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with the cortical thickness in the left inferior parietal lobe (r = 0.701, p = 0.011). The other three
dimensions showed no association with cortical thickness (r = —0.335 to 0.609, ps > 0.017). However, we
did not observe any significant correlation between years of training and the score of any volitional
qualities in the athlete group (r = —0.001. to 0.372, ps > 0.05).

Figure 3. Scatter plots indicating the significant correlations between the independence scores of the
volitional qualities and cortical thickness of the left inferior parietal lobule.

4. Discussion

To the best of our knowledge, this is the first brain imaging study to identify cortical architecture
associated with volitional qualities. Our study found that STSS athletes showed better volitional
qualities than the control group. Regarding the differences in brain morphometry, the athletes group
had greater cortical thickness in the left precuneus, the left inferior parietal lobe, and the right superior
frontal lobe. The greater cortical thickness in the left inferior parietal lobe was significantly associated
with dimension independence of the volitional qualities.

As hypothesized, the behavioral results showed that athletes had better volitional qualities
relative to the controls. In addition to the total score of the volitional qualities, all dimensions,
including consciousness, independence, determination, and resilience, were significantly higher in the
athlete group compared to the control group. This result is consistent with a previous study, which also
revealed that STSS athletes scored higher in goal clarity, persistence, determination, and confidence
compared to the controls [45]. Similarly, a study on national-level professional basketball players
observed that they showed better performances in consciousness and independence than players in
other levels [46]. Nonetheless, some studies on other antagonistic sports observed that professional
players had significantly better performances in the total scores of volitional qualities but showed
different advantages in specific dimensions. For instance, a study on boxers showed a significant
correlation between competition scores and resilience in volitional qualities [47]. Moreover, another
study comparing the effect of training experience on volitional qualities showed that beach volleyball
athletes with above 15 years of training experience had better continence and resilience than those
under 15 years of training experience [48]. All these findings indicate that sports training selectively
improves the components of volitional qualities. STSS is a sport that requires the adjustment of pacing
and tactical positioning [49]. It was found that the optimal pacing strategy varies among STSS projects
of different distances. A 500-m race needs a fast start, whereas a 1500-m race has a greater emphasis
of physical exertion in the last five laps [50,51]. So, STSS athletes need to make decisions on their
own regarding how to distribute the energy and what moment to invest their energy during the race
bout [52]. Moreover, they have to keep clear goals during the competition and adhere to a chosen
strategy throughout the whole bout. Therefore, in this study, we observed that long-term professional
training might improve their mental characteristics of volitional qualities.
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The basis of volitional qualities is closely related to the sense of agency [3]. A sense of agency is
also called the sense of control, i.e., a subjective awareness of initiating, executing, and controlling one’s
own volitional actions in the world, as well as the experience of oneself as the agent of one’s own motor
acts [53]. Therefore, it is accepted that our experiences of volitional behaviors include a vivid sense of
agency [3,54,55]. Of note, dimension independence in volitional qualities is a mental construct that is
closely associated with a sense of agency, which is a mental trait that characterizes one’s tendency to
control his/her own behavior and making decisions by applying internal standards and/or objective
criteria [56]. An individual having a good sense of agency is capable of controlling their behaviors,
which is a prerequisite for volitional qualities and independence. On the other side, impairments in
the sense of agency have been reported in neurological and psychiatric disorders [57], indicating that
these patients find it difficult to control their own behaviors and present poor volitional qualities.
The athletes recruited in this study are professional athletes engaged in their career for at least ten
years and have rich experiences in dealing with difficulties in important national and international
competitions. It is believed that a sense of agency is strongest when there is a strong motivation to act
with a clear goal [58]. Although the mechanism underlying the association of sports training and the
sense of agency remains largely unclear, it has been reported that the sense of agency was improved
by listening to music in one’s daily life [59]. Hence, it is likely that long-term sports training under
adverse circumstances likely reshapes elite athletes’” sense of agency, which further enhances their
volitional qualities.

Intriguingly, all of these brain regions (the precuneus, the inferior parietal lobule, and the
superior frontal cortex) are consistently linked to the function of the sense of agency [60]. Precuneus is
a posteromedial portion of the parietal lobe responsible for processing self-relevant information.
A task-based fMRI study observed that the bilateral anterior precuneus was activated when participants
were exposed to psychological trait words describing their own attributes [61]. Apart from the explicit
external information, the precuneus is also involved in implicit internal self-related processes, especially
in making intentional behaviors [62]. During this process, the precuneus contributes to the sense of
agency [53,60]. A recent study investigated the focal lesion areas among 50 patients with a disrupted
sense of agency and found a persuasive causal relationship between the intactness of the functional
networks related to the precuneus and a sense of agency [55]; therefore, it is speculated that individuals
with good performances of independence have a better sense of agency, which is tightly linked to the
greater cortical thickness of the precuneus. In addition to the precuneus, the left inferior parietal lobule
(IPL) is another anatomical difference related to the sense of agency. A study observed that the IPL
was less-activated when the right-handed subjects felt that the behavior was performed by themselves
compared to when they felt that the behavior was not performed by themselves [63]. The frontal and
prefrontal lobes play a crucial role in the planning and initiation of voluntary action [64]. Notably, parts
of the superior frontal gyrus are involved in inhibitory control. For instance, the inhibitory control
was slowed in patients with right superior medial frontal damage [65]. Another study also found that
the right superior frontal cortical activations to conflict anticipation are related to impulse control in
healthy participants [66]. The inhibitory control is a cognitive function also associated with the sense
of agency, since a fluency of action selection contributes heavily to the sense of control [67]; therefore, it
indicates that the greater cortical thickness in the right superior frontal gyrus might also be associated
with an improved sense of agency. Although it is unclear what the underlying mechanism is that
causes different cortical thicknesses between the athlete group and the control group, an increased
cortical thickness is likely associated with a complex change in the microstructure, e.g., the increases in
dendritic arborization, axonal elongation and thickening, synaptogenesis, and glial proliferation [68,69].
Numerous animal models and human studies have consistently reported that training selectively
improves neurogenesis and induce changes in the cortical volume [70]. Therefore, our results of greater
cortical thicknesses in these brain regions reflect the training-induced changes in the cellular and
neuronal levels.
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Several limitations should be acknowledged in this study. First, we could not conclude the causal
relationship between volitional quality and parcel-wised cortical thickness. Future investigation on
a less-skillful amateur group is needed to elucidate whether the difference is induced by training or
nurture. Secondly, the relationship between the cortical thicknesses and the years of training was not
evident. Instead of years of training, training volume and/or intensity might have a closer association
with the changes in the cortical thickness [19,25]; therefore, multiple indices to measure training
experiences such as the training load (intensity x volume) should be used in future research to gain
a better understanding about the issue. Thirdly, the cross-sectional study design could not completely
exclude the confounding effects of nature or nurture on the brain structures in the two groups.
These confounding variables include individual differences such as lifestyle, nutrition, and personality.
In this study, the difference in education between the two groups might be a potential factor that
influences the current results. In future studies, a longitudinal study is needed to rule out the effects of
individual differences.

5. Conclusions

Although some limitations existed in this study; it still identified the cortical architecture associated
with volitional qualities. Professional athletes exhibited excellent volitional qualities, as well as thicker
cortexes in the left precuneus, the left inferior parietal lobule, and the right superior frontal gyrus.
Better performance in the dimension independence of the volitional qualities was correlated with
a greater cortical thickness in the left inferior parietal lobule. These findings suggest that sports
training is an ideal model for better understanding the neural mechanisms of volitional behaviors in
the human brain.
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Abstract: It has been proposed that one reason physical effort is perceived as costly is because of the
self-control demands that are necessary to persist in a physically demanding task. The application
of control has been conceptualized as a value-based decision, that hinges on an optimization of
the costs of control and available reward. Here, we drew on labor supply theory to investigate the
effects of an Income Compensated Wage Decrease (ICWD) on persistence in a strenuous physical
task. Research has shown that an ICWD reduced the amount of self-control participants are willing
to apply, and we expected this to translate to a performance decrement in a strenuous physical
task. Contrary to our expectations, participants in the ICWD group outperformed the control group
in terms of persistence, without incurring higher levels of muscle fatigue or ratings of perceived
exertion. Improved performance was accompanied by increases in task efficiency and a lesser
increase in oxygenation of the prefrontal cortex, an area of relevance for the application of self-control.
These results suggest that the relationship between the regulation of physical effort and self-control is
less straightforward than initially assumed: less top-down self-control might allow for more efficient
execution of motor tasks, thereby allowing for improved performance. Moreover, these findings
indicate that psychological manipulations can affect physical performance, not by modulating how
much one is willing to deplete limited physical resources, but by altering how tasks are executed.

Keywords: Muscle fatigue; voluntary activation; self-control; performance; motivation

1. Introduction

Many situations require the capability to sustain physical effort for prolonged durations.
Most prototypically, this is required in the context of physical exercise (e.g., running, cycling).
A large body of research has been targeted towards understanding the limits to human endurance
performance. Most of this research centers around the idea that a strenuous physical task is terminated
because physiological limits have been reached (e.g., [1-4]). Recently, this assumption has been
challenged by the idea that physical performance is limited by the perception of the effort a task induces
and not by the limits of the physiological system [5-8]. This implies that psychological factors are also
important regulators of how long physical effort can be sustained. More specifically, this ascribes a key
role to the psychological concept of self-control in the effective regulation of physical performance.
Self-control has been defined as the ‘efforts people exert to stimulate desirable responses and inhibit
undesirable responses’ [9] (p. 77). For example, when a runner has the goal of breaking the two-hour
mark in the marathon (given adequate physiological capabilities), self-control is needed to inhibit
undesirable responses that might derail goal pursuit (e.g., slowing down because of fatigue) and to
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facilitate desirable responses that increase the likelihood of goal attainment (e.g., sticking to the target
pace). In line with this example, it has been suggested that the decision to continue or persist in a
strenuous task largely depends on how much self-control one is willing to apply [10-12].

While self-control conveys substantial societal and personal benefits [13], its exertion also carries
intrinsic costs [14,15], and people prefer tasks that pose less self-control demands [16]. This begets an
important question: how do individuals decide whether or not to apply control? Although a plethora
of different explanations exist, many recent models conceptualize the allocation of control as some
form of value-based decision [10,17]. Thus, whether or not (or how much) control is exerted hinges on
a continuous cost-benefit analysis and people try to maximize the value of control [18,19]. This means
that when the cost of control is expected to be higher than the expected benefits of applying it, it is
no longer worth applying. Going back to the marathon example, if, at kilometer 23, one is already
considerably fatigued and far behind one’s target pace, then the costs of control (i.e., dealing with all
the aversive sensations that arise during the race) might outweigh their expected value (i.e., finishing
the race, but not in the expected time) and one may stop racing.

The costs of applying self-control could partly explain why people do not always perform up
to their physiological limit [5,7]. For example, when performing an incremental cycling exercise to
exhaustion, the relevant muscles still contain a large enough functional reserve to produce the required
power output. This indicates that the mechanisms inducing task failure may lie closer to central than
peripheral levels [7]. These central mechanisms are most likely a mix between psychological processes
(like the one hypothesized in the present study) and non-psychological processes directly altering the
motor command, e.g., physiological processes inducing central fatigue (for a review, see [20]). There is
now a large body of research, showing that previous exertion of self-control (on completely unrelated
cognitive tasks) reduces the performance people achieve in physical tasks [12,21], or the duration
for which they are able to sustain aversive sensations [22]. In the same vein, imposing demands on
executive functions that rely on self-control while subjects complete a strenuous physical task also
leads to performance decrements [23]. Taken together, there is now ample empirical evidence showing
that performance in strenuous physical tasks depends on the application of self-control.

Research indicates that the cost of applying a given control command is monitored and computed
by the dorsal anterior cingulate cortex (AACC), and then further relayed to structures like the
lateral pre-frontal cortex (IPFC) that implement the control command in a top-down fashion [18].
Interestingly, during incremental cycling exercises, oxygenation of the prefrontal cortex (PFC),
measured with functional near-infrared spectroscopy (fNIRS), increases with effort and decreases
when subjects reach exhaustion [24], indicating that central components, possibly at the PFC level,
may influence task termination decisions [8] (importantly, this drop in oxygenation is probably not
task-specific, as it has also been observed in tasks that pose different physiological demands [25]).
In addition, psychological strategies that supposedly automate behavior (i.e., make it less reliant on
cognitive control) are associated with a reduced increase in PFC oxygenation during a strenuous
physical task [26]. Thus, these findings add preliminary neuroscientific support to the conceptual and
empirical evidence that emphasizes that the regulation of physical effort relies on self-control, with the
PFC as the prime candidate signaling the application of self-control.

2. The Present Study

In this transdisciplinary study, we use labor supply theory [27,28] as a framework for
investigating how changes in rewards translate to changes in psychological (perception of effort),
neuronal (oxygenation in the IPFC), and physiological (neuromuscular measures of fatigue) markers of
effort and performance. Labor supply theory proposes that when workers determine their preferred
hours of work, they choose their subjective point of maximum utility, where labor and leisure are
optimally balanced [29]. The point of maximum utility depends on the reward per hour (wage) and the
number of hours one can allocate to work (budget constraint). Because it describes decision-making on
the base of a balance between work and leisure (which can both be desired), the labor supply theory
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can allow for a description of more complex behaviors than value-based models, based only on go/no
go decisions. Research has shown that the propositions of labor supply theory can be used to explain
the allocation of cognitive control to a cognitive task, and that the allocation of cognitive control can be
described as a utility function, that weighs the costs of control against its payoff [29]. This indicates that
people treat the application of control as labor and choose to invest the amount of control that has the
highest subjective utility. Such a combination can be altered by an income manipulation in ways that are
predicted by labor supply theory [29]: for example, when wage per unit of time was reduced—but was
compensated by an upfront payment (income compensated wage decrease; [CWD)—in a second session,
subjects reduced the time spent doing demanding cognitive tasks (Study 1 in [29]). This result indicates
that, even with the possibility to earn the same exact income for the same exact amount of cognitive
control applied, participants have chosen not to do so (see Figure 1A). Interestingly, these results of
cognitive labor/leisure decisions are in agreement with economic labor/leisure decisions, and even
animal foraging-related decisions [29]. As hypothesized here and elsewhere [10], the capacity to apply
cognitive and physical effort may rely on self-control. Therefore, the labor supply theory seems well
suited to model the performance of a strenuous physical task within the paradigm described at the
beginning of the introduction. In this paradigm, the performance of the strenuous task would depend
on the chosen combination between the reward associated with the task performance and control costs
that are required to continue to perform the task.
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Figure 1. The utility of cognitive control. In this figure, adapted from Kool and Botvinik [29], the black
and green dots correspond to the mean combination of income (in euro) and time (in min) before
disengagement at t1 and t2, respectively. The black and green lines represent the mean budget constraint
at t1 and t2, respectively. The budget constraint line corresponds to all the possible combinations of
income and time before disengagement, in the given experimental context. The higher ordinate at the
abscissa zero corresponds to the mean upfront payment. The error bars represent SD and the double
five-pointed stars correspond to a p-value < 0.01. (A) Prediction of the iso—utility curve of the task with
an ICWD condition at t2, according to the model of cognitive effort control [29]. (B) Results at t1 and t2
of the control group. (C) Results at t1 and t2 of the ICWD group.

In the present study, our goal was to assess whether the voluntary termination of a strenuous
physical task could be altered by an income manipulation, in the same way as the regulation of
cognitive effort applied during cognitive tasks [29]. Importantly, we have chosen a type of physical
task (submaximal isometric contraction) for which it has already been shown that manipulation
of self-control by ego depletion or mental fatigue experimental paradigms could affect time of
disengagement (e.g., [30,31]). Therefore, we predicted that receiving an ICWD in a second session
would reduce the amount of self-control participants were willing to apply and, thus, reduce the length
of engagement in the strenuous physical task (Figure 1A, t1 vs. t2). Accordingly, we expected the
ICWD condition to be accompanied by limited tolerance of perceived effort, less pronounced increases
in IPFC oxygenation, and less severe central and peripheral muscle fatigue.
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3. Methods

3.1. Participants

The study was approved by the ethics committee of the University of Konstanz and in accordance
with the Declaration of Helsinky. All methods used in this study were approved by the ethics committee
of the University of Konstanz. Participants gave written informed consent before being enrolled in
the study. Participants (N = 34; mean + SD; age: 25.5 + 4.7 years, height: 179.6 + 4.8 cm, weight:
80.9 + 11.1) took part in two experimental sessions, separated by 1 week. We recruited only male
participants, since we performed electrical femoral nerve stimulations with the electrodes fixed over
the gluteus muscle and the femoral triangle.

3.2. General Procedure

For each participant, the two experiments were always performed on the same day of the week
and at the same time of day. Participants were asked to not consume alcohol or caffeine the day of
the experiment and had to prevent any unusual leg exertion 48 h before the experiments. Beside this,
participants had to maintain their usual activity. The first 10 participants were allocated randomly in the
control or ICWD group. Then, participants were allocated in both groups to match baseline maximal
voluntary contraction (MVC) and time before self-disengagement at time 1, during the strenuous
physical task (a knee extension fatiguing task). Details of the anthropomorphic characteristics of each
group are displayed in Table 1. During the experiment, participants were facing a computer screen
that displayed the force information necessary to properly execute the given task. An experimental
session proceeds as follows. First, participants were told what would happen during the experiment
and gave informed consent. Then, participants were prepared for the neuromuscular and fNIRS
measurements and the main task they had to perform. For this, instructions regarding the fatiguing
knee extension task and how it was incentivized were given to participants by means of a standardized
text, followed by standardized oral instructions (the full instruction sheet for t1 and t2 is uploaded to
this manuscript as Supplementary Materials). Before the participant started the task, we measured
fNIRS baseline for 1 min. Then, the investigator said “start” and the participant started the task.
Participants were kept unaware of both their group attribution and other participant’s results.

Table 1. Anthropometric characteristics of each group. Height in cm, weight in kg and age in years.
Mean =+ standard deviation. For each variable, the difference between groups was assessed with a t-test.
ICWD corresponds to income compensated wage decrease.

Control (N=17) ICWD (N =17) p-Value

Height 179.1£3.3 180.2 £5.9 0.49
Weight 81.5+8.9 80.4 +13.2 0.78
Age 257 +3.8 252+5.7 0.78

3.3. Experimental Manipulation and Payment

For the control group (N = 17) at t1 and t2, and for the ICWD group (N = 17) at t1, the wage
was 1 Euro per minute spent on the knee extension fatiguing task. Here, the summarized instruction
was as follows: “you work on the strength task as long as you want. For each trial you will receive
one Euro. Thus, you will receive one Euro per minute. The task lasts until you stop, or until it is
terminated because the stopping criterion [i.e., the target force is not produced anymore] has been met”.
For the ICWD group, at t2, participants received an upfront payment equal to 50% of t1 income and
the wage was 0.5 Euros per minute. Therefore, at t2, ICWD participants, although not explicitly made
aware of this possibility, could still reach the same income-time combination (Figure 1A, crossing of
budget constraint lines). Here, the summarized instruction was as follows: “you work on the strength
task as long as you want. For each trial you will receive 50 Cent. Thus, you will receive 50 Cent
per minute. Prior to the task you will receive a bonus of X Euro [bonus amount differed as a function
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of t1 performance]. The task lasts until you stop, or until it is terminated because the stopping criterion
[i.e., the target force is not produced anymore] has been met”. Participants were paid 5 supplementary
Euros for coming into the lab (not considered in the total income calculation).

3.4. Neuromuscular Procedure

Participants started with a warm-up consisting of bodyweight exercises: 2 x 10 squats (30 s rest)
followed by 2 X 3 counter movement jumps (30 s rest). Then, we taped electromyography (EMG)
sensors (Trigno wireless EMG system, Delsys Inc.) on the skin, which had been previously shaved,
abraded and cleaned with alcohol of the vastus lateralis (VL) and biceps femoris (BF) muscles, following
SENIAM recommendation. We taped stimulation electrodes (custom made) on the end part of the
gluteus maximus muscle (anode; copper, 7 X 5 cm, wrapped in a soaked sponge) and on the femoral
triangle (cathode; copper, circular, 2 cm diameter, wrapped in a water-soaked sponge), in order to
stimulate the femoral nerve. Participants were then seated in a custom-made chair, with their right
knee forming an angle of around 100°. Participants were then tightly fastened with non-compliant
straps at the torso, hip and right ankle levels. The strap at the ankle was fixed according to anatomical
landmarks (2 cm higher than the line parallel to the floor passing below the lateral malleolus) to ensure
an identical placement in the two experimental sessions. The ankle was fixed to a force transducer, to
measure isometric knee extension force (Model 9321A, Kistler, Winterthur, Switzerland). Both EMG
(high-pass- and low-pass-filtered at 20 Hz + 10% and 450 Hz + 10%, respectively) and force signal
were sampled with a Power 1401 interface (Cambridge Electronic Design, Cambridge, UK) at 4000 Hz
and stored on a computer with the Signal software (Cambridge Electronic Design). Participants had
their arms crossed over their chest during the measurement parts of the experiment.

We then stimulated (squared pulse of 1 ms duration, DS7A stimulator, Digitimer) the femoral
nerve with incremental stimulation intensities, until reaching the maximal amplitude of the M-wave
(Mmax) in the VL muscle and until the twitch of knee extensors muscles when at rest did not increase
anymore. Intensity was then set at 150%. Then, participants performed 15-20 incremental voluntary
contractions, until reaching around 90% of perceived maximal effort. These contractions had two
purposes: to warm-up, specifically to produce an isometric MVC, and to familiarize participants with
the control of the cursor. All participants were able to produce a stable 15% MVC contraction and
an MVC with a decent force plateau. Then, after 2 min rest, participants performed an MVC for 3 s.
For every MVC performed during the experiment, participants were encouraged with standardized
shouts. During this MVC, peripheral nerve stimulation (PNS) was delivered during the contraction
plateau (to obtain the amplitude of the superimposed twitch) and at rest (to obtain the amplitude of the
potentiated twitch at rest, Ptw), 2 s after the end of the contraction. This procedure allows the estimation
of voluntary activation (VA) using the interpolated twitch method [32] with the following formula:
VA = (1-superimposed twitch amplitude/potentiated twitch amplitude) x 100. This procedure was
done a second time after 2 min of rest. If an increase of 5% or more in MVC was observed at baseline,
the procedure was repeated.

For the readers not familiar with neuromuscular measurements, a decrease in MVC following the
fatigue task indicates the occurrence of neuromuscular fatigue. Roughly, neuromuscular fatigue can
stem from events occurring in the nervous system (central fatigue) and events occurring distal to the
neuromuscular junction (peripheral fatigue). A decrease in VA indicates a decrease in the capacity
to voluntarily recruit muscles and is an estimate of central fatigue. A reduction in Ptw indicates a
reduction in muscle excitability and is an estimate of peripheral fatigue. The present measurements
can therefore help to quantify the amount of physiological resources spent during the task. For more
details, please see [33].

3.5. Knee Extension Task

The knee extension task consisted of keeping a cursor over a threshold line (dashed line in Figure 2)
displayed on a screen in front of the participant until self-disengagement (1 m distance). If, at one
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time point, the cursor stayed below the line for more than 2 s, the task was terminated. The cursor
was moved by the isometric knee extension contraction, and the threshold was equal to 15% of their
maximal voluntary contraction (MVC). Participants were naive regarding this calculation. The task was
displayed on the screen in 1 min long frames. Before starting the task, standardized oral instructions
were given: “You can stop at any time you want. When you stop, say “I stop” and then relax totally
your leg and then immediately contract maximally”. At the beginning of the frame, an investigator
indicated that the participant could initiate the contraction by saying “start”. After 4 s, the investigator
told the participant how much money he had already earned and how much money he will earn if
he completes the 1 min frame (e.g. “you have earned 1 euro, if you finish this frame you will earn
2 euros”). After 30 s, a peripheral nerve stimulation (PNS) of the femoral nerve was triggered to elicit a
maximal M-wave. After 48 s, participants were asked to give their rate of perceived exertion (RPE,
scale of 1 to 10, with the possibility of going beyond 10 [34]). At 57 s, the participant was told to
fully relax their knee extensor muscles (“relax”). This rest had two purposes. First, it allowed us to
ensure that there was no drift in the force transducer during the task. Second, this short rest allowed
the muscle to recover substantially (as seen with the recovery of the force production variation at
the beginning of the next frame [35]), therefore making the task’s termination “more psychological”.
The participant had to say “I stop” when stopping the task, and fully relax their leg. As soon as the
cursor reached zero on the y axis and, following the instructions of the investigator (“fully relax the
leg, maximal contraction, go!”), the participant had to produce an MVC, and PNS was performed
to measure VA and Ptw. Strong verbal encouragements were given. Other than this, there was no
interaction between participants and investigators.
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Figure 2. The knee extension task. The task consisted of keeping a cursor over a threshold line (dashed
line on the present figure, corresponding to 15% maximal voluntary contraction(MVC)) displayed on a
screen in front of the participant, until self-disengagement, by means of an isometric knee extension.
If, at one time point, the cursor stayed below the line for more than 2 s, the task was terminated.
Participants were told that they could stop the task at any time they wanted. The task was displayed
on the screen in 1 min long frames. At the beginning of the frame, an investigator indicated that the
participant could initiate the contraction by saying “start”. At4 s, the investigator told the participant
how much money he had already earned and how much money he would earn if he completes the
1 min frame. At 30 s, a peripheral nerve stimulation (PNS) of the femoral nerve was triggered to elicit a
maximal M-wave. At 48 s, participants were asked to give their rate of perceived exertion. At57's,
the participant was told to fully relax their knee extensor muscles.

3.6. fNIRS

Changes in cerebral Oxyhemoglobin were continuously measured with an 8 Emitter + 8 Detector
multichannel continuous-wave fNIRS imaging system (NIRSport, NIRx Medical Technologies LLC, NY,
USA). The NIR wavelengths were 760 nm and 850 nm, and data were collected at a sampling rate of 7.81
Hz. Two 4 emitter + 4 detector arrays were bilaterally positioned over scalp sites that corresponded
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to the IPFC (see Figure 3A). Emitters and detectors were positioned according to the international
5/10 system: E1 at F1, E2 at AF3, E3 at FC3, E4 at F5, D1 at F3, D2 at AF7, D3 at FC5, D4 at F7, E5 at
F6, E6 at AF4, E7 at FC4, E8 at F2, D5 at F8, D6 at AF8, D7 at FC6, and D8 at F4. This montage was
designed to measure activity over the dorsal (Emitter-Detector combinations: E1_D1, E2_D1, E3_D1,
E6_D8, E7_D8, E8_D8, E2_D2, E3_D3, E6_D6) and ventral (Emitter-Detector combinations: E4_D1,
E4_D2, E4_D3, E5_D5, E5_D6, E5_DB8) areas of the IPFC. Channels of interest were emitter—detector
pairs with 3 mm separation. This resulted in nine channels on the left (channels 1-9) and nine channels
on the right (channels 10-18) hemisphere. Channels 9, 12, and 16 had to be excluded from the analyses,
due to detector malfunction. The probes were fixated in a NIRScap (EASYCAP GmbH, Herrsching,
Germany) with an interoptode distance of 30 mm. The NIRScaps for optode placement were available
in three different sizes (head circumferences of 54, 56, and 58 cm) and suitable for all subjects. To ensure
better signal quality, a retaining overcap (EASYCAP GmbH, Herrsching, Germany) was placed over
the NIRScap.
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Figure 3. fNIRS measurements. (A). The sensitivity profile was created with Atlas Viewer (Aasted,
et al., 2015) and it indicates that the chosen optode placements capture the lateral prefrontal cortex
(IPFC) reasonably well. It represents Monte Carlo random walks of 1e7 photons (per optode) migrating
through a standard atlas (Colin27, B). Panel C displays the change in oxygenation throughout the
fatiguing task [0%-10%] vs. [10%-20%] vs. [90%—-100%]) and is displayed separately for experimental
conditions, experimental session and regions of interest (ROI; ventral and dorsal IPFC). Error bars
represent SEM. ICWD corresponds to income compensated wage decrease.

3.7. Analysis and Statistics

fNIRS data of each subject were preprocessed using HOMER2 (MathWorks Inc., 2016) [36].
The enPruneChannels function was used to remove channels when the signal was too weak or
too strong and then optical intensity was converted to optical density using the Intensity_to_OD
function. Then, a discrete wavelet transform was performed to identify and correct motion artifacts [37].
Finally, data were low-pass filtered (0.5 Hz) and converted to Oxy- and Deoxyhemoglobin with
the modified Beer-Lambert law [38], using the default differential path length factor of 6.0 for both
wavelengths. Finally, fNIRS data were time-normalized, to allow for comparison between groups and
sessions across the whole duration of the task.

We measured the peak-to-peak amplitude of MVC and Ptw, and calculated VA with the amplitude
of the superimposed twitch and Ptw. The baseline values were taken from the biggest MVC performed
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before the fatiguing task. For the EMG, we used root mean square over the whole frame (from 3 s to
28 s and from 32 s to 57 s, to avoid analyzing the contraction initiation and termination, as well as the
Mmax potential) and normalized it to the amplitude of the Mmax measured during the same frame.
The RPE and EMG were time-normalized, in order to make comparisons between sessions and groups
across the duration of the task. For the mean force produced during the task, we averaged the force for
the whole duration of the task (without the final MVC). Statistics were performed with JASP (for the
two-way ANOVAs) and with R (for the linear mixed-effects analyses). We used two-way ANOVAs
with group (control vs. ICWD, between subject) and session (t1 vs. t2, within subject) as a factor in
the time before self-disengagement in the knee extension task, income, and mean force during the
task. These ANOVAs were followed by paired t-tests at the time factor level. Three-way ANOVAs
were used to test whether groups, session, or time within sessions (pre fatigue task vs. post fatigue
task, within subject) had an effect on MVC, VA and Ptw. We estimated linear mixed-effects models
(LMM) with LME4, and used the Satterthwaite approximation for degrees of freedom implemented in
LMERTEST to establish the significance of fixed-effects. All LMM were estimated with random effects
for participants. We tested whether there was an interaction between groups and time within sessions
separately for the RPE and EMG at t1 and t2. In the model estimate for fNIRS data, we tested the
interaction between groups and session and added a fixed effect of the time within a session.

4. Results

4.1. Behavioral Results

ANOVAs showed an effect of the sessions (F;3,=13.6, p < 0.001; F; 3, = 9.3, p = 0.005) but no
clear sessions X group interaction (Fy3; = 3.23, p = 0.08; F; 3 = 0.31, p = 0.57) between the time
before self-disengagement and income, respectively, during the knee extension task. In the control
group, no change in time before self-disengagement and the reward obtained from t1 to t2 was
observed (Figure 1B; tjo = —1.4, p = 0.17 for both performance and income), indicating the robustness
of the initially determined point of maximum utility. In the ICWD group, income and time before
self-disengagement increased at t2 (Figure 1C; t14 = —3.7, p = 0.002 for both).

4.2. Perceived and Physiological Effort

LMM showed no difference in the time-normalized rate of perceived exertion (RPE), measured
every minute during the task, between groups for each experimental session (see Figure 4). The Three
way ANOVAs showed no difference between groups or sessions in maximal voluntary contractions
(MVCQ), voluntary activation (VA) or the potentiated twitch at rest (Ptw). Only an effect within sessions
(pre vs. post strenuous task) was observed for each dependent variable (p-values all < 0.001; see Table 2
for numerical values). With LMM, we observed no difference between groups and across the task
for each experimental session in vastus lateralis (VL) electromyogram (EMG), normalized to Mmax
(see Figure 5). Finally, LMM revealed a significant increase of oxygenation over the course of the
time-normalized fatiguing task (Fg 11162 = 72.91, p < 2.2e-16). In addition, there was an interaction
between experimental session and group (F; 67,69 = 10.99, p = 0.0014), indicating higher oxygenation in
the control group in the second experimental session (see Figure 3).
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Figure 4. Rate of perceived effort. Mean rate of perceived exertion (RPE) are displayed throughout

the time normalized task (Interval) during the first (t1) and second (t2) experimental session for the
control (black) and ICWD (green) groups. The dashed lines correspond to individual data. Error bars
correspond to SEM.
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Figure 5. EMG. Mean rms EMG, normalized to Mmax (%), are displayed throughout the time

normalized task (Interval) during the first (t1) and second (t2) experimental session for the control
(black) and ICWD (green) groups. The dashed lines correspond to individual data. Error bars
correspond to SEM.
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Table 2. Neuromuscular results. Mean + SD of maximal voluntary contraction (MVC) in N), voluntary
activation (VA in %) and potentiated twitch at rest (Ptw in N) of both groups (Control vs. ICWD) at T1
and T2 sessions and pre- and post-knee extension task.

Group Control ICWD
Session T1 T2 T1 T2
Within Session Pre Post Pre Post Pre Post Pre Post
MVC (N) 651 +131 354+115 660+ 141 367 +123 637 +121 360+179 628 +123 376+ 163
VA (%) 931+53 81.8+15 926+63 845+173 944+55 841+11.1 93.7+39 86.6+13
Ptw (N) 153 + 29 74 +27 154 + 34 72+3 150 + 21 76 + 41 146 + 24 81 +35

4.3. Task Efficiency

A two-way ANOVA showed the session X group interaction effect of the total mean force produced
during the knee extension task (F; 3, = 4.95, p = 0.033; see Figure 6), indicating a lower mean force
produced during the task at t2 for the ICWD group.
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Figure 6. Task efficiency. Display of the mean force (in N) exerted during the whole task duration at t1
and t2 for both groups. The dashed lines represent individual data and the error bars represent SD.
The black horizontal bar crowned by a star represents a time X group interaction with a p-value = 0.03.

5. Discussion

This is the first study to use labor supply theory to explain self-controlled persistence in a
physically demanding task. We found that receiving an ICWD in a second session resulted in longer
time before disengagement in a strenuous physical task, and not the expected decrease in performance.
This is a puzzling result: from a utility maximization perspective this increase appears to be irrational,
because, compared to t1, each unit of income increase requires two units of effort. Thus, the ICWD
manipulation apparently triggered a shift in the subjective point of maximum utility, leading subjects to
apply more self-control, allowing them to tolerate greater physical exertion, in order to increase income.
However, if heightened motivation is the reason for the improved performance, then this should
have been accompanied by a greater depletion of psychological (RPE), neuronal (IPFC oxygenation),
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and physiological (neuromuscular measures of fatigue) markers of effort and performance. To test this,
we estimated the task-induced physiological costs by measuring muscle fatigue and it’s central and
peripheral components. Further, we estimated the psychological costs by assessing RPE throughout
the task, and we indirectly estimated the application of self-control by continuously monitoring blood
oxygenation in the IPFC throughout the task [15,39,40]. Interestingly, for none of the physiological
measures did we observe greater levels of fatigue in the ICWD group, indicating that the longer time
before disengagement was not achieved via a greater depletion of physiological resources. This finding
was mirrored by the observation that participants in the ICWD group did not report higher ratings of
perceived exertion. Thus, the longer time before disengagement was not achieved by a greater tolerance
to the sensation of effort. This result is important, since previous research indicates that perceived
effort (as measured with RPE) is “the cardinal exercise stopper” [41], thereby making tolerance of
effort a crucial determinant of time before disengagement. Our results are in line with this reasoning,
as participants apparently did not go over a certain threshold of RPE, irrespective of incentivization.
Finally, compared to the control group, participants in the ICWD group displayed a less pronounced
increase in IPFC oxygenation over the course of the task, indicating comparatively less activation in an
area that is relevant for the application of control. Taken together, the longer time before disengagement
was achieved without greater depletion of psychological and physiological resources and even with
reduced involvement of self-control relevant brain areas. As no differences in the amount of resource
depletion could be measured, the longer time before disengagement likely stems from a change in the
utilization of available resources. Indeed, post-hoc analyses revealed that the mean force produced
during the task was reduced in the ICWD condition. This means that subjects were able to produce
force curves that were closer to the target force of t2. This equates to a more efficient use of resources
while performing the task, allowing for a longer time before self-disengagement without a change in
physiological and psychological costs.

6. Implications

Our findings are surprising in at least two ways: first, in contrast with our hypotheses,
participants in the ICWD condition increased their task duration at t2. Second, this increase was
not achieved by a greater depletion of physiological and psychological resources but by a more
efficient use of available resources and a less pronounced engagement of a cerebral correlate of
self-control application. While we did not expect to find this pattern of results, we believe that
research on the effects of rewards on movement efficiency and the predictions of labor supply theory
might allow for a tentative explanation of these findings: the increase in physiological movement
efficiency that was observed in the ICWD condition falls in line with research demonstrating that
the noise or metabolic costs of low-demand physical tasks can be influenced by rewards [42,43].
Thus, performing a low-demand physical task with greater accuracy (i.e., with less noise in the
movement) requires the allocation of more self-control [42]. However, the control-noise relationship
is likely reversed in strenuous physical tasks: if a task is performed more efficiently (i.e., with
less noise), less self-control is needed to fight against the urge to disengage from the task. In other
words, if a physically demanding task can be performed more efficiently, the amount and magnitude
of aversive signals (e.g., muscle receptor feedback [44], corollary discharge [45]) that have to be
integrated by areas relevant for self-controlled task continuation should be reduced. In line with
this, a steeper increase in IPFC activation was observed in the control group from time 1 to 2, but no
such change occurred in the ICWD group. Thus, if the ICWD manipulation lowered the amount
of self-control participants were willing to allocate to the task (as measured by IPFC oxygenation),
then—ironically—this might have, in fact, increased the time before disengagement, by allowing for a
more efficient task execution. To summarize, looking solely at performance, our results seem to suggest
that the predictions derived from labor supply theory do not hold in the case of regulation of physical
effort. However, it is important to note that IPFC oxygenation, which was used to operationalize
the allocation of self-control, changed in a way that was consistent with the expected effect of the
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ICWD manipulation. Thus, our results suggest that the amount of self-control one applies is not
linearly—and is possibly even counterintuitively—related to the to-be regulated physical performance.
In our data, this is exemplified by a counterintuitive increase in performance, despite a less pronounced
involvement of the IPFC. Thus, further research should focus on disentangling the relationship between
self-control and physical performance, and specifically investigate instances where less control leads to
a more efficient use of resources and, hence, improved performance.

According to research on the neuronal mechanisms that govern control [18,19], the shift in
movement and cognitive control is monitored and specified by the dACC. One possible explanation
for our findings is that the dACC diverted the control-signal from a mainly top-down regulated control
signal (i.e. IPFC activity) to striatal areas that play a role in movement control. Indeed, these latter
networks are sensitive to reward and could modulate movement efficiency [46]. This falls in line
with the dopaminergic-dependent, reward-induced reduction in noise demonstrated in low-demand
physical tasks [19,42]. Supporting this, compared to healthy controls, neurological patients who suffer
from disease-induced decrements in motor performance experience steeper increases in RPE [47] and
higher activity in the cortico-striatal network, which has been implicated in fatigue [48]. This has
been interpreted as a compensatory activation to account for the inordinate amount of resources
(i.e., cognitive effort) that patients are required to spend to reach an intended outcome (physical task).

7. Limitations

It must be noted that the task structure used in the present study differs in important ways from the
only other study we know of that used labor supply to predict the allocation of self-control controls [29].
In our study, subjects performed a physical task, whereas, in the study by Kool and Botvinick [29],
subjects performed a cognitive task. Thus, the latter is a more direct measure of control allocation,
whereas, in our study, self-control allocation represents a mediator between subjects’ capacity to
perform the task and actual task performance [10]. The tasks also differed on a structural level: instead
of a task with the possibility of allocating time spent doing a difficult or an easy contraction, according
to participant preference (which would mirror Kool and Botvinick’s approach [29]), participants
had to perform a continuous contraction until self-disengagement. We opted for this setup for two
reasons. First, physiological processes leading to neuromuscular fatigue are dependent on the way
contractions are performed and the resting time between hard efforts (for example, see [49]). If using a
paradigm with choices of physical effort allocation, we would not be able to control whether a different
combination of the total time spent doing a hard contraction and subsequent income was induced by a
better strategy, limiting the accumulation of neuromuscular fatigue (e.g., a more optimal effort/rest
sequence) or due to the psychological manipulation. A scripted set of contractions, or a continuous
contraction, like in the present study, reduces this bias and allows the quantification of the effect from
the psychological manipulation on physical effort. Second, many real life decisions are about whether
or not to further invest effort into one, ongoing task and researchers have explicitly called for the
investigation of such scenarios within the framework of labor supply theory [29]. Thus, we chose to
respond to this call and use a single continuous task.

It should also be noted that, in the IPFC activity results, while we expected to see a lower slope
in activation increase in the ICWD group compared to the control group, it is surprising that this
difference is driven by an altered oxygenation pattern in the control group and not in the ICWD group.

Finally, evidence indicates that manipulation of self-control by the means of ego depletion
or a mental fatigue experimental paradigm affects whole-body and isolation tasks differently [21].
Therefore, the present results may not generalize to all kinds of strenuous physical effort.

8. Conclusions

We tested the hypothesis that a manipulation intended to reduce the amount of self-control
participants were willing to apply to a strenuous physical task would also reduce performance of an
isometric knee extension task. While such an ICWD has been shown to reduce the amount of effort
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participants were willing to invest into a cognitive task [29], on a phenomenological level a reversed
effect was observed in regards to a physical task: surprisingly, reducing the rewards participants could
obtain per unit of time led to better performance in the strenuous physical task. This increase was not
achieved with an increase in psychological (RPE), neuronal (IPFC oxygenation), or physiological costs
(neuromuscular measures of fatigue) but, rather, with an increase in movement efficiency. Thus, on the
neuronal level, our results appear to be in line with labor supply theory, but the mechanisms by which
control affects net outcome in a strenuous physical task (where subjects have to make do with limited
resources) might be less straightforward and actually cause a behavioral outcome that is in contrast to
the theoretical predictions. This finding highlights the intriguing possibility that, in some situations,
higher persistence in demanding physical tasks may not necessarily require more self-control. In such
a situation, a shift in motivation may not lead to a more excessive use of resources, but to more efficient
resource utilization. This result may have important implications for the effects of reward structures in
sport, economic, psychological and motor control domains.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3425/9/11/317/s1,
File S1: Study Materials.
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Abstract: Maximum voluntary contraction force (MVC) is an important predictor of athletic
performance as well as physical fitness throughout life. Many everyday life activities involve
multijoint or whole-body movements that are determined in part through optimized muscle
strength. Transcranial direct current stimulation (tDCS) has been reported to enhance muscle strength
parameters in single-joint movements after its application to motor cortical areas, although tDCS
effects on maximum isometric voluntary contraction force (MIVC) in compound movements remain
to be investigated. Here, we tested whether anodal tDCS and/or sham stimulation over primary
motor cortex (M1) and cerebellum (CB) improves MIVC during isometric barbell squats (iBS). Our
results provide novel evidence that CB stimulation enhances MIVC during iBS. Although this
indicates that parameters relating to muscle strength can be modulated through anodal tDCS of
the cerebellum, our results serve as an initial reference point and need to be extended. Therefore,
further studies are necessary to expand knowledge in this area of research through the inclusion of
different tDCS paradigms, for example investigating dynamic barbell squats, as well as testing other
whole-body movements.

Keywords: transcranial direct current stimulation (tDCS); whole-body movement; motor system;
muscle strength

1. Introduction

Muscle strength not only predicts athletic performance and/or efficacy but also contributes to the
accomplishment of various tasks throughout everyday life, for example, walking, climbing stairs, and
running [1-3]. Core features of muscle strength, such as maximum isometric voluntary contraction
force (MIVC), depend on central nervous control of the number of active motor units and their
firing rate. To date, central mechanisms of muscle strength remain insufficiently explored, especially
regarding potential differentiations of the neuronal sites responsible for muscle strength regulation
between single-joint (e.g., finger-pinch) and whole-body movements (e.g., squats).

Previous neuroimaging studies showed both primary motor cortex (M1) and cerebellum (CB) to
change their activity with different force requirements in single-joint movements [4-7], although it
remains to be fully understood which cortical/subcortical structures concur to enable muscle strength

Brain Sci. 2020, 10, 235; d0i:10.3390/brainsci10040235 223 www.mdpi.com/journal/brainsci



Brain Sci. 2020, 10, 235

and control in whole-body movements, i.e., movements that require orchestrated interplay between
multiple joints and muscles. Since most neuroimaging methods are not ideally suited to investigating
whole-body movements, neuromodulatory approaches have been employed to uncover strength
related brain-muscle associations [8].

Transcranial direct current stimulation (tDCS) is a non-invasive procedure, which stimulates
brain regions applying weak direct currents through the skull. Depending on the polarity, stimulated
regions either show enhanced or decreased excitability. tDCS has been used to uncover neural links
between muscle strength and related brain areas through modulating their excitability. Accordingly,
numerous studies have demonstrated tDCS related increases in muscle strength endurance [9-11] and
MIVC [12-14], particularly for upper extremities. Lower extremity muscle strength modulation has
also been assessed through tDCS application, although results are rather inconclusive. For example,
some results showed tDCS to be effective in modulating isometric muscle strength [10,14,15], whereas
other studies provide evidence to the contrary [16-18]. It is of note that, among others stimulation sites,
current density (mA/cm?), as well as strength training background of participants all differ between
studies, making interpretations difficult. Nevertheless, a common ground regarding applicable tDCS
protocols can be isolated. As such, most studies examining tDCS-MIVC modulations have stimulated
M1, used a current intensity of 2 mA and stimulated for 20 min [8]. Additionally, enhancing effects
of tDCS on MIVC have solely been reported for anodal tDCS, although cathodal effects have been
examined [9,14], which may be rooted in increased cortical excitability and cross-activation, as well as
reduced short-interval intracortical inhibition (SICI) [8,19,20].

TDCS induced modulations of MIVC remain to be investigated in whole-body tasks. During
such tasks, potential target areas expand beyond motor cortical regions, as it is known that, apart
from M1, SMA, and PMC, the cerebellum plays an essential part in motor control of whole-body
movements, especially in movements that require appropriate and continuous postural control, e.g.,
squats and walking [21]. Here, the cerebellum has been shown to support postural control responses by
adapting motor actions concerning specific task requirements [22,23]. Patients suffering from cerebellar
pathologies (e.g., dysmetria and cerebellar ataxia) exhibit severe restrictions relating to control of
kinematic and dynamic movement parameters during whole-body movement execution [24-26].
Selective studies even report of individual participants being able to jump on one leg, yet unable
to coordinate both legs simultaneously after splitting of the cerebellar vermis [27]. Interestingly,
in animal studies it could be shown that cerebellar discharge precedes cortical discharge during
whole-body movement execution [28], hinting at a temporal hierarchy between both structures
favoring the cerebellum. Further, in monkeys, the ability to execute unconstrained movements was
greatly impaired during partial cerebellar inactivation when compared to constrained movement
execution [29]. Accordingly, different aspects of whole-body movements have been modulated through
cerebellar tDCS (CB-tDCS), which relies on the same principles as conventional tDCS. Few studies have
examined CB-tDCS effects in compound or whole-body movements. For example, adaptations during
a split-belt treadmill walking task were greatest for anodal CB-tDCS in healthy subjects when compared
to cathodal and sham conditions [30]. CB-tDCS seems to be most effective (compared to M1-tDCS
and sham stimulation (SH-tDCS)) regarding improvements in visuomotor tasks. Additionally, it was
demonstrated that CB-tDCS elicits improvements in postural control, both in healthy participants [31]
as well as chronic stroke patients [32]. Nevertheless, some studies show no effects of CB-tDCS on
balance control in healthy participants [32,33]. To date, no study has tested the effects of CB-tDCS on
core features of muscle strength, such as MIVC.

In summary, although the physiological effects of both M1- and CB-tDCS remain to be fully
understood, both stimulation sites have been shown to affect motor function. Specifically, M1-tDCS was
able to increase muscle strength parameters such as MIVC in some instances, while CB-tDCS proved
to be behaviorally beneficial regarding whole-body movement components such as postural control.
Based on the aforementioned findings, we here hypothesized that tDCS over M1 and CB is capable of
evoking increases in MIVC during isometric barbell squats (iBS) as compared to sham stimulation.
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2. Materials and Methods

2.1. Participants

The study was approved by the local ethics committee of the Medical Faculty at the University of
Leipzig (ref.-nr. 034/17-ek) and all participants gave their written informed consent to participate in
the experiments per the Declaration of Helsinki. Participants were excluded from the present study if
the following exclusion criteria were present: neurological/psychological disease, intake of centrally
acting drugs, caffeine or alcohol intake 24 h before the experiment, acute, chronic, and/or inadequately
regenerated pathologies of the knee joint, the ankle joints, and/or the spine to minimize the risk of
injury. Also, participants with regular practice of musical instruments and sports (>3 "5/, i) were
excluded from participation in this study. This was motivated by the fact that recent studies have shown
that musical training induces functional and structural plasticity in the brain [34,35]. Furthermore,
we intended to test participants without any background in organized strength training to omit results
related to athletic expertise.

Initially, we performed a sample size estimation (G*Power 3.1) [36,37] based on previous results
of tDCS induced modulation of MIVC in lower extremities [13,14] using the following parameters: for
test family = F-test and statistical test = analysis of variance (ANOVA), a power value (probability
of correctly rejecting a false null hypothesis) of 0.8 was chosen given a type I error rate of o= 5%.
Additionally, the effect size (f) was set to 0.4, as previous related studies reported values in this
range [13,14,18]. The estimated minimum sample size to obtain sufficient test power was n = 10.
A total number of 25 healthy male (1 = 13) and female (1 = 12) participants (age: 23.29 + 3.66 years
(mean + SD)) were enrolled in the present study. All participants were right-handed, as assessed by the
Edinburgh Handedness Inventory with a laterality quotient (LQ) score of 91.98 + 10.32. Due to incorrect
measurements, 4 participants were excluded from further analyses. Additionally, one participant
was excluded due to a neck injury during testing. All analyses were performed with the remaining
20 participants (age: 24.00 + 3.65 years; LQ score: 91.34 + 10.76).

2.2. Procedure

The experiment consisted of a randomized, counter-balanced, sham-controlled, double-blinded
cross-over design where each participant performed during 3 experimental sessions, separated by
at least 5 d, to prevent task-related impacts of cognitive and/or muscular fatigue. One researcher
randomly assigned participants to CB-tDCS, M1-tDCS, or SH-tDCS using consecutive randomization.
This researcher was uninvolved during subsequent data recording. All researchers conducting the
experiment were unaware of the stimulation type. All participants performed a behavioral task of
the lower extremities on three separate days using a different stimulation type (CB-tDCS, M1-tDCS,
or SH-tDCS) for each session. A different tDCS-arrangement was randomly applied for each session
to stimulate different brain regions during task performance for 20 min (for details see Figure 1).
All participants were naive in the iBS.

2.3. Behavioral Task (iBS)

At the beginning of each experimental session, instructions were given, focusing on the correct
execution of the iBS. Participants were instructed to plant their feet and exert force without raising
their heels during the performance of iBS. Additionally, each participant was instructed to keep a slight
lumbar lordosis during iBS. Initial instructions were followed by a brief (3 min) warm-up program
comprising of supervised executions of dynamic squats without additional weight and focusing on the
aforementioned key aspects of correct movement execution (A, planting of the feet, B, slight lumbar
lordosis). Before the first experimental session, the barbell position, corresponding to a 95° knee angle,
was determined for each participant by using a digital protractor. Before baseline MIVC measurements
were carried out, participants practiced the task for familiarization.
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Figure 1. Study design. (A) Schematic representation of default positioning during isometric barbell
squats (iBS) measurements. (B) Overview, regarding study procedures. Illustrated are all five maximum
isometric voluntary contraction (MIVC) measurement blocks (I-V) alongside an exemplary depiction
of a MIVC measurement conducted per one block for block I. MIVC blocks during stimulation are
framed by a blue rectangle.

Each session consisted of five blocks of iBS (before, 10, 15, and 20 min after stimulation onset
and 10 min after stimulation termination (POST)). The duration to complete one block of iBS was
approximately 30 s. The stimulation was started right after the last MIVC-measurement of the first
block (before).

Maximum iBS-force (Newton (N)) was assessed using a multi-component force plate (Kistler type
9286AA, Kistler AG, Winterthur, Switzerland). Data were recorded with a sampling rate of 500 Hz.
The force plate was placed in a straight vertical line below a fixed barbell mounted on a squat half
rack (Barbarian-Line®Profi Half Rack, IFS GmbH, Wassenberg, Germany). For iBS, participants were
instructed to step onto the force plate and under the standard barbell. The feet were placed and aligned
along two marked lines on the surface of the force plate to standardize the position of the feet on the
force plate. Lastly, shoulders were pressed against the fixed barbell and both hands grabbed the barbell
while shoulders were slightly adducted. This position was assumed for all measurements. For MIVC
measurements during the performance of iBS, all participants were told to push against the immovable
barbell as hard as possible for 3-5 s. Peak force values of each MIVC-measurement were taken for the
MIVC value of the respective block. Subjects rested in a seated position on a stool in between MIVC
measurements. During rest phases, movements of the lower limbs were prohibited to avoid differences
in excitability between participants. No feedback regarding iBS-MIVC-performance was given.

2.4. Transcranial Direct Current Stimulation

A tDCS current of 2 mA was delivered for 20 min (excluding 2 X 30 s of up- and down-ramping
before and after stimulation respectively) using a battery-driven stimulator (neuroConn direct current
(NC-DC)-stimulator; neuroConn GmbH, Ilmenau, Germany) and a pair of surface-soaked sponge
electrodes. All tDCS conditions (M1-tDCS, CB-tDCS, SH-tDCS) were randomly assigned within and
counter-balanced across participants. The anode (35 cm?, current density: 0.057 mA/cm?) was placed

226



Brain Sci. 2020, 10, 235

either over the bilateral M1 leg area or the bilateral cerebellum, with the cathode (reference; 100 cm?,
current density 0.020 mA/cm?) placed on the medial part of the supraorbital bone (tDCS of bilateral
M1 leg area) or the right musculus buccinator (tDCS of bilateral cerebellum) [38] respectively. A large
cathode was used to maintain the current density of the reference electrode at a low level, as such
a reference electrode was demonstrated to be functionally ineffective without compromising the
effectiveness of tDCS regarding the stimulation electrode [39,40]. The anatomical landmark for bilateral
M1 (leg area) was determined according to previous studies which based their peak coordinates on
Transcranial magnetic stimulation (TMS)-measurements [41-43]. For anodal tDCS of M1, we placed the
anode 1 cm behind the vertex (Cz) on the mid-sagittal line to cover both leg motor cortices. For anodal
cerebellar stimulation, the anode was placed 2 cm below the inion [38,44]. During SH-tDCS, a 2 mA
current was maintained for 30 s before being ramped down and terminated. To improve the blinding
procedure, M1-tDCS or CB-tDCS montages were randomly used as SH-tDCS montages. Before and
after tDCS, participants rated their level of perceived sensation in relation to the stimulation (0 = no
sensation, 10 = unbearable sensation) on a visual analog scale (VAS).

2.5. tDCS Current Flow Simulation

We simulated electric field distributions based on a finite element model of a representative head
inside the open-source SimNIBS software (www.simnibs.org) to approximate current flow based on
our tDCS configurations. For both M1-tDCS and CB-tDCS conditions, anodes, and cathodes were
defined according to the above-mentioned positions. For both simulations, a current of 2 mA was
selected. For anodal tDCS of M1 (leg area), the maximum electrical field strength (0.53 V/m) was
determined below the anode, corresponding to the leg area of M1 with a posterior—anterior current
flow direction towards premotor areas (Figure 2A). Anodal cerebellar tDCS electrical field strength
was highest in the left cerebellar hemisphere (0.56 V/m) with posterior-anterior current flow direction
towards brain stem areas (Figure 2B).

Figure 2. Transcranial direct current stimulation (tDCS) current flow simulation. Simulated current
flow is illustrated for primary motor cortex (M1)-tDCS (A) as well as cerebellar (CB)-tDCS (B). Anodes
are depicted as red rectangles and cathodes as gray rectangles projected on a standard head model in the

lower half of (A) and (B), respectively. Normalized electrical field strength (V/m) is indicated through
colormaps with blue representing lowest and red representing highest field strengths, respectively.
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2.6. Data Analysis

Analyses were performed using customized MATLAB® (v. R2019b, The MathWorks Inc., Natick,
MA, USA) scripts. For each subject, data were evaluated thoroughly with incorrect measurements being
excluded. Peak force values (N) were extracted out of each measurement and used for further analyses
(cf., Figure 1B). Data were then normalized to individual baseline performances on each different
session (M1-tDCS, CB-tDCS, SH-tDCS). For an exemplary depiction of MIVC determination, please
see Figure 3. Normal distribution was assessed through Lilliefors-testing (o« = 0.05). All data were
subjected to repeated-measures analyses of variance (;m ANOVA) with stimulation (STIM) (M1-tDCS,
CB-tDCS, and SH-tDCS) and measurement times (TIME) (before stimulation, 10, 15, and 20 during
stimulation and 10 min after stimulation termination) as within-subject factors for the dependent
variable MIVC to compare tDCS induced MIVC effects. Additionally, we compared online (during
tDCS stimulation) and offline (after tDCS stimulation) effects of tDCS. For this purpose, we compared
averaged MIVC values across timepoints during stimulation (10, 15, and 20) with MIVC values during
POST. Potential sphericity violations were adjusted according to Greenhouse-Geisser (epsilon < 0.75)
or Huynh-Feldt correction (epsilon > 0.75). Statistical thresholds were set at p < 0.05. Post hoc analyses
were conducted by way of Bonferroni-Holm correction for multiple comparisons. To examine the effect
of potential outliers, we used a common procedure to detect and remove outliers. First, we computed
the mean and standard deviation (SD) of all MIVCs per participant and condition. Then, we excluded
datasets, which fell more than 2.5 SD from the mean [45-47] and reconducted analyses to uncover
potential differences in the obtained results.
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Figure 3. Determination of MIVC. Exemplary MIVC determination is illustrated on a single force-time
curve. Force-time onset (ty), peak force value (Fpax), as well as time to peak force value (tpmax)
are highlighted.

3. Results

We did not find significant differences regarding perceived stimulation sensation between sessions
(F(2,38) = 0.222, p = 0.802, np? = 0.001). None of our participants reported any tDCS related side effects
and no participant reported discomfort during stimulation.

MIVC During iBS

For an overview of all individual MIVC results per stimulation please see Figure 4.
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Figure 4. MIVC results I. Individual MIVC results illustrated as percentage-wise increase respective
to baseline MIVC values (% MIVCgp ), per sham (SH)-TDCS (A), M1-tDCS (B), and CB-tDCS (C) for
all participants.

Here, we found a significant main effect for STIM (F(2,38) = 4.369, p = 0.027, np? = 0.187), with
post-hoc Bonferroni-Holm tests revealing MIVC values to be higher for CB-tDCS when compared to
SH-tDCS (p = 0.028) (Figure 5B), with no significant effects for CB-tDCS vs. M1-tDCS (p = 0.076), as well
as M1-tDCS vs. SH-tDCS (p = 0.681). When averaging MIVC values across TIME per stimulation
we found MIVC to increase by 1.16% for SH-tDCS and 2.91% for M1-tDCS as compared to 12.70%
for CB-tDCS (Figure 5B). We did not find significant main effects for TIME (F(3,57) = 0.099, p = 0.005,
np? = 0.146) (Figure 5A), or a STIM*TIME interaction (F(6,114) = 0.608, p = 0.633, np? = 0.031). Following
the outlier detection, one dataset was removed, and all analyses were reconducted. However, the results
did not change as we still observed an effect for STIM (F(2,36) = 4.101, p = 0.033, np? = 0.186), with
post-hoc Bonferroni-Holm tests revealing MIVC values to be higher for CB-tDCS when compared
to SH-tDCS (p = 0.022), with no significant effects for CB-tDCS vs. M1-tDCS (p = 0.255), as well as
M1-tDCS vs. SH-tDCS (p = 0.833). Accordingly, the outlier had no effect on our results and we therefore
elected to display the results with all original data.
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Figure 5. MIVC results II. Mean MIVC and standard error of the mean (SEM) values illustrated
as percentage-wise increase respective to baseline MIVC values (% MIVCgy), per SH-TDCS (grey
squares), M1-tDCS (red diamonds), and CB-tDCS (green triangles) for all participants. (A) Depicts
mean MIVC results averaged across participants, while (B) illustrates mean MIVC results averaged
across participants and time to highlight general tDCS effects. Asterisks indicate significant differences
between tDCS stimulations. Respective p values are reported in the Results section.
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Lastly, we assessed differences in MIVC values averaged across timepoints during stimulation
(10, 15, and 20) with MIVC values during POST to compare online and offline tDCS effects. We found
a significant main effect for STIM (F(2,38) = 4.049, p = 0.025, npz =0.176), with post-hoc Bonferroni-Holm
tests revealing MIVC values to be higher for CB-tDCS when compared to SH-tDCS (p = 0.033) with no
significant effects for CB-tDCS vs. M1-tDCS (p = 0.109), as well as M1-tDCS vs. SH-tDCS (p = 0.613).
We did not find significant main effects for online vs. offline tDCS effects on MIVC (F(1,19) = 0.011,
p=0918, np2 = 0.001) or an interaction between both factors (F(2,38) = 0.367, p = 0.695, 11p2 =0.019).

4. Discussion

In the present study, we evaluated the effects of anodal tDCS (M1-tDCS and CB-tDCS) on MIVC
during iBS. We observed a significant increase in MIVC during iBS for CB-tDCS compared to SH-tDCS.
To the best of our knowledge, the present study is the first to examine tDCS effects on muscle strength
parameters during a whole-body movement. Additionally, we provide the first description of force
enhancing effects during non-invasive cerebellar stimulation. Lastly, we did not find differences
between online and offline MIVC enhancement. We believe that these results are of importance for
several research fields as we provide an initial reference point and highlight potential challenges for
future studies.

The main result of this study is an increase in MIVC for CB-tDCS stimulation but no significant
increase for M1-tDCS or SH-tDCS. On one hand, an increase in muscular force after tDCS administration
is in line with previous studies [12-15], albeit excluding CB-tDCS, yet in contrast to other results that
failed to find such effects on muscle strength parameters [16-18]. Several factors may account for this.

First, it seems important to discuss our paradigm within the context of previous related research.
Concerning this matter, we believe our tDCS paradigm to be consistent with most studies examining
tDCS-induced muscle strength modulations [8]. Stimulation sites of both M1-tDCS, as well as CB-tDCS,
were chosen based on common directives from recent literature [8,38,44]. We selected a current of 2 mA,
as it has been reported that a current of 2 mA penetrates deeper through the skull when compared
to 1.5 mA or 1 mA [48] and is commonly employed when administering tDCS over CB or M1. This
might be a critical point considering an absent effect of M1-tDCS on MIVC, as M1 (leg area) is located
deep inside the longitudinal cerebral fissure [49]. On the contrary, higher current intensity does not
necessarily increase cortical excitability [50,51]. It has been suggested, that lower current intensities
(<2 mA) are potentially more beneficial regarding tDCS effects, meaning that even if currents of higher
intensity generally penetrate deeper through tissue, they do not always reflect optimal intensities to
modulate local excitability [52]. Still, current flow simulations based on both tDCS configurations
employed in our study show target areas (M1 and CB) to be extensively covered by the administered
current (see Figure 2A,B). It is, therefore, conceivable that M1 plays a subordinate role in the force
modulation of iBS. While both target areas are covered, current additionally spread broadly across
other areas of the brain. This issue of low spatial focality is well known in tDCS research [8,13,52],
although many studies show tDCS modulations of single muscle activity [48] and single muscle
performance [12,14,53]. Additionally, concerning the effects of CB-tDCS on MIVC, it could be argued
that due to our montage current is spreading beyond the cerebellum, specifically to regions of the brain
stem and therefore, our results cannot be attributed to cerebellar modulations exclusively. However,
a previous study assessed changes in brainstem excitability using the same CB-tDCS montage we
employed in this study [54]. The authors did not find changes in brainstem excitability, which is why
we assume such a confound to be unlikely regarding the present study.

Considering the positive effect of CB-tDCS on iBS, it is important to contextualize the results
with our task. The iBS task, as performed in the present study, represented a novel challenge to all
participants as they were not skilled in iBS with a short familiarization serving as each individual’s
only experience before testing. In this sense optimized coordination between muscles involved in
force transmission during iBS is conceivable. Several studies show such adjustments as a result of
CB-tDCS, e.g., during locomotor adaptation tasks [30] and complex overhand throwing tasks [55].
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In particular, it should be mentioned that these studies that show such effects used protocols of anodal
CB-tDCS in accordance with our results [30,55-57]. Another adaptation relating to coordination
that could be induced by CB-tDCS is an optimized antagonist contraction behavior. Several studies
have shown that increases in strength and improved force progression, following adaptation to
strength training, are associated with reduced antagonist co-contraction [58,59]. It is also known
that the cerebellum plays a crucial role in the coordination between agonist-antagonist contractions
during exercise. For example, people suffering from cerebellar pathologies may experience increased
co-contractions at the start of movement [60], inaccurate timing of antagonist muscles during agonistic
contractions [60,61], and delayed onset of agonistic contractions [62]. Furthermore, studies show that
the cerebellum contributes to the temporal coordination of movement patterns [61]. Interestingly,
anodal stimulation of the cerebellum, combined with subsequent cerebral stimulation has been shown
to improve the onset latency of antagonistic movements in patients with cerebellar ataxia [63]. Future
studies should investigate the precise mode of action of CB-tDCS on antagonistic contractions and its
relationship to improved strength performance in compound whole-body movements. In addition,
adaptive motor control and the role of both areas of stimulation (M1-tDCS and CB-tDCS) during
adaptive motor control potentially explain our results. In brief, adaptive motor control describes error
reduction during motor adaptation [64]. Although both cerebellum and M1 are involved in motor
control, their roles during adaptive motor control differ. Here, cerebellar processing is thought to
affect online learning, evidenced through reductions in movement-related errors after CB-stimulation
during motor tasks using tDCS [30,64,65] and TMS [66] stimulation. Further, cerebellar lesions lead
to impaired abilities regarding successful changes in visuomotor positioning which further suggests
that error reduction during motor tasks is a process connected to cerebellar activity [24,67]. On the
other hand, M1-stimulation yields an offline response concerning adaptive motor control. This is
reflected in previous research showing decreased retention time with no effects on error reduction
after M1-stimulation [64,65]. These differences could help explain our finding that CB-tDCS increases
MIVC during iBS. As CB-tDCS modifies cerebellar output, mainly that of Purkinje cells [54], it is
possible that such a stimulation modulates cerebellar responses to sensory prediction error-related
input and therefore leads to an increase in cerebellar response to task-related kinematic and dynamic
errors [54,64]. Although this remains speculative, our results might, therefore, reflect an increase in
the range of operating Purkinje cells as a response to CB-tDCS stimulation, leading to more rapid
adaptations following each trial. This potentially results in greater force output, as timely coordination
between segments (limbs and constrained body parts) in all joints is enhanced due to these rapid
adaptational processes concerning the internal model of iBS. Therefore, we think that our results do
not reflect greater force production capacity, but rather a quicker realization of force production due to
improved coordination between muscles involved in iBS, possibly as a result of optimized internal
models of iBS following CB-tDCS compared to M1-tDCS and SH-tDCS.

Lastly, M1 is not likely involved in online motor control and force production during iBS. Still,
previous studies showed force modulations of M1-tDCS [12-14], which is why the absence of such an
effect in this study has to be addressed. An initial problem lies in the interindividual heterogeneity
of M1 representations [68], inferring that current which sufficiently covers a targeted area and thus
enhances local excitability in one participant might fail to do so entirely in another. This issue is closely
related to overall variability in tDCS responsiveness. Generally, many participants fail to respond to
tDCS stimulation expectedly [69,70]. In particular cases, nearly half of all stimulated participants do
not respond to stimulation as anticipated [71]. Inter-individual variability in tDCS responsiveness has
been observed for hand [69-71] and leg area of M1 [72,73]. TMS can be used as a countermeasure to
ensure consideration of individualities concerning cortical representations. Interestingly, combining
TMS-localization with tDCS stimulation does not guarantee responsiveness. Out of two studies that
examined tDCS related muscle strength modulations in lower extremities and used TMS to localize and
stimulate individual target areas, one reports high responsiveness and behavioral enhancement [14],
whilst the second does not [18]. Still, future studies should consider using TMS, as it would have
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allowed for a definite control measure regarding the effectiveness of tDCS stimulations. High-definition
tDCS (HD-tDCS) is another approach to increase the focality of non-invasively administered current.
It was shown that HD-tDCS current is generally more spatially focal and able to increase the duration
of tDCS induced after-effects compared to conventional tDCS [74]. Two studies have applied HD-tDCS
to examine its effects on muscle strength parameters but were unable to find positive results [75,76].
Finally, a limitation of this study is the number of MIVC tests performed per measurement point.
We have decided on one MIVC measurement per measurement point since the risk of injury to
the participants is increased with each additional measurement per measurement point. We were
recommended to do so by biomechanical experts during the evaluation of our test set-up. Since
the squat, as a whole-body movement, demands the entire muscle apparatus, we wanted to avoid
additional risks due to accumulated fatigue. In addition, the resting periods between several MIVCs,
especially during whole-body movements, should be at least 3-5 min apart to ensure maximum force
generation in each trial [77].

5. Conclusions

In conclusion, we provide novel evidence that anodal CB-tDCS can enhance MIVC in iBS serving
as a whole-body movement. This is the first study to observe force enhancing effects of tDCS on
whole-body movements as well as the first study to show force enhancing effects of CB-tDCS. As such,
we present an initial framework of references concerning tDCS effects on muscle strength parameters
in whole-body movements. A multitude of everyday life activities is comprised of whole-body
movements. TDCS induced improvements of movement parameters, such as MIVC, in whole-body
movements could prove beneficial to enable improved physical functioning, as well as prevent
age-related decline in motor function. Perspectively, it seems important to test dynamic movements
as whole-body movements commonly include both dynamic (eccentric and concentric) and static
(isometric) movement periods. Therefore, it is necessary to extend our findings by including different
protocols as well as examining other whole-body movements in future studies.
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Abstract: This study aimed to examine the effects of single-session anodal high-definition transcranial
direct current stimulation (HD-tDCS) on the strength of intrinsic foot muscles, passive ankle
kinesthesia, and static balance. Methods: In this double-blinded self-controlled study, 14 healthy
younger adults were asked to complete assessments of foot muscle strength, passive ankle kinesthesia,
and static balance before and after a 20-minute session of either HD-tDCS or sham stimulation (i.e.,
control) at two visits separated by one week. Two-way repeated-measures analysis of variance was
used to examine the effects of HD-tDCS on metatarsophalangeal joint flexor strength, toe flexor
strength, the passive kinesthesia threshold of ankle joint, and the average sway velocity of the center
of gravity. Results: All participants completed all study procedures and no side effects nor risk
events were reported. Blinding was shown to be successful, with an overall accuracy of 35.7% in
the guess of stimulation type (p = 0.347). No main effects of intervention, time, or their interaction
were observed for foot muscle strength (p > 0.05). The average percent change in first-toe flexor
strength following anodal HD-tDCS was 12.8 + 24.2%, with 11 out of 14 participants showing an
increase in strength, while the change following sham stimulation was 0.7 + 17.3%, with 8 out of
14 participants showing an increase in strength. A main effect of time on the passive kinesthesia
threshold of ankle inversion, dorsiflexion, and anteroposterior and medial-lateral average sway
velocity of the center of gravity in one-leg standing with eyes closed was observed; these outcomes
were reduced from pre to post stimulation (p < 0.05). No significant differences were observed for other
variables between the two stimulation types. Conclusion: The results of this pilot study suggested
that single-session HD-tDCS may improve the flexor strength of the first toe, although no statistically
significant differences were observed between the anodal HD-tDCS and sham procedure groups.
Additionally, passive ankle kinesthesia and static standing balance performance were improved from
pre to post stimulation, but no significant differences were observed between the HD-tDCS and sham
procedure groups. This may be potentially due to ceiling effects in this healthy cohort of a small
sample size. Nevertheless, these preliminary findings may provide critical knowledge of optimal
stimulation parameters, effect size, and power estimation of HD-tDCS for future trials aiming to
confirm and expand the findings of this pilot study.

Keywords: high-definition transcranial direct current stimulation (HD-tDCS); foot muscle strength;
passive ankle kinesthesia; static balance
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1. Introduction

A new paradigm has redefined the complex human foot structure as the foot core system, which
includes the active, passive, and neural subsystems [1]. The active subsystem is composed of intrinsic
and extrinsic foot muscles that can control foot movement and provide propulsive power, while
the neural subsystem comprises sensory receptors that provide accurate motion sensory messages
regarding ankle posture [2]. The active and neural subsystems are important in maintaining standing
balance and controlling body posture [3]. Impaired movement sense and reduced foot muscle strength
increase walking variability, fall risk [4,5], and even sports-related injuries such as plantar fasciitis
and chronic ankle instability (CAI) [6,7]. Therefore, many studies have focused on strengthening the
foot core system to prevent foot injuries. To our knowledge, previous studies have mainly focused
on enhancing foot function and preventing foot injuries by strengthening intrinsic foot muscles and
peripheral nervous systems [1,2]. However, the central nervous system plays a critical role in altering
motor planning and generating movement patterns, and changes within the central nervous system
predispose individuals to re-injury [8]. Decreased excitability of the primary motor cortex (M1) and
reduced activation of the somatosensory cortex (51) have been reported in individuals with foot injuries,
e.g., CAI[8]. Therefore, strategies designed to target the cortical sensorimotor regions of the brain hold
great promise for improving functional performance pertaining to the foot, and may thus help prevent
foot-related injuries in sports.

Transcranial direct current stimulation (tDCS) is a safe method for modulating the excitability of
brain regions noninvasively by inducing a low-amplitude current flow between two or more electrodes
placed on the scalp [9]. Several systematic reviews and meta-analyses have demonstrated that anodal
tDCS applied over M1 can improve balance control, promote muscle strength and muscular endurance,
and enhance exercise performance in cycling [10-12]. Studies have also shown that anodal tDCS
designed to target the sensorimotor regions of the brain improves physical performance, including
muscle strength and sensory function [13]. Specifically, researchers observed that one session of tDCS
targeting M1 enhanced the isometric strength of quadricep femoris [14] and the toe pinch force [15].
Zhou et al. [16] recently observed that single-session tDCS over S1 induced the improvement of
vibrotactile sensation of the foot sole of older adults under weight-bearing conditions. These studies
suggested that anodal tDCS can improve muscle strength and foot sole somatosensation by increasing
the cortical excitability of the sensorimotor regions of the brain.

However, these studies used conventional tDCS with large sponge electrodes. This may cause
a tingling sensation over the scalp. Moreover, the results indicated large interpersonal variance,
which may be due to the current delivered by conventional tDCS diffusing in the cortical regions [17].
Fortunately, novel high-definition tDCS (HD-tDCS) has been developed by employing advanced
neuro-modeling techniques; small electrodes enable the navigation of current flow in cortical regions
and thus induce a “focal” electric field on targets [18]. The effects of this HD-tDCS technique on human
motion function and performance, however, have not been explored. We here anticipate that anodal
HD-tDCS can be used as an effective approach to improve foot muscle strength, ankle kinesthesia,
and balance performance pertaining to these functions.

This study aimed to examine the effects of single-session anodal HD-tDCS on the strength of foot
plantar muscles, passive ankle kinesthesia, and static balance ability. We hypothesized that compared
to sham stimulation (i.e., control), single-session anodal HD-tDCS could enhance metatarsophalangeal
joint (MPJ) flexor and toe flexor strength, decrease the passive kinesthesia threshold of the ankle joint,
and improve static balance ability in healthy younger adults.

2. Methods

2.1. Participants

Fourteen healthy young male adults (age: 22.8 + 1.2 years; height: 174.6 + 6.6 cm; body mass: 72.2
+ 8.8 kg; dominant leg: right, as defined by the preferred kicking leg [19]) were recruited. The sample
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size was calculated using a power analysis with a statistical power of 0.80, a probability level of 0.05,
and an effect size f of 0.38 [20] via G*Power 3.1.9.2 software [21,22]. The analysis gave a sample
of 11 participants. Considering a 20% drop-out rate, 14 participants were recruited in this study.
Participants were recruited from a university community through the distribution of flyers and email
announcements of the study. The inclusion criteria were as follows: (1) good health of participants in
terms of normal muscle strength and sensory function and (2) no history of lower extremity injuries in
the past 6 months. Those who had skin allergies, were using neuropsychiatric medication, had a major
neurological disease, or had any contraindications with respect to the use of tDCS (e.g., metal-implanted
devices in the brain) were excluded. The participants were asked not to engage in strenuous exercises
within 24 h prior to testing and not to drink any beverages containing stimulants such as caffeine within
4 h prior to testing to limit the potential influence of heavy-load physical activity or caffeine on their
performance. All participants provided a written informed consent as approved by the Institutional
Review Board of the Shanghai University of Sport (2019RT020).

2.2. Experimental Protocol

In this randomized double-blinded, self-controlled study, each participant completed two visits
consisting of functional tests (i.e., passive ankle kinesthesia, foot muscle strength, and static balance)
immediately before and after a 20-minute session of either HD-tDCS or sham stimulation in a
randomized order. The tests started at the same time of a day on each visit, and the two visits were
separated by one week to largely eliminate the after-effects of stimulation and to diminish repetition
effects. All participants completed the tests in the same order: passive ankle kinesthesia first, then
foot muscle strength, and finally static balance. Between different types of tests, a 5-min break was
provided to eliminate the effects of fatigue on task performance.

2.3. High-Definition Transcranial Direct Current Stimulation Intervention

The DC-STIMULATOR PLUS (neuroConn, Ilmenau, Germany) device was used to connect to a 4
X 1 multichannel stimulation adapter. The tDCS montage was designed to increase the lower limb area
of the sensorimotor regions, i.e., M1 and S1. Five silver chloride-sintered circular electrodes with size of
1 cm? were used. The anodal electrode was placed over the Cz electrode of a 10/20 electroencephalogram
(EEG) system and was surrounded by four cathodal electrodes (each at a ring center-to-ring center
distance of 3.5 cm from the anodal electrode, i.e., C3, C4, Fz, and Pz) (Figure 1A-C) [23]. HD-tDCS was
administered for 20 min continuously at a target current intensity of 2.0 mA. This dose of HD-tDCS
could exert prominent, long-lasting excitatory following stimulation. Moreover, this intensity has
been proven to be safe and well-tolerated by participants [24,25]. Anodal HD-tDCS was applied with
an electric current intensity of 2 mA for 20 min. In the anodal HD-tDCS, the current was ramped
up to 2 mA over 30 s at 0.1-mA intervals. After 20 min of stimulation, the current was then ramped
down to 0 mA over 30 s. In the sham stimulation, the parameters were the same as those in HD-tDCS,
but the current was ramped up to 2 mA over 30 s and then immediately ramped down to 0 mA.
According to previous studies, this provided enough time to identify the presence of the current with no
effective brain stimulation [26,27]. The type of stimulation (i.e., HD-tDCS or sham) was programmed
using a code only known by personnel uninvolved in any study procedure before the stimulation.
Thus, neither the participants nor the study personnel knew the stimulation type (double-blinded
method). The participants were asked to complete a questionnaire at the end of each stimulation
to evaluate the potential side effects. They were also asked to “guess” whether they had received
HD-tDCS or sham stimulation to assess the blinding efficacy.
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Figure 1. High-definition transcranial direct current stimulation (HD-tDCS) electrode placement and
electrical current flow model. (A) The experimental setup for HD-tDCS. (B) Placement of 4 x 1 HD-tDCS
electrodes. The anodal electrode was placed over the Cz electrode of a 10/20 electroencephalogram
(EEG) system and surrounded by four cathodal electrodes i.e., C3, C4, Fz, and Pz. (C) Electrical

current flow model of the cortical surface (left), and the cortical cross-section (right). The electrical field
influenced the lower limb area of the sensorimotor regions (red circle).

2.4. Data Collection

2.4.1. Passive Ankle Kinesthesia

The passive kinesthesia threshold of the ankle joint was assessed by using an ankle proprioception
tester (KP-11, Toshimi, Shandong, China). The test-retest reliability of this instrument was verified with
an intraclass correlation coefficient in range of 0.737-0.935 [28]. Each participant sat on an adjustable
seat, and their hip, knee, and ankle joints were fixed at 90°. They each wore an eye mask and noise
reduction earphones during the test. The dominant foot was bare, and the sole was wrapped with
an air cushion to remove any tactile sense. The dominant foot was then relaxed and placed on the
bottom of the foot pedal. Only half the weight of the lower extremity was loaded onto the platform.
The platform was randomly activated to drive the participant’s ankle in plantarflexion (PF), dorsiflexion
(DEF), inversion (INV), and eversion (EV). Each participant was then instructed to complete at least
three familiarity tests in each direction of ankle motion (i.e., PE, DF, INV, and EV). After confirming
the trigger and the direction of foot movement, the participant was asked to press the stop button.
The experimenter then recorded the angular displacement and movement direction. The participant
lifted his foot from the platform, and the experimenter reset the instrument. After the familiarization
test, the participant completed three trials of the test in each movement direction (i.e., PF, DF, INV,
and EV) in a randomized order. A rest period of 1 min was given between trials.
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2.4.2. Metatarsophalangeal Joint Flexor Strength

MP]J flexor strength was measured using an MPJ flexor strength testing system customized by our
team. The validity and reliability were reported previously [29,30]. Each participant was seated in the
system with bare feet and legs. The position and height of the seat were adjusted to make the thighs
parallel to the ground and the knee joint was fixed at 90°. The heels, ankles, and knees were fixed
(Figure 2). When the test started, the participant was asked to flex the MPJ and press the pedal for 10 s
with maximum force. The measurement was repeated thrice with a rest period of 1 min. The peak MP]
flexor strength was then obtained and normalized according to the body weight of each participant.

Figure 2. Metatarsophalangeal joint flexor strength tester (upper panels) and toe grip dynamometer
and toe flexor strength measurement (lower panels).

2.4.3. Toe Flexor Strength

Toe flexor strength was measured in the sitting position using a toe grip dynamometer (T.K.K.3361,
Takei Scientific Instruments Co., Niigata, Japan). Details of the tester, testing process, and its reliability
are available in the literature [31,32]. Each participant was asked to sit on an adjustable seat, with the
hip, knee, and ankle joints fixed at 90°. The dominant foot was placed on the dynamometer and fixed
with the heel stopper, and the other foot was positioned next to the testing instrument. During the
measurements, the toes were flexed vigorously for at least 3 s, and the trunk was kept upright while
keeping the hands on the chest (Figure 2). The peak flexor strengths of the first toe, the other four toes,
and all toes were recorded and normalized by body weight of each participant. The measurement was
repeated thrice with an interval of 1 min.

2.4.4. Static Balance Ability

In the standing balance test, each participant stood on the balance testing system (Super Balance,
Acmeway, Beijing, China) while wearing a sports uniform (i.e., vest, shorts, and socks). While looking
straight ahead, the participants stood in a position in which the width of their bare feet was the same
as that of their shoulders. Each participant completed three trials in each of the following conditions:
two-leg standing with eyes open (TL_EO) and eyes closed (TL_EC) and one-leg standing with eyes
open (OL_EO) and eyes closed (OL_EC). Two-leg trials lasted 30 s, and one-leg trials lasted 10 s.
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A break of 30 s was provided between trials. The system recorded the sway velocity of the center of
gravity (CoG) in the medial-lateral (ML) and anteroposterior (AP) directions.

2.5. Statistics

SPSS 22.0 (SPSS Inc., Chicago, IL, USA.) was used to complete the statistical analysis, and all data
were expressed by mean + standard deviation. The Shapiro-Wilk test was used to examine the normal
distribution of the outcomes. Fisher’s exact test was used to test the blinding efficacy of HD-tDCS.
Two-way repeated measures analysis of variance (ANOVA) was used to examine the main effects
(intervention and time) and their interaction on functional performance. Post-hoc analysis was used if
a significance in the interaction was observed. The significance level was set as p < 0.05. Effect size
values (r]%) were reported for ANOVA.

3. Results

Fourteen participants received 2 mA of stimulation and completed all study procedures. No side
effects or risk events were reported. For blinding efficacy, Fisher’s exact test showed a successful
blinding procedure with an overall accuracy of 35.7% (p = 0.347).

The two-way repeated measures ANOVA revealed no significant intervention by time interaction
effects for flexor strengths of the MPJ (F(y, 26) = 0.472, p = 0.50, r]% = 0.018), the first toe (F(1, 26) = 3.124,
p = 0.09, 1],2, = 0.107), the other four toes (F(1,26) = 0.001, p = 0.97, 17% < 0.001), and all five toes
(F1,26)=0.547,p = 0.47, r]; = 0.021). Further, no significant main effects of time and intervention were
observed for any of these variables (p > 0.05). Specifically, the average percent change of the first-toe
flexor strength following anodal HD-tDCS was 12.8 + 24.2%, with 11 out of 14 participants showing
an increase in strength, while the change following sham stimulation was 0.7 + 17.3%, with 8 out of
14 participants showing an increase in strength.

No significant intervention by time interaction effects were observed for the passive kinesthesia
thresholds of PF (F(1, 26) = 0.329, p = 0.57, i, = 0.012), DF (F(3,26) = 0.158, p = 0.69, 15, = 0.006), INV
(F1,26)=0.072,p=0.79, rh% =0.003), and EV (F(1, 26) = 0.237, p = 0.63, 17% =0.009). A significant main effect
of time was observed for the INV kinesthesia threshold (F(, 26) = 9.606, p = 0.005, 17, = 0.270) and the DF
kinesthesia threshold (F1, 26) = 5.409, p = 0.03, r]% = 0.172), whereas no significance was observed in the
main effects of the intervention. The INV and DF kinesthesia thresholds were significantly decreased
after the stimulation as compared to pre-stimulation regardless of the two stimulation types (p < 0.05).
Moreover, the INV kinesthesia threshold in 13 out of the 14 participants specifically decreased after
anodal HD-tDCS, while this occurred in 8 out of the 14 participants after sham stimulation. The average
percent decrease in the INV and DF kinesthesia thresholds following anodal HD-tDCS was 13.1 +
17.6% (0.4 + 0.4°) and 3.3 + 17.1% (0.1 + 0.3°), respectively, while the average percent change following
sham stimulation was 9.4 + 22.1% (0.3 + 0.8°) and 7.4 + 18.0% (0.2 + 0.3°), respectively (Table 1).

Table 1. Effects of HD-tDCS on passive ankle kinesthesia and foot muscle strength.

HD-tDCS Sham
Variables
Pre Post Pre Post
PE (°) 1.29 + 0.46 1.19 £ 045 138052  1.35+0.39
DF (°) 1.48 +0.65 1.36 = 0.42 1.44 +0.53 128 £0.32
INV (°) 2.73 +1.31 233+1.15 277+123  244+122
EV (°) 2.43 +0.61 217+095  237+082  222+0.79
MP]J flexor strength (N/kg) 1.56 +0.53 1.64 +0.38 1.43 +0.50 1.57 £ 0.49
Flexor strength of the first toe (N/kg) 1.45 +0.58 1.61 +0.67 1.46 + 0.58 1.43 +0.49
Flexor strength of the other four toes (N/kg) 1.25+ 041 1.30 + 0.39 1.19 + 041 1.24 +0.44
Flexor strength of the all five toes (N/kg) 2.84 +0.57 2.80 £ 0.63 2.62 +0.54 2.74 £ 0.56

Notes: PF: plantarflexion; DF: dorsiflexion; INV: inversion; EV: eversion; MP]: metatarsophalangeal joint; HD-tDCS:
high-definition transcranial direct current stimulation.
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The two-way repeated measures ANOVA revealed no significant intervention by time interaction
effects for the ML average CoG sway velocity in TL_EO (F(y,26) = 0.250, p = 0.62, 1]}2, = 0.010), AP
average CoG sway velocity in TL_EO (F, 26) = 1.063, p = 0.312, 17}2, =0.039), ML average CoG sway
velocity in TL_EC (F(1,26) = 1.056, p = 0.314, = 0.039), AP average CoG sway velocity in TL_EC
(F1,26) = 0.020, p = 0.89, 17;2, =0.001), ML average CoG sway velocity in OL_EO (F(y, 26) = 0.615, p = 0.44,
17% =0.023), AP average CoG sway velocity in OL_EO (Fq, 2¢) = 4.202, p = 0.051, 1]’2, =0.139), ML average
CoG sway velocity in OL_EC (F(1, 26) = 0.029, p = 0.87, r]% =0.001), and AP average CoG sway velocity
in OL_EC (F(y,26) = 1.755, p = 0.20, m, = 0.063). A significant main effect of time was observed for
the AP average CoG sway velocity in OL_EO (F(y,26) = 5.473, p = 0.03, 1]% = 0.174), ML average CoG
sway velocity in OL_EC (F(1, 26) = 14.103, p = 0.001, 1, = 0.352), and AP average CoG sway velocity in
OL_EC (F, 26) = 24.281, p < 0.001, r]% = 0.483), but no main effect of intervention. It was found that
the AP average CoG sway velocity in OL_EO, ML average CoG sway velocity in OL_EC, and AP
average CoG sway velocity in OL_EC were significantly decreased after the stimulation as compared
to pre-stimulation regardless of the two stimulation types (p < 0.05). Specifically, the average percent
decreases in the AP average CoG sway velocity in OL_EO, ML average CoG sway velocity in OL_EC,
and AP average CoG sway velocity in OL_EC following anodal HD-tDCS were 0.8 + 11.5%, 8.5 +
11.4%, and 10.7 + 9.5%, respectively, while the average percent changes following sham stimulation
were 9.7 + 15.2%, 11.0 + 13.1%, and 17.0 + 16.5%, respectively (Table 2).

Table 2. Effects of HD-tDCS on static balance.

Posture . HD-tDCS Sham
o Variables
Conditions Pre Post Pre Post
TL EO ML average CoG sway velocity (mm/s) 6.53 £1.12 6.60 = 1.03 6.40 + 1.06 6.60 +1.09
- AP average CoG sway velocity (mm/s) 8.48 + 1.45 8.41+123 8.43 +1.40 8.72 +1.76
TL EC ML average CoG sway velocity (mm/s) 6.64 +0.82 7.03 +0.97 6.40 +1.17 6.46 + 1.36
- AP average CoG sway velocity (mm/s) 9.40 +1.54 9.28 +1.43 9.19 £ 2.02 9.01 +1.75
OL EO ML average CoG sway velocity (mm/s) 31.63 +7.28 30.89 +7.80 3342 +12.31  31.38 £10.52
. AP average CoG sway velocity (mm/s) 29.04 + 4.65 28.75+5.28 33.63 + 11.35 29.34 + 6.55
OL EC ML average CoG sway velocity (mm/s) 6543 £15.80  59.56 + 1470  65.94+17.23  59.52 + 18.56

AP average CoG sway velocity (mm/s) 67.73 £1445 60.20+13.39 7179 +17.05 58.73 +13.64

Notes: TL_EO: two-leg standing with eyes open; TL_EC: two-leg standing with eyes closed; OL_EO: one-leg
standing with eyes open; OL_EC: one-leg standing with eyes closed; ML: medial-lateral; AP: anteroposterior;
HD-tDCS: high-definition transcranial direct current stimulation; CoG: the center of gravity.

4. Discussion

The tDCS procedure has been applied to the treatment and rehabilitation of multiple mental
and neurological diseases [33]. However, its effectiveness has not been fully assessed in the field of
human movement science, including in the rehabilitation and improvement of foot-related physical
performance. In this pilot study, the direction of effects suggested that single-session HD-tDCS may
improve the flexor strength of the first toe, although this increase in strength did not significantly
differ from sham stimulation. Moreover, participants also showed improvements in the passive ankle
kinesthesia threshold and static standing balance performance from pre to post stimulation, while
no significant differences were observed between anodal HD-tDCS and sham stimulation. To our
knowledge, this is the first study designed to examine the effects of HD-tDCS on foot-related physical
performance, demonstrating that tDCS may be a promising method to improve the foot muscle strength
and potentially sensation, and could provide novel insights into the potential role of brain cortical
regions in the regulation of foot function.

For both athletes and those with diminished foot function, improving foot muscle strength,
kinesthesia, and static balance is related to better sports performance and can help the prevention and
rehabilitation of injuries and risk events in daily life [34]. Previous studies have provided preliminary
evidence that anodal tDCS can improve muscle strength, foot sensory function, and static balance.
Tanaka et al. [15] reported that tDCS significantly increased the toe pinch force by stimulating M1, with
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the observed effect remaining for at least 30 min. Zhou et al. [16] observed that anodal tDCS lowered
foot sole vibratory thresholds of the elderly when standing. Studies have also demonstrated that tDCS
can improve the postural stability of young adults when standing quietly with TL_EC [35] and enhance
the adjustment ability to respond to complex postures [36], indicating that tDCS may be considered
as a novel approach to improve foot-related function. However, several other studies showed the
opposite results, reporting that tDCS may not significantly improve these functions. Maeda et al. [37],
for example, observed that anodal tDCS failed to enhance the lower extremity muscle strength in
healthy participants. Similarly, studies also showed that anodal tDCS did not significantly elevate the
maximal force production of knee extensors [38] nor enhance static balance ability [39]. In this pilot
study, we observed that a significant improvement in passive ankle kinesthesia and static standing
balance performance from pre to post intervention was induced by HD-tDCS, which was in line with
results from previous studies showing tDCS-induced benefits on physical performance. On the other
hand, no statistically significant differences were observed in foot muscle strength, passive kinesthesia
threshold, and static balance between the two stimulation types, consistent with the studies showing
no significant improvement induced by tDCS.

Several reasons may account for the interesting findings in this study. One is related to potential
ceiling effects. In this study, only healthy younger adults were enrolled, and they had excellent physical
performance, including high-level muscle strength, great capacity to perceive the trivial changes in
ankle motion, and thus great ability to maintain standing balance. Thus, it was possible that the benefit
induced by HD-tDCS in physical performance was limited by a “ceiling effect” [16]. Besides, it should
also be noted that in addition to sensory-motor regions, other brain regions are also involved in the
regulation of the foot strength, sensation, and standing postural sway, such as the prefrontal cognitive
regions, insular cortex, and the supplementary motor area. Targeting only one region in this healthy
cohort may not be able to induce significant functional improvement.

Meanwhile, though HD-tDCS was used in this study, we know that the brain structure varies
across individuals even in healthy younger cohorts, and such inter-subject variance in brain structure
may increase the diffusion of the current in the targeted brain regions. Studies have shown
that “on-target” current intensity was associated with an increase in functional performance [40].
Therefore, a “personalized” HD-tDCS montage design by using the brain structure MRI data of each
individual in combination with advanced neuro-modelling techniques may boost the effects of tDCS
interventions on these functional improvements.

Interestingly, although our study had a good blinding effect (35.7%), the INV and DF kinesthesia
threshold and the AP and ML average CoG sway velocity in OL_EC were decreased from pre- to
post-stimulation both the HD-tDCS and sham groups, and sham stimulation induced similar percent
changes in these outcomes compared to HD-tDCS. In this conventional sham control protocol, it was
believed only feelings on the scalp similar to those in anodal stimulation would be sensed, but not
those of induced cortical activation [41]. However, it was unavoidable that the 30-second stimulation at
the beginning of sham would potentially induce certain neurobiological effects on the targeting cortex
and lead to improvements in functional performance [42]. A previous study, for example, revealed
that event-related electroencephalogram components (P3) related to response time and accuracy were
significantly lowered in sham stimulation, and changes in P3 amplitude were moderately correlated
with changes in work memory accuracy. This suggested that sham stimulation may have biological
effects and alter neuronal function [43]. This may partially explain the effects of sham stimulation we
observed here. Novel active sham stimulation has been found to more effectively blind participants and
operators to the stimulation condition without affecting functional outcomes [44]. Implementing this
new approach in future studies would be worthwhile to help better examine the effects of HD-tDCS on
functional performance pertaining to the foot.

To date, the mechanisms by which tDCS might improve physical performance remain largely
unclear and the effects of tDCS on physical performance have been found to be inconsistent. The high
inter-individual variability, the different electrode montages, and various stimulation protocols (i.e.,
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stimulation types, electrode size and position, intensity, duration) may be contributors to the variable
results [13]. Thus, this pilot study may provide some implications for selecting optimal stimulation
parameters for future study. Besides, several studies have reported that tDCS applied over the M1 had
a positive effect on motor imagery [36], providing some implications in order to explore the beneficial
effects of imagery conditions on physical performance during tDCS in future studies [45,46].

There are some limitations in this study. In this pilot study, only a small sample of male participants
was enrolled; future studies with a larger sample size of participants with similar numbers of men and
women are thus needed. This study focused on only a healthy cohort, and the exploration of the effects
of tDCS on the foot function and balance in those with diminished or impaired functionality, such as
those with foot injuries, would be worthwhile. It is also necessary to examine the effects of both anodal
and cathodal tDCS on cortical activation of the brain and functional performance. This may help to
better understand the causal role of brain activity in the regulation of behavior.

5. Conclusions

This pilot study was the first to examine the effects of single-session anodal HD-tDCS designed
to target the sensory-motor regions of the brain with respect to foot muscle strength, passive ankle
kinesthesia, and static balance. The results suggested that single-session HD-tDCS may improve the
flexor strength of the first toe, passive ankle kinesthesia, and static standing balance performance,
although no significant differences were observed with regard to such effects between anodal HD-tDCS
and sham stimulation. This may be potentially due to ceiling effects and the small sample size in
this study. Nevertheless, these preliminary findings may inform future studies with larger sample
sizes aimed at confirming and expanding the findings of this pilot study by providing knowledge on
optimal stimulation parameters, effect size, and power estimation of the tDCS intervention.
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Abstract: A single session of priming cathodal transcranial direct current stimulation (tDCS) prior
to anodal tDCS (c-a-tDCS) allows cumulative effects on motor learning and retention. However,
the impact of multiple sessions of c-a-tDCS priming on learning and retention remains unclear.
Here, we tested whether multiple sessions of c-a-tDCS (over 3 consecutive days) applied over the
left sensorimotor cortex can further enhance motor learning and retention of an already learned
visuo-motor task as compared to anodal tDCS (a-tDCS) or sham. In a between group and randomized
double-blind sham-controlled study design, 25 participants separated in 3 independent groups
underwent 2 days of baseline training without tDCS followed by 3-days of training with both online
and offline tDCS, and two retention tests (1 and 14 days later). Each training block consisted of five
trials of a 60 s circular-tracing task intersected by 60 s rest, and performance was assessed in terms of
speed-accuracy trade-off represented notably by an index of performance (IP). The main findings
of this exploratory study were that multiple sessions of c-a-tDCS significantly further enhanced IP
above baseline training levels over the 3 training days that were maintained over the 2 retention
days, but these learning and retention performance changes were not significantly different from
the sham group. Subtle differences in the changes in speed-accuracy trade-off (components of IP)
between c-a-tDCS (maintenance of accuracy over increasing speed) and a-tDCS (increasing speed
over maintenance of accuracy) provide preliminary insights to a mechanistic modulation of motor
performance with priming and polarity of tDCS.

Keywords: transcranial direct current stimulation (tDCS); motor performance; priming tDCS;
cathodal; multiple sessions; motor learning; neuroplasticity

1. Introduction

Transcranial direct current stimulation (tDCS) is a noninvasive neuromodulation technique that
can increase or decrease cortical excitability depending on the polarity of the induced electric field [1].
Anodal tDCS (a-tDCS) of the primary motor cortex (M1) has generally been shown to enhance motor
performance and learning, but this depends on the specific motor task utilized [2], as well as tDCS
parameters (electrode position [3]; current intensity/density [4]) and the timing of application [5,6].
However, even with strict control of these considerations, intra- and inter-individual variability of
responses to tDCS have been reported in several studies [7,8]. Although anatomical differences
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between subjects will always be a major factor influencing tDCS responses, one way to enhance tDCS
responses is to design new tDCS protocols where personalization of stimulation parameters is the
ultimate goal [9]. Regarding the tDCS setup, high-definition (HD)-tDCS montage can be one solution
to improve optimization of the technique due to the expected focality of the induced-current [10,11]
and the persistence of the after-effects on cortical excitability [12,13].

For either motor or cognitive tasks, concurrent (online) application of a-tDCS and task training is a
potential way to enhance the performance and learning [14,15]. Motor learning [16] is typically defined
as practice- or experience-induced acquisition of either fine motor skills from increased accuracy
and reduced performance variability (speed-accuracy trade-off phenomenon) or gross skilled motor
performance permitting functions as jumping, walking, maintaining a body balance, etc. Most studies
(e.g., [4,5]) have tested the efficacy of tDCS coupled with learning of fine motor skills. The greater
facilitative effect of concurrent a-tDCS on motor performance/learning is thought to be due to enhanced
synaptic efficacy in the simultaneously engaged neural network through a “gating” mechanism [17].
The seminal work of Antal et al. [18] has shown that the excitability enhancement of M1 induced
by a-tDCS improved performance in the early phase of learning in a visuo-motor coordination task
compared to sham. Offline a-tDCS (i.e., tDCS before the task) has been suggested to limit motor
performance/learning compared to online a-tDCS due to homeostatic metaplastic mechanisms based
on the Bienenstock—-Cooper—-Munro theory claiming a “sliding threshold” for bidirectional synaptic
plasticity [17]. Accordingly, a-tDCS, which increases the likelihood of long-term potentiation (LTP)-like
plasticity, would increase the modification threshold for LTP during the subsequent motor task and
thus adversely affect motor performance/learning [14]. Simultaneous application of tDCS and training
appears a requirement to promote offline gains in favour of retention process [5]. Our recent functional
near infrared spectroscopy neuroimaging study [6] observed that although online a-HD-tDCS showed
reduced sensorimotor cortex activation to offline a-HD-tDCS relative to when the motor task is
performed. However, after a 30 min delay in motor task performance, sensorimotor cortex activation
was similarly increased for both online and offline compared to sham. Altogether, in healthy adults,
a meta-analysis [19] concluded that multiple sessions of a-tDCS are more efficacious than a single
session for enhancing both motor learning and retention, due to combined incremental online and
offline skill gains.

The sequence and timing of the tDCS polarity are two factors that can also be manipulated
to enhance motor performance and learning with regard to the homeostatic metaplasticity
phenomenon [20]. Sub-threshold neuronal membrane depolarization induced by a-tDCS has an
intensity- and time-dependent effect to strengthen synaptic efficacy [21]. Reducing corticospinal
excitability with priming cathodal tDCS (c-tDCS) before a-tDCS (c-a-tDCS) and motor task training can
influence homeostatic metaplastic mechanisms as well [22,23]. Applying priming c-tDCS followed
10-min later by concurrent a-tDCS and motor task training appears promising to induce significantly
greater enhancement in acquisition [23] and retention of motor skills two weeks later [22] as compared
to sham and training with concurrent a-tDCS. However, to the best of our knowledge, no study has
compared multiple sessions of c-tDCS priming and a-tDCS (c-a-tDCS) to further enhance plateau
learning and retention of an already learned motor skill. Herein we aimed to investigate the beneficial
effect of a new tDCS protocol exploiting c-tDCS priming on online gains, offline gains and long-term
retention after multiple days of motor practice. For that purpose, 3-5 training days are regularly
used [2,5,24,25]. We adopted a 3-day training phase as carried out in the studies of Saucedo Marquez
et al. [2] regarding fine motor skills, or Kumari et al. [24] regarding gross motor skills.

Therefore, the aim of this exploratory study was to determine if multiple sessions (over 3 consecutive days)
of c-a-tDCS can further enhance motor learning and retention of an already learned visuo-motor
task. Based on the aforementioned studies, we hypothesized that c-a-tDCS would induce a greater
improvement in learning and retention compared to a-tDCS or sham.
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2. Materials and Methods

2.1. Participants

Twenty-five healthy adults (9 females, 1945 years old, mean age + SD: 31.0 + 9.9) volunteered
to participate in the study. All participants gave written informed consent prior to participation
in the study according to the Declaration of Helsinki. All procedures were approved by the local
Ethics Committee (IRB-EM 17-01B, EuroMov-Montpellier). The laterality index for right handers
(n = 21 with a-tDCS = 6, c-a-tDCS = 8 and sham = 7) and left handers (1 = 4 with a-tDCS = 3 and
c-a-tDCS = 1) assessed with the Edinburg handedness inventory [26] was 75 + 23 and =70 + 33,
respectively. All participants had no history of neurology or physical disorders or any upper extremity
muscle or joint injuries. The respect of safety recommendations (e.g., current duration, current density,
charge density) associated with the use of tDCS was strictly followed [27].

2.2. Study Design and Protocol

This study is a part of Dr. Pierre Besson’s PhD thesis. In a double-blind sham-controlled study [28],
the 25 participants were randomly distributed into 3 groups: anodal anodal-task (a-tDCS, n = 9,
3 females, age 31.0 + 8.9); cathodal priming/anodal-task (c-a-tDCS, n = 9, 4 females, age 31.7 + 12.0);
sham (n = 7, 3 females, age 30.1 + 8.9). For sham, 3 participants underwent a-tDCS and 4 underwent
c-a-tDCS. All participants were required to undertake 6 testing days (5 successive days and one day
2 weeks later). For the baseline (day 0) and the 2 retention testing days (day 4 and day 18), no tDCS
was applied and only the tracing-motor task consisting of 1 block (B) of 5 trials (1 min task interspersed
by 1-min rest, total 10 min duration) was performed. Days 1, 2 and 3 were training days and included
either sham or real tDCS. Figure 1 presents the schematic of the experimental design for a training day.
Each training day was comprised of 3 blocks of 5 trials: pre-tDCS block, tDCS-block and post-tDCS
block. In the pre-tDCS block, no tDCS was applied to all groups during the tracing-motor task. In the
tDCS-block, the specific tDCS parameters were set and concurrent tDCS and tracing-motor task training
were undertaken; a-tDCS priming (10 min) was next to online a-tDCS task (10 min) while c-tDCS
priming (10 min) was interspersed by 10 min of rest before the online a-tDCS task (10 min) (Figure 1).
In the post-tDCS block, the tracing-motor task was performed again with no tDCS after 20 min rest to
assess within-day offline effects. Subjects were informed to perform the tracing-motor task as fast as
possible while maintaining accuracy.

e - o ! -
c-a-tDCS Task } Task

Rest Sham Task
sham Task Task
| Sham Rest with sham
10 min 10 min 10 min 10 min 20 min 10 min
Pre Preconditioning During Rest Post

Figure 1. Schematic representation of a training day (3 blocks) for the 3 groups. The subject performed
the visuo-motor task (5 trials) at three epochs interspersed by 20 min of preconditioning or delay.
Pre and post times are without use of transcranial direct current stimulation (tDCS) while during
depends on the specific tDCS conditions of the 3 groups exploiting different polarities (anodal: red;
cathodal: blue; sham: grey) in the preconditioning phase.
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All participants and one experimenter (C.D.V.) performing the tDCS applications/assessment
were blind to the tDCS settings. Although tDCS is well tolerated by participants [29], a questionnaire
containing rating scales of 11 unpleasant sensations compared to resting state (i.e., sitting quietly without
tDCS electrodes over the head) was filled out after each stimulation sequence. This questionnaire was
based on the tDCS safety guidelines proposed by Poreisz et al. [30].

2.3. Transcranial Direct Current Stimulation

A Startstim 8 tDCS system (Neuroelectrics®, Barcelona, Spain) was used to deliver constant direct
currents to the left (right handers, n = 21) or right (left handers, n = 4) M1 via a 4 X 1 ring montage with
HD electrodes (3.14 cm?) applied on the skull with electrode paste (Ten20®, Weaver and Company,
Aurora, CO, USA). With regard to the handedness of the participant, the active electrode was placed on
the scalp overlying the dominant M1 (C3 or C4) based on the 10-20 EEG system. The 4 return electrodes
surrounded the anode or cathode electrode at a centre-to-centre distance of 3.5 cm. For the anode on
C3, return electrodes were placed on FC1, FC5, CP1 and CP5. For the anode on C4, return electrodes
were placed on FC2, FC6, CP2 and CP4. To ensure consistency of electrodes placement throughout
the multiple training sessions, the same experimenter (C.D.V.) always marked on the scalp the site of
the electrodes.

In a-tDCS conditions, constant current was delivered for either 10 min or 20 min at 2 mA with
a ramp up and down phases of 30 s duration. In sham, active stimulation was applied with 30 s ramp
up to 2 mA, 30 s at 2 mA and 30 s ramp down (1.5 min active stimulation, [28]). For the c-a-tDCS
group, c-tDCS was applied for 10 min with 30 s ramp up/down, then after a 10 min rest, a-tDCS was
applied for 10 min with 30 s ramp up/down. In all testing sessions, the impedance of all electrodes was
monitored at the beginning and during each period of stimulation to maintain values under 5 k().

2.4. Visuo-Motor Task

The visuo-motor task was a computerized version of the circular tunnel task shown to be highly
reliable over testing days [31]. Subjects were required to do circular traces as quickly as possible using
a hand stylus within the boundaries of a circle of an 80 cm length and targeting the centre of 0.8 cm
width (accuracy purpose) from 12.3 to 13.1 cm (see Figure 2). The index of difficulty (ID) defined by the
length of circle (A) divided by the channel’s width (W) was set to 100 (i.e., 80/0.8) [32]. The line tracing
was recorded with a computerized tablet Wacom Intuos (gd1218U, Saitama, Japan) at the sampling
frequency of 100 Hz. For data acquisition, a homemade script was created using MATLAB® (version
R2012b—MathWorks, Natick, MA, USA).

Figure 2. Representation of the circular-tracing task. A is the perimeter (dotted line) of the circle’s
centre (x) and W stands for the path width (continuous lines). From Accot and Zhai [31].

2.5. Data Analysis

We defined an index of performance (IP, arbitrary unit) for the task based on previous related
studies [32,33] as follows:
IP = TED60/WVT60 (1)
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where TED60 represents the total Euclidean distance achieved during the 60-s task and WVT60
represents the width of the virtual circular tunnel, including all the trajectories of the subject during
the 60-s task.

To calculate IP, we developed a Matlab script taking in input raw data from the Wacom Intuos
tablet. The first step in pre-processing raw data was calibration. For that step, we used a controlled
data set and transformed the pixel indexes (X and Y positions) into Euclidean distance (in mm) from
the centre of the circular tunnel. The second step consisted in re-sampling the data to obtain a fixed
sampling period at 100 Hz; the interp1 function of Matlab with the “pchip” method of interpolation
was used. IP was computed from the pre-treated data where TED60 was calculated by summing
the Euclidean distances between 2 consecutive points for all points acquired during the motor task.
WYVT60 was calculated as the difference between the distance from the farthest point to the centre and
the distance from the nearest point to the centre for all points. With respect to the purpose of the study,
IP values and its determinants (speed and accuracy) were assessed by block of 5 trials. The speed
was calculated with respect to the number of revolutions made during the 60 s. The error (accuracy)
was assessed by the ratio of the number of samples outside the tunnel to the total number of samples
recorded during the task.

2.6. Statistical Analysis

Values are presented as means and standard deviations except if specified. The Shapiro-Wilk test
was used to examine the normal distribution of the outcomes while the sphericity assumption was
tested with Mauchly’s test. All data (IP, error and speed values) were subjected to repeated-measures
analysis of variance (ANOVARy) with time (10 blocks normalized by the subtraction of B2 result as
baseline, see below) as within-subject factor and polarity (3 groups: a-tDCS, c-a-tDCS and sham)
as between-subject factor. A two-way ANOVARgy; was also conducted for the subjective scalp sensation
related to tDCS conditions. Where appropriate, post-hoc tests using the Bonferroni correction were
applied. All statistical analyses were performed using JASP software (version 0.12.1.0, JASP, 2020,
Amsterdam, The Netherlands). The level of significance was set to 0.05 for all tests. Effect size (p?)
values were reported for ANOVA, and effect sizes were reported with the magnitude of Hedges’ g for
the simple comparisons (post hoc tests) among groups for a given time (B9, B11, B12). Hedges’ g is
a variation of Cohen’s d that corrects for biases due to small sample sizes [34] and the magnitude of
Hedges’ g may be interpreted using Cohen’s convention as small (0.2), medium (0.5) and large (0.8).

3. Results

3.1. Subjective Scalp Sensation

All 25 participants conducted the study to the end. ANOVARy; indicated that no differences
(F(2,22) = 0.0199, p = 0.980) were observed among the training days for the cutaneous sensation over
the scalp during tDCS, indicating none of the participants were able to differentiate real tDCS from
sham sessions. None of our participants reported any other tDCS application related side effects.

3.2. Changes in Motor Performance and Motor Learning Parameters

3.2.1. Baseline Training Blocks without tDCS

Over the 2 baseline training blocks without tDCS (Day 1, Bl and Day 2, B2), there were no
significant differences between groups for accuracy and IP; however, speed for a-tDCS was significantly
greater than c-a-tDCS (p = 0.025). Speed and IP increased significantly over the baseline training blocks
for c-a-tDCS (p = 0.019 and p = 0.029, respectively) and a-tDCS (p = 0.007 and p = 0.002, respectively),
but not for sham. Accuracy for a-tDCS decreased significantly from B1 to B2 (p < 0.05); while c-a-tDCS
showed a tendency (p = 0.051) for reduced accuracy, and sham showed no changes between blocks.
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Since the three groups responded differently to the baseline training, subsequent training blocks with
tDCS were normalized to baseline Block 2.

3.2.2. Training Blocks with tDCS

Figure 3 shows the evolution of normalized IP values over time (Day 1, B3 to Day 3, B10,
and retention Day 4, B11 and Day 18, B12) for the 3 groups. ANOVAgy, for the IP indicated there
were significant main effects of time (F(9198) = 5.380, p < 0.001, np? = 0.196), polarity (F(2,22) = 4.730,
p = 0.020, np? = 0.148) and a significant time x polarity interaction (F(18,198) = 1.910, p = 0.017,
np? = 0.302). However post-hoc analysis failed to show any between group differences. Post hoc
analysis performed on the time main effect revealed only higher IP values for c-a-tDCS at B12, B11 and
B10 when compared to B3 and B4. P-level and effect size values are for B3 vs. B10 (p = 0.011, g = 1.92),
B3 vs. B11 (p < 0.001, g = 3.21), B3 vs. B12 (p = 0.012, g = 2.87), and for B4 vs. B10 (p = 0.006, g = 2.00),
B4 vs. B11 (p < 0.001, g = 3.39), B4 vs. B12 (p = 0.007, g = 3.04).

300
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sham
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Figure 3. Evolution of the mean (and one SEM) index of performance over time (blocks—B) for each of
the 3 groups. B3, B6 and B9 represent online tDCS. B4, B7 and B10 represent immediate offline. B5 and
B8 represent delayed offline.

As can be seen in Figure 3, the magnitude of the difference from the start (B3) to the end of 3-days
training (B10) with tDCS indicates a meaningful large increase in IP after c-a-tDCS (g = 1.92), while large
increases were noted for sham (g = 0.23) and a-tDCS priming conditions (g = 0.36). In addition,
the magnitude of the difference from the start (B3) to one day after the end of 3-days training (B11)
indicates a meaningful large increase in IP for c-a-tDCS priming (g = 3.21), while medium increases
were noted for sham (g = 1.06) and a-tDCS conditions (g = 0.49). Finally, the magnitude of the difference
from the start (B3) to two weeks after the end of 3-days (B12) training indicates a meaningful large
increase in IP for c-a-tDCS (g = 2.87), while medium increases was noted for sham (g = 1.39) and
a-tDCS conditions (g = 0.11).

Figure 4 shows the evolution of normalized error values over time for the 3 groups. ANOVARry
for the error indicated a significant main effect of time (F(9198) = 11.227, p < 0.001, np? = 0.388),
but no significant main effect of polarity (F(2,22) = 1.268, p = 0.301) or time X polarity interaction effect
(F(18,198) = 1.022, p = 0.436). Post hoc analysis performed on the time main effect revealed only higher
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Error values for a-tDCS at B11 and B10 when compared to B3 and B11 when compared to B5 and for
sham at B3 when compared to B12, B11, B10 and B9. P-level and effect size values are for a-tDCS B3 vs.
B10 (p = 0.012, g = 1.33), B3 vs. B11 (p = 0.002, g = 1.30) and for B5 vs. B11 (p = 0.019, g = 1.06). P-level
and effect size values are for sham B3 vs. B9 (p = 0.024, g = 1.05), B3 vs. B10 (p = 0.008, g = 1.12), B3 vs.
B11 (p = 0.028, g = 1,03) and for B3 vs. B12 (p = 0.008, g = 1.09).
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Figure 4. Evolution of mean (and one SEM) error over time (blocks—B) for each of the 3 groups. B3, B6
and B9 represent online tDCS. B3, B6 and B9 represent online tDCS. B4, B7 and B10 represent immediate
offline. B5 and B8 represent delayed offline.

Figure 5 shows the evolution of normalized speed over time for the 3 groups. ANOVARgy for
the speed indicated a significant main effect of time (F(9198) = 13.966, p < 0.001, an = 0.338),
but no significant main effect of polarity (F(2,22) = 0.830, p = 0.449) or time X polarity interaction
(F(18,198) = 0.682, p = 0.826). Post hoc analysis performed on the time main effect revealed higher
Speed values for a-tDCS at B11 and B10 when compared to B5, B4 and B3 and also for B3 when
compared to B9 and B12; for c-a-tDCS at B12, B11 and B10 when compared to B5, B4 and B3 and also
B9 when compared to B3; and for sham at B3 when compared to B12, B11 and B10. P-level and effect
size values are for a-tDCS B3 vs. B9 (p = 0.004, g = 1.12), B3 vs. B10 (p = 0.001, g = 1.26), B3 vs. B11
(p <0.001, g =1.23), B3 vs. B12 (p = 0.029, g = 0.85), B4 vs. B10 (p = 0.017, g = 1.00), B4 vs. B10 (p = 0.005,
g =0.99) and for B5 vs. B10 (p = 0.027, g = 0.97), B5 vs. B11 (p = 0.009, g = 0.97). P-level and effect
size values are for c-a-tDCS B3 vs. B9 (p = 0.013, g = 0.86), B3 vs. B10 (p < 0.001, g = 0.93), B3 vs. B11
(p =0.002, g =1.17), B3 vs. B12 (p < 0.001, g = 1.26), B4 vs. B10 (p = 0.003, g = 0.82), B4 vs. B11 (p = 0.01,
g =1.00), B4 vs. B12 (p = 0.003, g = 1.09), B5 vs. B10 (p = 0.007, g = 0.75), B5 vs. B11 (p = 0.021, g = 0.90)
and B5 vs. B12 (p = 0.006, g = 0.98). P-level and effect size values are for sham B3 vs. B10 (p = 0.029,
g =0.90), B3 vs. B11 (p = 0.018, g = 1,07) and for B3 vs. B12 (p = 0.005, g = 1.07).
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Figure 5. Evolution of of mean (and one SEM) speed over time (blocks—B) for each of the 3 groups.
B3, B6 and B9 represent online tDCS. B3, B6 and B9 represent online tDCS. B4, B7 and B10 represent
immediate offline. B5 and B8 represent delayed offline.

4. Discussion

The present study explored whether multiple sessions of cathodal priming and anodal tDCS
(c-a-tDCS) over 3 consecutive days could further enhance motor learning and retention of an already
learned visuo-motor task compared to a-tDCS or sham. The main findings of this study were that
(i) multiple sessions of c-a-tDCS significantly further enhanced speed and IP above baseline training
levels with a relatively minor decrease in accuracy over the 3 training days that were maintained
over the 2 retention days, (ii) although the increase in IP was numerically greater for c-a-tDCS than
a-tDCS or sham, a-tDCS showed a numerically greater increase in speed with concomitant reduced
accuracy; while c-a-tDCS showed relatively stable accuracy with smaller increase in speed and (iii) these
learning and retention performance changes for the real tDCS groups (c-a-tDCS and a-tDCS) were not
significantly different from the sham group.

4.1. Influence of Cathodal Priming and Anodal tDCS on Motor Performance Retention

Our main findings with priming c-tDCS and a-tDCS are encouraging for inducing short and
long-term retention. Motor performance retention was improved by adding priming c-tDCS to
multiple sessions of atDCS and motor task training with a more persistent phenomenon (cf. Figure 3).
These findings corroborated past results by Christova et al. [22] that reported priming c-tDCS (15 min)
compared to sham a greater improvement in grooved pegboard task performance after learning
with concurrent a-tDCS (1 mA, 20 min) for the non-dominant hand two weeks after. Similar to
Christova et al. [22], we were not able to detect significant differences between groups 2 weeks after
motor training. However, c-tDCS priming was found to be the unique condition with a significant
difference from baseline with a large increase as indicated with the effect size (g = 2.87, Figure 3).
In the present study, the motor performance gains 18 days after training were 22% with c-a-tDCS while
a-tDCS priming and sham produced 3% and 20%, respectively. The willingness to combine priming
c-tDCS and multiple sessions of a-tDCS and motor task training makes it difficult to account for the
proportion of both factors in the final outcome. The lack of an experimental condition with sham
priming followed by a-tDCS and motor-tracing task prevents concluding that the increase was due
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only to the c-tDCS priming effect. The need to have several training sessions seems to be a factor of
first order, since Fujiyama et al. [23] reported for unimanual isometric force task that no significant
difference between priming c-tDCS and sham persisted in a retest 24 h later.

A possible reason the sham group showed comparable learning and retention changes in circular
task performance compared to the real tDCS groups may have been due to both (i) the effects of the
sham group not reaching a plateau stage of learning compared to the real tDCS groups during the
baseline training, and (ii) by the nature of using active sham, where there was 90 s of real stimulation
applied during the training block. Therefore, we consider that the sham group in this study may
not be an ideal control group to compare with the 2 tDCS groups. Nevertheless, compared to the
c-a-tDCS and a-tDCS groups, the non-significant changes in performance (IP, accuracy, speed) for the
sham group over the 2 baseline training blocks (B1 and B2) may have allowed greater potential for use
dependent plasticity to show comparable learning and retention to that of the tDCS groups; while the
2 tDCS groups, that were working at the plateau stages of learning after the baseline training prior to
tDCS training, adding tDCS to the training continued to enhance performance over the 3 days and
more so for the c-a-tDCS group based on the speed—accuracy trade-off function (IP). Higher inhibitory
tone at baseline, defined as a higher GABA/Glutamatergic metabolites ratio was shown to entail
a greater disruptive effect of cathodal tDCS to response training gains [35]. Thus, the effects of
cathodal and anodal tDCS on motor performance could be more beneficial when systems operate on
suboptimal levels, e.g., regarding cortical excitability (not assessed in the present study) at baseline.
However, the subtle differences in the changes in speed-accuracy trade-off (components of the IP)
between c-a-tDCS (maintenance of accuracy over increasing speed) and a-tDCS (increasing speed over
maintenance of accuracy) provides preliminary insights to a mechanistic modulation of performance
with priming and polarity of tDCS.

The non-superiority of either priming c-tDCS or a-tDCS with motor training as compared to
sham with motor training indicates that future studies are needed to control the intensity, the duration
and the timing of application when manipulating priming. First, individualizing the tDCS intensity
to ensure that excitability is lowered with cathodal tDCS is necessary [36]. Second, the duration of
stimulation can play a role in modulating excitability since it was observed that 2 X 9 min without a
break of c-tDCS with a conventional montage induced prolonged effects in cortical excitability changes
compared to a single 9 min period [37]. However, a shorter duration of c-tDCS priming could be
also more effective because an excessive and prolonged decrease in excitability may not lead to a
return to the baseline during the 10 min of rest. In addition, using HD tDCS montage could induce
delayed and longer lasting after-effects on motor cortex excitability as compared to conventional
tDCS [13], suggesting further uncertainty in the timing of application. In our knowledge, no studies
have been carried out to evaluate the optimal time to magnify the return to baseline with c-tDCS
priming. Neuroimaging methods as electroencephalography or near infrared spectroscopy that can be
combined with tDCS are a way to determine the optimal dosage [11,38]. Central to this endeavour is
the definition of new biomarkers with such neuroimaging methods [11,39] to assess the effects of tDCS
using a range of dosages in both research and translational (clinical) studies.

4.2. Impact of tDCS on a Low Learning Reserve Motor Task

The choice of a circular tracing-task with low learning reserve was voluntarily made to isolate
the tDCS compared to the learning effects. While circular tracing-task based on the steering law
derived from the Fitt’s law [40] should have provided limited improvement in performance despite
training [41], an increase in IP and speed was revealed for the c-a-tDCS and a-tDCS group 24 h
after the training without tDCS (B1 vs. B2), which indicates learning has improved performance;
while no changes in these performance parameters were found for sham. This could suggest that
both a-tDCS and c-a-tDS groups achieved already a plateau learning (ceiling levels) after the 2 first
baseline blocks of training; while the sham did not. Beyond the will to propose a task to quickly
reach the relative “ceiling” levels to be in line with highly skilled individuals (e.g., elite athletes,
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expert operators), the important use of the upper limbs in everyday life could disrupt the neuroplastic
changes. Learning is so plastic that it is vulnerable to disruption by subsequent new learning [42].
Thus, to evaluate the interest to introduce priming, the replication of study without enhancement in
performance after multiple training sessions is required with the addition of priming. For example,
in a visuomotor grip force tracking task with stroke patients, no difference in the improvement in
upper extremity Fugl-Meyer assessment at the end of 4 weeks training with concurrent a-tDCS was
revealed compared to sham [43]. Beyond the heterogeneity of the degree of recovery for the patients
and the weak intensity of stimulation (0.5 mA), the shoulder—elbow Fugl-Meyer assessment sub-score
improved significantly more for a-tDCS compared to sham. This shows that a-tDCS combined with the
chosen task allowed improvements in specific sub-components of clinical assessments. The addition
of cathodal tDCS priming could potentially, for this disease, magnify the work of rehabilitation.
Since stroke affects excitatory/inhibitory balance of the lesioned hemisphere towards greater inhibition,
and the addition of a cathodal priming tDCS protocol to the lesioned hemisphere could further reduce
excitability and allow a greater excitatory potential during the a-tDCS and arm rehabilitation training
program, a greater potential to learn to use the arm again is expected.

4.3. Methodological Considerations

Despite the novelty of the current findings, some limitations should be highlighted to recommend
caution in generalizing the results. The performance variability between subjects and groups could
stem from differences in interpretation of the instruction set to perform the circular task by each
subject, such as choosing a strategy with higher speed and accuracy being trade-off, and better accuracy
with lower speed trade-off. This heterogeneity in the strategy each subject used to perform the task
most likely led to the greater variability between subjects even though the IP metric tries to account
for these different speed-accuracy strategies. Giving a more precise instruction to bias speed over
accuracy should be pursued in future tDCS studies of motor cortex stimulation to focus on enhancing
movement speed, since this region is primarily involved in encoding the speed of movements. In the
present study, the greater increase in speed for the a-tDCS group who predominantly utilized a speed
bias over accuracy at the outset had the most profound increases in the speed of movement over the
3 days of training. In a clinical application of tDCS for stroke rehabilitation, Hamoudi et al. [44] has
shown that 5 consecutive days of visuo-motor pinch grip training with the addition of a-tDCS led to
a predominantly speed-based shift in the speed-accuracy trade-off.

Owing to varying tDCS effects due to individual differences, personalized tDCS intervention
should be customized and applied. In addition, in this exploratory study, a small sample per group
was enrolled. It is thus definitely needed in future studies of a larger sample size to confirm and
possibly expand the current findings. This study focused on only healthy participants; therefore,
it is worthwhile to explore the effects of both cathodal and anodal tDCS on motor performance and
learning in patients with diminished or impaired motor function wherein ceiling effects less emerge.
Whilst this investigation employed behavioural and perceptual outcomes, whether tDCS elicited a
neurophysiological effect remains uncertain.

5. Conclusions

This exploratory study showed that the motor performance changes observed with c-a-tDCS
condition may hold promise for short and long-term retention of an already learned motor skill.
However, the lack of significant difference for the c-a-tDCS condition compared to sham limits the
current interpretation on the group level. Future powered studies of larger sample size are needed
to optimize the instruction set and tDCS intensity, duration and the timing of priming application
on the individual level. In addition, combined neurophysiological and neuroimaging techniques are
required to fully understand the mechanism of action of the priming intervention at a larger scale and
therefore confirm the interest of priming before concurrent anodal tDCS and motor task training on
motor performance and retention.
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