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bstract

Transcranial direct current stimulation (tDCS) can modulate motor cortex excitability in the human brain. We attempted to demonstrate the
ortical stimulation effect of tDCS on the primary motor cortex (M1) using functional MRI (fMRI). An fMRI study was performed for 11 right-
anded healthy subjects at 1.5 T. Anodal tDCS was applied to the scalp over the central knob of the M1 in the left hemisphere. A constant current
ith an intensity of 1.0 mA was applied. The total fMRI paradigm consisted of three sessions with a 5-min resting period between each session.
ach session consisted of five successive phases (resting–tDCS–tDCS–tDCS–tDCS), and each of the phases was performed for 21 s. Our findings

evealed that no cortical activation was detected in any of the stimulation phases except the fourth tDCS phase. In the result of group analysis

or the fourth tDCS phase, the average map indicated that the central knob of the left primary motor cortex was activated. In addition, there were
ctivations on the left supplementary motor cortex and the right posterior parietal cortex. We demonstrated that tDCS has a direct stimulation effect
n the underlying cortex. It seems that tDCS is a useful modality for stimulating a target cortical region.
 2008 Elsevier Ireland Ltd. All rights reserved.

tor co

t
j
t
w
b
[
t
e

eywords: tDCS; Transcranial direct current stimulation; Functional MRI; Mo

he investigation of the stimulation effect on the brain is
mportant in relation to scientific brain rehabilitation. Recently,
any investigators showed that the neural cells of the cerebral

ortex could be manipulated by non-invasive brain stimu-
ation techniques such as transcranial magnetic stimulation
TMS) and transcranial direct current stimulation (tDCS)
7,9–11,13,16–18]. tDCS continuously applies a weak direct
urrent between two electrodes positioned on the scalp [11,14].

he stimulation effect can vary according to the polarity of the
lectrodes. Anodal stimulation increases cortical excitability,
hile cathodal stimulation decreases it. It is well known that
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DCS can modulate motor cortex excitability in normal sub-
ects [9,10,13,16–18]. Moreover, recent studies demonstrated
hat tDCS can improve motor function in hemiparetic patients
ith stroke [2,4,6]. These studies have been conducted using
ehavioral testing, TMS study, and functional neuroimaging
2,4,6,9–11,13,16–18]. However, there have been no reports of
he use of functional neuroimaging to demonstrate the direct
ffect of tDCS on the underlying cortex.

In the current study, we hypothesized that the anodal stimula-
ion of tDCS has the direct stimulating effect on the underlying
psilateral primary motor cortex (M1) and eventually will
ncrease the neural activity of the underlying M1. Therefore,

e attempted to demonstrate a direct effect of tDCS on the
nderlying M1 in normal subjects using functional MRI (fMRI).

Eleven right-handed healthy subjects (men: 9, mean age:
6.55 ± 1.86) without neurological or psychiatric history were
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Fig. 1. The paradigm of functional MRI scanning. The total functional MRI
paradigm consisted of three sessions with a 5-min resting period between
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ach of the sessions. Each session consisted of five successive phases (resting-
ranscranial direct current stimulation (tDCS)–tDCS–tDCS–tDCS). Each of the
hases was performed for 21 s.

nrolled in this study. We excluded subjects who had participated
n any experiment that stimulated the brain such as TMS or tDCS
ithin the year before the study. All subjects understood the pur-
ose of this study, and provided written, informed consent prior
o participation in this experiment. This study was approved by
he institutional review board of Yeungman university hospital,
aegu, Korea.
Subjects put in a supine position with their eyes closed, and

heir head, trunk, and arms were immobilized firmly to prevent
otion artifacts. Direct current was delivered by a battery-

riven constant DC current stimulator (Phoresor® II Auto Model
M850, IOMED, US) with a pair of electrodes (EL508, Biopac
ystem INC, US) and lead (LEAD108, Biopac system INC, US).
he electrodes and lead were manufactured to be compatible
ith a magnetic field. The diameter of the anodal electrode
as 3 cm (7.07 cm2), and that of the cathodal electrode was
cm (28.26 cm2). We used the small anodal electrode to give

ocal stimulation to underlying cortex. The anodal electrode was
laced on the precentral knob of the primary motor cortex (M1)
n the left hemisphere; this is the neural center of hand motor
unction [19]. For determining the exact location of the central
nob, the optimal scalp site (motor hot spot where the excitatory
hreshold was the lowest, latency was the shortest, and aver-
ge amplitude was the largest) for the resting abductor digiti
inimi muscle was determined using TMS over the left cor-

ex. The cathodal electrode was positioned over the supraorbital
rea in the right hemisphere. A constant current with an inten-
ity of 1.0 mA was applied, with ramp up during the dummy
hase (prior to the first tDCS phase) and ramp down after the
ermination of the fourth tDCS phase for several seconds.

The total fMRI paradigm consisted of three sessions
ith a 5-min resting recess between each session (Fig. 1).
ach session consisted of five successive phases (no
timulation–tDCS–tDCS–tDCS–tDCS). During the no stimula-
ion, no electrical stimulation was provided for 21 s as a control
hase. Each subsequent stimulations was performed for 21 s,
esulting in the subject receiving tDCS for 84 s at each session.
rior to the first tDCS phase, a 6.2-s dummy phase was con-
ucted to provide time for the manipulation of the stimulator

nd to eliminate the effect of unstable stimulations in the early
hase. Finally, to test regionally-specific condition effects for
ach of the four stimulation phases, we subtracted the resting
hase from each of the four stimulation phases (Fig. 1).
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The blood oxygenation level-dependent (BOLD) fMRI mea-
urement, which employs the echo planar imaging (EPI)
echnique, was performed using a 1.5 T MR scanner (Gyroscan
ntera System, Phillips, Germany) with a standard head coil. For
he anatomic base images, 20 axial, 5-mm thick, T1-weighted,
pin echo images were obtained with a matrix size of 256 × 205
nd a field of view (FOV) of 210 mm, parallel to the bicommis-
ure line of the anterior commissure-posterior commissure. The
PI-BOLD images were acquired over the same 20 axial sec-

ions, producing a total of 3000 images for each subject. Imaging
arameters consisted of TR/TE = 2.1 s/50 ms, FOV = 210 mm,
atrix size = 64 × 64, and slice thickness = 5 mm.
fMRI data analysis was accomplished using SPM2 software

Wellcome Department of Cognitive Neurology, UK) running
nder MATLAB environment (The Mathworks, USA). The
unctional data of each participant were motion-corrected. All
mages were realigned and co-registered. The images were
moothed with an 8-mm isotropic Gaussian kernel. Statistical
arametric maps were obtained, and voxels were considered sig-
ificant at an uncorrected p < 0.001. Activations were based on
he extent of five voxels. For group analysis of the normal group,
mages related to the amplitude of the hemodynamic response
ere entered into one-sample t-test random effects analyses, and
ere registered to the standard stereotaxic space of Talairach

oordinates to create statistical parametric maps documenting
he group average. Regions of interest were drawn around the
rimary motor cortex (M1), primary sensory cortex, premotor
ortex, supplementary motor area (SMA), and posterior parietal
ortex. M1 was defined as the region of the cortex that included
he posterior half of the precentral gyrus (including the anterior
ank of the central sulcus), and S1 was defined as the postcen-
ral gyrus. The premotor cortex included the anterior half of the
recentral gyrus, as well as the anterior bank of the precentral
ulcus. SMA was limited to the cortex on the medial wall of the
emisphere, extending from the top of the brain to the depth of
he cingulate sulcus, including the dorsal bank of the cingulate
ulcus; the posterior boundary was located halfway between the
xtension of the central and precentral sulci onto the medial sur-
ace, and the anterior boundary was defined by the vertical line
rawn from the anterior commissure [3].

Our findings revealed that no cortical activation was detected
n any of stimulation phases except the fourth tDCS phase. Fig. 2
hows the result of group analysis for the cortical activation
nduced by the fourth tDCS phase. The average map indicates
hat the central knob of the left M1 was activated, and the peak
oxel size was 12 at x = −22, y = −28, z = 56. In addition, the left
MA was activated, and the peak voxel size was 41 at x = −4,
= −20, z = 56. In the right hemisphere, the posterior parietal
ortex was activated, and the peak voxel size was 23 at x = 42,
= −54, z = 56.

Eight of subjects (72.7%) felt the current as a slight itching
three subjects) or slight tingling sensation (five subjects). The
est of the subjects (27.3%) were not sensible of the current at

oth electrodes. Also, no adverse symptoms related with tDCS
ere observed.
In the current study, we found out that three areas (the central

nob of M1 below the anode, the ipsilateral SMA to the anode,
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ig. 2. The average cortical map induced by the fourth transcranial direct curre
nob of the left primary motor cortex, the left supplementary motor cortex, an
ith a 2-mm gap. The color bar at the right corner indicates the p-value for eac

he contralateral posterior parietal cortex to the anode) were acti-
ated by the fourth phase tDCS. It appears that the activation of
he central knob of M1 could be ascribed to the direct stimulation
ffect of tDCS, and SMA and posterior parietal cortex activa-
ion were associated with sensory stimulation and attention [8],
espectively. The inability to clarify whether these activations
ere ascribed to the cathodal tDCS is one of the limitations of

his study.
It is not clear why there no activation occurred during the first,

econd, and third phases of tDCS. We assume that the stimula-

ion was not intense and long enough to induce fMRI activation
t these phases. However, due to the after-effects of the first,
econd, and third phase stimulations, the excitability of the pre-
entral knob rose enough to show activation on fMRI during the

f
2
(
t

mulation during functional MRI scanning. Activations occurred on the central
right posterior parietal cortex (All brain scan images display a series of slices
l showing significant activation).

ourth phase tDCS. Previous studies indicated that tDCS causes
eak stimulation and the after-effect can last at least 3 min, and

upport our assumption [5,9,11,16,17]. We think that the fact
hat the voxel size of the precentral knob was smaller than those
f SMA and the posterior parietal cortex provides additional
vidence that the intensity of tDCS stimulation was weak.

Many studies have demonstrated the effects of tDCS on the
otor cortex of the human brain [9,10,13,16–18]. Most of these

tudies have used the behavior test and/or TMS studies as assess-
ent tools for the changes of the motor cortex. Thus far, two
unctional studies like this study have been reported [1,10]. In
001, Baudewig et al. tried to demonstrate that anodal tDCS
1 mA, 5-min stimulation) applied on the scalp corresponding
o the hand motor cortex could change the fMRI activation result-
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effects after transcranial direct current stimulation, Neuroreport 17 (2006)
671–674.
Y.H. Kwon et al. / Neurosci

ng from hand movements before and after anodal stimulation
1]. However, they failed to demonstrate a change in the acti-
ation of the hand area of the primary motor cortex. The other
ecent study was conducted by Lang et al. using PET in 2005
10]. They demonstrated that the left M1, right frontal pole, right
rimary sensorimotor cortex, and posterior brain regions were
ctivated by hand movements after anodal stimulation (1 mA,
0-min stimulation) on the left M1 scalp. However, this study
lso estimated changes of fMRI findings through hand move-
ents before and after tDCS stimulation. Therefore, as far as we

now, this is the first functional neuroimaging study to demon-
trate the direct cortical effect of tDCS.

It is well known that tDCS is safe. Some researchers have
uggested safety guidelines for tDCS used on the human brain
11–13,15]. In the current study, we were obliged to use a smaller
lectrode than that recommended or those used in previous stud-
es [11–13,15], because we had to use an electrode that was
ompatible with the MRI machine. No adverse symptoms related
ith tDCS were observed in the current study. We think that

here are two possible reasons for this observed safety. The first
ossibility is that the tDCS stimulation period for each session
as very short (84 s) compared with those of previous studies

2,9,10,17]. The other possibility is that this electrode is safe for
se on the human brain. Some studies also reported that there had
een no safety problem although they had used the smaller elec-
rode than the safety guideline [1,6,18]. However, further studies
o assess the safety of tDCS should be conducted. In the current
tudy, we demonstrated that tDCS can safely stimulate the under-
ying cortical target region. This means that tDCS could be the

odality with which to manipulate the cortical excitability. In
ddition, tDCS has several advantageous points in terms of its
linical use (simple, safe, and non-expensive) [5,11]. Therefore,
t can be developed as a useful therapeutic modality to facilitate
rain plasticity. Further studies should be focused on the optimal
timulation conditions to manipulate the cortex.

Future studies should also clarify the relationship between
ortical activation and brain plasticity. This study has several
imitations in that it was not performed along with (1) behavioral
ests and/or TMS study, (2) sham stimulation, and (3) atten-
ion control for the subjects. Therefore, further studies that use
hese combinations of behavioral tests and/or TMS study, sham
timulation, and attention control for the subjects are needed.

In conclusion, we demonstrated that tDCS had a direct stim-
lation effect on the underlying M1, by using fMRI. It seems
hat tDCS is a useful modality for stimulation of a target cortical
egion.
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