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Several techniques and protocols of non-invasive transcranial brain stimulation (NIBS), including transcranial magnetic and electrical stimuli, have been developed in the past decades. These techniques can induce long lasting changes in cortical excitability by promoting synaptic plasticity and thus may represent a therapeutic option in neuropsychiatric disorders. On the other hand, despite these techniques have become popular, the fragility and variability of the after effects are the major challenges that non-invasive transcranial brain stimulation currentlyfaces. Several factors may account for such a variability such as biological variations, measurement reproducibility, and the neuronal state of the stimulated area. One possible strategy, to reduce this variability is to monitor the neuronal state in real time using EEG and trigger TMS pulses only at pre-defined state. In addition, another strategy under study is to use the spaced application of multiple NIBS protocols within a session to improve the reliability and extend the duration of NIBS effects. Further studies, although time consuming, are required for improving the so far limited effect sizes of NIBS protocols for treatment of neurological or psychiatric disorders.
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INTRODUCTION

Transcranial magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS) are the most popular techniques of non-invasive transcranial brain stimulation (NIBS).

TMS was introduced in the clinical use in 1985 as a tool to investigate the integrity and the function of human cortico-spinal system (1). Motor evoked potentials can be easily obtained and measured from the contralateral muscles of the stimulated hemisphere; the reproducibility of the responses allowed TMS to become a standard tool in clinical neurophysiology.

The magnetic field produced by TMS easily penetrates the scalp and the skull inducing an electric field in the area just beneath the coil in a painless way (2). The induced electrical field activates the axons of the neurons in the cortex and sub-cortical white better rather than then cell bodies, which have a higher threshold.

TMS produces local effects immediately under the coil and/or remote effects activating axons to or from the site of stimulation. The outcome of such stimulation is quite complex, resulting from a combination of excitatory, and inhibitory effects, that is far away from the organized patterns of activity that occur in natural behaviors.

An alternative way of modulating cortical excitability is to apply a weak current (1–2 mA) to the brain for 5–20 min using a pair of saline-sponged electrodes, one placed over the target cortical area and the other at distance (3). A significant modulation of cortical excitability can be obtained by changing the polarity of the current. Anodal tDCS depolarizes neurons, raising cortical excitability, while cathodal tDCS hyperpolarizes neurons reducing excitability (4).

As we review below, many NIBS protocols can lead to persistent effects on cortical excitability reflecting synaptic mechanisms of long term potentiation (LTP) or depression (LTD). This feature has promoted therapeutic applications in neurological and neuropsychiatric disorders.

In addition, NIBS techniques, have been used as memory and in general as cognitive enhancers.

However, despite the great therapeutic potential of NIBS apart from major depression where TMS has received formal approval from FDA, there is little consensus for a therapeutic use in other neurological and neuropsychiatric conditions (5–7). The reason of this failure is that we need to improve our knowledge on the mechanisms of action of NIBS in order to overcome the variability across individuals (8, 9).

In the present review, will discuss on the mechanisms underlying the neuroplastic effects of NIBS to consider the possible strategies to improve therapeutic effects.

NIBS: AVAILABLE TECHNIQUES

Repetitive Transcranial Magnetic Stimulation

In addition to probing motor cortex excitability with single pulses, TMS can also produce long-term changes in excitability if the TMS pulses are applied repetitively (10).

As a rule, at a regular frequency, low-frequency (1 Hz or less) rTMS reduces cortical excitability (11), whereas high-frequency (5 Hz or greater) rTMS boosts up cortical excitability (11, 12).

This is quite simplistic view, as recent findings have shown that that continuous 5 Hz rTMS decreases instead of increasing corticospinal excitability (13).

rTMS can be delivered in complex burst pattern such as thetaburst stimulation and quadripulse stimulation (QPS) that produce a more reliable effect than conventional rTMS (14–16).

Continuous TBS (cTBS), delivered for 20 or 40 s, decreases cortical excitability, while intermittent TBS (iTBS; applied for 3 min) facilitates cortical excitability. QPS with a short interstimulus interval (e.g., 5 ms) between the 4 pulses facilitates MEPs, while longer interstimulus intervals (e.g., 50 ms) suppress MEPs (16).

Paired associative stimulation (PAS) exploits the principles of Hebbian plasticity imported from animal studies.

PAS was first developed by using low frequency repeated pairing of electrical stimulation of the median nerve combined with TMS over contralateral M1.

Timing is crucial as corticospinal excitability is augmented when the interval between the afferent stimulus and TMS is equal or slightly longer than the individual latency of the cortical N20 component of the median nerve somatosensory-evoked potential. On the contrary, PAS reduces excitability when the interval is shorter than the N20 latency (17, 18).

PAS can also be applied at high frequency (5 Hz), in this case the induction protocol is quite short (2 min) and the intensity of the TMS is under motor threshold. In this way, it is possible to obtain pure cortical effects without effects on spinal excitability (19).

Finally, several variants of PAS protocol have been reported in literature where TMS pulse over the primary motor cortex is paired by another input delivered in remote interconnected cortical areas and even sub-cortical from deep electrodes in patients with deep brain stimulation (20–27).

Transcranial Electrical Stimulation

The techniques widely used in literature are tDCS, transcranial alternating current (tACS), and randon noise stimulation (tRNS) (28).

In tDCS a tiny electrical current (1–2 mA) is delivered over the skull via 2 soaked sponge electrodes. This small amount of current can polarize neurons by changing their firing frequency (28).

Anodal stimulation induces a cortical facilitation whereas cathodal stimulation over the motor area causes suppression (28).

tACS has opened a new window for stimulating the brain at a predetermined frequency with potential therapeutic applications.

It was first developed in animal models applied where tACS can modulate the phase and frequency of discharges in the brain slice models (29). tACS has been used in humans to entrain cortical rhythms via a frequency- specific empowerment as well as to frequency-specific phase realignment of endogenous brain oscillations (30).

Finally, tRNS is another possible way of modulating cortical excitability using a low intensity biphasic alternating current where the frequency varies continuously in a random manner between 0.1 and 640 Hz (full spectrum) or 101–640 (high spectrum) (31).

NIBS AND NEUROPLASTICITY: BASIC MECHANISMS

The after effects induced by NIBS are short lasting (~30–120 min) in comparison with the long-lasting effects induced in animal model that last for hours to days (32).

Nevertheless, the effect induced with NIBS are more reminiscent of the labile early phase of LTP/LTD (33). In addition, it is likely that other mechanisms are involved such as post-tetanic potentiation (PSP) and short term potentiation (STP) (34).

Transcranial Magnetic Stimulation

Despite TMS-induced plasticity shares certain properties described in animal models, however this assumption must be taken with caution since more direct proofs of physiological mechanisms provided by animal studies are still lacking.

On the other hand, pharmacological manipulation of TMS-induced after effects have shown some features reminiscent of long term potentiation (LTP) and depression (LTD) described in animal work.

Indeed, it has been reported that dextromethorphan and memantine, glutamatergic antagonist may prevent TMS after effects (35).

Post-synaptic calcium plays a pivotal role in determine whether a glutamatergic synapse is potentiated, depressed, or left unchanged (36).

The role of calcium in TMS induced plasticity has been investigated in different protocols, for instance plasticity induced by PAS and cTBS300 are modulated differently by different drugs acting on voltage-gated Ca2+-channels (37).

As outlined above, although NIBS-induced plasticity shares some properties reminiscent of NMDA glutamatergic plasticity, this assumption should be taken with caution. Nevertheless, in vitro studies lead on organotypic preparations have shown that theta rTMS may interact with glutamatergic neurotramsmission even with a structural remodeling of dendritic spines (38, 39).

In addition, rTMS reduces GABAergic strength at dendritic synapses which could represent a permissive factor for inducing subsequent LTP phenomena (38).

Where these synaptic changes do take place at a system level? Epidural recordings do suggest that for instance PAS affects later I-waves, which reflect the activity located not in the cortico-spinal neurons but on the dendritic tree of an excitatory interneuron involved in I3 wave generation (40). For instance, PAS after effects are abolished if later I-waves of the TMS pulse are suppressed by applying a subthreshold conditioning pulse during the protocol (41).

Although the TMS protocols seem to interact with neural plasticity mechanisms we cannot immediately assert that they have a therapeutic role unless we can demonstrate that these artificial paradigms interact with natural behaviors in a useful way. Several studies suggest that this is indeed the case.

TMS-induced changes in motor cortical plasticity interact with learning of simple motor tasks according the rules of metaplasticity.

Metaplasticity is a term used in basic neuroscience describing how synaptic plasticity can be influenced by the previous synaptic history (42). In keeping with the principles of metaplasticity a motor task can change the amount of a subsequent PAS protocol. Indeed, the amount of a facilitatory PAS 25 ms was reduced after a motor task while the after effects of inhibitory PAS 10 ms was increased (18).

Similar effects, reminiscent of metaplasticity, were also described in QPS (16) and TBS (43).

Transcranial Electrical Stimulation

As outlined above tDCS is the most popular technique in clinical practice while tACS and tRNS are more used in a research context (28).

tDCS affects cortical excitability in a polarity-specific manner, anodal stimulation over M1 depolarizes neurons increasing cortical excitability while cathodal hyperpolarizes neurons inducing the opposite effect (3).

However, this vision is too simplistic as duration, strength and direction of the effects also depend on the duration, polarity, and intensity of tDCS. Indeed, a duration of the stimulus above 20 min can reverse the after effect (44, 45).

It is interesting to note that tDCS can modulate the excitability of cortical areas outside M1 such as visual and somatosensory cortices (46, 47).

The mechanisms of action of tACS is still elusive, it has been suggested that it polarizes neurons in a frequency domain through a mechanism named stochastic resonance (48) inducing lasting effects through spike-timing-dependent plasticity (49).

In contrast to transcranial direct current stimulation (tDCS), after effects of tRNS seem to be not NMDA receptor dependent and can be suppressed by benzodiazepines suggesting that tDCS and tRNS depend upon different mechanisms (50).

CURRENT NIBS THERAPEUTIC APPLICATIONS

A group of European experts was commissioned to establish guidelines on the therapeutic use of rTMS from evidence published up until March 2014, regarding pain, movement disorders, stroke, amyotrophic lateral sclerosis, multiple sclerosis, epilepsy, consciousness disorders, tinnitus, depression, anxiety disorders, obsessive-compulsive disorder, schizophrenia, craving/addiction, and conversion (51).

However, there are only 2 conditions where there is a sufficient body of evidence to accept with level A (definite efficacy) the analgesic effect of high-frequency (HF) rTMS of the M1 contralateral to the pain and the antidepressant effect of HF-rTMS of the left dorsolateral pre-frontal cortex (DLPFC) (52).

A Level B recommendation (probable efficacy) is proposed for the antidepressant effect of low-frequency (LF) rTMS of the right DLPFC, HF-rTMS of the left DLPFC for the negative symptoms of schizophrenia, and LF-rTMS of contralesional M1 in chronic motor stroke (53).

Nevertheless, the optimization of stimulation parameters in routine clinical practice in the real world remain to be established.

A level C recommendation (possible efficacy) has been proposed for several conditions:

- LF rTMS of the left TPC on tinnitus and auditory hallucinations;

- HF rTMS (5–25 Hz) of bilateral (multiple) M1 areas on motor symptoms of PD;

- CRPS type I (HF rTMS of M1 contralateral to pain side);

- hemispatial neglect (cTBS of the contralesional left posterior parietal cortex);

- epilepsy (LF rTMS of the epileptic focus), post-traumatic stress disorder (PTSD) (HF rTMS of the right DLPFC);

- cigarette consumption (HF rTMS of the left DLPFC).

In addition, rTMS of DLPFC can be used to empower the effects of antidepressant medication.

Which are the intrinsic mechanisms that permit rTMS and more in general NIBS, to achieve a therapeutic result?

There are two current theories: the “repair model” and the “interactive model.”

The first model posits that NIBS may transiently reshape the dysfunction caused by the disease.

Therefore, NIBS, to be effective, should produce persistent changes in brain circuitry. However, at present there is no evidence that this can happen.

The interaction model proposes that rTMS can help the brain restore itself. Within this framework rTMS, or NIBS more in general, may promote or enhance natural adaptations to injury or chronic disease.

Indeed, the plastic effects produced by NIBS, in the offline stimulation mode, may interact with brain network boosting or reducing plasticity phenomena.

Unfortunately, the main limitation is that many of these studies have been conducted on small scale and have only been performed at a single center, being difficult to evaluate.

The only clinical entity where NIBS is widely recognized as treatment is depression, where large clinical trials have been conducted.

The initial clinical trials of rTMS began more than 20 years ago with investigations in patients with drug-resistant depression (54, 55).

The idea of using rTMS was driven by functional imaging evidence showing that patients with depression have reduced activity in the left pre-frontal cortex (56, 57).

Therefore, the strategy was to enhance the activity of pre-frontal cortex with high-frequency stimulation and to prolong the after effects by applying rTMS during several daily sessions.

Regarding pain, several review and meta-analyses (58–63) suggest that high frequency stimulation of M1 contralateral to the pain side can reduce pain (pain relief >30% in 46–62% of patients and >50% pain relief in 29%).

The efficacy of a single HF rTMS session tends to persist for a few days and may be enhanced and prolonged with session repetition, while optimal stimulation parameters need to be better defined. In addition, the role of rTMS in the therapeutic armamentarium against neuropathic pain remains to be established. On the other hand, it has been shown that HF rTMS of M1could predict the outcome of epidural motor cortex stimulation (EMCS) (64–68). However, rTMS tests can be used only to confirm the indication of EMCS therapy but not to exclude patients from implantation (56, 58).

In keeping with the interaction model (see above), rTMS acts as a relatively non-specific input promoting synaptic plasticity during physical therapy sessions.

There are 3 post-stroke disorders which may benefit cortical stimulation techniques: motor deficit, aphasia and hemineglect.

The strategy is to increase the excitability of the ipsilesional hemisphere or to decrease the excitability of the contralesional hemisphere, which results in a reduction of its inhibitory influence onto the lesioned hemisphere that can promote recovery.

However, it is important to note that this might be a simplistic interpretation of the effects of these protocols since the contralesional hemisphere may play in some patients an adaptive role promoting recovery (see below).

A meta-analysis of the literature shows that an increase in excitability produced by HF rTMS of ipsilesional M1 or a decrease in excitability induced by LF rTMS of contralesional M1 tends to improve motor abilities in stroke patients (Levels B or C recommendations).

On the other hand, there are several unsolved clinical issues. First the therapeutic value of either modality of stimulation remains to be determined with respect to the phase of stroke recovery (acute or sub-acute vs. chronic). Second, the real impact of rTMS in daily practice is still unknown. In addition, there are safety concerns regarding the possible risk of seizure increasing cortical excitability at the site of injury.

On the other hand, the systematic use of LF rTMS to reduce the hyperactivity of the contralesional hemisphere must be considered with caution, because the hyperactivity of healthy hemisphere may be sometimes adaptive and this may promote stroke recovery (69–71).

Therefore, the feasibility of rTMS in long term stroke rehabilitation remains to be determined and we are still far from a daily practice use of rTMS.

A key limitation is perhaps the use of generic, unvarying methodology given the heterogeneity that is characteristic of stroke (72). Therefore, the future in the use of NIBS in stroke would be to better understand the pathophysiological mechanisms and stratify patients for tailored or personalized cortical stimulation therapies (73).

Another application of TMS as therapeutic tool in neurology is on migraine. It has been reported that early treatment of migraine with aura by single pulse TMS resulted in increased freedom from pain at 2 h compared with sham stimulation, and absence of pain was sustained 24 h and 48 h after treatment (74). These results have been confirmed by another subsequent study (75). Based on these findings the US Food and Drug Administration (FDA) in 2017, approved a device capable of delivering a single pulse TMS to relieve pain caused by migraine headaches that are preceded by an aura—a visual, sensory or motor disturbance immediately preceding the onset of a migraine attack.

Finally, rTMS can be used also in pediatric neurology with promising results in different clinical situations such as autism spectrum disorders, attention-deficit/hyperactivity disorder, epilepsy, and cerebral palsy (76).

Yet, most clinical TMS and tDCS studies have been published on adult populations, and extensive research into the clinical utility of TMS and tDCS in pediatrics remains an unmet needed.

Indeed, further research is required to investigate the effects of age-related differences in basic neurologic mechanisms on the safety and efficacy of brain stimulation in the pediatric brain.

In the next session we will discuss the limitations of currently available NIBS techniques (69, 77).

VARIABILITY OF NIBS-INDUCED EFFECTS

NIBS after-effects are quite fragile and variable both within and between subjects and this can potentially flaw therapeutic applications. This variability is probably the result of several factors.

Such inter- and intra-individual variability will severely hamper the clinical use of NIBS as a potential treatment of neurological or psychiatric disorders, therefore the underlying reasons for these variabilities need urgently to be explored (70).

Effect of Voluntary Contraction

TBS after effects are abolished by the contraction of the target muscle, interestingly muscle contraction after cTBS shifts the depression into facilitation while the facilitatory effects of iTBS are enhanced (71).

The nature of the contraction (i.e., tonic vs. phasic) can also influence the after-effects of TBS (76).

Tonic contraction can also influence tDCS reversing the effects of anodal and cathodal stimulation (78) while tonic activation immediately after tDCS abolishes all after effects (79).

Similar effects of voluntary contractions where observed in QPS, where rhythmic hand opening-closing at 1 Hz for 1 min abolishes any effect on corticospinal excitability (80).

The vulnerability of NIBS effects by muscular pre-contraction may be explained by metaplasticity (see above) (81).

Inter and Intra-Subject Variability

Several studies lead in large cohort of healthy subjects have shown a considerable inter- and intra-individual variability in response to all NIBS protocols.

It has been reported that only half of the subjects tested can be considered as responder to TBS protocols (82). Similarly, Wiethoff and associates reported that only ~50% of subjects could be considered as responders (83).

The response rate of PAS in a large cohort multicentric study lead in Germany was 53% (84).

All together these data suggest that the probability of producing the “expected” response may be lower than 50%, in most NIBS plasticity-inducing protocols.

QPS, a newer form of rTMS, may provide a reduction of variability, with a responder rate ranging from 60 to 80% (85, 86).

In general, the session-to-session, intra-individual variability, is lower than inter-individual variability.

Lopes Alonso and associated reported that about 70% of subjects maintained reproducible responses to anodal tDCS in separate sessions; a similar percentage was reported in another study (9, 87).

Such inter- and intra-individual variability has severely compromised attempts to use NIBS for treatment of neurological or psychiatric disorders. Therefore, future studies are needed to address the reason of such variability to find new strategies to improve NIBS after effects (70).

FACTORS INDUCING NIBS VARIABILITY

Several factors may underlie such a variability and many of them cannot be changed such as age, gender and genetic polymorphisms. Therefore, it is important to control them through the experimental design (88).

Individual brain anatomy can be a potential source of variability especially if we refer to scalp measurements. This can now be corrected by using TMS neuronavigator systems which use individual anatomical brain images to guide the placement of the coil over the region of interest (89).

Another important factor, which is difficult to control, is that the level of ongoing cortical activity interacts with NIBS after effects.

A possible strategy to control neural activity would be to monitor physical activity since it is well-known that it influences NIBS after effects by acting on ion channels. Thus, keeping the subject relaxed could be a way to reduce NIBS variability (90).

Induced cortical activity on purpose may be used to modulate NIBS after effects.

For example, prior muscle pre-contraction may enhance the inhibitory effects of cTBS (91).

This metaplastic effect can be replicated also outside the primary motor cortex; for instance a cognitive task modulating frontal theta wave activity enhanced the antidepressant effect of rTMS (92).

The level of ongoing cortical activity and even its prior history interacts with the effects of NIBS.

The subject attentional focus may profoundly influence NIBS after effects. For instance, PAS after effects are maximized if subject focused on the stimulated hand while the effects are decreased if the subject directed attention on the non-stimulated hand (93).

Menstrual cycle can affect cortical excitability and plasticity; for example rTMS after effects are maximal on day 14 since estradiol reinforces synaptic potentiation by acting on voltage-gated sodium channels (94).

It is also well-known that PAS after effects are lower in the morning in relationship to the circadian rhythms of cortisol and melatonine (95).

Another potential source of variability is represented by genetic factors. It is well-known that subjects carrying the a Val66Met polymorphism in the gene encoding brain-derived neurotrophic factor (BDNF) have a reduced responsivity to NIBS protocols and an altered use dependent plasticity (96). All these factors need to be considered when NIBS is used for therapeutic purposes.

IS THERE A FUTURE FOR THERAPEUTIC NIBS?

The past 20 years have seen the publication of a remarkable number of papers about the potential therapeutic effects of NIBS in conditions ranging from cocaine addiction to stroke and depression.

On the other hand, despite this has stimulated a tremendous amount of research the overall clinical effects are limited except perhaps for depression (5, 51). Therefore, it is necessary to find new strategies to empower the NIBS therapeutic after effects.

Improving NIBS Variability

In the previous section, we analyzed the possible sources of variability of the NIBS after effects that can be controlled to optimize NIBS protocols.

An important variable that need to controlled is the adaptation of NIBS based on the individual brain anatomy. Advances in physics and computational science will allow to design brain modeling considering the NIBS-induced electrical field, based on bone thickness with local thinning, CSF volume, and gyral folding of the individual brain (97, 98).

For the last 30 years, NIBS techniques, have approached the brain as a black box, ignoring its endogenous excitability at the time of stimulation.

Indeed, there are several evidences pointing out that NIBS effects are state-dependent on a time scale of minutes to hours, depending on the immediate history of neural activity (99) and synaptic plasticity (100). Brain activity changes, on the time scale of seconds to milliseconds, are governed by rhythmic fluctuations in neural excitability within the ascending thalamo-cortical systems and cortico-cortical projections (101, 102). Therefore, NIBS protocols should be optimized not only on neuroimaging data to account for individual differences in functional neuroanatomy but also taking into account the current oscillatory brain state (100).

Perhaps the most promising strategy to enhance NIBS after effects is to monitor neural activity in real time using EEG an then triggering TMS pulses only at pre-defined states (103).

This approach is called state-dependent brain stimulation (BSDBS).

Indeed, the recent advances in combining TMS with EEG have made possible designing stimulation protocols that are controlled by the EEG signal adjusting stimulation in a very direct way, short-circuiting the motor-sensory loop (51).

Although this state dependent approach has a strong theoretical background coming from animal studies, there are only limited evidences that the same synaptic rules can be successfully applied on the human side (104). Nevertheless, EEG brain-state triggered NIBS-in-the-loop set-ups will enable physicians, in the near future, to interfere with their patients' ongoing brain activity with high temporal, spatial and spectral precision.

This approach has several important advantages. Firstly, neuromodulation can be tailored to each patient thus reducing the inter-individual differences in the excitability and connectivity of brain networks (105).

Secondly, monitoring EEG it is possible to detect the time-course of dynamic changes during network reorganization such as during stroke rehabilitation (106).

Thirdly, EEG brain-state triggered NIBS should be recommended since the modifiability of neurons and networks is a function of their recent activity (metaplasticity) and hence this can determine the direction, extent and duration of after effects in neural networks (107).

Finally, another strategy under study is to use the spaced application of multiple NIBS protocols within a session to improve the reliability and extend the duration of NIBS effects.

Traditionally NIBS protocols are delivered or in a single session (once a day) or in multiple sessions (once a day for consecutive days). Hence spaces application could open a new therapeutic window improve the reproducibility of NIBS effects.

There are new evidence suggesting that this spaced approach may be successful.

For instance, the application of two spaced sessions of cTBS over the cortical frontal eye field region increased saccadic eye movement latency for a significantly longer period than a single cTBS protocol (108).

Similarly, spaced stimulation of parietal cortex contralateral to the stroke improves significantly symptoms of visual neglect (109).

Same effects have been reported after the spaced application of tDCS with a significant enhancement of the after effects when the second tDCS application is delivered while the effect of the first tDCS application is still ongoing (110, 111).

Despite these encouraging results of spaced stimulation, the rules governing this new type of stimulation need to be further investigated in future studies.

Indeed, the mere increase in the train duration with several forms of NIBS including TBS (112) and tDCS (45) can reverse the direction of the induced plasticity or abolish the effects (86). At the same time, intensity increase does not necessarily implies an increase in amplitude but may even reverse inhibition into facilitation (44).

Finally, another possible approach is to use pharmacological neuromodulation by varying dopamine, noradrenaline, acetylcholine or serotonin neurotransmitters to empower NIBS induced plasticity.

This is a stimulating new perspective to empower clinical NIBS effects that however have not yet been investigated systematically.

Among the strategies discussed above, spaced application of multiple NIBS protocols is perhaps the most viable tool to empower clinical efficacy of NIBS effects.

However, it is mandatory in future studies, to identify the optimal spacing between stimulation (in the single session) and to run separate studies to improve the after effects using a multisession approach.

Such studies, although time consuming, will be particularly important for improving the so far limited effect sizes of NIBS protocols for treatment of neurological or psychiatric disorders.

Finally, a professionally-supervised protocol for home-based, remotely-supervised tDCS, supported by specially designed equipment and a telemedicine platform, has shown feasibility in research settings. This approach shows promise for reducing patient burden and enabling longer duration of treatment in addition with home telerehabilitation. Indeed, if patients can safely apply tDCS to themselves at home, combining telerehabilitation with tDCS, this approach would be a good opportunity to empower therapy without costly therapeutic face-to-face supervision. For instance, tDCS combined with cognitive training delivered at home induced a better cognitive outcome in comparison with patients who received just the cognitive training alone (113).

This study showed the feasibility of remotely supervised, at-home tDCS and set up a protocol for safe and reliable delivery of tDCS for clinical studies (114).

Recommendations for Future Clinical Trials

In future studies, special emphasis should be given to improve the quality of clinical trials testing the therapeutic efficacy of NIBS;

Several recommendations should be considered in future studies:

(i) increase the sample size and use of realistic placebo control and double blinding in keeping with the rules of drug clinical trials;

(ii) use of randomized cross over study designs and advanced statistical methodologies such as cluster analysis.

(iii) improve anatomical targeting by using neuronavigated TMS;

(iv) encourage new research to discover new feasible targets of stimulation;

(v) increase the dosage of stimulation which is rather low across studies;

(vi) systematic use of priming strategies to empower NIBS after effects;

(vii) defining and improving clinically valid endpoint measures.

CONCLUSIONS

The methodological improvements and the application of the rigid rules of clinical drug trials may hopefully help to reduce the large inter-individual variation in efficacy that currently makes the final clinical outcome rather modest, although the effects may be very pronounced and even long-lasting in individual patients.

Nevertheless, it should be reminded that rTMS could be used as preoperative predictive factor for selecting candidates for surgery and to validate the cortical target of where to implant electrodes for epidural invasive stimulation.

Finally, the use of rTMS should be systematically considered as an add-on treatment in combination with medication, physiotherapy, or psychotherapy, with the aim of improving or accelerating the efficacy of these therapeutic approaches.

This combined strategy, which is currently used in in depression, in combination with antidepressant drugs, and in stroke rehabilitation (with rehabilitation), will possibly boost up processes of cortical plasticity improving and stabilizing the therapeutic effects of rTMS.

AUTHOR CONTRIBUTIONS

CT, VR, and AlbC conception and idea of the paper. GC, AleC, and DM critical analysis of the literature. AQ conception and idea of the paper, data interpretation, overall supervision of the review. All authors discussed the results and contributed to the final manuscript.

REFERENCES

 1. Barker AT, Jalinous R, Freeston IL. Non-invasive magnetic stimulation of human motor cortex. Lancet (1985) 325:1106–07. doi: 10.1016/S0140-6736(85)92413-4

 2. Rothwell JC, Hallett M, Beradelli A, Eisen A, Rossini PWP. Magnetic stimulation: motor evoked potentials. Electroencephalogr Clin Neurophysiol Suppl. (1999) 52:97–103. doi: 10.1016/j.parkreldis.2013.07.017

 3. Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, Antal A, et al. Transcranial direct current stimulation: state of the art 2008. Brain Stimul. (2008) 1:206–23. doi: 10.1016/j.brs.2008.06.004

 4. Antal A, Nitsche MA, Kruse W, Kincses TZ, Hoffmann K-P, Paulus W. Direct current stimulation over v5 enhances visuomotor coordination by improving motion perception in humans. J Cogn Neurosci. (2004) 16:521–7. doi: 10.1162/089892904323057263

 5. Lefaucheur JP, Andre-Obadia N, Antal A, Ayache SS, Baeken C, Benninger DH, et al. Evidence-based guidelines on the therapeutic use of repetitive transcranial magnetic stimulation (rTMS). Clin Neurophysiol. (2014) 125:2150–206. doi: 10.1016/j.clinph.2014.05.021

 6. Padberg F, Zwanzger P, Keck ME, Kathmann N, Mikhaiel P, Ella R, et al. Repetitive transcranial magnetic stimulation (rTMS) in major depression: relation between efficacy and stimulation intensity. Neuropsychopharmacology (2002) 27:638–45. doi: 10.1016/S0893-133X(02)00338-X

 7. Padberg F, Zwanzger P, Thoma H, Kathmann N, Haag C, Greenberg BD, et al. Repetitive transcranial magnetic stimulation (rTMS) in pharmacotherapy-refractory major depression: comparative study of fast, slow and sham rTMS. Psychiatry Res. (1999) 88:163–71. doi: 10.1016/S0165-1781(99)00092-X

 8. 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) 7:372–80. doi: 10.1016/j.brs.2014.02.004

 9. López-Alonso V, Fernández-del-Olmo M, Costantini A, Gonzalez-Henriquez JJ, Cheeran B. Intra-individual variability in the response to anodal transcranial direct current stimulation. Clin Neurophysiol. (2015) 126:2342–7. doi: 10.1016/j.clinph.2015.03.022

 10. Siebner HR, Rothwell J. Transcranial magnetic stimulation: new insights into representational cortical plasticity. Exp Brain Res. (2003) 148:1–16. doi: 10.1007/s00221-002-1234-2

 11. Maeda F, Keenan JP, Tormos JM, Topka H, Pascual-Leone A. Interindividual variability of the modulatory effects of repetitive transcranial magnetic stimulation on cortical excitability. Exp Brain Res. (2000) 133:425–30. doi: 10.1007/s002210000432

 12. Quartarone A, Bagnato S, Rizzo V, Morgante F, Sant'Angelo A, Battaglia F, et al. Distinct changes in cortical and spinal excitability following high-frequency repetitive TMS to the human motor cortex. Exp Brain Res. (2005) 161:114–24. doi: 10.1007/s00221-004-2052-5

 13. Rothkegel H, Sommer M, Paulus W. Breaks during 5 Hz rTMS are essential for facilitatory after effects. Clin Neurophysiol. (2010) 121:426–30. doi: 10.1016/j.clinph.2009.11.016

 14. Huang YZ, Edwards MJ, Rounis E, Bhatia KP, Rothwell JC. Theta burst stimulation of the human motor cortex. Neuron (2005) 45:201–6. doi: 10.1016/j.neuron.2004.12.033

 15. Suppa A, Huang YZ, Funke K, Ridding MC, Cheeran B, Di Lazzaro V, et al. Ten years of theta burst stimulation in humans: established knowledge, unknowns and prospects. Brain Stimul. (2016) 9:323–35. doi: 10.1016/j.brs.2016.01.006

 16. Hamada M, Terao Y, Hanajima R, Shirota Y, Nakatani-Enomoto S, Furubayashi T, et al. Bidirectional long-term motor cortical plasticity and metaplasticity induced by quadripulse transcranial magnetic stimulation. J Physiol. (2008) 586:3927–47. doi: 10.1113/jphysiol.2008.152793

 17. Müller-Dahlhaus F, Ziemann U, Classen J. Plasticity resembling spike-timing dependent synaptic plasticity: the evidence in human cortex. Front Synaptic Neurosci. (2010) 2:34. doi: 10.3389/fnsyn.2010.00034

 18. Ziemann U. Learning modifies subsequent induction of long-term potentiation-like and long-term depression-like plasticity in human motor cortex. J Neurosci. (2004) 24:1666–72. doi: 10.1523/JNEUROSCI.5016-03.2004

 19. Quartarone A, Rizzo V, Bagnato S, Morgante F, Sant'Angelo A, Girlanda P, et al. Rapid-rate paired associative stimulation of the median nerve and motor cortex can produce long-lasting changes in motor cortical excitability in humans. J Physiol. (2006) 575:657–70. doi: 10.1113/jphysiol.2006.114025

 20. Arai N, Muller-Dahlhaus F, Murakami T, Bliem B, Lu M-K, Ugawa Y, et al. State-dependent and timing-dependent bidirectional associative plasticity in the human SMA-M1 network. J Neurosci. (2011) 31:15376–83. doi: 10.1523/JNEUROSCI.2271-11.2011

 21. Buch ER, Johnen VM, Nelissen N, O'Shea J, Rushworth MFS. Noninvasive associative plasticity induction in a corticocortical pathway of the human brain. J Neurosci. (2011) 31:17669–79. doi: 10.1523/JNEUROSCI.1513-11.2011

 22. Chao CC, Karabanov AN, Paine R, Carolina De Campos A, Kukke SN, et al. Induction of motor associative plasticity in the posterior parietal cortex-primary motor network. Cereb Cortex (2015) 25:365–73. doi: 10.1093/cercor/bht230

 23. Koganemaru S, Mima T, Nakatsuka M, Ueki Y, Fukuyama H, Domen K. Human motor associative plasticity induced by paired bihemispheric stimulation. J Physiol. (2009) 587:4629–44. doi: 10.1113/jphysiol.2009.174342

 24. Rizzo V, Siebner HS, Morgante F, Mastroeni C, Girlanda P, Quartarone A. Paired associative stimulation of left and right human motor cortex shapes interhemispheric motor inhibition based on a hebbian mechanism. Cereb Cortex (2009) 19:907–15. doi: 10.1093/cercor/bhn144

 25. Suppa A, Li Voti P, Rocchi L, Papazachariadis O, Berardelli A. Early visuomotor integration processes induce LTP/LTD-like plasticity in the human motor cortex. Cereb Cortex (2015) 25:703–12. doi: 10.1093/cercor/bht264

 26. Suppa A, Biasiotta A, Belvisi D, Marsili L, La Cesa S, Truini A, et al. Heat-evoked experimental pain induces long-term potentiation-like plasticity in human primary motor cortex. Cereb Cortex (2013) 23:1942–51. doi: 10.1093/cercor/bhs182

 27. Udupa K, Bahl N, Ni Z, Gunraj C, Mazzella F, Moro E, et al. Cortical plasticity induction by pairing subthalamic nucleus deep-brain stimulation and primary motor cortical transcranial magnetic stimulation in parkinson's disease. J Neurosci. (2016) 36:396–404. doi: 10.1523/JNEUROSCI.2499-15.2016

 28. Paulus W. Transcranial electrical stimulation (tES - tDCS; tRNS, tACS) methods. Neuropsychol Rehabil. (2011) 21:602–17. doi: 10.1080/09602011.2011.557292

 29. Fröhlich F, McCormick DA. Endogenous electric fields may guide neocortical network activity. Neuron (2010) 67:129–143. doi: 10.1016/j.neuron.2010.06.005

 30. Alekseichuk I, Turi Z, Amador de Lara G, Antal A, Paulus W. Spatial working memory in humans depends on theta and high gamma synchronization in the prefrontal cortex. Curr Biol. (2016) 26:1513–21. doi: 10.1016/j.cub.2016.04.035

 31. Fertonani A, Pirulli C, Miniussi C. Random noise stimulation improves neuroplasticity in perceptual learning. J Neurosci. (2011) 31:15416–23. doi: 10.1523/JNEUROSCI.2002-11.2011

 32. Abraham WC, Williams JM. Properties and mechanisms of LTP maintenance. Neuroscientist (2003) 9:463–74. doi: 10.1177/1073858403259119

 33. Xu L, Anwyl R, Rowan MJ. Spatial exploration induces a persistent reversal of long-term potentiation in rat hippocampus. Nature (1998) 394:891–4. doi: 10.1038/29783

 34. Ugawa Y. Motor cortical plasticity in basal ganglia disorders or movement disorders. Basal Ganglia (2012) 2:119–21. doi: 10.1016/j.baga.2012.08.005

 35. Stefan K, Kunesch E, Benecke R, Cohen LG, Classen J. Mechanisms of enhancement of human motor cortex excitability induced by interventional paired associative stimulation. J Physiol. (2002) 543:699–708. doi: 10.1113/jphysiol.2002.023317

 36. Lisman J. A mechanism for the Hebb and the anti-Hebb processes underlying learning and memory. Proc Natl Acad Sci USA. (1989) 86:9574–8. doi: 10.1073/pnas.86.23.9574

 37. Ziemann U, Paulus W, Nitsche MA, Pascual-Leone A, Byblow WD, Berardelli A, et al. Consensus: motor cortex plasticity protocols. Brain Stimul. (2008) 1:164–82. doi: 10.1016/j.brs.2008.06.006

 38. Lenz M, Vlachos A. Releasing the cortical brake by non-invasive electromagnetic stimulation? rTMS induces LTD of GABAergic neurotransmission. Front Neural Circuits (2016) 10:96. doi: 10.3389/fncir.2016.00096

 39. Lenz M, Platschek S, Priesemann V, Becker D, Willems LM, Ziemann U, et al. Repetitive magnetic stimulation induces plasticity of excitatory postsynapses on proximal dendrites of cultured mouse CA1 pyramidal neurons. Brain Struct Funct. (2015) 220:3323–37. doi: 10.1007/s00429-014-0859-9

 40. Di Lazzaro V, Oliviero A, Pilato F, Saturno E, Dileone M, Mazzone P, et al. The physiological basis of transcranial motor cortex stimulation in conscious humans. Clin Neurophysiol. (2004) 115:255–66. doi: 10.1016/j.clinph.2003.10.009

 41. Elahi B, Gunraj C, Chen R. Short-interval intracortical inhibition blocks long-term potentiation induced by paired associative stimulation. J Neurophysiol. (2012) 107:1935–41. doi: 10.1152/jn.00202.2011

 42. Abraham WC, Bear MF. Metaplasticity: the plasticity of synaptic plasticity. Trends Neurosci. (1996) 19:126–30. doi: 10.1016/S0166-2236(96)80018-X

 43. Murakami T, Müller-Dahlhaus F, Lu MK, Ziemann U. Homeostatic metaplasticity of corticospinal excitatory and intracortical inhibitory neural circuits in human motor cortex. J Physiol. (2012) 590:5765–81. doi: 10.1113/jphysiol.2012.238519

 44. Batsikadze G, Moliadze V, Paulus W, Kuo M-F, Nitsche MA. Partially non-linear stimulation intensity-dependent effects of direct current stimulation on motor cortex excitability in humans. J Physiol. (2013) 591:1987–2000. doi: 10.1113/jphysiol.2012.249730

 45. Monte-Silva K, Kuo M-F, Hessenthaler S, Fresnoza S, Liebetanz D, Paulus W, et al. Induction of late LTP-like plasticity in the human motor cortex by repeated non-invasive brain stimulation. Brain Stimul. (2013) 6:424–32. doi: 10.1016/j.brs.2012.04.011

 46. Antal A, Kincses TZ, Nitsche MA, Bartfai O, Paulus W. Excitability changes induced in the human primary visual cortex by transcranial direct current stimulation: direct electrophysiological evidence. Invest Ophthalmol Vis Sci. (2004) 45:702–7. doi: 10.1167/iovs.03-0688

 47. Matsunaga K, Nitsche MA, Tsuji S, Rothwell JC. Effect of transcranial DC sensorimotor cortex stimulation on somatosensory evoked potentials in humans. Clin Neurophysiol. (2004) 115:456–60.

 48. McDonnell MD, Abbott D. What is stochastic resonance? definitions, misconceptions, debates, and its relevance to biology. PLoS Comput Biol. (2009) 5:e1000348. doi: 10.1371/journal.pcbi.1000348

 49. Zaehle T, Rach S, Herrmann CS. Transcranial alternating current stimulation enhances individual alpha activity in human EEG. PLoS ONE (2010) 5:e13766. doi: 10.1371/journal.pone.0013766

 50. Chaieb L, Antal A, Paulus W. Transcranial random noise stimulation-induced plasticity is NMDA-receptor independent but sodium-channel blocker and benzodiazepines sensitive. Front Neurosci. (2015) 9:125. doi: 10.3389/fnins.2015.00125

 51. Lefaucheur J-P, Antal A, Ayache SS, Benninger DH, Brunelin J, Cogiamanian F, et al. Evidence-based guidelines on the therapeutic use of transcranial direct current stimulation (tDCS). Clin Neurophysiol. (2017) 128:56–92. doi: 10.1016/j.clinph.2016.10.087

 52. Pascual-Leone A, Rubio B, Pallardó F, Catalá MD. Rapid-rate transcranial magnetic stimulation of left dorsolateral prefrontal cortex in drug-resistant depression. Lancet (1996) 348:233–7.

 53. George MS, Wassermann EM, Williams WA, Callahan A, Ketter TA, Basser P, et al. Daily repetitive transcranial magnetic stimulation (rTMS) improves mood in depression. Neuroreport (1995) 6:1853–6.

 54. Cummings JL. The neuroanatomy of depression. J Clin Psychiatry (1993) 54(Suppl.):14–20.

 55. Hirono N, Mori E, Ishii K, Ikejiri Y, Imamura T, Shimomura T, et al. Frontal lobe hypometabolism and depression in Alzheimer's disease. Neurology (1998) 50:380–3.

 56. Cruccu G, Aziz TZ, Garcia-Larrea L, Hansson P, Jensen TS, Lefaucheur J-P, et al. EFNS guidelines on neurostimulation therapy for neuropathic pain. Eur J Neurol. (2007) 14:952–70. doi: 10.1111/j.1468-1331.2007.01916.x

 57. Leo RJ, Latif T. Repetitive transcranial magnetic stimulation (rTMS) in experimentally induced and chronic neuropathic pain: a review. J Pain (2007) 8:453–9. doi: 10.1016/j.jpain.2007.01.009

 58. Lefaucheur J-P, Antal A, Ahdab R, Ciampi de Andrade D, Fregni F, et al. The use of repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS) to relieve pain. Brain Stimul. (2008) 1:337–44. doi: 10.1016/j.brs.2008.07.003

 59. Leung A, Donohue M, Xu R, Lee R, Lefaucheur J-P, Khedr EM, et al. rTMS for suppressing neuropathic pain: a meta-analysis. J Pain (2009) 10:1205–16. doi: 10.1016/j.jpain.2009.03.010

 60. O'Connell NE, Wand BM, Marston L, Spencer S, DeSouza LH. “Non-invasive brain stimulation techniques for chronic pain,” in Cochrane Database of Systematic Reviews, ed N. E. O'Connell (Chichester: John Wiley & Sons, Ltd), CD008208. doi: 10.1002/14651858.CD008208.pub2

 61. O'Connell NE, Wand BM, Marston L, Spencer S, Desouza LH. Non-invasive brain stimulation techniques for chronic pain. A report of a Cochrane systematic review and meta-analysis. Eur J Phys Rehabil Med. (2011) 47:309–26.

 62. Lefaucheur JP, Fnelon G, Mnard-Lefaucheur I, Wendling S, Nguyen JP. Low-frequency repetitive TMS of premotor cortex can reduce painful axial spasms in generalized secondary dystonia: a pilot study of three patients. Neurophysiol Clin. (2004) 34:141–5. doi: 10.1016/j.neucli.2004.07.003

 63. André-Obadia N, Peyron R, Mertens P, Mauguière F, Laurent B, Garcia-Larrea L. Transcranial magnetic stimulation for pain control. Double-blind study of different frequencies against placebo, and correlation with motor cortex stimulation efficacy. Clin Neurophysiol. (2006) 117:1536–44. doi: 10.1016/j.clinph.2006.03.025

 64. André-Obadia N, Sauleau P, Cheliout-Heraut F, Convers P, Debs R, Eisermann M, et al. [French guidelines on electroencephalogram]. Neurophysiol Clin. (2014) 44:515–612. doi: 10.1016/j.neucli.2014.10.001

 65. Hosomi K, Saitoh Y, Kishima H, Oshino S, Hirata M, Tani N, et al. Electrical stimulation of primary motor cortex within the central sulcus for intractable neuropathic pain. Clin Neurophysiol. (2008) 119:993–1001. doi: 10.1016/j.clinph.2007.12.022

 66. Lefaucheur J-P, Ménard-Lefaucheur I, Goujon C, Keravel Y, Nguyen J-P. Predictive value of rTMS in the identification of responders to epidural motor cortex stimulation therapy for pain. J Pain (2011) 12:1102–11. doi: 10.1016/j.jpain.2011.05.004

 67. Johansen-Berg H, Rushworth MFS, Bogdanovic MD, Kischka U, Wimalaratna S, Matthews PM. The role of ipsilateral premotor cortex in hand movement after stroke. Proc Natl Acad Sci USA. (2002) 99:14518–23. doi: 10.1073/pnas.222536799

 68. Gerloff C, Bushara K, Sailer A, Wassermann EM, Chen R, Matsuoka T, et al. Multimodal imaging of brain reorganization in motor areas of the contralesional hemisphere of well recovered patients after capsular stroke. Brain (2006) 129:791–808. doi: 10.1093/brain/awh713

 69. Hameed MQ, Dhamne SC, Gersner R, Kaye HL, Oberman LM, Pascual-Leone A, et al. Transcranial magnetic and direct current stimulation in children. Curr Neurol Neurosci Rep. (2017) 17:11. doi: 10.1007/s11910-017-0719-0

 70. Ziemann U, Siebner HR. Inter-subject and intersession variability of plasticity induction by non-invasive brain stimulation: boon or bane? Brain Stimul. (2015) 8:662–3. doi: 10.1016/j.brs.2015.01.409

 71. Huang Y-Z, Rothwell JC, Edwards MJ, Chen R-S. Effect of physiological activity on an NMDA-dependent form of cortical plasticity in human. Cereb Cortex (2008) 18:563–70. doi: 10.1093/cercor/bhm087

 72. Ward NS, Newton JM, Swayne OBC, Lee L, Thompson AJ, Greenwood RJ, Rothwell JC, et al. Motor system activation after subcortical stroke depends on corticospinal system integrity. Brain (2006) 129:809–19. doi: 10.1093/brain/awl002

 73. Plow EB, Sankarasubramanian V, Cunningham DA, Potter-Baker K, Varnerin N, Cohen LG, et al. Models to tailor brain stimulation therapies in stroke. Neural Plast. (2016) 2016:4071620. doi: 10.1155/2016/4071620

 74. Lipton RB, Dodick DW, Silberstein SD, Saper JR, Aurora SK, Pearlman SH, et al. Single-pulse transcranial magnetic stimulation for acute treatment of migraine with aura: a randomised, double-blind, parallel-group, sham-controlled trial. Lancet Neurol. (2010) 9:373–80. doi: 10.1016/S1474-4422(10)70054-5

 75. Bhola R, Kinsella E, Giffin N, Lipscombe S, Ahmed F, Weatherall M, et al. Single-pulse transcranial magnetic stimulation (sTMS) for the acute treatment of migraine: evaluation of outcome data for the UK post market pilot program. J Headache Pain (2015) 16:535. doi: 10.1186/s10194-015-0535-3

 76. Iezzi E, Conte A, Suppa A, Agostino R, Dinapoli L, Scontrini A, et al. Phasic voluntary movements reverse the aftereffects of subsequent theta-burst stimulation in humans. J Neurophysiol. (2008) 100:2070–6. doi: 10.1152/jn.90521.2008

 77. Allen CH, Kluger BM, Buard I. Safety of transcranial magnetic stimulation in children: a systematic review of the literature. Pediatr Neurol. (2017) 68:3–17. doi: 10.1016/j.pediatrneurol.2016.12.009

 78. 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) 26:2687–91. doi: 10.1111/j.1460-9568.2007.05896.x

 79. Thirugnanasambandam N, Sparing R, Dafotakis M, Meister IG, Paulus W, Nitsche MA, et al. Isometric contraction interferes with transcranial direct current stimulation (tDCS) induced plasticity - evidence of state-dependent neuromodulation in human motor cortex. Restor Neurol Neurosci. (2011) 29:311–20. doi: 10.3233/RNN-2011-0601

 80. Kadowaki S, Enomoto H, Murakami T, Nakatani-Enomoto S, Kobayashi S, Ugawa Y. Influence of phasic muscle contraction upon the quadripulse stimulation (QPS) aftereffects. Clin Neurophysiol. (2016) 127:1568–73. doi: 10.1016/j.clinph.2015.10.063

 81. Abraham WC. Metaplasticity: tuning synapses and networks for plasticity. Nat Rev Neurosci. (2008) 9:387–99. doi: 10.1038/nrn2356

 82. Hamada M, Murase N, Hasan A, Balaratnam M, Rothwell JC. The role of interneuron networks in driving human motor cortical plasticity. Cereb Cortex (2013) 23:1593–605. doi: 10.1093/cercor/bhs147

 83. Wiethoff S, Hamada M, Rothwell JC. Variability in response to transcranial direct current stimulation of the motor cortex. Brain Stimul. (2014) 7:468–75. doi: 10.1016/j.brs.2014.02.003

 84. Lahr J, Paßmann S, List J, Vach W, Flöel A, Klöppel S. Effects of different analysis strategies on paired associative stimulation. a pooled data analysis from three research Labs. PLoS ONE (2016) 11:e0154880. doi: 10.1371/journal.pone.0154880

 85. Simeoni S, Hannah R, Sato D, Kawakami M, Rothwell J, Gigli GL. Effects of quadripulse stimulation on human motor cortex excitability: a replication study. Brain Stimul. (2016) 9:148–50. doi: 10.1016/j.brs.2015.10.007

 86. Nakamura K, Groiss SJ, Hamada M, Enomoto H, Kadowaki S, Abe M, et al. Variability in response to quadripulse stimulation of the motor cortex. Brain Stimul. (2016) 9:859–66. doi: 10.1016/j.brs.2016.01.008

 87. Vallence AM, Goldsworthy MR, Hodyl NA, Semmler JG, Pitcher JB, Ridding MC. Inter- and intra-subject variability of motor cortex plasticity following continuous theta-burst stimulation. Neuroscience (2015) 304:266–78. doi: 10.1016/j.neuroscience.2015.07.043

 88. Hanajima R, Tanaka N, Tsutsumi R, Enomoto H, Abe M, Nakamura K, et al. The effect of age on the homotopic motor cortical long-term potentiation-like effect induced by quadripulse stimulation. Exp Brain Res. (2017) 235:2103–8. doi: 10.1007/s00221-017-4953-0

 89. Neggers SFW, Langerak TR, Schutter DJLG, Mandl RCW, Ramsey NF, Lemmens PJJ, et al. A stereotactic method for image-guided transcranial magnetic stimulation validated with fMRI and motor-evoked potentials. Neuroimage (2004) 21:1805–17. doi: 10.1016/j.neuroimage.2003.12.006

 90. Paulus W, Rothwell JC. Membrane resistance and shunting inhibition: where biophysics meets state-dependent human neurophysiology. J Physiol. (2016) 594:2719–28. doi: 10.1113/JP271452

 91. Gentner R, Wankerl K, Reinsberger C, Zeller D, Classen J. Depression of human corticospinal excitability induced by magnetic theta-burst stimulation: evidence of rapid polarity-reversing metaplasticity. Cereb Cortex (2008) 18:2046–53. doi: 10.1093/cercor/bhm239

 92. Li CT, Hsieh JC, Huang HH, Chen MH, Juan CH, Tu PC, et al. Cognition-modulated frontal activity in prediction and augmentation of antidepressant efficacy: a randomized controlled pilot study. Cereb Cortex (2016) 26:202–10. doi: 10.1093/cercor/bhu191

 93. Stefan K. Modulation of associative human motor cortical plasticity by attention. J Neurophysiol. (2004) 92:66–72. doi: 10.1152/jn.00383.2003

 94. Inghilleri M, Conte A, Currà A, Frasca V, Lorenzano C, Berardelli A. Ovarian hormones and cortical excitability. An rTMS study in humans. Clin Neurophysiol. (2004) 115:1063–8. doi: 10.1016/j.clinph.2003.12.003

 95. Sale MV, Ridding MC, Nordstrom MA. Factors influencing the magnitude and reproducibility of corticomotor excitability changes induced by paired associative stimulation. Exp Brain Res. (2007) 181:615–26. doi: 10.1007/s00221-007-0960-x

 96. Kleim JA, Chan S, Pringle E, Schallert K, Procaccio V, Jimenez R, et al. BDNF val66met polymorphism is associated with modified experience-dependent plasticity in human motor cortex. Nat Neurosci. (2006) 9:735–7. doi: 10.1038/nn1699 s

 97. Laakso I, Hirata A, Ugawa Y. Effects of coil orientation on the electric field induced by TMS over the hand motor area. Phys Med Biol. (2014) 59:203–18. doi: 10.1088/0031-9155/59/1/203

 98. Opitz A, Paulus W, Will S, Antunes A, Thielscher A. Determinants of the electric field during transcranial direct current stimulation. Neuroimage (2015) 109:140–50. doi: 10.1016/j.neuroimage.2015.01.033

 99. Silvanto J, Muggleton N, Walsh V. State-dependency in brain stimulation studies of perception and cognition. Trends Cogn Sci. (2008) 12:447–54. doi: 10.1016/j.tics.2008.09.004

 100. Karabanov A, Ziemann U, Hamada M, George MS, Quartarone A, Classen J, et al. Consensus paper: probing homeostatic plasticity of human cortex with non-invasive transcranial brain stimulation. Brain Stimul. (2015) 8:993–1006. doi: 10.1016/j.brs.2015.01.404

 101. Buzsaki G, Draguhn A. Neuronal oscillations in cortical networks. Science (2004) 304:1926–9. doi: 10.1126/science.1099745

 102. Zagha E, McCormick DA. Neural control of brain state. Curr Opin Neurobiol. (2014) 29:178–86. doi: 10.1016/j.conb.2014.09.010

 103. Zrenner C, Belardinelli P, Müller-Dahlhaus F, Ziemann U. Closed-loop neuroscience and non-invasive brain stimulation: a tale of two loops. Front Cell Neurosci. (2016) 10:92. doi: 10.3389/fncel.2016.00092

 104. Huerta PT, Lisman JE. Heightened synaptic plasticity of hippocampal CA1 neurons during a cholinergically induced rhythmic state. Nature (1993) 364:723–5. doi: 10.1038/364723a0

 105. Silvanto J, Cattaneo Z. Common framework for &quot;virtual lesion&quot; and state-dependent TMS: the facilitatory/suppressive range model of online TMS effects on behavior. Brain Cogn. (2017) 119:32–8. doi: 10.1016/j.bandc.2017.09.007

 106. Grefkes C, Ward NS. Cortical reorganization after stroke. Neuroscience (2014) 20:56–70. doi: 10.1177/1073858413491147

 107. Müller-Dahlhaus F, Ziemann U. Metaplasticity in human cortex. Neuroscientist (2015) 21:185–202. doi: 10.1177/1073858414526645

 108. Nyffeler T, Wurtz P, Luscher HR, Hess CW, Senn W, Pflugshaupt T, et al. Extending lifetime of plastic changes in the human brain. Eur J Neurosci. (2006) 24:2961–6. doi: 10.1111/j.1460-9568.2006.05154.x

 109. Nyffeler T, Cazzoli D, Hess CW, Müri RM. One session of repeated parietal theta burst stimulation trains induces long-lasting improvement of visual neglect. Stroke (2009) 40:2791–6. doi: 10.1161/STROKEAHA.109.552323

 110. Fricke K, Seeber AA, Thirugnanasambandam N, Paulus W, Nitsche MA, Rothwell JC. Time course of the induction of homeostatic plasticity generated by repeated transcranial direct current stimulation of the human motor cortex. J Neurophysiol. (2011) 105:1141–9. doi: 10.1152/jn.00608.2009

 111. Bastani A, Jaberzadeh S. Within-session repeated a-tDCS: the effects of repetition rate and inter-stimulus interval on corticospinal excitability and motor performance. Clin Neurophysiol. (2014) 125:1809–18. doi: 10.1016/j.clinph.2014.01.010

 112. Gamboa OL, Antal A, Moliadze V, Paulus W. Simply longer is not better: reversal of theta burst after-effect with prolonged stimulation. Exp Brain Res. (2010) 204:181–7. doi: 10.1007/s00221-010-2293-4

 113. Van de Winckel A, Carey JR, Bisson TA, Hauschildt EC, Streib CD, Durfee WK. Home-based transcranial direct current stimulation plus tracking training therapy in people with stroke: an open-label feasibility study. J Neuroeng Rehabil. (2018) 15:83. doi: 10.1186/s12984-018-0427-2

 114. Kasschau M, Reisner J, Sherman K, Bikson M, Datta A, Charvet LE. transcranial direct current stimulation is feasible for remotely supervised home delivery in multiple sclerosis. Neuromodulation (2016) 19:824–31. doi: 10.1111/ner.12430

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Terranova, Rizzo, Cacciola, Chillemi, Calamuneri, Milardi and Quartarone. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/cover.jpg
, frontiers
in Neurology

Is There a Future for Non-invasive
Brain Stimulation as a Therapeutic
Tool?









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





