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Abstract

Despite its widespread use in cognitive studies, there is still limited understanding of whether and
how transcranial direct current stimulation (tDCS) modulates brain network function. To clarify its
physiological effects, we assessed brain network function using functional magnetic resonance
imaging (fMRI) simultaneously acquired during tDCS stimulation. Cognitive state was
manipulated by having subjects perform a Choice Reaction Task or being at “rest.” A novel
factorial design was used to assess the effects of brain state and polarity. Anodal and cathodal
tDCS were applied to the right inferior frontal gyrus (rIFG), a region involved in controlling
activity large-scale intrinsic connectivity networks during switches of cognitive state. tDCS
produced widespread modulation of brain activity in a polarity and brain state dependent manner.
In the absence of task, the main effect of tDCS was to accentuate default mode network (DMN)
activation and salience network (SN) deactivation. In contrast, during task performance, tDCS
increased SN activation. In the absence of task, the main effect of anodal tDCS was more
pronounced, whereas cathodal tDCS had a greater effect during task performance. Cathodal tDCS
also accentuated the within-DMN connectivity associated with task performance. There were
minimal main effects of stimulation on network connectivity. These results demonstrate that rIFG
tDCS can modulate the activity and functional connectivity of large-scale brain networks involved
in cognitive function, in a brain state and polarity dependent manner. This study provides an
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important insight into mechanisms by which tDCS may modulate cognitive function, and also has
implications for the design of future stimulation studies.

default mode network; magnetic resonance imaging; salience network; stimulation

Introduction

Transcranial direct current stimulation (tDCS) has been extensively used in an attempt to
modulate cognitive function in both healthy and disease populations (Coffman, Clark, &
Parasuraman, 2014). However, the behavioral results are variable and a recent meta-analysis
concluded that single-session tDCS produces no effect on a range of cognitive tasks
(Horvath, Forte, Carter, & Horvath, 2015). This has fuelled skepticism about whether tDCS
has any potential to modulate brain activity and cognitive function.

Understanding the behavioral effects of tDCS has been limited by a lack of mechanistic
understanding of how it affects the brain, particularly at the level of the large-scale brain
networks whose coordinated action mediate cognitive function (Bressler & Menon, 2010;
Mesulam, 1990). For example, it is unclear whether stimulation interacts with underlying
brain activity and whether short duration stimulation is sufficient to influence brain activity.
The effect of stimulation polarity on cognitive brain networks is a particularly important
aspect of tDCS which is currently poorly understood. Studies of the primary motor cortex
(M1) suggest that anodal and cathodal tDCS have opposite effects on neuronal excitability
(Nitsche et al., 2005). However, previous cognitive studies have not examined the effect of
polarity on network activation and motor effects of stimulation cannot necessarily be
extrapolated to cognitive brain networks. Moreover, the influence of polarity on cognitive
network function and behavior is poorly characterized, and there have been no studies which
have investigated how polarity interacts with an underlying cognitive brain state. Other
factors, such as brain state, may also influence the effects of stimulation (Lefebvre & Liew,
2017; Li, Uehara, & Hanakawa, 2015). It is therefore important to directly investigate the
effects of tDCS on large-scale brain network activity to clarify the mechanism by which
tDCS may influence behavior.

Concurrent tDCS/functional MRI (fMRI) is an ideal method for studying the physiological
effects of stimulation but, to date, such studies are few in number. Previous tDCS/fMRI
studies have focused on the motor system. These have shown that that tDCS can modulate
brain activity, as measured by hemodynamic changes, with effects seen remote from the site
of stimulation measured by Blood Oxygenation Level Dependent (BOLD) fMRI (Amadi,
Ilie, Johansen-Berg, & Stagg, 2014; Antal, Polania, Schmidt-Samoa, Dechent, & Paulus,
2011; Polania, Paulus, & Nitsche, 2012; Sehm, Kipping, Schafer, Villringer, & Ragert, 2013;
Stagg & Johansen-berg, 2013). A previous study using high-density tDCS (HD-tDCS),
which permits multiple cephalic sites to be simultaneously targeted, also suggests that
modulation of whole networks is possible and behaviorally relevant (Turski et al., 2017).
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This study provided some evidence that changes in EEG power were correlated with
performance on a cognitive battery.

Performance of a range of cognitive tasks is associated with activation of the salience
network (SN) and concurrent deactivation of the default mode network (DMN; Buckner,
Andrews-Hanna, & Schacter, 2008; Hampshire & Sharp, 2015; Raichle et al., 2001; Seeley
et al., 2007). Here we investigate the physiological effects of tDCS on these large-scale
cognitive networks using simultaneous tDCS/fMRI. We employed a factorial design to
manipulate both cognitive state (choice reaction task [CRT] or “rest”) and stimulation
polarity (anodal or cathodal) (Figure 1). A novel protocol based on short stimulation
durations (in seconds) enabled a direct comparison between the effects of different polarities
during different cognitive brain states, and interactions between brain state and polarity. The
CRT produces robust and stable SN and DMN anti-correlation (Sharp et al., 2011) and its
cognitive simplicity minimizes learning effects. This enabled us to examine the
neurophysiological effects of tDCS while diminishing the risks of possible confounds
arising from BOLD signal changes related to variability in performance.

We investigated the effects of stimulating the right inferior frontal gyrus (rIFG) (Figure 1c).
This region and the underlying anterior insula form part of the SN, which additionally
comprises dorsal anterior cingulate cortex and presupplementary motor area (dACC/pre-
SMA). Activity of the rIFG is seen in a range of cognitive contexts and the region is thought
to influence activity in other cognitive regions, acting as a switch between different cognitive
states (Hampshire & Sharp, 2015; Mesulam, 1990; Sridharan, Levitin, & Menon, 2008), and
influencing activity within the more extensive frontoparietal control network (FPCN) as well
as anti-correlated activity within the DMN (Fox et al., 2005). Hence, we tested the
hypotheses that: (a) tDCS to the rIFG can modulate the activity and connectivity of intrinsic
large-scale brain networks relevant to cognitive function; (b) the effects of tDCS will interact
with cognitive brain state, and that (c) anodal and cathodal tDCS will have distinctive effects
on cognitive network activity.

2 Methods

2.1 Participants

We recruited healthy volunteers from the Imperial College Clinical Research Facility healthy
volunteers list, with no history of neurological or psychiatric illness (7= 26, 13F:13M; mean
age = 38 years, SD = 15.5 years). All volunteers gave written informed consent. The study
conforms to the Declaration of Helsinki and ethical approval was granted through the local
ethics board (NRES Committee London, West London & GTAC). All participants were
naive to tDCS.

2.2 tDCS-fMRI task and paradigm

Functional MRI was acquired while participants performed a blocked Choice Reaction Task
(Figure 1). This is a forced choice task where participants press a button with the right or left
index finger, to the presentation of a left or right pointing arrow. The task was programmed

in MATLAB (MathWorks, Natick, MA) using Psychtoolbox (Brainard, 1997) and responses
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were recorded through a fiber-optic response box (NordicNeuroLab, Bergen, Norway),
interfaced with the stimulus presentation PC. A trial consisted of a central fixation cross
presented for 200 ms, followed by an arrow presented centrally for 1,300 ms during which
the participant was required to respond. Each run had 12 task blocks (each block lasted 36 s,
and comprised 24 trials) and 12 rest blocks (fixation cross, 20 s), interspersed with brief
periods of black screen (4.87 or 3.11 s) during which participants had been instructed to look
straight ahead. The black screen durations were different to introduce jitter into the
paradigm. During each block, participants received anodal, cathodal, or sham tDCS,
resulting in a factorial design, consisting of four blocks of six possible conditions: “rest” +
sham; “rest” + anodal; “rest” + cathodal; CRT + sham; CRT + anodal; CRT + cathodal. The
order of the blocks was pseudorandomized but the same across all participants. Each
participant performed three runs sequentially, with a brief 2-3 min rest between acquisitions
to prevent fatigue. Across the three runs, participants received a total of 18 min of full
intensity tDCS.

Participants also performed a separate shorter blocked CRT, with no tDCS, prior to the
tDCS—fMRI paradigm to determine the basic patterns of BOLD activity during task
performance. The CRT was selected because we were specifically investigating the effect of
stimulation on cognitive brain networks, and we have previously demonstrated that the CRT
produces activation of the SN and deactivation of the DMN, which are robust and stable
across time (Sharp et al., 2011).

2.3 Statistical analysis of behavioral results

Statistical analyses of task performance were conducted using MATLAB (MathWorks,
Natick, MA) and R (www.r-project.org). We calculated accuracy (defined as the percentage
of correct responses and modeled individual overall reaction times (RT) and first RTs (the
RT of the first trial within each block) with an exGaussian distribution (Lacouture &
Cousineau, 2008).

2.4 Delivery of tDCS

Stimulation was delivered using an MR-compatible battery-driven stimulator (NeuroConn
GmbH, llmenau, Germany) with a previously described circuit (Violante et al., 2017). The
“active” electrode (4.5 cm diameter circular rubber electrode) was placed over F8 (based on
the 10-20 EEG International system), which corresponds to the pars triangularis of the rIFG,
and the “return” electrode (7 x 5 cm rectangular rubber electrode) was placed on the right
shoulder with the longitudinal axis parallel to the coronal plane (center of electrode placed
over midpoint between tip of the acromion and base of neck). An extracephalic position for
the return electrode was selected in order to avoid delivering a current of opposite polarity to
another cortical region, as this may have caused additional network effects that would have
been difficult to separate from stimulation to the rIFG. Although there are theoretical
concerns that extracephalic references may be potentially unsafe in participants with
cardiovascular conditions due to the effects of current passing through the brainstem, this
effect on autonomic balance is by no means certain. Indeed, it has been previously found
that an extracephalic reference montage did not induce any such changes in healthy
participants (Vandermeeren, Jamart, & Ossemann, 2010). In our study, a medically qualified
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researcher screened all participants and excluded anyone with cardiovascular medical
histories.

Anodal and cathodal tDCS was delivered with a ramp of 4.5 s up to 1.8 mA, full intensity
stimulation and a ramp down over 0.5 s. Sham tDCS consisted of the ramp up and down
stages only. About 1.8 mA (rather than 2 mA) was used to maintain safe impedance readings
during simultaneous tDCS—fMRI using this equipment. Electrodes had a layer of conductive
paste (Ten20, D.O. Weaver, Aurora, CO), which held them in place and reduced
impedances. Prestimulation impedances were below 3 kQ and maximum impedance during
stimulation was 29 kQ. The stimulator was controlled by a National Instruments DAQ device
(National Instruments, Newbury, UK), receiving output from in-house MATLAB scripts.
Heart rate was monitored concurrently in 23 participants using the pulse oximetry of the
integrated Siemens Physiological Monitoring Unit. The setup and subsequent signal analysis
have been previously described (Violante et al., 2017). There was no effect of stimulation on
mean heart rate or its SD.

A computation model confirmed that the peak electric field strength was over the rIFG. A
finite element method (FEM) head model was created using Simnibs (Thielscher, Antunes,
& Saturnino, 2015; Windhoff, Opitz, & Thielscher, 2013). This standard five compartment
head model (white matter, grey matter, cerebrospinal fluid, skull, and skin) was further
extended to include neck and shoulder parts. Conductivity values for various tissues were
used as in (Opitz, Paulus, Will, & Thielscher, 2015). The electrode montage was modeled as
described in the experimental section. Simulations of the tDCS electric field were performed
using Simnibs version 2.0.1.

2.5 MRI acquisition

A T1 and fMRI sequences were acquired on a 3 T Siemens Verio (Siemens, Erlangen,
Germany), using a 32-channel head coil, with parameters similar to Violante et al. (2017).
Functional MRI images were obtained using a T2*-weighted gradient-echo, echoplanar
imaging (EPI) sequence, 3 mm? isotropic voxel, repetition time (TR) 2 s, echo time (TE) 30
ms, flip angle (FA) 80°, field of view 192 x 192 x 105 mm, 64 x 64 matrix, 35 slices,
GRAPPA acceleration factor = 2, run time of 12min 24 s. Standard T1-weighted structural
images were acquired using an MP-RAGE sequence, 1 mm? isotropic voxel, TR 2.3 s, TE
2.98 ms, inversion time 900 ms, FA 9°, field of view 256 x 256 mm, 256 x 256 matrix, 160
slices, GRAPPA acceleration factor = 2, run time of around 4.5min.

2.6 fMRI preprocessing

Data preprocessing was performed using the FMRI Expert Analysis Tool (FEAT) Version
6.00, from FMRIB's Software Library (FSL; Smith et al., 2004; Jenkinson, Beckmann,
Behrens, Woolrich, & Smith, 2012). We performed motion correction using MCFLIRT
(Jenkinson, Bannister, Brady, & Smith, 2002), removal of low-frequency drifts (high-pass
filter of 0.01 Hz: set to well below the frequency of expected network changes), spatial
smoothing (Gaussian kernel filter with a full width at half maximum of 6 mm), brain
extraction to remove nonbrain tissue (BET; Smith, 2002), and co-registration using FMRIB's
Nonlinear Image Registration tool (FNIRT) to register the participant's fMRI volumes to
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Montreal Neurological Institute (MNI) 152 standard space using the T1-weighted scan as an
intermediate.

Single-session ICA was performed for each run using Multivariate Exploratory Linear
Optimized Decomposition (MELODIC; Beckmann et al., 2005). The resulting components
were automatically classified into signal and noise using FMRIB's ICA-based Xnoiseifier
(FIX; Griffanti et al., 2015; Salimi-khorshidi, Douaud, Beckmann, & Matthew, 2015). FIX
was previously trained in an independent cohort of 20 individuals acquired in the same
scanner with the same imaging parameters. Classifications were manually inspected and
adjusted when required. Independent components classified as noise were subsequently
removed from each voxel's time series.

2.7 fMRI analysis: activation

The tDCS-fMRI CRT was analyzed with FSL's FMRI Expert Analysis Tool (FEAT).
Subject-level general linear models were constructed with the following regressors of
interest: [all task blocks], [all anodal blocks], [all cathodal blocks], an interactive regressor
for [task + anodal], and an interactive regressor for [task + cathodal]. The implicit baseline
was the [“rest” + sham] blocks, which was not modeled in the GLM. Using this GLM, the
[all anodal blocks] and [all cathodal blocks] regressors demonstrate the main effects of
anodal or cathodal stimulation in the absence of task. Using FSL's FEAT tool to create the
interactive regressors of [task + anodal] and [task + cathodal] allowed us to demonstrate the
interactive effects of anodal and cathodal tDCS and task. Regressors were created by
convolving a boxcar kernel with a canonical double-gamma hemodynamic response
function. The GLM design matrices consisted of the regressors of interest and their first
temporal derivatives, in order to more accurately model transitions in the hemodynamic
response function at the onset and offset of each block. Six movement regressors to account
for movement-related noise, and a regressor of no interest for the periods of black screen,
were also included. The interactive effects of anodal and cathodal tDCS and “rest” were
investigated using a second GLM constructed in the same way, but substituting the [all task
blocks] regressor with a regressor for [all “rest” blocks']. In this GLM, the interactive
regressors of [“rest” + anodal] and [“rest” + cathodal] demonstrate the interactive effects of
anodal and cathodal tDCS during “rest”.

A higher-level mixed effects (FLAME 1 + 2) analysis of group effects was performed to
combine all runs and all participants for the parameter estimates [task + anodal], [task +
cathodal], [“rest” + anodal] and [“rest” + cathodal]. The inverse estimates were also run. A
third-level mixed effects (FLAME 1 + 2) analysis was performed to investigate: [“rest” +
anodal] > [“rest” + cathodal] (and its inverse contrast) and [task + anodal] > [task +
cathodal] (and its inverse contrast). The final Zstatistical images were thresholded using a
Gaussian random field-based cluster inference with a height determined by a threshold of 2
> 3.1 and a corrected cluster significance threshold of p=.05.

A region of interest (ROI) approach was taken to compare the effects of anodal and cathodal
tDCS during different brain states (“rest” or task performance). Two ROIs were investigated:
the “task activated” network and the “task deactivated” network. The “task activated”
network was a binarized mask encompassing those regions showing increased BOLD

Hum Brain Mapp. Author manuscript; available in PMC 2019 February 23.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Lietal. Page 7

activity in the contrast [task > “rest”] in the separate shorter CRT with no stimulation, and
the “task deactivated” network was a binarized mask encompassing those regions showing
decreased BOLD activity from the same contrast.

2.8 fMRI: functional connectivity analysis

Whole-brain psychophysiological interaction (PPI) analyses (O'Reilly, Woolrich, Behrens,
Smith, & Johansen-Berg, 2012) were performed to assess the effect of tDCS and brain state
on functional connectivity (FC). We used the following regions of interest: rIFG and dACC/
pre-SMA (forming the SN) and the posterior cingulate cortex (PCC) and ventromedial
prefrontal cortex (vmPFC, forming the DMN).

Regions of interest were defined as follows:

. rIFG: this was generated using MANGO (Multi-image Analysis GUI) software
(http://ric.uthscsa.edu/mango/mango.html) by defining a 22.5 mm radius sphere
centered on the center coordinates F8. This was obtained from the projection of
the electrode position onto the cortical surface (Koessler et al., 2009) and
converted to MNI space using the Nonlinear Yale MNI to Talairach Conversion
Algorithm (Lacadie, Fulbright, Constable, & Papademetris, 2009; Lacadie et al.,
2008) (F8: x=55, y=30, z= -1). The ROI was predominantly over the pars
triangularis of the rIFG. Areas outside the cortex were removed by masking with
an MNI brain mask from the FSL library.

. Dorsal ACC/pre-SMA (dACC): generated by inflating a 10 mm sphere around
the peak voxel in the anterior part of the increased BOLD activity from the
contrast [task > “rest”] from the independent, non-tDCS CRT.

. PCC: generated by inflating a 10 mm sphere around the peak voxel in the
posterior part of the decreased BOLD activity from the contrast [task > “rest”]
for the independent, non-tDCS CRT.

. vmPFC: generated by inflating a 10 mm sphere around the peak voxel in the
anterior part of the decreased BOLD activity from the contrast [task > “rest”] for
the independent, non-tDCS CRT.

Time-courses for each region were extracted for each participant (the physiological term).
Two subject-level GLMs were run, with regressors as described above for the initial fMRI
analysis. For each model, the physiological term and the psychological term were used to
create the PPI interaction term, the remaining regressors were also included in the model. A
generalized PPl model was used (McLaren, Ries, Xu, & Johnson, 2012). Bonferroni
correction of the group result was used to correct for multiple comparisons across different

ROls.
3 Results
3.1 Behavior

There were no significant effects of stimulation on behavioral performance. A three-level
ANOVA With stimulation type as factors (sham/anodal/cathodal) did not show a main effect of
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stimulation on either CRT accuracy or any parameter of the exGaussian distribution for
overall reaction times (all #< 1, all p> .05). The mean reaction times were: anodal = 506.9
ms, cathodal = 509.3 ms, and sham = 511.7 ms. There was also no consistent behavioral
change over time (Supporting Information). The absence of a significant main effect of
stimulation on behavior suggests that the interpretation of the subsequent neuroimaging
results is not confounded by condition differences in CRT performance.

3.2 The effects of tDCS on brain activity are dependent on cognitive state

Both anodal and cathodal tDCS produced widespread BOLD changes in brain areas
anatomically remote from the cortical area being stimulated. TDCS accentuated the patterns
of activation and deactivation normally observed in each cognitive state. CRT performance
compared to rest was characterized by increased BOLD response within the FPCN,
including the SN, as well as primary sensory/motor cortices, bilateral thalami, and basal
ganglia, and decreased BOLD signal within the DMN (Figure 2a). The interactive effects of
both anodal and cathodal stimulation applied during CRT performance were increased
activity within the dorsal anterior cingulate cortex/presupplementary motor area (d4ACC/pre-
SMA) and lateral prefrontal regions. Cathodal tDCS was also associated with an additional
increased BOLD response within the SN, including the rIFG, as well as additional increases
in bilateral frontal eye fields, bilateral occipital and superior parietal regions (Figure 2b).
There were no areas of decreased BOLD response, compared with CRT performance alone.

In contrast, the main effect of tDCS (in the absence of task because task effects were
modeled in the interaction term) was to accentuate deactivation of the dACC/pre-SMA
(Figure 2c). Cathodal tDCS was associated with extensive deactivation in the rIFG and
underlying anterior insula, bilateral superior frontal gyri, bilateral frontal eye fields, and
bilateral superior parietal regions. Anodal tDCS was additionally associated with activation
within the DMN, with increased activity of the PCC, the precuneus, and the vmPFC; (Figure
2c).

To clarify the effect of tDCS during “rest,” we used a second GLM that specifically modeled
the interaction between stimulation and rest (Figure 3). This showed that anodal tDCS
applied during “rest” produced increased activation within the DMN, including the vmPFC,
as well as medial occipital regions. Conversely, cathodal tDCS produced less widespread
activation of the DMN, as well as deactivation of SN and FPCN areas. These findings are
similar to the main effect of tDCS in the absence of task as described above (Figure 2¢),
confirming that tDCS is modulating activity during rest in a distinct way to its effect during
task performance.

3.3 Polarity-dependent effects of tDCS interact with underlying brain state

The effects of tDCS were dependent on the polarity of stimulation (Figure 4). A targeted
analysis specifically comparing the effects of stimulation within regions activated or
deactivated by task showed polarity-dependent effects. Both anodal and cathodal tDCS
modulated BOLD activity in the same direction but did so to different degrees depending on
the brain state (Figure 4a). During task performance, cathodal tDCS produced greater
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activation of task-activated regions compared to anodal tDCS, while anodal tDCS produced
greater deactivation in task-deactivated regions compared to cathodal tDCS (Figure 4a-i).

Conversely, the main effect of anodal tDCS in the absence of task was to increase activation
within task-deactivated regions, whereas cathodal tDCS did not (Figure 4a-ii). The whole-
brain contrast of anodal and cathodal stimulation confirmed a similar effect, with anodal
tDCS increasing activity in the right vmFPC and superior frontal gyrus, whereas cathodal
tDCS decreased BOLD activity in the same regions (Figure 4b).

3.4 tDCS modulates SN and DMN connectivity

We next investigated whether tDCS modulated the FC of the SN, and DMN, using whole-
brain PPI analysis (Friston et al., 1997; O'Reilly et al., 2012). We interrogated the
connectivity between key nodes of the SN (the rIFG and dACC/pre-SMA) and DMN (the
vmPFC and PCC) and the rest of the brain.

3.4.1 Changes in FC of SN nodes—CRT performance reduced FC between the rIFG,
the site of stimulation, and areas comprising the DMN. Anodal tDCS further decreased the
FC between the rIFG and middle frontal gyrus, as well as within the rIFG. Cathodal tDCS
further decreased the FC between the rIFG and vmPFC and anterior paracingulate gyrus. A
direct comparison of the effects of anodal and cathodal tDCS showed that cathodal tDCS
produced a greater decrease in FC between the rIFG and the vmPFC (Figure 5a-i). CRT
performance also reduced FC between the dACC/pre-SMA and the superior frontal gyrus.
Anodal tDCS further decreased FC between the dACC/pre-SMA and the superior frontal
gyrus and bilateral primary motor cortices, and cathodal tDCS further decreased FC between
the dACC/pre-SMA and the superior frontal gyrus and vmPFC (Figure 5a-ii,b).

3.4.2 Changes in FC of DMN nodes—Stimulation produced marked effects on the FC
of the DMN. CRT performance increased FC between the two key nodes of the DMN, the
vmPFC, and PCC. Concurrently, CRT performance decreased FC between the vmPFC and
dACC/pre-SMA and bilateral inferior frontal regions. Anodal tDCS further decreased FC
between the vmPFC and bilateral superior parietal regions. Cathodal tDCS further decreased
FC between the vmPFC and the dACC and bilateral inferior frontal regions, as well as
accentuating the increase in within-DMN connectivity seen during task alone. A direct
comparison of the effects of anodal and cathodal tDCS showed that cathodal tDCS increased
the FC between the vmPFC and the PCC, whereas anodal tDCS did not (Figure 5a-iii,b).
Stimulation effects were also seen on PCC connectivity. CRT performance increased FC
between the PCC and vmPFC and decreased FC between the PCC and the FPCN as well as
bilateral caudate. Anodal tDCS further decreased FC between the PCC and the frontal poles
and bilateral occipital and superior parietal regions. Cathodal tDCS further increased FC
between the PCC and vmPFC and decreased FC between the PCC and dACC/pre-SMA,
bilateral occipital and superior parietal regions. (Figure 4a-iv).

The main effect of anodal tDCS in the absence of task was decreased FC between the rIFG
and the vmPFC, but there was no other significant main effect of tDCS on FC (Figure 5b).
Similar analyses were performed using the second GLM that specifically modeled the
interaction between stimulation and rest, which showed decreased rIFG connectivity with
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right frontal regions (Figure 5c). There were no other significant effects of stimulation
during rest on FC.

There were no correlations between tDCS-related changes in connectivity and BOLD
activity.

3.5 Subjective experience

Prior to having combined tDCS and MRI, participants received two blocks of anodal and
cathodal tDCS (15 s each) in a randomized, blind order. Participants were asked to rate their
sensation of “itching,” “pain,” “metallic taste,” “burning,” “anxiety,” and “tingling” on a
scale of 1-5 (1 = nil, 2 = mild, 3 = moderate, 4 = strong, 5 = unbearable). There were no
differences observed between average ratings given to anodal versus cathodal tDCS on any
category.

4 Discussion

We show that widespread modulation of the activity and connectivity of networks involved
in cognitive control is achievable with tDCS, of even brief durations, applied to the right
inferior frontal gyrus. The network modulation produced by tDCS is dependent on both the
underlying state of the brain network and the polarity of stimulation. We show an interaction
between tDCS polarity and brain state on network activity, such that the same polarity tDCS
caused distinct effects on the brain depending on whether subjects were engaged in a
cognitive task or not. These findings are important both for interpreting previous studies,
potentially explaining the variability of tDCS effects, and also for shaping the design of
future stimulation studies.

Previous tDCS studies have mainly focused on the effects of stimulation on motor cortex,
concluding that anodal tDCS increased neuronal excitability and cathodal tDCS reduced it
(Purpura & Mcmurtry, 1965) (Nitsche & Paulus, 2000; Stagg & Nitsche, 2011). However, it
is unclear whether these results can be extrapolated to other parts of the cortex. Many
cognitive studies have investigated the effects of tDCS on behavior. However, relatively few
(~20%) have shown the expected distinction between anodal and cathodal stimulation
(Jacobson, Koslowsky, & Lavidor, 2012). Only a small number of studies have used
concurrent tDCS/fMRI to directly investigate physiological effects, and these have shown
that anodal and cathodal tDCS are both capable of producing increases and decreases in
cortical activity and connectivity (Amadi et al., 2014; Antal et al., 2011; Polania, Paulus, &
Nitsche, 2012). Our study extends this work by showing that both anodal and cathodal tDCS
can produce increases and decreases in the activity and FC of cognitive networks, but that
the effects of tDCS polarity are modulated by the state of the network when it is stimulated.
This further demonstrates that the effect of polarity is more nuanced than a simple
dichotomy where anodal stimulation produces excitation of cortical activity and cathodal
stimulation is inhibitory.
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4.1 Stimulation of the right inferior frontal gyrus modulates activity and connectivity in
large-scale cognitive networks

Brief stimulation of a single brain region, the rIFG, modulated activity in remote parts of
two large-scale brain networks involved in cognitive control, the DMN, and SN, as well as
modulating FC between them. The rIFG acts as a hub connecting many other cortical
regions and is activated by a wide range of cognitive functions (Sporns, 2013). It is thought
to coordinate changes in activity across other cognitive control networks when switching
between different task states (Duncan & Owen, 2000; Fedorenko, Duncan, & Kanwisher,
2013; Hampshire & Sharp, 2015; Sridharan et al., 2008). Hence, our results may reflect
widespread network changes in brain regions remote to, but connected to the rIFG,
potentially accentuating the control mechanism exerted by the rIFG.

We are unaware of any previous tDCS-fMRI study investigating the effects of rIFG
stimulation. A small number of tDCS-fMRI studies applying tDCS to the primary motor
cortex (M1) or dorsolateral prefrontal cortices (dIPFC) have shown effects distant from the
site of stimulation (Antal et al., 2011; Park et al., 2013; Pefia-Goémez et al., 2012; Polania et
al., 2012; Sehm et al., 2013; Stagg & Johansen-berg, 2013). In addition, a study comparing
M1 and left dorsolateral prefrontal cortex tDCS found that M1 tDCS modulated connectivity
of sensorimotor networks, while tDCS to the DLPFC additionally modulated effective
networks (Sankarasubramanian et al., 2017). A previous study stimulating the left IFG found
that anodal and cathodal left IFG stimulation differentially modulates brain activation during
a verbal frequency task, though this was assessed with functional near infrared spectroscopy
so did not assess changes in a distributed network (Ehlis, Haeussinger, Gastel, Fallgatter, &
Plewnia, 2016). Another study of left IFG tDCS found that anodal tDCS had remote effects
in both resting-state fMRI and during a word retrieval task (Meinzer et al., 2015). Our study
substantially extends the literature by investigating the remote effects of tDCS and its
interaction with the task for networks specifically involved in cognitive control.

4.2 Short durations of stimulation produced large physiological effects

Large changes in BOLD activity were seen after seconds, rather than minutes, of
stimulation. This is compatible with in vitro animal studies that show applying cortical
surface currents cause immediate changes in evoked potentials and spontaneous spike
activity changes (Purpura & Mcmurtry, 1965), and human studies showing that 4 s of tDCS
can produce changes in M1 excitability (Nitsche & Paulus, 2000). Our study extends these
findings by showing that rapid changes in the activity of cognitive brain networks are
possible with short durations of tDCS. tDCS has been shown to induce Ca2* waves in
astrocytes within seconds of application, suggesting that nonneuronal mechanisms might
contribute to early neurobiological effects (Monai et al., 2016). However, purely
nonneuronal mechanisms, such as the direct effects of tDCS on brain hemodynamics, would
be unlikely to produce the interaction of stimulation with a task that we observed. This
suggests that the effects of tDCS observed in our study reflect, at least in part, direct
neuronal or astrocytic effects.
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4.3 The effects of stimulation on cognitive network activity depends on brain state

Our results also demonstrate that the physiological effects of tDCS are contingent on the
current activity in that network. Distinct effects of the same polarity of tDCS were seen in a
given network, depending on the cognitive state. This converges with animal work
demonstrating that tDCS does not directly cause action potentials, but instead alters the
probability of their occurrence (Purpura & Mcmurtry, 1965) (Stagg & Nitsche, 2011).
Therefore, one would expect the effects of stimulation to vary depending on the populations
of neurons active at that time.

A relationship between cognitive brain state and stimulation effects is also suggested by the
small number of behavioral studies which demonstrate that manipulations of task difficulty
can influence the behavioral modulations seen with tDCS (Gill, Shah-Basak, & Hamilton,
2015; Jones & Berryhill, 2012; Li et al., 2015; Sandrini, Fertonani, Cohen, & Miniussi,
2012; Wu et al., 2014). Transcranial alternating current stimulation also shows effects on
cortical network activity and connectivity that are dependent on the cognitive brain state
(Neuling, Rach, Herrmann, & Schwiedrzik, 2013; Violante et al., 2017; Vosskuhl, Huster, &
Herrmann, 2015). The link between the effects of stimulation and brain state has particularly
important implications for clinical studies, since tDCS may produce distinct effects
depending on whether it is applied during an active task or rest. Hence, attempts to use tDCS
to enhance cognitive rehabilitation will need to carefully control the behavior of a patient at
the time of stimulation.

4.4 The effects of stimulation polarity on cognitive network activity interact with
underlying brain state

Our study demonstrates an interaction of underlying brain state and the polarity of
stimulation on network activity. A similar interaction between task state and motor cortex
excitability has been seen before, as assessed by motor evoked potential (MEP) size. MEP
size was increased when anodal tDCS was given at rest but was decreased if applied during
the task (Antal, Terney, Poreisz, & Paulus, 2007) However, to the best of our knowledge, this
interaction between brain state and tDCS polarity has not been seen before in cognitive
networks.

Current theories of how tDCS acts at the cellular level do not provide a simple explanation
for this result. At the synaptic level, there is evidence that anodal and cathodal tDCS can
have distinct effects on neurotransmitter levels. For example, the effects of anodal, but not
cathodal tDCS, are abolished by NMDAR, voltage-gated Ca?* and Na* receptor blockade
(Stagg & Nitsche, 2011). Additionally, a small number of studies have found that anodal
tDCS decreases local GABA concentration and increases local Glutamine concentration,
whereas cathodal tDCS decreases local Glutamine concentration (Hunter et al., 2015; Kim,
Stephenson, Morris, & Jackson, 2014; Stagg et al., 2009). These changes could underlie the
observed, and differential, effects of tDCS on local excitatory and inhibitory circuits (Sasaki,
Miyaguchi, Kotan, Kojima, & Kirimoto, 2016; Stagg & Nitsche, 2011; Tazoe, Endoh,
Kitamura, & Ogata, 2014; Wiethoff, Hamada, & Rothwell, 2014). As local changes in the
excitatory/inhibitory balance are thought to produce changes in large-scale brain networks
(Deco, Hagmann, Romani, Mantini, & Corbetta, 2014), this might provide a mechanism for
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the remote effects on network activity we observed. However, we show that both cathodal
and anodal tDCS caused a change of BOLD response in the same direction relative to
baseline, which cannot be explained by opposing effects on excitatory and inhibitory
neurotransmitter levels.

Our results might be explained by a complex interaction between stimulation, cellular
structure, and orientation. in vitro and modelling studies demonstrate that the effect of tDCS
on soma and dendrite polarization is influenced by neuronal shape, cortical layer, and the
orientation of neuronal processes in the electrical field (Arlotti, Rahman, Minhas, & Bikson,
2012; Lafon, Rahman, Bikson, & Parra, 2017; Radman, Ramos, Brumberg, & Bikson, 2009;
Rahman et al., 2013). A cortical region that is activated by a task will include
subpopulations of neurons, some excitatory and some inhibitory, with different
morphologies, orientations and occupying different cortical layers. As a result, different
polarities of tDCS, which can really be considered as different directions of current flow,
may activate different subpopulations of neurons within the same region. In addition, there is
a complex relationship between alterations in excitatory/inhibitory balance and BOLD
activity mediated by alterations in blood oxygenation and flow (Logothetis, Pauls, Augath,
Trinath, & Oeltermann, 2001). For example, increased BOLD signal can increase secondary
to activity of both excitatory and inhibitory circuits or increased activity of excitatory
circuits with decreased activity of inhibitory circuits. Hence, an interaction between brain
state and polarity may arise due to different subpopulations being activated under different
combinations of task and polarity.

The differential effects of tDCS on neurons of different orientations also limit how much the
effect of tDCS on cognitive networks can be predicted through extrapolating from results of
motor cortex studies. Such studies use montages very different to ours, resulting in different
patterns of current flow, and different electrical fields along the somatodendritic axis of
neurons. Careful modeling studies, incorporating neuronal subpopulations, combined with in
vivo electrophysiological measurements, would be informative in clarifying the interaction
between polarity and neuronal orientation.

4.5 Right inferior frontal gyrus stimulation modulates SN and DMN connectivity

Large changes in FC were produced by stimulation of the right IFG. Both cathodal and
anodal tDCS applied during task performance modulated FC within the DMN, and also
changed interactions between the SN and the DMN. Previous studies have found that within-
DMN connectivity is increased in cognitive tasks (Hampson, Driesen, Skudlarski, Gore, &
Constable, 2006; Vatansever, Manktelow, Sahakian, Menon, & Stamatakis, 2017;
Vatansever, Menon, Manktelow, Sahakian, & Stamatakis, 2015) and we observed a similar
change in the interaction of the two main nodes of the DMN (the PCC and vmPFC) during
task performance. Previous studies have also shown that connectivity between the SN and
DMN is correlated with cognitive task performance, with the SN having a causal effect on
DMN activity (Chiong et al., 2013; Jilka et al., 2014; Sridharan et al., 2008). This suggests
that while our study was not set up to address behavioral modulation, the effects of tDCS on
cognitive network connectivity which we demonstrate could have behavioral relevance.
Future tDCS behavioral studies should concurrently assess network connectivity changes, in
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order to determine the extent to which behavioral modulation by tDCS can be explained by
modulation of network connectivity.

Stimulation-induced changes in FC also showed marked polarity specificity. Cathodal tDCS
decreased FC between the rIFG node of the SN and vmPFC node of the DMN and
concurrently increased FC between the vmPFC and the rest of the DMN, effects not seen
with anodal tDCS. This suggests that cathodal tDCS is capable of modulating interactions
between and within intrinsic connectivity networks, with changes in rIFG-vmPFC
connectivity being particularly prominent. Outside of the cognitive field, abnormal patterns
of vmPFC activity has been implicated in the development of depression (Koenigs &
Grafman, 2009) and studies of brain stimulation in depression suggest that cerebral blood
flow of the vmPFC is an important predictor for clinical response (Kito, Hasegawa, & Koga,
2012a, 2012b). Future research might investigate whether cathodal tDCS is capable of
affecting emotional state.

4.6 Limitations

We focused on rIFG stimulation and did not investigate the effects of stimulating other parts
of the cognitive control system. Therefore, we cannot comment on whether the results we
have seen are specific to the rIFG. Stimulation of other highly connected areas may also
produce similar widespread network effects. Network hierarchy analyses, comparing
multiple different tDCS targets, would be a sensible approach to test this hypothesis.

Our experimental design does not permit exploration of tDCS effects that may have
persisted after the end of the stimulation. Studies of motor cortex suggest that the intra-
stimulation and poststimulation effects of tDCS on cortical excitability are different (Nitsche
et al., 2005; Nitsche & Paulus, 2000), which may also extrapolate to cognitive tDCS. It is
uncertain how long poststimulation effects last for so we cannot guarantee that there were no
carryover effects. There have been no studies formally investigating the stimulation duration
required to produce after-effects in the cognitive realm. However, in the motor cortex, 3 min
of stimulation appears to be the minimum duration to produce after-effects (Nitsche &
Paulus, 2000). Therefore, we think that our results are likely to be free from significant bias
as a result of any potential carryover, especially since we also pseudorandomized the order
of stimulation such that any carry-over should only add noise to the data rather than
systematic bias. Additionally, our fMRI analysis looked at the effects of stimulation + task
or stimulation + “rest” over and above the effects of sham + task and sham + “rest”, so any
contamination of the sham block by active stimulation is more likely to cause a false
negative than a false positive result. Nevertheless, the relationship between stimulation
duration and effect is important to understand. Dosing studies, particularly of non-M1 areas,
will help to clarify the relationship between duration of stimulation and effects, particularly
as duration may also interact with brain state and polarity.

5 Conclusion

The implications from our study are far-reaching. We demonstrate that widespread
modulation of cognitive networks is achievable with tDCS and that this effect is highly
dependent on the underlying brain network state and polarity. The effect of stimulation,
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therefore, is an emergent property of the applied current in combination with the underlying
brain state. Our results suggest many avenues for future investigations and have important
implications for the translation of tDCS for clinical use. Our study strongly argues for the
need for concurrent neurobiological assessment in cognitive tDCS studies and supports a
new paradigm for investigating the neurophysiological effects of stimulation.
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(a) Choice Reaction Task (b) tDCS-fMRI paradigm (C) TDCS current peak
over rlFG
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Figure 1.
(a) Stimuli in the choice reaction task. (b) The tDCS/fMRI paradigm: each run comprised

four blocks each of CRT + anodal, CRT + cathodal, CRT + sham, “rest” + anodal, “rest” +
cathodal, and “rest” + sham tDCS. Each block was followed by a brief period of black
screen and no stimulation. Each participant had three runs (performing 36 task blocks and 36
rest blocks in total). (¢c) Modeling showing peak current density over the rIFG [Color figure
can be viewed at wileyonlinelibrary.com]
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Brain activation during CRT performance

x=10

Interactive effect of TDCS and CRT performance
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Main effect of TDCS in the absence of task
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Figure 2.
B%MamwhywmnDCdemg“mﬂ”mmCRTpﬂﬂnmmma(@CNHMyofWMnadwmmn
and deactivation associated with CRT performance (with no TDCS). (b) Brain areas showing
greater activation when tDCS is applied during CRT performance. Results shown
demonstrate the interactive effects of tDCS and CRT performance. (c) Brain areas showing
greater activation and deactivation as a result of the main effect of tDCS in the absence of
CRT performance. Warm colors represent brain regions showing more activation and cool
colors represent brain regions showing more deactivation. Results are superimposed on the
MNI152 1 mm brain template. Cluster corrected z= 3.1, p< .05 [Color figure can be viewed
at wileyonlinelibrary.com]
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Interactive effect of tDCS during ‘rest’
Anodal

y=40

Cathodal

Figure 3.

O\?erlay of brain areas showing activation and deactivation when tDCS is applied during
“rest.” Results shown demonstrate the interactive effects of tDCS and “rest.” Results are
superimposed on the MNI152 1 mm brain template. Cluster corrected z = 3.1, p < .05 [Color
figure can be viewed at wileyonlinelibrary.com]
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Effect of polarity and brain state on network activity

Effect of TDCS during (ii) Main effect of TDCS in
task performance absence of task
Task activated Task deactivated Task activated Task deactivated
regions regions 5 regions regions
* 1 ) % )
o 4]
m 37
* £ 2
g |
x g
& 14 |
@
£ 2| M
| & -3
& -4
-5.
_6_

1Anodal mCathodal
Main effect of TDCS in absence of task: ANODAL > CATHODAL

Anodal &

Parameter Estimate

Figure 4.

ArﬁJ interaction between polarity and brain state on network activation. (a) Graphs showing
changes in BOLD activity in task-related networks under anodal and cathodal tDCS during
(i) “rest” and (ii) CRT performance. “Task-activated regions” refers to the areas showing
increased activation, and “task-deactivated regions” refers to areas showing decreased
activation, during CRT performance, as shown in Figure 2a. (b) Overlay of brain areas
showing greater activation with anodal tDCS, compared with cathodal tDCS, in the absence
of task. The accompanying bar chart shows mean activation in the overlaid regions under
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anodal and cathodal tDCS, and is provided to demonstrate the increase in BOLD activity
under anodal tDCS and decrease in BOLD activity under cathodal tDCS. Results are
superimposed on the MNI152 1 mm brain template. Cluster corrected z= 3.1, p<.05. Bar
charts denote mean values, error bars are SEMK, * denotes p < .05 [Color figure can be
viewed at wileyonlinelibrary.com]
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(a) Interactive effect of tDCS and CRT performance
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Figure 5.
Functional connectivity during different stimulation polarities and brain states. (a) Results

show increased (warm colors) and decreased (cool colors) FC between the overlaid areas
and the (i) right inferior frontal gyrus (rlFG), (ii) dorsal anterior cingulate cortex (dACC),
(iii) ventromedial prefrontal cortex (vmPFC), and (iv) the posterior cingulate cortex (PCC)
when stimulation is applied during CRT performance. Results for anodal and cathodal tDCS
denote the change in FC over and above that produced by CRT performance in the sham
condition. Accompanying insets show the seed ROI used for the PPI analysis. Where there is
a significant whole-brain result for the direct comparison of anodal and cathodal stimulation,
for the rIFG and vmPFC seeds, this is also shown, in (i) and (iii). Accompanying bar chart
shows the mean PPI value in the overlaid areas under anodal and cathodal tDCS, and are
provided to show the direction of change. (b) Results show decreased (cool colors) FC
between the overlaid areas and the rIFG for the main effect of anodal tDCS. (c) Results
show decreased (cool colors) FC between the overlaid areas and the rIFG when anodal tDCS
is applied during “rest”. There were no significant whole-brain results from the other seed
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regions. Results are superimposed on the MNI1152 1 mm brain template. Cluster corrected z
= 3.1, p<.05. Bar charts denote mean values, error bars are SEMs [Color figure can be
viewed at wileyonlinelibrary.com]
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