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Abstract: Transcranial direct current stimulation (tDCS) is a noninvasive brain stimulation technique
that has been shown to alter cortical excitability and activity via application of weak direct currents.
Beyond intracortical effects, functional imaging as well as behavioral studies are suggesting additional
tDCS-driven alterations of subcortical areas, however, direct evidence for such effects is scarce. We
aimed to investigate the impact of tDCS on cortico-subcortical functional networks by seed functional
connectivity analysis of different striatal and thalamic regions to prove tDCS-induced alterations of the
cortico-striato-thalamic circuit. fMRI resting state data sets were acquired immediately before and after
10 min of bipolar tDCS during rest, with the anode/cathode placed over the left primary motor cortex
(M1) and the cathode/anode over the contralateral frontopolar cortex. To control for possible placebo
effects, an additional sham stimulation session was carried out. Functional coupling between the left
thalamus and the ipsilateral primary motor cortex (M1) significantly increased following anodal stimu-
lation over M1. Additionally, functional connectivity between the left caudate nucleus and parietal
association cortices was significantly strengthened. In contrast, cathodal tDCS over M1 decreased func-
tional coupling between left M1 and contralateral putamen. In summary, in this study, we show for
the first time that tDCS modulates functional connectivity of cortico-striatal and thalamo-cortical circuits.
Here we highlight that anodal tDCS over M1 is capable of modulating elements of the cortico-striato-tha-
lamo-cortical functional motor circuit. Hum Brain Mapp 33:2499-2508, 2012.  © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Transcranial direct current stimulation (tDCS) is a non-
invasive brain stimulation technique, which has been
shown to alter cortical excitability and activity via applica-
tion of weak direct currents. Anodal tDCS over the motor
cortex during rest increases and cathodal tDCS decreases
cortical excitability [Nitsche and Paulus 2000, 2001; Nitsche
et al., 2003b]. The after-effects of tDCS are NMDA recep-
tor-dependent [Liebetanz et al., 2002; Nitsche et al., 2003a,
2004], and thus share some similarities with long term
potentiation, and depression, which resemble well-known
neuroplastic phenomena thought to underlie cognitive
processes like learning and memory formation [Rioult-
Pedotti et al., 2000]. In accordance, anodal tDCS of the
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motor cortex improves motor learning and nondominant
hand function in healthy subjects [Boggio et al., 2006; Nit-
sche et al.,, 2003c], as well as fine motor skills in stroke
patients with respective deficits [Boggio et al., 2009b;
Fregni et al., 2005, Hummel and Cohen 2005; Hummel
et al., 2005]. These effects can be readily explained by the
effect of tDCS on the primary motor cortex, and indeed it
was demonstrated that tDCS modulates local intracortical
circuits [Nitsche et al., 2005]. However, some other func-
tional effects of tDCS are more compatible with an addi-
tional alteration of subcortical areas. tDCS over M1
induces changes in thermal and mechanical sensory per-
cepts [Bachmann et al.,, 2010] and produces long lasting
pain relief in chronic pain patients [Antal et al., 2010; Bog-
gio et al., 2009a; Fenton et al., 2009; Williams et al., 2009].
These effects have been attributed to suppression of tha-
lamic sensory pathways following motor cortex stimula-
tion. Additionally, motor cortex tDCS improves gait and
bradykinesia in patients suffering from Parkinson’s disease
(PD) [Benninger et al., 2010], which might be caused by
tDCS-induced alterations of basal ganglia function. The
results of these studies suggest that cortico-striato-tha-
lamo-cortical circuits might be modulated by transcranial
cortical stimulation. In principle accordance, a positron
emission tomography (PET) study showed that tDCS over
M1 induces widespread bidirectional changes in regional
neuronal activities of cortical and subcortical regions,
including striatal and thalamic areas [Lang et al., 2005].
However, this study does not allow drawing conclusions
if the subcortical effects are connectivity-driven or caused
by direct DC-induced effects on these areas. Evaluating
the effects of tDCS on functional connectivity might help
to clarify this question.

Functional connectivity analysis of resting state BOLD-
fMRI fluctuations has enhanced our understanding of the
human neural functional architecture in recent years [Cole
et al.,, 2010]. Spontaneous cerebral activity measured by
BOLD-fMRI shows consistent large-scale spatial patterns
of coherent signals, which are compatible with both the
underlying structural connectivity of the brain and the
functional anatomy of the regions related to task perform-
ance [Beckmann et al., 2005; De Luca et al., 2006]. Hereby,
a priori selection of a region of interest (ROI) allows iden-
tifying straightforward the functional architecture of a
given cerebral area. In healthy subjects, it was shown that
cortico-cortical functional networks are altered by tDCS,
thus suggesting tDCS-induced cortico-cortical functional
modulations [Polania et al., in press, 2011]. However, the
impact of tDCS on cortico-subcortical functional circuits
has been so far not been explored. In this study, we aimed
to perform seed functional connectivity analysis to explore
the impact of tDCS in the cortico-striato-thalamo-cortical
functional circuit. Thus, a priori we selected ROIs belong-
ing to striatal regions and the thalamus.

We hypothesized that anodal tDCS over M1 would
increase the functional connectivity between striatal and
thalamic regions and cortical regions associated with

motor function. Additionally, since tDCS applied during
rest over M1 has been shown to alter activities of wide-
spread brain areas including the prefrontal cortex, associa-
tive areas of the parietal cortex, striatal, and thalamic areas
[Lang et al., 2005], we hypothesized effects of tDCS might
be reflected in cortico-subcortical functional connectivity
alterations.

METHODS
Subjects

Fourteen healthy volunteers (8 women; mean age: 26 =+
4 years; age range: 21-40 years) were included in the
study. Subjects were informed about all aspects of the
experiments and all gave informed consent. None of the
subjects suffered from any neurological or psychological
disorder, had metallic implants/implanted electric devices,
or took any medication regularly, or in the 2 weeks before
participation in any of the experiments. All subjects were
right-handed, according to the Edinburgh handedness in-
ventory [Oldfield 1971]. The experiments conform to the
Declaration of Helsinki, and the experimental protocol was
approved by the Ethics Committee of the University of
Gottingen.

Transcranial Direct Current Stimulation

Direct current was provided via a pair of square rubber
electrodes (7 x 5 cm), The basic material of the rubber
electrodes is silicon with some electrical conductive media
in it (graphite-carbon) with a volume conductivity of 2.8
Ohm/cm. This leads to electrodes with a resistance of 50
Ohm. Each stimulation electrode wire was equipped with
a 5 kOhm resistor near the electrode to avoid heating due
to huge RF impulses during scanning. To suppress arte-
facts from outside the scanner room, further high fre-
quency attenuators were inserted into the circuit path
manufactured to be compatible with the MR-scanner envi-
ronment (NeuroConn GmbH, Ilmenau, Germany). The
electrodes were connected to a specially developed bat-
tery-driven stimulator outside the magnet room (Neuro-
Conn GmbH, Ilmenau, Germany). To properly position the
electrodes over the M1 of the subjects” head, the represen-
tational field of the right hand was determined using
suprathreshold TMS [optimal M1 representation of the
right first dorsal interosseous muscle (FDI) by single pulse
TMS]. Before subjects entered the MR scanner, for anodal
stimulation over M1, the anodal tDCS electrode was
placed over the respective left M1 hand area and the cath-
ode above the contralateral right orbit using conventional
electrode cream (see Fig. 1). For cathodal stimulation over
M1, the current flux was reversed. tDCS was applied for
10 min at 1 mA current intensity inside the MRI scanner.
For sham stimulation sessions, the current was applied for
30 seconds at the beginning of the stimulation and then
turned off (20 seconds linear down ramping until 0 mA
was reached). Subjects are not able to distinguish between
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real and sham stimulation using this procedure [Gandiga
et al., 2006]. The rationale for applying excitatory/inhibi-
tory anodal/cathodal tDCS of the dominant hemisphere is
that functional connectivity of this hemisphere is expected
to be larger than that of the nondominant one [Amunts
et al, 2000]. Moreover, this electrode montage—anode
over the M1 and cathode over the contralateral frontopolar
cortex—has been shown to be the optimal montage to
enhance excitability of the motor cortex [Moliadze et al.,
2010; Nitsche and Paulus 2000].

Functional Magnetic Resonance Imaging

fMRI was conducted in a 3 Tesla scanner (Magnetom
TIM Trio, Siemens Healthcare, Erlangen, Germany) using
a standard eight-channel phased array head coil. Subjects
were placed supine inside the magnet bore and wore
headphones for noise protection. Vital functions were
monitored throughout the experiment. Initially, anatomic
images based on a Tl-weighted 3D turbo fast low angle
shot (FLASH) MRI sequence at 1 mm?® isotropic resolution
were recorded [repetition time (TR) = 2,250 ms, inversion
time: 900 ms, echo time (TE) = 3.26 ms, flip angle: 9°]. For
BOLD fMRI, a multislice T2*-sensitive gradient-echo echo-
planar imaging (EPI) sequence (TR = 1,800 ms, TE = 30
ms, and flip angle 70°) at 3 x 3 mm? resolution was used.
Twenty-nine consecutive sections at 3 mm thickness angu-
lated in an axial-to-coronal orientation, covering the whole
brain, were acquired. One hundred and seventy-five con-
tiguous EPI volumes were acquired for each fMRI data
set, that is, ~6 min resting fMRI. After the initial T1 data-
set acquisition, two resting-state fMRI datasets were
acquired immediately before and after the application of
tDCS inside the MRI scanner (see Fig. 1 for further
details). The tDCS electrodes were disconnected from the
stimulator during fMRI acquisition. No distortion was
seen in the images as reported previously [Polania et al.,
2011]. fMRI images were acquired before and after but not
during tDCS application. Subjects were asked to relax,
keep their eyes closed and “not to think about anything in
particular.” Each subject underwent three sessions: anodal,
cathodal, and sham stimulation; the order of sessions was
interindividually randomized and the single sessions were
separated at least 8 days from each other. To control for
possible placebo effects, subjects were blinded for the stim-
ulation conditions.

fMRI Preprocessing

All functional pre-processing steps were carried out
with the FSL software package (http://www.fmrib.ox.a-
c.uk/fsl/). The first two volumes of each fMRI dataset
were discarded to allow for magnetization equilibrium.
Motion correction was applied using MCFLIRT and slice-
timing correction using Fourier-space time-series phase
shifting [Jenkinson et al., 2002]. Afterwards spatial smooth-
ing was applied using a Gaussian kernel of FWHM 5 mm.
Then, each subject’s entire four-dimensional (4D) dataset

was scaled by its global mean, that is, mean-based inten-
sity normalization of all volumes by the same factor. Sub-
sequently a temporal band-pass filter was applied:
Gaussian-weighted least-squares straight line fitting and
Gaussian low-pass temporal filtering HWHM 3 seconds.
Registration of the high resolution T1 weighted images to
the MNI152 template (Montreal Neurological Institute)
with 2 mm? was performed using the FSL linear registra-
tion tool [Jenkinson et al., 2002] and further refined using
FNIRT nonlinear registration. Movement in each cardinal
direction (X, Y, and Z) and rotational movement around
three axes (pitch, yaw, and roll) were calculated for each
participant and visually inspected for movement-related
artefacts.

Nuisance Signal Regression

To control for physiological processes and motion-
related artefacts in the functional connectivity analysis
[Kelly et al., 2009] we regressed the following nine signals
from each subject’s 4-D datasets: the six motion parame-
ters, the nuisance parameters from the white matter (WM),
cerebrospinal fluid (CSF), and the global signal. The
regression of CSF and WM removes fluctuations unlikely
to be involved in specific regional correlations. Addition-
ally, the whole brain signal is thought to reflect a combina-
tion of physiological processes (such as cardiac and
respiratory fluctuations) and scanner drift. Therefore, we
included it as a nuisance signal to minimize the influence
of such factors [Birn et al., 2006; Fox et al., 2005]. Correc-
tion for time series autocorrelation (prewhitening) was
performed. The six motion parameters were generated by
MCFLIRT. The global signal parameter was generated by
averaging across all voxels within the brain. To generate
the WM and CSF nuisance parameters we first segmented
each subject’s T1 weighted high-resolution image using
the FAST segmentation program in FSL. The resulting seg-
mented WM and CSF images were thresholded to ensure
90% tissue type probability. The thresholded masks were
applied to each subject’s time series and the mean time se-
ries was calculated by averaging across all voxels within
the mask.

This nuisance signal regression procedure produced pre-
whitened, 4D residual datasets for each subject. Finally, a
voxelwise scaling was performed on the 4D residuals, by
dividing each voxel’s time series by its SD. This step
ensures that the functional connectivity calculations repre-
sent partial correlation rather than regression parameter
estimates and removes potential between-condition differ-
ences in the magnitude of BOLD fluctuations [Sorg et al.,
2007].

Seeds and Functional Connectivity

We conducted a probability-weighted seed-based func-
tional connectivity analysis of the following subcortical
regions: left/right nucleus accumbens, caudate nucleus,
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putamen, and thalamus. The left/right hemispheric sub-
cortical masks were created as defined by the Harvard-
Oxford Structural Atlas, a validated probabilistic atlas
included in FSL, which parcellates each hemisphere into
anatomically distinct cortical and subcortical regions [Ken-
nedy et al., 1998]. In this atlas every voxel is assigned a
value that corresponds to its probability of belonging to a
given parcellated region. To control for interindividual an-
atomical variability for each subcortical region, we used
these probability values thresholded at 50% to weight each
voxel’s time series with that region. Mean time series were
then extracted for each of the eight subcortical regions
used in this study across all the probability-weighted time
series within that region.

Afterwards, we performed eight separate multiple
regression analyses in which we regressed the 4D func-
tional datasets for each subject before and after each of the
fMRI-tDCS sessions, using the FSL program FEAT. The
analyses produced subject’s level maps from each 4D data-
set of all voxels that were positively and negatively corre-
lated with a given subcortical brain region (first-level
analysis).

Group-Level Statistical Analysis

For each subject, the six first-level analyses (pre- and
post-tDCS* anodal, cathodal, and sham tDCS) were
entered into a second-level fixed effects analysis to test for
within subject effects of real stimulation compared with
sham. For each of the three separate tDCS sessions we
contrasted the activation maps after-against before-tDCS.
We then contrasted each of the real tDCS sessions with the
sham session, to quantify for each individual subject the
activation changes specifically induced by tDCS. These cal-
culations are resumed in the following equation:

(tDCSAFrER — tDCSpEFORE) — (Shamaprer — Shampgrore)

Thus, this second-level analysis results in statistical
maps for each participant (n = 14), which reflect the effects
of stimulation. The 14 statistical maps resulting from the
second-level analysis are entered into the third-level mixed
effects (ME) analysis, which in other words is the group
average of the 14 statistical maps that were obtained in the
second-level analysis. For these group-level analyses,
mixed-effects Z (Gaussian T/F) statistic images were
thresholded at the cluster level determined by Z > 2.3 and
a corrected cluster significance threshold of P < 0.05. By
performing a second-level fixed effects analysis and a sub-
sequent third-level ME analysis we were able to take into
account both differences in variance between the two
scans performed on the same day (after-before) as well as
differences across fMRI sessions performed on different
days (anodal, cathodal, and sham). A single second-level
analysis would have been inappropriate, as equal variance
between scans would have been assumed.

Finally, we investigated whether we were able to repli-
cate the results of recent studies were probability-weighted
ROIs of the striatum have been used [Di Martino et al.,
2008; Kelly et al., 2009]. To this end, in a second-level anal-
ysis, we combined all three before stimulation fMRI scans
of each subject (anodal, cathodal, and sham), and then we
performed a third-level analysis between subjects to obtain
patterns of functional connectivity for each seed ROI used
in this study. For these group-level analyses, mixed-effects
Z (Gaussian T/F) statistic images were thresholded at the
cluster level determined by Z > 2.3 and a corrected cluster
significance threshold of P < 0.05.

RESULTS
Movement and Post-Session Questionary

For each subject, the root mean square (rms) of the
movement parameters did not exceed 1 mm or 1° in any
of the cardinal directions or rotational axes. After each of
the sessions, we asked the subjects whether they felt the
stimulation. All participants in all sessions reported an
itching, which completely disappeared few seconds after
stimulation onset. Thus, participants were not able to dis-
criminate between real and sham stimulation. Notice that
for sham stimulation, the current was applied for 30 sec-
onds and then turned off (20 seconds linear down ramp-
ing until 0 mA was reached). Subjects are not able to
distinguish between real and sham stimulation using this
procedure (see Methods) [Gandinga et al., 2006].

Striatal and Thalamic Functional Connectivity

Relative to previous studies the data in this study were
acquired in a different magnet of different field strength
[Di Martino et al., 2008; Kelly et al., 2009]. However, when
using the before stimulation conditions our results show
patterns of functional connectivity, which are consistent
with those previously reported (Supporting Information).

Anodal tDCS over MI

The third level ME analysis showed that functional con-
nectivity significantly increased between: (1) left thalamus
and left precentral gyrus [Brodmann area (BA) 4; peak Z-
value = 3.03, MNI x = —62, y = —8, z = 26; cluster size =
206 voxels] (see Fig. 2); and (2) between left caudate nu-
cleus and superior parietal lobule (BA 7; peak Z-value =
312, MNI x = —-24, y = —62, z = 60; cluster size = 228
voxels; see Fig. 3). Additionally, we found that functional
connectivity between the left caudate nucleus and the pos-
terior cingulate cortex, PCC, (peak Z-value = 2.91, MNI x
= —10, y = —58, z = 16; cluster size = 223 voxels) was sig-
nificantly decreased (see Fig. 4).
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A) fMRI-tDCS resting state sessions

10 minutes
Sham stimulation

Time

/ Anode / Cathode

Cathode / Anode

Figure 1.

(A) Shown is the experimental procedure. First 5 min resting
state fMRI was acquired. Then 10 min tDCS was applied inside
the MR scanner. Immediately afterwards, a new 5 min resting
state fMRI was acquired. Each subject underwent three sessions:
anodal tDCS over M| (combined with cathodal tDCS over the
contralateral frontopolar cortex), cathodal tDCS over M| (com-
bined with anodal tDCS over the contralateral frontopolar cor-
tex) and sham stimulation. The order of sessions was
interindividually randomized and the single sessions were sepa-

Cathodal tDCS over MI

The third level ME analysis showed that functional
connectivity significantly decreased between the right

Figure 2.

Shown is the result of the third-level mixed effects (ME) analysis
(see Methods) when using the left thalamus as seed (green col-
ored region in the brain) for the functional connectivity analysis
when anodal tDCS was applied over MI. Functional connectivity
significantly increased between left thalamus and left precentral
gyrus (Brodmann area (BA) 4; peak Z-value = 3.03, MNI x =
—62, y = —8, z = 26; cluster size = 206 voxels). Images are dis-
played according to radiological convention (left is right).

rated by at least 8 days from each other. (B) A 3-dimensional
reconstruction of the TI| image from one of the subjects is
shown to illustrate the location of the electrodes. For anodal
stimulation over M| the anode was placed over the left M| and
the cathode over the contralateral frontopolar cortex. For cath-
odal stimulation over MI the current flux was reversed. tDCS
was applied inside the MR scanner, but not during EPI fMRI
acquisition.

putamen and the left precentral gyrus (BA 4; peak Z-value
= 34, MNI x = —60, y = -2, z = 14; cluster size = 156
voxels; see Fig. 5). Additionally, we found that functional

Figure 3.

Shown is the result of the third-level mixed effects (ME) analysis
(see Methods) when using the left caudate nucleus as seed
(green colored region in the brain) for the functional connectiv-
ity analysis when anodal tDCS was applied over MI. Functional
connectivity significantly increased between left caudate nucleus
and left superior parietal lobule (Brodmann area 7; peak Z-value
= 3.12, MNI x = =24, y = —62, z = 60; cluster size = 228
voxels). Images are displayed according to radiological conven-
tion (left is right).
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Figure 4.

Shown is the result of the third-level mixed effects (ME) analysis
(see Methods) when using the left caudate nucleus as seed
(green colored region in the brain) for the functional connectiv-
ity analysis when anodal tDCS was applied over MI. Functional
connectivity significantly decreased between left caudate nucleus
and posterior cingulate cortex (PCC) (peak Z-value = 29I,
MNI x = —10, y = —58, z = 16; cluster size = 223 voxels).
Images are displayed according to radiological convention (left is
right).

coupling between the right thalamus and the left superior
frontal gyrus significantly decreased (peak Z-value = 3.3,
MNI x = —26, y = 36, z = 52; cluster size = 206 voxels;
see Fig. 6).

Iterative Connectivity Analysis

To further explore the increase in functional coupling
between the left thalamus and the left motor cortex follow-
ing anodal tDCS over M1, we performed an additional
functional connectivity analysis taking as seed the left M1
cluster that showed a significant increase of functional

Cathodal tDCS over left M1: Seed = Right Putamen

Figure 5.

Shown is the result of the third-level mixed effects (ME) analysis
(see Methods) when using the right putamen (green colored
region in the brain) for the functional connectivity analysis when
cathodal tDCS was applied over MI. Functional connectivity sig-
nificantly decreased between right putamen and left precentral
gyrus (Brodmann area 4; peak Z-value = 3.4, MNI x = —60, y
= —2, z = |4; cluster size = 156 voxels). Images are displayed
according to radiological convention (left is right).

Figure 6.

Shown is the result of the third-level mixed effects (ME) analysis
(see Methods) when using the right thalamus as seed (green col-
ored region in the brain) for the functional connectivity analysis
when cathodal tDCS was applied over MI. Functional connectiv-
ity significantly decreased between right thalamus and left supe-
rior frontal gyrus (peak Z-value = 3.3, MNI x = —26,y = 36, z
= 52; cluster size = 206 voxels). Images are displayed according
to radiological convention (left is right).

connectivity with the left thalamus (see Fig. 2). The results
of this iterative analysis support our primary findings
showing that the functional coupling between the left M1
and left thalamus significantly increased (peak Z-value =
2.9; MNI x = —10, y = —16, z = 14; cluster size = 112 vox-
els; see Fig. 7). A second cluster showed significantly
increased functional coupling between left M1, left thala-
mus and left caudate nucleus (peak Z-value = 3.2; MNI x
= —6, y = —4, z = 10; cluster size = 150 voxels). Addition-
ally, a cluster representing the primary somatosensory cor-
tex showed significantly decreased functional coupling
with the left M1 cluster (BA 2; peak Z-value = 3.51, MNI x
= —58, y = —18, z = 3; cluster size = 351 voxels; see
Fig. 8).

DISCUSSION

This work is the first resting state fMRI study to exam-
ine the effects of transcranial electric stimulation within
cortico-subcortical functional networks. In line with our
hypothesis, anodal tDCS over left M1 enhanced functional
connectivity between the left primary motor cortex and
the ipsilateral thalamus. This finding was further con-
firmed by an iterative functional connectivity analysis
using the left M1 as seed region, where, additionally, we
found an increase of functional connectivity of the left M1
with the ipsilateral caudate nucleus. Additionally, func-
tional connectivity of the caudate nucleus, which receives
afferents from the cortex and the thalamus, with associa-
tive areas such as the superior parietal cortex was
enhanced. In contrast, functional coupling between the
caudate nucleus and regions of the “default mode” net-
work, particularly the PCC, was reduced. However, catho-
dal stimulation over left M1 combined with anodal
simulation over the contralateral frontopolar cortex

* 2504



¢ tDCS and Cortico-Subcortical Functional Connectivity ¢

Iterative seed functional connectivity analysis
using the left M1 cluster found in figure 2

M35

Figure 7.

Shown is the result of the iterative functional connectivity analy-
sis using the left M| cluster as seed (green colored region). In
Figure 2, it is shown that this cluster enhanced functional cou-
pling with the left thalamus (see figure 2) when anodal tDCS
was applied over MI. Here, it is shown that functional connec-
tivity significantly increased between left thalamus and left pre-
central gyrus (peak Z-value = 2.9; MNl x = —10,y = —16, z =

decreased functional coupling between the right putamen
and the contralateral motor cortex. Additionally, in this
stimulation condition the functional coupling of the right
thalamus with the contralateral superior frontal gyrus was
reduced.

Anodal tDCS Over MI

The application of anodal stimulation over M1 com-
bined with the application of cathodal stimulation over the
contralateral frontopolar cortex induced a remarkable
increase of the functional coupling between the left thala-

Iterative seed functional connectivity analysis
using the left M1 cluster found in figure 2

2 @

y=-18

x=-58

Figure 8.

Shown is the result of the iterative functional connectivity analy-
sis using the left M| cluster as seed (green colored region). In
Figure 2, it is shown that this cluster enhanced the functional
coupling with the left thalamus (see Fig. 2) when anodal tDCS
was applied over MI. Functional connectivity significantly
decreased between left M| and left primary somatosensory cor-
tex (Brodmann area 2; peak Z-value = 3.51, MNI x = —58, y =
—18, z = 3; cluster size = 35I| voxels). Images are displayed
according to radiological convention (left is right).

14; cluster size = 112 voxels). We found a second cluster that
significantly increased functional coupling with the left MI, which
represents the left thalamus and left caudate nucleus (peak Z-
value = 3.2; MNI x = —6, y = —4, z = 10; cluster size = 150
voxels). Images are displayed according to radiological conven-
tion (left is right).

mus and the ipsilateral motor cortex. This result is of great
interest considering that anodal stimulation over the motor
cortex has been shown to improve gait and bradykinesia
in patients suffering from PD [Benninger et al., 2010]. In
that study, Benninger et al., [2010] speculated whether tha-
lamic activity could be theoretically modulated by cortical
stimulation. Our results suggest that there seems to be a
connectivity-driven alteration of thalamic activity caused
by tDCS, being in favor for connectivity-driven indirect
effects of tDCS on thalamic function. In fact, our iterative
seed functional connectivity analysis (using the M1 region
found in the initial analysis as seed, Figs. 2 and 7), showed
specific locations of the thalamus and striatum (specifically
the caudate nucleus) that were modulated by anodal stim-
ulation of M1, thus delivering evidence that anodal stimu-
lation over M1 modulates elements of the cortico-striato-
thalamo-cortical functional motor circuit. It should be
noticed however that the thalamic region showing up in
Figure 7 belongs to a medial dorsal region, which has
major connections with the prefrontal cortex (consider that
major direct connections between thalamus and M1 origin
primarily in ventro-medial and lateral thalamic regions).
This may be explained by a tDCS-generated increase of
cortico-cortical coupling between motor related and pre-
frontal areas, as revealed by graph theoretical analysis
[Polania et al., 2011]. In addition, the relatively large size
of the electrodes used in this study might have contributed
to nonfocal effects [Nitsche et al., 2007]. This might be
explored in future studies by reducing the size the effec-
tive stimulating electrode [Nitsche et al., 2007].

In addition to the thalamic-M1 functional connectivity
increase, we found that functional connectivity between
the left caudate nucleus and the default mode network
(i.e., the PCC) decreased. This was accompanied by an
increase of functional connectivity between the left caudate
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nucleus and the superior parietal cortex, which is an area
activated during visuo-motor integration (e.g., reaching to
grasp an object [Reichenbach et al., 2010]). Thus, it might
be speculated that default resting network connectivity is
reduced because the motor-related loop is activated by
tDCS, which might mean a modulation (“switch”) of acti-
vation patterns. This argument is supported by previous
studies which have shown that activity and connectivity
within the default mode network is reduced during task
performance [Fransson 2006; McKiernan et al., 2003]. This
effect is associated with increased activation in task-rele-
vant regions [Tomasi et al., 2006].

Moreover, the iterative functional connectivity analysis
using M1 as seed showed a significant decrease in the
functional coupling between left M1 and the ipsilateral
somatosensory (S1) cortex (see Fig. 8). The present fMRI-
BOLD analysis allows to conclude that this “disconnec-
tion” is cortico-cortical and not due to thalamic-mediated
effects, because we did not observe a reduced connectivity
between the thalamus and S1. In principle, sensory percep-
tion could have altered functional connectivity, but that
this is unlikely, because subjects did not report different
perceptions between stimulation conditions, and MRI was
conducted after tDCS, when no perceptions were present
(see Methods and Results section). Recent studies have
provided clear evidence that tDCS can reduce pain and
chronic pain [Antal et al., 2010; Bachmann et al., 2010;
O’Connell et al., 2010; Zaghi et al., 2009] and interestingly,
in another recent study, anodal stimulation over M1
increased pain perception threshold for up to 6.5% in
healthy volunteers [Boggio et al., 2008]. In this study, the
investigators suggested that modulation of M1 with tDCS
results in inhibition of thalamic activity, causing a decrease
of thalamic hyperactivity that underlies chronic pain.

Cathodal tDCS Over MI

Application of cathodal tDCS over M1 combined with
anodal tDCS over the contralateral frontopolar cortex did
not result in any enhancement of functional connectivity
between striatal or thalamic and any other brain regions.
In contrast, we found a couple of regions where functional
connectivity significantly decreased: (1) between the right
putamen and the left M1 and (2) between the right thala-
mus and the left superior frontal gyrus. One reason why
tDCS in the resting M1 did not induce antagonistic effects
to anodal tDCS is that the effects of tDCS may depend on
the background level of activity, that is, there is not much
room for diminishing activity by cathodal tDCS if the level
of cortico-subcortical activity during rest is low [Matsu-
naga et al., 2004]. Therefore, we hypothesize that cathodal
tDCS over M1 might produce its effects in conditions with
high levels of cortico-subcortical activity. Further experi-
ments are required to address this point.

Interestingly, in both subcortical regions the decrease in
functional coupling was observed in contralateral regions,
contrary to what we observed with the application of

anodal stimulation. This phenomenon might correlate with
the results of a PET-tDCS study where Lang et al. [2005],
using the same tDCS electrode montage, found that anodal
tDCS over M1 induced more widespread increases in re-
gional cerebral blood flow (rCBF) whereas cathodal tDCS
decreased it. Additionally, it should be noticed that these
structures (right putamen and left precentral gyrus, Fig. 5;
right thalamus and left superior frontal gyrus, Fig. 6) have
no monosynaptic anatomical connections, and it is even
more intriguing that a mediating structure, which could
cause reduced functional connectivity, was not identified
in the analysis. One possible explanation for this result is
based on the fact that in this study we used a bipolar ce-
phalic electrode montage (anodal and cathodal electrodes
with same size), and thus in case of cathodal stimulation
of the primary motor cortex the excitability of the contra-
lateral frontopolar cortex will be enhanced by simultane-
ous anodal stimulation. Therefore, it can be speculated
that the excitability enhancement of the frontopolar cortex
generated by anodal stimulation induced functional activ-
ity changes in connected ipsilateral subcortical structures,
such as the putamen and thalamus, which in concert with
the cathodal tDCS-induced excitability reduction of the
contralateral frontal cortex might result in a desynchroni-
zation of these areas with respect to resting state activity
without stimulation. The problem of parallel stimulation
of two brain regions should be overcome in future studies
by using other electrode montages, for example, by
increasing the size of the reference electrode, making it
functionally ineffective [Nitsche et al., 2007]. Another
option might be to locate the reference electrode in an
extracephalic region [Vandermeeren et al., 2010], however,
it has been recently demonstrated that the distance of the
reference electrode plays a crucial role in the induction of
tDCS after-effects and also that the electrode montage
used in this study—anode over the M1 and cathode over
the contralateral frontopolar cortex—might be the optimal
montage to enhance excitability of the motor cortex
[Moliadze et al., 2010; Nitsche and Paulus 2000].

CONCLUSIONS AND FUTURE WORK

In summary, in this study, we show for the first time
that tDCS modulates the functional connectivity of cortico-
striatal and thalamo-cortical circuits. Here, we highlight
that anodal tDCS over M1 combined with cathodal stimu-
lation over the contralateral frontopolar cortex is capable
of modulating elements of, among others, the cortico-
striato-thalamo-cortical functional motor circuit by increas-
ing the functional coupling of motor related areas with
subcortical regions, and that this is accompanied by a
reduction of the functional coupling between the striatum
and the default mode network. Future studies should com-
bine tDCS with task-related paradigms to learn more
about the mechanisms of stimulation-induced functional
cortico-subcortical and cortico-cortical modulations.
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