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Abstract

Transcranial direct current stimulation (tDCS) can influence cognitive, affective or motor brain 

functions. Whereas previous imaging studies demonstrated widespread tDCS effects on brain 

metabolism, direct impact of tDCS on electric or magnetic source activity in task-related brain 

areas could not be confirmed due to the difficulty to record such activity simultaneously during 

tDCS. The aim of this proof-of-principal study was to demonstrate the feasibility of whole-head 

source localization and reconstruction of neuromagnetic brain activity during tDCS and to confirm 

the direct effect of tDCS on ongoing neuromagnetic activity in task-related brain areas. Here we 

show for the first time that tDCS has an immediate impact on slow cortical magnetic fields (SCF, 

0–4 Hz) of task-related areas that are identical with brain regions previously described in 

metabolic neuroimaging studies. 14 healthy volunteers performed a choice reaction time (RT) task 

while whole-head magnetoencephalography (MEG) was recorded. Task-related source-activity of 

SCFs was calculated using synthetic aperture magnetometry (SAM) in absence of stimulation and 

while anodal, cathodal or sham tDCS was delivered over the right primary motor cortex (M1). 

Source reconstruction revealed task-related SCF modulations in brain regions that precisely 

matched prior metabolic neuroimaging studies. Anodal and cathodal tDCS had a polarity-

dependent impact on RT and SCF in primary sensorimotor and medial centro-parietal cortices. 

Combining tDCS and whole-head MEG is a powerful approach to investigate the direct effects of 
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transcranial electric currents on ongoing neuromagnetic source activity, brain function and 

behavior.
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Introduction

Sensory, motor and cognitive brain functions are causally linked to electrochemical 

processes reflected in large-scale cortical activity that can be recorded as oscillatory (Kayser 

et al., 2009; Wang, 2010) or evoked electrical or magnetic brain activity (Birbaumer et al., 

1990). Previous work has demonstrated that transcranial direct current stimulation (tDCS), 

the application of weak electric DC currents of 1–2 mA through contact electrodes placed 

over the scalp, can modulate cortical excitability in a polarity specific way, and affect 

cognition (Monti et al., 2013; Nitsche et al., 2012; Santarnecchi et al., 2013), visuo-motor 

learning (Antal et al., 2004) or motor performance (Hendy and Kidgell, 2014; Hummel et 

al., 2005). The underlying neurophysiological mechanisms mediating these effects, however, 

are not understood (Dayan et al., 2013), partly because of the difficulty to record neural 

activity at high temporal and spatial resolution while transcranial electric currents are 

applied. The main difficulty is to eliminate electromagnetic artifacts that by many orders of 

magnitude exceed the brain's endogenous electric or magnetic activity.

Only recently, new strategies, e.g. Transcranial Electric Stimulation during Assessment of 

Neuromagnetic Activity (TESANA) (Soekadar et al., 2013a), have been developed that 

overcome this limitation (Soekadar et al., 2013a, 2014). While successful combination of 

transcranial electric stimulation (tES) with electroencephalography (EEG) was demonstrated 

across various studies (Helfrich et al., 2014; Soekadar et al., 2014; Voss et al., 2014), spatial 

resolution of EEG is limited and assessment of brain oscillatory activity immediately 

underneath stimulation electrodes is not possible in such experimental setup (Soekadar et al., 

2014). Thus, there is currently no study available that assessed the direct impact of tDCS on 

neuromagnetic brain activity in task-related brain areas including cortical areas in the 

immediate proximity and underneath the stimulation electrodes, an issue investigated in this 

proof-of-principal study.

A better understanding of the direct effects of tDCS on neuromagnetic brain activity will not 

only provide critical information on possible mechanisms underlying tDCS effects, but also 

provide new insights into the relationship between brain physiology and behavior. 

Ultimately, this may lead to the refinement of existing and development of new stimulation 

protocols used e.g. in the treatment of various neuropsychiatric disorders, e.g. depression, 

stroke or chronic pain (Kuo et al., 2014).

The underlying key-mechanisms of tDCS effects were thought to relate to stimulated neural 

cells’ resting membrane potential that become either de- or hyperpolarized depending on 

their orientation relative to the electrical field (Creutzfeld et al., 1962; Purpura and 
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McMurtry, 1965). As modulation of cortical excitability as measured by e.g. motor evoked 

potentials (MEP) sustained after the electric current was switched off (Nitsche and Paulus, 

2000), other mechanisms such as synaptic plasticity involving early gene expression and 

protein synthesis previously shown in animal studies (Gartside, 1968) influencing long-term 

depression (LTD) and potentiation (LTP) (Feldman, 2009) were postulated (Paulus, in 

review). However, the exact mechanisms underlying the effects of tDCS are still 

incompletely understood, particularly how neurophysiological effects link to brain function 

and human behavior.

Based on previous studies that showed consistent short-term and long-lasting effects of 

tDCS on motor learning and performance (Boggio et al., 2006; Hummel et al., 2005) as well 

as motor cortical excitability (Nitsche and Paulus, 2000) and regulation of sensorimotor 

rhythms (SMR) (Soekadar et al., 2015), we have chosen the motor domain for our 

investigation.

The most consistent relationship between cortical excitability and electric brain activity was 

found for slow cortical potentials (SCP) (Rockstroh et al., 1989) and their magnetic 

counterpart, the slow cortical fields (SCF). SCPs (mainly <1 Hz, but can extent to up to ~4 

Hz; Rösler et al., 1997; Birbaumer et al., 1990) mainly reflect synaptic activity of superficial 

apical dendrites that are modulated in their activity by non-specific thalamic inputs, long-

range intercortical and cortico-cortical connections. It was shown that a negative deflection 

of SCPs is associated with increased cortical excitability that goes along with increased 

multi-unit activity (Rebert, 1973), increased high-frequency field potentials (Pellicciari et 

al., 2013) and higher amplitude of evoked potentials, e.g. P300 (Ergenoglu et al., 1998). 

Importantly, SCP negativity correlates with improved behavioral performance (Birbaumer et 

al., 1990). This suggests that tDCS-dependent behavioral effects might be mediated by 

modulation of SCPs and SCFs, respectively. We thus strived to assess whether tDCS has an 

immediate effect on motor task-related SCF and if the case, how different stimulation 

polarities applied over the primary motor cortex (M1) would influence SCFs across various 

task-related brain regions.

Such knowledge would complement and extend previous studies that investigated metabolic 

signal changes during tDCS, e.g. during finger tapping (Antal et al., 2011; Lang et al., 2005) 

or a reaction time task (Stagg et al., 2009). These studies provided detailed topographic 

information on cortical and sub-cortical task-related brain activations. For instance, a 

neuroimaging study that used positron emission tomography (PET) of regional cerebral 

blood flow (rCBF) during finger tapping while anodal or cathodal tDCS was applied over 

the left primary motor cortex (M1) showed bilateral increase in rCBF in a widespread task-

related network that comprised the sensorimotor cortex and posterior parietal cortex (PPC) 

on both hemispheres (Lang et al., 2005). The PPC, particularly Brodmann area 7 comprising 

the precuneus and superior parietal lobule (SPL), was shown to relate to visuo-motor 

integration, e.g. in reaching and grasping (Konen et al., 2013), but also performance in 

reaction-time tasks (Hinds et al., 2013). Other studies using functional magnetic resonance 

imaging (fMRI) found blood-oxygenation level dependent (BOLD) signal changes in similar 

brain regions. While anodal tDCS increased activation of M1 and the supplementary motor 

area (SMA) on the stimulated hemisphere, cathodal tDCS resulted in an increased activation 
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of the contralateral M1 and dorsal premotor cortex (PMd) (Antal et al., 2011). While these 

studies provided important information on global effects of tDCS on brain metabolism and 

their spatial distribution, they could not provide information on the underlying neuronal 

activity as investigated here. Thus, the direct impact of tDCS on whole-head neuromagnetic 

activity could not be confirmed yet.

As the temporal scale of BOLD signal changes (<0.5 Hz) overlap with cortical steady 

potentials and both signals show correlative changes suggesting shared underlying neural 

substrates and neuronal dynamics (Hiltunen et al., 2014), this direct relationship between 

BOLD fMRI and (infraslow) cortical steady potentials makes motor-related SCP an ideal 

candidate for this proof-of-principal study as localizations of task-related slow cortical fields 

(SCFs, the magnetic analogue of SCPs) and their magnitude recorded in absence and during 

tDCS can be compared with activation maps and tDCS-dependent modulations of metabolic 

signals described in previous fMRI studies. Additionally, it allows investigating how the 

impact of tDCS on SCFs relates to BOLD fMRI effects found in previous studies. One of the 

best-established experimental paradigms to study motor-related SCPs is the so called S1–S2 

or go/no-go paradigm in which participants are instructed to press or withhold from pressing 

a button upon a visual cue (Birbaumer et al., 1990; Walter et al., 1964). While a first visual 

stimulus (S1) indicates to prepare for a motor action (button press), a second visual stimulus 

(S2) indicates what specific action should be performed, e.g. left, right or no button press. 

The resulting cortical electric fluctuation during and after presentation of S1 and S2 is called 

the contingent negative variation (CNV) in EEG or contingent magnetic variation (CMV) in 

MEG recordings (Elbert et al., 1994). Here we recorded the CMV and tested, after ensuring 

conformity of identified task-related brain regions with previous neuroimaging studies, 

whether reconstruction of SCF in task-related brain regions during simultaneous anodal or 

cathodal tDCS is possible and whether these reflect polarity-dependent impact of tDCS on 

motor task-performance.

Materials and methods

Participants

14 healthy volunteers (five female, all right handed, mean age 28.7 ± 3.2) without a history 

of neurological or psychiatric disorders were recruited at the University of Tübingen, 

Germany, and participated in this study. Prior to the first MEG session, location of the 

primary motor cortex (M1) was assessed by single pulse transcranial magnetic stimulation 

(TMS) according to Rossini et al. (1994). Three fiducial localization coils were placed at the 

nasion as well as the left and right pre-auricular area to allow recording of the participant's 

head position during MEG recordings. Coil positions of the recorded MEG data were co-

registered with the structural magnetic resonance (MR) images offline. The study was 

approved by the Ethics Committee of the Medical Faculty at the University of Tübingen. All 

participants provided written informed consent before entering the study.

Magnetoencephalographic (MEG) recordings

Biomagnetic signals were recorded at a 586 Hz sampling rate with a bandwidth of 0–150 Hz 

while participants were seated upright in a whole-head 275-sensor MEG (CTF MEG® by 
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MISL, Coquitlam, Canada) housed in a magnetically shielded room. Synthetic third gradient 

balancing was used to attenuate environmental magnetic interference.

Magnetic resonance imaging (MRI)

A cranial MRI exam in a 3-Tesla whole body scanner with a 12-channel head coil 

(Magnetom Trio®, Siemens, Erlangen, Germany) was performed in all participants. Vitamin 

E capsules served as markers for the nasion and preauricular areas corresponding to 

locations used for MEG head localization. To minimize movements, the participants’ head 

was fixated during the MRI acquisition using two pieces of foam rubber. A T1-weighted 

structural scan of the whole brain was obtained using the sequence MPRAGE (matrix size = 

256 × 256, 160 partitions, 1 mm3 isotropic voxels, TA = 5:17 m, TR = 2300 ms, TE = 3.93 

ms, flip angle = 8°, FOVRO = 256, FOVPE = 224, PAT = 2, PAT mode = GRAPPA) that 

served as anatomical reference.

Transcranial direct current stimulation (tDCS) in the MEG environment

Transcranial Electric Stimulation during Assessment of Neuromagnetic Activity (TESANA) 

was performed in accordance to Soekadar et al., 2013a. For tDCS, a direct current was 

applied to the participant's head using a commercial DC stimulator (DC Stimulator MR®, 

NeuroConn GmbH, Ilmenau, Germany, time resolution <1 ms, sample rate 2048 samples/s, 

max. 1% direct current fault tolerance). Two re-usable radio-translucent (non-ferromagnetic) 

rubber stimulator electrodes (size 70 × 40 mm, supplied by NeuroConn GmbH, Ilmenau, 

Germany) were placed over the right M1 (target electrode) and the left supra-orbital area 

(return electrode) (Fig. 1A) (Nitsche and Paulus, 2000). The battery-driven stimulator device 

was located outside the magnetically shielded room and delivered electric currents via a 

twisted pair of wires with a magnitude of 1 mA (current density: 0.038 mA/cm2). A 

conductive paste (Ten20®, D.O. Weaver, Aurora, CO, USA) was applied to the rubber 

electrodes to increase conduction between the scalp and the electrodes. Impedance levels 

were continuously assessed during stimulation and voltages were adapted accordingly. To 

avoid voltage to exceed 20 V, the maximum impedance level for automatic switch off was 

set to 20 kΩ and did not exceeded this threshold in any of the sessions.

Experimental design

Participants attended three experimental sessions over three different days and received 

either sham, anodal or cathodal stimulation in a pseudo-randomized order following a 

counterbalanced cross-over design. Each experimental session consisted of two blocks: a 

baseline block (in which the participants performed the task in absence of stimulation) and a 

stimulation block (in which different stimulation types, anodal, cathodal or sham 

stimulation, were applied during task performance) (Fig. 1C). Each block consisted of two 

runs with 65 trials.

During the stimulation block, tDCS was applied continuously after a ramp up phase of 30s. 

For sham stimulation, electric currents were switched off immediately after the ramp up 

phase, so that participants performed the task in absence of stimulation. No participant was 

able to differentiate between the different types of stimulation (see supplementary material, 

Supplementary Table S1).
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Participants were asked to press a button using their right or left index finger according to a 

cue presented on a display in front of them. To mask any transient auditory stimuli during 

the experiment, white noise was presented via two auditory tubes.

During the experiment, participants performed a classical go/no-go reaction time (RT) task 

consisting of a warning stimulus (S1) and an imperative stimulus (S2) (therefore also termed 

S1–S2 paradigm). During inter-trial-intervals (ITI), a white cross was shown in the middle 

of the screen indicating the participants to relax. The length of the ITIs was randomized 

between 4000 to 7000 ms (Fig. 1B). S1 was indicated by the word ‘PREPARE’ and shown 

in the center of the display for 200 ms. During the inter-stimulus interval (ISI) or preparation 

interval, a red cross was presented for 3200 ms followed by S2 shown for 200 ms. S2 was 

randomly chosen from three possible symbols: a red arrow to the right, a red arrow to the 

left or a red cross. Participants were instructed to press the left button as soon as they saw 

the arrow to the left, or the right button when they saw the arrow to the right. No button 

should be pressed when the red cross was shown. In total, 25 left and 25 right button press 

trials and 15 no-go trials were presented in each run. Each run lasted approximately 9 min. 

A short break of 3–4 min separated the two runs in each block. As participants received 

tDCS over their right M1, only physiological and behavioral data for contralateral left-button 

presses were analyzed.

Reaction time and accuracy assessment

Reaction times (RT) of left index finger button presses were calculated as the time between 

onset of S2 presentation and the actual button press (Boggio et al., 2006). RTs longer than 2 

s and/or negative (when button-presses occurred before S2) were discarded. RT outliers were 

removed using an iterative implementation of the Grubbs Test (Grubbs, 1969), an 

established measure to detect outliers in a normally-distributed, univariate data set based on 

the difference between the mean of the sample and the most extreme data considering the 

standard deviation. RTs of each trial were normalized (ΔRT) to the mean RT of the baseline 

block. To test whether tDCS had polarity dependent effects on reaction times, a two-way 

repeated-measures ANOVA with ΔRT as dependent variable and ‘stimulation type’ (anodal, 

cathodal, sham) as between-subject factor and ‘blocks’ (baseline block, stimulation block) as 

within-subject factor was conducted. Post-hoc paired-samples Students t-tests were used 

when applicable and corrected for multiple comparisons (Bonferroni). Accuracy was 

calculated as percentage of correct button-press responses in each run. To examine whether 

tDCS had an effect on accuracy, a non-parametric two-way ANOVA with accuracy as 

dependent variable and ‘stimulation type’ (anodal, cathodal, sham) as between-subject factor 

and ‘blocks’ (baseline block, stimulation block) as within-subject factor was performed. 

Significance level for all statistical tests was set to p ≤ 0.05.

MEG sensor space analysis

To verify conformity of the CMV's topographic distribution and time course with previous 

studies (Dammers and Ioannides, 2000; Elbert et al., 1994), a sensor space analysis of CMV 

recorded in absence of stimulation (during the baseline block) was performed in accordance 

to Elbert et al. (1994). For this purpose, MEG data was pre-processed using a Butterworth 

low-pass filter at 4 Hz ensuring inclusion of all CMV components (Walter et al., 1964). 
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Muscle, cardiac and eye-movement related artifacts were removed using an independent 

component analysis (ICA). After pre-processing, the CMV grand average of blocks recorded 

in absence of stimulation was calculated across all participants. Analysis of MEG sensor 

data was performed using the open source toolbox Fieldtrip (Oostenveld et al., 2011) (http://

run.nl/fcdonders/fieldtrip/).

Source localization and reconstruction of SCF in absence of stimulation

To identify brain regions showing task-related SCF modulations in absence of stimulation, 

MEG source analysis was performed using Synthetic Aperture Magnetometry (SAM) 

beamforming (Robinson and Vrba, 1999). This adaptive spatial filter was computed for each 

location on the individual brain using the entire array of MEG sensors. Estimates of source 

activity in each of the target locations were then obtained by projecting sensor signals 

through the corresponding spatial filter derived from a covariance matrix calculated over the 

entire time series. The estimates of source activity (virtual sensor signals) provide the same 

temporal resolution as the original MEG recordings (Hillebrand and Barnes, 2002). Source 

activity between 0–4 Hz was estimated at 5 mm3 resolution throughout the whole brain. 

Before application of SAM beamforming, data was bandpass filtered from 0–4 Hz using a 

3rd order infinite impulse response (IIR) filter. To avoid noise bias towards the center of the 

head (Robinson and Vrba, 1999), pseudo-z maps were calculated by dividing the estimated 

source power by the projected noise (Robinson and Vrba, 1999). Source power was 

calculated for two different time windows of interest: a baseline or control window from −1 

to 0 s relative to S1 and an active window from −1 to 0 s relative to S2 (Rockstroh et al., 

1989; Walter et al., 1964). Calculation of source power was performed for each run 

separately. In total, 2100 trials were included in the analysis (25 trials × 2 runs × 3 sessions 

× 14 participants).

For correct estimation and localization of MEG source activity relative to each participant's 

brain anatomy, the individual T1-weighted MR images were co-registered with the 

individual anatomical landmarks corresponding to the MEG fiducial markers and 

transformed to the head frame.

Statistical analysis of the source power images was performed using the open source 

software AFNI (http://afni.nimh.nih.gov/afni/). Source power (normalized by the projected 

noise) from the control and active window were contrasted across participants using a non-

parametric paired-sample t-test (Wilcoxon). Individual source power maps of each window 

were non-linearly transformed into Talairach space before application of inter-individual 

statistics.

As SAM beamforming is based upon a current dipole model in which image solutions are 

proportional to the source magnitude and noise, the extent threshold for cluster level analysis 

was set as function of estimated source magnitude and sensor noise. Results were corrected 

for multiple comparisons using Monte Carlo simulations with significance levels set to p ≤ 

0.05 in combination with an extent threshold of 25 neighboring voxels.
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Source reconstruction of SCF time-course in task-related brain regions during tDCS

To demonstrate feasibility of source reconstruction in task-related brain regions immediately 

underneath the target electrode during active tDCS, SCF time courses of right M1 voxels 

that showed task-related SCF modulations in absence of stimulation were calculated.

Before estimation of the covariance matrix, signals were filtered from 0–30 Hz using a 6th 

order IIR filter. Reconstructed source signals were bandpass filtered between 0 and 4 Hz 

(using a 3rd order Butterworth filter), epoched over all trials from −5.5 to 2.5 s relative to 

S2, Hilbert transformed and then averaged.

Localization of stimulation dependent effects on SCF

Source localization and reconstruction of SCF during stimulation was performed in analogy 

to MEG source analysis performed for data recorded in absence of stimulation (see above). 

To localize the effects of tDCS on SCF, whole-brain (resolution 5 mm3) source 

reconstruction of SCF (0–4 Hz) recorded during anodal and during cathodal stimulation was 

performed.

To calculate the stimulation dependent effect of tDCS on SCF, SCF source power during the 

control window was subtracted from SCF source power during the active window. Then, 

ΔSCFs were calculated for each stimulation type (anodal, cathodal or sham) by subtracting 

the SCF of the baseline block from the SCF of the stimulation block.

For the analysis of group data in a common anatomical space, anatomical data and SAM 

volumes were aligned into Talairach space using AFNI.

In order to detect polarity dependent tDCS effects on SCF, a non-parametric one-way 

ANOVA (Kruskal-Wallis) with ΔSCF as dependent variable and stimulation type (anodal, 

cathodal, sham) as independent variable was performed. Post-hoc non-parametric t-tests 

(Wilcoxon signed-rank test) were used to compare ΔSCF between stimulation types. 

Significance level of Monte Carlo simulations for multiple-comparison correction was set to 

p ≤ 0.05 in combination with an extent threshold of 13 neighboring voxels.

Results

Reaction times and accuracy

A two-way ANOVA with the ΔRTs of the left hand as dependent variable revealed no 

significant main effect of ‘block’ (F1,39 = 0.25, p = 0.62) and ‘stimulation type’ (F2,39 = 

2.76, p = 0.076), but a significant interaction (F2,39 = 6.6, p ≤ 0.01).

Comparison of tDCS-effects across stimulation types using post-hoc t-tests showed that 

cathodal stimulation resulted in increased RTs (i.e. slower reaction) compared to sham (p ≤ 

0.001) and anodal stimulation (p ≤ 0.01), while no difference in RT was found between 

anodal and sham stimulation (p = 0.54) (Fig. 2).

Additionally, the comparison of RTs between baseline and stimulation blocks using post-hoc 

t-tests revealed an increase under cathodal (p ≤ 0.01), but no difference under sham (p = 
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0.43) or anodal tDCS (p = 0.23). No session-to-session practice effect was found (see 

supplementary material, supplementary analysis and results).

Analysis of accuracies in absence of stimulation (baseline block) showed that participants 

reached 96.3 ± 9.0%, 95.4 ± 5.6% and 93.9 ± 13.4% correct button presses, and 97.6 

± 6.3%, 98.3 ± 3.5% and 93.3 ± 8.5% during the stimulation blocks (anodal, cathodal, 

sham).

Button presses were highly accurate across all participants, blocks (baseline block, 

stimulation block) and stimulation types (anodal, cathodal, sham). No statistical differences 

of button press accuracies were found between blocks or stimulation types (χ2 = −0.1648, p 

> 0.05).

MEG sensor space analysis

In agreement with prior literature (Dammers and Ioannides, 2000; Elbert et al., 1994), the 

topographic distribution and time course grand average of the CMV showed the typical 

event-related field activity over posterior centro-medial areas expected in a visuo-motor S1–

S2 paradigm (Figs. 3A–B).

Source reconstruction of SCF and impact of tDCS

Source localization and reconstruction of task-related SCF in absence of stimulation showed 

SCF modulations in frontal, pre-motor, primary sensori-motor, posterior parietal and 

occipital brain regions accurately matching task-related brain regions described in previous 

metabolic neuroimaging studies (Antal et al., 2011; Lang et al., 2005; Stagg et al., 2009).

These regions particularly included the post-central cortices, precunei, as well as paracentral, 

posterior cingulate and inferior parietal lobules and cunei on both hemispheres (Fig. 3D). 

Task-related SCF modulations were also found in frontal areas that included the 

supplementary motor areas (SMA) and pre-central gyri of both hemispheres, as well as the 

left anterior cingulate and prefrontal cortex.

Time-course of SCF M1 during anodal and cathodal stimulation had the same characteristics 

as SCF M1 recorded in absence of stimulation (Fig. 3C) and resembled the typical CMV 

waveform (Fig. 3A) (Elbert et al., 1994).

A non-parametric one-way ANOVA with stimulation type (anodal, cathodal, sham) as 

independent variable and ΔSCF as dependent variable revealed a direct impact of tDCS on 

source localized SCF in the right (the primary stimulation site) and left pre-central gyrus and 

right and left PPC (precuneus) (F = 6.20, p ≤ 0.05 corrected) (Figs. 4A–B). The right PPC 

included the right precuneus, right paracentral lobule and right posterior cingulate gyrus in 

which SCFs were weaker during anodal stimulation compared to sham (p ≤ 0.001) (Fig. 4C), 

but not to cathodal stimulation (p = 0.09) or when comparing cathodal to sham stimulation 

(p = 0.17) (Fig. 4D). Furthermore, SCF in the left premotor cortex decreased under anodal 

tDCS compared to sham (p ≤ 0.05) (Fig. 4C), but not under cathodal tDCS (p = 0.13) 

leaving this region unaffected (compared to sham stimulation (p = 0.73)) (Fig. 4D). 

Coordinates of SCF modulated by tDCS were located within task-related brain areas 
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identified in absence of stimulation (for Talairach coordinates of all significant voxels please 

see supplementary materials, Supplementary Table S2).

On the other hand, field strength of SCF in the right pre-central gyrus (the primary 

stimulation site) increased during anodal tDCS compared to sham (p ≤ 0.01) (Fig. 4C) and 

during cathodal compared to sham (p ≤ 0.05) (Fig. 4D). Moreover, cathodal tDCS resulted in 

weaker SCFs in the non-stimulated left PPC compared to sham (p ≤ 0.05) (Fig. 4D), but no 

difference was found in comparison to anodal stimulation (p = 0.06). Interestingly, anodal 

stimulation left this remote region in the sensory association cortex of the non-stimulated 

hemisphere unaffected (compared to sham, p = 0.13) (Fig. 4C).

Discussion

The aim of this proof-of-principal study was to demonstrate the feasibility of whole-head 

source localization and reconstruction of neuromagnetic brain activity during tDCS and to 

confirm the direct effect of tDCS on ongoing neuromagnetic activity in task-related brain 

areas. Whereas MEG characterization of brain activity below 1 Hz is particularly 

challenging due to interfering signals from environmental noise sources, a combination of 

noise-cancellation techniques, such as higher-order gradiometer formation and application of 

adaptive beamforming was applied in this study to improve reconstruction of slow cortical 

source activity.

Whole-head source localization and reconstruction of SCF during anodal and cathodal tDCS 

using TESANA was feasible and showed SCF modulations in brain areas that accurately 

matched those previously described in metabolic neuroimaging studies (Antal et al., 2011; 

Lang et al., 2005; Stagg et al., 2009). These brain areas comprised primary and higher order 

(association) cortical areas that are typically active in visuo-motor tasks involving high-level 

executive functions and action coordination (e.g. the medial and superior frontal gyri) 

(Floden and Stuss, 2006; Talati and Hirsch, 2005). Application of tDCS over the right M1 

resulted in polarity-specific regulation of RT and magnitude of SCFs recorded from brain 

regions immediately underneath the stimulation electrode as well as task-related brain 

regions remote from the primary stimulation site. While anodal stimulation mainly 

influenced SCF on the stimulated hemisphere, cathodal stimulation in contrast affected SCF 

on the contralateral hemisphere (for Talairach coordinates see supplementary materials, 

Supplementary Table S2). This finding suggests the involvement of other mechanisms than 

de- or hyperpolarization of resting membrane potentials in areas directly exposed to the 

electrical field, e.g. short-term synaptic structural and functional remodeling. Although we 

found that tDCS-dependent SCF modulations were localized in task-related areas 

characterized in absence of stimulation (Fig. 3, Supplementary Table S2), source localization 

at higher spatial resolution than applied here might provide further evidence for the 

involvement of such mechanisms. As the return electrode placed over the contralateral 

supraorbital region is neither inert nor inactive, direct contribution of this electrode to the 

observed physiological effects cannot be excluded (Brunoni et al., 2012). Provided same 

polarity, the supraorbital return electrode may have influenced brain activity similar to the 

contralateral more posterior placement. In this context, it is particularly noteworthy that 

increased SCF in PPC changed in concert with the location of the anode, irrespective of the 

Garcia-Cossio et al. Page 10

Neuroimage. Author manuscript; available in PMC 2016 November 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



use as target or return electrode. This finding may point to a polarity- and hemisphere-

specific effect of anodal tDCS on task-related areas that interferes with lateralized activity 

important for normal motor function possibly mediated via fronto-parietal networks (Keeser 

et al., 2011; Pena-Gomez et al., 2012).

Besides supporting the notion of a direct relationship between SCP/SCF and BOLD signals 

(He and Raichle, 2009; Raichle, 2011) and underlining that tDCS has extensive spatial and 

temporal effects on regional neuronal activity (Lang et al., 2005), our study extends previous 

metabolic neuroimaging studies by providing information on the direct effect of tDCS on 

SCF magnitudes across task-related brain regions. Our data underline that SCP/SCF carry 

information from these different cortical regions that is integrated over a rather slow time 

frame. Now that these cortical areas were identified, their specific contribution for 

integrating information during task performance should be investigated in future studies.

While assessment of electrical potentials, e.g. SCP, allows inferring the direction of cortical 

polarization (Elbert et al., 1981), i.e. increase in negativity or positivity that was attributed to 

strengthening or weakening of distant associative connections (Birbaumer et al., 1990), 

assessment of SCF does not allow such inference directly. This polarity ambiguity is a 

consequence of estimating the dipole source direction from the data, using a quadratic 

solution (in SAM). However, by taking previous EEG studies into account that provide 

information on the direction of cortical polarization during specific tasks, e.g. electric 

negativity over the vertex during preparation of a motor task (Birbaumer et al., 1990; Walter 

et al., 1964), the assumption is plausible that an increase in magnitude of SCF corresponds 

to an increase in cortical polarization assessed by EEG. Another possibility is to incorporate 

the cortical normal vector (extracted from a segmented anatomical MRI) as the orientation to 

be used in the beamformer solution in place of the quadratic solution used in SAM 

beamforming. In this case the beamformer will yield the absolute source polarity. Such 

approach, though, would require co-registration of the MEG and MRI frames of reference at 

an accuracy that exceeds present co-registration techniques (Hillebrand and Barnes, 2002). 

A more straightforward solution would be to co-register both MEG and EEG during tDCS, 

the latter combination recently shown to be feasible even during online brain-machine 

interface (BMI) control (Soekadar et al., 2014). Accurate topographical knowledge of 

cortical polarity shifts during anodal or cathodal tDCS and their direction would be 

important to understand the causal link between area- and hemisphere-specific polarity shifts 

and altered brain function or behavior (Kuo and Nitsche, 2015).

Birbaumer et al. (1990) proposed an integrative model to account for the regulation of 

selective attention and SCP based on the neuro-anatomical and network dynamics of the 

cortical basal-ganglia-thalamus-prefrontal cortex loop. According to this model, local 

increase of cortical excitation reflected in SCP's negativity at a particular brain area 

(Braitenberg and Schüz, 1991) is kept within physiological limits through this loop: increase 

of cortical excitation above certain thresholds, e.g. due to externally applied electric 

currents, causes compensatory inhibition supervised by prefrontal areas controlling selective 

opening and closing of the thalamic gates. While direct verification of this model has been 

difficult until now due to the non-availability of appropriate experimental methods, the here 

presented proof-of-principle study in which simultaneous tDCS was combined with whole-
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head MEG recordings suggests that specific hypotheses related to this or other integrative 

models can be tested in future.

While brain stimulation targeting specific brain areas was put forward as a tool to allow for 

causal neuroscience (Kuo and Nitsche, 2015), our data does not exclude such possibility, but 

suggests that a better understanding of local and particularly remote neurophysiological 

effects (e.g. as shown during cathodal M1 stimulation influencing SCF in the contralateral 

hemisphere's PPC) will be necessary. Such understanding may lead to better stimulation 

protocols and explain in part the large variability of stimulation effects reported in the 

literature.

Since this proof-of-principle study exemplified successful reconstruction of SCF in task-

related brain areas during tDCS, reconstruction of activity in other frequency bands may 

allow to further elucidate other effects and cross-frequency relationships between field 

fluctuations and higher frequency brain oscillations (Monto et al., 2008; Vanhatalo et al., 

2004), an issue important to improve understanding and interpretation of metabolic 

neuroimaging studies. While the influence of various factors such as gender, brain state, or 

genetic disposition (e.g. BDNF-Val66Met polymorphism) (Nieratschker et al., 2015) on 

tDCS-dependent modulation of SCF across various brain regions and motor performance 

was not investigated here, future studies that include these factors may further improve our 

understanding of inter-individual differences in responsiveness to electric brain stimulation.

While our results further support evidence for a shared neural substrate and direct 

relationship between SCF and BOLD signals most likely attributed to the synaptic activity of 

apical dendrites it cannot be excluded that also non-neuronal mechanisms, e.g. related to 

modulation of the blood–brain barrier or the neuro-vascular unit (Iadecola, 2004) 

contributed to the observed local and remote effects of tDCS.

Besides suggesting that TESANA can improve understanding of the relationship between 

neuromagnetic activity, brain function and behavior, it may also lead to the refinement of 

existing stimulation protocols by taking the temporal and spatial effects of electric brain 

stimulation into account. In this regard, extending the available spectrum of stimulation 

protocols used in concurrent tES/neuroimaging studies, particularly frequency-tuned 

transcranial alternating current stimulation (tACS) (Witkowski et al., 2016) or 

implementation of TESANA in closed-loop bidirectional brain-machine interface (BMI) 

systems (Liew et al., 2014; Soekadar et al., 2013b) may substantially advance the field.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Experimental setup and design. (A) Transcranial direct current stimulation (tDCS) inside the 

whole-head MEG helmet was applied using a bipolar montage. For anodal stimulation, the 

target electrode (indicated in red) was placed above the right primary motor cortex (M1) 

while the return electrode (indicated in blue) was placed over the left supraorbita. For 

cathodal stimulation, the polarity of the electric current was inverted. (B) Illustration of the 

S1–S2 paradigm. The word “PREPARE” was visually presented as warning stimulus (S1) 

followed by a red cross. Thereafter, one of three different symbols (the imperative stimulus 

S2) was displayed in a random order (red arrow to the right, red arrow to the left or red 

cross). Depending on the symbol, participants had to press either a left, right or no button 

depending on the displayed symbol. (C) Participants attended three experimental sessions 

and received either anodal, cathodal or sham tDCS in a randomized order. Each 

experimental session consisted of two blocks: a baseline block (in absence of stimulation) 

and a stimulation block (anodal, cathodal, sham).

Garcia-Cossio et al. Page 17

Neuroimage. Author manuscript; available in PMC 2016 November 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Impact of sham (black), anodal (red) and cathodal (blue) tDCS on reaction time (RT) (mean 

± SE). **p ≤ 0.01, ***p ≤ 0.001.
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Fig. 3. 
The contingent magnetic variation (CMV) grand average across participants with its typical 

S1–S2 waveform as described by Elbert et al. (1994) is shown in (A). (B) Topographical 

distribution of the CMV averaged over the time interval from −1 s prior to S2 till the onset 

of S2. The CMV grand average of the activity recorded at MEG sensors with maximum slow 

cortical field (SCF) magnitude in the right (blue) and left (red) sensor array are plotted in the 

lower part of the panel. (C) Waveform of source-reconstructed slow cortical fields (SCF) in 

the right primary motor cortex (M1) during and in absence of tDCS. (D) Localization of 

SCF related to left button presses matched brain regions described in previous metabolic 

neuroimaging studies (Lang et al., 2005; Stagg et al., 2009), and included pre-motor, motor 

and posterior parietal cortical (PPC) areas (p ≤ 0.05 corrected, cluster size: 25 voxels).
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Fig. 4. 
Task-related brain regions (marked by dotted black circles) in which anodal tDCS had an 

impact on SCF were localized in the right primary motor cortex (M1, primary stimulation 

site), right posterior parietal cortex (PPC) and left pre-motor areas (A–C). Similarly, SCF of 

the right M1 became also affected by cathodal tDCS while having its main impact on SCF of 

the contralateral, left PPC on the non-stimulated hemisphere. *Indicates a significant 

difference between anodal or cathodal stimulation in comparison to sham stimulation. *p ≤ 

0.05, **p ≤ 0.01, ***p ≤ 0.001 (p ≤ 0.05 corrected, cluster size 13), error bars indicate the 

standard error (SE).
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