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Abstract

Dynamics within and between functional resting-state networks have a crucial role
in determining both healthy and pathological brain functioning in humans. The pos-
sibility to noninvasively interact and selectively modulate the activity of networks
would open to relevant applications in neuroscience. Here we tested a novel ap-
proach for multichannel, network-targeted transcranial direct current stimulation
(net-tDCS), optimized to increase excitability of the sensorimotor network (SMN)
while inducing cathodal inhibitory modulation over prefrontal and parietal brain re-
gions negatively correlated with the SMN. Using an MRI-compatible multichannel
transcranial electrical stimulation (tES) device, 20 healthy participants underwent
real and sham tDCS while at rest in the MRI scanner. Changes in functional connec-
tivity (FC) during and after stimulation were evaluated, looking at the intrinsic FC of
the SMN and the strength of the negative connectivity between SMN and the rest
of the brain. Standard, bifocal tDCS targeting left motor cortex (electrode ~C3) and
right frontopolar (~Fp2) regions was tested as a control condition in a separate sam-
ple of healthy subjects to investigate network specificity of multichannel stimulation
effects. Net-tDCS induced greater FC increase over the SMN compared to bifocal
tDCS, during and after stimulation. Moreover, exploratory analysis of the impact of
net-tDCS on negatively correlated networks showed an increase in the negative con-
nectivity between SMN and prefrontal/parietal areas targeted by cathodal stimula-
tion both during and after real net-tDCS. Results suggest preliminary evidence of the
possibility of manipulating distributed network connectivity patterns through net-
tDCS, with potential relevance for the development of cognitive enhancement and

therapeutic tES solutions.
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1 | INTRODUCTION

Transcranial direct current stimulation (tDCS) is a noninvasive brain
stimulation (NIBS) technique capable of influencing spontaneous
neuronal activity by increasing or decreasing the average resting
membrane potential of neuronal populations underneath, respec-
tively, positively (i.e., anode) and negatively (cathode) charged scalp
electrodes (Paulus, 2003) (Nitsche & Paulus, 2001). For instance,
when applied to the motor system, tDCS has been found to in-
crease corticomotor excitability—up to 90 min following stimulation
(Nitsche & Paulus, 2001)—and to enhance motor performance in
healthy individuals—up to 45 min after stimulation's cessation (van
Asseldonk & Boonstra, 2016)—possibly acting on cortical plasticity
mechanisms (Antal, Terney, Poreisz, & Paulus, 2007; Boros, Poreisz,
Miinchau, Paulus, & Nitsche, 2008; Fritsch et al., 2010; Furubayashi
et al., 2008; Nitsche & Paulus, 2000; Nitsche et al., 2005; Uy,
Ridding, Hillier, Thompson, & Miles, 2003). Moreover, results from
studies on clinical populations with motor deficits suggest tDCS as
a promising neuromodulatory tool to restore motor function (Liew,
Santarnecchi, Buch, & Cohen, 2014) (for a review see Sanchez-Kuhn,
Pérez-Fernadndez, Canovas, Flores, & Sanchez-Santed, 2017).

Local- and network-level changes related to anodal and cathodal
tDCS have been already helping the development of ad-hoc research
designs (Pellicciari, Brignani, & Miniussi, 2013; Pisoni et al., 2018;
Romero Lauro et al., 2014; Varoli et al., 2018). However, traditional
tDCS research employs a two-electrode montage with rather large
rectangular electrodes. The poor focality and the risk of producing dif-
fuse electric fields in the brain—which could exert unspecific cortical
effects—represent a known downfall of tDCS (Miranda, Mekonnen,
Salvador, & Ruffini, 2013). Moreover, brain regions do not operate in
isolation, but rather continuously interact with each other in well-orga-
nized cortical networks (Fischer et al., 2017; Fox et al., 2005; Sheffield
& Barch, 2016), creating the need for tDCS solutions able to target
brain networks. This becomes even more important when considering
how alteration of such networks are also responsible for psychological
and neurological deficits in almost any neurological or psychiatric con-
dition (Drysdale et al., 2017; Fox, 2018; Fox, Buckner, White, Greicius,
& Pascual-Leone, 2012; Sheffield & Barch, 2016).

Therefore, if brain networks are becoming the targets of neu-
romodulatory interventions, stimulation of a single brain region
might no longer be sufficient. Our group (Fischer et al., 2017) has
recently tested a novel approach for multifocal network-targeted
tDCS (net-tDCS) of the primary motor cortex (M1) and its associ-
ated resting-state fMRI network. The approach is based on a genetic
algorithm to produce cortical electric fields optimally matched to a
desired characteristic of a cortical map obtained from, for example,
individual fMRI, PET, or EEG data (Ruffini et al., 2014). The algorithm
explores a large, combinatorial parameter space, including current in-
tensity, number and location of electrodes, and stimulation polarity,
resulting in the best optimization to maximize injection of current in
the target region/network while minimizing stimulation of the rest
of the brain. By optimizing the net-tDCS solution on the basis of a
resting-state functional connectivity (FC) map of the right hand rep-

resentation on the left motor cortex, we investigated the impact of

Significance

By means of electric or magnetic stimulation over a se-
lected brain area, noninvasive brain stimulation techniques
can modify brainS activity inducing long-lasting effects
and even behavioral changes. However, the human brain
is organized in functional networks composed by multiple
regions, therefore brain stimulations solution allowing to
modulate network activity as a whole are needed. Here
we provide evidence of the efficacy of network-targeted
electrical stimulation, showing an increase of spontaneous
activity in the targeted network, as well as signs of a modu-
lation of its interplay with other brain networks. Findings are
relevant for reserch on the optimization of brain stimulation
solutions in clinical populations where alteration of network
connectivity rather than single brain areas have been docu-

mented, as well as for cognitive enhancement purposes.

network-targeted tDCS on corticospinal excitability via combined
Transcranial Magnetic Stimulation (TMS) and electromyography
(EMG). Net-tDCS induced approximately two times the increase in
left M1 excitability over time (compared to traditional bifocal tDCS
targeting left M1 and contralateral fronto-orbital region), with a con-
comitant increase in the excitability of the contralateral motor cortex
(usually not induced by traditional tDCS applied solely over left M1).
Results suggested the possibility of using network-targeted stimula-
tion approaches to engage multiple nodes of a given network, possibly
resulting in an overall greater modulatory effect (Ruffini et al., 2018).
However, TMS-tDCS measurements do not entail the same spec-
ificity in assessing network-level changes compared to that can be
achieved with combined tDCS-fMRI (Antal, Polania, Schmidt-Samoa,
Dechent, & Paulus, 2011; Lindenberg, Nachtigall, Meinzer, Sieg, &
Floel, 2013; Meinzer et al., 2012; Meinzer, Lindenberg, Antonenko,
Flaisch, & Fléel, 2013; Polania, Nitsche, & Paulus, 2011; Zheng,
Alsop, & Schlaug, 2011). Among the major advantages, simultaneous
tDCS-fMRI allows to produce whole-brain data at high spatial reso-
lution, uncovering changes in brain activity over both stimulated and
not-stimulated region(s). Moreover, this allows to also look at changes
in network-to-network dynamics, a relevant target for net-tDCS.
Here we attempted to replicate the findings previously reported
by Fischer et al. (2017) by directly looking at changes in network dy-
namics during a concurrent tDCS-fMRI study. In particular, we tested
the effects of net-tDCS on the activity of (i) a target resting-state
fMRI network (i.e., the sensorimotor network, SMN), as well as (ii) on
its negatively correlated regions in the prefrontal and parietal lobe.
To do so, we collected resting-state FC BOLD MRI (rs-FCMRI) in two
groups of 10 healthy participants before, during, and after tDCS using
an MRI-compatible brain stimulation device. In the first group, a ca-
nonical bifocal sponge-based tDCS targeting the left motor cortex
was used. In the second group, the tDCS electrode placement was
optimized to match the rs-FCMRI pattern of the right hand represen-
tation in the left motor cortex (M1), with anodal stimulation affecting
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bilateral motor cortices and cathodal stimulation eliciting maximal in-
hibition over prefrontal and parietal cortices as in Fischer et al. (2017)
(see Figure 1). By comparing the increase in FC over the SMN be-
tween these two groups we want to verify whether stimulating only
one motor cortex (left) or the entire SMN would lead to different
changes in FC. In particular, we hypothesized that (i) net-tDCS would
elicit a stronger modulation of the SMN as a whole, that is, a greater
change in FC of both left/right motor cortices during as well as after
stimulation compared to standard tDCS (which should selectively
modulate only the left motor cortex, as previously found in Fischer
et al., 2017). Moreover, in order to validate potential effect of net-
tDCS over network-to-network dynamics, we compared the effect
induced by real and sham net-tDCS on negative FC. In particular, we
assumed that (i) net-tDCS would also modulate the FC between SMN
and its negatively correlated regions (resembling the frontoparietal
network, FPN; Corbetta, 1998). Finally, given the different number
and distribution of electrodes on the scalp for net-tDCS and bifocal
tDCS, side/adverse effects and subjective feelings during both stimu-
lation approaches were assessed after each session.

2 | MATERIALS AND METHODS
2.1 | Participants

Two groups of 10 right-handed healthy individuals (14 males and 6
females, age 26.3 + 3.1), with normal neurological exam and no his-
tory of psychiatric disorders were recruited through flyers and online
advertisement. Subjects with personal and family history of epilepsy
were excluded, as well as those reporting recent migraine attacks. Each
subject provided written informed consent. The study was approved
by the Local Ethics Committee at Le Scotte Hospital and University of
Siena School of Medicine (Siena, Italy; IRB protocol “APOLLO").

2.2 | Experimental paradigm

The subjects took part into two different experimental protocols:
standard tDCS (eight males and two females, age 25.5 + 3.5) and
network-targeted tDCS (net-tDCS hereafter; six males and four fe-
males, age 27.2 + 2.5). Each condition consisted of two randomized
experimental sessions, real-tDCS and shamtDCS, held on separated
days at least 1 week apart. Four resting-state fMRI were acquired
in order to evaluate brain FC at different time point: before, during,
and after tDCS. In particular, the first resting state scan was com-
puted as a baseline without the stimulation, the second and the third
fMRI were computed concurrent to tDCS to evaluate “acute” and
“cumulative” stimulation effects, whereas the last one was used for
evaluating tDCS after-effect. The experimental design is shown in
Figure 1a. The duration of the experiment was approximately 1 hr
per session. At the end of each study visit, a questionnaire evaluat-
ing possible side effects of stimulation was administered (Fertonani,
Rosini, Cotelli, Rossini, & Miniussi, 2010).

b 1845
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2.3 | Brain stimulation device

tDCS was delivered by means of an MRI-compatible Starstim hy-
brid EEG/tCS eight-channel neurostimulator system (Neuroelectrics,
Barcelona, Spain). The device was connected via Bluetooth to a
computer located outside the Faraday cage (Figure 1b). The stim-
ulation protocol was created and monitored using the NIC 2.0
software (www.neuroelectrics.com/products/software/nic2/). MR-
compatible electrodes consisting of conductive rubber electrodes
were used (Figure 1b) and inserted in circular sponge sockets soaked
with 15 ml of sterile sodium chloride solution (0.9%) for at least
10 min (MRI Sponstim, Neuroelectrics). The electrodes were posi-
tioned in a neoprene cap with 32 electrode positions corresponding
to the 10/20 EEG system. The stimulator was connected to the MR-
compatible electrodes by specially designed MR-compatible (non-

ferrous and radio translucent) leads.

2.4 | Standard tDCS protocol

Traditional tDCS was applied using a “standard” montage widely
used in the tDCS literature (Lefaucheur et al., 2017), with the anode
over the left M1 area (C3 in the 10/20 EEG-reference system) and
the cathode over the right supraorbital area (Fp2; Figure 1d). A cur-
rent intensity equal to 2mA was delivered by means of 23-cm? round
electrodes positioned inside saline-soaked sponges (25 cm? contact
area, Figure 1b). This montage is thought of activating the motor sys-
tem with a major focus on the left motor cortex. Given the nature
of bifocal tDCS, a second electrode delivering cathodal stimulation
needs to be placed on the scalp. In the case of bifocal tDCS for motor
cortex stimulation, the cathode is usually placed over a “neutral” re-
gion (i.e., contralateral frontopolar region, Fp2), which implies the
potential induction of two stimulation effects: a desired anodal -ex-
citatory— stimulation over M1, and an unspecific cathodal -inhibi-
tory— stimulation over the right frontopolar cortex, both potentially
contributing to resulting changes in brain physiology and/or behav-
ior. Net-tDCS was thought of leveraging such limitation of canonical
tDCS by systematically placing anodes and cathodes following fMRI-
based patterns of positive and negative connectivity within/outside
the motor system. This should lead to both a stronger modulation of
motor system's excitability compared to standard tDCS, as well as to
the modulation of functionally relevant network-to-network dynam-
ics between motor cortices and the rest of the brain via carefully
tailored cathodal stimulation (see below).

2.5 | Network-targeted tDCS optimization

As in Fischer et al. (2017), the target region for net-tDCS was based
on the hand area representation of the left motor cortex (Figure 1c).
The FC pattern of the hand area was calculated (Figure 1c); the co-
ordinates of five largest clusters positively correlated with left M1
are:x=-42,y=-18,z=62;x =50,y =-72,z=2;x =18,y = -82,
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z=30;x=-10,y =-88,z=36; x = -50, y = -74, z = 8; whereas the y=-78,z=-26;x=-30,y=18,z=-6;x=-54,y =-54,z=-4.This
coordinates of five largest clusters negatively correlated with left pattern was used as input for the optimization of a genetic algorithm
M1 are: x =46,y = -46,z=40; x = -40,y = 24, z = 32; x = -8, (Stimweaver algorithm; Ruffini et al., 2014) comparing thousands
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FIGURE 1 Experimental paradigm. (a) Overview of the tDCS-fMRI experimental session. (b) Schematic of multichannel stimulator MRI
installation (system supplied by neuroelectrics.com). (1) electrode in cap detail, (2) Common Mode Sense (CMS) active and Driven Right

Leg (DRL) passive mastoid electrodes for impedance check, (3) and (4) MRI-compatible touchproof connector, (5) Patch panel connection,

(6) Starstim cable adaptor, MRI-compatible rubber electrodes used for (7) standard (5 x 5 cm) and (8) net-tDCS (1 cm radius circular
electrodes) . (c) The hand area of left M1 (targeted by standard tDCS) and areas positively and negatively connected to left M1, constituting
the sensorimotor resting-state network (targeted by net-tDCS) are reported. Clusters of negative connectivity to the SMN are shown. (d)
For both standard and net-tDCS stimulation polarity, electric field maps >0.25 V/m (red = anodal, blue = cathodal), normal electric field, and
electrode positions (right; green anodes, red cathodes) are shown [Color figure can be viewed at wileyonlinelibrary.com]

of multi-electrode montages including up to eight stimulating elec-
trodes located on any of the 32 positions of the 10/20 International
EEG system. The goal of maximizing excitation or inhibition of the
target regions was mathematically implemented by the rationale
that an inward (outward) electric field component normal to the cor-
tical surface (E,) excites (or inhibits) the underlying cortical pyramidal
cells (this is the so-called “lambda-E” model, see Ruffini et al. (2013)
and references therein). Solutions were found using constrained
least squares minimization to determine the electrode positions and
currents that induced a weighted E,, field that best approximated the
weighted target (i.e., the weighting of the FC values in the map). The
desired E, field component was set to 0.25 V/m (the positive value
indicates that the target E,, field is directed into the cortical surface,
thus having an excitatory effect) in the target area. Stimulation was
performed using MRI-compatible Sponstim electrodes (circular 1-cm
radius, = cm? area sponges, Neuroelectrics), with a maximal current
at any electrode of 2.0 mA, and a maximal total injected current
of 4.0 mA across eight electrodes (Figure 1d). Stimulation param-
eters were maintained within recommended safety parameters
for transcranial electrical stimulation (tES) in humans (Lefaucheur
et al., 2017). Anodal stimulation was delivered via five electrodes
placed over the sensorimotor cortex bilaterally: specifically C1
(872 nuA), C2 (888 pA), C3 (1,135 pA), C4 (922 pA), T8 (183 pA);—ca-
thodal electrodes were placed over frontopolar and parietal areas,
specifically Fz (-1,843 pA), P3(-1,121 pA), P4 (-1,036 uA; Figure 1d).

Real-tDCS for both conditions was delivered for 22 min, with peri-
ods of ramp-up/down of 30 s, whereas sham tDCS consisted of only 60's
of stimulation at the beginning (ramp-up) and at the end (ramp-down) of
the session. The impedance levels were kept below 10 kQ throughout
the stimulation sessions, thereby minimizing cutaneous sensations.

2.6 | Biophysical modeling

Two separate models were built, for standard and net-tDCS, respec-
tively. Distribution of current and normal components of the generated
electrical fields is reported for each montage in Figure 1 (C-D, for more
details see Figure S1). A realistic head model based on T1-weighted
and proton density (PD)-weighted MRI images of the single-subject
template Colin27 was used to simulate the electric field distribution as
previously described (Miranda et al., 2013). Five different tissue types
were distinguished. Isotropic conductivities were used as follows:
0.33 Siemens per meter (S/m) for the scalp , 0.008 S/m for the skull,
1.79 S/m for the cerebrospinal fluid (CSF; including the ventricles), 0.4
S/m for the grey matter (GM) and 0.15 S/m for the white matter (WM).

The plugs at the apexes of the orbits were given conductivity values
equal to those of the scalp. In order to represent the conductivity of
sponge electrodes soaked in saline solution, the electrodes were mod-
eled with a high conductivity value of 2 S/m. The resulting voxel-level
volumes were thresholded and used to define seed regions for FC MRI
analysis (see dedicated paragraph).

2.7 | MRI data acquisition

Imaging was conducted on a Siemens Avanto scanner with a 12-chan-
nel head-coil (Siemens, USA). High-resolution T1-weighted anatomical
images were obtained using a 3D-MPRAGE sequence (repetition time
(TR)=1,880 ms, echo time (TE) = 3.38 ms, inverse time (T1) = 1,100 ms,
flip angle (FA) = 15°, number of slices = 176, thickness = 1 mm,
gap = 0 mm, imaging matrix = 256 x 256, acquisition duration: 5 min).
Functional MRI data were acquired before tDCS (“BASELINE”), during
stimulation (mins 1'-8' of stimulation, “ACUTE"; mins 15'-22" of stimu-
lation, “CUMULATIVE”), and after stimulation (“AFTER”). Functional
MRI images were acquire using standard echo-planar blood oxygena-
tion level-dependent (BOLD) imaging (TR = 2,000 ms, TE = 20 ms,
flip angle (FA) = 70°, number of slices = 37, thickness = 3.59 mm,
gap = 4.64 mm, acquisition duration: 8,36"). Subjects were instructed
not to focus their thoughts on any particular topic, do not cross their
arms or legs and keep their eyes open. Arterial spin labeling (ASL) data
were also acquired before and during tDCS; however, perfusion-re-

lated results are not discussed as part of the present manuscript.

2.8 | fMRI data preprocessing

fMRI data preprocessing and statistical analyses were carried out
using SPM12 software (Statistical Parametric Mapping; www.fil.
ion.ucl.ac.uk/spm/) and MATLAB 2013b (MathWorks, MA, USA)
software. BOLD images underwent the following preprocessing
steps: discarding of the first three volumes to allow for steady-state
magnetization and stabilization of participant status; slice timing;
realigning to correct for head motion; co-registration to structural
images; segmentation; nonlinear normalization to the Montreal
Neurological Institute (MNI) template brain; voxel resampling to
an isotropic 3 x 3 x 3 mm voxel size; smoothing with an isotropic
Gaussian kernel (full-width at half maximum, 8 mm). Structural im-
ages were co-registered to the mean volume of functional images
and segmented using routines in SPM12. To obtain a more accurate

spatial normalization, we created a customized grey matter template
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from all subjects' segmented images. Briefly, this approach is based
on the creation of a customized anatomical template built directly
from participants T1-weighted images instead of the canonical
one(s) provided by SPM (MNI template, ICBM 152, MNI). This allows
a finer normalization into standard space and consequently avoids
under- or overestimation of brain region volume. Linear trends were
removed to reduce the influence of the rising temperature of the
MRI scanner and all functional volumes were bandpass filtered at
0.01 Hz < f < 0.08 Hz to reduce low-frequency drifts. Finally, an
important issue for brain connectivity analysis is related to the de-
convolution of potential confounding signals—mainly physiological
high-frequency respiratory and cardiac noise—from the grey matter
voxels’ BOLD time course. We decided to regress out potential con-
founding signals, like physiological high-frequency respiratory and
cardiac noise, from grey matter voxels’ BOLD time course using the
Compcorr algorithm (Whitfield-Gabrieli & Nieto-Castanon, 2012),
in order to reduce artificial negative correlation and provide ade-

quate filtering of the data.

2.9 | Second-level analysis

Given the rationale of the study, changes in FC were expected on
both left and right sensorimotor cortices, as well as on their nega-
tively correlated regions during/after net-tDCS; instead, standard
tDCS was expected to induce changes only on left sensorimo-
tor cortices and right frontopolar regions. However, the two ap-
proaches generate electric fields of different intensity, shape and
polarity on the cortex, making it difficult to capture stimulation ef-
fects by implementing a single set of regions of interest (ROls) de-
fined anatomically. Therefore, we extracted individual resting-state
networks (RSNs) for each participant using independent component
analysis (ICA; Beckmann & Smith, 2005). Fifteen components were
obtained from subjects’ resting data and visually inspected by three
investigators (LM, AM, and ES; Figure S2 shows the ICA component
for the most representative RSNs). The SMN was chosen as seed
to directly compare the effects of standard and network-targeted
stimulation at whole-brain level. Additionally, the effect of tDCS
in modulating the interaction between sensorimotor cortices and
brain regions showing the highest negative FC was also investigated
(Figure 1c). Specifically, these regions corresponded to a cluster of
voxels mapping onto the anterior portion of the cingulate cortex
(ACC hereafter) and the precuneus. In summary, FC analyses were
focused on evaluating changes in local connectivity involving the
sensorimotor cortices due to anodal stimulation, as well as changes
in the negative connectivity between sensorimotor cortices and

ACC/precuneus as a measure of network-to-network connectivity.

2.10 | FC analysis

In order to verify our hypothesis, we implemented two differ-

ent analysis. The first one aimed to compare the modulation of FC

induced by bifocal or net-tDCS at whole-brain level considering the
SMN identified via ICA as a seed region. The second one aimed at
investigating the potential network effects of net-tDCS by looking
at changes in connectivity between the motor system and its nega-

tively correlated brain regions.

2.10.1 | Whole-brain FC modulation

Statistical analysis was carried out using the CONN (v.17f) toolbox
and Matlab 2013b software (Mathworks, MA, USA). A repeated
measure analyses of variance (rp-ANOVA) was carried out on the
connectivity profile of the SMN identified via ICA. The model in-
cluded factors “Montage” (standard bifocal, network-targeted),
“Condition” (real, sham), and “Time” (Baseline, Acute, Cumulative,
and After tDCS), as well as “Montage x Condition x Time” interac-
tion term. Age, gender, and order of stimulation were included as
covariates in all analyses. Results were computed applying a voxel-
level threshold (p < 0.001 uncorrected) and cluster size correction
(p < 0.05, false discovery rate (FDR) corrected).

2.10.2 | Changes in network-to-network connectivity

To specifically investigate the effect of net-tDCS on network-to-
network connectivity patterns involving the SMN, the following
analysis was carried out separately for each montage (bifocal or
net-tDCS) and was focused on the effects of the tCS condition
(real and sham) on negative correlation/connectivity at different
time points (acute, cumulative, and after tDCS). Since the standard
bifocal montage was not optimized to target negatively connected
nodes, we did not expect any significant effect (results related to
bifocal tCS are reported as part of the supplementary material, see
Figure S3).

We initially run an ICA to define the SMN across subjects (da-
ta-driven, based on our sample) and then we identified the clusters
of voxels showing a significant negative connectivity with the senso-
rimotor ICA component at baseline (p < 0.001 uncorrected at voxel
level; p < 0.05 FDR-corrected at cluster size), for each session/con-
dition. At this point we look at negative connectivity at whole-brain
level, therefore not biasing the analysis toward a specific topology/
topography. Then, we investigate the modulation of negative con-
nectivity in these clusters, extracting significant connectivity values
for each participant (p < 0.001 uncorrected at voxel level; p < 0.05
FDR-corrected at cluster size; r > 3) at each time point (acute, cu-
mulative, and after tDCS). Values greater/smaller than 2 standard
deviations from the mean were removed from the dataset. Finally,
a repeated measure analyses of variance (rp-ANOVA) was carried
out including the factor “Condition” (active, sham), “Time” (baseline,
acute, cumulative, after), and the interaction “Condition x Time."
Moreover, as an exploratory analysis we also compared FC values
extracted for each time point with the FC value obtained at baseline

separately for real and sham net-tDCS by means of paired t-tests
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(p < 0.05) using Statistical Package for Social Science (IBM SPSS
Statistics 20) for Windows.

2.11 | Subjective sensations

Given the different spatial distribution of the induced electrical cur-
rents (due to the different number, location, and size of the elec-
trodes across montages, with an overall higher total stimulation
intensity for multifocal stimulation equal to 4 mA, compared to bifo-
cal stimulation inducing 2 mA), we used a self-report questionnaire
(Fertonani et al., 2010) to collect information about subjective sensa-
tions during both standard bifocal and network-targeted stimulation,
addressing commonly reported subjective feelings (e.g., tingling,
pain, headache, etc..) that might be relevant for participant and op-
erator blinding in future studies. We performed a rp-ANOVA testing
the factor “Condition” (real and sham), “Montage” (standard bifocal
and network targeted), and the interaction “Condition x Montage”
for each item of the questionnaire. Moreover, post hoc analyses of
simple main effects were performed using pairwise comparisons
(p < 0.05) in SPSS 20.

3 | RESULTS
3.1 | Connectivity changes in the SMN

The overall ANOVA model was significant (F(2,158) =4.25,p < 0.003),
with a significant effect of Montage (F(2,158) = 3.58, p < 0.007), as
well as an effect of Condition (F(2,158) = 2.62, p < 0.012) and Time
(F2158)=3.71, p < 0.002). A significant Montage x Condition x Time
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interaction was found (F(2,1se) = 2.36, p < 0.025), therefore post hoc
comparisons of interest were run to understand the specific acute,
cumulative, and after effects of net-tDCS. Similar to that observed
using corticospinal excitability in our previous study by Fischer
et al. (2017), a significant increase in intrinsic FC of the sensorimotor
ICA component (i.e., increased positive connectivity in both motor
cortices) was observed both during (ACUTE: tiasg) = 9.86, p < 0.03;
CUMULATIVE: tiysg) = 25.81, p < 0.006; Figure 2a,b) and immedi-
ately after real net-tDCS (AFTER: tiyse) = 36.14,p < 0.002, Figure 2c),
compared to standard tDCS. MNI coordinates of each significant

cluster are reported in Table S1.

3.2 | Effect on network-to-network connectivity

Assignificant effect of Condition (F(1,9) =5.24;p=0.048) was observed,
whereas no significant results was found for Time (F(3’27) = 1.70;
p = 0.19) and for Condition x Time interaction (F5 ,;= 1.16; p = 0.34).
In order to investigate these results in detail, we conducted several
paired t-tests (p < 0.05) evaluating the differences in all time points
(acute, cumulative, and after) between the two conditions (active
and sham). The results showed a significant increase of the nega-
tive connectivity between SMN and ACC/precuneus for real net-
tDCS in all time points when compared to acute sham tDCS (Acute:
tg = 2.11, p = 0.032; Cumulative: tg = 2.93, p = 0.008; After:
tg = 1.93, p = 0.043; see Figure 3). All remaining contrasts reported
no significant results (all p > 0.08).

Moreover, the exploratory analysis conducted separately for
real and sham net-tDCS comparing FC values extracted for each
time point showed an increase of negative connectivity both during
(ACUTE and CUMULATIVE) and after stimulation only for real

21028-]

After effect Baseline I Acute

Baseline l Acute Cumulative

Cumulative

After effect

After effect Baseline ‘ Acute Cumulative

FIGURE 2 Functional connectivity results. Results of the contrasts between standard and net-tDCS for the sensorimotor ICA component
are shown for each time point relative to baseline: Acute (a; minute 1-8); Cumulative (b; minute 15-22), and After (c) tDCS effect. The
images, displayed in neurological convention, show an increase of functional connectivity in the left hemisphere regioins of the SMN during
and after net-tDCS compared to standard tDCS group and with respect to baseline connectivity. Axial, coronal, and sagittal views are
shown. MNI coordinates of each significant cluster are reported in Table S1 [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Modulation of network-to-network connectivity. Acute, cumulative, and after effect of stimulation on the negative FC

is shown for net-tDCS. The plot represents the change in FC as compared to baseline (1 = 100% baseline) at each time point (Acute,
Cumulative, and After tDCS; for example, 1.1 equals to 10% increase in FC compared to baseline), for both real and sham net-tDCS.
Negatively correlated regions targeted by cathodal stimulation (ACC and Precuneus) are shown. * identifies time points in which the
modulation of negative FC is significantly different between conditions (p < 0.05), whereas » shows the significant effect of real net-tDCS in
different time points compared to baseline. [Color figure can be viewed at wileyonlinelibrary.com]

tDCS (ACUTE: t4) = -2.28, p = 0.024; CUMULATIVE: t, = -2.09,
p = 0.033; AFTER: t(9) = -2.20, p = 0.027, respectively; % increase
in FC for real net-tDCS with respect to baseline: ACUTE: 12%;
CUMULATIVE: 15%; AFTER: 11%, respectively). Conversely, the
connectivity between SMN and its negatively correlated clus-
ters was not significantly different during or after sham net-tDCS
(ACUTE: tg) = 1.29, p = 0.11; CUMULATIVE: t,, = -0.45, p = 0.33;
AFTER: t(9) =0.014, p = 0.49, respectively; % increase in FC for sham
net-tDCS with respect to baseline: ACUTE: -0.8%; CUMULATIVE:
2%; AFTER: -0.1%, respectively; Figure 3).

3.3 | Induced subjective sensations

Neither side effects nor adverse effects were reported during or
after stimulation, confirming the safety profile of both standard
and net-tDCS. The reported subjective sensations were not sig-
nificantly different between stimulation modalities, as showed by
the ANOVAs results. In particular, no significant effect was ob-
served for headache (Montage: F(1,9) = 1.80; p = 0.21; Condition:
F(1,9) = 0.31; p = 0.59; Montage x Condition: F(1,9) = 3.85; p = 0.08);
scalp pain (Montage: Fug = 1.55 p = 0.24; Condition: Fg = 0.10;
p = 0.76; Montage x Condition: F(1,9) = 3.46; p = 0.09); scalp burn
(Montage: F; 4 = 0.10; p = 0.76; Condition: F;4 = 0.00; p = 1;
Montage x Condition: F(1,9) = 0.23; p = 0.64); sensation under the
electrodes (Montage: F(1,9) = 0.03; p = 0.86; Condition: F(1y9) = 0.80;
p = 0.39; Montage x Condition: Fug=312;p = 0.11); sleepiness
(Montage: F(1,9) = 2.71; p = 0.13; Condition: F(1,9) = 0.37; p = 0.56;

Montage x Condition: F<1,9) = 0.37; p = 0.56); trouble in concentrat-
ing (Montage: F(1,9) = 2.44; p = 0.15; Condition: F(1,9) =2.25,p=0.17,
Montage x Condition: Fyg = 0.00; p = 1); and change in mood
(Montage: F(1’9) = 0.79; p = 0.40; Condition: F(1‘9) = 0.31; p = 0.59;
Montage x Condition: F(1,9) = 3.86; p = 0.3). A significant effect of
Montage (F; 4 = 7.36; p = 0.02) was observed for the item “skin
redness,” whereas no significant effects of Condition (F; 4 = 2.25;
p = 0.17) and Condition x Montage (F(1,9) = 2.25; p = 0.17) were
observed. Post hoc analysis conducted on this item confirmed
the higher skin redness after real standard stimulation (t(9) = 2.23;
p = 0.038) compared to the real net-tDCS. For the real tDCS condi-
tions, higher scores were observed for (i) sleepiness (mostly imputed
to the length of the study visits), (ii) tingling under the electrodes
(usually reported at the beginning of stimulation and decreasing af-
terwards), and (iii) burning (mild, not reported as uncomfortable), but
none of these aspects resulted significant different compared to the
sham conditions. Most commonly reported effects were headache,
changes in mood, neck pain, scalp pain, and trouble concentrat-
ing. Individual scores are reported in Figure 4, mean and standard
deviation (SD) for each item by condition and montage are shown in
Table S2.

4 | DISCUSSION

The aim of the study was to further explore previous findings re-
ported by Fischer et al. (2017) using TMS-EMG (i.e., net-tDCS is able

to modulate the entire SMN beyond the effect of canonical bifocal
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FIGURE 4 Side effects. Bars represent average subjective reports (Lickert scale: 0 = none, 4 = strong, adapted from Fertonani
et al., 2010) for both standard bifocal and net-tDCS. Blue triangles and violet diamond represent the subjects’ single value reported
respectively for sham and real conditions. Error bars represent standard error of mean. *p < 0.05 [Color figure can be viewed at

wileyonlinelibrary.com]

tDCS over left M1), by using a concurrent tDCS-fMRI approach
while also investigating the feasibility, efficacy, and safety of a tDCS
solution optimized to engage a target RSN via multichannel stimula-
tion. Moreover, the present study was designed to test the possibil-
ity of using net-tDCS to modulate not only local brain dynamics but
also the interplay between the target networks and its negatively
correlated brain regions/networks. As predicted, results suggest a
stronger engagement of the bilateral sensorimotor areas during net-

tDCS compared to bifocal tDCS. Furthermore, preliminary results

also support its efficacy in amplifying the negative connectivity be-
tween the SMN and its negatively correlated brain regions targeted
by cathodal stimulation. However, due to the small sample size, this
result should be interpreted carefully and requires further valida-
tion. Findings might be relevant for the optimization of tDCS in clini-
cal contexts, where alteration of network-to-network connectivity
have been documented (e.g., see Zhou et al., 2010), as well as for
cognitive enhancement purposes (Santarnecchi et al., 2017; Spreng,
Stevens, Viviano, & Schacter, 2016).
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4.1 | Modulation of intrinsic FC

Modulation of M1 excitability via tDCS has been extensively used
to enhance motor behavior and motor learning (Nitsche et al., 2003;
Reis et al., 2009), also exploring its potential in clinical and reha-
bilitative settings (Liew et al., 2014). Several studies have also in-
vestigated the impact of tDCS by combining TMS-EEG (Pellicciari
et al., 2013; Romero Lauro et al., 2014; Varoli et al., 2018) or by
means of neuroimaging measures (Amadi, llie, Johansen-Berg,
& Stagg, 2014; Polania, Paulus, & Nitsche, 2012a, 2012b; Sehm,
Kipping, Schifer, Villringer, & Ragert, 2013). Given the shift in focus
toward network-based approaches for the study of human cognition
(Pisoni et al., 2018; Santarnecchi et al., 2017; Santarnecchi, Momi,
et al., 2018; Santarnecchi, Sprugnoli, et al., 2018; Spreng et al., 2016)
—and more recently even for the diagnosis of neuropsychiatric con-
ditions (Fox et al., 2014)— we tested the impact of a tDCS montage
optimized to concurrently modulate multiple nodes of the SMN
(and its negatively correlated regions) instead of just left M1. Using
a multifocal tDCS solution previously tested by our group (Fischer
et al., 2017), here we document a greater modulation of FC involv-
ing both left and right M1 during net-tDCS compared to standard
tDCS, similar to that observed in our previous study where an in-
crease in excitability of right M1 was found solely for net-tDCS.
Moreover, the effect on fMRI connectivity seemed present both
during and after tDCS, similar to that we observed in our previ-
ous investigation and to that has been reported for standard and
high-density (HD) tDCS (Antal et al., 2011; Bikson, Datta, Rahman,
& Scaturro, 2010; Dmochowski, Datta, Bikson, Su, & Parra, 2011;
Nitsche & Paulus, 2001). This suggests an interesting convergence
between neurophysiological findings (i.e., motor-evoked potentials
as measured via combined TMS and electromyography) and neuro-
imaging results related to net-tDCS.

Of note, changes in cortical excitability in one hemisphere
could increase or decrease cortical excitability in the other hemi-
sphere by means of interhemispheric connections, such that func-
tional inhibition or excitation of contralateral homologous areas
may occur at different times depending on the task at hand/brain
state (Bloom & Hynd, 2005). When dealing specifically with the
primary motor cortices, neurophysiological and neuroimaging re-
search investigating interhemispheric interactions have corrobo-
rated the idea of these two areas being negatively correlated when
subjects perform a unimanual motor task (Ferbert et al., 1992;
Kobayashi, Hutchinson, Schlaug, & Pascual-Leone, 2003; Vines,
Nair, & Schlaug, 2006). The network-targeted solution investi-
gated in the present study offers interesting opportunities to tar-
get a bilaterally distributed network, but it should be considered
that this might only apply to a healthy brain stimulated at rest.
Ad-hoc investigations are needed to adapt net-tDCS for applica-
tions in clinical populations with pathological interhemispheric im-
balance (such as stroke patients) or those with unilateral lesions
in general, for which a reduction of interhemispheric connections
has been reported in favor of greater intrahemispheric cohesion
(Siegel et al., 2016).

4.2 | Effect on network-to-network connectivity

A growing body of literature suggests the importance of looking at
alteration of brain networks, as well as network-to-network interac-
tions, as potential biomarkers of neurological and psychiatric condi-
tions. For instance, alteration of the interplay between the default
mode network (DMN) and anterior salience network (ASN) have
been documented in both Alzheimer's disease and frontotempo-
ral dementia patients; however, while the former shows increased
DMN-AS FC, the latter display the opposite pattern, even though
both conditions share a significant neuropathological substrate. This
highlights the need for network-targeted interventions able to mod-
ulate such dysfunctional inter-network dynamics. Moreover, the
negative connectivity (or “anticorrelation”) between brain networks
has been also promoted as a crucial aspect of the functional organi-
zation of the human brain, with relevance for cognitive performance
(Fox et al., 2005). For instance, recent reports have highlighted how
the strength of the negative connectivity between regions of the
dorsal attention network (DAN) and the DMN is among the best
predictors of individual variability in intelligence levels (Santarnecchi
et al., 2017). Recent work by our group has shown the possibility to
selectively modify resting-state fMRI network-to-network coupling
by means of multisite TMS using cortico-cortical paired associative
stimulation (cc-PAS; Santarnecchi, Momi, et al., 2018); however, the
possibility to modulate inter-network dynamics by means of net-
work-targeted tDCS has not been demonstrated yet. Here we show
how a tDCS montage optimized to desynchronize the target network
(SMN) and its negatively correlated nodes is partially able to increase
the negative connectivity between networks. By systematically plac-
ing cathodal electrodes over frontal and parietal brain regions (i.e.,
Fz to target the medial prefrontal cortex and ACC; P3/P4 to target
the left/right angular gyrus), net-tDCS resulted in an amplified nega-
tive correlation between SMN, ACC, and bilateral angular gyri, com-
pared to the results obtained in the acute sham net-tDCS, but not
in the other time points. Even though the presented results are not
corrected for FDR at voxel level, they originally suggest the oppor-
tunity of manipulating network-to-network FC patterns by means of
optimized tDCS targeting both positively and negatively connected
brain regions. Moreover, looking at active or sham stimulation alone,
a significant trend in the increase of negative connectivity both dur-
ing and after real net-tDCS compared to baseline was found, with no
effect during sham stimulation. While this is suggestive of potential
modulation of network-to-network connectivity, this finding should
be interpreted carefully given the very limited sample size and high

number of conditions/comparisons in the design.

4.3 | Limitations and future directions

The first limitation is represented by the small sample size, which has
had a significant impact on data analysis and our ability to draw firm
conclusions about some findings, especially those related to modu-

lation of negative connectivity. For these reasons, our study only
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represents a preliminary yet informative investigation on the poten-
tial of network-targeted tDCS for modulation of network dynam-
ics as compared to bifocal tDCS. Another potential limitation is the
higher total current intensity induced by net-tDCS (4 mA) compared
to bifocal stimulation (2 mA). In fact, given the nature of multichan-
nel stimulation and the need to target multiple brain regions, net-
tDCS is usually performed at higher stimulation intensity compared
to standard tDCS, although in a distributed manner through the use
of multiple electrodes (eight in this study). Although the flexibility of
multichannel systems is an advantage, it comes with the challenge
of fine-tuning electrode locations and the currents delivered at each
electrode, with increasing demands on the number of electrodes
and total current injected if the cortical areas to stimulate are large.
Presently, Stimweaver is used with a limitation on maximal electrode
current and the total injected current by the montage at any given
time. However, this is a conservative criterion, since the potential
damage to brain tissues is related to local current and electric field
(ohmic power dissipation) in brain tissues, which is not directly related
to individual or total electrode current - it depends on the montage
specifics. Future work may consider relaxing the condition of total
injected current and instead analyze the electric field distribution in
the cortex for safety, which will facilitate the design of montages to
large widespread cortical networks using many electrodes. Another
physical limitation in tES is that because of the governing equations,
it is not possible to uniformly stimulate a large cortical patch with,
e.g., excitatory fields: the interplay between current flow and anat-
omy of gyri and sulci makes the presence of electric field orientation
stripes unavoidable (Lafon, Rahman, Bikson, & Parra 2017). The use
of denser montages can also mitigate this problem.

In addition, TMS-based MEPs should be collected before and
after the fMRI-tDCS sessions to provide a comparison between
electrophysiological and fMRI effects, also replicating findings from
Fischer et al. (2017) and further looking for the predictive power of
baseline cortical excitability over tDCS modulation of FC. Moreover,
an additional limitation of rs-fMRI technique should be considered.
Functional RSNs have been mostly studied through fMRI, with sev-
eral investigations focused on fMRI-based connectivity dynamics
within and across distributed brain networks. However, rs-fMRI is
a low temporal resolution estimate of FC, unable to capture brain
oscillatory rhythms reflective of actual neural activity (i.e., at mil-
lisecond timescale; He, Zempel, Snyder, & Raichle, 2010). Only di-
rect external manipulation of RSN activity may provide valuable
information about fast-evolving interactions between RSNs. An
increasing number of studies over the years have employed mul-
timodal neuroimaging techniques to better understand the neural
origins and spatial - temporal signatures of RSNs (Britz, Van De
Ville, & Michel, 2010; Chang, Liu, Chen, Liu, & Duyn, 2013; Chen,
Feng, Zhao, Yin, & Wang, 2008; Feige et al., 2017; Laufs, 2008;
Liu, Ganzetti, Wenderoth, & Mantini, 2018; Sadaghiani et al., 2010;
Tagliazucchi, von Wegner, Morzelewski, Brodbeck, & Laufs, 2012).
For example, some studies examined the specificity of tDCS effects
on brain connectivity by means of TMS-EEG, highlighting how the
spread of tDCS effects follows structural brain connections when
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applied at rest (Romero Lauro et al., 2014), whereas spreading only
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to functionally relevant areas when tDCS is applied during task ex-
ecution (Pisoni et al., 2018). Moreover, recent work by our group
(Ozdemir et al., 2020) has revealed that is it possible to capture the
same fMRI dynamics but with high temporal resolution by using net-
work-guided TMS-EEG. Despite the fact that no consensus has been
reached on the correlation between EEG spectral power features
and dynamic FC profiles within or across specific RSNs, multifocal
tDCS approaches could be helpful in investigating this link.

Future studies should also investigate other control conditions
(e.g., inverse condition, extracephalic cathodal electrode) and the
possibility of personalizing electrode montages (i.e., electrode
number and intensity) based on individual brain anatomy (Tecchio
et al., 2013, Ruffini et al., 2018) and fMRI network dynamics/topol-
ogy, like recently shown in a similar network-target brain stimulation
approach using personalized multi-coil TMS (Santarnecchi, Momi,
et al., 2018).

5 | CONCLUSION

Multifocal tDCS solutions informed by resting-state fMRI connectiv-
ity patterns and realistic head models can increase the precision of
brain networks targeting in humans, with the possibility of inducing
effects on multiple network nodes at the same time while affecting
both local and network-to-network connectivity dynamics.
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SUPPORTING INFORMATION
Additional supporting information may be found online in the

Supporting Information section.

Figure S1. Distribution of the normal component of the E-field (E, in
units of V/m) in the cortical surface. The top row shows the E-field
induced by the bipolar montage, whereas the bottom one shows the
E-field induced by the multichannel montage (anodes in red, cath-
odes in blue). The inset in figure 1b shows the mask of the motor
cortex representation of the hand area in the left hemisphere
Figure S2. ICA components extracted from subjects' resting data,
representing sensorimotor (SMN), visual (VN), left and right fron-
toparietal control (FPCN), auditory (AN), posterior default mode
(pDMN), dorsal attention (DAN) and anterior default mode network
(aDMN)

Figure S3. Effect of bifocal tDCS on network-to-network con-
nectivity. The results of ANOVA conducted including the factor
Condition (active, sham), Time (baseline, acute, cumulative, after),
and the interaction Condition x Time, confirmed our hypothesis
of no effectiveness of bifocal tDCS on negative correlated nodes
to SMN. No significant effect of Condition (F, 5 = 0.26; p = 0.62),
Time (F(3y27) = 0.18; p = 0.19) and of Condition x Time interaction
(F(3,27) = 1.54; p = 0.23) has been reported

Table S1. ICA connectivity results. MNI coordinates, cluster size and
localization of significant clusters displaying increased connectiv-
ity for net-tDCS compared to bifocal tDCS, both during and after
stimulation.

Table S2. Mean and Standard Deviation (SD) for each subjective sen-
sation reported trough a self-report questionnaire by conditions and
montages
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