rotation was generated. We divided the 

parameters into six different files to be used in step 11. 

10. Head Position. We accounted for head position changes by calculating the FDs (in 

millimetres) for each participant. We also obtained a plot displaying the 146 FD values 
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of the same individual. Last, a confound matrix with the volumes lying above the 0.5 

mm threshold (outliers) was generated as well and used in the next step. 

11. Noise Removal. Linear regression was used to remove the nine sources of variance 

defined previously: 6 motion parameters, global signal, signal from the lateral ventricles 

and white matter signal. The first temporal derivative was included to exclude the time 

shifted versions of the nine variance regressors. Temporal filtering was also applied in 

the model as the data had been filtered too.  

12. Mean Addition. The mean signal image was mathematically added to the residual image 

(clean data without noise) generated in the previous step to return to the original range of 

intensity. 

13. Time series extraction (ROIs). Using the image as a result of the addition of the mean 

signal, we extracted the time series from each of the DLPFC ROIs and the subgenual 

cingulate ROI. 

14. Pearson’s r Correlation DLPFC-Subgenual. The connectivity between the DLPFC and 

subgenual cingulate was calculated by a Pearson’s Correlation Coefficient test, including 

the p-values. 

Table 4 below displays the steps in a table format including the input and output files for each 

of them.  
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Table 4. Input and Output Files Processing Steps  

Summary of the subject-level image analysis steps followed to obtain the connectivity between 

the EEG F3 DLPFC ROI and the other brain regions for a given subject X. The input and output 

files for each step are included.  

 

 Input(s) file(s) Output(s) file(s) 

DICOM to NIFTI 

[MRIcroGL] 

Ax_FSPGR_BRAVO_08mm scans X_anat.nii.gz 

fMRI_Resting_State scans X _func.nii.gz 

ROIs Masks 

Creation [fslmaths]   

MNI152_T1_2mm_brain.nii.gz Subgenualsphere_thr_masked.nii.gz 

MNI152_T1_2mm_brain.nii.gz EEGF3sphere_thr_masked.nii.gz 

Sources of Variance 

(Noise) Masks 

Creation [fslmaths]   

MNI152_T1_2mm_brain.nii.gz MNI152_T1_2mm_brain_mask.nii.gz 

Harvard-Oxford atlas lateral_ventricles_mask.nii.gz 

Harvard-Oxford atlas deep_white_matter_mask.nii.gz 

Brain Extraction 

[BET] and 

Reorientation 

[fslreorient2std] 

X _anat.nii.gz X _anat_brain_reorient.nii.gz 

X _func.nii.gz X _func_brain_reorient.nii.gz 

First-Level 

Preprocessing 

[FEAT] 

X _func_brain_reorient.nii.gz filtered_func_data.nii.gz 

0-1000 Intensity 

Scaling [fslstats & 

fslmaths]  

filtered_func_data.nii.gz filtered_func_data_scaled.nii.gz 

Registration [FLIRT 

+ FNIRT] 
filtered_func_data_scaled.nii.gz filtered_func_data_transformed.nii.gz 

Noise Time Series 

Extraction 

[fslmeants]   

filtered_func_data_transformed.nii.gz MNI152_T1_2mm_brain _ts.txt 

filtered_func_data_transformed.nii.gz lateral_ventricles _ts.txt 

filtered_func_data_transformed.nii.gz deep_white_matter _ts.txt 

Motion Parameters 

Partition 
prefiltered_func_data_mcf.par 

prefiltered_func_data_mcf.par1 

prefiltered_func_data_mcf.par2 
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prefiltered_func_data_mcf.par3 

prefiltered_func_data_mcf.par4 

prefiltered_func_data_mcf.par5 

prefiltered_func_data_mcf.par6 

Head Position [FSL 

Motion Outliers] 

X _func_brain_reorient.nii.gz 

 

motion_values.txt 

motion_values_plot.png 

motion_confound.txt 
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Supplementary Figures 

 

 

 

 

  

  

Figure 7. DLPFC-Subgenual Connectivity without Global Signal Regression 

Variability of functional connectivity (expressed in mean Pearson’s Correlation coefficient) between 

the subgenual cingulate and the seven different targeting approaches without global signal regression. 

Error bars reflect the standard error. S1A and S1B show the correlations for the TDR group and the 

TDC group, respectively. 

(A) 
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(B) 

Figure 8. Outliers Testing for Experiment 2 

Comparison of the correlation between the subgenual connectivity and clinical efficacy before (A) and 

after (B) the momentary deletion of the data point identified as an outlier. Grey area: 95% confidence 

interval for the linear fit. 
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