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Abstract

Volition and sense of agency are two primary components of a voluntary or internally gener-

ated movement. It has been shown that movement selection cannot be altered without inter-

fering with the sense of volition using single pulse transcranial magnetic stimulation over the

primary motor cortex. In the current study, we aimed at examining whether modulating the

cortical excitability of the final effector in the voluntary motor pathway—the primary motor

cortex, using transcranial direct current stimulation (tDCS) would alter movement selection.

Our hypothesis was that anodal tDCS would increase motor cortical excitability and thereby

decrease the threshold for movement execution, which could favor selection of the contra-

lateral hand. We recruited 13 healthy adults to perform a movement selection task involving

free-choice and externally-cued trials while applying real/sham tDCS in a C3-C4 dual-hemi-

spheric electrode montage. Contrary to our hypothesis, we did not observe any effect of

tDCS on movement selection either at the individual or group level. However, our data con-

firms the strong preference of right-handed individuals for the dominant right hand. We also

found higher reaction time for internally generated movement compared to externally trig-

gered movement. We therefore conclude that movement selection cannot be influenced at

the level of primary motor cortex and that brain areas upstream of the primary motor cortex

in the voluntary motor pathway may be possible targets for influencing movement selection.

Introduction

Of the several key functions of the brain, the foremost is to produce movement. Movement

may be either voluntary or involuntary. What differentiates the two is the sense of “volition” or

an intention to move that is associated with the former and consequently a “sense of agency”

where one believes that he/she is responsible for the action [1, 2]. The consciousness of volition

is fundamental to the experience of healthy adult humans [3]. Voluntary movements can be

internally generated or externally triggered. For internally generated movements, motor drive

or an intention to move is initiated at the subcortical and prefrontal brain regions, which are

further facilitated or inhibited by decisions made at other frontal areas such as the pre-
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supplementary motor area and dorsolateral prefrontal cortex. Once the decision to move is

made, the movement is planned by the premotor cortex, and finally executed by the primary

motor cortex. If the execution of the movement results in perceptual feedback from the parietal

cortex that matches with the initial motor intention, then sense of agency is generated and the

movement is perceived as “voluntary” [1, 4]. This voluntary motor pathway is described in Fig

1 (reproduced from Hallett, 2016). However, our knowledge about the neural processes under-

lying volition and sense of agency is still limited. Nevertheless, considering its implications in

the pathophysiology of neuropsychiatric disorders such as schizophrenia, functional move-

ment disorders, tics and alien hand syndrome, it becomes important to understand the physi-

ology of volition and explore methods to modulate voluntary behavior.

Few studies have investigated if movement selection out of free will can be altered using sin-

gle pulse transcranial magnetic stimulation (TMS) over the primary motor cortex (M1) [5–7].

They hypothesized that since M1 was responsible for the final execution of the planned volun-

tary movement, any intervention at the level of M1 should change the pre-planned movement

and thereby alter movement selection without affecting the sense of volition. Although the two

initial studies demonstrated that it was possible to alter movement selection by a single TMS

Fig 1. Voluntary motor pathway (reproduced from Hallett, 2016) illustrates the voluntary motor pathway depicting
the involvement of the parieto-frontal network in both volition and sense of agency.

https://doi.org/10.1371/journal.pone.0226103.g001
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pulse delivered over M1 [5, 6], later Sohn et al [7] used improved and blinded experimental

paradigms to disprove the same. A single TMS pulse might not have been timed appropriately

or it did not modulate the excitability of the underlying cortex so as to influence movement

selection. The earliest study by Ammon and Gandevia [5] also used low intensity direct cur-

rent stimulation, but failed to show any effect on movement selection. The field of transcranial

direct current stimulation (tDCS) has evolved much since then and we can now say that the

intensity used by Ammon and Gandevia was far too small to have been effective. However,

their idea to use tDCS to modulate motor cortical excitability to influence movement selection

has not been properly investigated.

In the current study, we aimed to investigate the effect of tDCS over the primary motor cor-

tex (M1) on movement selection. For this, we used a simple movement selection task similar

to that used in past studies [5–7] and examined the hand preference of healthy adults after

applying real or sham tDCS. We hypothesized that anodal tDCS over M1 would increase the

cortical excitability of the underlying cortex and thereby enhance the subject’s preference to

move the contralateral hand. Our expectation was that anodal tDCS over C3 would increase

the underlying cortical excitability and consequently the probability of the subject to move the

right hand, which should be reflected as an increase in right hand preference.

Materials andmethods

We recruited 13 healthy adult volunteers (mean age ± SD = 38 ± 13 years; 7 females) for this

study from the NINDS database. All subjects were right-handed as assessed by the Edinburg

Handedness Inventory [8] and gave written informed consent prior to participation in the

study. The study was approved by the institutional review board for NINDS and conformed to

the guidelines of the Declaration of Helsinki.

The participants were seated comfortably on a chair with both their elbows flexed to about

90˚, forearms pronated and hands resting on a table just in front of them. They were asked to

fixate at the center of a computer screen placed approximately a meter away. Surface Ag-AgCl

electrodes were placed over bilateral extensor indices muscles to record EMG. EMG data was

collected, amplified 1000 times, bandpass filtered (20Hz– 2kHz) using Neuropack-2300

(Nihon Kohden, Japan), digitized using CEDmicro1401 at a sampling rate of 2KHz and stored

for offline analysis using Signal version 5.02 (Cambridge electronic Design, Cambridge, UK).

Experimental paradigm

The experiment was comprised of 4 blocks of which the polarity of the electrode over C3 in

2 blocks was anodal and 2 blocks was cathodal. The order of the polarity was randomized

across subjects. Each block had a set of 96 trials with 64 (two-thirds) free-choice and 32 (one-

third) externally-cued trials. Each trial lasted for approximately 6–7.5s. For the externally-cued

trials, an arrow appeared at the center of the screen pointing either left or right. The subjects

moved the index finger of the hand corresponding to the direction of the arrow. During the

free-choice trials, an upward directed arrow appeared on the screen and the subjects were

instructed to extend the index finger of either hand at their choice. They were instructed to

make a completely random choice of which hand to move and to not follow any specific order

or sequence. We also instructed them that they should also try not to make a choice based on

their choices in the previous trials. At the end of the experiment, we asked them what strategy

they had used to make their choices. Later, during offline analysis, we visually inspected the

results to confirm that there was no specific sequence or pattern in the responses, which was

the only evidence supporting the idea that the participants’ responses were more or less

random.

Influence of tDCS on movement selection
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A pair of wet sponge-covered rubber electrodes (5x5 cm2) generating a current density of

6x10-3 μA/mm2 were placed over bilateral primary motor cortices (C3 and C4 of 10–20 EEG

system). One electrode was placed over C3 (left primary motor cortex) and the other electrode

was placed over C4 (right primary motor cortex). This dual-hemisphere electrode montage is

known to cause greater improvement in motor performance compared to uni-hemisphere

stimulation [9]. We used this montage aiming to simultaneously increase cortical excitability

of one M1 and decrease that of the other M1, thereby enhancing the expected effect size. A

constant current of 1.5mA was applied (neuroConn DC-Stimulator Plus, neuroConn GmbH,

Ilmenau, Germany) during the active stimulation trials.

In each block of the experiment, there were equal number of free-choice trials that received

sham (32) and real (32) tDCS stimulation. Since we were only interested in determining the

impact of tDCS on movement selection, we used only the 64 free-choice trials in every block

for analysis. Applying tDCS during externally-cued trials would only have prolonged the dura-

tion of the experiment and further decreased the attention levels of the subjects. In order to

limit the number of trials, we used the externally-cued trials for ramping up and ramping

down the current. The current was ramped up/down over 6s. Thus, no constant current was

delivered during externally-cued trials.

We were technically limited by the minimum duration for which the stimulator would

deliver current. The stimulator we used could not deliver current for a duration less than 15s.

Hence, we organized every block into 16 tDCS sub-blocks and 16 sham sub-blocks. Each tDCS

sub-block included 4 trials - 6s of ramping up, 15s of real anodal/cathodal tDCS stimulation

and 6s of ramping down. As mentioned earlier, the ramping up and ramping down were

always set to be externally-cued trials. The stimulation duration of 15s accommodated 2 free-

choice trials, each lasting 7.5s. Each sham sub-block included 2 free-choice trials, each lasting

7.5s when no current was delivered. The 2 sub-blocks occurred in a completely random order.

The task was programmed using Presentation1 software (Neurobehavioral Systems, Berkeley,

CA, USA). The software completely randomized the order of the sub-blocks and also triggered

the stimulator in synchrony with the respective visual stimulus at precisely set timings. The

stimulation protocol is illustrated in Fig 2. The polarities of the electrodes were changed for

each experiment block and this order was also randomized across subjects. The investigators

were aware of the polarity of stimulation (anodal or cathodal) in a certain experimental block.

However, they did not view the display on the stimulator during the course of the experiment.

Since the tDCS and sham stimulation sub-blocks occurred in a random order, they were also

blinded and were not able to predict the stimulation for the upcoming trial. The subjects were

unaware of both the polarity of electrodes as well as whether a specific trial involved sham or

real stimulation. At the end of the experiment, all subjects reported that they felt the stimula-

tion at about the same intensity throughout the session. Therefore, both the investigators and

subjects were completely blinded to the stimulation making our results more reliable.

Data analysis

The data from 3 subjects were not used for analysis since they did not follow the instructions

correctly. They had either followed a specific sequence or had made choices depending on the

previous externally cued trial. All the remaining subjects said that their choices were random

and that they did not think of any specific strategy. From the EMG data of the remaining 10

subjects, we extracted the anodal, cathodal and sham free-choice trials and noted which hand

was moved for each trial. We had 64 trials with anodal and 64 trials with cathodal tDCS over

C3. There were also an equal number of sham trials for each polarity. The data were visually

inspected for any specific pattern or sequence. Less than 5 trials per subject were discarded
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because the subjects either did not respond or moved both hands. Then, the preference for

right hand was calculated as the ratio of the number of trials with right hand responses to the

total number of valid responses and expressed as percentage.

Right hand preference = 100�RH/(RH+LH)

(RH indicates number of free-choice trials with right hand movement; LH indicates num-

ber of free-choice trials with left hand movement).

We also calculated the reaction times for each condition (anodal/cathodal/sham) for com-

parison. We defined reaction time as the time period from the display of the arrow on the

screen to the onset of activity on the subject’s EMG recording.

IBM SPSS Statistics v22 was used for our statistical analysis. A one-way ANOVA with right

hand preference as dependent factor and stimulation (3 levels: anode; cathode; sham) as inde-

pendent factor was performed. Additionally, owing to the high inter-individual variability in

the response to tDCS (Wiethoff et al., 2014), we also examined the hand preference at the indi-

vidual subject level. We performed a Chi-square test to study the association between hand

and stimulation factors. For analyzing the reaction time data, we performed a 3x2 repeated

measures ANOVA with reaction time as the dependent variable and stimulation (3 levels:

anode; cathode; sham) and hand (2 levels: right; left). Additionally, we also performed a 2x2

repeated measures ANOVA on sham trials to look for differences in reaction times between

externally-cued and free-choice trials. We included only free-choice trials with sham stimula-

tion for comparing reaction times since there was no constant current delivered during the

externally-cued trials. For this, we used condition (2 levels: externally-cued; free choice)

and hand (2 levels: right; left) as independent variables. The data were verified for sphericity

and Greenhouse Geisser correction was applied wherever necessary. Post-hoc pairwise

Fig 2. Illustration of the stimulation protocol. The tDCS sub-block included one externally-cued trial (ECT1), 2 consecutive free-choice trials (FCT1 and FCT2)
followed by a second externally-cued trial (ECT2). Current was ramped up over 6s duration of ECT1. A constant current of 1.5mA was delivered during FCT1 and FCT2.
This was followed by ramping down of the current over 6s during ECT2. The whole experiment consisted of 4 blocks and each block had 16 tDCS and 16 sham sub-
blocks occurring in a random order. This yielded 32 free-choice trials with anodal/cathodal tDCS; 32 free-choice trials with sham stimulation and 32 externally-cued
trials in every block.

https://doi.org/10.1371/journal.pone.0226103.g002
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comparisons were made wherever applicable and corrected for multiple comparisons using

Bonferroni method. A p value less than 0.05 was considered significant.

Results

All subjects completed the experiment without any adverse events. One-way ANOVA did not

reveal any significant effect of stimulation on right hand preference (F(2,27) = 0.495;

p = 0.615). However, we observed that the subjects preferred to move their dominant right

hand when we examined the sham trials alone. However, this preference did not reach statisti-

cal significance (paired t-test; t(9) = -2.023; p = 0.074). Individual subject data showed that 7

out of 10 subjects had a stronger preference for the dominant hand during sham stimulation.

However, only 2 out of 10 subjects (Subject 7: X2(2) = 6.393; p = 0.04 and Subject 9: X2(2) =

10.059; p = 0.007) showed significant change in their hand preference with real tDCS. See Figs

3 and 4.

Fig 3. Hand preference for the different stimulation conditions. Shows the mean preference for the right/left hand in free-choice trials across subjects (expressed as
percentage). The preference for the dominant right hand was strongest during sham stimulation than for real stimulation. Bars represent mean of hand preference
across subjects for the different stimulation conditions. Black bars = right-hand preference; Striped bars = left-hand preference. Error bars represent standard error of
mean.

https://doi.org/10.1371/journal.pone.0226103.g003
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Repeated measures ANOVA on the reaction time data did not show any significant differ-

ence among the different stimulation protocols. There was neither a significant main effect of

hand (F(1,9) = 1.206; p = 0.301) or stimulation (F(2,18) = 0.902; p = 0.423) nor a significant

interaction effect (F(2,18) = 1.9; p = 0.178). On examining the sham trials, we found significant

main effect of condition only (F(1,9) = 38.863; p<0.001). There was no significant main effect

of hand (F(1,9) = 2.090; p = 0.182) or a significant interaction effect (F(1,9) = 1.415; p = 0.265).

Further pairwise comparison revealed a significantly higher reaction time for free choice trials

compared to externally-cued trials (p<0.001). See Fig 5.

Discussion

In the current study, we hypothesized that modulating the motor cortical excitability using

tDCS would alter movement selection. On the contrary, we found that tDCS over M1 does not

influence movement selection. However, we observed a trend for preference of the dominant

right hand in our subjects. We have also reported a significantly higher reaction time for free-

choice trials compared to externally-cued trials.

Since M1 is the final effector in the voluntary motor pathways, it was speculated that

decreasing the cortical excitability of M1 would increase the threshold for movement execu-

tion and thereby alter movement selection. Accordingly, Ammon and Gandevia [5] and Bra-

sil-Neto et al [6] showed that single pulse TMS delivered to M1 could influence movement

Fig 4. Right-hand preference in free-choice trials. Shows the right-hand preference in free-choice trials expressed as percentage for individual subjects during the
different stimulation conditions. Only 2 out of 10 subjects showed significant difference in the hand preference during real vs sham stimulation (indicated by asterisks).

https://doi.org/10.1371/journal.pone.0226103.g004
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selection without disrupting the conscious perception of volition. Later, Sohn and colleagues

[7] pointed out shortcomings in the experimental protocols and with an improved study

design, failed to replicate the previous findings. They concluded that single pulse TMS over

M1 was insufficient to alter movement selection. What remained to be verified was whether

direct current stimulation over M1 could affect movement selection. Ammon and Gandevia

[5] did not observe any effect on movement selection by stimulating M1 with 0.2–0.4mA direct

current for 5s using a pair of conventional Ag-AgCl electrodes over C3 and C4. With the

recently expanding literature on tDCS, we now know that this stimulation intensity and elec-

trode size were too small to have elicited any effect [10]. Hence, we tested the same hypothesis

with the current tDCS protocol and have confirmed that movement selection cannot be altered

by modulating the cortical excitability of M1 using tDCS. That is, a voluntary movement can-

not be inhibited/facilitated by just increasing or decreasing the cortical excitability of the final

effector in the voluntary motor pathway–the M1. This indicates that intervention might be

needed at a higher level to alter movement selection–probably at the motor planning areas–the

premotor cortex or pre-supplementary motor area or may be even higher—the prefrontal cor-

tex [1, 11]. Further studies are warranted to confirm this hypothesis. Several functional MRI

Fig 5. Reaction time for externally-cued versus free-choice trials. Shows the mean reaction time across subjects for the right and left hands in externally-cued and
free-choice trials. Both hands had similar reaction times which was higher for free-choice trials than for externally-cued trials. Bars represent mean reaction time for
each hand and condition. Black bars = externally-cued trials; Striped bars = free-choice trials. Error bars represent standard error of mean. Asterisks indicate p<0.05.

https://doi.org/10.1371/journal.pone.0226103.g005
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studies have shown that internally generated movements are specifically represented in the

prefrontal, premotor, posterior parietal brain regions and most importantly the anterior cingu-

late cortex [11, 12]. Although the association of these brain regions in movement selection and

execution is well-known, a causative role is yet to be established. Non-invasive brain stimula-

tion protocols could be helpful in determining such causal associations.

Our results also show that there is a slight bias in subjects towards choosing their dominant

hand. This reiterates the strong preference that right-handed individuals have for their domi-

nant hand [13, 14]. We also observed that this preference for the dominant hand was lost in

both cathodal and anodal tDCS conditions. It is likely that the small sample size was not ade-

quate to observe a statistically significant difference. Hence, a follow-up study with larger sam-

ple size will be needed to confirm this preliminary finding. Post hoc power analysis revealed

that such a study would require a sample size of 23 to achieve a power of 80% and a level of sig-

nificance of 0.05 for detecting the effect size and assuming the standard deviation observed in

our study.

We also found that neither anodal nor cathodal tDCS affected the reaction time of the vol-

untary movement. Nevertheless, we have revealed a clearly higher reaction time of approxi-

mately 70ms involved in generating a freely chosen movement as opposed to an externally

triggered movement. This longer reaction time may be attributed to the higher cognitive load

associated with movement selection that involve the prefrontal and parietal regions and their

basal ganglia networks [15]. This finding is consistent with our plan that in our study, the

movements were more likely to be generated after a decision process in the free-choice trials.

A potential limitation of the current study is that we did not obtain an objective measure of

modulation of motor cortical excitability such as motor evoked potential amplitude. Hence,

the effectiveness of tDCS that was delivered may be challenged; however, we know frommany

previous studies that the amplitude of the current used in our experiments is effective [16].

The current was delivered for a “short” time, but there should be no delay in the presumed

mechanism of modifying the membrane potential. On the other hand, we would also like to

point out that although the dual-hemispheric montage has been shown to have significant

after-effects on cortical excitability following several minutes of stimulation [9], there are no

studies that have examined the effect of “short duration” stimulation using this montage. Fur-

ther, Nitsche and Paulus [10] have shown that with this montage and with 4s stimulation given

every 10s, there was no change in cortical excitability. Other confounding factors that should

considered are (A) the cumulative effect of several short repetitive segments of tDCS applied

within a single block and (B) the effect of consecutive or alternating blocks of anodal or cath-

odal tDCS during the course of the experiment. Measuring the cortical excitability before and

after each block would have helped to eliminate these factors. The small sample size of the

study could be another limitation but our results are very clear even at the individual subject

level so there is no reason to think that a higher sample size would have helped.

In conclusion, movement selection cannot be altered by modulating the cortical excitability

of the primary motor cortex. That is, it may not be possible to alter deliberative movement

selection at the level of motor execution. Hence, we think that the primary motor cortex may

not be the most appropriate target for therapeutic neuromodulatory protocols in patients with

disorders of choice. Further studies are needed to examine if brain areas upstream of M1 in

the voluntary motor pathway could be externally modulated during the process of movement

selection.

Author Contributions

Conceptualization: Nivethida Thirugnanasambandam, Mark Hallett.

Influence of tDCS on movement selection

PLOSONE | https://doi.org/10.1371/journal.pone.0226103 December 12, 2019 9 / 11

https://doi.org/10.1371/journal.pone.0226103


Data curation: Nivethida Thirugnanasambandam, Felix G. Contreras-Castro.

Formal analysis:Nivethida Thirugnanasambandam, Felix G. Contreras-Castro.

Funding acquisition:Mark Hallett.

Investigation: Nivethida Thirugnanasambandam, Felix G. Contreras-Castro.

Methodology: Nivethida Thirugnanasambandam, Felix G. Contreras-Castro.

Project administration:Mark Hallett.

Resources:Mark Hallett.

Supervision:Mark Hallett.

Writing – original draft:Nivethida Thirugnanasambandam.

Writing – review & editing: Felix G. Contreras-Castro, Mark Hallett.

References
1. Hallett M. Physiology of free will. Annals of neurology. 2016; 80(1):5–12. Epub 2016/04/05. https://doi.

org/10.1002/ana.24657 PMID: 27042814; PubMed Central PMCID: PMCPMC4938720.

2. Hallett M. Volitional control of movement: the physiology of free will. Clinical neurophysiology: official
journal of the International Federation of Clinical Neurophysiology. 2007; 118(6):1179–92. Epub 2007/
05/01. https://doi.org/10.1016/j.clinph.2007.03.019 PMID: 17466580; PubMed Central PMCID:
PMCPMC1950571.

3. Fried I, Haggard P, He BJ, Schurger A. Volition and Action in the Human Brain: Processes, Pathologies,
and Reasons. The Journal of neuroscience: the official journal of the Society for Neuroscience. 2017;
37(45):10842–7. Epub 2017/11/10. https://doi.org/10.1523/jneurosci.2584-17.2017 PMID: 29118213;
PubMed Central PMCID: PMCPMC5678016.

4. Kranick SM, Hallett M. Neurology of volition. Experimental brain research. 2013; 229(3):313–27. Epub
2013/01/19. https://doi.org/10.1007/s00221-013-3399-2 PMID: 23329204; PubMed Central PMCID:
PMCPMC4744643.

5. Ammon K, Gandevia SC. Transcranial magnetic stimulation can influence the selection of motor pro-
grammes. Journal of neurology, neurosurgery, and psychiatry. 1990; 53(8):705–7. Epub 1990/08/01.
https://doi.org/10.1136/jnnp.53.8.705 PMID: 2213050; PubMed Central PMCID: PMCPMC488179.

6. Brasil-Neto JP, Pascual-Leone A, Valls-Sole J, Cohen LG, Hallett M. Focal transcranial magnetic stimu-
lation and response bias in a forced-choice task. Journal of neurology, neurosurgery, and psychiatry.
1992; 55(10):964–6. Epub 1992/10/01. https://doi.org/10.1136/jnnp.55.10.964 PMID: 1431962;
PubMed Central PMCID: PMCPMC1015201.

7. Sohn YH, Kaelin-Lang A, Hallett M. The effect of transcranial magnetic stimulation on movement selec-
tion. Journal of neurology, neurosurgery, and psychiatry. 2003; 74(7):985–7. Epub 2003/06/18. https://
doi.org/10.1136/jnnp.74.7.985 PMID: 12810802; PubMed Central PMCID: PMCPMC1738563.

8. Oldfield RC. The assessment and analysis of handedness: the Edinburgh inventory. Neuropsychologia.
1971; 9(1):97–113. Epub 1971/03/01. https://doi.org/10.1016/0028-3932(71)90067-4 PMID: 5146491.

9. Vines BW, Cerruti C, Schlaug G. Dual-hemisphere tDCS facilitates greater improvements for healthy
subjects’ non-dominant hand compared to uni-hemisphere stimulation. BMC neuroscience. 2008;
9:103. Epub 2008/10/30. https://doi.org/10.1186/1471-2202-9-103 PMID: 18957075; PubMed Central
PMCID: PMCPMC2584652.

10. Nitsche MA, PaulusW. Excitability changes induced in the humanmotor cortex by weak transcranial
direct current stimulation. The Journal of physiology. 2000; 527 Pt 3:633–9. Epub 2000/09/16. https://
doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x PMID: 10990547; PubMed Central PMCID:
PMCPMC2270099.

11. Seghezzi S, Zirone E, Paulesu E, Zapparoli L. The Brain in (Willed) Action: A Meta-Analytical Compari-
son of Imaging Studies on Motor Intentionality and Sense of Agency. Front Psychol. 2019; 10:804.
Epub 2019/04/30. https://doi.org/10.3389/fpsyg.2019.00804 PMID: 31031676; PubMed Central
PMCID: PMCPMC6473038.

12. Brass M, Haggard P. The what, when, whether model of intentional action. The Neuroscientist: a review
journal bringing neurobiology, neurology and psychiatry. 2008; 14(4):319–25. Epub 2008/07/29. https://
doi.org/10.1177/1073858408317417 PMID: 18660462.

Influence of tDCS on movement selection

PLOSONE | https://doi.org/10.1371/journal.pone.0226103 December 12, 2019 10 / 11

https://doi.org/10.1002/ana.24657
https://doi.org/10.1002/ana.24657
http://www.ncbi.nlm.nih.gov/pubmed/27042814
https://doi.org/10.1016/j.clinph.2007.03.019
http://www.ncbi.nlm.nih.gov/pubmed/17466580
https://doi.org/10.1523/jneurosci.2584-17.2017
http://www.ncbi.nlm.nih.gov/pubmed/29118213
https://doi.org/10.1007/s00221-013-3399-2
http://www.ncbi.nlm.nih.gov/pubmed/23329204
https://doi.org/10.1136/jnnp.53.8.705
http://www.ncbi.nlm.nih.gov/pubmed/2213050
https://doi.org/10.1136/jnnp.55.10.964
http://www.ncbi.nlm.nih.gov/pubmed/1431962
https://doi.org/10.1136/jnnp.74.7.985
https://doi.org/10.1136/jnnp.74.7.985
http://www.ncbi.nlm.nih.gov/pubmed/12810802
https://doi.org/10.1016/0028-3932(71)90067-4
http://www.ncbi.nlm.nih.gov/pubmed/5146491
https://doi.org/10.1186/1471-2202-9-103
http://www.ncbi.nlm.nih.gov/pubmed/18957075
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
https://doi.org/10.1111/j.1469-7793.2000.t01-1-00633.x
http://www.ncbi.nlm.nih.gov/pubmed/10990547
https://doi.org/10.3389/fpsyg.2019.00804
http://www.ncbi.nlm.nih.gov/pubmed/31031676
https://doi.org/10.1177/1073858408317417
https://doi.org/10.1177/1073858408317417
http://www.ncbi.nlm.nih.gov/pubmed/18660462
https://doi.org/10.1371/journal.pone.0226103


13. Gonzalez CL, Ganel T, Goodale MA. Hemispheric specialization for the visual control of action is inde-
pendent of handedness. Journal of neurophysiology. 2006; 95(6):3496–501. Epub 2006/02/24. https://
doi.org/10.1152/jn.01187.2005 PMID: 16495359.

14. Gonzalez CL, Whitwell RL, Morrissey B, Ganel T, Goodale MA. Left handedness does not extend to
visually guided precision grasping. Experimental brain research. 2007; 182(2):275–9. Epub 2007/08/
25. https://doi.org/10.1007/s00221-007-1090-1 PMID: 17717653.

15. Lewis PA, Miall RC. Distinct systems for automatic and cognitively controlled timemeasurement: evi-
dence from neuroimaging. Current opinion in neurobiology. 2003; 13(2):250–5. Epub 2003/05/15.
https://doi.org/10.1016/s0959-4388(03)00036-9 PMID: 12744981.

16. Woods AJ, Antal A, Bikson M, Boggio PS, Brunoni AR, Celnik P, et al. A technical guide to tDCS, and
related non-invasive brain stimulation tools. Clinical neurophysiology: official journal of the International
Federation of Clinical Neurophysiology. 2016; 127(2):1031–48. Epub 2015/12/15. https://doi.org/10.
1016/j.clinph.2015.11.012 PMID: 26652115; PubMed Central PMCID: PMCPMC4747791.

Influence of tDCS on movement selection

PLOSONE | https://doi.org/10.1371/journal.pone.0226103 December 12, 2019 11 / 11

https://doi.org/10.1152/jn.01187.2005
https://doi.org/10.1152/jn.01187.2005
http://www.ncbi.nlm.nih.gov/pubmed/16495359
https://doi.org/10.1007/s00221-007-1090-1
http://www.ncbi.nlm.nih.gov/pubmed/17717653
https://doi.org/10.1016/s0959-4388(03)00036-9
http://www.ncbi.nlm.nih.gov/pubmed/12744981
https://doi.org/10.1016/j.clinph.2015.11.012
https://doi.org/10.1016/j.clinph.2015.11.012
http://www.ncbi.nlm.nih.gov/pubmed/26652115
https://doi.org/10.1371/journal.pone.0226103

