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ABSTRACT 23 

In this paper, we pose the following working hypothesis: in humans, transcranial electric 24 

stimulation (tES) with a time course that mimics the endogenous activity of its target is capable of 25 

altering the target’s excitability. In our case, the target was the primary motor cortex (M1). We 26 

identified the endogenous neurodynamics of hand M1’s subgroups of pyramidal neuronal pools in 27 

each of our subjects by applying Functional Source Separation (FSS) to their 28 

electroencephalographic (EEG) recordings. We then tested whether the cortico-spinal excitability 29 

of the hand representation under the above described stimulation, which we named transcranial 30 

Individual neuroDynamics Stimulation (tIDS), was higher than in the absence of stimulation 31 

(baseline). As a check, we compared tIDS with the most efficient non-invasive facilitatory 32 

cortico-spinal tES known so far, which is 20 Hz transcranial Alternating Current Stimulation (tACS). 33 

The control conditions were as follows: i) Sham, ii) transcranial random noise stimulation (tRNS) in 34 

the same frequency range as tIDS (1-250 Hz), and iii) a low current tIDS (tIDSlow). Cortico-spinal 35 

excitability was measured with motor evoked potentials (MEP) under transcranial magnetic 36 

stimulation (TMS). The mean MEP amplitude increase was 31% of the baseline during tIDS 37 

(p<.001), and it was 15% during tACS (p=.096). tRNS, tIDSlow and Sham induced no effects. While 38 

tACS did not produce an enhancement in any subject at the individual level, tIDS was successful in 39 

producing an enhancement in 8 of the 16 subjects.  40 

The results of the present proof-of-principle study showed that proper exploitation of local 41 

neurodynamics can enhance the efficacy of personalized tES.  42 
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 47 

SIGNIFICANCE STATEMENT  48 

This study demonstrated that, in humans, transcranial Individual neuroDynamics Stimulation 49 

(tIDS), which mimics the endogenous dynamics of the target neuronal pools, effectively changes 50 

the excitability of these pools. tIDS holds promise for high-efficacy personalized neuromodulations 51 

based on individual local neurodynamics. 52 

  53 
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INTRODUCTION 54 

Previous research by Steriade and colleagues (Crochet et al., 2006) has shown that trains of 55 

stimuli delivered to local neocortical networks of cats produce either a depression or a 56 

potentiation of the postsynaptic potentials that may last up to several minutes if the stimulation is 57 

applied at frequencies matching the individual cat’s endogenous brain rhythms. More recent 58 

studies in humans have shown that the efficacy of neuromodulation of cortical regions depends 59 

on the frequency of the applied stimulation (Kanai et al., 2008; Feurra et al., 2011; Thut et al., 60 

2011; Brinkman et al., 2016). Wide-band time-varying-current neuromodulation sustains cognitive 61 

domains more effectively than direct currents (tRNS (Fertonani et al., 2011)). Furthermore, in vitro 62 

studies have shown that both oscillatory (Frohlich and McCormick, 2010) and scale-free (Gal and 63 

Marom, 2013) stimulations can entrain cortical physiological activities. By ‘entrain’ here, we mean 64 

‘forcing the target to change excitation’.  65 

The aim of the present study was to provide evidence that a transcranial electric 66 

stimulation (tES), characterized by a current time course that mimics the endogenous electrical 67 

activity of the target neuronal pools, effectively changes the pool’s excitability.  68 

We assessed the individual neurodynamics of the pyramidal neurons of the hand primary motor 69 

cortex (M1 ) of each of our subjects by applying Functional Source Separation (FSS, (Tecchio et 70 

al., 2007; Porcaro and Tecchio, 2014)) to their electroencephalograms (EEGs). We set up a 71 

stimulation that mimics the individual subject’s M1  neurodynamics (FSM1(t), in the 1-250 Hz 72 

range), to be delivered through a standard electric stimulator and electrodes. We called our 73 

protocol ‘transcranial Individual neuroDynamics Stimulation’ (tIDS). We tested the efficacy of tIDS 74 

by employing a well-established online paradigm (Feurra et al., 2011; Tecchio et al., 2013; Cancelli 75 

et al., 2015a; Cancelli et al., 2015b). After testing the neuromodulation efficacy of tIDS, we 76 

compared it with the one offered by the transcranial Alternating Current Stimulation (tACS) at 20 77 

Hz, which is considered the most effective non-invasive method for online enhancing the 78 

excitability of the cortico-spinal tract (Feurra et al., 2011). In addition to the standard Sham control 79 

condition and tACS, we included in our protocol the transcranial Random Noise Stimulation (tRNS), 80 

widely presented in the literature. Furthermore, as a fifth condition, we used tIDS with a lower 81 

current intensity. In fact, it has been observed that, at ‘sufficiently low’ current intensities, time-82 

varying tES produces inhibition, rather than enhancement, of cortical excitability (Moliadze et al., 83 

2012; Cancelli et al., 2015b). 84 
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MATERIALS AND METHODS 85 

The study was approved by the Ethics Committee of ‘San Giovanni Calibita-86 

Fatebenefratelli’ Hospital. 87 

Our paradigm consisted of the following two parts: the EEG session to set up tIDS and the 88 

tES/TMS session to test tIDS efficacy. The first part of the paradigm requires the EEG to be 89 

integrated with FSS to obtain the neurodynamics of M1 , which is then mimicked by tIDS. In 90 

the second part of the paradigm, the tES/TMS session assesses the excitability of the hand 91 

cortico-spinal tract from the motor evoked potentials (MEPs) collected during tES on and off for 92 

each stimulation (tIDS, tACS, tRNS, Sham and tIDSlow). 93 

 94 

Participants 95 

Eighteen right-handed healthy subjects with normal neurological examination results and 96 

medical histories were included in the study after providing signed informed consent. None of the 97 

volunteers had taken psychoactive drugs for six months prior to the study. All subjects received 98 

€ 15 for their participation. 99 

 100 

Obtaining individual M1 neurodynamics from EEG recordings 101 

 To obtain the individual M1  neurodynamics, each subject underwent an EEG recording 102 

(64-channel actiCHamp System; Brain Products GmbH, Munich, Germany) and a surface 103 

electromyogram (EMG) of the right opponens pollicis muscle. EEGs and EMGs were sampled at 5 104 

kHz (pre-sampling analogical bandpass filtering 0.1–2000 Hz) and stored for off-line processing. By 105 

using FSS (Tecchio et al., 2007; Porcaro and Tecchio, 2014), we identified the neurodynamics of 106 
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M1’s pyramidal neurons devoted to the control of the contra-lateral hand, and to the thumb in 107 

particular, at rest (Porcaro et al., 2008).  108 

Here, we provide a full description of the experimental setting and FSS procedure, which 109 

previously provided the ability to identify the activity of M1’s pyramidal neurons (Porcaro et al., 110 

2008; Tecchio et al., 2008b; Betti et al., 2009; Pittaccio et al., 2011; Melgari et al., 2013). 111 

Experimental EEG paradigm 112 

 EEGs were recorded while the subject executed an isometric handgrip against the 113 

resistance of a semi-compliant air-bulb (Figure 1, top left), connected to a digital board that 114 

recorded the exerted pressure and sent a visual feedback of that pressure to a computer screen 115 

placed in front of the subject (Interactive Pressure Sensor, InPresS; CNR in-house developed 116 

Arduino-based device). The motor condition was divided into two parts. First, we asked the 117 

subject to squeeze the bulb as strongly as possible to assess the subject’s right handgrip maximum 118 

voluntary contraction (MVC). We then let him/her relax for at least 2 minutes to avoid fatigue side 119 

effects. After resting, the subject was shown a vertical rectangle-shaped white gauge over a light 120 

blue background at the center of the computer screen (Figure 1, top left). Two black segments on 121 

either side of the gauge indicated a force level equal to 5% of the subject’s MVC. A moving black 122 

horizontal bar within the gauge provided visual feedback of the pressure exerted on the bulb. At 123 

this point, the subject was asked to squeeze the bulb and maintain an isometric contraction 124 

sufficient to keep the central moving bar leveled with the two fixed lateral bars. The task was 125 

started with a ‘go’ and ended with a ‘stop’ sign on the screen. The contraction periods lasted 20 s, 126 

separated by 10 s periods of rest.  127 

EEGs were recorded during all parts of the motor condition. In addition, EEGs were also 128 

collected for 3 minutes while the subject relaxed and looked at a fixation point at the center of the 129 



 

 7 

screen (Figure 1, bottom right). 130 

M1 identification by FSS-equipped EEGs 131 

Details of the FSS algorithm were published in previous papers (for reviews, see (Tecchio et 132 

al., 2007; Porcaro and Tecchio, 2014)). In summary, FSS follows the classic ICA assumption that the 133 

EEG traces recorded by m electrodes X(t) = [x1(t),...,xm(t)] are a linear combination of signals 134 

generated by n unknown neuronal sources S(t) = [s1(t),...,sn(t)], which are mixed by an unknown 135 

mixing matrix A. 136 

( ) = ( ) 

ICA’s aim is to find A and consequently S(t) starting from the available X(t), without making any 137 

particular assumption other than statistical independence of the unknown sources. To obtain the 138 

sources S(t), the inverse matrix W = A-1 must be estimated. Therefore, 139 

( ) = ( ) ⇒ ( ) = ( ) 

FSS adds one or more functional constraints to the standard ICA assumptions. The FSS additional 140 

assumption is that known functional characteristics of the areas under study can be included in 141 

the ICA computation. Thus, FFS identifies the source that maximizes a functional constraint R 142 

believed a priori to be associated with the neuronal pool to be identified. FSS starts from the 143 

original EEG data X(t) and returns one functional source FS(t) at a time: 144 

( ) =  ( ) = ( ) 

where  is the mixing time-invariant vector,  is the separation vector. Since FSS searches for 145 

a single source solution, FS(t) is a time vector. 146 

To identify the ‘hand’ region of the primary motor area (named FSM1), FSS utilized the coupling of 147 

cortical and muscular rhythmic oscillations (cortico-muscular coherence, CMC) in the beta band 148 
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during the isometric handgrip (motor) task (Porcaro et al., 2008). The corresponding functional 149 

constraint is as follows: 150 

= ℎ( )∆
∆  

 151 

where Coh is the coherence function. For each , Coh is the amplitude of the cross-spectrum 152 

between the FSM1 source signal and the non-rectified EMG, normalized by the root mean square of 153 

the power spectral densities of these two signals. Δ1ωmax (Δ2ωmax) is the frequency point 154 

corresponding to a coherence amplitude that is 50% of the maximum value within the range from 155 

13.5 to 33 Hz.  156 

When  is maximized, FSS can estimate  and be used to obtain ( ) according to 157 

the following formula: 158 

( ) = ( ) = ( ) 

The significance of the CMC value was estimated according to (Halliday et al., 1995)  y 1 − 0.05 , 159 

where L is the number of averaged windows during the isometric contraction (approximately 300, 160 

resulting in a limit of 0.01). 161 

Once and (1x64 values) were estimated, M1’s cortical activity during the rest 162 

condition with open eyes (Rest OE) was obtained starting from EEG rest recordings 163 

(  ( ), (Cottone et al., 2016)(Figure 1): 164 

 ( ) =  ( ) 

 165 

tIDS replaying M1 neurodynamics at rest  166 
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tIDS delivers a time-varying current by replaying  ( ), which is the individual M1 167 

neurodynamics at rest, through two standard tES electrodes (see tES section below). 168 

Notably, we found a relevant inter-subject variability of  ( ) frequency components 169 

(Figure 2). 170 

 171 

tES/TMS study design and sample size estimate 172 

Transcranial Electric Stimulation (tES) 173 

We used two equal 7x5 cm2 rectangle electrodes positioned above C3 and Oz. All 174 

waveforms were produced by a function generator (2 MHz USB PC Function Generator PCGU1000, 175 

VELLEMAN Instruments, Gavere, Belgium) connected to a current stimulator (STMISOLA linear 176 

isolated stimulator, BIOPAC System Inc., Goleta, CA, USA).  177 

We provided, in a random order across subjects, the following four different transcranial current 178 

waveforms and Sham (sampling rate 500 sample per second, Figure 3A):  179 

● tACS: a 20 Hz sinusoidal stimulation. 180 

● tRNS: a random level of current generated for every sample in the 1–250 Hz range. The 181 

probability density was a bell-shaped function. Consequently, in the frequency spectrum, 182 

all frequency bins had similar coefficients (Gaussian white noise). 183 

● tIDS: a current stimulation replaying the individual M1 neurodynamics as described above. 184 

● tIDSlow: identical to tIDS but with current density selected to induce inhibition as reported 185 

by (Moliadze et al., 2012; Cancelli et al., 2015b). 186 

● Sham: the 6 s of current ramp at the beginning and end of the 1.5 min period. 187 

All stimulations ramped up and down over the first and last 6 s of stimulation. No DC offset was 188 

present in either stimulation. 189 
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As our aim was to set the tIDS efficacy and compare it with the efficacy of the diverse tES, we 190 

equated the current intensities of the compared conditions (tACS, tIDS, and tRNS), thus providing 191 

the same power in the three conditions. As the current intensity reference, we chose 20 Hz tACS 192 

at 1 mA peak-to-peak, which has been shown to enhance the cortico-spinal excitability (Feurra et 193 

al., 2011; Feurra et al., 2013; Cancelli et al., 2015a; Cancelli et al., 2015b). Consequently, we 194 

adjusted the tIDS and tRNS current intensities to deliver the same power of tACS. In particular, the 195 

multiplicative coefficients for the 1.5 minute stimulations were as follows:  196 

=    

=    

where    is the power of tACS at an intensity of 1 mA peak-to-peak, and  and  197 

are the power of tIDS and tRNS with the peak posed equal to 1, respectively. The factor  for 198 

tIDS was similar across subjects, with a mean and corresponding standard deviation of 1.065 ± 199 

0.004. Regarding tIDSlow, we set the adjustment coefficient to make the delivered power equal to 200 

that of the 0.85 mA peak-to-peak 20 Hz sinusoidal signal previously used to inhibit M1 excitability 201 

as follows (Moliadze et al., 2012; Cancelli et al., 2015b): 202 

=  .   

Transcranial magnetic stimulation (TMS) probing protocol  203 

To probe tIDS efficacy and differential neuromodulation effects depending on the diverse tES, we 204 

executed a paradigm that tests the neuromodulation efficacy during stimulation (Feurra et al., 205 

2011; Tecchio et al., 2013; Cancelli et al., 2015a; Cancelli et al., 2015b). We performed single-pulse 206 
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TMS through a standard focal coil (HP 90 mm Coil 9784-00) connected to a SuperRapid module 207 

(The Magstim Company Ltd., Whitland, UK), with the coil placed on the tES rolandic electrode. We 208 

induced the TMS-motor evoked potentials (MEPs) in the opponens pollicis (OP) of the right hand. 209 

We recorded MEPs with surface electrodes in a belly-tendon montage (2.5 cm apart). The hot spot 210 

of the right OP muscle was identified (TMS coil positioned above the tES electrode). Thereafter, 211 

we digitized the coil position and monitored it throughout the session with the SofTaxic 212 

neuronavigator. For each subject sitting relaxed with open eyes, the TMS was applied at an 213 

intensity adjusted to produce OP MEP amplitudes of approximately 0.5-1 mV in basal conditions 214 

(i.e., TMS applied through the tES electrode, with tES off). After 1.5 minutes of rest (TMS off - tES 215 

off), TMS was switched on to collect the baseline MEPs (TMS on - tES off) for 1.5 minutes. 216 

Eventually the tES was switched on as well for 1.5 minutes (TMS on - tES on). We always waited at 217 

least 1.5 minutes, in complete rest (no TMS), before collecting the baseline of the new tES. Since 218 

TMS stimuli were elicited with an inter-stimulus interval that changed randomly between 4.5 s and 219 

5.5 s, we collected approximately 18 MEPs for the baseline and with the tES on. This was repeated 220 

for each of the five tESs in a random order (Figure 3B). In this way, we enriched the protocol 221 

introduced by Feurra and colleagues (Feurra et al., 2011) by collecting a baseline (TMS on - tES off) 222 

in the interval just before each tES was switched on (Cancelli et al., 2015a; Cancelli et al., 2015b). 223 

This means that each tES had the MEP baseline collected for each condition (for 1.5 min before tES 224 

stimulation) instead of referring all tES conditions to a single baseline collected at the beginning of 225 

the experiment. In the setup of (Feurra et al., 2011), increasingly longer times separated the tES 226 

condition of interest from the baseline, and the strength of the comparison among different tES is 227 

guaranteed by the random order of different tESs across subjects (Feurra et al., 2011).  228 

We asked all participants to report immediately whether any stimulation was provoking a special 229 

sensation. In fact, the stimulations lasting 1.5 minutes, alternated with 3 minutes of relaxation, did 230 
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not allow for the filling in of a form during the protocol. Furthermore, at the end of each tES 231 

delivery period, we asked whether the last stimulation had been real or Sham. 232 

 233 

Statistical analysis 234 

After a logarithmic transformation of single MEP amplitudes in single subjects, we 235 

confirmed that the Gaussian distribution provided a good fit by performing the Shapiro-Wilk test. 236 

Thereafter, we computed the Normalized MEPs as described, and we submitted them (dependent 237 

variable) to the following analyses.  238 

The first analysis aimed at evaluating whether tIDS enhanced MEP amplitude in on vs. off 239 

stimulation. The Analysis of Variance (ANOVA) included Stimulation Switch (On, Off) as a fixed 240 

factor and Subjects as a random factor. 241 

To assess the second aim, we applied the full model ANOVA with Subjects as a random 242 

factor, tES (tACS, tRNS, tIDS, tIDSlow, and Sham) and the Stimulation Switch (On, Off) as fixed 243 

factors. When the tES*Stimulation Switch interaction effect appeared, we executed post-hoc 244 

comparisons. In particular, we evaluated whether the values when stimulation was on differed 245 

from those when the stimulation was off and from Sham. We also evaluated whether the baseline 246 

MEPs changed throughout the experiment using the same analysis design (omitting the 247 

Stimulation switch factor), applied to the baseline log(MEP) values. 248 

Furthermore, to strengthen information about the individual M1 excitability enhancement, 249 

we compared in each single subject all the repetitions at baseline and tES  (Tecchio et al., 2008a) 250 

by using a two-tailed independent sample t-test for those stimulations, which induced an 251 

enhancement in the population as evidenced by the above analysis. Finally, we compared these 252 

individual t values for tIDS and tACS by means of a paired-sample t-test. 253 
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We executed the statistical analysis using SPSS (Chicago, Illinois, USA). 254 

RESULTS 255 

FSS-equipped EEG for M1 identification 256 

We excluded two subjects who did not display CMC above the confidence limit of 95%. We 257 

successfully identified the M1 neurodynamics for each of the other 16 subjects (10 females, 6 258 

males; age range: 19-51 years, mean age: 30.1±8.9 years).  259 

 260 

tES/TMS paradigm for testing tIDS efficacy 261 

No participant reported any specific sensation during the stimulations. As shown in Table 1, 262 

more than half of the people did not perceive that a stimulation occurred in any tES. In particular, 263 

fewer people perceived a stimulation during tIDS than during tACS and tIDSlow. 264 

The mean resting motor threshold (RMT) across subjects was 58.5% ± 8.1% of the maximal 265 

TMS stimulator output, and the stimulation intensity used during the experiment was, on average, 266 

70.8% ± 10.1%. We submitted the amplitudes of all collected MEPs to the analysis, without 267 

applying any selection. In each condition, we collected a median of 17 MEPs (total matrix cell 268 

number: 2,609), with no difference in the number of stimuli across conditions (p>.400 269 

consistently). 270 

Complete experiment [5 conditions, 11 subjects] 271 

No change in baseline levels occurred, as indicated by tES Baseline [F(4, 40.938)=0.867; 272 

p=.492; Table 2 and Figure 4A]. The absence of relevant variations of baseline MEPs showed that 273 

the preceding tES induced negligible aftereffects, at least waiting 1.5 minutes after the 274 

stimulation. The stability of the M1 excitability after the other tES with no relevant carry-over 275 
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effects strengthens the suitability of this online probing protocol in testing specific features of tES. 276 

The ANOVA applied to the Normalized MEPs devoted to assess the tIDS ability to enhance 277 

MEP amplitudes (first aim) indicated a clear tIDS efficacy [Stimulation Switch effect 278 

F(1, 11.663)=15.429, p=.002], without any difference across subjects [Stimulation Switch*Subject 279 

effect F(10, 306)=0.891, p=.542]. 280 

The full model ANOVA showed that the neuromodulation efficacy changed with the 281 

dynamics of the delivered current [tES*Stimulation Switch interaction effect [F(4, 46.346)=4.200; 282 

p=0.006, Figure 4B]. Notably, the triple interaction tES*Stimulation Switch*Subject (p=.772) 283 

indicated a highly stable pattern of the five tES neuromodulation effects across subjects. Post-hoc 284 

analysis showed that only tIDS differed between on and off (p<0.001, Bonferroni corrected, Figure 285 

4B) and a slight difference was found for tACS (p=0.051). The other tRNS, tIDSlow and Sham 286 

showed a significance of p>.500 consistently. In addition, only tIDS differed from Sham (tES on 287 

condition p=.003), while tACS did not (p=.313). Furthermore, tRNS and tIDSlow both showed a 288 

significance of p>.600 (Figure 4B). The mean MEP amplitude increase was 32% of the baseline 289 

during tIDS and 16% during tACS. 290 

Experiment for the main effects [3 conditions, 16 subjects] 291 

tIDS induced a clear enhancement of MEP amplitudes [Stimulation Switch effect 292 

F(1, 16.864)=24.330, p<.001], with no relevant difference across subjects 293 

[Stimulation Switch*Subject effect F(15, 479)=1.106, p=.347]. 294 

Executing the full model in the 16 subjects with the three tIDS, 20 Hz tACS and Sham 295 

conditions, no change in baseline levels occurred [tES Baseline F(2, 30.677)=1.784; p=.185; Figure 296 

4A]. The dynamics of the delivered current had a strong effect on neuromodulation efficacy, 297 

indicated by the tES*Stimulation Switch interaction effect [F(2, 33,330)=7.735; p=0.002, Figure 4B]. 298 
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The triple interaction tES*Stimulation Switch*Subject effect was absent (p=.496). Post-hoc analysis 299 

showed that only tIDS differed between the on and off states (p<0.001, Bonferroni corrected, 300 

Figure 4B) and a slight difference was found for tACS (p=0.096). In addition, only tIDS differed from 301 

Sham (tES on condition p<.001), while tACS did not (p=.458). Both tACS and tIDS differed from the 302 

100% value (one-sample t-test p=.015 and p<.001, respectively). Considering the 16 people, tIDS 303 

differed from tACS (p<.001, Figure 4B).  304 

On an individual basis, we observed that the MEP amplitude increase induced by tIDS was higher 305 

than that induced by tACS in 13 of 16 subjects (Figure 5A and C).  When we compared the t values 306 

of the independent paired sample t-test that compared off and on MEPs for tIDS to tACS, we 307 

found that tIDS was more effective than tACS (p=.001). Note that the MEP potentiation in single 308 

subjects evaluated by an independent sample t-test considering all MEPs repetitions during the 309 

tES on vs. tES off at a significance threshold of p=.100 showed potentiation in no subjects during 310 

tACS and in 8 of 16 subjects during tIDS (Figure 5A). The mean MEP amplitude increase was 34% of 311 

the baseline during tIDS and 13% during tACS (Figure 5C). 312 

 313 

  314 
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DISCUSSION 315 

 The main finding of our work was that a tES with a current time course, which replays the 316 

ongoing electrical activity of the target area (tIDS), produces effective neuromodulation. In 317 

particular, tIDS produces an effective potentiation in 10 of 16 subjects. Furthermore, tIDS 318 

produced more effective neuromodulation than other available non-invasive transcranial 319 

stimulation protocols (20 Hz tACS). 320 

 321 

Model of tIDS mechanism of action 322 

 Here, we introduced a model that hypothesized the mechanisms causing cortico-spinal 323 

neurons to enhance excitability during tIDS. We considered a set of nodes and their connections as 324 

a neural network (nn). In particular, in our case, the node is the hand section of pyramidal neurons 325 

of the primary motor area. In our model, each node of an nn develops ‘typical’ dynamics of 326 

neuronal activity during its lifespan. In agreement with this model, we observed that M1 has 327 

‘its own’ dynamics (Cottone et al., 2016). An nn implements a function via the communication 328 

among its nodes, i.e., the nodes of an nn share a common ‘language’. Once a signal arrives to a 329 

node (‘word-in’), it automatically answers with a ‘word-out’ determined by a fixed ‘word-330 

in → word-out’ correspondence until plasticity modifies that correspondence. In other words, in 331 

an nn each node cannot stay silent; it necessarily produces the ‘word-out’ once the ‘word-in’ 332 

arrives. Our hypothesis in this model was that using tIDS, we ‘speak’ to M1 neurons with their 333 

‘typical language’, i.e., the one they use to produce their physiological output. In our hypothesis, 334 

the neuronal pools change their probability to activate, i.e., to send their message to other 335 

neuronal pools when a signal similar to the one they typically send impinges their membranes. In 336 

this model, M1 neurons communicate with connected neurons (motor neurons or other cerebral 337 

areas) by patterns, which express at typical ‘rates’ that are only roughly represented by sinusoidal 338 
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packages (Ainsworth et al., 2012; Histed and Maunsell, 2014). To establish functional 339 

communication relevant for behavior, neuronal nodes convey signals with a temporal structure 340 

that is critical to the ways in which signals are routed, combined, and coordinated (Ecker et al., 341 

2010; Renart et al., 2010; Kopell et al., 2014). In particular, two pieces of evidence, in addition to 342 

tIDS being more effective than tACS, support this model. Beta-tACS changes the neuronal 343 

excitability while alpha-tACS does not (Feurra et al., 2011). If the tESs were entering some 344 

‘resonance’ with the dominant frequency of local activity, we would predict that alpha- would be 345 

more effective than beta-tACS, since the local spectra have higher alpha than beta power in all 346 

subjects (see also the Figure 2 in our specific case). Moreover, tES would cause a reduction of 347 

excitability, since higher power of the ongoing activity corresponds to a lower excitability (Engel et 348 

al., 2001; Jensen et al., 2014; Thut, 2014; Haegens et al., 2015; de Pesters et al., 2016). Instead, the 349 

lack of alpha-tACS effects and the evidence that beta-tACS enhances M1 excitability indicated that 350 

tES is effective when the stimulation matches the language that the target node uses to fulfill its 351 

functional role. In fact, M1 uses beta synchronizations to communicate with muscles. Fröhlich and 352 

McCormick (Frohlich and McCormick, 2010) observed that either endogenous or exogenous 353 

naturalistic sinusoidal stimulation could ‘entrain’ neocortical network activity (an in vitro study). 354 

Furthermore, Gal and Marom (Gal and Marom, 2013) demonstrated that the electrical activity of 355 

single cortical neurons of rats in vitro show scale-free fluctuations, which can be entrained by 356 

delivering natural-like, scale-free inputs. In our study, we enhanced the efficacy of non-invasive 357 

cortical pool neuromodulation by employing their own dynamics (Cottone et al., 2016). 358 

In the absence of any gold standard, we compared the neuromodulation efficacy of our 359 

novel tES with the one so far known to be the most effective in inducing an excitability 360 

enhancement of the cortico-spinal tract during current delivery, i.e., tACS at 20 Hz proposed by 361 

Feurra and colleagues (Feurra et al., 2011). These authors considered the fact that different brain 362 
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modules mainly oscillate at specific frequencies organized in a topographic manner and posed the 363 

working hypothesis that the response to a tACS depends on the modulation frequency. In 364 

particular, they showed that the cortico-spinal excitability increased only when the frequency of 365 

the tACS was 20 Hz (beta range), whereas other frequencies, such as 5 Hz (delta), 10 Hz (alpha) 366 

and 40 Hz (gamma) showed no impact on the MEP amplitude. Here, we observed that tACS was 367 

less effective than tIDS at the group and at the individual level. Exploiting the newly recruited 5 368 

subject group, we asked whether the personalized tACS was more effective than the non-369 

personalized 20 Hz tACS. That is, we compared the neuromodulation efficacy of a non-370 

personalized tACS at 20 Hz, with a tACS at the frequency of maximal cortico-muscular coherence 371 

(CMC, see Figure 2). We compared the effects in the four subjects 2, 5, 7, and 8 (Figure 2) and the 372 

new five ones (12-16) with respect to the other seven subjects (subjects 1, 3, 4, 6, 9, 10, and 11). 373 

We did not reveal a significant difference in the effects of the two stimulations [normalized MEPs 374 

in the on condition, tACS at CMC vs. tACS at 20H F(1, 4.932)=1,805; p=.238]. It can be that the 375 

small number of subjects in the between-subject factor shades a possible small effect. We also 376 

executed the analysis to estimate the intra-subject effect comparing the non-personalized 20 Hz 377 

tACS and personalized CMC tACS in the five 12-16 subjects, and we found that the tES (20 Hz tACS, 378 

personalized CMC tACS) *Stimulation (On, Off) factor was absent (p>.200). These findings support 379 

that a single sinusoid stimulation poorly induces neural entrainment at the individual level. 380 

Notably, tRNS delivering oscillating current in the same frequency range of tIDS did not produce 381 

any effect. 382 

Our data strengthen the notion that we can exploit the complex scale-free dynamics of the 383 

local activity to influence the effectiveness of neuromodulation of the target neuronal pools.  384 

 385 

Neuronal entrainment and tIDS  386 
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Among the non-invasive neuromodulation techniques employing transcranial-induced 387 

currents, the mechanisms of action of transcranial Direct Current Stimulation (tDCS) are better 388 

elucidated (Brunoni et al., 2011) than those employing time-varying currents (Fertonani and 389 

Miniussi, 2016), i.e., tACS and tRNS. Often, the term ‘entrainment’ is used when delivering these 390 

two tESs. Christiaan Huygens was one of the first to use the term ‘entrainment’ in reference to the 391 

dynamics of a complex system of oscillators, where the energy transfer via phase-dependent 392 

feedback results in a system evolution from an initial condition of ‘random’ phases of oscillations 393 

to a final state where the oscillators swing in synchrony. Here, we use ‘entrainment’ as an 394 

effective transfer of delivered energy, i.e., an effective change of the state of the neuromodulation 395 

target, without any information about whether this latter changed the neural firing rate and/or 396 

the number of activated neurons and/or the inter-neuronal synchrony. Thus, tIDS entrained target 397 

activity in single subjects, while even tACS, the most effective up to now, never reached the 398 

significance threshold in a single subject. Concurrently, we have shown that these dynamics are 399 

region-specific (Cottone et al., 2016),  suggesting that this opportunity to entrain according to local 400 

neuronal activity dynamics also strengthens the capacity to focus stimulation on predetermined 401 

cortical districts. 402 

 403 

Goodness of FSS in identifying neuronal pool activities  404 

Our results of maximal neuromodulation efficacy, induced by a tES modulated to replay the 405 

neurodynamics of the individual M1  in resting state, confirm the ability of FSS to identify 406 

properly the local neuronal activities. Previously, we showed that FSS can discriminate the ‘hand’ 407 

motor representation from its somatosensory (S1) counterpart (Porcaro et al., 2008), despite their 408 

proximity and their joint implications in virtually any behavioral event. In addition, we discovered 409 

that the functional connectivity between S1 and M1 mediates emphatic sharing (Betti et al., 2009). 410 
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Furthermore, in the study (Pittaccio et al., 2011), we showed that M1 pyramidal neurons do not 411 

modify their activity relative to staying still during passive mobilization, while S1’s ones do. These 412 

diverse behaviors in contiguous cortical areas strengthen the reliability of the identification of 413 

brain sources via FSS, M1 pyramidal neurons in particular (Tecchio et al., 2007; Tecchio et al., 414 

2008b; Melgari et al., 2013). Here, our FSS-assisted neuromodulation protocol works as an 415 

efficacious technique to entrain the ‘hand’ M1 pyramidal neurons, as tested via the cortico-spinal 416 

excitability.  417 

 418 

Is personalization necessary or is local-dependent neuromodulation sufficient? 419 

We have reported that diverse spectral features (Tecchio et al., 2008b) and complexity 420 

measures (Cottone et al., 2016) can differentiate diverse cortical areas according to their 421 

respective neuronal activities, independently of the subject’s state, i.e., at rest, performing 422 

movements or receiving external stimulations. This means that cortical areas, which differ in their 423 

neuronal structure and networking characteristics, also display different neuronal electric 424 

activities (Tecchio et al., 2008a; Cottone et al., 2016). The existence of such ‘typical’ dynamics of 425 

the cortical area poses the question of whether the individual current modulation is more 426 

effective than a ‘universal’ one, which is specific to the stimulated cortical area. Future work will 427 

compare ‘typical’ dynamics of M1 in producing a relevant neuronal excitability modulation with 428 

respect to the individual M1 dynamics as tested here. 429 

 430 

Phase of tIDS 431 

We did not take into account the phase of the 1.5 min tIDS with respect to the ongoing 432 

cortical activity. We believe that this will not have major effects based on the observation of 433 

Crochet at al. (Crochet et al., 2006) that the change in excitability was similar when sorting out the 434 

responses depending on the phase of the spontaneous activity. 435 
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 436 

State-dependent tIDS 437 

In the present work, we built tIDS using the neurodynamics while the subject was in a 438 

resting state. This is consistent with the experimental setting when tIDS delivered while the 439 

subject was resting and relaxed. FSS enables the reconstruction of the stimulated region activity in 440 

all of the conditions of interest. Thus, by FSS we can take into account that the efficacy of 441 

neuromodulation with a modulated current depends on what the subject is doing or thinking 442 

(Feurra et al., 2013). In particular, the networking nature of motor control can lead to 443 

neuromodulation applications where the wanted effect on a certain node realizes by properly 444 

acting on other network nodes, for example the contra-lateral homologous ones (Brinkman et al 445 

2016). We can, in the future, deliver a tIDS with the neurodynamics of the target area during the 446 

task he/she is executing. In relation to the above model of tIDS mechanism of action, we can 447 

hypothesize that, even at rest, the tIDS of M1 may be more efficacious if we deliver the 448 

neurodynamics of the motor state since we hypothesized that neuromodulation is more effective 449 

when it uses the language that the node uses to produce its function. 450 

 451 

Inhibiting vs. enhancing neuronal excitability 452 

Previous work has demonstrated that tACS can induce inhibition or enhancement of the 453 

neuronal excitability as a function of the superficial current density. Here, we investigated the 454 

tIDSlow effects with the current density, which inhibited the cortico-spinal excitability via tACS 455 

(both with 20 Hz (Cancelli et al., 2015b) and 140 Hz (Moliadze et al., 2012)), but we found no 456 

inhibition. We interpret this result by hypothesizing that the stronger efficacy in enhancing 457 

neuronal excitability corresponds to smaller current intensities that inhibit neuronal activity.  458 

 459 

CONCLUSION 460 
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 We believe that our work provides new insight into how brain networks function; it 461 

proposes a model where the nodes of a neural network communicate via a ‘typical’ language. If 462 

we can send a signal similar to the node’s language, it changes the likelihood of the node 463 

activation. Notably, we opened a fruitful path for neuromodulation applications by offering a new 464 

potential to personalize interventions. We can build case-specific tIDSs that aim at compensating 465 

for specific alterations of the neuronal functional networking expressed in the altered node’s 466 

neurodynamics. 467 
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 474 

Table 1 Personal sensation during tES 475 

 Stimulation 
tACS tRNS tIDS tIDSlow Sham 

Real 6 2 3 5 3 
Sham 10 14 13 11 13 

Number of people answering ‘R’ or ‘S’ immediately after stimulation completion. 476 

 477 

Table 2  Baseline MEP amplitudes 478 

 mean 95%  
lower limit 

95%  
higher limit 

tACS 922.9 562.2 1283.5 
tRNS 967.8 656.1 1279.7 
tIDS 861.6 393.4 1329.8 

tIDSlow 1141.9 797.6 1486.3 
Sham 817.2 249.0 1385.5 

Baseline values, i.e., MEP amplitude values when tESs were off. Values are exponential back-479 
transformation of the means of logarithmic transformed individual values.  480 
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 481 

Figure 1  Obtaining individual M1 neurodynamics at rest  482 

 483 

 A schematic depiction of how FSS obtains the functional source within the primary motor cortex 484 

devoted to the right hand (FSM1) for each subject while he/she was resting with open eyes (Rest 485 

OE). FSS received the EEG data recorded during an isometric handgrip executed by the right hand 486 

(Motor condition, white time intervals in top left inset) as input and provided the  as an 487 

outcome, (which, similar to , is a 64-dimension vector). The FSM1 scalp topography derived 488 

from  is shown for the grand-average across 16 subjects, together with its localization 489 

obtained by solving the inverse problem using sLORETA (Pascual-Marqui 2002) within the 490 

Brainstorm standard head model (http://neuroimage.usc.edu/brainstorm, central right inset). 491 FS   (bottom right inset) is obtained through  multiplied with the EEG recording at rest 492 

with open eyes (bottom left inset) .  493 
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 494 

Figure 2  Individual FSM1 power spectral densities and FSM1 coherence with the muscle 495 

 496 

For each subject, the power spectral density (PSD) of the FSM1 in the 3 minute period of a resting 497 

state with open eyes is denoted in red (Figures 3 to 5 are color-coded similarly). PSD values are 498 

calculated equaling the peak of FSM1(t) to 1. The coherence between FSM1 and the opponens 499 

pollicis’ EMG (CMC) during the approximately 3 minutes of 20 s periods of isometric contractions 500 

is denoted in green. The vertical dashed line indicates 20 Hz. The last plot presents the means and 501 

standard deviations across 16 subjects. PSD and CMC scales are shown in respective colors.  502 

  503 
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 504 

Figure 3 Experimental setup for testing tIDS neuromodulation efficacy 505 

 506 

A: In a representative subject, the time course (left, mA) and Power Spectral Density (right, 507 

μWatt/Hz) of the four tESs delivered. Current amplitudes were defined to deliver the same power 508 

as tACS (at 1 mA as in (Feurra et al., 2011)) for tRNS and tIDS. tIDSlow has the power corresponding 509 

to 0.85 mA peak-to-peak sine (20 Hz tACS as in (Cancelli et al., 2015b); note that PSD scale is ¼ of 510 

the tIDS scale). 511 

B: Representation of the tES/TMS session: each of the 5 tES stimulations (tACS, tRNS, tIDS, tIDSlow 512 

and Sham, delivered in random order for each subject) lasted 1.5 min and was alternated with 513 

intervals of 3 min rest. tESs were delivered through two equal 7x5 cm2 rectangle electrodes 514 

positioned above C3 and Oz and the TMS coil positioned above C3. For each tES, we delivered 515 

during the 1.5 min while the tES was on and in the previous 1.5 min with ES off, providing the 516 

baseline MEP values for the following stimulation.  517 

 518 

Figure 4 tES neuromodulation efficacy – mean across subjects 519 

 520 

The figure depicts the mean for 16 subjects for tACS, tIDS and Sham, and the mean for 11 subjects 521 

for tRNS and tIDSlow. 522 

A: Means of the logarithmic transformed amplitudes of the TMS evoked motor potentials (MEP) 523 

with tES off (while bars) and tES on (color codes in figure for the four current modulations and 524 

Sham).  525 

B: Means across subjects of the Normalized MEPs during tES on and tES off (see methods, each 526 
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MEP divided for the mean in baseline, thus the tES off mean of the Normalized MEPs is always 1). 527 

Vertical bars indicate standard errors. Asterisks indicate values differing between the contrasted 528 

conditions (** p<.010, *p<.100). 529 

 530 

  531 
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Figure 5 Efficacious neuromodulations: individual effects 532 

 533 

In each individual subject, ordered for tIDS response: 534 

A. Individual means and standard error of Normalized MEP for tACS and tIDS. 535 

B. P values of the individual comparison of all repetitions in off and on tES, for tACS (light blue) and 536 

tIDS (red) by independent-sample two-tail t-test. tACS did not induce an effect below 0.100 of the 537 

significance threshold (white area) in any of the subject, while tIDS induced this effect in 9 of 16 538 

subjects. The lighter gray area indicates .100<p<.200, and the darker gray area indicates p>0.200.  539 

C. The percentage changes of MEP during tES on with respect to tES off for the two tACS and tIDS 540 

(black horizontal line indicates no change, i.e., 100%). It is noteworthy that, in four of the five 541 

subjects with tACS at significance below 0.200 (subjects 6, 9, 10, 11, and 16), tIDS induced a 542 

greater neuromodulation effect thant tACS (subjects 6, 10, 11, and 16; significantly more in 6, 10 543 

and 16).544 
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