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Abstract 
Background: Although transcranial magnetic stimulation (TMS) has shown promising therapeutic 

effects in various disorders, treatment responses still vary considerably. This could be due to the 

use of suboptimal target definition like the various gold-standard approaches including 5cm, EEG-

F3 and neuronavigation methods based on structural landmarks. Objective/Hypothesis: Functional 

MRI localisers using emotion-processing paradigms could be advantageous as they reveal 

dorsolateral prefrontal cortex (DLPFC) activation clusters recruited in an individual. In this thesis, 

we compared conventional targeting approaches with regard to the spatial distance to the individual 

activation peaks obtained in fMRI.  

Methods: Fifteen healthy volunteers (7f/8m, mean age: 25.33 ± 2.9 years) participated in the study 

and performed facial emotion discrimination tasks (EDT). Euclidean distances to seven commonly-

used DLPFC targets were calculated for each subject‘s EDT activation peak within the group-level 

DLPFC activation cluster. In addition, twenty-eight patients diagnosed with acute MDD (16f/12m, 

mean age: 28.7 ± 7.1) were examined for reproducibility of EDT paradigm and compared versus 

thirty-three healthy volunteers (15f/18m, mean age: 27.5 ± 6.8 years). The three most prominent 

targeting approaches were examined using concurrent TMS/fMRI setup on three healthy volunteers 

(2f/1m, mean age: 25.7 ± 0.3).  

Results: In line with previous findings, EDT processing caused statistically significant activation of 

bilateral DLPFC. Group-averaged distances of the different target definition approaches to the EDT 

maxima ranged from 16 to 40.59 mm. Targeting approaches that are generally considered less 

effective (such as the 5cm method and EEG-F3 targeting) showed the highest spatial distances to 

individual functional activation peaks. While functional localiser maxima varied considerably 

across the group, individual maxima showed high spatial reproducibility with 3.4mm and 5.4mm 

mean intra-session and inter-session distance, respectively. Comparable variability was found in the 

clinical sample. In addition, we show herein successful TMS stimulation using concurrent 

TMS/fMRI in three subjects. Decreased activity of anterior cingulate cortex (ACC), an important 

region in major depressive disorder, was found only with the functional localiser targeting approach.  

Conclusion(s): We conclude that EDT may be used for obtaining single-subject activation clusters 

in DLPFC. Based on this, individually localised DLPFC with fMRI show considerable inter-subject 

variability and therefore using the same target for all subjects is suboptimal. We showed high 

reliability in patients and controls. Due to the functional specificity of EDT, we expect higher 

treatment response in comparison to previously used localisers and therefore suggest future usage 

of functional localisers for determining stimulation targets.  

Keywords: TMS, neuronavigation, fMRI, emotion processing, depression  



 
 

Povzetek 
Uvod: Kljub temu, da je v zadnjem času uporaba transkranialne magnetne stimulacije (TMS) 

prikazala obetajoče terapevtske učinke, odziv na TMS terapijo še vedno variira. Razlogi za variacijo 

ležijo v številnih parametrih stimulacije, med katerimi eno pomembnejših vlog igra definicija tarče. 

Med najbolj pogosto uporabljene pristope za definicijo lokacije dorsolateralnega prefrontalnega 

korteksa (DLPFC)  štejemo metodo 5ih cm, izbiro F3 elektrode v EEG sistemu in pristope z uporabo 

nevronavigacije. Cilji/hipoteze: Funkcionalno določanje individualne TMS tarče s pomočjo 

emocionalnih paradigem nakazuje prednosti pred ostalimi pristopi, saj uporabljene paradigme lahko 

prikažejo aktivacijske mape povezane s procesiranjem emocij. Znotraj te naloge bodo 

konvencionalni pristopi določanja tarč primerjani s funkcionalno določenimi individualnimi 

lokacijami pridobljenimi s pomočjo funkcionalne magnetne resonance (fMRI). 

Metode: Petnajst zdravih prostovoljcev (7ž/8m, povprečna starost: 25.33 ± 2.9) je uspešno izvedlo 

nalogo razločevanja emocij (EDT) med funkcionalno magnetno resonančnim slikanjem (fMRI). V 

skladu z zastavljenimi hipotezami so bile izračunane Evklidove razdalje med sedmimi najbolj 

pogosto uporabljenimi DLPFC lokacijami in individualnimi maksimumi EDT aktivacij znotraj 

DLPFC maske (definirane na podlagi skupinske aktivacije). Dodatno je bilo vključenih še 28 

pacientov diagnosticiranih z veliko depresivno motnjo (15ž/18m, povprečna starost: 27.5 ± 6.8). 

Tri najbolj prominentne tarče so bile nadaljnjo preučene z uporabo sočasne fMRI in TMS metode 

na treh zdravih prostovoljcih (2ž/1m, povprečna starost: 25.7 ± 0.3).  

Rezultati: V skladu s prejšnjimi raziskavami je izvedba naloge EDT povzročila aktivacijo 

bilateralnega DLPFC-ja. Povprečna oddaljenost med individualnimi funkcionalno definiranimi 

DLPFC lokacijami in najbolj pogosto uporabljenimi DLPFC lokacijami je dosegla med 16 in 

40.59mm. Pristopi definiranja lokacije DLPFC, ki so sprejeti kot manj efektivni (5cm metoda in 

EEG-F3 lokacija), so bili najbolj oddaljeni od individualnih funkcijsko definiranih tarč. Kljub temu, 

da so lokacije funkcijsko definiranih tarč močno razpršene med posamezniki, se je pristop 

funkcijskega definiranja DLPFC lokacije izkazal za stabilnega, saj je povprečna variacija med 

dvema ločenima blokoma EDT naloge znotraj ene meritve dosegla 3.4mm, med dvema ločenima 

blokoma med dvema meritvama pa 5.4mm. Podobna zanesljivost je bila najdena pri vzorcu z veliko 

depresivno motnjo diagnosticiranih pacientov. TMS stimulacija med fMRI slikanjem je bila 

uspešno aplicirana z uporabo vseh izbranih pristopov izbire tarče. Ugotovili smo, da se je aktivacija 

za depresijo pomembnega možganskega predela anteriornega cingulatnega korteksa (ACC) 

zmanjšala le ob aplikaciji TMS-ja na funkcionalno določeno tarčo pridobljeno s pomočjo naloge 

EDT.  

Zaključki: Na podlagi rezultatov zaključujemo, da je uporaba naloge EDT uspešna pri pridobivanju 

individualnih funkcionalnih DLPFC lokacij. V skladu s tem smo ugotovili, da te lokacije močno 



 
 

variirajo med posamezniki in je zato uporaba enega samega pristopa za določitev tarče stimulacije 

suboptimalna. Prikazali smo visoko zanesljivost uporabe EDT naloge tako v vzorcu zdravih 

prostovoljcev kot v vzorcu depresivnih pacientov. Zaradi funkcionalne specifičnosti EDT naloge 

pričakujemo večji odziv na TMS stimulacijo v primerjavi z ostalimi, do sedaj najpogosteje 

uporabljenimi pristopi za določanja tarče. S tem močno priporočamo nadaljnjo uporabo in 

usmeritev raziskovanja v funkcionalno določanje tarč za terapijo s TMS stimulacijo. 

Ključne besede: TMS, nevronavigacija, fMRI, emocionalno procesiranje, depresija  
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1. Introduction 
Emotions are one of the main aspects of everyday life, as they direct our behaviour and have a 

huge impact on relationships and interaction with other people. Generally, we are able to 

experience a variety of different emotions, but understanding and comprehending emotions 

varies across individuals (Barrett, 2009; Juckel, Heinisch, Welpinghus, & Brüne, 2018). For 

normal, everyday functioning and healthy interaction with other people, it is important for every 

individual to be able to consciously perceive one’s own emotions, recognize emotions 

expressed by others and regulate them in a situation-appropriate manner.  

The word emotion comes from a compound of two Latin terms “e” + “movere”, first translated 

as “out” and second as “to move”, together connotating the phrase “to move out” or 

“outwards-directed movement”. At first, the etymological term “emotion” described either 

physical (e.g. the weather) or psychological states of agitation or perturbation, and was only 

later moved towards describing affective states (Harré & Parrott, 1996). Nowadays, definition 

of emotions marks them as states (positive or negative) that are reflecting an individual value 

system towards the external world. They can be triggered by a person, event or thing, whether 

this happened in the past, present, future, real or imagined (Ekkekakis, 2012). Closely 

intertwined with emotions, yet profoundly different from one another, we separate mood and 

affect.  

Mood is defined as a weak and long-lasting emotional state that develops slowly, and 

constitutes an emotional background for ongoing behaviour and experience of the surrounding 

(VandenBos & American Psychological Association., 2007). On the other hand, affects refer to 

stronger and short-lasting emotional states. Affects develop quickly and are usually 

accompanied by vivid physical change, ranging from euphoria to rage, pleasure, surprise, 

anxiety, disappointment, sadness, grief, despair and depression (VandenBos & American 

Psychological Association., 2007). These changes are more directly responsive to external 

stimuli and count as important biological functions. Yet, few of them can develop into the 

extremes of the continuum of affect, meaning they last longer or change more frequent than 

normally. This can be observed in liability of mood, where a person laughs out loudly and 

expansively one moment, then becomes tearful and despairing in the next, or in changes in 

activity level, cognitive abilities, speech and vegetative functions (e.g., sleep, appetite, sexual 

activity, and other biological rhythms). These changes always result in impaired interpersonal, 

social and occupational functioning (Sadock & Sadock, 2011). Together, they are characterised 

under the name of affective and mood disorders, as effects of euphoria, anxiety and depression 
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become so disordered and dominant, that they prevail into the disease. Mood disorders are one 

of the most prevalent categories of psychiatric disorders, standing in the second place, right 

after anxiety disorders (Kessler et al., 2005). 

In the following chapters, primary focus will be on depression, or more specifically, on 

depressive disorders, one of the most common mood disorders. First, different types of 

depressive disorders will be described, followed by description on the influences of genetics in 

this specific disorder. In addition, specific brain activity patterns that can be observed in patients 

will be presented and an emotion regulation model for interpreting those finding will be 

outlined. Treatment options will be introduced with particular focus on non-invasive 

transcranial magnetic stimulation (TMS) technique, a method that will be thoroughly described 

in the third chapter. Lastly, the combination of TMS with neuroimaging will be presented in 

chapter four together with major challenges in targeting selection for TMS sessions. From these 

theoretical parts, research questions and empirical approaches will be developed. Finally, 

different targeting approaches used in TMS therapies will be compared and discussed. 
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2. Depressive disorders 

Depressive disorders can be subdivided into two categories: unipolar (DSM-5 clasification 

numbers: 296.20 - 296.36) and bipolar depressive disorders (DSM-5 clasification number: 

296.00-296.06 & 296.40-296.89, American Psychiatric Association, 2013b).  Major depressive 

disorder (MDD) is the most prevalent form of unipolar depression, while bipolar depression 

refers to an oscillating state between depression and mania.  

2.1. Major depressive disorder or unipolar depression 

Major depressive disorder is an extension of normal depressive affect to bereavement and sad 

external event when a response does not remit after external cause dissipates. MDD states often 

have no external precipitating cause (Belmaker & Agam, 2008). According to the Diagnostic 

and Statistical Manual of Mental Disorders 5th edition (DSM-5, American Psychiatric 

Association, 2013b), MDD is characterised as a persistent feeling of sadness and loss of interest 

for at least two weeks. Five or more of the following symptoms must be present during this 

period and should represent a change from previous functioning: 

a) Depressed mood most of the day, nearly every day, as indicated by either subjective 

report (e.g., feels sad, empty, hopeless) or observation made by others (e.g., appears 

tearful). Mood may be irritable in children and adolescents. 

b) Markedly diminished interest or pleasure in all, or almost all, activities most of the day, 

nearly every day (as indicated by either subjective account or observation). 

c) Significant weight loss when not dieting or weight gain (e.g., a change of more than 5% 

of body weight in a month), or decrease or increase in appetite nearly every day. In 

children failure to make expected weight gain should be considered.  

d) Insomnia or hypersomnia nearly every day. 

e) Psychomotor agitation or retardation nearly every day (observable by others, not merely 

subjective feelings of restlessness or being slowed down).  

f) Fatigue or loss of energy nearly every day.  

g) Feelings of worthlessness or excessive or inappropriate guilt (which may be delusional) 

nearly every day (not merely self-reproach or guilt about being sick).  

h) Diminished ability to think or concentrate, or indecisiveness, nearly every day (either 

by subjective account or as observed by others).  
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i) Recurrent thoughts of death (not just fear of dying), recurrent suicidal ideation without 

a specific plan, or a suicide attempt or a specific plan for committing suicide. 

Bromet and colleagues (2011) estimated worldwide MDD prevalence by extensive research, 

based on the DSM-4 (4th edition) criteria for MDD using the World Health Organization 

Composite International Diagnostic Interview (CIDI) among 89.037 people in 18 countries 

from every continent. Results showed 5.5% 12-month prevalence of MDD for high-income 

countries and 5.9% for low- to middle-income countries. Average lifetime prevalence was 2-3 

times higher for both groups, leading to the conclusion that MDD affects one in every six adults 

(Otte et al., 2016). Scores for women were twice as high compared to men (Bromet et al., 2011). 

Average onset in the high-income countries was at 25.7 years, whereas low- to middle-income 

countries showed 24 years average onset. A similar trend can be observed in Slovenia, where 

5.8% of the entire population sought help for depression in 2001, among them 2.5 times more 

women (Plesničar, 2006). By 2020, MDD is estimated to be a second leading cause of disability 

(World Health Organization, 2001). It is also associated with higher rates of diabetes mellitus, 

heart disease, stroke, hypertension, obesity, cancer, cognitive impairment and nonetheless, 

mortality risk by 60-80% (Otte et al., 2016). We can further distinguish three major subtypes 

of unipolar depression with also different biological functioning: (1) dysthymia, (2) 

melancholic and (3) atypical depression. Sources of depression are categorised as endogenous 

or exogenous. While endogenous depression occurs without any external event, the latter 

category is initiated by a specific external event (e.g. personal loss or rejection). 

2.1.1. Dysthymia  
Characteristics of dysthymia, such as long and persistent mild depression, were for a long time 

considered as consequences of long-lasting negative life conditions, childhood developmental 

failures, persistent characterological problems or combination of all these three factors before 

they were defined as a subtype of mood disorder (Akiskal et al., 1996). Criteria for diagnosis 

according to DSM-V (American Psychiatric Association, 2013) includes depressed mood for 

most of the day, for more days than not, for at least two years and absence of manic or 

hypomanic episodes. Two or more of the following symptoms must be present: 

a) Poor appetite or overeating. 

b) Insomnia or hypersomnia. 

c) Low energy or fatigue. 

d) Low self-esteem. 
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e) Poor concentration or difficulty making decisions. 

f) Feelings of hopelessness. 

Kessler and colleges (1994) reported 2.5% 12-month and 6.4% lifetime prevalence of 

dysthymia within the population of the United States. Similar results were observed by Bijl and 

colleges (1998), reporting a 2.3% 12-month and 6.3% lifetime prevalence in the Netherlands. 

Biological underpinnings of dysthymia are associated with hypocortisol response, reduced 

levels of plasma norepinephrine coupled with elevated platelet, altered adrenal responsivity to 

environmental challenges and hyporesponsiveness of skin conductance in anticipation of 

aversive stimuli (Griffiths, Ravindran, Merali, & Anisman, 2000).  

2.1.2. Melancholic depression 
Melancholic depression falls in the category of endogenous depression and accounts for 50% 

of people treated for unipolar depression (Leventhal & Rehm, 2005). According to the DSM-5 

(American Psychiatric Association, 2013), this subtype of depression can be categorised as a 

complete absence (and not only reduction) of the capacity for pleasure. Furthermore, three of 

these symptoms must be present for diagnosis: 

a) A distinct quality of depressed mood characterized by profound despondency, despair, 

and/or moroseness or by so-called empty mood. 

b) Depression that is regularly worse in the morning. 

c) Early-morning awakening (i.e., at least 2 hours before usual awakening). 

d) Marked psychomotor agitation or retardation. 

e) Significant anorexia or weight loss.  

f) Excessive or inappropriate guilt. 

The subtype of melancholic depression is qualitatively different in biological aspects to other 

subtypes as studies (Hickie et al., 2005; Spanemberg et al., 2014; Willeit et al., 2003) have 

shown association with specific abnormalities compared to non-melancholic patients, such as 

distinct genotype, loss of hippocampal volume and signal transduction abnormalities in the 

cultured fibroblasts. Eventually, these factors also lead towards different treatment responses 

(McGrath et al., 2008). 

2.1.3. Atypical depression 
Diagnosis of atypical depression was first used to describe patients with absence of the 

classically endogenous neurovegetative symptoms, emotional reactivity, prominent anxiety, 
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multiple phobias and severe fatigue, who were also more responsive to the monoamine oxidase 

inhibitor (MAOI) treatment (Thase, 2007). Today, DSM-V (American Psychiatric Association, 

2013) characterises symptoms of atypical depression as opposite from those in melancholic 

depression – they develop earlier in life and patients are able to show a pleasure to certain events 

during episodes (mood reactivity). For diagnosis, two of the following symptoms must be 

recognised: 

a) Significant weight gain or increase in appetite. 

b) Hypersomnia. 

c) Leaden paralysis (i.e., heavy, leaden feelings in arms or legs). 

d) A long-standing pattern of interpersonal rejection sensitivity (not limited to episodes of 

mood disturbance) that results in significant social or occupational impairment. 

Prevalence of this subtype is much lower than for melancholic depression as it can be observed 

only in 15% to 29% of patients diagnosed with MDD (Thase, 2007). Differences between other 

subtypes of depression were also found in biological aspects, where hyperactive hypothalamic-

pituitary-adrenal (HPA) axis leads to the symptoms of melancholia and hypoactive stress 

response leads to the symptoms of atypical depression (Gold & Chrousos, 2002). Further 

differences were found using single-photon emission computerised tomography (SPECT), 

where a patient with atypical depression showed increased frontal, temporal and parietal 

perfusion in contrast with melancholic patients that showed decrease in same areas 

(Fountoulakis et al., 2004). With the technique of electroencephalography (EEG), Fotiou and 

colleagues (2003) showed shorter N80 and P100 latencies for patients with atypical depression 

in comparison with patients diagnosed with melancholic depression, revealing different patterns 

of physiological responses to increasing intensity of external stimuli between two subtypes of 

depression.  

2.2. Bipolar depression 

Bipolar mood disorder or bipolar depression shows very similar characteristics as unipolar 

depression, and thus, many patients with bipolar depression get misdiagnosed with MDD 

(Awad, Rajagopalan, Bolge, & McDonnell, 2007). Inoue and colleagues (2015) found out that 

within Japanese patients diagnosed with MDD, 25.4% were later re-diagnosed with bipolar 

depression. This is due to the fact that bipolar depression consists of similar symptoms as MDD 

with a combination of manic episodes. Furthermore, based on the intensity of manic episodes, 

bipolar depression can be subcategorised as bipolar I or II. Bipolar I represents depression with 



Prinčič M. Comparison of established TMS targeting approaches with MRI-guided TMS localiser 
based on the emotion discrimination task 

7 
 

one or more severe manic episodes and may include major depressive episodes, whereas the 

latter represents depression with more major depressive episodes with at least one less severe 

manic episode also called hypomania (Mitchell, Loo, & Gould, 2010). According to DSM-5 

(American Psychiatric Association, 2013), manic episode is a distinct period of abnormality 

and persistently elevated irritable mood lasting at least one week, disrupting the relationship 

with others and occupational functioning. Three or more of the following symptoms must be 

persistent during the episode for diagnosis: 

a) Inflated self-esteem or grandiosity. 

b) Decreased need for sleep (e.g., feels rested after only 3 hours of sleep). 

c) More talkative than usual or pressure to keep talking. 

d) Flight of ideas or subjective experience that thoughts are racing. 

e) Distractibility (i.e., attention too easily drawn to unimportant or irrelevant external 

stimuli), as reported or observed. 

f) Increase in goal-directed activity (either socially, at work or school, or sexually) or 

psychomotor agitation. 

g) Excessive involvement in activities that have a high potential for painful consequences 

(e.g., engaging in unrestrained buying sprees, sexual indiscretions, or foolish business 

investments). 

Accurate information about the prevalence of bipolar disorders is still unknown as the numbers 

vary between countries somewhere between 1% and 2% of lifetime prevalence (Rowland & 

Marwaha, 2018). The same study revealed a lifetime prevalence of 1.06% for bipolar I and 

1.57% for bipolar II in the UK, Germany, Italy, North and South America. The peak onset of 

bipolar disorders usually occurs in the period between 15 and 30 years of age (Mitchell et al., 

2010), but also a second peak between 45 and 54 years has been reported (Kroon et al., 2013). 

No difference of prevalence between male and female population, like the one seen in MDD 

patients, has been observed (Rowland & Marwaha, 2018).     

2.3. Genetic predispositions 

Depressive disorders are highly polygenic, meaning that they carry complex genetic features 

and involve many genes with small effect (Hyman, 2014). Many of these genes remain 

unknown and not confirmed. Despite that, one twin study in a Swedish population was able to 

estimate the heritability of  MDD at 38% (Kendler, Gatz, Gardner, & Pedersen, 2006), similar 

to the results of meta-analysis where Sullivan and colleagues (2000) estimated heritability at 
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37%. Risk of MDD is three times higher within first-degree relatives (meaning children, parents 

and siblings) than in general population  (Geschwind & Flint, 2015). Those people with a family 

history of MDD have more clinically severe illness, which also tends to present at an earlier 

age and shows higher rates of recurrence (Weissman et al., 2016). Interestingly, heritability was 

found to be more prominent within women at 42%, than in men at 29% (Kendler et al., 2006). 

As differences between MDD and bipolar can also be found in genetics. Different results are 

reported in patients with bipolar depression, where lifetime risk in first-degree relatives ranges 

from 5% to 10%, meaning the risk is around six times higher than the general population 

(Rowland & Marwaha, 2018) and from 40%  to 70% for monozygotic co-twin (Craddock & 

Sklar, 2013). Weissman and colleagues (1984) reported that bipolar disorders aggregate much 

more in families with bipolar patients than in families of MDD patients. Additionally, risk of 

heritability in first-degree relatives is significantly lower for bipolar depression compared to 

recurrent, unipolar depression, due to the lower lifetime risk of bipolar disorder in the general 

population (Craddock & Sklar, 2013). Despite these findings, the overlap between unipolar and 

bipolar illnesses was reported with a genetic correlation of 0.64 in which some loci contribute 

to both conditions (McGuffin et al., 2003).   

2.4. Abnormalities in brain 

Neuroimaging studies are offering great insights into structural, functional and connectivity 

abnormalities in the brain of patients diagnosed with depressive disorders compared to a healthy 

population. Recent work on cortical structural alterations in MDD showed thinner cortical grey 

matter in the orbitofrontal cortex, anterior and posterior cingulate, insula and temporal lobes 

(Schmaal et al., 2017). Additionally, decreased frontal lobe volume in depressed patients 

appears to be one of the most consistent findings over the last 20 years (Coffey et al., 1993; 

Nakano et al., 2014; Schweitzer, Tuckwell, Ames, & O’Brien, 2001). Structural abnormalities 

can be observed also in subcortical brain regions, where subgenual anterior cingulate cortex 

(sgACC) grey matter volume reduction in MDD and bipolar disorder appears evident already 

at an early stage of illness and in young adults in families with high risk for MDD (Botteron, 

Raichle, Drevets, Heath, & Todd, 2002). Two other vital regions showing decreased volume 

are amygdala (Sheline, Gado, & Price, 1998) and hippocampus, where the latter was shown 

decreased within patients who did not remit after therapy (MacQueen, Yucel, Taylor, 

Macdonald, & Joffe, 2008). Lesions of frontal cortex and striatum are furthermore correlated 

with depression severity (Benesova, Niedermayerova, Mechl, & Havlikova, 2003; Starkstein & 
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Robinson, 1993), reduction of emotion and disrupted mood regulation (Paradiso, Chemerinski, 

Yazici, Tartaro, & Robinson, 1999). 

One of the most replicated finding is increased metabolism in the limbic system, notably ACC 

and amygdala (Drevets, 2001; Ketter, George, Kimbrell, Benson, & Post, 1996; Mayberg et al., 

2000; Soares & Mann, 1997). Increased activity was demonstrated for both areas, in particular 

when viewing emotional stimuli (Anand et al., 2005; Beesdo et al., 2009; Fales et al., 2008; 

Hamilton & Gotlib, 2008; Peluso et al., 2009; Siegle, Thompson, Carter, Steinhauer, & Thase, 

2007; Victor, Furey, Fromm, Öhman, & Drevets, 2010; Yang et al., 2010). More specifically, 

depressed patients exhibited significantly higher amygdala activation when viewing sad faces 

in comparison to healthy volunteers (Drevets, 2001; Fu et al., 2004). This heighted activity in 

depressive patients was also seen when masked fearful faces were presented, i.e. perceived only 

on subconscious levels (Sheline et al., 2001). In addition, metabolism of amygdala and sgACC 

was positively correlated with the severity of depressive symptoms (Abercrombie et al., 1998; 

Drevets & Price, 2008; Drevets et al., 1992; Hasler et al., 2008). Increased metabolism in MDD 

patients was also found for other subcortical areas such as thalamus (Drevets et al., 1992) and 

ventral limbic regions (Mayberg et al., 1999).  

Another feature often reported in patients diagnosed with MDD is hypoactivation of frontal 

areas, particularly reduction of metabolism in dorsolateral prefrontal cortex (DLPFC, Baxter et 

al., 1989; Bench, Friston, Brown, Frackowiak, & Dolan, 1993; Buchsbaum et al., 1997; Soares 

& Mann, 1997), dorsomedial prefrontal cortex (DMPFC, Kimbrell et al., 1999; Rigucci, 

Serafini, Pompili, Kotzalidis, & Tatarelli, 2009), ventrolateral prefrontal cortex (VLPFC) and 

orbitofrontal area (Mayberg, 2003). The combination of hypoactivation in DLPFC and 

supragenual ACC was observed in depressed patients in both, resting-state (Mayberg et al., 

1999) and during the performance of interference processing tasks that require cognitive control 

(George et al., 1997). It was shown that depressed individuals exhibit disrupted effective 

processing and emotional control, which is reflected in altered functional activity in DLPFC 

and VLPFC (Beauregard, Paquette, & Lévesque, 2006; Brody, Barsom, Bota, & Saxena, 2001; 

Davidson, Irwin, Anderle, & Kalin, 2003; Keedwell, Andrew, Williams, Brammer, & Phillips, 

2005; Mayberg, 2003; Phillips, Drevets, Rauch, & Lane, 2003; Pizzagalli et al., 2001). 

Decreased activity in DLPFC was also observed during the sad mood elaboration in preschool-

onset MDD (Pagliaccio et al., 2012).  

Both left and right DLPFC areas play essential roles in mood regulation as abnormal activation 

in DLPFC is a known feature of MDD (Davidson et al., 2003; Fahim et al., 2004; Keedwell et 
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al., 2005; Lawrence et al., 2004; Liotti, Mayberg, McGinnis, Brannan, & Jerabek, 2002). 

Interestingly, left and right DLPFC appear to have different roles in mood disorders, marked 

by studies reporting prefrontal asymmetry in depressed patients, resulting in hypoactivity in the 

left DLPFC and hyperactivity in the right DLPFC (Davidson & Irwin, 1999; Maeda, Keenan, 

& Pascual-Leone, 2000; Mayberg, 2003; Mayberg et al., 2005; Mottaghy et al., 2002; Sackeim 

et al., 1982). Additional fMRI studies associated left DLPFC with emotional judgement and 

right DLPFC with anticipation or attention to emotional judgement (Nitschke & Mackiewicz, 

2005; Ueda et al., 2003). 

Treatment effects report brain activation changes in the same areas by showing normalization 

of hypometabolism in frontal areas (Mayberg, 2003), more specifically increased metabolism 

within DMPFC and DLPFC (Baxter et al., 1989; Brody et al., 1999; Buchsbaum et al., 1997; 

Kennedy et al., 2001; Mayberg et al., 1999; Mayberg et al., 2000). Furthermore, treatment of 

depression has been shown to have an effect on ACC, where sgACC hyperactivation reduces  

(Drevets, Bogers, & Raichle, 2002) and hypoactivity in supragenual ACC (SACC) increases 

(Mayberg et al., 2000). Decreased SACC has also been observed in healthy volunteers with the 

induction of sad mood (Mayberg et al., 1999). Mutually, metabolism in amygdala, sgACC and 

ventromedial prefrontal cortex correlates positively with depression severity (Drevets & Price, 

2008; Hasler et al., 2008). These areas (i.e. amygdala, sgACC and VMPFC) furthermore show 

decreasing metabolism during the course of treatment (Drevets et al., 2002; Mayberg et al., 

1999; Mayberg et al., 2005; Van Laere et al., 2006). In line with treatment effects, studies on 

relapse of depressive episodes report rebound of increased metabolism in amygdala and sgACC 

(Hasler et al., 2008; Neumeister et al., 2004). 

Nonetheless, MDD cannot be defined solely by dysfunctions of one or more elements or areas 

in the brain but rather as dysfunction of the system unable to maintain homeostasis of emotional 

control in moment of elevated stress levels. Furthermore, depression acts as a multidimensional, 

system-level disorder affecting discrete, but functionally integrated pathways (Mayberg, 2003). 

Functional connectivity studies successfully confirmed the importance of prefrontal and limbic 

areas, also revealing abnormalities in cortico-limbic connections (Greicius et al., 2007). In 

MDD patients, decreased functional connectivity was found between amygdala and SACC 

(Chen et al., 2008) . This connection was reported to increase with treatment and positively 

correlated with more severe MDD symptoms (Matthews, Strigo, Simmons, Yang, & Paulus, 

2008). Similarly, a decrease in resting-state functional connectivity between DLPFC and 

sgACC was observed in depression and was again heightened after treatment (Cano et al., 
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2016). On the other hand, connectivity between sgACC and amygdala was shown to be 

significantly increased in depressed patients (Matthews et al., 2008). Increased metabolism in 

limbic regions has been additionally shown to be reciprocally connected to the decreased 

metabolism of the prefrontal cortex (Mayberg et al., 1999). Decreased functional connectivity 

between amygdala and medial PFC (mPFC) has been linked to more stressful life events, more 

aggressive behavior and poorer mental health (Park et al., 2018), whereas stronger functional 

connectivity between amygdala, MPFC and DLPFC results in better reduction of negative 

stimuli and thus in more efficient emotion regulation (Banks, Eddy, Angstadt, Nathan, & Luan 

Phan, 2007). 

2.5. Depression as emotion dysregulation disorder  

Brain activation abnormalities found in neuroimaging studies were the basis for developing 

models. A variety of different models for cognitive control of emotion and their multiple 

components has been proposed over the last two decades (Gross, 1998a, 1998b; Koole, 2009; 

Larsen, 2000; Webb, Miles, & Sheeran, 2012). Cognitive control of emotion itself carries great 

importance in our daily social life and represents a crucial tool for our mental and physical well-

being (Berking & Wupperman, 2012). In particular, the process model of emotion regulation 

has attracted attention and has proven influential in research on individual differences (John & 

Gross, 2004).  

Emotion regulation can be defined as a goal-directed processes functioning towards modulating 

the intensity, duration and type of emotion experiences (Gross & Thompson, 2007). Emotion 

regulation encompasses five main processes with corresponding emotion regulation strategies 

as can be seen in figure 1a: situation selection, situation modification, attentional deployment, 

cognitive change and response modulation (Ochsner, Silvers, & Buhle, 2012). The stimulus 

arising as a sensation or as an internal thought is attended by the subject. Only attended 

characteristics of stimuli are further passed to the process of appraisal, where stimulus 

significance is assessed based on the person’s goals, wants or needs. The final step involves 

converting this appraisal into emotion-expressive behaviour and physiology (Ochsner et al., 

2012). For each step of stimulus generation mentioned above, specific techniques of emotion 

regulation exist: first, one can regulate the kind of stimuli to emerge by selecting or modifying 

the situation. Second, the stimulus features to be attended can be controlled via attentional 

deployment, more specifically by processes of selective attention and distraction. Third, and 

one of the most complex emotion regulation strategies, is a cognitive process that involves 
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changing the way one appraises the stimuli. Within this strategy, reappraisal is most often used 

in studies of emotion dysregulation. Reappraisal refers to techniques of reinterpreting the 

meaning of a stimulus. The last strategy is response modulation that comprises different 

techniques targeting expression of emotion, for example, expressive suppression, where the 

subject has to keep his face still in order not to reveal his emotions (Ochsner et al., 2012). 

 

Figure 1. A model of cognitive emotion control. (a) Processing steps involved in generating emotion and ways to 

regulate emotions by cognitive control processes. (b) Neural systems involved in using cognitive strategies to 

regulate emotions (Ochsner et al., 2012). 

In general, the emotion-regulation model describes prefrontal and cingulate system that 

maintain control processes modulating activity in a posterior and subcortical system, finally 

generating emotional responses (Ochsner et al., 2012). A more detailed model covers several 

cortical regions such as orbitofrontal cortex (OFC), dorsomedial prefrontal cortex (DMPFC), 

anterior cingulate cortex (ACC), DLPFC and VLPFC supporting control processes and 

subcortical regions such as the amygdala and ventral striatum supporting emotion generation 

(Ochsner et al., 2012). According to this model, DLPFC, posterior prefrontal cortex and inferior 

parietal cortex, play essential roles in selective attention and working memory, with the addition 
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of holding and maintaining reappraisal content and its goals (Figure 1b). VLPFC is on the other 

implemented in selecting appropriate or inhibiting inappropriate reappraisal goal, whereas 

DMPFC decodes internal emotional states (Ochsner et al., 2012). Dorsal regions of ACC are 

connecting those with monitoring if reappraisal techniques are changing emotional responses 

in the desired way. Amygdala and ventral striatum are the structures that are modulated by these 

areas and furthermore play the most significant role in the expression of emotions  (Ochsner et 

al., 2012). 

Ochsner and colleagues (2004) performed a study, where participants were asked to picture 

themselves either directly where a picture presented was taken or at a distance as third-person 

perspective. Subjects were then asked to increase or decrease their emotions towards the stimuli 

using reappraisal techniques. Researchers observed heightened brain activity in left DLPFC and 

VLPFC, and reduced activity in the amygdala. Interestingly, amygdala activation was 

negatively correlated with the activity in the lateral PFC. A similar study was performed where 

participants were asked to decrease or increase emotional response by reinterpreting the 

scenario they were shown (Phan et al., 2005). In accordance with previous results, 

downregulating negative emotions yielded an increase of DLPFC, DMPFC and agACC, with a 

decrease of amygdala activation. Again, successful emotion regulation was characterised by 

negative correlation between activity in amygdala and prefrontal areas.   

Taken together, imaging studies show that increased activity of prefrontal networks 

incorporating DLPFC, MDPFC and agACC mediates activity in the amygdala and with this 

contributes to successful reduction of negative effects, meaning, to the successful emotion 

regulation. Effective emotion regulation is furthermore achieved through successful execution 

of cognitive control processes of emotional recognition, attentional deployment, appraisal of 

emotion and response modulation (Ochsner et al., 2012). Herewith, emotional dysregulation 

disorders such as depression would result from improperly functional emotion processing 

(Compare, Zarbo, Shonin, Van Gordon, & Marconi, 2014). 

2.6. Types of treatment 

Neuromodulation is one option for the treatment of psychiatric disorders. According to the 

international neuromodulation society (INS), neuromodulation consists of a broad array of 

treatments, both electrical and chemical, targeting a variety of locations in the body to achieve 

the desired outcome best. It is a field of science, medicine, and bioengineering that encompasses 

implantable and non-implantable technologies for the purpose of improving quality-of-life and 
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functioning of humans (Sakas, Panourias, Simpson, & Krames, 2007). Within this definition, 

we can assign several types of treatment such as psychotherapy, psychopharmacology, brain 

stimulation and even exercise or nutritional diets.  

Treatment with psychotherapy is usually assigned to people with mild depressive disorders 

(Otte et al., 2016) and effect sizes of 0.6 are usually found compared to control group after 

psychotherapy, with minor deviations based on what kind of psychotherapy approach is used 

(Cuijpers, van Straten, Andersson, & van Oppen, 2008). On the other hand, psychotherapy 

shows only 25% recovery rate, when assigned to moderate-to-severe depressive episodes, while 

a combination of psychotherapy and pharmacotherapy yields 43% recovery rate (Thase et al., 

1997). Even though both approaches are well established and often used, up to one-third of 

patients undergoing treatment do not achieve response or remission (Ionescu, Rosenbaum, & 

Alpert, 2015). These patients fall into the category of treatment-resistant depression (TRD). 

This group is not defined as patients unable to respond to treatments, but as being assigned to 

inappropriate treatment not adequately specified for their individual diathesis (Ionescu et al., 

2015). With this in mind, new types of treatments that would target a broader spectrum of 

depression heterogeneity are being examined, with a bigger focus on brain stimulation 

techniques. 

2.6.1. Brain stimulation 
As neuromodulation itself represents a wide range of possible treatments. The subfield of brain 

stimulation represents a broad spectrum of possible approaches for stimulating the brain. These 

can be first subdivided into categories based on conduction or induction. While the conduction 

subcategory can be furthermore subdivided into invasive and non-invasive approaches, all 

inductive methods are considered as non-invasive.  

Deep brain stimulation (DBS, implementation of electrode or neurostimulator to specific targets 

in the brain) and vagus nerve stimulation (VNS, implementation of electrical pulse generator 

underneath the skin of the chest that delivers intermittent stimulation to the left vagus nerve in 

the neck) are considered surgical or invasive methods with lower electrical output ranging from 

0.25 mA to 1.25 mA (Carvalho & McIntyre, 2015). Slightly higher currents ranging from 1 mA 

to 2 mA (Karabanov, Saturnino, Thielscher, & Siebner, 2019) are used in non-invasive 

approaches such as transcranial electrical stimulation (tES).  

Numerous stimulation protocols have been suggested for tES, varying in intensity, frequency 

and duration. Among them, transcranial direct current stimulation (tDCS) is the simplest 
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approach. In tDCS, constant current is applied through electrodes on the scalp, whereas 

transcranial alternating current stimulation (tACS) and transcranial random noise stimulation 

(tRNS) are based on sinusoidal and white noise current waveforms, respectively (Paulus, 

Peterchev, & Ridding, 2013). In the same category of conductive approaches, we are classifying 

also electroconvulsive therapy (ECT), which is using higher currents able to induce seizures – 

up to 800 mA delivered in short pulses with length from 0.1 to 0.5 ms, compared with tDCS 

using current of 1 mA delivered continuously for 20 minutes (Peterchev, Rosa, Deng, Prudic, 

& Lisanby, 2010). Contrary to those conductive brain stimulation methods, transcranial 

magnetic stimulation (TMS) represents an inductive technique. Listing the different TMS 

approaches, we have continuous theta burst stimulation (cTBS), intermediate TBS (iTBS), 

single-pulse TMS (sTMS), repetitive TMS (rTMS) (Rubens & Zanto, 2012) and deep TMS 

(dTMS) (Zangen, Roth, Voller, & Hallett, 2005). Magnetic seizure therapy (MST) is also based 

on TMS and is more equivalent to ECT with difference of using magnetic field to induce 

seizures (Lisanby, Schlaepfer, Fisch, & Sackeim, 2001). All other TMS protocols reach 

medium energy application value (Table 1). 

Table 1 

Classification of brain stimulation approaches.  

Energy 
Conductive 

Inductive 
Invasive Non-invasive 

Low Energy DBS   

 

VNS   
 tDCS 

tES 
 

 tRNS  
 tACS cTBS 

TMS 
  iTBS 
   
  rTMS / sTMS 
  dTMS 
   

High Energy  ECT MST 

Note. DBS = deep brain stimulation, VNS = vagus nerve stimulation, tDCS = transcranial direct current 

stimulation, tRNS = transcranial random noise stimulation, tACS = transcranial alternating current 

stimulation, tES = transcranial electric stimulation, cBTS = continuous theta burst stimulation, iTBS = 

intermediate theta burst stimulation, TMS = transcranial magnetic stimulation, rTMS = repetitive TMS, 

sTMS = single-pulse TMS, dTMS = deep TMS, MST = magnetic seizure therapy.   
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The use of electricity for treating illnesses has a long, but not that illustrious history, as it was 

used already back in 43 AD by Scribonius Largus, who had been prescribing treatment with 

electric eel for the problems such as headaches (Baldwin, 1992). It was not until the 1930s when 

Ugo Cerletti and Luigi Bini conceived the idea of initiating the convulsions with electricity, 

designing the apparatus for treatment with ECT. They immediately observed beneficial 

outcomes in depressive patients and marked ECT as a successful treatment of the depressive 

disorder (Swartz, 2009). Even though ECT still exists today as an important treatment for 

depression (with different and more individualised parameters such as muscle relaxants and 

anaesthesia), about 15% of patients do not benefit from ECT (Tokutsu et al., 2013). In addition, 

severe side effects may occur including headache, generalised myalgia, postictal states, 

cardiomyopathy, episodic and semantic retrograde amnesia (Andrade, Arumugham, & 

Thirthalli, 2016). Thus, there clearly is a need for establishing other forms of non-invasive brain 

stimulation methods such as TMS. 

 

3. Transcranial magnetic stimulation 

3.1. Early history of transcranial magnetic stimulation 

As the name “transcranial magnetic stimulation” suggests, TMS is based on the induction of 

electric fields. The principle of induction was first presented by Michael Faraday in 1831 

(Carlson & Cheney, 1983). It states that time-varying electrical currents produce magnetic 

fields that can induce electromagnetic fields in target structures (Wagner, Rushmore, Eden, & 

Valero-Cabre, 2009). With respect to applications in biology, d'Arsonval was the first 

researcher to use this principle on the human head in 1896. He used a sizeable magnetic coil 

connected to voltage of 110-V at 42 Hz. He reported dilation of blood vessels, vertigo and 

syncope. Also, phosphenes (illuminated spots in the visual field) were reported, but those could 

also be products of retinal stimulation and not stimulation of the visual cortex as stimulations 

were not focal (Bailey, Karhu, & Ilmoniemi, 2001). Another observation was made by 

Thompson, who reported visual sensations that were not caused by light in technicians working 

in the vicinity of large choke coils carrying strong alternating currents (Kolin, Brill, & Broberg, 

1959). 
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3.2. Modern history of transcranial magnetic stimulation 

In the second half of the 20th century, Kolin and colleagues (1959) successfully used magnetic 

fields to stimulate frog nerves and showed induced contractions of frog muscles. Similar results 

were reported by Bickford and Fremming a few years later in both animals and humans 

(Malmivuo & Plonsey, 2012). Soon after, the first TMS circular coil was developed and was 

also shown successful in evoking human muscle contractions (Barker, Brown, & Freeston, 

1979). Later, electromyography (EMG) was added to the stimulator, and allowed for recording 

and quantifying magnetically induced motor jerks (Polson, Barker, & Freeston, 1982), also 

known as motor-evoked potentials (MEP). This gave researchers the opportunity to map the 

connectivity of the motor cortex to the rest of the body.  

The first experiments on the mechanism-of-action of TMS targeted primary motor cortex (M1) 

using single-pulse TMS, as effects of stimulation could be observed easily and objectively via 

MEP measurements on the abductor pollicis brevis (APB) muscle (Barker, Jalinous, & 

Freeston, 1985; Barker, Freeston, Jabinous, & Jarratt, 1986). Later, TMS devices were 

optimised to increase stimulation efficiency, in particular with respect to focality. Ueno and 

colleagues (1988) introduced the figure-of-eight coil design comprising a pair of circular coils 

with opposite current direction and showed higher intensity and more precise localisation of 

stimulation. Subsequently, single pulses were grouped together and applied jointly, introducing 

a train of pulses referred to as repetitive TMS (rTMS). The first use of rTMS was reported when 

stimulation rates of up to 25 Hz resulted in successful speech arrest with the coil placed over 

speech-related areas (Pascual-Leone, Gates, & Dhuna, 1991). Later, TMS was experimentally 

used to stimulate prefrontal cortex based on the results of previous neuroimaging (George, 

Ketter, & Post, 1994), electroencephalography studies  (Diego, Field, & Hernandez-Reif, 2001; 

Knott, Mahoney, Kennedy, & Evans, 2001; Koek et al., 1999; Schaffer, Davidson, & Saron, 

1983) and cytoarchitectonic studies (Barbas, 2000; Tomas Paus & Castro-alamancos, 2000; 

Petrides, 1999). Applying rTMS with 10Hz frequency over left dorsolateral prefrontal cortex 

(l-DLPFC) corresponding to Brodmann areas 46 and 9 resulted in therapeutic effects in MDD 

patients (George et al., 1997a; George et al., 1995; Loo et al., 1999a). This evoked the first 

meeting of the TMS safety consensus group in 1998 as well as the first publication of TMS risk 

and safety guidelines in both the clinical and the laboratory settings (Chatterjee & Farah, 2013; 

Wassermann, 1998).  
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3.3. Application and safety of transcranial magnetic stimulation 

Today, TMS is FDA-approved and widely used in research applications and the therapy of 

treatment-resistant depression (TRD) as it was shown equally effective as ECT, but with 

reduced side effects (Janicak et al., 2002). Still, according to The Safety of TMS Consensus 

Group (Rossi et al., 2009), several safety concerns exist: 

- tissue heating up to 0.1 °C,  

- attractive forces on ferromagnetic objects and repulsive forces on non-ferromagnetic 

conductors,  

- induction of large voltages in nearby wires and electronic devices,  

- possible induction of current in implanted stimulators of the central and peripheral 

nervous system.  

No harmful effects of exposure to magnetic fields were reported for both, subject and operator, 

as it was also shown how occupational exposure to electromagnetic fields at greater levels than 

TMS, such as MRI produces 100 times lower exposure values below recommended exposure 

limits. Additionally, some non-pleasant side effects can also occur: 

- hearing damage due to sound pressure level of TMS up to 140dB,  

- 1.4% crude risk estimate of induction of seizure in epileptic patients and less than 1% 

in healthy population 

- more commonly reported than seizures are vasodepressive (neurocardiogenic) syncopes 

that are common reactions to anxiety and psycho-physical discomfort,  

- 28% of cases report headache, that could persist over some days, 

- 39% of cases experienced pain or discomfort during active rTMS, including toothache 

that rapidly vanishes 

- only about 20% reports of tiredness, concentration difficulties, memory difficulties, 

anxiety, agitation and insomnia.  

It has to be noted that all of these side effects occur rarely, but have to be taken into account 

and patients have to be informed about these before undergoing TMS stimulation. 

3.4. Mechanism of transcranial magnetic stimulation 

The basic hardware concept of a TMS stimulator has not changed over the last 20 years. As 

seen in fig. 2, it comprises a power supply, an energy storage element, a coil and a switch to 
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discharge that stored power rapidly (Polson et al., 1982). As mentioned before, TMS devices 

operate on Faraday’s law – current transmitted through loops of copper wire will give rise to a 

magnetic field perpendicular to the plane of the coil. Magnetic pulses can be delivered in 

various shapes, most importantly as monophasic or biphasic sine waves (Wassermann et al., 

2008). Monophasic pulses are generated when the diode clamps the capacitor and thus always 

remain positive, resulting in single polarity (Figure 2b). After the current peaks and begins 

reversing polarity, the diode begins conducting and the energy is dissipated through the circuit 

resistance. This requires the capacitor to be fully recharged before the next pulse can produced. 

On the opposite side (Figure 2c), if the capacitor is not clamped by the diode and an additional 

diode is added to allow the reverse current to bypass the silicon-controlled rectifier (SCR, 

switching device with small energy losses), a single full sinusoidal cycle is achieved with 

energy from half of the cycle being returned to the capacitor. This characteristic makes biphasic 

pulses more suitable for rTMS usage (as capacitor recharges in a shorter time), whereas 

monophasic can be used for the study of direction-specific stimulation effects or to probe 

cortical excitability with single or paired pulses (Wassermann et al., 2008). 

 

Figure 2. (a) Prototype circuit of the magnetic stimulator (Polson et al., 1982). (b) Monophasic pulse circuit of 

TMS. (c) Biphasic pulse circuit. SCR = silicon-controlled rectifier. (E. Wassermann et al., 2008). 

Stimulation pulses can be applied in various patterns: single-pulse TMS (sTMS), paired-pulse 

TMS (ppTMS), rTMS, theta-burst stimulation (TBS), quadripulse stimulation and paired 
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associative stimulation (PAS) (Paulus et al., 2013). Here, I will focus only on sTMS and rTMS 

as they were applied in our study. 

3.5. Transcranial magnetic stimulation of motor cortex 

Monophasic sTMS was the first technique applied for mapping the human brain, especially 

motor and sensorimotor cortex. Nowadays, sTMS is mostly used for purposes of RMT 

measurement, although some therapeutic effects were also discovered in the treatment of 

migraine with aura (Lipton et al., 2010). The measure of RMT is defined as the lowest stimulus 

intensity required to elicit an MEP of ≥ 50μV in 5 out of 10 consecutive trials (Rothwell et al., 

1999) and has an essential role for therapeutic TMS applications. Besides RMT, active motor 

threshold (AMT) is also measured, defined as the lowest stimulus intensity required to elicit an 

MEP of ≥ 200μV in 5 out of 10 consecutive trials (Rothwell et al., 1999). Both, RMT and AMT, 

assessing MEP amplitude provides a measure of corticospinal excitability that is furthermore 

used as a marker or baseline excitability before intervention with rTMS (Bestmann & Krakauer, 

2015).  

When pulses are applied repeatedly (rTMS), decrease or increase of cortical excitability is 

observed, depending on stimulation frequency (Pascual-Leone et al., 1991). With low 

frequencies (<5 Hz) stimulation results in reduced cortical excitability or decreased MEP, while 

high frequency (>5 Hz) stimulation results in increased cortical excitability or increased MEP 

(Fitzgerald, Fountain, & Daskalakis, 2006).  

In high frequency rTMS applications, biphasic pulses are mostly used as they allow for fast 

capacitor recharging and thus reach higher stimulation intensities (Wassermann et al., 2008). In 

low-frequency rTMS, also monophasic pulses can be used, as there is no need for a quick 

recharge of a capacitor. Using monophasic pulses during low frequency rTMS allowed Sommer 

and colleagues (2002) to observe more reduced cortical excitability, than if using biphasic 

pulses with combination with low frequency rTMS. Even though, these results vary and are 

rarely reproduced, one of the reason being also due to the different stimulation devices used 

(Wassermann et al., 2008). 

Both high- and low-frequency TMS protocols produce long-lasting effect of the cortical 

excitability (Wassermann et al., 2008), making TMS a synaptic plasticity-inducing tool. These 

effects can be best understood based on previous studies (Andersen, Morris, Amaral, Bliss, & 

O’ Keefe, 2009; Kandel et al., 2000) on synaptic plasticity in the hippocampus. It was observed 
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that excitatory synapses between CA3 axons and the dendritic spines of CA1 pyramidal neurons 

can be triggered using different patterns of electrical stimulation (Huerta & Volpe, 2009). The 

CA3 axon terminals act by releasing glutamate. Meanwhile, CA1 neurons combine three types 

of glutamatergic receptors: alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptor (AMPAR), n-methyl-d-aspartate receptor (NMDAR), and metabotropic receptor 

(mGluR). First two (i.e. AMPAR and NMDAR) operate as ion channels that allow positively 

charged ions pass through when they are activated, leading to depolarization of the neuron 

(Huerta & Volpe, 2009). When high-frequency stimulation is applied to these synapses, long-

term potentiation (LTP) was observed – the strength of synapses (defined as an average amount 

of current or voltage excursion produced in the postsynaptic neuron by an action potential in 

the presynaptic neuron (Murthy, 1998)) increases and lasts for hours or even days. On the 

opposite side, when low-frequency stimulation is applied, long-term depression (LTD) is 

observed – the strength of synapses decreases and lasts for hours or even days (Huerta & Volpe, 

2009). This common principles of NMDAR and AMPAR mechanism found in synaptic 

plasticity in CA1 can be furthermore transferred to the superficial layers of the mammalian 

neocortex (Kirkwood, Dudek, Gold, Aizenman, & Bear, 1993). The crucial difference lies in 

the multi-layered arrangements (the canonical six layers) of cortical neurons. Additionally, vast 

numbers of recursive loops of excitation and inhibition exist between the cortex and the 

thalamus as well as between the different areas of the cortex (Huerta & Volpe, 2009). Given 

the higher complexity of cerebral cortex, Huang and colleagues (2007) successfully showed 

how TMS effects really are NDMAR dependent. They have administered small amounts (4 

doses of 5 mg each, over 2 days) of memantine (antagonist that blocks the effects of glutamate) 

in healthy subjects before intermittent TBS session and observed blockade of facilitatory effects 

(Huang et al., 2007). Considering these studies and the complex structure of connections 

between cortex and thalamus as well as between different areas of the cortex,  TMS can be used 

to target different areas of a specific network on the cerebral cortex to reach even more 

subcortically located areas (Chouinard, Van Der Werf, Leonard, & Paus, 2003). It can be 

utilized to improve performance of various cognitive tasks such as selective attention (Solé-

Padullés et al., 2006), language performance (Cotelli et al., 2011) and word recall (Little et al., 

2000) or even improve mood in depressed patients (Berman et al., 2000). 
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3.6. Transcranial magnetic stimulation as a therapeutic tool 

The first studies reporting therapeutic effects after TMS examined patients suffering from 

depression and used 10Hz stimulation over left DLPFC, corresponding to Brodmann areas 46 

and 9 (George et al., 1997a; George et al., 1995). Therapeutic effects or response to TMS 

treatment is commonly quantified using the Hamilton Depression Rating Scale (HDRS or 

HAMD) and also the Montgomery–Åsberg Depression Rating Scale (MADRS), the Clinical 

Global Impression (CGI) scale or the Beck Depression Inventory (BDI) (J. Chen et al., 2013; 

Martin et al., 2003). Klein and colleagues (1999) additionally confirmed the efficacy of 1Hz 

TMS stimulation when applied over a contralateral area (i.e. right DLPFC). Similar efficiency 

has been shown through a meta-analysis of randomised controlled trials between both 10Hz 

stimulation over left DLPFC and 1Hz stimulation over the right DLPFC (Chen et al., 2013). 

Even though numerous studies have established the therapeutic effect of TMS in depression 

(Gaynes et al., 2014), a considerable number of patients do not respond to TMS therapy. After 

30 TMS sessions acute response rate was 50% and remission rate only about 25% (Connolly, 

Helmer, Cristancho, Cristancho, & O’Reardon, 2012). Interestingly, high variability in the 

neuropsychological and behavioural response to non-invasive brain stimulation techniques in 

motor and non-motor areas is also observed in healthy subjects. This was related to factors like 

aerobic exercise, time of a day of a stimulation, age, focus of attention during stimulation, 

synaptic history, pharmacology and genetics (Ridding & Ziemann, 2010). As in any other 

treatment, determining the optimum dose plays a crucial role in treatment outcome. In TMS 

treatment, other parameters including pulse shape, pulse repetition frequency, the total number 

of sessions, shape of the used coil and its position on the scalp are also of importance for 

treatment effects (Peterchev et al., 2012). 

Today, no consensus regarding the optimum stimulation target exists. Many different 

approaches have been suggested. They can be roughly divided into three groups: standard 

targeting without neuronavigation, neuronavigation with anatomical targets and 

neuronavigation with functional targets. Within this thesis, we will compare eight different 

targeting approaches with respect to the spatial distribution of stimulation targets (see chapter 

4). 
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3.7. Challenges with standard targeting approaches 

Accurate targeting is a major issue in TMS treatments, as DLPFC falls into the category of 

silent regions, i.e. DLPFC activation does not produce an immediately observable response 

after stimulation (Penfield, 1958). Different approaches exist to determine the individual 

location of DLPFC. First therapeutic effects of TMS were reported using the “5cm” method 

which is based on moving the TMS coil 5 cm anterior from the optimal surface site for 

activation of the APB muscle (Mark S. George et al., 1995; Pascual-Leone, Rubio, Pallardó, & 

Catalá, 1996). Soon, magnetic resonance imaging (MRI) studies indicated problems inherent to 

this approach, as stimulation sites were typically located more posterior and superior relative to 

BA 9, suggesting that stimulation was applied not to DLPFC but rather to neighbouring regions 

(Herwig, Padberg, Unger, Spitzer, & Schönfeldt-Lecuona, 2001). Another way of positioning 

the TMS coil is to use the international 10-20 electroencephalogram (EEG) system and to place 

the coil over the F3 or F4 electrode position. While this method was shown to be more efficient 

in hitting the correct anatomical target compared to the “5cm” approach, the Brodmann areas 

stimulated still differed across subjects, and brain areas with different cognitive functions were 

stimulated when targeting the same F3/F4 electrode position (Herwig, Satrapi, & Schönfeldt-

lecuona, 2003). 

3.8. TMS in combination with neuroimaging 

Over the last 20 years, coil placement accuracy has been improved by new approaches based 

on neuroimaging data. In one such approach, the TMS coil is placed on a specified target 

location using anatomical landmarks on individual subjects’ structural brain images (individual 

MRI-guided TMS neuronavigation). Also, standardised targets obtained from meta-analyses or 

other previous literature can be transformed from Talairach/MNI space into individual brain 

space (M. Tik et al., 2017).  

The most personalised approach, however, is to use the subject’s individual functional MRI 

activation maps to target the corresponding brain networks directly (individual fMRI-guided 

TMS neuronavigation). Such targeting procedures may help increase the efficacy of rTMS 

treatment by stimulating those areas that are implicated in a specific disorder (Luber et al., 

2017). As inefficient responses of the cognitive control to emotional stimuli perpetuate emotion 

dysregulation that contribute to depression (Lantrip, Gunning, Flashman, Roth, & Holtzheimer, 

2017), paradigms involving emotion processing and regulation might be ideal for revealing the 

corresponding neurocircuitry, which may then be used as targets in TMS treatment. 
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4. Research questions and goals 

The main goal of my thesis was to compare different target definition approaches using. Thus, 

the leading research question (RQ) was: 

(RQ1) What are the spatial distances of individual DLPFC locations with respect to 

commonly used approaches of the “5cm” method, the F3 electrode position and novel 

approaches based on individual or group fMRI-guided TMS neuronavigation?  

In order to investigate this question, I replicated the emotion discrimination task (EDT) related 

emotion processing network and obtained maxima of DLPFC activation for every subject. 

Second, I assessed the spatial distribution of individual functional DLPFC locations and 

determined the spatial distance of individual functional DLPFC locations to different cortical 

targets obtained with seven conventional target localisation approaches. Distances were 

calculated as Euclidian distances from single-subject DLPFC activation peaks to each of the 

seven commonly used TMS targets. Furthermore, I assessed the stability of the EDT-based 

functional localiser by calculating Euclidian distances of single-subject DLPFC activation 

peaks across two measurements in the same session (intra-session variability) and across two 

measurements in a different session (inter-session variability). 

As the functional localiser approach was intended to be used for therapeutic application in 

patients suffering from TRD, I comparing the results of functional localizer and other targeting 

approaches in a patient population. Thus, the second, follow-up question was: 

(RQ2) Can functional localisers based on EDT be used in healthy subjects as well as a 

patient population?  

After confirming the use of functional localiser based on stability and reproducibility, the final 

step was to apply the methodology to concurrent TMS/fMRI in a proof-of-concept study: 

(RQ3) Does TMS stimulation using functional localisers produce different activation 

patterns in comparison to individual MRI-guided TMS stimulation? 

Thus, three healthy volunteers were assessed with concurrent TMS/fMRI. Subjects underwent 

10Hz TMS stimulation with two most prominent targeting approaches (individual fMRI-based 

and coordinate-based TMS), and differences in brain activation patterns were assessed.  
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5. Materials and methods 

5.1. Participants and procedure 

For the study I, fifteen right-handed, healthy volunteers with no history of neurological or 

psychiatric disorders were recruited (7f/8m, mean age: 25.3 ± 2.9 years). For study II, thirty-

three healthy volunteers (15f/18m, mean age: 27.5 ± 6.8 years) and twenty-eight patients 

diagnosed with acute MDD (16f/12m, mean age: 28.7 ± 7.1) were examined. Finally, study III 

comprised three healthy volunteers (2f/1m, mean age: 25.7 ± 0.3) who underwent two TMS 

session, where one session used one of most commonly used targeting approaches 

(anatomically defined BA46 area, Fox target or Fitzgerald target) and the second session used 

the functionally defined target. For all subjects, MRI anatomy scans and fMRI facial emotion 

discrimination tasks scans were performed. The three healthy subjects of study III underwent 

concurrent TMS/fMRI scanning. All subjects were asked to refrain from caffeine, alcohol and 

nicotine 6 hours prior to the examination. All subjects gave written informed consent before 

participating in the study and were financially reimbursed. The study was performed in line 

with the latest revision of the Declaration of Helsinki and approved by the ethics committee of 

the Medical University of Vienna. 

5.2. Facial emotion discrimination task (EDT) 

For mapping emotion processing activation in DLPFC, subjects performed two tasks: the facial 

emotion discrimination task (EDT) and the object discrimination task (ODT). Both, EDT and 

ODT, are extensions of already established tasks previously introduced by Hariri and colleagues 

(2002) and commonly used by our research group (Sladky et al., 2013, 2018, 2012; Sladky, 

Spies, et al., 2015; Windischberger et al., 2010). The EDT was chosen because previous results 

indicated activation of the classic emotion processing networks incorporating amygdala, 

anterior cingulate cortex, orbitofrontal cortex and – most importantly for the present study – 

DLPFC (Carballedo et al., 2011; Sladky et al., 2013; Sladky, Höflich, et al., 2015; Sladky, 

Spies, et al., 2015; Spies et al., 2017). Furthermore, the EDT offers a prominent tool for 

inspecting the effectiveness of emotion regulation and processing as it involves two critical 

elements of the process model of emotion regulation (Ochsner et al., 2012): emotion recognition 

from faces (recognition of facial expressions) and deployment of attention towards stimuli 

(faces). Changes in the EDT network were also linked to depression and treatment response 
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(Canli et al., 2017; Sheline et al., 2001; Szczepanik et al., 2016) rendering EDT an ideal 

localiser task for TMS therapy in major depressive disorder. 

The EDT consisted of blocks of triplets of faces from a set of eight female and eight male 

Caucasian individual faces, expressing one of seven emotions (anger, disgust, fear, happiness, 

sadness, surprise, or neutral). Subjects had to match the facial expression in the upper centre 

facial expressions with one of two facial expressions presented in the lower left and right 

corners by pressing the corresponding button on an MR-compatible response pad. Facial stimuli 

were chosen from the Radboud Faces Database (Langner et al., 2010). The ODT control task 

was identical to EDT, except that triplets of geometrical shapes were presented instead of face 

triplets. ODT stimuli were superimposed on the skin-coloured background to control for 

activation due to non-emotional cognitive and visual processing.  

Tasks for study I and III were set up in a block designs, where a fixation cross was shown for 

8 seconds as a baseline condition, followed by a screen explaining the following task block for 

3 seconds and the corresponding task block with a duration of 20 seconds (figure 3). Study II 

used a similar design, where task blocks had a length of 20 seconds and baseline (crosshair) 

blocks in-between took 20 seconds. After responding (button-press) or if the subject failed to 

respond within 5 seconds, subjects were presented with a new triplet of images in each task 

block. Each run contained three blocks of EDT and three blocks of ODT. For study I, three task 

blocks were repeated three times per run, and each run was repeated three times per 

measurement session, altogether two sessions for a single subject. For study II two sessions 

were used with only one run, whereas for study III only one session with one run was used. 

Subjects were verbally instructed how to successfully complete the task prior to the scanning 

without exposure to the stimuli material. Stimuli were randomised and presented on a semi-

transparent MR-compatible screen placed at the posterior aperture of the scanner's bore using 

Presentation (Neurobehavioral Systems Inc., San Francisco, CA, USA) for study II and 

PyGame (in-house script using programming language Python) for study I and III. 
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Figure 3. Examples of the emotion discrimination task (EDT) and the object discrimination task (ODT). Subjects 

were presented with three images and the instruction to match the top image to one of the bottom images, either 

based on emotions during EDT or based on objects (geometrical shapes) during the ODT control task. Each task 

block lasted 20 seconds and was followed by 11 seconds of rest, where a fixation cross was presented in the 

middle of the screen (Sladky et al., 2013, 2018). 

 

5.3. Data acquisition 

5.3.1. Functional localiser 
Data acquisition was performed on an ultra-high field 7 Tesla whole-body MR scanner 

(Siemens Magnetom 7T), using a 32-channel head coil and the CMRR multiband echo-planar 

imaging (EPI) sequence (Moeller et al., 2010). Repetition time (TR) was set to 1.4s, echo time 

(TE) was 23ms, and 78 slices with a spatial resolution of 1.5×1.5×1mm³ (field of view (FOV) 

= 192×192×97.5mm³) were acquired. Three runs were used for study I, where one run took 4 

minutes and 39 seconds. Study II used only one run, where each condition of 20 second and its 

baseline of 20 seconds was again repeated three times resulting in total task duration of 6 

minutes. Run length of study III was 4 minutes and 39 seconds as in study I, with no run 

repetitions. 

5.3.2. Concurrent fMRI/TMS (Study III) 
Concurrent TMS/fMRI was performed on a 3T PRISMA scanner (Siemens, Erlangen, 

Germany) using a TMS system comprising the MagProX100 stimulator and the MRi-B91 MR-

compatible TMS coil (Magventure, Farum, Denmark). Two ultra-slim 7-channel MR receiver 

arrays were used, one being mounted underneath the TMS coil to allow for MR data acquisition 

with high sensitivity and simultaneously ensuring unhindered TMS stimulation, while other 

being mounted on the opposite side of subject’s head to cover whole brain imaging  (Navarro 

de Lara et al., 2017). Functional images were acquired using an EPI sequence with 
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TR/TE=1000/33ms. 28 slices were acquired with a spatial resolution of 1.5x1.5x3mm3. Triplets 

of 10 Hz rTMS at different intensities (80%, 90%, 100% and 110% of RMT) were applied every 

30 seconds. To avoid stimulation-based artefacts, an EPI acquisition pause of 320 ms was 

inserted (Figure 4). The TMS/fMRI coil-array was positioned over the target (structurally or 

functionally defined l-DLPFC) using an MR-compatible Brainsight neuronavigation system 

and Polaris optical position sensor (Northern Digital, Waterloo, ON, Canada).  

 

 
Figure 4. Concurrent TMS/fMRI paradigm. Stimulation paradigm with randomised sequences of doses 80% RMT, 

90% RMT, 100% RMT and 110% RMT. 

Prior to TMS/fMRI, the subjects’ RMTs were measured using EMG, where MEPs of ≥ 50μV 

in 5 out of 10 consecutive trials had to be observed (Rothwell et al., 1999). Afterwards, 

TMS/fMRI was performed, randomly selecting either structural or functional l-DLPFC target.  

5.4. Data Analysis 

Data preprocessing for study II included slice-timing correction (FSL, 

http://fsl.fmrib.ox.ac.uk/fsl), bias-field correction (ANTs), realignment (FSL), and non-linear 

normalization to MNI space (ANTs, final resolution 1.5×1.5×1.5 mm3) using a custom pre-

processing pipeline. Data preprocessing for study I included de-spiking (AFNI), slice-time 

correction (FSL), correction for geometric distortions (FSL) using field maps obtained with 

UMPIRE (Robinson, Schödl, & Trattnig, 2014), bias-field correction (ANTs), realignment 
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(FSL), normalisation to MNI space (ANTs), and smoothing with a 6mm FWHM Gaussian 

kernel (FSL). Data preprocessing for study III included slice-timing correction (SPM12), bias-

field correction (ANTs), realignment (SPM12), normalisation to MNI space (SPM12) and 

smoothing with a 6mm FWHM Gaussian kernel (SPM12). First-level and second-level analyses 

were conducted in SPM12. For first-level analysis, linear regression was performed at each 

voxel using generalized least squares with a global approximate AR(1) autocorrelation model 

and drift fitting with Discrete Cosine Transform basis (128 s cut-off). For second-level analysis, 

linear regression was performed at each voxel, using generalised least squares with global 

repeated-measures correlation model. In order to obtain activation maps specific to emotion 

processing, statistical parametric maps were calculated by contrasting emotion discrimination 

blocks versus object discrimination blocks. Significance thresholds were set to p<0.05 (FWE 

whole-brain corrected) for group results and p<0.001 (uncorrected, cluster size k>10) for 

single-subject results.  

For study III (TMS/fMRI), the design matrix comprised four regressors representing different 

stimulation amplitudes (80%, 90%, 100%, and 110% of the individual's RMT) of 10Hz TMS 

triplets over the left DLPFC. Significance thresholds were set to p<0.001 (uncorrected) for both, 

single-subjects and group results. 

In order to investigate accuracy and variability of individual functional targets, I calculated 

Euclidian distances between each subject’s activation maximum within the mask defined by 

the group-level DLPFC activation cluster and each of the seven targets (l-DLPFC positions) 

obtained with different approaches coordinates listed in table 2. The selection is based on a 

recent study by Fox and colleagues (Fox, Buckner, White, Greicius, & Pascual-Leone, 2012). 

Two targets, the F3 electrode position and the “5cm” target, were chosen as two most frequently 

used targets in clinical applications when localising DLPFC. I also selected two anatomical 

regions often targeted in individual MRI-guided TMS neuronavigation setups: BA9 and BA46. 

Finally, three MNI-coordinates originating from previous studies were also added to the 

analyses herein: [-50, 30, 36] (Rusjan et al., 2010), [-40, 31, 34] (Cho & Strafella, 2009; Tomáš 

Paus, Castro-Alamancos, & Petrides, 2001a), [-46, 45, 38] (Fitzgerald et al., 2009), 

respectively.     
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Table 2 

Coordinates of common targets previously used for 
depression treatment 

Targets Coordinates  

[x, y, z] 

F3 [-37, 26, 49] 

5cm [-41, 16, 64] 

BA9 [-36, 39, 43] 

BA46 [-44, 40, 29] 

Rusjan (Rusjan et al., 2010) [-50, 30, 36] 

Paus/Cho (Cho & Strafella, 2009; 

Tomáš Paus, Castro-Alamancos, & 

Petrides, 2001b) 

[-40, 31, 34] 

Fitzgerald (Fitzgerald et al., 2009) [-46, 45, 38] 

Note. All coordinates are given in MNI space (Fox, Buckner, White, Greicius, & Pascual-Leone, 2012). 

For assessing target variability, Euclidian distances were also calculated between two runs 

within one session for each subject’s activation maxima as well as between first runs of two 

sessions. 

In order to examine contrast estimates for each stimulation intensity in study III, I have used 

the SPM12 software packages (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). For 

auditory cortex, voxels with maximum t-value inside MNI mask for left and right primary 

auditory cortex were located, whereas for left and right DLPFC I have determined the maximum 

t-value voxels inside a mask defined below stimulation site.  

  



Prinčič M. Comparison of established TMS targeting approaches with MRI-guided TMS localiser 
based on the emotion discrimination task 

31 
 

6. Results 

6.1. STUDY I: Distances of individual DLPFC locations with 
respect to commonly-used approaches 

Contrasting EDT and control task at group-level (Figure 5) revealed the well-established 

emotion-processing network including bilateral amygdala, fusiform gyrus, superior temporal 

gyrus, middle temporal gyrus and DLPFC. Group-level peak activation in DLPFC was found 

at MNI coordinate [-51, 28, 23].  

The DLPFC mask used for extracting individual activation maxima was defined based on the 

DLPFC-cluster in the group-level results. All subjects showed significant activation within this 

mask for p<0.001 uncorrected. Cluster-level correction resulted in statistically significant 

activation in 14 out of 15 subjects. The position of these single-subject DLPFC activation peaks 

is illustrated in Figure 6 (indicated in green) on a surface-rendered brain in MNI-space.  



32 
 

 

Figure 5. Brain activation differences between matching facial emotions and matching geometric objects. I found 

activation in cortical and subcortical regions associated with face recognition and affective processing, including 

fusiform gyrus, amygdala, DLPFC, superior temporal sulcus, middle temporal sulcus, and cingulate cortex. 

Threshold was set to p < 0.05, FWE whole-brain correction for multiple comparison (t >= 4.92).  
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Figure 6. Locations of single-subject activation maxima within the left DLPFC cluster as extracted from first-

level results are shown as green spheres on a surface-rendered brain in relation to common targets used in TMS 

therapy: F3 (red), “5cm” (yellow), BA9 (light green), BA46 (blue), Rusjan (orange), Paus/Cho (pink), Fitzgerald 

(violet). 

Euclidian distances of single-subject activation maxima to DLPFC peak group activation in 

MNI-space were calculated as 12.4 ± 6.8 mm (mean ± standard deviation). The centroid of 

single-subject activation peaks in MNI-space was positioned at [-47, 20, 27]. The average 

distance of single-subject peaks to the centroid was 6.77 ± 3.0 mm. The maximum distance 

between the two single-subject activation peaks was found as 23.2 mm. 

Table 3 

Calculated means and standard deviations of distances relative to common targets (in mm) 

 

 Group mean Rusjan Paus/Cho BA46 F3 Fitzgerald BA9 5cm 

Mean 12.43 16.79 18.02 21.57 27.93 28.44 29.23 40.59 

SD 6.84 7.10 5.80 5.27 7.40 5.06 4.78 8.92 

 

The primary aim of study I was the assessment of spatial distances between the individual 

DLPFC activation maxima and seven, pre-defined stimulation targets. In Figure 6, these 

distances are shown as box-and-whisker plots. Corresponding means and standard deviations 
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of distances are given in Table 3. Distances vary considerably over the different target definition 

approaches and range from about 16mm to over 40mm. Remarkably, targeting approaches that 

are considered less effective (5cm, EEG F3) show the highest spatial distances.  

 

Figure 6. Distances of single-subject activation maxima to common targets (circles are marking outliers). Targets 

with higher stimulation efficacy (Rusjan, Paus/Cho, and BA46) (Fox et al., 2012) show lower distances compared 

to targets with lower efficacy (average 5cm, EEG F3). 
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6.1.1. Stability of individual functional localiser 
An aim of the study II was an examination of the stability of DLPFC maxima within and 

between sessions. Comparison of single-subject activation maxima within one session (first and 

second run) in the DLPFC cluster is shown in Figure 7a. Mean difference within one session 

was 3.37 ± 2.87mm, with a median of 2.48mm. Figure 7a, on the other hand, illustrates a 

comparison of single-subject activation maxima of the first run between two sessions. Mean 

difference between sessions was 5.44 ± 6.17mm, with a median of 2.99mm. 

 

 

Figure 7. (a) Distances of single-subject activation maxima in an l-DLPFC cluster between two runs. Dots are 

marking runs, while red lines connect the results of the same individual. (b) Distances of single-subject activation 

maxima in an l-DLPFC cluster between two sessions. Dots are marking sessions, while red lines connect the 

results of the same individual. 
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6.2. STUDY II: Reproducibility in patient population  

Group-level activation maps of healthy controls during the EDT>ODT task is shown in figure 

8a, whereas Figure 8b shows group activation of patients diagnosed with MDD during the same 

task, both revealing strong activation of the left and right DLPFC. 

 

Figure 8. (a) Group-level activation maps of healthy controls during the EDT task. (b) Group-level activation 

maps of patients diagnosed with acute MDD during the EDT task. 

For each group, a separate DLPFC cluster based on group-level activation maps, (pFWEwb<0.05) 

was used as search-volume to determine single-subject DLPFC activation maxima. All subjects 

showed significant activation within the corresponding mask for p<0.001 uncorrected. 

Distribution of single-subject activation maxima is displayed in Figure 9, comparing clusters 

of single-subject maxima of healthy control and patients diagnosed with acute MDD. Latter 

show less spread compared to healthy controls, with two most remote activation maxima being 

apart up to 5.8mm for depressed patients and up to 12.7mm for healthy control. 
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Figure 9. Comparison of single-subject activation maxima for healthy control subjects (green dots) and patients 

diagnosed with acute MDD (red triangles). 

 

6.3. STUDY III: Application in healthy volunteers using 
concurrent TMS/fMRI setup  

For study III, three healthy volunteers were recruited in order to test the application of the 

emotional localiser with concurrent TMS/fMRI setup. Single-subject activation maxima in 

DLPFC cluster during emotion processing were extracted in the same manner as in study I and 

II. Individualised targets are shown in red colour in figure 10, in respect to other commonly 

used targets (green – BA46 target, blue – most anticorrelated target based on Fox method, 

yellow – Fitzgerald target). 
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Figure 10. Single-subject individualized targets. (a) Subject 1: Green dot is indicating BA46 target, whereas red 

dot indicates EDT target. (b) Subject 2: Blue dot is indicating Fox target, whereas red dot indicates EDT target. 

(c) Subject 3: Yellow dot is indicating Fitzgerald target, whereas red dot indicates EDT target. (d) All targets 

plotted together with same colour legend as mentioned above. 

 

6.3.1. Auditory cortex 
All of the plotted targets from figure 10 were used for concurrent TMS/fMRI session, where I 

observed clear activation of the auditory cortex during TMS stimulation, due to the stimulation 

noises during session that was not control in the pauses between applied pulses (Figure 11). 

Furthermore, observing contrast estimates averaged across all targets, we can see increase in 

both, left and right auditory cortex that is positively correlated with increased stimulation 

intensity (Figure 12). 
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Figure 11. Activation of auditory cortex during TMS stimulation with all stimulation intensities pooled together. 

Threshold was set to p < 0.001, uncorrected. (a) BA46 target. (b) Fox target. (c) Fitzgerald target. (d, e, f) EDT 

target. 
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Figure 12. (a) Contrast estimates averaged across all session for left auditory cortex. (b) Contrast estimates 

averaged across all session for left auditory cortex.  
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6.3.2. Stimulation target 
Consistent with findings from study I and II, I found variability between target locations when 

using different targeting approaches, as seen in dispersion of targets in figure 10. Furthermore, 

using concurrent TMS/fMRI setup, I was able to observe activation during TMS in the 

stimulated area with all targeting approaches (Figure 13). Different brain activation maps can 

be observed for every session (EDT versus other approaches). When we check thoroughly and 

examine contrast estimates for every stimulation intensity, we are able to find coherent 

activation of auditory cortex and observe increased activity that positively correlates with 

increased intensity for all sessions (Figures 14, 15, 16 and 17). 
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Figure 13. Activation of stimulation site during TMS stimulation with 100% and 110% of RMT pooled together. 

Threshold was set to p < 0.001, uncorrected. (a) BA46 target; (b) Fox target; (c) Fitzgerald target; (d, e, f) EDT 

target. Yellow lightning bolt is illustrating the site of stimulation. 
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Figure 14. (a) Contrast estimates at site of stimulation for BA46 target (left side). (b) Contrast estimates at 

contralateral site of stimulation for BA46 target. 

Targeting anatomically defined BA46 (Figure 14), we can see that activity increases when using 

intensity of 90% of RMT or higher, at both, stimulated site and its contralateral area. Targeting 

the Fox target (Figure 15), we can observe steady increase of activity in stimulated area and its 

contralateral site. Highest activity is achieved when maximum stimulation intensity is used. 

Higher contrast estimates corresponding to higher stimulation intensities can be also seen when 

using Fitzgerald target (Figure 16), again resulting in biggest activation when maximum 

intensity is used. Same observations can be noted also when examining contrast estimate 

averaged over all three sessions with functional localiser (Figure 17), where maximum activity 
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is achieved through highest intensity, with addition, that stimulation with 100% of RMT or 

lower are increasing very slowly and are quite comparable between themselves.   

 

Figure 15. (a) Contrast estimates at site of stimulation fort Fox target (left side). (b) Contrast estimates at 

contralateral site of stimulation for Fox target. 
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Figure 16. (a) Contrast estimates at site of stimulation for Fitzgerald target (left side). (b) Contrast estimates at 

contralateral site of stimulation for Fitzgerald target. 
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Figure 17. (a) Contrast estimates at site of stimulation averaged across all EDT targets (left side). (b) Contrast 

estimates at contralateral site of stimulation averaged across all EDT targets. 
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6.3.3. Variability across EDT 
When we examine all subjects with functional localiser separately, we can see that responses 

to different stimulation intensities vary even when using same targeting approach. Figure 18 

shows subject 1, where activity at both, site of stimulation and its contralateral side positively 

correlates with stimulation intensity. This cannot be seen in subject 2 (Figure 19), where 

contrast estimates are comparable for all intensities used. Subject 3 (Figure 20) shows 

comparable contrast estimates when using intensities lower than 110% of RMT (80%, 90% and 

110% of RMT), resulting in slower increase of contrast estimates when stimulation intensity 

increases. Despite that, highest contrast estimate is calculated when using maximum intensity 

of 110% or RMT for all three subjects (Figure 18, 19 and 20). 

 

Figure 18. Contrast estimates at site of stimulation and contralateral for subject 1. 

 

Figure 19. Contrast estimates at site of stimulation and contralateral for subject 2. 
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Figure 20. Contrast estimates at site of stimulation and contralateral for subject 3. 

Furthermore, specific effects of using functional localiser can be seen in figure 21 as 

deactivation of ACC. Group-level analysis over three subjects revealed deactivation of ACC 

only when targeting EDT individual activation maxima (figure 21) and not when targeting other 

commonly used TMS targets (figure 22). 

 

Figure 21. Group-level analysis shows deactivation of anterior cingulate cortex (ACC) during TMS stimulation 

with 110% of RMT using functional localiser. Threshold was set to p < 0.001, uncorrected. 
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Figure 22. Group-level analysis shows no deactivation in ACC during TMS stimulation with 110% of RMT using 

other targets (BA36, Fox and Fitzgerald target). Threshold was set to p < 0.001, uncorrected. 
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7. Discussion and conclusion 

This thesis was aimed at investigating the spatial distribution of commonly used TMS treatment 

targets in DLPFC against subject-specific DLPFC activation maxima obtained from a 

functional localiser experiment using facial emotion processing. I was able to show that the 

paradigm used in this thesis showed increased activity in regions typically involved in face and 

emotion processing such as fusiform gyrus, amygdala, superior temporal sulcus, middle 

temporal sulcus, DLPFC, VLPFC and cingulate cortex (Carballedo et al., 2011; Yvette I. 

Sheline et al., 2001; Sladky, Spies, et al., 2015; Spies et al., 2017; Szczepanik et al., 2016; 

Martin Tik et al., 2017). Importantly, these results provide strong evidence for the recruitment 

of DLPFC in emotional processing and are well aligned with previous studies highlighting its 

crucial role in emotional regulation (Morawetz, Bode, Derntl, & Heekeren, 2017; Ochsner et 

al., 2012; Silvers, Wager, Weber, & Ochsner, 2015). 

Extraction of single-subject activation peaks from task-responsive DLPFC clusters 

(EDT>ODT) demonstrated the spatial dispersion of individual activation maxima across 

subjects. While the average distance between individual activation maxima and the group 

centroid position was found to be less than 7mm, the maximum distance between two peaks 

was greater than 23mm. Given that the mean distance to the group-level DLPFC activation 

maximum was greater than 12mm, I conclude that (1) subject-specific DLPFC maxima show 

considerable variability and (2) using the same target for all subjects is suboptimal. These 

statements are corroborated by a study on the functional accuracy of TMS in cognitive studies 

(Sack et al., 2009) where TMS efficacy was compared over four targeting approaches, one of 

those based on fMRI localisers. Using power analyses, they showed that in case of TMS applied 

on the functional localiser target a group size of five was sufficient for statistically significant 

results while MRI-guided TMS, MNI-based and EEG-based targets required a minimum of 9, 

13 and 47 subjects, respectively.  

Interestingly, mean spatial distances between the different targeting approaches were in the 

range of 11 to 36mm, i.e. comparable to the distances in this study. If such distances between 

targeting methodologies were shown to result in considerable differences in effect sizes, it may 

be concluded that optimal target selection could also lead to substantially increased TMS 

treatment efficacy. This is also supported by a study on the disruption of short-term retention 

of verbal information with TMS, where it was demonstrated that TMS effects were statistically 

significant only when neuronavigation was based on the subject’s individual fMRI data and not 
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on spatially normalised group-average fMRI data (Feredoes, Tononi, & Postle, 2007). 

Conjointly, these findings suggest significantly better TMS effects when using individual 

fMRI-based TMS targeting. 

In case individual functional DLPFC localiser data is not available, TMS therapy can be 

performed on targets defined in MNI space. From the results presented, I found that distances 

for such MNI targets are higher than for the targets based on group-mean activation coordinates. 

Within MNI-based targets, the Rusjan, Paus/Cho, BA46 and Fitzgerald targets show the 

smallest average distance to the individual DLPFC maxima, followed by BA9 and F3 targets. 

Importantly, the former targets have been shown to have higher stimulation efficacy than the 

latter targets (Fox et al., 2012). As the only target usable without neuronavigation support, the 

5cm target showed the highest distance to individual DLPFC activation maxima and consistent 

with findings of Fox et al. (Fox et al., 2012) marking “5-cm method” with the worst efficacy.  

Taken together, these results indicate that more effective targets for TMS treatment are closer 

to individual DLPFC activation peaks, therefore suggesting an advantage of functional 

localisers for determining stimulation targets (Dubin, 2017). While these results indicate that 

individual structure-function differences could have a considerable impact on TMS treatment 

response, future studies are needed to confirm this hypothesis.  

Assuming that functional localisers are superior to other targeting approaches still leaves the 

question open whether the EDT paradigm used in this study is the optimal choice. I did, 

however, demonstrated stability of EDT paradigm by showing average variability of 4mm of 

single-subject results. Both results, within and between sessions, are indicating good stability, 

as activation maxima across repeated measures appear to be located closely together. This is 

classifying EDT paradigm as highly accurate and stable, meaning every time we use it, we will 

be targeting the same functionally defined target individualised for each subject.  

The use of EDT as functional localiser can be justified based on numerous studies previously 

showing apparent activation of DLPFC. As the EDT paradigm is based on facial emotion 

processing, more specifically on the difference between face and object processing, I can state 

that the EDT engages the subregion within the DLPFC that is involved in emotion processing. 

In addition, I showed in this study that single-subject DLPFC activation peaks were closest to 

those targets with higher stimulation efficiency and stronger anticorrelation with the anterior 

cingulate cortex (Fox et al., 2012) that was shown to play an essential role in modulating 

emotional behaviour (Wayne C Drevets, Savitz, & Trimble, 2008). To sum up, the results of 
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this thesis suggest that the EDT paradigm could be well suited for determining the optimal 

target for TMS treatment in MDD and related disorders.  

As this thesis did not involve TMS applications in patients, the final demonstration of possible 

beneficial effects of EDT-based TMS treatment is not provided herein. However, within this 

thesis I successfully replicated findings from study I in MDD patients. We were able to show 

statistically significant group-level activation of DLPFC in both healthy controls and patients 

diagnosed with acute MDD. Defining targets for TMS application by extracting single-subject 

activation maxima was possible for all patients and controls. The patient group, however, 

showed smaller variability on DLPFC activation maxima, which could be caused by the smaller 

DLPFC cluster size found in the group-level analysis. Latter is consistent with evidence 

showing decreased activation in DLPFC in depressed patients compared to healthy subjects 

(Mayberg, 2003). Still, the EDT paradigm yielded enough power to activate prefrontal areas 

important for emotion regulation. 

The final examination of EDT-based TMS effects and demonstration of its efficacy was 

performed on three healthy volunteers using concurrent TMS/fMRI. All three volunteers 

underwent two sessions: one with commonly used anatomically defined target and one with 

functionally defined target using EDT paradigm. In all sessions, I was able to show successful 

utilization of TMS/fMRI setup as clear activation of auditory cortex was observed. 

Additionally, activation of auditory cortex was stronger as stimulation intensity was increased 

(positive correlation between both was observed). Plausibility of this result lies in the fact that 

(1) during the experiment I did not control for sound effects produced by TMS stimulation 

during the time of no stimulation and (2) when stimulation intensity increases also the sound of 

stimulation increases. 

Same effects were shown at the site of the stimulation and its contralateral side for all targets 

used, with higher variation. Consistent with the mechanism-of-action of TMS, where TMS acts 

through depolarisation of neurons (Pashut et al., 2011), TMS produced local effect, resulting in 

heightened activation of brain areas under TMS coil, and remote effects, resulting in heightened 

activation of brain areas contralateral to stimulated areas. In all sessions, we were able to 

observe build-up effect of higher contrast estimates correspondently with higher stimulation 

intensity, resulting in highest contrast estimates when highest intensity (110%) was applied. 

Still, two sessions led to similar contrast estimates when different stimulation intensities below 

100% of RMT were used. When anatomically defined BA46 was stimulated, intensity of 90% 

of RMT already produces heightened response that was then constant for stimulation intensities 
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of 100% and 110% of RMT. The opposite trend can be observed when the Fitzgerald target was 

stimulated, where almost no change in contrast estimate between intensities of 90% and 100% 

of RMT was observed. One of the problems of low response rates in patient populations might 

be caused by inappropriate stimulation intensity. This problem can be clearly seen here, as the 

first case (anatomically defined BA46) shows significant response already for 90% RMT 

intensity, demonstrating that the subject’s threshold was at the lower scale of intensities that we 

have selected (80% - 110%). Different notion applies for the subject where Fitzgerald target 

was stimulated, where higher contrast estimates were observed only at the highest intensity of 

110% of RMT, while lower with lower intensities smaller contrast estimates were observed, 

meaning subject’s threshold was at the higher half of intensities that we have selected (80% - 

110%). A similar pattern can be observed in subject 2 with the functional localiser used for 

targeting. These insights lead to the conclusion that using standard stimulation intensities, such 

as 90% or 100% of RMT (that are commonly used), is inappropriate as it results in higher non-

response rate (at least in 2 out of 6 cases in this experiment). Nevertheless, within all sessions, 

we were able to observe highest responses when using highest intensities, i.e. 110% of RMT. 

Decreases in TMS-caused ACC activation were seen only for 110% RMT intensity and 

functionally defined targets. This result is of high importance as it is closely linked with 

previous findings in depressed patients, where elevated ACC was reported (Drevets, 2001) and 

treatment effects were linked with normalization of hyperactivity of ACC (Drevets et al., 2002). 

Decrease in ACC activation was observed only when using functional localiser and thus 

provides additional evidence of involvement of ACC in emotion processing network. 

Furthermore, it could be speculated that longer-lasting changes intertwined in emotion 

discrimination and emotion regulation through remote effect of TMS are achievable only when 

using functional localisers.  

This thesis provides valuable insights into the differences between targeting approaches, 

informing future clinical research towards improved treatment responses in patients suffering 

from depression. My results strongly indicate the need for a controlled study in MDD patients 

to determine TMS efficacy between individual EDT-based targets and other targeting 

approaches. Based on the inter-individual differences in DLPFC activation patterns shown 

herein, I firmly believe that individual fMRI-based TMS targeting will generally improve 

therapy effects and reduce response variability across patients by accounting for the individual 

functional architecture.   
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