
Differential Modulation of Corticospinal Excitability by
Different Current Densities of Anodal Transcranial 
Direct Current Stimulation

This is the Published version of the following publication

Bastani Jahromi, Andisheh and Jaberzadeh, Shapour (2013) Differential 
Modulation of Corticospinal Excitability by Different Current Densities of 
Anodal Transcranial Direct Current Stimulation. PLoS ONE, 8 (8). pp. 1-8. 
ISSN 1932-6203  

The publisher’s official version can be found at 
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0072254
Note that access to this version may require subscription.

Downloaded from VU Research Repository  https://vuir.vu.edu.au/45910/ 



Differential Modulation of Corticospinal Excitability by
Different Current Densities of Anodal Transcranial Direct
Current Stimulation
Andisheh Bastani*, Shapour Jaberzadeh

Department of Physiotherapy, School of Primary Health Care, Faculty of Medicine, Nursing and Health Sciences, Monash University, Melbourne, Australia

Abstract

Background: Novel non-invasive brain stimulation techniques such as transcranial direct current stimulation (tDCS) have
been developed in recent years. TDCS-induced corticospinal excitability changes depend on two important factors current
intensity and stimulation duration. Despite clinical success with existing tDCS parameters, optimal protocols are still not
entirely set.

Objective/hypothesis: The current study aimed to investigate the effects of four different anodal tDCS (a-tDCS) current
densities on corticospinal excitability.

Methods: Four current intensities of 0.3, 0.7, 1.4 and 2 mA resulting in current densities (CDs) of 0.013, 0.029, 0.058 and
0.083 mA/cm2 were applied on twelve right-handed (mean age 34.5610.32 yrs) healthy individuals in different sessions at
least 48 hours apart. a-tDCS was applied continuously for 10 minute, with constant active and reference electrode sizes of
24 and 35 cm2 respectively. The corticospinal excitability of the extensor carpi radialis muscle (ECR) was measured before
and immediately after the intervention and at 10, 20 and 30 minutes thereafter.

Results: Post hoc comparisons showed significant differences in corticospinal excitability changes for CDs of 0.013 mA/cm2

and 0.029 mA/cm2 (P= 0.003). There were no significant differences between excitability changes for the 0.013 mA/cm2 and
0.058 mA/cm2 (P= 0.080) or 0.013 mA/cm2 and 0.083 mA/cm2 (P= 0.484) conditions.

Conclusion: This study found that a-tDCS with a current density of 0.013 mA/cm2 induces significantly larger corticospinal
excitability changes than CDs of 0.029 mA/cm2. The implication is that might help to avoid applying unwanted amount of
current to the cortical areas.
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Introduction

As part of a growing understanding of neuroplasticity, novel

non-invasive brain stimulation techniques have been developed in

recent years. Brain stimulation paradigms aimed at modifying

corticospinal excitability include repetitive transcranial magnetic

stimulation (rTMS) and transcranial electric stimulation (tES)

[1,2].

Despite the rTMS which is a neurostimulatory technique, tES is

an umbrella term for description of a number of neuromodulatory

techniques such as transcranial alternating current stimulation,

transcranial random noise stimulation and transcranial direct

current stimulation (tDCS) [2]. The most utilised techniques of

tES is tDCS, application of a low-amplitude direct current which

can modulate corticospinal excitability in a polarity-dependent

manner [3] with several advantages. It is a painless technique with

no or minimal side effects and it can be applied by an inexpensive

direct current stimulator which is very simple to operate [3]. tDCS

involves application of very low-amplitude direct currents (2 mA

or less) via surface scalp electrodes to modify neuronal transmem-

brane potential and influence the level of excitability [4,5].

Depending on the polarity of the active electrode over the primary

motor cortex (M1), contralateral to the target muscles, tDCS can

increase or decrease corticospinal excitability [5,6]. Cathodal

tDCS (c-tDCS) involves application of the negatively charged

electrode (cathode) over M1, which leads to hyperpolarization

[3,6] of cortical neurons and reduces the size of the TMS-induced

motor evoked potentials (MEPs), indicating decreased corticospi-

nal excitability. On the other hand, anodal tDCS (a-tDCS)

involves the application of the positive charged electrode (anode)

over M1, which results in cortical depolarization and increases the

size of TMS-induced MEPs, indicating increased corticospinal

excitability [3,6]. These changes in corticospinal excitability can

lead to improved motor performances [7–9]; thus tDCS can be

used as a stand-alone therapeutic intervention or as an add-on

technique to prime the effects of other training methods [10,11].
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tDCS can also be used for induction of cortical changes to provide

information about the functioning of the human brain [5].

The extent of a-tDCS-induced corticospinal excitability changes

depend on the current intensity/density, the electric current per

electrode surface area [3], duration of current application

[3,5,6,12] and the electrode’s surface area [13]. As reported in a

recent systematic review [14], a-tDCS with higher current

densities (CDs) induce larger corticospinal excitability changes.

Nitsche and Paulus (2000) compared five current intensities

between 0.2 and 1 mA (CDs between 0.006 to 0.029 mA/cm2).

They found that a stimulus intensity of at least 0.6 mA (electrode

size 35 cm2; CD: 0.017 mA/cm2) is required to induce a

significant increase in MEP amplitude [3].

Although the general impression is that tDCS is a safe, well-

tolerated technique with no evidence of serious adverse effects

[15,16], recipients may experience mild and transient sensory side

effects such as itching, tingling and burning sensations [17]. There

is a direct link between current intensity and these side effects,

therefore to minimise these side effects lower intensities should be

used [17,18]. This is important, because new protocols designed to

extend the duration of lasting effects recommend longer and/or

multiple tDCS application sessions [2].

Despite clinical success following the application of existing

tDCS parameters, involving current intensities of 1–2 mA and

electrode sizes of 25–35 cm2 [12], stimulation parameters are yet

to be optimised; more research is required to fulfil this needs. In

particular, it is vital to systematically measure the effects of a range

of common a-tDCS CDs on corticospinal excitability changes.

Therefore, the aim of the present study was to compare the effects

of a range of CDs on a-tDCS induced corticospinal excitability in

healthy individuals. The second aim of this study was to assess the

tolerability of a-tDCS during stimulation. We hypothesized that

there is a direct relationship between the CD under the active

electrode and the magnitude of induced corticospinal excitability

change in M1. We also hypothesized that there is a direct

relationship between CD and the level of side effects.

Materials and Methods

Subjects
We conducted 48 experiments on twelve healthy volunteers

(seven women, five men) recruited from Monash University

students/staff with a mean age of 34.5610.3 years (age range 20–

51 years), a mean weight of 68.6611.0 kg and a mean height of

168.9615.5 cm. All were right-handers as determined by the

Edinburgh Handedness Inventory (10 item version, mean lateral-

ity quotient = 87.9619.5) [19]. All participants completed the

Adult Safety Screening Questionnaire to determine suitability for

TMS [20]. Participants were informed about the experimental

procedures and gave their written informed consent according to

the declaration of Helsinki. All experimental procedures were

approved by the Monash University Human Research Ethics

Committee.

a-tDCS of the Motor Cortex
a-tDCS was delivered by an IntelectH Advanced Therapy

System (Chattanooga, USA) through a pair of saline-soaked

surface sponge electrodes. The anode was placed over the left M1

for the right extensor carpi radialis muscle (ECR) as identified by

TMS. The cathode was placed over the right contralateral

supraorbital area [3]. The electrodes were fixed with two

horizontal and perpendicular straps.

Each subject was tested at the same time of the day to avoid

diurnal variations. A-tDCS was applied continuously for 10

minute for all stimulation protocols using active and reference

electrodes of 24 and 35 cm2 respectively. A larger electrode was

used for the cathode electrode to decrease the CD and reduce side

effects under the indifferent electrode with more focused density

under the anode [13]. The only differences between the four

stimulation protocols were different current intensities (0.3, 0.7,

1.4 and 2 mA) resulting in four different CDs (D1–D4) under the

active electrode (D1= 0.013, D2= 0.029, D3= 0.058 and

D4= 0.083 mA/cm2).

Monitoring of Corticospinal Excitability
Participants were seated upright in an adjustable podiatry chair,

with the forearm pronated and the wrist joint in neutral position

resting on the armrest.

Single-pulse magnetic stimuli were delivered using a Magstim

2002 (Magstim Company Limited, Whiteland, Wales, UK)

stimulator with a flat 70 mm figure-of-eight standard magnetic

coil (peak magnitude field, 2.2 T). The vertex (Cz) point was

measured and marked to be used as a reference [21]. The

magnetic coil was placed over the left hemisphere (cortex),

contralateral to the target muscle. The orientation of the coil

was set at an angle 45u to the midline and tangential to the scalp

such that the induced current flowed in a posterior-anterior

direction in the brain. The area of stimulation (hotspot) was

determined through the measurement of the scalp using the

convention of the EEG 10/20 system to find a spot over the ECR

muscle M1 that would allow measurement of the largest MEP

responses.

After localizing the hot spot, the coil’s position was marked on

the scalp to be used for remainder of the testing for the target

muscle to ensure consistency in the placement of the coil. Resting

motor threshold (RMT) was defined as the minimal stimulus

intensity that evoked five MEPs in a series of 10 with an amplitude

of at least 50 mV [22–24]. The resting thresholds for the ECR

muscle were determined by incrementing and decrementing

stimulus intensity in 1–2% intervals until MEPs of at least

50 mV were elicited [3]. For all further MEP measurements, the

test TMS intensity was set at 120% of each individual’s RMT.

Fifteen stimuli were elicited to assess corticospinal excitability at

each time point. The stimulus intensity remained constant

throughout the study session for each subject.

Surface EMG was recorded from the right ECR muscle using

bipolar Ag/AgCl disposable surface electrodes with an inter-

electrode distance of 3 cm (measured from the centres of the

electrodes). To ensure good surface contact and reduce skin

resistance, a standard skin preparation procedure of cleaning and

abrading was performed for each electrode site [21,25,26]. The

location of ECR was determined based on anatomical landmarks

[27] and also observation of muscle response in the testing position

(wrist extension and radial deviation) [28]. The accuracy of EMG

electrode placement was verified by asking the subject to contract

the muscle(s) of interest while the investigator monitored online

EMG activity. A ground electrode was placed ipsilaterally on the

styloid process of the ulnar bone [29,30]. The electrodes were

secured by hypoallergenic tape (Micropore, USA). All raw EMG

signals were band pass filtered (10–1000 Hz), amplified (61000)

and sampled at 2000 Hz and collected on a PC running

commercially-available software (ChartTM software, ADinstru-

ment, Australia) via a laboratory analogue-digital interface (The

PowerLab 8/30, ADinstrument, Australia). Peak-peak MEP

amplitude was detected and measured automatically using a

custom-designed macro in Powerlab 8/30 software after each

magnetic stimulus.

a-tDCS Density and Corticospinal Excitability
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Assessment of a-tDCS Tolerability
a-tDCS side effects were assessed by monitoring the presence of

itching, tingling, burning sensation and any other discomfort,

including headache; these are the sensory complaints most

commonly reported during application of tDCS [5,31]. Tolera-

bility and sensory changes were monitored based on participants’

reports under the active and/or reference electrodes at the

beginning, in the middle and at the end of a-tDCS application,

using numeric analogue scales (NAS) (eg, 0 = no tingling to

10=worst tingling imaginable).

Experimental Procedures
The study was conducted in a within-subject, randomised,

counter-balanced cross-over design, illustrated in Figure 1. All

recruited individuals participated in four experimental sessions at

least 48 hours apart to avoid interference or carry-over effects of a-

tDCS. Subjects were blinded to a-tDCS conditions. The order in

which the experimental sessions were conducted was randomized

between participants. Corticospinal excitability was measured

before, immediately after (T0) and three more times at 10-minute

intervals (T10, T20 and T30) after the cessation of a-tDCS.

Data Management and Statistical Analysis
Peak–peak amplitudes of 15 MEPs were calculated and

averaged automatically for each time point before and after

interventions. Post-intervention values were then normalized to

the baseline value [32].

Differences in MEP amplitudes in the ECR muscle for four

different a-tDCS CDs and at each of time points were analysed

with a two-way repeated measure analysis of variance (ANOVA).

The first within - subject independent factor was CD (four levels).

The second independent factor was time points (four levels).

Mauchly’s test was used to assess the validity of the sphericity

assumption for repeated measures ANOVA; it requires that the

variances for each set of difference scores be equal. Greenhouse-

Geisser corrected significance values were used when sphericity

was lacking [33]. In case of significant main effects, post hoc

comparisons were performed using the least significant difference

adjustment for multiple comparisons. Baseline MEP amplitudes

and RMT of the respective a-tDCS conditions were tested using

one-way ANOVA to see whether they were identical in all

conditions. Furthermore, using one way ANOVA, we examined

whether our results were associated with an order effect. We

considered the results of all statistical analyses significant at

P,0.05. All results are expressed as the mean 6 standard error of

mean (SEM). Statistical analyses were performed using SPSS

software version 20.

Results

Effects of Different CDs on Corticospinal Excitability
One-way repeated measure ANOVA showed that baseline a-

tDCS MEP amplitudes (P= 0.12) and RMT were identical

between all conditions (P=0.28). Also, there was no significant

order effect (F (3, 33) = 2.07, P=0.12). Mauchly’s test of sphericity

indicated that this assumption was met for CD (W=0.387, df = 5,

P=0.102), so no corrections were applied to the F-ratio

computations. The assumption of sphericity was violated for time

(W=0.318, df = 5, P=0.05) and CD 6 time interaction

(W=0.000, df = 44, P,0.001), so Greenhouse-Geisser correction

was employed for the F-ratio computations.

The results of the two-way repeated measures ANOVA showed

significant main effects of time (F(1.75,19.31) = 94.05; P,0.001,

gp
2 = 0.56). Post hoc comparisons showed that there was

significant difference between T0–T10 (Mean= 9.16, SE= 4.07)

(P=0.046), T0–T20 (Mean= 21.10, SE= 6.37) (P=0.007), T0–

Figure 1. Experimental design. Comparison of the effects of different CDs (D1–D4) on corticospinal excitability.
doi:10.1371/journal.pone.0072254.g001

a-tDCS Density and Corticospinal Excitability
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T30 (Mean= 27.80, SE=5.76) (P=0.001), T10–T20

(Mean= 11.94, SE= 3.58) (P=0.007) and T10–T30

(Mean= 18.67, SE= 3.80) (P,0.001). Post-hoc comparisons also

indicated that there was no significant difference in the scores of

T20 and T30 (P= 0.063).

We observed no significant changes between different time

points of a-tDCS within each D1, D3 and D4 CD conditions

(P.0.05). However, in the D2 condition, we found significant

differences between the amplitudes of ECR MEPs 20 and 30

minutes after the end of stimulation (P,0.05) (Figure 2). Also the

result of post hoc comparisons showed significant differences

between D1–D2, D2–D4 and D3–D4 (P,0.05) in all time points

of T0, T10, T20 and T30 (Figure 3).

Two-way repeated measures ANOVA showed significant main

effects of a-tDCS different CDs (F(3,33) = 6.121; P,0.05,

gp
2 = 0.36). Post-hoc comparisons indicated that there was a

significant difference in the scores of D1 and D2 (Mean=50.94,

SE= 17.34) (P,0.05). Pairwise comparison indicated that there

was a significant difference in the scores of D2–D4 (Mean= 69.04,

SE= 18.05) (P=0.003) and in the scores of D3–D4 (Mean= 51.38,

SE= 16.97) (P=0.012). Post hoc comparisons also showed that

there was no significant difference between D1–D3 (P=0.080),

D1–D4 (P=0.484) and D2–D3 (P= 0.076) (Figure 3).

As displayed in Figure 2, a-tDCS resulted in significant

excitability enhancement lasting for 30 minutes after the end of

stimulation in all conditions (P,0.005). Finally, The results of the

two-way repeated measures ANOVA showed no significant

interaction of CD 6 time (F(3.17,34.90) = 0.18; P=0.91,

gp
2 = 0.01). This means that the effect of CD on corticospinal

excitability is not dependent on the levels of the time (T0–T30).

a-tDCS Side Effects and Tolerability
Participants described their experiences under the electrodes at

the beginning, in the middle and at the end of the intervention.

The only sensations related to the cathode electrode were a mild

redness under the cathode electrode (reported by two participants).

In contrast, most participants reported tingling, itching and/or

burning under the anode electrode (Table 1). Overall, the findings

support the tolerability of direct current stimulation using CDs of

D1 and D2 compared to D3 and D4. D3 and D4 produced more

unpleasant feelings under the anode and the D4 caused one

participant to terminate the experiment (Note that the CDs used in

Figure 2. The effects of different CDs on the MEPs size over the 30 minutes. Filled symbols indicate significant deviation of the post-a-tDCS
MEP amplitudes compared to baseline (A, B). The asterisks mark significant differences between time points during the 30 minutes after cessation of
a-tDCS (B). The only significant differences were seen within D2 condition. Error bars represent SEM.
doi:10.1371/journal.pone.0072254.g002

a-tDCS Density and Corticospinal Excitability
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this study were specifically selected to allow safe stimulation).

There were no adverse effects related to application of a-tDCS

during the follow-up period.

Discussion

Effects of Different CDs on Corticospinal Excitability
The present study was designed to determine the effects of four

different CDs on corticospinal excitability in healthy individuals

and generated several important findings. First, different CDs

induce different corticospinal excitability changes. Second, there

was a direct relationship between the density of the three largest

applied currents (D2, D3 and D4) and the size of the excitability

changes produced. Third, in apparent contradiction to the dose-

response relationship implied by the previous finding, the lowest

density (D1) induced more corticospinal changes than two higher

applied intensities (D2 and D3). Fourth, a-tDCS applied to the M1

increased corticospinal excitability for at least 30 minutes after the

stimulation period.

Figure 3. Percentage increase in corticospinal excitability after the intervention. The asterisks mark significant differences between ECR
muscle MEP amplitudes after the end of a-tDCS in all time points of T0, T10, T20 and T30. Error bars represent SEM.
doi:10.1371/journal.pone.0072254.g003

Table 1. Sensations under the anode reported by participants.

Current
Density No sensation Tingling sensation Itching sensation Burning sensation

Not
tolerated

Beginning Middle End Beginning Middle End Beginning Middle End

D1 83.3% (10) 16.6% (2) – – – – 8.3% (1) – – – –

D2 50% (6) 50% (6) 25% (3) 8.3% (1) – 25.0% (3) 50.0% (6) – – – –

D3 8.3% (1) 50% (6) 33.3% (4) 33.3% (4) 46.6% (5) 46.6% (5) 58.3% (7) – 8.3% (1) 16.6% (2) –

D4 8.3% (1) 66.6% (8) 66.6% (8) 58.3% (7) 50% (6) 66.6% (8) 66.6% (8) 16.6% (2) 25% (3) 25% (3) 8.3% (1)

The values are showed as percentage followed by number of subjects in parentheses.
doi:10.1371/journal.pone.0072254.t001

a-tDCS Density and Corticospinal Excitability
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We hypothesized that there is a direct relationship between the

size of CDs under the active electrode and the size of induced

corticospinal excitability changes in M1. The findings in the

current study only support this hypothesis in part. The hypoth-

esized direct relationship was only observed in the three largest

CDs (D2, D3 and D4), but supports Nitsche and Paulus’ (2000),

finding of a direct relationship between current intensities/

densities of 0.2 to 1 mA (CD=0.006 to 0.029) and corticospinal

excitability changes [3]. The finding that the smallest CD

produced significantly larger corticospinal changes than the next

two higher CDs has not been previously reported. The finding

appears to be new. However, some possible differences between

the presented study and the Nitsche and Paulus (2000) study can

be explained.

The findings in current study are not in line with the findings of

Nitsche and Paulus (2000). Contrary to the finding in current study

which indicates that the smallest CD (0.3 mA) produced

significantly larger corticospinal changes than the next two higher

CDs, they found that for a-tDCS, a minimal stimulus intensity of

0.6 mA (0.017 mA/cm2) is necessary to enhance corticospinal

excitability. This discrepancy could be easily described by

following differences between these two studies. First, the

stimulation duration in Nitsche and Paulus (2000) study was

considerably shorter than that of the current study. The

stimulation time in Nitsche and Paulus (2000) study was 5 minutes

compared to 10 minutes in the current study. The minimal

stimulus of 0.6 may be right for 5 minutes of stimulation but that

threshold should be less for longer applications. Second, Nitsche

and Paulus (2000) used an electrode size of 35 cm2 compared to

24 cm2 in the current study. According to a recent study by our

group [34], the electrode size has an important role on the size of

induced corticospinal excitability. The electrode size of 24 cm2

used in our study may also contribute to the discrepancy in results

with Nitsche and Paulus (2000) study.

The mechanisms underlying these changes are not clear, but it

is proposed that they are caused by alterations in the function of

the membrane ion channels, leading to neuroplasticity [5]. The

way that a single session of a-tDCS behaves could be due to short

term potentiation (STP) [35] and/or early long term potentiation

(e-LTP) [36]. e-LTP depends on activation of calcium-dependent

kinases, which controls the trafficking of a-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA), and activation of N-

methyl-D-aspartate (NMDA – a subtype of glutamate receptor)

[37–41]. Excitatory synaptic changes in the brain are predomi-

nantly mediated by the neurotransmitter glutamate [42,43], while

inhibitory transmission is mediated mainly by the neurotransmitter

gamma-amino butyric acid (GABA) [42,44]. The level of

excitation in the brain is kept in check through inhibitory control

exerted by GABA neurons [45]. One pharmacological study

showed an abolition of the intracortical effects of anodal tDCS

after administration of lorazepam as a GABA agonist [46]. Also, in

a recent animal study it was shown that any increase in NMDA

activity coincides with an increase in the level of GABA secretion

[47]. The mechanism behind this activation of GABA receptors

could be that the Ca2+ influx through the NMDA receptors affects

the adjacent inhibitory presynaptic sites and leads directly to

release of GABA [48]. In addition to this, the activation of gated

Ca2+ channels on the synaptic membrane may play a role [49,50].

Thus, any manipulation that influences the magnitude or

dynamics of Ca2+ increases within dendritic spines may profound-

ly influence the form of the resulting synaptic plasticity.

Surprisingly, we found that the smallest CD (D1) induced larger

corticospinal changes than the two consecutive higher CDs of D2

and D3. This finding has no precedent in the literature; it indicates

that a different mechanism may be involved in induction of

corticospinal excitability changes at lower current intensities/

densities. Lower density of a-tDCS may induce more corticospinal

changes than higher densities due to the relative activity of

facilitatory and inhibitory mechanisms. Previous animal studies

have reported that GABA activation is voltage dependent [51,52].

An increase in MEP amplitude with D1 may be due to the fact

that at this low density the GABA and NMDA receptors are

inactive and the excitatory changes are driven by activation of

voltage-gated Ca2+ channels which normally have lower thresh-

olds than NMDA or AMPA receptors. Apparently, this low direct

current stimulation at 0.3 mA (0.013 mA/cm2), considered a

weak form of a-tDCS, is sufficient to activate Ca2+ channels and

raise intracellular Ca2+ concentrations. This may lead into cortical

neuron depolarization that shifts the resting membrane potential

more toward positive values and closer to the threshold level, a

state called ‘excitation’.

In the current study, lasting effects of a-tDCS (increased

corticospinal excitability) were measured up to 30 minutes after

the end of stimulation, consistent with previous investigations

[6,53–56]. These observations suggest that the modulatory

response of M1 pyramidal cells to a-tDCS might be dependent

on the CD and subsequent degree of activated receptors.

a-tDCS Side Effects and Tolerability
Our findings confirm that the smallest CD (0.013 mA/cm2) has

the lowest side effects under the active electrode, thereby

supporting our second hypothesis. The application of a-tDCS to

the ECR M1 area was associated with a tingling sensation in

40.8% of the tests in all CD conditions, however; 25.0% of

recipients of D3 and 66.7% of the participants who received D4

found the stimulation procedure mildly unpleasant.

Limitations
Our findings must be interpreted in the context of several

limitations. First, our study involved only 12 non-randomly-

selected participants, which limits the generalizability of the

results. The data were obtained from a healthy population, so we

cannot extrapolate the findings to patient populations. The effects

of the stimulation were only assessed up to 30 minutes after

delivery; longer assessment of lasting effects is recommended to

evaluate their length. Another limiting factor is that the examiner

was not blinded to the stimulation conditions.

Suggestions for Future Studies
A further study involving current intensities between 0.3–

0.8 mA is suggested to investigate the turning point of the

excitability changes. Furthermore, to underpin the mechanisms of

action of lower CD, it is recommended that a study of motor

cortex excitability be undertaken, by measuring silent period,

intracortical inhibition, and facilitation, to indirectly assess the role

of GABAa, GABAb and glutamergic receptors.

In addition, the effects of different CDs and their tolerability

should be studied in patients with neurological problems, different

age groups and genders. Additional pharmacological experiments

using receptor agonists/antagonists are needed to prove that if a-

tDCS with lower CD has different mechanisms compared with

larger CD.

Conclusion

Our findings can be employed to develop a-tDCS protocols

optimized for clinical application. The smallest CD used in this

study (0.013 mA/cm2) could be a promising parameter for the

a-tDCS Density and Corticospinal Excitability
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modulation of corticospinal excitability with less total charge to the

cortical area. In addition to its efficiency in inducing corticospinal

excitability, it was much better tolerated than larger CDs and

could be safely used in protocols with multi sessions of a-tDCS

applications. Our results suggest that a deeper understanding of

the mechanisms underlying a-tDCS-induced excitability is re-

quired.

Author Contributions

Conceived and designed the experiments: AB SJ. Performed the

experiments: AB. Analyzed the data: AB. Contributed reagents/materi-

als/analysis tools: AB. Wrote the paper: AB.

References

1. Pascual-Leone A, Valls-Sole J, Wassermann EM, Hallett M (1994) Responses to

rapid-rate transcranial magnetic stimulation of the human motor cortex. Brain

117: 847–858.

2. Paulus W (2011) Transcranial electrical stimulation (tES–tDCS; tRNS, tACS)

methods. Neuropsychol Rehabil 21: 602–617.

3. Nitsche M, Paulus W (2000) Excitability changes induced in the human motor

cortex by weak transcranial direct current stimulation. The Journal of physiology

527: 633.

4. Priori A, Berardelli A, Rona S, Accornero N Manfredi M (1998) Polarization of

the human motor cortex through the scalp. Neuroreport 9: 2257.

5. Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, et al. (2008)

Transcranial direct current stimulation: state of the art 2008. Brain Stimulation

1: 206–223.

6. Nitsche MA, Paulus W (2001) Sustained excitability elevations induced by

transcranial DC motor cortex stimulation in humans. Neurology 57: 1899.

7. Bolognini N, Pascual-Leone A, Fregni F (2009) Using non-invasive brain

stimulation to augment motor training-induced plasticity. J Neuroeng Rehabil 6:

8.

8. Hummel F, Cohen LG (2005) Improvement of motor function with noninvasive

cortical stimulation in a patient with chronic stroke. Neurorehabil Neural Repair

19: 14–19.

9. Hummel F, Celnik P, Giraux P, Floel A, Wu WH, et al. (2005) Effects of non-

invasive cortical stimulation on skilled motor function in chronic stroke. Brain

128: 490–499.

10. Hesse S, Werner C, Schonhardt E, Bardeleben A, Jenrich W, et al. (2007)

Combined transcranial direct current stimulation and robot-assisted arm

training in subacute stroke patients: a pilot study. Restorative neurology and

neuroscience 25: 9–15.

11. Hummel FC, Cohen LG (2006) Non-invasive brain stimulation: a new strategy

to improve neurorehabilitation after stroke? The Lancet Neurology 5: 708–712.

12. Furubayashi T, Terao Y, Arai N, Okabe S, Mochizuki H, et al. (2008) Short and

long duration transcranial direct current stimulation (tDCS) over the human

hand motor area. Experimental Brain Research 185: 279–286.

13. Nitsche MA, Doemkes S, Karakoese T, Antal A, Liebetanz D, et al. (2007)

Shaping the effects of transcranial direct current stimulation of the human motor

cortex. Journal of neurophysiology 97: 3109–3117.

14. Bastani A, Jaberzadeh S (2012) Does anodal transcranial direct current

stimulation enhance excitability of the motor cortex and motor function in

healthy individuals and subjects with stroke: A systematic review and meta-

analysis. Clinical Neurophysiology 123: 644–657.

15. McCreery DB, Agnew WF, Yuen TGH, Bullara L (1990) Charge density and

charge per phase as cofactors in neural injury induced by electrical stimulation.

Biomedical Engineering, IEEE Transactions on 37: 996–1001.

16. Yuen TGH, Agnew WF, Bullara LA, Jacques S, McCreery DB (1981)

Histological evaluation of neural damage from electrical stimulation: consider-

ations for the selection of parameters for clinical application. Neurosurgery 9:

292.

17. Brunoni AR, Amadera J, Berbel B, Volz MS, Rizzerio BG, et al. (2011) A

systematic review on reporting and assessment of adverse effects associated with

transcranial direct current stimulation. Int J Neuropsychopharmacol 14: 1133–

1145.

18. Iyer M, Mattu U, Grafman J, Lomarev M, Sato S, et al. (2005) Safety and

cognitive effect of frontal DC brain polarization in healthy individuals.

Neurology 64: 872–875.

19. Oldfield RC (1971) The assessment and analysis of handedness: the Edinburgh

inventory. Neuropsychologia 9: 97–113.

20. Keel JC, Smith MJ, Wassermann EM (2001) A safety screening questionnaire

for transcranial magnetic stimulation. Clinical neurophysiology 112: 720–720.

21. Schwartz MS (2003) Biofeedback: A practitioner’s guide: the guilford press.

22. Hallett M (1996) Transcranial magnetic stimulation: a useful tool for clinical

neurophysiology. Annals of neurology 40: 344–345.

23. Rossini P, Barker A, Berardelli A, Caramia M, Caruso G, et al. (1994) Non-

invasive electrical and magnetic stimulation of the brain, spinal cord and roots:

basic principles and procedures for routine clinical application. Report of an

IFCN committee. Electroencephalography and Clinical Neurophysiology 91:

79–92.

24. Wassermann E, Epstein CM, Ziemann U (2008) The Oxford handbook of

transcranial stimulation: Oxford University Press, USA.

25. Gilmore KL, Meyers JE (1983) Using surface electromyography in physiother-

apy research. Aust J Physiother 29: 3–9.

26. Robertson VJ, Robertson V, Low J, Ward A, Reed A (2006) Electrotherapy

explained: principles and practice: Butterworth-Heinemann.

27. Perotto A, Delagi EF (2005) Anatomical guide for the electromyographer: the
limbs and trunk: Charles C Thomas Pub Ltd.

28. Kendall FP, McCreary EK, Provance PG (2010) Muscles, testing and function:
with posture and pain: Williams & Wilkins Baltimore, MD.

29. Oh SJ (2003) Clinical electromyography: nerve conduction studies: Lippincott

Williams & Wilkins.

30. Basmajian JV, De Luca C (1985) Muscles alive: Wiliams and Watkins,

Baltikmore, USA. 37 p.

31. George MS, Aston-Jones G (2009) Noninvasive techniques for probing

neurocircuitry and treating illness: vagus nerve stimulation (VNS), transcranial
magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS).

Neuropsychopharmacology 35: 301–316.

32. Antal A, Boros K, Poreisz C, Chaieb L, Terney D, et al. (2008) Comparatively

weak after-effects of transcranial alternating current stimulation (tACS) on
cortical excitability in humans. Brain Stimulation 1: 97–105.

33. Meyers LS, Gamst G, Guarino AJ (2005) Applied multivariate research: Design

and interpretation: Sage Publications, Incorporated.

34. Bastani A, Jaberzadeh S (2013) a-tDCS Differential Modulation of Corticospinal

Excitability: The Effects of Electrode Size. Brain Stimul.

35. Samii A, Wassermann E, Ikoma K, Mercuri B, Hallett M (1996) Character-

ization of postexercise facilitation and depression of motor evoked potentials to
transcranial magnetic stimulation. Neurology 46: 1376–1376.

36. Monte-Silva K, Kuo MF, Hessenthaler S, Fresnoza S, Liebetanz D, et al. (2012)

Induction of late LTP-like plasticity in the human motor cortex by repeated non-

invasive brain stimulation. Brain Stimulation 6: 424–432.

37. Aroniadou VA, Keller A (1995) Mechanisms of LTP induction in rat motor
cortex in vitro. Cerebral Cortex 5: 353.

38. Castro-Alamancos MA, Donoghue JP, Connors BW (1995) Different forms of
synaptic plasticity in somatosensory and motor areas of the neocortex. The

Journal of Neuroscience 15: 5324.

39. Hess G, Donoghue J (1996) Long-term potentiation and long-term depression of
horizontal connections in rat motor cortex. Acta neurobiologiae experimentalis

56: 397.

40. Malenka RC, Bear MF (2004) LTP and LTD: an embarrassment of riches.

Neuron 44: 5–21.

41. Kirkwood A, Dudek SM, Gold JT, Aizenman CD, Bear MF (1993) Common

forms of synaptic plasticity in the hippocampus and neocortex in vitro. Science
260: 1518.

42. Hess G, Aizenman CD, Donoghue JP (1996) Conditions for the induction of

long-term potentiation in layer II/III horizontal connections of the rat motor

cortex. Journal of neurophysiology 75: 1765–1778.

43. Hess G, Jacobs K, Donoghue J (1994) N-methyl-D-aspartate receptor mediated
component of field potentials evoked in horizontal pathways of rat motor cortex.

Neuroscience 61: 225–235.

44. Jacobs KM, Donoghue JP (1991) Reshaping the cortical motor map by

unmasking latent intracortical connections. Science 251: 944–947.

45. Gulledge AT, Stuart GJ (2005) Cholinergic inhibition of neocortical pyramidal

neurons. The Journal of Neuroscience 25: 10308–10320.

46. Nitsche MA, Liebetanz D, Schlitterlau A, Henschke U, Fricke K, et al. (2004)
GABAergic modulation of DC stimulation induced motor cortex excitability

shifts in humans. European Journal of Neuroscience 19: 2720–2726.

47. Xue JG, Masuoka T, Gong XD, Chen KS, Yanagawa Y, et al. (2011) NMDA

receptor activation enhances inhibitory GABAergic transmission onto hippo-
campal pyramidal neurons via presynaptic and postsynaptic mechanisms.

Journal of neurophysiology 105: 2897–2906.

48. Chen WR, Xiong W, Shepherd GM (2000) Analysis of relations between

NMDA receptors and GABA release at olfactory bulb reciprocal synapses.
Neuron 25: 625–633.

49. Rusakov DA, Kullmann DM (1998) Extrasynaptic glutamate diffusion in the
hippocampus: ultrastructural constraints, uptake, and receptor activation. The

Journal of Neuroscience 18: 3158–3170.

50. Isaacson JS (1999) Glutamate spillover mediates excitatory transmission in the

rat olfactory bulb. Neuron 23: 377–384.

51. Mellor J, Randall A (1998) Voltage-dependent deactivation and desensitization
of GABA responses in cultured murine cerebellar granule cells. The Journal of

physiology 506: 377–390.

52. Yoon K (1994) Voltage-dependent modulation of GABAA receptor channel

desensitization in rat hippocampal neurons. Journal of neurophysiology 71:
2151–2160.

a-tDCS Density and Corticospinal Excitability

PLOS ONE | www.plosone.org 7 August 2013 | Volume 8 | Issue 8 | e72254



53. Antal A, Kincses TZ, Nitsche MA, Bartfai O, Paulus W (2004) Excitability

changes induced in the human primary visual cortex by transcranial direct
current stimulation: direct electrophysiological evidence. Investigative ophthal-

mology & visual science 45: 702–707.

54. Boros K, Poreisz C, Münchau A, Paulus W, Nitsche MA (2008) Premotor
transcranial direct current stimulation (tDCS) affects primary motor excitability

in humans. European Journal of Neuroscience 27: 1292–1300.

55. Jeffery DT, Norton JA, Roy FD, Gorassini MA (2007) Effects of transcranial

direct current stimulation on the excitability of the leg motor cortex.
Experimental Brain Research 182: 281–287.

56. Lang N, Nitsche M, Paulus W, Rothwell J, Lemon R (2004) Effects of

transcranial direct current stimulation over the human motor cortex on
corticospinal and transcallosal excitability. Experimental Brain Research 156:

439–443.

a-tDCS Density and Corticospinal Excitability

PLOS ONE | www.plosone.org 8 August 2013 | Volume 8 | Issue 8 | e72254


