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2.  List of abbreviations 

 

ACC   anterior cingulate cortex 

DLPFC   dorsolateral prefrontal cortex 

ELECT-TDCS Trial of Electrical Direct-Current Therapy versus Escitalopram for Depression 

fMRI   functional magnetic resonance imaging 

LTP/LTD  long-term potentiation and long-term depression  

NTBS   noninvasive transcranial brain stimulation 

PANSS   positive and negative syndrome scale 

PFC   prefrontal cortex 

STARTS  Schizophrenia Treatment With Electric Transcranial Stimulation 

tDCS   transcranial direct current stimulation 

TMS   transcranial magnetic stimulation 
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4. Candidate’s contribution to the publications 

4.1 Paper I - Antidepressant effects of tDCS are associated with 

prefrontal gray matter volumes at baseline: Evidence from the 

ELECT-TDCS trial. 

This publication is based on the randomized, controlled “Trial of Electrical Direct-Current Therapy 

versus Escitalopram for Depression” that was carried out by ARB and colleagues (PVB, FD, GB, 

EA, IMB, PAL, WG) in Sao Paulo in Brazil from 2013 – 2016. The original results were published 

in New England Journal of Medicine in 2017; in summary, this non-inferiority trial included 245 

subjects treated in a three-armed design by a combination of sham and verums pharmacotherapy 

and transcranial direct current stimulation and failed at showing non-inferiority of the brain 

stimulation treatment to pharmacotherapy, while – in secondary analyses – showing that brain 

stimulation is superior to placebo treatment. 

Prof. Brunoni was a visiting scholar at our Department 2018-2019 and the candidate collaborated 

with Prof. Brunoni on the analysis of the neuroimaging data sets collected in the ELECT-TDCS 

trial; Prof. Brunoni is also candidate’s fourth supervisor. 

For this publication, the candidate worked with ARB on the final collection of the structural data 

sets, in particular by performing a quality check of available data, retrieval of missing data sets or 

information regarding quality issues with data sets (such as to decide whether subjects with 

abnormal brain morphology should be excluded due to possibly medical conditions). Furthermore, 

in collaboration with DK, the candidate prepared the data sets so that the final analysis could be 

run using DK’s pre-established automated pipelines for structural analysis; this included eventual 

transformation of DICOM file format into nifty format and overall data cleaning. The candidate has 

also performed own, manual structural analyses of the datasets using different software packages 

(FSL for region-of-interest-based analysis, and freesurfer for analysis of cortical thickness and 

preparation of electric field simulations for SIMNIBS), however, for the final publication, the 

volumetric results from DK’s pipelines were used as these pipelines are published and have been 

used by the group for MRI analyses in the past. The candidate created, however, Figure 1 in the 

manuscript that shows electric field simulations on a group template of patients receiving tDCS. 

The candidate and ARB, DK, and FP participated in weekly discussions regarding conception and 

design of this subsequent MRI analysis of the ELECT-TDCS trial.  

The candidate cleaned the data sets that included further characteristics of participants, such as 

age, gender, years of schooling, descriptions of depressive disorder and several other 

characteristics and examined the dataset using descriptive statistics to receive an overview of the 

sample (see also Table 1 of the manuscript). In collaboration with SG, who provided expert 

guidance, the candidate performed the statistical analyses in this publication. Together with ARB, 

FP, SG, and DK, the candidate interpreted and discussed findings of the statistical analyses in 

weekly meetings. 
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Finally, following this groundwork, the candidate has written the manuscript and created all tables 

and figures and was major lead in the submission process (several submissions were attempted 

prior to Brain Stimulation). All authors revised the manuscript and provided important intellectual 

content and approved of the final version. In addition, the candidate has presented results of this 

publication at several conferences. 

The authorships were shared between the candidate and FP and ARB and DK, respectively, as 

these authors carried the largest part of work needed to analyze the imaging data sets of ELECT-

TDCS.  

4.2 Paper II - Prefrontal resting-state connectivity and antidepressant 

response: no associations in the ELECT-TDCS trial 

This publication is also a subsequent analysis of the ELECT-TDCS MRI data sets as explained 

above. The above-mentioned contributions apply here as well, as this analysis of the resting-state 

functional networks builds upon the first publication. 

In particular, the candidate worked on completion of the MRI data sets and patient characteristic 

data sets, as described above. The candidate prepared the MRI data sets so that DK’s automated 

data analysis pipelines could be run on the Department’s servers (as otherwise the analysis of 

resting-state functional MRI data sets is very time and memory consuming). With SG as expert 

guide, the candidate performed the statistical analyses in this publication. The candidate and 

ARB, DK, SG, and FP participated in weekly discussions regarding conception and design of this 

analysis of resting-state networks in ELECT-TDCS, as well as interpretation and discussion of 

the results. The candidate has written the manuscript and created all tables and figures and was 

the major lead in the submission process. All authors revised the manuscript and provided 

important intellectual content and approved of the final version. In addition, the candidate has 

presented results of this publication at several conferences. 

4.3 Paper III (Apendix A) - Cognitive outcomes after tDCS in 

schizophrenia patients with prominent negative symptoms: Results 

from the placebo-controlled STARTS trial 

This publication is a result of the candidate’s participation at the Workshop “Multimodal 

approaches in experimental psychology, clinical neuroscience and psychiatry” – a bilateral 

workshop between researches in Bavaria and Sao Paulo, Brazil. It is based on the double-blind 

Schizophrenia Treatment With Electric Transcranial Stimulation (STARTS) randomized clinical 

trial conducted 2014 – 2018 in Sao Paulo, Brazil, by LV, ARB and colleagues (JBC, BSP, HE, 

WFG). In 100 patients, this trial succeeded at showing efficacy and safety of transcranial direct 

current stimulation for treatment of schizophrenia patients with predominantly negative 

symptoms. 
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At the workshop, the candidate and SG, LV, ARB, FP, JSG, and AKB discussed extensively a 

subsequent analysis of the cognitive data sets from the STARTS trial; these authors concepted 

and designed the subsequent analysis which was ground for this publication. LV provided data 

sets which included patient characteristics and cognitive performance from the STARTS trial. 

After the workshop, the candidate and SG worked together on the statistical analysis – the 

analysis itself was performed by SG while the candidate provided intellectual content and further 

help in regular weekly meetings – and both, the candidate and SG, interpreted the results. Several 

times, SG and the candidate have updated the other workshop participants who then also 

provided intellectual content for the analysis. The manuscript itself was written by the candidate 

and SG together (SG has written methods and results and created figures and tables, the 

candidate has written the introduction and discussion and took over the submission process incl. 

reviews, however, both authors contributed to each other’s sections). All authors revised the 

manuscript and provided important intellectual content and approved of the final version. 

As the major work for this publication was carried out by the candidate and SG, the first authorship 

was shared between these two authors. 

 

 

 



 10 

5. Introductory summary  

5.1 Project’s background 

5.1.1 Transcranial direct current stimulation 

Transcranial direct current stimulation (tDCS) is a noninvasive transcranial brain stimulation 

(NTBS) technique that has been newly reinvented as a promising novel treatment for psychiatric 

disorders. Anecdotal evidence of effects of electric stimulation goes back as far as to the ancient 

Romans who used torpedo fish to treat pain (Tsoucalas et al., 2014). First evidence closest to 

what we now consider psychiatry is attributed to the 18th century, when electric stimulation of the 

head was used to treat patients with personality disorders (Parent, 2014). In the 20th century, the 

effects of electric stimulation were extensively investigated in animals and humans and another 

NTBS modality was invented, one that utilized the principle of Faraday’s electromagnetic 

induction - the transcranial magnetic stimulation (TMS) (Barker et al., 1985). Electromagnetic 

stimulation had the advantages of evoking action potentials (for example muscle twitches when 

stimulated over motor cortex) at a much lesser intensity of electric currents and, hence, lower 

pain levels, as the magnetic field is less influenced by passing different types of tissues compared 

to the electric field. 

However, starting in early 2000s, tDCS was reinvented as a kind of a softer and broader (i.e. less 

focal) form of neuromodulation with its own scope of application. In comparison to TMS, tDCS 

modulates the resting membrane potential of underlying neurons towards depolarization (anodal 

stimulation) or hyperpolarization (cathodal stimulation), not evoking action potentials, but making 

the induction of an action potential, when intrinsic signals arrive, more or less likely (Nitsche and 

Paulus, 2000). This novel application of tDCS utilizes weaker electric current intensities in the 

range of 1-2 mA that make tDCS a safe and well tolerable treatment alternative. First therapeutical 

applications of tDCS in psychiatric cohorts aimed at improving mood and cognitive symptoms in 

patients with depression (Fregni et al., 2006a; Fregni et al., 2006b) and positive and negative 

symptoms of schizophrenia (Brunelin et al., 2012) and showed remarkable clinical efficacy in 

these first studies. In the last 20 years, numerous clinical trials, reviews, and meta-analyses have 

been published and while tDCS is not (yet) as well established (nor e.g. part of the German 

Guidelines) like TMS, it is still is an inherent part of alternative NTBS therapeutical modalities 

offered in psychiatric hospitals worldwide.    

 

5.1.2 TDCS for treatment of affective and non-affective psychoses 

From its beginnings in the 2000s, a large body of evidence for the application of tDCS as treatment 

for symptoms associated with depression and schizophrenia has emerged. A recent meta-

analysis has counted 27 studies and 1204 patients with depression treated with tDCS and showed 
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beneficial effects of active over sham tDCS (Zhang et al., 2021). Several guideline papers 

recommended the usage of tDCS in this cohort with probable to definite (latter in newer 

guidelines) efficacy (Fregni et al., 2021; Lefaucheur et al., 2017). For schizophrenia, the evidence 

is more limited, however the newer guidelines do recommend (with probable efficacy) anodal left 

prefrontal/cathodal left temporoparietal tDCS montage for auditory hallucinations in schizophrenia 

and - to some extent - also for negative symptoms (Fregni et al., 2021) 

The largest randomized, controlled trial on efficacy of tDCS for depressive symptoms to date (Trial 

of Electrical Direct-Current Therapy versus Escitalopram for Depression, ELECT-TDCS) included  

245 patients that received, in a three-armed design, either escitalopram and sham tDCS, tDCS 

and placebo pills, or double-placebo (sham tDCS and placebo pills) (Brunoni et al., 2017). TDCS 

was delivered at 2 mA using a bi-frontal electrode montage (anodal left, cathodal right) for 30 

minutes daily (workdays) over 3 weeks, followed by 7 weekly treatments. ELECT-TDCS failed at 

showing non-inferiority of tDCS to escitalopram in the primary analysis, however, in secondary 

analyses, tDCS treatment was shown to be superior to double-placebo (Brunoni et al., 2017). In 

terms of side effects, patients who received tDCS showed higher rates of skin redness (from the 

electrodes), tinnitus, nervousness, and mania (2 out of 94 patients in the tDCS group) (Brunoni 

et al., 2017).  

The largest randomized, controlled trial on efficacy of tDCS for schizophrenia aimed at improving 

negative symptoms (Schizophrenia Treatment With Electric Transcranial Stimulation, STARTS) 

and included 100 patients in a two-arm design; tDCS was delivered using a left anodal 

prefrontal/left cathodal temporoparietal electrode montage at 2 mA intensity for 20 minutes, twice-

daily at 5 consecutive days (which is considered state-of-the-art) (Valiengo et al., 2019). Patients 

receiving active tDCS showed a significant improvement (active>sham) in Positive and Negative 

Syndrome Scale (PANSS) negative symptom sub-scores, however, no significant differences for 

other outcome variables, such as total PANSS score or positive symptoms/auditory hallucinations 

(Valiengo et al., 2019). This is rather unexpected as this protocol was rated “probably efficient” in 

the previously mentioned guidelines for auditory hallucinations (Fregni et al., 2021). TDCS was 

well tolerated; burning sensations occurred more often in the active group (Valiengo et al., 2019). 

Impairment of cognition is common in depression as well as in schizophrenia. NTBS effects on 

cognition have been much investigated in healthy and clinical cohorts with highly heterogeneous 

results per se, varying strongly between the several domains of cognition such as working 

memory, processing speed, attention, learning, social cognition and others. A recent large meta-

analysis has pooled the effects of NTBS on cognition over several psychiatric and neurologic 

disorders, including depression and schizophrenia, but also dementia, Parkinson's disease, 

stroke, traumatic brain injury, and multiple sclerosis thus meaningfully increasing the sample size 

(Begemann et al., 2020). With this approach, the authors were able to identify overall effects of 

tDCS on working memory and attention/vigilance underlying NTBS potential for this application 

(Begemann et al., 2020). 

One of the major limitations of tDCS lays in the sham control condition; often, when tDCS trials 

fail to show superiority of the active treatment, the question rises whether this is due to a lack of 
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improvement in the active group or due to “too much” effects excerpted by the sham condition 

(Loo et al., 2018).  Even though the meta-analysis by Zhang et al. (2021) supports active tDCS, 

the difference in rates of patients who showed an improvement in the active and sham tDCS 

group, respectively, was rather small (36% and 26%, respectively). As participants can sense 

tDCS effects on their skin, the “sham tDCS” needs to include some electric current flow and this 

condition is rarely standardized between studies. Some authors hypothesize that these smallest 

currents already induce neurobiological changes in the brain (Fonteneau et al., 2019) and thus 

account for the effects in the sham groups. 

Furthermore, several other parameters of tDCS protocols are not sufficiently standardized yet. 

For example, patients with schizophrenia were shown to respond better to 1 mA tDCS than to 2 

mA tDCS during a working memory task (Papazova et al., 2018). Hence, while the currently 

available clinical data is promising, further understanding of tDCS parameters and their effects 

on neurobiological processes in the brain is necessary to provide a more patient- and symptom-

adapted treatment option and to increase the overall response rates of tDCS/NTBS. 

 

5.1.3 Action mechanisms of TDCS 

In the end of the 20th century, the (dorsolateral) prefrontal cortex (DL)PFC emerged as the target 

region for depressive symptoms. This was based, among others, on findings from patients with 

brain tumors in the PFC, who often suffered from depressive mood after tumor removal (George 

et al., 1994). In conjunction with the impaired prefrontal glucose metabolism and cerebral blood 

flow that was described in patients with depression, the PFC dysfunction hypothesis was 

postulated (George et al., 1994) and the PFC has been used as target region for NTBS and tDCS 

in depression since. 

While the application of NTBS expanded beyond depression, the PFC remained a promising 

target candidate. In particular evidence from resting-state networks – functionally coupled areas 

of the brain that can be detected from resting-state functional magnetic resonance imaging (fMRI) 

– linked the (DL)PFC to several networks impaired in depression (Li et al., 2018), schizophrenia 

(Lawrie et al., 2002) and involved in cognitive processes in schizophrenia (Minzenberg et al., 

2009) and elsewhere (Shin et al., 2015). 

There are several pathways how tDCS is suggested to exert its effects on human behavior. In a 

simplified model, tDCS modulates the excitability of the brain in a polarity-specific manner – 

anodal tDCS activates (or, more precisely, facilitates activation), cathodal tDCS inhibits brain 

activation (Nitsche and Paulus, 2000). However, the final effects of stimulation depend on several 

other factors – non-linear effects were attributed to different stimulation intensities and durations  

(Papazova et al., 2018; Shin et al., 2015). In addition, when both electrodes are placed over brain 

regions (as opposed to an extracephalic electrode montage), an activation of possibly antagonist 

functional networks might lead to interfering effects of stimulation (Kantrowitz et al., 2019). 
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Stimulation effects beyond the stimulation period, lasting from several minutes up to several hours 

after stimulation, are generally attributed to synaptic plasticity (Shin et al., 2015; Stagg and 

Nitsche, 2011). Long-term potentiation and long-term depression (LTP/LTD), the mechanisms 

behind synaptic plasticity, are carried mostly by NMDA receptor-dependent glutamatergic as well 

as GABA-ergic interneurons and were linked to tDCS effects (more precisely, tDCS experts speak 

of LTP/LTD-like processes) (Shin et al., 2015; Stagg and Nitsche, 2011). Neuromodulators, such 

as dopamine and serotonin, critical in the pathogenesis of depression and schizophrenia, were 

also linked to tDCS effects (Nitsche et al., 2009; Nitsche et al., 2006; Stagg and Nitsche, 2011). 

 

5.2 Project’s hypotheses 

NTBS and tDCS target neurobiological processes behind psychiatric disorders such as 

depression and schizophrenia with the aim to alleviate symptoms of these disorders. The 

(DL)PFC is a common target for mood and cognitive symptoms, characteristic of both these 

disorders. 

However, several gaps in knowledge about tDCS prevent this promising modality from tapping its 

full potential. Neurobiological markers that involve either the targets or the pathways of tDCS 

treatment could help predict clinical responses and individualize tDCS treatment. These 

biomarkers are derived from several modalities, ranging from neuroimaging to electrophysiology, 

genetics, or peripheral blood markers. 

In this project, we aimed at filling the gaps of tDCS application in psychiatric disorders. Our first 

aim was to characterize the influence of potential neurobiological markers, derived from structural 

and functional MRI investigations, on the antidepressant response of patients with depression 

from the ELECT-TDCS trial. Meta-analyses identified reduced gray matter in medial and 

dorsolateral PFC and the anterior cingulate cortex (ACC) in patients with depression as opposed 

to healthy controls; volumes of these regions were further associated with response to 

pharmacotherapy and normalized after successful treatment (Bora et al., 2012; Chen et al., 2007; 

Smith et al., 2013). Functional connectivity between ACC and regions of the PFC was also shown 

to be impaired in depression and associated with treatment response to pharmacotherapy and 

TMS (Fu et al., 2013; Kaiser et al., 2015; Weigand et al., 2018). Yet, no such investigations exist 

for tDCS. Nor were structural and functional markers investigated within the same sample of 

patients with depression treated with tDCS.  

Our second aim was to describe the influence exerted by a tDCS protocol applied in the STARTS 

trial, that was originally designed to improve negative symptoms of patients with schizophrenia, 

on cognitive functioning in these patients. While evidence for tDCS effects on primary symptoms 

of affective and non-affective psychoses is relatively rich, comorbid symptoms such as cognitive 

deficits receive less attention. In healthy and neuropsychiatric populations, tDCS is a popular task 

to enhance cognitive performance, even though its effects are limited (Hill et al., 2016). Valuable 
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insight about further pathways involved in tDCS mechanisms can be gained from investigating its 

effects on cognition.  

 

5.3 Project’s conclusions 

5.3.1 Summary of results and their relevance for the field 

The publications which resulted from this PhD project contribute towards understanding of the 

effects of tDCS in psychiatric disorders. From baseline neuroimaging data sets from ELECT-

TDCS, a trial investigating efficacy of tDCS for treatment of depression, we have identified regions 

of the prefrontal cortex where gray matter volume was directly associated with treatment 

response. In particular, larger gray matter volume of a broad, left prefrontal cortex region was 

associated with stronger improvement of depression scores in the active tDCS group, compared 

to sham. This was not found for the right prefrontal cortex nor the bilateral anterior cingulate cortex 

volumes. In exploratory analyses of distinct prefrontal cortex subregions, several medial regions 

that reflected distributions of stronger electric field simulations were associated with the response, 

however this comparison did not last after correction for multiple comparisons. 

Interestingly, the analysis of resting-state functional connectivity has revealed no associations of 

within-region nor whole-brain connectivity of these anatomically predefined regions with the 

antidepressant response in the ELECT-TDCS. This implies that function does not necessarily 

follow structure and that tDCS might be differentially related to structural and functional 

biomarkers. Including the whole array of individual neuroimaging (and other) biomarkers might 

improve the predictive value for tDCS effects. A deeper understanding of this novel therapeutical 

opportunity is still needed. 

In STARTS, while the patients benefitted from the specific tDCS protocol in terms of negative 

symptoms, including flattened affect, loss of interest, and emotional withdrawal, no beneficial 

effects of active tDCS over sham tDCS on the cognitive performance up to 12 weeks post 

treatment were observed. However, subtle improvement of executive functions and delayed 

memory were observed in the sham tDCS group. With these findings, our study nicely reflects 

several problems of this field: While a tDCS protocol might be effective for specific symptoms 

(auditory hallucinations or the mood) or specific populations (healthy), these effects might not be 

transferable to other areas of application without adaptation of further parameters of stimulation. 

The “dosage” of the stimulation should be considered as much as the “timing”, “brain state”, and 

the “targeting” of both electrodes. Importantly, the control condition should be considered in terms 

of own neurobiological effects, which might be present despite the minimal electric current flows. 

In summary, we provide evidence for cortical structures involved in tDCS effects and suggest a 

decoupling of function from structure. While cognition seems to be one of the pathways for tDCS 

to exert its effects, recruitment of this pathways is highly dependent of stimulation parameters. 
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