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hat  is  the  optimal  anodal  electrode  position  for  inducing
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The  optimal  tDCS  electrode  position  was  determined  by  electric  current  stimulation.
The  simulation  provided  the  electrode  position  posterior  to  the  MEP  hot  spot.
The  stimulation-derived  position  induced  higher  MEP  amplitude  than the  MEP  hot  spot.
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a  b  s  t  r  a  c  t

Transcranial  direct  current  stimulation  (tDCS)  non-invasively  modulates  brain  function  by inducing  neu-
ronal  excitability.  The  conventional  hot  spot for inducing  the highest  current  density  in the  hand  motor
area  may  not  be the  optimal  site  for effective  stimulation.  In this  study,  we  investigated  the influence
of  the  center  position  of the  anodal  electrode  on changes  in  motor  cortical  excitability.  We  considered
three  tDCS  conditions  in  16  healthy  subjects:  (i) real  stimulation  with  the  anodal  electrode  located  at the
conventional  hand  motor  hot  spot  determined  by  motor  evoked  potentials  (MEPs);  (ii) real  stimulation
with  the  anodal  electrode  located  at the point  with  the  highest  current  density  in  the hand  motor  area  as
determined  by  electric  current  simulation;  and  (iii)  sham  stimulation.  Motor  cortical  excitability  as  mea-
otor cortical excitability
lectric current density

sured  by  MEP  amplitude  increased  after both  real  stimulation  conditions,  but  not  after  sham  stimulation.
Stimulation  using  the  simulation-derived  anodal  electrode  position,  which  was  found  to be posterior  to
the  MEP  hot  spot  for all subjects,  induced  higher  motor  cortical  excitability.  Individual  positioning  of  the
anodal electrode,  based  on  the  consideration  of  anatomical  differences  between  subjects,  appears  to  be
important  for maximizing  the  effects  of tDCS.
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1. Introduction

As non-invasive brain stimulation, transcranial direct current
stimulation (tDCS) has the capacity to modulate cortical function
and optimize brain plasticity by inducing changes in neuronal
excitability [10,13]. Low direct currents are applied to the scalp
through anodal and cathodal electrodes. Depending on the stim-
ulation polarity, anodal tDCS induces facilitation, while cathodal

tDCS induces inhibition of brain excitability [4]. The effects of tDCS
are typically measured through changes in the amplitude of motor
evoked potentials (MEPs). MEP  amplitude increases after anodal
tDCS and decreases after cathodal tDCS [10,12].
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tDCS offers an effective treatment to improve motor and cogni-
ive function [1], but further work is needed to establish optimal
pplication methods. Numerous stimulation parameters can influ-
nce the efficacy of tDCS, including the placement, size, and type
f electrodes, as well as the intensity and duration of stimulation.
odulation of these parameters can help streamline the focality

nd intensity of currents needed to target brain regions [5,17]. Sim-
lation of electric currents based on computational head modeling

s considered an effective means of selecting optimal stimula-
ion parameters [2,8,16]. This method utilizes anatomical head
mages based on magnetic resonance imaging (MRI) data to observe
hanges in the electric field distribution depending on the modu-
ation of stimulation parameters [3,11,15].

Among various simulation parameters, the position of elec-
rodes is potentially important for determining the effects of tDCS.
he highest current may  not be necessarily formed at the center of
he anodal electrode, as the finite size of electrodes affects the elec-
ric field distribution near the stimulation site [7]. If the center of
he anodal electrode does not correspond to the scalp point of the
ighest current density, the conventional hot spot (the scalp posi-
ion from which a contralateral MEP  of maximum amplitude and
owest threshold is obtained) may  not be the optimal stimulation
ite.

In this study, we investigated changes in motor cortical
xcitability depending on the center position of the anodal elec-
rode. We  hypothesized that the conventional hot spot may  not
e the stimulation site for maximally facilitating motor cortical
xcitability in anodal tDCS. We  searched for optimal anodal elec-
rode position with electric current simulation, and then assessed
hether stimulation over the simulation-derived site induced

igher motor cortical excitability than stimulation over the con-
entional hot spot.

. Material and methods

.1. Subjects

Sixteen young healthy subjects (26.2 ± 2.1 years, 10 males,
nd 6 females) participated in this study. They were randomly
ecruited among individual who satisfied inclusion criteria for the
xperiment. All reported no history of neurological or psychiatric
isorders, and all were right handed as assessed by the Edinburgh
andedness inventory [14].

.2. Application of tDCS

The experiment was performed with a single-blinded crossover
esign. All subjects received tDCS using three different conditions,
ith a 24 h washout period between adjacent conditions: (i) real

timulation with the anodal electrode located at the conventional
and motor hot spot (MEP hot spot) (C1); (ii) real stimulation with
he anodal electrode position identified by electric current simu-
ation as the point with the highest current density in the hand

otor area (simulation hot spot) (C2); and (iii) sham stimulation
C3). The order of conditions was randomized and counterbalanced
cross the subjects. The anodal electrode was located over the left
and motor area with different exact positions for each condition,
nd the position of the cathodal electrode was fixed at the right
upraorbital area. We  applied tDCS at 1 mA  intensity for 20 min
sing a DC-STIMULATOR® (NeuroConn, Ilmenau, Germany). Direct
urrents were delivered through a saline-soaked pair of surface

ponge, 4.3 × 4.3 cm,  rubber electrodes.

For C1, the hand motor hot spot was determined as the posi-
ion displaying the lowest resting motor threshold when MEPs
ere recorded over the right first dorsal inter-osseous muscle
ers 584 (2015) 347–350

during application of single-pulse transcranial magnetic stimula-
tion (TMS) over the left hand motor area. We  delivered TMS  using
a Magstim Rapid2 magnetic stimulator (Magstim, Cardiff, UK) with
a 70-mm figure-eight-shaped coil. For C2, the simulation hot spot
was positioned based on the simulation of local electric fields as
described below. For C3, we  used the same electrode positions as
C1, and applied tDCS at the same intensity during first 15 s, and then
stopped the stimulation to deliver no more current for the remain-
ing time [6]. MEP  amplitude measurements were made without
knowledge of treatment condition.

2.3. Simulation of local electric fields for tDCS

Step1: acquisition of MRI  data
For each subject, a 3D head model was generated from T1-

weighted MRI  data, which was acquired using a turbo field echo
sequence (number of slices = 124, slice thickness = 1.60 mm,  matrix
size = 512 × 512, in-plane resolution = 0.47 mm × 0.47 mm)  with a
Philips ACHIEVA MR  scanner (Philips Medical Systems, Best, The
Netherlands).

Step 2: generation of a head model
The T1-weighted image was transformed to a 3D head model

by creating a boundary element method model in CURRY (Neu-
roscan, Sterling, VA, USA). Electric fields were simulated over the
3D head model using COMETS® (Computation of electric field due
to transcranial current stimulation, http://www.COMETStool.com),
which derives a current density distribution by considering individ-
ual anatomical differences in the components such as skin, skull,
and brain in accordance with the principles of tDCS [18].

Step 3: simulation of tDCS
With the 10–20 system applied over the 3D head model,

1 mA intensity electric fields were generated by tDCS through
4.3 × 4.3 cm electrodes. The anodal electrode was  located at one
of 49 points around the MEP  hot spot determined for C1, with the
cathodal electrode positioned at the right supraorbital area. The
position of the 49 points was  decided by repeating an isotropic 4%
shift in the coronal or sagittal direction from the MEP  hot spot in the
international 10–20 system. By changing anodal electrode position,
we measured the current density at the hand motor area by aver-
aging seven values within it. The position of the seven points was
manually determined on the 3D head model. The seven points com-
posing a hexagonal form (six points at the nodes of the hexagon and
one point at the center of the hexagon) with equidistance between
each other covered the hand motor area as compactly as possible.
We selected the anodal electrode position that induced the high-
est current density in the hand motor area as the stimulation site
for C2.

2.4. Measurement of motor cortical excitability

We  assessed the subjects’ motor cortical excitability by mea-
suring the amplitude and latency of contralateral MEPs evoked by
TMS  over the MEP  hot spot before and after each stimulation for all
stimulation conditions. The amplitude referred to the distance from
the baseline to wave peak in microvolts, whereas the latency was
defined as the period from the starting of single pulse TMS  to the
emergence of wave peak in miliseconds. MEPs were recorded five
times, and each measure was computed as the average across the
five trials. Provided the measures before and after stimulation, the
improvement ratio was  also calculated: (after stimulation–before
stimulation)/before stimulation.

To infer whether there were differences in motor cortical

excitability changes depending on the three stimulation conditions,
we performed repeated measures ANOVA with two factors: the
three stimulation conditions (C1–C3) and two time points (before
and after stimulation). When appropriate, post hoc comparisons

http://www.COMETStool.com
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Fig. 1. (A) Anodal electrode position determined in each subject by electric current stimulation (stimulation hot spot; black dots) in relation to the hot spot measured by
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otor  evoked potentials (MEP hot spot; white dots). In the inset, white dots indic
odel.  (B) A comparison of current density induced in the hand motor area betw

tatistical significance with p value <0.05. (For interpretation of the references to co

ere carried out between the two time points for each stimulation
ondition and between each pair of conditions at each time point
sing paired sample t-tests. Statistical significance was determined
t a p-value of 0.05 with a false discovery rate correction.

. Results

.1. Simulation hot spot

The stimulation hot spot, determined as the position of the
nodal electrode for C2, varied among the subjects. In relation to the
EP  hot spot, the simulation hot spot was localized on the poste-

ior in all subjects (Fig. 1A). The average current density at the hand
otor area was higher by 11.7% for stimulation on the simulation

ot spot than on the MEP  hot spot (t = −5.186, p < 0.001, Fig. 1B).

.2. Comparison of motor cortical excitability changes

There was an interaction between the three stimulation con-
itions and two time points in the amplitude of MEPs (F = 7.459,
 = 0.006). MEP  amplitude increased after stimulation for both real
timulation conditions (C1 and C2) (C1: t = −3.959, p < 0.001; C2:

 = −4.488, p < 0.001). There was no difference between the three
timulation conditions before stimulation (F = 0.005, p = 0.995), but

ig. 2. Comparisons of (A) changes and (B) improvement ratio of the amplitude of motor 

eviations. *, statistical significance with p < 0.05 with a false discovery rate correction. +,
e anodal electrode, whereas blue dots mean the cathodal electrode on a 3D head
e MEP hot spot and simulation hot spot. Error bars mean standard deviations. *,

 this figure legend, the reader is referred to the web version of this article.)

MEP  amplitude for C2 was  higher than for C1 (t = −2.699, p = 0.017)
as well as for C3 (t = 3.546, p = 0.003) after stimulation (Fig. 2A,
Table 1). The improvement ratio of MEP  amplitude was  higher for
both real stimulation conditions (C1 and C2) than for the sham
stimulation condition (C3) (C1 vs. C3: t = 2.715, p = 0.016; C2 vs.
C3: t = 3.684, p = 0.002), and was also higher for C2 than for C1
(t = −2.689, p = 0.017) (Fig. 2B). There was no interaction effect for
MEP  latency in repeated measure ANOVA.

4. Discussion

We observed different effects of tDCS on motor cortical
excitability depending on the position of the anodal electrode.
Motor cortical excitability was  better modulated when applying
anodal tDCS over a simulation-derived stimulation site posterior
to the conventional hot spot.

For the simulation of electric currents generated by tDCS,
anatomical differences such as skull thickness, subcutaneous fat
levels, and cerebrospinal fluid density have been considered [9].

Due to the individual anatomical differences, we found that electric
fields were differently generated even for the same stimulation site,
and the anodal electrode position for generating maximal current
density in the hand motor area varied between subjects.

evoked potentials between three stimulation conditions. Error bars mean standard
 significance trend with p < 0.05 without a false discovery rate correction.
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Table  1
Measurement values (in �V) of the amplitude of motor evoked potential before and after stimulation in three stimulation conditions.

Condition Mean ± standard deviation 95% confidence interval Improvement ratio

Lower limit Upper limit

MEP  hot spot Before stimulation 651.05 ± 177.18 564.23 737.86 0.30 ± 0.29
After stimulation 848.34 ± 305.54 698.62 998.05

Simulated hot spot Before stimulation 650.38 ± 302.18 502.31 798.44 0.83 ± 0.75
8
9 

0 

e
v
s
[
t
h
t
c
u
o
t
w
e

s
t
M
h

g
e
b
b
o
o
T
c
g
m
l
c

s
c
v
b
m
i
s
i
f
f
h
i

5

a
e
c
t
f

[

[

[

[

[

[

[

[
Transcranial direct current stimulation: a computer-based human model
study, NeuroImage 35 (2007) 1113–1124.
After stimulation 1111.74 ± 486.7
Sham Before stimulation 642.38 ± 290.7

After stimulation 701.91 ± 324.0

Even so, across all subjects, the simulation-derived anodal
lectrode position was commonly found to be posterior to the con-
entional hot spot determined by MEPs. We  attribute the posterior
hift of the optimal stimulation site to edge effects in applying tDCS
17], with increases in the current density toward the perimeter of
he anodal electrode due to higher resistance. We  postulate that the
and motor area approximated the perimeter of the anodal elec-
rode when the stimulation site was positioned posterior to the
onventional hot spot, so that it had higher current density for stim-
lation over the simulation-derived stimulation site. If the position
f the cathodal electrode was changed to a different site, the elec-
ric field distribution between the anodal and cathodal electrodes
ould be altered and the shift of optimal position of the anodal

lectrode could also change.
MEP  latency did not differ after tDCS application on the MEP  hot

pot as well as on the stimulation hot spot. The aftereffect of anodal
DCS on facilitating cortical excitability could be seen as changes in

EP amplitude, but not as changes in MEP  latency specifically for
ealthy subjects.

This study has some limitations to consider for future investi-
ations. First, we examined the effects of anodal electrode position
xclusively in terms of physiological measures. The effects should
e confirmed for behavioral outcomes such as motor performance
y evaluating a task performed by the subjects. Second, the effects
f cathodal electrode position should be considered to identify the
ptimal combination of anodal and cathodal electrode positioning.
hird, in our simulation each 3D head model consisted of three
omponents: skin, skull, and cerebrospinal fluid/cortex such that
ray and white matter was not separately considered in the head
odel. Regarding the incompleteness in the head model, the simu-

ation toolbox will be developed towards including more individual
omponents.

When using tDCS as a therapeutic tool for patients such as with
troke, the most effective modulation of brain excitability would be
rucial. Although previous studies using the MEP  hot spot have pro-
ided the effects of tDCS on the recovery of motor function, it may
e possible to further enhance the tDCS effects by using a more opti-
al  stimulation site rather than the MEP  hot spot. In this regard, it

s notable that simulation-based search for an optimal stimulation
ite could be applied to most of patients, while the MEP  hot spot
s applicable to only part of patients who satisfy inclusion criteria
or safety in measuring MEPs. The optimal montage of electrodes
or maximum enhancement of brain function may  vary between
ealthy and pathological brains, and the differences need to be fully

nvestigated for application in patients with brain diseases.

. Conclusions

Motor cortical excitability was improved by positioning the

nodal electrode posterior to the conventional hot spot, with an
lectrode montage of the anode in the left hand motor area and the
athode in the right supraorbital area. Electric current stimulation
hat considers anatomical differences between subjects is useful
or selecting the optimal stimulation site for tDCS.

[

873.22 1350.26
499.89 784.86 0.09 ± 0.15
543.15 860.67
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