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Abstract

:

In many studies, anodal transcranial Direct Current Stimulation (tDCS) is applied near the vertex to simultaneously facilitate leg motor cortex (M1) of both hemispheres and enhance recovery of gait and balance in neurological disorders. However, its effect on the excitability of leg M1 in either hemisphere is not well known. In this double-blind sham-controlled study, corticospinal excitability changes induced in leg M1 of both hemispheres by anodal (2 mA for 20 minutes) or sham tDCS (for 20 min) over the vertex were evaluated. Peak amplitudes of Transcranial Magnetic Stimulation (TMS) induced motor evoked potentials (MEPs) were measured over the contralateral Tibialis Anterior (TA) muscle before and up to 40 min after tDCS in 11 normal participants. Analysis of data from all participants found significant overall increase in the excitability of leg M1 after tDCS. However, in individual subjects there was variability in observed effects. In 4 participants, 20 min of tDCS increased mean MEPs of TAs on both sides; in 4 participants there was increased mean MEP only on one side and in 3 subjects there was no change. It’s not known if the benefits of tDCS in improving gait and balance are dependent on excitability changes induced in one or both leg M1; such information may be useful to predict treatment outcomes.
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1. Introduction


Balance and mobility are impaired in many neurological disorders, including stroke, multiple sclerosis and Parkinson’s disease. Non-invasive brain stimulation using Transcranial Magnetic Stimulation (TMS) or transcranial Direct Current Stimulation (tDCS), with or without physical therapy, is a promising tool for improving gait and balance [1,2,3,4,5,6,7]. However, results of such treatments are variable and it’s important to find markers that may predict response [7,8].



Transcranial direct current stimulation (tDCS) is a relatively inexpensive device which is increasingly being used to study brain function in normal humans and explore beneficial effects in neurological and psychiatric disorders [9,10,11]. Furthermore, tDCS has been shown to induce prolonged changes in cortical excitability in the motor cortex and other cortical areas [9,12]. However, post stimulation effects of tDCS and other non-invasive brain stimulations (e.g., paired associative stimulation, theta burst stimulation) have been shown to be quite variable between individuals [13,14,15]. Recent studies have explored factors that could influence efficacy of tDCS in order to help design better protocols [16,17,18].



The after effect of tDCS is dependent on the polarity, duration and density of the applied current, and earlier studies evaluated effects on the hand M1 [9,12]. The effects of tDCS (after its termination) can be monitored by TMS evoked Motor Evoked Potentials (MEPs) and depend on changes in the cortex as well as in spinal circuits [19,20,21]. Anodal tDCS applied over the hand M1 increases cortical excitability while cathodal tDCS reduces cortical excitability [9,11].



Later studies have shown different effects when tDCS is applied to leg M1 [15,22,23]. Cathodal tDCS applied to the hand M1 results in reduced or increased excitability depending on the intensity of the applied current [24], while cathodal stimulation applied over the leg M1 has minimal or no effect [22,25]. Anodal tDCS increases excitability of the underlying M1 when applied to hand or leg M1, but some studies suggest that the stimulus intensity required may be higher for the leg M1 [9,12,22,23]. In addition, due to the proximity of the leg M1s of the 2 hemispheres, anodal stimulation applied over one hemisphere reduces excitability of the opposite leg M1 [23]. Differences in tDCS effects on leg vs. hand M1 may be related to differences in the orientation and position of leg vs. hand representations in M1, resulting in differential effects in cortical laminae [26,27,28].



The effects of tDCS of the leg M1 have been studied by applying the stimulus to the leg M1 of one hemisphere at the optimum position from which TMS evokes maximal MEPs in the contralateral leg muscle [1,2,15,21]. However, many studies assessing the therapeutic benefit of anodal tDCS in improving gait or balance have applied the stimulus over the midline close to the vertex (likely between the optimal positions in each hemisphere) to simultaneously facilitate leg M1 of both hemispheres [4,5,6]. In these studies, the cathode was applied to the right supraorbital region [6] or inion [3,4,5]. The effects of tDCS applied to the midline have not been well studied [4] and it’s not known if there is excitation or inhibition of the leg M1 of either hemisphere or variable effects between individuals. Therefore, as part of our study of effects of tDCS in gait and balance we explored the effects of anodal tDCS applied to the midline near the vertex of normal participants.




2. Methods


2.1. Participants


Eleven healthy individuals (5 female, 6 male), aged 23–66 (mean age 38 years), with no known neurological conditions, participated in the study. All subjects denied the use of any regular medication, drinking alcohol in the previous 24 h, and reported to have had ≥5 h of sleep the previous night. Subjects were tested with anodal tDCS and sham stimulation for 20 min in a pseudo randomized manner. The minimum period between sessions for any one subject was 1 week. All experiments, except one (which was done in the morning), were done in the late morning and early afternoon period.



All participants provided signed informed consent and the study protocol was approved by the Human Research Ethics Committee at Sir Charles Gairdner Group in Western Australia (HREC 2014-026). Prior to assessment, participants were screened for any contraindications to TMS and tDCS, such as the presence of implantable devices or cardiac pacemakers and any history of seizures or epilepsy [29]. All subjects were blinded to the treatment condition. All subjects were right handed.




2.2. Experimental Protocol


Subjects were seated in a comfortable chair with their legs extended and resting on another chair for support. Electromyography was recorded from tibialis anterior (TA) muscles of both legs. The vertex was taken as the intersection between the interaural and nasion-inion lines. A tight-fitting EEG cap (EASY CAP; EASYCAP GmbH, Wörthsee, Germany) was fitted and used to localize the hotspot over the lower limb representation of primary motor area (M1) for each TA muscle and to ensure quick and accurate reference. The cap was taken off for tDCS application and reapplied for TMS studies. The position of the cap in relation to the vertex and hotspots were rechecked before starting post tDCS TMS testing and confirmed between stimulation trials throughout. Investigators performing and analyzing the TMS evaluation were blinded to the treatment condition.




2.3. Transcanial Direct Current Stimulation


tDCS was delivered using a constant-current stimulator (Soterix model 1224-B, Soterix Medical Inc., New York, NY, USA) via two (5 × 7cm) saline-soaked electrode pads. Care was taken to make electrode placements in the same location for all subjects for both sham and real stimulation. The anode was placed at the midline, oriented horizontally (7 cm side mediolaterally) to cover the leg M1 of both hemispheres, and centered on the midline in between the ‘hot spots’ for TA in each hemisphere. The hotspot varied between individuals and was usually ≤1cm posterior to the vertex. The reference cathode was also oriented horizontally and centered on the inion. Impedance was minimized through careful preparation of the scalp to give an optimal contact quality reading. Participants underwent either 20 min of anodal or 20 min of sham stimulation in a pseudo-random manner and were blinded to their treatment. During anodal stimulation, the intensity was set to 2 mA and current ramped up and down over a 10 s period at the beginning and the end of intervention. During sham stimulation, the current intensity ramped up to 2 mA for a period of 10 s before ramping down to zero for the remainder of the stimulation. This was repeated at the end of stimulation, to mimic the sensation of the current ramping down at the end of anodal tDCS. Investigators doing the TMS study were also blinded.




2.4. Electromyography


Electromyography (EMG) signals were recorded via disposable surface electrodes placed at the muscle belly of the TA and the lateral malleolus of each limb. The ground electrode was placed on the knee. EMG signals were amplified and filtered (bandwidth 5 Hz to 1 kHz) with a VIKING IVP (Nicolet, Viasys Healthcare, Warwick, UK). All signals were sampled at 2 kHz, visually displayed on-line, and stored for off-line analysis using a custom Java Analyser for Waveform Signals (JAWS) program. Peak to peak MEP amplitudes were measured from unrectified single traces.




2.5. Transcranial Magnetic Stimulation


A MAGSTIM 200 stimulator (Magstim, Whitland, UK) was used to deliver single-pulse TMS via a double-cone coil of 11 cm in diameter, orientated to induce current in the posterior-anterior direction in the cortex. The vertex was taken as the intersection between the interaural and nasion-inion lines and this was marked on the cap for reference. The hotspot was identified in each hemisphere, contralateral to each target TA muscle. The hotspot was taken as the scalp location where the peak-to-peak MEP amplitudes were greater in the target muscle than amplitudes of adjacent scalp locations for a given TMS stimulus intensity. The same hotspots were used throughout the assessment and rechecked between stimulus trials. Using a motor threshold assessment tool (an adaptive parameter estimation by sequential testing (PEST) procedure) [30,31] Resting Motor Threshold (RMT) was obtained for evoking an MEP of 0.05 mV peak to peak amplitude for the TA of each limb. A similar technique was used to obtain the stimulus required for evoking an MEP of 0.5 mV peak to peak for the TA of each limb (test stimulus). Test stimulus evoking MEP of 0.5 mV (rather than 1 mV) was chosen as it was difficult to get larger MEPs (1mV) in some subjects. MEPs were recorded 5, 10 and 15 min (T-5 to T-15) before the intervention (tDCS) and at 2, 5, 10, 20, 30 and 40 min after intervention (T2 to T40). Baseline MEP amplitude was taken as the average of the recordings (T-5 to T-15) before intervention. The mean MEP peak to peak amplitude for each TA was calculated from the average of 10 trials at each time point. Some trials were excluded due to increased background activity. Baseline averages were used to normalize post-intervention measures. Variability in TMS evoked MEPs was measured by calculating the coefficient of variation of baseline MEPs for each TA muscle (during each experiment).




2.6. Statistical Analysis


Statistical analysis was performed using SPSS-software (SPSSv20 for Windows, SPSS Inc., Chicago, IL, USA). Shapiro-Wilk test was applied to check for normality of data. A three-way, repeated measures analysis of variance (ANOVA) was conducted with the factors: Side (left vs. right), stimulus (real and sham) and time (pre vs. post), with time as the repeated measure (baseline, T2–T40) on mean MEP amplitudes. Repeated measures ANOVA was also conducted separately on MEP amplitudes after real and sham tDCS. The Greenhouse–Geisser correction was used if necessary, to correct for non-sphericity. The effect of tDCS on each TA-MEP was assessed by a grand average of all normalized MEP values at time points T2–T40. Repeated measures ANOVA were performed for subgroups which showed increased or decreased grand average MEPs post tDCS. Post hoc paired t-tests (two-tailed) were used to evaluate changes in the size of the MEP response at different time points compared to baseline. Bonferroni corrections were made for multiple comparisons. Significance was set at p < 0.05. Independent sample t-tests were performed to compare baseline MEPs, variability of baseline MEPs (coefficient of variation), RMT, and test stimulus intensity between subgroups 1 and 2 (real or sham stimulation)





3. Results


All subjects reported mild tingling or burning of the scalp at the beginning and end of stimulation. One subject reported headache after TMS. No other adverse effects were reported during or after tDCS. Subjects reported that they could not distinguish between the real and sham stimulation. Stimulation data and baseline evoked peak to peak MEPs are shown in Table 1. RMT ranged from 27–61% of maximum stimulator output (MSO) and Test Stimulus (TS) ranged from 30–78% of MSO. There were no significant differences in the RMT, TS or baseline MEP amplitude evoked between right and left hemisphere stimulation or between participants when undergoing real and sham stimulation (ANOVA).



Comparison of Real and Sham tDCS Stimulation for 20 min


Statistical analysis was performed for comparison of real and sham tDCS effects. The 3-way repeated measures ANOVA (comparing raw MEP amplitudes) using within-subject factors of stimulus (real/sham) and side (left/right), and time as the repeated measure revealed a significant effect of time (F5.804, 258, p = 0.023, η2p = 0.055) and interaction (time × stimulus) (F5.331, 240 = 2.192, p = 0.045, η2p = 0.052). There were no other significant interactions (time × side, time × stimulus × side). Figure 1A,B plot raw and normalized MEP (± Standard Error of Mean (SEM)) amplitudes, respectively, recorded from TA of both sides of all subjects following real and sham stimulation. Figure 2 plots the mean (± SEM) raw MEP data from the right and left TA after anodal and sham tDCS.



Analysis of raw MEP data after real tDCS using repeated measures ANOVA was significant (F2.659, 85.414, p = 0.009, η2p = 0.147) while similar analysis for sham tDCS was not (F2.853, 84.658, p = 0.293, η2p = 0.057). For the real tDCS data pairwise comparison revealed significant effects only at time points 30 and 40 min with corrections for multiple comparisons.



Grand averages of the normalized post tDCS response (grand averages of the mean MEPs at 2, 5, 10, 20, 30 and 40 min) for both TA muscles of all subjects after real tDCS are shown in Table 2. There is considerable variability in the extent and direction of modulation between subjects and hemispheres. As both excitatory and inhibitory effects have been seen from anodal tDCS of the leg motor area, the grand averages were used to subdivide the population into increased excitation (>1, group 1) and reduced excitation (<1, group 2) subgroups.



Inspection of the group 1 and 2 subpopulations (Table 2, MEP values of group 1 is marked with †) showed that 4 of the 11 participants who received real tDCS for 20 min showed increased mean MEP of both TAs after tDCS, 3 participants showed reduced mean MEP of both TAs, while the final 4 showed a mixed response (increased mean MEP in one TA and reduced MEP in the other). These normalized TA-MEP population mean responses are compared in Figure 3.



Statistical analysis of subgroups using repeated measures ANOVA of the normalized data showed a significant effect of time after anodal tDCS in the group 1 subpopulation (F22.212, 24.332, p = 0.028, η2p = 0.266) but there were no significant effects in the group 2 subpopulation (F2.718, 21.305, p = 0.176, η2p = 0.171). Post-hoc analysis showed significant increase in mean MEPs in the group 1 subpopulations at all time points except at time point 10 min after tDCS (Figure 3).



There was no significant difference (t-tests) between the baseline MEPs, variability of baseline MEPs, RMT, or test stimulus intensity between subgroups 1 and 2 (real or sham stimulation).





4. Discussion


The main finding of the study was that anodal tDCS of the midline vertex resulted in increased excitability of leg M1 of both hemispheres in only 4 of the 11 participants (36%). There was increased excitability of leg M1 in one hemisphere in 4 participants (36%), while there was no effect in either hemisphere is 3 participants (27%). This is the first study which has evaluated the changes in excitability in the leg M1 of both hemispheres following anodal tDCS over the midline vertex. Previous studies have reported similar inter-individual variability in the efficacy of different plasticity-inducing brain stimulation protocols including anodal tDCS, Paired Association Stimulation (PAS25) and Intermittent Theta Burst Stimulation (iTBS) [13,14,32]. Facilitation of MEPs was seen in 43–60% of participants (referred to as ‘responders’) after anodal tDCS of leg M1 of one hemisphere (by applying the stimulating electrode over the ‘hot-spot’ from which the largest MEPs were evoked in the contralateral TA) [15,23]. Similarly, facilitation of MEPs was only observed in 45–50% of participants after anodal tDCS of hand M1 [13,14].



Many studies have examined parameters that could predict efficacy of response following non-invasive brain stimulation protocols including tDCS. Most of these studies have evaluated excitability changes in the hand M1. Sensitivity to TMS (test stimulus intensity required to evoke 1 mV MEP or RMT) has been shown to correlate with tDCS efficacy by some studies [18,33] but not others [14]. We did not find any correlation between RMT, Test Stimulus Intensity, baseline MEP amplitude and baseline MEP variability with the efficacy of tDCS. This may be related to differences between leg M1 vs. hand M1 (with different anatomical orientation of neurons), and the fact that tDCS was applied to a location in between rather than over the hotspot for the targeted muscle.



Other factors that are known to influence the induction of plasticity by non-invasive brain stimulation techniques include priming with stimulation, prior motor activity, and attention focus and behavioral engagement during stimulation [34]. It’s not clear if anodal tDCS is more effective when applied during a motor task. Anodal tDCS of the leg M1 was found to increase M1 excitability when applied during a skilled task [15], while anodal tDCS of the hand M1 was less effective when applied during a motor task [35] than at rest. A previous study showed greater efficacy of tDCS during gait training [5] and future studies should evaluate if this is related to greater excitability changes in leg M1s. Other factors that can be controlled when designing the studies include performing the trials at similar times of the day, ensuring that participants are alert during stimulation and excluding those taking central nervous system active drugs [34].



Differences in structure and electrical conductivity of the scalp, skull and meninges, and the orientation of sulci and neurons have been proposed to result in different susceptibility to applied currents, and variability of tDCS after effects [9,16]. Computational modeling is increasingly being used for rational design of electrode montages to calculate electric field strength and current flow direction in relation to neuronal orientation [16,36,37]. Foerster et al. [37] found the conventional electrode montage for anodal tDCS of leg M1 of one hemisphere (5 × 7 cm electrodes with anode over the hot spot and cathode over the contralateral supraorbital area) to be the most effective compared to other electrode montages. They also found that a smaller anode (3.5 × 1 cm) over the hot spot and cathode over T7 (10-10 EEG system) was equally effective. A similar analysis for targeting both leg M1s would be helpful in designing more efficient electrode montages.



Effects of anodal tDCS in leg M1 have been evaluated using different electrode sizes and montages, as well as varying duration and intensities of stimulation. The active electrode (anode) has been applied lateral to the midline over the most effective site for evoking MEPs in the contralateral leg muscles [14,19,20] to facilitate the leg M1 of one hemisphere. Electrode sizes have varied between 8–35 cm2 in these studies. These studies have placed the cathode over the contralateral supraorbital region [14,21,22,23]. Other studies have applied anodal tDCS over the vertex (midline) and used larger electrode sizes (25–40 cm2) to facilitate leg M1 of both hemispheres [3,4,5,6,38]; the reference or cathodal electrode has been applied to the right supraorbital region [6], the middle of the forehead [38] or inion [3,4,5]. Stimulation intensities have varied from 1–2 mA and durations from 10–20 min. The effects of varying montages, durations and intensities have only been partly evaluated for the leg M1 [22,23,33,37]. Studies of tDCS applied to the hand motor area have shown greater excitability changes with larger electrode sizes [39]. Some studies have found greater efficacy with higher current intensity [22] while other studies found lower current intensities to be equally effective [33,39]. Cathodal stimulation over the inion could potentially affect cerebellar excitability. Kaski et al. [4] did not find any effect of this montage (anodal electrode over the vertex and cathodal electrode over the inion) on the conditioned eyeblink response.



We used a 2 mA stimulus intensity (which results in a current density of 60 µA/cm2 when applied through a 35 cm2 electrode) for tDCS in our study as other studies have found consistent modulatory effects on the leg motor cortex with this intensity [4,22] and have shown it to be safe [40,41]. Only anodal stimulation was tested as it has been the preferred mode of stimulation for improving motor performance [3,4,5,6,42], and cathodal stimulation does not produce consistent modulatory effects on the leg area of the motor cortex [22,23,25]. The anode was placed over the vertex and cathode placed over the inion, as this configuration causes excitation of the leg motor cortex of both hemispheres [4] and has been shown to be effective in improving gait and balance [3,4,5].



Subdividing groups according to their grand average response removes information about the time course of tDCS effects. We examined the temporal pattern of all participants and there was no tendency of individuals to show any clear pattern of early or late excitation or inhibition.



There are several limitations of the current study. The number of subjects was small and small differences in effects may not have been detected. We evaluated only 10 MEPs per time point before and after tDCS to assess corticospinal excitability and recent studies have advised larger numbers of MEPs (due to variability) [43]. This may have reduced our ability to detect excitability changes reliably. However, we believe that adequate sampling was performed as we examined MEPs 3 time points before and 5 time points after tDCS conditioning. There is some uncertainty about the blinding efficacy of sham tDCS stimulation [44]. As in most studies we delivered active stimulation for a short period at the beginning and at end of stimulation to mimic the skin sensations perceived during active stimulation. Participants were asked to guess if they had received real or sham stimulation and they said they were unsure.



There are many ways tDCS parameters can be combined, and more studies are needed to determine which stimulation paradigms are more effective in changing cortical excitability and improving motor or other neurological function. Transcranial direct current stimulation (with or without physical treatment) has been applied to the leg motor cortex to improve walking and balance following brain injury [2,3,41]. In chronic stroke patients, anodal tDCS was applied to the ipsilesional hemisphere to preferentially stimulate leg M1 of the affected side [2,41]. Anodal tDCS of the ipsilesional leg M1 was also found to inhibit the contralesional M1 in some participants [2] and this effect was also shown in healthy individuals [23]. Excitation of one hemisphere and simultaneous inhibition of the opposite hemisphere may be of benefit in stroke patients, where suppression of the contralesional M1 has been shown to improve paretic arm function [45,46,47]. However, this may not be the ideal stimulation paradigm for improving mobility and balance when both hemispheres may be affected (e.g., Parkinson’s disease, Cerebral leukoaraiosis). Our study shows that midline tDCS is better than applying tDCS to the ‘hotspot’ of one hemisphere if we aim to increase excitability of both leg M1s [23].




5. Conclusions


Our study confirms that there is considerable inter-individual variability in the effects of anodal tDCS on excitability of leg M1s. Many clinical trials of tDCS for improving balance and walking placed stimulation electrodes at the midline vertex or anterior to it to simultaneously facilitate leg M1 of both hemispheres [3,4,5,6]. While these studies have reported improvement of gait after tDCS, it’s not clear if there is variability in improvement between individuals and if it correlates with the excitability changes observed in the cortex of one or both hemispheres. This information may be useful to tailor tDCS (and other non-invasive brain stimulation interventions) to optimize improvement.







Author Contributions


Conceptualization, S.G., I.D.C., J.E., D.H. and J.D.; methodology, S.G., J.E., D.H. and J.D.; software, S.G. and J.E.; validation, S.G., J.E. and I.D.C.; formal analysis, S.G. and J.E.; investigation, J.E., D.H. and J.D.; resources, S.G. and I.D.C.; data curation, J.E.; Writing—Original Draft preparation, S.G. and J.E.; Writing—Review and Editing, S.G., J.E., I.D.C. and J.D.; visualization, S.G.; supervision, S.G.; project administration, S.G.; funding acquisition, S.G. and I.D.C.




Funding


The work was supported by grants from the Neurotrauma Research Program (West Australian Institute for Medical Research) and the Multiple Sclerosis Society of Western Australia. We thank the Perron Institute for Neurological and Translational Science for funding equipment used in the study.




Acknowledgments


We thank all participants who volunteered for the study. D.H.’s current address is MSWA, 29 Parkhill Way, Wilson WA 6107, Australia.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	M1
	Motor cortex



	MEP
	Motor Evoked Potential



	MSO
	Maximum Stimulator Output



	RMT
	Resting Motor Threshold



	TA
	Tibialis Anterior



	tDCS
	Transcranial Direct Current Stimulation



	TS
	Test Stimulus







References


	



Prior, M.M.; Stinear, J.W. Phasic spike-timing-dependent plasticity of human motor cortex during walking. Brain Res. 2006, 1110, 150–158. [Google Scholar] [CrossRef] [PubMed]

	



Jayaram, G.; Stinear, J.W. The Effects of Transcranial Stimulation on Paretic Lower Limb Motor Excitability During Walking. J. Clin. Neurophysiol. 2009, 26, 272–279. [Google Scholar] [CrossRef]

	



Kaski, D.; Bronstein, A.M. Treatments for Neurological Gait and Balance Disturbance: The use of non-invasive electrical brain stimulation. Adv. Neurosci. 2014, 2014. [Google Scholar] [CrossRef]

	



Kaski, D.; Quadir, S.; Patel, M.; Yousif, N.; Bronstein, A.M. Enhanced locomotor adaptation after effect in the “broken escalator” phenomenon using anodal tDCS. J. Neurophysiol. 2012, 107, 2493–2505. [Google Scholar] [CrossRef]

	



Kaski, D.; Dominguez, R.; Allum, J.; Islam, A.; Bronstein, A. Combining physical training with transcranial direct current stimulation to improve gait in Parkinson’s disease: A pilot randomized controlled study. Clin. Rehabil. 2014, 28, 1115–1124. [Google Scholar] [CrossRef] [PubMed]

	



Kaminski, E.; Steele, C.J.; Hoff, M.; Gundlach, C.; Rjosk, V.; Sehm, B.; Villringer, A.; Ragert, P. Transcranial direct current stimulation (tDCS) over primary motor cortex leg area promotes dynamic balance task performance. Clin. Neurophysiol. 2016, 127, 2455–2462. [Google Scholar] [CrossRef]

	



Grecco, L.A.C.; Oliveira, C.S.; Galli, M.; Cosmo, C.; Duarte, N.D.A.C.; Zanon, N.; Edwards, D.J.; Fregni, F. Spared Primary Motor Cortex and The Presence of MEP in Cerebral Palsy Dictate the Responsiveness to tDCS during Gait Training. Front. Hum. Neurosci. 2016, 10, 265. [Google Scholar] [CrossRef]

	



Bastani, A.; Jaberzadeh, S. Does anodal transcranial direct current stimulation enhance excitability of the motor cortex and motor function in healthy individuals and subjects with stroke: A systematic review and meta-analysis. Clin. Neurophysiol. 2012, 123, 644–657. [Google Scholar] [CrossRef]

	



Nitsche, M.A.; Cohen, L.G.; Wassermann, E.M.; Priori, A.; Lang, N.; Antal, A.; Paulus, W.; Hummel, F.; Boggio, P.S.; Fregni, F.; et al. Transcranial direct current stimulation: State of the art 2008. Brain Stimul. 2008, 1, 206–223. [Google Scholar] [CrossRef]

	



Galea, J.M.; Celnik, P. Brain polarization enhances the formation and retrntion of motor memories. J. Neurophysiol. 2009, 102, 294–301. [Google Scholar] [CrossRef]

	



Nair, D.G.; Renga, V.; Lindenberg, R.; Zhu, L.; Schlaug, G. Optimizing recovery potential through simultaneous occupational therapy and non-invasive brain-stimulation using tDCS. Restor. Neurol. Neurosci. 2011, 29, 411–420. [Google Scholar] [PubMed]

	



Nitsche, M.A.; Paulus, W. Excitability changes induced in the human motor cortex by weak transcranial direct current stimulation. J. Physiol. 2000, 527, 633–639. [Google Scholar] [CrossRef] [PubMed]

	



Wiethoff, S.; Hamada, M.; Rothwell, J.C. Variability in Response to Transcranial Direct Current Stimulation of the Motor Cortex. Brain Stimul. 2014, 7, 468–475. [Google Scholar] [CrossRef] [PubMed]

	



Lopez-Alonso, V.; Cheeran, B.; Rio-Rodriguez, D.; Fernandez-del-Olmo, M. Inter-individual Variability in Response to Non-invasive Brain Stimulation Paradigms. Brain Stimul. 2014, 7, 372–380. [Google Scholar] [CrossRef]

	



Madhavan, S.; Sriraman, A.; Freels, S. Reliability and Variability of tDCS Induced Changes in the Lower Limb Motor Cortex. Brain Sci. 2016, 6, 26. [Google Scholar]

	



Laakso, I.; Mikkonen, M.; Koyama, S.; Hirata, A.; Tanaka, S. Can electric fields explain inter-individual variability in transcranial direct current stimulation of the motor cortex? Sci. Rep. 2019, 9, 626. [Google Scholar] [CrossRef] [PubMed]

	



Filmer, H.L.; Ehrhardt, S.E.; Bollmann, S.; Mattingley, J.B.; Dux, P.E. Accounting for individual differences in the response to tDCS with baseline levels of neurochemical excitability. Cortex 2019, 115, 324–334. [Google Scholar] [CrossRef] [PubMed]

	



Labruna, L.; Stark-Inbar, A.; Breska, A.; Dabit, M.; Vanderschelden, B.; Nitsche, M.A.; Ivry, R.B. Individual differences in TMS sensitivity influence the efficacy of tDCS in facilitating sensorimotor adaptation. Brain Stimul. 2019. [Google Scholar] [CrossRef] [PubMed]

	



Nitsche, M.A.; Tergau, F.; Liebetanz, D.; Paulus, W. Pharmacological approach to the mechanisms of transcranial DC-stimulation-induced after-effects of human motor cortex excitability. Brain 2002, 125, 2238–2247. [Google Scholar]

	



Ardolino, G.; Bossi, B.; Barbieri, S.; Priori, A. Non-synaptic mechanisms underlie the after-effects of cathodal transcutaneous direct current stimulation of the human brain. J. Physiol. 2005, 568, 653–663. [Google Scholar] [CrossRef]

	



Roche, N.; Lackmy, A.; Achache, V.; Bussel, B.; Katz, R. Effect of anodal transcranial direct current stimulation over the leg motor area on lumbar spinal network excitability in healthy subjects. J. Physiol. 2009, 589, 2813–2826. [Google Scholar] [CrossRef] [PubMed]

	



Jeffery, D.T.; Norton, J.A.; Roy, F.D.; Gorassini, M.A. Effects of transcranial direct current stimulation on the excitability of the leg motor cortex. Exp. Brain 2007, 182, 281–287. [Google Scholar] [CrossRef] [PubMed]

	



Madhavan, S.; Stinear, J.W. Focal and bi-directional modulation of lower limb motor cortex using anodal transcranial direct current stimulation. Brain Stimul. 2010, 3, 42. [Google Scholar] [CrossRef] [PubMed]

	



Batsikadze, G.; Moliadze, V.; Paulus, W.; Kuo, M.-F.; Nitsche, M.A. Partially non-linear stimulation intensity-dependent effects of direct current stimulation on motor cortex excitability in humans. J. Physiol. 2013, 591, 1987–2000. [Google Scholar] [CrossRef] [PubMed]

	



Lacz’o, B.; Antal, A.; Rothkegel, H.; Paulus, W. Increasing human leg motor cortex excitability by transcranial high frequency random noise stimulation. Restor. Neurol. Neurosci. 2014, 32, 403–410. [Google Scholar] [CrossRef]

	



Miranda, P.C.; Lomarev, M.; Hallett, M. Modeling the current distribution during transcranial direct current stimulation. Clin. Neurophysiol. 2006, 117, 1623–1629. [Google Scholar] [CrossRef]

	



Purpura, D.P.; McMurtry, J.G. INTRACELLULAR ACTIVITIES AND EVOKED POTENTIAL CHANGES DURING POLARIZATION OF MOTOR CORTEX. J. Neurophysiol. 1965, 28, 166–185. [Google Scholar] [CrossRef]

	



Opitz, A.; Paulus, W.; Will, S.; Antunes, A.; Thielscher, A. Determinants of the electric field during transcranial direct current stimulation. NeuroImage 2015, 109, 140–150. [Google Scholar] [CrossRef]

	



Rossi, S.; Hallett, M.; Rossini, P.M.; Pascual-Leone, A. Screening questionnaire before TMS: An update. Clin. Neurophysiol. 2011, 122, 1686. [Google Scholar] [CrossRef]

	



Borckardt, J.J.; Nahas, Z.; Koola, J.; George, M.S. Estimating resting motor thresholds in transcranial magnetic stimulation research and practice: A computer simulation evaluation of best methods. J. ECT 2006, 22, 169–175. [Google Scholar] [CrossRef]

	



Awiszus, F.; Borckardt, J.J. TMS Motor Threshold Assessment Tool (MTAT 2.0). 2011. Available online: https://www.clinicalresearcher.org/software.htm (accessed on 17 October 2014).

	



Müller-Dahlhaus, J.F.M.; Orekhov, Y.; Liu, Y.; Ziemann, U. Interindividual variability and age-dependency of motor cortical plasticity induced by paired associative stimulation. Exp. Brain 2008, 187, 467–475. [Google Scholar] [CrossRef]

	



Jamil, A.; Batsikadze, G.; Kuo, H.-I.; Labruna, L.; Hasan, A.; Paulus, W.; Nitsche, M.A. Systematic evaluation of the impact of stimulationintensity on neuroplastic after-effects induced bytranscranial direct current stimulation. J. Physiol. 2017, 595, 1273–1288. [Google Scholar] [CrossRef]

	



Ridding, M.C.; Ziemann, U. Determinants of the induction of cortical plasticity by non-invasive brain stimulation in healthy subjects. J. Physiol. 2010, 588, 2291–2304. [Google Scholar] [CrossRef]

	



Antal, A.; Terney, D.; Poreisz, C.; Paulus, W. Towards unravelling task-related modulations of neuroplastic changes induced in the human motor cortex. Eur. J. Neurosci. 2007, 26, 2687–2691. [Google Scholar] [CrossRef]

	



Antonenko, D.; Thielscher, A.; Saturnino, G.B.; Aydin, S.; Ittermann, B.; Grittner, U.; Flöel, A. Towards precise brain stimulation: Is electric field simulation related to neuromodulation? Brain Stimul. 2019. [Google Scholar] [CrossRef]

	



Foerster, A.S.; Rezaee, Z.; Paulus, W.; Nitsche, M.A.; Dutta, A. Effects of Cathode Location and the Size of Anode on Anodal Transcranial Direct Current Stimulation Over the Leg Motor Area in Healthy Humans. Front. Neurosci. 2018, 12, 443. [Google Scholar] [CrossRef]

	



Seidel, O.; Ragert, P. Effects of Transcranial Direct Current Stimulation of Primary Motor Cortex on Reaction Time and Tapping Performance: A Comparison Between Athletes and Non-athletes. Front. Hum. Neurosci. 2019, 13, 103. [Google Scholar] [CrossRef]

	



Ho, K.-A.; Taylor, J.L.; Chew, T.; Gálvez, V.; Alonzo, A.; Bai, S.; Dokos, S.; Loo, C.K.; Information, P.E.K.F.C. The Effect of Transcranial Direct Current Stimulation (tDCS) Electrode Size and Current Intensity on Motor Cortical Excitability: Evidence from Single and Repeated Sessions. Brain Stimul. 2016, 9, 1–7. [Google Scholar] [CrossRef]

	



Iyer, M.B.; Mattu, U.; Grafman, J.; Lomarev, M.; Sato, S.; Wassermann, E.M. Safety and cognitive effect of frontal DC brain polarization in healthy individuals. Neurology 2005, 64, 872–875. [Google Scholar] [CrossRef]

	



Madhavan, S.; Weber, K.A.; Stinear, J.W. Non-invasive brain stimulation enhances fine motor control of the hemiparetic ankle: Implications for rehabilitation. Exp. Brain Res. 2011, 209, 9–17. [Google Scholar] [CrossRef]

	



Sriraman, A.; Oishi, T.; Madhavan, S. Timing-dependent priming effects of tDCS on ankle motor skill learning. Brain Res. 2014, 581, 23–29. [Google Scholar] [CrossRef]

	



Biabani, M.; Farrell, M.; Zoghi, M.; Egan, G.; Jaberzadeh, S. The minimal number of TMS trials required for the reliable assessment of corticospinal excitability, short interval intracortical inhibition, and intracortical facilitation. Neurosci. Lett. 2018, 674, 94–100. [Google Scholar] [CrossRef]

	



Fonteneau, C.; Mondino, M.; Arns, M.; Baeken, C.; Bikson, M.; Brunoni, A.R.; Burke, M.J.; Neuvonen, T.; Padberg, F.; Pascual-Leone, A.; et al. Sham tDCS: A hidden source of variability? Reflections for further blinded, controlled trials. Brain Stimul. 2019, 12, 668–673. [Google Scholar] [CrossRef]

	



Fregni, F.; Boggio, P.S.; Mansur, C.G.; Wagner, T.; Ferreira, M.J.L.; Lima, M.C.; Rigonatti, S.P.; Marcolin, M.A.; Freedman, S.D.; Nitsche, M.A.; et al. Transcranial direct current stimulation of the unaffected hemisphere in stroke patients. NeuroReport 2005, 16, 1551–1555. [Google Scholar] [CrossRef]

	



Mansur, C.G.; Fregni, F.; Boggio, P.S.; Riberto, M.; Gallucci-Neto, J.; Santos, C.M.; Wagner, T.; Rigonatti, S.P.; Marcolin, M.A.; Pascual-Leone, A. A sham stimulation controlled trial of rTMS of the unaffected hemiphere in stroke patients. Neurology 2005, 64, 1802–1804. [Google Scholar] [CrossRef]

	



Bashir, S.; Varnet, M.; Najib, U.; Perez, J.; Alonso-Alonso, M.; Knobel, M.; Yoo, W.-K.; Edwards, D.; Pascual-Leone, A.; Vernet, M. Enhanced motor function and its neurophysiological correlates after navigated low-frequency repetitive transcranial magnetic stimulation over the contralesional motor cortex in stroke. Restor. Neurol. Neurosci. 2016, 34, 677–689. [Google Scholar] [CrossRef]








[image: Brainsci 09 00098 g001 550]





Figure 1. Raw (A) and normalized (B) mean MEP (± SEM) amplitudes (mV) recorded from the Tibialis Anterior muscle of both sides of all participants before and after 20 min of anodal stimulation (circles, uninterrupted line) and 20 min of sham stimulation (squares, dashed lines). MEP: Motor Evoked Potentials; SEM: Standard Error of Mean. 
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Figure 2. Mean MEP (± SEM) amplitudes (mV) recorded from the right (filled symbols) and left (open symbols) Tibialis Anterior muscles before and after 20 minu anodal (circles) and 20 min of sham (squares) tDCS. 
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Figure 3. Normalized Mean MEP (± SEM) amplitudes recorded from of groups 1 (circles, uninterrupted line) and 2 (squares, dotted line) before and after 20 min of anodal tDCS. Post-hoc significance results are indicated by * (p < 0.05) or ** (p < 0.01). 
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