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ABSTRACT

Transcranial direct current stimulation (tDCS) applied to the dorsolateral prefrontal cortex (DLPFC) has shown asymmetric
behavioral effects, though the underlying neurophysiological mechanisms remain unclear. In this preliminary study with 34
healthy individuals, tDCS was applied to either the left or right DLPFC or a sham group. Behavioral and neurophysiological
changes were examined by the Stroop test and resting-state fMRI, respectively, which were measured before and after a 15-min
tDCS session. Seed-to-voxel connectivity analysis with seeds placed under the tDCS target regions (F3 and F4) showed no sig-
nificant changes, but voxel-to-voxel whole-brain intrinsic connectivity (IC) analysis revealed significant 3 2 interaction effects
(stimulation site X time) in the right DLPFC (18 mm off from the F4). Post hoc analysis showed that only the right DLPFC stim-
ulation led to an increase in IC from pre- to post-stimulation. Consistent with this finding, right DLPFC stimulation improved
Stroop task performance measured by increased interference score, which represents better inhibition of irrelevant information.
These findings provide further insights into the hemispheric difference of tDCS effects and its underlying neurophysiological
mechanisms. However, the small sample size limits the generalizability of the results and necessitates further research with a
larger cohort for confirmation.

1 | Introduction

Over the last 20years, non-invasive brain stimulation (NIBS)
techniques, such as transcranial direct current stimulation
(tDCS), have received increased interest (Ruffini et al. 2013).
In tDCS, two electrodes are placed over the scalp to deliver a

relatively weak current through the cortex, aiming to modulate
brain function. This technique enables unique manipulation of
neuronal excitability, allowing “perturbing and measuring” of
brain activity and functions. As a painless, cost-effective, and
portable brain stimulation technology, tDCS produces long-
lasting effects when applied repeatedly and is often used to
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Summary

« Anodal stimulation of the right (but not the left) dor-
solateral prefrontal cortex increases intrinsic connec-
tivity from pre- to post-stimulation, demonstrating
asymmetric brain connectivity.

improve symptoms in individuals with brain disorders such as
fibromyalgia, depression, and tinnitus (Lefaucheur et al. 2017).
Both facilitatory and inhibitory effects of tDCS have been
identified (Nitsche and Paulus 2000), typically depending on
polarity, where anodal stimulation excites and cathodal stimu-
lation inhibits the underlying membrane potential (Stagg and
Nitsche 2011).

Early research on the neurophysiological mechanisms of tDCS
focused on motor evoked potentials (MEPs) generated by
transcranial magnetic stimulation (TMS) of the motor cortex
(Nitsche and Paulus 2000; Priori et al. 1998). MEPs, typically
measured using electromyography (EMG) by placing surface
electrodes on muscles innervated by the motor cortex (e.g., the
first dorsal interosseous muscle), are quantified based on their
amplitude and latency to assess motor cortex excitability and
motor pathway integrity. The motor cortex has been shown to be
a symmetric region in terms of the effects of tDCS on MEPs, es-
pecially when hemispheric dominance and handedness are con-
sidered. For example, applying anodal tDCS to the left or right
primary motor cortex (M1) increases MEP amplitudes in the
corresponding muscle, while cathodal stimulation reduces them
(Lang et al. 2004; Mordillo-Mateos et al. 2012). Neuroimaging
studies have suggested that the effects of M1 tDCS are not con-
fined to the target regions but involve multiple brain regions
(Lang et al. 2005; Polania et al. 2011).

Beyond the motor cortex, the dorsolateral prefrontal cortex
(DLPFC) has become a key area of interest due to its role in
cognitive functioning. Unlike the M1, the neurophysiological
measurements of tDCS effects are not readily available, and
the prefrontal hemispheric specialization for different cognitive
functions makes it more complicated to develop a model that
can predict the effects of tDCS. Based on empirical evidence,
it is now recommended that the left DLPFC be stimulated for
depression while the right DLPFC be stimulated for addiction
(Lefaucheur et al. 2017). However, our understanding of how
tDCS modulates the respective behaviors and symptoms re-
mains elusive. The brain-behavior relationship can further be
enlightened by using neuroimaging and surrogate neuropsycho-
logical tests (e.g., Stroop test (Stroop 1935)), the performance of
which can immediately be modulated even after a single session
of tDCS treatment.

Numerous studies have demonstrated that applying tDCS to
the DLPFC enhances cognitive functions across various do-
mains, including working memory (Andrews et al. 2011; Nissim
et al. 2019; Simko et al. 2021; Stephens and Berryhill 2016),
inhibitory control (Loftus et al. 2015; Metzuyanim-Gorlick
and Mashal 2016), and cognitive flexibility (Alizadehgoradel
et al. 2021; Chrysikou et al. 2013). Neuroimaging research has
revealed that the DLPFC is linked to several other brain regions,
such as the thalamus, basal ganglia, orbitofrontal cortex, and

various primary and secondary association areas in the neo-
cortex, including posterior temporal, parietal, and occipital
regions (Dosenbach et al. 2007; Tekin and Cummings 2002).
Consequently, tDCS applied to the DLPFC can affect not only
the target area but also the functionally connected regions.
Indeed, previous studies have found that tDCS alters resting-
state functional connectivity networks, which are associated
with cognitive improvement (Keeser et al. 2011; Krishnamurthy
et al. 2015; Nissim et al. 2019; Polania et al. 2011).

Despite growing evidence supporting tDCS-induced changes in
DLPFC functional connectivity, most studies using resting-state
fMRI data are guided by a priori hypotheses focused on a lim-
ited number of brain regions of interest (ROISs) or specific voxel
locations (for examples, see Table S1). While this approach is
valid and efficient, it may overlook significant areas influenced
by tDCS that do not coincide with pre-defined seed regions.
Moreover, few studies have directly compared the effects of left
versus right DLPFC stimulation on whole-brain intrinsic con-
nectivity. Given the hemispheric specialization of the DLPFC,
understanding how tDCS differentially modulates connectivity
patterns in each hemisphere is crucial for optimizing stimula-
tion protocols for cognitive and clinical applications.

To address this issue, we conducted a tDCS-fMRI experiment
with healthy individuals to compare the neurophysiological ef-
fects of anodal tDCS on the left vs. right DLPFC. Resting-state
fMRI was used to measure functional connectivity before and
after a 15-min tDCS session. Participants also completed the
Stroop test, in which the DLPFC has been consistently shown to
be activated across studies (Chen et al. 2021b; Frings et al. 2018;
MacDonald et al. 2000; Milham et al. 2003; Perrotta et al. 2021),
to assess whether stimulation-induced changes in connectivity
corresponded to behavioral performance.

We hypothesized that anodal tDCS over the left versus the right
DLPFC would modulate functional connectivity differently,
reflecting the known functional asymmetry of the DLPFC.
We also hypothesized that changes in functional connectivity
would correlate with Stroop task performance, providing fur-
ther evidence of the functional significance of tDCS-induced
alterations in connectivity.

2 | Methods
2.1 | Participants

In this randomized, single-blind, sham-controlled clinical trial,
thirty-nine participants were recruited from the community at
large. Participant exclusion criteria were: (1) pregnant or breast-
feeding women; (2) history of neurological or psychiatric dis-
ease; (3) metal implants or pacemaker; (4) abnormal MRT; (5) a
Montreal Cognitive Assessment (MoCA) score lower than 25/30;
(6) a Beck Depression Inventory II (BDI-II) score of above 10;
(7) severe hypertension; (8) cardiovascular disease; (9) fam-
ily history of epilepsy. In total, 37 participants met the criteria
and agreed to participate in the study. Of the 37 participants,
three were excluded from the behavioral analysis due to incom-
plete Stroop data collection. This study was approved by the
Biomedical Research Ethics Board of the University of Manitoba
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(HS19979 (H2016:074); clinicaltrials.gov/study/NCT03027869),
and all participants provided written informed consent prior to
participating.

2.2 | Design and Measures

All participants were cognitively and behaviorally assessed
with the MoCA (Nasreddine et al. 2005), BDI-II (Beck
et al. 1996), and Stroop test (Stroop 1935). MoCA and BDI-II
administration occurred at the beginning of the session, and
the Stroop test was given twice: once during the initial cog-
nitive assessment and once after the tDCS session (within
30 min; Figure 1).

The MoCA detects cognitive impairments through tasks that
assess cognitive domains such as attention and concentration,
executive functions, memory, language, visual-constructional
skills, conceptual thinking, calculations, and orientation. A
maximum of 30 points can be obtained, with a score of 26 or
higher considered normal and a score of 25 or less indicative of
mild cognitive impairment.

The BDI-II is a 2l-item self-administered Likert-type de-
pression scale with response options ranging from 0 to 3.
Higher scores on the BDI-II reflect more severe depressive
symptomatology.

For the administration of the Stroop task, an automated neu-
ropsychological assessment metrics program (Automated
Neuropsychological Assessment Metrics 2016) was used. The
Stroop task requires participants to press a computer key la-
beled as red, green, or blue to identify the colored stimulus
presented on the screen. Participants were presented with
three blocks, with each block lasting 45s. In the first block
(word reading), the words GREEN, RED, and BLUE were pre-
sented individually in white type on the screen, and the par-
ticipant was instructed to press a corresponding key for each
word (RED =1, GREEN =2, BLUE =3). In the second block
(color naming), a series of XXX Xs was presented on the screen
in either blue, red, or green type, and the participant was in-
structed to press the corresponding key based on color. In the
third block (interference), individual words (RED, GREEN,

BLUE) were presented in a color that did not match the name
of the color depicted by the word, and the participant was in-
structed to press a corresponding computer key for the type
color. Participants were instructed to respond as quickly and
accurately as possible, aiming to complete as many trials as
they could within the 45s duration of each block. Stimulus
presentation was user-defined, meaning that a new stimulus
only appeared after a response was made for the previous stim-
ulus. Outcome measures included throughput (Thorne 2006),
reported as the correct responses per minute of available re-
sponse time, and interference score. Interference score was
calculated using the method developed by Golden (1978), in
which the interference score equals the number of correct re-
sponses for the third block minus predicted performance for
the third block. Predicted performance of the third block is
calculated by multiplying the number of correct responses for
blocks one and two and dividing the result by the summation
of correct responses for blocks one and two. Traditionally, the
Stroop interference score is used to assess executive aspects
of attentional control, such as freedom from distractibility,
selective attention, response conflict, and response inhibition
(MacLeod 1992; Melara and Algom 2003).

2.3 | Application of tDCS and Functional Magnetic
Resonance Imaging (fMRI) Acquisition

After neuropsychological assessment, participants were as-
signed to one of three treatment groups using a random draw
conducted by the researcher. The treatment groups included:
application of tDCS to the left DLPFC (Anode placement of F3
for the 10-20 international EEG placement standard); applica-
tion of tDCS to the right DLPFC (Anode placement of F4); and
the sham stimulation (Figure 2). Stimulation was provided via a
Soterix Medical 1 x 1 Transcranial Direct Current Low-Intensity
Stimulator with a 5X7 cm sponge at a current of 1.5mA for
15min. The ramp-up and ramp-down took 30s each in the be-
ginning and end of the 15-min stimulation. For the sham con-
dition, which was automatically controlled by “sham button”
in the stimulator, initial ramp-up was followed by immediate
ramp-down, and additional ramp-up/down was provided in the
last minute of the 15-min stimulation period. Therefore, no cur-
rent was administered for the middle 14 min.

Initial Cognitive Pre-stimulation MRI tDCS Setup tDCS Application Post-stimulation MRI tDCS Wrap-up  Final Cognitive
Assessment (24 min) (20 min) (15 min) (24 min) (5 min) Assessment
(20 min) (5 min)

L]

MoCA (10 min)
BDI-II (5 min)
Stroop Test (5 min)

Structural MRI (8 min)
rs-fMRI (11 min)
*pCASL (5 min) .

Participants randomized into
one of three groups:
Active tDCS to left DLPFC

rs-fMRI (11 min)
*pCASL (5 min)
*DTI (8 min)

Stroop Test
(within 30 min of
tDCS application)

* Active tDCS to right DLPFC

« ShamtDCS

*Not used for this study

FIGURE1 | Overview of the experimental design depicting the procedure. Each session began with an initial cognitive assessment (MoCA, BDI-
1L, Stroop task), followed by pre-stimulation MRI. Participants then received 15min of either anodal tDCS to the left or right DLPFC or sham tDCS
based on the group to which they were randomly assigned. The session concluded with a post-stimulation MRI and a final cognitive assessment

(Stroop task).
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The sponges and connected carbon-rubber electrodes were
placed on the participants’ head via an adjustable EASYstrap.
For sham stimulation, the anode was placed on either the left
(n=28) or right (n=5) DLPFC (F3 or F4). For all groups, the cath-
odal (reference) montage was placed on the contralateral supra-
orbital region. Previous research has demonstrated that anodal
stimulation over the DLPFC with a different cathode placement
(i.e., supraorbital region vs. opposite DLPFC placement) may
induce different changes in DLPFC connectivity (Soleimani
et al. 2021). For example, cathodal placement on the supraor-
bital region tends to have a more localized effect on the DLPFC,
whereas placement on the contralateral DLPFC may induce
stronger inter-hemispheric connectivity changes (Soleimani
et al. 2021). While these considerations are important, the use
of a unilateral montage in the current study was driven by the
specific aims of the study, which focused on modulating and as-
sessing DLPFC connectivity in a more targeted and controlled
manner. This approach reduces the potential for confounding
inter-hemispheric influences that could arise from using a bilat-
eral montage.

All participants were blinded to their group allocation. Assessors
and tDCS operators were also blind to the stimulation condi-
tion during the baseline assessment, as the random draw was
performed immediately before the stimulator setup. The post-
stimulation assessment only included a computerized behav-
ioral task.

All participants were scanned with 3T MRI (Siemens/IMRIS
Verio) equipped with a 12-channel head coil located at the
Kleysen Institute for Advanced Medicine at the University of
Manitoba. During scanning, participants were instructed to
keep their eyes open and not to fall asleep. Between the pre- and
post-tDCS fMRI scans, participants lay still in the scanner while
tDCS was applied.

The structural T1 image was acquired using an MPRAGE
sequence with TR/TE/TI=2300/3.02/900ms, 240 slices, flip
angle=9,, FOV=256mm x 256 mm, 1.0mm? (isotropic) res-
olution. After structural imaging, resting-state fMRI scans
were collected using the following parameters: repetition
time [TR]=2000ms; echo time [TE]=28ms; flip angle="77.
slice thickness=4mm; field of view [FOV]=220mm; voxel

Cathode

Anode

C l .@
~ .
~ ! .
\ I .@’
1

'
INION

10-20 international EEG placement standard for tDCS targeting the left and right DLPFC, respectively.

size=3.4 X 3.4 X 4.0mm; scan duration=11min. The same
resting-state fMRI was repeated after the 15-min tDCS
application.

2.4 | Behavioral Analysis

Behavioral analysis was conducted using IBM version 27 SPSS
software. One-way analysis of variance (ANOVA) was used to
compare the group (left, right, sham stimulation) differences
in age, MoCA, and BDI-II. Group differences in sex were ana-
lyzed using a chi-square test. Group differences in Stroop in-
terference scores were evaluated using a repeated-measures
ANOVA with group (left, right, sham stimulation) as the
between-subjects variable and time (pre, post) as the within-
subject variable. MoCA, which differed between groups, was
included as a covariate. All analyses were considered sig-
nificant at p <0.05, using Bonferroni correction for multiple
comparisons. Effect sizes were calculated using partial eta
squared.

2.5 | Functional Connectivity Analysis

MRI data processing was performed using the CONN tool-
box (RRID:SCR_009550) version 22a (Nieto-Castanon and
Whitfield-Gabrieli 2022). Standard preprocessing steps in-
cluded co-registration of functional and structural images,
functional realignment and unwarp for subject motion esti-
mation correction, slice-timing correction, functional seg-
mentation, structural segmentation and normalization, and
smoothing.

To investigate any changes in functional connectivity from the
DLPFC, pre-defined seed regions were used (Figure 3). Seed re-
gions included the left and right superior frontal gyrus and mid
frontal gyrus from the CONN ROI atlas, as well as F3 and F4,
which were defined by creating 8 mm radius spheres at MNI
coordinates (x=—38, y=34, z=47) and (x=39, y=35, z=48) re-
spectively (Scrivener and Reader 2022). Changes in functional
connectivity were examined using a 3 (Group: left, right, sham
stimulation) x 2 (Time: pre, post) ANOVA with the six pre-
defined ROIs as seed regions.
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For the seed-based connectivity analyses, a priori ROIs were
placed in the MNI coordinates underneath the F3 and F4 based
on group average MRI, which were determined by HDTargets
software (Soterix Inc.). However, these strategies have limita-
tions, which assume that the “hotspot” (the area of maximal
electric field) of the tDCS effect would perfectly overlap with
those a priori ROIs (Dmochowski et al. 2011). In other words,
the brain region that has maximal electrical current may not
necessarily colocalize with the one with maximal functional
connectivity change. To address this issue, four additional
anatomically defined ROIs were placed, i.e., the middle and
superior frontal gyri. In addition, to account for the possibility
that the maximal effects of tDCS fall outside of or do not suf-
ficiently fit with those a priori ROIs, voxel-to-voxel intrinsic
connectivity (IC) analysis was performed. The voxel-to-voxel
IC measures the node centrality of each voxel and defines a
voxel's centrality by the strength of its connectivity to the rest
of the voxels in the whole brain. Mathematically, this is de-
fined as the root mean square of correlation coefficients be-
tween a specific voxel and all other brain voxels. For the IC
analysis, a 3 (Group: left, right, sham stimulation) x 2 (Time:
pre, post) ANOVA was performed to determine any significant
differences between groups.

FIGURE3 | Pre-defined seed regions included the bilateral superior
frontal gyrus (blue) and mid frontal gyrus (yellow) from the CONN ROI
atlas, as well as F3 and F4 (green), defined by an 8 mm radius sphere at
MNI coordinates (x=-38, y=34, z=47) and (x=39, y=35, z=48) re-
spectively. Red cluster represents the voxels of significant interaction
effects (time X stimulation sites) in intrinsic connectivity, which falls
under the right middle frontal gyrus. Details are described in Figure 3,
but it is visualized here to inform its relative location and size against
the pre-defined seed regions.

For all analyses, the statistical threshold for a voxel to belong to
a cluster was set to p<0.001 (uncorrected) with a cluster extent
threshold of p <0.05 (false-discovery-rate corrected).

3 | Results
3.1 | Demographic Differences

Demographic data from all participants are summarized in
Table 1. No significant differences in age, sex, or BDI scores
were found between groups. However, the groups differed with
respect to MoCA scores, F (2, 31) =5.441, p=0.009. Individuals
in the sham group had ~1.4 points lower MoCA scores than
those of the left (p=0.033) and right (p=0.018) stimulation
groups. Nevertheless, all participants were above the cutoff for
cognitive decline (>26). No significant differences were found
between left and right stimulation groups. The proportion of
male to female participants did not differ in sham, left, or right
stimulation groups. No differences in age, MoCA score, or BDI
score were found between males and females in each group
(Table S2).

3.2 | Behavioral Results of the Stroop Task

The primary behavioral outcome was the interference score
(number of correct responses on block 3 minus the predicted
color-word score). On average, participants completed 53 trials
per block (Median =52.42; Range =25.3-78.5). The number of
trials completed did not differ between groups for blocks 1 to 3 in
neither pre- nor post-stimulation conditions, p>0.3. No signifi-
cant differences in interference score were noted across groups
at baseline, F (2, 33) =1.527, p=0.233. A significant interaction
was found, F (2, 30) =3.784, p=0.034, np2 =0.201. Post hoc tests
showed a significant increase in interference score from pre-
to post-tDCS for the right tDCS group, p <0.001 (Figure 4). No
changes in interference score were found for the left tDCS or
sham groups, p>0.39.

3.3 | Seed-Based Connectivity Analysis

Seed-to-voxel functional connectivity analyses with a priori
ROIs (i.e., the left and right superior frontal gyrus and mid fron-
tal gyrus from the CONN ROI atlas, as well as the F3 and F4 at
MNI coordinates: x=—38, y=34,z=47 and x=39, y=35,7=48,
respectively) did not reveal any significant clusters for an inter-
action effect (group X time, p> 0.1; Table S3).

TABLE1 | Demographic features.
Sham Left Stimulation Right Stimulation p
Subjects 12 10 12
Age (Years) 45.67+19.48 47+17.5 50.5+13.95 0.778
MoCA 27.33x+1.16 28.7+1.06 28.75+£1.29 0.009
BDI 2.03+2.57 3.3+£2.83 3.33£3.39 0.516

Note: p values reflect ANOVA. Values are means + SD.
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3.4 | Intrinsic Connectivity Analysis

To locate the primarily affected brain regions by tDCS that may
not be confined to the pre-defined ROIs, voxel-to-voxel intrin-
sic connectivity analysis was performed. A 3X2 analysis for
any difference between the three treatment groups (left, right,
sham stimulation) and time (pre- and post-tDCS) revealed a

cluster located at the right middle frontal gyrus (p =0.04 cluster-
level FDR corrected, p<0.001 peak-level uncorrected, k=85,
peak MNI coordinates +46, +22, +38; Figure 5a), which was
17.8 mm away from the ROI under the F4. Mean IC values were
extracted from the cluster for post hoc analyses. No significant
differences were found between groups in the pre-tDCS condi-
tion, F (2, 31) =0.870, p=0.429. Post hoc tests also revealed a

2/
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g 0NN
ShamtDCS  LefttDCS Right tDCS
Pre

Sham tDCS Left tDCS Right tDCS

Post

FIGURE 4 | Changes in interference score of the Stroop test following tDCS. A 3 (treatment group: Left, right, sham tDCS) x 2 (time: Pre, post)
repeated-measures ANOVA revealed a significant interaction, F (2, 30) =3.784, p=0.034, np2 =0.201. **Post hoc tests showed a significant increase
in interference score for the right tDCS group, p <0.001. Values are means =+ SE.

0.19
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0.17

0.16

0.15

Intrinsic Connectivity

0.14
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Sham tDCS
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FIGURE 5 | Changes in IC following tDCS (a) A voxel-based 3 x 2 analysis for any difference between treatment groups (left, right, sham tDCS)
and time (pre, post) revealed a significant cluster of IC changes in the right middle frontal gyrus (p =0.04 cluster-level FDR corrected, p <0.001 peak-
level uncorrected, peak MNI coordinates +46, +22, +38). (b) Mean ICs were extracted from the identified cluster for post hoc analysis. No pre-tDCS
differences were found (p=0.429). IC was decreased post-tDCS compared to pre-tDCS for the sham group (*p=0.003), and it was increased for the

right tDCS group (**p <0.001). Values are means =+ SE.
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significant difference between pre- and post-tDCS conditions for
the sham and right tDCS groups, such that IC was decreased
for the sham group, p=0.003, and increased for the right tDCS
group, p <0.001 (Figure 5b).

4 | Discussion

This study highlights the importance of the choice of analytic
approach when investigating the effects of tDCS using fMRI.
While relying on a priori ROIs for seed-to-voxel analysis resulted
in negative findings, the voxel-to-voxel analysis accurately iden-
tified a significant cluster of the brain region that shows altered
IC, which was 18 mm off from the peak underneath the F4 (the
stimulation target; Figure 3). This finding that the significant
cluster of functional connectivity change was not directly be-
neath the F4 electrode suggests that the effects of tDCS are not
confined to the region of stimulation. Rather, these changes
in connectivity reflect broader network modulations induced
by stimulation, consistent with previous studies showing that
tDCS modulates brain connectivity through a more distributed
network, rather than being confined to the exact location of the
electric field “hotspot” (Gomez-Tames et al. 2020). Although
the peak fell under the ROI of MFG, no significant results were
observed for its seed-to-voxel analysis, potentially because the
effects of tDCS were confined within the small cluster (85 vs.
22, 069 voxels within the resulting cluster vs. MFG-ROI, respec-
tively). Using the entire right MFG as a seed may not have been
specific enough to elucidate the significant changes in func-
tional connectivity induced by tDCS.

The voxel-to-voxel IC analysis discovered significant interaction
effects that were confined only within the right DLPFC. Post
hoc analysis revealed that this effect was predominantly driven
by IC increases in the right DLPFC stimulation group (p <0.001;
cf. significant decrease of IC was also noted in the sham stimu-
lation group, which is discussed separately below). Consistent
with this finding, right DLPFC stimulation improved Stroop
task performance, measured by increased interference score.
These results highlight asymmetry in DLPFC function and how
it responds to externally applied electrical stimulation, which
may represent different neurophysiological properties. A pos-
sible explanation involves the asymmetric distribution of neu-
rotransmitters for the left and right DLPFC. Post-mortem studies
have shown significant hemispherical differences in the distri-
bution of neurotransmitters such as GABA and dopamine (Glick
et al. 1982), though little research has examined this within the
DLPFC. Prior studies have demonstrated that inhibitory repet-
itive transcranial magnetic stimulation (rTMS) to the left vs.
right DLPFC differently affects task-induced striatal dopamine
release (Cho and Strafella 2009; Ko et al. 2008a), suggesting that
these hemispheric differences may originate from the intrinsi-
cally asymmetric properties of the frontal lobes. Together with
the present study, these findings suggest that caution is neces-
sary when designing tDCS experiments targeting areas beyond
the primary motor cortex where neuroexcitability changes are
harder to measure.

Lesion studies highlighted that the superior medial prefrontal
region is the most critical area for performing the Stroop task
(Stuss and Alexander 2007), and neuroimaging studies (Aron

et al. 2007; Chevrier et al. 2007; Li et al. 2006) have increasingly
linked behavioral changes from the Stroop task to the DLPFC.
However, there is less consensus regarding the lateralization
of activity in this region. The conflict-monitoring hypothesis
(Botvinick et al. 1999, 2001) suggests that the anterior cingu-
late cortex (ACC) detects conflict and recruits the DLPFC for
top-down cognitive control (MacDonald et al. 2000). While cor-
relates of top-down control were originally thought to be left
lateralized in the frontal cortex (Swick and Jovanovic 2002),
more recent findings suggest lateralization is task-dependent—
the left DLPFC is involved in the expectation of conflicts, while
the right DLPFC is more involved in processing the conflicts
(Vanderhasselt et al. 2009).

We found that only the right DLPFC stimulation improved
Stroop task performance as measured by increased interfer-
ence score. This supports prior research indicating that the
right DLPFC regulates cognitive control processes to reduce
attentional conflict (Vanderhasselt et al. 2009), increasing
error awareness (Sakai et al. 2013), and monitoring working
memory (Ko et al. 2008b). This is consistent with previous re-
search showing that anodal stimulation of the right DLPFC im-
proves response inhibition (Chen et al. 2021b; Frings et al. 2018;
Lapenta et al. 2014) while left DLPFC stimulation did not modu-
late Stroop interference (Baumert et al. 2020; Loftus et al. 2015).
Examining the behavioral data alone, one may conclude that
only the right DLPFC was causally related to Stroop interference
effects, which highlights the functional hemispheric asymmetry
of the DLPFC. However, the addition of neuroimaging findings
suggests that the neurophysiological properties themselves were
different between the left and the right DLPFC so that their re-
sponses to the tDCS also differed. In other words, it can also
be speculated that the left DLPFC was more “resilient” to the
externally injected electrical stimuli, and thus the behavior was
not affected by the tDCS.

One unexpected finding was that the IC was decreased in the
right DLPFC after a sham stimulation where the current was
only applied for a 30 s ramp-up and ramp-down in the beginning
and at the end of the 15-min stimulation session. This finding
raises the possibility that brief, low-intensity stimulation con-
tributed to the reduction in IC. However, when sham stimu-
lation of the right DLPFC was compared to sham stimulation
of the left DLPFC, there was no significant interaction effect
between time (pre- vs. post-) and electrode placement (left vs.
right) (F (1, 11) =0.559, p=0.470). While the sample size of each
of the left and right sham groups limits the interpretability of
any observed effect (or lack thereof), these preliminary results
suggest that the observed decrease in IC is not due to the brief
ramp-up and ramp-down of stimulation itself. This suggests
that other factors may explain these findings. One possibility
may be participant expectation, as participants were told on
the informed consent form that the purpose of the study was to
“see what effects (good and bad) it may have on you and your
cognitive function.” Although we only investigated the effects
of tDCS in healthy individuals, a meta-analysis suggests that
healthy participants in research trials also experience placebo
effects, albeit lesser degree compared to the patient population
(Forsberg et al. 2017). Therefore, our participants would have
likely perceived that their performance on the Stroop task was
supposed to be influenced, and contributed to the findings. It is
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also possible that the observed decrease in IC is due to the sensi-
tivity of the post hoc tests used to analyze brain connectivity. A
computer simulation study has demonstrated that interaction ef-
fect tests with low sensitivity can increase the likelihood of false
positives in control conditions (Ko 2024), which may explain the
significant decrease if IC in the sham condition.

This study has several limitations. First, despite the consider-
able number of 34 participants, each group only had between
10 and 12 participants. The small sample size may limit the
generalizability of the study because tDCS responses vary per
individual. Second, behavioral results may be subject to practice
effects. However, behavioral results within the sham group did
not significantly differ, increasing the likelihood that results in
the active stimulation groups were due to the stimulation itself.
Another potential concern is the observed difference in MoCA
scores between groups, with the sham group scoring lower than
the stimulation groups. While all participants scored above
the cutoff for cognitive impairment (>26), we included MoCA
scores as a covariate in all analyses to account for any potential
influence on task performance or neural measures. We confirm
that there was no significant interaction effect of MoCA as a co-
variate (p>0.2).

Anodal stimulation is more commonly used for studies in-
volving psychiatric disorders (Gianni et al. 2021), yet an in-
creasing number of studies are experimenting with different
cathode placements. While the current study used the supraor-
bital region as the reference site, future work should examine
whether using a different reference site—such as the contralat-
eral hemisphere—changes the observed intrinsic connectivity
and behavioral effects. Future research should also explore
the effects of cathodal stimulation. Since cathodal stimulation
is generally associated with inhibitory effects on the cortex,
which may suppress maladaptive plasticity (Chen et al. 2021a),
looking at how cathodal stimulation influences intrinsic con-
nectivity would provide a more comprehensive understanding
of how tDCS modulates brain networks. Finally, while these
findings demonstrate changes in intrinsic connectivity in re-
sponse to DLPFC stimulation in healthy individuals, future
work should examine how these effects translate to clinical
populations.

In conclusion, this study underscores the importance of the
choice of analytic approach when examining the effects of tDCS
on brain connectivity and highlights the asymmetric neurophys-
iological properties of the DLPFC in response to tDCS stimula-
tion. While anodal stimulation of the right DLPFC modulated
intrinsic connectivity and improved Stroop task performance,
these effects were not observed for left DLPFC stimulation,
emphasizing the hemispheric laterality in executive function.
These findings also show that tDCS-induced connectivity
changes extend beyond the immediate site of stimulation, rein-
forcing the notion that neuromodulation can influence broader
brain networks.
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