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Abstract:  

The ventromedial prefrontal cortex (vmPFC) is associated with emotional states that can be 

characterized as positive affect. Moreover, a variety of psychiatric disorders that are 

associated with disturbed reactions toward reward- or safety-signaling stimuli reveal 

functional or structural anomalies within this area. Thus, neuromodulation of this region via 

transcranial direct current stimulation (tDCS) offers an attractive opportunity to noninvasively 

influence pleasant emotional and reward processing. Recent experiments revealed 

hemodynamic and electrophysiological evidence for valence specific modulations of 

emotional scene processing after excitatory and inhibitory tDCS of the vmPFC. Here, we 

identified that tDCS modulation of vmPFC during emotional face processing results in effects 

convergent with scene processing, in that excitatory tDCS increased neural reactivity during 

happy compared to fearful face perception, whereas inhibitory stimulation led to a converse 

effect. In addition, behavioral data (affect identification of ambiguous expressive faces) 

revealed a bias toward preferential processing of happy compared to fearful faces after 

excitatory compared to after inhibitory stimulation. These results further support the vmPFC 

as an appropriate target for noninvasive neuromodulation of an appetitive processing 

network in patients suffering from disturbed cognition of reward- and safety-signaling stimuli. 

It should however be noted that electrophysiological pre-tDCS differences at earlier time 

intervals of emotional face and scene processing appeared amplified by tDCS, which 

remains to be investigated. 
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1. Introduction 

Perception and evaluation of emotional stimuli from our environment are vital to ensure 

survival and avoid hazardous situations. Beyond this fundamental drive to survive, healthy 

individuals possess an inherent, natural striving to maximize rewarding situations while 

minimizing personal risks and discomfort. Therefore, it is important to the perceiver to not 

only recognize salient stimuli with underlying emotional relevance, but also to categorize 

such stimuli as containing a pleasant or unpleasant valence. Only a few brain regions are 

considered consistently valence specific. As one of those regions, the ventromedial 

prefrontal cortex (vmPFC) has been shown to be particularly sensitive to changes in pleasant 

valence, and many studies point to a general effect independent of stimulus type, revealing 

enhanced vmPFC activation for, e.g., rewarding stimuli (Hajcak Proudfit, 2015; Knutson et 

al., 2003), pleasant visual stimuli (Junghofer et al., 2017; Sabatinelli et al., 2007), or imagery 

of pleasant events (Costa et al., 2010). In a similar but somewhat broader sense, increasing 

vmPFC activation during reduction of pain perception (Atlas et al., 2010) or during perception 

of safety signals in the course of fear extinction (Milad et al., 2007) can also be viewed as 

pleasant valence processing. However, there are also indications for vmPFC effects that 

appear in direct opposition to a specificity for pleasant valence. In their review, Myers-Schulz 

and Koenigs (2012) explain this apparent discordance by suggesting certain sub-areas of the 

vmPFC, only one of which might be connected to pleasant valence. This subarea, the 

anterior vmPFC/perigenual anterior cingulate region, depicts increased activation specifically 

during pleasant valence processing and shows growing activity with successful treatment of 

major depressive disorder (MDD). A subarea in the posterior vmPFC/subgenual cingulate 

cortex on the contrary is found to gain stronger activation in response to unpleasant stimuli 

and reveals relatively increased activity in MDD patients (see Myers-Schulz & Koenigs, 

2012).  

In this context, neuromodulation like subthreshold transcranial direct current stimulation 

(tDCS) offers an attractive opportunity to probe vmPFC function in general emotional and 

pleasant stimulus processing. As tDCS allows a noninvasive cortical excitation or inhibition of 

neuron populations (see Paulus, 2014), it should be possible to directly modulate vmPFC 

activation and to assess vmPFC modulation effects on emotional processing. In fact, there 

are studies reporting effects of tDCS of the vmPFC on emotional processing in the predicted 

direction, i.e., consistent with a specificity for pleasant valence: Chib et al. (2013) for instance 

showed that excitatory vmPFC stimulation led to an increase in face attractiveness ratings as 

well as stronger ventral midbrain activation. Two further studies revealed stimulation effects 

on fear extinction processes: Mungee et al. (2014) reported increased skin conductance 

responses (SCR) after inhibitory stimulation of the vmPFC, reflecting enhanced fear or 

reduced safety learning, while opposite effects on SCRs were shown for an excitatory 
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stimulation paradigm (Van‘t Wout et al., 2016) 1. Taken together, the frequently reported 

valence specificity of the vmPFC and successful stimulation effects as shown by different 

research groups suggest that an excitation of this region by noninvasive brain stimulation, 

especially tDCS, could enhance neural processing of pleasant relative to unpleasant stimuli. 

An initial set of experiments in our lab further supports this hypothesis (Junghofer et al., 

2017). In two independent experiments we investigated emotional scene processing after 

excitatory (anodal) and inhibitory (cathodal) tDCS of the anterior vmPFC, using functional 

magnetic resonance imaging (fMRI) and magnetoencephalography (MEG). Excitatory 

stimulation led to increases of neural activation specifically for pleasant scenes compared to 

unpleasant scenes in a distributed brain network including regions previously linked to 

emotional scene perception (Sabatinelli et al., 2011). Moreover, the opposite hemodynamic 

and electrophysiological activation patterns were shown after inhibitory stimulation, such that 

greater activation was evoked during unpleasant in comparison to pleasant scene 

perception. Magnetoencephalographic correlates of these valence specific brain stimulation 

effects covered early (<100 ms), mid-latency (100-300 ms) and late (300-600 ms) processing 

stages and were found at occipital, temporal, and occipito-temporal areas of the ventral 

visual processing stream as well as prefrontal cortex (PFC) regions. Timing and location of 

these clusters converged with models of salience detection in human PFC modulating scene 

processing in visual cortex regions (e.g., Freese & Amaral, 2006; Pessoa & Adolphs, 2010; 

Vuilleumier, 2005). In fact, salient stimuli which activate the appetitive or defensive system 

for preparation of approach or avoidance behavior, receive enhanced attention compared to 

irrelevant stimuli, and this leads to amplified perceptual processing (Lang et al., 1997). 

Electrophysiological (EEG/MEG) correlates at early, mid-latency, and late time intervals 

reflecting enhanced sensory processing of emotional visual stimuli are rather similar across 

different visual stimulus types, such as emotional scenes (e.g., Schupp et al., 2006), 

emotional faces (e.g., Morel at al., 2009; Rellecke et al., 2013; Schupp et al., 2004), 

emotional words (e.g., Kissler et al., 2007), or emotional gestures (Flaisch et al., 2009).  

Based on the hypothesis that activity in the anterior vmPFC is associated with emotion-

related states characterized as pleasant (Myers-Schulz & Koenigs, 2012), it could be 

assumed that excitatory tDCS of the vmPFC might evoke a positivity bias for emotional 

stimuli in general. If this is the case, the same modulations of valence biases as found for 

emotional scene processing after vmPFC-tDCS (Junghofer et al., 2017) should generalize to 

other stimulus categories such as emotional faces, words, or gestures. For a first approach 

                                                           
1
 It should be noted that these studies did not apply quasi reference free stimulation paradigms. 

Mungee et al. (2014) and Chib et al. (2013) placed the reference electrode above the dorsolateral 
PFC und thus simultaneously and inversely stimulated a main hub of top-down emotion regulation 
(e.g., Ochsner & Gross, 2005) while Van‘t Wout et al. (2016) used the right mastoid as reference, 
which is in direct vicinity to visual (occipito-temporal) brain regions. Hence, this makes interpretation of 
the underlying effects more complex due to two simultaneously and inversely stimulated regions.  
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to test a generalization of vmPFC-tDCS effects we here employed emotionally expressive 

faces, as these have been investigated in a wide range of emotional neuroscience studies 

(Adolphs, 2002; Sabatinelli et al., 2011; Vuilleumier & Pourtois, 2007). Happy and fearful 

faces generally predict reward or punishment, safety or danger, and are often associated 

with symptomatology of emotional disorders (e.g., Foti et al., 2010; Moser et al., 2008; Opel 

et al., 2017). Our initial experiments testing the modulatory impact of tDCS on vmPFC 

(Junghofer et al., 2017) focused on neural effects of modulation and employed an 

experimental design and evocative scene stimuli that are less amenable to the detection of 

behavioral modulation effects. To assess potential behavioral effects of vmPFC stimulation, 

we here applied a task in which we measured categorization of ambiguous face stimuli 

morphed between happy and fearful in expression (face-morph task). Furthermore, to 

investigate behavioral attention modulation effects by vmPFC-tDCS, we conducted a dot-

probe task using prototypical happy and fearful faces as cues.  

In the face-morph task, we expected faces with ambiguous expressions to be categorized 

more often as happy than fearful (positivity bias) after excitatory vmPFC-tDCS and to be 

categorized more often as fearful than happy (negativity bias) after inhibitory stimulation. 

With regard to the dot-probe task, we predicted an increased orienting toward happy faces 

and away from fearful faces (positivity bias) after excitatory vmPFC-tDCS and increased 

orienting toward fearful faces and away from happy faces (negativity bias) after inhibitory 

vmPFC-tDCS. For the magnetoencephalographic correlates, we expected the above 

described activation patterns in early, mid-latency, and late time intervals within frontal and 

occipital, temporal, and occipito-temporal regions, in the same direction as those reported for 

emotional scenes (Junghofer et al., 2017), with excitatory vmPFC-tDCS leading to increased 

activation for happy compared to fearful faces and inhibitory vmPFC-tDCS leading to 

reduced activation for happy compared to fearful faces. An additional conjoint analysis 

across the MEG data from the current study (tDCS-vmPFC effects on emotional face 

perception) and the data from the previous study (tDCS-vmPFC effects on emotional scene 

perception) was performed to statistically validate generalization across these two commonly 

used emotional media and to identify potential media specific tDCS-vmPFC effects. 

 

2. Methods 

2.1. Participants 

Forty healthy students (20 female) of the University of Muenster gave written informed 

consent and participated in the study, which had been approved by the University’s Human 

Subjects Review Board. As compensation every participant received 50 €. Before the 
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experimental session, participants completed the Beck Depression Inventory II (BDI-II; Beck 

et al., 1996) and the State Trait Anxiety Inventory (STAI; Laux et al., 1981) as well as the 

Symptom Check List (SCL-90-S; Franke, 2014) at the end of session (see Table 1).   

2.2. tDCS  

A DC Stimulator Plus (NeuroConn) applied a constant current of 1.5 mA for 10 min (0.9 C 

overall charge) through a pair of electrodes covered in saline-soaked sponges during each of 

two stimulation runs. Finite element method (FEM) based forward modeling of tDCS currents 

(Wagner et al., 2014) with a target of maximal unipolar stimulation of the anterior vmPFC and 

minimal stimulation of other brain areas resulted in a forehead-chin montage with a 3 x 3 cm 

forehead electrode located at mid-distance between 10-20 electrode positions Fz and Fp 

serving as stimulating component and a 5 x 5 cm electrode under the chin as an 

extracephalic reference (Fig. 1A; Junghofer et al., 2017). This kind of stimulation circumvents 

the inherent reference problem of tDCS (i.e., simultaneous inhibitory neuronal stimulation 

under cathodal and excitatory stimulation under anodal electrode) and can thus be termed 

‘quasi’ reference free. Stimulation parameters (strength, duration, electrode size) were the 

same as in preceding studies to foster comparability. During excitatory or inhibitory 

stimulation, the forehead electrode was used as anode or cathode, respectively. The order of 

stimulation (excitatory-inhibitory or inhibitory-excitatory) was balanced across participants, 

who were blind to the stimulation conditions.  

2.3. Stimuli 

Stimuli consisted of photographs of human faces of different individuals with happy, 

fearful, and neutral expressions, taken from the Karolinska Directed Emotional Faces 

Database (Lundqvist et al., 1998), NimStim Set of Facial Expressions (Tottenham et al., 

2009), and Radboud Faces Database (Langner et al., 2010). Stimuli were transformed into 

grayscale and overlaid on a gray background using Photoshop (Adobe Systems). 

For the MEG measurement and each behavioral task, different subsets of faces were 

used. The presentation during MEG recording featured 64 stimuli, with 32 happy faces and 

32 fearful faces of 64 different individuals. The face-morph task was assessed using four 

stimulus pairs featuring a happy and a fearful expression per each of four individuals. In the 

dot-probe task, face pairs of 20 individuals were used, showing each individual with happy 

and neutral or fearful and neutral expression per trial (60 different stimuli overall). Across all 

subsets of stimuli, face stimulus gender was equally balanced. All stimuli had a resolution of 

1024 x 768 pixels and did not differ significantly in luminance and contrast between 

conditions. More detailed descriptions about the respective stimuli can be found in the 

sections regarding the conducted tasks. 
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2.4. Procedure 

Each participant's head shape was first registered using a 3Space Fastrak (Polhemus), 

after which they were seated in the MEG chamber for an acclimation series, in which all 

stimuli were presented twice. Immediately following, participants were instructed to remain 

still during the event-related MEG measurement, in which the stimuli were presented again 

three times. For all MEG runs, order of stimulus presentation was pseudorandomized with an 

average duration time of 7 min per run. Subsequent to this measurement, the first of two 

tDCS runs was prepared and conducted. Following this, the first post-tDCS MEG 

measurement was assessed. Then participants accomplished the face-morph (8 min 

duration) and dot-probe tasks (15 min duration), followed by a break (60 min duration), 

resulting in an interval of approximately 90 min between the first and second tDCS session to 

allow for dissipation of modulatory effects (Nitsche et al., 2005). After the second tDCS 

session, participants were seated again in the MEG scanner for the second post-tDCS MEG 

measurement, followed by both behavioral tasks (see Fig. 1B for an overview of the 

procedure). Order of the behavioral tasks was balanced across participants with half of the 

participants starting both behavioral test sessions with the dot-probe task and the other half 

with the face-morph task. 

2.5. Behavioral tests 

Both behavioral tests were conducted in computerized form. A DirectIN PCB keyboard 

(Empirisoft) was used to keep temporal jittering by the reaction time input device at a 

minimum (<1 ms). Stimulus presentation was accomplished with an 85 Hz G90fB CRT 

monitor (ViewSonic). 

2.5.1. Face-morph task 

We conducted the face-morph task (adapted from McMahon & Leopold, 2012) to 

investigate modulation of emotional categorization of ambiguous facial expressions induced 

by tDCS of the vmPFC. Ambiguous facial expressions were created by morphing images that 

depicted the same individual with happy or fearful expressions using PsychoMorph software 

(users.aber.ac.uk/bpt/jpsychomorph; Tiddeman & Perrett, 2002). Morphing resulted in a face 

expression continuum ranging from a purely happy (100% happy, 0% fearful) to a purely 

fearful expression (0% happy, 100% fearful) in 101 steps. From this continuum, participants 

viewed the morph step with maximal ambiguity of categorization – also referred to as 

perceptual midpoint (PM) – and six neighboring morph steps corresponding to PM ±8%, PM 

±16% and PM ±24% (i.e., seven total morph stimuli for each of four pairs; Fig. 2A), and were 

asked to categorize each face stimulus as happy or fearful by button press. The PM of each 

stimulus pair was assessed in a pre-test with eight participants not included in the MEG 
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study group. The PM, as estimated in the pre-test, corresponded to the point in which 

morphs were judged 50% of the time as fearful and 50% as happy, such that the six 

neighboring steps would allow for an optimal Weibull function fit of individual reactions. 

After two preparation blocks to familiarize the participant with the procedure, the task 

block began. During the task block, morphed stimuli were presented in 112 trials with 

repetition of all seven morph steps 16 times. Each morph step would be presented once, 

before being repeated within a new random order. Participants were asked to determine by 

button press as quickly and as accurately as possible whether they perceived the presented 

face as either happy or fearful. A single trial consisted of the presentation of a fixation cross 

for 500 ms followed by a morph stimulus for up to 2000 ms duration, terminated by the button 

press. Trials with no button press during time of presentation counted as ‘miss’. The 

procedure as described above (two preparation blocks, one task block) was repeated for all 

four face pairs. The morphing task was written and executed with the Psychophysics Toolbox 

software package (Brainard, 1997) in MATLAB (The MathWorks).   

Data were used to fit the Weibull cumulative distribution function (  with 

parameters α (scale parameter) and β (shape parameter). This fit was calculated across all 

face pairs within every participant. In addition, a parameter describing the goodness of fit of 

the function to the data was calculated. Analysis comprised t-tests for the variables 

Modulated PM (mPM), the shape parameter β, and the goodness of fit between both post-

stimulation runs. Preceding the statistical analysis, all error trials as well as all trials with 

reaction times < 100 ms or > 3000 ms were excluded. This interval was chosen to allow for a 

later comparison with clinical samples which may show deficits in psychomotor speed. In 

succession, mean reaction times were calculated for each participant individually to exclude 

outliers, i.e., trials with reaction times > 3 x standard deviation. Identified by QQ-plots and 

box plots as outlier, one participant had to be excluded. Further, for the dependent variable 

Reaction Time an rmANOVA with factors Morph Step (H 24%, H 16%, H 8%, 0% (mPM), F 

8%, F 16%, F 24%; H: Happy, F: Fearful) and Stimulation (Excitatory, Inhibitory) was run. 

Participants’ choice of category (Happy, Fearful) was not included as a factor in the 

rmANOVA due to too many missing cases, as most participants categorized faces with 

higher amounts of happiness persistently as happy and vice versa for faces with higher 

amounts of fear.  

2.5.2. Dot-probe task 

The dot-probe task (adapted from MacLeod et al., 1986) was conducted to investigate 

tDCS induced changes in attentional orienting toward or away from emotional facial stimuli. 

In this task, participants were asked to identify the location of a dot, which was presented on 

the left or right side of a monitor and was preceded by face cue pairs with an emotional face 
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cue presented either at the dot-location (congruent) or at the opposite location (incongruent). 

Accelarated or slowed reaction times are inferred as representing attention to the chosen 

stimulus of focus. This relation can be simplified by the formula of the attentional bias 

(MacLeod & Mathews, 1988), which describes the difference between reaction times after 

incongruent and congruent cues. Using face pairs with emotional and neutral expressions as 

cues, it is possible to analyze the impact of emotional relative to neutral cues at dot-

congruent and dot-incongruent positions. 

In preparation for this task, participants were informed that they would see a centered 

white fixation cross followed by a white dot either on the left or on the right side of the 

monitor. Both index fingers rested on a left and right button of the keyboard and participants 

were asked to press the button corresponding to the correct side as quickly as possible when 

a dot appeared. They were also told that before the appearance of the dot, two photographs 

would be presented for a short duration. These photographs contained an emotional (happy 

or fearful) and a neutral face of the same individual and were presented simultaneously at 

the location where the dot would later appear.  

A trial consisted of a presentation of the fixation cross for 1000 ms, followed by the 

stimulus pair for 1000 ms. Subsequent to the stimulus pair, the dot was presented until a 

button press was recorded. Each participant completed 160 trials with 80 pairs of happy and 

neutral, and 80 pairs of fearful and neutral facial expressions. During half of the trials (40 per 

group) the dot appeared at the position of a previously located emotional stimulus 

(congruent), while during the remaining trials the dot appeared on the opposing side 

(incongruent). Side of appearance for congruent and incongruent trials was balanced across 

trials. The dot-probe task-script was written and run with Presentation software 

(Neurobehavioral Systems). 

Exclusion of errors and outliers was similar to the face-morph task leading to a drop out of 

one participant. The attentional bias was calculated as follows:  with 

R = right, L = left, d = dot, e = emotional face. A positive value thus indicates a faster reaction 

for congruent trials relative to incongruent trials, whereas a negative value indicates faster 

response for incongruent trials relative to congruent trials. An rmANOVA with dependent 

variable Attentional Bias and factors Valence (Happy, Fearful) x Stimulation (Excitatory, 

Inhibitory) was then calculated. Statistical analysis of all behavioral data was conducted with 

SPSS (IBM).  

2.6. MEG measurement and analysis 

Event-related magnetic fields were measured during 192 trials including two repetitions of 

each of the 64 face stimuli. A trial consisted of a face presentation for 600 ms followed by a 
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jittered interstimulus interval (ISI) of 1000 – 2000 ms in which a gray background with a white 

fixation cross was displayed. Stimuli were presented in pseudorandomized order (controlled 

transitions of emotional categories) and did not repeat until the complete set of 64 individual 

face stimuli had been presented. For each measurement block (pre-tDCS, post-tDCS I, post-

tDCS II), a different pseudorandomized order of stimulus presentation was used. Visual 

angle of presentation was 8.4° vertically and varied horizontally due to individual stimulus 

head shapes. 

MEG measurement was conducted with a 275 whole-head sensor system (CTF Systems) 

with first-order axial gradiometers. To measure head movement during MEG recording, 

landmark coils were positioned on the nasion and in each earlobe. Head movement was 

defined as maximal deviation from the head’s position at the beginning of an MEG run. Head 

movements of participants did not exceed 5 mm per run. MEG data was recorded 

continuously with a sampling rate of 600 Hz spanning a frequency range of 0 – 150 Hz to 

guarantee anti-aliasing filtering. Afterwards, data was sampled down to 300 Hz, high-pass 

filtered using a zero-phase Butterworth second-order filter of 0.1 Hz and low-pass filtered 

applying a fourth-order 48 Hz cutoff.  

Sampled data was then split into single epochs of 800 ms length, ranging from -200 ms 

before to 600 ms after stimulus onset. Each epoch was baseline-adjusted by subtracting the 

mean activity of the 150 ms period prior to stimulus onset. All epochs per condition were then 

averaged. Underlying neural sources were estimated using the L2-Minimum-Norm estimation 

(L2-MNE; Hämäläinen & Ilmoniemi, 1994). A spherical shell with evenly distributed 2 x 350 

dipoles served as a source model. Topographies of the L2-MNE were established with a 

Tikhonov regularization parameter of k = 0.1. 

rmANOVAs with within-factors Stimulation (Excitatory, Inhibitory) and Valence (Happy, 

Fearful) were calculated for each estimated neural source and each time point. We searched 

for clusters showing a significant interaction effect of Stimulation x Valence. A nonparametric 

statistical testing procedure similar to the cluster mass-test used for analysis of fMRI data 

was applied that included correction for multiple comparisons (see Maris & Oostenveld, 

2007). Corresponding to the intervals of analysis used by Junghofer et al. (2017) and 

described above, we defined early (0-100 ms), early to mid-latency (100-200 ms), mid-

latency to late latency (200-300 ms) and late latency (300-600 ms) time intervals for separate 

statistical analyses.  

Within each time interval, only estimated sources were considered for analysis that 

showed a significant interaction of Stimulation x Valence surpassing p-value < .05 (sensor-

level criterion). Resulting F-values of the underlying sources forming a spatio-temporal 

cluster were then summed to constitute the cluster mass. Cluster masses were evaluated 
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against a distribution of 1,000 random permutations of the same data set. When the cluster 

mass was higher than the critical cluster mass of this distribution corresponding to a p-value 

= .05 (cluster-level criterion), the cluster was considered significant. In the case of clusters 

reaching an interval border of the predefined time intervals, analysis was repeated for an 

extended interval in steps of 50 ms, and collapsed across the original and preceding or 

subsequent interval, respectively. By this means it was possible to assess if the found cluster 

actually began or ended with the interval or if it was temporally extended. In case of new 

clusters appearing due to the extension of an interval, these findings were not considered.  

Due to our focus on the hypothesized interaction of pleasant vs unpleasant valence 

modulated by excitatory and inhibitory tDCS in opposite ways, only post-stimulation runs 

were analyzed, initially. To further test for consistencies and differences of this relevant 

interaction across different stimulus types (pleasant and unpleasant scenes (Junghofer et al., 

2017) and pleasant/happy and unpleasant/fearful faces), an additional three-way mixed-

model ANOVA with within-factors Stimulation (Excitatory, Inhibitory) and Valence (Pleasant, 

Unpleasant) and a between-factor Stimulus Type (Faces, Scenes) was conducted across 

both study samples. Age and gender distribution of both subject groups were comparable 

(see Table 1) and relevant characteristics of the passive viewing task (ISI, number of trials, 

trial duration) were identical (see Supplementary Table 1).   

Preprocessing and analysis of MEG data was conducted using the MATLAB based 

software EMEGS (emegs.org; Peyk et al., 2011). 

3. Results 

3.1. Behavioral tests 

3.1.1. Face-morph task 

3.1.1.1. Modulated perceptual midpoint (mPM) 

A two-tailed t-test revealed a significant difference in mPM location after excitatory versus 

after inhibitory stimulation (t(38) = 2.05, p = .047) with the mPM displaced toward the fearful 

pole after excitatory stimulation (Fig. 2B). Thus, after excitatory compared to inhibitory 

stimulation, perception of ambiguous faces showed a positivity bias, as a lesser amount of 

happiness in the faces was necessary to lead to a categorization as happy, and/or a higher 

percentage of fearful expression in a morph stimulus was necessary to lead to a 

categorization as fearful.  

3.1.1.2. Shape parameter β and goodness of fit 
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As the data for the shape parameter β and for the goodness of fit-parameter significantly 

deviated from normality for both conditions, Excitatory and Inhibitory, a nonparametric 

Wilcoxon-test was calculated to test for differences. For both parameters no differences were 

found yielding nonsignificant results for β (Z = -0.31, p = .757) and the goodness of fit (Z = -

1.14, p = .253). Furthermore, the number of misses in this task were low in both stimulation 

conditions (Excitatory: Mean: 0.54%, SD: 0.78, range: 0 – 3.35%; Inhibitory: Mean: 0.3%, 

SD: 0.34, range: 0 – 1.34%).  

3.1.1.3. Reaction time 

For the analysis of Reaction Time a significant main effect for the factor Morph Step 

(F(6,234) = 51.24, p < .001) was observed (Fig. 2C). Within-subjects contrasts revealed the 

expected inverse quadratic contrast of decreasing reaction times with decreasing valence 

ambiguity, and longest reaction times at the mPM (quadratic: F(1,39) = 104.05, p < .001) but 

also a linear contrast (F(1,39) = 15.24, p < .001) due to generally faster reactions evoked by 

fearful compared to happy faces as well as higher order effects (cubic:  F(1,39) = 11.68, p = 

.001; quartic: F(1,39) = 15.15, p < .001). 

Although within-subjects effects for Stimulation and the interaction of Stimulation x Morph 

Step were nonsignificant (F(1,39) = 0.04, p = .849; F(6,234) = 1.35, p = .237), a trend-level 

cubic effect for the interaction Stimulation x Morph Step occurred (F(1,39) = 3.92, p = .055) 

(see Fig. 2C). Visual inspection of the data led to the post hoc hypothesis that the tDCS 

might have had a stronger impact on ambiguous stimuli while effects on quite distinct stimuli 

were, presumably due to floor effects, reduced. Testing this possibility, another rmANOVA 

was conducted without the most distinct morph steps (H 24%, F 24%), which were rated as 

happy or fearful respectively without any variance in more than half of all participants. In this 

analysis, the cubic within-subjects contrast for interaction Stimulation x Morph Step reached 

significance (F(1,39) = 5.39, p = .026) qualified by relatively faster responses for happier 

faces and slower responses for more fearful faces after excitatory stimulation and an inverted 

pattern after inhibitory stimulation.  

3.1.2. Dot-probe task 

Analysis of the dot-probe task data showed no significant effects for Stimulation (F(1,38) = 

2.41, p = .129), Valence (F(1,38) = 0.38, p = .544), or the interaction of Stimulation x Valence 

(F(1,38) = 0.42, p = .521). Average errors were 1.34% (SD: 1.7, range: 0 – 8.13%) and 

1.44% (SD: 2.16, range: 0 – 11.25%) for conditions Excitatory and Inhibitory, respectively.  

3.2. MEG 

3.2.1. Interaction Stimulation x Valence: Faces 
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In two of the predefined time intervals, spatio-temporal clusters for the predicted two-way 

interaction Stimulation x Valence were significant. A widely distributed and sustained cluster 

(357-507 ms, Cluster Mass (CM): 5252.9, Critical Cluster Mass (CCM): 1507.5) appeared in 

a late time interval spanning from occipital cortex over parietal, temporal, and frontal areas 

covering lateral dorsal and ventral regions revealing a significant interaction consistent with 

our hypothesis (Fig. 3A). Specifically, happy faces evoked increased activation in 

comparison to fearful faces after excitatory stimulation, whereas fearful faces evoked more 

activation compared to happy faces after inhibitory stimulation.  

A second, more focal and short-lived cluster (193-240 ms, CM: 802.9, CCM: 674) in the 

early to mid-latency time interval occurred over right temporal regions and revealed relatively 

increased processing of fearful compared to happy faces after excitatory stimulation, while 

inhibitory stimulation led to an opposite activation pattern (Fig. 3B). 

3.2.2. Interaction Stimulation x Valence: Faces and Scenes  

The cluster permutation calculated for the combined studies (happy, fearful faces and 

pleasant, unpleasant scenes) again revealed a widely distributed and sustained spatio-

temporal cluster for the interaction Stimulation x Valence (330-583 ms, CM: 7364, CCM: 

1704) covering right occipito-temporal as well as frontal areas (Fig. 4A). Post hoc two-way 

ANOVAs of this cluster with factors Stimulation and Valence split up for Stimulus Type 

revealed significantly increased processing of both happy faces (F(1,38) = 21.44, p < .001) 

and pleasant scenes (F(1,28) = 26.99, p < .001) after excitatory compared to after inhibitory 

stimulation (Fig. 4B). There were no clusters with the opposite activation pattern. 

Three clusters revealed significant three-way interactions (Stimulation x Valence x 

Stimulus Type): A first short-lived cluster appeared at a very early latency (37-77 ms, CM: 

436, CCM: 270.5) at a medial prefrontal region with an activation pattern consistent with our 

hypotheses (i.e., positivity bias after excitatory tDCS and negativity bias after inhibitory tDCS) 

for facial stimuli and a reversed pattern (i.e., negativity bias after excitatory tDCS and 

positivity bias after inhibitory tDCS) for emotional scenes (Fig. 5A). 

A second cluster was found in a sustained interval (167-320 ms, CM: 2244.6, CCM: 

1154.5) at right inferior temporal regions (Fig. 5B). Convergent to the right temporal cluster 

found for Faces only (Fig. 3B), this temporally and spatially overlapping cluster showed an 

inverted stimulation pattern for emotional faces while neural activity evoked by emotional 

scenes revealed the predicted direction of stimulation effects. 

Finally, a third cluster appeared during mid-latency (210-287 ms, CM: 654.9, CCM: 652), 

at right occipital cortex revealing a stimulation pattern for Scenes consistent with our 

hypotheses, while for Faces no differences between categories could be observed (Fig. 5C). 
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In this third and the second cluster, the direction of effects was inverted with respect to the 

first cluster (i.e., positivity bias for faces but negativity bias for scenes). For all three-way 

ANOVAs post hoc two-way ANOVAs were conducted split up for factor Stimulus Type 

(Supplementary Table 2).  

3.2.3. Interaction Valence x Stimulus Type: Pre-tDCS 

Based on the partly diverging stimulation effects on emotional faces and scenes, we 

analyzed post hoc whether there were any significant differences in processing of pleasant 

and unpleasant stimuli between both studies independent of tDCS. Therefore, we searched 

for clusters with a significant two-way interaction of Valence x Stimulus Type for the pre-

tDCS MEG runs. As such we found an extended and sustained cluster (130-460 ms, CM: 

21581.4, CCM: 2582.5) with an increased activation for pleasant compared to unpleasant 

scenes but lower activation for happy in comparison to fearful faces (Fig. 6). This result 

indicated that emotional faces and scenes show divergent modulation regarding valence 

during mid-latency and beginning late latency.  

3.2.4. Interaction with factor Hemisphere 

All clusters, which were situated in one hemisphere, were checked for lateralized effects 

post hoc. For this reason, a region of interest (ROI) containing the dipole positions 

contralateral to the original cluster was defined, and the additional factor Hemisphere (Left, 

Right) was included in the analysis run now across the original and the contralateral cluster. 

For clusters with slight hemispheric overlap the overlapping dipole positions were excluded 

beforehand. This procedure was applied to all clusters described above, except for the 

bilateral cluster at prefrontal cortex (Fig. 5A) and the cluster showing a large prefrontal, 

bilateral overlap during pre-tDCS assessment (Fig. 6).  

The analysis of the event-related data with faces only yielded significant effects for the 

interaction Stimulation x Valence x Hemisphere during the mid-latency (193-240 ms; F(1,38) 

= 7.64, p = .009) and the late latency cluster (357-507 ms; F(1,38) = 7.14, p = .011). For the 

right temporal cluster, which had shown a significant three-way interaction of Stimulation x 

Valence x Stimulus Type during the mid-latency time window (167-320 ms), a significant 

four-way interaction of Stimulation x Valence x Stimulus Type x Hemisphere emerged as well 

(F(1,66) = 8.51, p = .005), whereas for the right occipital cluster (210-287 ms) the four-way 

interaction did not reach significance (F(1,66) = 1.34, p = .251). The post hoc-analysis of the 

cluster during late latency (330-583 ms) showing a significant effect for the interaction 

Stimulation x Valence across both stimulus types revealed no significant three-way 

interaction Stimulation x Valence x Hemisphere (F(1,66) = 0.64, p = .428). In summary, a 

right lateralization can be assumed for the effect of Stimulation x Valence in temporal cortex 
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(193-240 ms) during mid-latency and occipital, temporal, parietal, and frontal areas during 

late latency (357-507 ms) for the processing of emotional faces. Furthermore, for interaction 

Stimulation x Valence x Stimulus Type the effect within right temporal regions was 

hemisphere specific, whereas the right occipital cluster did not show a right lateralization for 

the same interaction. Analysis of lateralization did not reach significance for the conjoint 

analysis across studies of type Stimulation x Valence in right occipital, temporal, parietal, and 

frontal areas. 

4. Discussion 

The aim of this study was to investigate if modulation of emotional scene perception 

induced by tDCS of vmPFC (Junghofer et al., 2017) would be also demonstrable in neural 

and behavioral measures of sociocommunicative face perception. Thus, we presented happy 

and fearful faces in a passive viewing task during MEG measurement and assessed 

behavioral data testing for expected shifts of attentional and interpretational biases during 

perception of happy and fearful faces as well as ambiguous stimuli containing both emotional 

expressions.  

In the MEG analysis of estimated sources, we found a long-lasting and widely distributed 

spatio-temporal cluster within the late time interval (357-507 ms) spanning across right 

lateralized occipital, temporal, parietal, and frontal areas with an interaction for Valence x 

Stimulation (Fig. 3A), with increased activation during happy faces compared to fearful faces 

after excitatory stimulation and the reverse effect after inhibitory stimulation. This cluster 

corresponds in time and location with recent findings during emotional scene perception 

(Junghofer et al., 2017). The combined analysis across both stimulus types (Faces, Scenes; 

Fig. 4) revealed the same cluster interaction across an extended interval (330-583 ms), 

further supporting our hypothesis of a valence specific, but stimulus general area within 

vmPFC that is modulated by tDCS. Affected regions point to visual emotional processing, as 

ventral and dorsal pathways originating in occipital cortex and travelling along parietal to 

frontal and temporal cortices are involved (Schupp et al., 2006; Vuilleumier, 2005). In 

addition, the relative timing of activation in both clusters indicate temporal activation within 

the interval of the Late Positive Potential component (LPP), which increases during 

processing of emotional material and usually starts around 300 ms and typically lasts until 

the end of stimulus presentation2 (Cuthbert et al., 2000; Schupp et al., 2006). 

Results of the behavioral face-morph task align with the MEG findings within late time 

intervals and further support the hypothesis that valence specific vmPFC regions can be 

modulated by tDCS. After excitatory relative to inhibitory stimulation, participants required a 
                                                           
2
 With the fixed stimulus presentation time of 600 ms, stimulus offset-expectancy processes might account for 

the breakdown of significance slightly before stimulus offset. 
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higher degree of fearful expression in an essentially ambiguous face to categorize it as 

fearful, and/or a lesser amount of happiness to categorize it as happy (Fig. 2B). Various 

studies in decision making also identified the vmPFC as core region for coding the overall 

reward value of stimuli (e.g., Kahnt et al., 2011). This may be interpreted such that the 

reward value of happy faces increased and the value of fearful faces decreased after 

excitatory vmPFC stimulation eventually leading to the observed biased valence decisions. 

This behavioral evidence for modulation of emotional stimulus evaluation and eventual 

decision making after a single tDCS session is remarkable considering that the behavioral 

tests invariably followed the MEG session and thus occurred within a period of reduced 

modulatory effects (Nitsche et al., 2008). Furthermore, analysis of reaction times within the 

face-morph task showed a cubic trend for the interaction Stimulation x Morph Step (Fig. 2C). 

After exclusion of the most distinct morph stimuli with almost perfect identification, the 

interaction of Stimulation x Morph Step revealed a significant cubic effect with relatively 

decreased reaction times after excitatory compared to inhibitory stimulation for ambiguous 

faces with a greater degree of happiness. The reverse effect was observed for ambiguous 

faces with higher amounts of fear. This systematic influence on response speed indicates a 

bias towards a facilitated identification of happiness after excitatory, but fear after inhibitory 

vmPFC stimulation. This bias was only present for the more ambiguous faces, consistent 

with the modest modulation parameters and available flexibility in face appraisal.  

In addition to the electrophysiological and behavioral evidence supporting our hypotheses, 

the MEG analysis also identified an inferior temporal cluster, which, although more focal and 

phasic (193-240 ms) than the primary effects, showed enhanced activation in response to 

fearful faces compared to happy faces after excitatory compared to after inhibitory 

stimulation (Fig. 3B). In this time interval, no cluster with convergent effects across both 

stimulus types (scenes, faces) was found, indicating that this mid-latency inverse effect may 

be face specific. In fact, a three-way interaction for Stimulation x Valence x Stimulus Type 

revealed a significant cluster within this region between 167 and 320 ms and a second right 

occipital cluster in a similar time interval (210-287 ms), where Stimulus x Valence 

interactions for emotional scenes led to the predicted outcome, whereas opposing effects 

were found for facial stimuli (Fig. 5B & C; Supplementary Table 2). Moreover, a mixed-model 

ANOVA for interaction Valence x Stimulus Type of pre-tDCS activity also revealed a 

temporally overlapping cluster (130-460 ms) covering the right temporal cortex as well as 

large areas of right parietal cortex and bilateral prefrontal cortex (Fig. 6). While processing of 

pleasant scenes evoked increased neural activation in comparison to unpleasant scenes 

(positivity bias) in this cluster, fearful faces evoked greater activation relative to happy faces 

(negativity bias). Interestingly, when comparing this pre-tDCS pattern with the post-excitatory 

tDCS activation (blue bars in Fig. 5B & C), a similar direction of interaction was observed. In 
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contrast, after inhibitory stimulation, there was a drop in activation particularly for pleasant 

scenes and fearful faces (orange bars in Fig. 5B & C). One interpretation of this effect is that, 

in addition to hedonic stimulus valence, the amount of emotional arousal evoked by the 

stimulus might have contributed to the MEG signal amplitude. In fact, emotional arousal is 

the main factor for the modulation of affect-related ERP components like the Early Posterior 

Negativity (EPN) and LPP (e.g., Junghofer et al., 2001; Keil et al., 2002; Schupp et al., 

2006). For the large pre-tDCS effect (Fig. 6), it is hard to disentangle effects of hedonic 

valence and emotional arousal. However, as subjective stimulus arousal was not controlled 

in this experiment, it is possible that there was a systematic difference such that pleasant 

scenes evoked greater arousal than unpleasant scenes, while fearful faces evoked higher 

arousal than happy faces. Therefore, under these conditions, the reported three-way 

interaction could indicate that after excitatory tDCS of vmPFC, no change had been induced, 

or a priori arousal differences have been amplified, respectively, while after inhibitory tDCS, 

stimuli with potentially higher arousal potential had been attenuated. Although these possible 

stimulus type specific effects on tDCS modulated arousal appear smaller, more focal and 

less sustained than the observed effects on hedonic valence, future studies should 

investigate possible co-modulations further.  

Finally, a third cluster in a very early time window (37-77 ms) at medial prefrontal areas 

(Fig. 5A) revealed a significant three-way interaction with an activation pattern inverted to the 

mid-latency three-way interactions (Fig. 5B & C). This quite early effect did not show a priori 

pre-tDCS differences of valence processing between stimulus categories. However, a meta-

analysis of neuroimaging studies on emotional face and scene perception (Sabatinelli et al., 

2011) revealed stimulus specific sub areas in medial prefrontal cortex regions. Thus, this 

early three-way interaction might reflect stimulus type specific effects, which however awaits 

confirmation by future studies. 

Results of the post hoc-analyses of hemispheric dominance indicate stimulus processing 

with partially stronger right lateralization. Alhough the interaction effect of Stimulation x 

Valence across stimulus types did not reach significance, inspection of the MEG findings for 

emotional scenes only (Junghofer et al., 2017) show effects in a high number of right situated 

regions across time. In context of bottom-up attention processes this right hemispheric 

dominance conforms with the strongly right lateralized ventral stream of bottom-up attention 

processes (ventral attention network or task-negative network) which can be found amongst 

others in right temporal parietal junction and right ventral frontal cortex, and of which the 

vmPFC is a major hub (Corbetta & Shulman, 2002; Fox et al., 2006).  

Taken together, we find strong tDCS modulation effects consistent with our hypotheses 

and across stimulus types first appearing at 330 ms and lasting until 583 ms after stimulus 
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onset. It might be possible that the vmPFC-tDCS modulation shows full effect not before late 

time intervals. For example, Sabatinelli et al. (2013) report significant correlations between 

LPP and BOLD activity within ventral striatum, a subcortical hub of the dopaminergic reward 

circuit, of which the vmPFC is the major cortical interconnection. Findings at earlier time 

intervals, which have been inconsistent across both stimulus types may be driven by more 

stimulus specific factors, for example face processing, which is reflected in the face-sensitive 

N170 component and shows clear differences between faces and scenes (Thom et al., 

2014). Another possible influence may have come from additional modulation of stimulus 

arousal. Hence, it would be interesting if this late consistent modulation effect can be 

generalized further for other valence specific stimulus types, e.g., rewarding stimuli vs stimuli 

indicating loss, or conditioned aversive stimuli vs safety signals to confirm valence 

modulation independent of other factors.  

It should be mentioned that – in the whole head analysis - there were not any modulatory 

effects of tDCS on emotional face processing at the local site of stimulation, which conforms 

to our previous studies on emotional scene processing where local stimulation effects were 

verifiable neither in the fMRI nor in the MEG study. This finding does not surprise as remote 

neurostimulation network effects without effects on the stimulated area itself have also 

frequently been reported by other researchers (Chib et al., 2013; Kimbrell et al., 2002; 

Notzon et al., 2017). It is noteworthy though that a post hoc region of interest (ROI) analysis 

of the vmPFC in fact revealed a significant interaction effect of Stimulation x Valence 

consistent with our hypothesis (Supplementary Fig. 1). Moreover, a ROI analysis of vmPFC 

activation before stimulation revealed increased activation for pleasant compared to 

unpleasant stimuli (Supplementary Table 3, Supplementary Fig. 2), further supporting the 

specificity of the vmPFC for positive valence and its modulation capability by tDCS.  

4.1. Limitations 

We did not identify any significant vmPFC-tDCS effects in the dot-probe task. Possible 

reasons for this might lie in our sample of healthy participants. Schmukle (2005) for instance 

showed a very low retest reliability for the dot-probe task in two independent healthy 

samples. Hence, it might be possible that the given task sensitivity is sufficient to detect 

differences within clinical samples only (Bar-Haim et al., 2007; Peckham et al., 2010). In 

addition, exposure times of the relevant cues may be a critical factor. In their meta-analysis, 

Bar-Haim et al. (2007) report significant effects for healthy participants only during subliminal 

exposure times of dot-probe cues.  

The outer morph steps in the face-morph task proved to be highly distinct and difficult to 

modulate, which led to missing cells for the forced choice task data. In terms of the 

hypothesis that tDCS of vmPFC might have its strongest impact on the processing of 
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ambiguous stimuli, for future investigations, it might be useful to use morphs within a 

narrower range around the PM, perhaps optimally chosen by use of an individual adaptive 

test procedure.   

The current study did control for arousal of pleasant and unpleasant face stimuli. Three-

way interactions with reversed valence effects in dependency of stimulus type, however, may 

be a result of face and/or scene intensity as additional factor of influence. Though, it should 

be noted that the above described interpretations regarding the mid-latency reversed pattern 

in the light of possible arousal differences is quite speculative and should be investigated 

further. 

The current flow induced by tDCS is rather coarse and does thus not allow a precise 

stimulation of specific brain regions with clearly defined borders. However, a computer 

simulation of the current flows based on a FEM conductor model (Wagner et al., 2014) 

revealed a predominant stimulation of anterior vmPFC which is in line with the regions of 

‘positive affect’ as described by Myers-Schulz and Koenigs (2012) and a relatively weak 

stimulation of other regions, especially posterior parts of the vmPFC. An increase in focality 

via realistic head modelling for each participant and the application of multi-electrode current 

delivery might further improve the effects of anterior vmPFC stimulation. Because of physical 

laws, tDCS will always stimulate superficial regions to a higher extent than deeper structures 

(Wagner et al., 2016). Thus, in contrast to the anterior more superficial parts, a quite specific 

noninvasive stimulation of posterior vmPFC regions is impossible. Thus, with respect to 

capabilities of tDCS it appears as a fortunate circumstance that regions revealing a positivity 

bias are in the range of transcranial stimulation. 

To reduce variance, we here opted for a within study design with direct comparison of 

excitatory and inhibitory stimulation. This study does thus not provide any inferences on the 

effect of excitatory or inhibitory brain stimulation compared to a session without any 

stimulation 3 , which could have been assessed with a third so called sham or placebo 

stimulation. However, while subjects cannot differentiate anodal from cathodal stimulation 

they can typically clearly differentiate between real and sham stimulation. Future studies with 

between-subject designs and additional sham stimulation are thus necessary to resolve the 

specific impact of anodal and cathodal stimulation with respect to baseline on emotional 

processing. 

5. Conclusion and outlook 

                                                           
3
 A comparison with the pre-tDCS session would not be valid as these sessions always preceded the post-tDCS 

sessions (i.e., differentiation from order and habituation effects is not possible). 
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With this study we were able to replicate previous findings (Junghofer et al., 2017) 

supporting the role of the vmPFC as a valence driven region which can be succesfully 

modulated by excitatory and inhibitory tDCS. Here, we showed that this modulation also 

occurs for the processing of pleasant and unpleasant, namely happy and fearful, facial 

expressions. Moreover, we could show that these modulatory effects were strong enough to 

shift face perception toward a preferential processing of happy compared to fearful 

expressions and eventually modulate affect related decisions. These first results supporting a 

generalization of positive vmPFC-tDCS effects should stimulate convergent studies with 

other kinds of visual emotional material such as printed emotional words but also for other 

domains such as auditory (e.g., liked/disliked music), somatosenory (e.g., stroke/pain), or 

olfactory (e.g., rose/hydrosulfide) sensations.  

In spite of the strong convergence of effects on emotional scene and face processing, we 

also observed differences which might be derived in part from baseline differences of 

valence processing and emotional arousal as well as specific characteristics of both stimulus 

types. Follow up studies with other stimulus material as mentioned above should help to 

further differentiate generalized and stimulus type specific effects. 

The convergent findings across emotional scene and face processing indicate a promising 

application of tDCS of vmPFC in clinical settings. Medial prefrontal areas show abnormalities 

in a variety of disorders that are associated with disturbed reactions toward reward- or 

safety-signaling stimuli, e.g., posttraumatic stress disorder (Milad et al., 2009), obsessive 

compulsive disorder (Apergis-Schoute et al., 2017), MDD and dysphoria (Grimm et al., 2009; 

Sabatinelli et al., 2015), generalized anxiety disorder (Greenberg et al., 2013), and obesity 

(Opel et al., 2015). Therefore, our approach may prove to be an inexpensive, safe, and user-

friendly add-on to standard therapeutic interventions in the future. 
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Table 1 

To ensure the assessment of healthy samples, clinical questionnaires with regard to 
symptoms of major depressive disorder (BDI-II) as well as general psychiatric 
symptoms (SCL-90-S) were assessed in the current study (Faces). To check for 
conspicuities regarding symptoms of trait-and state-dependent anxiety, the STAI was 
assessed. Due to conjoint analyses across independent samples the assessed data 
from the previous study (Scenes) is reported here in addition with questionnaires BDI-I 
and STAI. There were no indications for conspicuities in the assessed samples. STAI: 
State Trait Anxiety Inventory; BDI: Becks Depression Inventory; SCL: Symptom Check 
List; GSI: Global Severity Index; PSDI: Positive Symptom Distress Index; PST: 
Positive Symptom Total. †N = 32 due to missing data.  

 

Faces 

N = 40 

M (SD) 

Scenes 

N = 33 

M (SD) 

Age 24.6 (2.9) 23.58 (4.18) 

STAI   

State 30.15 (5.02) 33.18 (5.4) 

Trait 30.37 (6.58) 32.15 (8.3) 

Trait T-value 44.90 (8.83) 46.97 (9.6) 

BDI-I  2.78 (2.59)† 

BDI-II 2.2 (2.57)  

SCL-90-S   

GSI 40 unremarkable  

PSDI 40 unremarkable  

PST 10.1 (6.79)  
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Figure 1 

(A) tDCS setup. By means of a FEM based forward model of the current flow, it was possible to 
position the stimulation electrode (above forehead) and reference electrode (below chin) for 
precise targeting of the vmPFC. Colored cones within the volume conductor model indicate 
strength and direction of the current. Current strength reaches highest values in anterior vmPFC 
areas, while surrounding areas receive little to no current. (B) Study timetable. Order of stimulation 
was balanced with half the participants receiving excitatory tDCS first and inhibitory tDCS second 
(pink box) and vice versa for the other half (green box). MEG and behavioral test durations are 
presented as average values, respectively, due to jittered inter-trial intervals in the passive viewing 
task (MEG) and individual differences in the behavioral tasks.  
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Figure 2 

(A) Face-morph task. Morphed facial stimuli from left to right reveal increasing fearful and 
decreasing happy expression. The pre-assessed perceptual midpoint (PM) is centrally positioned. 
Six morph steps around PM were chosen for optimal response function coverage. (B) Shift of 
modulated perceptual midpoint (mPM). A significant difference for the Weibull function modeled 
mPM between both post-stimulation conditions was observed. After excitatory stimulation, 
relatively less amount of happiness in a face was necessary to categorize an ambiguous face as 
happy and vice versa after inhibitory stimulation. (C) Reaction time analysis. After exclusion of the 
most distinct morph steps (H 24%, F 24%), a significant cubic effect occurred for the interaction 
Stimulation x Morph Step. The difference (Excitatory minus Inhibitory; solid grey line) reveals 
relatively faster reactions for happy faces after excitatory stimulation and relatively faster reactions 
for fearful faces after inhibitory stimulation.  
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Figure 3  

(A) Late latency cluster for the interaction of Stimulation x Valence. A widely distributed and 
sustained spatio-temporal cluster was found spanning across right occipital, parietal, temporal as 
well as frontal regions in the late latency time interval. The activation pattern within this cluster is 
consistent with our hypothesis with higher activation for happy faces in comparison to fearful faces 
after excitatory stimulation and vice versa after inhibitory stimulation. (B) Mid-latency cluster for 
interaction Stimulation x Valence. A more short-lived and more focal cluster with an activation 
pattern in reversed direction to our hypothesis was observed in the right temporal cortex. Bar 
graph insets indicate standard error of the mean (±SEM). 
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Figure 4 

(A) Conjoint ANOVA across faces and scenes. The conjoint ANOVA across both the assessed 
sample with presented emotional faces and the sample with presented emotional scenes from our 
previous study (Junghofer et al., 2017) revealed a significant spatio-temporal cluster for the 
interaction Stimulation x Valence with a pattern convergent to the results for Faces only (Figure 
3A). (B) Separate post hoc ANOVAs split up for factor Stimulus Type. Post hoc analyses revealed 
highly significant Stimulation x Valence interactions for both stimulus categories. Bar graph insets 
indicate standard error of the mean (±SEM). 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Figure 5 

(A) Early prefrontal cluster for the three-way interaction Stimulation x Valence x Stimulus 
Type. A bilateral prefrontal cluster in a very early time interval (<100 ms) revealed an 
activation pattern consistent with our hypothesis for emotional faces and a reversed activation 
pattern for emotional scenes. (B) At right temporal cortex a significant three-way interaction 
reflected previous findings of our separate analyses within both studies with a reversed 
activation pattern for emotional faces (see Fig. 3B) and an activation consistent with our 
hypothesis for emotional scenes (see Junghofer et al., 2017). (C) Right occipital mid-latency 
cluster for the three-way interaction. The direction of this interaction shows an activation 
pattern consistent with our hypothesis for emotional scenes, while for emotional faces almost 
no difference between conditions can be observed. Bar graph insets indicate standard error of 
the mean (±SEM).  
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Figure 6 

A conjoint ANOVA across the assessed sample with presented emotional faces and the sample 
with presented emotional scenes both measured before tDCS (i.e. pre-tDCS) revealed a widely 
distributed and sustained spatio-temporal cluster for the Stimulus Type x Valence interaction 
qualified by a relative negativity bias (Fearful>Happy) for emotional faces but a relative positivity 
bias (Pleasant>Unpleasant) for emotional scenes. This effect might be driven by relative 
differences in perceived arousal within the stimulus categories. Bar graph insets indicate standard 
error of the mean (±SEM). 

  

 

 


