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Abstract 

Major depressive disorder (MDD) is the most diagnosed psychiatric disorder among 

adults. Resistance to medication and psychotherapies is high and represents a major burden 

for the world economy. In spite that repetitive transcranial magnetic stimulation (rTMS) to 

treat MDD has been used and fine-tuned for more than 20 years, the clinical response remains 

relatively low and time-consuming. The development of new stimulation protocols may help 

to address these issues. Theta-burst stimulation (TBS), a recently developed stimulation 

protocol inspired by hippocampal cell physiology, induces a more natural neuronal firing 

pattern potentially enhancing stimulation effects. Because rTMS appears to follow a dose-

dependent effect, accelerated intermittent (i)TBS protocol aims at increasing the number of 

delivered stimulation per day while reducing stimulation duration.  

A better understanding of the neurophysiological mechanisms of response to iTBS is 

mandatory to optimize stimulation parameters and increase response rate. Recently, studies 

have demonstrated the capacity of rTMS to stimulate and modulate the reward system of 

healthy and depressed participants. High-frequency stimulation over the left dorsolateral 

prefrontal cortex induces dopaminergic release in key components of the reward system such 

as the nucleus accumbens, caudate, putamen, vmPFC or the OFC. These areas are 

documented for their role in reward-related processes such as reward learning, reward 

anticipation or consummation. The modulation of these cognitive processes might be crucial 

in the response to iTBS because anhedonia, the decreased experience or drive to experience 

pleasure, is a core symptom of the disease.  

The aims of this doctoral project were i) to assess the safety, feasibility and 

effectiveness of an innovative accelerated iTBS protocol as a treatment option for treatment-

resistant depression (TRD) ii) to investigate the effect of iTBS and aiTBS on reward 

responsiveness in the healthy and depressed state.  

Our new stimulation protocols were found to be safe and easy to implement in both 

healthy participants (iTBS) and depressed patients (aiTBS). In depressed patients, aiTBS 

treatment protocol resulted in “fast” meaningful clinical responses similar to the ones of 

“classic” high-frequency rTMS protocols. This is of importance as aiTBS requires 

significantly less time, improves the comfort of the patients and practitioners and makes the 

treatment accessible to a greater number of patients. 
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To investigate the effect of (a)iTBS on the reward system, we used a probabilistic 

learning task before and after stimulation in healthy and depressed participants. In healthy 

participants, no significant modulation of reward responsiveness was observed following the 

iTBS session. However, when taking into account trait hedonic capacity, we found that higher 

hedonic capacity was associated with better improvement in reward responsiveness post-

stimulation. This finding suggests an influence of trait hedonic capacity on the response to 

iTBS. Based on this result, we examined the influence of trait anhedonia on the response to 

aiTBS in depressed patients. At baseline, no differences in reward responsiveness were 

observed between low and high anhedonic patients. At the neuroimaging level however, low 

anhedonic patients displayed more activity than high anhedonic patients in brain regions 

commonly associated with the reward system. Finally, we found that aiTBS differentially 

modulated the reward system of high and low anhedonic patients despite the absence of 

behavioral changes. Therefore, depressive groups based on anhedonia severity might 

represent distinct anhedonic subtypes with different etiologies and different response to 

aiTBS. However, our findings do not provide a clear-cut answer whether or not aiTBS 

treatment will successfully treat a given TRD patient based on anhedonia severity.  
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1.1 Major Depressive Disorder 

1.1.1 Introduction 

Major depressive disorder (MDD) is one of the most diagnosed mental disorders 

among adults and is estimated to affect over 120 million people worldwide (Lépine & Briley, 

2011). Projections expect it to become the 4th largest contributor to the global burden of 

disease in 2020 and the first contributor in high-income countries by 2030 (Mathers & 

Loncar, 2005). Apart from the economic burden that depression represents, it also has a 

disastrous social and personal impact on the patients. Improving the currently available 

treatments and developing news tools to add to our therapeutic arsenal is essential. To that 

end, we need to better understand the disease and treatments mechanisms of action.  

1.1.2 Prevalence, etiology and comorbidity 

In 2005, Hasin et al. (Hasin et al., 2005) followed 43,093 patients in the United-States. 

They estimated MDD the mean age of onset and mean number of episode to be 30.4 years and 

4.7 episodes. Mean age when receiving the first treatment was approximately 33.5 years while 

around 39.4% of the affected patients never received a treatment. In this sample, the median 

duration of longest or only depressive episode was six months. The median duration of 

episodes fluctuates from three to six months depending on the studies (Furukawa et al., 2000). 

MDD has a 12-month prevalence of 5.3% and a lifetime prevalence of 13.2% (Hasin et al., 

2005), although these numbers vary greatly among locations (Lépine & Briley, 2011). MDD 

is consistently found to be twice more prevalent in the female than in the male population 

(Kessler et al., 2003). 

MDD’s etiology is complex and multifactorial. Both genetic and environmental factors 

take part in the development of the disease. The heritability part is estimated at 37% with an 

occurrence up to three times higher among first-degree relatives of depressed patients 

(Sullivan et al., 2000). Individual environmental factors such as traumatic events also play a 

role in the development of the disease whereas the direct influence of shared environmental 

factors (parenting style, socioeconomic status) is still unclear (Sullivan et al., 2000; DeKlyen 

& Greenberg, 2008). Finally, genetic and environmental factors are also known to interact: 

genetic vulnerability can exacerbate the depressogenic effect of stressful life events, 

increasing the risk of depression occurrence and its severity (Sullivan et al., 2000).  
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Comorbidity is important in MDD. In the United-States, up to 75% of the depressed 

patients display one or more of the other mood disorders (American Psychiatric Association, 

1980, 1987, 1994). In the majority of the cases (up to 50%), depression is associated with 

anxiety disorders. Importantly, comorbidity in depression is associated with stronger 

depressive symptoms, lower treatment response rates (Young et al., 2006) and greater social 

impairments (Ansseau et al., 2008). 

1.1.3 Diagnosis 

According to DSM-5 (American Psychiatric Association, 2013), to be diagnosed as 

being depressed a patient has to display five or more of the following symptoms: depressed 

mood, diminished pleasure in most or all activities (anhedonia), significant weight loss, 

insomnia or hypersomnia, psychomotor agitation or retardation, fatigue, diminished ability to 

think or concentrate, recurrent thought of death. These symptoms have to be present 

simultaneously for at least two consecutive weeks and have to represent a change from past 

state. At least one of the symptoms has to be depressed mood or anhedonia, making the latter 

a core symptom of the disease. 

1.1.4 First line treatments 

As of today, pharmacotherapy remains the most used treatment modality. First 

generation antidepressants (ADs), such as tricyclic antidepressants (TCAs) and monoamine 

oxidase inhibitors (MAOIs), and second generation ADs, i.e. selective serotonin reuptake 

inhibitor (SSRIs), serotonin and norepinephrine reuptake inhibitors (SNRIs), and 

norepinephrine dopamine reuptake inhibitors (NDRIs) represent the vast majority of the 

prescriptions. It is estimated that around 30% of the patients receiving ADs as first step 

treatment achieve remission (a score of ≤7 on the 17-item Hamilton Depression Rating Scale 

(HDRS)) (Rush et al., 2006). Pharmacotherapy mechanisms of action remain largely unclear 

and this treatment modality is often associated with important side effects. 

An alternative to pharmacotherapy is psychotherapy which is mostly represented by 

cognitive therapy (CT), cognitive-behavioral therapy (CBT) and interpersonal therapy (IPT). 

Psychotherapy can be used as a stand-alone treatment or in combination with medication. As 

a stand-alone treatment, response rates are relatively low and similar to ADs (Khan et al., 

2012) whereas combination with medication allows for higher response rate (Luborsky et al., 

2002). However, due to the important time investment required before benefiting from 
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psychotherapy, dissatisfaction with the treatment and/or therapeutic relationship, patient drop-

out is high (up to 47%) (Wierzbicki & Pekarik, 1993). 

1.1.5 Treatment resistance 

If around 30% of the patients following a first-line antidepressant treatment achieve 

remission, an equal percentage of them will not, even after 4 attempts with different 

treatments (Rush et al., 2006; Trivedi et al., 2006). Treatment-resistant depression (TRD) is 

defined as the inability to achieve significant clinical improvement after at least two adequate 

trials of different classes of antidepressants (Berlim et al., 2007). To quantify treatment 

resistance, researchers have proposed a rating system with different stages. Stage 0: no 

adequate trial of medication; Stage 1: one unsuccessful adequate trial of one class of AD; 

Stage 2: failure of two different adequate medication classes; Stage 3: stage 2 resistance plus 

failure of an adequate trial of TCA; Stage 4: stage 3 resistance plus failure of an adequate trial 

of MAOI; Stage 5: stage 4 resistance plus failure of a course of bilateral electroconvulsive 

therapy (ECT) (Souery et al., 2006). Predictors of treatment resistance include patients with 

longer depressive episodes, more psychiatric comorbidities, drug abuse, lower baseline 

function or quality of life (Berlim et al., 2007; Trivedi et al., 2006). 

1.1.6 Neurostimulation 

Neuromodulation techniques are often proposed to patients for whom pharmacological 

treatment and psychotherapies were ineffective. Electroconvulsive therapy (ECT), the 

electrical induction of seizure under general anesthesia; remains the most efficient therapy for 

MDD with a record remission rate up to 75% (Sackeim et al., 2008; Spaans et al., 2013). 

However, the important side effects (memory loss, disorientation) and the required use of 

general anesthesia confine this treatment to a small number of patients (Fitzgerald, 2004; 

Sackeim et al., 2007). It is estimated that less than 1% of TRD patients undergo ECT (Delva 

et al., 2011). Non-invasive brain stimulation techniques represent a good alternative and are 

currently in the center of an important number of research and clinical trials. Two main 

techniques are used in the treatment of MDD: transcranial direct current stimulation (tDCS) 

and repetitive transcranial magnetic stimulation (rTMS). rTMS is as of today the most 

employed neuromodulation technique to treat depression.  
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Approved by “Health Canada” in 2002 and the “Food and Drug Administration” in the 

USA since 2008 for the treatment of MDD, its clinical use is rapidly spreading around the 

world. rTMS was developed in 1985 at the royal Hallamshire Hospital in Sheffield, UK. 

Barker et al. (Barker et al., 1985) realized that strong magnetic fields could be used to induce 

neuronal firing in the motor cortex resulting in muscle contraction (motor evoked potential; 

(MEP)). A coil, usually 8-shaped, also called butterfly shaped, is used to quickly generate 

electromagnetic fields in a pulsatile fashion (Figure 1). Following Faradays’ law of 

electromagnetic induction, these pulsed magnetic fields produce a perpendicular electric field 

that when directed to the brain (through the non-altered scalp) can either depolarize or 

hyperpolarize the underlying neurons depending on the stimulation frequency. Low frequency 

rTMS (LF-rTMS: 1Hz or below) is thought to induce an inhibitory effect whereas high 

frequency rTMS (HF-rTMS: 5Hz or above) is thought to induce an excitatory effect. Other 

parameters (intensity, stimulation intervals or targeted area) are also known to influence the 

properties of the induced effects (Rossi et al., 2009).  

 

Figure 1: Representation of TMS-induced electrical currents in the brain and magnetic pulses (From 

Ridding & Rothwell, 2007; with approval
1
). 

Studies stimulating over the motor cortex showed that the induced effects (inhibitory 

or excitatory) on MEPs can last hours after the end of the protocol. This lasting effect might 

originate from changes in synaptic efficacy due to neuronal long-term potentiation (LTP) and 

long-term depression (LTD) mechanisms. Moreover, neurophysiological studies indicate that 

                                                 
1
 Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Neuroscience (Ridding & Rothwell, 

2007), copyright (2007). 
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rTMS could induce neuroplasticity, possibly through neurotrophic factors release in the 

underlying tissue (Yukimasa et al., 2006; Zanardini et al., 2006) making this technique of 

interest to modulate and restore impaired neurocircuitry in psychiatric disorders (Huang et al., 

2005; Huang et al., 2007).  

1.2 The reward system in MDD: (an)hedonia 

1.2.1 The reward system 

First of all, the reward system in the healthy state has to be introduced. Although other 

systems (such as serotonergic, opioid, glutaminergic and gabaergic) take part in reward 

processing, historically, research mostly focused on the dopaminergic system, and more 

precisely the mesolimbic pathway. Dopamine has first been associated with the hedonic 

experience of pleasure as drug consumption induced its release in the brain. However, rather 

than mediating pleasurable sensation, dopamine appears to mediate reward anticipation, 

motivation, and stimulus-outcome contingency making. Dopamine is mainly secreted in the 

ventral tegmental area and substantia nigra. From there, dopaminergic projections reach 

several brains areas implicated in reward processing. Ventral striatum (nucleus accumbens) 

activity is repeatedly found to be associated with the receipt of rewarding stimuli, suggesting 

a role in the experience of pleasure. Importantly, its activation is the strongest when 

anticipating a reward (Spicer et al., 2007). Consequently, it is also thought to code for reward 

prediction error (the difference between the expected reward and the actual outcome) and 

reward valuation. In response to unexpected rewards, dorsal striatum (putamen and caudate) 

activity is often reported to increase. Many studies indicate that the putamen plays an 

important role in reward learning and more precisely in linking reward cues to action 

(Balleine et al., 2007). The orbito frontal cortex (OFC) is also involved in reward learning. 

Neuroimaging and lesions studies suggest that this area is critical to update reward 

representations and adapt to changing action-outcome contingencies, which is particularly 

needed in reversal learning tasks (Hornak et al., 2004). Because of its anatomical position, at 

the crossroad of many sensory modalities, the OFC is also suspected to play a role in reward 

valuation (Kobayashi et al., 2010; Padoa-Schioppa, 2009) and decision-making (Bechara, 

2000). The ventromedial prefrontal cortex (vmPFC) participates in the assignment of abstract 

reward values to stimuli. Indeed, activation in this area was found to be dependent on the 

subjective value attributed to a stimulus (high vs low perceived value) (Plassmann et al., 

2008). In the same way, stronger activation was detected when a stimulus was presented in an 
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appealing way than when presented in a repulsive way (De Araujo et al., 2005). Many other 

areas like the amygdala or the cingulate gyrus also take part in reward processing (Figure 2). 

 

Figure 2: Schematic representation of the mesolimbic reward pathway (arrows marked in red) PFC: 

prefrontal cortex; CG: cingulate gyrus; Hip: hippocampus; OFC: orbito frontal cortex; Am: amygdala; 

Nac: nucleus accumbens (from Lee et al., 2012; with approval
2
). 

1.2.2 Anhedonia 

Pleasure is a key concept ensuring feeding, survival, and procreation of a species 

(Kringelbach et al., 2010). Impairment in the experience of pleasure is known under the term 

“anhedonia” and represents an obstacle to the completion of these essential functions. The 

dominant definition of anhedonia has remained unaltered since 1869 when it was first 

described as “the inability to experience pleasure” (Ribot, 1896). This definition restricts 

anhedonia to an impaired consummatory process (hedonic experience) and hides its real 

complexity. More recently, different conceptual understandings of this symptom have 

emerged. Indeed, studying hedonia (the experience of pleasure) has revealed that reward 

processing consists of multiple sub-components such as ‘“wanting” (motivation, anticipation), 

“liking” (consummation) and ‘“learning” (association) (see Figure 3). Anhedonia may thus 

originate from dysfunctions within each or all of these sub-components, rather than from a 

unique impairment of the experience of pleasure. A more accurate definition of anhedonia is 

thus “the diminished ability to experience pleasure or lack of reactivity to pleasurable stimuli” 

(Treadway & Zald, 2011). The etiological heterogeneity of anhedonia is not the only 

                                                 
2
 Reprinted from EMBO Reports, N.M. Lee, A. Carter,N. Owen,W. D. Hall, « The neurobiology of overeating», 

p 6, Copyright (2012), with permission from John Wiley and Sons. 
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difficulty in the study of this symptom. Anhedonia is present in several psychiatric disorders 

(eating disorders, schizophrenia, MDD and addiction), and evidence shows that its 

pathomechanism may differ in each of these pathologies (Der-Avakian & Markou, 2012; 

Pelizza et al., 2012). In addition, clinical studies on anhedonia are often weakened by the 

heterogeneity of the patient sample and its lack of phenotypic characterization. For example, 

according to DSM 5 (American Psychiatric Association, 2013) definition of MDD, two 

patients can be diagnosed as depressed while only sharing one common symptom. Finally, the 

frequent co-morbidity found in these pathologies is also problematic as it can further obscure 

disorder-specific associations. Future studies should take into account these factors and 

emphasize subgroup characterization to improve the quality of the findings. 

 

Figure 3: Schematic representation of reward processing (from Rizvi et al., 2016; with approval
3
). 

 As stated above, “anhedonia” is a key symptom of MDD and is found at a clinically 

significant level in approximately 37% of the patients (Pelizza et al., 2012). Until now, the 

assessment of anhedonia severity in MDD has mostly been performed through self-report 

questionnaires. Unfortunately, these instruments, influenced by the original definition of 

anhedonia clearly emphasize the consummatory dimension of pleasure (liking) while 

                                                 
3
 Reprinted from Neuroscience & Biobehavioral Reviews, 65, S.J. Rizvi, D.A. Pizzagalli, B.A. Sproule,S. H. 

Kennedy, « Assessing anhedonia in depression: Potentials and pitfalls », p 21-35., Copyright (2016), with 

permission from Elsevier. 



 

10 

 

neglecting the other sub-components of reward (wanting, learning). This is the case for the 

main validated scales such as the Chapman Anhedonia Scale (CSAS) and the Revised 

Chapman Physical Anhedonia Scale (CPAS), the Snaith–Hamilton Pleasure Scale (SHAPS) 

and the Fawcett–Clark Pleasure Scale (FCPS) (Chapman et al., 1976; Fawcett et al., 1983; 

Snaith et al., 1995). While useful in a clinical context, these scales do not sufficiently 

discriminate between the different constructs of reward to evaluate their relative contribution 

to the symptom. Another scale, the Mood-Anxiety Symptoms Questionnaire (MASQ) 

developed by Watson and Clark (Watson et al., 1995) includes measures of positive affect and 

interest. However, these are not usually analyzed separately from the rest of the scale (Buckby 

et al., 2007). Another problem is that most of these questionnaires have been developed for a 

specific population and their validity has not been demonstrated in all psychopathologies. 

Researchers are working on these issues as the development of new scales demonstrates. The 

temporal experience of pleasure scale (TEPS) (Gard et al., 2006) is a clear attempt to 

dissociate the different sub-components intervening in reward processing. This questionnaire 

allows for the separated analysis of the consummatory and anticipatory aspect of reward 

processing even though it is not yet clear whether subjective report is a reliable way to 

discriminate between these two constructs. The Anticipatory and Consummatory 

Interpersonal Pleasure Scale (ACIPS) was also designed to discriminate between these sub-

components of reward while integrating social interactions influence (Gooding & Pflum, 

2014). In the same effort, the dimensional anhedonia rating scale (DARS) is a recently 

developed dynamic scale to assess desire, motivation, effort and consummatory pleasure 

(Rizvi et al., 2015). Finally, depression-specific instruments such as the Hamilton depression 

rating scale (HDRS) (Hamilton, 1967) or the Beck depression Inventory (BDI-II) (Beck et al., 

1996) often assess anhedonia in a very limited proportion with the HDRS dedicating only one 

question to this symptom and the BDI only four. 

Self-report questionnaires, though useful to some extent are thus limited by the 

subjectivity of their measures but also their lack of specificity. In the last 15 years, to improve 

our understanding of anhedonia, researchers have investigated its etiology in depression with 

the help of neuroimaging techniques and behavioral tasks specifically designed to assess 

different sub-components of reward processing. The following paragraphs summarize the 

main behavioral and neuroimaging findings in this field. 
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a. “Liking” 

Finding a reliable marker of pleasure is challenging, which explains the important 

heterogeneity of the literature and the diversity of used self-report measurements and tasks. 

One of the oldest and most common ways to measure hedonic experience is inspired from 

animals’ taste-reactivity paradigm. The principle is to record self-reported experience and 

sensitivity to pleasurable stimuli (pleasant smell or sweet solutions). Surprisingly, MDD 

patients when compared to healthy controls did not show any reduced hedonic reactivity to 

these kinds of stimuli (Berlin et al., 1998; Dichter et al., 2010; McCabe et al., 2009). In some 

cases, patients even rated their experience more positively than controls. However, most of 

these studies did not specifically investigate anhedonia’s correlates but rather MDD’s. When 

focusing solely on anhedonia, Berlin et al. (Berlin et al., 1998) found that depressed patients’ 

hedonic response to sucrose, though similar to the one in healthy controls, was negatively 

correlated with anhedonia severity. More recently, Clepce et al. (Clepce et al., 2010) found a 

negative correlation between anhedonia severity (as assessed by the SHAPS questionnaire) 

and olfactory hedonic experience.  

Apart from the lack of specific markers of pleasure, another major flaw in the 

investigation of hedonic experience resides in the fact that for practical reason, studies 

focused mostly on the experience of gustatory and olfactory stimuli while forgetting other 

sensory modalities (kinesthetic, visual or auditory stimuli). In addition, the nature of the 

reward used is a factor to take into account. Primary rewards are stimuli related to primal 

needs such as food, water, and sex, whereas secondary rewards represent more abstract values 

such as money (Beck et al., 2010). Behavioral and neuroimaging data suggest that different 

neurocognitive networks are involved in the processing of these rewards (Sescousse et al., 

2013). More objective and precise measures of the hedonic experience are thus needed. 

Physiological measures like heart rate variability, skin conductance or breathing amplitude, 

when combined with self-reported measurements, can significantly improve the objectivity 

and accuracy of such tests. Nevertheless, these biological markers are still non-specific to the 

hedonic response which make them difficult to interpret (Steiner et al., 1993). 

Delay discounting tasks assess the capacity of a participant to discard an immediate 

reward in exchange for a bigger reward in the future. While not assessing hedonic experience 

directly, this task investigates the subjective decrease of value attributed to a reward with 

delay to its receipt. Depressed patients are known to display an increased discounting rate 
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when compared to healthy controls i.e. higher preference for immediate smaller rewards 

(Pulcu et al., 2014; Takahashi et al., 2008) which contradicts the hypothesis of an impaired 

“liking” process in depression. However, Lempert and Pizzagalli (Lempert & Pizzagalli, 

2010) found in students with varying level of anhedonia (assessed with the SHAPS) that the 

severity of the symptom was negatively correlated with delay discounting. They hypothesized 

that because anhedonia is associated with reduced hedonic experience, the value of an 

immediate reward could seem less appealing than the anticipation of a bigger reward. 

Similarly to the behavioral study of liking, the vast majority of the neuroimaging 

studies investigating hedonic capacity in healthy participants used self-reported measures of 

pleasure experience. Here however, different kinds of rewarding stimuli were used such as the 

presentation of emotional visual stimuli, pleasant music, or the simple receipt of monetary 

reward.  

Dunn et al. (Dunn et al., 2002) took another path; they investigated the resting 

metabolism of unipolar and bipolar depressed patients in positron emission tomography (PET) 

study. They found that in both groups, anhedonia was correlated with lower metabolism in the 

right insula, caudate, and putamen; and with higher metabolism in the anterior cingulate 

cortex (ACC). Keedwell et al. (Keedwell et al., 2005) used the presentation of happy stimuli 

to assess hedonic response in MDD. Activations within the vmPFC and OFC were positively 

correlated with anhedonia whereas activations within the striatum and right amygdala were 

negatively correlated with anhedonia. In a similar protocol, Schaefer et al. (Schaefer et al., 

2006) reported decreased activation in the striatum, the insula and hippocampus in MDD. 

Using the presentation of positively valenced words, Epstein et al. (Epstein et al., 2006) found 

that anhedonia was correlated with lower neural activity in the bilateral ventral striatum and 

dorsomedial prefrontal regions. More recently, Young et al. (Young et al., 2016) investigated 

the functional connectivity of MDD patients when listening to pleasant music. When listening 

to music - but not at rest - the functional connectivity between the vmPFC and a cluster of 

regions including the nucleus accumbens, the ventral tegmental area, the OFC, and the insula 

was negatively correlated with anhedonia; suggesting that deficits in these regions are 

context-specific rather that static.  

Another way to assess hedonic experience is to use more elaborated tasks such as the 

Monetary Incentive Delay task (MID) during functional magnetic resonance imaging (fMRI). 

In this task, participants receive an initial amount of money and are presented with different 
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cues indicating whether they will win or lose money. Following the cue presentation, 

participants have to press a button within a limited period of time in order to win or avoid 

losing money. The main advantage of this task resides in its ability to distinguish between 

reward anticipation (delay between the cue presentation, and the motor response) and hedonic 

experience (receipt of the reward) (Knutson et al., 2000). With this task, Wacker et al. 

(Wacker et al., 2009) tested depressed patients in the scanner and found that anhedonia was 

positively correlated with reduced nucleus accumbens activity in response to reward, reduced 

nucleus accumbens volume, and increased resting activity in the rostral ACC.  

In short, the role of hedonic experience in anhedonia is not yet clear. Behavioral 

assessments report conflicting results in anhedonic patients, probably due to the low reliability 

of self-reported measures. On the other hand, neuroimaging studies suggest that anhedonia is 

characterized by a hypoactivity of the striatum (and more often, the ventral striatum) and a 

hyperactivity of the vmPFC and ACC in response to positive stimuli. It is to note that this 

negative association between ventral striatum and response to positive stimuli is not specific 

to anhedonia but is also often found in depressed samples (Kumari et al., 2003; McCabe et al., 

2009, 2010; Smoski et al., 2009). The inconsistency of these findings underlines the need for 

better subtype characterization in MDD and anhedonia. 

b. “Wanting” 

To assess probable motivational deficits in MDD, Treadway et al. (Treadway et al., 

2009) adapted a task from an animal paradigm of effort-based decision making. The effort 

expenditure for reward task (EEfRT) is a task where participants are repeatedly asked to 

choose between two exercises of different difficulty. One is easy and is associated with a 

small reward; the other requires more effort but is associated with bigger reward. Participants 

receive information about the current trial indicating the reward associated with each exercise. 

Because not every completed exercise is actually rewarded, participants are also informed on 

the probability of receiving the reward (low, medium and high probability). Hence, this task 

allows for the analysis of motivation and its modulation by reward magnitude, the probability 

of reward receipt, and expected value. With this task, Treadway and colleagues (Treadway et 

al., 2012) found that depressed patients were less likely to expend effort toward a reward than 

controls. Importantly, patients also did not use the provided reward information as effectively 

as controls to make their decision. Yang et al. (Yang et al., 2014) used the same task in MDD 

patients, remitted MDD patients, subsyndromal patients, and healthy controls. Patients 
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diagnosed with MDD and subsyndromal depression showed reduced likeliness to choose the 

high effort exercise when compared to controls. This was particularly the case in MDD 

patient whereas in subsyndromal patients this effect was less obvious. No differences were 

found between controls and remitted depressed patients suggesting that depression severity 

and motivation impairment are correlated in an effort-based decision-making situation. They 

also found that in MDD patients, reduced anticipatory and consummatory pleasures (assessed 

with the TEPS) were predictive of decreased willingness to expend efforts to obtain a reward. 

In subsyndromal and remitted depressed patients, anticipatory anhedonia only was correlated 

with task’s performance, albeit to a lesser extent in the case of remitted patients. This means 

that in depressed patients, motivational deficits could originate from impairments in both 

anticipatory and consummatory reward processes; whereas in subsyndromal and remitted 

patients only anticipatory impairment remains. Another study (Cléry-Melin et al., 2011) in 

depressed patients used the strength needed to squeeze a handgrip as a measure of effort 

(incentive force task). They reported similar results: patients displayed difficulty to exert more 

effort for higher reward. These studies clearly indicate that decreased motivational processes 

and altered cost/benefit decision-making are involved in anhedonia in MDD patients, 

probably originating from deficiencies in both anticipatory and consummatory processes of 

reward. Importantly, these deficiencies do not seem to persist beyond the length of the 

depressive episode. 

Few neuroimaging studies have investigated “wanting” in anhedonia. However, the 

cumulative evidence from the investigation of other reward-related processes such as reward 

anticipation can help in the understanding of this concept. The EEfRT was used in a PET 

study from Treadway et al. (Treadway et al., 2012) to investigate dopamine role in effort-

based decision-making. They found that in healthy participants, dopaminergic release within 

the left striatum (caudate) and vmPFC and the variability in dopaminergic release in the 

bilateral insula were respectively positively and negatively correlated with willingness to 

expend greater effort toward a larger reward. More recently, Yang and colleagues (Yang et 

al., 2016) asked depressed patients to perform the EEfRT in fMRI. Reward magnitude and 

reward probability both elicited blunted response in the caudate nucleus. Moreover, fMRI 

studies using gambling tasks found that reward anticipation elicited blunted reaction in the 

ventral striatum of depressed patients as compared to controls (Arrondo et al., 2015; Forbes et 

al., 2009; Smoski et al., 2009). These findings are in line with animals models supporting a 

critical role of striatal dopamine in effort-related decision-making (Berridge & Kringelbach, 
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2008, 2011; Salamone et al., 2007). Finally, in healthy subjects, Pessiglione et al. (Pessiglione 

et al., 2007) used the incentive force task in fMRI to study subliminal motivation. Without 

being conscious of the reward at stake, participants still deployed more effort for higher 

reward trials indicating that conscious processing of incentive cues is not necessary for the 

motivational process. The neural correlate of this effect was found in the ventral pallidum. 

Together these studies show that MDD patients display impaired motivational 

processes. More precisely, they show reduced will to exert effort toward a reward and have 

trouble integrating reward-related information into their behavior. These impairments could 

play a major role in anhedonia as both anticipatory and consummatory anhedonia are found to 

be involved in these deficits. Neuroimaging studies support the role of the striatum in 

motivational and effort-related decision-making processes and impairment in this region is 

associated with the observed behavioral dysfunctions. Futures studies relying on the recently 

developed motivational tasks will certainly increase our understanding of the neural networks 

at play in these deficits. 

c. “Learning” 

Sophisticated studies using reinforcement paradigms have investigated learning 

associated to reward. Probabilistic learning tasks usually involve the discrimination between 

stimuli that are asymmetrically reinforced i.e. one of the stimuli is more often rewarded when 

correctly identified than the other(s) one(s). This asymmetric reinforcement leads healthy 

participants to develop a response bias (RB) toward the most rewarded stimulus (rich 

stimulus). This RB allows measuring of participant sensitivity to reward and capacity to 

modify their behavior as a function of reward. Pizzagalli et al. (Pizzagalli et al., 2008) used 

this paradigm in 23 depressed patients and 25 healthy controls. Compared to controls, MDD 

subjects showed significantly reduced RB. Trial-by-trial probability analyses revealed that 

MDD patients, while responsive to the delivery of single reward, had difficulties integrating 

reinforcement history over time leading to a blunted RB development in the absence of 

immediate reward feedback. In addition, this impairment only was correlated with self-

reported anhedonic symptoms as assessed with the BDI-II and MASQ questionnaires (Bogdan 

et al., 2006; Pizzagalli et al., 2005). With the same task, Vrieze et al. (Vrieze et al., 2013) 

found similar results in a study involving 79 depressed patients and 63 healthy controls. 

Overall, MDD patients displayed blunted reward responsiveness but high anhedonic patients 

(assessed with the SHAPS) were more impaired than low anhedonic patients. In addition, 
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impaired RB development was associated with higher odds of a persisting diagnosis after 

eight weeks of treatment (psychotherapy and/or psychopharmacology). Interestingly, Petchel 

et al. (Pechtel et al., 2013) demonstrated that reward learning deficit persists even in remitted 

patients thus suggesting this deficit as a trait marker of MDD. 

Lately, there has been a growing interest in the study of the neural correlates of reward 

learning impairments in the healthy and the depressive state. In healthy individuals, studies 

have revealed the critical role of the striatum (putamen) in reward-learning. This region is 

activated in response to unexpected rewards and is suppressed by the absence of an expected 

reward (O’Doherty, 2004). Topological and functional differences exist within the striatum: 

the ventral striatum (nucleus accumbens) seems more implicated in stimulus-reward 

associations whereas the dorsal striatum (caudate and putamen) appears to process reward 

cue-action contingencies (Haruno et al., 2004; O’Doherty, 2004; Tricomi et al., 2004). 

Delgado et al. (Delgado et al., 2005) previously showed with a gambling paradigm that the 

neural circuit involved in learning behavior-outcome contingencies was dependent of reward 

predictability. During the early phase of learning (i.e. low predictability) activation in the 

caudate was more robust. As learning progressed and action-outcome predictability increased, 

activity in the caudate decreased underlining the role of this region in the association between 

a behavior and a reward. Koch et al. (Koch et al., 2008) also analyzed the neural correlates of 

stimulus-outcome predictability. They found that lower predictability was associated with 

higher activity within the frontoparietal network suggesting that high uncertainty during 

learning necessitates the involvement of higher cognitive control. 

Steele et al. (Steele et al., 2007) compared healthy controls to depressed patients 

during the execution of a gambling task in fMRI. They reported behavioral and neuroimaging 

differences when participants received feedback information. In controls, losses lead to longer 

reaction times associated with an increased activity in the ACC; on the other hand, wins were 

followed by shorter reaction times and a decreased activity of the striatum (caudate and 

putamen). These reaction time modulations were negatively correlated with self-reported 

anhedonia scores i.e. the more anhedonic the smaller the changes in reaction time. In patients, 

no such effects were observable. Similar findings in terms of impaired process of positive and 

negative feedback have been reported by Chase et al. (Chase et al., 2010). To investigate brain 

response to anticipation and receipt of reward and/or punishment, researchers have used 

learning paradigms such as Pavlovian or instrumental learning. In their study, Kumar et al. 

(Kumar et al., 2008) tested depressed patients with a Pavlovian learning task. MDD patients 
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displayed blunted responses to reward cues in the (ventral) striatum and midbrain. In another 

study using instrumental learning this time, similar findings were reported (Gradin et al., 

2011). However, here the decreased neural response observed in the caudate correlated with 

self-reported anhedonia severity. Importantly these studies did not find any significant 

behavioral differences with healthy controls. Finally, Pessiglione et al. (Pessiglione et al., 

2008) showed in healthy participants performing a subliminal instrumental conditioning task 

that, even without conscious processing of the reward cues, ventral striatal activity was 

associated with unconscious stimulus-outcome contingency making. 

Reward learning is a complex process to investigate as it involves different reward 

sub-components. Nonetheless, there is accumulating evidence of blunted reward learning in 

anhedonic patients. Repeatedly, studies have found that depressed patients do not efficiently 

use the available information to optimize their behavior. Interestingly, the severity of this 

deficit appears to be predictive of the persistence of depression suggesting that it might be 

MDD trait-related. The ventral striatum plays an important role in reward feedback processing 

and stimulus-outcome contingency making and shows blunted reactivity in depressed patients. 

In some studies, these impairments are correlated with anhedonia severity.  

d. Summary 

Behavioral assessments of anhedonia face two important challenges. First, an 

important number of tasks still rely on subjective reports. More accurate and specific 

measures are needed. Second, due to practical limitations, behavioral tasks are often limited in 

their sub-components dissociation. Still, researchers gathered valuable information from their 

use. They confirmed that anhedonia does not originate from a unique impairment in hedonic 

experience. The consummatory, anticipatory and learning aspects of reward processing are all 

found to be dysfunctional to some degree in depression and anhedonia. Interestingly, 

impairment in reward-learning appears to be predictive of depressive state persistence 

suggesting this impairment as a core mechanism of anhedonia. Supporting this hypothesis, 

deficits in the integration of reward-related information are often reported in anhedonic 

patients. Neuroimaging investigations of the reward system in healthy individuals indicate the 

existence of two main networks: the corticostriatal network (including frontal areas, the ACC, 

and the striatum) appears to be mainly involved in higher processing of reward i.e. integrating 

reinforcement into behavior, anticipating a reward and decision making; whereas the 

ventromedial network (including the OFC and vmPFC) appears mostly involved in hedonic 
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experience and reward valuation.  If many of these neural regions are found to be 

dysfunctional in anhedonia, the striatum seems to play a major role in this symptom. This 

region receives important dopaminergic projections and dopamine role being primordial in 

reward learning, these findings converge toward the presence of a blunted dopaminergic 

pathway in anhedonic patients (Figure 4).  

 

Figure 4: Schematic illustration of the heuristic model of anhedonia proposed by Pizzagalli 

(Pizzagalli et al., 2014). Double-ended arrows denote associations (no causality) between processes. 

Lines with dots denote directional inhibitory links (e.g., stress response inhibits mesolimbic dopamine 

release). Dotted lines denote causal relations, and the colored boxes denote hypothesized mechanisms 

(e.g., chronic stress leads to lower dopamine release and eventually to blunted dopamine response). 

The circular arrow denotes long-term dopamine down-regulation with chronic stress. ↓: decreased, ↑: 

increased, PFC: prefrontal cortex, OFC: orbitofrontal cortex, DA: dopamine. For the sake of simplicity 

of the illustration, both environmental factors and biological vulnerability are graphically represented 

as contributing to the clinical syndrome directly; both factors likely affect, however, all of the sub-

components of this heuristic model (e.g. decreased reward responsiveness, exaggerated stress 

responsiveness, blunted mesolimbic dopamine). Anhedonia in MDD: behavioral and neuroimaging 

evidence. (from Pizzagalli et al., 2014, with approval)  

It is to note that the study of anhedonia in Parkinson Disease (30-40% of patients 

affected; see Aarsland et al., 2009) supports the idea of blunted mesolimbic dopamine 

pathways as core features of this symptom. Dopamine agonists have been tested to improve 

this condition and a clinical study has shown that, pramipexole (a dopamine agonist) could 

display anti-anhedonic effects (Lemke et al. 2006). However these anti-anhedonic properties 

cannot clearly be distinguished from the also observed antidepressant effects. As of today no 

medication has been approved to specifically treat anhedonia. 
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1.3 rTMS in the treatment of MDD  

1.3.1 Impaired neurocircuitry in MDD 

Neuroimaging investigations of MDD frequently report anomalies at the functional 

and structural level in the prefrontal cortex. The dorsolateral prefrontal cortex (DLPFC) has 

been particularly studied in depressed patients and evidences of reduced volume and 

abnormal activity have been reported (Drevets et al., 2008a). See Figure 5. 

 

Figure 5: Left DLPFC location on the Montreal Neurological Institute (MNI) brain template (central 

part of the midprefrontal gyrus, Brodmann areas 9/46). 

Most studies describe a hypoactivation of the left DLPFC even though right DLPFC 

hyperactivity has also been documented. The DLPFC plays a critical role in emotion 

regulation and cognitive control over stress (Davidson, 2002), but this area is also involved in 

the initiation of motivated behavior or reward-related decision-making (Ballard et al., 2011; 

Staudinger et al., 2011). The ACC, connected to the DLPFC, is also dysfunctional. The ACC 

can be subdivided into two functional regions: the dorsal ACC, implicated in cognitive tasks 

(information processing) and the ventral i.e. rostral and subgenual ACC (sgACC), more 

involved in emotional and affective processes (autonomic response to stress) (Devinsky et al., 

1995). Of interest, the sgACC is often found to be hyperactivated in MDD patients (Drevets et 

al., 1997; Drevets et al., 2008b). In addition, Fox et al. (Fox et al., 2012) showed that resting-

state functional connectivity (FC) anti-correlation between this region and the left DLPFC 

predicted left DLPFC rTMS treatment antidepressant efficacy. Higher baseline FC between 

the DLPFC and dorso medial prefrontal cortex (MPFC) (Drevets et al., 1997) but also the FC 

between sgACC and medial OFC were both found to predict clinical outcome (Baeken et al., 
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2017). Moreover, in the latter study, FC changes between these structures after treatment was 

associated with changes in hopelessness.  

As discussed before, the basal ganglia (caudate, putamen and nucleus accumbens) also 

appear dysfunctional in depression, probably linked to anhedonia. These regions receive 

extensive projections from the prefrontal cortex that extend toward the midbrain and thalamic 

structures before returning to the cortical areas. These loops form the cortico-striatal-pallidal-

thalamic circuits, thought to be involved in diverse motor, cognitive (learning) and emotional 

processes (for a review see Haber, 2016) and to be impaired in depression (for a review see 

Marchand et al., 2010). Finally, the amygdala is reliably found to be hyperactive in MDD and 

remitted MDD during tasks involving the presentation of negative stimuli (Fu et al., 2004; 

Neumeister et al., 2006; Quevedo et al., 2017; Sheline et al., 2001, 2009; Siegle et al., 2007). 

Siegle et al (Siegle et al., 2007) observed sustained amygdala reactivity during emotional 

stimuli processing and decreased DLPFC activity during cognitive tasks. Moreover, the 

relationship between these two structures was decreased suggesting dysfunctional top-down 

communication. Impairments in the frontostriatal network are thus suspected to result is 

several symptoms of depression: lack of energy, psychomotor retardation, impaired working 

memory, anhedonia, inability to sustain positive stimuli (Maletic et al., 2007). Because of its 

hypoactivity in MDD, its central role in mood regulation processes and top-down control but 

also its anatomical situation making it accessible to the stimulation, the left DLPFC has 

become the target of choice for rTMS treatment protocol (Padberg & George, 2009). The 

stimulation of this neural target with HF-rTMS aims at restoring the impaired frontostriatal 

network. A recent study in MDD patients showed that such treatment is indeed able to 

modulate the connectivity within this circuit (Kang et al., 2016). In addition, changes in 

connectivity following the stimulation were predictive of patient’s clinical improvement. 

1.3.2 rTMS treatment protocols 

In MDD, treatment usually consists of two to six weeks of daily high-frequency (HF) 

rTMS over the left DLPFC (Figure 5 and 6). Meta-analyses have demonstrated the superiority 

of this technique to sham stimulation and report an overall 30% response rate (O'Reardon et 

al. 2007; George & Short 2014). However, this response rate is to be considered cautiously as 

the majority of clinical studies are conducted on TRD patients, which are known to be 

particularly difficult to treat and may not represent the ideal candidate for this technique. The 
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lack of standardized stimulatory protocols may also contribute to decreasing the global 

response rate of this treatment. 

Greater precision in target localization can reduce variability among studies and 

maximize stimulation effects. Neuronavigation is a tool originally developed for brain 

surgery. It is composed of a computer coupled with an infrared camera (see Figure 6) and a 

set of infrared reflective beads. Positioned over the scalp of the subjects, the stimulation coil, 

and a pointer, the beads allow the camera and computer to localize these elements in space 

and to navigate into the 3D representation of the subject scalp and brain. The navigation can 

be either based on the structural (MRI) or the functional mapping of the brain (fMRI). This 

technique is replacing the standard but inaccurate “5cm” rule to locate the DLPFC 

(Lefaucheur et al., 2007). 

 

Figure 6: Left: positioning of the air-cooled coil over the left DLPFC of a patient during a stimulation 

session. The neuronavigation system (infra-red camera and computer) is visible in the background. 

Right: localization of the left DLPFC of a participant with the neuronavigation software (Brainsight™, 

Rogue Resolutions, Inc). 3D rendering of the skin, brain and neuronavigation pointer. 

Stimulation intensity is another important parameter. Because cortical excitability 

varies among individuals, before the start of the treatment protocol, the individual resting 

motor threshold (rMT) is assessed. To that aim, single pulse TMS is applied over the patient’s 

motor cortex. rMT is defined as the minimum intensity required to elicit five motor 

contractions (usually, contraction of the abductor pollicis) out of 10 stimulations. Based on 

this value, different stimulation intensities can be used for the treatment. For safety reasons, 

subthreshold intensities were originally used (down to 80% of rMT (George et al., 1995)). 

Later, the vast majority of the treatment protocols employed 100% or 110% of rMT. In 2002, 
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Padberg et al. (Padberg et al., 2002) compared the clinical efficacy of protocols varying only 

in the employed intensity (90% vs 100% rMT). Better clinical outcome emerged from the 

highest stimulatory intensity supporting the idea that higher intensity is associated with better 

clinical outcome. Given the dose-dependency effect hypothesis (Padberg et al., 2002), more 

recent studies started to use higher stimulatory intensities (up to 120% rMT (O’Reardon et al., 

2007)).  

 

Figure 7: Differences and similarities between the two TBS protocols. cTBS consists in the 

continuous delivery of TBS pattern (three bursts of pulses at 50Hz every 200ms) while iTBS consists 

in the intermittent delivery of TBS pattern during 2s at repeated intervals of 10s. cTBS is thought to 

results in LTD-like effect and iTBS in LTP-like effect. 

If the optimal stimulation parameters are yet to be found, the dose-dependency effect 

led in the recent years to the experimentation of new protocols. Accelerated protocols and 

theta-burst stimulation (TBS) both aim at reducing treatment duration and increasing response 

rate. As its name indicates, accelerated protocols reduce the interval between stimulation 

sessions while delivering a similar amount of pulses. Theta-burst stimulation (TBS) is a 

patterned stimulatory protocol through bursts of high-frequency stimulation at repeated 

intervals (Figure 7). The physiological effect of TBS varies depending on the used 

parameters: intermittent theta-burst stimulation (iTBS) is thought to induce an excitatory 

effect whereas continuous theta-burst stimulation (cTBS) is thought to induce an inhibitory 

effect (Chung et al., 2015; Di Lazzaro et al., 2011; Prasser et al., 2015; Wischnewski & 

Schutter, 2015).  

With an efficacy equal or superior to ‘classic’ rTMS, iTBS drastically reduces 

stimulation time from an average of 40min to more or less 5min. This time reduction is of 

clinical importance as it not only makes the therapeutic session more comfortable for the 
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patient and caregiver but also allows the treatment to be accessible to a greater number of 

patients. Thus, this approach could majorly reduce costs.  

Alternative rTMS treatment protocols, based on the “frontal asymmetry hypothesis” 

(i.e. hyperactivation of the right DLPFC versus hypoactivation of the left DLPFC, see 

(Henriques & Davidson, 1990)), such as the use of inhibitory low-frequency (1Hz or below) 

rTMS (LF-rTMS) over the right DLPFC (Brunelin et al., 2014) or the simultaneous use of 

rTMS over the left (HF-rTMS) and right (LF-rTMS) DLPFC (Fitzgerald et al., 2006) have 

been proposed. However, these alternative protocols do not seem to be associated with a 

superior clinical outcome (right DLPFC LF-rTMS has received a level B from European 

Guidelines i.e. probable efficacy, left DLPFC HF-rTMS received level A i.e. definite 

efficacy) (Lefaucheur et al., 2014; Berlim et al., 2014; Zhang et al., 2015).  

1.3.3 Intermittent theta-burst stimulation 

1.3.3.1 Introduction 

As said previously, iTBS is thought to exert an excitatory effect on the targeted 

underlying neurons, with similar or even exceeding ‘classic’ HF-rTMS antidepressant 

effectiveness (Bakker et al., 2015; Di Lazzaro et al., 2011; Oberman et al., 2011). iTBS uses 

bursts of high-frequency stimulation at repeated intervals, usually on a 2 seconds “on”; 8 

seconds “off” cycle, applying 50Hz triple burst five times per second (Bakker et al., 2015; Di 

Lazzaro et al., 2008); see Figure 7. This stimulation pattern is based on the theta 

electroencephalography (EEG) rhythm found in animal studies of the hippocampus and 

appears to induce neuroplasticity (Huang et al., 2007; Huang et al., 2005). Because of this, the 

antidepressant effects of the stimulation could have a delayed onset. Even though the 

neurophysiological mechanisms underlying iTBS effects are not yet fully understood, 

research suggests that iTBS modulates cortical and subcortical neuroplasticity through long-

term potentiation (Chistyakov et al., 2010; Huang et al., 2005). Brain-derived neurotrophic 

factor (BDNF) plays a crucial role in neuroplasticity and is hence suspected to play a part in 

the response to iTBS (Antal et al., 2010; Chung et al., 2016). Indeed, a BDNF polymorphism 

seems to influence the response to iTBS as measured by MEPs. For example, the Val66Val 

polymorphism has been found to potentiate the interaction between motor training and iTBS 

effects on cortical excitability suggesting that carriers of this polymorphism might be more 

susceptible to the effects of the stimulation (M. Lee et al., 2013). In contrast carriers of 
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Val66Met polymorphism appear to be more resistant to the induced effects of iTBS (Antal et 

al., 2010; M. Lee et al., 2013). If these findings are of interest they have to be put in contrast 

with other studies that found no influence of genotype (Li Voti et al., 2011; Mastroeni et al., 

2013). Other factors are thought to play a role in the iTBS induced neuronal effects such as 

participants’ demographics (age, gender) or brain state at the stimulation time (at rest versus 

after priming of a selected cell population with a task (Kamke et al., 2012; Nicolo et al., 

2015)). However, no clear conclusion can be drawn so far. 

On the other hand, stimulation parameters (frequency, inter-session interval, intensity 

or number of delivered pulses) are known to strongly influence the induced neurophysiologic 

effects. In 2010, Chistyakov et al. (Chistyakov et al., 2010) investigated the safety and 

tolerability of different TBS protocols in 33 depressed patients. Each TBS protocol 

significantly decreased the severity of patients’ depressive state. Increasing the intensity and 

number of pulses added to the antidepressant effectiveness which suggests that TBS could 

follow a dose-effect function. However, a study questions this relationship: Gamboa et al. 

(Gamboa et al., 2010) assessed the physiological effect of an increasing iTBS protocol. In 

healthy participants, they measured MEPs amplitude before and after stimulation of the 

corresponding motor area. They found that the dose-effect function might follow an inverted 

‘u’ shape curve rather than being linear. Increasing the number of stimulations seemed to 

strengthen the induced excitatory effect until a limit. Past this limit, increasing the number of 

stimulation resulted in an inhibitory effect rather than the expected boosted excitatory effect 

(Gamboa et al., 2010). To note, these findings have not been replicated and a study from 

Nettekoven et al. (Nettekoven et al., 2013) found contradictory results. There, increasing the 

number of iTBS blocks of stimulation increased the stimulatory effect not only locally but 

also in distant brain regions. Notwithstanding these important questions, the modulatory 

power of theta-burst stimulation on cognitive functions has already been demonstrated (see 

(Demeter, 2016) for a review). For example, iTBS stimulation over the left DLPFC was able 

to enhance working memory in healthy participants (Hoy et al., 2015) which makes iTBS an 

interesting tool to potentially treat cognitive impairments. 

1.3.3.2 iTBS in depression  

So far only six studies have investigated the clinical efficacy of iTBS in the treatment 

of depression and only one focused solely on iTBS over the left DLPFC. In 2010, 

Christyakov et al. (Chistyakov et al., 2010) compared the efficacy of three protocols: iTBS 
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(2x600 stimuli) over the left DLPFC, cTBS (2x600 stimuli) or amended cTBS (2x900 or 

4x900 stimuli) over the right DLPFC. After 10 sessions spread over two weeks: 18 of the 32 

medication-resistant patients (56.3%) reported improvement in their depressive symptoms. 

Increasing the number of stimulation in the cTBS protocols resulted in higher therapeutic 

effects without adding to the side-effects. TBS was found to be safe, well tolerated and each 

protocol displayed antidepressant properties. Holzer et al. (Holzer & Padberg, 2010) in a 

preliminary study tested iTBS over the left DLPFC of seven medication-resistant patients. 

Patients were stimulated twice daily with 600 stimuli. After the three weeks of stimulation, 

70% of the patients improved clinically.  

Although encouraging, these open studies suffer from a lack of control and/or 

relatively small sample sizes. More recently, a randomized sham-controlled study in 60 TRD 

patients compared iTBS (1800 stimuli), cTBS and combined cTBS/iTBS (with cTBS over the 

right DLPFC and iTBS over the left DLPFC) protocols (Cheng et al., 2016). After 10 sessions 

spread over two weeks (1800 pulses), each protocol displayed antidepressant properties. 

However, iTBS and the combined cTBS/iTBS protocol had a significantly better response rate 

than cTBS; respectively: 40%, 66.7% and 20%. Response rate in the sham group reached 

13.3%. Follow-up at 12 weeks post-stimulation showed a total response rate of 57.9%, which 

is equivalent to the one of acute ‘classic’ rTMS (Carpenter et al., 2012). They also found that 

TBS protocols outcome was influenced by patients’ degree of treatment resistance. Overall, 

lower refractoriness was associated with better chance of response to TBS. In a randomized 

controlled pilot trial, Plewnia et al. (Plewnia et al., 2014) stimulated 32 patients for six weeks 

with combined cTBS/iTBS (600 stimuli over the left and 600 stimuli over the right DLPFC 

daily). The active group showed significantly more response to the stimulation than the sham 

group: 56% and 19% respectively (MADRS score). Finally, Bakker et al. (Bakker et al., 2015) 

compared in a large naturalistic study the therapeutic effect of ‘classic’ 10Hz rTMS protocol 

(30min per session) to iTBS (6min per session) at 120% rMT over the dmPFC. They found 

both protocols to be safe and tolerable and of comparable therapeutic outcome. Finally, a 

recent study investigated the effect of antipsychotic pharmacotherapy on response to 

dorsomedial iTBS in 105 TRD patients (Schulze et al., 2016). Unexpectedly, the response rate 

was similar between medicated and unmedicated patients.  

Hence, TBS appears to be a safe (Oberman et al., 2011) and efficient stimulatory 

protocol to treat MDD. So far only one case of TBS-induced seizure has been reported 

(Oberman et al., 2009) and side effects are limited to mild headaches and temporary dizziness. 
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iTBS is a promising technique to treat MDD as significantly less time is needed than “classic” 

HF-rTMS protocols to reach similar clinical response and potentially induce longer lasting 

effects. 

1.3.4 Accelerated protocols 

In an effort to further reduce the stimulation time and to increase the response rate 

accelerated protocols have been recently proposed. Instead of daily sessions spread over two 

to four weeks, accelerated protocols aim at delivering the same amount of stimulation in a 

shorter period of time by reducing the interval between stimulation sessions. Holtzheimer and 

colleagues (Holtzheimer et al., 2010) were the first to propose and test such a protocol. In 

their study on 14 depressed patients, they found that accelerated rTMS had an excellent safety 

profile and had a similar antidepressive effectiveness (43% response rate). More recently in a 

cross-over placebo controlled design, Baeken et al. (Baeken et al., 2013) administered five 

daily suprathreshold HF-rTMS sessions over the left DLPFC of 21 TRD patients for four 

consecutive days. They reported a response rate of 35% and a remission rate following 

treatment up to 15% at the end of the whole protocol (sham/real cross-over) thus achieving 

similar effectiveness than classic “HF-rTMS” protocol. More recently, McGirr et al. (McGirr 

et al., 2015) in a naturalistic trial stimulated 27 patients twice daily over the left DLPFC. After 

the two weeks of stimulation, during which patients received 60,000 pulses, 15 patients met 

clinical criteria for response (55.6%) and 10 for remission (37%). Researchers reported 

excellent treatment acceptability. Seok et al. (Seok & Chung, 2015) directly compared the 

antidepressant efficacy of classic HF-rTMS and accelerated rTMS in respectively 10 and 15 

patients. Both methods resulted in significant improvement in depression symptomatology; 

however, there was no difference in outcome based on the employed protocol.  

If few studies have been conducted so far, overall results indicate that accelerated 

rTMS is safe and achieve similar response rate to classic rTMS protocols while significantly 

shortening treatment duration (Baeken et al., 2013; Holtzheimer et al., 2010; McGirr et al., 

2015; Seok & Chung, 2015). Still, most of these studies are limited by the absence of sham-

controlled condition and relatively small sample sizes.  
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1.3.5 rTMS, reward system and anhedonia. 

The literature on rTMS modulatory effects on anhedonia is scarce. Most studies have 

focused on the neurobiological changes induced by the stimulation in other psychiatric 

disorders or in healthy participants.  For example, rTMS effect on the reward system has been 

studied in addictive disorders with the goal to reduce craving in patients (tobacco, cocaine, 

alcohol) (Grall-Bronnec & Sauvaget, 2014).  

PET studies have demonstrated that HF-rTMS over the left DLPFC modulates 

dopamine release in the anterior cingulate cortex, the striatum, and OFC in healthy adults 

(Cho et al., 2009; Strafella et al., 2001, 2003) and depressed patients (Pogarell et al., 2007). 

As mentioned previously, these regions are involved in reward processing and particularly in 

reinforcement learning (Kunisato et al., 2012; Santesso et al., 2008; Shohamy et al., 2008; 

Wacker et al., 2009). Dopamine plays a critical role in this process (Shohamy et al., 2008). 

Drug enhancing dopaminergic neurotransmission has been shown to facilitate response bias 

(RB) development in probabilistic learning (Barr et al., 2008), whereas drug disrupting 

dopaminergic neurotransmission had the opposite effect (Pizzagalli et al., 2008). Ahn et al. 

(Ahn et al., 2013) assessed the effects of a single HF-rTMS session in 18 healthy male 

individuals before and after the completion of a probabilistic learning task (Pizzagalli et al., 

2005). HF-rTMS improved their RB development in the early phase of the task indicating a 

sharpened sensitivity to reward. Ott et al. (Ott et al., 2011) used cTBS either on the right or 

left DLPFC of healthy participants before the completion of a probabilistic learning task in 

fMRI. They found that if no changes in RB were observed, the side of stimulation led to a 

different modulation of participant’s approach toward reward and punishment. Stimulating the 

left DLPFC increased participants’ reward-guided behavior while right DLPFC stimulation 

increased avoidance-guided behavior. In addition, fMRI data showed that left side stimulation 

enhanced prediction error coding in the ventral striatum. More recently, Cho et al. (Cho et al., 

2015) showed in a PET study in healthy participants that HF-rTMS (although over the MPFC) 

was able to modulate delay discounting (the subjective decrease of value attributed to a 

reward with delay to its receipt) and dopaminergic release in the striatum.  

Downar et al. (Downar et al., 2014) stimulated patients over the left MPFC with HF-

rTMS. Patient’s clinical response was strongly bimodal, with low anhedonic patients 

responding and high anhedonic patients not responding to the stimulation. This suggests that 

anhedonia severity could potentially influence the response to rTMS. Further, it suggests that 
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the antidepressant effects of rTMS might work through a modulation of the reward system. 

Interestingly, deep brain stimulation to the nucleus accumbens alleviated anhedonia severity 

and depressive state in TRD patients (Schlaepfer et al., 2008). 

Because of the recent use of iTBS, literature on its neurocognitive effects in 

depression is almost nonexistent. Only one study investigated this question in depressed 

patients by stimulating over the left DLPFC. Cheng et al. (Cheng et al., 2016) assessed the 

impact of iTBS treatment on executive functions: 60 depressed patients were assigned to four 

groups receiving cTBS (1800 pulses) over the right DLPFC, iTBS (1800 pulses) over the left 

DLPFC, combined cTBS/iTBS (1800 pulses each), or sham stimulation. Independently from 

clinical improvement, only iTBS over the left DLPFC improved executive functions. A recent 

electroencephalographic (EEG) study (Prause et al. 2016) investigated the modulatory power 

of cTBS and iTBS on primary reward (sexual stimulation) sensitivity in hypersensitive 

healthy participants. During the presentation of primary reward stimuli, iTBS when compared 

to cTBS was able to decrease EEG alpha signal indicating an increased reward anticipation of 

the participants. These findings suggest that cTBS over the left DLPFC decreased 

participants’ reward responsiveness toward primary rewards when compared to iTBS. 

Interestingly, a study reports that prolonged iTBS (presented here as an inhibitory 

protocol; see above: Gamboa et al., 2010) over the left DLPFC was able to temporarily reduce 

appetitive startle modulation (an eye-blink behavior normally diminished by positive 

emotional state) in healthy participants (Hurlemann et al., 2015). As far as we know, no 

studies have investigated the modulatory effect of rTMS (or iTBS) on the reward system in 

depressed patients. Given the key role of anhedonia in depression, more research on this topic 

is warranted. Importantly, individual differences in hedonic capacity, which is the ability to 

experience pleasure in response to rewarding stimuli, could affect task performance (Sherdell 

et al., 2012) and need to be investigated. 
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1.4 Objectives of the thesis 

In this doctoral thesis, we tested the feasibility, safety and effectiveness of a new iTBS 

stimulation protocol in the healthy and depressed states. To compare with the typical high-

frequency rTMS treatment session (i.e. 1600 pulses/session), we increased the number of 

theta-burst pulses to a total of 1620 per session. Also, instead of the more often used 

subthreshold intensities in iTBS paradigms, we increased to 110% rMT.  

First, we evaluated the feasibility, safety and effectiveness of these stimulation 

parameters in a new accelerated protocol (32400 pulses; five sessions/day over four days) in a 

clinical context. Accelerated intermittent theta-burst stimulation (aiTBS) is thought to carry a 

similar if not higher response rate than “classic” rTMS, while significantly reducing the time 

period of stimulation.  

Second, we used these new iTBS parameters in a non-clinical context. We conducted a 

pilot study in healthy individuals to observe (besides safety) the effects of a single iTBS 

session on reward learning and to investigate the influence of hedonic capacity in the response 

to the stimulation. 

Third, because iTBS anti-depressogenic effects may be modulated by the reward 

system, again we also evaluated the effects of accelerated iTBS on reward learning and 

investigated the influence of (an)hedonic capacity in the response to the stimulation.  
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2.1 Abstract 

Although accelerated repetitive Transcranial Magnetic Stimulation (rTMS) paradigms 

and intermittent Theta-burst Stimulation (iTBS) may have the potency to result in superior 

clinical outcomes in Treatment Resistant Depression (TRD), accelerated iTBS treatment has 

not yet been studied. In this registered randomized double-blind sham-controlled crossover 

study, spread over four successive days, 50 TRD patients received 20 iTBS sessions applied 

to the left dorsolateral prefrontal cortex (DLPFC). The accelerated iTBS treatment procedure 

was found to be safe and resulted in immediate statistically significant decreases in depressive 

symptoms regardless of order/type of stimulation (real/sham). While only 28% of the patients 

showed a 50% reduction of their initial Hamilton Depression Rating Scale score at the end of 

the two-week procedure, this response rate increased to 38% when assessed two weeks after 

the end of the sham-controlled iTBS protocol, indicating delayed clinical effects. Importantly, 

30% of the responders were considered in clinical remission. We found no demographic 

predictors for response. Our findings indicate that only four days of accelerated iTBS 

treatment applied to the left DLPFC in TRD may lead to meaningful clinical responses within 

two weeks post stimulation. 

Keywords: Accelerated rTMS, intermittent Theta-burst Stimulation, Treatment 

resistance, left DLPFC, Major Depression. 

 

Highlights:  

•Accelerated iTBS treatment was found to be safe and well tolerated. 

•Given that all TRD patients experienced clinical improvement to some extent suggests that 

such accelerated iTBS protocols may be prone to stronger placebo effects. 

•Although only a modest part of our TRD patients responded immediately after the two-week 

iTBS treatment protocol, the follow-up assessment showed meaningful response increases, 

close to remission. These findings point to delayed positive clinical effects after accelerated 

iTBS treatment. 
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2.2 Introduction 

Repetitive transcranial magnetic stimulation (rTMS) is currently an evidence-based 

and accepted treatment option to treat patients suffering from Major Depressive Disorder 

(MDD) (Lefaucheur et al., 2014). Since two decades, evidence of supremacy of rTMS over 

placebo stimulation is accumulating, and the most compelling data have been provided by 

large, multisite, and randomized sham-controlled trials including pharmacotherapy resisting 

MDD patients (O'Reardon et al., 2007; George et al., 2010). On the other hand, the effects 

sizes are rather limited and remission rates are relatively small (De Raedt et al., 2015). 

Comparing classical HF-rTMS treatment to sham, applying daily rTMS sessions averagely 

over 2 to 4 weeks, shows moderate effect sizes on depressive symptoms of 0.39 (Schutter, 

2009) or 0.55 (Slotema et al., 2010), depending on the meta-analysis. Generally, for left high 

frequency (HF) rTMS this yields an average rate of 29% responders in the active condition 

and 10% for sham (Berlim et al., 2014). Although the average rate of responders patients 

receiving active and sham right low frequency (LF) rTMS was respectively 38% and 15% in 

another meta-analysis (Berlim et al., 2013a), left HF-rTMS only received an A level of 

evidence in recent guidelines on the therapeutic use of rTMS (Lefaucheur et al., 2014). 

Notwithstanding that no meta-analyses have been carried out yet for accelerated designs 

(given the limited amount of available accelerated HF-rTMS data), in a recent open-label 

study response rate was 43%, with 29% remission immediately following treatment (15 

sessions administered over 2 days) (Holtzheimer et al., 2010), and 35% response and 15% 

remission after a placebo-controlled HF-rTMS crossover study (Baeken et al., 2013). Of note, 

as treatment resistant depression (TRD) may not be the primary indication for rTMS treatment 

and may negatively influence the clinical outcome (George and Post, 2011), it is important to 

mention that these patients were not all treatment resistant.  

The optimization in stimulation parameters, using more accurate methods to localize 

the stimulation area (Gershon et al., 2003; Fitzgerald et al., 2009; Levkovitz et al., 2015), and 

also introducing intensified or accelerated rTMS treatment algorithms have been evaluated to 

increase clinical responses, but seem to produce similar response rates (Baeken et al., 2013). 

For the latter, instead of the usually applied daily sessions, spread over two to four weeks, 

accelerated stimulation protocols significantly reduce the time-period of stimulation. In sum, 

accelerated HF-rTMS treatment protocols in MDD may be able to yield clinical 

improvements similar to the classic treatment protocols, but within a significant shorter 

amount of time. 
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Recently, a new form of rTMS has been introduced, i.e. theta-burst stimulation (TBS), 

thought to produce similar if not greater effects on brain activity than standard rTMS 

protocols. Recent data indeed suggest that TBS has similar or superior clinical efficacy in 

treating MDD when compared to rTMS (Di Lazarro et al., 2011; Chung et al., 2015; Prasser 

et al., 2015). Reduced administration duration may be a major advantage of TBS when 

compared to conventional rTMS procedures. Conventional TMS sessions may last between 

20 and 45 min, while TBS paradigms may require less than 5 min of stimulation (Chung et 

al., 2015). Intermittent theta-burst stimulation (iTBS) uses bursts of high frequency 

stimulation at repeated intervals, usually on a 2 seconds on/8 seconds off cycle applying 50 

Hz triplet bursts five times per second (Di Lazarro et al., 2008; Bakker et al., 2015). Similar to 

HF-rTMS, iTBS may have excitatory effects on neurons, possibly matching or exceeding the 

more classical HF-rTMS paradigms in antidepressant effectiveness (Di Lazarro et al., 2011; 

Oberman et al., 2011; Bakker et al., 2015). Neurophysiological data suggest that iTBS affects 

cortical and subcortical neuroplasticity via long-term potentiation (Huang et al., 2005; 

Chistyakov et al., 2010). In theory, it may thus be possible that the strongest antidepressant 

effects may have a delayed onset. Interestingly, it has been suggested that TBS, at least the 

continuous form (cTBS), with effects comparable to the low frequency application of rTMS, 

may obey a dose-response function, suggesting that higher numbers of delivered stimuli may 

be needed to optimize clinical outcomes in MDD patients (Chistyakov et al., 2010). On the 

other hand, it has to be noted that the excitatory effects of iTBS may not be that 

straightforward, as prolonged iTBS sessions applied to the motor cortex in healthy individuals 

may result in inhibitory effects rather than excitation (Gamboa et al., 2010), although dose-

dependent effects resulting in neuronal excitation have been reported as well (Nettekoven et 

al., 2014). Although at this stage no firm conclusion can be drawn, the effects of iTBS 

treatment may result in an even better clinical outcome than cTBS or rTMS (Li et al., 2014). 

Building further on our previous studies of accelerated HF-rTMS (Baeken et al., 

2013), the current crossover study aimed at investigating whether an accelerated iTBS 

treatment protocol (sham-controlled) could result in fast and meaningful beneficial clinical 

effects in a group of TRD patients. Because we wanted not only to include “last resort” TRD 

patients, all patients were considered at least stage I treatment resistant (Rush et al., 2003). To 

evaluate the immediate influences of iTBS, mood was assessed daily. To evaluate delayed 

clinical effects, all patients were assessed two weeks after the end of the (two week) protocol. 

Patients were randomized to receive in the first week either 20 real or sham iTBS sessions (5 
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sessions/day), delivering a fixed amount of pulses amounting in total 32.400 stimuli over 4 

days’ time (1620 pulses per session). The choice for the prolonged iTBS parameters within a 

stimulation session was based on the rationale of delivering a similar amount of pulses - as we 

performed in our former accelerated HF-rTMS study (Baeken et al., 2013) - in order to 

compare the two neurostimulation protocols for clinical outcome, rather than examining the 

inhibitory or excitatory effects of prolonged iTBS. 

 We hypothesized that the application of this accelerated iTBS protocol would result in 

fast and meaningful clinical outcomes, especially so after the real when compared to the sham 

iTBS treatment sessions. Secondly, during the real iTBS sessions, we expected to detect 

significant mood improvements even before the end of the 4-day stimulation protocol. 

Thirdly, given the possible large-scale neuroplasticity effects induced by iTBS, we expected 

that beneficial clinical changes brought about by iTBS would survive and possibly even 

increase two weeks after the end of the treatment. 

2.3 Methods and Materials 

This registered study (http://clinicaltrials.gov/show/NCT01832805) was approved by 

the local Ghent University Hospital ethics committee and in accordance with the declaration 

of Helsinki (2004). All patients gave written informed consent. This study was part of a larger 

project investigating the influence of iTBS on neuro-cognitive markers
4
.   

2.3.1 TRD patients 

Fifty right-handed antidepressant-free depressed patients (35 females), age 42 years 

(SD= 12), were included in the iTBS study
5
.  Depression was diagnosed using the structured 

Mini-International Neuropsychiatric Interview (MINI; Sheehan et al., 1998). All patients were 

at least stage I treatment resistant: they had had a minimum of one unsuccessful treatment trial 

with serotonin reuptake inhibitors/ noradrenaline or serotonin reuptake inhibitors 

                                                 
4
Part of this data set, including 22 TRD patients, was also used in a conference paper reporting preliminary results 

on the effects of accelerated iTBS on suicidal ideation (Desmyter et al., 2014). Because of the specific literature concerning 

suicide, the complete results of this iTBS protocol on suicidal ideation will be published elsewhere. 
5
 Given that an estimation of the expected effect size is necessary to calculate the power and that there are currently 

no studies available on which we can rely to estimate the effect size, we started from the assumption that we would be able to 

find a clinically meaningful medium effect size, which corresponds to f =.25 in an ANOVA (corresponds to d = .50). For the 

parallel design part of our study with within-between interaction to observe the effects at week one (2 pre-post X 2 sham-

real), with our total sample of 47 patients and the α error probability set at 0.05, the power to find an effect was .92 

(calculated with G-Power 3.1.9.2.), which is very high. Even when we are very conservative and start from the meta-analysis 

of Schutter (2009) based on a regular rTMS intervention (as compared to our accelerated design with iTBS), in which a mean 

effect size d = .39 was found (which corresponds to an f of .195 in ANOVA), the power of our study was 0.74. 
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(SSRI/NSRI). For details see Table 1. Exclusion criteria were current or past history of 

epilepsy, neurosurgical interventions, having a pacemaker, metal or magnetic objects in the 

brain, having had ECT, alcohol dependence and suicide attempts occurring within 6 months 

before the start of the study. Bipolar and psychotic depressed patients were excluded. Because 

concomitant antidepressant treatment can confound outcome results, all patients went through 

a medication washout before entering the study. All TRD patients were free from any 

antidepressant (AD), neuroleptic and mood stabilizer for at least two weeks before entering 

the iTBS treatment protocol. As proposed by Fitzgerald & Daskalakis (2012), only habitual 

benzodiazepine agents were allowed. In practice, the benzodiazepines were mostly prescribed 

as sleeping medication. The maximum allowed dose of benzodiazepines was the equivalent of 

40mg diazepam. These benzodiazepines equivalent doses are described by the British 

National Formulary (No. 66, London: British Medical Association and Royal Pharmaceutical 

Society of Great Britain; September 2013, pp. 218-226). Any changes in benzodiazepine 

treatment during the stimulation sessions resulted in dropout from the study. For the record, 

no patients dropped-out according this criterion. 

Because of a severe suicide attempt (overdose of medication) in the weekend after one 

week of stimulation (sham iTBS), one female patient was considered dropout from the study. 

One male patient erroneously received two times real stimulation. Although he was responder 

at T2 and remitter at T4, we did not include his data into the final analyses. Finally, after 

inclusion, one female patient spontaneously improved after her AD washout and it was 

decided not to start the stimulation protocol and no follow-up data were collected. 
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 All Stage I Stage II Stage III  Responder Non-responder  

     p-values   p-values 

Number * 47 9 24 14  18 29  

Gender (F/M) 33/14 8/1 19/5 6/8 0.02 14/4 19/10 0.37 

Age 41.72 (11.80) 40.89 (11.54) 37.88 (11.33) 48.86 (10.05) 0.02 40.41 (12.18) 43.83 (11.19) 0.34 

Duration current depressive episode 

(years) ** 

3.87 (6.08) 1.26 (1.12) 3.17 (3.36) 2.62 (2.49) 0.87 3.46 (3.19) 2.17 (2.64) 0.16 

Number depressive episodes 3.15 (2.65) 3.22 (2.99) 2.75 (2.31) 3.79 (3.02) 0.27 3.00 (2.43) 3.24 (2.81) 0.81 

Stage (I/II/III) 9/24/14 - - - - 5/9/4 4/15/10 0.43 

Hospitalized patients 13 3 8 2 0.41 4 8 0.51 

Melancholic depression  31 7 13 11 0.22 13 18 0.48 

Order (R>S) 22 7 12 3 0.03 8 14 0.80 

Benzodiazepine intake (number) 15 2 7 6 0.54 5 10 0.63 

Benzodiazepine intake (mg/day) 5.41 (9.70) 2.78 (6.67) 4.38 (10.03) 9.15 (10.38) 0.31 2.65 (5.63) 7.04 (11.21) 0.35 

rMT (%) 59.17 (8.18) 58.00 (9.79) 59.29 (8.23) 59.71 (7.54) 0.89 59.06 (7.97) 59.24 (8.45) 0.94 

HDRS T1 21.34 (5.26) 17.33 (4.87) 21.71 (5.15) 23.29 (5.89) 0.04 21.28 (5.10) 21.38 (6.00) 0.95 

HDRS T2 17.72 (6.63) 15.78 (7.36) 17.33 (4.98) 19.64 (6.69) 0.30 15.72 (6.24) 18.97 (5.65) 0.07 

HDRS T3 14.72 (6.03) 12.00 (5.94) 14.88 (6.31) 16.21 (7.47) 0.33 10.28 (4.42) 17.48 (6.31) <0.01 

HDRS T4 12.87 (7.41) 8.44 (4.80) 13.30 (7.26) 15.15 (8.28) 0.07 6.50 (2.33) 17.10 (6.49) <0.01 

BDI T1 30.96 (8.95) 35.11 (6.90) 29.30 (9.56) 31.00 (8.73) 0.26 32.11 (8.80) 30.19 (9.12) 0.49 

BDI T2 27.64 (10.80) 28.00 (12.00) 26.82 (10.67) 28.77 (10.96) 0.88 28.12 (12.23) 27.33 (10.03) 0.82 

BDI T3 24.38 (11.41) 28.50 (11.34) 21.09 (11.07) 27.43 (11.14) 0.14 19.11 (10.57) 27.89 (10.73) 0.01 

BDI T4 21.25 (11.11) 19.13 (11.49) 20.00 (11.72) 24.43 (9.94) 0.38 14.11 (10.10) 25.46 (9.05) <0.01 

Responder T3 12 3 7 2 0.67 - - - 

Responder T4 19 5 10 4 0.43 - - - 

Remission T3 6 2 3 1 0.58 - - - 

Remission T4 14 4 6 4 0.44 - - - 

Table 1: Demographic data and individual rating scores of the 17-item Hamilton Depression Rating Scale (HDRS), the Beck Depression Inventory (BDI).  

F: Female. M: Male. rMT: resting Motor Threshold. R>S: First real iTBS, then sham iTBS. * Two patients were considered Stage IV (unsuccessful trial with 

MAO-I), but were included in the stage III group. ** Based on 44 patients. Clinical response is defined as a 50% decrease of the initial 17-item HDRS score. 

Clinical remission is defined as a score on the 17-item HDRS≤7 post treatment. Where appropriate F, T or X
2
 tests were used to indicate group differences. The p-

values with significance level were set at p<0.05, two-tailed.
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2.3.2 Stimulation protocol 

Intermittent TBS stimulation was applied using a Magstim Rapid2 Plus1 magnetic 

stimulator (Magstim Company Limited, Wales, UK) with a figure-of eight-shaped coil. The 

Brainsight neuronavigation system (Brainsight™, Rogue Resolutions, Inc) was used to 

identify the site of stimulation (i.e., the center part of the midprefrontal gyrus [Brodmann 

9/46]) based on structural MRI of each individual in order to accurately target the left 

DLPFC. Before the first session, the resting motor threshold (rMT) of each individual was 

determined using surface electromyography. Given the dose-dependency effect (Chistyakov 

et al., 2010), a stimulation intensity of 110 % of the subject’s rMT of the right abductor 

pollicis brevis muscle was used and this MT was maintained throughout the experimental 

procedure. The treatment protocol consisting of in total 20 iTBS sessions was spread over 4 

days at five sessions per day, mounting a total of 32.400 stimuli. See Figure 1. In each 

session, patients received 1620 pulses per session in 54 triplet bursts with train duration of 2 

seconds and an intertrain interval of 8 seconds. For the sham condition, a specially designed 

sham coil identical to the real coil was placed exactly on the same target/anatomical location 

in the same position, but without any active stimulation. Throughout the whole iTBS 

treatment (real and sham), patients were blindfolded, wore earplugs and were kept unaware of 

the type of stimulation they received. Between two sessions, there was a pause of 

approximately 15 minutes.  

To assess the short-term clinical effects of the sham-controlled iTBS treatment 

protocol three strategies were followed.  

First, to evaluate the effects of iTBS on (negative) mood after each week of 

stimulation, depression severity was assessed with the 17-item Hamilton Depression Rating 

Scale (HDRS; Hamilton et al., 1967) by a certified psychiatrist, blinded to the actual treatment 

of the patient. After the initial assessment at baseline (T1), patients were randomized (flipping 

a coin) to receive in the first week either real or sham iTBS delivered on the left DLPFC. All 

patients were re-assessed after 1 week of real or sham treatment (T2) and at the end of the 

second week of the stimulation protocol (T3). Following standard practice, we defined clinical 

response as a 50% reduction of the baseline HDRS score. At each of these time points patients 

were also asked to score themselves on depressive symptoms with the Beck Depression 

Inventory (BDI-I; Beck et al., 1967) assessing how they felt over the previous week. To 

evaluate possible delayed clinical effects of accelerated iTBS, patients were reassessed two 
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weeks after end of the protocol (T4). See Figure 1. Within the two-week period, with the 

exception of the current benzodiazepine intake at steady dose, patients were psychotropic free 

and any change was considered as drop out of the study. 

Secondly, to detect acute changes on depression severity symptoms over 24 hours on a 

daily basis we used an adapted version of the BDI-I so that patients scored themselves on 

depression symptoms over the last 24 hours. This BDI-I 24 h was filled in before the start of 

each stimulation day (before the 5 iTBS sessions). 

Thirdly, to evaluate immediate changes in mood on a daily basis, within the same day directly 

before and after each of the five daily iTBS sessions, mood ratings were administered using 

seven visual analogue scales (VAS) providing measures of fatigue, power, anger, 

cheerfulness, tension, depression, and happiness (McCormack et al., 1988). Patients were 

asked to describe from ‘‘totally not’’ to ‘‘very much’’ how they felt ‘‘at that moment’’ using 

10 centimeter horizontal lines for each of the abovementioned mood states.  

 

Figure 1: Flow chart of the experimental iTBS treatment procedure. After a washout period, all 

patients are at least two weeks antidepressant (AD) free before they are randomized to receive real or 

sham iTBS treatment respectively. Baseline measurements were assessed at T1 (on Monday afternoon) 

before the first week of iTBS treatment. iTBS treatment is spread over the four succeeding afternoons 

(five daily sessions on Tuesday, Wednesday, Thursday and Friday). In the second week, strictly the 

same treatment schedule is followed but with a change of stimulation: line AB= a TRD patient who 

first received real iTBS now receives sham; line BA= a patient who first received sham treatment now 

receives real iTBS. A second assessment day is performed exactly 1 week after the first week (T2) and 

a third time exactly after two weeks (T3), always on a Monday afternoon. No stimulation or 

assessment was performed during the weekend (WE). Two weeks after finishing the real iTBS week at 

T4 all measurements were reassessed. 
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2.3.3 Statistical analyses 

All collected data were analyzed with SPSS 22 (Statistical Package for the Social 

Sciences; IBM SPSS Statistics for Windows, Version 22.0, IBM Corp., Armonk, NY). 

Whenever the assumption of sphericity was violated, we applied the Greenhouse-Geisser 

correction. The significance level was set at p< 0.05, two-tailed, for all analyses. Given the 

intention-to-treat protocol all analyses were completed by a last observation carry forward 

approach (LOCF) when applicable. See also Table 1. 

First, to examine the clinical effects of accelerated iTBS treatment on a weekly basis, 

we performed a mixed 2 x 4 ANOVA with the depression severity scores (HDRS) at the 4 

different clinical assessments as the dependent variable, and Time (T1 at baseline; T2 after the 

first week of stimulation; T3 after the second week of stimulation, and T4 two weeks after the 

end of the stimulation protocol) and Order (first sham then real vs. first real then sham) as 

between-subjects factors. To follow-up significant interaction effects, we anticipated to use 

separate Time (baseline; after stimulation) x Stimulation (real; sham) mixed ANOVA’s 

separately for week 1 and 2 separately, followed by T-tests. A similar approach was 

performed with the BDI-I, indicating how they felt over the last week.  

Secondly, to evaluate the impact of 5 iTBS sessions over 24 hours, a mixed 2 x 2 x 4 

ANOVA was performed with an adapted version of the BDI-I over 24h depression severity 

scores (BDI-I 24h) assessed at the start of the 4 different stimulation days as dependent 

variable. Week (week 1 vs. week 2) and Day (T1 day one; T2 day two; T3 day three; T4 day 

four) were the within-subjects factors and Order (first sham then real vs. first real then sham 

iTBS) the between-subjects factor. This was also followed by T-tests to further examine 

significant effects.  

Thirdly, to examine whether the daily iTBS sessions affected mood without any delay, 

when mood was measured with VAS, mood changes were analyzed with a mixed 2 x 2 x 4 

MANOVA. Within-subject factors were Week (week 1 vs. week 2) and Day (T1, T2, T3 and 

T4). The between subjects factor was Order (first real then sham vs. first sham then real 

iTBS). Significant results would be followed-up by T-tests. The seven VAS mood scales were 

the multiple dependent variables. On every stimulation day before and after each individual 

session every VAS subscale was assessed 6 times. For each stimulation day, mean values 

were calculated for each VAS subscale separately at T1, T2, T3, and T4. 
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Fourthly, to examine whether demographic and individual physiological data predicted 

clinical outcome we used two approaches. 1) With a categorical approach (only with the 17-

item HDRS), we wanted to identify baseline group differences between responders and non-

responders (clinical response defined as a 50% reduction of the baseline HDRS score) at T4 at 

the end of the entire iTBS protocol (2 weeks after T3). We ran separate analyses for Gender 

(dichotomous), Age, duration of the current depressive episode (years), subtype of depression 

diagnosis (melancholic/non-melancholic), level of treatment-resistance (Stage I, II, and III), 

and individual differences in motor threshold. When appropriate, we applied independent T or 

X
2
 tests with the same variables (See also Table 1). 2) To substantiate the relationship 

between changes in depressive symptoms and individual features we used stepwise linear 

regression analysis (probability-of-F-to-enter ≤ 0.05, probability-of-F-to-remove ≥ 0.10), 

adopting a continuous approach with HDRS change scores. We calculated the clinical change 

as delta HDRS (HDRS scores at baseline T1 – HDRS scores two weeks after the procedure 

(T4)). Then, we used this score as dependent variable. Gender (dichotomous), Age, duration 

of the current depressive episode and individual differences in motor threshold were the 

independent predictors. A similar approach was performed with the delta BDI-I.   

2.4 Results 

Although the iTBS treatment was found to be safe and generally well tolerated, a 

majority of patients, especially at the start of the first session, mentioned some discomfort 

such as superficial pain sensations at the stimulation site, or headache. These complaints 

spontaneously disappeared after a short period of time or shortly after the intake of a common 

analgesic such as paracetamol.  

Given the three drop-out patients, we performed all analyses on the remaining 47 

patients. Twenty-five participants first received sham then real iTBS treatment during the 

second week, while 22 TRD patients had the opposite order.  

Mean HDRS scores before entering the study at baseline (T1) were 21.34 (SD= 5.26), 

indicating moderate to severe depression. Demographic and clinical characteristics of the 

patients are summarized in Table 1.  

According to the definition of clinical response, from the 47 included patients at the end of the 

two-week study protocol (T3) 13 were identified as clinical responders (28%), with only 7 in 

remission (15%) defined as a 17-item HDRS (score ≤ 7). However, two weeks after the iTBS 
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trial (T4) the amount of clinical responders (n=18) increased to 38%. Fourteen patients were 

considered in remission at T4 (30%).  

From the 22 patients who received real iTBS in the first week, 4 were considered to be 

in response at T2 (18%). Convinced of having had real stimulation, only one Stage II female 

patient out of 25 (4%) responded to the first week of placebo iTBS (HDRS from T1: 24 to T2: 

10) and further reaching remission at T3 (HDRS: 7) and at T4 (HDRS: 7). Four patients 

responded after the second week of real iTBS, and another 3 after the second week of sham 

treatment. Two male patients who responded after real iTBS at T2 were above the 50% 

response threshold again at T3 and remained at these scores at T4, and did not meet the criteria 

for clinical response. One female patient was considered responder after the second week of 

stimulation (real iTBS, HDRS: 10), but 2 weeks later at T4 she was clinically depressed again 

(HDRS: 23). All other patients who responded at T3 remained responder or were remission at 

T4. Although baseline HDRS and BDI-I were not correlated r= 0.24, n= 47, p= 0.11, the 

clinical changes (∆ HDRS, ∆ BDI-I) after the two week iTBS procedure were significantly 

correlated: at T3 (HDRS  T3- HDRS T1 and BDI-I T3 – BDI-I T1) r= 0.67, n=44, p<0.01 and 

at T4 (HDRS T4 - HDRS T1 and BDI-I T4 – BDI-I T1) r= 0.69, n=43, p<0.01. Due to some 

missing BDI-I values, the number of included patients varied across time points. A LOCF 

approach including 45 patients did not influence this outcome. 

a. Clinical effects of accelerated iTBS treatment on depression severity on a 

weekly basis 

The 4 (Time) x 2 (Order) ANOVA with the HDRS scores as dependent variable 

showed a significant main effect of Time F(3, 41)= 23.57, p< 0.01, but not of Order F(1, 43)= 

0.54, p= 0.47. Importantly, the two-way interaction between Time and Order was not 

significant F(3, 41)= 1.36, p= 0.27, suggesting that the order of stimulation had little to no 

impact on clinical improvements as a function of time. The significant main effect of time 

showed linear decreases on the 17-item HDRS scores over time, suggesting that the 

accelerated iTBS procedure, regardless whether it was real or sham, was associated with 

significant improvement regarding depression severity. See Figure 2. 

 Using the individual BDI-I scores as dependent variable, a similar outcome was 

evidenced: a significant main effect of Time F(3, 38)= 10.36, p< 0.01, but not of Order F(1, 

40)= 0.01, p= 0.93 and no significant two-way interaction between these two factors was 

observed F(3, 38)= 0.88, p= 0.46. Due to missing data, 42 TRD patients were included (22 
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received first real). A LOCF analysis including 45 patients (22 received first real) did not 

influence this outcome. Of note, when performing a 2 (Time: pre/post) x 2 (Intervention: 

real/sham) ANOVA, to examine the effects of one week of real and one week of sham iTBS, 

but this time between subjects, again we observed a significant main effect of Time F(1, 45)= 

19.14, p< 0.01, not of Order F(1, 45)= 1.05, p= 0.31 and not for the two-way interaction 

between Time and Order F(1, 45)= 1.79, p= 0.19. A similar outcome was found with the 

BDI-I. 

 

Figure 2: Graphical representation of the  2 x 4 ANOVA with Time (HDRS 

scores at baseline (T1), after one week (T2) and two weeks of stimulation (T3), 

and 2 weeks after the end of the treatment protocol (T4)) as within-subjects factor 

and Order (first sham then real vs. first real then sham) as between-subjects 

factors. 

b. Clinical effects of accelerated iTBS treatment on depression severity over 

24 hours 

To evaluate the iTBS clinical effects over 24 hours (BDI-I 24h) the mixed ANOVA 

with Week (week 1 vs. week 2) and Day (T1 day one; T2 day two; T3 day three; T4 day four) 

as within-subjects factors and Order (first sham then real vs. first real then sham) as between-

subjects factor, showed a main effect of Week F(1, 40)= 5.04, p= 0.03, and Day F(3, 120)= 

2.88, p= 0.04  but not of Order F(1, 40)= 0.33, p= 0.57. The two-way interactions between 

Week and Order F(1, 40)= 0.12, p= 0.73, between Day and Order F(3, 120)= 2.36, p= 0.08, 
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and between Week and Time were not significant F(3, 120)= 0.77, p= 0.51. The three-way 

interaction between Week, Day, and Order was not significant either, F(3, 120)= 0.46, p= 

0.71. Due to missing data, 42 TRD patients were included (22 received first real). A LOCF 

approach with 43 patients (22 received first real) did not influence this outcome. Paired T-

tests (LOCF) did not show significant differences between the 2 different week and days 

(p’s>0.05). 

c. Immediate daily clinical effects of accelerated iTBS treatment on mood 

The mixed MANOVA evaluating the immediate iTBS effects on mood (VAS) showed 

a marginal significant main effect of Week F(7, 36)= 2.04, p= 0.08, but no significant main 

effect of Day F(21, 366)= 0.81, p= 0.71 or of Order F(7, 36)= 0.76, p= 0.62. The interaction 

effects between Week and Order F(7, 36)= 0.76, p= 0.62, between Day and Order F(21, 

366)= 0.42, p= 0.99, and between Week and Day F(21, 366)= 1.23, p= 0.22 were not 

significant either. Furthermore, the interaction effect between Week, Day and Order was not 

significant F(21, 366)= 1.11, p= 0.33. See Table 2. Of note, mixed ANOVAs performed for 

each VAS subscale separately did not show any significant effects, neither real nor sham 

iTBS therapy.   

d. Demographic influences on clinical outcome of accelerated iTBS 

treatment  

For the categorical approach, Pearson Chi-Square tests showed no significant 

association between responders/non-responders and Gender X
2
(47)= 0.80, p= 0.37, Order 

X
2
(47)= 0.07, p= 0.80, hospitalization/ ambulatory treatment X

2
(47)= 0.43, p= 0.51, 

benzodiazepine intake (yes/no) X
2
(47)= 0.23, p= 0.63, type of depression (melancholic/non-

melancholic) X
2
(47)= 0.51, p= 0.48, or Staging (I, II, III) X

2
(47)= 1.70, p= 0.43.  

Furthermore, baseline measurements were not different between responders and non-

responders (detected at T4) for depression severity HDRS: T(45)= 0.06, p= 0.95 and BDI-I: 

T(43)= 0.70, p= 0.49, age T(45)= 0.97, p= 0.34, number of depressive episodes (including the 

current one) T(45)= 0.30, p= 0.77, age of first depressive episode T(45)= 0.06, p= 0.49, rMT 

T(45)= 0.08, p= 0.94. For three chronically depressed patients (one Stage I, one Stage II and 

one stage III) no clear-cut point of timing of current depressive episode could be established 

as they claimed to be depressed over the last 20 years or longer and they did not remember 

episodes of feeling better or less severely depressed. Therefore, we decided to exclude these 
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patients from these analyses concerning depression duration. Nevertheless, we found no 

significant differences of duration of the current depressive episode between responders and 

non-responders T(42)= 1.42, p= 0.16. Of note, one-way ANOVA’s did not show significant 

group differences between the 3 groups (Staging I, II, and III) (p’s>0.05) for the number of 

episodes, the age of the first episode, the duration of the current episode, rMT, BDI-I at T1, 

except for HDRS at T1 F(2, 46)= 3.53, p= 0.04. Bonferroni corrected T-tests showed that 

Stage III patients scored significantly higher on 17-item HDRS than Stage I TRD patients (p= 

0.04). 

Finally, for the continuous approach, the stepwise multiple linear regression analysis 

for delta HDRS did not identify any of the variables as significant predictor. This was the 

same for the delta BDI-I. LOCF approaches did not change these outcomes. 

 



 

67 

 

Daily assessment Sham>Real    Real>Sham    

          

Week 1  T1 T2 T3 T4 T1 T2 T3 T4 

          

BDI-I 24h  28.18 

(9.42) 

27.57  

(9.30) 

27.70  

(10.95) 

28.70  

(11.42) 

28.46  

(7.90) 

26.41  

(7.82) 

27.19  

(7.76) 

27.41  

(10.38) 

          

VAS Tiredness 6.88 (1.78) 6.98 (1.62) 7.20 (1.80) 7.42 (1.93) 6.62 (2.26) 6.44 (2.41) 6.40 (2.29) 6.65 (1.95) 

 Power 2.21 (1.36) 2.09 (1.39) 1.82 (1.23) 1.80 (1.32) 1.69 (1.07) 1.56 (1.12) 1.71 (1.24) 1.69 (1.54) 

 Anger 3.27 (2.49) 3.36 (2.94) 2.99 (2.83) 3.11 (3.05) 3.03 (2.29) 2.40 (2.48) 3.00 (2.92) 2.78 (2.66) 

 Cheerfulness 2.92 (2.08) 2.76 (1.98) 2.53 (2.08) 2.28 (2.15) 2.16 (2.05) 1.89 (1.43) 1.80 (1.21) 1.77 (1.55) 

 Tension 5.25 (2.53) 5.17 (2.74) 5.09 (2.68) 5.35 (3.25) 5.26 (1.96) 4.66 (1.99) 4.91 (2.45) 4.62 (2.05) 

 Depression 5.96 (2.32) 5.61 (2.23) 5.58 (2.84) 6.07 (2.70) 6.11 (1.71) 5.87 (2.14) 6.02 (2.28) 5.79 (2.43) 

 Happiness 2.16 (1.26) 1.93 (1.29) 1.79 (1.16)  1.62 (1.27) 1.55 (0.95) 1.61 (1.28) 1.68 (1.29) 1.71 (1.59) 

          

Week 2  T1 T2 T3 T4 T1 T2 T3 T4 

          

BDI-I 24h   26.32  

(10.54) 

26.43  

(11.17) 

25.91  

(10.83) 

27.14  

(10.64) 

28.50  

(10.28) 

24.95  

(10.58) 

25.14  

(10.71) 

25.91  

(9.65) 

          

VAS Tiredness 7.36 (1.85) 7.01 (1.99) 6.95 (2.00) 7.06 (2.11) 6.36 (2.17) 5.92 (2.37) 6.25 (2.30) 5.68 (2.07) 

 Power 1.91 (1.20) 2.23 (1.47) 2.39 (1.65) 2.21 (1.59) 1.84 (1.69) 2.40 (1.83) 2.26 (2.09) 1.86 (1.70) 

 Anger 3.17 (2.98) 2.71 (2.93) 2.80 (2.92) 2.97 (3.15) 3.29 (3.03) 2.79 (2.58) 2.87 (2.92) 2.86 (2.99) 

 Cheerfulness 2.51 (2.18) 2.68 (2.14) 2.97 (2.25) 2.63 (2.29) 1.93 (1.72) 2.63 (1.91) 2.49 (2.09) 1.99 1.76) 

 Tension 5.45 (2.69) 5.27 (2.61) 5.40 (2.69) 5.37 (2.82) 4.69 (2.21) 4.38 (2.27) 4.59 (2.62) 4.92 (2.46) 

 Depression 5.79 (2.62) 5.71 (2.57) 5.85 (2.44) 5.94 (2.32) 5.98 (2.77) 5.49 (2.39) 5.61 (2.58) 6.01 (2.54) 

 Happiness 1.93 (1.40) 2.23 (1.56) 2.23 (1.72) 2.20 (1.80) 1.88 (1.71) 2.37 (1.81) 2.34 (2.03) 1.90 (1.84) 

Table 2: Mean ratings and standard deviations for the BDI-I assessed every day before iTBS stimulation (BDI-I 24 h) and the visual analogue (VAS) subscales 

assessed just before and just after each stimulation session. 
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2.5 Discussion 

Given that the majority of the iTBS studies typically use (sub)threshold stimulation 

intensities (%MT of 100% or less) (Oberman et al., 2011; Chung et al., 2015), this iTBS study 

shows that suprathreshold iTBS is safe, and it can even be applied several times a day with 

short time intervals between sessions. No seizures or any other major adverse events were 

observed. Minor transient complaints such as fatigue and headache were reported mainly after 

the first treatment sessions, but none required medical attention.  

Concerning the overall clinical improvements, this study showed no statistical 

significant differential effects between sham and real stimulation on depression severity 

symptoms, assessed with the 17-HDRS and the BDI-I on a weekly basis. Moreover, no 

differential immediate mood changes occurred during the iTBS sessions when examined on a 

daily basis (VAS, BDI-I 24h). Overall, these results are in line with our former accelerated 

HF-rTMS treatment protocol (Baeken et al., 2013), also using a within subjects sham-

controlled crossover design, performing in total 20 sessions of suprathreshold HF-rTMS 

spread over 4 days performed 5 times daily (yielding a similar amount of pulses). Indeed, at 

the group level all TRD patients experienced clinical improvement to some extent, regardless 

of order, real/sham stimulation, substantiating our former findings that such accelerated 

protocols may be prone to stronger placebo effects (Baeken et al., 2013). Regardless of the 

stimulation protocol, accelerated protocols with several sessions a day, providing a lot of 

time, care, and attention to the patients may accumulate to a stronger placebo effect. Placebo 

responses in neurostimulation designs are not uncommon, also following the more classic 

sham-controlled rTMS studies offering daily treatment over weeks (Berman et al., 2000). The 

daily VAS results also agree with recent findings of an accelerated HF-rTMS study where 

over a 3-day period of 3 daily stimulation sessions yielding up to 54.000 stimuli in total, 20 

patients were allocated to real stimulation and 21 allocated to receive sham HF-rTMS (George 

et al., 2014). These authors could also not find significant differences between the two groups 

on the VAS measurements. Unlike inventories or questionnaires like the HDRS or BDI, it has 

been claimed that VAS used to detect mood change may not be sensitive enough to capture 

discrete moods changes caused by rTMS (George et al., 1996). Nevertheless, our daily 

assessment on depression severity symptoms (BDI-I 24h) also did not indicate that the 

application of real or sham iTBS immediately changed the patient’s impression of feeling less 

or more depressed.  
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 Importantly, and also in line with our former accelerated HF-rTMS study (Baeken et 

al., 2013), when using a categorical approach - defining clinical response by as a 50% 

decrease following treatment of the initial 17-item HDRS score - 28% of the TRD patients 

were considered to be clinical responders after the two-week iTBS treatment protocol (at T3). 

Although this number seems somewhat modest and numerically lower than our former 

accelerated HF-rTMS treatment study (in which 35% of these TRD patients responded after 

the two-week procedure), the follow-up assessment showed increases in clinical response 

rising to 38% at T4. Importantly, confirming our former findings, with these kinds of 

accelerated treatment protocols a vast number of patients (30%) were considered to be in 

remission (17-item HDRS scores ≤ 7). In the Hadley et al. (2011) study, a comparable 

proportion of MDD patients (i.e., 33%) showed remission after one week of HF-rTMS 

treatment (delivering 34.000 stimuli spread over 5 daily sessions). Furthermore, in the 

Holtzheimer trial (2010) 36% of the responders also were found to be in remission 3 weeks 

post last stimulation. Therefore, our current study adds to these findings by showing that the 

meaningful clinical effects resulting from the accelerated iTBS treatment performed over 4 

days may actually occur later in time, indicating a possible delayed plasticity as a function of 

iTBS. This latter interpretation is not at odds with the proposed neurophysiological effects of 

TBS where it is assumed that this kind of neurostimulation may create more potent 

neuroplasticity effects, which may become apparent later in time following the treatment 

(Chung et al., 2015). We note however that brain imaging or neurophysiological studies will 

be needed to confirm these assumptions. Using an intensified HF-rTMS protocol, Hadley and 

colleagues (2011) who delivered daily 6800 stimuli/session and 34.000 stimuli in 5 days 

(which is comparable to the number of stimulation reached here), encouraged their patients to 

carry on with this protocol for at least five weeks. After 8 weeks of treatment, 66% of the total 

sample of patients showed clinical remission. Although this was an open add-on to 

psychopharmacotherapy as usual study, these observations suggest indirectly that more potent 

clinical improvements may be obtained when accelerated stimulation is used during several 

weeks.  

  The current study did not confirm our previous finding of a predictive effect of a 

younger age and a shorter depressive period as predictors of beneficial outcome of accelerated 

HF-rTMS treatment (Baeken et al., 2013). Moreover, none of the demographic variables 

considered in our study turned out to explain (in part) the variance accounting for the 

distinction between responders and non-responders, nor clinical outcome more generally. 
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Accordingly, these findings do not support the assumption that beneficial neuroplasticity 

effects created by rTMS are especially visible in (relatively) younger patients (George and 

Post, 2011), and/or with a relatively short current depressive episode, or lower level of 

treatment resistance (Holtzheimer et al., 2004; Brakemeier et al., 2007). One could argue that 

compared to our previous study (Baeken et al., 2013), including only Stage III melancholic 

TRD patients, the current sample may have been more heterogeneous, with MDD patients 

showing different degrees of treatment resistance. We note however that neither depression 

staging nor the type of depression appeared to influence reliably the rate of clinical response 

in the current study. Furthermore, it should be emphasized that discrepant or sometimes 

opposite results were previously reported in the literature regarding the modulatory role (or 

the lack thereof) of demographic variables on TBS treatment efficacy in MDD patients. With 

some studies reporting a deleterious or hindering effects with increasing levels of treatment 

resistance (Li et al., 2014), while other studies failed to evidence significant contributions of 

variables such as therapy resistance, age, or duration of the current depressive episode as 

predictors (Plewnia et al., 2014). At any rate, it seems therefore parsimonious to conclude 

tentatively that clinical improvements in MDD resulting from an accelerated iTBS treatment 

may eventually be different (in either magnitude or content, or both) from the beneficial 

effects brought about by more classical iTBS/HF-rTMS protocols.  

 Some limitations warrant comments nonetheless. First, one major limitation is the lack 

of long-term follow-up data. By design, the T4 time point represents different duration of 

delay from real treatment across the two groups, thus essentially preventing direct comparison 

(See Figure 1). Another important limitation is related to the possibility that patients were 

actually aware of real vs. sham stimulations and thus not completely blind to these two 

different conditions. Although we took great care to minimize this possibility (including the 

use of a coil in the sham condition that was allegedly identical to the one used for the real 

stimulation condition, blindfolding and sound attenuation by means of earplugs), the sham 

condition necessarily differs from the real iTBS condition regarding skin sensations for 

example, a difference which may become especially obvious (for the patients) when using a 

crossover design like in the present case. Although not formally assessed, patients gave us 

such feedback. Despite the theoretical assumption that in contrast to a parallel group design, a 

crossover study comparing the same participants before versus after the intervention is not 

‘contaminated’ by the variability between subjects - since the comparison is carried out on 

each individual - increasing dramatically study power, for our study it could have accounted 
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for a disadvantage. For this accelerated iTBS study, we anticipated long term clinical effects 

meaning that the effect of a stimulation condition given in the first time period persists into 

the second period. However, possible delayed clinical effects of real iTBS when applied 

during the first week could only be measured at week two. For patients who received real 

stimulation during the second week, the delayed effects could not be measured. Secondly, 

although Berlim et al. (2013b) in a meta-analysis reported no significant differences between 

depressed patients who after treatment correctly guessed their actual condition allocation (real 

or sham rTMS) and those who did not, in our study it was clear that a majority of patients 

were eventually aware of this skin sensation difference across the two conditions, as reported 

at the subjective level. Given the specificities of (accelerated) TBS designs, this problem 

might even be more salient with these designs than those based on (more standard) rTMS 

protocols. Lastly, as it is currently unclear whether the separate iTBS sessions applied on the 

left DLPFC in TRD patients evoked excitatory or inhibitory neuronal activity under the 

stimulation coil and/or in the connected regions, or even whether the net effect of the total 

accelerated iTBS treatment is predominantly excitatory or inhibitory, neurophysiological 

measures are needed to verify this influence on our results. 

 In conclusion, in spite that mood-related improvements may partly be explained by a 

placebo effect, nevertheless, accelerated iTBS treatment resulted in “fast” meaningful clinical 

responses with some delayed effect. The fact that the clinical effects of accelerated iTBS are 

comparable to those of accelerated HF-rTMS, which was recently confirmed in studies 

comparing directly these two neurostimulation techniques (Bakker et al., 2015), is promising 

because it paves the way for using an effective neurostimulation protocol to treat MDD 

patients, which is less time consuming than more regular rTMS ones. In this context, 

additional empirical (and clinical) work is needed to optimize these parameters during iTBS 

(e.g., stimulation frequency, number of cycles, duration) and eventually improve further 

clinical outcomes in MDD. To ascertain the specificity of the neuroplasticity effects created 

by accelerated iTBS and providing in turn protective mechanisms against MDD, the use of 

crossover experimental designs incorporating a proper sham condition appears as a “conditio 

sine qua non”. 
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3.1 Abstract 

Background: Repetitive transcranial magnetic stimulation over the left dorsolateral prefrontal 

cortex (DLPFC) has been documented to influence striatal and orbitofrontal dopaminergic 

activity implicated in reward processing. However, the exact neuropsychological mechanisms 

of how DLPFC stimulation may affect the reward system and how trait hedonic capacity may 

interact with the effects remains to be elucidated. 

Objective: In this sham-controlled study in healthy individuals, we investigated the effects of 

a single session of neuronavigated intermittent theta-burst stimulation (iTBS) on reward 

responsiveness, as well as the influence of trait hedonic capacity. 

Methods: We used a randomized crossover single session iTBS design with an interval of 1 

week. We assessed reward responsiveness using a rewarded probabilistic learning task and 

measured individual trait hedonic capacity (the ability to experience pleasure) with the 

temporal experience of pleasure scale questionnaire. 

Results: As expected, the participants developed a response bias toward the most rewarded 

stimulus (rich stimulus). Reaction time and accuracy for the rich stimulus were respectively 

shorter and higher as compared to the less rewarded stimulus (lean stimulus). Active or sham 

stimulation did not seem to influence the outcome. However, when taking into account 

individual trait hedonic capacity, we found an early significant increase in the response bias 

only after active iTBS. The higher the individual's trait hedonic capacity, the more the 

response bias toward the rich stimulus increased after the active stimulation. 

Conclusion: When taking into account trait hedonic capacity, one active iTBS session over 

the left DLPFC improved reward responsiveness in healthy male participants with higher 

hedonic capacity. This suggests that individual differences in hedonic capacity may influence 

the effects of iTBS on the reward system.  

Keywords: iTBS; theta-burst stimulation; reward processing; reward sensitivity; 

anhedonia; dorsolateral prefrontal cortex; probabilistic learning.   

  



 

Page 80 

 

3.2 Introduction 

Repetitive transcranial magnetic stimulation (rTMS) is a relatively new therapeutic 

tool to treat major depressive disorder (MDD). Most frequently applied to the left dorsolateral 

prefrontal cortex (DLPFC), a series of studies have demonstrated its efficiency in the 

treatment of this disorder (Berlim et al., 2014; Lefaucheur et al., 2014). Studies combining 

behavioral and neuroimaging data have shown the modulatory effect of high frequency rTMS 

(HF-rTMS) on different cognitive processes (for a review see Guse et al., 2010). Although the 

exact working mechanisms of how HF-rTMS treatment improves mood and cognition in 

MDD patients remains to be elucidated, one possible pathway could be that the mechanisms 

of action are modulated by the reward system (Downar et al., 2014). It has already been 

demonstrated in healthy adults that HF-rTMS over the left DLPFC modulates dopamine 

release in the anterior cingulate cortex, striatum and orbitofrontal cortex and alleviates 

anhedonic symptoms (Strafella et al., 2001, 2003; Pogarell et al., 2007; Cho and Strafella, 

2009). 

These regions also play a critical role in reinforcement learning (Santesso et al., 2008; 

Shohamy et al., 2008; Pizzagalli et al., 2009; Kunisato et al., 2012). Pizzagalli et al. (2008) 

evaluated the effect of the intake of a single dose of dopamine (D2/D3) agonist (pramipexole 

dihydrochloride) on reinforcement learning in healthy adults. Participants who received the 

drug (disrupting dopaminergic neurotransmission) exhibited impaired performance (lower 

response bias toward the most rewarded stimulus) when compared to placebo. In a similar 

protocol, Pessiglione et al. (2006) demonstrated that, compared to placebo, the intake of drugs 

known to enhance dopaminergic neurotransmission (L-DOPA) increased their response bias 

toward the most rewarded stimulus indicating a sharpened responsiveness to reward. 

Interestingly, using a non-pharmacological approach, Ahn et al. (2013) assessed the effects of 

a single HF-rTMS session over the left DLPFC on reward responsiveness in 18 healthy male 

individuals using a probabilistic reward task (Pizzagalli et al., 2005). After active stimulation 

only, participants showed significantly increased response bias in the early trials, indicating 

that a single HF-rTMS session over the left DLPFC increased reward responsiveness toward 

the most rewarded stimulus. However, as participants were only assessed after the stimulation 

session and not before, no change to baseline could be examined limiting the interpretations 

of the results. 
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Given the importance of examining whether the neurophysiological effects of rTMS 

are mediated by the reward system, in the current sham-controlled study we wanted to further 

verify whether in a similar sample of young healthy male individuals, one stimulation session 

would affect reward responsiveness during probabilistic learning (Pizzagalli et al., 2005). 

However, individual differences in hedonic capacity, which is the ability to experience 

pleasure in response to rewarding stimuli, could affect task performance (Sherdell et al., 

2012). Therefore, we also assessed the trait hedonic capacity of the participants using the 

temporal experience of pleasure scale (TEPS) (Gard et al., 2006). As far as we know, the role 

of individual hedonic capacities on the response to neurostimulation has not yet been 

investigated in healthy controls. 

For the stimulation protocol, we used intermittent theta-burst stimulation (iTBS). This 

kind of stimulation not only reduces significantly the length of the stimulation sessions, 

making it of high interest for clinical treatment paradigms (Di Lazzaro et al., 2008; Bakker et 

al., 2015), it is also thought to result in deeper stimulation of the brain and longer lasting 

stimulatory effects as compared to “classic” HF-rTMS protocols (Huang et al., 2005). We 

hypothesized that only active iTBS and not sham would positively modulate participants' 

performance during the completion of the probabilistic learning task. We also hypothesized 

that trait reward sensitivity would influence the participant's task performance after active 

iTBS. 

3.3 Material and Methods  

This study was approved by the local ethics committee of Ghent University Hospital 

and is in accordance with the declaration of Helsinki (2004). This study was part of a larger 

project investigating the influence of iTBS on neurocognitive markers in healthy controls and 

depressed patients. 

3.3.1 Participants 

Twenty two healthy male students, all right-handed and naive to TMS, volunteered to 

participate in this study. Their mean age was 23.2 years (SD = 3.59). They had no 

neurological disorders, psychiatric illness or medical history and were screened by a certified 

psychiatrist for medical contraindications for rTMS following rTMS safety guidelines (Rossi 

et al., 2009; Lefaucheur et al., 2014). Participants gave written informed consent prior to the 

start of the study. Participants were financially compensated for their participation (50 euro + 
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a maximum of 20 extra euros, depending on their performance on the probabilistic learning 

task). 

3.3.2 Transcranial Magnetic Stimulation 

iTBS stimulation was applied using a Magstim Rapid2 Plus1 magnetic stimulator 

(Magstim Company Limited, Wales, UK) connected to a 70 mm “figure eight” shaped coil. 

Before the first stimulation session, the individual resting motor threshold was determined 

using surface electromyography to measure the minimal stimulation intensity necessary to 

produce a motor evoked potential on the right abductor pollicis brevis muscle. In order to 

accurately target the stimulation site [left DLFPC i.e., the center part of the midprefrontal 

gyrus (Brodmann 9/46)], the Brainsight neuronavigation system (Brainsight™, Rogue 

Research, Inc.) was used guided by the participant's structural cerebral MRI. After 

randomization (flipping a coin), participants received one stimulation session (active/sham) 

using the following parameters: 1620 pulses in 54 cycles of 10 bursts of 3 pulses with a train 

duration of 2 s and an inter-train interval of 8 s with a power output of 110% of the resting 

motor threshold. For the sham condition we used a specially designed sham coil identical to 

the active coil, mimicking the active stimulation feeling and sound without delivering any 

active stimulation. In this randomized within-subject crossover design, each participant 

received one active and one sham stimulation session (or vice versa) with an interval of 1 

week between the two sessions. For both stimulations, participants were blinded and fitted 

with ear plugs to limit possible perceptual differences due to the stimulation condition (active 

or sham). At the start of the experiment, they completed the TEPS questionnaire. Before and 

after each stimulation, participants were assessed with the probabilistic learning task 

(Pizzagalli et al., 2005). The order of stimulation was counterbalanced across participants. 

After exclusion of an outlier, the active-sham group consisted of 10 participants and the sham-

active group of 11 participants. On sociodemographic variables (education, marital status, 

lateralization), the order of stimulation groups only differed in age: active-sham (M = 20.80, 

SD = 1.68) sham-active (M = 25.45, SD = 3.44), t(19) = 3.86 p < 0.01. This group difference 

is balanced-out by the crossover design in which each participant acts as his own control. 
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3.3.3 Probabilistic learning task  

The task (Pizzagalli et al., 2005) is composed of three blocks (B1, B2 and B3) of 100 

trials. Each trial starts with the presentation of a fixation cross for 500ms followed by a 

mouthless cartoon face for 500ms. A schematic mouth (a horizontal line), long (13mm) or 

short (11.5mm), is then presented on the cartoon face for 100ms. Participants are forced to 

choose which stimulus was shown by pressing the corresponding key on their keyboard. The 

association between a key and a mouth was counterbalanced between participants and 

between task completion (before vs. after stimulation) to avoid lateralization bias. If not 

correct, a new trial starts. If correct, participants are sometimes rewarded: a feedback screen 

announcing that they won 5 eurocents is presented for 1750ms before starting a new trial 

(Figure 1). For each block, a pseudo random sequence of 50 short and 50 long mouths is used 

among which 40 correct responses are programmed to be rewarded. To induce a response 

bias, one mouth stimulus (called “rich” stimulus) is randomly chosen before the start of the 

task to be three times more often rewarded when correctly recognized than the other one 

(called “lean” stimulus). Among the 40 rewarded trials per block, 30 were allocated to the 

correct recognition of the rich stimulus and 10 to the lean stimulus. The assignment of rich 

and lean stimuli is counterbalanced within subject across the 4 task completions (if the long 

mouth is designated to be the rich stimulus for the first task completion, it is automatically 

designated to be the lean stimulus for the second task completion to avoid repetition during a 

testing day). Before starting the task, participants are instructed that not all correct trials will 

be rewarded but they are not informed that one stimulus will be more frequently rewarded 

than the other one. Participants are instructed to try to win as much money as possible. 

 

Figure 1: Probabilistic reward task schematic design (Pizzagalli et al., 2005). 

3.3.4 Temporal experience of pleasure scale 

The temporal experience of pleasure scale (Gard et al., 2006) is composed of 18 self-

report items and assesses individual trait dispositions in both anticipatory (TEPS ANT) and 

consummatory (TEPS CON) experiences of pleasure (10 items for the anticipatory pleasure 
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scale and 8 items for the consummatory pleasure scale). The sum of the two subscales (TEPS 

TOT) is a measure of hedonic capacity (or anhedonia; Gard et al., 2006): the lower the score, 

the lower the hedonic capacity. This scale has the advantage of being applicable in both 

healthy controls and depressed patients (in depressed patients, low hedonic capacity is 

referred to as anhedonia), and it has been validated and used as such (Gard et al., 2006; 

Strauss et al., 2011). It has been demonstrated to have a good internal consistency, test–retest 

reliability, and convergent and discriminant validity (Gard et al., 2006). As advised by 

Sherdell et al. (2012) we used this validated scale because of its specificity for hedonic 

capacity, instead of using separate items from a larger depression scale (i.e., BDI), as they do 

not provide clear insight into the different subcomponents of reward processing.  

3.3.5 Data reduction and statistical analyses 

Three outcome variables were used to assess participant's performance at the 

probabilistic learning task: response bias (RB), response accuracy and reaction time (RT). The 

RB is the main dependent variable for this study. It measures the systematic preference of a 

participant toward the rich stimulus. The RB increases as the participant shows high rates of 

correct identification for the rich stimulus and low rate of correct identification for the lean 

stimulus. 

 

The Response accuracy was also analyzed. 

 

Due to low variance in response accuracy, arcsine transformation was performed on 

raw accuracy data before entering statistical analyses. Regarding reaction time (RT), because 

the data were not normally distributed, log transformation was also performed before 

statistical analyses, which resulted in a normal distribution as indexed by the Shapiro-Wilk 

test and visual inspection of Q-Q plots. 

The analyses were performed according to Pizzagalli et al. (2005). Analyses of 

variance (ANOVA) were performed on transformed accuracy and RT data, with Condition 

(rich, lean), Stimulation (active, sham), Time (pre, post stimulation) and Block (B1, B2, B3) as 
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repeated measures. For response bias, the ANOVA included Block, Time and Stimulation 

only. As the aim is to investigate probabilistic learning processes, it is crucial to separate the 

task in different analytic parts (Blocks) and to include Block as a factor in the analysis. Per 

participant and for each task completion separately, trials with RTs shorter than 3 standard 

deviations were discarded. For all analyses, the significance level was set at α = 0.05. Cohen's 

d was calculated to evaluate effect sizes at the contrast level (difference between the means 

divided by the pooled standard deviation). Where necessary, we applied the Greenhouse-

Geisser correction to ensure the assumption of sphericity. All collected data were analyzed 

with SPSS 22 (Statistical Package for the Social Sciences; IBM SPSS Statistics for Windows, 

Version 22.0, IBM Corp., Armonk, NY). 

3.4 Results 

One participant mostly answered using only one key, resulting in either extremely high 

or extremely low (negative) RB scores with no learning effect throughout the blocks. This 

indicates that he did not follow the task instructions. The reason for this behavior was not 

known, as we detected this irregularity only when checking the data later. This participant 

was consequently removed from the analyses. 

a. Response bias  

In a first step, the repeated measures ANOVA with Stimulation (active and sham), 

Time (pre and post stimulation) and Block (B1, B2, and B3) as factors showed a main effect of 

Block, F(2, 20) = 9.96, p < 0.01: the RB in B1 (M = 0.04, SD = 0.11) was smaller than in B2 

(M = 0.14, SD = 0.17), t(20) = 2.67, p = 0.01 d = 0.70 and the RB in B3 (M = 0.20, SD = 

0.16) was higher than in B1 (M = 0.04, SD = 0.11), t(20) = 4.97, p < 0.01 d = 1.16. The main 

effect of Stimulation trended toward significance: the RB in the active condition (M = 0.15, 

SD = 0.12) was higher than in the sham condition (M = 0.10, SD = 0.13), F(1, 20) = 3.72, p = 

0.068. No significant Block x Time x Stimulation interaction was found, F(2, 20) = 1.88, p = 

0.16 (For an overview of the ANOVA results, see Table 1; for an overview of the means, see 

Supplementary Material). 
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Variables df Mean square F-value P-value 

Stimulation 1 0.11 3.7 0.068 

Time 1 <0.01 <0.01 0.99 

Block 2 0.55 9.96 <0.01* 

Stimulation x Time 1 <0.01 <0.01 0.95 

Stimulation x Block 2 0.03 1.01 0.37 

Time x Block 2 0.15 2.70 0.08 

Stimulation x Time x Block 2 0.10 1.89 0.16 
Significant effects are marked by * (p<0.05) 

Table 1: ANOVA for the response bias 

In a second step, to check the possible influence of individual differences in trait 

hedonic capacity, the TEPS scores were used as covariates in the analysis. TEPS TOT, TEPS 

ANT and TEPS CON were entered successively as covariates (ANCOVA). No significant 

effect emerged from the ANCOVAs using TEPS TOT or TEPS ANT. However, the 

ANCOVA with TEPS CON as a covariate revealed a significant interaction between 

Stimulation, Time, Block and TEPS CON, F(2, 19) = 3.86 p = 0.03 (for an overview of the 

results, see Table 2). 

Covariate Variables df Mean 

square 

F-

value 

P-value 

TEPS TOT Stimulation x Time x Block 2 0.08 1.49 0.24 

Stimulation x Time x Block x TEPS 

TOT 

2 0.09 1.82 0.17 

TEPS CON Time x Block 2 0.16 3.16 0.054 

Time x Block x TEPS CON 2 0.17 3.47 0.04* 

Stimulation x Time x Block 2 0.14 3.01 0.06 

Stimulation x Time x Block x TEPS 

CON 

2 0.18 3.86 0.03* 

TEPS ANT Stimulation x TEPS ANT 1 0.09 3.57 0.07 

Stimulation x Time x Block  2 0.05 0.95 0.40 

Stimulation x Time x Block x TEPS 

ANT 

2 0.05 0.91 0.41 

Significant interactions are marked by * (p<0.05). 

Table 2: Significant or important interactions from the ANCOVA analysis on RB using TEPS TOT, 

TEPS CON or TEPS ANT as a covariate. 

Following the significant omnibus interaction with TEPS CON, we ran follow-up tests with 

TEPS CON as a covariate and check for potential interaction effects with the individual's 

hedonic capacity (moderation). 

At the block level with TEPS CON as a covariate, we looked at the differences between active 

and sham stimulation at pre- or post-measurements. Only one significant difference was 

found: B3 pre-active (M = 0.23, SD = 0.27) was higher than B3 pre-sham (M = 0.12, SD = 
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0.26) and this trended toward significance, F(1, 19) = 4.26, p = 0.053 d = 0.41. The 

interaction also approached significance, F(19) = 3.92, p = 0.062. For B3 post-active vs. post-

sham the interaction with TEPS CON was significant F(19) = 6.72, p = 0.02. 

Simple effect analyses with TEPS CON as a covariate were conducted to compare response 

bias between blocks for each measurement: in the post-active measurement B2 (M = 0.21, SD 

= 0.30) was higher than B1 (M = 0.02, SD = 0.20), F(1, 19) = 12.33, p < 0.01, with Cohen's d 

indicating a large effect size (d = 0.76), and there was no interaction with TEPS CON, F(19) 

= 1.33, p = 0.26. In the post-sham measurement B3 (M = 0.26, SD = 0.32) was higher than B2 

(M = 0.10, SD = 0.35), F(1, 19) = 6.00, p = 0.02, with Cohen's d indicating a medium effect 

size (d = 0.47), and there was no interaction with TEPS CON, F(19) = 1.29, p = 0.27, (Figure 

2). To check whether the order of active vs. sham stimulation would influence the effects, 

order was included as a within-subject factor in a separate ANCOVA in combination with all 

the other factors. No main effect or crucial interaction with Order was found. 

 

Figure 2: Representation of the RB across blocks (B1B2B3), before and after (pre, post) active or sham 

stimulation. Significant effects are marked by * (p < 0.05). 

For Time and Stimulation, pre- vs. post-stimulation (active or sham), neither statistical 

difference nor interaction with TEPS CON was found. 

For Time and Block we looked at the difference between blocks (ΔRB) pre- and post-

measurements, and we computed the change post- minus pre-stimulation (ΔRB pre/post) of 

the differences between blocks for each stimulation. 
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For ΔRB B2B1, pre-active was not significantly different from post-active, F(19) = 

2.07, p = 0.16, but the interaction with TEPS CON approached significance, F(19) = 3.85 p = 

0.064. Pre-sham vs. post-sham showed no significant difference, F(19) = 2.82, p = 0.11, and 

there was no interaction with TEPS CON, F(19) = 2.10, p = 0.16. Pre-active was not 

significantly different from pre-sham, F(19) = 1.75, p = 0.20, but the interaction with TEPS 

CON approached significance, F(19) = 3.71, p = 0.07, and post-active vs. post-sham showed 

no significant difference, F(19) = 0.53, p = 0.47, and there was no interaction with TEPS 

CON, F(19) = 1.19, p = 0.29. For ΔRB B2B1 pre/post-active vs. ΔRB B2B1 pre/post-sham 

there was no significant difference, F(19) = 0.05 p = 0.82, and there was no interaction with 

TEPS CON, F(19) = 0.09, p = 0.76. 

For ΔRB B3B2, pre-active was not significantly different from post-active, F(19) = 

0.63, p = 0.43, but the interaction with TEPS CON was significant, F(19) = 7.91, p = 0.01. 

Pre-sham vs. post-sham showed no significant difference, F(19) = 2.31 p = 0.14, nor 

interaction with TEPS CON, F(19) < 0.01, p = 0.95. Pre-active was not significantly different 

from pre-sham, F(19) = 0.52 p = 0.48, but the interaction with TEPS CON was significant, 

F(19) = 8.13, p = 0.01, and post-active vs. post-sham showed no significant difference, F(19) 

= 2.87 p = 0.11, and there was no interaction with TEPS CON, F(19) = 1.67, p = 0.21. For 

ΔRB B3B2 pre/post-active vs. ΔRB B3B2 pre/post-sham there was no significant difference, 

F(19) = 2.53, p = 0.13, but the interaction with TEPS CON was significant F(19) = 19, p = 

0.03. 

For ΔRB B3B1, pre-active was not significantly different from post-active, F(19) = 

0.09 p = 0.76, and there was no interaction with TEPS CON, F(19) = 3.24, p = 0.09. The pre-

sham (M = 0.01, SD = 0.24) was lower than the post-sham (M = 0.29, SD = 0.38), F(1, 19) = 

8.02, p = 0.01 d = 0.88, but there was no interaction with TEPS CON, F(19) = 1.86, p = 0.19. 

Pre-active was not significantly different from pre-sham, F(19) = 3.11, p = 0.09, and there 

was no interaction with TEPS CON, F(19) = 0.87, p = 0.36. Post-active vs. post-sham 

showed no significant difference, F(19) = 1.14 p = 0.3, but the interaction with TEPS CON 

was significant, F(19) = 4.86, p = 0.04. For ΔRB B3B1 pre/post-active vs. ΔRB B3B1 pre/post-

sham there was no significant difference, F(19) = 3.42, p = 0.08, but the interaction with 

TEPS CON was significant, F(1, 19) = 4.86, p = 0.04. 
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b. Correlations 

To visualize and further explore possible influential cases related to the nearly significant 

interaction with TEPS CON and ΔRB B2B1 pre/post active and the significant interaction with 

TEPS CON and ΔRB B3B2 pre/post active, we ran bivariate correlation analyses on the 

relationship between TEPS CON and these variables. 

 

Figure 3: Correlations between TEPS CON and ΔRB B2B1 pre/post active, r(19)=0.41, p=0.064 (A) 

and ΔRB B2B1 pre/post active minus the 2 influential cases, r(17)=0.59, p<0.01 (B) and between TEPS 

CON and ΔRB B3B2 pre/post active r(19)=-0.54, p=0.01 (C) and ΔRB B3B2 pre/post active minus 1 

influential case, r(18) = −0.46, p = 0.04 (D). The influential cases are colored in red. 

For TEPS CON and ΔRB B2B1 pre/post-active (Figure 3A) there was a positive 

correlation, r(19) = 0.41, p = 0.064 (see the abovementioned interaction). After visual 

inspection of the plot of TEPS CON against ΔRB B2B1 pre/post-active, 2 data points appear 

as influential cases. These 2 cases have the highest scores on both Cook's distance and 

leverage values (influence measurements) and exceeded the Cook's distance numerical cut-off 

(Fox, 1991). In addition these 2 data points correspond to the 2 lowest scores in the TEPS 

CON from our population sample. After removal of these data points, the correlation between 
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TEPS CON and ΔRB B2B1 pre/post-active increased and became highly significant, r(17) = 

0.59, p < 0.01 (Figure 3B). 

For TEPS CON and ΔRB B3B2 pre-post-active (Figure 3C) there was a negative 

correlation, r(19) = −0.54 p = 0.01 (see the abovementioned interaction). One case exceeded 

numerical cut-off for Cook's distance but had low leverage value. After removal of this case 

the correlation decreased but remained significant, r(18) = −0.46, p = 0.04 (Figure 3D). 

c. Reaction time 

The repeated measures ANOVA with Condition (rich and lean), Stimulation (active 

and sham), Time (pre- and post-stimulation) and Block (B1, B2 and B3) as factors showed a 

main effect of Condition, F(1, 20) = 31.17, p < 0.01. Reaction time (log ms) for the rich 

stimulus (M = 6.12, SD = 0.16) was faster than for the lean stimulus (M = 6.18, SD = 0.17). 

The interaction between Condition and Stimulation trended toward significance, F(1, 20) = 

3.49, p = 0.076. A significant interaction between Block and Condition emerged, F(2, 20) = 

15.89, p < 0.01 and the interaction between Condition, Time and Stimulation approached 

significance, F(1, 20) = 4.25, p = 0.052 (for an overview of the ANOVA results, see Table 3; 

for an overview of the means, see Supplementary Material). 

Variables df Mean square F-value P-value 

Condition 1 0.44 31.17 <0.01* 

Stimulation 1 <0.01 0.05 0.82 

Time 1 <0.01 0.05 0.82 

Block 2 <0.01 0.12 0.88 

Condition x Stimulation 1 0.03 3.49 0.08 

Condition x Time 1 <0.01 <0.01 0.97 

Stimulation x Time 1 0.12 2.25 0.15 

Condition x Stimulation x Time 1 0.02 4.25 0.052 

Condition x Block 2 0.08 15.89 <0.01* 

Stimulation x Block 2 <0.01 0.21 0.81 

Condition x Stimulation x Block 2 <0.01 0.73 0.49 

Time x Block 2 <0.01 1.03 0.37 

Condition x Time x Block 1.45 0.02 2.87 0.09 

Stimulation x Time x Block 2 0.02 1.78 0.18 

Condition x Stimulation x Time x Block 2 <0.01 0.34 0.71 

Significant interactions are marked by * (p<0.05). 

Table 3: ANOVA for the reaction time. 
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To investigate the Condition x Stimulation interaction we compared the RT for the rich 

and lean stimuli per stimulation condition. In the active stimulation condition, the RT for the 

rich stimulus (M = 6.11, SD = 0.19) was faster than for the lean stimulus (M = 6.18, SD = 

0.21), t(20) = 4.72, p < 0.01 d = 0.35. The same results were observed in the sham stimulation 

condition: RT for the rich stimulus (M = 6.13, SD = 0.15) was faster than for the lean 

stimulus (M = 6.18, SD = 0.15), t(20) = 4.38, p < 0.01 d = 0.26. To specify the significant 

interaction, we computed the difference of RT between the rich and the lean stimuli for the 

real stimulation condition (M = −0.07, SD = 0.07) and for the sham stimulation condition (M 

= −0.04, SD = 0.05). No other contrasts were significant. 

Follow-up tests to investigate the Block x Condition interaction revealed that the 

average RT for the rich condition decreased along blocks whereas it increased for the lean 

condition: for the rich condition, RT at B3 (M = 6.10, SD = 0.15) was significantly faster than 

at B1 (M = 6.14, SD = 0.18), t(20) = 2.16, p = 0.04 d = 0.26 whereas for the lean condition, 

RT at B3 (M = 6.19, SD = 0.17) was significantly slower than at B1 (M = 6.15, SD = 0.17), 

t(20) = 2.23, p = 0.04 d = 0.23. 

Follow-up tests on the Condition × Time × Stimulation interaction revealed a 

significant difference for the rich condition between the post-active and post-sham condition: 

the average RT was lower in the post-active condition (M = 6.09, SD = 0.18) than in the post-

sham condition (M = 6.16, SD = 0.16), t(20) = 2.5, p = 0.02 d = 0.38. 

We computed the change in RT by subtracting the pre-stimulation to the post-

stimulation (ΔRT pre/post stimulation) for each stimulation (active or sham) and stimulus 

(rich or lean). For the rich stimulus the difference between ΔRT pre/post in the active 

condition (M = −0.04, SD = 0.13) and ΔRT pre/post in the sham condition (M = 0.05, SD = 

0.15) tended toward significance, t(20) = 1.94, p = 0.067 d = 0.61. Overall the RT for the rich 

stimulus decreased after active stimulation whereas it increased after sham stimulation. 

We also computed for each stimulus the RT difference in the pre-stimulation condition 

between active and sham and in the post-stimulation condition between active and sham. For 

the rich stimulus the comparison of the difference of RT “pre-active minus pre-sham” vs. the 

difference “post-active minus post-sham” tended toward significance, respectively (M = 0.02, 

SD = 0.21) and (M = −0.06, SD = 0.12), t(20) = 1.94, p = 0.067 d = 0.50 indicating that for 

the rich stimulus the difference of RT between active and sham was more important after 

stimulation than before stimulation. When comparing the difference of RT “post-active minus 
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post-sham” of the rich vs. the lean stimulus, the RT difference was more important for the 

rich (M = −0.06, SD = 0.12) than for the lean (M = −0.01, SD = 0.13); t(20) = 2.82, p = 0.01 

d = 0.40. 

We then compared the differences “active minus sham; post minus pre” values of the 

rich and lean stimuli to specify how the Stimulation and Time factors had a different influence 

on the RT of the two stimuli. The difference between “active minus sham; post minus pre” 

stimulation was greater for the rich stimulus (M = −0.08, SD = 0.20) than for the lean 

stimulus (M = −0.04, SD = 0.19) indicating that the RT for the rich stimulus was more 

modulated by the Stimulation and Time factors than the RT for the lean stimulus but this did 

not reached significance. For an overview of the follow-up test means, see supplementary 

material. 

To check for the influence of individual differences in trait hedonic capacity, the TEPS 

scores were used as covariates in the analysis. TEPS TOT, TEPS ANT and TEPS CON were 

entered successively as covariates in the abovementioned model (ANCOVA) (see Table 4 for 

an overview of the results). 

Covariate Variables df Mean 

square 

F-value P-value 

TEPS TOT Condition x Block 2 0.01 3.06 0.06 

Condition x Stimulation x Time x 

Block  

2 <0.01 0.89 0.42 

Condition x Stimulation x Time x 

Block x TEPS TOT 

2 <0.01 0.85 0.43 

TEPS CON Condition x Block 2 0.03 6.67 <0.01* 

Condition x Block x TEPS CON 2 0.02 3.92 0.03* 

Condition x Stimulation x Time x 

Block  

2 <0.01 0.21 0.81 

Condition x Stimulation x Time x 

Block x TEPS CON 

2 <0.01 0.16 0.85 

TEPS ANT Times x Block 2 0.03 3.88 0.03* 

Times x Block x TEPS ANT 2 0.03 3.95 0.03* 

Condition x Stimulation x Time x 

Block 

2 <0.01 1.05 0.36 

Condition x Stimulation x Time x 

Block x TEPS ANT 

2 <0.01 1.02 0.37 

Significant interactions are marked by * (p<0.05). 

Table 4: Significant or important interactions from the ANCOVA analysis on RT using TEPS TOT, 

TEPS CON or TEPS ANT as a covariate. 
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d. Response accuracy 

A repeated measures ANOVA with Condition (rich and lean), Stimulation (active and 

sham), Time (pre- and post-stimulation) and Block (B1, B2, and B3) as factors was conducted, 

a main effect of Condition emerged, F(1, 20) = 24.36, p < 0.01: accuracy (arcsine accuracy) 

for the rich (M = 1.14, SD = 0.13) stimulus was higher than for the lean stimulus (M = 1.02, 

SD = 0.14). Four interactions were also significant: between Condition and Block, F(2, 20) = 

11.04, p < 0.01; Time and Block, F(2, 20) = 5.74, p < 0.01, and between Condition, Time and 

Block, F(2, 20) = 3.33, p < 0.05. The interaction between Condition and Stimulation 

approached significance, F(1, 20) = 3.97, p = 0.06 (for an overview of the ANOVA results, 

see Table 5). 

Variables df Mean square F-value P-value 

Condition 1 1.79 24.36 <0.01* 

Stimulation 1 0.05 0.80 0.38 

Time 1 0.09 2.64 0.12 

Block 2 <0.01 0.29 0.75 

Condition x Stimulation 1 0.06 3.97 0.06 

Condition x Time 1 <0.01 <0.01 0.99 

Stimulation x Time 1 0.01 0.39 0.54 

Condition x Stimulation x Time 1 <0.01 0.06 0.81 

Condition x Block 2 0.22 11.04 <0.01* 

Stimulation x Block 2 <0.01 0.47 0.63 

Condition x Stimulation x Block 2 0.01 0.88 0.42 

Time x Block 2 0.08 5.74 <0.01* 

Condition x Time x Block 2 0.07 3.33 0.046* 

Stimulation x Time x Block 1.56 <0.01 0.49 0.57 

Condition x Stimulation x Time x Block 2 0.03 1.69 0.20 

Significant interactions are marked by * (p<0.05). 

Table 5: ANOVA for the accuracy. 

Follow-up tests on the Condition × Block interaction revealed that the average 

accuracy for the rich condition increased along blocks whereas it decreased for the lean 

condition. For the rich condition the accuracy at B3 (M = 1.18, SD = 0.15) was higher than at 

B1 (M = 1.10, SD = 0.13) t(20) = 2.91, p < 0.01 d = 0.55; for the lean condition the accuracy 

at B3 (M = 0.99, SD = 0.17) was lower than at B1 (M = 1.06, SD = 0.14), t(20) = 4.06, p < 

0.01 d = 0.44. Overall the accuracy for the rich stimulus increased along blocks and between 

pre and post stimulation whereas for the lean stimulus it remained stable along blocks pre 

stimulation and decreased post stimulation. 
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To investigate the interaction between Time and Block, we compared each block pre- 

and post-stimulation. The accuracy at B1 was significantly lower in the pre-stimulation 

condition (M = 1.04, SD = 0.14) than in the post-stimulation condition (M = 1.12, SD = 0.13); 

t(20) = 2.99, p < 0.01 d = 0.52. We also calculated the change in accuracy between blocks for 

each Time condition. Overall, the accuracy increased in the pre-stimulation condition whereas 

it decreased in the post-stimulation condition. The change between B3 and B1 in the pre-

stimulation condition (M = 0.05, SD = 0.11) was more important than in the post-stimulation 

condition (M = −0.04, SD = 0.06); t(20) = 3.23, p < 0.01 d = 1.01. The change between B2 

and B1 in the pre-stimulation condition (M = 0.02, SD = 0.10) was more important than in the 

post-stimulation condition (M = −0.03, SD = 0.07) and this difference approaches 

significance; t(20) = 1.97, p = 0.063 d = 0.58. 

Following the Condition × Time × Block interaction, we computed the change in 

accuracy between block (ΔB2B1, ΔB3B2, and ΔB3B1) for each stimulus pre- and post-

stimulation. For the lean stimulus ΔB2B1 pre-stimulation (M = 0.01, SD = 0.13) was less 

important than ΔB2B1 post-stimulation (M = −0.11, SD = 0.11), t(20) = 3.47, p < 0.01 d = 

1.00; and ΔB3B1 pre-stimulation (M = 0.01, SD = 0.14) was less important than ΔB3B1 post-

stimulation (M = −0.15, SD = 0.12); t(20) = 3.61, p < 0.01 d = 1.23. No significant difference 

was found for the rich stimulus. 

We also calculated the change in accuracy between blocks post- minus pre-stimulation 

(Δ pre/post stimulation) for each condition (rich or lean). The change in accuracy between B2 

and B1 pre/post stimulation for the rich stimulus was less important than for the lean stimulus: 

change for the rich stimulus (M = 0.02, SD = 0.19) and change for the lean stimulus (M = 

−0.12, SD = 0.16); t(20) = 2.47, p = 0.02 d = 0.79. Similarly, the change in accuracy between 

B3 and B1 pre/post stimulation for the rich stimulus was less important than for the lean 

stimulus, respectively: (M = −0.01, SD = 0.16) and (M = −0.16, SD = 0.20); t(20) = 2.48, p = 

0.02 d = 0.80. These results indicate that overall the accuracy for the lean stimulus was more 

modulated by the Time and Block factors than the accuracy for the rich stimulus. 

Analysis of the effect of Stimulation on Condition revealed that in the active condition 

the accuracy for the rich stimulus (M = 1.14, SD = 0.15) was higher than for the lean stimulus 

(M = 1, SD = 0.14); t(20) = 5.66, p < 0.01 d = 0.96. The same effect was found in the sham 

condition: accuracy for the rich stimulus (M = 1.14, SD = 0.13) was higher than for the lean 

(M = 1.04, SD = 0.16), t(20) = 3.48, p < 0.01 d = 0.68. 
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For an overview of the follow-up test means, see Supplementary Material. 

To check for individual differences in trait hedonic capacity, the TEPS scores were 

used as covariates in the abovementioned model. TEPS TOT, TEPS ANT and TEPS CON 

were entered successively as covariates (ANCOVA) (see Table 6 for an overview of the 

results). 

Covariate Variables df Mean 

square 

F-value P-value 

TEPS TOT Condition x Stimulation x Time x 

Block 

2 0.03 1.76 0.18 

Condition x Stimulation x Time x 

Block x TEPS TOT 

2 0.04 2.00 0.15 

TEPS CON Condition x Time x Block 2 0.07 3.64 0.04* 

Condition x Time x Block x TEPS 

CON 

2 0.07 3.92 0.03* 

Condition x Stimulation x Time x 

Block 

2 0.03 1.55 0.22 

Condition x Stimulation x Time x 

Block x TEPS CON 

2 0.04 2.07 0.14 

TEPS ANT Condition x Stimulation x Time x 

Block  

2 0.03 1.59 0.22 

Condition x Stimulation x Time x 

Block x TEPS ANT 

2 0.03 1.59 0.22 

Significant interactions are marked by * (p<0.05). 

Table 6: Significant or important interactions from the ANCOVA analysis on accuracy using TEPS TOT, 

TEPS CON or TEPS ANT as a covariate. 

3.5 Discussion 

The aim of this study was to assess the effects of a single session of iTBS over the left 

DLPFC on reward responsiveness in healthy male individuals and to check for a possible 

influence of trait hedonic capacity on the effect of the stimulation. As expected, participants 

developed a response bias toward the rich stimulus along the task blocks (B1, B2, and B3), 

indicating that they progressively learned which stimulus was the most often rewarded 

(Pizzagalli et al., 2005). The RT and response accuracy analysis showed that, as expected, 

participants were overall quicker to react toward the rich than the lean stimulus and that the 

accuracy for the rich condition was higher than for the lean condition. 

However, this increased reward responsiveness seems to be independent of the type of 

stimulation (active vs. sham). Although the interaction effects were not significant, in both 

post-active and post-sham stimulation conditions a significant increase of the response bias 
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was observed and in the post-active stimulation condition the RB increase was observed 

during the first blocks (B1 and B2) whereas in the post-sham stimulation condition the RB 

increase was found during the last blocks (B2 and B3). Ahn et al. (2013) reported similar 

observations: a higher RB during the early trials after HF-rTMS. Surprisingly this increase 

was limited to the first block of the task and an RB decrease was observed during the second 

block. Also, no difference in reward learning between blocks was observed. Importantly, and 

in contrast to our study design, Ahn and coworkers did not perform baseline measurements 

before the stimulation sessions, limiting the interpretation of these results. As mentioned 

before, by using a sham controlled cross-overdesign we could not replicate their findings. 

However, given our assumption that individual trait reward sensitivity may influence 

the task performance related to the reward system, participants were assessed before entering 

the study design with the TEPS. Here our findings showed that only the active stimulation 

influenced participants' task performance, and that this influence was related to 

consummatory TEPS scores. Indeed, interactions with the TEPS CON were found in the 

active stimulation condition (B2B1 and B2B3): a positive correlation between the TEPS CON 

and the change in the reward learning (pre/post stimulation) between the early blocks (B1 and 

B2) and a negative correlation between the TEPS CON and the later blocks (B2 and B3) were 

found. Because the participants developed their RB more importantly during the early blocks, 

their RB development during the later block decreased and this pattern was correlated with 

their trait hedonic capacity. The more hedonic the participants the faster they developed their 

RB after the active stimulation suggesting an increase of their sensitivity to the rewarding 

stimulus. 

This is of interest given that neurostimulation methods can be used to treat depressed 

patients. For instance, Downar et al. (2014) applied 20 sessions of HF-rTMS on the left 

DLPFC in 47 MDD patients and compared responders to non-responders. Treatment response 

appeared to be strongly bimodal showing one group with preserved consummatory hedonic 

function responding to HF-rTMS and another group with a lower consummatory hedonia 

ranking (higher consummatory anhedonia) not responding to HF-rTMS. Non-responders also 

displayed significantly lower connectivity within a classical reward dopaminergic network 

including the striatum, the caudate nucleus, the ventral tegmental area and the ventromedial 

prefrontal cortex (vmPFC). Within this network the ventromedial prefrontal cortex, which is 

known for its consistent activation during the experience of rewarding stimulus across studies 
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(Strauss et al., 2011; Diekhof et al., 2012) and thus associated to the consummatory process of 

reward, was predictive of the treatment outcome. 

Interestingly, Vrieze et al. (2013a) found in a study with 79 depressed patients that 

reduced reward learning as assessed by their performance with the same probabilistic learning 

task, decreases their odds of remission after 8 weeks of treatment. These observations 

strengthened the idea of a link between patient's hedonic capability and their response to HF-

rTMS. Although our male participants were not clinically depressed, our findings may be 

indicative of how iTBS treatment may successfully improve mood in one given patient but 

not the other. Furthermore, in a PET study with 10 healthy volunteers, Vrieze et al. (2013b) 

demonstrated that dopamine release in the vmPFC plays an important role in reinforcement 

learning. 

In our case, the more hedonic the participants (for the consummatory process), the 

more iTBS could modulate their reward system, increasing dopamine release. Keller et al. 

(2013), showed in healthy participants that trait hedonia and the functional connectivity 

within the reward system were positively correlated. Although speculative at this point, higher 

trait hedonic capacity reflecting stronger functional connectivity between key components of 

the reward system could explain whether or not cortical stimulation would propagate and 

modulate deeper structures of the reward system. 

In addition, Pizzagalli et al. (2009) showed in a fMRI study that unmedicated 

depressed patients compared to controls exhibited weaker responses to monetary gains in the 

left nucleus accumbens and caudate bilaterally but not during reward anticipation, indicating 

that in depressed patients, the consummatory phase of reward learning might be impaired 

whereas the anticipatory phase might be preserved. Also in our study no influence of the 

TEPS anticipatory subscale, in contrast to the TEPS consummatory subscale, was observed. 

Our results indicate that the more hedonic for the consummatory process the participants 

were, the more they developed their RB during the early blocks after the active stimulation 

session. This additive effect being only present in the post-active stimulation and not in the 

post-sham, it is possible to think that iTBS positively influences reward processing. 

The fact that after active iTBS healthy male participants with higher hedonic capacity 

seem to become more sensitive to reward, makes one wonder whether these neurostimulation 

parameters could not be contraindicated for patients with bipolar depression. Current rTMS 

treatment paradigms do not advocate the use of excitatory or high frequency rTMS paradigms 
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in bipolar depression. Indeed, in few cases excitatory stimulation of the left DLPFC has been 

reported evoking a switch from depression into mania (Lefaucheur et al., 2014). However, 

only one study to date explicitly examined the effects of HF-rTMS on the reward system, 

though it was not able to distinguish different clinical effects between uni- and bipolar 

depression (Downar et al., 2014), leaving this question still open. 

Besides the relatively small sample size there are some limitations. First, the 

interpretations should be limited to young male participants only. Second, even though we 

used a placebo coil mimicking the physical sensation of the active stimulation, and even 

though the participants were blinded and used ear plugs during the stimulations sessions, the 

placebo condition still was not perfect as sound and sensation were different. However, this is 

a methodological issue affecting almost all sham-controlled rTMS paradigms. Finally, we did 

not make correction for multiple comparisons. By consequence our results should be 

interpreted with some caution due to the increased possibility of false positive statistical 

results. 

In conclusion, we could not replicate the results observed by Ahn et al. (2013). 

However, we found a modulatory effect of trait hedonic capacity on participants' response to 

iTBS. The higher the hedonic score of the participants, the stronger their reward 

responsiveness increased after active iTBS. This indicates that individual differences in 

hedonic capacity may influence the effects of iTBS on the reward system. Neuroimaging 

studies applying probabilistic paradigms, also in MDD patients, are needed to understand the 

role of the reward system in the response to neurostimulation treatments.  
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4.1 Abstract 

Accelerated intermittent theta-burst stimulation (aiTBS) anti-depressive working 

mechanisms are still unclear. One possible way of action could be through the reward system. 

In this registered RCT (NCT01832805), 50 depressed patients (high/low anhedonia) were 

randomized to a sham-controlled crossover aiTBS treatment protocol. Stimulation was 

applied to the left dorsolateral prefrontal cortex. Before and after each week of stimulation, 

patients performed a probabilistic learning task in the fMRI scanner. Behavioral analyses 

showed no significant effects of aiTBS on task performance. However, after real aiTBS only, 

in contrast to the increased activity observed in high anhedonic patients, low anhedonic 

patients displayed less neural activity in the reward system. Although both groups showed no 

differences in task performance, our brain imaging findings indicate that based on anhedonia 

severity aiTBS treatment differently modulates the reward system in depressed patients.  

Keywords: aiTBS; reward processing; anhedonia; dorsolateral prefrontal cortex; 

probabilistic learning  
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4.2 Introduction 

Repetitive transcranial magnetic stimulation (rTMS) has been used in the treatment of 

major depressive disorder (MDD) for more than 20 years, overall yielding modest clinical 

outcomes (Berlim et al. 2014; Lefaucheur et al. 2014). In an effort to increase response rates, 

accelerated stimulation protocols are now under investigation. Here, instead of daily sessions, 

which are usually spread over two to four weeks, accelerated protocols deliver the same 

amount of stimulation sessions in a shorter period of time. Recently, accelerated intermittent 

theta-burst stimulation (aiTBS), a form of rTMS that uses bursts of high-frequency 

stimulation at repeated intervals, have been successfully carried-out (Duprat et al. 2016a). 

This approach was found to yield fast clinical responses, however without increasing response 

rates substantially, and to significantly reduce the stimulation protocol’s duration which is an 

improvement for the patient and caregiver (Di Lazzaro et al. 2011; Chung et al. 2015). 

Notwithstanding that the modulatory effect of iTBS on cognitive processes in MDD and 

healthy controls has been demonstrated (for a review see (Demeter 2016)), the underlying 

mechanisms of aiTBS still needs to be elucidated.  

 Behavioral, physiological, and neuroimaging studies have shown a potential impact of 

neurostimulation methods on the reward system. More precisely, stimulating the left 

dorsolateral prefrontal cortex (DLPFC) increases dopaminergic release in key components of 

the reward system (anterior cingulate cortex (ACC), striatum and orbitofrontal cortex (OFC)) 

in the healthy and in the depressed state (Strafella et al. 2001; Strafella et al. 2003; Pogarell et 

al. 2007; Cho and Strafella 2009). Moreover, Ott et al. (Ott et al. 2011) demonstrated in 

healthy individuals that continuous TBS (cTBS) over the left, but not the right DLPFC, 

enhanced prediction error coding in the ventral striatum during the execution of a probabilistic 

learning task in fMRI. Recently, with another probabilistic learning task developed by 

Pizzagalli (Pizzagalli et al. 2005), we showed that a single session of iTBS over the left 

DLPFC increased response bias (RB) development toward the most rewarded stimulus in 

healthy participants (Duprat et al. 2016b). Importantly, this effect was dependent on 

participants’ hedonic state: the more hedonic the participant the more their performance 

improved post-real stimulation.  

 Given that anhedonia is considered a core symptom of MDD, these are important 

observations (American Psychiatric Association 2013). Anhedonia has been recently the 

center of renewed attention as a possible mechanism of action for non-invasive 
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neurostimulation techniques (for reviews see (Thomsen 2015; Whitton et al. 2015). Several 

studies demonstrated a negative correlation between trait anhedonia severity and striatal 

activity in response to positive stimuli  (Surguladze et al. 2005; Epstein et al. 2006; Wacker et 

al. 2009). Additionally, in treatment-resistant depressed (TRD) patients, deep brain 

stimulation - targeting the nucleus accumbens - showed hedonic and cognition-enhancing 

effects along improvement of the depressive state (Grubert et al. 2011; Bakker et al. 2015). 

Together, these results suggest that the level of anhedonia might intervene in rTMS 

modulatory effect.  

 To investigate whether anhedonia severity influences the aiTBS treatment outcome on 

reward responsiveness, TRD patients performed a probabilistic learning task in the scanner 

before and after each week of real or sham stimulation. Besides depression severity, patients 

were also assessed with the Snaith-Hamilton Pleasure Scale (SHAPS) questionnaire (Snaith et 

al. 1995), a validated tool to assess anhedonia severity. First, we hypothesized that real aiTBS 

- but not sham - would increase patients’ reward responsiveness and reward system activity 

during the execution of a probabilistic learning task. Second, given the expected effect on 

reward responsiveness, we hypothesized that this would be especially the case for TRD 

patients with low anhedonic status. 

4.3 Methods and Materials 

This registered study (http://clinicaltrials.gov/show/ NCT01832805) was approved by 

the Ghent University Hospital ethics committee and in accordance with the declaration of 

Helsinki (2004). All patients gave written informed consent. This study was part of a larger 

project investigating the influence of iTBS on neuro-cognitive markers. For the full clinical 

results see (Duprat et al. 2016a). 

4.3.1 Subjects 

 From the 50 right-handed antidepressant-free depressed patients we were able to 

collect 37 complete fMRI data sets (27 females and 10 males, mean age 42 years (SD=12.5)) 

over three time points. Patient data sets were excluded based on protocol violation (n=6), 

missing values (n=3) or no respect of task instructions (n=4). MDD was diagnosed using the 

structured Mini-International Neuropsychiatric Interview (MINI;(Sheehan et al. 1998)). At 

inclusion, all patients were at least stage I treatment resistant, meaning that they had tried 

unsuccessfully at least one treatment with serotonin reuptake inhibitors, noradrenaline or 
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serotonin reuptake inhibitors (SSRI/ NSRI). Exclusion criteria were as follows: a current or 

past history of epilepsy, neurosurgical interventions, having a pacemaker or metal or magnetic 

objects in the brain, having had electroconvulsive therapy (ECT) in the past, alcohol and drug 

dependence and suicide attempts occurring within six months before the start of the study. 

Bipolar and psychotic depressed patients were excluded. Before entering the study, all 

patients went through a two weeks long medication washout. All TRD patients were free from 

any antidepressant (AD), neuroleptic and mood stabilizer for at least two weeks before 

entering the iTBS treatment protocol.  

 After the initial assessment at baseline (T1), patients were randomized (flipping a coin) 

to receive in the first week either real or sham aiTBS delivered on the left DLPFC. All 

patients were reassessed after one week of real or sham treatment (T2), and at the end of the 

second week of the stimulation protocol (T3). Every time, patients completed the probabilistic 

learning task in the MRI scanner and the depressive state was assessed with the Hamilton 

Depression Rating Scale (HDRS; (Hamilton 1967)). To evaluate possible delayed clinical 

effects of aiTBS, patients were reassessed with the HDRS two weeks after the end of the 

protocol (T4) (no neuroimaging). See Figure 1. Within the two-week stimulation period, with 

the exception of the current steady dose benzodiazepine intake, patients were psychotropic 

free. Any change was considered as drop out of the study. To examine the influence of 

anhedonia severity on the aiTBS response, based on the median baseline SHAPS score 

(Vrieze et al. 2013), patients were divided into two groups: low anhedonia (lowA: SHAPS<7; 

N=19) and high anhedonia (highA: SHAPS≥7; N=18) groups. 

4.3.2 aiTBS protocol  

 The aiTBS protocol was performed with a Magstim Rapid2 Plus1 magnetic stimulator 

(Magstim Company Limited, Whitland, UK) with a figure-of-eight shaped coil. The 

Brainsight™ neuronavigation system (Rogue Researchs Inc, Montréal, Canada) was used to 

identify the site of stimulation (i.e., left DLPFC: the center part of the midprefrontal gyrus 

[Brodmann 9/46]) based on structural MRI of each individual. Before the first session, the 

resting motor threshold (rMT) of each individual was determined using surface 

electromyography. Given the dose-dependency effect (Chistyakov et al. 2010), a stimulation 

intensity of 110% of the subject's rMT of the right abductor pollicis brevis muscle was used 

and this MT was maintained throughout the experimental procedure. The treatment protocol 

consisting of in total 20 iTBS sessions was spread over four days at five sessions per day, for 
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a total of 32.400 stimuli (see Figure 1). In each session, patients received 1620 pulses per 

session in 54 triplet bursts with train duration of two seconds and an intertrain interval of 

eight seconds. For the sham condition, a specially designed sham coil identical to the real coil 

was placed on the same target/anatomical location in the same position, but without any real 

stimulation. Throughout the whole aiTBS treatment (real and sham), patients were 

blindfolded, wore earplugs and were kept unaware of the type of stimulation they received. 

Between two sessions, there was a pause of approximately 15 min. 

 
Figure 1: aiTBS protocol design. At T2 and T3, patients received 20 aiTBS 

sessions (real or sham), i.e. five sessions per day spread over four days 

(Tuesday to Friday). Behavioral and neuroimaging data were acquired at T1, 

T2 and T3. 

4.3.3 Probabilistic Learning Task  

 This task (Pizzagalli et al., 2005) is composed of three blocks (B1; B2; B3) of 100 

trials. Each trial starts with the presentation of a fixation cross for 500ms followed by a 

mouthless cartoon face for 500ms. A schematic mouth (a horizontal line), long (13mm) or 

short (11.5mm), is then presented on the cartoon face for 100ms. Participants are forced to 

choose which stimulus was shown by pressing the corresponding key. The association 

between a key and a mouth is counterbalanced between participants and task completion 

(before versus after stimulation) to avoid lateralization bias. If not correct, a new trial starts. If 

correct, participants are sometimes rewarded and a feedback screen announcing that they won 

5 eurocents is presented before starting a new trial (Figure 2). To induce a RB, one mouth 

stimulus (called “rich” stimulus) is randomly chosen before the start of the task to be three 

times more often rewarded when correctly recognized than the other one (called “lean” 
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stimulus). The assignment of rich and lean stimuli is counterbalanced within subject across 

the three task completions. Before starting the task, participants are instructed that not all 

correct trials will be rewarded but they are not informed that one stimulus will be more 

frequently rewarded than the other. Participants are instructed to try to win as much money as 

possible.  

 
Figure 2: Probabilistic reward task schematic design (Pizzagalli et al., 2005). A full description of 

the task is provided in the text. 

4.3.4 Statistical analyses 

4.3.4.1 Behavior 

In practice, to assess participant’s performance at the probabilistic learning task, two 

outcome variables were used: RB, and reaction time (RT). The RB is the main dependent 

variable for this study. It measures the systematic preference of a participant toward the rich 

stimulus. The RB increases as the participants show high rates of correct identification for the 

rich stimulus and low rate of correct identification for the lean stimulus. Regarding reaction 

time (RT), log transformation was computed before statistical analyses to normalize 

distribution as indexed by the Shapiro-Wilk test. 

RB=[log b=1/2 log((Rich correct × Lean incorrect)/(Rich incorrect × Lean correct))] 

To avoid null values in the formula, 0.5 was added to every cell of the detection matrix 

prior calculation of the RB (Hautus 1995). All collected data were analyzed with SPSS 23 

(Statistical Package for the Social Sciences; IBM SPSS Statistics for Windows, Version 23.0, 

IBM Corp., Armonk, NY). Analyses of variance (ANOVA) were performed on RB (Time (T1; 

T2; T3) and Block (B1; B2; B3) as repeated measures) and RT (Condition (Rich; Lean), Time 

(T1; T2; T3) and Block (B1; B2; B3) as repeated measures). Order (‘sham first’; ‘real first’) and 

Group (lowA; highA) were used as between subject factors and Age, Gender and deltaHDRS 

(HDRS T4- HDRS T1) as covariates. Because we wanted to look specifically at aiTBS effect 

on reward responsiveness, deltaHDRS was used to control for the influence of mood changes 
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between the beginning (T1) and the end of the treatment protocol (T4). From each block, trials 

with RTs shorter than three standard deviations were discarded. For all analyses, the 

significance level was set at α = 0.05. Where needed, Greenhouse-Geisser correction was 

applied to ensure the assumption of sphericity.  

4.3.4.2 Brain imaging 

To study the neural correlates (task-evoked BOLD amplitudes) of reward learning, we 

specifically looked at the brain imaging data slices associated with the rich stimulus 

presentation. Correct rich stimulus trials, from the fixation cross to the patients’ answer were 

selected and analyzed. The reward feedback was not included. An ANCOVA was performed 

with Time (T1; T2; T3) and Block (B1; B2; B3) as repeated measures and Order and Group as 

between subject factors. In addition to Age, Gender and framewise displacement, we added 

deltaHDRS as covariate to control for neural changes associated with clinical improvement. 

For the interpretation of the neuronal effects and to avoid the influence of carryover effects by 

the real stimulation, we focused our brain imaging analysis on the neuronal changes between 

T1 and T2. Nevertheless, T3 slices were also analyzed and the results are available in the 

supplemental material. 

The scans were performed on a Siemens 3T TrioTim MRI scanner (Siemens, 

Erlangen, Germany) with a 32 channel SENSE head coil. To obtain individual anatomical 

information, all subjects underwent a T1-weighted MRI (3D-TFE, TR/TE=2530/2.58; flip 

angle=7°; FOV=220x220mm2; resolution=0.9x0.9x0.9mm³; number of slices=176) of the 

brain.  For the task, fMRI images were acquired with functional T2*-weighted echo-planar 

imaging pulse sequence (TR=2000ms; TE=30ms; flip angle=80°; matrix size=64x64; field of 

view= 192x192mm; 34 slices; slice thickness=3mm; voxel size=3x3x3mm). All data pre-

processing and analysis were conducted with SPM12 (http://www.fil.ion.ucl.ac.uk/spm). 

After slice-timing correction to the middle slice, the resulting volumes were realigned to the 

first volume. No subject was excluded due to excessive head motion under the excluding 

criteria 1.5 mm translation and 1.5o rotation. The mean volume across all realigned volumes 

was co-registered with the anatomical volume, and the resulting warps applied to all the 

realigned volumes. The anatomical volume was segmented via the default segmentation in 

SPM12. The estimated deformation field was then used for warping the realigned volumes to 

MNI space with voxel size 3×3×3 mm3. Finally, the normalized volumes were smoothed 

using a 6 mm FWHM Gaussian smoothing kernel. For the task analysis, we estimated 
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generalized linear models at the single-subject level with default parameters (high-pass 

filtered at 128s, pre-whitened by an autocorrelation AR(1) model), containing seven task 

regressors modeling BOLD responses to the two stimuli (long and short mouth) (B1; B2; B3), 

reward feedback stimulus, and six movement parameters obtained in the realignment step, and 

a constant term. All fMRI scans were performed on a Monday morning between 9:00 pm and 

13:00 pm. 

4.4 Results 

4.4.1 Behavioral data 

4.4.1.1 Response Bias 

To check for baseline difference between groups we first ran a repeated measures 3X2 

ANCOVA with Block as within-subject factor, Group (lowA; highA) as in between subject 

factor and Age, Gender and deltaHDRS as covariate. There was no significant main or 

interaction effects (F’s<2.14, p’s>0.13).  

 The repeated measure 3X3X2X2 ANCOVA with Time and Block as within-subject 

factors; Order and Group as between subject factors and Age, Gender and deltaHDRS as 

covariates showed a significant interaction between Time and Block: F(4,27)=7.01, p<0.01, 

and Time, Block and Age: F(4,27)=5.26, p<0.01. The interaction between Time, Block and 

Order was also significant: F(4,27)=4.58, p<0.01. The omnibus interaction Time x Block x 

Order x Group however, was not significant: F(4,27)=2.02, p=0.12. 

Follow-up analysis on the Time x Block x Order interaction: to check for order effects, 

we computed RB per block and per stimulation condition (B1, B2 and B3 at baseline, post-

sham and post-real condition) and ran independent samples t-tests with Order as grouping 

variable, and RB in each separate block (B1; B2; B3), as well as the delta scores of RB 

between blocks i.e. reward learning (B2-B1; B3-B2; B3-B1) as dependent variables. One 

significant difference was found: at baseline, the reward learning between B1 and B2 was 

significantly lower in the ‘sham first’ group than in the ‘real first’ group: t(35)=2.41, p=0.02. 

This difference in reward learning at baseline appears to be coincidental. As a consequence, 

no meaningful further comparisons can be interpreted. Reward learning between B1 and B3 

and the RB in B2 were also trend significantly different, t(35)=1.77, p=0.085 and t(35)=1.79, 

p=0.082 respectively. No other significant or near-significant differences were found for 
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baseline, post-sham or post-real condition (all t’s<1.6; p’s>0.1). Complementary analyses 

(within-subjects paired t-tests on blocks and reward learning between times for each order 

group) are available in the supplemental material. No meaningful differences were found. All 

analyses were reproduced without deltaHDRS as covariate, similar results were found. 

4.4.1.2 Reaction Time 

A repeated measures 2X3X3X2X2 ANCOVA was performed with Condition (Rich; 

Lean), Time (T1; T2; T3) and Block as within subjects factors; Order and Group as between 

subject factor and Age, Gender and deltaHDRS as covariates. The interaction between Time 

and Block was significant: F(4,27)=2.89, p=0.04. The interactions Time x Gender; Time x 

Group and Condition x Time x Block x Gender trended toward significance: F(2,29)=3.15, 

p=0.058; F(2,29)=2.8, p=0.078 and F(4,27)=2.39, p=0.076 respectively. No other significant 

main effect or interactions were found (all F’s <2.2; p’s >0.10). Follow-up analysis on the 

Time x Block interaction showed that the RT per block decreased from T1 to T2 and from T1 to 

T3. All results are reported in the supplemental material. These analyses were also performed 

without deltaHDRS as covariate, similar results were found. 

4.4.2 Neuroimaging data 

4.4.2.1 Group analysis based on SHAPS scores 

 The 3X3X2X2 ANCOVA with Time (T1; T2; T3) and Block as factors, Order and 

Group as in between subject factors and Age, Gender and deltaHDRS as covariates revealed a 

significant main effect of Order and Block as well as a significant interaction between Time, 

Block and Group. See Table 1. 

 The omnibus interaction Time x Block x Order x Group was also significant for one 

large cluster located in the frontal and frontal superior area (k=8929; MNI: x=15, y=30, z=-

18; FWE corrected at the cluster level p<0.05). This cluster included the supplementary motor 

area, the ACC, and the OFC; with peak intensity found in the right orbitofrontal region. The 

caudate and putamen were also part of the cluster (Figure 3). 

To investigate group differences, we performed post-hoc analyses with a mask based 

on the significant omnibus interaction cluster. Due to the probability of carry-over effect at 

this time of the protocol, T3 analyses are not discussed here. All post-hoc analyses are 

reported in Table 2 and supplemental material. 
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3 X 3 X 2 X 2 ANCOVA: Time x Block x Order x Group;  Covariates: Age / Gender / deltaHDRS 

  
Cluster size Anatomical region Hemisphere BA F-value 

Peak coordinates 

(x,y,z) (mm) 

  MAIN EFFECT 

Time - - - - - - 

Block 9633 
Superior Frontal 

gyrus 
Right 9 17.17 3  54  42 

Order 9877 
Superior Frontal 

gyrus 
Right 9 4.46 45  39  36 

Group - - - - - - 

  2 X 2 INTERACTION 

Time x Block - - - - - - 

Time x Order - - - - - - 

Time x Group - - - - - - 

Block x Order - - - - - - 

Block x Group - - - - - - 

Order x Group - - - - - - 

  3 X 3 INTERACTION 

Time x Block x 

Order 

- - - - - - 

Time x Block x 

Group 
3337 Middle Frontal Gyrus Left 10 5.44 -27  48   6 

Time x Order x 

Group 

- - - - - - 

block x Order x 

Group 

- - - - - - 

 Omnibus INTERACTION 

Time x Block x 

Order x Group 
8929 

Frontal Superior 

Orbital 
Right 47 6.57 15  30 -18 

Table 1: Results from the neuroimaging analyses: whole brain analysis main effect and interaction 

clusters from the 3X3X2X2 ANCOVA: Time X Block X Order X Group. Only significant FWE 

corrected clusters at p<0.05 are reported. The absence of significant effect is represented with “-”. 

 
Figure 3: 3D render and 2D multiplanar views of the 3X3X2X2 omnibus interaction cluster, FWE 

corrected at p<0.05, k>8929 voxels.  
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a. HighA vs lowA 

 When comparing highA to lowA group at baseline, the lowA group displayed 

significantly more activity in two clusters.  The largest cluster (k=659; MNI: x=15, y=9, z=-6; 

FWE corrected at the cluster level p<0.05) was found in the right putamen and included the 

right caudate. The second cluster peak intensity was located in the left superior OFC (k=611; 

MNI: x=-12, y=69, z=-6; FWE corrected at the cluster level p<0.05) and included the left 

putamen (Figure 4).  

 
Figure 4: 2D multiplanar views of the baseline contrast between highA and lowA 

group. The lowA group displayed more activity than the highA group in the right 

caudate, bilateral putamen, vmPFC, anterior insula and OFC. 

No significant differences were found at T2 and T2 (real). At T2 (sham), lowA patients 

displayed more activity than highA patients in the middle frontal gyrus and supplementary 

motor area. No significant voxels were found in areas commonly associated with the reward 

system. 

b. HighA group (Figure 5-A) 

When comparing real aiTBS (T2) to baseline (T1), the highA group displayed 

significantly higher activity after real aiTBS in the bilateral caudate nucleus and putamen; 

with a peak intensity in the left pallidum (k=1739; MNI: x=-6, y=0, z=-3; FWE corrected at 

the cluster level p<0.05).  

 When comparing sham (T2) to baseline (T1), increased activity in sham condition was 

found within two clusters: one in the bilateral supplementary motor area and one in the right 
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precentral gyrus (BA6). No significant voxels were found in components commonly 

associated with the reward system.  

 When comparing real to sham at T2, we observed higher prefrontal activity in the sham 

condition. No significant voxels were found in components commonly associated with the 

reward system.  

 
Figure 5: 2D multiplanar views of the contrast “real (T2) vs baseline (T1)” for A) the highA group and 

B) the lowA group. After the week of real aiTBS, the highA group displayed an increased activity and 

the lowA group a decreased activity in components commonly involved in reward learning. 

c. LowA group (Figure 5-B) 

 The comparison between real aiTBS (T2) and baseline (T1) in the lowA group showed 

significantly less activity after real stimulation in one cluster (k=543; MNI: x=39, y=57, z=-9; 

FWE corrected at the cluster level p<0.05), including the right putamen and right insula. No 

significant changes were found after sham stimulation. 

 When comparing real to sham at T2, higher activity was found in the sham condition in 

frontal and prefrontal areas. No significant voxel was found in the caudate or putamen. 

For an overview of all the contrasts see Table 2. For clarity purposes, block contrasts 

are not discussed here but are available in the supplemental material. These analyses were 

also performed without deltaHDRS as covariate, similar results were found. 
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POST-HOC T-TESTS (T1 and T2) 

Contrasts Cluster size Anatomical region Hemisphere BA T-value 

Peak 

coordinates 

(x,y,z) (mm) 

Post-hoc T-tests comparing highA vs lowA groups at T1 

highA vs lowA 659 Putamen Right - -2.97 15   9  -6 

 611 Front superior orbital Left 10 -3.58 -12  69  -6 

  Post-hoc T-tests comparing highA vs lowA groups at T2 

highA vs lowA - - - - - - 

Post-hoc T-tests comparing highA vs lowA groups at T2 (real) 

highA vs lowA - - - - - - 

Post-hoc T-tests comparing highA vs lowA groups at T2 (sham) 

highA vs lowA 732 Supplementary motor 

area 

Right 6 -4.07 3 0 60 

 266 Middle Frontal Gyrus Right 10 -4.79 33 60 24 

 164 Supramarginal gyrus Right 40 -3.26  63 -33  42 

 100 Middle Frontal Gyrus Left 10 -4.84 -42  45  24 

Post-hoc T-tests comparing baseline to real (T2) 

highA 1739 Globus palidus Left - -4.68 -6  0 -3 

lowA 543 Orbito frontal cortex Right 11 3.00 39  57  -9 

Post-hoc T-tests comparing baseline to sham (T2) 

highA 275 Supplementary motor 

area 

Right 32 -3.48 3   6  51 

 144 Precentral gyrus Right 6 -3.45 39 -6 45 

lowA / / / / / / 

Post-hoc T-tests comparing real (T2) to sham (T2) 

highA 566 Supplementary motor 

area 

Left 6 -4.09 0  -3  60 

 171 Inferior Parietal 

Lobule 

Right 40 -3.74 60 -21 45 

 147 Middle Frontal Gyrus Right 10 -3.88 36 57 24 

 141 Precentral Left 4 -4.26 -36 -15 51 

lowA 1061 Middle Frontal Gyrus Right 10 -4.27 36 63 15 

Table 2: Results from the neuroimaging analyses: post-hoc significant T-test clusters at T1 and T2. T1= 

baseline measurement, T2= measurement after the first week of stimulation and T3= measurement after 

the second week of stimulation. Only significant clusters with a threshold of k>100 are displayed. The 

absence of significant cluster is represented with “-”. 

4.5 Discussion 

First of all, our behavioral analyses showed no significant group difference at baseline. 

This is not in line with Vrieze et al. (Vrieze et al. 2013), who found that lowA compared to 

highA medicated MDD patients displayed better reward learning during the early phase of the 

task. Because our group consisted of medication free TRD patients, and performed the task 

inside the scanner, to some extent this might explain the different outcome. Nevertheless, 

when presented with the most rewarded stimulus, our highA patients displayed less baseline 

activity than lowA patients in the right caudate and bilateral putamen. These regions are 

known to be under-activated in MDD patients when anticipating a reward (Pizzagalli et al. 

2009), supporting the idea of impaired anticipatory processes in severe anhedonia (Chentsova 

and Hanley 2010; Sherdell et al. 2012). Kumar and colleagues (Kumar et al. 2008) also 
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reported decreased responses to reward cues in the striatum of depressed patients. Similarly, 

Gradin et al., (Gradin et al. 2011) found reduced neural activity in the caudate of depressed 

patients during a reward-learning task. Importantly, this decreased activation correlated with 

anhedonia severity.  

Second, although we found no behavioral group difference after the first week of 

stimulation (real and sham), aiTBS differentially modulated lowA and highA patients’ reward 

system. After real stimulation, lowA patients displayed lower activity in the right putamen, 

whereas highA patients showed higher neural activity in the (bilateral) putamen and caudate. 

The lateralized (right hemisphere) decrease in neural activity observed in the lowA group 

suggests a different modulatory pathway. Indeed, whereas the right hemisphere appears more 

involved in inhibitory processes and urges suppression (Camprodon et al. 2007), neuronal 

activity in the left hemisphere is often associated with reward anticipation and hedonic 

sensation (Garavan et al. 2000; Del Parigi et al. 2002; Ohgami et al. 2006). Imbalance in the 

interhemispheric dynamics - such as hyperactivity of the right hemisphere - could lead to an 

increased inhibition to pursue pleasure (decreased motivation), which is a core symptom of 

anhedonia (Hecht 2010). Interestingly, Downar et al. (Downar et al. 2014) found that 

anhedonia severity in depressed patients was predictive of response to HF-rTMS over the 

dorsomedial prefrontal cortex: lowA patients were responsive to the stimulation and highA 

patients remained unresponsive. Also in depressed patients, Kang et al. (Kang et al. 2016) 

found that responders to HF-rTMS over the left DLPFC displayed a decreased functional 

connectivity between the left DLPFC and the ipsilateral caudate. This neural change was 

predictive of depressive symptom improvement. Together, these findings suggest the 

existence of different depressive subtypes in which anhedonia severity may influence 

responsiveness to rTMS treatment. This is in line with the Drysdale et al. (Drysdale et al. 

2016) fMRI analysis who in a large multisite sample identified depression subtypes based on 

dysfunctional connectivity patterns. Hyperconnectivity in frontostriatal networks associated 

with anhedonia severity was more pronounced in two depression subtypes that were 

differentially responsive to rTMS stimulation, suggesting that the underlying neurobiological 

mechanisms could be critical for treatment response. However, most probably the anhedonic 

state alone does not account for all differences. Other symptoms such as anxiety or 

hopelessness have to be considered to more accurately discriminate between depressive 

subtypes (Drysdale et al. 2016). Given that we did not observe clinical outcome differences 
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between lowA and highA patients this could also suggest that the antidepressant action of 

aiTBS may not be through the reward system. 

There are limitations that have to be discussed. First, the protocol design: the 

possibility of carryover effects makes the interpretation of the last fMRI measurement (T3) 

nearly impossible. Second, our neuroimaging findings of aiTBS modulation of the reward 

system are limited to within-subjects comparisons as no significant changes were found in 

between anhedonic groups after real stimulation; possibly due to the reduced power coming 

with this type of comparison. Third, the used aiTBS protocol could be more prone to i) 

placebo effects ii) delayed effects compared to the ‘classic” rTMS protocols (Duprat et al. 

2016a). Also, Gamboa and colleagues (Gamboa et al. 2010) found that delivering higher 

amounts  of iTBS pulses in comparison to the more commonly used 600 pulses could induce 

an inhibitory effect instead of the expected boosted excitatory effect. However, this finding 

has not been replicated and opposite results have been reported (Nettekoven et al. 2013). In 

addition, self-reported measures may lack sensitivity to examine the different neurobiological 

networks at play. More accurate measures are needed, not only to improve the diagnosis of 

MDD but also to determine to which kind of treatment a given patient will eventually 

respond.  

Taken together, our results show that one week of aiTBS over the left DLPFC in TRD 

patients differentially modulates the reward system depending on anhedonia severity. 

However, our findings do not provide a clear-cut answer whether or not left DLPFC aiTBS 

treatment will successfully treat a given TRD patient based on anhedonia severity. 

Nevertheless, our findings are important to better understand the neural effects of aiTBS 

treatment in TRD and to emphasize the need for subgroup comparisons in futures clinical 

neurostimulation studies. 
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5.1 Summary of findings  

MDD is an increasing concern for society. New therapies are necessary to improve the 

response rate, particularly in TRD patients. In this thesis, we tested new stimulation protocols 

in healthy participants (iTBS) and TRD patients (aiTBS) and investigated the neurocognitive 

correlates of theta-burst stimulation. One of the main objectives was to assess the feasibility 

and efficacy of aiTBS protocol in the treatment of TRD patients. Because anhedonia is a core 

symptom of depression and recent studies showed evidence of HF-rTMS modulatory effects 

on neurotransmitter systems, such as the dopaminergic system, we investigated the 

consequences of aiTBS on a reward process known to be deficient in depression, i.e. reward 

learning. In this general discussion, the main findings of each study and their implications and 

limitations are discussed. Finally, we looked at the many remaining scientific questions and 

argued for the need of research continuity in this field.  

5.1.1 aiTBS in the treatment of TRD patients 

This registered clinical trial represents the main study of this thesis. This is the first 

study to assess the safety and efficacy of aiTBS in the treatment of TRD patients. We found 

that aiTBS was safe and easy to implement in these patients. Reported side effects were 

limited to temporary mild headaches and dizziness post-stimulation. More importantly, in 

spite of important placebo effects, aiTBS treatment resulted in “fast” meaningful clinical 

responses. We also noticed that this protocol might be more prone to delayed clinical effects. 

Indeed, just after the whole aiTBS protocol (sham/real in cross-over), 28% of the patients 

were categorized as responder (and 15% as remitter); whereas two weeks later the response 

rate went up to 38% (and 30% remission). These results are in line with the assumption that 

iTBS antidepressant effect might work through a modulation of neuroplasticity processes.  

The achieved response rate was similar to one of accelerated HF-rTMS protocols. 

Nevertheless, this is an important replication as aiTBS protocol requires significantly less 

time than traditional protocols and thus would clearly improve the comfort of the patients and 

practitioners while allowing a greater number of patients to benefit from it.  

5.1.2 iTBS modulation in healthy individuals 

This study was designed as a pilot to the main clinical study. The objectives were two-

fold. First, in light of the findings of Ahn et al. (Ahn et al., 2013) in healthy participants, we 
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wanted to investigate the effect of one iTBS session on reward learning and the influence of 

hedonic capacity on the response to the stimulation. 

Ahn et al. (Ahn et al., 2013) found that HF-rTMS over the left DLPFC was able to 

increase reward learning in healthy participants. We could not replicate this finding; no 

significant changes in performance were observed post-real or post-sham stimulation. This 

different outcome may originate from two important factors. First, we added a pre-stimulation 

testing which was lacking in the study by Ahn and colleagues (Ahn et al., 2013). Second, we 

used a different stimulation protocol (iTBS instead of HF-rTMS). Due to possible delayed 

effects of iTBS, also on neuroplasticity, the induced behavioral modulation may only be 

observable at a longer term rather that immediately after the stimulation. Of course, this 

assumption was only documented in our patient study (Duprat et al., 2016) and we cannot 

extrapolate it to a single iTBS session in healthy individuals. On the other hand, when 

investigating the influence of participants’ hedonic capability on response to iTBS we found a 

positive correlation: the more hedonic the participants the more their performance improved 

post-active stimulation and this was not the case in the post-sham condition. This finding 

indicates that individual hedonic capacity may influence iTBS modulatory effect on the 

reward system. This study was the first to investigate the role of trait hedonic capability on the 

response to iTBS in healthy participants.  

5.1.3 aiTBS in TRD patients: the influence of anhedonia status 

Finally, in this fMRI study we wanted to investigate the neural correlates of reward 

learning in TRD patients and their modulation by aiTBS. Following our single-session study 

in healthy participants, we focused on the influence of patients’ anhedonic status on the 

modulation induced by aiTBS. We observed no behavioral changes after real or sham 

stimulation. At baseline, low anhedonic patients displayed more activity in brain areas 

commonly associated with reward processing than high anhedonic patients. This observation 

supports the idea of an impaired anticipation of reward in depressed anhedonic patients. 

Following real aiTBS, the reward system of high and low anhedonic patients was 

differentially modulated by the stimulation. In high anhedonic patients, aiTBS increased the 

neural activity within the bilateral striatum (putamen and caudate) whereas, in low anhedonic 

patients, it decreased the neural activity within the right striatum (putamen). These areas of 

the brain are known for their implication in reward learning but also for their dysfunction in 

depression and anhedonia. Our findings indicate that in depressed patients, aiTBS effect on 
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the reward system varies according to anhedonia severity. This also suggests that high and 

low anhedonic patients might represent two distinct depressive subtypes with different 

pathomechanisms rather than one group experiencing similar deficits of varying severity. 

However, our findings do not provide a clear-cut answer whether or not left DLPFC aiTBS 

treatment will successfully treat a given TRD patient based on anhedonia severity. 

5.2 Discussion 

With these three studies, we investigated the safety and therapeutic value of a new 

stimulatory protocol in the treatment of treatment-resistant depression and also the role of the 

reward system in response to this stimulation. We first hypothesized that one week of aiTBS 

would result in similar, if not higher response rate, than the more classic HF-rTMS protocols. 

Second, we hypothesized that anhedonia, the lack of pleasure and/or drive to pursue pleasure, 

would modulate the response to the treatment. 

First of all, aiTBS appears to be safe, well tolerated, and leads to a response rate 

comparable to the ones of the more commonly used stimulation protocols. We found no 

association between clinical response and anhedonia severity (as assessed by the SHAPS). 

This seems not to be in line with Downar et al. (Downar et al., 2014) who found that response 

to HF-rTMS was strongly bimodal with low anhedonic patients responding to the treatment 

and severe anhedonic patients not responding. In their study, however, instead of the left 

DLPFC, they stimulated the left dorso MPFC. Research has also shown the importance of this 

area in MDD: lesions to the MPFC result in greater risk for depression and as the left DLPFC, 

the MPFC often displays a reduced volume and activity in this disease (for a review see 

(Downar et al., 2013)). Neuroimaging studies have revealed its implication in cognitive 

control, rumination and emotion regulation among other processes. As the iTBS stimulation 

effects are not limited to the directly underlying tissue but propagates to structurally and 

functionally connected areas (Cardenas-Morales et al., 2011; Gratton et al., 2014; Halko et al., 

2014; Hoy et al., 2015; Iwabuchi et al., 2016; Rizk et al., 2013), different neural targets might 

modulate different neural networks. In that case, the MPFC may represent a more relevant 

target for a specific subtype of depression in which reward system impairments would play a 

more important role in the pathophysiology. Additionally, our inclusion criteria also differed 

(only unipolar patients were included, whereas Downar et al. (Downar et al., 2014) included 

both unipolar and bipolar patients). This is particularly important when investigating 

anhedonia as the symptom’s etiology is known not only to vary among mood disorders but 
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also within a single psychopathology. Sample heterogeneity can also influence iTBS induced 

neuronal effects. We know that participants’ demographics (age, gender) or brain state at the 

stimulation time (at rest versus after priming of a selected cell population with a task) can 

modulate the effect of the stimulation. Another consequence of sample heterogeneity is the 

absence of reliable predictors of response across rTMS studies. For example, a recent study in 

depressed patients (Kang et al., 2016) found that functional connectivity between the left 

DLPFC and the ipsilateral caudate correlated with symptom improvement post HF-rTMS. 

However, in this study the sgACC, which is considered as a marker of response to rTMS 

(Baeken et al., 2015; Takahashi et al., 2013), was not found to predict depressive symptom 

changes. These kinds of discrepancies are often found in rTMS studies and suggest that 

different depression subtypes may be associated with different neurobiological markers 

specifically responsive to a certain rTMS protocol. Similarly, in these depressive subtypes the 

antidepressant effects of iTBS might originate from the modulation of different processes 

(and associated networks) not related to anhedonia. 

Another point to discuss is the apparent inconsistency found when investigating the 

influence of hedonic capacity on the reward system modulation in our studies in healthy 

participants and depressed patients. It is to note that we did not investigate anhedonia per se in 

our healthy participants' study but rather the hedonic capacity i.e. none of our participants was 

clinically anhedonic. We found that in healthy individuals, higher trait hedonic capacity 

seemed to be associated with an increased reward system functioning post-stimulation 

(assessed by the performance at the task); in MDD we found no such correlation at the 

behavioral level and the opposite pattern at the neuroimaging level. Keller et al. (Keller et al., 

2013) showed that anhedonia in healthy participants was negatively correlated with the 

effective connectivity within the reward system (nucleus accumbens, ventral tegmental area 

and others paralimbic areas), suggesting that anhedonia severity could indirectly provide 

indications for the integrity of the reward system. Non-anhedonic healthy participants would 

thus obviously differ from anhedonic participants. Indeed, Harvey et al. (Harvey et al., 2007) 

found that anhedonia in non-clinical participants was negatively correlated with the volume of 

the ventral striatum and caudate. Similar findings were reported in anhedonic depressed 

patients: Pizzagalli et al. (Pizzagalli et al., 2009) showed that reduction in bilateral caudate 

volume was correlated with anhedonic symptoms. These associations suggest functional and 

structural differences between the reward system of healthy controls and anhedonic patients, 

which indeed could explain the different modulation observed in response to iTBS 
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stimulation. It is thus possible that the observed behavioral modulations following iTBS in 

healthy controls are not fully reproducible in MDD patients with an impaired reward system. 

As rTMS over the left DLPFC is known to modulate striatal dopaminergic release, and 

anhedonic patients may have impaired dopaminergic pathways, we can only conclude that 

aiTBS treatment may affect these pathways in a different manner. Similarly, high and low 

anhedonia can represent different subtypes of depression involving different (degree of) 

structural and neurocognitive impairments and hence responding differently to our stimulation 

protocol. We can speculate that the observed lateralization in the low anhedonic group after 

real stimulation could be the result of such differences. Indeed, the left hemisphere is often 

associated with the processing of anticipatory and hedonic information whereas the right 

hemisphere is mostly involved in inhibitory and urges suppression processes. Hemispheric 

differences and responses to aiTBS might thus reflect neurobiological differences as 

anhedonia is characterized by such imbalance in interhemispheric dynamics. 

In summary, our findings in healthy males demonstrate that iTBS over the left DLPFC 

might be a relevant tool to act on the reward system. Although, aiTBS successfully modulated 

important elements of the reward system including the caudate, putamen, vmPFC and OFC in 

depressed patients, the immediate effects of stimulation are less straightforward. Beneficial 

effects of such modulation need to be assessed on a longer term and with different reward-

related behavioral tasks.  The observed delayed effects in clinical response support the idea of 

induced neuroplasticity following aiTBS appearing at a later stage. Here, the acute effects of 

iTBS might differ from long term effects explaining the absence of behavioral modulation at 

the time of the measurements (T2 and T3). The decrease in brain activity in response to the 

most rewarded stimuli observed in the less anhedonic group post-real stimulation also raises 

the question of the nature of the physiological effect of aiTBS. Gamboa and colleagues 

(Gamboa et al., 2010) found that delivering a higher number of iTBS stimulations over the 

motor area could induce an inhibitory effect instead of the expected boosted excitatory effect. 

We can speculate that our stimulation protocol being more intensive, had, in fact, inhibitory 

neural effects and induced similar effects to the ones of cTBS on the reward system (Ko et al., 

2008). In this study, cTBS applied over the left DLPFC of healthy participants transiently 

impaired their performance at the Montreal Card Sorting Task and inhibited dopaminergic 

release within the striatum. However, Gamboa‘s results have not been replicated yet and in 

another study (Nettekoven et al., 2013) it has been reported that increasing the number of 

iTBS stimulations augmented the stimulation effect, locally and in distant brain regions. 
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Another possibility could be that acute aiTBS effects differ from the long-term effects. 

Kuroda et al. (Kuroda et al., 2006) showed in depressed patients that the dopaminergic 

modulation observed immediately after HF-rTMS was not present 24 hours later despites 

improvements in a verbal memory task. It is thus possible that the HF-rTMS induced 

dopaminergic modulation is only transient and does not persist in a longer term. Huang et al. 

(Huang et al., 2005) studied the neurophysiological effects of TBS over the motor cortex. 

They proposed that TBS simultaneously display excitatory and inhibitory properties on the 

stimulated tissue. The different buildup of these two properties in relation to the stimulation 

protocol may result in the final induced effect: excitatory property would dominate in iTBS 

while inhibitory property would dominate in cTBS. Although this was fond over a relatively 

short period of time (60min) and over the motor cortex, this model gives credit to the idea that 

iTBS induced effects may vary in time. In addition, it underlines the importance of 

stimulation parameters as iTBS and cTBS only differs in train intervals, but results in 

apparent opposite induced effects. Long-term assessments of the effect of iTBS are thus 

needed to better understand the neurophysiological impact of iTBS treatment. 

5.3 Limitations 

In the healthy individual's study, the small sample size is the main limitation. For the 

patient clinical study, our sham-controlled cross-over design suffers from some specific flaws. 

Notwithstanding the increased statistical power that such designs provide, in our study this 

may not have been the most suited. Indeed, as neurostimulation and iTBS in particular, is 

thought to induce neuroplasticity, delayed effects are to be expected. For patients having 

received real aiTBS first: the effects of the stimulation could have only been observable in the 

second week (i.e. after sham treatment) whereas, for patients receiving the stimulation the 

second week, the effects could not have been observable at all. By design, the T4 time point 

represents a different duration of delay from real treatment across the two groups, thus 

essentially preventing direct comparison. Finally, even though we paid attention to carefully 

blind our participants (they were blindfolded and ear plugged) and we used a specially 

designed sham coil; the physical sensation induced by the sham stimulation still differed from 

the real stimulation. This problem might be accentuated when applying aiTBS. 

For the neuroimaging study, the most important limitation comes from the 

probabilistic task used to assess reward learning. This task was not originally developed for 

scanner purposes. Moreover, because anxiety is known to influence reward-related processes 



 

Page 133 

 

(Bogdan et al., 2006; Porcelli et al., 2012), this incommodious environment might have 

blurred the sensitivity of the behavioral and neuroimaging results. However, this is a recurrent 

problem when performing a task in the fMRI environment and little can be done to control for 

this factor. Also, we did not assess the behavioral and neural changes following the 

stimulation at a longer term as no fMRI data were recorded after the end of the whole 

stimulatory protocol. Because our clinical results suggest possible delayed effects, this we 

could have missed. 

5.4 Future directions 

Future research concerning the therapeutic effects of rTMS in MDD should be 

orientated toward three main goals. First, we need to improve the phenotypic characterization 

of MDD and its symptoms, including anhedonia. Second, and in parallel to the first goal, the 

clinical relevance of new neurostimulation targets such as the DMPFC have to be 

investigated. Third, a better understanding of the neurophysiological effects of iTBS is 

required.  

It is clear that the current way to diagnose mood disorders by observing phenotypical 

symptoms is limited. Indeed, a unique syndrome, such as anhedonia can in fact inaccurately 

regroup different etiologies under the same classification. One way to improve this 

characterization is to develop new, more accurate assessment techniques. Although more 

accurate questionnaires are necessary, it is doubtful that they will ever reach the sensitivity 

needed to efficiently discriminate subgroups on neurobiological differences. Nevertheless, 

there is room for improvement and innovation as demonstrated by the TEPS questionnaire 

developed by Gard et al. (Gard et al., 2006). More recently Rizvi et al. (Rizvi et al., 2015) 

conceived the Dimensional Anhedonia Rating Scale (DARS) to include desire, motivation, 

effort and consummatory pleasure into the anhedonic assessment. Notwithstanding that this 

scale is recent and has not been extensively used yet, it demonstrated better accuracy than the 

SHAPS in discriminating MDD subtypes and was validated in unipolar and bipolar patients 

(Rizvi et al., 2015). Neuroimaging techniques such as EEG, PET scans, MRI and fMRI can 

significantly increase diagnosis precision by providing information on the neurophysiological 

mechanisms at work in MDD (neural activity, metabolism, neurotransmitter activity, 

anatomical volume etc. (for a review see Dunlop et al., 2014)). Combined with cognitive tasks 

these techniques can shed light on the neural basis of cognitive processes and their 

modulation post-treatment. Another possibility is to investigate resting-state functional 
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connectivity patterns. Resting-state analysis is the observation of neural correlates at rest over 

a short period of time (usually less than 10min) in fMRI. A recent study published in Nature 

(Drysdale et al., 2016) used a large multisite sample to identify depression subtypes. They 

clustered patients based on common neural impairments and isolated four different 

“biotypes”. Depressive symptoms such as anhedonia and anxiety (assessed with the HDRS) 

were more strongly associated with a particular biotype than the others. Furthermore, they 

hypothesized that these biotypes would be differentially responsive to HF-rTMS over the 

MPFC. Response rate varied widely among groups, with each biotype displaying a response 

rate of respectively 82.5%, 61%, 29.6% and 25%. The most responsive biotypes, biotype 1 

(82.5%) and 4 (61%), were respectively characterized by a reduced connectivity (as compared 

to controls) in the fronto-amygdalar networks and higher anxiety for biotype1 and an 

increased connectivity in the thalamic and frontostriatal networks and higher anhedonia and 

psychomotor retardation for biotype 4.The diagnosis based on biotype and related functional 

connectivity features reached a predictive accuracy of 89.6% as compared to clinical 

symptoms that displayed only 62.6% of predictive power. This impressive study leads the 

way toward a new mood disorder classification base on neurobiological impairments. This is 

a big step toward a more precise mood disorders classification, more individualized and 

targeted treatments and hopefully better response rates. 

A more precise knowledge of the different subtypes of depression will also allow for a 

more refined investigation of the reward processes impaired in anhedonia. In this thesis, we 

looked at the influence of anhedonia on reward learning and its modulation by iTBS. If the 

absence of behavioral modulation can originate from design flaws in our study, it is also 

possible that other reward-related processes might have been more relevant for our patient 

sample. A behavioral meta-analysis of reward learning in depression suggests that the 

contribution of “liking” deficit (consummatory) might be more important than “wanting” 

deficit (Huys et al., 2013). Future clinical studies should investigate the impact of iTBS over 

the left DLPFC on different reward processes such as motivation (EEfRT) or hedonic 

experience for example. Further, with a better understanding of the etiology of depression and 

anhedonia, new stimulation targets will likely be proposed (Downar et al., 2013). This is 

already the case as Salomons and Dunlop (Salomons et al., 2013) among others (Bakker et al., 

2015; Downar et al., 2014) started to stimulate over the DMPFC in depressed patients. 

Although the available data do not suggest the clinical superiority of this target over the left 

DLPFC, no direct comparison has been published yet. Evidence suggests that the DMPFC 
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might be a relevant target to act on the reward system and hence try to alleviate anhedonic 

symptoms. With a delay discounting task, Kable and Glimcher (Kable et al., 2007) showed in 

healthy participants that the MPFC is involved in the subjective valuation of delayed rewards. 

Moreover, in healthy individuals, HF-rTMS over this area modulated dopaminergic release in 

the striatum and influenced participants’ subjective level of delay discounting (Cho et al., 

2015). In depressed patients, Downar et al. (Downar et al., 2014) stimulated the DMPFC and 

reported a bimodal response to the stimulation based on anhedonia severity. Finally, when 

selecting the patients based on neurobiological features (Drysdale et al., 2016) higher 

response rates have been achieved with the DMPFC (up to 82.5%), suggesting that future 

clinical studies should aim for individualized treatment protocols rather than looking for a 

gold standard stimulatory target. 

Another major concern for the investigation of aiTBS antidepressant effect is the 

understanding of the neurophysiological properties of the induced effects. The debate still 

remains whether or not iTBS has excitatory or inhibitory neuronal effects. In this context, 

more work is needed to unravel the exact short and long-term effects of TBS and to optimize 

stimulation parameters (e.g., intensity, frequency, number of cycles, duration) to further 

improve response rate in MDD. Future clinical studies should take into account these factors 

and use neuroimaging techniques over an extended period of time following the stimulation 

treatment.  

Finally, to avoid the design flaws discussed in the limitations, future studies could 

adopt a randomized parallel design. This kind of design has the advantage to eliminate 

possible order and carryover effects. Moreover, parallel designs are easy to implement in a 

multicenter context, increasing blindness and facilitating the recruitment of bigger patient 

sample. 

5.5 Conclusion 

In the patients’ study, accelerated iTBS was found to be safe and easy to implement. 

In spite of important placebo effects, aiTBS treatment resulted in “fast” meaningful clinical 

responses comparable to the ones of “classic” HF-rTMS protocols. This is an important 

finding as aiTBS protocol requires significantly less time, improves the comfort of the 

patients and practitioners and makes the treatment accessible to a greater number of patients. 
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This protocol also appears to induce delayed clinical effects, which is in line with the 

assumption of an induced neuroplasticity following stimulation. 

One session of iTBS over the left DLPFC was found to be safe in healthy individuals. 

The stimulation did not result in significant changes in participants’ reward learning 

performance. However, individual hedonic capacity was associated with participants’ 

performance improvement after real stimulation. This suggests that hedonic capacity might be 

of influence in the reward system modulation following iTBS in healthy subjects.  

Finally, our neuroimaging study showed that aiTBS differentially modulated the 

reward system of high and low anhedonic patients despite the absence of behavioral changes. 

Therefore, depressive groups based on anhedonia severity might represent distinct anhedonic 

subtypes with different etiologies and different response to aiTBS. However, our findings do 

not provide a clear-cut answer whether or not left DLPFC aiTBS treatment will successfully 

treat a given TRD patient based on anhedonia severity.  

Overall, our findings are important to refine the clinical use of aiTBS in TRD patients 

and to better understand its neural effects. Importantly, our results emphasize the need for 

subgroup comparisons in futures clinical neurostimulation studies. 
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Majeure Depressie (MD) is de vaakst gediagnosticeerde psychiatrische stoornis bij 

volwassenen. Zowel de resistentie ten opzichte van medicatie als psychotherapeutische 

behandelingen is hoog, wat contribueert tot een grote en wereldwijde economische last. 

Ondanks het gebruik – en de optimalisering – van repetitieve Transcraniële Magnetische 

Stimulatie (rTMS) als behandeling voor MD de laatste twintig jaar, blijft de klinische respons 

relatief laag en tijdrovend. Het ontwikkelen van nieuwe stimulatieprotocollen kan hierop 

mogelijks een antwoord bieden. Thetaburst Stimulatie (TBS), een recent ontwikkeld 

stimulatieprotocol gebaseerd op de fysiologie van hippocampale cellen, induceert een meer 

natuurlijk neuronaal vuurpatroon wat de effecten van stimulatie zou kunnen versterken. Daar 

rTMS-effecten afhankelijk lijken te zijn van de dosering, streeft een geaccelereerd 

intermitterend (i)TBS protocol naar het verhogen van het aantal toegediende stimulatiepulsen 

per dag, hoewel alsnog de stimulatieduur gereduceerd wordt.  

Een beter begrip van de neurofysiologische mechanismen onderliggend aan iTBS 

responsiviteit is nodig om de stimulatieparameters te kunnen optimaliseren en de 

behandelrespons bij MD te verhogen. Recente studies hebben aangetoond dat rTMS het 

beloningssysteem kan stimuleren en moduleren bij gezonde proefpersonen. Hoog frequente 

stimulatie over de linker dorsolaterale prefrontale cortex induceert dopaminerge afgifte in 

belangrijke componenten van het beloningssysteem, zoals de nucleus accumbens, nucleus 

caudatus, putamen, ventromediale prefrontale cortex of orbitofrontale cortex. De rol van deze 

gebieden in aan beloning gerelateerde processen als het aanleren van, de anticipatie op of de 

consummatie van beloning werd reeds aangetoond. De modulatie van deze cognitieve 

processen zou cruciaal kunnen zijn onderliggend aan iTBS responsiviteit doordat anhedonie – 

het niet meer streven naar en/of kunnen ervaren van plezier - een kernsymptoom is van de 

ziekte.  

De doelstellingen van dit doctoraatsproject waren i) de veiligheid, haalbaarheid en 

effectiviteit na te gaan van een innovatief geaccelereerd iTBS protocol als behandeloptie voor 

Therapieresistente Depressie (TRD), ii) het evalueren van het effect van iTBS en 

geaccelereerde iTBS op responsiviteit ten aanzien van beloning in een gezonde en depressieve 

toestand. 

De nieuwe stimulatie parameters werden veilig bevonden en waren eenvoudig toe te 

passen bij zowel gezonde proefpersonen (iTBS) als depressieve patiënten (aiTBS). Bij 

patiënten resulteerde het geaccelereerde iTBS protocol in “snelle” betekenisvolle klinische 
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resultaten, vergelijkbaar met de respons op “klassieke” hoogfrequente rTMS behandelingen. 

Dit is een belangrijke bevinding gezien voor aiTBS aanzienlijk minder tijd nodig is, wat niet 

enkel het comfort voor de patiënt verhoogt maar ook de behandeling voor een groter aantal 

patiënten sneller toegankelijk maakt. 

Om de effecten van (a)iTBS op het beloningssysteem te onderzoeken, maakten we 

gebruik van een probalistische leertaak bij gezonde proefpersonen en depressieve patiënten 

voor en na stimulatie. Bij gezonde proefpersonen vonden we na één iTBS sessie geen 

significante modulatie van beloningsgericht gedrag. Enkel wanneer we de individuele 

gevoeligheid voor beloning in rekening brachten, vonden we dat een hogere 

beloningsgevoeligheid gerelateerd was aan een verhoogd beloningsgericht gedrag na 

stimulatie. Deze bevindingen suggereren een invloed van de individuele 

beloningsgevoeligheid op iTBS responsiviteit. Volgend op dit resultaat onderzochten we 

eveneens of de graad van anhedonie van invloed was op het klinisch resultaat van een aiTBS 

behandeling. Voor de start van de behandeling was er geen verschil op beloningsgericht 

gedrag bij depressieve patiënten die hoog of laag scoorden op anhedonie. Echter, vergeleken 

met patiënten die hoger scoren op anhedonie bij de beeldvormingsstudie, vertoonden laag 

anhedonische depressieve patiënten meer activiteit in hersenregio’s die doorgaans 

geassocieerd worden met het beloningssysteem. Ondanks dat we geen gedragsinvloed van de 

behandeling vonden tussen hoog en laag anhedonische depressieve patiënten, vonden we dat 

aiTBS dit beloningssysteem tussen beide groepen verschillend beinvloedde. Bijgevolg zouden 

depressieve groepen - gebaseerd op de mate van anhedonie - mogelijks een onderscheiden 

anhedonisch subtype kunnen representeren met een diverse etiologie en een diverse aiTBS 

responsiviteit. Desalniettemin geven onze huidige resultaten geen kant-en-klaar antwoord 

wanneer deze aiTBS behandeling al dan niet succesvol zal zijn om, gebaseerd op de graad van 

anhedonie, medicatie resistente depressieve patiënten te behandelen.  
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Supplementary Material 

Intermittent Theta-Burst Stimulation Increases Reward 

Responsiveness in Individuals with Higher Hedonic Capacity 

Behavioral Analyses 

 

Supplemental figure 1: Schematic representation of the protocol. 

Participants completed the probabilistic learning task 4 times: pre- and 

post-first stimulation, pre- and post-second stimulation. Half of the 

participants received the active stimulation first; the other half received 

the sham stimulation first. Participants waited 1 week between 

stimulations. 

 

Statistical method for influential cases:  

According to Andy Field “Discovering statistic using IBM SPSS statistics” 4
th

 edition, Cook’s 

distance and leverage are two accepted measures of the influence of cases on a linear-model 

and should thus be used for linear-model diagnostic. We computed these two values and as 

shown in the provided graph, 2 cases appear to stand apart from the cohort for both cook’s 

distance and leverage measure. These two cases are in fact the 2 excluded influential cases. 

Numerical cutoffs have been proposed for these measurements (Fox, John. (1991). Regression 

Diagnostics: An Introduction. Sage Publications). We calculated the numerical cutoff for 

cook’s d to be 0.19 and the numerical cutoff of leverage to be 0.19. For cooks distance case 

#09 and #17 passes the numerical cutoff (#09’s cook’s d= 0.23, #17’s cook’s d= 0.20). Case 

#01 was also close to the numerical cutoff (#01’s cook’s distance d=0.186). For leverage, no 

case passes the numerical cutoff (#09’s leverage=0.17 #17’s leverage=0.17 #01’s leverage 
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=0.10). However, John Fox in Regression Diagnostics: An Introduction (Sage Publications), 

recommends not to solely rely on numerical cutoffs but rather to take both visual analysis and 

diagnostic measurements into account before excluding any values. It should also be 

mentioned that separate regression analysis were also ran after excluding number 17, number 

09, number 01 and after excluding all of them as it is commonly suggested. Each time the 

model fit improved as well as its significance. We are convinced that these extra analyses 

adds the necessary information to justify why these 2 influential cases can be removed (in a 

second time) from the analysis. Consequently, we followed the same diagnostic procedure for 

the reward learning between B2 and B3. One case exceeded Cook’s distance only but had a 

low leverage value. To assess its influence on the model we excluded it in a second step from 

the analysis. The correlation decreased but remained significant. 

 
Supplemental figure 2 : Q-Q plot of cook’s distance and centered leverage value for the reward 

learning between B1 and B2 for each participant. Two values stand out and can be considered as 

influential cases: P17 and P09. 
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RESPONSE BIAS MEAN S.D 

Block 

1 0.039 0.111 

2 0.136 0.167 

3 0.200 0.162 

Time 

Pre 0.125 0.166 

Post 0.125 0.210 

Stimulation 

Active 0.146 0.121 

Sham 0.104 0.127 

Stimulation x Time 

Active Pre 0.147 0.192 

Post 0.145 0.198 

Sham Pre 0.103 0.186 

Post 0.105 0.263 

Stimulation x Block 

Active 1 0.045 0.141 

2 0.180 0.180 

3 0.213 0.181 

Sham  1 0.034 0.160 

2 0.092 0.193 

3 0.186 0.183 

Time x Block 

Pre 1 0.088 0.177 

2 0.116 0.195 

3 0.171 0.232 

Post 1 -0.009 0.213 

2 0.155 0.262 

3 0.228 0.296 

Stimulation x Time x Block 

Active Pre 1 0.071 0.253 

2 0.145 0.247 

3 0.226 0.267 

Post 1 0.019 0.197 

2 0.214 0.303 

3 0.201 0.333 

Sham Pre 1 0.105 0.198 

2 0.088 0.237 

3 0.117 0.265 

Post 1 -0.037 0.317 

2 0.096 0.353 

3 0.256 0.324 

Supplemental Table 1: Response bias means 

and standard deviations. 
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REACTION TIME (Log ms) MEAN S.D 

Condition   

 Rich 6,121 0,158 

Lean 6,180 0,167 

Stimulation    

 Active 6,147 0,200 

Sham 6,154 0,148 

Time    

 Pre 6,147 0,171 

Post 6,153 0,172 

Block    

 B1 6,149 0,174 

B2 6,154 0,163 

B3 6,147 0,157 

Condition x Stimulation    

Rich Active 6,110 0,190 

Sham 6,132 0,152 

Lean Active 6,184 0,215 

Sham 6,176 0,147 

Condition x Time    

Rich Pre 6,118 0,171 

Post 6,123 0,160 

Lean Pre 6,177 0,178 

Post 6,183 0,193 

Condition x Block    

Rich B1 6,143 0,178 

B2 6,119 0,159 

B3 6,100 0,155 

Lean B1 6,155 0,174 

B2 6,189 0,172 

B3 6,195 0,167 

Stimulation x Time    

Active Pre 6,159 0,220 

Post 6,134 0,197 

Sham Pre 6,135 0,178 

Post 6,172 0,166 

Time x Block    

Pre B1 6,147 0,212 

B2 6,143 0,161 

B3 6,151 0,158 

Post B1 6,151 0,167 

B2 6,165 0,188 

B3 6,144 0,172 

Condition x Stimulation x Time   

Rich Active Pre 6,129 0,221 

Post 6,091 0,180 

Sham Pre 6,108 0,178 

Post 6,156 0,160 

Lean Active Pre 6,190 0,230 

Post 6,177 0,222 

Sham Pre 6,163 0,186 

Post 6,189 0,185 

Condition x Stimulation x Block   

Rich Active B1 6,134 0,221 

B2 6,108 0,198 

B3 6,087 0,180 

Sham B1 6,152 0,166 

B2 6,130 0,152 

B3 6,113 0,174 

Lean Active B1 6,168 0,225 

B2 6,186 0,229 

B3 6,197 0,217 

Sham B1 6,143 0,153 

B2 6,193 0,153 

B3 6,193 0,156 

Condition x Time x Block   

Rich Pre B1 6,130 0,216 

B2 6,116 0,165 

B3 6,107 0,161 

Post B1 6,156 0,171 

B2 6,122 0,174 

B3 6,093 0,160 

Lean Pre B1 6,165 0,217 

B2 6,170 0,172 

B3 6,195 0,167 

Post B1 6,146 0,172 

B2 6,209 0,215 

B3 6,195 0,204 

Stimulation x Time x Block   

Active Pre B1 6,156 0,262 

B2 6,147 0,237 

B3 6,175 0,202 

Post B1 6,147 0,198 

B2 6,147 0,209 

B3 6,110 0,207 

Sham Pre B1 6,139 0,232 

B2 6,139 0,159 

B3 6,128 0,176 

Post B1 6,155 0,159 

B2 6,183 0,187 

B3 6,178 0,188 

Condition x Stimulation x Time x Block 

Rich Active Pre B1 6,134 0,270 

B2 6,120 0,236 

B3 6,132 0,200 

Post B1 6,135 0,202 

B2 6,096 0,197 

B3 6,043 0,184 

Sham Pre B1 6,127 0,235 

B2 6,113 0,170 

B3 6,083 0,184 

Post B1 6,177 0,167 

B2 6,147 0,175 

B3 6,143 0,197 

Lean Active Pre B1 6,177 0,272 

B2 6,175 0,252 

B3 6,218 0,216 

Post B1 6,159 0,201 

B2 6,197 0,241 

B3 6,176 0,247 

Sham Pre B1 6,152 0,234 

B2 6,166 0,168 

B3 6,172 0,184 

Post B1 6,133 0,169 

B2 6,220 0,216 

B3 6,213 0,204 

Supplemental Table 2: Reaction time means and 

standad deviation
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ACCURACY (arcsine) MEAN S.D 

Condition   

 Rich 1,141 0,131 

Lean 1,021 0,137 

Stimulation    

 Active 1,071 0,134 

Sham 1,091 0,133 

Time    

 Pre 1,067 0,125 

Post 1,095 0,131 

Block    

 B1 1,082 0,126 

B2 1,075 0,122 

B3 1,086 0,135 

Condition x Stimulation    

Rich Active 1,141 0,150 

Sham 1,140 0,133 

Lean Active 1,000 0,140 

Sham 1,043 0,161 

Condition x Time    

Rich Pre 1,127 0,140 

Post 1,154 0,155 

Lean Pre 1,008 0,151 

Post 1,035 0,173 

Condition x Block    

Rich B1 1,103 0,134 

B2 1,138 0,152 

B3 1,181 0,147 

Lean B1 1,060 0,140 

B2 1,013 0,126 

B3 0,992 0,168 

Stimulation x Time   

Active Pre 1,052 0,158 

Post 1,089 0,126 

Sham Pre 1,082 0,136 

Post 1,100 0,150 

Stimulation x Block 

Active B1 1.078 0.148 

B2 1.066 0.132 

B3 1.068 0.152 

Sham B1 1,085 0.143 

B2 1,085 0.142 

B3 1.010 0.144 

Time x Block    

Pre B1 1,045 0,144 

B2 1,065 0,137 

B3 1,092 0,133 

Post B1 1,119 0,132 

B2 1,086 0,125 

B3 1,080 0,154 

Condition x Stimulation x Time   

Rich Active Pre 1,125 0,170 

Post 1,157 0,157 

Sham Pre 1,129 0,151 

Post 1,151 0,177 

Lean Active Pre 0,980 0,190 

Post 1,021 0,163 

Sham Pre 1,036 0,169 

Post 1,050 0,206 

Condition x Stimulation x Block   

Rich 
 

Active B1 1,102 0,170 

B2 1,147 0,166 

B3 1,174 0,165 

 Sham B1 1,105 0,157 

B2 1,128 0,154 

B3 1,187 0,165 

Lean Active B1 1,054 0,156 

B2 0,984 0,137 

B3 0,962 0,184 

Sham B1 1,066 0,159 

B2 1,042 0,177 

B3 1,021 0,184 

Condition x Time x Block   

Rich Pre B1 1,090 0,162 

B2 1,116 0,178 

B3 1,175 0,146 

Post B1 1,117 0,156 

B2 1,160 0,165 

B3 1,186 0,193 

Lean Pre B1 0,999 0,167 

B2 1,013 0,146 

B3 1,010 0,192 

Post B1 1,121 0,173 

B2 1,012 0,169 

B3 0,973 0,219 

Stimulation x Time x Block   

Active Pre B1 1,044 0,177 

B2 1,047 0,179 

B3 1,066 0,157 

Post B1 1,112 0,147 

B2 1,085 0,111 

B3 1,070 0,172 

Sham Pre B1 1,045 0,191 

B2 1,083 0,150 

B3 1,119 0,147 

Post B1 1,125 0,143 

B2 1,088 0,164 

B3 1,089 0,174 

Condition x Stimulation x Time x Block 

Rich Active Pre B1 1,085 0,197 

B2 1,112 0,205 

B3 1,178 0,173 

Post B1 1,119 0,185 

B2 1,183 0,164 

B3 1,170 0,208 

Sham Pre B1 1,096 0,213 

B2 1,120 0,198 

B3 1,172 0,178 

Post B1 1,114 0,191 

B2 1,137 0,201 

B3 1,202 0,213 

Lean Active Pre B1 1,003 0,225 

B2 0,981 0,217 

B3 0,954 0,219 

Post B1 1,105 0,170 

B2 0,987 0,191 

B3 0,970 0,242 

Sham Pre B1 0,995 0,207 

B2 1,045 0,181 

B3 1,066 0,209 

Post B1 1,136 0,200 

B2 1,038 0,242 

B3 0,975 0,245 

Supplemental Table 3: Accuracy means and standard deviations:
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Supplemental Material 

Accelerated iTBS treatment in depressed patients differentially modulates reward 

system activity based on anhedonia 

 

Behavioral analyses 

RB MEAN S.D 

Block 

1 .05 .10 

2 .13 .12 

3 .15 .15 

Time 

T1 .15 .17 

T2 .12 .18 

T3 .07 .22 

Time x Block 

T1 1 .11 .16 

2 .17 .23 

3 .16 .23 

T2 1 .03 .20 

2 .14 .22 

3 .19 .21 

T3 1 .02 .23 

2 .07 .24 

3 .12 .27 

Supplemental table 1: Response bias mean scores 

and standard deviations for the whole group. 

 LowA group N=19 HighA group 

N=18 

RB MEAN S.D MEAN S.D 

Block 

1 .08 .11 .03 .09 

2 .15 .12 .10 .12 

3 .18 .13 .13 .16 

Time 

T1 .17 .14 .12 .20 

T2 .09 .18 .15 .18 

T3 .15 .20 -.01 .20 

Time x Block 

T1 1 .11 .14 .11 .18 

2 .17 .19 .17 .26 

3 .22 .19 .09 .27 

T2 1 .02 .22 .04 .19 

2 .11 .21 .17 .24 

3 .14 .22 .24 .18 

T3 1 .09 .22 -.05 .23 

2 .17 .21 -.04 .22 

3 .18 .26 .05 .28 

Supplemental table 2: Response bias mean scores and 

standard deviations for lowA and highA groups. 
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 ‘Sham first’ group 

N=19 

‘Real first’ group 

N=18 

RB MEAN S.D MEAN S.D 

Block 

1 .05 .07 .06 .13 

2 .09 .12 .17 .10 

3 .13 .17 .18 .11 

Time 

T1 .11 .16 .18 .18 

T2 .13 .17 .10 .19 

T3 .02 .24 .12 .18 

Time x Block 

T1 1 .12 .12 .10 .20 

2 .11 .19 .24 .25 

3 .11 .25 .21 .21 

T2 1 .02 .23 .04 .17 

2 .17 .23 .11 .22 

3 .21 .15 .17 .26 

T3 1 .00 .22 .05 .24 

2 -.01 .23 .15 .23 

3 .08 .34 .16 .17 

Supplemental table 3: Response bias mean scores 

and standard deviations for “sham first” and “real 

first” groups. 

Supplemental analyses on the Time x Block x Order interaction:  

PAIRED T-TESTS ANALYSES in each Order group: 

 BLOCKS x TIMES  

Paired t-tests per block in the ‘sham first’ group:  

B1 was significantly higher at baseline (T1) than at post-real (T3); t(18)=2.18, p=0.04.   

B2 was significantly higher at baseline (T1) than at post- real (T3): t(18)=2.13, p=0.05.   

These significant differences appear to be driven by the baseline blocks (B1 and B2) involved in the 

baseline difference reported in the manuscript. 

B2 was higher at post-sham (T2) than at post- real (T3) and this trended toward significance: 

t(18)=1.97;p=0.065.  

No other significant difference was found (all t’s<1.6; p’s>0.13). 

Paired t-tests per block in the ‘real first’ group:  

No significant differences were found (all t’s<1.5, p’s>0.15). 
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 Reward Learning x TIMES 

Paired t-tests on reward learning in the ‘sham first’ group:  

Reward learning between B1 and B2 was more important in the post-sham condition (T2) than in the 

baseline condition (T1): t(18)=3.27, p<0.01.  

Reward learning between B1 and B3 was more important in the post-sham condition (T2) than in the 

baseline condition (T1): t(18)=3.42, p<0.01.  

These significant differences appear to be driven by the baseline blocks (B1 and B2) involved in the 

baseline difference reported in the manuscript. 

Reward learning between B1 and B2 was more important in the post-sham (T2) condition than in the 

post- real (T3) condition: t(18)=2.33, p=0.03. 

No other significant difference were found (all t’s<1.63; p’s>0.12). 

Paired t-tests on reward learning ‘real first’ group:  

No significant difference was found (all t’<1.35, p’s>0.19). 

 

Supplemental analyses on the RT Time x Block interaction:  

 TIME x BLOCK 

Paired t-tests per block between times: 

The RT for B1 was longer at T1 than at T2: t(36)=5.95, p<0.01  

The RT for B1 was longer at T1 than at T3: t(36)=5.71, p<0.01.  

The RT for B1 was longer at T2 than at T3 but this did not reach significance: t(36)=2.01, p=0.052.  

The RT for B2 was longer at T1 than at T2: t(36)=5.49, p<0.01 and T3: t(36)=4.80, p<0.01.  

The RT for B3 was longer at T1 than at T2: t(36)=4.78, p<0.01 and T3: t(36)=4.65, p<0.01.  

No other significant differences were found (all t’s<1.32; p’s>0.19).  
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Neuroimaging analyses 

 

3 X 3 X 2   ANCOVA: TIME X BLOCK X ORDER 

Covariates: deltaHDRS - Age - Gender 

  CLUSTER 

SIZE 

ANATOMICAL 

REGION 
HEMISPHERE BA F-VALUE 

COORDINATES 

(X,Y,Z) (MM) 

  MAIN EFFECT 

TIME - - - - - - 

BLOCK 9397 
Frontal Superior 

Medial Gyrus 
Right 9 15.95 3  54  42 

ORDER 10077 
Frontal Superior 

Medial Gyrus 
Right 9 4.49 3  63  36 

  INTERACTION 

TIME x BLOCK - - - - - - 

TIME x ORDER - - - - - - 

BLOCK x ORDER - - - - - - 

  OMNIBUS INTERACTION 

 TIME x BLOCK x 

ORDER 
- - - - - - 

Supplemental table 4: Report of the whole brain analysis effect and interaction clusters from the 3X3X2 

ANCOVA: Time X Block X Order. Only significant FWE corrected clusters at p<0.05 are reported. The 

absence of significant cluster is represented with “-”.  
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POST-HOC T-TESTS (T3) 

Contrasts  Cluster 

size 

Anatomical region Hemisphere BA T-value Peak coordinates (x,y,z) 

(mm) 

  Post-hoc T-test comparing highA vs lowA groups at T3 

highA vs lowA - - - - - - 

Post-hoc T-test comparing highA vs lowA groups at T3 (real) 

highA vs lowA 209 Middle cingulate cortex Right 32 -2.66 9  24  36 

 119 Precentral sulcus Left 6 -3.52 -57   3  36 

Post-hoc T-test comparing highA vs lowA groups at T3 (sham) 

highA vs lowA - - - - - - 

Post-hoc T-test comparing baseline to real (T3) 

highA 1554 Frontal superior Right 8 -3.83 15 42 54 

 154 Pregenual anterior cingulate 

cortex  

Right 32 -2.81 6 39 -9 

lowA - - - - - - 

Post-hoc T-test comparing baseline to sham (T3) 

highA 582 Insula Left 13 -3.79 -42 -9 3 

 483 Supplementary motor area Left 6 -2.89 0 -9 60 

 279 Pars triangularis Right 45 -3.44 57 21 3 

lowA 288 Anterior insula Right 47 2.54 36 24 0 

 126 Middle frontal gyrus Right 9 2.44 45 21 33 

 121 Frontal Superior Orbital Right 11 2.73  24 45 -12 

Post-hoc T-test comparing real (T3) to sham (T3) 

highA - - - - - - 

lowA 790 Middle frontal gyrus Right 46 4.09 48 39 27 

 385 Postcentral sulcus Left 4 4.42 -51 -12 54 

 330 Midcingulate cortex Right 32 3.12 6 24 33 

 187 Pars triangularis Left 46 4.19 -48 45 6 

Supplemental table 5: Report of the post-hoc significant T-test clusters at T3 within the 3X3X2X2 ANCOVA 

interaction mask. The significance threshold was set at p< 0.05 for all analyses. Only significant clusters with a 

threshold of k>100 are displayed. The absence of significant cluster is represented with “-”.  
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POST-HOC T-TESTS Blocks contrasts (T1) 

Contrasts  
Cluster 

size 
Anatomical region Hemisphere BA T-value 

Peak coordinates 

(x,y,z) (mm) 

T-test: highA vs lowA at T1 

B1  394 Putamen Right - -2.91 15   9  -6 

 118 Insula Left 13 -2.48 -51   6   9 

B2  211 
Supplementary motor 

area 
Left 32 -2.35 -9  -6  54 

 124 Precentral sulcus Left 9 -2.73 -36   3  39 

B3  - - - - - - 

p-wise T-test: between blocks at T1 

highA  B1 vs B2 - - - - - - 

 B2 vs B3 - - - - - - 

 B1 vs B3 114 Middle frontal gyrus Right 10 2.17 24  48  -6 

  100 Middle cingulum  Right 32 2.23 3  27  33 

lowA  B1 vs B2 177 
Supplementary motor 

area 
Right 6 -3.26 15  42  54 

 B2 vs B3 - - - - - - 

 B1 vs B3 - - - - - - 

T-test: real vs sham at T1 

highA  B1 - - - - - - 

 B2 - - - - - - 

   B3   6014 Middle frontal gyrus Right 9 - 6.42 51  24   9 

  199 Inferior parietal  Right 40 -4.78 63 -15  39 

lowA  B1 201 Superior frontal  Left 8 -3 -21   3  54 

  116 Anterior cingulum  Right 32 -2.8 15  36  24 

  100 Precentral sulcus Left 8 -2.65 -51   9  39 

    B2 - - - - - - 

    B3 - - - - - - 

Supplemental table 6: Report of the Block post-hoc significant T-test clusters at T1 (baseline) within the 

3X3X2X2 ANCOVA interaction mask. The significance threshold was set at p< 0.05 for all analyses. 

Only significant clusters with a threshold of k>100 are displayed. The absence of significant cluster is 

represented with “-”.  
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POST-HOC T-TESTS Blocks contrasts (T2) 

Contrasts  
Cluster 

size 
Anatomical region Hemisphere BA T-value 

Peak coordinates 

(x,y,z) (mm) 

  T-test: highA vs lowA T2 real 

B1  378 Insula Left 13 -5.84 -30  27  -3 

 277 Orbito frontal superior Left 10 -3.71 -24  60  -6 

 139 Superior frontal gyrus Left 8 -3.48 -18  36  51 

B2  226 
Middle frontal gyrus 

orbital 
Right 10 4.05 21  69  -3 

B3  105 Insula Left 13 3.69 -45   6  -9 

  T-test: highA vs lowA at T2 sham 

B1  - - - - - - 

B2  - - - - - - 

B3  249 
Middle frontal gyrus 

orbital 
Left 11 -4.57 -33  63  -9 

 154 Postcentral gyrus Right 2 4.14 54 -27  51 

p-wise T-test: between blocks at T2 real 

highA B1 vs B2 326 Middle frontal gyrus Right 9 -16 30  30  42 

 101 Orbito frontal inferior Left 47 -19.66 -36  42 -12 

 B2 vs B3 199 Supplementary motor area Right 6 10.93 3 12 48 

  110 Middle frontal gyrus Right 6 9.6 39 -6 51 

  103 Middle frontal gyrus Right 10 5.67 24 54 30 

 B1 vs B3 - - - - - - 

lowA B1 vs B2 154 Superior frontal gyrus Right 8 -3.29 12  39  54 

 B2 vs B3 185 Middle frontal gyrus Right 8 3.75 33  12  33 

  141 Frontal superior medial Right 10 3.86 3  66  12 

 B1 vs B3 - - - - - - 

p-wise T-test: between blocks at T2 sham 

highA B1 vs B2 - - - - - - 

B2 vs B3 268 Frontal superior medial Left 9 5.83 0 42 36 

 125 SupraMarginal Right 6 -4.83 60 -24 48 

 105 Putamen Right - -5 27 12 -3 

 B1 vs B3 264 Superior frontal gyrus Right 8 -6.1 27 39 45 

lowA B1 vs B2 - - - - - - 

B2 vs B3 - - - - - - 

   B1 vs B3 338 Middle frontal gyrus Right 9 -12.05 48 12 36 

 267 Frontal superior medial Left 9 -8.44 0 48 45 

 185 Middle frontal gyrus Left 10 -6.25 -48 42 -15 

 129 Middle frontal gyrus Right 10 -4.82 45 51 12 

T-test: real vs sham at T2 

highA B1 117 Supplementary motor area Right 6 -3.14 3  -3 60 

 114 Superior frontal gyrus Right 10 -3.81 36  54  30 

  B2 351 Anterior cingulum  Left 24 3.18 0  21  21 

 316 Frontal superior medial Left 10 4.64 -6  69  12 

  B3 611 Superior frontal  Right 6 -5 24   3  51 

 158 Parietal lobe Right 40 -3.47 63 -30  45 

 152 Frontal superior medial Right 10 -6.21 6  63  30 

lowA B1 387 Caudate Left - 3.35 -12  12   3 

 297 Frontal inferior orbital Left 10 4.97 -39 48 -12 

 140 Frontal superior medial Right 9 -2.8 12 45 42 

  B2 263 Middle frontal gyrus Right 10 -3.28 39 60 12 

  B3 664 Middle frontal gyrus Left 10 -4.29 -27  66  -3 

 168 Middle frontal gyrus Right 10 -4.48 18  69  -9 

 119 Inferior Frontal Gyrus Left 9 -3.03 -33  15  24 

Supplemental table 7: Report of the Block post-hoc significant T-test clusters at T2 within the 3X3X2X2 ANCOVA 

interaction mask. The significance threshold was set at p< 0.05 for all analyses. Only significant clusters with a 

threshold of k>100 are displayed. The absence of significant cluster is represented with “-”. 
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POST-HOC T-TESTS Blocks contrasts (T3) 

Contrasts  
Cluster 

size 
Anatomical region Hemisphere BA T-value 

Peak coordinates 

(x,y,z) (mm) 

  T-test: highA vs lowA T3 real 

B1  230 Middle frontal gyrus Left 46 -3.5 -42  12  27 

 124 Anterior Cingulum Left 9 -3.09 0  18  21 

 111 Inferior frontal gyrus Right 45 -3.61 42  27  15 

B2  - - - - - - 

B3  - - - - - - 

  T-test: highA vs lowA at T3 sham 

B1  - - - - - - 

B2  471 Frontal superior medial Left 8 5.12 -3  30  48 

 337 Middle frontal gyrus Left 10 4.24 -15  27  18 

 281 
 Middle frontal gyrus 

orbital 
Right 47 3.54 30  36 -21 

 235 Caudate Right/Left  4.44 -3 -6 -3 

 126 Middle frontal gyrus Left 6 3.07 -30   9  33 

B3  101 Superior Frontal Gyrus Right 8 3.59 6  45  54 

p-wise T-test: between blocks at T3 real 

highA  B1 vs B2 - - - - - - 

 B2 vs B3 - - - - - - 

 B1 vs B3 142 
Middle frontal gyrus 

orbital 
Left 11 5.98 -39  48  -9 

lowA  B1 vs B2 477 Superior frontal gyrus Right 10 -7.80 9  66  27 

 B2 vs B3 3040 Middle frontal gyrus Right 9 -7.16 18  54  30 

  1106 Caudate Left - -13.90 -6  9  3 

  B1vs B3 5340 Middle frontal gyrus Right  -24.8 30   9  45 

p-wise T-test: between blocks at T3 sham 

highA B1 vs B2 596 Middle frontal gyrus Right 8 -22.18 21  36  45 

B2 vs B3 - - - - - - 

 B1 vs B3 - - - - - - 

lowA B1 vs B2 115 Middle frontal gyrus Right 6 -5.41 33   9  60 

B2 vs B3 145 Pars triangularis Right 11 3.83 48  33   0 

   B1 vs B3 255 Precentral sulcus Left 9 4.34 -48   3  27 

T-test: real vs sham at T3 

highA B1 - - - - - - 

  B2 - - - - - - 

  B3 116 
Middle frontal gyrus 

orbital 
Left 11 3.68 -15 54 -18 

lowA B1 - - - - - - 

  B2 - - - - - - 

  B3 300 Middle frontal gyrus  Right 46 -3.8 45 42 30 

 286 Frontal superior medial Right 9 -3.15 9 60 33 

 105 Precentral sulcus Left 9 -2.85 -36 6 33 

Supplemental table 8: Report of the Block post-hoc significant T-test clusters at T3 within the 3X3X2X2 

ANCOVA interaction mask. The significance threshold was set at p< 0.05 for all analyses. Only 

significant clusters with a threshold of k>100 are displayed. The absence of significant cluster is 

represented with “-”. 
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