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Abstract 
Struckmann, W. 2021. The effect of intermittent theta-burst stimulation over the dorsomedial 
prefrontal cortext on brain activity in depression. Digital Comprehensive Summaries of 
Uppsala Dissertations from the Faculty of Medicine 1779. 56 pp. Uppsala: Acta Universitatis 
Upsaliensis. ISBN 978-91-513-1317-7. 

Repetitive transcranial magnetic stimulation is an emerging alternative for treatment-resistant 
depression, with ongoing developments in stimulation protocols and treatment targets. As such, 
intermittent theta-burst stimulation (iTBS) delivered over the dorsomedial prefrontal cortex 
(dmPFC) has shown promise, however establishing a need for neuroimaging studies to further 
understand the treatment mechanisms. 

This thesis aims to explore the effects of dmPFC-iTBS on brain activity in depression, using 
data from a randomized controlled trial and two add-on brain imaging studies with shared 
methodology. Study I investigated the prefrontal blood oxygenation (oxy-Hb) response during, 
as well as before and after iTBS sessions at the first, fifth, and final day of treatment. Oxy-Hb 
was assessed using functional near-infrared spectroscopy (fNIRS). Study II examined patients’ 
cognitive performance and concurrent prefrontal oxy-Hb before and after a full iTBS treatment 
course, again using fNIRS. The patient data were also compared to a sample of healthy controls. 
Study III assessed whether iTBS modulates functional brain activity during an emotional 
picture anticipation paradigm, using functional magnetic resonance imaging (fMRI). Study 
IV investigated the functional connectivity of the brain network behind the oxy-Hb response 
observed in study I. This was done by using the fNIRS optode locations as seeds in a resting-
state fMRI analysis before and after a full iTBS treatment course. 

In summary, brain activity was modulated by iTBS both in an acute and delayed matter. 
Patients receiving active iTBS had increased prefrontal oxy-Hb levels during the fifth and final 
iTBS session, suggesting that this modulation was being built up during the treatment course 
(study I). Resting-state functional connectivity of this prefrontal cortex region to the insula or, 
when adding oxy-Hb change as a regressor, the posterior parietal cortex was modulated after 
active, but not sham, iTBS (study IV). Likewise, amygdala activation during exposure to picture 
stimuli of negative valence was reduced after active, but not sham, iTBS (study III). While 
patients displayed cognitive deficits compared to healthy controls before treatment start, active 
iTBS did not alter their cognitive performance or concurrent prefrontal oxy-Hb (study II). 
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Introduction 

Depression 

Major depressive disorder and bipolar depression, hereafter collectively re-

ferred to as depression, are characterized by depressed mood and loss of in-

terest or pleasure, often termed anhedonia (1). Other common depressive 

symptoms include impaired motivation, appetite, sleep, or movement, as well 

as feelings of guilt and hopelessness, and suicidal thoughts (1). Depression 

can also be accompanied by impaired cognitive function, such as reduced pro-

cessing speed, working memory, and episodic memory (2). Moreover, patients 

with depression show negative biases in information processing, such as more 

negative and higher arousal during the perception of negative emotional stim-

uli than healthy controls (3). Taken together, the disorder is characterized by 

impaired everyday life function (4). Depression is a leading cause of years 

living with a disability (5), and one of the largest contributors to the global 

burden of disease (6), with an estimated 264 million people affected (7). In 

Sweden, the point prevalence is around eleven percent (8). 

The symptoms observed in depression can be linked to numerous altera-

tions in the brain (9). Indeed, depression is recognized as a disorder of altered 

neural networks, i.e., modulation of the synchronous ongoing brain activity of 

spatially remote structures (10). Aberrant activity and functional connectivity 

have been found particularly in the default mode network (DMN), central ex-

ecutive network (CEN), and salience network (SN) (11,12). The DMN com-

prises the medial prefrontal cortex, posterior cingulate cortex, and medial pos-

terior parietal cortex areas and is linked to self-referential processing and epi-

sodic memory (13). In depression, a much replicated finding is hyperconnec-

tivity of the DMN at rest (11), as well as increased connectivity between the 

subgenual anterior cingulate cortex (sgACC) and the DMN (14). The CEN 

primarily includes the dorsolateral prefrontal cortex (dlPFC) and the posterior 

parietal cortex (PPC) and regulates task-related executive functioning (15) and 

emotional responses (16). Studies on CEN changes in depression report pre-

dominantly altered dlPFC activity during cognitive performance (17), as well 

as network hypoconnectivity at rest (18). The SN, comprising the dorsal ante-

rior cingulate cortex (dACC) and anterior insula, but also the amygdala, is 

linked to the detection and integration of internal and external salient infor-

mation (15). The network, primarily through the insula, can act as a switch 
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between the DMN and CEN (19). In depression, aberrantly increased activa-

tion of the SN structures, most prominently with amygdala overactivity have 

been documented, e.g., during anticipation or perception of negative emo-

tional stimuli such as pictures, words, or facial expressions (17,20,21). Also, 

functional connectivity within the SN at rest is altered (12). Even more so, the 

SN shows altered switching between the DMN and CEN, with increased con-

nectivity between the SN and DMN, and conversely decreased connectivity 

between the CEN and DMN (12). Together, the alterations within and between 

the brain networks are thought to explain some of the core neurocognitive 

symptoms presented in depression, such as rumination, negative cognitive bi-

ases, and impaired cognitive performance (11,22). 

Transcranial magnetic stimulation (TMS) 

The most prevalent treatment options for depression are psychotherapy, phar-

macological treatment, and electroconvulsive therapy (ECT) (23). Despite 

these various treatment options, around one-third of all patients with depres-

sion do not reach remission after up to four treatment steps (24), and hence 

suffer from treatment-resistant depression. This number illustrates the need 

for alternative, add-on, treatment options. 

One emerging treatment option for depression is transcranial magnetic 

stimulation (TMS). Thirty-five years ago, transcranial magnetic stimulation 

(TMS) was first described by Barker et al. (25). Initially used to study corti-

cospinal tract excitability, it soon found application in the treatment of psy-

chiatric disorders, particularly depression (26).  

Basic TMS principles 

TMS is a non-invasive stimulation technique based on the physical principles 

of electromagnetic induction. During a single TMS pulse produced in the TMS 

coil, a magnetic field is produced perpendicular to the coil. This magnetic 

field, in turn, induces an electric field with current flowing in the underlying 

brain tissue, perpendicular to the magnetic field (27). The current produced by 

a single pulse may depolarize a local population of neurons, and when applied 

repetitively (thus termed repetitive transcranial magnetic stimulation, rTMS), 

this can modulate cortical excitability (28). Thus, rTMS can induce changes 

in brain activity that persist beyond the stimulation period, suggesting changes 

in synaptic plasticity (29). Furthermore, rTMS-induced effects on brain activ-

ity are not confined to the stimulation target, but also spread to distal brain 

regions (30). However, even when targeting a deeper brain structure, the in-

duced electric field is strongest under the coil, and increased penetration depth 

is necessarily linked to a loss of electrical field magnitude and focality (31).  
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Cortical excitability is traditionally measured as motor evoked potential 

(MEP) size or the motor threshold (MT), following the application of several 

single TMS pulses over the contralateral hand motor cortex (32). The MT is 

defined as a minimum stimulation intensity needed to elicit a motor response, 

recorded as MEP in an electromyogram or as a visible twitch of the target 

muscle, a given number of times (33). In an rTMS treatment protocol, the MT 

is used as a dosing reference for the given intensity, e.g., stimulation delivered 

at an intensity of 90 percent of the patient’s MT. 

There are numerous parameters influencing the rTMS effect, such as the 

coil orientation, stimulation target or pulse frequency (34). Depending on the 

frequency of magnetic pulses, rTMS can evoke different acute effects in the 

brain. In general, high-frequency stimulation produces enhanced cortical ex-

citability, while low-frequency stimulation is linked to inhibitory effects and 

thus decreased cortical excitability (29).  

Standard rTMS protocols in depression treatment 

Conventional rTMS protocols in the treatment of depression apply either low-

frequency (≤ 1 Hz) stimulation over the right dlPFC or high frequency (2-20 

Hz) stimulation over the left dlPFC (35). Using the dlPFC as stimulation target 

originated from early positron emission tomography (PET) and single photon-

emission computed tomography (SPECT) studies which found reduced blood 

flow and metabolism in the left dlPFC in depression (36,37). The standard 

high-frequency protocol applies a stimulation frequency of 10 Hz, i.e. deliv-

ering ten magnetic pulses per second. In this protocol, each train comprises 4 

seconds of stimulation (“on”) and 26 seconds break (“off”), with a total of 75 

trains resulting in 3 000 magnetic pulses per treatment session and a duration 

of 37.5 minutes (35). Standard low-frequency protocols apply a stimulation 

frequency of 1 Hz over the right dlPFC, with treatment durations from approx-

imately 10–20 minutes (38). Treatment with rTMS is conventionally given 

daily for a period of four to six weeks. The onset of the treatment effect is 

often noticeable first during the third week of treatment (39). Why the antide-

pressant effect is delayed and has to be built up during the treatment course is 

unknown. 

Numerous randomized clinical trials have shown that after a full treatment 

course with 10 Hz over dlPFC, approximately 50 percent of patients show a 

significant improvement in their depressive burden (40). Corresponding num-

bers needed to treat for response and remission are 6 and 8, respectively (40). 

Patients with unipolar and bipolar depression do not differ in their response 

and remission rates (38,40). The most common side effect is acute scalp pain 

at the site of application (41); however, patients tend to report decreased scalp 

pain after the first days of treatment in both open-label (42) and sham-con-

trolled studies (39,43). In 2008, the Food and Drug Administration (FDA) in 
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the United States approved the 10 Hz over left dlPFC protocol for the treat-

ment of treatment-resistant depression. Ten years later, both 10 Hz over left 

dlPFC and 1 Hz over right dlPFC were approved by the Swedish National 

Board of Health and Welfare and rTMS is now listed as priority 3, i.e., it 

should be offered as a depression treatment (44). 

Intermittent theta-burst stimulation (iTBS) 

The treatment duration of more than half an hour for conventional rTMS pro-

tocols fueled the development of shorter protocols, promoting feasibility in 

the clinical practice. However, the higher the frequency, the higher the pro-

pensity to induce an epileptic seizure, which hampered the use of frequencies 

higher than 20 Hz (41). In 2005, Huang et al. presented a new patterned pro-

tocol, the so-called theta-burst stimulation (45). Here, grouping of three pulses 

at 50 Hz repeated for 5 Hz can be administered safely, not inducing epileptic 

seizures, and yet delivering a high number of stimuli over a short time span. 

Theta-burst refers to the three magnetic pulses applied as bursts in the theta-

frequency, i.e. 5 Hz. There are two main theta-burst stimulation paradigms, 

namely continuous theta-burst stimulation (cTBS) and intermittent theta-burst 

stimulation (iTBS) (46). While a cTBS session comprises 20 “continuous” 

bursts, an iTBS session has an additional 8 seconds “off” (“intermittent”) be-

tween each train (Figure 1). Both protocols thus give 600 pulses in one ses-

sion, with a duration of 40 seconds in cTBS and 192 seconds in iTBS (45). 

Despite the same number of applied pulses, the protocols differ in the way 

they modulate neuronal activity: cTBS is linked to decreased cortical excita-

bility, while iTBS is linked to increased cortical excitability (47). 

The hitherto biggest rTMS study with more than 400 patients compared 

iTBS to the 10 Hz protocol, both over the left dlPFC, and could confirm non-

inferiority of iTBS (39). In the past few years, iTBS has thus become a popular 

TMS protocol in the treatment of depression and is the first line option used 

in the majority of Swedish rTMS clinics (48). 

 

 
Figure 1. Overview of intermittent theta-burst stimulation (iTBS). One iTBS train 
comprises three pulses given with an inter-stimulus interval (ISI) of 20 ms (50 Hz), 
repeated every 200 ms (5 Hz) for 2 s. Inter-train interval is 8 s. 
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The dorsomedial prefrontal cortex as stimulation target 

Besides stimulation frequency, another key parameter for rTMS treatment op-

timization is the stimulation target. While the left dlPFC is the conventional 

stimulation site for antidepressive rTMS treatment, new targets are emerging, 

with the dorsomedial prefrontal cortex (dmPFC) being a promising candidate 

(49). This frontal medial structure is anatomically situated directly dorsally to 

the ACC. Lesions in the dmPFC are associated with a high risk of severe de-

pression (50), suggesting this region to be involved in depression pathology. 

Sheline et al. (2010) showed that the DMN, CEN, and SN have increased 

functional connectivity to the dmPFC in depression, and that this connectivity 

is positively correlated with symptom severity (51). Furthermore, antidepres-

sant medication has been reported to reduce connectivity of the dmPFC in a 

sample of healthy subjects (52).  

Together, these findings highlight the potential of the dmPFC as a target 

for rTMS, potentially enabling the modulation of several brain networks. An 

initial open-label study applying rTMS over the dmPFC reported this treat-

ment target being safe and tolerable (53). In a recent transdiagnostic random-

ized controlled trial (RCT) by our group, delivering twice-daily iTBS over the 

dmPFC, we found a treatment effect specifically for negative symptoms in 

patients with depression, but not schizophrenia, and not for self-rated depres-

sion symptoms overall (54). The RCT further showed that active and sham 

iTBS elicited similar side effects such as reported memory deficits or head-

aches (54). While the findings of this RCT may support a promising role for 

this stimulation protocol in depression, the effects of this protocol on brain 

activity have not yet been studied. 

Neurovascular coupling and brain activity 

When applying rTMS over the hand knob area in the motor cortex, a direct 

motor response, such as finger twitching, is visible. In contrast, when applying 

rTMS over prefrontal brain regions such as the dmPFC, an immediate behav-

ioral output is difficult to observe. Neurophysiological and brain imaging 

methods can provide a solution to evaluate the neural responses to rTMS, both 

immediately during stimulation and as delayed effects over time.  

Neurophysiological and brain imaging methods such as functional near-

infrared spectroscopy (fNIRS) and functional magnetic resonance imaging 

(fMRI) are based on the phenomenon of neurovascular coupling (Figure 2). 

That is, neural activity in a brain area is linked to a subsequent increase in the 

cerebral blood flow due to an increased demand of oxygen and glucose. This 

produces a net increase in oxygenated hemoglobin (oxy-Hb) and, in turn, a 

decrease in deoxygenated hemoglobin (deoxy-Hb). These concentration 
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changes can be measured, as is reflected in the so-called blood oxygen level 

dependent (BOLD) signal. 

 
Figure 2. Schematic overview of neurovascular coupling. When neural activity in a 
brain region is increased, a subsequent increase in cerebral blood flow is produced. 
This generates a net increase of oxygenated hemoglobin (oxy-Hb) and, in contrast, a 
decrease in deoxygenated hemoglobin (deoxy-Hb). 

Functional near-infrared spectroscopy (fNIRS) 

fNIRS is a non-invasive technique, enabling indirect assessment of neural ac-

tivity (55). In short, light waves in the near-infrared (NIR) spectrum (around 

700-900 nm) are emitted from a source, traveling through the different layers 

of the head, being scattered and absorbed. Here, the different NIR light ab-

sorption properties of hemoglobin are essential, as oxy-Hb absorption is 

higher for λ > 800 nm, while deoxy-Hb absorption is higher for λ < 800 nm. 

The backscattered light is picked up by a detector. As NIR light below and 

above the critical wavelength of around 800 nm is emitted, the signal can then 

be distinguished between oxy-Hb and deoxy-Hb. This is done via signal con-

version, using the modified Beer-Lambert law. 

A feature of fNIRS is its relative insensitivity to motion. Its application is 

silent and does not pose any safety risks. The source-detector pairs are easy to 

apply on the forehead, rendering it practical to use in a clinical setting. fNIRS 

offers a somewhat naturalistic environment which is advantageous in the ap-

plication of cognitive performance testing with healthy controls (56) and psy-

chiatric patients (57). Studies comparing these two populations show that pa-

tients with depression exhibit a smaller prefrontal oxy-Hb response during a 

working memory task (58), relating to the task-related dlPFC dysfunction ob-

served with fMRI (17). Similarly, a recent fNIRS study showed decreased 
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synchronization between the dlPFC and the parietal lobe at rest, suggesting 

CEN connectivity alterations in depression (59). 

As the fNIRS signal is not substantially subject to electromagnetic interfer-

ence generated by TMS coils, its concurrent application with rTMS is advan-

tageous. To date, most fNIRS-rTMS research has been conducted on healthy 

controls (60). In these studies, single session low-frequency rTMS protocols 

(61–64) as well as cTBS (65) decrease prefrontal oxy-Hb levels, while high-

frequency rTMS protocols increase prefrontal oxy-Hb levels (64,66). How-

ever, how these brain mechanisms are modulated over the time course of an 

rTMS treatment in a sample with depression, and how they relate to symptom 

improvement, is largely unknown. 

Functional magnetic resonance imaging (fMRI) 

In the last two decades, MRI has become the dominating method for studying 

human brain function. In short, when placed in a MRI scanner, hydrogen nu-

clei in the body align with the direction of the magnetic field. Applying per-

pendicular radiofrequency (RF) pulses causes the protons to rotate away from 

the main magnetic field. When the RF pulses are turned off, the protons return 

to equilibrium and release electromagnetic energy. Electromagnetic gradients 

are applied to detect the signal and reconstruct an image. For fMRI, the dif-

ferent magnetic properties of oxy-Hb and deoxy-Hb are of importance for sig-

nal detection: oxy-Hb is diamagnetic, whereas deoxy-Hb is paramagnetic and 

thus characterized by a faster signal decay. Hence, the deoxy-Hb decrease fol-

lowing neural activity causes a slight increase in the recorded BOLD signal. 

Early on, fMRI studies were able to show that rTMS not only affects the 

BOLD signal at the stimulation site but also remote brain areas (67). Combin-

ing rTMS with fMRI can thus allow probing for network effects. As such, 

studies show that the increased relationship between the sgACC and DMN in 

depression is normalized after a rTMS treatment course, and that this change 

in connectivity is associated with clinical improvement (68). While rTMS 

treatment has been reported to affect functional connectivity between prefron-

tal regions and the amygdala at rest (69), it is not yet known whether similar 

rTMS-effects on the SN exist in the context of emotional stimuli perception. 

Furthermore, fMRI-rTMS can be used to explore biomarkers of rTMS re-

sponse in depression. The findings of a recent meta-analysis point to the 

sgACC being predictive of TMS treatment response (70). As such, pre-treat-

ment hyperconnectivity between the sgACC and the DMN has been shown to 

be predictive of rTMS treatment response (68). Furthermore, rTMS responder 

show higher baseline connectivity in the DMN and the SN (71). The role of 

the CEN in this context is less clear, as hyperconnectivity between sgACC and 

the PPC has been shown to be predictive of rTMS response (68); however, 

there are mixed findings as to whether rTMS treatment can increase connec-

tivity of nodes within the CEN (68,72). 
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fNIRS and fMRI differ in which hemoglobin properties are used for signal 

detection. While fNIRS uses the different absorption properties of oxy-Hb and 

deoxy-Hb, fMRI makes use of their different magnetic properties. In general, 

the fNIRS method per se is restrained by its low spatial resolution and shallow 

penetration depth. While there are new multichannel fNIRS devices measur-

ing over frontal, parietal, and temporal cortical regions which can be used to 

assess functional networks, clinical settings most likely prominently use de-

vices with a limited number of optodes. fMRI, in turn, can be used to measure 

rTMS-related blood oxygenation changes from deeper brain structures, and to 

gain a better insight into functional connectivity networks. fMRI is well suited 

to capture delayed treatment effects on brain activation, but it is impractical 

to use concurrently with rTMS in a clinical treatment setting. Thus, combining 

findings from fNIRS and fMRI can complement the hemodynamic picture of 

rTMS effects in the brain. 
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Aims 

The aim of this thesis was to investigate the effects of iTBS over the dmPFC 

on brain activity in depression, using fNIRS and fMRI. By combining findings 

from these methods, this thesis explored concurrent and delayed iTBS-effects 

in single regions and larger networks in the brain. 

The specific aims of each study are listed below. 

 

The aim of study I was to assess changes in the concurrent prefrontal blood 

oxygenation response over the course of treatment. This was done by record-

ing fNIRS during iTBS sessions at the first, fifth, and final day of treatment. 

 

Study II aimed to evaluate cognitive performance and concurrent prefrontal 

blood oxygenation in patients before treatment start and healthy controls. Sub-

sequently, this study investigated whether the iTBS treatment modulated pa-

tients’ cognitive performance and concurrent prefrontal blood oxygenation. 

 

The aim of study III was to assess the effect of iTBS on emotional processing 

in the brain. This was done by measuring functional brain activity during a 

fMRI emotional picture anticipation paradigm before and after the treatment 

course.  

 

Study IV aimed to assess the effect of iTBS on the functional connectivity of 

a prefrontal brain region. This was done by using the fNIRS optode locations 

as seeds in a resting-state fMRI analysis before and after the treatment course. 
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Materials and methods 

Participants 

All participants stem from a RCT (54) and two add-on brain imaging studies, 

all with shared methodology (73) at the Brain Stimulation Unit, Uppsala Uni-

versity Hospital, Sweden. The first brain-imaging study was added onto the 

RCT after ten patients with depression had been included. To compensate for 

data loss in the brain imaging study due to motion artefacts, the patient sample 

was subsequently expanded by a second brain-imaging study with an identical 

design. While the fNIRS measurements were conducted in both the RCT and 

the two add-on brain imaging studies, the fMRI measurements were con-

ducted only in the two add-on brain imaging studies, thus comprising a smaller 

number of patients.  

All patients were diagnosed with either unipolar or bipolar major depres-

sion, as verified through a Mini International Neuropsychiatric Interview 

(M.I.N.I.) (74). To be eligible for inclusion, patients had to be between 18 and 

59 years of age, with unchanged medication at least one month before treat-

ment start. Exclusion criteria comprised epilepsy, intracranial metallic im-

plants, pacemaker or implantable cardioverter defibrillator, pregnancy, and 

active substance use disorder. 

iTBS treatment 

The patients were randomized into active or sham iTBS treatment. Patients, 

magnetic stimulator operating staff, and symptom raters were blinded to the 

group allocation. rTMS was performed using the Cool D-B80 A/P butterfly 

coil (MagVenture, Farum, Denmark), which consists of two visually identical 

120º angled figure-of-eight coils back-to-back, but with the sham side of the 

coil being shielded (Figure 3). The treatment intervention was delivered over 

the dmPFC following MRI-guided neuronavigation, with the dorsal anterior 

cingulate cortex (dACC) as target (75). Stimulation intensity was set to 90% 

of the resting foot motor threshold, which was determined before the first 

treatment session (76). Patients received 1200 pulses per treatment session, 

with two blocks of 600 pulses. In between session blocks, the direction of 

current was reversed to achieve bilateral dmPFC stimulation (53). Treatment 

was given twice daily, with a fifteen minute break between the iTBS sessions 
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(77), aiming at ten consecutive treatment days at target intensity. To increase 

tolerability, the stimulation intensity was gradually ramped up to the target 

intensity during the initial treatment sessions. An additional treatment day was 

added if target stimulation intensity was not reached for at least half of the 

delivered trains on a treatment day, for a total of 15 treatment days. Transcuta-

neous electrical nerve stimulation (TENS) electrodes were applied on the fore-

head directly beneath the magnetic coil. To mimic the sensation and acoustic 

properties of active stimulation, patients in the sham condition received a mild 

TENS with a maximum current of 4 mA, scaled to the stimulation intensity 

and synchronous with the iTBS pulses. 

 
Figure 3. The coil used in the treatment. Left: Side view, with the two figure-of-
eight coils back-to-back (courtesy of MagVenture). Right: Front view, with one side 
of the coil angled towards the patient. 

Data acquisition 

An overview of the study design is given in Figure 4. 

Recruitment process 

The patients were recruited from the psychiatric clinic at Uppsala University 

Hospital, Sweden. The healthy controls for study II were recruited via adver-

tisement over the internet. 

Clinical assessments 

At baseline, sociodemographic and clinical data were collected and included 

measures of treatment resistance (Maudsley Staging Method for Treatment-

Resistant Depression, MSM) (78) and self-rated health (EQ-5D VAS) (79). 

Further, both at baseline and four weeks later at follow-up, depressive symp-

toms were assessed with the self-rated Montgomery-Åsberg Depression 
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Figure 4. Study design. 

Rating Scale (MADRS-S) (80), as well as negative symptoms (Clinical As-

sessment Interview for Negative Symptoms, CAINS) (81), and general psy-

chiatric symptoms (Brief Psychiatric Rating Scale, BPRS) (82). 

Cognitive performance 

The cognitive test battery used in study II consisted of the Trail Making Test 

(TMT) (83), Rey Auditory Verbal Learning Test (RAVLT) (84), Animal 

Naming Test (85), Digit Symbol Coding Test (86), Sternberg Memory Test 

(87), Emotional Stroop Test (88), and Corsi Block Tapping Test (89). To-

gether, these tests cover a wide range of cognitive domains such as attention, 

processing speed, inhibitory control, verbal fluency, and numerical, verbal, 

and visuospatial working memory. A detailed description of each cognitive 

test and respective outcome parameters is given in the methods section of 

study II. 

fNIRS 

In studies I, II, and IV, fNIRS was used to capture blood oxygenation changes. 

A NIRO-200NX (Hamamatsu Photonics, Hamamatsu, Japan) CW-NIRS de-

vice with 2 active channels (2 LEDs, λ1|2|3=735|810|850 nm with average 

power <  2mW, and 2 photodiode detectors, source-detector distance: 3.5 cm) 

was used, sampled at 5 Hz. Data were converted into concentration changes 

using the modified Beer-Lambert law. The probe holders were positioned over 

the left and right forehead, with the emitter above the detector, and laterally 

aligned with the TMS coil (studies I and IV), or the detector lateral to the 

emitter (study II) (Figure 5).  
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In studies I and IV, the fNIRS-data were collected on the first, fifth, and 

the final day of treatment. During the resting state measurements, patients 

were instructed to sit calmly and rest. The fNIRS signal acquisition was con-

tinuous over both iTBS treatment sessions. During treatment, a trigger signal 

was sent from the TMS device to the NIRO system to collect event markers 

identifying the onset of each TMS burst. Oxy-Hb was chosen as the main out-

come measure, in compliance with previous fNIRS studies (60). 

In study II, the fNIRS-data were collected at baseline one day before the 

treatment start, and again four weeks later (follow-up). The fNIRS data were 

collected simultaneously during the administration of the cognitive test bat-

tery, with an initial five-minute resting-state measurement. Event markers, en-

tered manually by the operating staff into the NIRO system, marked the be-

ginning and the end of each cognition test. Both oxy-Hb and deoxy-Hb were 

reported. 

 
Figure 5. Placement of fNIRS probe holders over the forehead. Left: In study I and 
study IV, the probe holders were placed lateral to the TMS coil with the light emitter 
above the light detector. Right: In study II, the light detector was placed lateral to the 
light detector 

fMRI 

In studies III and IV, fMRI was performed using a 3T scanner (Philips 

Achieva, Best, The Netherlands) with a 32-channel head coil at Akademiska 

Hospital, Uppsala, Sweden. The fMRI scanning took place one working day 

before iTBS treatment start (baseline) and once again four weeks later (follow-

up). 

For structural imaging, T1-weighted images were obtained using a 3D 

multi-short spin echo sequence (TR: 8.19 ms, TE: 3.74 ms, flip angle: 8º, 

FOV: 256x256 mm², voxel size: 1x1x1 mm3). For functional imaging, T2*-

weighted image sequences were obtained using echo planar imaging (TR: 
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2000 ms, TE: 30 ms, flip angle: 90º, FOV: 64x64 mm², voxel size: 3x3x3 

mm3, interleaved acquisition with transverse slice orientation). Stimulus 

presentation was done using MR compatible goggles from NordicNeuroLab 

(Bergen, Norway). Throughout the scanning, patients were instructed to look 

at the screen without giving any motor or verbal response.  

During functional imaging in study III, 30 pictures of emotional valence 

taken from the International Affective Picture System (IAPS) were presented 

in pseudorandomized order. The stimulus set comprised equal parts of pictures 

with negative and positive emotional valence, which were preceded by match-

ing color cues to induce emotional anticipation (i.e., red-negative, green-pos-

itive). Color cues were presented for 5 s, followed by a black screen with a 

jittered interval of 2.5–3.5 s, picture presentation for 2 s, and a black screen 

with a jittered interval of 9–11 s. Total scanning time was around 10 min re-

sulting in 300 dynamic scans. 

During functional imaging in study IV, a white fixation cross on a black 

screen was presented. In addition to the instructions stated above, patients 

were instructed to rest. The total scanning time was 7 min, resulting in 210 

dynamic scans. 

Data processing 

Study I 

Preprocessing of the fNIRS data was carried out using MATLAB R2017b. 

Two band-stop filters were applied at 0.12–0.35 Hz and 0.7–1.5 Hz to reduce 

noise from respiration and cardiac pulsation, respectively (90), and data were 

smoothed using a moving-average filter.  

For the event-related fNIRS analysis, data segments were taken from the 8 

s “off” between each iTBS train, resulting in 80 segments. Individual grand 

averages were calculated by averaging the data points across all 80 segments 

for each patient per treatment day. An interval around the peak was defined as 

the outcome measure in the statistical analyses. Within each treatment group, 

group averages were calculated by averaging the individual grand averages 

for each treatment day.  

For the resting-state fNIRS analysis, data were segmented into intervals of 

10 s each, with one baseline segment before treatment onset (“pre”), one seg-

ment directly after the first session block (“post 1”), and one segment directly 

after the second session block (“post 2”). Two delta-values were calculated, 

i.e., post1-pre and post2-pre, used as the outcome measures in the statistical 

analyses, and then averaged across patients within each treatment group.  
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Study II 

Preprocessing of the fNIRS data was carried out using MATLAB R2020b. A 

low-pass filter with a cutoff frequency of 0.1 Hz was applied to remove noise 

from respiration and heartbeat (91). Baseline correction was performed by 

subtracting the averaged signal from the last 60 s of the resting-state measure-

ment from the filtered fNIRS signal. Subsequently, the data were segmented 

into the seven cognitive test intervals. For data analysis, however, only the 

initial 60 s of each test performance were included in each segment. Means 

were calculated for both the left and the right oxy-Hb and the deoxy-Hb for 

each cognitive test segment. 

Study III 

Preprocessing of fMRI data was carried out in SPM12. The anterior commis-

sure was manually set as origin to facilitate the normalization procedure later 

on. To correct for head motion, functional images were realigned with the 

mean image. Patients who had moved more than 3 mm or 1.5º during scanning 

were excluded from further analyses. The structural images were co-registered 

with the realigned functional images and segmented into different tissue clas-

ses of grey matter, white matter, cerebrospinal fluid (CSF), soft tissue, bone, 

and air/background. The generated deformation fields were spatially normal-

ized to MNI space and information from this procedure was then used to adjust 

the realigned functional images to MNI space. Spatial smoothing was applied 

to the normalized images with a 8 mm full-width at half maximum (FWHM) 

Gaussian kernel to increase the signal-to-noise ratio. 

In the first-level analysis, a general linear model was fit to the time-series 

of each voxel. Color cues (red, green), picture valence (negative, positive), the 

black screen in between color cues and picture stimuli, and the six estimated 

motion parameters obtained in the realignment step were entered in the model. 

The beta-weights for each condition were estimated. To test for anticipation 

and exposure effects, the beta-estimates from the color cue condition and the 

picture valence condition were entered into contrasts, respectively. 

Study IV 

Preprocessing of fMRI data was carried out in CONN using the provided “de-

fault pipeline for volume-based analyses (direct normalization to MNI-

space).” In this pipeline, functional data were realigned with the first image 

and slice-time corrected, i.e., time-shifted and re-sampled to the middle of 

each acquisition time. Subsequently, acquisitions with a framewise displace-

ment value above 0.5 mm or global BOLD signal changes above 3 standard 

deviations were flagged as potential outliers for scrubbing. Participants were 

excluded if less than 125 frames remained after scrubbing (92). Functional 
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and structural data were directly normalized into MNI space and segmented 

into different tissue classes, i.e., without prior co-registering of the structural 

to the functional data. The warped functional data were then smoothed using 

a 8mm FWHM Gaussian kernel. To denoise the data, potential confounders 

such as noise components from white matter and CSF, motion parameters, and 

the outliers detected in the preprocessing step were regressed out. Further, a 

temporal band-pass filter of 0.008–0.09 Hz was applied to the data. 

Seed-to-voxel functional connectivity analysis was performed. The seed 

ROIs were chosen according to the highest overlap of fNIRS optode center 

coordinates during iTBS with parcels from the Schaefer 400 atlas (93), yield-

ing seed parcels in the left and right dlPFC. Functional connectivity maps for 

each seed were generated. Further, difference maps were obtained by subtract-

ing the baseline session from the follow-up session maps, reflecting connec-

tivity changes after the treatment. 

For preprocessing of the fNIRS data, the same procedures were performed 

as described for the event-related fNIRS data in study I. 

Statistical analyses 

In all four studies, group comparisons of baseline demographic and clinical 

characteristics were conducted by means of t-tests (age, MADRS-S, CAINS, 

EQ-5D VAS, and MSM) or χ² tests (sex, education, primary diagnosis, and 

medication). For frequency distribution tests with less than five observations 

in a cell, Fischer’s exact tests were conducted. The threshold for significance 

was set at p=0.05 for all tests. 

Study I 

Statistical analyses were carried out in SPSS. Linear mixed-effects (LME) 

models with fixed effects of group (active or sham iTBS), day (first, fifth, and 

final treatment day), and group*day interaction, and random intercept per sub-

ject were conducted for both the left and right fNIRS channel to analyze oxy-

Hb responses in event-related and resting-state fNIRS. Symptom change, i.e. 

difference between the two total MADRS-S scores (pre – post over the full 

treatment course), was used as a covariate to assess potential treatment effects. 

Subsequently, pairwise comparisons between treatment groups were con-

ducted for each treatment day. The threshold for significance was set at p=0.05 

for all tests. 

Study II 

Statistical analyses were carried out in MATLAB R2020b. To analyze cogni-

tive performance, mean oxy-Hb, and mean deoxy-Hb, LME models with fixed 
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effects of group (active or sham iTBS), day (baseline or follow-up), and 

group*day interaction, and random intercept per subject were conducted. To 

analyze baseline differences between the full patient sample and the healthy 

controls, Mann-Whitney U-tests were conducted for cognitive performance 

measures, and LME models were conducted for both fNIRS signal measures, 

with the fixed effects of group (patients or healthy controls) and random in-

tercept per subject. Pearson correlation analyses were run to explore the rela-

tionships between the negative symptom levels, cognitive performance, and 

concurrent oxy-Hb. The threshold for significance was set at p=0.05 for all 

tests. 

Study III 

Statistical analyses were carried out in MATLAB R2017b and SPM12. Two-

sample t-tests on the individual contrast images compared group (active or 

sham iTBS) activation differences on the whole-brain level and in defined re-

gions of interest (ROI), i.e., the amygdala, insula, and ACC. For the whole-

brain level analysis, voxels surviving a cluster-level corrected threshold of 

p<0.05 were considered significant, using a prior cluster forming threshold of 

p<0.01 to correct for multiple comparisons. For the ROI analyses, the activa-

tion values were extracted from SPM12 and entered in an ANCOVA, with a 

significance threshold set at p=0.05. 

LME models were conducted to test for group differences in the valence 

and arousal ratings of the emotional picture stimuli after the iTBS treatment. 

Pearson correlations analyses were run to explore the relationship between 

depressive symptoms and amygdala activation during presentation of negative 

or positive picture stimuli. The threshold for significance was set at p=0.05. 

Study IV 

Statistical analyses were carried out in MATLAB R2017b and SPM12. To test 

for baseline seed connectivity in the full patient sample, a one-sample t-test 

with the baseline correlation maps was conducted. To test for group (active or 

sham iTBS) differences in seed connectivity changes after treatment, two-

sample t-tests with the difference maps were conducted. The two-sample t-

tests were then repeated with 1) symptom improvement assessed by CAINS, 

and 2) oxy-Hb change assessed by fNIRS, to test for symptom-related and 

fNIRS signal-related connectivity changes between groups, respectively. Fi-

nally, a separate analysis was conducted to assess whether the first day fNIRS 

signal was predictive of seed connectivity changes. Voxels surviving a cluster-

level corrected threshold of p<0.05 were considered significant, using a prior 

cluster forming threshold of p<0.01 to correct for multiple comparisons. 

For statistical analyses of the fNIRS data, the same LME model was calcu-

lated as described for the event-related fNIRS data in study I. 
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Results 

Sociodemographic and clinical characteristics 

The complete patient cohort of this thesis, originating from the RCT and two 

add-on brain imaging studies with shared methodology, comprised 52 subjects 

(mean age 29.5 ± 9.2 years, 28 females, 24 males). Baseline MADRS-S and 

CAINS total scores were 30.0 ± 7.6 and 29.1 ± 7.6 points, respectively, re-

flecting a moderate depression with moderate to severe levels of negative 

symptoms. MSM score of 10.1 ± 1.8 points indicated a moderate treatment-

resistance upon entering the RCT. 

More patients in the sham group took stimulants (p=0.021). For the remain-

ing sociodemographic or clinical variables, there were no baseline differences 

between the treatment groups (Table 1). 

In study I, 39 patients (21 females, 18 males) were included in the analyses. 

Of these, 18 patients were randomized to active iTBS, and 21 to sham iTBS. 

There were no differences in the baseline sociodemographic or clinical varia-

bles between the groups. 

In study II, 51 patients (28 females, 23 males) were included in the anal-

yses. Of these, 25 patients were randomized to active iTBS, and 26 to sham 

iTBS. The groups did not differ in the baseline sociodemographic or clinical 

variables. Additionally in this study, 55 healthy controls (37 females, 18 

males) were included in the analyses. The controls had a slightly higher edu-

cation level but did not differ from the patient sample with respect to age or 

sex ratio. 

In study III, 42 patients (21 females, 21 males) were included in the anal-

yses. Of these, 22 patients were randomized to active iTBS, and 20 to sham 

iTBS. There were no differences in the sociodemographic or clinical variables 

between the groups at baseline.  

In study IV, 34 patients (18 females, 16 males) were included in the anal-

yses. Of these, 17 patients were randomized to active iTBS, and 17 to sham 

iTBS. The groups did not differ in the baseline sociodemographic or clinical 

variables. 
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Table 1. Sociodemographic and clinical characteristics of the two iTBS treatment 
groups at baseline. 

 Active (n=26) Sham (n=26) Test for difference 

Age, years 30.0 (9.7) 29.0 (8.7) t(50)=.35, p=.725 

Sex, female:male 14:12 14:12 χ²=0, p=1.000 

MADRS-S 29.6 (8.2) 30.4 (7.0) t(50)=-.39, p=.695 

CAINS 27.3 (7.5) 30.9 (7.2) t(50)=-1.72, p=.091 

BPRS subscale 20.8 (4.9) 21.2 (4.1) t(50)=-.33, p=.742 

EQ-5D VAS 34.2 (16.3) 34.4 (14.4) t(50)=-.04, p=.965 

MSM 9.8 (1.6) 10.4 (2.0) t(50)=-1.29, p=.203 

Education, n   χ²=4.84, p=.089 

  9th year completed 3 6  

  12th year completed 12 16  

  Higher education 11 4  

Primary diagnosis, n   χ²=2.00, p=.369 

  Depressive episode 15 13  

  Recurrent depression 10 9  

  Bipolar depression 1 4  

Comorbidities, n    

  Anxiety disorder 9 12 χ²=0.72, p=0.397 

  ADHD/ADD 3 8 χ²=2.88, p=0.090 

Medication, n    

  Antidepressants 23 19 χ²=1.98, p=0.159 

  Antidopaminergic 5 6 χ²=0.12, p=0.734 

  Mood stabilizers 7 8 χ²=0.09, p=0.760 

  Stimulants 1 7 p=0.021 

  No medication 3 2 p=0.638 

ADHD/ADD: Attention Deficit Hyperactivity Disorder/ Attention Deficit Disorder, BPRS: 

Brief Psychiatric Rating Scale, CAINS: Clinical Assessment of Negative Symptoms, EQ-5D 

VAS: self-rated health from EQ-5D, MADRS-S: Montgomery-Åsberg Depression Rating Scale, 

self-report, MSM: Maudsley Staging Method for treatment resistant depression. 

Study I 

In the event-related analysis, there was a group*day interaction in both the left 

(p=0.004) and right (p=0.007) fNIRS channel, reflecting different trajectories 

in the oxy-Hb response between the groups during the treatment course (Fig-

ure 3 in study I). Specifically, pairwise comparisons showed a difference be-

tween the groups on the fifth (left: p<0.001, right: p<0.001) and the final day 

(left: p=0.007, right: p=0.025), with the active iTBS group having a greater 

oxy-Hb response than the sham iTBS group. Pairwise comparisons within the 

sham iTBS group showed no differences between the treatment days. Figure 

3 in paper I shows the grand averages for the oxy-Hb response during iTBS 

trains in the left and right fNIRS channel for both the treatment groups.  
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In the resting-state analysis, there was a group*day interaction in the left 

channel (p=0.002), reflecting different trajectories in the oxy-Hb change be-

tween the groups during the treatment course (Figure 4 in paper I). Pairwise 

comparisons showed a difference between the groups on the final treatment 

day in the left channel (p=0.024), with the active iTBS group having un-

changed oxy-Hb levels before and after the iTBS session, and the sham iTBS 

group having an increase in the oxy-Hb levels after the iTBS session. There 

was no main effect of depressive symptom change, and no depressive symp-

tom change*group interaction in the event-related or the resting-state analysis. 

Study II 

Patients at baseline showed reduced performance scores in the TMT 

(p=0.026), RAVLT (p<0.001), Animal Naming Test (p=0.004), and the Digit 

Symbol Coding Test (p=0.016) compared to the healthy control group. How-

ever, the groups did not differ in their prefrontal oxy-Hb and deoxy-Hb re-

sponse during the cognitive test performance (Figure 1 in paper II). 

Following active vs. sham iTBS, there were no time*group interactions for 

either cognitive performance or concurrent prefrontal oxy-Hb and deoxy-Hb, 

reflecting no differences in the trajectories between the patient treatment 

groups (Figure 2 in paper II). 

Pearson correlations showed a negative relationship between negative 

symptoms and test performance in the RAVLT (r=-0.29, p=0.037) and Animal 

Naming Test (r=-0.28, p=0.049), indicating lower cognitive performance with 

higher symptom severity. No correlations were found between cognitive per-

formance and concurrent oxy-Hb at baseline.  

Study III 

Perception of negative pictures elicited higher amygdala activation than posi-

tive pictures when looking at the whole patient sample at baseline (left amyg-

dala: p=0.021, right amygdala: p=0.016), while no differences were observed 

for ACC or insula activations. For perception of positive pictures, the baseline 

right amygdala activation negatively correlated with MADRS-S (r=-0.37, 

p=0.026), indicating that patients with a weaker amygdala response to positive 

picture stimuli suffered from higher depression levels. Baseline comparisons 

of the red and green color cues showed no activations in either amygdala, 

dACC, or insula. For changes in the amygdala activation during perception of 

negative pictures after treatment, an ANCOVA showed a greater reduction of 

amygdala activation in the active iTBS group compared to the sham group 

(left amygdala: p=0.013, right amygdala: p=0.007) (Figure 3 in paper III).  
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Baseline ratings of the emotional stimuli assessed outside of the scanner 

showed that negative pictures were attributed a lower valence (p<0.001) and 

higher arousal (p<0.001) than positive pictures. While LME models showed 

no group*time interactions for arousal ratings, there was an interaction effect 

for negative picture valence (p=0.029); however, this was driven by group 

differences at baseline. 

Study IV 

At baseline, the dlPFC seeds showed a positive relationship to a cluster span-

ning the dlPFC, operculum and insula, the posterior parietal cortex (PPC), the 

caudate nucleus, and temporal regions, and a negative relationship to the me-

dial PFC, precentral gyrus, hippocampus, and amygdala. Following treatment, 

there was a greater reduction in the left dlPFC connectivity to a cluster span-

ning the right insula and operculum after active iTBS compared to sham iTBS 

(Figure 3 in paper IV). There was a symptom related change in seed connec-

tivity to the left insula, indicating greater symptom improvement with greater 

connectivity reduction between the dlPFC and the left insula. Further, there 

was an fNIRS signal-related change in the seed connectivity to the PPC, indi-

cating that a greater fNIRS signal increase during active iTBS preceded a 

greater connectivity reduction between the dlPFC and the PPC. Finally, there 

was a positive relationship between the first day fNIRS signal and seed con-

nectivity change within the precentral gyrus and temporal cortex regions fol-

lowing active iTBS. 

The fNIRS results showed a group*day interaction in the left dlPFC-seed 

(p=0.035), reflecting different trajectories in the oxy-Hb response between the 

groups during the treatment course. Pairwise comparisons showed a greater 

oxy-Hb response in the active iTBS group on the fifth (p<0.001) and final 

(p=0.005) treatment day compared to the sham group. While there was no in-

teraction effect on the right dlPFC-seed, pairwise comparisons showed a 

greater oxy-Hb response in the active iTBS group on the first (p=.024) and 

fifth (p<0.001) day compared to the sham group. 
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Discussion 

Immediate blood oxygenation changes during iTBS 

The results in study I point to a cumulative effect of the blood oxygenation 

response to active iTBS. Active and sham iTBS differed in their elicited blood 

oxygenation response in the middle and at the end of the treatment course, 

with the active iTBS eliciting a greater blood oxygenation response than the 

sham iTBS. However, the blood oxygenation pattern in the sham iTBS group 

did not change during the treatment course. Similarly, for resting-state blood 

oxygenation, active and sham iTBS elicited different responses only at the end 

of the treatment course, with the active iTBS group showing a suppressed re-

sponse compared to the sham iTBS group. As the event-related fNIRS was 

more susceptible to detecting signal changes, picking up group differences a 

week earlier than the resting-state fNIRS, this data type was used in study IV. 

Comprising around two-thirds of the patient sample from study I and one third 

of new patients, the fNIRS findings in study IV confirmed the left-channel 

blood oxygenation increase observed in study I. 

The blood oxygenation pattern being built up during the active iTBS treat-

ment course might reflect a compensatory autonomic control mechanism, and 

as such a vascular response, as both low and high frequency rTMS (94,95) and 

iTBS have been reported (96) to change cerebral vasomotor activity. Alterna-

tively, the suppressed resting-state blood oxygenation pattern reflects a cumu-

lative inhibitory neural effect. The latter theory is in line with earlier observa-

tions of increased prefrontal GABA-levels in depression patients after rTMS 

treatment (97).  

Hitherto, the only clinical study applying concurrent fNIRS during an 

open-label 10 Hz-rTMS treatment over dlPFC on patients with depression re-

ported a correlation between increased prefrontal blood oxygenation levels 

during rTMS on the last day of treatment and a larger reduction of depressive 

symptoms (98). Although differences in design, protocol, and setting hamper 

direct comparisons between studies, it is noteworthy that we did not see a cor-

relation between blood oxygenation and depressive symptoms. The iTBS 

treatment duration might have been too short, or the last time point to record 

the fNIRS signal too early, for an antidepressive effect to be built up and ob-

served in the blood oxygenation response. 
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Cognition and concurrent prefrontal blood oxygenation 
following iTBS 

Study II showed that while patients elicited impaired performance in some 

cognitive tests, active iTBS did not affect these performance scores and the 

concurrent prefrontal blood oxygenation. The behavioral findings are in line 

with earlier studies reporting no difference in cognitive performance follow-

ing high-frequency rTMS treatment over the left dlPFC, e.g., in the Digit sym-

bol substitution test (99), the Stroop color test (100), and the digit span (101). 

Based on neuroimaging findings, both the dmPFC and dlPFC are engaged in 

cognitive control (102), which could potentially explain the similar unaffected 

cognitive performance for both stimulation sites. Hitherto, only performance 

in the Trail-making test has been reported to be improved following left 

dlPFC-rTMS (103), but our results did not show improvements. 

There are no previous studies using fNIRS to investigate potential oxy-Hb 

changes in depression patients following rTMS treatment during cognitive 

performance. However, a sham-controlled iTBS trial for panic disorder using 

fNIRS reported no modulation of concurrent prefrontal oxy-Hb during a ver-

bal fluency task (104), but a bilateral modulation during the Emotional Stroop 

task (105). While clinical fMRI studies investigating the effect of rTMS on 

cognitive performance are also scarce, a study with healthy controls could 

show that single-session rTMS modulates executive functioning performance 

and concurrent task-based dlPFC centrality, a graph theoretical measure (106). 

More studies are needed to investigate the association between iTBS treatment 

and prefrontal activity during cognitive performance. Also, it is not yet clear 

whether changes in the prefrontal oxy-Hb response are associated with im-

proved depressive symptoms following treatment. When looking at cognitive 

performance, however, numerous studies reported no associations with de-

pressive symptoms, both for tests targeting processing speed, working 

memory, inhibitory control, and verbal fluency (99,107,108), suggesting that 

these outcome measures are dissociated from each other (109). 

Brain networks modulated by iTBS 

Using fMRI in studies III and IV allowed us to investigate the delayed iTBS-

effects on activity in subcortical structures, hence exploring potential brain 

network modulations. Indeed, findings regarding the amygdala (study III), in-

sula (study IV), and PPC (study IV) suggest changes within the SN and the 

CEN following iTBS. 
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Salience network 

The dACC, insula, and amygdala are all important nodes in the SN (15). The 

results of study III confirm the role of the amygdala in emotional processing 

and show that its activation pattern can be modulated by active iTBS. Reduced 

amygdala response to negative emotional stimuli has been reported after suc-

cessful pharmacological treatment (110), and the results from study III extend 

this finding to the scope of iTBS. This treatment effect on amygdala activation 

likely reflects network changes, as the iTBS intervention was not directly 

stimulating this structure but the dmPFC, with the stimulation target placed in 

the dACC (75). The dmPFC has been described as a hub region, upholding 

vast connections to the major brain networks affected in depression (51). As 

such, the dmPFC is linked to the amygdala through the sgACC during emotion 

regulation (111). Thus, the iTBS intervention might have introduced increased 

top-down regulation of the amygdala, resulting in decreased activation levels 

during the perception of negative emotional stimuli. The relationship between 

depressive symptoms and amygdala activation during perception of positive 

pictures is in line with previous studies (21). 

Surprisingly though, there were no effects during stimulus anticipation in 

study III. The amygdala has previously been associated with over-activity dur-

ing anticipation of negative stimuli, such as aversive pictures (21,112). Given 

the overall disturbances within the SN in depression, it is surprising that nei-

ther insula nor ACC showed anticipation or perception effects at baseline. It 

might be that mere anticipation is a less sensitive measure than perception of 

the emotional stimuli, especially so in a patient sample with pronounced levels 

of anhedonia. In study III, positive and negative anticipation responses were 

compared, and measuring a difference between these conditions can be diffi-

cult when recruitment of those brain regions involved in anticipation of posi-

tive emotional stimuli is potentially hampered due to reduced reward circuits 

in anhedonia (113). 

Although the insula was not activated by the paradigm used in study III, 

the results from study IV show a frontoinsular connectivity reduction follow-

ing active iTBS. Single-session iTBS  has been reported to dampen frontoin-

sular connectivity in healthy controls (114), and the present findings extend 

this observation to the scope of a full treatment course in depression, with the 

dmPFC as treatment target. The relationship between the dmPFC and insula 

might indeed play a role in the rTMS treatment effect, as Salomons et al. 

(2013) reported that reduced connectivity between these structures after treat-

ment was linked to greater symptom improvement (76). While the latter study 

reported effects in the bilateral insula, there were laterality-specific insula ef-

fects in study IV: dlPFC connectivity to the right insula was reduced when 

looking at changes after the treatment course. In contrast, when specifically 

testing for symptom-related connectivity changes, there were dlPFC connec-

tivity reductions to the left insula. 
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Together, the findings from studies III and IV might reflect increased top-

down regulation of nodes within the SN. Interestingly, these changes reflect 

both tonic, i.e., resting-state (study IV), and phasic, i.e., response to emotional 

stimuli (study III), neural functional alterations. The SN might indeed play a 

role in a rTMS treatment effect, as rTMS response has been reported to be 

predicted by higher FC (71) and higher network segregation (115) in the SN. 

On a behavioral level however, the hypothesized SN downregulation was not 

accompanied by reduced valence and arousal ratings of the stimulus material 

in study III. In line with the earlier discussion regarding the lacking link be-

tween oxygenation changes and depressive symptom changes during iTBS, 

this might correspond to reports that brain changes precede behavioral 

changes– in other words, a delay in behavioral changes despite the present 

brain activation changes. It is not clear whether a follow-up at a later time 

point would have been able to pick up potential delayed changes in the ratings. 

Alternatively, a prolonged iTBS treatment might have affected these behav-

ioral outcomes. 

Central executive network 

While being intertwined with the SN, the dlPFC and PPC are also primary 

nodes in the CEN (15). The fNIRS signal-related connectivity in study IV 

showed a reduced dlPFC connectivity to the PPC after active iTBS, suggesting 

a modulation of the CEN. Previous findings on whether rTMS may modulate 

CEN connectivity in depression are inconsistent. Liston et al. (2014) reported 

a reduced CEN connectivity in their sample of patients with depression when 

compared to controls, which was unaffected by a rTMS treatment course (68). 

However, a recent study reported that functional connectivity density, a graph 

theoretical measure, of the CEN was increased after a rTMS treatment course 

(116). Also, Ge et al. (2019) found that structural integrity of the CEN was 

related to a rTMS treatment response (117). These findings suggest that rTMS 

may indeed affect the CEN in some modality, both when stimulating the 

dlPFC (116,117) and, as was the case in the present thesis, the dmPFC. 

The aim of study IV was to investigate the functional connectivity of the 

brain network behind the oxy-Hb response observed in study I. While it might 

be that the reduced CEN connectivity merely reflects the depressive state, in-

terpreting the direction of connectivity changes is not possible as the oxy-Hb 

response did not show a relationship to symptom improvement (study I). 

While altered CEN functional connectivity at rest may contribute to deficits 

in cognitive performance, study II showed unchanged cognitive performance 

following the iTBS treatment. 
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Prediction of rTMS response and the potential role of 
fNIRS 

Exploring the predictors of rTMS response is important for improving the 

clinical treatment decisions. As such, younger age or female sex tend to have 

a more favorable effect on treatment response (118). Apart from these factors, 

however, and given that rTMS is targeting the brain, it would be intuitive to 

also monitor the brain to evaluate whether the treatment is proving to be suc-

cessful. As such, sgACC pre-treatment connectivity has been established as a 

predictor for response (68). However, signal recording from subcortical struc-

tures as the sgACC requires neuroimaging. Conducting fMRI scans for each 

patient might not be possible in all clinical treatment settings, and the appli-

cation of fNIRS would be easier. Indeed, fNIRS has been found to be predic-

tive of response to pharmacological treatments for depression (119), and an 

increased frontal and temporal oxy-Hb response during a verbal fluency task 

before onset of medication has been reported to be favorable for clinical im-

provement (120). Studies investigating the potential predictive qualities of 

fNIRS in the rTMS setting are yet scarce (119). Eschweiler et al. (2000) found 

that a decreased task-related oxy-Hb response before the first rTMS-treatment 

session was favorable for treatment response (121). When looking at the 

fNIRS signal during rTMS sessions, Shinba et al. (2018) found that the pre-

frontal oxy-Hb response on the last treatment day, but not on the first, was 

linked to symptom improvement (98).  

Thus, more research is needed to investigate the link between the initial 

oxy-Hb response to symptom improvement, but also to explore the neural ef-

fects behind the fNIRS response. As such, study IV found that the fNIRS sig-

nal strength recorded over the dlPFC on the first treatment day was predictive 

of the dlPFC connectivity to precentral and superior and inferior temporal cor-

tical regions. The superior temporal gyrus might indeed play a role in depres-

sion (122), and its functional connectivity density was increased after a rTMS 

treatment course (116). However, interpretation of the prediction findings in 

study IV is difficult and warrants future research. Studies combining fNIRS 

and fMRI may contribute to interpretation of the blood oxygenation response 

measured by fNIRS, which in turn could then be used as a proxy for, and po-

tentially a predictor of, brain activation changes following rTMS treatment. 

Methodological considerations and limitations 

With 17–26 patients in each treatment group, the sample size was modest, 

limiting the generalizability of the results. As the original RCT used a trans-

diagnostic approach, the study sample of this thesis included both patients 

with unipolar and bipolar depression. Although including patients with differ-

ent disorders could potentially affect the results, previous studies have shown 
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similar neural depressive circuits (123) and response rates to rTMS (38,40). 

The inclusion of a healthy control group in study II is a methodological 

strength, as it provides a more accurate assessment of cognitive performance 

and blood oxygenation in a patient sample. Accordingly, a healthy control 

group in studies III and IV would have provided a reference for baseline neural 

activity.  

Regarding the iTBS treatment, a major methodological consideration refers 

to the number of treatment days. It is possible that a prolonged treatment 

course could have yielded higher response rates. While accelerated rTMS pro-

tocols have been reported to be beneficial for the treatment effect (124), a re-

cent study investigating treatment trajectories of nearly 200 patients detected 

no faster response with an accelerated protocol (125). This finding supports 

the consideration that our targeted treatment duration of ten days might have 

been too short to sufficiently promote neuroplasticity. Similarly, the stimula-

tion intensity of 90% of the foot motor threshold might have been too little. 

However, the same intensity has been used in a recent study, reporting suffi-

cient treatment responses (126). Another possible limitation is that the sham 

iTBS might have inadvertently been partly active, as has been suggested by a 

recent rTMS study using the same coil (127). This could have affected the 

results in that a lack of significant group differences was perhaps not driven 

by a lack of effect in the active iTBS group but by an equal degree of change 

in the sham iTBS group. 

The fNIRS signal, reflecting concentration changes of oxygenated and de-

oxygenated hemoglobin, is interpreted as an indicator of brain activity. How-

ever, blood vessels in the skin could also contribute to the signal, which could 

be falsely interpreted as arising from neural activity. The fNIRS signal might 

also be sensitive to eyebrow twitching artefacts, which are typically more 

prominent during active, as opposed to sham, iTBS. However, given that the 

two treatment groups did not differ in the fNIRS signal on the first treatment 

day in study I, it seems that these potential artefacts did not affect the results. 

Cardiovascular morbidity and vasoactive medication could have also affected 

the signal. However, few patients used vasoactive medication and the patient 

sample was rather young, thus reducing the likelihood of cardiovascular mor-

bidity. 

Additionally, we used an fNIRS system consisting of only two channels, 

thus giving a limited picture when, e.g., investigating laterality in study I. 

Since the NIR has a limited penetration depth, it is also not possible to assess 

activity in deeper brain regions. Due to technical restrains of the experimental 

software during the cognitive assessments, no stimulus event information 

could be sent to the fNIRS apparatus. This resulted in a somewhat oversim-

plified fNIRS data analysis, by only averaging the signal over a time span of 

one minute. Event-related fNIRS would have given us a higher temporal res-

olution, possibly detecting finer signal changes. However, this constraint does 
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not hold for the Animal Naming task, as studies using fNIRS during verbal 

fluency tasks analyzed their data in the same way (128).  

In study II, the order of the cognitive tests was not counterbalanced, thus 

potentially creating order effects in the cognition data. Indeed, patients 

showed worse task performance in the first four cognitive tests. However, con-

trolling for order effects is impossible, considering the sample size and num-

ber of test order combinations.  

Lastly, in study III, the fMRI paradigm included anticipating and viewing 

positive and negative, but not any neutral, pictures. Including a neutral condi-

tion could provide a deeper understanding of the direction of changes in emo-

tional processing in depression, which could have been of value specifically 

considering the pronounced levels of anhedonia in the patients. 

Ethical considerations 

Conducting research in the field of psychiatry, particularly when testing a 

novel treatment approach, requires several ethical considerations. All four 

studies of this thesis stem from data of a RCT, approved by the Research Eth-

ical Review Board in Uppsala. The most common side effect of iTBS treat-

ment is a benign but acute scalp pain at the stimulation site; however, partici-

pants often habituate during the initial days of the treatment course (43). Nev-

ertheless, it is vital to inform participants of this risk. During the RCT, partic-

ipants’ well-being was closely monitored and evaluated on a daily basis (54). 

The risk of inducing seizures with iTBS treatment is low (129). Nonetheless, 

as a precautionary measure, patients with a history of seizures were excluded 

from the study.  

Common symptoms of depression include difficulties in concentration and 

decision-making, potentially hampering patients’ ability to provide informed 

consent to participate in a study. During screening for inclusion, the clinician 

provided both written and verbal information and assessed whether the patient 

understood the given information before enrollment. Patients were informed 

that they could withdraw their consent at any time point without specifying a 

reason. This is also of importance considering that the patients were subjected 

to exhausting procedures in the context of their study participation, such as 

lengthy clinical interviews, questionnaires, and fMRI scanning sessions. 

Furthermore, the administration of a blinded active or sham treatment nec-

essarily is associated with accepting that a potential treatment option is being 

withheld from half the patient sample. Here, it is also of importance that pa-

tients fully understand that they might not receive the active intervention in 

the initial blind phase of the trial. This is particularly crucial for patients suf-

fering from treatment-resistant depression, as participation in a novel treat-

ment study represents new hope. Therefore, all patients from the sham inter-

vention group were offered a subsequent open-label treatment, delivering the 
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same active iTBS intervention as in the initial blind phase. In line with the 

considerations on the intervention’s effectiveness, whether it is justifiable to 

offer a novel treatment without knowing if it is going to have an actual effect 

not only on the individual, as is always the case even with established antide-

pressive medication, but also on a group level. This consideration might be as 

ancient as medical science itself; however, it still holds valid today. 

In line with the General Data Protection Regulation, sensitive personal data 

were coded and stored separately from the code key. Personal data were only 

processed for research purposes. Data was stored for a limited amount of time 

and was only reported and published on a group-level.  

Clinical implications and future perspectives 

The application of rTMS in the treatment of psychiatric conditions is an 

emerging research field, with an increasing number of publications in the last 

years (130). Future research will explore methods to enhance the rTMS treat-

ment response. Treatment responses in clinical settings tend to be higher than 

in blinded studies (131), possibly reflecting expectation effects. Clinical ap-

plications of rTMS could make use of these expectation and motivation ef-

fects, such as having daily clinical appointments during the treatment period. 

As such, combining rTMS with cognitive behavioral therapy offers an addi-

tional promising prospect. Results from a naturalistic study indicate an ele-

vated effect when performing psychotherapy while delivering a rTMS proto-

col in patients with depression (132). Furthermore, rTMS offers the possibility 

of a state-dependency approach, enabling activation of the symptom-related 

neuronal circuits prior to stimulation. Hitherto, this method has mostly been 

used in obsessive-compulsive disorder (133), provoking individualized symp-

toms to a pre-defined level of self-reported distress on a visual analogue scale 

before initiating the rTMS treatment. Such an approach could also be worth-

while for future rTMS studies in patients with depression, e.g., by inducing 

rumination prior to stimulation. 

In general, more research is needed regarding the infinite rTMS parameter 

space, such as the optimal number of pulses per session (134) and the number 

of sessions per day (135). Furthermore, there is still a general need for inves-

tigating the direction of neural excitability behind the rTMS response, differ-

entiating between excitatory and inhibitory effects. Also, it needs to be noted 

that most rTMS research in depression is comprised of a specific patient pop-

ulation, i.e., an adult population with treatment-resistant depression receiving 

pharmacological treatment. Future research may explore other patient popu-

lations within the scope of depression, delivering rTMS treatment earlier in 

the course of disease or treating adolescent as well as pregnant patients. 

Findings from neuroimaging studies can be used to individualize rTMS 

treatment. For example, a recent study selected stimulation targets based on 
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the individual pre-treatment dlPFC-sgACC functional connectivity (136). 

Such individualized fMRI-guided neuronavigation takes into account that in-

dividual brain functioning can diverge from group level findings (137). In the 

future, neuroimaging biomarkers could indicate which individual is most 

likely to benefit from a certain rTMS treatment. A promising study was done 

by Drysdale et al. (2017), defining different depression biotypes according to 

baseline resting-state connectivity patterns, and identifying distinct profiles 

for the rTMS response (138). Regarding the future search for biomarkers, 

computational modeling of rTMS-related brain dynamics may complement 

experimental studies in the investigation of the rTMS mechanism, allowing 

simulation of the rTMS effects on the modeled network patterns (139).  

This thesis suggests that fNIRS can be used during the course of a clinical 

rTMS setting, measuring concurrent blood oxygenation changes during rTMS 

treatment. Future research is warranted to investigate the predictive properties 

of the blood oxygenation signal recorded with fNIRS, e.g., by combining find-

ings from fNIRS and fMRI. An initial study with simple motor and language 

tasks found that the recorded whole-head fNIRS signal is comparable to the 

fMRI signal of the same tasks recorded on the same day (140). By using the 

same cognitive or emotional paradigm with both fNIRS and fMRI, future stud-

ies could thus add to existing knowledge on the hemodynamic response fol-

lowing the rTMS treatment. Furthermore, technical development of fNIRS 

devices may allow for the application of the fNIRS optodes directly beneath 

the TMS coil, enabling to record directly from the stimulation site, or combin-

ing the fNIRS setup with electroencephalograpy to obtain a more complete 

picture of brain activity changes to rTMS. 

On the premise that the first day fNIRS signal is predictive of brain activa-

tion changes which reflect subsequent symptom improvement, fNIRS could 

be used as a predictor of treatment response. This could have the clinical im-

plications that the patient first receives a single session of an rTMS protocol 

while recording the concurrent oxy-Hb response with fNIRS to determine 

whether that protocol will have an effect. Thus, weeks of potentially unsuc-

cessful treatment could be prevented for the individual, thus also using the 

existing clinical resources more efficiently. If the premise holds that there are 

different biotypes for different rTMS protocols, there could be several of these 

single-session protocol tests before choosing individually which protocol 

would be most likely to have favorable effects on the treatment response. 

 

Writing this thesis in the fall of 2021, the Covid-19 pandemic has lasted for 

almost two years, affecting most aspects of life in an unprecedented way. As 

such, Covid-19 has caused major disruptions to essential health services (141). 

Considering that rTMS is an intervention requiring direct personal contact in 

a medical setting, the pandemic gravely affected rTMS clinical services and 

research (142). To reduce the risk of viral exposure, recent case studies and 
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guidelines suggest using accelerated iTBS protocols as they minimize the du-

ration of contact (142,143). Furthermore, rTMS technologies with low-cost 

equipment and a simplified setup (144), potentially permitting home use, 

might be a treatment alternative, thus also expanding the outreach of rTMS in 

the future. 
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Conclusion 

This thesis investigated changes in brain activity following iTBS over the 

dmPFC in depression. Brain activity modulation, i.e., changes in the local cer-

ebral blood oxygenation levels, was observed in studies I and III. Functional 

connectivity, i.e., the synchronous activity of spatially remote brain regions, 

was also modulated by iTBS (study IV). On a time dimension, brain activity 

was modulated in an acute fashion during treatment (study I) and in a delayed 

fashion, assessed around two weeks after treatment end (studies III and IV). 

On a spatial dimension, iTBS modulated brain activity of the dlPFC, a cortical 

region adjacent to the dmPFC target (studies I and IV), as well as subcortical 

structures such as the amygdala (study III) and insula (study IV). On a behav-

ioral level, iTBS over the dmPFC did not affect emotional ratings (study III) 

and cognitive performance (study II). 
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Svensk sammanfattning 

Repetitiv transkraniell magnetstimulering (rTMS) är en icke-invasiv metod 

som kan påverka hjärnbarkens retbarhet och därmed inducera förändringar i 

hjärnaktivitet som kvarstår efter att stimuleringen upphör. Denna egenskap 

har lett till att rTMS har blivit ett behandlingsalternativ för behandlingsresi-

stent depression under de senaste decennierna. rTMS-forskningen är ett dyna-

miskt fält med kontinuerliga utvecklingar av t.ex. stimulationsprotokoll och 

behandlingsområden. Intermittent theta-burst stimulation (iTBS) är en ny va-

riant av rTMS, med fördelen att själva stimulationstiden är kortare än vid de 

vanliga protokollen samtidigt att den ger samma kliniska effekt. Dorsomediala 

prefrontalkortex (dmPFC) är ett lovande behandlingsområde för rTMS vid de-

pression på grund av dess kopplingar till flera hjärnnätverk som associeras 

med just depressionssymptom. I en klinisk prövning av vår forskargrupp där 

iTBS applicerades över dmPFC såg vi en behandlingseffekt för negativa 

symptom hos patienter med depression. Det är dock fortfarande inte klarlagt 

vilken effekt detta specifika behandlingsprotokoll har på hjärnans aktivitet. 

Neurofysiologiska och avbildande metoder som funktionell nära-infraröd 

spektroskopi (fNIRS) och funktionell magnetresonanstomografi (fMRT) spe-

lar en viktig roll för att kunna undersöka behandlingsmekanismerna. Den här 

avhandlingen har därför som mål att undersöka effekterna av iTBS över 

dmPFC på hjärnaktivitet vid depression. Patienterna randomiserades till aktiv 

behandling eller skenbehandling. Både fNIRS och fMRT användes som mät-

ningsmetoder för att undersöka omedelbara och fördröjda hjärnaktivitetsför-

ändringar i lokalt avgränsade strukturer samt mer globala hjärnnätverk. All 

data som rapporteras i den här avhandlingen kommer från en randomiserad 

klinisk prövning och två tilläggsstudier med samma metodik vid Akademiska 

Sjukhuset i Uppsala, Sverige. 

Studie I undersökte förändringar i hjärnbarkens syresättning under behand-

lingsförloppet, genom att mäta fNIRS-signalen under och omedelbart före och 

efter en iTBS-behandlingssession på den första, femte respektive sista be-

handlingsdagen. Studie II undersökte kognitiv prestationsförmåga och samti-

digt pannlobernas syresättning med fNIRS i patientgruppen före behandlings-

start och i en frisk kontrollgrupp. Det undersöktes sedan om iTBS-behand-

lingen förändrade patienternas kognitiva prestationsförmåga och den samti-

diga syresättningen av pannloberna. Studie III undersökte effekten av iTBS-

behandlingen på emotionell bearbetning i hjärnan. Här användes fMRI för att 
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mäta den funktionella hjärnaktiviteten under ett emotionellt förväntanspara-

digm före och efter behandlingen, samtidigt som patienterna skattade om en 

känsla var positiv eller negativ och känslans intensitet av de bilder som pre-

senterades utanför magnetkameran. Studie IV undersökte effekten av iTBS-

behandling på funktionell konnektivitet av en region inom dorsala prefrontal-

kortex (dlPFC). För detta användes positionerna av fNIRS-optoderna som ut-

gångspunkt för analys av hur synkroniserad aktiviteten är i hjärnans vilonät-

verk före och efter behandlingen. 

Sammanfattningsvis visar studierna av denna avhandling att aktiv iTBS 

över dmPFC följdes av både omedelbara och fördröjda förändringar i hjärn-

aktivitet. Patienterna som blev behandlade med aktiv iTBS visade en förhöjd 

syresättning av hjärnbarken på den femte respektive sista behandlingsdagen 

(studie I). Den funktionella konnektiviteten mellan denna dlPFC-region och 

insula visar en symptomrelaterad förändring. Dessutom visade denna dlPFC-

region en fNIRS-signalrelaterad konnektivitetsförändring till den bakre hjäss-

loben. Syresättningen av dlPFC- regionen var dessutom prediktiv för konnek-

tivitetsförändringar till precentrala och temporala hjärnbarksregioner (studie 

IV). Resultaten av studie III visade en större minskning av amygdalaaktivitet 

under perception av negativa emotionella bilder efter aktiv iTBS. Patientens 

skattningar av bilderna förändrades dock inte. Studie II visade att patienterna 

före behandlingsstart delvis hade en minskad kognitiv prestationsförmåga i 

jämförelse med den friska kontrollgruppen. Däremot förändrades varken pre-

station eller samtidig pannlobernas syresättning efter iTBS-behandlingen. 

Flera faktorer måste beaktas vid tolkningen av denna avhandling: en be-

gränsad provstorlek, en potentiell för kort behandlingstid respektive för låg 

behandlingsintensitet, en potentiell delvis aktiv skenstimulering samt begräns-

ningar i mätmetoderna. Resultaten indikerar dock att iTBS över dmPFC kan 

förändra aktivitet i lokala hjärnstrukturer samt mer globala hjärnnätverk som 

styr vår uppmärksamhet och kognitiva kontroll. 
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Deutsche Zusammenfassung 

Repetitive transkranielle Magnetstimulation (rTMS) ist eine nicht-invasive 

Methode, die die kortikale Erregbarkeit modulieren und so Veränderungen der 

Gehirnaktivität induzieren kann, die über das Stimulationsintervall hinaus an-

dauern. Aufgrund dieser Eigenschaften hat sich rTMS in den letzten zwei 

Jahrzehnten zu einer Behandlungsalternative für behandlungsresistente De-

pression entwickelt, mit kontinuierlichen Entwicklungen bezüglich Stimulati-

onsprotokoll und Behandlungstarget. Die intermittierende theta-burst Stimu-

lation (iTBS) stellt eine neuere Variante der rTMS dar, deren Anwendungs-

dauer im Vergleich zu etablierten rTMS-Protokollen deutlich verkürzt ist, da-

bei aber dieselbe klinische Effizienz besitzt. Der dorsomediale Präfrontal-

kortex (dmPFC) ist u.a. aufgrund seiner Verbindungen zu mehreren Gehirn-

netzwerken, die mit dem Vorliegen von Depressionssymptomen assoziiert 

werden, ein vielversprechendes Behandlungstarget. In einer klinischen Studie 

unserer Forschungsgruppe, in der iTBS über dem dmPFC appliziert wurde, 

konnten wir einen Behandlungseffekt für negative Symptome in Patient*in-

nen mit Depression zeigen. Es ist jedoch noch ungeklärt, welchen Effekt die-

ses spezifische Behandlungsprotokoll auf die Gehirnaktivität hat. Neurophy-

siologische und bildgebende Verfahren wie funktionelle Nahinfrarotspektro-

skopie (fNIRS) und funktionelle Magnetresonanzspektroskopie (fMRT) spie-

len hierbei eine wichtige Rolle, um die Behandlungsmechanismen erforschen 

zu können. 

Das Ziel der vorliegenden Promotion ist daher, die Auswirkungen von 

iTBS über dem dmPFC auf die Gehirnaktivität bei Depression zu untersuchen. 

Die Patient*innen wurden zu einer aktiven oder sham iTBS-Behandlungs-

gruppe randomisiert. Dabei wurden fNIRS sowie fMRT verwendet, um so-

wohl unmittelbare als auch zeitlich verzögerte Veränderungen der Gehirnak-

tivität in lokal begrenzten Strukturen sowie globaleren Gehirnnetzwerken zu 

messen. Sämtliche Daten stammen dabei von einem randomisierten klinischen 

Trial und zwei bildgebenden Studien mit identischem Design, die am Univer-

sitätsklinikum Uppsala, Schweden, durchgeführt wurden. 

Studie I untersuchte die Veränderung der präfrontalen Oxygenierung im 

Verlauf der Behandlung. Hierfür wurde das fNIRS-Signal während sowie un-

mittelbar vor und nach einer iTBS-Behandlung am ersten, fünften und letzten 

Behandlungstag gemessen. In Studie II wurde die kognitive Leistungsfähig-

keit sowie die gleichzeitige präfrontale Oxygenierung, gemessen mit fNIRS, 

in der Patient*innengruppe vor Behandlungsbeginn sowie in einer gesunden 
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Kontrollgruppe untersucht. Anschließend wurde untersucht, ob die iTBS-Be-

handlung die kognitive Leistungsfähigkeit der Patient*innen sowie die gleich-

zeitige präfrontale Oxygenierung modulierte. Ziel von Studie III war es, den 

Effekt der iTBS-Behandlung auf die emotionale Verarbeitung im Gehirn zu 

untersuchen. Hierfür wurde mittels fMRT die funktionelle Gehirnaktivität 

während eines emotionalen Antizipationsparadigmas vor und nach dem Be-

handlungsverlauf gemessen. Zudem wurden die emotionalen Stimuli außer-

halb des fMRT-Scanners hinsichtlich Valenz und Arousal bewertet. Studie IV 

untersuchte den Effekt der iTBS-Behandlung auf die funktionelle Konnekti-

vität einer Region im dorsolateralen Präfrontalkortex (dlPFC). Hierfür wurden 

die Positionen der fNIRS-Optoden als Ausgangspunkt für resting-state 

Konnektivitätsanalysen vor und nach dem Behandlungsverlauf verwendet. 

Zusammenfassend zeigen die Studien dieser Promotion, dass aktive iTBS 

über dem dmPFC sowohl unmittelbare als auch verzögerte Veränderungen der 

Gehirnaktivität zur Folge hatte. Patient*innen, die eine aktive iTBS-Behand-

lung erhielten, zeigten eine erhöhte präfrontale Oxygenierung während des 

fünften und letzten Behandlungstages (Studie I). Die funktionelle Konnekti-

vität zwischen dieser dlPFC-Region und der Insula zeigte eine symptombezo-

gene Abnahme. Diese dlPFC-Region zeigte zudem eine fNIRS-signalbezo-

gene Konnektivitätsabnahme zu dem posterioren Parietalkortex. Des Weite-

ren war die präfrontale Oxygenierung der dlPFC-Region am ersten Behand-

lungstag prädiktiv für Veränderungen der Konnektivität zu präzentralen und 

temporalen Kortexregionen (Studie IV). Die Ergebnisse von Studie III zeigten 

eine stärkere Abnahme der Aktivität in der Amygdala beim Betrachten von 

negativen emotionalen Bildern nach aktiver iTBS. Die Ratings der emotiona-

len Bilder hinsichtlich Valenz und Arousal blieben hingegen unverändert. In 

Studie II zeigten Patient*innen vor Behandlungsbeginn teilweise eine beein-

trächtigte kognitive Leistung im Vergleich zur Kontrollgruppe, jedoch ohne 

Veränderungen in der kognitiven Leistungsfähigkeit sowie der gleichzeitigen 

präfrontalen Oxygenierung nach dem iTBS-Behandlungsverlauf.  

Mehrere Faktoren müssen bei der Deutung der Ergebnisse dieser Promo-

tion miteinbezogen werden: eine begrenzte Stichprobengröße, eine potentiell 

zu kurze Behandlungsdauer bzw. zu geringe Stimulationsintensität, eine po-

tentiell teilweise aktive Sham-Stimulation sowie Begrenzungen durch die ver-

wendeten Messmethoden. Dennoch legen die Ergebnisse nahe, dass iTBS 

über dem dmPFC im Rahmen einer Depressionsbehandlung in der Tat die Ak-

tivität in lokal begrenzten Strukturen sowie globaleren Gehirnnetzwerken wie 

dem Salience Netwerk und dem Central Executive Netzwerk verändert. 
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