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Abstract

Transcranial direct current stimulation (tDCS) is a non-invasive stimulation method that can 

induce transient polarity-specific neuroplastic changes in cortical excitability lasting up to 1 h 

post-stimulation. While excitability changes with stimulation over the primary motor cortex have 

been well documented, the functional effects of stimulation over premotor regions are less well 

understood. In the present experiment, we tested how cathodal and anodal tDCS applied over the 

region of the supplementary motor area (SMA) affected preparation and initiation of a voluntary 

movement. Participants performed a simple reaction time (RT) task requiring a targeted wrist-

extension in response to a go-signal. In 20% of RT trials a startling acoustic stimulus (SAS) was 

presented 500 ms prior to the “go” signal in order to probe the state of motor preparation. 

Following the application of cathodal, anodal, or sham tDCS (separate days) over SMA for 10 

min, participants performed blocks of RT trials at 10 min intervals. While sham stimulation did 

not affect RT or incidence of early release by the SAS, cathodal tDCS led to a significant slowing 

of RT that peaked 10 min after the end of stimulation and was associated with a marked decrease 

in the incidence of movement release by the SAS. In contrast, anodal tDCS resulted in faster RTs, 

but the incidence of release was unchanged. These results are consistent with the SMA playing a 

role in the pre-planning of movements and that modulating its activity with tDCS can lead to 

polarity-specific changes in motor behavior.
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1. Introduction

The supplementary motor area (SMA) has long been known to play a role in the control of 

movement [1], particularly in the advance preparation and initiation of voluntary actions [2]. 

Experiments in non-human primates have provided evidence that the SMA contains a large 

proportion of movement-related neurons that are active throughout the preparatory time 

interval and demonstrate a gradual increase in firing rate that peaks near the onset of 

movement [3–5]. Similarly, scalp surface EEG and subdural electrocortigography (ECoG) 

studies in humans have shown that self-initiated movements are preceded by a slow rising 

movement-related potential over the region of the SMA that begins as much as 3 s prior to 

movement [6–9]. SMA neurons have also been shown to be preferentially active prior to 

self-paced, self-initiated movements, yet SMA activity is also seen during some forms of 

externally cued movements, such as instructed-delay tasks [8,10]. These findings 

demonstrate the generalized role of the SMA in the early preparation of voluntary actions.

The SMA may also contribute to the initiation of movement. This idea is based on evidence 

that many SMA neurons show activity that is time-locked to the onset of muscle activity 

[11,12]: electrical stimulation of the SMA evokes a complex pattern of motor output [1,13–

15], and lesions of the SMA are associated with a transient akinetic state [16–18], including 

deficits in gait initiation and execution [19].

Despite the consensus that the SMA is involved in movement preparation and initiation, the 

role the SMA plays in contributing to preparatory motor set, organizing of the spatial and 

temporal parameters of motor output, and the release of action is unclear [20]. Non-invasive 

brain stimulation methods can be used to alter the excitability of underlying cortical areas, 

and thus provides the means to probe the effects of stimulation on motor behavior. However, 

the results of studies using transcranial magnetic stimulation (TMS) have been equivocal. 

For example, early and late single-pulse transcranial magnetic stimulation (TMS) applied 

over SMA did not affect either reaction time (RT) or movement time in healthy humans 

[21,22]; while on the other hand, repetitive TMS has been shown to either improve [23] or 

degrade [24] motor performance in patients with Parkinson’s disease. Another means of 

modulating cortical excitability is through the use of transcranial direct current stimulation 

(tDCS). By applying small amount of direct current (e.g. .5–1 mA) over a cortical area of 

interest for a short period of time using scalp surface electrodes, tDCS has been shown to 

modulate cortical excitability in humans (for reviews see [25,26]). For instance, anodal 

stimulation applied over primary motor cortex (M1) has been shown to increase TMS-

induced motor evoked potential amplitudes elicited from the site of tDCS stimulation for up 

to 90 min post-stimulation [27]. Conversely, decreased M1 excitability has been 

demonstrated using cathodal stimulation [26]. If the excitability of SMA plays a role in the 

preparatory state of the motor system, then anodal tDCS and cathodal tDCS applied over 

SMA should lead to increases or decreases, respectively, in the level of motor preparation.

In order to assess the extent and the timing of early motor preparation achieved, instructed-

delay RT task paradigms can be used, as they provide precise control of the time interval 

between a warning (“get ready”) and imperative (“go”) stimulus. When there is some 

unpredictability about the timing between the warning and imperative stimulus, motor 
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preparation can be indexed with RT, where faster RTs are associated with a greater level of 

advance preparatory activity (e.g., [28,29]). Additionally, the state of preparation of the 

intended movement during the delay interval can also be probed by delivering a startling 

acoustic stimulus (SAS) prior to, or in place of, the imperative cue. Under simple RT 

conditions, the SAS evokes an early and rapid release of the planned movement if it is 

sufficiently prepared ([30–32], for reviews see [33,34]).

Thus the current study aimed to investigate the functional effect of modulating SMA activity 

using tDCS. Specifically, we hypothesized that anodal stimulation of the SMA would lead to 

an increased state of motor preparation as evidenced by decreased RTs and an increase in the 

proportion of trials in which the SAS evoked the early release of movement. In contrast, we 

hypothesized that cathodal stimulation would result in increased RTs and a decrease in the 

proportion of movements triggered by SAS.

2. Methods

2.1. Participants

Ten healthy volunteers (8 M, 2F; 30.3 ± 10.0 years) participated in the active tDCS 

experiments which were completed in two separate sessions, each session corresponding to a 

different stimulation polarity (see Section 2.3). In addition, seven healthy volunteers (3 M, 

4F; 27.0 ± 7.3 years) participated in a single sham tDCS testing session. All participants 

gave written informed consent, and the study was conducted in accordance with the ethical 

approval of the Institutional Research Board at Northwestern University, and the Research 

Ethics Board at the University of Ottawa, and conformed to the latest revision of the 

Declaration of Helsinki at the time of testing.

2.2. Task and feedback

Participants sat in a chair facing a computer monitor and gripped a handle attached to the 

arm of a custom wrist manipulandum that allowed measurement of wrist angular 

displacement. Participants performed a 20 degree right wrist extension from a home position 

of 10 degrees of flexion to a fixed target as quickly and accurately as possible upon the 

presentation of a visual “go” signal (appearance of a green square on the computer screen). 

The go signal occurred 2–3 s (variable) following a warning signal. Final position feedback 

was provided in between trials by representing the position of the manipulandum with a 1 

cm tall yellow cursor line within a horizontal (1 cm × 15 cm) black rectangle presented on 

the computer screen with respect to a blue vertical cursor line that represented the target. 

Real time position feedback was only provided during practice. Further details of the 

experimental task and equipment have been published previously (see variable foreperiod 

condition, [31]). Practice trials were given prior to data collection to allow subjects to 

become familiar with the task and to remove learning effects [35,36]. Participants only 

required 10–25 practice trials to become proficient at the task. Wrist position feedback was 

given visually with a cursor that moved horizontally on the computer screen in direct 

relation to the manipulandum (for details see [31]). During testing, final position feedback 

was given approximately 1 s after each movement ended. In this way, knowledge of results 

was available, helping to stabilize movement accuracy performance.
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Participants performed 7 blocks of 25 RT trials. Each block took approximately 4.5 min to 

complete. Two blocks were performed prior to tDCS, 1 block was performed immediately 

post-stimulation, and the remaining 4 blocks were initiated at 10 min intervals with respect 

to the end of stimulation. Participants sat quietly during the rest periods between testing 

blocks.

2.3. Transcranial direct current stimulation (tDCS)

Stimulation was delivered via two electrodes placed over the scalp. The “active” electrode 

was a sponge electrode (Empi Inc., Dupel B.L.U.E-medium butterfly 2.0 cm3) measuring 

8.1 cm2 that was placed 1.8 cm anterior to the measured location of Cz (based on the 

international 10–20 system for EEG electrode placement). The active electrode was 

saturated with sterile saline (.9% NaCl) and was held in place if necessary using a standard 

EEG cap. The “return” electrode was a self-adhesive carbon-foam electrode (Empi Inc.) 

measuring 51 cm2 (approx. 8.5 cm × 6 cm) that was placed centrally on the forehead directly 

above the eyebrows.

The placement location for the active electrode was determined using 2 methods: First, the 

scalp location immediately above the centroid of SMA was landmarked based on Talairach 

space mapped onto standardized head coordinates [37]. Second, in a subset of participants (n 
= 5) this location was confirmed using transcranial magnetic stimulation (TMS, Magstim 

Inc.) based on previous studies [22,38,39]. In short, TMS was delivered over the vertex and 

motor evoked potentials (MEPs) were recorded in tibialis anterior. The stimulating coil was 

then moved anteriorly in 5 mm increments and the location was noted where MEPs were no 

longer observed. In all cases the TMS-based localization ended up being ±2 mm from the 

anatomically-based location of 1.8 cm anterior to Cz. Therefore, the anatomically-based 

landmark measurement method was used in the remaining participants to ease localization 

and to decrease participant discomfort.

Electrical stimulation was delivered using a Dupel iontophoresis constant current delivery 

device (Empi Inc.). Current was set at 1 mA and was delivered for 10 min (current density at 

active electrode = .123 mA/cm2). This level of stimulation is relatively high in comparison 

to previous studies, but still within the range of what would be considered safe [25]. A 

relatively large return electrode was used so that the current density of the stimulation would 

be sufficiently low at that site to negate the possibility of strong polarizing return effects 

[25]. The anodal lead was attached to the active electrode in one session, and the cathode 

was attached in the other session. For the sham stimulation group delivery was similar to the 

active stimulation (see above), however the stimulation device was only powered on while 

ramping up to 1 mA (<15s), then immediately shut off without the participant’s awareness. 

Stimulation polarity/type was unknown to participants, polarity order was balanced for 

active stimulation, and testing sessions were conducted at least one week apart to ensure a 

complete washout of any residual tDCS effects.

2.4. Startling acoustic stimulus (SAS)

Within each block, a 124 dB SAS was delivered pseudorandomly on five of the 25 trials, 500 

ms prior to the imperative “go” signal during the movement preparation period (the SAS was 
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not delivered in the first 3 trials or in 2 consecutive trials). Participants were told they would 

occasionally hear a loud sound but that it was irrelevant to the task. The acoustic stimulus (1 

KHz, 40 ms) was created by amplifying a signal created by a tone generator (e.g., Grass 

model S10CTCMA). The stimulus was presented via a loud-speaker (MG Electronics, 

MG58H) centered 50 cm behind the head of the participant with an intensity of 124 dB(A). 

Stimulus intensity at the seated participant distance was confirmed using a precision sound 

level meter (e.g., Brüel & Kjær Impulse Precision Sound Level Meter 2204).

2.5. Recording equipment

Surface electromyographic (EMG) data were collected from right extensor carpi radialis 

longus (ECR), right flexor carpi radialis (FCR), and left sternocleidomastiod (SCM) as 

previously described [31] using bipolar surface electrodes (Delsys Bagnoli DE-2.1) 

connected to an external amplifier system (Delsys Bagnoli). Wrist angular position data 

were collected using an optical encoder connected attached to the central axis of the 

manipulandum. On each trial, unfiltered EMG and position data were digitally sampled at 1 

kHz (National Instruments PCI-6030E via BNC-2090) for 4000 ms using a customized 

program written with LabVIEW software (National Instruments Inc.) and stored for offline 

analysis. Data collection was initiated by the computer 3000 ms prior to the imperative 

stimulus.

2.6. Data reduction

Movement onset was defined as the first point of a change of more than .2 deg of angular 

displacement from the starting position following the “go” cue. Early movement onsets were 

defined as trials where onset of the targeted movement occurred within 175 ms of the SAS. 

Peak displacement was the maximal angular excursion from the home position, while time 

to peak displacement was the time from displacement onset to peak displacement. 

Movement final position was defined as the first point at which angular velocity fell below 

and remained below 8 deg/s for at least 150 ms, and movement time was defined as the time 

from displacement onset to final position.

EMG burst onsets and offsets were determined using a threshold method as previously 

described [31]. Premotor RT was defined as the time from the onset of the imperative 

stimulus (or SAS) to the initial onset of ECR. Peak EMG amplitudes were defined as the 

largest EMG amplitude, rectified and filtered with a 25 Hz low pass elliptic filter, recorded 

within an interval of 100 ms following EMG burst onset.

2.7. Statistical analyses

For all testing sessions no differences were found between the two pretest blocks for any of 

the measured variables (all p values >.05), thus these two blocks were collapsed resulting in 

a single pretest value for each participant. For the active stimulation group dependent 

measures were analyzed using 2 (Trial condition: control/SAS) × 2 (tDCS polarity: anodal/

cathodal) × 6 (Time: pretest, post-tests 1–5) Repeated Measures Analysis of Variance (RM 

ANOVA). For SAS trials, only 5 trials occurred within each testing block so the effect of one 

trial on overall data variability was disproportionately large. As such, analysis of SAS trial 

early response incidence and RT was carried out by collapsing across the 5 post-test blocks. 
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Therefore a 2 (Polarity) × 2 (Time: pretest vs. collapsed post-test blocks) RM ANOVA was 

used for these comparisons. Data for a sham stimulation group was collected to determine 

whether repeated testing led to practice effects and/or habituation, thus data were analyzed 

separately using a one-way (6 Time: pretest, post-tests 1–5) RM ANOVA. Early response 

incidence in SAS trials and SAS trial RT for this group were analyzed using Student’s t-tests 

to compare between pretest and collapsed post-test data.

Prior to analysis, proportion variables were corrected for normalcy using an arcsine square 

root transformation. Greenhouse-Geisser corrected degrees of freedom were used to correct 

for violations of the assumption of sphericity. Partial eta squared (ηp
2) is reported to provide 

an estimate of the proportion of the variance that can be attributed to the tested factor. 

Differences with a probability of less than .05 were considered to be significant. Simple 

effects tests, and pre-planned comparisons using paired samples t-tests, were administered 

where appropriate to determine the locus of any differences.

3. Results

3.1. Premotor RT

For the active stimulation group premotor RT was analyzed to determine whether the 

presentation of a SAS or the application of tDCS over SMA led to RT changes. Similar to 

previous data [40], there was a large main effect of Trial condition (control/SAS), F(1, 9) = 

313.639, p<.001, ηp
2 = .972, indicating that the SAS led to much shorter RTs irrespective of 

the other factors (Fig. 1). In addition, there was a non-significant trend towards an 

interaction between Polarity and Time, F(5, 45) = 2.208, p = .070, ηp
2 = .197. A significant 

effect would suggest that each tDCS polarity had a differential effect on RT across time 

(testing blocks). However, since there was also a significant 3-way Trial condition × Polarity 

× Time interaction, F(6, 54) = 3.106, p = .011, ηp
2 = .257, this suggests that any possible 

Polarity × Time interaction was different for the Control trials compared to the SAS trials. In 

light of this 3-way interaction and large main effect for Trial condition, separate ANOVAs 

were carried out for both Control and SAS trials.

3.1.1. Control trials—An example of the changes following tDCS in the RT distribution 

during control (non-SAS) trials in a representative subject is shown in Fig. 2. Cathodal tDCS 

resulted in a skewing of the RT distribution towards slower RTs compared to pretest 

measures, while anodal tDCS markedly reduced the incidence of slow RTs and shifted the 

distribution to toward faster RTs. A 2 (Polarity) × 6 (Time) RM ANOVA showed no main 

effects for Polarity, p = .815, or for Time, p = .120, however, there was a significant 

interaction between the factors, F(5, 45) = 3.606, p = .008, ηp
2 =.286. In general, cathodal 

tDCS led to slower RTs following the pretest blocks while anodal tDCS led to faster RTs. 

Since pretest RTs were significantly different for the two testing sessions (p = .01), absolute 

RTs are presented in Fig. 1A and B along with normalized RT difference scores for ease of 

comparison (i.e., RT compared to pretest, Fig. 1C). Simple effects tests were carried out on 

Control trials using a 1-way ANOVA for the factor Time for each Polarity separately. For 

cathodal tDCS a significant effect for Time was observed, F(5,45) = 2.784, p = .028, ηp
2 = 

236, whereby RTs were slower following cathodal tDCS compared to pretest. However, 
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post-hoc comparisons showed that this difference was only significant (p<.05) at 10 min 

post-stimulation (Fig. 1A). A significant effect for Time was also observed following anodal 

tDCS, F(5, 45) = 2.778, p = .029, ηp
2 = .236, and planned comparisons showed that anodal 

tDCS led to significantly (p < .05) faster RTs compared to pretest at all times post 

stimulation (Fig. 1B). Sham stimulation (Fig. 1C, dashed line) showed no main effect of 

testing block on RT, F(5,30) = .436, p = .820, ηp
2 = .068 (pretest mean= 188.1 ms).

3.1.2. SAS trials—For the active stimulation group, analysis of premotor RT during SAS 

trials showed no main effects of stimulation Polarity, F(1,9) = .044, p = .839, ηp
2 = .005, or 

Time, F (1, 9) = 1.380, p = .270, ηp
2=.133, and no interaction between the factors, F(1, 9) = .

383, p = .551, ηp
2 =.041. This suggests that compared to control trials, tDCS did not have 

any effect on premotor RT when a SAS elicited the response (as noted above, SAS data were 

analyzed across collapsed post-test blocks—although uncollapsed data are presented in Fig. 

1D, 1E, & 1F for comparison to control trials). Similarly, for the sham stimulation group 

SAS trial RT was not different in the post-test blocks compared to pretest, t(6) = .528, p = .

616 (uncollapsed data shown in Fig. 1F, dashed line).

3.2. Incidence of startle and early voluntary response following SAS

An analysis of the proportion of SAS trials that resulted in an observed startle-related burst 

of EMG activity in SCM showed no significant main effects or interactions (all p values >.

05). That is, in all testing blocks across both groups a startle-response related burst of 

activity in SCM was observed in over 71% of SAS trials. Further analysis of SAS trials was 

undertaken to determine whether tDCS had any effect on the incidence of early voluntary 

responses elicited (i.e. proportion of SAS trials where targeted wrist displacement occurred 

within 175 ms of the SAS). Analysis showed a main effect for Time, F(1, 9) = 14.276, p = .

004, ηp
2 = .613, but no main effect for Polarity. However, there was a significant interaction 

between Polarity and Time, F(1, 9) = 8.621, p = .017, ηp
2 = .489. Post-hoc analysis 

comparing pretest and post-test incidence indicated that there was a significantly lower 

incidence of early voluntary responses due to SAS following cathodal tDCS (p < .05). In 

contrast, there was no difference in this incidence following anodal tDCS. Analysis of the 

incidence of early voluntary responses elicited by the SAS for the sham tDCS group also 

showed no differences between pretest blocks (96.4% of trials) and post-test blocks (all 

>90% of trials). Active tDCS results are shown in Fig. 3A: data are presented as box-plots 

for pretest vs. post-test for each polarity; Fig. 3B shows data separated by testing block.

3.3. Task performance

No significant main effects or interactions were observed in any of the control trial 

kinematic variables for either group. Analyses were not carried out on kinematic data for the 

SAS trials (for rationale see Section 2.7 and [30,41]).

4. Discussion

The present experiment was conducted to determine whether the motor preparatory state in 

humans could be modulated by applying tDCS over the region of the SMA Here we show 

that following applications of tDCS, polarity-dependent changes in motor behavior were 
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observed, with cathodal tDCS leading to slower RTs and anodal tDCS leading to faster RTs 

during control (non-SAS) trials. Cathodal tDCS also led to a decrease in the incidence of 

early response triggering by a SAS, while anodal tDCS had no effect on incidence of early 

responses. These results suggest that direct current stimulation over the region of the SMA 

led to excitability changes in neural structures or networks responsible for the preparation of 

movement prior to initiation. Furthermore, the findings presented here indicate that 

functional changes in motor behavior can be achieved through the external modulation of 

SMA excitability using tDCS.

Previously it has been shown that some facilitation of RT might occur following anodal 

tDCS applied over M1, however, these changes were attributed to facilitation of learning 

rather than to functional effects associated with changes in motor cortical excitability [42]. 

RT facilitation was also previously reported following anodal stimulation over the vertex 

(near the region of the SMA), however stimulation was only applied transiently during the 
RT interval between the go-signal and the response [43]. In the present experiment premotor 

RT was affected in a polarity-specific manner for up to 40 min following 10 min of tDCS 

applied over SMA: Anodal tDCS led to a speeding of RT in the post-tDCS blocks ranging 

from 9.4 to 13 ms, while cathodal tDCS led to a slowing of RT by an average of 6.8 ms 

(range = 2.5–16 ms) compared to pretest (although this RT effect was only significant 10 

min after stimulation ended, Fig. 1A). While factors other than the tDCS may have 

contributed to the observed changes in RT, we feel the likelihood of this is low. For example, 

observed faster RTs in later testing blocks may have been a result of practice or learning 

effects, however, the sham stimulation group showed only a modest (.6 to 3.6 ms) and non-

significant decrease in RT making this explanation unlikely. Furthermore, consistent with 

data from the sham stimulation group, it has been previously shown that in simple RT tasks, 

RT benefits arising from practice reach asymptote after only 9–12 trials [35,36]. Thus these 

effects were likely washed out in the familiarization trials. Second, there was no RT 

difference observed between pre-tDCS blocks 1 and 2, suggesting that no further RT 

improvements occurred in the pre-test.

Since differential effects of tDCS on RT were observed, a practice explanation would 

suggest that anodal tDCS had very little effect on RT, while cathodal tDCS had a very large 

deleterious effect on RT. Yet, recent studies have indicated that functional effects arising 

from cathodal tDCS tend to be less pronounced or absent in comparison to anodal tDCS 

(e.g., [44,45]) including when it was applied over SMA [46]. The current RT results could 

be considered to be in line with this observation as a significant lengthening of RT following 

cathodal tDCS was only seen during the time period between 10 and 20 min following 

stimulation. However, if added to the small RT decrease seen in the sham group, these 

results may become significant at other time points, although based on the current design 

this analysis was not possible. In contrast, anodal tDCS led to significantly faster RTs at all 

test times following tDCS (Fig. 1B). Although the effect size of anodal tDCS on RTs was 

relatively modest (partialeta squared = .236), on average, the shift in RT distribution towards 

faster responses compared to the “react as fast as possible” pre-stimulation control trials was 

a consistent feature across subjects. In particular, anodal tDCS led to a marked reduction in 

the incidence of slow RTs (Fig. 2B), whereas cathodal tDCS was associated with an increase 

in the amount of slow RTs resulting in a rightward skew of the RT distribution (Fig. 2A). 
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Thus, despite the fact that pretest RTs were significantly different across sessions, the 

polarity of tDCS was predictive of the change in RT.

The RT results presented above thus suggest that tDCS applied over the region of the SMA 

affected the neural excitability of networks mediating either the level of response preparation 

or the rate of activation increase related to response initiation. An accumulator model of 

movement preparation and initiation (e.g., [40]) along with the results from the SAS trials 

may be used to dissociate between these possibilities. The model presented in Fig. 4 depicts 

a schematic representation of mean cortical activation related to motor preparatory processes 

[solid lines; akin to the activation level in spikes/s, described by [47], whereby activation is 

built up between the warning cue and estimated “go” signal. Activation is then maintained 

(with a slight increase as foreperiod ages) at some level below the threshold at which the 

release of the movement is triggered (Fig. 4, “go”). Normal initiation-related activity is 

depicted with dotted lines that build to surpass the threshold required for movement 

triggering. By modulating excitability via tDCS, the change in SMA activity could have 

affected the level of motor preparation (Fig. 4A) through facilitation (anodal tDCS, black/

red) or suppression (cathodal tDCS, light gray/blue) of the maintained activation level in 

control (dark gray). This would result in a change in the amount of activation (and thus time) 

required to initiate the response. Conversely, a change in SMA activity may have affected 

initiation time by changing the rate at which initiation-related activity was built up, thus 

leading to changes in the amount of time required to surpass threshold (Fig. 4B). Note that 

either of these possibilities would result in effects on RT similar to those reported here (note 

that there is no reason that tDCS could not have affected both processes). However, we argue 

that the SAS trial early voluntary response incidence results provide some evidence that 

tDCS applied over the SMA predominantly affected the level of motor preparatory activation 

with respect to initiation threshold (as shown in Fig. 4A). In Fig. 4, the startle-related 

response initiation trigger is represented as a steep initiation activation occurring after the 

SAS but prior to the normal initiation (the probability of the startle activation reaching the 

required threshold to trigger the action is represented by darkness of the line at the point it 

crosses threshold). This model predicts no differences in the incidence of startle triggering if 

SMA modulation led only to changes in the rate of initiation-related processes (Fig. 4B). In 

contrast, the model predicts that if cathodal tDCS led to a decreased level of maintained 

preparatory activation, a corresponding decrease in probability of the startle eliciting the 

response would be observed (Fig. 4A). Moreover, it would be predicted that if the incidence 

of triggering was already near maximal in pretest, anodal tDCS would have little to no effect 

on incidence. The “early response” incidence data observed in the current experiment (Fig. 

3) showed that following anodal tDCS there was no change in the incidence of early 

responses observed. In addition, as the incidence was similar to that seen in the sham group, 

this suggests that the response triggering effect of startle had likely reached a “ceiling.” In 

contrast, following anodal tDCS, there was a significant drop in early response triggering by 

startle. Together, these data are consistent with the predictions of a model suggesting that 

that modulation of SMA excitability had a greater effect on motor preparatory activation 

level with respect to some initiation threshold. Finally, regardless of stimulation polarity, if 

the SAS elicited an early response, premotor RT was significantly shorter than in non-SAS 

trials (Fig. 1D–F), and always reflected the intended, targeted movement (see [30,48]). Also, 
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because no differences in SAS trial RT were observed between pretest and post-test for 

either stimulation polarity, this suggests that tDCS did not have an effect on the time taken 

for the startle to trigger the response, and that tDCS likely had no effect on the fast-

conducting response initiation pathways that mediate the early release of movement by a 

SAS.

The mechanisms by which tDCS administered over SMA might affect motor preparation are 

not currently clear. Application of direct current stimulation to the scalp surface in humans is 

presumed to lead to excitability changes in the neural tissue underlying the active electrode 

through direct polarizing effects on the resting membrane potential. Using TMS measures, 

changes in cortical excitability have been demonstrated following tDCS over primary motor 

cortex [25,49] and premotor cortex [50]. Anodal stimulation is considered to lead to a short 

term tonic depolarization, while cathodal stimulation leads to tonic hyperpolarization 

[25,51,52]. Longer duration modulation of membrane polarization is thought to result from 

changes to NMDA receptor efficacy [53]. Changes in SMA activity may have influenced 

preparatory-related activation via basal ganglia-thalamocortical pathways [54]. This may 

explain why reduced SMA activity seen in patients with Parkinson’s disease often leads to a 

reduced capacity to initiate movement and movement slowness [55]. Alternatively, tDCS 

over SMA may have affected motor preparation via alterations in the efficacy of the 

reciprocal cortico-cortical connections with M1 [20,56] or corti-cospinal projections to 

interneurons in the intermediate zone and motor neurons in the ventral horn of the spinal 

cord [20,57,58]. In addition, we cannot discount the possibility that the effects we observed 

were mediated by current spread to other regions involved in movement preparation such as 

dorsolateral prefrontal cortex, dorsal premotor cortex, or even primary motor cortex 

although this is less likely.

5. Conclusion

In summary, the present results show that following the application tDCS over the region of 

the SMA, polarity-specific functional changes were observed in motor behavior lasting up to 

40 min. We argue that by affecting excitability of the SMA, motor activation related to the 

preparation of motor responses was likely enhanced or degraded by anodal or cathodal 

tDCS, respectively. These results show that not only can tDCS influence cortical excitability, 

but these changes can result in functional effects related to the production of motor 

responses.
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HIGHLIGHTS

• Voluntary reaction time was examined following offline tDCS of SMA.

• A loud, startling acoustic stimulus was used as a secondary index of preparation.

• Anodal tDCS resulted in significantly faster reaction times.

• Cathodal tDCS led to slowed reactions and decreased response triggering by 

startle.
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Fig. 1. 
Mean (±SE) premotor reaction time (PMRT) observed for each tDCS polarity between 

blocks and auditory stimulus type (gray/blue = cathodal stimulation; black/red = anodal 

stimulation; white circles/dashed lines = sham stimulation). Panels A–C show PMRT 

observed in control trials, while panels D–F show PMRT observed in trials where a startling 

acoustic stimulus (SAS) was presented. Panels C and F show PMRT difference compared to 

pretest for anodal, cathodal, and sham stimulation. Panels A, B, D, and E show absolute 

PMRT for active tDCS sessions (significant PMRT differences of p < .05 between pretest 
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and post-tests are marked with *). (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.)
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Fig. 2. 
Distributions of premotor reaction time (RT) observed in a single representative participant. 

Panel A shows the percentage of RTs falling within each 5 ms bin for post-cathodal tDCS 

blocks (light gray/blue) compared to the associated pretest (dark gray). Panel B shows the 

percentage of RTs falling within each 5 ms bin for post-anodal tDCS blocks (light gray/red) 

compared to the associated pretest (dark gray). (For interpretation of the references to color 

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

Carlsen et al. Page 17

Behav Brain Res. Author manuscript; available in PMC 2016 May 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Incidence of early responses observed following presentation of a startling acoustic stimulus 

observed for each active tDCS polarity (gray/blue = cathodal stimulation, black/red = anodal 

stimulation) in pretest (dashed lines) vs. post-test blocks (solid lines). Panel A shows 

boxplots indicating median values (thick line) along with inter-quartile ranges between 

collapsed pretest blocks and collapsed post-test blocks. Mean is indicated by filled square, 

whiskers indicate + 1 SD from mean, and minimum ▼ as well as maximum ▲ observed 

values are also provided. Panel B is mean (±SE) incidence separated by post-tDCS testing 
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block. * p < .05. pre = pretest; post = post-test; c− = cathodal; a+ = anodal. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.)
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Fig. 4. 
Schematic model of preparation and initiation-related neural activity with respect to a fixed 

threshold (horizontal dashed line) occurring with increasing time after a warning signal (“get 

ready”). Mean activation related to preparation is represented by solid lines, while activation 

related to initiation following a “go” signal is represented by dotted lines. Dark gray = 

activation in pretest. Black/red = activation following anodal tDCS. Light gray/blue = 

activation following cathodal tDCS. Fading grayscale lines represent activation in response 

to a startling acoustic stimulus (SAS), and the probability of the activation reaching a given 
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amplitude is represented by the darkness of the gradient at that amplitude (darker = higher 

probability of seeing activation at that level). Panel A shows expected differences in 

response time and early response incidence if tDCS affected level of preparatory activation. 

Panel B shows expected differences if tDCS affected rate of initiation activation. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.)
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