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ARTICLE INFO ABSTRACT

Keywords:
Transcranial direct current stimulation

Transcranial direct current stimulation (tDCS) can influence performance on behavioral tasks and improve symp-
toms of brain conditions. Yet, it remains unclear precisely how tDCS affects brain function and connectivity. Here,
fMRI . o we measured changes in functional connectivity (FC) metrics in blood-oxygenation-level-dependent (BOLD) fMRI
Functional connectivity data acquired during MR-compatible tDCS in a whole-brain analysis with corrections for false discovery rate.
Volunteers (n = 64) received active tDCS, sham tDCS, and rest (no stimulation), using one of three previously
established electrode tDCS montages targeting left dorsolateral prefrontal cortex (DLPFC, n = 37), lateral tem-
poroparietal area (LTA, n = 16), or superior temporal cortex (STC, n = 11). In brain networks where simulated E
field was highest in each montage, connectivity with remote nodes decreased during active tDCS. During active
DLPFC-tDCS, connectivity decreased between a fronto-parietal network and subgenual ACC, while during LTA-
tDCS connectivity decreased between an auditory-somatomotor network and frontal operculum. Active DLPFC-
tDCS was also associated with increased connectivity within an orbitofrontal network overlapping subgenual
ACC. Irrespective of montage, FC metrics increased in sensorimotor and attention regions during both active and
sham tDCS, which may reflect the cognitive-perceptual demands of tDCS. Taken together, these results indicate
that tDCS may have both intended and unintended effects on ongoing brain activity, stressing the importance of
including sham, stimulation-absent, and active comparators in basic science and clinical trials of tDCS.

1. Introduction studies, there is considerable skepticism regarding how (or whether)

tDCS influences brain activity (Filmer et al., 2020). Evidence of the neu-

Transcranial direct current stimulation (tDCS) is a form of nonin-
vasive brain stimulation, where a constant, low-intensity electrical cur-
rent is passed between two or more electrodes positioned on the head.
The goal of tDCS research is to change brain activity to influence be-
havior, cognition, and the symptoms of a growing number of disorders
(Stagg and Nitsche, 2011). As a potential treatment, tDCS is appealing
because it is inexpensive, has the potential for supervised at-home use,
and has little or no short or long-term side effects (Fregni et al., 2015;
Matsumoto and Ugawa, 2017; Bikson et al., 2016). TDCS can thus po-
tentially minimize patient burden associated with other forms of neu-
rostimulation like transcranial magnetic stimulation (TMS) or electro-
convulsive therapy (ECT). However, despite a growing number of tDCS

robiological mechanisms of tDCS is needed.

TDCS uses low-intensity electrical currents (1-2 mA) that influence
neuronal membrane potential, which in turn influence spontaneous
firing rates and neuronal excitability (Purpura and McMurtry, 1965;
Creutzfeldt et al., 1962). The orientation and polarity of the electric
(E) field also appear to matter: excitability increases when the E field is
oriented parallel to pyramidal cells with dendrites near the anode (i.e.,
source of positive current), and decreases when the E field is oriented in
the opposite direction (i.e., dendrites near the cathode) in animal models
(Purpura and McMurtry, 1965; Creutzfeldt et al., 1962) and human stud-
ies (Nitsche and Paulus, 2000; Nitsche and Paulus, 2001). These elegant,
straightforward findings have informed and explained electrode place-
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ment in human behavioral and clinical studies for decades, where tDCS
anodes (or cathodes) are often positioned over regions the experimenter
wishes to stimulate (or suppress). Indeed, this polarity-dependent model
is supported by human studies, particularly those targeting motor cor-
tex (Rawji et al., 2018; Mikkonen et al., 2018; Laakso et al., 2019;
Stagg et al., 2009). However, the neurobiological effects of tDCS may
be less straightforward in regions with variable/complex gyral anatomy,
and the role of interneurons and downstream networks must also be con-
sidered (Stagg and Nitsche, 2011; Filmer et al., 2020; Liu et al., 2018).

This complexity is reflected in MRI studies measuring brain activ-
ity during concurrent tDCS. Again, studies targeting motor cortex with
tDCS are perhaps most consistent, reporting disrupted motor cortex con-
nectivity (Weinrich et al., 2017; Sehm et al., 2013) and increased thala-
mocortical connectivity (Polania et al., 2012) during active stimulation,
as well as increased motor cortex activity during active stimulation with
concurrent motor tasks (Kwon and Jang, 2011). Studies targeting other
brain regions have reported more disparate results, perhaps reflecting
heterogeneity in tDCS targets and other aspects of experimental design
(Li et al., 2022). Yet still other studies reported a lack of reliable change
in brain activity measured with fMRI during active tDCS (Antal et al.,
2011; Worsching et al., 2017), or have demonstrated changes in BOLD-
fMRI signal during active tDCS in postmortem brains (Antal et al., 2014),
leading some to question the reliability of the technique (Jonker et al.,
2021). These conflicting reports highlight the need for additional careful
study of tDCS with fMRI and other neuroimaging techniques.

To empirically address how tDCS modulates activity in different
brain networks, we measured the effects of tDCS on brain activity in hu-
mans during concurrent BOLD fMRI. Specifically, we hypothesized that
resting-state functional connectivity would differ during active tDCS in
brain regions and networks targeted by tDCS electrodes, when com-
pared to sham tDCS, rest, and active comparators (i.e., active tDCS
targeting other brain regions and networks). Three previously estab-
lished electrode positions or “montages” were tested in this study (Fig. 1,
(Loo et al., 2012; Fregni et al., 2006; Vanneste et al., 2013; Brunoni et al.,
2017)) in parallel across three groups of volunteers (i.e., one montage
per group) and under three experimental conditions: active tDCS, sham
tDCS, and rest (no stimulation). Thus, our design included both sham
and active comparators to mitigate any potential confounds related to
the cognitive/perceptual experience of tDCS (e.g., somatosensations,
anxiety, self-monitoring). The main analysis took an agnostic whole-
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Fig. 1. Electrode positions and resting state
networks (RSNs) used in the current study.
A. Electrode positions (“montages”) are dis-
played on the reconstructed surface of a
template head, including DLPFC (dorsolat-
eral prefrontal cortex), LTA (lateral tem-
poroparietal area), and STC (superior tem-
poral cortex). Anode is displayed in yel-
low and cathode in blue. 10-10 EEG po-
sitions are also displayed for each mon-
tage; green dots mark the visible 10-10 EEG
grid. B. Resting state network (RSN) atlas is
displayed, as derived from the 17-network
template in Yeo et al. 2011. Each network is
given a color as indicated by the key at bot-
tom and is displayed on reconstructed cor-
tical surfaces (from top to bottom: lateral,
medial, dorsal, ventral). Gray outlines also
indicate nodes used in the current analyses,
derived from the 400-parcel template from
Schaeffer et al. 2018. (For interpretation of
the references to color in this figure legend,
the reader is referred to the web version of
this article.)

brain (exploratory) approach, and measured interactions between tDCS
montage and tDCS condition (active/sham/rest). We hypothesized that
tDCS would influence brain regions where electrical current was high;
therefore, additional analyses targeted brain regions and networks with
high estimated E-field magnitude for each tDCS montage. Because tDCS
is known to induce somatosensations during stimulation (e.g., tingling,
itching), we hypothesized that the intensity of somatosensations dur-
ing tDCS would influence brain function. Therefore, we also examined
relationships between ratings of tDCS somatosensations and functional
connectivity. Taken together, our study measured both the influence of
electrical currents and cognitive/perceptual demands of tDCS on neuro-
functional connectivity.

2. Materials methods
2.1. Subjects

Volunteers (n = 64) gave informed written consent for this study,
with the approval of the Institutional Review Boards of UCLA and North-
western University. Though not a focus of the current analyses, some
volunteers had mild-to-moderate depression and/or chronic tinnitus.
Breakdown of volunteer demographics and other study-related variables
across the three tDCS montage groups can be found in Table 1 and Sup-
plemental Methods.

2.2. Electrode preparation and positioning

Two 5 x 7cm? sponges wetted with saline (~7 mL per electrode)
were each fitted to a 5 x 5mm? carbon rubber electrode. In addition
to saline, a thin layer of conductive paste and gel were applied to the
rubber electrode and sponge electrode cover, respectively, to prevent
drying during the hour-long MRI scan.

Electrodes were positioned on the volunteer’s head immediately be-
fore the MRI and secured with broad flexible bands made of rubber or
vinyl. Electrodes were positioned with reference to the 10-10 EEG sys-
tem in one of three montages (Fig. 1A), with long axis parallel to head
circumference line (i.e., Fpz-Oz-Fpz). One group of volunteers received
DLPFC-tDCS, with anode positioned over left dorsolateral prefrontal cor-
tex (DLPFC, F3) and cathode positioned over right ventrolateral PFC
(F8). In the LTA-tDCS group, the anode was placed over left temporo-
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Table 1
Participant characteristics and tDCS ratings.
DLPFC LTA STC

n 37 16 11
Age, mean(SE)* 32.03(1.95) 34.00(3.80) 38.91(2.90)
Sex, female(male)® 22(15) 10(6) 2(9)
Handedness, Right(Left)Both® 34(2)1 12(3)1 10(1)0
Intensity, Active tDCS, mean(SE)? 3.15(0.28) 1.69(0.28) 3.91(0.51)
Intensity, Sham tDCS, mean(SE)¢ 3.00(0.31) 1.81(0.44) 3.91(0.51)
Discomfort, Active tDCS, mean(SE)® 2.28(0.22) 1.25(0.14) 2.81(0.66)
Discomfort, Sham tDCS, mean(SE)® 2.00(0.22) 1.56(0.33) 1.82(0.26)
Site, UCLA(NU) 19(18) 16(0) 1(10)

Abbreviations: dorsolateral prefrontal cortex, DLPFC; lateral temporoparietal
area, LTA; superior temporal cortex, STC; transcranial direct current stimula-
tion, tDCS; major depressive disorder, MDD.

2 No difference in age between 3 montage groups F(2,61)=1.3 p = 0.28.

b proportion of male volunteers was greater for the STC group y2(2)=8.5
p =0.01.

¢ No difference in handedness across 3 montage groups y2(4)=3.4 p = 0.50.

d Intensity ratings lower for LTA montage F(2102)=10.3 p<0.001.

¢ Discomfort ratings lower for LTA montage F(1114)=7.4 p = 0.01.

parietal cortex (LTA; halfway between C3 and T5), and cathode over
right temporo-frontal cortex (halfway between F8 and T4). In the STC-
tDCS group, the anode and cathode were placed over left (T3) and right
(T4) temporal cortex, respectively. These montages were chosen based
on their previous use in clinical studies (Jonker et al., 2021; Loo et al.,
2012; Fregni et al., 2006; Vanneste et al., 2013). Electrode positions
were checked visually before and after the scan, and during the scan by
noting the position of the electrode on T1- and T2-weighted anatomical
images.

2.3. tDCS stimulus delivery

Electrodes were connected to an MR-compatible stimulation device,
including RF filters and resistors located on each wire. At Northwest-
ern, electrodes were connected to a Soterix tES Device with HD-tDCS
conversion box, which included an additional RF filter connector at the
MR penetration panel. At UCLA, electrodes connected to a neuroConn
tDCS device with wires passed through a “wave-guide” opening in the
penetration panel, with RF filter box located near the opening. Setup
followed manufacturer recommendations, and additional details can be
found in Supplemental Methods.

TDCS amplitude was 2 mA, delivery was single-blind, and impedance
was monitored before and throughout the entire scan to confirm
manufacturer-recommended levels. For active tDCS, five minutes of
2 mA direct current was applied with 30-second linear ramps at the
beginning and end of the five-minute stimulation period to minimize
somatosensations. For sham tDCS, 2 mA stimulation began with a 30-
second onset ramp immediately followed by 30-second offset ramp (and
4 min of no stimulation) to equate somatosensations between active and
sham tDCS conditions. After this brief linear on-/off-ramp in the sham
condition, no additional stimulation was applied. Electrodes remained
in place for the duration of the scan, and were present for rest, active,
and sham conditions.

BOLD-fMRI data were acquired during active tDCS, sham tDCS, and
rest (no tDCS) for approximately 5 min per condition in each volun-
teer. Rest (no tDCS) condition was presented first, and order of ac-
tive and sham scans was randomized and counter-balanced across vol-
unteers. After active and sham tDCS, volunteers rated the intensity
and discomfort associated with tDCS-related somatosensations on a 10-
point Likert scale (0 = no sensation/discomfort; 10 = highest inten-
sity/discomfort I can imagine). Active and sham tDCS scans were sepa-
rated by a 10-15 min “wash-out” period (i.e., during post-scan ratings
and T1-weighted anatomical scan). Additional details regarding tDCS
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stimulus delivery may be found in the Supplemental Methods and Sup-
plementary Figure 1.

2.4. MRI acquisition & preprocessing

MR images were acquired using 3T Prisma scanners at the UCLA
Brain Mapping Center and Northwestern (NU) Center for Translational
Imaging using identical sequences (Harms et al., 2018). Sequence pa-
rameters for BOLD-fMRI scans were as follows: 2 mm isotropic, 0.8 s
repetition time (TR), 37 ms echo time (TE), 52° flip angle, 72 axial
slices, 8 multiband factor. T1- and T2-weighted anatomical scans were
also acquired: T1 multi-echo MPRAGE 0.8 mm isotropic, TR=2.5 s,
TE=1.8, 3.6, 5.4, 7.2 ms combined, 1000 ms inversion time; 8° flip an-
gle; T2 SPACE 0.8 mm isotropic, TR=3.2 s, TE=564 ms (effective TE of
559.7 ms), echo train length = 1166 ms.

BOLD-fMRI preprocessing was implemented using FSL, including
motion correction and manual ICA-based denoising (Friston et al., 1996;
Salimi-Khorshidi et al., 2014). Automated methods of ICA-based denois-
ing (e.g., FSL’s ICA-FIX) do not include tDCS-fMRI data in their reference
datasets used to train their classification algorithms; therefore, manual
ICA-based denoising was chosen to ensure that preprocessed data were
not contaminated by noise unique to tDCS that could be mis-labeled by
the standard form of ICA-FIX. In brief, ICA was performed for each scan
using FSL’s melodic, and ICs with spatial maps and temporal profiles
judged consistent with neurobiological profiles (Griffanti et al., 2017)
by A.M.L. were retained; other ICs were considered noise and filtered
using FSL’s regfilt. Spatial image registration used FSL’s BBR tool, which
includes nonlinear registration to a standard MNI template (Greve and
Fischl, 2009). Finally, images were parcellated using the Schaeffer atlas
(400 nodes (Schaefer et al., 2018)) in volume space as described below
to improve signal-to-noise and reduce computational burden. All raw
and preprocessed images passed visual inspection for quality.

2.5. Functional connectivity metrics

A number of FC metrics were calculated, including resting-state
network (RSN) connectivity, local connectivity (regional homogeneity,
ReHo (Jiang and Zuo, 2016)), and fractional amplitude of low frequency
oscillations (fALFF; (Zou et al., 2008)). Each metric was calculated vox-
elwise in each condition block (active/sham/rest), then averaged within
each node (Schaeffer 400-parcel atlas (Schaefer et al., 2018), Fig. 1) for
statistical analysis as described further below.

RSNs were defined using the Yeo Atlas (17 networks liberal mask
(Thomas Yeo et al., 2011), Fig. 1). FSL’s dual regression procedure
(Nickerson et al., 2017) calculated the strength of temporal coherence
between resting brain activity (i.e., BOLD-fMRI timecourse) of each
voxel and the timecourse of each RSN. These connectivity values were
averaged within each node to calculate node-to-network connectivity
and averaged within each network to derive within-network connectiv-
ity.

The REST Toolkit (Song et al., 2011) calculated Regional Homo-
geneity (ReHo) and fractional Amplitude of Low Frequency Fluctua-
tions (fALFF) in Matlab (R2019a, Mathworks). ReHo reflects the neigh-
borhood coherence the BOLD-fMRI timecourses within a given region,
and is thought to reflect local connectivity. fALFF reflects the relative
power of the neurobiologically relevant spectral content of the BOLD
timecourse (0.01-0.1 Hz; (Song et al., 2011)). ReHo and fALFF were
averaged within each node and network.

2.6. Statistical analyses

All statistical analyses were completed in R (https://www.r-
project.org). Additional details, including all libraries used, can be found
in Supplemental Methods.

Our primary analysis targeted a condition-by-montage interaction to
capitalize on the inclusion of sham and active comparators in our study
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design, applied across the entire brain (i.e., all nodes and networks).
Linear mixed models (Bates et al., 2015) were implemented, with con-
dition (active, sham, rest), montage (DLPFC, LTA, STC) and age as fixed
factors, and subject as a random factor. Main effects of tDCS condi-
tion were also measured in these same linear mixed models, to identify
cases where functional connectivity differed across tDCS conditions in
the same manner across all tDCS montages. P-values were estimated
using the Kenward-Roger method (Bates et al., 2015; Kenward and
Roger, 1997; Satterthwaite, 1946) and corrected for false discovery rate
<0.05 across networks for global functional connectivity metrics, and
across nodes for each regional functional connectivity metric. For nodes
and networks meeting these criteria for significance, pairwise compar-
isons across tDCS conditions were reported within each montage.

A secondary analysis directly compared active and sham tDCS in
E field “hot spots” identified for each montage using MRI data from
a single template head. SimNIBS software (Windhoff et al., 2013;
Thielscher et al., 2015) estimated E field distributions using finite el-
ement models for each tDCS montage on the template head using stan-
dard protocols. For each montage, we identified the five nodes with
greatest E field magnitude (i.e., |E| in V/m), as well as the RSNs over-
lapping those top 5 nodes. Linear mixed models were used as described
above as an omnibus test, and planned post-hoc contrasts of active tDCS
vs. sham tDCS were calculated separately for each montage. Again, p
values were FDR-corrected g<0.05 across global functional connectiv-
ity metrics, and across nodes for each regional functional connectivity
metric. For nodes and networks meeting these criteria for significance,
all pairwise comparisons of tDCS condition were reported within each
montage.

Finally, we measured associations between FC metrics and behav-
ioral ratings made immediately after active and sham tDCS of stimula-
tion intensity and discomfort. Linear regression models identified brain
regions and networks where functional connectivity metrics showed lin-
ear associations with these ratings. In one model, intensity rating was
the factor of interest, while montage and age were nuisance factors. In
the second model, discomfort rating was the factor of interest, and mon-
tage and age were nuisance factors. P-values were corrected for false
discovery rate g<0.05 across global FC metrics, and across nodes for
each regional FC metric.

In these analyses, critical comparisons were primarily within-
subjects (e.g., active vs. sham conditions), and so we anticipated that
study site would have minimal (if any) effect on our target outcomes.
However, for nodes and networks meeting criteria for significance in the
above analyses, we repeated each statistical test post hoc with site (i.e.,
UCLA/NU) as an additional nuisance factor. From these post-hoc tests,
we examined statistics associated with each original significant effect to
confirm that adding site as a nuisance factor did not influence target sta-
tistical outcomes. We also examined main effects of site (uncorrected)
for each of these post-hoc tests for completeness.

3. Results
3.1. Main effects of tDCS condition in sensory and attention regions

No significant interactions between tDCS condition (ac-
tive/sham/rest) and tDCS montage (DLPFC/LTA/STC) were noted
in omnibus tests for any FC metric at the node or network level
(pFDR>0.05 for all). However, significant main effects of tDCS con-
dition (active/sham/rest) were noted for fALFF and ReHo in sensory
and motor cortical nodes, as well as anterior and posterior cingulate
cortex and anterior insula (Fig. 2A). Within these nodes, pairwise
comparisons between tDCS conditions calculated post hoc indicated that
this main effect of tDCS condition was primarily driven by increased
fALFF and/or ReHo during active and sham tDCS conditions compared
to the stimulation-absent “rest” condition, particularly within sensory
and motor cortical regions (Fig. 2B). This pattern was also apparent
in pairwise comparisons between tDCS conditions done within each
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montage separately, where differences between sham and rest con-
ditions appeared particularly robust (Fig. 2C, Supplemental Figure
2). Corresponding statistics are displayed in Supplemental Table 1
for representative nodes (including means, standard deviations, and
confidence intervals for each condition).

3.2. Active tDCS modulates connectivity in networks with high E field

For each tDCS montage, a template head was used to identify the
five nodes with greatest E field magnitude (i.e., |E| in V/m) as well as
the RSNs they overlapped (Fig. 3, Supplemental Table 2), and FC metrics
during their respective active and sham tDCS conditions were compared
(e.g., active DLPFC-tDCS vs. sham DLPFC-tDCS in high E field nodes and
networks for DLPFC-tDCS).

Mean FC within the orbitofrontal network (RSN10) increased dur-
ing active DLPFC-tDCS compared to sham and rest DLPFC-tDCS condi-
tions (pFDR<0.05; Fig. 4A&B). During LTA-tDCS and STC-tDCS, mean
FC within this network did not differ across tDCS conditions (ac-
tive/sham/rest; Fig. 4B).

In FC between nodes and networks, active tDCS was generally associ-
ated with reduced connectivity between high E field networks and single
nodes outside these networks (Fig. 4C&D). During active DLPFC-tDCS,
connectivity between a frontoparietal network and a node near sub-
genual ACC was significantly reduced compared to sham DLPFC-tDCS
(pFDR<0.05) and rest. Connectivity between this frontoparietal network
and a node near the right superior parietal lobule also decreased dur-
ing active DLPFC-tDCS compared to sham DLPFC-tDCS and rest. These
node-network FC metrics did not differ across tDCS conditions during
LTA-tDCS or STC-tDCS. During active LTA-tDCS, connectivity between
the auditory and ventral somatomotor network and nodes near the left
frontal operculum decreased compared to sham LTA-tDCS (pFDR<0.05)
and rest. Connectivity between the default mode network and lateral oc-
cipital cortex (LOC) also decreased during active LTA-tDCS compared to
sham LTA-tDCS (pFDR<0.05) and rest. These two node-network FC met-
rics did not differ across tDCS conditions in DLPFC-tDCS or STC-tDCS.
During STC-tDCS, no differences between active and sham tDCS were
noted at our chosen threshold. However, at p<0.001 reduced connec-
tivity was noted during active STC-tDCS between a high E field net-
work, “Frontoparietal 3,” and a remote node on the right temporal pole
(pFDR=0.27, Supplemental Figure 2). Corresponding statistics are dis-
played in Supplementary Table 3 (including means, standard deviations,
and confidence intervals for each condition).

3.3. Connectivity in sensorimotor and attention regions associated with
tDCS ratings

On average, ratings of the intensity and discomfort of tDCS-related
somatosensations did not differ between active and sham tDCS (inten-
sity: F(1102) = 0.83, p = 0.36; discomfort: F(1114) = 1.14, p = 0.29;
Table 1). Discomfort ratings showed negative linear association with FC
metric fALFF bilaterally in nodes near posterior superior temporal sul-
cus (pSTS) and lateral occipital cortex (LOC; pFDR<0.05, Fig. 5, Supple-
mental Table 4). Intensity ratings during sham and active tDCS showed
negative linear association with connectivity between a secondary so-
matomotor network and two nodes: primary visual cortex and dorsal
premotor cortex (dPMC) near the motor strip (Fig. 5, Supplemental Ta-
ble 4).

3.4. Post-hoc assessment of study site

In nodes and networks meeting statistical criteria described in
Sections 3.1-3.3, statistical analyses were repeated with study site as
an additional nuisance factor. All target statistical outcomes remained
identical or nearly identical to main tests, and no significant main effects
of study site were noted (uncorrected p>0.05, Supplementary Table 5).
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Fig. 2. Increased fALFF and ReHo during active and sham tDCS in sensory and motor regions. A. Significant main effects of tDCS condition (“Main Cond.”) were
apparent in regional FC metrics fALFF and ReHo in nodes overlapping sensory and motor cortex (p(fdr)<0.05). B. In pairwise contrasts of tDCS conditions (ac-
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surfaces. No significant effects were apparent for contrasts not shown (i.e., Rest > Active, Rest > Sham, Active > Sham). C. Mean fALFF is plotted for representative
nodes marked with asterisks in A, including primary visual, auditory, and somatosensory cortex (PVC, PAC, PSC, respectively), as well as posterior cingulate cortex
(PCQ). Black whiskered error bars reflect standard error of the mean, and thick gray reflect 95% confidence intervals (within subjects). Individual datapoints are
also plotted in color to reflect tDCS montage (red DLPFC, green LTA, blue STC). Double asterisks on plots mark p(fdr)<0.05 from the main analysis; single asterisks
mark pairwise contrasts p<0.05; daggers mark pairwise contrasts p<0.10. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

4. Discussion

In this paper, we demonstrated that tDCS may modulate brain-
network activity both via exogenous electrical stimulation as intended,
as well as through the cognitive-perceptual experience of receiving

tDCS. In brain networks where E field was highest in each montage,
connectivity between target networks near electrodes and remote nodes

decreased during active tDCS. For example, during active DLPFC-tDCS,
connectivity decreased between a fronto-parietal network and subgen-
ual ACC, while during LTA-tDCS connectivity decreased between an
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auditory-somatomotor network and frontal operculum. Active DLPFC-
tDCS was also associated with increased connectivity within an or-
bitofrontal network overlapping subgenual ACC, suggesting that dis-
rupted connectivity between target networks near electrodes and remote
nodes during tDCS may result in disinhibition of these remote regions.
Critically, we also demonstrated that brain-network activity changed
during both active and sham tDCS in sensorimotor and attention regions
irrespective of montage, which likely reflects the cognitive-perceptual
demands of experiencing tDCS (e.g., tingling during stimulation, self-
monitoring for adverse events). Indeed, participant ratings of tDCS in-
tensity and discomfort also influenced connectivity in sensory and as-
sociation regions. Taken together, these results indicate that tDCS may
have both intended and unintended effects on ongoing brain activity,
stressing the importance of including sham, stimulation-absent, and ac-
tive comparators in basic science and clinical trials of tDCS. Future stud-
ies will be critical in determining how the acute changes identified in
the current study associate with long-term plasticity after tDCS.

4.1. Active tDCS decreases connectivity between high E field networks and
remote nodes

A growing number of neuroimaging studies have measured regional-
and network-level changes in brain function during and after tDCS

(Filmer et al., 2020); however, a coherent understanding of the ef-
fects of tDCS on brain activity has yet to emerge. In our study, ac-
tive tDCS was associated with decreased connectivity between high E-
field networks and remote nodes during stimulation, which we inter-
pret as disrupted network-level connectivity. This is in line with previ-
ous studies reporting disrupted motor cortex connectivity during tDCS
targeting motor cortex (Weinrich et al., 2017; Sehm et al., 2013), as
well as a number of tDCS and TMS studies reporting network-level
changes after stimulation (Wang et al., 2014; Hermiller et al., 2019;
Penia-Gémez et al., 2012; Park et al., 2013; Keeser et al., 2011). Whether
decreased network-level connectivity during active tDCS associates with
increased (or decreased) local activity near electrodes could be ad-
dressed by future studies combining resting-state FC and cerebral blood
flow measurements (e.g., ASL-fMRI, PET-fMRI), or in animal models. Of
note, active tDCS did not appear to influence connectivity metrics in
high E field nodes, further suggesting the importance of network-level
changes during stimulation (and perhaps reflecting the diffuse stimu-
lation applied relative to the size of each node). Taken as a whole,
the effects of noninvasive brain stimulation do not appear to be lim-
ited to the stimulation site, and network-level connectivity should be
considered when designing neurostimulation research and exploratory
clinical trials (Fischer et al., 2017; Kunze et al., 2016; Fox et al.,
2012).
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Fig. 4. Active tDCS influences connectivity in high E field networks. A. Mean functional connectivity (Global FC) increased within a high E field network during
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FSL dual regression. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

DLPFC-tDCS has been studied as a potential treatment for depression,
where the intended target is left DLPFC, the target of the FDA-cleared
rTMS therapy for depression (McClintock et al., 2018). In our study,
active DLPFC-tDCS modulated network connectivity in prefrontal cor-
tex, orbitofrontal cortex, and subgenual ACC, all previously implicated
in the neurobiology of depression (Mayberg et al., 1999; Leaver et al.,
2016a; Sheline et al., 2010). However, our E field models also showed

that peak electrical current applied during DLPFC-tDCS occurred in right
prefrontal and orbitofrontal regions, not left DLPFC as intended. This
could explain outcomes in previous trials, which have not been success-
ful (Loo et al., 2012; Brunoni et al., 2017; Brunoni et al., 2014). Never-
theless, our study showed that DLPFC-tDCS decreased connectivity be-
tween prefrontal regions (fronto-parietal network) and subgenual ACC,
while also increasing connectivity within an orbitofrontal network (that
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included subgenual ACC). Similar patterns of connectivity between left
DLPFC and subgenual ACC have been linked to successful antidepres-
sant response to rTMS targeting left DLPFC (Fox et al., 2012; Weigand
et al., 2018), and our data demonstrate that tDCS can modulate this
circuit in similar ways, at least in principle. Future studies are needed
that combine prospective E field modeling (or measurements (Jog et al.,
2016; Jog et al., 2020)) with pre-treatment assessment of functional
connectivity to improve targeting of specific brain networks. Assessing
the long-term effects of repeated, longer (e.g., 20-min) tDCS sessions on
brain activity and the symptoms of depression and other neuropsychi-
atric disorders will also be informative.

LTA-tDCS and STC-tDCS were intended to target auditory cortex, and
have been studied as a potential treatment for chronic tinnitus. Simi-
lar to the depression literature, randomized controlled trials of rTMS
have had some success (Folmer et al., 2015), yet results of previous
LTA- and STC-tDCS trials have been inconsistent (Fregni et al., 2006;
Vanneste et al., 2013; Shekhawat et al., 2015), and few large-scale ran-
domized sham-controlled trials have been conducted (Yuan et al., 2018;
Wang et al., 2018). Inconsistent results in previous tDCS trials may be
explained, at least in part, by imprecise targeting. Peak E field inten-
sities in our models of LTA-tDCS did not occur in the intended tar-
get (Lockwood et al., 1998; Plewnia et al., 2007; Leaver et al., 2011)
but rather in left somatomotor regions and middle temporal gyrus. In
models of STC-tDCS, peak E field occurred in middle temporal gyrus
and lateral inferior temporal gyrus, not the intended target of auditory
cortex (i.e., superior temporal cortex). Nevertheless, our results demon-
strated that active LTA-tDCS acutely decreases connectivity in brain re-
gions relevant to tinnitus pathophysiology, including auditory cortex,
frontal operculum overlapping anterior insula, and default mode net-
work overlapping medial orbitofrontal cortex (Maudoux et al., 2012;
Leaver et al., 2016b; Zimmerman et al., 2019). Our study may have
been under-powered to assess the effects of active STC-tDCS, but trends
toward decreased connectivity between a fronto-parietal network and
right anterior temporal pole were noted. Taken together, our study
demonstrates that tDCS appears to have the ability to perturb brain net-
works relevant to the neuropathophysiology of tinnitus and other disor-
ders, but future studies are needed that leverage predictive models using
E fields and other data to improve targeting and assess the long-term

consequences of repeated tDCS sessions on brain activity and tinnitus
symptoms.

4.2. Cognitive-perceptual demands of tDCS may have unintended effects on
brain activity

When study volunteers and patients undergo noninvasive neurostim-
ulation, they engage in a cognitive/perceptual experience or “task”.
They are given instructions, for example to sit quietly and to alert staff to
discomfort or adverse events, and they typically experience somatosen-
sations as the electrical current passes through their skin. Our study
demonstrated that these task demands may cause unintended changes
in brain activity in somatosensory and attention-related brain regions,
in addition to the intended changes in brain regions targeted with stimu-
lation electrodes. For example, we show that both active and sham tDCS
increased fALFF in sensorimotor and attention-related regions, suggest-
ing increased temporal coherence in neurobiologically relevant frequen-
cies in these regions. Indeed, connectivity showed a linear relationship
with intensity and discomfort ratings in bilateral posterior STS and LOC,
a site of multisensory integration (Beauchamp et al., 2008). This is crit-
ical information, as endogenous activity associated with the cognitive-
perceptual demands of neurostimulation could attenuate or enhance the
intended effects of the exogenous electrical (or other) energy applied by
the neurostimulation technique, regardless of whether sensory or atten-
tion networks were the intended target. For example, a recent study
demonstrated that transcranial alternating current stimulation (tACS)
may entrain cortical neurons through transcutaneous (not transcranial)
stimulation (Asamoah et al., 2019). Taken together, these results speak
to the critical need for sham, no-stim, and active comparators in tDCS
trials and in basic science research of the neurobiological effects of tDCS
and other neurostimulation technologies.

4.3. Limitations

There are a number of limitations that should be considered when
interpreting and contextualizing the current study. Potential sources of
variability or noise (e.g., depression or tinnitus status, variable sample
size, site-specific parameters) may have increased Type II error making
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it more difficult to detect subtle changes in brain-network function in
these analyses, and future studies designed a priori to address the ques-
tions raised here are needed. Yet, several steps were taken to mitigate
these issues (e.g., strict multiple comparisons correction, examining ef-
fects of study site post hoc), and by combining these datasets we reached
a sample size sufficient to detect effects of tDCS. In order to minimize the
number of statistical tests, this study also used atlases to analyze cortical
nodes and networks; studies using other atlases or voxel-wise analyses
including non-cortical structures may yield different results. Similarly,
we used E fields from a template head model to identify nodes and net-
works of peak electrical current for our studies; E field models tailored
to each volunteer and/or study sample may yield more accurate repre-
sentations (Laakso et al., 2019; Soleimani et al., 2021). E field is likely to
be influenced by head size (which differs on average between men and
women), cortical morphology, and other aspects of head tissue anatomy,
all of which could be addressed in future studies designed to assess rela-
tionships between these factors and the effects of tDCS on brain function.
Future studies are also needed to address neuroplastic changes occurring
after full-session (i.e., 20-30 min) and multi-session tDCS, the potential
impact of asymmetrical electrode placements on brain function when
cortical organization differs due to handedness, as well as the impact
of tDCS on other aspects of brain function beyond connectivity (e.g.,
task fMRI, baseline resting activity). Note too that ultra-brief stimula-
tion similar in duration to standard sham stimulation in this study and
many others may also have neurobiological consequences (Javadi et al.,
2012; Fonteneau et al., 2019); studies designed to measure relationships
between stimulus dose (e.g., amplitude, duration, waveform) and acute
and long-term changes in brain function are needed.

5. Conclusions

Our data show that active tDCS can modulate functional connectiv-
ity in brain networks where the magnitude of applied electrical current
is highest. Given the skepticism surrounding the therapeutic utility of
tDCS (Filmer et al., 2020), these results support the promise of this sim-
ple, inexpensive technology. Our data also demonstrate that tDCS may
have unintended consequences on brain function, highlighting potential
pitfalls of this technique. E field models used in the current study also
demonstrated that the common strategy of positioning the anode (cath-
ode) over the brain region one wishes to stimulate (suppress) may not be
accurate. Prospective E field modeling is clearly a necessity in tDCS and
other forms of brain stimulation (Windhoff et al., 2013; Thielscher et al.,
2015) and will be critical in informing accurate targeting in future
studies. Both active and sham tDCS influenced brain function in sen-
sorimotor and attention regions in our study, demonstrating that the
cognitive-perceptual experience of receiving both active and sham tDCS
may have unintended effects on brain function (though effects of brief E
field applied during sham tDCS should also be considered). Blinding ad-
equacy is an ongoing conversation in the field (Fonteneau et al., 2019;
Wallace et al., 2016; O’Connell et al., 2012), and given that volunteers
must always be informed of potential adverse events (even if rare) it is
likely that volunteers will continue monitoring for skin sensations even
if blocked by local anesthetic. Thus, our data highlight an important
role for both active- and sham-comparators in noninvasive neurostim-
ulation studies, and stress the importance of understanding how these
unintended effects of tDCS on sensorimotor and attention regions may
interact with the intended effects of electrical stimulation in target brain
regions and networks in future research. Clearly, there is still much to
understand regarding the effects of tDCS and other forms of neurostim-
ulation on brain function. In these efforts, prospective planning of E
field distribution and network connectivity will be key, both in improv-
ing targeting of specific brain networks and in understanding the role
of inter-individual neuroanatomical variability on resulting E fields and
neuroplastic outcomes to guide the successful translation of tDCS to dif-
ferent clinical settings.
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