
Rewiring the Brain 

Insights into Electroconvulsive and Magnetic Stimulation 

Therapies and Their Impact on Cognition and Neural 

Processing 

Doctoral thesis 

to obtain a doctorate (PhD) 

from the Faculty of Medicine 

of the University of Bonn 

Maximilian Philippe Detlef Kiebs 

From Berlin, Germany 

2025 



Written with authorization of  

the Faculty of Medicine of the University of Bonn 

First Reviewer: Prof. Dr. Dr. René Hurlemann 

Second Reviewer:  Prof. Dr. Ulrich Ettinger 

Day of oral examination: 04.04.2025 

From the Department of Psychiatry and Psychotherapy 

Director: Prof. Dr. Alexandra Philipsen 



3 

Table of Contents 

List of abbreviations 4 

1. Abstract 5 

2. Introduction and aims with references 7 

2.1 Research Aims 14 

2.2 References 16 

3. Publications 21 

3.1 Publication 1: Electroconvulsive therapy and cognitive performance from the Global
ECT MRI Research Collaboration 22 

3.2 

3.3 

3.4 

Publication 2: Role of Stimulus Dose on Neuropsychological Functioning after 

Electroconvulsive Therapy in Patients with Major Depressive Disorder                            35
Publication 3: Altered reward network responses to social touch in major depression      45 
Publication 4: Individualized theta-burst stimulation modulates hippocampal activity  

70

3.5 

and connectivity in patients with major depressive disorder

Publication 5: Repetitive transcranial magnetic stimulation in non-treatment-resistant 
depression 99

4. Discussion with references 102

4.1 Limitations 106

4.2 Outlook for future research 107

4.3 Conclusion 109

4.4 References 110

5. Acknowledgements 113

5.1 Acknowledgements (deutsche Sprache) 116



4 

List of abbreviations 

BT Bitemporal 

DSM-V Diagnostic and Statistical Manual of Mental Disorders  

DLPFC Dorsolateral Prefrontal Cortex 

ECT Electroconvulsive Therapy 

GEMRIC Global ECT-MRI Research Collaboration 

ICD-10 Int. Statistical Classification of Diseases and Related Health Problems 

iTBS intermittent Theta-Burst Stimulation 

L-DLPFC Left Dorsolateral Prefrontal Cortex 

LPC Lateral Parietal Cortex 

mC Millicoulomb 

MDD Major Depressive Disorder 

MRI Magnetic Resonance Imaging 

MST Magnetic Seizure Therapy 

OTS One Touch Stockings of Cambridge Task  

RUL Right Unilateral 

tDCS Transcranial Direct Current Stimulation 

TMS Transcranial Magnetic Stimulation 

TRD Treatment-Refractory Depression 

VLMT Verbal Learning Memory Task 



5 
 

1. Abstract 
 

Depressive disorders are a group of debilitating and at times life-threatening diseases 

affecting millions of individuals worldwide. They interfere with most aspects of everyday 

life, such as social behavior, affective experiences, and cognition. As our understanding 

of the disorder increases, available treatments change or are being refined. Five studies 

are presented that address the effect of brain stimulation treatment on cognitive 

performance (Studies 1 and 2), altered processing of touch as a measure of social 

reward (Study 3), a novel and individualized parieto-hippocampal target for intermittent 

theta-burst stimulation (iTBS; Study 4), and a composition of clinical trials investigating 

non-invasive brain stimulation for treatment refractoriness (Study 5) in patients with 

major depressive disorder (MDD). Contrary to expectations, the results of study 1 

suggest a positive impact of increasing electroconvulsive therapy (ECT) treatments on 

verbal fluency performance in the bitemporally treated group while a decrease in 

performance was observed in the right-unilaterally treated group. As we found no 

evidence of cognitive impairment associated with bitemporal electrode placement in any 

cognitive domain, we recommend a standardized battery of robust cognitive measures 

with strong psychometrics and minimal subject burden to facilitate multisite investigation. 

As digital tracking of all ECT data has recently become available, we also present 

research on the role of treatment stimulus charge on cognitive performance. As 

hypothesized, we show that increased stimulus charge predicts decreased delayed 

memory performance after ECT treatment, independent of age and number of 

treatments applied. Comparison of this effect with other cognitive domains assessed 

indicates that this finding is specific to delayed memory recall (Study 2). However, this 

result should be replicated in a larger sample. As depressive disorders are well known 

to impede social functioning, we show that the perceived pleasantness of social touch 

is decreased in patients with depression when compared to healthy controls and that 

their neural processing is altered (Study 3). These effects indicate altered reward-

dependent processing of social touch in MDD. Moreover, in the context of personalizing 

depression treatments, a novel target for iTBS is evaluated for its clinical potential (Study 

4). After individual selection of a target in the parietal cortex most strongly functionally 

connected to the hippocampus, antidepressant iTBS treatment was augmented with this 
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novel parieto-hippocampal stimulation. Although we found no stronger clinical response 

in patients randomized to receive the novel target stimulation, increased functional 

connectivity between the hippocampus and the dorsolateral-prefrontal cortex was 

significant. This finding may be clinically relevant in conditions associated with 

prefrontal-hippocampal dysconnectivity. Lastly, by reexamining the study composition of 

a meta-analysis investigating the efficacy and acceptability of non-invasive brain 

stimulation for the treatment of adult unipolar and bipolar depression, we showed that 

most trials include only patients with higher levels of treatment-refractoriness (Study 5). 

In light of the different compositions of clinical trials regarding this characteristic between 

evidence-based treatment options, more studies investigating the potential of repetitive 

transcranial magnetic stimulation in patients with lower degrees of treatment 

refractoriness are needed. 
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2. Introduction and aims with references

Depression is a complex and varied condition that does not present the same way in 

every person. Similar to conditions such as rashes or heart disease, depression has 

many forms and can appear differently from one individual to another. Although there is 

a core group of commonly associated symptoms, each person’s experience is distinct. 

As a result, our understanding of depression and the methods used to treat it are 

constantly changing and adapting. However, several core features of depression are 

indeed identified across geographies and cultures with variations of the disease having 

been described since the Ayurveda healing traditions in South Asia (see Fig. 1). Even 

though the concept has undergone substantial transformation, some descriptions such 

as low spirits, sadness, and dejection have been used throughout human history to 

describe the experiences associated with this phenomenon (Herrman et al. 2022). 

Based on shared descriptors such as these, formal definitions of clinical depression have 

led to a number of criteria used to diagnose the disorder today (e.g. depressed mood 

most of the day, reduction of energy, or decrease in activity). When patients are 

classified into these categories, the dramatic global prevalence of depressive disorders 

becomes evident. They are among the top ten non-communicable causes of disease-

adjusted life-years1 worldwide, with a global 12-month prevalence of 4-5 % (Marx et al. 

2023; Vollset et al. 2024). This number translates to more than 250 million people 

currently living with the disease worldwide (World Health Organization 2024). In addition 

to debilitating symptoms, depressive disorders are associated with a twofold increase in 

mortality, due not only to an increased risk of suicide, but also to physical and substance-

related illnesses as well as disease-promoting lifestyle factors (Chesney et al. 2014; 

Laursen et al. 2016).  

Disease classification systems, such as the DSM-V or ICD-10, are currently 

irreplaceable for determining prevalence or quickly establishing a diagnosis. However, 

defining clinical depression in an individual can be challenging because the condition 

encompasses a wide range of physical and mental conditions, meaning that the 

1 DALYs for a disease or health condition are the sum of the years of life lost to due to premature mortality 
(YLLs) and the years lived with a disability (YLDs) due to prevalent cases of the disease or health condition 
in a population 
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symptoms of patients diagnosed with depression today can vary widely (Monroe and 

Anderson 2015). This heterogeneity can theoretically lead to two patients diagnosed 

with major depressive disorder not sharing a single symptom (Fried 2017a; Fried 2017b; 

Monroe and Anderson 2015). As a result, it has been proposed to study individual 

symptoms rather than diagnoses, to study associations among symptoms rather than 

sum scores of rating scales, and to personalize the treatments (Fried 2017a). The 

currently used treatments can be thought of as a stepped care approach, with most 

patients being treated via psycho- and pharmacotherapy (Tab. 1). Both forms of 

treatment are evidence based and have been shown to be effective in randomized 

controlled trials (Cipriani et al. 2018; Cuijpers et al. 2021). Treatment-refractory 

depression, usually defined by the failure to respond to two different classes of 

pharmacotherapy, and severe symptoms may be treated by electroconvulsive therapy 

(ECT) (McIntyre et al. 2023). A treatment that exerts its effect through the weekly 

induction of seizures by means of very brief electric currents. 

Table 1 | Stepped care for MDD (from Marx et al., 2023)

Levels 
of care Indication and clinical actions Setting 

1 

All suspected presentations of depression and subthreshold 
depressive symptoms: diagnostic and risk assessment, 
psychoeducation on lifestyle factors (for example, diet, sleep, 
substance use, exercise), and psychological strategies (e.g. stress 
management, relaxation), active monitoring or watchful waiting 

Self-care, 
general 
practitioner or 
community 
services 

2 
Mild to moderate depressive symptoms: psychotherapy, lifestyle 
approaches (for example, exercise), pharmacological treatment 

General 
practitioner or 
community 
services 

3 

Moderate depressive symptoms: psychotherapy, lifestyle 
approaches (for example, exercise), pharmacological treatment, 
transcranial magnetic stimulation and transcranial direct current 
stimulation can all be considered 

Specialist 
service 

4 

Treatment-resistant depression and/or severe depressive 
symptoms; risk of harm to self or others; risk of physical 
impairment, psychotic symptoms: biological and non-biological 
treatment for treatment-resistant MDD (for example, 
electroconvulsive therapy), crisis services and inpatient care, until 
the level of care can be stepped down 

Specialist 
service or 
inpatient care 
depending on 
circumstance 

Table from Marx et al., 2023 (https://doi.org/10.1038/s41572-023-00454-1). Reproduced with permission from 
Springer Nature. 
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Transcranial repetitive magnetic (rTMS) and direct current (tDCS) stimulation are 

alternative treatments which may be applied to therapy-refractory patients after failure 

of conventional therapies (Mutz et al. 2019a, see Fig. 2 for a description of the brain 

stimulation methods used or investigated in psychiatry). Even though all these 

treatments are efficacious, only few personalized treatment options exist to date and 

the effects of a treatment on specific symptoms remain not well understood. 



10 
 

 

Figure 1. Historical timeline of depression across the ages (reprinted from The Lancet, Herrman et al., 2022, with 
permission from Elsevier) 

 

This is specifically true for one debilitating symptom of depression, which is defined as 

an almost daily occurrence of diminished ability to think or concentrate, or 

indecisiveness. These cognitive effects of depression have not been the focus of 

research for a long time (Perini et al. 2019). Hence, it is not surprising that these 

symptoms have later been found to persist as residual symptoms in many patients and 

most commonly used pharmacological agents are not as effective for cognitive 

symptoms as for symptoms of mood (Colwell et al. 2022; Miskowiak and Petersen 2019). 

Yet, modulating cognitive functions is particularly relevant in depression research, as 

cognitive deficits are commonly observed alongside affective and vegetative symptoms 

in patients with Major Depressive Disorder (MDD) (Burt et al. 1995; Rock et al. 2014; 

Snyder 2013; Veiel 1997; Zakzanis et al. 1998). Both rTMS and tDCS have been widely 

utilized in research to explore and influence cognitive and psychomotor functions. When 
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targeted at the left dorsolateral prefrontal cortex (DLPFC), evidence suggests that both 

methods can enhance attention, working memory, and psychomotor speed in healthy 

individuals (Brunoni and Vanderhasselt 2014; Miniussi and Ruzzoli 2013). Numerous 

studies have explored the impact of non-invasive brain stimulation techniques on 

cognitive functions in individuals with MDD. ECT, for instance, has been found to 

enhance cognitive domains such as processing speed, working memory, and various 

aspects of executive function (Semkovska and McLoughlin 2010). However, ECT is also 

associated with potential negative effects on memory, including both retrograde and 

anterograde amnesia (Lisanby et al. 2000; Payne and Prudic 2009; Sackeim 2014). 

Thus, concerns persist among patients and healthcare providers regarding the risk of 

cognitive impairment following brain stimulation therapies, especially in the case of ECT 

(Payne and Prudic 2009). Recent meta-analyses of randomized controlled trials have 

indicated that prefrontal rTMS may improve cognitive skills such as psychomotor speed, 

visual scanning, and set-shifting abilities (Martin et al. 2017). In contrast, an earlier 

review reported limited evidence of cognitive enhancement across psychiatric conditions 

following rTMS (Martin et al. 2016). Notably, rTMS is generally not associated with 

significant cognitive side effects post-treatment (Lefaucheur et al. 2020; Lefaucheur et 

al. 2014). Magnetic Seizure Therapy (MST), another form of non-surgical brain 

stimulation, appears to enhance certain memory and executive functions and may be 

associated with fewer unwanted cognitive side effects compared to ECT (Cretaz et al. 

2015; Kayser et al. 2015). Meanwhile, some studies have reported that tDCS can 

improve cognitive control in patients with MDD (Wolkenstein and Plewnia 2013). 

However, a recent meta-analysis using individual patient data found no consistent 

evidence that tDCS provides cognitive benefits beyond its effects on mood improvement 

(Martin et al. 2018). In summary, while these non-invasive brain stimulation methods 

hold promise for cognitive enhancement in MDD, their effects can vary widely. This 

underscores the need for comprehensive evaluation to better inform clinical practice 

beyond antidepressant efficacy (Kiebs et al. 2019).  
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Figure 2. Timeline of introduction of brain stimulation techniques. Abbreviations: DBS, deep brain stimulation; ECT, 
electroconvulsive therapy; EpCS, epidural cortical stimulation; MST, magnetic seizure therapy; tDCS, transcranial 
direct current stimulation; TMS, transcranial magnetic stimulation. From Hoy & Fitzgerald (2010), 
https://doi.org/10.1038/nrneurol.2010.30. Reproduced with permission from Springer Nature. 

Consequently, research investigating the cognitive effects of ECT in an international, 

multicentric data set is presented. Secondly, research on the role of stimulus dose on 

cognitive performance is presented (Studies 1 and 2). 
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As mentioned, it has been proposed to study specific symptoms of depression and how 

they are affected by treatment. Specifically, during the COVID-19 pandemic, social 

distancing measures resulted in an absence of social touch, which has been linked to 

increased anxiety and loneliness (von Mohr et al. 2021). One of the debilitating 

symptoms of depressive disorders is the impairment in social functioning (Kupferberg et 

al. 2016). As social touch has been proposed to be inherently rewarding, the neural 

processing of social touch presents an opportunity to investigate the role of social reward 

in depressed patients, which has only been investigated in virtual social feedback tasks 

(Hertenstein et al. 2006; Hsu et al. 2015; Morrison et al. 2010; Olino et al. 2015). In this 

sense, the third objective of this work was to investigate whether reward network activity 

is altered in response to social touch in patients suffering from MDD (Study 3).  

Personalization of mental health treatments is increasingly emerging as a promising 

approach for improving treatment outcomes, particularly for heterogeneous disorders 

(Perna et al., 2024). Since more than 10 years it has been established that targeting the 

L-DLPFC with rTMS leads to a clinically relevant antidepressant response (Cotovio et 

al. 2023; Mutz et al. 2019b). Traditionally, rTMS targets have been limited to areas close 

to the surface of the scalp as the intensity of the magnetic field decreases exponentially 

as the distance from the source increases. In addition, conventional rTMS coil placement 

strategies, such as the “5 cm rule”, Beam F3, and most magnetic resonance imaging 

(MRI) neuronavigation methods, are all landmark-based (e.g. 5 cm anterior to the motor 

cortex) and therefore not personalized. Approaches that attempt to personalize 

treatment typically use individual fMRI data from patients to pinpoint specific superficial 

cortical areas that are functionally linked to deeper brain structures, which are beyond 

the direct reach of TMS. By targeting these accessible cortical regions, it is possible to 

indirectly influence deeper brain structures through top-down propagation of stimulation 

effects (Eldaief et al. 2023; Fox et al. 2013; Wang et al. 2014). As such, they allow for 

more individualized treatment and examination of the therapeutic potential of stimulating 

brain regions beyond the DLPFC, which have been relatively underexplored (Downar 

and Daskalakis 2013; Nestor and Blumberger 2020; Schutter and Van Honk 2005; 

Siddiqi et al. 2020). This network-based approach facilitates the targeting of alternative 

brain regions for antidepressant interventions, with the hippocampus emerging as a 

compelling candidate due to its central role in the neural circuitry involved in MDD 
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(Nestler et al. 2002). Research has consistently shown that hippocampal volume loss is 

a common feature in MDD patients, and this reduction is linked to a longer duration of 

illness as well as poorer response to treatment (Caetano et al. 2004; Fu et al. 2013; 

MacQueen and Frodl 2011). Based on findings such as these, further research is 

presented here, in which commonly used theta-burst TMS over the L-DLPFC was 

augmented with a personalized rTMS target within the lateral parietal cortex (LPC), 

which is functionally connected to the hippocampus (Study 4).  

Lastly, by reexamining the studies included in a meta-analysis regarding the efficacy of 

non-invasive brain stimulation as a treatment for MDD, we present data suggesting that 

practically all evidence for TMS in depressive disorders is based on trials comprising 

treatment-refractory patients (TRD; Mutz et al. 2018; Study 5). This is understandable 

for any novel treatment, as there could possibly be unanticipated side effects altering 

the relative risk-to-benefit ratio. Interestingly, most of the evidence for pharmacological 

interventions is from trials excluding TRD patients and well-performed trials with this 

group of patients are rare (Cipriani et al. 2018; Furukawa et al. 2011; Maj et al. 2020; 

Zimmerman et al. 2020). This has led to dramatic differences in the characteristics of 

patients enrolled in brain stimulation and pharmacological treatment trials. To this end, 

the fifth line of research presented here examined the inclusion of TRD patients in clinical 

trials of non-invasive brain stimulation with respect to their outcomes. 

2.1 Research Aims 

The overall aim was to investigate the effect of treatments on specific symptoms and to 

explore the potential for personalization. To this end, five studies were conducted to 

examine specific symptoms of MDD (Study 1, Study 2, Study 3), personalization and a 

novel target for iTBS treatment (Study 4), and patient characteristics in clinical trials 

(Study 5). The following research questions were addressed in depressed patients: 

(1) Is the cognitive performance worse in patients after ECT than in healthy controls,

and is bitemporal (BT) electrode placement associated with the greatest cognitive

impairment?
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(2) Is a higher mean stimulus energy, measured in millicoulomb (mC) and calculated

as mean charge across the ECT series, independent of the total number of ECT

sessions and higher age, predictive of greater cognitive impairment following an

ECT series?

(3) Do MDD patients perceive social touch as less comfortable and display

decreased neural responses to social touch compared to healthy controls,

particularly in regions associated with blunted neural response to reward in MDD

patients: the nucleus accumbens, caudate nucleus, putamen, and insula?

(4) Does parieto-hippocampal stimulation compared to sham stimulation as an add-

on to active DLPFC stimulation improve cognitive performance, modulate both

hippocampal functional connectivity and memory-related functional hippocampus

activity, and increase the therapeutic effect of iTBS on depressive symptoms?

(5) How many trials included in a recent meta-analysis regarding the efficacy of non-

invasive brain stimulation as a treatment for MDD reported the level of treatment

refractoriness of the included patients, and which inclusion criteria regarding TRD

were used in most of the trials?

All presented research was conducted in accordance with the Declaration of Helsinki 

(2013), and the studies were approved by the institutional review board of the Medical 

Faculty of the University of Bonn (Ref.-Nr. 092/1 & Ref.-Nr. 254/17). 
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A B S T R A C T

The Global ECT MRI Research Collaboration (GEMRIC) has collected clinical and neuroimaging data of patients 
treated with electroconvulsive therapy (ECT) from around the world. Results to date have focused on neuro-
imaging correlates of antidepressant response. GEMRIC sites have also collected longitudinal cognitive data. 
Here, we summarize the existing GEMRIC cognitive data and provide recommendations for prospective data 
collection for future ECT-imaging investigations. We describe the criteria for selection of cognitive measures for 
mega-analyses: Trail Making Test Parts A (TMT-A) and B (TMT-B), verbal fluency category (VFC), verbal fluency 
letter (VFL), and percent retention from verbal learning and memory tests. We performed longitudinal data 
analysis focused on the pre-/post-ECT assessments with healthy comparison (HC) subjects at similar timepoints 
and assessed associations between demographic and ECT parameters with cognitive changes. The study found an 
interaction between electrode placement and treatment number for VFC (F(1,107) = 4.14, p = 0.04). Higher 
treatment was associated with decreased VFC performance with right unilateral electrode placement. Percent 
retention showed a main effect for group, with post-hoc analysis indicating decreased cognitive performance 
among the HC group. However, there were no significant effects of group or group interactions observed for 
TMT-A, TMT-B, or VFL. We assessed the current GEMRIC cognitive data and acknowledge the limitations 
associated with this data set including the limited number of neuropsychological domains assessed. Aside from 
the VFC and treatment number relationship, we did not observe ECT-mediated neurocognitive effects in this 
investigation. We provide prospective cognitive recommendations for future ECT-imaging investigations focused 
on strong psychometrics and minimal burden to subjects.

1. Introduction

Electroconvulsive therapy (ECT) has potent antidepressant effects
with high response and remission rates (UK ECT Review Group, 2003). 
Sixty to eighty percent of individuals with treatment-resistant depres-
sion have rapid improvement or remission of depressive symptoms 
(Weiner and Reti, 2017). ECT is cost effective and reduces hospital 
readmission, suicide risk, and 1-year all-cause mortality (Kaster et al., 
2021; Rhee et al., 2021; Ross et al., 2018; Slade et al., 2017). ECT is also 
medically safe and not associated with increased severe medical events 
(Kaster et al., 2021). Despite ECT’s efficacy and safety, less than 1% of 
individuals diagnosed with major depressive disorder (MDD) receive 
ECT (Rhee et al., 2020; Wilkinson et al., 2018, 2021).

ECT is often utilized as a treatment of last resort because of stigma 

and risk of cognitive side effects (Slade et al., 2017). The cognitive 
adverse effects of ECT are transient but may mitigate clinical improve-
ment (Alexopoulos et al., 2005; Chakrabarti et al., 2010; Kiosses and 
Alexopoulos, 2005; Kiosses et al., 2001; Porter et al., 2008; Rajagopal 
et al., 2013) and limit the use of ECT (Sackeim, 2017; Slade et al., 2017). 
While right unilateral (RUL) ultrabrief pulse ECT results in less cognitive 
impairment relative to bitemporal (BT) brief pulse (Lisanby, 2007; 
Sackeim, 2017; Semkovska et al., 2016), both still produce moderate to 
large (Cohen’s d = −0.53 to −0.83) adverse cognitive effects (Tor et al., 
2015). Key adverse cognitive effects include amnesia, executive 
dysfunction, and verbal dysfluency (Abbott et al., 2020; Lisanby et al., 
2020; Loef et al., 2024; McClintock et al., 2011; Semkovska and 
McLoughlin, 2010; Vasavada et al., 2017a, 2017b). Current research 
demonstrates the return to pre-ECT baseline levels for most cognitive 
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domains in the weeks following an acute ECT series (Nuninga et al., 
2018; Semkovska and McLoughlin, 2010; Vasavada et al., 2017a, 
2017b). Autobiographical memory, which has numerous measurement 
challenges, may persist for up to six months (Martin et al., 2015; Sem-
kovska and McLoughlin, 2013, 2014). The mechanisms and anatomic 
locations underlying cognitive adverse effects remain largely unknown 
(Bolwig, 2014; Singh and Kar, 2017).

The Global ECT MRI Research Collaboration (GEMRIC) was devel-
oped to combine longitudinal neuroimaging data from ECT studies 
across sites and institutions to investigate ECT’s mechanism of action 
(Oltedal et al., 2017). GEMRIC utilizes a common analysis pipeline to 
combine ECT-imaging datasets from different study sites for 
mega-analyses. The increased power of the larger sample sizes associ-
ated with the GEMRIC database has examined structural and functional 
changes associated with ECT. Important findings to date from GEMRIC 
include ECT-mediated volumetric changes (Oltedal et al., 2018; Ousdal 
et al., 2020), relationships between electric field strength and volu-
metric changes (Argyelan et al., 2019), and volumetric changes associ-
ated with treatment response (Argyelan et al., 2023; Mulders et al., 
2020).

Here, we assess GEMRIC cognitive measures across all sites. We 
describe the demographic information of the GEMRIC patient and 
healthy comparison subjects (HC) who have longitudinal cognitive data. 
We assess the cognitive changes associated with each electrode place-
ment (RUL, BT, bifrontal [BF], and left anterior right temporal [LART]) 
relative to the HC sample. We hypothesize that BT electrode placement 
would be associated with the most cognitive impairment. We then make 
prospective cognitive assessment recommendations for future GEMRIC 
sites to facilitate the study of neuroanatomic mechanisms underlying 
ECT cognitive impairment.

2. Methods

2.1. Participant selection

We included all subjects from the GEMRIC database with a diagnosis 
of MDD or bipolar disorder type I or II with most recent episode 
depressed, and with longitudinal (pre-/post-ECT) neurocognitive data. 
We also included HC with longitudinal neurocognitive data. Exclusion 
criteria for individuals diagnosed with MDD or bipolar disorder con-
sisted of the following: 1) bipolar disorder diagnosis without specifica-
tion of current episode; 2) less than four ECT treatments; 3) pre-ECT 17- 
item Hamilton Rating Scale for Depression (HAM-D) total score less than 
19; or 4) unspecified electrode placement. As per GEMRIC regulations, 
informed consent was locally obtained from all sites in addition to the 
approval of the Regional Ethics Committee South-East in Norway 
(2018/769 The GEMRIC study).

2.2. Depression ratings

All sites used either the 17-item HAM-D or Montgomery-Asberg 
Depression Rating Scale (MADRS) to assess depression severity with 
each imaging assessment (Hamilton, 1960; Montgomery and Asberg, 
1979). We converted MADRS to HAM-D with an established scale con-
version (Heo et al., 2007). Response was defined as ≥ 50% improvement 
post-ECT in comparison to pre-ECT HAM-D (Husain et al., 2004).

2.3. Cognitive data

Thirteen sites contributed data with 34 neuropsychological measures 
at four time points: pre-, mid-, post-, and follow-up ECT (Supplemental 
Table 1: GEMRIC cognitive data from all sites). Due to heterogeneity of 
represented cognitive domains and available data for multisite analysis, 
selection of cognitive measures was based on the following consensus 
criteria: 1) uniform data collection; 2) cognitive domain known to be 
impacted by ECT (e.g., memory, verbal fluency); and 3) large number of 

participants. As a result, five tests were selected for this analysis: Trail- 
Making Tests Part A (TMT-A) and B (TMT-B) (Reitan and Wolfson, 
1985), letter (VFL) and category verbal fluency (VFC) (Lezak, 2012), 
and percent retention from verbal declarative memory tests (percent 
retention) (Table 1: Neurocognitive measures). Verbal learning and 
memory tasks included the Rey Auditory Verbal Learning Test (Lezak, 
2012), California Verbal Learning Test-2nd Edition (Delis et al., 2000), 
and Hopkins Verbal Learning Test-Revised (Brandt and Benedict, 2001). 
The verbal memory tests were combined into one memory score by their 
percent retention score defined as Delayed recall/Last learning trial. The 
percent retention score reduces the possibility of over-estimating 
memory function from immediate and delayed free recall scores (Clark 
et al., 2010). Notably, only three sites measured autobiographical 
memory with two different tests: two sites used the Autobiographical 
Memory Interview – Short Form, and one site used the autobiographical 
fluency task (Dritschel et al., 1992; McElhiney et al., 2001). Therefore, 
this analysis did not include autobiographical memory (see Future 
Directions).

2.3.1. Electroconvulsive therapy
32% of participants underwent treatment using a MECTA versus 68% 

using a THYMATRON device. ECT procedures were site specific and 
included different devices: MECTA (MECTA Corporation, Tualatin, 
Oregon) or Thymatron (Somatics LLC, Venice, Florida, USA); electrode 
placements: BT, RUL, LART, or BF; pulse widths: 0.3–1.0 ms; and dosing 
methods: seizure titration or demographically informed. Treatment 
number was also site-specific with either fixed treatment or variable ECT 
endpoints. Sites had variable timing of the cognitive-imaging assess-
ments: pre-, mid-, post-ECT, and follow-up (>1-month post-ECT) as-
sessments. For this investigation, we focused on the pre-/post-ECT 
cognitive outcomes to maximize subject number. Post-ECT neuropsy-
chological assessment was done within one week after the last ECT 
treatment across sites.

2.4. Analysis

GEMRIC data release 3.2 (DOI: 10.17605/OSF.IO/YP2G, link: htt 
ps://osf.io/yp2g4/) was used for the analysis of pre-post change of the 
five neuropsychological outcomes (Table 1). Clinical response was 
defined as ≥ 50% change. To minimize group comparisons, RUL- and 
LART-ECT-Placements were grouped together (RUL). Many sites started 
with RUL and included a BT contingency in the context of RUL non- 

Table 1 
Neurocognitive assessment synthesis across Global ECT MRI Research Collabo-
ration (GEMRIC) sites.

Neurocognitive Test Domain Metric Direction of 
effecta

Number 
of sites

Trail-Making Test Part 
A

Processing 
speed/ 
attention

Seconds Negative 8

Trail-Making Test Part 
B

Executive 
function

Seconds Negative 7

Verbal Fluency 
Semantic

Language 
function

N words Positive 7

Verbal Fluency Letter Language 
function

N words Positive 5

Rey Auditory Verbal 
Learning Test

Verbal 
learning and 
memory

% 
retention

Positive 3

Hopkins Verbal 
Learning Test- 
Revised

California Verbal 
Learning Test, 
Second Edition

a Positive signifies higher values represent enhanced neuropsychological 
performance, while lower values indicates diminished performance. Vice versa 
for negative direction of effect.
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response or worsening clinical condition. These subjects were grouped 
as BT. Due to heteroskedasticity between the patient and HC groups, we 
applied square-root transformations to TMT and VF scores. Linear 
models assessed group differences (RUL, BT, and HC) between percent 
differences relative to baseline ("%diff") in neurocognitive outcomes 
(100× (Post − PreECT)⁄PreECT). All models were adjusted for de-
mographic and clinical characteristics (age, sex, education, site, number 
of ECT treatments, pre-post HAM-D % change). To retain as many ob-
servations as possible, missing HAM-D and values for the HC group were 
imputed using each site’s mean. In patients, we imputed missing HAM-D 
(RUL n = 1, BT n = 3) and education values using the mice package 
(Version: 3.14 van Buuren and Groothuis-Oudshoorn, 2011). For each 
neuropsychological measure, a full model was fit and then reduced with 
best-subset selection for the ECT covariates (electrode placement and 
treatment number) using Akaike Information Criterion (AIC) (Akaike, 
1974), but main effects for treatment group, age, sex, education, site and 
number of treatments were retained for all models. Model fit assump-
tions on the residuals are equal variance and normality, which were both 
assessed visually; however, results are robust to violations of the model 
distributional assumption (Schielzeth et al., 2020). VFC, VFL, and 
percent-retention had two outliers and were removed. The restricted 
maximum-likelihood (REML) adjusted least-squares mean difference 
estimates are reported (Lenth, 2023). In the case of significant main 
effects or interactions between model covariates and outcomes, post-hoc 
comparisons were calculated to elucidate direction of effect. Reported 
results are averaged across all other covariates. Multiple testing was 
controlled for via the false-discovery rate using the method of Benjamini 
and Hochberg (1995). All analyses were performed in R (Version 4.1.3; 
R Core Team, 2023). Plots were made using raincloud plots (Allen et al., 
2019) and gghalves (https://github.com/erocoar/gghalves). Tables 1 
and 2 were made using gtsummary (Sjoberg et al., 2021). R code of the 

analysis is available upon request.

3. Results

3.1. Demographics and clinical characteristics

A total of 197 patients (11 study sites) and 39 HC subjects (3 study 
sites) had longitudinal clinical and neurocognitive data. We excluded 
patients with fewer than 4 four treatments (n = 1), a baseline HAM-D 
total score of less than 19 (n = 27), unknown electrode placement (n 
= 2), or unspecified bipolar disorder episode (n = 10). The remaining 
patients received ECT as a treatment for MDD (n = 147) or bipolar 
disorder I or II disorder most recent episode depressed (n = 10). The 
final sample included 157 patients (88 female, mean age = 51.2 years ±
13.8 SD) and 39 HC subjects (23 female, mean age = 44.6 years ± 15.2).

115 subjects received RUL (includes 2 subjects with LART), and 42 
subjects received BT subjects (includes 25 subjects who transitioned 
from RUL). RUL received 12.3 ± 5.3 treatments and BT received 13.4 ±
5.4. In both groups, the pre-ECT HAMD total score was 26 ± 5 with a 
significantly higher response rate in the BT group (83%) than in the RUL 
group (59%, p = 0.0045). RUL and BT did not differ in mean age, sex, 
pre-ECT HAM-D-17, treatment number, education, or diagnosis (all p >
0.1). Both patient groups were significantly older compared to the HC 
group (p = 0.031), but HC and patient groups did not differ in sex-ratio 
(p > 0.1) (Table 2: Patient and HC demographics). The raw neuro-
cognitive data and subject number for each test are presented in Table 3.

3.2. Analysis of change in neuropsychological performance

AIC reduced the main effect and interaction variables to the 
following: site, age, sex, education, antidepressant response (% change 
in HAM-D), treatment number, ECT placement (RUL, BT, and HC) or 
“group”, treatment number-group interaction, sex-group interaction, 
and age-group interaction.

3.3. Verbal fluency category

VFC had a group-treatment number interaction (F(1,107) = 4.14, p 
= 0.04). Post-hoc analysis revealed that increased treatment number 
resulted in improved VFC performance in the BT group (β = 0.85, 95% 
CI [−0.12, 1.82]). In contrast, increased treatment number resulted in 
decreased VFC performance in the RUL group (β = −0.37, 95% CI 
[−1.11, 0.36]). The difference in slope between BT and RUL was sig-
nificant (βdiff = −1.23, p = 0.04).

3.4. Percent retention

The main effect for group (RUL and HC) was significant for percent 
retention (F(1,81) = 4.35, p = 0.04). Post-hoc analysis revealed that 

Table 2 
Patient group demographics.

Group RUL or 
LART

BT HC p- 
valuea

Total n 115 42 39 
Age: years ( ± SD) 50 (15) 54 (9) 45 (15) 0.031
Sex: Male/Female 52/63 17/25 16/23 0.847
Diagnosis: Unipolar/bipolar 105/10 42/0 – <0.05
Pre-ECT HAM-D-17 ( ± SD) 26 (5) 26 (5) 1 (1) <0.001
Antidepressant response (%)b 59% 83% – 0.004
Treatment number ( ± SD) 12 (5) 13 (5) 0 (0) <0.001
No. of previous ECTc,d 0.6 (2.1) 1.8 (0.3) – 0.0138
No. of depressive episodesc,d 6.3 (11.4) 3 (2.1) – 0.040
Episode duration (month, ( ±

SD)d
18.4 
(42.9)

19.3 
(25.7)

– 0.896

Age first treatment ( ± SD)d 34.6 
(13.9)

40.4 
(9.24)

– 0.077

Education
Grade 6 or less 4 (3.5%) 1 (2.4%) 0 (0%) 
Grade 7–12 (without graduating 

high school)
12 (10%) 11 (26%) 0 (0%) 

Graduated high school 12 (10%) 2 (4.8%) 4 (10%) 
Part college or university 16 (14%) 4 (9.5%) 2 

(5.1%)


Graduated 2-year college 
(associate degree)

15 (13%) 10 (24%) 11 
(28%)



Graduated 4-year college 
(bachelor degree)

24 (21%) 8 (19%) 10 
(26%)



Part graduate or professional 
school

5 (4.3%) 3 (7.1%) 6 (15%) 

Completed graduate or 
professional school

27 (23%) 3 (7.1%) 6 (15%) 

a Kruskal-Wallis rank sum test; Welch two sample t-test, Pearson’s Chi- 
squared test; Fisher’s exact test.

b Clinical response was defined as ≥ 50% change.
c Median.
d Data not available for full sample (No. previous ECT = 51; No. dep. Episodes 

= 90; Dur. Episode = 99, Age first Treatment = 55).

Table 3 
Summary of neuropsychological results (pre-/post-ECT or longitudinal change).

Measure RUL BT HC
Trail-Making Test Part 

A
N 76 36 23
Δ seconds ( ± SD) −2 ±

18
−3 
(22)

−3 (16)

Trail-Making Test Part 
B

N 75 30 23
Δ seconds ( ± SD) −4 (21) 3 (34) −2 (17)

Verbal Fluency 
Semantic

N 61 38 23
Δ word number ( ±
SD)

−2 (15) 6 (17) −1 (7)

Verbal Fluency Letter N 26 32 23
Δ word number ( ±
SD)

−3 (16) 1 (27) 6 (17)

Percent Retention N 60 0 31
Δ percent recall ( ±
SD)

2 (26) NA 0 (20)
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mean performance in HC decreased by −20.4% (95% CI [−38, −2.74]) 
relative to an increase in mean performance in RUL by 11.95% (95% CI 
[1.54, 21.5]). BT subjects did not have percent retention data.

3.5. Trail-making tests, verbal fluency letter, and other main effects

All other neuropsychological measures (TMT-A, TMT-B, VFL) 
showed no main effects for group or group interactions (all p > 0.05). 
VFC had sex differences (F(1,107) = 4.24, p = 0.04) with males per-
forming 5.9 %diff better after treatment than females (t(1, 107) = 2.1, p 

Fig. 1. A. Available raw data for the following time points for RUL (includes LART), BT, and HC data: 1) pre-ECT; 2) mid-ECT; 3) post-ECT (within one-week of 
finishing series); and 4) follow-up ECT (>1-month post-ECT). The focus of this investigation is pre- and post-ECT cognitive measures. B. Pre-/post-ECT trajectories of 
square-root transformed values. C. Percent change (pre-/post-ECT) change of square-root transformed data. Shown are half-violin data distributions, mean (SD), 
and histograms.
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= 0.04). TMT-A also had sex differences (F(1,120) = 4.34, p = 0.03) with 
males performing 7.3 %diff worse than females (t(1, 120) = 2.1, p =
0.03). TMT-A (F(7,120) = 2.12, p = 0.04) and percent retention (F 
(2,81) = 3.12, p = 0.04) demonstrated site differences. ECT treatment 
number was not significant any of the models.

Statistical results are summarized in Figs. 1 and 2 and Table 3. When 
controlling for multiple testing via false discovery rate, none of the ef-
fects remained significant (padj > 0.1; Fig. 2B).

4. Discussion

We assessed five neurocognitive outcomes (TMT-A, TMT-B, VFL,
VFC, and percent recall) from the GEMRIC database. We focused on 
pre-/post-ECT neurocognitive measures that had the most consistent 
administration across the study sites to maximize the sample sizes for 
each measure. Our sample size was robust from 91 subjects (60 patients 
and 31 HC) with percent retention to 135 subjects (112 patients and 23 
HC) with TMT-A. Each cognitive measure included HC subjects with 
longitudinal testing for comparative normative data. The larger sample 
allowed us to investigate and correct for seven covariates (group, age, 
sex, education, site, number of ECT treatments, pre-post HAM-D % 
change) and interactions for each neurocognitive measure. Our results 
demonstrated a group (RUL, BT, and HC) and treatment number inter-
action for VFC (impaired VFC performance with increased RUL treat-
ment number) and a group main effect for percent retention. Post-hoc 
analysis with percent retention revealed that the group main effect was 
related to a decreased HC performance and therefore deemed spurious 
(see Supplemental Fig. 1). Overall, we found no significant effect of 
group or group interactions for TMT-A, TMT-B, or VFL.

Our main result agrees with previous knowledge that VFC is 
adversely impacted by ECT and may be sensitive to electrode placement. 
A meta-analysis focused on RUL cognitive performance with ultrabrief 
pulse width demonstrated large effect sizes with VFC (Cohen’s d =
−0.98) (Semkovska et al., 2011). Although our results were not signif-
icant for VFL likely due to a smaller RUL sample, a multi-site RUL 
investigation has demonstrated moderate effect size (Cohen’s d =
−0.39) for longitudinal pre-/post-ECT changes in VFL (Lisanby et al., 
2020). Another longitudinal RUL ECT neurocognitive investigation 

compared differences in amplitude-mediated changes in cognitive per-
formance (Abbott et al., 2021). In this study, the primary cognitive 
outcome was focused on percent retention, which was stable throughout 
the ECT series. A secondary analysis revealed impairment in both VFL 
and VFC. Another large study (n = 634) demonstrated large effect sizes 
for post-ECT impairment in VFL and VFC (Loef et al., 2024). Further 
research is needed, but the RUL electric field geometry may transiently 
impact frontal-temporal circuitry associated with verbal fluency (Baldo 
et al., 2006). Focal Electrically Administered Seizure Therapy (FEAST), 
nonconvulsive electrotherapy (NET), hybrid ECT, and magnetic seizure 
therapy represent novel treatment modalities that may reduce the 
impact on frontal-temporal circuitry and preserve verbal fluency per-
formance (Deng et al., 2024; Nahas et al., 2013; Regenold et al., 2015; 
Zhang et al., 2022).

Contrary to our hypotheses, we did not observe impairment with BT 
for any cognitive domain. This result is in stark contrast to prior research 
showing larger cognitive impairment with BT electrode placement 
(Kolshus et al., 2018; Martin et al., 2020). A meta-analysis demonstrated 
the largest effect sizes for word list delayed recall (Semkovska and 
McLoughlin, 2010). Our sample size was relatively modest for the BT 
group. A range of 30–38 BT subjects had TMT and VF data, but no BT 
subjects had percent retention data (Table 3). Dosing patterns (seizure 
titration vs. demographically based), charge, and treatment frequency 
(twice vs. thrice weekly) are additional variables that may have influ-
enced these results and will be a focus of future investigations. Given the 
limitations of the available dataset discussed below, we hesitate to draw 
definitive conclusions regarding the absence of ECT-mediated neuro-
cognitive effects for the BT subjects. However, BT did demonstrate 
improved efficacy relative to RUL, which is consistent with past research 
demonstrating faster and improved response rates with BT relative to 
RUL and BF (Kellner et al., 2010).

We acknowledge several limitations necessary for result interpreta-
tion. First, we had significant site differences in neurocognitive perfor-
mance in TMT-A and percent retention. ECT administration and study 
protocols were site specific and therefore have variable patterns of 
subject selection (e.g., we excluded 27 subjects with a pre-ECT HAM-D- 
17 < 19), ECT devices, parameters, and standard operating procedures. 
Despite our relatively large sample size, we were unable to assess 

Fig. 2. Summary of p-values for all possible effects for the five neurocognitive measures. p-value stars indicate: p > 0.10 = blank; p < 0.10 = “-“; p < 0.05 = “*“. 
Panel A is uncorrected p-values, and Panel B includes corrected p-values.
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neurocognitive differences with all the site-specific variables in ECT 
administration. These factors contributed to significant data variability 
and decreased statistical power to detect longitudinal changes in 
cognitive performance. Second, neurocognitive assessment protocols 
were study- and site-specific. Some sites had a limited emphasis on 
collection of cognitive data and excluded important neurocognitive 
domains such as verbal learning and memory or autobiographical 
memory. The inclusion of only five cognitive measures included across 
multiple sites represents a significant limitation of this investigation. 
Third, we used education as a proxy for intelligence quotient. Longitu-
dinal cognitive performance should include measures of premorbid in-
telligence, which was unavailable in the current GEMRIC database 
(Camprodon-Boadas et al., 2024). Fourth, percent recall may bias the 
pre-ECT results as poor performing subjects on list learning trials may 
recall a larger percentage of words. Furthermore, the pre-post change of 
the five neuropsychological outcomes may have been more susceptible 
to regression towards the mean as opposed to a different statistical 
analysis (repeated measures analysis of variance with baseline cognitive 
measure included as a covariate). Given the significant limitations of 
this dataset, we hesitate to draw definitive conclusions regarding the 
absence of ECT-mediated neurocognitive effects with four of the five 
tests used in this investigation and highlight the need for harmonized 
neurocognitive assessment protocols and procedures.

4.1. ECT neurocognitive battery for GEMRIC

The GEMRIC Clinical and Cognitive Work Group, comprised of an 
interdisciplinary team of experts in neuropsychiatry and clinical 
neuropsychology across the globe, has provided recommendations for 
prospective data collection for ECT-imaging investigations. The goal is 
to increase uniform neurocognitive data collection procedures across 
sites to improve measurement of the cognitive changes that occur with 
ECT. The selected tests met the following objectives: cognitive domains 
1) sensitive to cognitive effects of ECT; 2) ease of administration; 3)
minimal cost; 4) available in multiple languages; and 5) established
reliability and validity; 6) availability of normative data; and 7) mini-
mization of subject burden.

The recommended neurocognitive domains and tests are listed in 
Table 4. TMT-A, TMT-B, VFL, VFC, and RAVLT were included in our 
retrospective analysis. The RAVLT is available in several different lan-
guages with standardized administration and normative data. The 
Symbol Digit Modality Test (SDMT) is an easy-to-administer test to 
assess psychomotor processing speed, attention, and incidental learning 
(Strauss et al., 2006). This test is highly sensitive to cognitive impair-
ment and includes multiple forms with normative data to minimize 
practice effects. Digit span backward (DSB) assesses working memory 
(Weschler, 1997). The Test of Premorbid Function (TOPF) estimates 
premorbid intellectual ability (Wechsler, 2009). The Montreal Cognitive 
Assessment (MoCA), a measure of global cognitive function that is 
sensitive to gross neurocognitive abnormalities, screens for preexisting 

cognitive impairment (Nasreddine et al., 2005; Rossetti et al., 2011) and 
can be used to examine global cognitive functioning changes after ECT. 
The GEMRIC Clinical and Cognitive Work Group also recommends 
pre-/post-ECT assessments at a minimum with emphasis on additional 
time points: mid-ECT (before electrode placement switch) and follow-up 
assessments (1-, 3- and 6-month post-ECT).

The GEMRIC Clinical and Cognitive Work Group evaluated several 
different autobiographical memory tests. The Autobiographical Memory 
Interview (AMI) strengths include published administration and scoring 
manual, validation in an amnestic and ECT samples, and controls for 
retention time interval and encoding age (Kho et al., 2006; Kopelman, 
1989; Kopelman et al., 1989, 1990; O’Connor et al., 2010; Sienaert et al., 
2010; Stoppe et al., 2006). This test is licensed and copyrighted and must 
be purchased. The AMI has a long administration time (~90 min) testing 
recollections over multiple time epochs. The use of a specific or multiple 
AMI time epochs as a standalone instrument has not been validated for 
longitudinal assessments. The Autobiographical Memory Test (AMT) is 
efficient (approximately 15 min for entire test), available in the public 
domain, and validated in depression and ECT samples (Deng et al., 2024; 
Raes et al., 2008; Williams and Broadbent, 1986; Williams and Scott, 
1988). However, the AMT does not control for retention time interval or 
encoding age and does not measure consistency of autobiographical 
memory over time. The Columbia University Autobiographical Memory 
Interview – Short Form (CAMI-SF) is relatively easy to administer, has 
an administration and scoring manual, and was designed to assess 
changes in autobiographical memory consistency related to ECT 
(McElhiney et al., 1997). However, the CAMI-SF is sensitive to test-retest 
interval, does not control for encoding age, can have lengthy adminis-
tration time (up to 30–45 min for baseline assessment), and there have 
been concerns regarding its validity, including ecological validity, as the 
CAMI-SF tests the accuracy of baseline memory recall (Semkovska and 
McLoughlin, 2013). Given the limitations of the available autobio-
graphical memory tests, the GEMRIC Work Group recommended that 
each site include their autobiographical memory test of choice.

Adoption of the standardized cognitive testing battery recommended 
in this text by participating GEMRIC studies can help provide a 
harmonized and comprehensive dataset that can be used to answer 
many questions still outstanding in ECT treatment, including the nature 
and course of cognitive changes experienced during acute ECT treat-
ment, the neurobiological correlates and underlying mechanism of these 
changes, and the impact of ECT parameters such as pulse width, 
amplitude, electrode placement, treatment number contribute to these 
changes, and how to integrate cognitive assessment in clinical practice. 
This will allow for refinement of ECT treatment parameters to make 
mechanism-based adjustments to minimize adverse cognitive effects 
while preserving the unparalleled efficacy of ECT.
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Supplemental Material: Electroconvulsive therapy and cognitive performance from the Global ECT MRI 
Research Collaboration

Supplemental Table 1: GEMRIC cognitive data from all sites

Cognitive Test
Site 

1
Site 

2
Site 

3
Site 

4
Site 

5
Site 

6
Site 

7
Site 

8
Site 

9
Site 
10

Site 
11

Site 
12

Site 
13 Total

Trail Making Test - Part A x x x x x x x x x x x 11
Verbal Fluency - Semantic x x x x x x x x x x 10
Verbal Fluency - Letter x x x x x x x x x x 10
Trail Making Test - Part B x x x x x x x x x x 10
Digit Span (Wechlser Adult Intelligence Scale - 
Revised) x x x x x x x 7
Mini Mental State Examination x x x x x 5
Rey Osterrieth Complex Figure Test x x x x x 5
Rey Auditory Verbal Learning Test* x x x x x 5
Digit Sympbol Coding (Wechlser Adult 
Intelligence Scale - Revised) x x x x 4
Stroop Test x x x x 4
Wechsler Abbreviated Scales of Intelligence x x x 3
Montreal Cognitive Assessment x x 2
Continuous Performance Test - II (Conner's) x x 2
Autobiographical Memory Interview - Short Form x x 2
Hopkins Verbal Learning x x 2
Brief Visuospatial Memory Test - Revised x x 2
National Reading Test for Adults* x x 2
Repeatable Battery for Assessment of 
Neuropsychological Status x 1
California Verbal Learning Test II x 1
Wisconsin Card Sorting Test x 1
Color Word Interference Test (Delis Kaplan 
Executive Function System) x 1
Tower Test x 1
Grooved Pegboard Test x 1
Brief Boston Naming Test x 1
Block Design x 1
Clock Test x 1
NLV (IQ) x 1
Wechsler Memory Scale x 1
N-Back x 1
Wide Range Achievement Test x 1
Logic Memory Subtest I (Wechlser Memory Scale) x 1
Logic Memory Subtest II (Wechlser Memory 
Scale) x 1
Autobiographical Fluency Test x 1
RLRI 16 (French Word List) x 1



Supplemental Figure 1. Our results demonstrated a group (RUL, BT, and HC) main effect for percent recall 
(F(1,81) = 4.35, p = 0.04) and a non-significant sex-group interaction (F(1,81) = 2.99, p = 0.09). Post-hoc 
analysis revealed that mean performance in HC decreased by -20.4% (95% CI [-38, -2.74]) relative to an 
increase in mean performance in RUL by 11.95% (95% CI [1.54, 21.5]). We therefore concluded that the 
main effect for group was related to HC % recall cognitive performance and not related to ECT. 
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Introduction: Electroconvulsive therapy (ECT) is the most effective treatment for

patients suffering from treatment-resistant depression but its use is often limited

by the concern for cognitive side effects. This study examines the effect of ECT

on autobiographical and verbal memory compared to a healthy control group

and the impact of the mean stimulus dose on cognition after ECT.

Methods: Autobiographical and verbal memory were assessed in depressed

patients and healthy controls before the first and within one week after the last

ECT treatment. Neuropsychological testing included the Autobiographical Memory

Interview, the Verbal Learning and Memory Test and five tests from the Cambridge

Neuropsychological Test Automated Battery. The mean charge delivered across

the ECT series and the total number of sessions were examined in relationship to

cognitive impairment after ECT using a multiple regression model.

Results: Autobiographical memory was significantly impaired after ECT treatment

compared to healthy controls. Baseline scores were lower for depressed patients

on all cognitive domains. Improvements in performance after ECT were found on

tests for executive functions and working memory. Effects of the mean charge

delivered on cognitive functioning after ECT were heterogeneous across cognitive

domains but significant for verbal retrograde memory.

Conclusion: ECT led to autobiographical memory impairment. The relationship

between mean charge delivered and cognitive performance is heterogeneous

across different cognitive domains and requires further research. Significant

effects of the mean charge delivered were found without a significant

difference in cognitive functioning compared to a healthy control group.
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1 Introduction

Electroconvulsive therapy (ECT) is currently the most effective
treatment for treatment-refractory depression (TRD). In

comparison to pharmacotherapy or other forms of brain
stimulation, ECT yields higher response and remission rates, even

in more severely ill patients (1–4). ECT involves an (ultra-) brief
electrical current being passed through the brain via electrodes to

induce a generalized seizure while the patient is under general
anesthesia. Despite its long history, the underlying mechanism of

antidepressant action of ECT remains unclear and is still under
investigation (5, 6).

Although haven itself proven safe for patients across the adult
life span including elderly patients (7, 8), as well as tolerable and

highly efficient for TRD, ECT is still associated with stigma (9–11).
Adverse effects during or right after a treatment session include

nausea, headaches, muscle or jaw pain (12–14). However, part of

the stigma is due to the undesirable cognitive effects associated with
the treatment (9, 15). Whereas some authors claim that ECT does

not cause significant neuropsychological impairment, which is
more likely to be a depressive phenomenon (16), others are more

cautious (17, 18).
As one of the most critical cognitive adverse effects, several

studies showed a significant decline of retrograde autobiographical
memory immediately after ECT treatment and up to six months

after the last treatment (17, 19–21). Additionally, other
neuropsychological domains that might be affected by ECT

treatment include processing speed, attention, verbal fluency,
visual memory and executive functions (22–24).

Verwijk et al. found that ECT results in a loss of
autobiographical memory and impairment of verbal fluency,

anterograde verbal and non-verbal memory immediately after
brief pulse right unilateral RUL-ECT. A reduction of processing

speed as well as an impairment of working memory were found to a
lesser extent (21, 24). Subjectively, memory worsening following

ECT was found to be reported only by a minority of patients (25).
Often, subjective memory complaints are strongly correlated with

depression severity, rather than objective cognitive impairment and
improve after ECT treatment (26–29). Nuninga et al. (30) also

found transient adverse cognitive effects for verbal memory and
learning as well as verbal fluency following bilateral ECT, but no

persisting impairments. However, it has been shown that ECT can
cause a significant impairment of autobiographical memory

persisting up to three months after the procedure (20, 31).
Semkovska and McLoughlin (23) found that cognitive

abnormalities associated with ECT are mainly limited to the first
three days posttreatment, and some domains, including processing

speed and working memory, showed improvement 15 days post
ECT. For visual and visuospatial memory, significant impairments
during and within one week after ECT were found, which mostly

resolved when testing one month after the last ECT treatment (22).
In light of these heterogeneous findings, predicting the occurrence

and understanding the origin and nature of the neurocognitive effects
of ECT remain a challenge. Apart from individual patient

characteristics, bilateral electrode placement as well as longer pulse-

width predict stronger cognitive impairment after ECT (29, 32–37).
Furthermore, increased frequency of ECT treatments was also

associated with more cognitive side effects (38, 39). Regarding the
impact of electrical dose, studies have found that a higher dosage

relative to individual seizure threshold predicted stronger cognitive
side effects rather than the absolute electrical dose administered,

however, the antidepressant effect of ECT also increased with dosage
(40–45). For instance, fixed high dose stimulation was associated with

reduced autobiographical memory and longer time to reorientation
compared to titrated moderately suprathreshold stimulation (40).

Sackeim et al. showed that RUL high dosage stimulation was twice
as effective as low dose stimulation (34). More recent studies showed

that lowered ECT stimulus doses were associated with less subjective
memory worsening and better verbal learning without compromising

efficacy, but this association was only detectable up to three days after
the final ECT treatment (25, 46).

This study examines the effects of ECT on autobiographical and
verbal memory in comparison to a healthy control group.

Additionally, the study aims to determine the extent to which
cognitive impairment can be predicted by the mean electrical

charge delivered across the ECT series and the total number of
ECT sessions. Firstly, it was hypothesized that there would be

significant differences in autobiographical and delayed verbal
memory tests between depressed patients and healthy controls

and that memory performance scores decrease following ECT
treatment. Additional cognitive domains were included for

exploratory purposes. Secondly, it was hypothesized that a higher
mean stimulus energy, measured in milli Coulomb (mC) and

calculated as mean charge across the ECT series, rather than the
total number of ECT sessions, would be associated with greater

cognitive impairment following an ECT series.

2 Materials and methods

2.1 Subjects

Data were collected from adult patients who received ECT
treatment from January 2018 to December 2019 at the University

Hospital Bonn (clinicaltrials.gov: NCT03490149). The indication
for ECT treatment was made by the treating psychiatrist for patients

with a clinical diagnosis of a unipolar or bipolar depressive disorder
and who failed to respond to treatment with at least two

antidepressant medications. Patients were excluded from the
study in case of heart disease, certain neurological conditions,

diagnosed hearing loss, thyroid dysfunction, prior treatment with
at least one ECT within the last three months and a history of

treatment with deep brain stimulation. In terms of psychiatric
disorders, patients with the following diagnoses were excluded:

secondary or substance-induced depression, psychotic disorders,
generalized anxiety disorder, panic disorder or social phobia.

The sample of this study consisted of 21 patients and 19 control
participants, matched to the therapy group in terms of gender and

age. All participants gave written, informed consent to take part in
the study.
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2.2 ECT

Brief pulse ECT treatments were administered twice weekly

with a constant current apparatus (Thymatron IV). For anesthesia,
propofol (1-2 mg/kg) and succinylcholine (1 mg/kg) were used.

Prior to treatment, all patients received positive pressure ventilation
with 100% oxygen. Seizure threshold was determined individually

during the first ECT session for all patients (44), and the therapeutic
dosage was set to at least four times initial seizure threshold. In case

of insufficient seizures, the energy was raised accordingly and the
stimulation was repeated, with a maximum of three stimulations in
a single session. All treatment related data was collected using the

longitudinal data collection tool GENET-GPD (47).

2.3 Neuropsychological testing

All neuropsychological tests were administered by trained

personnel before starting an ECT series and within one week after
finishing the series. Clinical improvement was assessed using the

21-item Hamilton Rating Scale for Depression (HAMD) (48).
The following tests were used in order to evaluate different

aspects of cognitive functioning after ECT treatment: Verbal
Learning and Memory Test (VLMT), Autobiographical Memory

Interview – Short Form (AMI-SF). Exploratively, five tests from the
Cambridge Neuropsychological Test Automated Battery

(CANTAB) were used for assessment of other cognitive domains.

2.3.1 VLMT
The VLMT is based on the Auditory Verbal Learning Test

(AVLT), originally developed by Rey (49, 50). This standardized
German version is frequently used for the assessment of verbal

declarative memory (51). Subjects are read a list of 15 words on five
successive trials with a free-recall task after each trial. Next, a distraction

list is presented as interference with consecutive recall. The subjects are
then asked to recall as many words as possible from the original list.

This is repeated after 30minutes. The primary variables of interest were
the VLMT total score (recall sum across five successive trials), and the

VLMT delay score (free recall after 30 min. delay).

2.3.2 AMI

The AMI-SF (52) quantifies the extent of retrograde amnesia for
autobiographical events following an ECT course. The test consists

of six different parts, each covering different aspects of
autobiographical memory (family member, travel, New Years,

birthday, employment, physical illness). Amnesia scores are
calculated by dividing the post-treatment scores by the baseline
scores and multiplying the result by 100 in order to obtain

a percentage.

2.3.3 CANTAB
Exploratively, five different tests were chosen from CANTAB,

which provides a rapid and non-invasive method of cognitive
assessment that is increasingly used in examining cognitive effects

after ECT (22, 53, 54). Advantages of the CANTAB tests are their

efficiency, their highly standardized and digital administration and
the automated response recording with millisecond precision (55).

Below, each test used is summarized briefly.

• Delayed Matching to Sample (DMS) is a test for visual
memory. The subject is shown a visual pattern made up of

four sub-elements. Simultaneously or after a brief delay (4
or 12 s), four choice patterns are presented on a screen and

the subject is instructed to touch the pattern that matches
the sample previously shown. The subject is given a total

correct score, expressed as a percentage.
• One Touch Stockings of Cambridge (OTS) assesses

executive function, working memory and planning. The
subject is presented with two displays containing three

colored balls. The balls in the lower display must be
moved one at a time in order to copy the pattern shown

in the upper display with increasing complexity. The subject
is given a score, representing the mean number of choices

needed for the correct pattern.
• Rapid Visual Information Processing (RVP) is a test of

visual sustained attention. The subjects are presented with
digits from two to nine, appearing in a box on the computer

screen at the rate of 100 digits per minute. Subjects are
requested to detect a target sequence of three digits. The

subject is given a total score (total hits).
• Spatial Working Memory (SWM) tests the subject’s ability

to retain spatial information and to manipulate
remembered items in working memory. The subject is

shown a number of colored boxes, in which the subject
should find one blue “token”. The number of boxes

presented on the screen is gradually increased from three
to eight boxes, as well as changing color and position of the

boxes. The subjects must touch each box until one opens
with a blue token inside. This is repeated for the next blue
token. An error occurs when touching a box in which a blue

token has already been found. The subject is given a total
error score.

• Pattern Recognition Memory (PRM) is a test of visual
pattern recognition memory in a two-choice forced

discrimination paradigm. Firstly, the subject is presented
with a series of 12 colored visual patterns, each pattern

presented for three seconds. In the following recognition
phase, the subject must choose between a pattern they have

already seen and a novel pattern. The score for each subject
is expressed as a total correct score.

2.4 Statistical analysis

To analyze cognitive impairment following a series of RUL-ECT

in comparison to a healthy control group, a linear mixed model was
used for each neuropsychological test including the variables

timepoint, group and age as main effects. Effects of timepoint,
group and their interaction were examined. The distribution of

variances was assessed visually. In order to examine the association
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between stimulus energy across ECT treatment and cognitive
performance, the mean charge delivered across all ECT sessions

in the series was calculated for each patient. Mean charge delivered,
number of ECT sessions and age were included as independent

variables in a multiple regression model, with absolute change
scores of cognitive measures as dependent variable. Pearson

correlations were calculated respectively. All raw scores were z-
transformed prior to analysis, which was performed in R statistics

4.2.3 (56). Multiple testing was controlled for via the false-discovery
rate using the method of Benjamini and Hochberg (57).

3 Results

3.1 Participant characteristics

Demographics and clinical characteristics are reported in Table 1.

Depressed patients and healthy controls showed no significant
differences regarding sex, age and education. Depressed patients

had a significant higher body mass index (p = 0.016).

3.2 Efficacy of ECT treatment

Efficacy of the ECT treatment was assessed by comparing the

mean HAMD score before and after ECT treatment. The mean
HAMD score decreased significantly after a course of ECT from

19.73 ± 4.05 to 6.6 ± 4.37 (p < 0.01).

3.3 Longitudinal effects patients
vs. controls

3.3.1 AMI and VLMT
In comparison to healthy participants, depressed patients scored

significantly lower on the AMI-SF at both timepoints (p < 0.01) and
the scores also decreased significantly after ECT treatment compared

to before treatment (p < 0.01; see Figure 1). The mixed model found a
significant interaction effect between group and timepoint (p < 0.01)

and no significant effect of age on the AMI score (p = 0.53).
For the VLMT variables, the linear mixed model found a

significant difference in performance between patients and
healthy control participants for all tested variables (all p < 0.05)

as well as a significant effect of the timepoint for VLMT total score
(p < 0.01). No significant interaction effect was found for either

VLMT variable (all p > 0.01). Performance on the VLMT was
negatively influenced by the age of the participants (all p < 0.01).

3.3.2 CANTAB

In the DMS task, depressed patients scored significantly lower than
healthy controls (p = 0.01). However, there was no significant difference

between initial baseline scores and subsequent tests after ECT treatment
(p = 0.93) and no significant interaction effect was found between group

and timepoint (p = 0.8) as well as no age effect (p = 0.44).
In the OTS task, depressed patients needed significantly more

choices for the correct result in comparison to healthy control

participants (p < 0.01), but their scores improved significantly after

ECT (p = 0.03). The mixed model found a significant interaction
effect between group and timepoint (p = 0.01). However, the model

also found a significant effect for age (p = 0.01).
For visual processing, the depressed group had significantly

fewer hits in total compared to the healthy group (p < 0.01). The
linear mixed model found a significant difference in total scores

TABLE 1 Participant Characteristics.

Variable N
Patients,
N = 211

Controls,
N = 191

p-value2

Sex 40 0.5

m 9 (43%) 10 (53%)

w 12 (57%) 9 (47%)

Age 40 48 (37, 56) 43 (33, 56) 0.5

BMI 36 30 (24, 34) 24 (22, 26) 0.016

Education3 36 0.5

2 0 (0%) 1 (5.3%)

3 3 (18%) 3 (16%)

4 2 (12%) 0 (0%)

5 7 (41%) 5 (26%)

6 0 (0%) 2 (11%)

7 5 (29%) 7 (37%)

8 0 (0%) 1 (5.3%)

Diagnosis 40

F31.4 5 (23.8%) 0 (0%)

F32.2 1 (4.8%) 0 (0%)

F33.2 14 (66.6%) 0 (0%)

F33.3 1 (4.8%) 0 (0%)

NA 0 (0%) 19 (100%)

Duration of

depressive

episode [month]

17 13 (9, 22) NA

Number of

depressive episodes

36 7.0
(3.0, 10.0)

0.0 (0.0, 0.0)

Age at

first treatment

18 30 (22, 40) NA

HAMD total score 40 20 (17, 22) 0 (0, 2)

Mean charge

delivered [mC]

21 330.69
(232.27,
421.10)

NA

Number of

ECT sessions

21 11.86
(10, 13)

NA

1n (%); Median (IQR).
2Pearson’s Chi-squared test; Wilcoxon rank sum test; Fisher’s exact test.
32 = grade 7-12 (without graduating high school); 3 = graduated high school; 4 = part college
or university; 5 = graduated 2-year college (Associates Degree); 6 = graduated 4-year college
(Bachelor Degree); 7 = part graduate or professional school; 8 = completed graduate or
professional school.

Rummel et al. 10.3389/fpsyt.2024.1443270

Frontiers in Psychiatry frontiersin.org04



before and after ECT series (p < 0.01), also indicating an
improvement after the ECT series. There was no significant

interaction effect between group and timepoint detectable in the
model (p = 0.78).

In the SWM task, depressed patients made significantly more
errors in total compared to the healthy control group (p < 0.01), but

there was no significant difference before and after ECT series (p =
0.79). There was also no significant interaction effect between group

FIGURE 1

(A) Above, comparison between patient and control group for performance on each neuropsychological test before and after ECT treatment. Below,
Pearson´s correlational analyses between the mean charge delivered (mC) and the change in performance from before to after ECT treatment on
each neuropsychological test and their respective p values. (B) Results from the multiple regression model for each neuropsychological test
conducted in the analysis. Data were z-transformed prior to the analysis. Components of the regression model include the mean charge delivered
across the ECT series (mC), age and total number of ECT sessions. Beta value (including the 95% confidence interval), standard error, t value and p
value were added for each factor respectively. Beta values were pseudo-log transformed for visualization purposes using the ggallin package (58).
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and timepoint detectable in the model (p = 0.74). However, the
linear mixed model found a significant negative impact of the

participants´ age on the performance on the SWM task (p < 0.01).
For the PRM task, there were no significant effects for group or

timepoint as well as no interaction effect or age effect detectable
(all p > 0.01).

3.4 Role of treatment charge

3.4.1 AMI and VLMT
The mean charge delivered across all patients was 330.69 mC

(SD = 140.47) as reported in Table 1. On average, the patients
received a mean total of 11.86 ECT sessions (SD = 2.15). For the

AMI score, including a total of 17 patients in the analysis due to
incomplete post-treatment testing, the multiple regression model

found no significant effect of the mean charge on the AMI score (p =
0.96). A significant negative effect of the mean charge delivered in

the ECT series on verbal memory was found for the VLMT delay
score (p = 0.03), but not for the VLMT total score (p = 0.98). Due to

missing follow-up data, only 14 patients could be included in the
analysis for the VLMT delay score, whereas 20 patients were

included for the VLMT total score. Age and the number of ECT
sessions had no significant impact on either variable (p > 0.1).

3.4.2 CANTAB
Exploratively, multiple regression models were also calculated

for the five CANTAB variables. A higher mean charge influenced
the performance on the DMS test, with lower overall percent correct

in comparison to lower mean charge, although this trend was not
significant (p = 0.06). A multiple regression model calculated for the

total errors in the DMS task found a significant effect of mean
charge (p = 0.01), indicating that a higher mean charge was
associated with more errors on the task. Age and the number of

ECT sessions had no significant impact on cognitive performance
(p > 0.1). For the OTS task, a higher mean charge had no significant

impact on the mean choices to correct score (p = 0.5). As already
mentioned in the ANOVA analysis, the model detected a significant

influence of age on the test score (p = 0.01). The multiple regression
model also found a significant impact of the mean charge on the

mean latency to first choice score (p = 0.04). In the RVP task, the
model did not find a significant impact of the mean charge on the

total hits in the task (p = 0.19), but the total misses score was found
to be significantly influenced by the mean charge delivered over the

ECT course with more misses when a higher mean charge had been
applied (p = 0.02). The number of ECT sessions had no significant

impact on either variable (p > 0.1). No significant effects were found
for the SWM task, indicating that performance on the SWM task

was significantly influenced by neither the mean charge delivered
nor the number of ECT sessions (p > 0.1). A significant effect for the

number of sessions was found for the PRM task (p = 0.03), whereas
no significant effect was detected for the mean charge delivered (p =

0.3). Age had no significant impact on performance in the PRM task
(p > 0.1). Because not every CANTAB test was completed by each

patient, four patients were not included in the analysis of the DMS,
OTS and RVP tasks and five patients in the analysis of the SWM

and PRM tasks, respectively. After correcting for multiple testing,
using the method of Benjamini and Hochberg (57), no significant

results were found anymore.

4 Discussion

This study examined cognitive performance on autobiographical

and verbal memory tests before and after ECT treatment compared to
a healthy control group. As expected, ECT did lead to short-term

impairments in autobiographical memory compared to healthy
controls. A significant decline in AMI scores before and after ECT

treatment compared to a healthy control group was shown. These
results are supported by a number of studies that also found

autobiographical memory impairment shortly after ECT treatment
(19–21, 30). Moreover, depressed patients had significantly lower

AMI scores than healthy controls across both timepoints, indicating
that major depressive disorder (MDD) is associated with memory

dysfunction, which is also in line with previous research (59–61).
Contrary to our expectations, this study found no verbal memory

impairments after ECT treatment. Still, baseline scores were
significantly lower in the depressed group. In a similar study,

Verwijk et al. found transiently disrupted verbal memory
immediately after brief-pulse ECT (21). Biedermann et al. even

found significant improvement of verbal memory after ECT
treatment (62).

To explore other cognitive domains and their dependency on
ECT treatment, five CANTAB tests were included in the

exploratory analysis. Those tests focused on executive functions
and planning, visual information processing, spatial working

memory and visual pattern recognition memory. For all tests,
except the PRM task, baseline scores were significantly lower in
the depressed group. This is in line with previous research showing

moderately impaired memory as well as executive functions and
working memory for depressed patients (59, 60, 63). Tests for

working memory and executive functions may not be impaired by
ECT treatment, but rather dependent on the age of the participants

and performance even improved significantly after ECT treatment
for the OTS and RVP task (23, 64).

Although it is widely established that ECT causes significant
cognitive side effects, there are remaining questions on how these

cognitive side effects are influenced by technical ECT parameters. It
is known that ultra-brief pulse ECT as well as unilateral ECT are

associated with fewer cognitive side effects, but no or only a slight
decline in efficacy compared to brief-pulse or bilateral ECT (4, 29,

35, 43, 65–67). This study focused on the impact of the mean charge
delivered across the RUL-ECT series as well as the total number of

RUL-ECT sessions on autobiographical and verbal memory
function after RUL-ECT treatment. In the literature, it has been

described that a fixed high dose stimulation (403 mC) was
associated with impaired autobiographical memory and longer

time to reorientation, compared to titrated moderately
suprathreshold (2.25 x) stimulation, but with higher efficacy (40).

Rummel et al. 10.3389/fpsyt.2024.1443270

Frontiers in Psychiatry frontiersin.org06



Not the absolute electrical dosage but rather the degree to which
dosage exceeds threshold is related to the magnitude of acute

cognitive impairments after ECT (42).
The results from this study, using the empiric titration method

with RUL-ECT at least four times initial seizure threshold, implicate
that a higher mean charge delivered across an ECT series may in

fact predict stronger cognitive side effects, but these findings are
heterogeneous across different cognitive domains. As expected, a

higher mean charge across the RUL-ECT series predicted a lower
VLMT delay score, but not a lower VLMT total score or lower AMI

score. Moreover, a higher mean charge was associated with lower
scores on the DMS task as well as on the RVP task, although these

trends were not significant. In line with results from Kirov et al., the
number of previous ECT sessions had no significant impact on

cognitive deficits after ECT, with the exception of the PRM
task (68).

This study highlights the importance of interpreting studies
cautiously when they lack a healthy control group. Significant effects

of the mean charge delivered on cognitive performance were found
even when there was no significant difference in cognitive

functioning compared to a healthy control group, which for
instance applies to the VLMT delay score.

Due to the small sample size, the reported results have to be
considered as rather preliminary but they serve as a guide for future

studies with larger sample sizes focusing on the how the stimulus
dose might predict cognitive performance after ECT.

In clinical settings, monitoring specific stimulation parameters
in combination with potential cognitive side effects after ECT

treatment might be useful. Future research should continue with
predicting side effects after ECT in different cognitive domains

based on different technical parameters. More research is needed to
distinguish specific cognitive impairments following ECT from

depressive phenomena and age-related decline in cognitive
functioning. Understanding the nature of the cognitive side effects
after ECT and looking for specific predictors is essential in further

improving ECT practice and in diminishing residual stigma.

4.1 Limitations

The results of this study are limited by the sample size and the

large number of tests that were assessed for each participant,
although some were added for explorative reasons only.

Furthermore, neuropsychological testing was conducted within
the week after completion of the RUL-ECT series. This study is

not able to differentiate whether cognitive side effects vary
depending on how much time has passed after the last ECT

session. Moreover, possible effects from the anesthetic dose on the
mean charge delivered were not included in the analysis. There was

no evaluation of subjective cognitive impairments after ECT. The
extensive and potentially overwhelming neuropsychological testing

may have influenced performance and missing data in depressed
patients. Although focusing on less studied neuropsychological

domains is highly relevant, it may be preferable to focus on fewer
tests, including the VLMT delay task.

5 Conclusion

RUL-ECT was associated with significant autobiographical
memory impairment in this study. The relationship between mean

charge delivered and cognitive performance has been heterogeneous
across different cognitive domains and requires further research.

Significant effects of the mean charge delivered were found without
a significant difference in cognitive functioning compared to a healthy

control group, specifically for the VLMT delay score.

Data availability statement

Restrictions apply to the datasets: The datasets presented in this

article are not readily available because local data protection laws.
Requests to access the datasets should be directed to the University

Hospital Bonn. Summary data will be made available by the
authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Ethical Review
Board of the Medical Faculty-University Bonn. The studies were

conducted in accordance with the local legislation and institutional
requirements. The participants provided their written informed

consent to participate in this study.

Author contributions

LR: Data curation, Formal analysis, Methodology, Validation,
Visualization, Writing – original draft, Writing – review & editing.

KG: Formal analysis, Visualization, Writing – original draft, Writing
– review & editing. AP: Funding acquisition, Supervision, Writing –

review & editing. RH: Funding acquisition, Supervision, Writing –

review & editing. MK: Conceptualization, Data curation, Formal

analysis, Funding acquisition, Investigation, Methodology, Project
administration, Resources, Supervision, Validation, Visualization,

Writing – original draft, Writing – review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. MK received
a grant of University Hospital Bonn (Förderung Klinische Studien

[2021-FKS-12]). This research received no other specific grant from
any funding agency in the public, commercial or not-for-profit sectors.

Acknowledgments

We would like to thank all patient and control participants for
their time and effort. We would also like Luisa Wiedemann, Jessica

Rummel et al. 10.3389/fpsyt.2024.1443270

Frontiers in Psychiatry frontiersin.org07



Warnusz and Max von Bargen for their effort in collecting the data.
Special thanks are extended to Ralf Berninger for his valuable

technical comments and technical support regarding Thymatron®

System IV stimulation device. We are also highly grateful for Jesse

Pavels development and continuing development of the ECT data
collection tool GPD.

Conflict of interest

Author RH received speaker or advisor honoraria from
Atheneum, Boehringer Ingelheim, Janssen and Rovi.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

1. Kellner CH, Kaicher DC, Banerjee H, Knapp RG, Shapiro RJ, Briggs MC, et al.
Depression severity in electroconvulsive therapy (ECT) versus pharmacotherapy trials.
J ECT. (2015) 31:31–3. doi: 10.1097/YCT.0000000000000135

2. Mutz J, Vipulananthan V, Carter B, Hurlemann R, Fu CHY, Young AH.
Comparative efficacy and acceptability of non-surgical brain stimulation for the
acute treatment of major depressive episodes in adults: systematic review and
network meta-analysis. BMJ. (2019) 364:l1079. doi: 10.1136/bmj.l1079

3. Pagnin D, de Queiroz V, Pini S, Cassano GB. Efficacy of ECT in depression: a
meta-analytic review. J ECT. (2004) 20:13–20. doi: 10.1097/00124509-200403000-
00004

4. ECT Review Group. Efficacy UK. and safety of electroconvulsive therapy in
depressive disorders: a systematic review and meta-analysis. Lancet. (2003) 361:799–
808. doi: 10.1016/S0140-6736(03)12705-5

5. Espinoza RT, Kellner CH. Electroconvulsive therapy. N Engl J Med. (2022)
386:667–72. doi: 10.1056/NEJMra2034954

6. Oltedal L, Bartsch H, Sørhaug OJE, Kessler U, Abbott C, Dols A, et al. The Global
ECT-MRI Research Collaboration (GEMRIC): Establishing a multi-site investigation of
the neural mechanisms underlying response to electroconvulsive therapy. NeuroImage:
Clin. (2017) 14:422–32. doi: 10.1016/j.nicl.2017.02.009

7. Geduldig ET, Kellner CH. Electroconvulsive therapy in the elderly: new findings
in geriatric depression. Curr Psychiatry Rep. (2016) 18:40. doi: 10.1007/s11920-016-
0674-5
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Abstract

Background. Social touch is an integral part of social relationships and has been associated
with reward. Major depressive disorder (MDD) is characterized by severe impairments in
reward processing, but the neural effects of social touch in MDD are still elusive. In this
study, we aimed to determine whether the neural processing of social touch is altered in
MDD and to assess the impact of antidepressant therapy.
Methods. Before and after antidepressant treatment, 53 MDD patients and 41 healthy con-
trols underwent functional magnetic resonance imaging (fMRI) while receiving social
touch. We compared neural responses to social touch in the reward network, behavioral rat-
ings of touch comfort and general aversion to interpersonal touch in patients to controls.
Additionally, we examined the effect of treatment response on those measures.
Results. Clinical symptoms decreased after treatment and 43.4% of patients were classified as
responders. Patients reported higher aversion to interpersonal touch and lower comfort rat-
ings during the fMRI paradigm than controls. Patients showed reduced responses to social
touch in the nucleus accumbens, caudate nucleus and putamen than controls, both before
and after treatment. Contrary to our hypotheses, these effects were independent of touch vel-
ocity. Non-responders exhibited blunted response in the caudate nucleus and the insula com-
pared to responders, again irrespective of time.
Conclusions. These findings suggest altered striatal processing of social touch in MDD.
Persistent dysfunctional processing of social touch despite clinical improvements may consti-
tute a latent risk factor for social withdrawal and isolation.

Introduction

Major depressive disorder (MDD) is one of the most common mental disorders and a leading
cause of years lived with disability (James et al., 2018). A core symptom of MDD, according to
both DSM-V and ICD-10 criteria, is anhedonia, an array of deficits impacting various hedonic
functions such as desire, motivation and pleasure (Rizvi, Pizzagalli, Sproule, & Kennedy,
2016). Patients suffering from anhedonia show overall poorer treatment response (Spijker,
Bijl, Graaf, & Nolen, 2001; Vrieze et al., 2014), possibly because preliminary evidence suggests
that established pharmacotherapies, particularly selective serotonin reuptake inhibitors, are not
well suited to treat motivational and reward-related dysfunctions in depression (Dunlop &
Nemeroff, 2007; McCabe, Mishor, Cowen, & Harmer, 2010). On a neurobiological level, anhe-
donia has been associated with the reward network (for an overview, see Höflich,
Michenthaler, Kasper, & Lanzenberger, 2019). Meta-analytical evidence from neuroimaging
studies shows that patients with MDD exhibit reduced responses to monetary incentives
and happy faces in various reward network nodes, such as the nucleus accumbens, caudate,
putamen, insula and orbitofrontal cortex (Keren et al., 2018; Ng, Alloy, & Smith, 2019;
Zhang, Chang, Guo, Zhang, & Wang, 2013). Moreover, higher reward sensitivity is associated
with better outcome after psychotherapeutic interventions (Papalini et al., 2019).

Social interactions are considered natural rewards (Insel, 2003) and activate the reward net-
work in healthy participants (Alkire, Levitas, Warnell, & Redcay, 2018; Izuma, Saito, & Sadato,
2008; Kawamichi et al., 2016; Redcay et al., 2010). Even though MDD patients often suffer
from impairments in social functioning (for an overview, see Kupferberg, Bicks, & Hasler,
2016), few studies have probed the processing of social reward in MDD (Hsu et al., 2015;
Olino, Silk, Osterritter, & Forbes, 2015). For instance, social touch can be inherently rewarding
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and is an integral part of nonverbal social communication and
bonding (Hertenstein, Verkamp, Kerestes, & Holmes, 2006;
Morrison, Löken, & Olausson, 2010), but it is still elusive whether
MDD also modulates the processing of rewarding interpersonal,
tactile stimulation.

Social distancing measures in the era of COVID-19 have viv-
idly demonstrated the importance of interpersonal touch and
the consequences of its absence. Social touch deprivation during
the pandemic has been linked to increased anxiety and loneliness
and resulted in a craving for interpersonal touch (von Mohr,
Kirsch, & Fotopoulou, 2021). The processing of touch is mediated
by different pathways in the nervous system. Myelinated Aβ-fibers
enable rapid central processing and convey discriminative infor-
mation, allowing for prompt responses to a stimulus. These fibers
are preferentially activated by fast tactile stimulation, whereas
unmyelinated C-tactile (CT) afferents respond to slow, caressing
stimulation that corresponds to rewarding and affective properties
of touch with increased firing frequency (McGlone, Wessberg, &
Olausson, 2014). Functional magnetic resonance imaging (fMRI)
studies indicate a possible association between interpersonal
touch and the reward circuit. Being touched by another person,
but not self-produced touch, increases neural activation in the
caudate nucleus (Boehme, Hauser, Gerling, Heilig, & Olausson,
2019). Intranasal oxytocin, a neuropeptide crucially involved in
social bonding, increases nucleus accumbens activity when parti-
cipants believe they are being touched by their romantic partner
(Kreuder et al., 2017). Similarly, increased pleasantness ratings
and striatal activity have been observed when heterosexual male
participants believe social touch is being delivered by a female
as opposed to a male experimenter (Scheele et al., 2014;
Zimmermann et al., 2019). Striatal response to affective touch
seems to increase with age (May, Stewart, Paulus, & Tapert, 2014).

Besides the assumed involvement of the reward network, other
pathological features of MDD might also affect the processing of
social touch. Cognitive biases, such as the negativity bias, are
common in MDD and are associated with blunted responses to
positive stimuli in striatal regions, the amygdala and the thalamus
(Diener et al., 2012; Groenewold, Opmeer, de Jonge, Aleman, &
Costafreda, 2013). While interoceptive dysfunctions traditionally
have not been regarded as a core symptom of depression, increas-
ing evidence points toward substantial impairments in the percep-
tion of bodily signals (Harshaw, 2015; Paulus & Stein, 2010) and
related neural representations in the insular cortex (Avery et al.,
2014) in MDD patients. Recently, the perception of affective
touch has been discussed as an interoceptive signal (Crucianelli
& Ehrsson, 2023) and might therefore be sensitive to pathologic-
ally altered interoception in MDD.

The rationale of the present study was to probe whether MDD
is associated with altered processing of social touch. We therefore
examined patients with MDD before and after a multi-week
course of antidepressant treatment and compared them to healthy
controls who were examined over the same period. We employed
a social touch fMRI paradigm, during which participants rated
the comfort of slow and fast touch. Additionally, we assessed
depressive symptom severity over the course of the study in
MDD patients. We expected MDD patients to perceive social
touch as less comfortable and to display decreased neural
responses to social touch compared to healthy controls, particu-
larly in regions associated with blunted neural response to reward
in MDD patients: the nucleus accumbens, caudate nucleus, puta-
men and insula (Hsu et al., 2015; Keren et al., 2018; Zhang et al.,
2013). We further hypothesized that these MDD-related

alterations would decrease after treatment. Since anhedonia is
associated with worse treatment outcome, we expected that non-
responders to antidepressant therapy would report lower comfort
ratings and exhibit lower neural responses to social touch com-
pared to responders. We assumed that these effects would be par-
ticularly pronounced in response to slow as opposed to fast touch.

Materials and methods

Participants and study design

Between June 2016 and April 2018, 53 patients with MDD (27
female, age 41.58 ± 13.09 years) and 41 healthy controls (22
female, age 40.61 ± 13.22 years) participated in this study
(Table 1). To participate in this registered study (https://
clinicaltrials.gov/show/NCT04081519), all patients had to meet
DSM-IV criteria for unipolar MDD as diagnosed by an

Table 1. Demographic and clinical data for patients and controls

Patients

(n = 53)

Controls

(n = 41) p value

Sex (male/female) 26/27 19/22 0.837

Age (in years) 41.58 (13.09) 40.61 (13.22) 0.722

Education (in years) 15.89 (5.42) 17.16 (3.76) 0.203

Handedness

(left/right)

4/49 3/38 1.000

Duration current

depressive episode

(in years)

4.66 (5.52)

Number of
depressive episodes

3.15 (2.83)
(n = 47)

HDRS-17

Baseline 17.26 (5.63) 0.23 (0.58) <0.001

After treatment 10.21 (5.78) <0.001

Improvement

(in percent)

40.40 (28.67)

Response (yes/no) 23/30

BDI-II

Baseline 33.34 (8.75) 2.76 (3.27) <0.001

After treatment 19.28 (10.80) <0.001

Improvement

(in percent)

41.70 (28.25)

4 weeks after
treatment1

22.28 (11.59)
(n = 50)

<0.001

8 weeks after
treatment1

23.73 (10.80)
(n = 49)

<0.001

12 weeks after
treatment1

24.37 (9.97)
(n = 46)

<0.001

CTQ 45.08 (16.26) 29.68 (4.6) <0.001

STAI 63.68 (7.08) 29.44 (4.69) <0.001

Abbreviations: BDI-II, Beck Depression Inventory; HDRS, 17-item Hamilton Depression Rating

Scale; STAI, State-Trait Anxiety Inventory.

Values are given as frequencies or as means (S.D.). The p values report the significance levels

reached for independent t tests or Fisher’s exact tests comparing groups or for paired t tests

comparing improvement within patients.

1BDI-II Follow-up measurements are compared to baseline scores. The significance

threshold was set at p < 0.05.
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experienced psychiatrist and verified by the Mini-International
Neuropsychiatric Interview (MINI; Sheehan et al., 1998), and
were in-patients at the Department of Psychiatry, University
Hospital Bonn, Germany. Exclusion criteria for all participants
were suicidal ideation, psychotic symptoms, bipolar depression,
substance abuse, eating disorders, post-traumatic stress disorder,
personality disorders, neurological disorders and MRI contrain-
dications. For healthy controls, additional exclusion criteria were
any lifetime axis I or II psychiatric disorders and any past or cur-
rent psychopharmacological medication. To assess a possible
history of abuse and neglect, we administered the Childhood
Trauma Questionnaire (CTQ; Bernstein et al., 1994). General
attitude toward touch was assessed using a Social Touch
Questionnaire (STQ; Wilhelm, Kochar, Roth, & Gross, 2001)
and trait anxiety was measured using the State-Trait Anxiety
Inventory (STAI; Spielberger, Gorsuch, Lushene, Vagg, &
Jacobs, 1983).

Patients underwent MRI scanning within 1–3 days after
admission to the clinic and, again, 24 days later; accordingly, con-
trols were examined twice at the same interval. For the duration of
the study, patients received treatment according to current guide-
lines for MDD (DGPPN, BÄK, KBV, & AWMF, 2015; cf. online
Supplementary information). To quantify clinical improvement,
trained raters assessed depressive symptom severity on a weekly
basis using the 17-item Hamilton Depression Rating Scale
(HDRS-17; Hamilton, 1960). As a measure of self-assessed
depression severity, the Beck Depression Inventory (BDI-II;
Beck, Steer, Ball, & Ranieri, 1996) was administered before and
after the treatment course and every four weeks over a 12-week
follow-up period.

Social touch paradigm

For the fMRI scans, we employed an adapted version of an
established paradigm (Maier et al., 2019; McGlone et al.,
2012), in which tactile stimulation was manually applied to par-
ticipants at different speed levels. Stimulation was administered
by an experimenter who performed vertical strokes with cotton
gloved hands over 20-cm zones on the participants’ shins that
were marked prior to the fMRI scan. During the 4-s touch, the
complete zone was covered either with a single stroke at a
speed of 5 cm/s (slow, affective touch) or with four repeated
strokes at a speed of 20 cm/s (fast, discriminative touch). Slow
is experienced as more pleasant than fast touch (Löken,
Wessberg, Morrison, McGlone, & Olausson, 2009) and specific-
ally elicits responses by CT afferents, which are associated with
rewarding properties of touch (McGlone et al., 2014). The
experimenter was trained to keep stimulation pressure constant
at both speed levels and received audio cues via headphones dur-
ing the experiment to ensure constant stimulation velocity. No
stimulation occurred during the no touch control condition.
Each condition was repeated 20 times in randomized order.
Each trial was initiated with the presentation of a white fixation
cross (3 s). Fast and slow touch trials were then announced by
the color of the fixation cross changing to blue (1 s). After
each trial, the participant rated the comfort of the tactile stimu-
lation on a 100-point visual analog scale that ranged from not at
all comfortable (0) to very comfortable (100) and was presented
for a maximum of 5 s. To minimize context effects, participants
were not informed about the identity of the person administer-
ing the stimulation and the opening of the scanner was covered
with a blanket during the experiment.

MRI data acquisition

Functional and structural MRI data were acquired on a 1.5 T
Siemens Avanto MRI system (Siemens, Erlangen, Germany)
equipped with a 12-channel standard head coil at the Life &
Brain Centre, Bonn, Germany. T2*-weighted gradient-echo pla-
nar images images with blood-oxygen-level-dependent contrast
were acquired during the social touch task (voxel size = 3 × 3 ×
3 mm; TR = 3000 ms; TE = 50 ms; flip angle = 90°; FoV = 192
mm, matrix size = 64 × 64; 35 axial slices; ascending slice order
with interslice gap of 0.3 mm). The first five volumes of each
functional time series were discarded to allow for T1 equilibra-
tion. Additionally, a field map (voxel size = 3 × 3 × 3 mm; TR =
460 ms; TEfast = 4.76 ms; TEslow = 9.52 ms; flip angle = 60°; matrix
size = 64 × 64; 35 axial slices; interslice gap of 0.3 mm) was
acquired to correct for inhomogeneities of the magnetic field dur-
ing preprocessing. Subsequently, a high-resolution structural
image was acquired using a T1-weighted 3D MRI sequence
(voxel size = 1 × 1 × 1 mm; TR = 1660 ms; TE = 3.09 ms; flip angle
= 15°; FoV = 256 mm; matrix size = 256 × 256, 160 sagittal slices).

Data analysis

Data analyses focused on the comparison of patients with healthy
controls, and on differences between those patients who
responded (responders) and those who did not respond to anti-
depressant treatment (non-responders). The criterion for clinical
response was defined as a ⩾50% reduction in HDRS-17 scores.

The fMRI data were preprocessed and analyzed using SPM12
software (Wellcome Trust Center for Neuroimaging, London, UK;
http://www.fil.ion.ucl.ac.uk/spm) running in MATLAB R2010b
(The MathWorks, Natick, MA). The functional data were rea-
ligned, initially to the first image in the time series, then to the
mean of all images, and unwarped using the field map data.
They were then coregistered to the anatomical volume acquired
pre-treatment and normalized based on probabilistic tissue seg-
mentation into 2-mm stereotaxic Montreal Neurological
Institute (MNI) space. Subsequently, the images were smoothed
using a 4-mm full width at half maximum Gaussian kernel.
Two patients and one control had to be excluded from further
fMRI analysis due to excessive head movement (>3 mm or °) dur-
ing data acquisition. This resulted in a sample size of 51 patients
and 40 controls. A two-level random effects approach based on
the general linear model as implemented in SPM12 was used
for statistical analysis. After preprocessing, conditions based on
combinations of stimulus (fast touch, slow touch) and time (pre-
treatment, post-treatment) were entered into a GLM for each par-
ticipant together with a constant term and six realignment para-
meters per session to account for subject motion. On the first
level, we subtracted the respective no touch control regressor
from the experimental regressors for each participant and condi-
tion. On the second level, we conducted two separate analyses of
variance (ANOVA) to compare patients with controls, and
responders with non-responders. For each analysis, we entered
the first level contrasts in separate flexible factorial models to
compute the within-subject main effects of speed (fast touch,
slow touch) and time (pre-treatment, post-treatment), the
between-subjects main effects of group (patients, controls) or
response (responders, non-responders), and their respective inter-
actions. For each analysis, we used multiple models to partition
variance in SPM as recommended when using group-level
repeated measurement designs (McFarquhar, 2019).
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To validate the effect of the social touch paradigm, we per-
formed a whole-brain analysis of the control group with an initial
height threshold of p < 0.001. Peak-level p values were then
family-wise error (FWE) corrected for multiple comparisons
and p < 0.05 was considered significant.

The main analysis focused on a set of bilateral a priori defined
regions of interest consisting of the nucleus accumbens, caudate
nucleus, putamen and anterior and posterior insula. These
regions were defined based on the automated anatomical labeling
atlas 3 (Rolls, Huang, Lin, Feng, & Joliot, 2020). The peak-level
threshold for significance was set to p < 0.05, FWE-corrected for
multiple comparisons based on the size of each region of interest.

Behavioral data were analyzed using SPSS Statistics Version 27
(IBM Corp., Armonk, NY, USA) and all tests were two-tailed.
To test for clinical improvement, a repeated measures ANOVA
was performed for HDRS-17 ratings. In line with the fMRI ana-
lyses, we conducted separate mixed-design ANOVAs of social
touch comfort ratings with touch speed (slow, fast) and time (pre-
treatment, post-treatment) as within-subject factors and either
group (patients, controls) or response (responders, non-
responders) as a between-subjects factor to compare patients
with controls or responders with non-responders, respectively.
The threshold for significance was set to p < 0.05, and p values
were Bonferroni-adjusted if appropriate ( pcorr). Greenhouse-
Geisser correction was applied in cases of lack of sphericity.
A moderation analysis was conducted to examine the effect of
potential confounders (age, sex, CTQ scores) on our analyses
(cf. online Supplementary information). Partial eta-squared and
Cohen’s d were calculated as measures of effect size.

Results

Behavioral results

Analysis of HDRS-17 scores (shown in Fig. 1) showed a sig-
nificant reduction over time (F(2.59, 134.89) = 36.82, p < 0.001,
ηp
2 = 0.42) in patients, 23 (43.4%) of whom met the criterion for

a clinical response.
Analysis of social touch comfort ratings revealed main effects

of speed (F(1, 92) = 99.46, p < 0.001, ηp
2 = 0.52) and group (F(1, 92) =

7.12, p = 0.009, ηp
2 = 0.07, shown in Fig. 1). As expected, comfort

ratings were higher after slow, affective touch than after fast,
discriminative touch. Patients overall rated social touch as less
comfortable than control participants, particularly after fast
(t(92) = 3.06, pcorr = 0.012, d = 0.64) but not slow touch
(t(92) = 0.79, pcorr > 0.999, d = 0.16).

The analysis comparing responders and non-responders
also revealed a significant main effect of speed (F(1, 51) = 70.86,
p < 0.001, ηp

2 = 0.58) with higher comfort ratings for slow touch,
but no other significant main effects or interactions.

Patients reported a higher aversion to social touch as measured
by STQ scores than controls (t(89.88) = 4.89, p < 0.001, d = 0.97),
while no difference was found between responders and non-
responders (t(51) = 0.08, p = 0.936, d = 0.02).

fMRI results

In the control group, social touch relative to the no touch control
condition revealed widespread activations in touch-processing
networks at the whole-brain level including the insula, somato-
sensory cortex and supramarginal gyrus (Gazzola et al., 2012)
(cf. online Supplementary information, Table S1).

In the region of interest analysis, patients showed diminished
neural response to interpersonal touch irrespective of touch vel-
ocity and time (pre v. post treatment) in the bilateral nucleus
accumbens [peak MNI coordinates (x, y, z): −6, 16, −4; F(1, 89)
= 15.59, pFWE = 0.010, ηp

2 = 0.14; MNI: 4, 14, −2; F(1, 89) = 11.68,
pFWE = 0.041, ηp

2 = 0.11; shown in Fig. 2a] and in the bilateral
caudate nucleus (MNI:− 14, 20, 12; F(1, 89) = 21.88, pFWE =
0.005, ηp

2 = 0.19; MNI: 10, 10, 14; F(1, 89) = 21.64, pFWE = 0.006,
ηp
2 = 0.20; shown in Fig. 2b) compared to controls. Furthermore,

we found a significant interaction between speed, time and
group in the left putamen (MNI: −28, 0, 2; F(1, 89) = 19.23,
pFWE = 0.016, ηp

2 = 0.18). Post-hoc tests revealed decreased
responses to fast touch in patients compared to controls at base-
line (t(89) = 3.06, pcorr = 0.036, d = 0.65) but not after treatment
(t(89) = 0.38, pcorr > 0.999, d = 0.08).

Secondly, we examined the effect of treatment response.
The main effect of treatment response indicated reduced activity
during social touch in the right caudate nucleus (MNI: 22, 20,
12; F(1, 49) = 17.86, pFWE = 0.039, ηp

2 = 0.26, shown in Fig. 3a) in
non-responders compared to responders. A significant interaction
between speed and group in the left anterior insula (MNI: −26,
26, 2; F(1, 49) = 20.01, pFWE = 0.022, ηp

2 = 0.30, shown in Fig. 3b)
showed that non-responders exhibited reduced activation during
slow touch compared to responders (t(49) = 3.75, pcorr = 0.002, d
= 1.06), but not during fast touch (t(49) = 0.01, pcorr > 0.999, d <
0.01). For the interaction of speed, time and group, we found
two significant clusters in the right putamen (MNI: 32, −2, −8;
F(1, 49) = 19.33, pFWE = 0.032, ηp

2 = 0.28; MNI: 30, −6, 10; F(1, 49)
= 18.20, pFWE = 0.046, ηp

2 = 0.27). Post-hoc tests revealed no sig-
nificant effects after Bonferroni correction (all pcorr > 0.05). See
online Supplementary information for main effects of time and
speed.

The observed behavioral and neural effects of group were not
significantly moderated by age or sex. We only found a significant
suppressor effect of CTQ scores for the group effect on nucleus
accumbens responses to social touch (cf. online Supplement).

Discussion/conclusion

To our knowledge, this is the first study to examine the processing
of social touch in depression. Confirming our first hypothesis,
MDD patients reported a higher aversion to interpersonal
touch, experienced it as less comfortable and exhibited reduced
neural activation in the reward network compared to healthy con-
trols. Specifically, we found decreased responses to social touch in
the nucleus accumbens, caudate nucleus and putamen. Contrary
to our expectations, the differences in the nucleus accumbens
and caudate nucleus persisted even after treatment. In line with
our second hypothesis, non-responders to antidepressant treat-
ment displayed reduced activation in the caudate nucleus, anterior
insula and putamen.

Unexpectedly, patients reported decreased comfort ratings
compared to controls only after fast touch. This is in line with
a study that found differences in comfort ratings between partici-
pants with varying levels of childhood maltreatment during fast
but not slow touch (Maier et al., 2019). These findings could be
related to the use of the attribute ‘comfortable’. Sailer,
Hausmann, and Croy (2020) have shown that ratings of the attri-
butes ‘pleasant’ and ‘not burdensome’ vary with touch velocity,
but a similar modulation was not evident for other emotional
attributes such as ‘exciting’. In addition, possible group differ-
ences in comfort ratings after slow touch might be concealed by
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Figure 1. Depression symptom severity as measured by Hamilton Depression Rating Scale (HDRS-17) scores decreased over the treatment course (a). Patients rated

fast but not slow touch as significantly less comfortable than controls (b). At baseline patients reported a higher aversion to social touch than controls (c).

Indicated p values are Bonferroni corrected. Violin plots are kernel density plots comparable to histograms with infinitely small bin sizes. The ribbon and error

bars indicate 95%-confidence intervals. Abbreviations: CTRL, controls; PAT, patients; VAS, visual analog scale. *p < 0.05, ***p < 0.001.

Figure 2. Patients exhibited decreased neural responses to social touch in the bilateral nucleus accumbens (a) and caudate nucleus (b) across time (i.e. before and

after treatment) compared with healthy controls. Significant clusters are displayed at a peak-level threshold of p < 0.05 uncorrected. Parameter estimates are dis-

played for peak voxels. Error bars indicate 95%-confidence intervals. Abbreviations: CTRL, controls; PAT, patients. *p < 0.05, **p < 0.01.

Figure 3. Treatment responders exhibited heightened neural responses to social touch in the right caudate nucleus across time compared with non-responders (a).

Responses to slow touch in the left anterior insula were increased in responders across time compared with non-responders (b). Significant clusters are displayed at

a peak-level threshold of p < 0.05 uncorrected. Parameter estimates are displayed for peak voxels. Indicated p values are Bonferroni corrected. Error bars indicate

95%-confidence intervals. Abbreviations: NR, non-responders; R, responders. *p < 0.05, **p < 0.01.
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a ceiling effect due to high ratings in both groups. Neural effects
in the nucleus accumbens and caudate nucleus were independent
of touch velocity, indicating that MDD-related alterations in
reward-associated brain structures are not restricted to social
touch with C tactile-optimized velocity. However, in line with
our hypothesis, non-responders exhibited reduced reactivity in
the insula specifically during slow touch compared to responders.

These findings contribute to the notion that the processing of
social reward in general (Hsu et al., 2015; Laurent & Ablow, 2012;
Olino et al., 2015) and of interpersonal touch in particular is
altered in MDD patients. Similar to patients with autism spec-
trum disorder who derive less pleasure from and engage in
touch less frequently than healthy controls (Croy, Geide,
Paulus, Weidner, & Olausson, 2016), the reported aversion to
social touch in everyday life and altered reward-associated
responses to social touch might relate to the emergence and
reinforcement of social isolation in depression. MDD patients
typically withdraw from their social circles, thus leading to smal-
ler social network size (Elmer & Stadtfeld, 2020; Visentini,
Cassidy, Bird, & Priebe, 2018) and increased loneliness
(Achterbergh et al., 2020; Meltzer et al., 2013), which is associated
with more severe symptoms and a worse prognosis (Holvast et al.,
2015; Wang, Mann, Lloyd-Evans, Ma, & Johnson, 2018). This dis-
ruption of social functioning can have devastating consequences,
as both social isolation and loss of social support have been linked
to suicidal outcomes (Calati et al., 2019; Kim & Kihl, 2021).
However, we cannot conclusively infer from reduced striatal acti-
vation that social touch is less rewarding in MDD (Poldrack,
2006). For instance, striatal activation may also reflect cognitive
biases or the salience of social touch. Future studies are warranted
to decipher the specific mechanisms that result in decreased com-
fort ratings of social touch.

Interpersonal touch is a crucial component of romantic rela-
tionships (Jakubiak & Feeney, 2017). Altered processing of social
touch might blunt the drive to seek physical closeness or even
result in an avoidance of interpersonal touch, which could nega-
tively affect sexuality and the overall satisfaction in romantic rela-
tionships (Bell, Daly, & Gonzalez, 1987; Gulledge, Gulledge, &
Stahmannn, 2003; Muise, Giang, & Impett, 2014). Eventually,
this might lead to separation, which is again a predictor for
worse illness trajectories (Law & Sbarra, 2009; Woods et al.,
2021) and increased risk for suicidal behaviors (Calati et al.,
2019).

Notably, the observed alterations of activity in the nucleus
accumbens and caudate nucleus did not change over the treat-
ment course. This could suggest a stable, phenotypical trait char-
acterizing MDD patients that persists even after clinical
improvement. This is in line with observations in remitted
MDD patients who exhibit lasting impairments both in behavioral
(Pechtel, Dutra, Goetz, & Pizzagalli, 2013; Weinberg &
Shankman, 2017) and neural markers of reward processing
(Dichter, Kozink, McClernon, & Smoski, 2012; Geugies et al.,
2019; McCabe, Cowen, & Harmer, 2009), consistent with the per-
sistence of anhedonia even after recovery from depression
(Conradi, Ormel, & de Jonge, 2011; Schrader, 1997). Another
explanation for the persistence of these alterations might be the
relatively short time between the two fMRI sessions. While
depressive symptoms went down by 40.4% across participants, a
longer observation period perhaps would have allowed for further
clinical improvement and behavioral adaptations. Likewise, more
pronounced alterations for slow touch were only evident in non-
responders to treatment.

Considering the effect of response, we found reduced caudate
nucleus and insula activation during social touch in non-responders
both before and after treatment, indicating that those who show
greater alterations in striatal and insular reward processing might
be less responsive to established antidepressant treatment, both in
terms of clinical recovery and normalization of altered processing
of social rewards. In the light of the devastating consequences
that can arise from social isolation, this emphasizes the need for tar-
geted interventions that focus on reward processing deficits. For
instance, behavioral activation therapy (Hopko, Lejuez, Ruggiero,
& Eifert, 2003) has been shown to be effective in the treatment of
depression (Luoto et al., 2018) and seems to affect striatal responses
(Dichter et al., 2009). Furthermore, body-based interventions in the
form of massage therapy (Arnold, Müller-Oerlinghausen, Hemrich,
& Bönsch, 2020) and body psychotherapy (Röhricht, Papadopoulos,
& Priebe, 2013) are promising approaches to specifically target dis-
turbed body awareness and desynchronization in depression (Fuchs,
2001; Fuchs & Schlimme, 2009).

Our findings should be interpreted in light of some limitations.
While reward network activation during touch is in line with
studies in healthy controls using various kinds of social touch
conditions (Boehme et al., 2019; Nummenmaa et al., 2016;
Scheele et al., 2014; Zimmermann et al., 2019), other studies
did not find activation of reward-related brain regions during
social touch suggesting that the rewarding effects of social touch
paradigms are not unambiguous (e.g. Lamm, Silani, & Singer,
2015). Because it is hard to dispute that an embrace from a
loved one or the caresses of a romantic partner can be perceived
as rewarding, this raises the question of the ecological validity of
social touch paradigms, particularly in fMRI studies. While it is
challenging to implement paradigms that model social rewards
more accurately, previous studies examined social touch in close
friends or romantic couples to increase ecological validity
(Flores, Alarcón, Eckstrand, Lindenmuth, & Forbes, 2022;
Kreuder et al., 2017; Nummenmaa et al., 2016). High experimen-
tal standardization can be retained using cover stories (Kreuder
et al., 2017). Because our current findings were acquired in a
highly standardized MRI setting, which might be
anxiety-inducing especially for MDD patients, they should be
validated by future studies using more naturalistic social touch
paradigms. Future studies should also address a number of ques-
tions to aid contextualization of our findings: firstly, future
research should ask participants to specifically rate reward in add-
ition to comfort after receiving social touch, to gain a more multi-
faceted picture of participants’ subjective experience; secondly,
control conditions should be employed to explore whether the
observed alterations in MDD are specific to social touch or extend
to the processing of non-social tactile stimulation; and thirdly,
future studies should also examine the impact of MDD on the
processing of social touch in other brain regions associated with
social touch and mental disorders, such as the superior temporal
gyrus (Davidovic, Jönsson, Olausson, & Björnsdotter, 2016;
Strauss et al., 2019). Finally, antidepressant treatment in this
study was naturalistic and heterogeneous, and its particular influ-
ence on our findings therefore remains uncertain. However, the
treatment was in line with current guidelines for the therapy of
depression reflecting clinical realities.

In conclusion, our findings elucidate the role of social touch
processing in depression and indicate that touch-related changes
may persist even after significant improvements of other symp-
toms. Collectively, our results demonstrate alterations of the
experienced comfort of and neural response to social touch in
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patients with MDD. Moreover, these effects may constitute a risk
factor for non-response and may persist even after recovery, lead-
ing to ongoing disruptions in social functioning. Future studies
should corroborate these findings and might inform new treat-
ment avenues targeting social reward and disturbances of body
awareness.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0033291723001617
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Supplementary Methods  

Participants 

Patients between 18 and 60 years of age who fulfilled criteria for unipolar major depressive 

disorder for at least four weeks were eligible for inclusion. Physiological exclusion criteria were 

metal in the brain or the skull, a cardiac pacemaker or intracardiac lines, medication infusion 

devices, heart or brain surgery, pregnancy, or any condition resulting in increased intracranial 

pressure, traumatic brain injury, a history of epilepsy, cerebral aneurysms, dementia, 

Parkinson’s disease, Huntington’s disease, multiple sclerosis, stroke or transient ischemic attack 

(within the last two years). Psychiatric exclusion criteria included substance-induced depression, 

a history of substance abuse, psychotic episodes, bipolar disorder, anorexia, posttraumatic 

stress disorder (current or within the last 12 months), personality disorders, claustrophobia, or 

previous antidepressant treatment with repetitive transcranial magnetic stimulation (rTMS), 

electroconvulsive therapy (within the last 3 months), vagus nerve stimulation or deep brain 

stimulation. All patients received concomitant multimodal treatment according to current MDD 

guidelines. The majority of patients (N = 47) received pharmacotherapy for the duration of the 

study: selective serotonin reuptake inhibitors (N = 18), selective serotonin-norepinephrine 

reuptake inhibitor (N = 15), atypical antidepressants (N = 32), atypical antipsychotics (N = 10), 

anticonvulsants (N = 11), tricyclic antidepressants (N = 5), levothyroxine (N = 4), antihistamines 

(N = 2), benzodiazepine (N = 1), lithium (N = 1), monoamine oxidase inhibitor (N = 1), 

norepinephrine reuptake inhibitor (N = 1). In addition, all patients underwent repetitive 

transcranial magnetic stimulation (rTMS), group psychotherapy and cognitive training (Strobach 

& Huestegge, 2017). The data analyzed in this study were acquired as part of a larger clinical 

trial comparing different rTMS protocols (for further information see (Mielacher et al., 2020)). 

Patient groups were collapsed for the purpose of the present study. While the present paper 
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uses an adapted version of the social touch paradigm as used by Maier et al. (Maier et al., 

2019), independent samples were recruited for both studies.  

See Table S1 for a characterization of responders and non-responders. 

fMRI paradigm 

Stimulus presentation and response collection was implemented using Presentation 14 software 

(Neurobehavioral Systems, Albany, CA), liquid crystal display video goggles (Nordic NeuroLab, 

Bergen, Norway) and an MRI-compatible response box. After the MRI scan participants were 

asked to rate their positive and negative affect on the Positive Affect Negative Affect Scale 

(PANAS;  Watson, Clark, & Tellegen, 1988). 

Statistical analysis 

Quantitative data were compared by repeated measures and mixed-design analyses of variance 

(ANOVA) and dependent and independent t-tests. Pearson's product-moment correlation was 

used for correlation analysis. Partial eta-squared was calculated as measures of effect size. For 

qualitative variables, Fisher’s exact tests were used. All reported p-values are two-tailed and 

values of p < 0.05 were considered significant. 

fMRI analysis 

After the second level ROI analysis, parameter estimates were extracted from peak activation 

voxels for correlational and moderation analyses as well as display purposes (cf. Figure 2 and 

Figure 3). We used an in-house MATLAB script to extract parameter estimates from the 

appropriate first level within-subject contrast maps.  

To evaluate the effects of the touch paradigm, we performed a whole-brain analysis in controls 

using the first level contrasts [Touch > No Touch] and [No Touch > Touch] and one-sample t-tests 

on the second level. A threshold for significance of p < .05 was used, family-wise error corrected 

(FWE) for multiple comparisons. The results of this analysis can be found in Table S2.  
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To answer the question whether controls exhibit striatal activation during social touch we 

conducted a region of interest analysis in the bilateral caudate nucleus and nucleus accumbens 

using the first level contrasts [Touch > No Touch] and one-sample t-tests on the second level. The 

peak-level threshold for significance was set to p < .05, FWE-corrected for multiple comparisons 

based on the size of each region of interest. 

fMRI baseline analysis 

To corroborate our main findings, we conducted post-hoc analysis of baseline fMRI data. First 

level contrasts averaged over both speed levels at baseline were analyzed using independent t-

tests comparing patients to controls ([patients > controls], [controls > patients]) and responders 

to non-responders ([responders > non-responders], [non-responders > responders]) using SPM. 

In accord with our main analysis, we focused on the same set of regions of interest. The peak-

level threshold for significance was again set to p < .05, FWE-corrected for multiple comparisons 

based on the size of each region of interest. 

ICC test-retest reliability of fMRI scans 

To assess the test-retest reliability of the fMRI scans, we masked first-level activation maps 

during touch for pre and post scans with postcentral gyrus, nucleus accumbens and caudate 

nucleus ROIs and calculated mean parameter estimates for each healthy control, time point and 

ROI. Then, we computed two-way mixed average score intraclass correlation coefficients using 

a consistency definition (ICC(3,2)) for the three ROIs (Caceres, Hall, Zelaya, Williams, & Mehta, 

2009; Portney & Watkins, 2009).  

Correlational analysis 

For patients, controls, responders and non-responders, Pearson's product-moment correlation 

was used to test associations between fMRI peak-voxel parameter estimates from the region of 

interest analysis and comfort ratings, social touch aversion, HDRS-17 baseline scores and 
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HDRS-17 item number 7 as a measure of baseline anhedonia. This item assesses “loss of 

interest in activities”, “decrease in actual time spent on activities” and “experiencing pleasure” 

(Hamilton, 1960). 

Moderation analysis 

We conducted a moderation analysis, using the PROCESS macro for SPSS, version 3.1 

(Hayes, 2013) to test for the potential confounding influence of age, sex, CTQ and STAI scores 

as well as anxiety during the MRI scan as measured by the respective item of the PANAS on the 

effect of group (patients, controls) and clinical response (responders, non-responders) on 

behavioral ratings, touch aversion and parameter estimates extracted from the fMRI analysis. All 

potential moderators were assessed individually in separate models. Moderation was assumed 

when the interaction between the predictor (group or response) and the moderator was 

significant. Additionally, the Johnson-Neyman technique was applied to determine the 

conditional threshold of significance for any moderation effects. 

 

Supplementary Results 

Clinical results 

When analyzing Hamilton Depression Rating Scale (HDRS) scores separately for responders and 

non-responders, both groups showed clinical improvement (responders: F(2.11, 46.37) = 48.54, p < 

.001, ηp
2 = .69; non-responders: F(2.13, 61.90) = 8.63, p < .001, ηp

2 = .23). Planned contrasts revealed 

continuous weekly improvement for responders (all p’s < .001), while non-responders only 

improved after the first week of treatment (p = .018) but not over the following weeks (all p’s > 

.200). 

fMRI results 
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In addition to the effects reported in the main text, we found a main effect of time (pre vs. post 

treatment) in the right anterior insula while comparing patients and controls. Activation to social 

touch decreased over the three weeks of treatment (peak Montreal Neurological Institute 

coordinates (x, y, z): 36, 26, −4; F(1, 89) = 17.80, pFWE = .024, ηp
2 = 0.17). We also found main 

effects of speed in the left nucleus accumbens (MNI: -6, 6, −4; F(1, 89) = 12.97, pFWE = .030, ηp
2 = 

0.13) and the left posterior insula (MNI: -34, 2, 12; F(1, 89) = 25.94, pFWE = .001, ηp
2 = 0.22), both 

with heightened responses to slow touch compared with fast touch. Additionally, a significant main 

effect of speed in two clusters in the right posterior insula (MNI: 36, -14, 22; F(1, 89) = 20.25, pFWE = 

.009, ηp
2 = 0.19; MNI: 34, -20, 20; F(1, 89) = 17.63, pFWE = .025, ηp

2 = 0.17) showed an inverted 

pattern, with increased responses to fast touch compared with slow touch. 

For the model comparing responders and non-responders, we found main effects of speed in the 

left caudate nucleus (MNI: -18, 20, 12; F(1, 49) = 19.14, pFWE = .029, ηp
2 = 0.29) and the left (MNI: -

36, 0, 12; F(1, 49) = 21.78, pFWE = .012, ηp
2 = 0.32) and right posterior insula (MNI: 36, -16, 22; F(1, 

49) = 27.13, pFWE = .002, ηp
2 = 0.37). While the cluster in the left posterior insula exhibited increased 

response to slow touch compared with fast touch, the reverse pattern was evident in the clusters 

in the right posterior insula and the caudate nucleus. 

In accord with our main findings, the baseline analysis of the contrast [controls > patients] revealed 

a significant effect in the bilateral caudate nucleus (MNI: -12, 20, 10; t(89) = 3.81, pFWE = .041, d = 

0.80; MNI: 8, 16, 6; t(89) = 4.20, pFWE = .013, d = 0.88). Additionally, we found two significant clusters 

in the right posterior insula (MNI: 38, -2, 16; t(89) = 3.90, pFWE = .030, d = 0.82; MNI: 42, -8, 4; t(89) 

= 3.79, pFWE = .042, d = 0.79). However, no significant effect was found for the nucleus accumbens 

or any of the other regions of interest. Baseline analysis did not reveal any significant effects for 

the contrast [patients > controls], nor for the comparison of responders and non-responders to 

antidepressant treatment ([responders > non-responders], [non-responders > responders]).  



7 

 

Controls exhibited increased neural responses to social touch compared to the no touch control 

condition in two significant clusters in the left (MNI: -18, 18, 8; t(39) = 5.23, pFWE = .002, dz = 0.83; 

MNI: -20, 0, 20; t(39) = 5.11, pFWE = .002, dz = 0.81) and one in the right caudate nucleus (MNI: 16, 

10, 10; t(39) = 4.69, pFWE = .007, dz = 0.74) but not in the nucleus accumbens (Figure S1). 

ICC test-retest reliability  

ICC analysis suggest fair to good test-retest reliability between the fMRI scans in the postcentral 

gyrus (ICC(3,2) = .56, F(39,39) = 2.29, p = .006), nucleus accumbens (ICC(3,2) = .60, F(39,39) = 2.52, 

p = .002) and caudate nucleus (ICC(3,2) = .59, F(39,39) = 2.43, p = .003) (Cicchetti, 1994). 

Correlational analysis 

No correlations survived Bonferroni correction. 

Moderation effects 

We found that none of our predictors significantly moderated the effect of group or treatment 

response on any of our behavioral ratings or touch aversion (all p’s > .05). For the moderation 

analysis of the fMRI results, we found that childhood trauma questionnaire (CTQ) scores had a 

moderating influence on the effect of group on parameter estimates in the right nucleus 

accumbens (t(89) = 2.17, p = .033). The Johnson-Neyman technique revealed that the relationship 

between group and parameter estimates in the right nucleus accumbens was significant when 

CTQ scores were less than 30.33. This suggests that the occurrence of clinical depression does 

not impact the response of the nucleus accumbens to social touch in who have suffered from more 

severe childhood maltreatment. No significant moderation effects were observed for parameter 

estimates in any other region. 
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Supplementary Figures 

Figure S1 

 

Fig. S1. Controls exhibited increased neural responses to social touch compared to the no touch 

control condition in the bilateral caudate nucleus across time (i.e. before and after treatment). 

Significant clusters are displayed at a peak-level threshold of p < .05 uncorrected.  

 

y = 12 
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Supplementary Tables 

Table S1. Demographic and clinical data for responders and non-responders to treatment 

 

Responders 

(n = 23) 

Non-Responders 

(n = 30) 
p-value 

Sex (male/female) 12/11 15/15 1.000 

Age (in years) 43.57 (13.73) 40.07 (12.60) 0.340 

Education (in years) 15.39 (3.87) 16.27 (6.39) 0.565 

Handedness (left/right) 2/21 2/28 1.000 

Duration current depressive 

episode (in years) 
4.51 (4.94) 4.77 (7.60) 0.889 

Number of depressive episodes 
2.36 (2.17) 

(n = 21)a 

3.79 (3.16) 

(n = 26)a 
0.084 

HDRS-17    

Baseline 16.48 (5.33) 17.87 (5.86) 0.378 

After treatment 5.61 (2.39) 13.73 (5.09) < 0.001 

Improvement (in percent) 65.36 (12.14) 21.26 (22.11) < 0.001 

BDI-II    

Baseline 32.04 (9.52) 34.33 (8.14) 0.350 

After treatment 13.35 (7.31) 23.83 (10.91) < 0.001 

Improvement (in percent) 57.96 (18.82) 29.23 (28.14) < 0.001 

4 weeks after treatment 19.13 (12.08) 

24.96 (10.64)  

(n = 27)a 
0.076 

8 weeks after treatment 
20.73 (10.43) 

(n = 22)a 

26.19 (10.65)  

(n = 27)a 
0.078 
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12 weeks after treatment 
23.77 (8.42) 

(n = 22)a 

24.92 (11.36)  

(n = 24)a 
0.702 

CTQ baseline 42.57 (13.74) 47.00 (17.95) 0.330 

STAI baseline 61.96 (7.92) 65.00 (6.18) 0.122 

Values are given as frequencies or as means (SD). The p-values report the significance levels 

reached for independent t-tests or Fisher’s exact tests comparing groups or for paired t-tests 

comparing improvement within patients. a Sample size in parentheses indicates number of 

complete responses. The significance threshold was set at p < .05. 
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Table S2. Whole-brain activation in healthy controls (Touch vs. No Touch) 

Region Right/left 
Cluster size 

(voxels) 
t-score 

MNI Coordinates 
p-value 

x y z 

Touch > No Touch        

Insula L 14977 15.30 -40 -4 8 < 0.001 

Postcentral Gyrus L  14.18 -64 -22 22 < 0.001 

Supramarginal Gyrus L  13.72 -56 -22 18 < 0.001 

Supramarginal Gyrus R 9303 13.56 52 -28 24 < 0.001 

Supramarginal Gyrus R  12.70 60 -24 22 < 0.001 

Postcentral Gyrus R  12.61 18 -42 74 < 0.001 

Middle Temporal Gyrus R 842 11.75 54 -60 4 < 0.001 

Cerebellum VI R 1669 10.53 24 -52 -22 < 0.001 

Cerebellum VI R  8.78 18 -72 -18 < 0.001 

Cerebellum VI R  8.53 24 -64 -20 < 0.001 

Middle Temporal Gyrus L 609 9.15 -50 -66 6 < 0.001 

Cerebellum VI L 167 9.09 -24 -62 -22 < 0.001 

Cerebellum VI L  8.84 -16 -70 -20 < 0.001 

Thalamus L 309 7.34 -12 -16 4 0.001 

Middle Frontal Gyrus R 466 7.02 44 48 8 0.002 

        

No Touch > Touch        

Inferior Parietal Gyrus L 906 7.52 -36 -76 42 < 0.001 

Angular Gyrus L  7.33 -36 -66 38 0.001 

Precuneus R 1131 6.69 8 -48 40 0.005 
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Middle Cingulate 

Cortex 
L  6.26 -2 -42 44 0.018 

Middle Temporal Gyrus L 629 6.39 -52 -38 -2 0.012 

Middle Temporal Gyrus L  6.33 -62 -42 -4 0.014 

Inferior Occipital Gyrus L 157 5.91 -22 -92 -6 0.045 

An initial cluster-forming height threshold of P < 0.001 was used. Only clusters with FWE-corrected 

Ps < 0.05 on peak level are listed. Abbreviations: MNI, Montreal Neurological Institute 
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CONSORT 2010 Flow Diagram 

PATIENTS 

Assessed for eligibility (n = 90) 

Excluded  (n = 33) 

   Not meeting inclusion 

criteria (n = 26) 

   Declined to participate 

(n = 7) 

Completed follow-up after 

- 4 weeks (n = 50)

- 8 weeks (n = 49)

- 12 weeks (n = 46)

Analysed all data (n = 51) 

Excluded from social touch fMRI analysis 

- Excessive movement during data

acquisition (n = 2)

Treatment

Follow-up 

Analysis 

Enrollment 

Received treatment (n = 53)

CONTROLS 

Assessed for eligibility (n = 67) 

Excluded  (n = 26) 

   Not meeting inclusion 

criteria (n = 19) 

   Declined to participate 

(n = 7) 

Analysed all data (n = 40) 

Excluded from social touch fMRI analysis 

- Excessive movement during data

acquisition (n = 1)
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A B S T R A C T

Background: While intermittent theta-burst stimulation (iTBS) has been shown to improve symptoms of major 
depressive disorder (MDD), research has been largely limited to targeting the dorsolateral prefrontal cortex 
(DLPFC). New approaches utilize patients’ individual resting state fMRI data in order to identify superficial 
cortical stimulation targets functionally connected to deeper brain regions, thus enabling the modulation of 
previously inaccessible targets for antidepressant therapy. 
Objective: To improve iTBS treatment of MDD by inducing plasticity in the hippocampus through stimulation of 
an individually mapped, functionally interconnected site in the parietal cortex. 
Methods: Fifty-three MDD patients were randomized to three treatment groups and underwent 15 sessions of iTBS 
to the left DLPFC. This was augmented by adding a second daily session of (i) stimulation over individualized 
parietal targets functionally connected to the hippocampus, (ii) left DLPFC stimulation, or (iii) sham stimulation. 
To evaluate the improvement of treatment, we assessed depression severity, neuropsychological performance, 
functional connectivity and neural activation during an associative memory paradigm pre- vs. post-treatment. 
Results: Augmentation of left DLPFC stimulation by parieto-hippocampal stimulation increased functional con-
nectivity between hippocampus and DLPFC as well as encoding-related hippocampal activation; the latter was 
associated with better performance during a spatial planning task dependent on prefrontal and hippocampal 
contributions. Depressive symptoms improved in all groups after treatment, with best clinical outcomes 
following twice-daily left DLPFC stimulation. 
Conclusion: Functional connectivity-guided stimulation of the hippocampus may serve as an adjunct to iTBS in 
order to target the cognitive symptoms of MDD.   

1. Introduction

Intermittent theta burst stimulation (iTBS) [1] is a well-established
repetitive transcranial magnetic stimulation (rTMS) protocol effective 
for the treatment of major depressive disorder (MDD) [2,3]. Many iTBS 
studies have focused on antidepressant effects of left dorsolateral 

prefrontal cortex (DLPFC) stimulation [3–5], whereas the curative po-
tential of targets outside the DLPFC has received less attention [6]. 
Target selection has, traditionally, been constrained to regions near the 
surface of the brain due to the limited TMS pulses range (2–3 cm from 
the scalp [7]). Recent approaches utilize—in line with the emerging 
field of personalized psychiatry—patients’ individual fMRI data to 
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identify superficial cortical stimulation targets functionally connected to 
brain structures that are too deep to be targeted directly, thus enabling a 
top-down-propagation of stimulation effects [8–10]. 

This functional network-guided approach allows for the modulation 
of new potential targets for antidepressant treatment, such as the hip-
pocampus, which is considered a crucial node of the neuroanatomic 
circuitry underlying MDD [11] and therefore a promising target for 
modulation. Hippocampal volume reduction is a consistently reported 
abnormality in MDD [12] and is associated with longer illness duration 
[13] as well as reduced treatment responsiveness [14]. Conversely,
electroconvulsive therapy (ECT) increases hippocampal volume,
although it remains disputed whether or not this effect is causally
related to clinical improvement [15,16]. Hippocampal functional con-
nectivity to the limbic system [17,18] and to the default mode network
[19] are aberrant in MDD patients; functional connectivity has been
found to predict response to antidepressant treatment, including phar-
macotherapy [20] and ECT [21]. Lastly, animal studies have further
emphasized the importance of hippocampal neurogenesis [22] and
synaptic plasticity [23] for the mechanism of action of serotonergic
antidepressants. Functionally, the hippocampus has indisputably been
linked to cognitive function and, specifically, memory [24] which is
commonly impaired in MDD [25]. Unsurprisingly, hippocampal volume
reduction in MDD patients is associated with decreased memory per-
formance [26], but both improve after antidepressant treatment [27].

Previous studies in healthy individuals have utilized fMRI data to 
determine individualized parietal rTMS targets functionally connected 
to the hippocampus in order to modulate hippocampal functional con-
nectivity [10,28], memory-associated hippocampal network activity 
[29,30] and performance in various memory domains [10,28–32]. 
However, no study to date has investigated the therapeutic potential of 
this functional connectivity-based approach in MDD patients. Here, we 
tested for potentially synergistic effects of stimulation of individualized 
targets in the lateral parietal cortex (iLPC) functionally connected to the 
hippocampus as an add-on to iTBS of the left DLPFC with regard to 
depressive symptom severity, cognition and hippocampal plasticity. The 
latter was addressed by measuring hippocampal responses and con-
nectivity during an associative memory task. Parieto-hippocampal 
stimulation was compared to sham stimulation as an add-on to active 
DLPFC stimulation and twice-daily DLPFC stimulation. We hypothesized 
that the former would improve cognitive performance and modulate 
both hippocampal functional connectivity and memory-related func-
tional hippocampus activity and increase the therapeutic effect of iTBS 
on depressive symptoms. A second daily DLPFC stimulation session 
served as a second control condition, which we hypothesized would 
enhance improvement of depressive symptoms compared to the sham 
condition without influencing cognitive performance or hippocampus 
activity and connectivity. 

2. Methods and materials

2.1. Subjects

After giving written informed consent, 53 patients (28 female, age 
42.02 ± 12.94 years) with unipolar MDD participated in this study 

between June 2016 and April 2018. Diagnosis was verified using the 
Mini-International Neuropsychiatric Interview (MINI; [33]) according 
to DSM-IV criteria. All participants were in-patients at the Department of 
Psychiatry, University of Bonn, Germany, and received concomitant 
multimodal treatment including pharmacotherapy (see Supplementary 
Material, Table S1), group psychotherapy and daily cognitive training 
[34]. Demographic and clinical data for all study patients can be found 
in Table 1. The study was approved by the institutional review board of 
the Medical Faculty of the University of Bonn and was conducted in 
accordance with the Declaration of Helsinki. 

2.2. Study design 

We conducted a randomized, double-blind, sham-controlled, regis-
tered clinical study (https://clinicaltrials.gov/show/NCT04081519) in 
which patients received three weeks of iTBS treatment and underwent 
clinical and neuropsychological assessment as well as MRI scanning 
prior and subsequent to the treatment course (cf. Fig. 1). Upon study 
inclusion patients were randomly assigned to either the DLPFC-iLPC (n 
= 18; 8 female), DLPFC-DLPFC (n = 17; 11 female) or DLPFC-SHAM 
group (n = 18; 9 female). Patients and raters were blinded regarding 
group assignment. 

Patients underwent 15 days of stimulation with one session in the 
morning (S1) and one in the afternoon (S2) each day (median inter-
session interval = 2.7 h, range = 1.5 to 6.5 h). While all patients received 
active stimulation of the left DLPFC at S1, stimulation modalities 
differed between groups at S2. The DLPFC-iLPC group received active 
stimulation over individualized targets in both the left and right LPC. 
The sequence of bilateral iLPC stimulation targets was counter-balanced 
across subjects and kept constant over the treatment course. The DLPFC- 
DLPFC group received a second active stimulation session of the left 
DLPFC (identical to S1). Patients in the DLPFC-SHAM group were ran-
domized to receive sham stimulation of either the left DLPFC (n = 9) or 
over iLPC targets (n = 9) at S2. Sham data were collapsed across both 
sites, as there was no influence of site as revealed in subgroup 
comparisons. 

2.3. Stimulation protocol 

rTMS was applied using a Magstim Rapid2 Plus1 magnetic stimulator 
(Magstim Company Limited, Wales, UK) with a figure-of-eight coil (air 
film double 70 mm coil). Sham treatment was implemented using a 
magnetically shielded placebo coil that provides sensory stimulation 
and discharge noise without stimulating cortical tissue. Each session 
consisted of two 3.2 min runs of iTBS [1,35]. During each run, 20 
stimulation trains were applied with an 8-second inter-train interval, 
each train consisting of 10 consecutive 50 Hz pulse triplets applied at a 5 
Hz frequency. Hence, a total number of 600 pulses were applied per run. 
There was a 5-minute pause between both runs. Patients who received 
active or sham stimulation over iLPC at S2 obtained two iTBS runs each 
over both the left and right iLPC target, thus receiving a total of 2400 
pulses at S2 as compared to 1200 pulses administered to patients who 
were stimulated exclusively over DLPFC. Stimulation intensity was set at 
80% of the individual resting motor threshold, which was assessed for 

Table 1 
Demographic data.   

DLPFC-iLPC (n = 18) DLPFC-DLPFC (n = 17) DLPFC-SHAM (n = 18) p 
Sex (M/F) 10/8 6/11 9/9  0.481 
Age (years) 40.28 (12.65) 43.59 (11.45) 42.28 (12.99)  0.754 
Education (years) 16.69 (7.59) 14.06 (3.06) 16.58 (4.43)  0.278 
Duration of current depressive episode (years) 4.01 (5.39) 3.09 (3.29) 6.46 (9.22)  0.289 
Number of depressive episodes a 3.57 (3.40) 3.28 (2.52) 2.72 (2.60)  0.701 

Values are given as mean (SD). The p-values report the significance levels reached for analysis of variance or Fisher’s exact tests comparing groups. The significance 
threshold was set at p < .05. a Data missing for six patients (DLPFC-DLPFC: n = 16, DLPFC-iLPC: n = 15, DLPFC-SHAM: n = 16). 

C. Mielacher et al.                                                        
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each patient before the first stimulation session. A frameless stereotactic 
neuronavigational system (Localite TMS Navigator, Localite GmbH, St. 
Augustin, Germany) was used to ensure precise coil positioning. After 
each stimulation session patients completed a short questionnaire con-
cerning potential side effects. 

2.4. Statistical analysis 

To investigate group differences, analyses of covariance (ANCOVA) 
with group as between-subject factor, pre-treatment values as covariate 
and post-treatment values as dependent variable was performed for all 
measures [36]. Change across groups was assessed using repeated- 
measures analysis of variance (rmANOVA) with time (pre-treatment, 
post-treatment) as within-subject factor. Fisher’s exact test (χ2) was used 
to compare categorical data. The threshold for significance was set to p 
< .05, and p-values were Bonferroni-adjusted if appropriate. fMRI 
whole-brain analyses were adjusted for multiple comparisons using 
family-wise error (FWE). Further information regarding group com-
parisons at baseline and additional analyses of change across groups is 
provided in the Supplementary Material. Statistical analysis was per-
formed in IBM SPSS Statistic 24 (IBM, New York, NY, USA). 

2.5. Clinical and neuropsychological assessment 

To quantify clinical improvement, trained raters assessed depressive 
symptom severity using the 17-item Hamilton Depression Rating Scale 
(HDRS-17) [37] prior to the first stimulation session of each week and 
again three days after the final stimulation session. As a measure of self- 
assessed depression severity, the Beck Depression Inventory (BDI-II) 
[38] was administered before the first and after the final stimulation 
session and 4, 8 and 12 weeks after the treatment course. 

Neuropsychological assessment was conducted to examine visual 
memory, spatial planning, visual sustained attention and working 
memory [25]. For that purpose, patients performed the Delayed 
Matching to Sample (DMS, percentage of correct answers), One Touch 
Stockings of Cambridge (OTS, mean choices to correct answer), Rapid 
Visual Information Processing (RVP, target sensitivity) and Spatial 
Working Memory (SWM, number of errors) computerized tests as 
implemented in the CANTABeclipse 6 battery (Cambridge Cognition 
Limited, Cambridge, UK). 

2.6. Resting-state fMRI data analysis 

Imaging data were acquired using a 1.5 T Siemens Avanto MRI sys-
tem (Siemens, Erlangen, Germany) three days before and after the 
treatment course. Resting-state data were preprocessed (see Supple-
mentary Material) and analyzed employing the CONN toolbox for SPM 
[39]. For each subject and session, BOLD signal time courses were 
extracted and averaged from the following a priori defined stimulation- 
related regions of interest (ROIs): left and right hippocampus (3-mm 
spheres at MNI coordinates [−24 −20 −16] and [+22 −18 −18] based 
on encoding-related functional activation data from a pre-study; more 
information is given in the Supplementary Material), left DLPFC (5-mm 
sphere at [−38 +44 +26], stimulation target); and left and right iLPC 
stimulation targets (5-mm spheres at individualized coordinates). For 
the seed-to-seed analysis, BOLD signal time courses from all ROIs were 
correlated with one another and the resulting correlation coefficients 
were extracted for subsequent statistical analysis. 

Additionally, we performed an exploratory whole-brain seed-to- 
voxel analysis. Time courses from each seed region were correlated with 
every voxel in the brain resulting in subject-specific correlational maps 
containing Fisher’s z scores. These maps were then entered into a gen-
eral linear model (GLM) with group as between-subject factor and time 
as within-subject factor. An F-test was used to detect clusters displaying 
differences between groups regarding change in functional connectivity 
(post-treatment > pre-treatment). Significance for seed-to-voxel anal-
ysis was set at a voxel height threshold of puncorrected < 0.05 and a cluster 
threshold of pFWE < 0.05. 

2.7. Stimulation target selection 

The DLPFC target was defined as MNI coordinate [−38 +44 +26] 
previously identified as an optimal target for antidepressant rTMS 
treatment [40]. Bilateral iLPC targets were determined based on indi-
vidual resting-state fMRI data. For each hemisphere, seed-to-voxel 
connectivity was calculated between the hippocampus ROIs and each 
voxel within a mask of the ipsilateral LPC. Subsequently, the voxel with 
the greatest positive correlation coefficient was selected as stimulation 
target. For additional information, see Supplementary Material. 

Fig. 1. Study design. Patients received two daily stimulation sessions, one over the left dorsolateral prefrontal cortex (DLPFC), the other depending on group 
affiliation. Follow-up Beck Depression Inventory (BDI-II) scores were acquired 4, 8 and 12 weeks after the treatment phase (not depicted). HRDS-17, Hamilton 
Depression Rating Scale; iLPC, individualized lateral parietal cortex target. 

C. Mielacher et al.                                                                                                                                                                                                                              



Personalized Medicine in Psychiatry 23–24 (2020) 100066

4

2.8. Task-based fMRI experimental paradigm 

An adapted version of an established associative memory paradigm 
that reliably elicits functional activation in the hippocampus [41,42] 
was employed to examine the effects of parieto-hippocampal stimula-
tion. Patients underwent two encoding runs and one retrieval run. 
Before the fMRI session, patients were asked to familiarize themselves 
with two pairs of faces and written professions. During scanning, these 
two familiar pairs and 16 novel pairs were displayed for 4.6 s each. 
While novel stimuli were presented only once per run, familiar pairs 
were displayed repeatedly. Patients were tasked with memorizing these 
pairs and, to reinforce associative learning, had to indicate whether they 
thought the face fit the profession. During retrieval, previously pre-
sented novel faces were displayed again with the instruction to recall the 
associated profession and indicate their category (i.e. academic or 
artistic). For further information, see Supplementary Material. 

2.9. Task-based fMRI data analysis 

Data were preprocessed (see Supplementary Material) and analyzed 
using SPM12 (Wellcome Trust Center for Neuroimaging, London, UK; 
http://www.fil.ion.ucl.ac.uk/spm)) running in MATLAB R2010b (The 
MathWorks, Natick, MA). 

For the encoding task, conditions based on combinations of stimulus 
(novel, familiar, control), run (run 1, run 2) and time (pre-treatment, 
post-treatment) were entered into a GLM for each subject together with 
a constant term and six realignment parameters per run and session to 
account for subject motion. We then employed a data-driven leave-one- 
subject-out approach (LOSO) [43] to define subject-independent ROIs in 
the left and right hippocampus based on the main task effect, i.e. the 
contrast [novel > familiar] across both runs and sessions. Parameter 
estimate images from all but one patient were entered into a flexible 
factorial model and whole-brain analysis was conducted with a height 
threshold of pFWE < 0.05. Subsequently, we selected the supra-threshold 
cluster nearest to our hippocampal target voxels ([−24 −20 −16], [+22 
−18 −18]) separately for each hemisphere. For the one patient who was 
left out, parameter estimates were extracted for all conditions using 
these subject-independent ROIs and averaged across voxels. To 

investigate group effects, the contrast [novel > familiar] was averaged 
across both runs for each session. 

Analysis of the retrieval task was performed correspondingly using 
conditions based on combinations of stimulus (novel, control) and time 
(pre-treatment, post-treatment). The same LOSO approach was used to 
extract, average and subsequently contrast ([novel > control]) param-
eter estimates from subject-independent ROIs across voxels. Parameter 
estimate contrasts were used as a measure of functional activation and 
further analyzed in SPSS. 

3. Results

3.1. Clinical and neuropsychological results

HDRS-17 scores (pre-treatment 17.21 ± 5.59, post-treatment 10.19 
± 5.79, F(1,52) = 91.06, p < .001, ηp2 

= 0.64) and BDI-II scores (pre- 
treatment 33.45 ± 8.83, post-treatment 18.87 ± 11.11, F(1,52) = 87.05, p 
< .001, ηp2 

= 0.63) improved across groups after treatment. A significant 
group effect (F(2,49) = 3.60, p = .035, ηp2 

= 0.13) revealed better post- 
treatment HDRS-17 scores in the DLPFC-DLPFC group (adjusted mean 
= 7.62, SE = 1.15) compared to the DLPFC-iLPC (adjusted mean =
11.33, SE = 1.10, t(33) = 2.30, p = .026, d = 0.80)) and DLPFC-SHAM 
groups (adjusted mean = 11.47, SE = 1.09, t(33) = 2.41, p = .020, d 
= 0.84); Fig. 2A) when controlling for pre-treatment scores. No group 
differences were found for BDI-II at the end of the treatment course 
(F(2,49) = 0.46, p = .632; Fig. 2B) or at any of the follow-up measure-
ments (all p’s > 0.701), which was completed by 46 patients (DLPFC- 
iLPC: n = 17, DLPFC-DLPFC: n = 14, DLPFC-SHAM: n = 15). There were 
no group differences in the occurrence of stimulation-related side effects 
(see Supplementary Material, Table S2). 

Across groups patients improved in the DMS (F(1,52) = 9.24, p = .004, 
ηp2 

= 0.15), RVP (F(1,52) = 19.97, p < .001, ηp2 
= 0.28) and SWM (F(1,52) =

4.21, p = .045, ηp2 
= 0.08) tests but not in the OTS test (F(1,52) = 1.84, p =

.181). No group differences were found (DMS: F(2,49) = 0.42, p = .660; 
OTS: F(2,49) = 1.74, p = .186; RVP: F(2,49) = 0.83, p = .443; SWM: F(2,49) 
= 1.33, p = .275). 

Fig. 2. Change in depression symptom severity over time. (A) Patients in the DLPFC-DLPFC group showed better outcomes in the Hamilton Depression Rating Scale 
(HDRS-17) than patients in the other groups when controlling for baseline scores. (B) No group differences were found for Beck Depression Inventory (BDI-II) scores 
at the end of treatment or at any of the follow-up measurements (data is displayed only for patients that completed follow-up; DLPFC-iLPC: n = 17, DLPFC-DLPFC: n 
= 14, DLPFC-SHAM: n = 15). Error bars depict standard error of the mean. 
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3.2. Resting-state functional connectivity 

We employed exploratory whole-brain functional connectivity 
analysis to investigate group-specific changes after treatment. 

Intriguingly, for the right hippocampus seed we found a significant 
cluster in the left DLPFC (peak at [−34 +38 +26]; cluster size 745 
voxels, pFWE = 0.041, Fig. 3A). Post-hoc tests revealed a stronger in-
crease in connectivity in the DLPFC-iLPC group than in the DLPFC- 

Fig. 3. Whole-brain resting-state functional connectivity of right hippocampus (HC). (A) Exploratory seed-to-voxel analysis revealed a significant group effect on 
change of functional connectivity between the right hippocampus seed (3-mm sphere; blue) and a prefrontal cluster topographically close to the dorsolateral pre-
frontal cortex (DLPFC) stimulation target (5-mm sphere; green). (B) Visual representation of change in functional connectivity. Error bars depict standard error of the 
mean. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. fMRI results from the encoding task. (A) A leave-one-subject-out approach was used to define subject-independent regions of interest (ROIs) in the hippo-
campus (HC) (displayed is an exemplary ROI). (B) After treatment, patients in the DLPFC-iLPC group showed a greater increase in hippocampal response during 
encoding compared to patients in the other groups. (C) This increase in activation significantly correlated with improvement in Beck Depression Inventory (BDI-II) 
scores across groups. (D) In contrast, activation increase correlated with better (=lower) post-treatment One Touch Stockings of Cambridge task (OTS) scores in the 
DLPFC-iLPC group, but not in the other groups. Error bars depict standard error of the mean. 
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DLPFC (t(33) = 4.57, p < .001, d = 1.59) and DLPFC-SHAM group (t(34) =
7.46, p < .001, d = 2.56; Fig. 3B). This cluster was topographically 
located close to the DLPFC stimulation target (7.21 mm Euclidean dis-
tance between correlation cluster peak and stimulation target coordi-
nate). Whole-brain analysis of other seeds did not reveal significant 
results. 

Seed-to-seed analyses revealed no significant group effects between 
ROIs in the left and right hippocampus, left and right iLPC and left 
DLPFC (all p’s > 0.372). Analysis across groups, however, revealed a 
significant decrease of functional connectivity between iLPC and ipsi-
lateral hippocampus both in the left (F(1,52) = 68.12, p < .001, ηp2 

= 0.57) 
and right hemisphere (F(1,52) = 142.22, p < .001, ηp2 

= 0.73). Since 
hippocampal seeds and iLPC stimulation target voxels were maximally 
correlated at baseline by design, this finding may result from 
stimulation-independent regression to the mean. 

3.3. fMRI associative memory paradigm 

Due to technical problems during MRI acquisition, one subject 
(DLPFC-iLPC group) was eliminated from task-based fMRI analyses. As 
predicted, in the encoding task, we found a significant group effect on 
activation in the left hippocampus (F(2,48) = 11.80, p = .002, ηp2 

= 0.23; 
Fig. 4A; right hippocampus: F(2,48) = 1.63, p = .207) after treatment. 
Planned contrasts revealed higher activation in the DLPFC-iLPC group 
(1.23 ± 1.30) than in the other groups (DLPFC-DLPFC: 0.37 ± 1.36, p =
.049; DLPFC-SHAM: −0.39 ± 1.17, p < .001; Fig. 4B). No group dif-
ferences were present in the retrieval task (p’s > 0.107) and groups did 
not differ regarding their memory performance, assessed as the number 
of correct answers during the retrieval task (F(2,48) = 0.25, p = .777). 

To test brain-behavior relationships, we conducted post-hoc corre-
lational analysis. Increased activation in the left hippocampus during 
encoding positively correlated with absolute improvement in BDI-II 
scores after the treatment course across all groups (r(52) = 0.29, p =
.041; Fig. 4C). Also, we found a significant correlation between post- 
treatment OTS scores and the increase in activation in the left hippo-
campus during encoding in the DLPFC-iLPC group (r(17) = −0.50, p =
.040), but not in the other groups (DLPFC-DLPFC: r(17) = −0.27, p =
.295; DLPFC-SHAM: r(18) = 0.17, p = .494; Fig. 4D). 

4. Discussion

The rationale of the present study was to optimize iTBS of MDD using
a precision medicine approach by augmenting daily stimulation over the 
left DLPFC with an additional daily session of stimulation over indi-
vidualized parietal targets. These targets were determined based on 
their functional connectivity to the hippocampus, a crucial node of the 
neuroanatomic circuitry underlying depression. This connectivity-based 
approach utilizes patients’ individual fMRI data to identify superficial 
cortical stimulation targets that are connected to deeper regions of the 
brain, thus enabling the modulation of otherwise inaccessible targets. 
Our findings indicate that parieto-hippocampal stimulation combined 
with standard DLPFC stimulation led to increased functional connec-
tivity between hippocampus and DLPFC, increased hippocampus 
response during encoding and a stronger correlation between encoding- 
related hippocampus response and performance in a spatial planning 
task. Although there was no additional benefit of parieto-hippocampal 
stimulation regarding depressive symptom severity compared to sham 
stimulation, our findings suggest that the administered stimulation 
protocol is effective in modulating hippocampal-prefrontal pathways 
and performance in tasks associated with these areas. 

Firstly, exploratory functional connectivity analyses revealed that 
stimulation of both the individualized parietal target and the DLPFC 
augmented functional connectivity between the right hippocampus and 
DLPFC. These connectivity-enhancing effects produced by co-activation 
of hippocampus and DLPFC are reminiscent of studies on paired asso-
ciative stimulation (PAS) over multiple cortical targets and cortico- 

cortical connectivity [44–47]. However, the effects of PAS are thought 
to reflect spike-timing dependent plasticity, which depends on either 
simultaneous administration of bifocal stimulation or interstimulus in-
tervals in the range of milliseconds [44,48]. Effects on connectivity are 
usually measured within minutes after a single stimulation session. In 
contrast, we administered 15 days of stimulation, employed an inter-
session interval of 2–3 h, and acquired fMRI data three days after the 
final stimulation session. In addition, we aimed for indirect modulation 
of the hippocampus, which, to our knowledge, has not been reported 
previously in the context of PAS. While PAS and our approach share the 
same premise of increased connectivity after bifocal stimulation, they 
differ in terms of the underlying mechanism of action. Our findings 
presumably rely on a more long-term and less timing-specific kind of 
plasticity and suggest that connectivity can be modulated by bifocal 
stimulation protocols even when stimulation is applied indirectly. 
However, since all patients received DLPFC stimulation, we cannot be 
certain that it is required for the observed effect. Possibly the same effect 
could be achieved with parieto-hippocampal stimulation alone. But, 
intriguingly, the connectivity cluster was located topographically right 
next to the DLPFC stimulation target, supporting the interpretation that 
this finding is indeed related to bifocal stimulation. While this effect was 
not accompanied by improvement of clinical symptoms, this approach 
might be used in future studies to achieve a targeted increase in con-
nectivity in patients with conditions which are associated with 
prefrontal-hippocampal dysconnectivity, such as schizophrenia [49], 
memory disorders [50] and other disorders [51]. Sham-controlled 
studies are necessary to confirm and further explore this preliminary 
finding. 

Secondly, parietal-hippocampal stimulation enhanced encoding- 
related activity near the left hippocampal stimulation site. This sup-
ports our hypothesis that our approach was successful on the neuro-
physiological level and is consistent with prior reports showing 
increased task-based hippocampus activation after parieto-hippocampal 
stimulation in healthy individuals [29,30]. 

Thirdly, correlational analysis revealed that only in patients who 
received parieto-hippocampal iTBS the observed increase in hippo-
campal response during encoding was associated with better perfor-
mance in the OTS task, which is based on the extensively studied Tower 
of London paradigm [52,53] and reflects spatial planning. This task is 
usually associated with prefrontal activity [54], but there is evidence for 
hippocampal engagement as a function of task difficulty [55], which 
might reflect additional demand for spatial memory capacities. A pre-
vious study has shown that spatial cognition mediates the negative 
impact of MDD on psychosocial functioning [56] indicating that patients 
with cognitive deficits might benefit from our stimulation approach. 
Across groups, increases in hippocampal activation were correlated with 
clinical improvement as measured by BDI-II scores, implicating an 
involvement of the hippocampus in antidepressant response. 

We found that symptom severity decreased in all three groups, with 
better outcomes after twice-daily active DLPFC stimulation compared to 
additional parieto-hippocampal or sham iTBS. This finding contributes 
to the ongoing discussion regarding the optimal number and frequency 
of sessions [57–59] by demonstrating the superiority of twice-daily 
DLPFC stimulation in a sham-controlled design. 

Unlike previous studies that employed comparable approaches 
[10,28,29,31,32], we found no improvement in memory performance or 
other neuropsychological parameters after parieto-hippocampal stimu-
lation. These previous studies were conducted in healthy individuals as 
opposed to MDD patients who commonly suffer from cognitive impair-
ment and might therefore be less responsive to subtle stimulation effects. 
Differences can also be found regarding stimulation protocols: whereas 
most of the aforementioned studies used 20 Hz high-frequency (HF) 
rTMS [10,28,29], two recently published studies found effects on asso-
ciative memory after a single session of continuous [32] but not inter-
mittent TBS [31], indicating that our chosen stimulation protocol might 
not have been ideal for this purpose. 
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While employing an innovative stimulation approach, the present 
study is limited by a small sample size and the number of analyses. 
Heterogeneity regarding concomitant pharmacotherapy and the toler-
ance of certain comorbidities such as anxiety disorders might have 
introduced variance that could have concealed further stimulation- 
dependent effects. 

In conclusion, our findings suggest that stimulation of individualized 
parieto-hippocampal connectivity modulates hippocampal plasticity in 
MDD patients. An increase in hippocampus activation after parieto- 
hippocampal stimulation was associated with better performance in a 
spatial planning task that relies on both prefrontal and hippocampal 
contributions and, thus, may have therapeutic potential for depressed 
patients with cognitive deficits. Our findings are compatible with an 
increase in hippocampal-prefrontal connectivity through bifocal stimu-
lation of DLPFC and a site functionally connected to the hippocampus. 
Future studies should evaluate whether this approach might be used to 
achieve a targeted increase in connectivity in patients or healthy 
controls. 
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1 Supplementary Methods 

1.1 Subjects 

Patients between 18 and 60 years of age who fulfilled criteria for unipolar major depressive 

disorder for at least four weeks and who did not respond to a minimum of one or did not tolerate 

a minimum of two antidepressants in the current episode were eligible for inclusion. Physiological 

exclusion criteria were metal in the brain or the skull, a cardiac pacemaker or intracardiac lines, 

medication infusion devices, heart or brain surgery, pregnancy or any condition resulting in 

increased intracranial pressure, traumatic brain injury, a history of epilepsy, cerebral aneurysms, 

dementia, morbus Parkinson, Chorea Huntington, multiple sclerosis, stroke or transient ischemic 

attack (within the last 2 years). Psychiatric exclusion criteria included substance induced 

depression, a history of substance abuse, psychotic episodes, bipolar disorder, anorexia, 

posttraumatic stress disorder (current or within the last 12 months), claustrophobia or previous 

antidepressive treatment with rTMS, electroconvulsive therapy (within the last 3 months), vagus 

nerve stimulation or deep brain stimulation. Information about patients’ psychiatric medication 

during the study can be found in Table S1. For a depiction of the trial profile see Figure S1. 

1.2 Randomization procedure 

For the allocation of patients to stimulation groups, a randomization table was generated before 

the start of recruitment. Patients were, then, allocated to one of the three groups based on the 

order of study inclusion. Patients and TMS operators were, by necessity, aware of the stimulation 

target at S2 and TMS operators were, also, aware of treatment modality (active or sham 

stimulation). Staff performing weekly clinical ratings were blinded to treatment condition. Patients 

were instructed not to discuss their stimulation target nor their suspected treatment modality 

(active or sham) with neither staff nor other study participants. 
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1.3 rTMS motor threshold assessment 

To assess individual resting motor threshold, single TMS pulses were applied over the hand-motor 

hotspot in the left primary motor cortex (M1) with an interstimulus interval of at least 5 s. 

Corresponding motor-evoked potentials (MEPs) were recorded using surface electrodes on the 

abductor pollicis brevis of the right hand. Peak-to-peak amplitudes of at least 50 µV were 

registered as responses. The individual motor threshold (mean 58.13% ± 7.90% of maximum 

stimulator output) was determined based on a maximum-likelihood estimation procedure [1].  

1.4 Task-based fMRI experimental paradigm 

This paradigm consisted of an encoding and subsequent retrieval task. During the encoding task 

patients were tasked with memorizing pairs of stimuli. Each pair consisted of a face from the 

Karolinska Directed Emotional Faces database [2] displaying a neutral expression and a written 

profession (i.e., ‘pianist’). Before the MRI session, patients were asked to consecutively memorize 

two stimulus pairs for 60 s each in order to gain familiarity. During scanning, patients were then 

presented with either these familiar stimuli, novel stimuli or control stimuli, the latter consisting of 

scrambled faces and a sequence of ‘x’ letters instead of a profession (Figure S2A). While novel

and control stimuli were presented only once per run, familiar pairs were presented eight times 

each. These stimulus pairs were displayed for 3 s before two response options (‘does fit’, ‘does 

not fit’ for familiar and novel stimuli; ‘longer’, ‘shorter’ for control stimuli) were displayed additionally

for another 1.6 s. While these options were present, patients were to indicate via button press 

whether the face fit the profession in their subjective opinion (familiar, novel stimuli) or whether 

the sequence of letters was longer than the width of the scrambled face (control stimuli). This 

served to engage patients and reinforce associative learning. For each condition, 16 stimuli pairs 
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were presented in blocks of four. Stimuli pairs and blocks were interleaved with an inter-stimulus 

interval (ISI) jittered between 0.5 and 1.5 s and an inter-block interval (IBI) jittered between 4 and 

5.5 s. During these intervals, the subjects viewed a white fixation cross on a black background. 

Participants underwent two encoding runs of about 6-min duration each. The same sets of stimuli 

were used for both runs; different sets (A and B), however, were used for the pre- and post-

treatment scanning sessions.  

During the 5-min retrieval task, previously presented novel and control faces were displayed 

without caption (Figure S2B). Instead of the written profession or the letter sequence, only faces 

and two response options were displayed for 4.6 s. For novel stimuli, patients had to indicate either 

whether the depicted person practiced an artistic or academic profession (set A), or whether they 

worked indoors or outdoors (set B). For control stimuli, patients had to indicate whether the left or 

the right ear of the scrambled face was larger. Stimuli were again presented in a block design with 

the same inter-stimulus and inter-block intervals as in the encoding task.  

Stimulus presentation and response collection was implemented using Presentation 14 software 

(Neurobehavioral Systems, Albany, CA), liquid crystal display video goggles (Nordic NeuroLab, 

Bergen, Norway) and an MRI-compatible response box. 

1.5 MRI data acquisition 

Functional and structural MRI data were acquired on a 1.5 T Siemens Avanto MRI system 

(Siemens, Erlangen, Germany) equipped with a 12-channel standard head coil at the Life & Brain 

Centre, Bonn, three days before the first rTMS session (pre-treatment) and again three days after 

the last rTMS session (post-treatment). T2*-weighted gradient-echo planar images (EPI) images 

with blood-oxygen-level-dependent (BOLD) contrast were acquired during the associative 

memory task (voxel size = 2.5×2.5×5.0 mm; TR = 2690 ms; TE = 50 ms; flip angle = 30°; FoV = 
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200 mm, matrix size = 80×80; 29 coronal slices; ascending slice order with interslice gap of 0.5 

mm) and at rest (200 volumes, 10 min; voxel size = 3×3×3 mm; TR = 3070 ms; TE = 45 ms; flip 

angle = 90°; FoV = 192 mm; matrix size = 64×64; 38 traversal slices; interleaved slice order with 

interslice gap of 1 mm), during which patients were asked to keep their eyes open and focused 

on a white fixation cross on a black background. Additionally, a field map (voxel size = 2.5×2.5×5 

mm; TR = 460 ms; TEfast = 4.76 ms; TEslow = 9.52 ms; flip angle = 60°; matrix size = 64×64; 29 

coronal slices; interslice gap of 0.5 mm) was acquired in order to correct for inhomogeneities of 

the magnetic field during preprocessing. Subsequently, a high-resolution structural image was 

acquired using a T1-weighted 3D MRI sequence (voxel size = 1×1×1 mm; TR = 1660 ms; TE = 

3.09 ms; flip angle = 15°; FoV = 256 mm; matrix size = 256×256, 160 sagittal slices). The first five 

volumes of each functional time series were discarded to allow for T1 equilibration. We also 

applied two further experimental paradigms that are outside the scope of the present article and 

will be reported elsewhere.   

 

1.6 Task-based fMRI data preprocessing 

The fMRI data were preprocessed and analyzed using SPM12 software (Wellcome Trust Center 

for Neuroimaging, London, UK; http://www.fil.ion.ucl.ac.uk/spm) running in MATLAB R2010b (The 

MathWorks, Natick, MA). The functional data were realigned, initially to the first image in the time 

series, then to the mean of all images, and unwarped using the field map data. They were then 

coregistered to the anatomical volume acquired pre-treatment and normalized based on 

probabilistic tissue segmentation into 2-mm stereotaxic Montreal Neurological Institute (MNI) 

space. Subsequently, the images were smoothed using a 4 mm full width at half maximum 

(FWHM) Gaussian kernel.  
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1.7 Resting-state fMRI data preprocessing 

We employed the CONN preprocessing pipeline which included realignment and unwarping, slice-

time correction, segmentation and normalization into 2-mm MNI space. Functional data were then 

smoothed using an 8-mm FWHM Gaussian kernel. To limit the impact of head motion, cardiac 

and respiratory confounders, a linear regression model was created for each patient and the 

following regressors were added: 1) volumes that exceeded a threshold of 0.5 mm subject motion 

or three standard deviations from the global signal were automatically flagged by the artifact 

detection tool implemented in CONN; 2) realignment parameters; and 3) nuisance components 

derived from BOLD signal time courses extracted from white matter (WM, 16 dimensions) and 

cerebrospinal fluid (CSF, 16 dimensions) masks using the anatomical component-based noise 

correction method (aCompCor, [3]). Subsequently, the residual data were band-pass filtered at a 

frequency between 0.01 and 0.1 Hz. 

1.8 Pre-study: localization of hippocampal targets 

We recruited 60 healthy controls (30 female, age 44.18 ± 14.64 years) who underwent a single 

MRI session prior to the main study to determine 1) target voxels in the HC that showed encoding-

related activation, and 2) clusters in the bilateral LPC which are significantly correlated with these 

HC target voxels. These LPC clusters were then used in the main study as ROIs for the 

determination of individualized stimulation targets based on their functional connectivity to the HC 

voxels. Exclusion criteria for the controls were current or previous psychiatric or neurological 

disorders, pregnancy and contraindications for MRI scanning. As in the main study, these subjects 

underwent structural and functional MRI both at rest and during performance of the associative 

memory paradigm. MRI sequences and the experimental paradigm were equivalent to procedures 

used in the main study. For the encoding task, preprocessing and subject-level analyses were the 

same as depicted in the main study. On the group-level, a t-test for the contrast [novel > familiar] 
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was computed for the first run. Resulting maps were masked with a HC ROI derived from SPM 

Anatomy toolbox [4], and two peak voxels in the right ([+22 -18 -18] , t(59) = 4.14, puncorrected < .001) 

and left HC ([-24 -20 -16], t(59) = 2.64, puncorrected = .011) were selected as target voxels (Figure 

S3A). Resting-state functional connectivity data were preprocessed similarly as described above 

with the exception of denoising, where only five confound dimensions were extracted for white 

matter and cerebrospinal fluid and a band-pass filter of 0.008 to 0.09 Hz was used. Seed-to-voxel 

analysis was performed across all controls with seeds consisting of 3-mm spheres centered on 

the hippocampal target voxels, with a voxel height threshold of puncorrected < .001 and a cluster 

threshold of pFDR < .05 on the second level. Two clusters in the left ([-40 -70 +40], t(59) = 3.23, pFDR 

= .001, 2936 voxels) and right LPC ([+48 -58 +28], t(59) = 3.23, pFDR = .001, 2626 voxels) were 

selected for use as ROIs in rTMS target selection (Figure S3B). 

 

1.9 rTMS target selection 

Due to the neuronavigation system operating in subject space, we applied an inverse 

normalization procedure to an image containing the MNI coordinates of the DLPFC stimulation 

target ([-38 +44 +26]) using subject-specific deformation fields produced during normalization. 

Accordingly, since functional connectivity analysis to identify individualized LPC targets (iLPC) 

was performed in MNI space, these voxel coordinates were once again inverse normalized to 

subject space. The LPC ROI was based on data from the pre-study (see corresponding 

subsection). iLPC targets were calculated for all patients, though only those in the DLPFC+iLPC 

group received rTMS over those targets. For a list of iLPC targets and corresponding Fisher’s z 

correlation coefficients for all patients see Table S3. 

 

2 Supplementary Results 
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2.1 Group comparison at baseline 

One-way ANOVA was used to identify baseline differences between groups. There were no group 

differences regarding HDRS-17 (F(2,50) = 1.84,  p = .169) or BDI-II scores (F(2,50) = 0.89,  p = .417) 

at baseline. Also, there were no differences between groups regarding the DMS (F(2,50) = 2.14,  p 

= .128), RVP (F(2,50) = 0.40,  p = .671) or SWM (F(2,50) = 1.96,  p = .151) neuropsychological tests. 

There were, however, significant differences in the OTS test (F(2,50) = 5.59,  p = .006, ηp
2 = 0.18), 

with higher scores in the DLPFC-DLPFC group (1.39 ± 0.41) indicating worse performance than 

in the other groups (DLPFC-iLPC: 1.17 ± 0.16, DLPFC-SHAM: 1.12 ± 0.09). For the associative 

memory task, we found no group differences in activation in either HC during encoding (left: F(2,49) 

= 0.21,  p = .815; right: F(2,49) = 1.50,  p = .233) or retrieval (left: F(2,49) = 0.28,  p = .761; right: F(2,49) 

= 0.87,  p = .428). There were no differences in behavioral performance during the retrieval fMRI 

task (F(2,49) = 1.80,  p = .177). 

 

2.2 Across group analyses 

Repeated measures analysis of variance (rmANOVA) with time (pre-treatment, post-treatment) as 

within-subject factor was used to assess change across groups. Patients that completed all follow-

up BDI-II measurements showed long-term clinical improvement between baseline and 3-month 

follow-up (pre-treatment 33.65 ± 9.37, follow-up 24.28 ± 9.90, F(1,45) = 34.85,  p < .001, ηp
2 = .44). 

Patients did, however, worsen between the end of treatment and 3-month follow-up (post-

treatment 17.37 ± 11.03, follow-up 24.28 ± 9.90, F(1,45) = 11.74, p = .001, ηp
2 = .21).  

For the associative memory task, no main effect of time on activation was found in either HC for 

the encoding (left: F(1,51) = 0.12,  p = .736; right: F(1,51) = 0.72,  p = .399) or retrieval fMRI task (left: 

F(1,51) = 1.16,  p = .287; right: F(1,51) = 0.48,  p = .491). Also, there was no significant improvement 

over time in retrieval task performance (F(1,51) = 1.20,  p = .279). 
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2.3 Group blinding 

Patients’ assumptions regarding whether they had received active or sham iTBS at S2 were 

correct above chance (χ2
(1) = 7.46, p = .009, φ = 0.38). However, only patients who received active 

or sham stimulation of the DLPFC (χ2
(1) = 5.00, p = .041, φ = 0.20) but not those who received 

iLPC stimulation were able to guess correctly (χ2
(1) = 2.67, p = .194). Repetition of all between-

group analyses with patients’ assumed mode of stimulation (active or sham) included as an 

additional covariate provided results that did not differ from the original analyses reported in this 

article. However, this bears only moderate impact on our neuroimaging findings, as these were 

focused on parietal-hippocampal stimulation. 
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Supplementary Figures and Tables 

 

 

Figure S1. CONSORT diagram. 

Analysis 

Allocation 

Allocated to DLPFC-SHAM 

group (n = 19) 

 Completed rTMS course (n = 

18)

 Did not complete rTMS course 

- Non-compliance (n = 1)

Allocated to DLPFC-iLPC group 

(n = 19) 

 Completed rTMS course (n = 

18)

 Did not complete rTMS course 

- Withdrawal (n = 1)

Follow-up 

Analysed all data (n = 18) Analysed all data (n = 17) 

Excluded from associative 

memory task analysis  

- Excessive movement

during data acquisition

(n = 1)

Completed follow-up after 

- 4 weeks (n = 17)

- 8 weeks (n = 17)

- 12 weeks (n = 15)

Completed follow-up after 

- 4 weeks (n = 16)

- 8 weeks (n = 15)

- 12 weeks (n = 14)

Completed follow-up after 

- 4 weeks (n = 17)

- 8 weeks (n = 17)

- 12 weeks (n = 17)

Randomized (n = 57) 

Excluded  (n = 33) 

   Not meeting inclusion criteria (n = 26) 

   Declined to participate (n = 7) 

Assessed for eligibility (n = 90) 

Enrollment 

Allocated to DLPFC-DLPFC 

group (n = 19) 

 Completed rTMS course (n = 

17)

 Did not complete rTMS course 

- Withdrawal (n = 1)

- Unscheduled eye

surgery (n = 1)

Analysed all data (n = 17)
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Figure S2. Experimental design of the associative memory task. (A) In the encoding task, four 

blocks of four stimuli were presented for the novel, familiar and control conditions. Subjects were 

tasked with memorizing the stimuli pairs and indicated whether they felt face and profession were 

a fit (novel, familiar stimuli) or whether the sequence of letters was longer than the width of the 

scrambled face (control stimuli) via button press. (B) In the retrieval task, four blocks of stimuli 

were presented for the novel and control conditions. Subjects had to assign stimuli to one of two 

categories based on the profession associated with the face (novel stimuli) or they had to indicate 

whether the left or right ear of the displayed scrambled face was larger (control stimuli). 
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Figure S3. Results from the pre-study to determine HC targets and LPC mask. (A) Group-level 

neural activation in the left and right HC during the encoding task ([novel > familiar)] based on 

which HC targets were selected. (B) Functional connectivity analysis of bilateral HC seed revealed 

significant correlational clusters in the left and right LPC. These clusters were exported as masks 

for the selection of LPC targets in the main study. Abbreviations: HC, hippocampus; LPC, lateral 

parietal cortex. 
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Table S1. Psychotropic medication before and after the treatment course. 

Group Patient Agent mg/day before treatment mg/day after treatment 

DLPFC-

iLPC 

1 Agomelatin  25 25 

 Venlaflaxin 300 300 

 2 Tranylcypromin 10 0 

 3 Mirtazapin 15 30 

 4 Agomelatin 0 50 

  Citalopram 40 40 

  Quetiapin 75 25 

 5 Sertralin 100 150 

 6 Lamotrigin 15 15 

  Quetiapin 75 125 

 7 Agomelatin  50 50 

  Escitalopram 10 10 

 8 Agomelatin  25 50 

  Amisulprid 100 100 

  Duloxetin 120 120 

 9 no psychotropic drugs   

 10 no psychotropic drugs   

 11 Agomelatin  25 50 

  Escitalopram 0 0 

  Mirtazapin 0 7.5 

 12 Escitalopram 0 10 

  Mirtazapin 15 15 

 13 Bupropion 150 150 

  Fluoxetin 0 10 

  Mirtazapin 15 15 

 14 Bupropion 150 300 

 15 Citalopram 10 10 

  Quetiapin 50 50 

 16 Agomelatin  50 50 

  Lamotrigin 175 125 



15 

Quetiapin 150 150 

Valproinsäure  0 150 

17 Escitalopram 10 10 

18 no psychotropic drugs 

DLPFC-

DLPFC 

19 Fluoxetin 40 40 

Promethazin 75 75 

20 Agomelatin  50 50 

Quetiapin 200 20 

21 no psychotropic drugs 

22 Mirtazapin 30 7.5 

23 Amitriptylin 12.5 37.5 

Bupropion 150 300 

24 Mirtazapin 30 30 

25 no psychotropic drugs 

26 Agomelatin  0 50 

Sertralin 150 150 

27 Agomelatin  0 50 

Venlafaxin 300 300 

28 Amitryptilin 100 0 

Quetiapin 100 100 

Venlafaxin 150 150 

29 Agomelatin  25 50 

Hydroxyzin 50 50 

Paroxetin 20 0 

30 Escitalopram 0 10 

Sertralin 100 0 

31 Fluoxetin 10 20 

Venlafaxin 75 0 

32 Bupropion 0 150 

Venlafaxin 187.5 37.5 

33 Mirtazapin 45 45 

Pregabalin 275 275 

34 Bupropion 150 150 

Lamotrigin 25 25 
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Sertralin 100 100 

35 no psychotropic drugs 

DLPFC-

SHAM 

36 Agomelatin 25 50 

37 Atomoxetin 40 40 

38 no psychotropic drugs 

39 Agomelatin  50 50 

Mirtazapin 7.5 7.5 

Sertralin 100 100 

40 Escitalopram 0 15 

Pregabalin 300 300 

Risperidon 2 1 

Venlaflaxin 75 0 

41 Pregabalin 25 150 

Venlaflaxin 225 225 

42 Duloxetin 90 120 

Mirtazapin 7.5 15 

43 Agomelatin  50 50 

Sertralin 100 0 

44 Agomelatin  25 0 

Mirtazapin 0 30 

45 Carbamazepin 400 400 

Venlaflaxin 225 225 

46 Sertralin 150 150 

47 Duloxetin 60 0 

48 Doxepin 25 25 

Lorazepam 3 3 

Mirtazapin 15 22.5 

49 Lithium 675 900 

Milnacipran 0 25 

Quetiapin 100 100 

Venlaflaxin 150 0 

50 Imipramin 30 30 

Lamotrigin 0 25 

51 Bupropion 300 300 
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Imipramin 75 75 

  
Valproinsäure  300 300 

 
52 Bupropion 150 150 

  
Venlafaxin 75 75 

 
53 Lamotrigin 25 25 

    Venlafaxin 150 150 
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Table S2. Occurrence of side effects 

  Number of participants reporting each side effect (%) 

 
DLPFC- 

iLPC (n = 18) 

DLPFC- 

DLPFC (n = 17) 

DLPFC- 

SHAM (n = 18) 
p 

Headaches 6 (33%) 7 (41%) 8 (44%) .830 

Nausea 1 (6%) 3 (18%) 5 (28%) .205 

Dizziness 2 (11%) 7 (41%) 4 (22%) .122 

Muscle twitching 12 (66%) 9 (53%) 13 (72%) .517 

Pain 8 (44%) 6 (35%) 8 (44%) .830 

The p-values report the significance levels reached for Fisher’s exact tests comparing groups. The 

significance threshold was set at p < .05. 
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Table S3. Individualized rTMS targets in the lateral parietal cortex (iLPC). 

Group 

Left iLPC Right iLPC 

MNI coordinates MNI coordinates 

X Y Z Fisher’s z X Y Z Fisher’s z

DLPFC-

iLPC 

-64 -54 +14 0.24 +48 -58 +26 0.66 

-60 -56 +16 0.34 +42 -56 +26 0.20 

-60 -56 +20 0.38 +36 -70 +48 0.33 

-58 -66 +26 0.24 +38 -66 +42 0.24 

-54 -64 +26 0.43 +50 -76 +40 0.31 

-50 -62 +36 0.49 +50 -56 +40 0.32 

-50 -60 +14 0.28 +56 -66 +22 0.24 

-48 -66 +26 0.23 +58 -64 +38 0.23 

-46 -74 +44 0.33 +46 -50 +20 0.46 

-44 -68 +24 0.62 +40 -54 +28 0.31 

-44 -54 +36 0.40 +50 -58 +26 0.38 

-42 -50 +24 0.27 +38 -80 +40 0.23 

-40 -84 +34 0.30 +48 -76 +40 0.36 

-38 -58 +38 0.30 +44 -68 +46 0.34 

-36 -56 +26 0.25 +38 -64 +32 0.36 

-32 -86 +44 0.24 +36 -72 +32 0.16 

-32 -78 +54 0.40 +42 -72 +34 0.33 

-24 -76 +42 0.13 +44 -52 +30 0.27 

DLPFC-

DLPFC 

-56 -72 +24 0.37 +50 -68 +44 0.32 

-52 -70 +44 0.32 +58 -62 +20 0.45 

-48 -68 +30 0.45 +48 -54 +30 0.33 

-48 -52 +30 0.30 +42 -58 +32 0.51 

-44 -56 +30 0.19 +38 -50 +26 0.13 

-40 -72 +24 0.27 +56 -60 +26 0.41 

-40 -62 +36 0.45 +50 -70 +24 0.20 

-40 -56 +34 0.35 +32 -70 +48 0.41 

-38 -84 +36 0.21 +62 -62 +34 0.34 

-38 -64 +28 0.41 +54 -54 +24 0.28 
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-38 -56 +20 0.23 +40 -60 +28 0.28 

-34 -88 +40 0.21 +36 -80 +48 0.32 

-34 -66 +40 0.43 +46 -54 +24 0.28 

-32 -82 +38 0.44 +40 -74 +50 0.43 

-32 -72 +44 0.49 +40 -58 +28 0.29 

-30 -82 +38 0.35 +46 -60 +32 0.42 

-26 -76 +44 0.32 +60 -60 +36 0.32 

DLPFC-

SHAM 

-54 -68 +22 0.43 +38 -68 +50 0.27 

-50 -74 +42 0.29 +50 -74 +42 0.39 

-48 -66 +22 0.28 +44 -58 +34 0.20 

-46 -62 +16 0.27 +38 -58 +38 0.34 

-46 -62 +18 0.27 +60 -66 +16 0.23 

-44 -60 +38 0.31 +50 -66 +46 0.25 

-42 -74 +52 0.45 +38 -78 +48 0.37 

-42 -64 +46 0.41 +58 -52 +24 0.30 

-40 -72 +48 0.57 +44 -62 +38 0.49 

-40 -66 +34 0.52 +42 -52 +30 0.37 

-36 -80 +44 0.36 +58 -64 +38 0.32 

-36 -76 +50 0.30 +54 -60 +40 0.45 

-34 -80 +46 0.39 +64 -58 +34 0.26 

-32 -68 +32 0.28 +42 -74 +34 0.49 

-32 -58 +30 0.24 +56 -56 +16 0.22 

-30 -76 +46 0.48 +54 -50 +24 0.26 

-30 -68 +44 0.21 +44 -60 +30 0.34 

-28 -80 +38 0.31 +34 -62 +30 0.30 
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3.5 Publication 5: Repetitive transcranial magnetic stimulation in non-

treatment-resistant depression 



Editorial

Repetitive transcranial magnetic
stimulation in non-treatment-resistant
depression
Maximilian Kiebs, René Hurlemann and Julian Mutz

Summary

Repetitive transcranial magnetic stimulation (rTMS) has been

investigated as treatment for major depressive episodes
since the early 1990s. Using data from a recent meta-
analysis, we show that most patients included in randomised

trials display relatively high degrees of treatment
resistance. This might have unfavourably biased the clinical
reputation of rTMS.
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Current treatment modalities for people with treatment-resistant

depression include repetitive transcranial magnetic stimulation

(rTMS). rTMS uses electromagnetic fields, generated by a coil that

is placed over the patient’s head, to depolarise superficial neurons

which potentially leads to prolonged modulation of neural activity.

Meta-analyses of randomised clinical trials support the antidepres-

sant efficacy of rTMS and find the treatment to be generally well tol-

erated by patients, e.g.1. Common undesired effects are limited to

transient headaches, dizziness and mild discomfort at the site of

stimulation. Countries including Australia, Brazil, Canada, Israel

and the USA have approved rTMS as second-line treatment for

major depressive disorder (MDD), while others have included

rTMS in their guidelines for good clinical practice (e.g. Finland,

Germany, Serbia, UK). Initially thought of as a less-invasive alterna-

tive to electroconvulsive therapy, rTMS has been investigated pri-

marily in people with treatment resistance. Staging models define

levels of treatment resistance by the number of failed pharmacological

interventions at adequate duration and dosage, with more failed anti-

depressant trials – which sometimes include class switching and aug-

mentation – reflecting higher degrees of treatment resistance.

In a recent meta-analysis, we examined the antidepressant effi-

cacy and acceptability of several non-invasive brain stimulation

techniques for the treatment of unipolar and bipolar depression.2

Of the 42 randomised sham-controlled trials (N = 1703 patients)

that investigated rTMS without co-initiation of another treatment,

only three trials (n = 49 patients) recruited exclusively patients

who were not treatment resistant. To the best of our knowledge,

no randomised controlled trial has investigated the antidepressant

efficacy of rTMS without co-initiation of pharmacotherapy in

patients with medication-naive and/or first-onset depression. This

highlights an important gap in the literature.

The Sequenced Treatment Alternatives to Relieve Depression

(STAR*D) trial, which enrolled 4041 outpatients with nonpsychotic

depression, has shown that remission rates decline with each succes-

sive treatment step. In STAR*D, the first-line remission rate was

36.8% compared with 13% after the fourth treatment step. We

found that only 5% of the studies (n = 41 patients) that were included

in our meta-analysis and reported on the level of treatment resistance

used an inclusion criterion of at least one failed medication trial. The

majority of trials (64%; n = 702 patients) required participants to have

failed at least two pharmacological treatments. Moreover, 33% of all

participants included in this analysis stem from two trials that

recruited patients with one to four failed antidepressant trials.

Given this empirical background, it seems evident that (a) there

is a lack of trials investigating rTMS as a treatment for medication-

naive nonpsychotic MDD and (b) that most studies to date primar-

ily recruited patients with high degrees of treatment resistance,

reflecting its historical roots as a potential therapeutic alternative

to electroconvulsive therapy. This has unfavourably biased the clin-

ical reputation of rTMS, leading many clinicians to believe that rTMS

is a less powerful treatment modality for nonpsychotic MDD.

Although the need for treatment alternatives in peoplewith treatment

resistance is considerable, it is also clear from our observations that

the patient population included in randomised clinical trials of

rTMS represents a group characterised by one of the most reliable

clinical predictors of poor response to treatment: treatment resist-

ance. Several studies have indicated lower degrees of treatment resist-

ance to be a reliable predictor of increased response to rTMS, e.g.3. As

some people do not tolerate pharmacotherapy due to undesired

effects – including sexual dysfunction, weight gain and insomnia –

we contend that trials with participants showing lower degrees of

treatment resistance are needed. We also suggest that studies ought

to investigate the comparative efficacy of rTMS and standard first-

line pharmacological treatments, similar to the work comparing tran-

scranial direct current stimulation with escitalopram.

Current barriers to amorewidespread use of rTMS are the need for

specialised equipment and infrastructure, associated costs, as well as

the duration and labour intensity of treatment (typically administered

5 days a week for 4–6 weeks), with high-frequency rTMS requiring up

to 37.5 min per treatment session. However, Blumberger et al4 have

recently shown in a large randomised trial including 414 participants

that a 3 min theta-burst stimulation protocol is not statistically inferior

to 37.5 min of high-frequency rTMS. This advance in reduced treat-

ment duration could represent a key step in bringing non-invasive

brain stimulation to a wider group of people with MDD. A more
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widespread use of rTMS may be considered, especially for groups in

which antidepressant pharmacodynamics may be cause for concern,

e.g. during pregnancy or breastfeeding, in adolescents or in the

context of somatic contraindications (e.g. pre-existing liver damage).

rTMS was first introduced in 1985 and studies in MDD have

been conducted since the early 1990s, with rTMS receiving Food

and Drug Administration approval for treatment-resistant depres-

sion in 2008. Although the decision to extend any treatment to a

new patient population demands careful evaluation, findings to

date suggest that rTMS has very few undesired effects. Moreover,

although this finding cannot be extrapolated to treatment-naive

patients, evidence from health-economic modelling suggests that

rTMS may be cost-effective compared to pharmacotherapy in a

non-treatment-resistant population.5 Since future research may

facilitate the accessibility of rTMS through portable devices or com-

munity care providers, we conclude that it is important to conduct

clinical trials that investigate rTMS in less treatment-resistant and/

or medication-naive patients with depression.
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4. Discussion with references

The research presented here aimed to investigate the effect of ECT on cognitive 

performance (Study 1), the role of treatment charge on cognitive performance (Study 2), 

the effect of social touch on reward processing (Study 3), the effect of individualized 

theta-burst stimulation on hippocampal activity (Study 4), and the composition regarding 

treatment refractoriness in clinical trials investigating non-invasive brain stimulation 

treatments (Study 5).  

Specifically, as there is concern among clinicians and patients regarding negative effects 

of ECT on cognition, we investigated performance in five cognitive tasks from the Global 

ECT MRI Research Collaboration (GEMRIC), which has amassed clinical and 

neuroimaging data from ECT-treated patients worldwide (Oltedal et al. 2017). In study 

1, we showed that electrode placement and treatment number impacted verbal fluency 

category (VFC), but contrary to our hypothesis, no significant effects were found for other 

cognitive measures. This finding does align with large studies and meta-analytical data 

showing VFC to be sensitive to the treatments’ electrode position (Loef et al. 2024; 

Semkovska and McLoughlin 2010). Contrary to our expectations, we found no evidence 

of cognitive impairment associated with bitemporal (BT) electrode placement across any 

domain. This outcome sharply diverges from previous studies, which have consistently 

reported more pronounced cognitive deficits linked to BT electrode configurations 

(Kolshus et al. 2017; Martin et al. 2020). One potential explanation may be the relatively 

small sample size of patients with data on cognitive tasks after bitemporal treatment in 

the current GEMRIC dataset (Oltedal 2021). Critically, for fluency and trail making the 

sample size ranged between 30-38 and there is currently no data available for 

bitemporally treated patients on memory recall and autobiographical memory. Future 

data collection should fill this gap, as not only are memory deficits at the center of 

ongoing scientific debate, but the fear of experiencing them can lead to refusal or 

discontinuation of much-needed treatment (Obbels et al., 2017). Notably, while objective 

memory tends to improve more frequently than it declines when evaluated before and 

after treatment, most patients reported that ECT had a negative impact on their memory 

when asked to reflect on their experiences (Eggleston and Porter 2020; Sackeim 2014; 

Semkovska et al. 2012; Sigström et al. 2020; Vann Jones and McCollum 2019). To 



103 

advance and facilitate the collection of cognitive measures alongside clinical and 

neuroimaging data, participating GEMRIC sites should use robust cognitive measures 

with strong psychometrics and minimal subject burden by adopting the standardized 

cognitive test battery recommended here. This may help to provide a harmonized and 

comprehensive dataset which can be used to answer many unanswered questions in 

ECT treatment.  

In addition to the effect of electrode configuration, the second study aimed to investigate 

the role of stimulus charge on cognitive performance after ECT. As hypothesized, we 

found that right unilateral (RUL) ECT was associated with marked autobiographical 

memory impairment and mean charge had a significant effect on Verbal Learning 

Memory Task (VLMT) delay score. However, there was no significant difference in 

overall cognitive function when compared to a healthy control group in the VLMT delay 

score and there was no association of mean charge with worsening autobiographical 

memory. Of the neuropsychological tasks included for exploratory analyses, only the 

One Touch Stockings of Cambridge Task (OTS), which assesses executive function, 

working memory, and planning, showed significant improvement of patient performance 

compared to the control sample. Apart of VLMT delay, no other neuropsychological task 

performance could be predicted from the treatments mean charge. As digital monitoring 

of the treatments technical parameters has only recently become possible, this study 

serves as a guide for selecting the task to be applied in  investigating the role of seizure 

induction on post-treatment cognitive effects (Freundlieb et al. 2023). Still, it should be 

noted that the small sample size impairs the generalizability of these findings, which will 

have to be replicated in a larger cohort. In addition, the study does not provide an answer 

to how the charge and its respective electric field lead to impaired memory performance 

in the brain. As there is mixed evidence that ECT-induced hippocampal enlargement is 

associated with decreased memory performance, a larger GEMRIC sample should 

replicate such findings (Argyelan et al. 2021; Nordanskog et al. 2014; van Oostrom et 

al. 2018).  

It has been suggested that not only treatment effects and sum scores of illness 

symptoms, but also individual symptoms should be further investigated. Thus, the third 

study aimed to determine whether the experience and neural processing of social touch 
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is altered in patients with MDD. As hypothesized, individuals with MDD showed greater 

aversion to interpersonal touch, found it less pleasurable, and showed reduced neural 

activation within the brain's reward circuitry compared to healthy individuals. Notably, we 

observed reduced responses to social touch in the nucleus accumbens, caudate 

nucleus, and putamen. Unexpectedly, the differences in neural activity within the nucleus 

accumbens and caudate nucleus remained unchanged even after treatment response. 

This finding suggests that reduced pleasure derived from social touch may contribute to 

the social isolation in patients suffering from MDD and that this effect may be rooted in 

an altered reward-associated processing of social stimuli in the brain. Nevertheless, 

diminished striatal activation in MDD does not definitively indicate that social touch is 

less rewarding (Poldrack 2006). Striatal activation could alternatively reflect cognitive 

biases or the perceived significance of social touch. Further research is needed to 

elucidate the precise mechanisms underlying reduced comfort ratings and processing 

of social touch in MDD.  

To further investigate the personalization of treatments for MDD, we presented research 

regarding a novel and individualized target for iTBS (Study 4). By individually locating 

the region in the lateral parietal cortex (LPC) where the functional connectivity shows 

the greatest positive correlation to the hippocampus during an associative memory task, 

we assumed to be able to modulate hippocampal functional connectivity, improve 

cognitive performance, and enhance the antidepressant effect of iTBS. It was shown 

that stimulation of the novel parieto-hippocampal target compared with standard L-

DLPFC target did lead to an increased hippocampus-DLPFC connectivity and a greater 

hippocampal activation during encoding. Additionally, there was a stronger association 

between hippocampal activity during encoding and improved performance on a spatial 

planning task. However, no significant difference was found between the sham and LPC 

add-on in terms of associative memory or clinical symptoms. Unexpectedly, seed-to-

voxel analysis revealed no significant group effect on change of functional connectivity 

between the right hippocampus seed and the LPC-target. However, exploratory analysis 

revealed a significant change in functional connectivity between the right hippocampus 

seed and a prefrontal cluster topographically close to the DLPFC stimulation target 

potentially stemming from effects similar to bifocal stimulation. Although clinical 

symptoms did not improve in parallel with this effect, the findings point to a promising 
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avenue for future research focused on increasing connectivity in individuals with 

disorders in which prefrontal-hippocampal disconnection has been described, such as 

schizophrenia, memory disorders, and other conditions (Alemany-González et al. 2020; 

Bähner and Meyer-Lindenberg 2017; Li et al. 2015).  

Finally, who is treated with TMS for the symptoms of MDD? Evidence from clinical trials 

comparing TMS to sham suggests that most patients whose symptoms have failed at 

least two prior pharmacological treatments are included in such studies. Only 5% of 

randomized controlled trials included in our supporting analysis involved patients who 

had not responded to at least one antidepressant. We found no studies in which patients 

received TMS as a first-line treatment or in a non-TRD population. Conversely, in most 

trials investigating the efficacy of pharmacological agents, only non-treatment refractory 

patients are included (Cipriani et al. 2018). Given that treatment refractoriness has been 

shown to be a negative predictor of treatment response across different types of 

treatment, this marked difference in inclusion criteria may have negatively impacted the 

clinical perception of rTMS, causing many clinicians to view it as a less effective 

treatment option for nonpsychotic MDD (Kautzky et al. 2019; Rush et al. 2006; Trevizol 

et al. 2020; Turkoz et al. 2023). As rTMS has proven to be an effective treatment in 

treatment-refractory depression, further research should investigate its potential as a 

first-line treatment and its competitive efficacy compared to currently used first-line 

treatments such as escitalopram regarding clinical symptoms and undesired effects 

(Mutz et al. 2019; O’Sullivan et al. 2024). 



106 

4.1 Limitations 

The studies presented have several limitations that must be considered when 

interpreting the results. In study 1, significant differences exist regarding neurocognitive 

performance as well as variability in ECT administration protocols by site. Differences in 

subject selection, ECT devices, and procedures between sites introduced variability that 

we could not fully account for, potentially reducing our ability to detect longitudinal 

changes in cognitive performance. In addition, neurocognitive assessment protocols 

varied across sites, with some excluding key cognitive measures such as verbal learning 

and most sites not contributing autobiographical memory data. We also used education 

as a proxy for intelligence, which may not accurately capture premorbid cognitive 

abilities. In addition, we could not account for the time between the cognitive task and 

the last ECT. Although this was restricted to a maximum of one week, many cognitive 

effects have been shown to return to baseline in this time frame (Semkovska and 

McLoughlin 2010). These factors limit the strength of our conclusions regarding the 

absence of significant ECT-mediated cognitive effects. Standardized assessment 

protocols and larger samples are needed to reduce data variability in future studies. 

Study 2 had several limitations, including a small sample size and the large number of 

neuropsychological assessments administered, some of which were exploratory in 

nature. In addition, we did not consider the effect of anesthetic dosage on ECT charge 

or assessed participants' subjective experience of cognitive impairment. The extensive 

test battery may have overwhelmed participants, potentially influencing their 

performance and contributing to incomplete data. Although the study explored 

understudied cognitive domains, a more focused approach with fewer tests, such as 

prioritizing the VLMT delay task, may yield stronger results in the future.  

In study 3, although activation of the reward network during touch was consistent with 

some studies in healthy controls, other studies have not consistently shown such 

activation, suggesting that the rewarding aspects of social touch are not always clear. 

The highly standardized MRI environment, which may induce anxiety in patients with 

MDD, may limit the generalizability of our findings. Future studies should use more 

naturalistic social touch paradigms and include other reward related tasks to determine 
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whether the observed effects in MDD are specific to social touch or extend to non-

rewarding stimulation.  

Although study 4 used an innovative stimulation approach, it was limited by a small 

sample size and a high number of analyses. Variability in concomitant pharmacotherapy 

and the inclusion of participants with anxiety disorders may have introduced confounders 

that make it difficult to examine stimulation-dependent effects beyond doubt. Larger 

studies with more controlled conditions are needed to validate these findings. As the 

sample size of study 2 is rather small, these effects should be replicated in a larger 

sample as well.  

Finally, study 5 only examined the inclusion criteria of randomized controlled trials. Non-

randomized cohort or open label studies may have included patients with lesser degrees 

of treatment refractoriness. In addition, the analysis focused solely on the studies 

inclusion criteria. As only very few studies report the actual number of failed treatment 

attempts, it became clear that more thorough reporting standards regarding the patient’s 

clinical background may be needed in the future.  

4.2 Outlook for future research 

While the studies presented primarily examined the effects of non-invasive brain 

stimulation on clinical, cognitive, and neural outcomes, most of the studies have in 

common that they were enabled by technological advances. Whether it's the use of large 

multi-site data collaborations (Study 1), the use of novel data collection software (Study 

2), or the investigation of neural effects to guide symptom-specific treatments (Study 3) 

or improve their efficacy (Study 4). However heterogeneous the research projects may 

be in detail, they share a common goal. To identify clinical or neural patterns shared by 

individuals that could be used to reduce specific symptoms or better balance clinical and 

side effects. Depression is perhaps the most dramatic example of why this personalized 

approach to treatment is needed. Since symptom heterogeneity can mean that two 

patients may not even share a single symptom, we can expect that a. treatment options 

will have very different effects on each individual case and b. the neural effects 

associated with the disease may be very different between individuals due to symptom 

heterogeneity. Individual characteristics such as disability, employment status, age, 
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functional impairment, baseline depression, and outcome expectancy have been shown 

to be differentially associated with persistence of depressed mood or anxiety symptoms 

after treatment (Delgadillo et al., 2016). In addition, recent evidence suggests that 

identifying individuals who will derive the most clinical benefit or the least adverse effects 

from specific treatments could improve the effectiveness of psychological care or rTMS 

treatment (Cash et al., 2021; Delgadillo et al. 2021). However, most treatment guidelines 

do not provide differential/stratified treatment guidance, but rather a usual or stepped 

care approach for all patients with the same condition (Baune et al. 2024). This may be 

due to the complex longitudinal datasets and analyses required to develop stratified 

treatment guidance algorithms. Advancing a personalized approach to mental health will 

require robust developments in statistical modeling to unravel the intricate interactions 

of biological and clinical data, as well as the creation of digital, measurement-based tools 

to assess diagnosis, monitor treatment progress, evaluate response, and map disease 

trajectories (Baune 2020). Thus, it has been argued that the success of personalized 

psychiatry rests on technological advances (Perna et al., 2018).  

The studies presented here provide a glimpse of what more personalized treatments 

might look like in the future. However, they all involve individual technological advances 

rather than collecting all potentially relevant patient data and feeding it into large, global 

repositories. Study 1 makes use of a highly digitized and global database of clinical, 

cognitive, and neural data, but the cognitive data shared by the globally dispersed sites 

are so heterogeneous that only a comparatively small sample remains when examining 

the tasks shared by most sites. Digital recording of ECT technical parameters has been 

shown to play a role in adverse cognitive effects (Study 2). However, these data are 

rarely collected by any of the centers and are not shared within GEMRIC. Until recently, 

there was no international data collaboration for rTMS, and data sets large enough to 

investigate personalized treatments are scarce. Therefore, larger and more naturalistic 

datasets of brain imaging and treatment-related data are needed to develop 

individualized treatment decision support tools. While there are a number of databases 

worldwide that focus on psychiatric disorders, very few contain longitudinal treatment 

data (Tanaka et al. 2024). The GEMRIC collaboration, combined with the 

recommendation for harmonized prospective data collection based on transparent 

scientific aspects, may provide a template for a process to achieve such datasets. 
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4.3 Conclusion 

In summary, five studies examined specific symptoms and treatment effects that are 

common to many patients treated for depressive disorders. Brain stimulation treatments 

tend to be complex, and treatment administration as well as the data collected can vary 

considerably between sites. To this end, large cohorts such as GEMRIC need to guide 

which data are collected prospectively, as only homogeneously collected data sets 

provide the basis for robust multisite analyses. We have proposed such a battery for 

international multisite collaboration with a focus on strong psychometrics and minimal 

subject burden. In conclusion, the evidence for ECT effects on cognitive function 

underscores the importance of considering stimulus dose and neuropsychological 

outcomes. Altered reward network responses to social touch in MDD revealed key 

neural differences that may influence affective states in these patients. Individualized 

theta burst stimulation was demonstrated to modulate hippocampal activity and 

connectivity, potentially offering a personalized approach to future treatments. In 

addition, findings on repetitive transcranial magnetic stimulation (rTMS) suggest a 

research gap in non-treatment-refractory depression and encourage further exploration 

of its use in broader clinical populations. Together, these studies highlight the need for 

continued research to refine brain stimulation therapies, optimize their efficacy, and 

minimize cognitive side effects. 
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lagen. Selbst nach etlichen Meinungsverschiedenheiten war er nie nachtragend oder 

rachsüchtig, ich hatte nie das Gefühl, dass sein Vertrauen in meine Fähigkeiten in Frage 

gestellt war, auch wenn ich es selbst in Frage stellte. Danke für die Unterstützung in all 

den Jahren und für unsere gemeinsame Vision. Ein Promotionsprojekt nach 7 Monaten 

Arbeit abzubrechen, nach Bonn zu ziehen und von vorne anzufangen, erfüllte mich nicht 

selten mit Sorge, aber es hat sich als eine der besten Entscheidungen meines Lebens 

herausgestellt (an dieser Stelle möchte ich noch einmal meiner Mutter danken, dass sie 

mich bei dieser Entscheidung unterstützt hat, auch wenn es bedeutete, ihr geliebtes Kiel 

darüber zu verlieren). René, vielen Dank! Ich möchte mich auch bei Prof. Dr. Alexandra 

Philipsen dafür bedanken, dass sie mir den Freiraum und die Unterstützung gegeben 

hat, unsere Forschung auch in Bonn fortzusetzen.  

Ich glaube, dass ich diesen Grad an Unabhängigkeit, um auf meine eigene Weise und 

zu meiner eigenen Zeit zu forschen, nur dank meiner außergewöhnlichen Lehrer:innen 

erreichen konnte. Mein wichtigster wissenschaftlicher Lehrer und persönliches Vorbild, 

dem ich sehr dankbar bin, ist Thorsten Albrecht, Postdoc in der Abteilung für 

Experimentelle Psychologie in Göttingen und mein "Meister". Thorsten, ich habe so viel 

von Dir gelernt, deine Integrität und deine Art zu forschen und zu lehren, haben mich an 

vielen Stellen meiner Karriere geleitet und mir geholfen. Auch in schwierigen Zeiten sind 

wir in Kontakt geblieben, und ich bin stolz darauf, Dich meinen Freund nennen zu dürfen. 

Es ist seltsam, sein Vorbild zum Freund zu haben, aber die Nautibar hat dabei sehr 

geholfen. Ich weiß, dass Du diese Art von Anerkennung nicht wirklich magst, also hoffe 

ich, dass Du diese Zeilen nie lesen wirst, aber falls doch: sorry not sorry. Ich möchte 
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auch Prof. Dr. Uwe Mattler erwähnen, der mir so viele Fähigkeiten beigebracht hat, von 

denen eine immer hervorstechen wird: Integrität. Ich habe von Ihnen viel über belastbare 

Forschung gelernt und von Ihrem ausführlichen Feedback profitiert. Ich erinnere mich 

noch gut an Ihr detailliertes, Punkt für Punkt ausgearbeitetes Feedback bezüglich der 

Verteidigung der Masterarbeit. Dieses und Ihre anderen Feedbacks haben mir auf 

meinem Weg sehr geholfen.  

Alles in allem war das Psychologiestudium in Göttingen eine der besten 

Entscheidungen, die ich je getroffen habe. Es gab so viele Menschen, die mir durch 

schwierige Zeiten geholfen und mir den Weg in die Forschung geebnet haben. Ein Beruf, 

von dem ich nie gedacht hätte, dass ich ihn einmal ausüben würde, der mir jetzt aber so 

viel Freude bereitet. Ich möchte mich bei Björn Albrecht bedanken, der mir so viel über 

Neurowissenschaften beigebracht und viel praktisches Laborwissen vermittelt hat. Ohne 

Franziska Niemeyer und ihre Nachhilfe für die recht schwierigen Statistik I und II 

Vorlesungen von Prof. Willi Hager, zusätzlich zu ihrer Arbeit als Tutorin (welche ich 

dringend brauchte), wäre ich nicht so weit gekommen. Vielen Dank! Ich möchte mich 

auch bei meinen Freunden bedanken, die an mich geglaubt haben und mir versichert 

haben, dass ich in die Forschung gehen "muss", auch wenn mich ihr Vertrauen oft 

überrascht hat. Julian Mutz war derjenige, der am meisten darauf bestanden hat, dass 

ich in der Wissenschaft bleibe. Da er vielleicht der fokussierteste, effizienteste und am 

besten organisierte Forscher ist, den ich je kennengelernt habe, bedeutet mir dieses 

Kompliment sehr viel. Es war und ist ein großes Vergnügen, all die Jahre mit Dir 

zusammenzuarbeiten. Danke, dass du mich ermutigt hast, in der Wissenschaft zu 

bleiben, und dass Du ein enger persönlicher Freund bist. Auch Marie Coenjaerts hat 

mich immer wieder ermutigt, in der Wissenschaft zu bleiben, und dafür danke ich auch 

Dir sehr. Gunnar Gutsche war, bevor er so viel zu tun hatte wie heute, ein großer 

Motivator für mich, in die Wissenschaft zu gehen. Es war eine wahre Freude, mitten in 

der Nacht im BarRacuda über Forschung zu diskutieren. Auch in Zeiten, in denen ich 

meine Entscheidungen oder unser derzeitiges akademisches System in Frage gestellt 

habe, hat mir das Gespräch mit anderen Wissenschaftler:innen immer wieder neue 

Zuversicht gegeben. Clemens Mielacher, ich bin Dir sehr dankbar, dass Du immer offen 

warst für Diskussionen, Visionen und gemeinsame Forschung. In jüngster Zeit bin ich 

sehr dankbar für den wissenschaftlichen Austausch mit Benjamin Selaskowski, der nicht 
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nur als einer der wenigen seine Wertschätzung für einige meiner früheren Arbeiten zum 

Ausdruck gebracht hat, sondern auch eine gemeinsame Vision entwickelt hat. Jedes 

Mal, wenn wir uns unterhalten, jedes Mal, wenn wir über Forschung sprechen, werde 

ich daran erinnert, was mir an dieser Arbeit gefällt. 

Obwohl wir in einem Hochschulsystem arbeiten, in dem ein "guter Lehrer" zu sein nicht 

nur so gut wie keine Auswirkungen auf die Karriere eines jungen Forschers hat, sondern 

an einigen Spitzenuniversitäten sogar als geflügeltes Wort für einen schlechten Forscher 

verwendet wird, habe ich immer sehr gerne unterrichtet, und ich glaube, das hat viel mit 

Reinhart Wolff zu tun, Professor für Theorie und Geschichte der Pädagogik während 

meiner Zeit an der Alice-Salomon-Hochschule in Berlin. Ich habe nie wieder so 

fesselnde Vorlesungen gehört wie Ihre. Dafür bin ich Ihnen sehr dankbar. 

Nicht nur wegen Prof. Wolff war die Alice Salomon Hochschule (ASH) ein Ort, an dem 

ich mich wirklich zu Hause gefühlt habe (vielleicht manchmal ein bisschen zu viel wie 

Hause). Die Menschen, die ich dort getroffen habe, das Wissen, das ich dort erworben 

habe. Keiner der Momente, in denen ich gezweifelt habe, ob ich nach mehr als drei 

Jahren an der ASH ein Vollstudium der Psychologie hätte beginnen sollen, wird jemals 

an die Entwicklung herankommen, die ich als Person während meiner Zeit an der ASH 

gemacht habe. Obwohl wir keinen Kontakt mehr haben, ist Tobias Berger ein guter 

Freund und die Quelle meines ersten wirklich kritischen Denkens, mein 

wissenschaftliches Leben wäre nicht dasselbe ohne Dich. Danke, dass Du die richtigen 

Fragen gestellt hast und mich an Deinem Leben hast teilhaben lassen. Das werde ich 

nie vergessen. Meine Zeit in Bonn wäre nicht die gleiche ohne meinen Kollegen Marcel 

Schulze, der so viel mehr ist als ein Kollege. Neben all den fantastischen 

Forschungsdebatten oder philosophischen Kontroversen, hatte ich manchmal das 

Gefühl, dass Du der Einzige warst, der sich wirklich gefreut hat, wenn ich nochmal in 

Bonn aufgetaucht bin. Ich kann hier nicht angemessen ausdrücken, wie schön es ist, 

Dich als Freund zu haben. Allen anderen Freunden, die diese Forschungsarbeit nicht 

direkt unterstützt haben, sondern sich eher durch ständiges Nachfragen, wann denn 

meine Doktorarbeit fertig sei, hervorgetan haben, danke ich herzlich für ihr großes 

Interesse an meiner Arbeit. Ohne Euch wäre dieser Prozess vielleicht schneller, aber 

sicher weniger episch verlaufen. Ich erinnere mich an so viele tolle Momente, die wir 

gemeinsam erlebt haben und hoffe wie immer, Euch alle bald wiederzusehen.  
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Schließlich erinnere ich mich an meine Kommilitonin Alexandra Wehrmann aus 

Göttingen. Eine wirklich wunderbare, freundliche und gute Seele, die 2013 auf Juist 

brutal umgebracht wurde. Alexandra: Ich werde Dich nie vergessen und bin mir sicher, 

dass ich damit im Namen aller unserer Kommiliton:innen in Göttingen spreche: Du wirst 

immer in unseren Gedanken sein. 
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