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1 | INTRODUCTION
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Abstract

The majority of human activities show a trade-off between movement speed
and accuracy. Here we tested 16 participants in a quick pointing action after
20 minutes (2 mA) of transcranial direct current stimulation (tDCS) delivered
at the supplementary motor area in a single-blind crossover design study for
testing the feedforward components in the control of action. tDCS stimuli were
delivered in three randomized sessions of stimulations as anodal, cathodal and
sham as a control. The task performed pre- and post-tDCS stimulation, was to
point as fast and as precise as possible with the big toe to targets having differ-
ent sizes (2 and 8 cm; Width) and positioned at different distances (20 and
60 cm; Distance). An optoelectronic motion capture system was used to col-
lect the kinematics of movement. The result indicates that individuals after
receiving anodal stimulation decreased their movement time and increased
their movement speed, while the opposite happened after receiving a cathodal
stimulation. The scarcity of studies in this area invites us to plan a research
that aims at the trade-off especially in the clinical settings.
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Charvet et al., 2020). tDCS is considered a non-invasive
intervention that induces changes in the excitability of

Transcranial direct current stimulation (tDCS) is a neuro-
modulatory technique that has been increasingly studied
for its potential use as a clinical tool (Brunoni et al., 2012;

Abbreviations: D, distance; Hz, Hertz; M1, primary motor cortex; MT,
movement time; SD, standard deviation; SMA, supplementary motor
area; tDCS, transcranial direct current stimulation; TMS, transcranial
magnetic stimulation; W, target.

Thomas Zandonai, Matteo Bertucco and Paola Cesari equal
contribution.

the human cortex by delivering weak direct electrical cur-
rents through the scalp via two electrodes placed on the
head. These changes depend on the current flow that can
increase or decrease neuronal excitability. Indeed, the
mechanisms are electrode-dependent and involve either:
(a) membrane depolarization (anodal stimulation
increases excitability); or (b) membrane hyperpolarization
(decreased by cathodal stimulation; Filmer et al., 2014).
Despite the growing number of studies (Lucena
et al., 2019), findings about tDCS effects on motor control
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are limited. While a recent meta-analysis (Baharlouei
et al.,, 2020) indicated that anodal tDCS improves both
static and dynamic balance in healthy participants,
recently the attention on tDCS related more in studies
that induce changes in the motor activity as a function of
targeted brain areas (Morya et al., 2019). For instance,
interest might be devoted in stimulating the premotor
and the supplementary motor area (SMA) for studying
action planning including gait movements (Jacobs
et al., 2009). SMA is involved in movement preparation
as supported by its activation before movement execution
particularly for movements that are internally generated
rather than triggered by sensory events (Jacobs
et al., 2009). Because SMA plays a major role in pre-
planning movements, in this study we are interested to
reveal whether modulating its activity via tDCS can lead
to polarity-specific changes resulting in functional effects
related to the production of motor responses (Carlsen
et al., 2015). So far, few studies have investigated the
effects of tDCS on SMA. A study aimed to examine the
role of the SMA in planning the movements required to
complete reaction time, balance and pegboard tasks using
anodal tDCS stimulation for 3 days. During administra-
tion of tDCS, participants performed a balance task sig-
nificantly faster than controls (no tDCS administration).
After tDCS, subjects significantly decreased their reaction
time. Findings evidenced that the SMA is highly involved
in planning and executing fine and gross motor skill
tasks, and that tDCS is an effective modality for increas-
ing SMA-related performance on these tasks (Hupfeld
et al., 2017). Furthermore, Manji et al. (2018) investigated
the effect of combined therapy body weight-supported
treadmill training and tDCS on gait function recovery of
stroke patients. Thirty stroke patients were recruited. The
facilitative effects of tDCS on SMA possibly improved
postural control during exercise, and efficacy rehabilita-
tion training in gait after stroke (Manji et al., 2018).

As shown up to now, tDCS has been applied mainly for
testing body posture and locomotion, interestingly fast and
accurate movements were never considered. Indeed, action
preparation is strongly involved when the task requires the
speed—accuracy trade-off in action performance. For these
movements, brain excitation and inhibition are fundamental
in controlling limb acceleration and deceleration for then
hitting the target. Already several studies sustain the dor-
somedial parieto-frontal pathway involvement in visuomo-
tor transformation for step-tracking movements performed
to reach targets positioned in different directions and at dif-
ferent distances in space (Fabbri et al., 2012; Messier &
Kalaska, 2000). Interestingly, movement direction and
amplitude are processed differently with distinct timing and
within different cortical areas. In particular, virtual disrup-
tion of the medial intraparietal area led to error in the initial

direction of movements, while virtual disruption of the dor-
sal premotor cortex and SMA intervened in movement
amplitude (Davare et al., 2015; Fabbri et al., 2012).

In behavioural studies the trade-off between action speed
and precision is directly related with the amount of move-
ment displacement and inversely related with the precision
required defined by the target sizes (Bertucco et al., 2013;
Bertucco & Cesari, 2010). For these movements, brain exci-
tation and inhibition are fundamental in controlling limb
acceleration and deceleration for correctly hitting the target.

Interestingly, Horvath and colleagues in a general
review evidenced how the only reliable neurophysiologi-
cal effect produced by tDCS, among many considered,
was related to the motor-evoked potential amplitude
measures, reinforcing the interest and the specificity in
testing action performance (Horvath et al., 2015). More-
over, the authors underlined the presence of a huge per-
centage (almost 80%) of tDCS studies that lack the
presence of an important control condition such as sham
(Horvath et al., 2015). Consequently, the main aim of the
study was to evaluate the effects of anodal and cathodal
and sham tDCS applied on SMA before individuals per-
form fast and accurate lower leg movements.

The task was to point with the big toe to two targets hav-
ing different sizes and positioned at two different distances.
Accuracy was highly required, so that trials where targets
were over or under shoot were not considered. In order to
accomplish this complex task hitting correctly the target by
applying high movement speed, a pre-programmed action is
highly required (Bertucco & Cesari, 2010). Our main
hypothesis was that after receiving anodal tDCS stimulation,
participants will decrease their movement time (MT) while
the opposite will happen after receiving a cathodal stimula-
tion. We were expecting no effect after a sham stimulation.
For movement speed, we were expecting an increase of
movement speed after anodal stimulation, a decrease of
movement speed under cathodal stimulation, and no
change of movement speed after sham stimulation.

2 | EXPERIMENTAL PROCEDURES

2.1 | Participants

Sixteen participants (8 males, 8 females) with mean age:
241 + 3.5 years with no sensory or motor dysfunctions
were recruited among the students at the School of Sport
and Exercise Science, at the University of Verona. Partici-
pants read and signed an informed consent form before par-
ticipating in the experiments. The Ethics Committee of the
Department Neuroscience, Biomedicine and Movement Sci-
ences approved this single-blind crossover design study
research. The ethical principles in the Declaration of
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Helsinki were applied, and the protocol was executed in
accordance with safety procedures for non-invasive brain
stimulation (Fregni et al., 2015; Poreisz et al., 2007).

The exclusion criteria were the presence of sensory or
motor dysfunctions, symptomatic cardiopathy and meta-
bolic disorders such as obesity (body mass index > 30
kg m ). Another exclusion criterion was the presence
of implanted metal devices (e.g. pacemakers, metal
plates, wires).

2.2 | Apparatus

The experimental set-up was composed of an eight-infra-
red-emitting-cameras motion capture system (MX 13,
VICON, Oxfordshire, UK) equipped with retro-reflective
markers. The system sampling frequency was 250 Hz.
Reflective markers were positioned on the following bony
markers bilaterally: heel and big toe. Participants were
positioned such that the lower limb movement was aligned
with the x-directions of the local coordinate system.

A battery-powered DC stimulator (Newronika S.r.,
Milan, Italy) delivered through a saline-soaked pair of
surface sponge electrodes (5 x 5 cm) was used for
stimulation (Holgado et al., 2019).

2.3 | Procedures

Participants were enrolled in the experiment with three
randomized ordered sessions (anodal vs. cathodal and

FIGURE 1 Schematic representation of the
experimental procedure. The participants were
asked to execute a single discrete pointing task
with the lower limb toward to two different
targets (width: 2 and 8 cm) and two different
movement amplitudes (a: 20 and 60 cm) as fast
and as accurate as possible. For ease of
representation only two experimental conditions
are depicted in the figure: D: 20 cm - W: 2

cm; D:60 cm-W:8 cm

sham as a control) each at least 48 h apart to ensure a
complete wash-out of any residual tDCS effects.

In each of the three testing sessions, participants
received either the anodal or cathodal or sham stimula-
tion, following the randomization, for 20 min before
starting the task. It has been shown that tDCS effects are
greatest 10-25 min following stimulation (Kuo
et al., 2013). They performed the task before (pre-) and
after (post-) tDCS stimulation.

The task consisted of goal-directed pointing move-
ment with the tip of the big toe of the dominant leg to a
round target (width - diameter W) at a certain distance
(D) that was marked on the floor. The targets were posi-
tioned in front of the participant on a notional line pass-
ing perpendicularly to the frontal plane through the
middle of the feet position. The task was to execute a sin-
gle discrete movement. The instruction to the partici-
pants was to perform the movement “as fast and as
accurate as possible”, precision was strongly requested
such that they were asked to land with the big toe within
the boundary of the target. After pointing to the target,
participants were instructed to hold the final position for
about 1.5 s. In all, two target distances (D: 20 and 60
cm) and two target widths (W: 2 and 8 cm) were used.
Each trial started with the subject standing in the initial
position with feet parallel at waist width (the internal dis-
tance of the feet was about 15-20 cm apart; Figure 1).
The command was “when ready go”, such that partici-
pants were free to initiate toe pointing at any moment in
a self-paced manner. The distance (D) was measured
from the initial position of the big toe marker of the

:20 cm

¢--------------900
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pointing limb in the sagittal plane to the target centre.
The conditions were presented in pseudo-random order,
while the trials within a condition were blocked. The sub-
jects performed four-five practice trials prior to each con-
dition for correctly hitting the target and landing within
the target boundary. Only one error (a trial that over- or
undershot the target) was accepted per condition (maxi-
mum of 5% of error per condition over accepted trials). If
an error occurred, the subject immediately repeated the
trial. Each participant performed a total of 15 successful
trials for each condition.

24 | tDCS procedure

Direct current stimulation was delivered via two scalp
electrodes. The active electrode was saturated with sterile
saline (0.9% NaCl) and positioned 1.8 cm anterior to Cz
(measured based on the International 10-20 system for
electroencephalography), which was determined by map-
ping the centroid of the SMA based on Talairach space
onto standardized head coordinates (Jasper, 1958;
Talairach & Tournoux, 1988). This site has been previ-
ously used for SMA stimulation using tDCS (Carlsen
et al., 2015; Hayduk-Costa et al., 2013) and transcranial
magnetic stimulation (TMS; Miiri et al., 1994). The refer-
ence electrode was placed above the eyebrows in the cen-
tre of the forehead. Current was set at 2 mA and
delivered for 20 min. Subjects were blinded for stimula-
tion conditions. Indeed, for the sham, stimulation (con-
trol) was similar to the anodal and cathodal stimulation
but the device was power on while ramping up to 2 mA
then after 30 s turned off without the participant’s
awareness.

2.5 | Data analysis

Data analysis was performed using Matlab 9.6 software
(MathWorks, Inc., United States) (Natick MTMI.
MATLAB, 2018). The kinematic data were digitally low-
pass filtered at 12 Hz using a fifth-order Butterworth fil-
ter. The peak of tangential speed (PV) was calculated
from the speed profile in the anteroposterior direction
(coordinate x) of the marker on the big toe of the pointing
foot. The starting time of the movement (T,) was defined
as the instant when the tangential speed of the marker
reached 5% before the PV during that particular trial. The
end time of the movement (Ty) was defined as the time
when the tangential speed of the marker reached 5% after
the PV and remained below that threshold for at least
100 ms (Bertucco & Cesari, 2010; Duarte &
Latash, 2007). The MT was defined as the time between

T, and Ty. The marker on the big toe of the standing foot
(the foot that did not move) was monitored to ensure that
no motion had taken place. Movement amplitude was
defined as the distance between the position of the big
toe marker of the pointing foot in the anteroposterior
direction at Ty and T: Then the average speed of the
movement was defined.

2.6 | Statistical analysis

We analysed the effects of the experimental manipulation
onto two dependent measures, MT and speed, using
mixed-effect multiple regression models. Mixed-effect
multiple regression models offer several advantages over
conventional regression such as they do not assume inde-
pendence amongst observations, the ability to give unbi-
ased results in the presence of missing data, the flexible
specification of the covariance structure among repeated
measures, the generalization for non-normal data and,
finally, the greater power (Harrison et al., 2018). In par-
ticular, we were interested in taking into account the
potential large interindividual variability of the effect of
the stimulation. Therefore, the random structure of the
models included by-subject random intercepts and by-
subject random slopes for the type of stimulation. Two
participants (S07 and S13) were excluded from the analy-
sis because her/his performance was two standard devia-
tions below the mean for the MT and movement
amplitude (distance), respectively.

Each model included four fixed effects and their inter-
action: session (two levels: pre-stimulation, post-stimula-
tion), type of stimulation (three levels: anodal, cathodal,
sham), distance (two levels: 20 cm vs. 60 cm) and tar-
get width (two levels: 2 cm vs. 8 cm). The specifications
of the models are as follows.

Modelling MT < —Imer(MT ~ (stimulation + session -+ target

+ distance)* + (stimulation|subject), data)

Modelling speed < —Imer(speed ~ (stimulation + session

+ target + distance)*

+ (stimulation|subject),data)

Observations with a standardized residual at a dis-
tance greater than 2.5 standard deviations from zero
(Baayen et al., 2008) were removed (2.6% of the data for
both the time and the speed). P-values were calculated
using Satterthwaite approximations for degrees of free-
dom (Kuznetsova et al., 2017; Luke, 2017) corrected for
multiple comparisons using the Benjamini-Hochberg
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procedure (Benjamini & Hochberg, 1995). Statistical
analysis was performed using lme4 package (Bates
et al., 2015), ImerTest package (Kuznetsova et al., 2017)
and emmeans package (Lenth, 2021) in the R environ-
ment (R Core Team, 2020).

3 | RESULTS

All participants successfully performed the goal-directed
pointing movement for the two distances (D) and the two
targets (W). None of the participants reported discomfort
during the stimulations. Participants scored less than 5%
of errors for each task condition.

Considering the MT (Figure 2), the main effects of
target width (Fy4850 = 1514.23, p < 0.001) and dis-
tance (Fj 4859 = 6446.24, p < 0.001) were significant
indicating, respectively, longer MT for small compared
with large targets (M = 0.36, SD = 0.06 for 2 cm
vs. M = 0.32, SD = 0.06 for 8 cm), and longer MT
for longer compared with short distance (M = 0.30, SD

= 0.04for20 cmvs.M = 0.38,SD = 0.05 for 60
cm). Importantly, the triple interaction: stimulation X

p < 0.001), indicating that, for the long distance (60
cm), the MT was shorter in the post-session compared
with the pre-session for the anodal stimulation (f;gs9
= 219, p = 0.03), and MT was longer in the post-
session compared with the pre-session for the cathodal
stimulation (4356 = —3.49, p < 0.001), while no dif-
ference between the pre- and post-sessions was present
for the sham condition. There was a significant interac-
tion stimulation X target (Fo4gso = 1242, p <
0.001), indicating that the difference (i.e. longer time)
between the MT for the small target compared with the
large target was slightly greater for the sham than the
other two stimulations. No other significant effects were
present.

Considering movement speed (Figure 3), the main
effects of stimulation were significant (F,4857 = 5.57,
p = 0.03), indicating that, overall, action was faster in
both the anodal and cathodal stimulations compared
with the sham (M = 124.89,SD = 5797 vs. M =
12441, SD = 58.68 vs. M = 119.32, SD = 55.70,
respectively). The main effect of target width was signifi-
cant (Fy485; = 171883, p < 0.001), indicating that
action was faster for the large target compared with the

session x distance was significant (F,4gs0¢ = 8.19, small target (M = 130.96, SD = 55.01 for the 8 cm
(a) D=20cm (b) D=20cm D =60cm
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target vs. M = 114.78, SD = 51.66 for the 2 cm tar- small target during the short distance, the speed was

get). The main effect of distance was significant (F; 4gss

= 51708.90, p < 0.001), indicating that action was fas-
ter for the long distance compared with the short dis-
tance (M = 167.42, SD = 19.59 for the 60 cm
distance vs. M = 78.33, SD = 12.81 for the 20 cm
distance). The interaction between stimulation and dis-
tance was significant (F,48s5 = 18.60, p < 0.001),
indicating that, for the long distance, the speed for both
the anodal and cathodal stimulations was higher com-
pared with the sham stimulation. The interaction
between the target and the distance was significant
(Fi14857 = 71.58, p < 0.001), indicating that the dif-
ference between the large and small targets (i.e. faster for
the large) was greater for the long distance compared
with the short distance. Crucially, the stimulation
vs. session vs. distance was significant (F; 435, = 5.96,
p = 0.003), indicating that, for the large target only,
the speed was higher in the post-session compared with
the pre-session for the anodal condition, it was slower for
the cathodal condition, and there was no difference for
the sham. Finally, quadruple interaction, session
vs. stimulation vs. target vs. distance was significant
(Fa4857 = 6.79, p = 0.001), indicating that, for the

lower in the post-session compared with the pre-session
in the sham condition (f435; = 242, p = 0.02); and
for the large target in the long distance, the speed was
higher in the post-session compared with the pre-session
in the anodal condition (f;35; = —3.94, p < 0.001);
and it was lower in the post-session compared with the
pre-session in the cathodal condition (t;35; = 1.94, p
= 0.05). No other significant effects were present.

4 | DISCUSSION

Transcranial direct current stimulation (tDCS) offers a
non-invasive means by which to study the neural pro-
cesses underlying general behaviours (Filmer
et al., 2014). In this experimental study, for the first time
we investigated how tDCS could induce effects in a classi-
cal relation between movement amplitude and accuracy
in a lower limb quick pointing action. Our findings evi-
denced that tDCS application (2 mA for 20 min)
changes the motor cortex plasticity by specifically modu-
lating MT and speed when the SMA receives anodal and
cathodal stimulation.
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The protocol was similar to that of Bertucco and
Cesari (2010) in that participants were fully aware and
under control of the task difficulty: they were asked to
concentrate to the target distance and target width, to
consider the trade-off between speed and precision, and
to initiate the action at their own will when ready to
go. As such, individuals followed the expected perfor-
mance guided by the speed accuracy trade-off constrains,
showing increased movement amplitude with larger tar-
get width as the target distance and width increased
(Bertucco & Cesari, 2010; Duarte & Latash, 2007). In our
experimental condition, individuals are required to avoid
target overshooting or undershooting in order to increase
task difficulty and require a correct action pre-
programming.

Our hypothesis was that the motor system may
encode parameters related to action such as reaching dis-
tance and maximum speed. Both distance and speed
should be determined before movement particularly
when actions are required to be fast and precise, there-
fore, an increased connectivity during motor planning
may suggest processing of information related specifically
to reaching distance and speed (Yeom et al., 2020).

Our results confirmed that tDCS on SMA increase the
brain excitability on speed only through anodal stimula-
tion. This result sounds consistent as in tDCS literature
when referring to activation it is often thought that it is
mainly due to the anodal stimulation (Brunoni
et al.,, 2012; Charvet et al., 2020; Filmer et al., 2014).
Moreover, previous studies on healthy populations have
shown improvements in RT following anodal tDCS
applied over the SMA, and these changes were attributed
to the upregulation of neural structures underlying motor
response preparation and/or initiation (Carlsen
et al., 2015; Hupfeld et al., 2017). Even more, in monkeys,
firing rate in SMA was correlated with both movement
direction and movement amplitude but in particular
when considering movement amplitude, a higher firing
rate has been found to correlate with a larger limb dis-
placement (Fu et al., 1993, 1995). Fabbri and colleagues
found in humans that frontal areas, including dorsal pre-
motor cortex, ventral premotor cortex and SMA, modu-
late with movement amplitude (Fabbri et al., 2012). As
such, individuals followed the expected performance
guided by the speed accuracy trade-off constrains, show-
ing increased movement amplitude with larger target
width as the target distance and width increased
(Bertucco & Cesari, 2010; Duarte & Latash, 2007).
Indeed, in this study our findings evidenced an increase
on speed only for long distance (60 cm). However, it is
too early to reach firm conclusions about this. The major-
ity of previous studies, where an increase of motor perfor-
mance was evident, show an application of anodal tDCS

over primary motor cortex (M1), and only a few studies
have investigated whether anodal tDCS applied over the
SMA (Sadler et al., 2021).

Regarding the cathodal effects, we confirmed our
hypothesis. In fact, we have seen a decrease of movement
speed (pre- vs. post-; Figure 2), confirming a previous
study on SMA (Carlsen et al., 2015). Nevertheless, in this
study, authors used a 1.0-mA intensity, while we applied
2.0 mA. Conversely, other authors showed that 20 min
of 2.0 mA cathodal tDCS shifted cortical plasticity from
diminution to facilitation (Batsikadze et al., 2013;
Mosayebi Samani et al., 2019) or non-conclusive effects
by cathodal stimulation (Wiethoff et al., 2014) evidencing
the importance of the stimulation parameters (Jamil
et al., 2017).

The present investigation has some limitations that
need to be addressed. Firstly, our effect by tDCS to have a
strong statistical power would have required a major
sample than we recruited. Second, despite three random-
ized ordered sessions, it is possible that a learning effect
would have manifested by participants. Finally, with ref-
erence to the position of the electrodes, the tDCS effects
with respect to the stimulation area for the lower limb
are different than for the upper limb, and different areas
can be stimulated at the same time with less or more pre-
cision (Foerster et al., 2018; Patel & Madhavan, 2019;
Quiles et al., 2022). In this first study where we investi-
gated how tDCS could induce effects in a classical rela-
tion between movement amplitude and accuracy in a
lower limb quick pointing action, we cannot rule out an
effect on M1 due to a possible modulation induced by the
position of our electrodes (Foerster et al., 2018; Patel &
Madhavan, 2019; Quiles et al., 2022).

Here, we investigated how tDCS can modify a trade-
off action in the lower limb. A comparison with the liter-
ature on healthy volunteers is not feasible as most of the
studies have focused on stroke (Bai et al., 2022; Comino-
Suarez et al., 2021), multi-limb coordination (Leenus
et al.,, 2015) and Parkinson’s disease (Lee et al., 2019).
Therefore, our data must be taken with caution and con-
firmed by future studies, this anodal excitement would
open up new scenarios in medical practices that involve
brain stimulation.

In conclusion, to the best of our knowledge, this is
the first detailed study of how tDCS - under our experi-
mental conditions - effects modified the speed of move-
ment in standing human subjects during a trade-off task.
Its potential importance could be focus on gait parame-
ters in the practice of posture and gait rehabilitation
(e.g. clinical rehabilitation). To achieve this goal, future
studies should investigate how the performance in such
tasks is modified by tDCS intervention in individuals
with posture and gait impairments.
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