Brain Stimulation 16 (2023) 1722-1732

®m  BRAIN

STIMULATION

Contents lists available at ScienceDirect

Brain Stimulation

journal homepage: www.journals.elsevier.com/brain-stimulation

FI. SEVIER

Check for

HD-tDCS induced changes in resting-state functional connectivity: Insights |
from EF modeling

Dario Miiller ", Ute Habel ™, Edward S. Brodkin , Benjamin Clemens“, Carmen Weidler*

@ Department of Psychiatry, Psychotherapy and Psychosomatics, RWTH Aachen University, Pauwelsstrafie 30, 52074, Aachen, Germany

Y JARA-BRAIN Institute Brain Structure-Function Relationships, Research Center Jiilich and RWTH Aachen, Germany

¢ Institute of Neuroscience and Medicine 10, Research Center Jiilich, 52438, Jiilich, Germany

4 Department of Psychiatry, Perelman School of Medicine at the University of Pennsylvania, 3535 Market Street, Suite 3080, Philadelphia, PA, 19104-3309, USA

ARTICLE INFO ABSTRACT

Keywords:

HD-tDCS

Electric field modeling

Resting-state functional connectivity
Interindividual variability

Background: High-definition transcranial direct current stimulation (HD-tDCS) holds promise for therapeutic use
in psychiatric disorders. One obstacle for the implementation into clinical practice is response variability. One
way to tackle this obstacle is the use of Individualized head models.

Objective: This study investigated the variability of HD-tDCS induced electric fields (EFs) and its impact on
resting-state functional connectivity (rsFC) during different time windows.

Methods: In this randomized, double-blind, and sham controlled study, seventy healthy males underwent 20 min
of 1.5 mA HD-tDCS on the right inferior frontal gyrus (rIFG) while undergoing resting-state functional magnetic
resonance imaging (rs-fMRI). Individual head models and EF simulations were created from anatomical images.
The effects of HD-tDCS on rsFC were assessed using a seed-to-voxel analysis. A subgroup analysis explored the
relationship between EF magnitude and rsFC during different stimulation time windows.

Results: Results highlighted significant variability in HD-tDCS-induced EFs. Compared to the sham group, the
active group showed increased rsFC between the rIFG and the left prefrontal cortex, during and after stimulation.
During active stimulation, EF magnitude correlated positively with rsFC between the rIFG and the left hippo-
campus initially, and negatively during the subsequent period.

Conclusion: This study indicated an HD-tDCS induced increase of rsFC between left and right prefrontal areas.
Furthermore, an interaction between the magnitude and the duration of HD-tDCS on rsFC was observed. Due to
the high EF variability that was apparent, these findings highlight the need for individualized HD-tDCS protocols
and the creation of head models to optimize effects and reduce response heterogeneity.

1. Introduction

Non-invasive brain stimulation (NIBS) provides a safe, and non-
invasive way to modulate human brain activity and behavior. One
NIBS technique is transcranial direct current stimulation (tDCS), which
has shown great potential in basic research and applied clinical settings.
During tDCS, a weak, direct constant electric current is applied to the
scalp via electrodes, alternating the resting membrane potential of
neurons [1]. In general, it was found that positive stimulation, the sur-
face inward current, enhances cortical excitability by depolarization of
resting membrane potentials, while negative stimulation, the surface
outward current, decreases it by hyperpolarization [1]. TDCS can
change the excitability of the targeted brain area or network both
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acutely during the stimulation as well as transiently outlasting the
stimulation [2,3]. Long-term effects are due to an increase of neuro-
plasticity via modulation of glutamatergic synapses, intracellular cal-
cium levels, and NMDA receptors [4-6]. Advantages of tDCS include its
comparatively low price, ease of use, and minimal adverse effects.
Accordingly, the effects of tDCS are investigated for numerous use cases
including clinical applications, modulation of different cognitive func-
tions, emotional processing, and physical performance [7-10].

TDCS interventions also represent an addition to make the treatment
of psychiatric and neurological disorders more effective [11]. Here, the
right inferior frontal cortex is of interest due to its role in response in-
hibition [12,13]. Response inhibition is closely associated with cogni-
tive control and executive functioning and deficits constitute a
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transdiagnostic characteristic for different disorders [14-16]. Consid-
ering the recent developments of highly deployable systems in combi-
nation with telemedicine technologies, tDCS could be incorporated into
digital clinical trials to improve equity of access and overcome meth-
odological barriers [11].

As of now, several obstacles must be tackled before more widespread
application of tDCS, particularly in clinical settings, can be achieved.
Dichotomous effects of positive and negative tDCS are robust for stim-
ulation over the primary motor cortex, using motor evoked potentials
(MEPs) as outcome measures [17], but less so for stimulation of other
brain areas such as the prefrontal cortex [17]. Particularly negative tDCS
has been shown to induce partially non-linear, dose-dependent neuro-
plastic effects [18,19]. This points to the problem of high inter- and
intra-individual variability in tDCS effects [20,21]. Some studies have
demonstrated that even for MEPs, responsiveness to positive tDCS can
be as low as 45 % [22]. Multiple factors influence the effectiveness of
tDCS. Among them is the duration of the stimulation [23]. Twenty mi-
nutes of positive tDCS produced measurable effects that were not
apparent in the group receiving 30 min of stimulation [23]. Interest-
ingly, an influence of stimulation intensity was not observed. Other
studies do, however, attest to the influence of stimulation intensity [24,
25], pointing towards an interaction between the duration and the in-
tensity of the stimulation.

Variability in brain architecture represents another source of het-
erogeneity in tDCS effects. The distribution of electric fields (EFs) de-
pends on highly individual anatomical features of the head and the
brain, such as the thickness of the skull and cerebrospinal fluid, and
gyral depth [26]. This is important because the magnitude of the EF and
hence the EF magnitude influences tDCS effects [27]. To determine in-
dividual EFs, structural magnetic resonance imaging (sMRI) data can be
used to create individual head models using the finite element method
(FEM). These models help to take the influence of individual brain ar-
chitecture on induced EFs into account [27-29].

An adapted form of tDCS is high-definition tDCS (HD-tDCS).
Compared to conventional tDCS, which is usually applied via two larger
electrodes, HD-tDCS uses multiple, smaller electrodes. This allows for
better control of how the current is distributed and hence, more focal
stimulation. Usually, four to five cathodes are placed in a circle around
one centrally placed anode, or vice versa. This reduces unwanted effects
exerted by large “reference” electrodes placed over brain regions that
are not supposed to be stimulated during conventional tDCS. Also, the
possibilities to optimize stimulation parameters and montages are more
plentiful using HD-tDCS set-ups. HD-tDCS effects are also thought to last
longer compared to conventional tDCS [8], further increasing interest in
the technology. On the downside, inter-individual variability in EFs
increases with increased focality of the stimulation [30]. Due to the
relation between EF magnitude and tDCS effects, this poses a major
challenge for the application of HD-tDCS.

One way to better understand HD-tDCS and variability in its effects is
resting-state functional MRI (rs-fMRI). It allows investigation of induced
changes in functional connectivity (FC) without confounding effects of
behavioral differences between individuals [6]. Literature shows that
tDCS can modulate large-scale resting-state networks by both increasing
and decreasing FC in these networks [31-33]. A systematic review
indicated that positive tDCS can also modulate connectivity of the
stimulated area with distal, functionally coupled areas [6]. Investigating
resting-state functional connectivity (rsFC) during different time win-
dows of receiving tDCS showed a gradual increase of dynamic FC of the
stimulated area with the rest of the brain [34]. Another study used fNIRS
and a continuous approach [35]. Applying 1 mA of anodal HD-tDCS to
the right PFC, it was shown that a gradual increase in the connectivity of
this area was significantly reduced after 6 min of stimulation [35].
Findings also revealed that EF variability can predict FC changes in
stroke patients [36] and changes in working memory networks of
healthy adults [28]. To the best of our knowledge, no study investigated
the influence of e-field magnitude on rsFC for different time windows.
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This study investigates causes for heterogeneity in HD-tDCS effects,
and the influence of potentially increased variability in individual EFs
compared to conventional tDCS to inform better protocols for its use. For
20 min, participants received either 1.5 mA HD-tDCS or sham stimula-
tion of the right inferior frontal gyrus (rIFG) during rs-fMRI. We hy-
pothesized that 1.5 mA HD-tDCS would increase FC of this area to the
rest of the brain. Based on prior research, we further expected a positive
link between EF magnitude and changes in FC and a gradual increase
over time.

2. Methods
2.1. Participants

75 healthy, right-handed male participants were recruited using
public advertisement (age = 27.3 + 7.2 years). Exclusion criteria were
any contraindications for MRI and any current neurological or psychi-
atric diseases. Participants were screened for psychiatric disorders
before participation using the Structured Clinical Interview for DSM-5
(SCID-5-CV) [37]. The study protocol was in concordance with the
Declaration of Helsinki and approved by the internal review board of the
medical faculty of RWTH Aachen University. All participants were
compensated and gave written informed consent prior to participation.
The research project was preregistered at the German Clinical Trials
Register (https://drks.de/search/de/trial/DRKS00024471).

2.2. Design

The study employed a randomized, double-blind, and placebo-
controlled design. Participants were randomly allocated to either
active- or sham stimulation by a person not involved in the measure-
ments. The same person created four different stimulation protocols
with the Neuroelectrics Instrument Controller Software (NIC2). Two of
these protocols contained the active stimulation and two the sham
stimulation. The person conducting the measurement was blind to the
content of the protocols and was handed a list of the protocols to use for
each participant. Blinding of the participants was assessed at the end of
the experiment.

2.3. Blinding and side effects

Blinding success was analyzed with Pearson’s Chi-squared test. Po-
tential side effects were assessed for 12 different categories on a five-
point scale ranging from no side effects to strong side effects. The fre-
quency of side effects was assessed with Pearson’s Chi-squared test and
dichotomization of variables into either no side effects (option 1) or side
effects (options 2-5). The magnitude of side effects was assessed with
the Wilcoxon rank sum test.

2.4. Procedure

Participants underwent one MRI session consisting of three separate
blocks (Fig. 1). The first block was a resting-state functional MRI (rs-
fMRI) measurement of 8 min. Subsequently, participants were taken out
of the MRI tube and HD-tDCS was set up using a neoprene cap and
saline-soaked sponge electrodes. Participants were put back into the
MRI machine and HD-tDCS was started roughly 2!, minutes before the
second rs-fMRI block. This time included 30 s of ramp-up. Thereafter,
the second rs-fMRI measurement was started and took about 18 min.
Before each resting-state session participants were instructed to focus on
a white fixation cross on a black background, to not move, to relax, and
to let the thoughts run free. Following stimulation, participants were
taken out of the MRI tube, the HD-tDCS device was removed, and the last
block started. This block consisted of another 8 min rs-fMRI measure-
ment, a T1 weighted and a T2 weighted structural measurement. The
time between the end of HD-tDCS and the beginning of the second rs-
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Fig. 1. Procedure of the MRI measurements and HD-tDCS application. Note. The time below indicates the time of the magnetic resonance imaging (MRI) sequences.
High-definition transcranial direct current stimulation (HD-tDCS) was administered roughly 3 min prior to the second resting-state session for 21 min. Before and
after the second MRI measurement, the participant was taken out of the MRI to attach and detach HD-tDCS, indicated by the vertical, dotted lines.

fMRI measurement was five to 10 min. To account for potential head
movements between the blocks, the MRI localizer was run again each
time participants were taken out of the MRI machine.

2.5. MRI data acquisition

MRI data was collected using a 3-T PRISMA MR scanner (Siemens
Medical Systems, Erlangen, Germany) and a 20-channel head coil at the
Department of Psychiatry, Psychotherapy and Psychosomatics, Medical
Faculty, RWTH Aachen University Hospital.

Resting-state data was acquired using an EPI sequence with 34 slices.
In-plane resolution of the slices was 64 x 64 pixels with a total field of
view of 192 mm? and a voxel-size of 3 x 3 x 3 mm. Images were ac-
quired with a TR of 2000 ms, a TE of 28 ms, and a flip-angle of 77°.

The T1-weighted structural image was acquired using a three-
dimensional magnetization-prepared rapid acquisition gradient echo
image (MPRAGE) sequence (voxel size: 1 x 1x1 mm, 256 x 256 matrix,
FoV: 256 x 256 mm2, 176 slices, TR = 2300 ms, TE = 2.98 ms, flip
angle = 9°). The T2 anatomical images were recorded in the same res-
olution (voxel size: 1 x 1x1 mm, 256 x 256 matrix, FoV: 256 x 256
mm?2, 176 slices) and with a TR of 3200 ms and a TE of 417 ms.

2.6. MRI analysis

The following text was automatically generated by the CONN
toolbox to enhance transparency and reproducibility.

2.6.1. Preprocessing

Functional and anatomical data were preprocessed using a flexible
preprocessing pipeline [38] including realignment with correction of
susceptibility distortion interactions, outlier detection, direct segmen-
tation and MNI-space normalization, and smoothing. Functional data
were realigned using SPM realign & unwarp procedure [39], where all
scans were coregistered to a reference image (first scan of the first ses-
sion) using a least squares approach and a 6 parameter (rigid body)
transformation [40], and resampled using b-spline interpolation to
correct for motion and magnetic susceptibility interactions. Potential
outlier scans were identified using ART [41] as acquisitions with
framewise displacement above 0.9 mm or global BOLD signal changes
above 5 SDs [42,43], and a reference BOLD image was computed for
each subject by averaging all scans excluding outliers. Functional and
anatomical data were normalized into standard MNI space, segmented
into grey matter, white matter, and CSF tissue classes, and resampled to
2 mm isotropic voxels following a direct normalization procedure [43,
44] using SPM unified segmentation and normalization algorithm [45,
46] with the default IXI-549 tissue probability map template. Last,
functional data were smoothed using spatial convolution with a
Gaussian kernel of 8 mm full width half maximum (FWHM).

2.6.2. Denoising
In addition, functional data were denoised using a standard
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denoising pipeline [38] including the regression of potential con-
founding effects characterized by white matter timeseries (5 CompCor
noise components), CSF timeseries (5 CompCor noise components),
motion parameters and their first order derivatives (12 factors) [47],
outlier scans (below 41 factors) [42], session and task effects and their
first order derivatives (12 factors), and linear trends (2 factors) within
each functional run, followed by bandpass frequency filtering of the
BOLD timeseries [48] between 0.008 Hz and 0.09 Hz. CompCor [49,50]
noise components within white matter and CSF were estimated by
computing the average BOLD signal as well as the largest principal
components orthogonal to the BOLD average, motion parameters, and
outlier scans within each subject’s eroded segmentation masks. From the
number of noise terms included in this denoising strategy, the effective
degrees of freedom of the BOLD signal after denoising were estimated to
range from 220.7 to 259.1 (average 255) across all subjects [43].

2.6.3. First-level analysis

A ROI corresponding to the Magnitude-ROI was manually created
using CONN (r = 5 mm, MNI coordinates: x = 50, y = 15, z = 10). Seed-
based connectivity maps (SBC) were estimated characterizing the pat-
terns of FC with 165 ROIs. FC strength was represented by Fisher-
transformed bivariate correlation coefficients from a weighted general
linear model (weighted-GLM) [38], defined separately for each pair of
seed and target areas, modeling the association between their BOLD
signal timeseries. Individual scans were weighted by a boxcar signal
characterizing each individual task or experimental condition convolved
with an SPM canonical hemodynamic response function and rectified.

2.6.4. Group-level analyses

Seed-to-voxel group-level analyses were performed using a General
Linear Model (GLM) [38]. For each individual voxel, a separate GLM
was estimated, with first-level connectivity measures at this voxel as
dependent variables (one independent sample per subject and one
measurement per task or experimental condition, if applicable), and
groups or other subject-level identifiers as independent variables.
Voxel-level hypotheses were evaluated using multivariate parametric
statistics with random-effects across subjects and sample covariance
estimations across multiple measurements. Inferences were performed
at the level of individual clusters (groups of contiguous voxels).
Cluster-level inferences were based on parametric statistics from
Gaussian Random Field theory [38,51]. Results were thresholded using
a combination of a cluster-forming p < 0.001 voxel-level threshold, and
a familywise corrected p-FWE <0.05 cluster-size threshold [52].

2.7. HD-tDCS setup

HD-tDCS was administered inside the MRI using the battery-driven
Starstim 8 stimulator (Neuroelectrics, Barcelona, Spain). After a 30-s
ramp-up phase, participants in the active group received 20 min of
stimulation followed by a 30-s ramp-down phase. Participants in the
sham condition received the ramp-up and ramp-down without any
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stimulation in between. Resting-state MRI measurements were started
after ca. 2!, minutes of stimulation (30-s ramp-up + 120-s of stimula-
tion). HD-tDCS was applied via a 4 x 1 ring setup. An a-priori simulation
of the setup was conducted on the “ernie” dataset available at the
SimNIBS site (Fig. 2). The anode was placed at F6, and the cathodes at
T8, C4, Fp2, and Fz according to the EEG 10-20 system. These co-
ordinates were chosen because the study is embedded in a bigger project
that aims to investigate the influence of HD-tDCS of the rIFG on response
inhibition. For active stimulation, a current of 1.5 mA at the anode and
—0,375 mA at each cathode was used. All electrodes had a circular shape
and a radius of 10 mm (3.14 cmz). The contact between the electrodes
and the scalp was established with a sodium chloride solution (NaCl).

2.8. Electric field calculations

EF modeling was done using SimNIBS version 4.0.0[53]. SimNIBS is
a comprehensive open-source software that allows the simulation of
NIBS-induced EFs. Scripts to automate the analysis were written using
the MATLAB toolbox [54]. First, the T1 and T2 weighted images were
used to generate individual tetrahedral head meshes using charm, a free
SimNIBS module that allows automated tissue segmentation from MR
images [55]. Each dataset was inspected to control for the quality of the
segmentation with no noticeable problems. Secondly, the electrode
setup for each participant was created according to the HD-tDCS setup
with the center of the electrodes being defined as their EEG 10-20 co-
ordinate. Electrode and sponge thickness were modeled with 1.5 mm
and 2 mm, respectively. Electrode size and sponge size were modeled
with a diameter of 20- and 25 mm, respectively. SimNIBS standard
conductivity values were used (1). The results of the EF simulations were
visualized using gmsh [56], the MATLAB toolbox [54], and the SimNIBS
software [26]. The normal component of the EF for each tetrahedron
was averaged across all participants. The standard deviation (SD) of
each tetrahedron across all participants was also calculated. The data
was plotted with different percentile thresholds on a template brain to
visualize the mean EF and the SD. Additionally, the normal components
of individual EFs were calculated and plotted with different percentile
thresholds. In the last step, the mean EF magnitude for each participant
in a manually created region of interest (ROI) of a 5 mm radius was
calculated. The ROI was centered around the MNI coordinates (x = 50,y
=15,z = 10) and will be called Magnitude-ROI in the following text. The
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coordinates were chosen because they correspond to the area that was
aimed to be stimulated, the rIFG. SIimNIBS allows the transformation of
MNI space to the head model of the individual subject using the mni2-
subject command.

To compare the e-fields of our setup with a conventional setup, we
also simulated a conventional setup with equal parameters. We used the
same anode and a contralateral, elliptical return electrode at F with the
same thickness and an electrode and sponge diameter of 60- and 65 mm,
respectively.

2.9. MRI analysis

Results included in this manuscript come from analyses performed
using CONN [57] (RRID:SCR_009550) release 21.a [58] and SPM [59]
(RRID:SCR_007037) release 12.7771. Five participants had to be
excluded from the analysis, leaving 70 participants in the sample. Par-
ticipants were excluded due to a significant brain anomaly under the
electrode (n = 1), equipment failure in the middle of the stimulation (n
= 1), and due to insufficient data quality (n = 3). Rs-fMRI data was
divided into five different conditions. The first and the last rs-fMRI
measurements were entered as pre- and post-measurement, respec-
tively. The third measurement, with simultaneous HD-tDCS adminis-
tration, was divided into three equal parts: Stimulation 1 (2-8 min of
stimulation), Stimulation 2 (8-14 min of stimulation), and Stimulation 3
(14-20 min of stimulation).

2.10. Functional connectivity analyses

A ROI corresponding to the Magnitude-ROI was manually created
using CONN (r = 5 mm, MNI coordinates: x = 50, y = 15, z = 10). Seed-
based connectivity maps (SBC) were estimated characterizing the pat-
terns of FC with 165 ROIs based on the Harvard-Oxford atlas [60].
Seed-to-voxel group-level analyses were performed using a General
Linear Model (GLM) [38]. Results were thresholded using a combination
of a cluster-forming p < 0.001 voxel-level threshold, and a familywise
corrected p-FWE <0.05 cluster-size threshold [52]. Plots were created
with R [61] and the ggplot2 package [62].

Active vs sham stimulation. In the first analysis, the effects of HD-
tDCS on rsFC were investigated. Participants were grouped in an active
(n = 36) and a sham (n 34) group. Two different seed-to-voxel

Fig. 2. A priori simulation of the electric field distribution. Note. The simulation was conducted on the “ernie” template brain provided by SimNIBS.
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analyses were performed; one with the Magnitude-ROI as seed region,
and one with the rIFG pars triangularis (rIFG-ptr). The rIFG-ptr was
chosen because it showed the highest mean EF magnitude. The Magni-
tude-ROI was chosen to augment the analysis of the effects of EF
magnitude on rsFC. For both analyses, the effect of HD-tDCS on Stimu-
lation 1, Stimulation 2, Stimulation 3, and Post-Stimulation. was analyzed
with a 2 x 4 (stimulation x session) repeated-measures analysis of
variance (ANOVA) followed by post-hoc t-tests. Lastly, potential base-
line differences between the active and sham conditions were tested for
in both analyses.

Effects of e-field magnitude. For the sub-analysis in the active tDCS
group, a seed-to-voxel analysis for the effect of individual EF intensities
on rsFC was calculated (n = 36). The effect of EF intensities on rsFC
during stimulation was investigated with a multiple regression F-Test for
the three different time windows (Stimulation 1, Stimulation 2, Stimula-
tion 3), followed by post-hoc t-tests. The same test was conducted in the
sham group as a sanity check.

3. Results
3.1. Seed-based resting-state fMRI analysis

An overview of all analyses can be found in Table 1. The resting-state
measurement was divided into three time windows of 6 min each. Before
the first-time window, the participants received 30 s ramp-up followed
by 20 min of active stimulation.

3.1.1. Effects of HD-tDCS on resting-state functional connectivity

In the first analysis, differences in rsFC between the active- (N = 36)
and the sham group (N = 34) were analyzed. Two seed-to-voxel analyses
were conducted, one with the Magnitude-ROI as a seed, and the other
with the rIFG-ptr. Inspections of baseline differences between groups
yielded no significant results. In the second analysis, a seed-to-voxel
analysis of the Magnitude-ROI with EF magnitude as a covariate was
conducted.

Right inferior frontal gyrus, pars triangularis. Active > Sham.
Seed-based FC analysis showed a significant effect of stimulation x ses-
sion (p-FWE = 0.0002) on rsFC between the rIFG-ptr and a cluster
including the left frontal pole (K = 106), the left middle frontal gyrus (K

Table 1
Effects of high-definition transcranial direct current stimulation on resting-state
functional connectivity.

Stimulation x session, (N = 70), active > sham

Seed Clusters Anatomical region MNI peak FWE
(k) voxels (x,
Y, 2)

Magnitude-ROI No significant cluster (p-FWE > 0.077)

R Inferior Frontal 226 L Frontal Pole (K = —46, 40, p=
Gyrus Pars 106) 16 0.0002
Triangularis L Middle Frontal —46, 34,

Gyrus (K = 69) 22

L Inferior Frontal —48, 34,
Gyrus Pars 16
Triangularis (K = 26)

L Non-labeled (K = —50, 40,
25) 18

Post-hoc t-test

Contrast beta t p (two-sided)
tDCS active > tDCS sham (during stimulation 1) 0.110 2.12 0.038

tDCS active > tDCS sham (during stimulation 2) 0.120 2.29 0.025

tDCS active > tDCS sham (during stimulation 3) 0.003 0.06 0.949

tDCS active > tDCS sham (post-stimulation) 0.230 4.71 <0.0001

Note. R, right; L, left; FWE, family wise error; MNI, Montreal Neurological
Institute. Post-Hoc t-tests for functional connectivity between the seed regions
and the significant clusters found during the analyses.
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= 69) and the left IFG-ptr (K = 26) (Table 1 and Fig. 3). Post-hoc t-tests
revealed significantly increased connectivity in the active as compared
to the sham group during Stimulation 1, t (68) = 2.12, p = 0.038; Stim-
ulation 2, t (68) = 2.29, p = 0.025; and Post-Stimulation, t (68) = 4.71, p
< 0.0001. No significant differences were found during Stimulation 3, t
(68) = 0.06, p = 0.47. After Bonferroni correction for multiple tests, only
Post-Stimulation remained significant.

3.1.2. Effects of current density on functional connectivity

In the active group (N = 36), the mean magnitude of the EFs inside
the Magnitude-ROI was 145.8 mV/m (+30.5). Seed-based FC analysis
showed significant differences in rsFC between the seed and a cluster
centered around the left hippocampus (K = 89, p-FWE = 0.039; Table 2
and Fig. 4). Post-hoc t-tests revealed that EFI was linked positively to
rsFC during the first time window and negatively during the second one
(Table 2). During the third time window of active stimulation, the
negative impact of EFI on rsFC was not significant. For comparison, the
influence of EFI was also tested in the sham group with no significant
results. Seed-based FC analysis of active > sham independent of the EF
magnitude showed no difference in rsFC between the groups.

3.2. Electric field modeling

3.2.1. HD-tDCS

Simulated EF distributions and their SDs for all subjects are pre-
sented in Fig. 5. The normal component of the EF located in the rIFG-ptr
was approximately 200 mV/m. Nevertheless, areas including the supe-
rior temporal gyrus, the middle frontal gyrus, and the precentral gyrus
also showed EFs in the upper percentile (see Fig. 5 & Table 3). The
orientation of the gyrus to the electrode also appears important, with
areas facing the anode showing higher EFs compared to areas facing
away from it. The ratio of EF normal components to their SD decreases
with an increase in the percentile thresholds (i.e.: the SD at the 50th
percentile threshold is higher compared to the mean at the same
threshold than it is at the 90th percentile threshold). The EF for all
participants at different percentiles can be seen in Table 3 and Fig. 6. The
figures display the mean EF for all tetrahedrons in the brain.

3.2.2. Conventional tDCS

Simulated EF distributions and their SDs can also be seen in Fig. 5.
The simulations indicate higher-, and more distributed EFs compared to
the HD-tDCS setup, with considerable spread to the contralateral side
towards the return electrode. Similar to the HD-tDCS setup, the EF peak
is located at the rIFG-ptr, with the additional inclusion of the pars
orbitalis.

3.3. Blinding and side effects

Most participants tolerated the stimulation well and there was no
significant difference between groups for selection of active or sham [y
[2] = 0.53 (1), p = 0.47]. In the active group, 86 % believed they had
received real stimulation compared to 77 % in the sham group. No
difference in magnitude or frequency of any side effects was observed
between groups. A detailed overview can be seen in the Supplement 2.
The only group difference was found in the duration of the sensation,
with 12 participants reporting side effects during the whole stimulation,
10 of them having received active stimulation.

4. Discussion

The current study examined HD-tDCS effects over the rIFG on rsFC.
We further investigated variance in HD-tDCS EF distribution and its
influence on rsFC during different stimulation time windows. Analyses
demonstrated substantial variance in induced EFs and increased rsFC
during active compared to sham stimulation. The analysis also revealed
a relation between EF magnitude and changes in rsFC between the rIFG
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Fig. 3. Significant main effect of HD-tDCS on resting-state functional connectivity shows increased connectivity between the rIFG pars triangularis and the cluster
highlighted in the pictures, active > sham. Note. Boxplots depicting the active- and sham group on the x-axis, and fisher transformed correlation on the y-axis. Fisher
transformed correlations relate to the BOLD timeseries correlation between the rIFG pars triangularis and the significant cluster that was found in the analysis. The
brains on the right depict the significant cluster that was found in the analysis.

Table 2
Effects of e-field magnitude on resting-state functional connectivity.

Electric field magnitude x session, (N = 36)

Seed Clusters Anatomical region MNI peak voxels FWE
(k) %y, 2)
Magnitude- 89 L Hippocampus (K —26, —20, -16 p=
ROI =72) 0.039
L Amygdala (K = 2) —28, -10, —-16
L Non-labeled (K = —28, —16, —12
15)
Post-hoc t-test
Contrast beta t p (two-
sided)
Effect of electric field magnitude (during 2.09 3.23 0.003
stimulation 1)
Effect of electric field magnitude (during -2.53 —-2.96  0.006
stimulation 2)
Effect of electric field magnitude (during -1.32 -1.62 0.114

stimulation 3)

Note. R, right; L, left; FWE, family wise error; MNI, Montreal Neurological
Institute. Post-Hoc t-tests for functional connectivity between the seed regions
and the significant clusters found during the analyses.

and the left hippocampus providing preliminary evidence for a change
in direction of this relation during stimulation.

4.1. Effects of HD-tDCS on rs-fMRI

Compared to the sham group, the active group showed increased
1rsFC of the rIFG-ptr to a cluster in the left PFC during the first two parts
of stimulation, and directly after. The latter was more prominent in that
the difference in the first two parts did not survive Bonferroni correc-
tion. The cluster included the frontal pole, the middle frontal gyrus, and
the IFG-ptr. Our findings show that HD-tDCS effects are not limited to
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resting-state networks but affect functionally coupled areas distant from
the stimulation site.

Observed increases in connectivity coincide with the idea of
enhanced cortical excitability through positive tDCS [1,6]. Evidence for
FC between these areas comes from theta burst stimulation to the left
IFG being associated with increased activity in the rIFG [63]. Literature
on the influence of HD-tDCS on rsFC is more limited. Combining fNIRS
and HD-tDCS of the right PFC, revealed FC increases between the
stimulated area and the corresponding contralateral area [64]. Other
studies, however, paint a more heterogeneous picture showing that
positive tDCS can lead to both increased- and decreased rsFC [31,64,65].
In our study, rsFC differences during stimulation were mainly driven by
fluctuations in the sham group, whereas rsFC remained stable in the
active group. RsFC indeed presents temporal variability attributed to
noise but also to natural temporal dynamics [66,67]. This poses an
interesting viewpoint, the stabilization of rsFC through HD-tDCS.
Anomalies in rsFC are present in various mental disorders [68-70]
and pose an interesting target for tDCS interventions. Here, prefrontal
areas such as the inferior frontal gyrus are the main targets for psychi-
atric interventions. In combination with EF models, our results can help
to inform the individualization of future (HD-)t{DCS protocols. Lastly,
our findings also indicated the biggest difference in rsFC between active
and sham after stimulation, but little information is available on online
vs. offline HD-tDCS effects on rsFC. HD-tDCS studies with behavioral
endpoints indicate that effects are most prominent around 30 min after
stimulation, fitting with our observation [8].

The second seed-to-voxel analysis including the Magnitude-ROI as the
seed did not show significant group differences. This is interesting
considering the link between EF magnitude and rsFC that was found in
this region. A potential reason might be the lower EF magnitude
compared to the rIFG-ptr as well as the higher variability that was
associated with it.
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Fig. 4. Effects of electric field magnitude on functional connectivity between the Magnitude-ROI and the significant cluster. Note. Correlation plots between electric
field magnitude on the x-axis, and fisher transformed correlation on the y-axis. Fisher transformed correlations relate to the BOLD timeseries correlation between the
spherical 5 mm seed region and the significant cluster that was found in the analysis. The brains on the right depict the significant cluster that was found in

the analysis.

4.2. Effect of electric field magnitude on functional connectivity

To our knowledge, this is the first study to explore the effects of EF
magnitude on rsFC during different time windows. Our results indicate a
specific influence of EF magnitude on rsFC between the Magnitude-ROI
and parts of the hippocampus. During the first stimulation window, low
EF magnitudes related to reduced FC while higher magnitudes were
associated with slightly increased connectivity. Interestingly, this rela-
tionship was reversed during the second stimulation window. For the
last part, the direction of the relationship was still negative but insig-
nificant. A recent fNIRs study indicated a significant reduction of a tDCS-
induced increase in connectivity of the right PFC after 6 min of stimu-
lation, but no reversal of this relationship [35]. Other studies indicate
lower EF magnitudes to be linked to increased, and higher intensities to
decreased FC for negative tDCS [71]. In general, the reversal of tDCS
effects on cortical excitability is a known phenomenon but normally
occurs after much longer stimulation [72,73]. The fast switch in the
relation between magnitude and changes in rsFC we observed is rather
surprising and suggests an interaction between stimulation duration and
EF magnitude. A recent study found an interaction between stimulation
intensity and time but only after 26 min of stimulation, likely relying on
counter-regulatory mechanisms [73].

A potential explanation could be a state-dependent interaction be-
tween rsFC and EF-magnitude. Our EF simulations are based on
anatomical information and therefore assume a static electric field,
treating the brain as an inanimate object. Hence, the model cannot ac-
count for any interaction between the electric field and the dynamic
brain state which might mediate the influence of EFs on rsFC. On a
behavioral level, tDCS effects are indeed shown to differ according to
baseline performance [74]. Using EEG, it could also be shown that
baseline amplitudes of event-related potentials condition tDCS induced
changes of those [75]. Notably, our explorative whole-brain approach
warrants future investigation of this interaction with a priori-defined
brain areas and task-based studies. If replicated, this finding holds im-
plications for the appropriate duration and intensity of stimulation in
future (HD-)tDCS studies. Literature indicates lower EF intensity in some
patient groups when compared to healthy controls [76], creating a po-
tential source of response heterogeneity.
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4.3. Electric field modeling

We applied 1.5 mA HD-tDCS to the rIFG. The highest EF magnitude
was observed at the rIFG-ptr. Nevertheless, areas including the superior
temporal gyrus, the middle frontal gyrus, and the precentral gyrus also
showed a high EF magnitude. While comparison with the simulation of
the conventional set-up showed that HD-tDCS is more focal, isolating
single gyri remains challenging. Both conventional and HD-tDCS simu-
lations showed the highest EF at the IFG, with conventional tDCS pro-
ducing higher EF magnitudes. The results also indicated considerable
variation in EFs for both conventional and HD-tDCS. For HD-tDCS, the
area that experienced the highest EF also showed the highest inter-
individual variance while for the conventional setup, this shifted to-
wards the return electrode. For a substantial part of tetrahedrons in both
simulations, variability was so high that an EF magnitude of zero mV/m
fell within one SD of the mean EF magnitude (Supplement 3). The mean
EF magnitude to SD ratio decreased with higher percentile thresholds,
being lowest at the tetrahedrons with the highest EF magnitude. Inter-
estingly, EF analysis of the Magnitude-ROI shows a smaller mean-to-SD
ratio for larger, functionally important areas. This suggests that the
smaller the targeted area, the higher the variability and hence, the more
heterogeneous the effects. Based on the observed influence of EF
magnitude on rsFC, high EF variance emphasizes the importance of a
priori EF simulation, especially for HD-tDCS setups. Further evidence
comes from a recent study that applied conventional tDCS during an n-
back task. Here, the current density in the left dorsolateral PFC corre-
lated positively with the functional connectivity of this area [28]. These
findings might be transferred to behavioral endpoints. Utilizing multiple
sessions of conventional tDCS during a cognitive training intervention,
treatment response was predicted by individual EFs [27].

4.4. Model validity

EF field models were based on individual headmodels. These were
created with charm, an automated tissue segmentation method that has
been shown to increase the accuracy of EF simulation when compared to
other methods [55]. Both T1-and T2-weighted anatomical images were
used to further improve the validity of the head models. Each
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Fig. 5. E-field distributions at different percentile thresholds. Note. The left side shows the simulation of the HD-tDCS setup that was used for the experiment. The
right side depicts a simulation of a conventional setup for comparison.
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Table 3
Electric field magnitude for different percentile thresholds.

Percentile HD-tDCS Conventional tDCS
Thresholds Mean Standard Mean Standard
Deviation Deviation
50th Percentile -1.8 8.9 0.0 42.3
75th Percentile 5.4 17.7 345 61.4
90th Percentile 20.9 39.9 80.4 95.3
95th Percentile 39.6 65.2 113.0 1222
99th Percentile 87.1 104.2 177.7  160.5
99.9th Percentile 1489 124.8 227.5 188.3

Note. All values are presented in mV/m. The mean values present the percentile
thresholds after averaging each tetrahedron over all participants.

segmentation was visually checked for discrepancies between the T1
reference volume and assigned tissue labels. Except for minor issues (e.
g.: nose not completely included in the segmentation), no problems were
encountered and hence, no manual changes were conducted.

To foster accurate placement of the electrodes, standardized caps
designed after the EEG 10-20 system were used. The size of the cap was
adapted to the head circumference of the participant and centering of
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the cap was ensured by individual measurement of standard reference
points, i.e.: ear-to-ear and nasion to inion. The same EEG 10-20 co-
ordinates were then used in SimNIBS to simulate the e-field. In a pilot
sample, we did not observe discrepancies between simulated-, and
actual placement of the electrodes. Still, for the e-field simulation in our
study we relied on the presumed location of the electrodes, and due to
factors like hair and human error, slight discrepancies between simu-
lated-, and actual electrode placement might have arisen. These dis-
crepancies can translate to discrepancies between simulated-, and actual
e-field which could have negatively impacted the validity of our models.

4.5. Limitations

A potential limitation is the time of the resting-state measurements.
Pre- and post-measurements were shorter compared to the measurement
with simultaneous HD-tDCS stimulation, which was long compared to
standard rs-fMRI protocols. Evidence suggests however that even 24 min
of rs-fMRI does not reduce the reliability of rsFC measures [77] and the
difference in duration was tried to be compensated for by dividing the
measurement with simultaneous stimulation into different time win-
dows with a duration similar to the pre- and post-measurements. Still, it

90th Percentile
400

300

200

100

99.9th percentile

Fig. 6. Electric field magnitude of each participant for different percentile thresholds. Note. The Y-Axis represents the electric field magnitude. The corresponding
percentiles are shown under the violin plots. Black dots represent individual electric field values for the respective percentile threshold. The red dot shows the mean
for each percentile threshold over all participants. All values are calculated for the whole brain. (For interpretation of the references to colour in this figure legend,

the reader is referred to the Web version of this article.)
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creates a potential confounder for the interpretation of the results.

Another potential concern is that most participants believed to be in
the active condition, which might have produced placebo effects. An
active control group could account for these and improve generaliz-
ability. Additionally, the sample consisted only of healthy, male par-
ticipants and focused only on a specific brain area. This decision was
made to reduce variance in the results but hinders the generalizability.
Also, the distance between the anode and cathodes was rather short,
increasing the chance that the current propagates through the scalp.

The time-dependent change in the relation between EF magnitude
and rsFC during stimulation only related to a small area and the analysis
was explorative in nature. We tried to account for the explorative whole-
brain analysis by using FWE correction, but our findings need further
confirmation.

5. Conclusion

We used a 4 x 1 ring setup that is frequently used for HD-tDCS ap-
plications. Results showed an increase in rsFC between the rIFG-ptr and
parts of the left PFC including the frontal pole, middle frontal gyrus, and
IFG during, and directly following active but not sham stimulation.
Findings also revealed substantial EF variability. Furthermore, an
interaction between the duration of stimulation and EF magnitude on
changes in rsFC was observed. While these findings need further vali-
dation, they emphasize the importance of individual EF models and
individualized (HD-)tDCS protocols. One option to optimize protocols
could be the adjustment of the current intensity to a target value in the
area that is aimed to be stimulated.
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