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Stimulation Tuned to Local Neurodynamics

Carlo Cottone,! Andrea Cancelli,"* ©“Patrizio Pasqualetti,> Camillo Porcaro,*> Carlo Salustri,'

and “Franca Tecchio6

"Laboratory of Electrophysiology for Translational NeuroScience, Institute of Cognitive Sciences and Technologies, Consiglio Nazionale delle Ricerche,
Rome, I-00185 Italy, 2Service of Medical Statistics and Information Technology, Fatebenefratelli Foundation for Health Research and Education, AFaR
Division, Rome, 00186 Italy, 3GMV, Rome, Italy, “Movement Control and Neuroplasticity Research Group, Department of Kinesiology, KU Leuven, Leuven
3001, Belgium, SBirmingham University Imaging Centre (BUIC), School of Psychology, University of Birmingham, Birmingham, UK, and °Catholic

University of the Sacred Heart

In this paper, we pose the following working hypothesis: in humans, transcranial electric stimulation (tES) with a time course that mimics
the endogenous activity of its target is capable of altering the target’s excitability. In our case, the target was the primary motor cortex
(M1). We identified the endogenous neurodynamics of hand M1’s subgroups of pyramidal neuronal pools in each of our subjects by
applying Functional Source Separation (FSS) to their EEG recordings. We then tested whether the corticospinal excitability of the hand
representation under the above described stimulation, which we named transcranial individual neurodynamics stimulation (tIDS), was
higher than in the absence of stimulation (baseline). As a check, we compared tIDS with the most efficient noninvasive facilitatory
corticospinal tES known so far, which is 20 Hz transcranial alternating current stimulation (tACS). The control conditions were as follows:
(1) sham, (2) transcranial random noise stimulation (tRNS) in the same frequency range as tIDS (1-250 Hz), and (3) a low current tIDS
(tIDS,, )- Corticospinal excitability was measured with motor-evoked potentials under transcranial magnetic stimulation. The mean
motor-evoked potential amplitude increase was 31% of the baseline during tIDS (p < 0.001), and it was 15% during tACS (p = 0.096).
tRNS, tIDS,,,,, and sham induced no effects. Whereas tACS did not produce an enhancement in any subject at the individual level, tIDS
was successful in producing an enhancement in 8 of the 16 subjects. The results of the present proof-of-principle study showed that
proper exploitation of local neurodynamics can enhance the efficacy of personalized tES.

Key words: EEG; Functional Source Separation (FSS); personal/individual dynamics of neuronal activity; primary motor area; transcra-
nial electric stimulation; transcranial individual neurodynamics stimulation

Significance Statement

This study demonstrated that, in humans, transcranial individual neurodynamics stimulation (tIDS), which mimics the endoge-
nous dynamics of the target neuronal pools, effectively changes the excitability of these pools. tIDS holds promise for high-efficacy
personalized neuromodulations based on individual local neurodynamics.

Introduction
Previous research by Steriade and colleagues (Crochet et al.,
2006) has shown that trains of stimuli delivered to local neo-
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cortical networks of cats produce either a depression or a poten-
tiation of the postsynaptic potentials that may last up to several
minutes if the stimulation is applied at frequencies matching the
individual cat’s endogenous brain rhythms. More recent studies
in humans have shown that the efficacy of neuromodulation of
cortical regions depends on the frequency of the applied stimu-
lation (Kanai et al., 2008; Feurra et al., 2011; Thut et al., 2011;
Brinkman et al., 2016). Wide-band time-varying-current neuro-
modulation sustains cognitive domains more effectively than di-
rect currents (tRNS) (Fertonani et al., 2011). Furthermore, in
vitro studies have shown that both oscillatory (Frohlich and Mc-
Cormick, 2010) and scale-free (Gal and Marom, 2013) stimula-
tions can entrain cortical physiological activities. By “entrain”
here, we mean “forcing the target to change excitation.”
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Obtaining individual M1 neurodynamics at rest. A schematic depiction of how FSS obtains the functional source within the primary motor cortex devoted to the right hand (FS,,) for

each subject while he/she was resting with open eyes (Rest OE). FSS received the EEG data recorded during an isometric handgrip executed by the right hand (motor condition, white time intervals
in top leftinset) as input and provided the &y, as an outcome (which, similar to w,,, is a 64-dimension vector). The FS, scalp topography derived from a,, is shown for the grand average across
16 subjects, together with its localization obtained by solving the inverse problem using sSLORETA (Pascual-Marqui, 2002) within the Brainstorm standard head model (http://neuroimage.usc.edu/
brainstorm; middle right inset). FSHes' ©* (bottom right inset) is obtained through ;s multiplied with the EEG recording at rest with open eyes (bottom left inset).

The aim of the present study was to provide evidence that a
transcranial electric stimulation (tES), characterized by a current
time course that mimics the endogenous electrical activity of the
target neuronal pools, effectively changes the pool’s excitability.

We assessed the individual neurodynamics of the pyramidal
neurons of the hand primary motor cortex (M1}%,) of each of
our subjects by applying Functional Source Separation (FSS)
(Tecchio et al., 2007; Porcaro and Tecchio, 2014) to their EEGs.
We set up a stimulation that mimics the individual subject’s
M1}, neurodynamics (FS™'(¢), in the 1-250 Hz range), to be
delivered through a standard electric stimulator and electrodes.
We called our protocol “transcranial individual neurodynamics
stimulation” (tIDS). We tested the efficacy of tIDS by using a well-
established online paradigm (Feurra etal., 2011; Tecchio etal., 2013;
Cancelli et al,, 2015a, b). After testing the neuromodulation effi-
cacy of tIDS, we compared it with the one offered by the transcranial
alternating current stimulation (tACS) at 20 Hz, which is considered
the most effective noninvasive method for online enhancing the ex-
citability of the corticospinal tract (Feurra et al., 2011). In addition to
the standard sham control condition and tACS, we included in our
protocol the transcranial random noise stimulation (tRNS), widely
presented in the literature. Furthermore, as a fifth condition,
we used tIDS with a lower current intensity. Indeed, it has been
observed that, at “sufficiently low” current intensities, time-
varying tES produces inhibition, rather than enhancement, of
cortical excitability (Moliadze et al., 2012; Cancelli et al., 2015b).

Materials and Methods
The study was approved by the Ethics Committee of San Giovanni
Calibita-Fatebenefratelli Hospital.

Our paradigm consisted of the following two parts: the EEG session to
set up tIDS and the tES/transcranial magnetic stimulation (TMS) session

to test tIDS efficacy. The first part of the paradigm requires the EEG to be
integrated with FSS to obtain the neurodynamics of M 11", ,, which is then
mimicked by tIDS. In the second part of the paradigm, the tES/TMS
session assesses the excitability of the hand corticospinal tract from the
motor-evoked potentials (MEPs) collected during tES on and off for each
stimulation (tIDS, tACS, tRNS, sham, and tIDS,_,).

Participants

Eighteen right-handed healthy subjects with normal neurological exam-
ination results and medical histories were included in the study after
providing signed informed consent. None of the volunteers had taken
psychoactive drugs for 6 months before the study. All subjects received
€15 for their participation.

Obtaining individual M1 neurodynamics from
EEG recordings
To obtain the individual M1}”",; neurodynamics, each subject underwent
an EEG recording (64-channel actiCHamp System; Brain Products) and
a surface EMG of the right opponens pollicis (OP) muscle. EEGs and
EMGs were sampled at 5 kHz (presampling analogical bandpass filtering
0.1-2000 Hz) and stored for offline processing. By using FSS (Tecchio et
al., 2007; Porcaro and Tecchio, 2014), we identified the neurodynamics
of MI’s pyramidal neurons devoted to the control of the contralateral
hand, and to the thumb in particular, at rest (Porcaro et al., 2008).
Here, we provide a full description of the experimental setting and FSS
procedure, which previously provided the ability to identify the activity
of M1’s pyramidal neurons (Porcaro et al., 2008; Tecchio et al., 2008b;
Betti et al., 2009; Pittaccio et al., 2011; Melgari et al., 2013).

Experimental EEG paradigm

EEGs were recorded while the subject executed an isometric handgrip
against the resistance of a semicompliant air bulb (Fig. 1, top left), con-
nected to a digital board that recorded the exerted pressure and sent a
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visual feedback of that pressure to a computer screen placed in front of
the subject (Interactive Pressure Sensor; Consiglio Nazionale delle Ricerche
in-house developed Arduino-based device). The motor condition was
divided into two parts. First, we asked the subject to squeeze the bulb as
strongly as possible to assess the subject’s right handgrip maximum vol-
untary contraction. We then let him/her relax for at least 2 min to avoid
fatigue side effects. After resting, the subject was shown a vertical
rectangle-shaped white gauge over a light blue background at the center
of the computer screen (Fig. 1, top left). Two black segments on either
side of the gauge indicated a force level equal to 5% of the subject’s
maximum voluntary contraction. A moving black horizontal bar within
the gauge provided visual feedback of the pressure exerted on the bulb. At
this point, the subject was asked to squeeze the bulb and maintain an
isometric contraction sufficient to keep the central moving bar leveled
with the two fixed lateral bars. The task was started with a “go” and ended
with a “stop” sign on the screen. The contraction periods lasted 20 s,
separated by 10 s periods of rest.

EEGs were recorded during all parts of the motor condition. In addi-
tion, EEGs were also collected for 3 min while the subject relaxed and
looked at a fixation point at the center of the screen (Fig. 1, bottom right).

M1 identification by FSS-equipped EEGs

Details of the FSS algorithm were published in previous papers (for re-
view, see Tecchio et al., 2007; Porcaro and Tecchio, 2014). In summary,
ESS follows the classic independent component analysis (ICA) assump-
tion that the EEG traces recorded by m electrodes X(t) = [x,(1), ..., X,(1)]
are a linear combination of signals generated by n unknown neuronal
sources S(1) = [s,(1), . . ., s,(1)], which are mixed by an unknown mixing
matrix A as follows:

X(t) = AS(1)

ICA’s aim is to find A and consequently S(#) starting from the available
X(t), without making any particular assumption other than statistical
independence of the unknown sources. To obtain the sources S(#), the
inverse matrix W = A~ " must be estimated. Therefore,

WX(t) = WAS(t) = S(t) = WX(1)

FSS adds one or more functional constraints to the standard ICA
assumptions. The FSS additional assumption is that known functional
characteristics of the areas under study can be included in the ICA com-
putation. Thus, FFS identifies the source that maximizes a functional
constraint R believed a priori to be associated with the neuronal pool to
be identified. FSS starts from the original EEG data X(#) and returns one
functional source FS(¢) at a time as follows:

FS(t) = agg X(t) = wes X(1)

where ag is the mixing time-invariant vector and wpg is the separation
vector. Because FSS searches for a single source solution, FS(#) is a time
vector.

To identify the “hand” region of the primary motor area (named
FSyi1)> FSS used the coupling of cortical and muscular rhythmic oscilla-
tions (cortico-muscular coherence [CMC]) in the 8 band during the
isometric handgrip (motor) task (Porcaro et al., 2008). The correspond-
ing functional constraint is as follows:

@max—A2@max

RFSMl = E

@max— A1@max

Coh(w)

where Coh is the coherence function. For each w, Coh is the amplitude of
the cross-spectrum between the FS,,, source signal and the nonrectified
EMG, normalized by the root mean square of the power spectral densities
of these two signals. A, ... (A,w,...) is the frequency point correspond-
ing to a coherence amplitude that is 50% of the maximum value within
the range from 13.5 to 33 Hz.

When Rgg,,, is maximized, FSS can estimate «,;; and be used to obtain

FSMOTOR(#) according to the following formula:

FS%?TOR(t) — a;/,}XMOTOR(t) — WMlxMOTOR(t)

max
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The significance of the CMC value was estimated according to the fol-
1

lowing (Halliday et al., 1995): y 1 — 0.05L~1, where L is the number of
averaged windows during the isometric contraction (~300, resulting in a
limit of 0.01).

Once ay;, and w,;; (I X 64 values) were estimated, M1’s cortical
activity during the rest condition with open eyes (Rest OE) was obtained
starting from EEG rest recordings, EEG Rest OF (1) (Cottone et al., 2017)
(Fig. 1) as follows:

Fsz}fff[ OE (t) — WMIEEGRest OE (Z’)

tIDS replaying M1 neurodynamics at rest
tIDS delivers a time-varying current by replaying FSys;" ©%(¢), which is the
individual M1 neurodynamics at rest, through two standard tES elec-
trodes (see tES below).

Notably, we found a relevant intersubject variability of FSki; “%(#)
frequency components (Fig. 2).

tES/TMS study design and sample size estimate
tES
We used two equal 7 X 5 cm? rectangle electrodes positioned above C3
and Oz. All waveforms were produced by a function generator (2 MHz
USB PC Function Generator PCGU1000, Velleman Instruments) con-
nected to a current stimulator (STMISOLA linear isolated stimulator,
Biopac System).

We provided, in a random order across subjects, the following four
different transcranial current waveforms and sham (sampling rate 500
sample per second; Fig. 3A):

® tACS: a 20 Hz sinusoidal stimulation.

® tRNS: a random level of current generated for every sample in the
1-250 Hz range. The probability density was a bell-shaped function.
Consequently, in the frequency spectrum, all frequency bins had
similar coefficients (Gaussian white noise).

® tIDS: a current stimulation replaying the individual M1 neurody-
namics as described above.

® (IDS, . identical to tIDS but with current density selected to induce
inhibition as reported by Moliadze et al. (2012) and Cancelli et al.
(2015b).

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

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

As our aim was to set the tIDS efficacy and compare it with the efficacy
of the diverse tES, we equated the current intensities of the compared
conditions (tACS, tIDS, and tRNS), thus providing the same power in the
three conditions. As the current intensity reference, we chose 20 Hz tACS
at 1 mA peak-to-peak, which has been shown to enhance the corticospi-
nal excitability (Feurra et al., 2011, 2013; Cancelli et al., 2015a, b). Con-
sequently, we adjusted the tIDS and tRNS current intensities to deliver
the same power of tACS. In particular, the multiplicative coefficients for
the 1.5 min stimulations were as follows:

PtACS 1mA pp
Pips =
Pips
PtACS 1mA pp
PirNs =
Pirs

where P,4cs 1ma pp is the power of tACS at an intensity of 1 mA peak-to-
peak, and P,;ps and P pys are the power of tIDS and tRNS with the peak
posed equal to 1, respectively. The factor P,jps for tIDS was similar across
subjects, with a mean and corresponding SD of 1.065 = 0.004. Regarding
tIDS,,,,,» we set the adjustment coefficient to make the delivered power
equal to that of the 0.85 mA peak-to-peak 20 Hz sinusoidal signal previ-
ously used to inhibit M1 excitability as follows (Moliadze et al., 2012;
Cancelli et al., 2015b):
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Figure2. Individual FSy, powerspectral densities and FS,,, coherence with the muscle. Red represents the power spectral density (PSD) of the FS,, in the 3 min period of a resting state with open

eyes for each subject (Figs. 35 are color-coded similarly). PSD values are calculated equaling the peak of Sy, (f) to 1. Green represents the coherence between FS,,, and the OP" EMG (CMC) during
the ~3 min of 20 s periods of isometric contractions. Vertical dashed line indicates 20 Hz. The last plot represents the means and SDs across 16 subjects. PSD and CMC scales are shown in respective colors.

PrACS 0.85mA pp

Pupsi,, = Pups
1)

TMS probing protocol

To probe tIDS efficacy and differential neuromodulation effects depend-
ing on the diverse tES, we executed a paradigm that tests the neuromodu-
lation efficacy during stimulation (Feurra et al., 2011; Tecchio et al.,
2013; Cancelli et al,, 2015a, b). We performed single-pulse TMS through
a standard focal coil (HP 90 mm Coil 9784-00) connected to a Super-
Rapid module (Magstim), with the coil placed on the tES rolandic elec-
trode. We induced the TMS-MEPs in the OP of the right hand. We recorded
MEPs with surface electrodes in a belly-tendon montage (2.5 cm apart). The
hot spot of the right OP muscle was identified (TMS coil positioned above
the tES electrode). Thereafter, we digitized the coil position and monitored it
throughout the session with the SofTaxic neuronavigator. For each subject
sitting relaxed with open eyes, the TMS was applied at an intensity adjusted
to produce OP MEP amplitudes of ~0.5-1 mV in basal conditions (i.e., TMS
applied through the tES electrode, with tES off). After 1.5 min of rest (TMS
off — tES off), TMS was switched on to collect the baseline MEPs (TMS on —
tES off) for 1.5 min. Eventually, the tES was switched on as well for 1.5 min
(TMS on — tES on). We always waited at least 1.5 min, in complete rest (no
TMS), before collecting the baseline of the new tES. Because TMS stimuli
were elicited with an interstimulus interval that changed randomly between

4.5sand 5.5 s, we collected ~18 MEPs for the baseline and with the tES on.
This was repeated for each of the five tESs in a random order (Fig. 3B). In this
way, we enriched the protocol introduced by Feurra et al. (2011) by collect-
ing a baseline (TMS on — tES off) in the interval just before each tES was
switched on (Cancelli et al., 2015a, b). This means that each tES had the MEP
baseline collected for each condition (for 1.5 min before tES stimulation)
instead of referring all tES conditions to a single baseline collected at the
beginning of the experiment. In the setup of Feurra et al. (2011), increasingly
longer times separated the tES condition of interest from the baseline, and
the strength of the comparison among different tES is guaranteed by the
random order of different tESs across subjects (Feurra et al., 2011).

We asked all participants to report immediately whether any stimula-
tion was provoking a special sensation. Indeed, the stimulations lasting
1.5 min, alternated with 3 min of relaxation, did not allow for the filling in of
a form during the protocol. Furthermore, at the end of each tES delivery
period, we asked whether the last stimulation had been real or sham.

Statistical analysis

After a logarithmic transformation of single MEP amplitudes in single
subjects, we confirmed that the Gaussian distribution provided a good fit
by performing the Shapiro—Wilk test. Thereafter, we computed the nor-
malized MEPs as described, and we submitted them (dependent vari-
able) to the following analyses.
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delivered. Current amplitudes were defined to deliver the same power as tACS (at TmAasin Feurraetal., 2011) for tRNS and tIDS. tIDS,,, has the power corresponding to 0.85 mA peak-to-peak sine
(20 Hz tACS as in Cancelli etal., 2015b). PSD scale is '/ of the tIDS scale. B, Representation of the tES/TMS session: each of the 5 tES stimulations (tACS, tRNS, tIDS, tIDS,,,,, and sham, delivered in
random order for each subject) lasted 1.5 min and was alternated with intervals of 3 min rest. tESs were delivered through two equal 7 X 5 cm ? rectangle electrodes positioned above (3 and 0z and the TMS coil
positioned above (3. For each tES, we delivered TMS during the 1.5 min while the tES was on and in the previous 1.5 min with ES off, providing the baseline MEP values for the following stimulation.

The first analysis aimed at evaluating whether tIDS enhanced MEP am-
plitude in on versus off stimulation. The ANOVA included Stimulation
Switch (On, Off) as a fixed factor and Subjects as a random factor.

To assess the second aim, we applied the full model ANOVA with
Subjects as a random factor and tES (tACS, tRNS, tIDS, tIDS,, and
sham) and the Stimulation Switch (On, Off) as fixed factors. When the
tES * Stimulation Switch interaction effect appeared, we executed post hoc
comparisons. In particular, we evaluated whether the values when stim-
ulation was on differed from those when the stimulation was off and
from sham. We also evaluated whether the baseline MEPs changed
throughout the experiment using the same analysis design (omitting the
Stimulation switch factor), applied to the baseline log(MEP) values.

Furthermore, to strengthen information about the individual M1 excit-
ability enhancement, we compared in each single subject all the repetitions at
baseline and tES (Tecchio et al., 2008a) by using a two-tailed independent
sample ¢ test for those stimulations, which induced an enhancement in the
population as evidenced by the above analysis. Finally, we compared these
individual  values for tIDS and tACS by means of a paired-sample ¢ test.

We executed the statistical analysis using SPSS (IBM).

Results

FSS-equipped EEG for M1 identification

We excluded 2 subjects who did not display CMC above the confi-
dence limit of 95%. We successtully identified the M1 neurodynam-
ics for each of the other 16 subjects (10 females, 6 males; age range:
19-51 years, mean age: 30.1 * 8.9 years).

tES/TMS paradigm for testing tIDS efficacy

No participant reported any specific sensation during the stimu-
lations. As shown in Table 1, more than half of the people did not
perceive that a stimulation occurred in any tES. In particular,

Table 1. Personal sensation during tES”

Stimulation

tACS tRNS tIDS tIDS,q, Sham
Real 6 2 3 5 3
Sham 10 14 13 " 13

“Number of people answering “R” or “S” immediately after stimulation completion.

fewer people perceived a stimulation during tIDS than during
tACS and tIDS, .

The mean resting motor threshold across subjects was 58.5 *
8.1% of the maximal TMS stimulator output, and the stimulation
intensity used during the experiment was, on average, 70.8 *
10.1%. We submitted the amplitudes of all collected MEPs to the
analysis, without applying any selection. In each condition, we
collected a median of 17 MEPs (total matrix cell number: 2609),
with no difference in the number of stimuli across conditions
(p > 0.400 consistently).

Complete experiment (5 conditions, 11 subjects)
No change in baseline levels occurred, as indicated by tES Baseline
(Fla,00.938) = 0.867; p = 0.492; Table 2; Figure 4A). The absence of
relevant variations of baseline MEPs showed that the preceding
tES induced negligible aftereffects, at least waiting 1.5 min after
the stimulation. The stability of the M1 excitability after the other
tES with no relevant carryover effects strengthens the suitability
of this online probing protocol in testing specific features of tES.
The ANOVA applied to the normalized MEPs devoted to as-
sess the tIDS ability to enhance MEP amplitudes (first aim) indi-
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Table 2. Baseline MEP amplitudes”

Mean 95% lower limit 95% higher limit
tACS 922.9 562.2 1283.5
tRNS 967.8 656.1 1279.7
tIDS 861.6 3934 1329.8
tIDS,,,, 11419 797.6 14863
Sham 817.2 249.0 1385.5

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

cated a clear tIDS efficacy (Stimulation Switch effect F(| || 463) =
15.429, p = 0.002), without any difference across subjects
(Stimulation Switch * Subject effect F(;; 30¢) = 0.891, p = 0.542).

The full model ANOVA showed that the neuromodulation
efficacy changed with the dynamics of the delivered current
(tES * Stimulation Switch interaction effect (F 4 46.346) = 4.200; p =
0.006; Figure 4B). Notably, the triple interaction tES * Stimulation
Switch * Subject (p = 0.772) indicated a highly stable pattern of the
five tES neuromodulation effects across subjects. Post hoc analysis
showed that only tIDS differed between on and off (p < 0.001,
Bonferroni corrected; Fig. 4B) and a slight difference was found for
tACS (p = 0.051). The other tRNS, tIDSlow, and sham showed a
significance of p > 0.500 consistently. In addition, only tIDS differed
from sham (tES on condition p = 0.003), whereas tACS did not (p =
0.313). Furthermore, tRNS and tIDSlow both showed a significance
of p > 0.600 (Fig. 4B). The mean MEP amplitude increase was 32%
of the baseline during tIDS and 16% during tACS.

Experiment for the main effects (3 conditions, 16 subjects)
tIDS induced a clear enhancement of MEP amplitudes (Stimula-
tion Switch effect F(; ;5 g64) = 24.330, p < 0.001), with no relevant
difference across subjects (Stimulation Switch * Subject effect,
Fiisure) = 1106, p = 0.347).

Executing the full model in the 16 subjects with the three tIDS,
20 Hz tACS, and sham conditions, no change in baseline levels
occurred (tES Baseline F, 50 677y = 1.784; p = 0.185; Figure 4A).
The dynamics of the delivered current had a strong effect on
neuromodulation efficacy, indicated by the tES * Stimulation
Switch interaction effect (F(, 35 330) = 7.735; p = 0.002; Figure
4B). The triple interaction tES * Stimulation Switch * Subject ef-
fect was absent (p = 0.496). Post hoc analysis showed that only
tIDS differed between the on and off states (p < 0.001, Bonfer-
roni corrected; Fig. 4B), and a slight difference was found for
tACS (p = 0.096). In addition, only tIDS differed from sham (tES
on condition, p < 0.001), whereas tACS did not (p = 0.458).
Both tACS and tIDS differed from the 100% value (one-sample ¢
test, p = 0.015 and p < 0.001, respectively). Considering the 16
people, tIDS differed from tACS (p < 0.001; Fig. 4B).

On an individual basis, we observed that the MEP amplitude
increase induced by tIDS was higher than that induced by tACSin 13
of 16 subjects (Fig. 5A,C). When we compared the ¢ values of the
independent paired-sample ¢ test that compared off and on MEPs
for tIDS to tACS, we found that tIDS was more effective than tACS
(p=0.001). The MEP potentiation in single subjects evaluated by an
independent-sample ¢ test considering all MEPs repetitions during
the tES on versus tES off at a significance threshold of p = 0.100
showed potentiation in no subjects during tACS and in 8 of 16 sub-
jects during tIDS (Fig. 5A). The mean MEP amplitude increase was
34% of the baseline during tIDS and 13% during tACS (Fig. 5C).

Discussion

The main finding of our work was that a tES with a current time
course, which replays the ongoing electrical activity of the target area
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(tIDS), produces effective neuromodulation. In particular, tIDS
produces an effective potentiation in 8 of 16 subjects. Furthermore,
tIDS produced more effective neuromodulation than other available
noninvasive transcranial stimulation protocols (20 Hz tACS).

Model of tIDS mechanism of action
Here, we introduced a model that hypothesized the mechanisms
causing corticospinal neurons to enhance excitability during tIDS.
We considered a set of nodes and their connections as a neural
network (nn). In particular, in our case, the node is the hand
section of pyramidal neurons of the primary motor area. In our
model, each node of an nn develops “typical” dynamics of neu-
ronal activity during its lifespan. In agreement with this model,
we observed that M127 , has “its own” dynamics (Cottone et al.,
2017). An nn implements a function via the communication
among its nodes (i.e., the nodes of an nn share a “common lan-
guage”). Once a signal arrives to a node (“word-in”), it automati-
cally answers with a “word-out” determined by a fixed “word-in —
word-out” correspondence until plasticity modifies that correspon-
dence. In other words, in an nn, each node cannot stay silent; it
necessarily produces the “word-out” once the “word-in” arrives.
Our hypothesis in this model was that, using tIDS, we “speak” to M 1
neurons with their “typical language” (i.e., the one they use to
produce their physiological output). In our hypothesis, the neu-
ronal pools change their probability to activate (i.e., to send their
message to other neuronal pools when a signal similar to the one
they typically send impinges their membranes). In this model,
M1 neurons communicate with connected neurons (motor neu-
rons or other cerebral areas) by patterns, which express at typical
“rates” that are only roughly represented by sinusoidal packages
(Ainsworth et al., 2012; Histed and Maunsell, 2014). To establish
functional communication relevant for behavior, neuronal nodes
convey signals with a temporal structure that is critical to the ways
in which signals are routed, combined, and coordinated (Ecker et
al., 2010; Renartetal., 2010; Kopell et al., 2014). In particular, two
pieces of evidence, in addition to tIDS being more effective than
tACS, support this model. Beta-tACS changes the neuronal excit-
ability, whereas alpha-tACS does not (Feurra et al., 2011). If the
tESs were entering some “resonance” with the dominant fre-
quency of local activity, we would predict that alpha- would be
more effective than beta-tACS because the local spectra have
higher alpha than beta power in all subjects (see also the Fig. 2 in
our specific case). Moreover, tES would cause a reduction of
excitability because higher power of the ongoing activity corre-
sponds to a lower excitability (Engel et al., 2001; Jensen et al.,
2014; Thut, 2014; Haegens et al., 2015; de Pesters et al., 2016).
Instead, the lack of alpha-tACS effects and the evidence that beta-
tACS enhances M1 excitability indicated that tES is effective
when the stimulation matches the language that the target node
uses to fulfill its functional role. Indeed, M1 uses beta synchroni-
zations to communicate with muscles. Frohlich and McCormick
(2010) observed that either endogenous or exogenous naturalis-
tic sinusoidal stimulation could “entrain” neocortical network
activity (an in vitro study). Furthermore, Gal and Marom (2013)
demonstrated that the electrical activity of single cortical neurons
of rats in vitro shows scale-free fluctuations, which can be en-
trained by delivering natural-like, scale-free inputs. In our study,
we enhanced the efficacy of noninvasive cortical pool neuro-
modulation by using their own dynamics (Cottone et al., 2017).
In the absence of any gold standard, we compared the neuro-
modulation efficacy of our novel tES with the one so far known to
be the most effective in inducing an excitability enhancement of
the corticospinal tract during current delivery (i.e., tACS at 20
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Hz) proposed by Feurra et al. (2011). These authors considered
the fact that different brain modules mainly oscillate at specific
frequencies organized in a topographic manner and posed the
working hypothesis that the response to a tACS depends on the
modulation frequency. In particular, they showed that the corti-
cospinal excitability increased only when the frequency of the
tACS was 20 Hz (beta range), whereas other frequencies, such as
5 Hz (delta), 10 Hz (alpha), and 40 Hz (gamma), showed no
impact on the MEP amplitude. Here, we observed that tACS was
less effective than tIDS at the group and at the individual level.
Exploiting the newly recruited 5 subject group, we asked whether
the personalized tACS was more effective than the nonpersonal-
ized 20 Hz tACS. That is, we compared the neuromodulation
efficacy of a nonpersonalized tACS at 20 Hz, with a tACS at the
frequency of maximal CMC (see Fig. 2). We compared the effects
in the 4 subjects (Subjects 2, 5, 7, and 8; Fig. 2), and the new 5
subjects (Subjects 12-16) with respect to the other 7 subjects
(Subjects 1, 3, 4, 6, 9, 10, and 11). We did not reveal a significant
difference in the effects of the two stimulations (normalized
MEPs in the on condition, tACS at CMC frequency vs. tACS at 20
Hz, F(; 4932 = 1,805; p = 0.238). It can be that the small number
of subjects in the between-subject factor shades a possible small
effect. We also executed the analysis to estimate the intrasubject
effect comparing the nonpersonalized 20 Hz tACS and personal-
ized CMC tACS in the 5 subjects (Subjects 12-16), and we found
that the tES (20 Hz tACS, personalized CMC tACS) *Stimulation
(On, Off) factor was absent (p > 0.200). These findings support that
a single sinusoid stimulation poorly induces neural entrainment at
the individual level. Notably, tRNS delivering oscillating current in
the same frequency range of tIDS did not produce any effect.

Our data strengthen the notion that we can exploit the com-
plex scale-free dynamics of the local activity to influence the ef-
fectiveness of neuromodulation of the target neuronal pools.

Neuronal entrainment and tIDS

Among the noninvasive neuromodulation techniques using trans-
cranial-induced currents, the mechanisms of action of transcranial
direct current stimulation are better elucidated (Brunoni etal., 2011)
than those using time-varying currents (Fertonani and Miniussi,
2016) (i.e., tACS and tRNS). Often, the term “entrainment” is used
when delivering these two tESs. Christiaan Huygens was one of the
first to use the term “entrainment” in reference to the dynamics of a
complex system of oscillators, where the energy transfer via phase-
dependent feedback results in a system evolution from an initial
condition of “random” phases of oscillations to a final state where
the oscillators swing in synchrony. Here, we use “entrainment” as an
effective transfer of delivered energy (i.e., an effective change of the
state of the neuromodulation target) without any information about
whether this latter changed the neural firing rate and/or the number
of activated neurons and/or the interneuronal synchrony. Thus,
tIDS entrained target activity in single subjects, wheres even tACS,
the most effective up to now, never reached the significance thresh-
old in a single subject. Concurrently, we have shown that these dy-
namics are region-specific (Cottone et al., 2017), suggesting that this
opportunity to entrain according to local neuronal activity dynamics
also strengthens the capacity to focus stimulation on predetermined
cortical districts.

Goodness of FSS in identifying neuronal pool activities

Our results of maximal neuromodulation efficacy, induced by a
tES modulated to replay the neurodynamics of the individual
M1} in resting state, confirm the ability of FSS to identify prop-

and

J. Neurosci., January 17,2018 - 38(3):586-594 * 593

erly the local neuronal activities. Previously, we showed that FSS
can discriminate the “hand” motor representation from its so-
matosensory (S1) counterpart (Porcaro et al., 2008), despite their
proximity and their joint implications in virtually any behavioral
event. In addition, we discovered that the functional connectivity
between S1 and M1 mediates emphatic sharing (Betti et al., 2009).
Furthermore, in the study (Pittaccio etal., 2011), we showed that M1
pyramidal neurons do not modify their activity relative to staying
still during passive mobilization, whereas S1’s ones do. These diverse
behaviors in contiguous cortical areas strengthen the reliability of the
identification of brain sources via FSS, M1 pyramidal neurons in
particular (Tecchio et al., 2007, 2008b; Melgari et al., 2013). Here,
our FSS-assisted neuromodulation protocol works as an efficacious
technique to entrain the “hand” M1 pyramidal neurons, as tested via
the corticospinal excitability.

Is personalization necessary or is local-dependent
neuromodulation sufficient?

We have reported that diverse spectral features (Tecchio et al.,
2008b) and complexity measures (Cottone et al., 2017) can dif-
ferentiate diverse cortical areas according to their respective neu-
ronal activities, independently of the subject’s state (i.e., at rest),
performing movements or receiving external stimulations. This
means that cortical areas, which differ in their neuronal structure
and networking characteristics, also display different neuronal
electric activities (Tecchio et al., 2008a; Cottone et al., 2017). The
existence of such “typical” dynamics of the cortical area poses the
question of whether the individual current modulation is more
effective than a “universal” one, which is specific to the stimu-
lated cortical area. Future work will compare “typical” dynamics
of M1 in producing a relevant neuronal excitability modulation
with respect to the individual M1 dynamics as tested here.

Phase of tIDS

We did not take into account the phase of the 1.5 min tIDS with
respect to the ongoing cortical activity. We believe that this will not
have major effects based on the observation of Crochet et al. (2006)
that the change in excitability was similar when sorting out the re-
sponses depending on the phase of the spontaneous activity.

State-dependent tIDS

In the present work, we built tIDS using the neurodynamics while
the subject was in a resting state. This is consistent with the ex-
perimental setting when tIDS delivered while the subject was
resting and relaxed. FSS enables the reconstruction of the stimu-
lated region activity in all of the conditions of interest. Thus, by
FSS, we can take into account that the efficacy of neuromodula-
tion with a modulated current depends on what the subject is
doing or thinking (Feurraetal., 2013). In particular, the network-
ing nature of motor control can lead to neuromodulation ap-
plications where the wanted effect on a certain node realizes by
properly acting on other network nodes, for example, the con-
tralateral homologous ones (Brinkman et al., 2016). We can, in
the future, deliver a tIDS with the neurodynamics of the target
area during the task he/she is executing. In relation to the above
model of tIDS mechanism of action, we can hypothesize that,
even at rest, the tIDS of M1 may be more efficacious if we deliver
the neurodynamics of the motor state because we hypothesized
that neuromodulation is more effective when it uses the language
that the node uses to produce its function.

Inhibiting versus enhancing neuronal excitability
Previous work has demonstrated that tACS can induce inhibition
or enhancement of the neuronal excitability as a function of the
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superficial current density. Here, we investigated the tIDS,,,, ef-
fects with the current density, which inhibited the corticospinal
excitability via tACS: both with 20 Hz (Cancelli et al., 2015b) and
140 Hz (Moliadze et al., 2012), but we found no inhibition. We
interpret this result by hypothesizing that the stronger efficacy in
enhancing neuronal excitability corresponds to smaller current
intensities that inhibit neuronal activity.

In conclusion, we believe that our work provides new insight into
how brain networks function; it proposes a model where the nodes
of a neural network communicate via a “typical” language. If we can
send a signal similar to the node’s language, it changes the likelihood
of the node activation. Notably, we opened a fruitful path for neu-
romodulation applications by offering a new potential to personalize
interventions. We can build case-specific tIDSs that aim at compen-
sating for specific alterations of the neuronal functional networking
expressed in the altered node’s neurodynamics.
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