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Abstract: Brain effective connectivity can be tracked by cerebral recruitments evoked by transcranial magnetic
stimulation (TMS), as measured by simultaneous electroencephalography (TMS-EEG). When TMS is targeting
the primary motor area, motor evoked potentials (MEPs) can be collected from the ‘‘target’’ muscles. The aim
of this study was to measure whether or not effective brain connectivity changes with the excitability level of
the corticospinal motor pathway (CSMP) as parameterized by MEP amplitude. After averaging two subgroups
of EEG-evoked responses corresponding to high and low MEP amplitudes, we calculated the individual differ-
ences between them and submitted the grand average to sLORETA algorithm obtaining localized regions of in-
terest (RoIs). Statistical differences of RoI recruitment strength between low and high CSMP excitation was
assessed in single subjects. Preceding the feedback arrival, neural recruitment for stronger CSMP activation
were weaker at 6–10 ms of homotopic sensorimotor areas BA3/4/5 of the right nonstimulated hemisphere
(trend), weaker at 18–25 ms of left parietal BA2/3/40, and stronger at 26–32 ms of bilateral frontal motor areas
BA6/8. The proposed method enables the tracking of brain network connectivity during stimulation of one
node by measuring the strength of the connected recruited node activations. Spontaneous increases of the exci-
tation of the node originating the transmission within the hand control network gave rise to dynamic recruit-
ment patterns with opposite behaviors, weaker in homotopic and parietal circuits, stronger in frontal ones. The
effective connectivity within bilateral circuits orchestrating hand control appeared dynamically modulated in
time even in resting state as probed by TMS. Hum Brain Mapp 35:1740–1749, 2014. VC 2013 Wiley Periodicals, Inc.
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INTRODUCTION

Transcranial magnetic stimulation (TMS) allows noninva-
sive investigation of the functional state of the human cere-
bral cortex, especially of the motor cortex. By means of
rapidly changing magnetic fields reaching the brain undis-
torted by extracerebral tissues, electric currents are induced
producing trans-synaptic depolarization of pyramidal neu-
rones located in the superficial cortical layers [Barker et al.,
1985; for a review see Rossini and Rossi, 2007]. In recent
years, the registration of electroencephalography (EEG) ac-
tivity during TMS and of the corresponding transcranial
evoked potentials elicited by individual stimuli (TMS-EEG)
provided valuable information about the characteristics of
cortical reactivity, effective connectivity, and synchronised
neuronal firing of different brain areas in response to mag-
netic stimuli with high spatiotemporal specificity [Bonato
et al., 2006; Ilmoniemi et al., 1997; Paus et al., 1997; Siebner
et al., 2009; Virtanen et al., 1999]. EEG and Magnetoence-
phalography (MEG) technologies have demonstrated a good
ability to detail connectivity and its time-varying directional-
ity [for reviews see Siegel et al., 2012, Schnitzler and Gross,
2005]. Therefore, TMS-EEG is one of the most promising
neurophysiological methods because EEG responses evoked
by TMS cortical excitation allow the marking of specific pat-
terns of cerebral connectivity. EEG responses at precise and
repeatable latencies after stimulation were observed in phys-
iological conditions [Lioumis et al., 2009], proving that spe-
cific topographies are relative to the stimulation site
[prefrontal cortices: Casarotto et al., 2010; Kähkönen et al.,
2004, 2005; Kähkönen and Wilenius, 2007; Rosanova et al.,
2009; primary motor area: Bender et al., 2005; Bonato et al.,
2006; Ferreri et al., 2010, Huber et al., 2007; Ilmoniemi et al.,
1997; Komssi et al., 2002, 2004; Komssi and Kähkönen 2006;
Nikulin et al., 2003; Paus et al., 2001].

Coregistration of the EEG activity during the stimulation
of the primary motor cortex (M1) allows the study of M1
cortico-cortical and intrahemispheric and interhemispheric
connections in combination with electromyographic (EMG)
recordings of the motor evoked potential (MEP) in the tar-
get muscle [Bender et al., 2005; Bonato et al., 2006; Ferreri
et al., 2010; Huber et al., 2007; Ilmoniemi et al., 1997;
Komssi et al., 2002, 2004; Nikulin et al., 2003; Paus et al.,
2001]. MEPs induced by TMS are the result of a combina-
tion of excitatory/inhibitory phenomena occurring at corti-
cal, spinal, and neuromuscular levels along the motor
pathway. Thus, amplitudes and latencies of MEP are
parameters that allow the evaluation of the functional state
of the corticospinal motor pathway (CSMP) and its relays,
also providing valuable information about their function
in both physiological and pathological conditions [Barker
et al., 1985; Rossini and Rossi, 2007 for a review].

MEP onset latencies are relatively stable when a cascade
of successive stimuli are repeated in time over the primary
motor cortex; however, their amplitudes are also highly
variable intraindividually in a trial-to-trial evaluation even
within the same experimental session, without any appa-

rent fluctuation of the stimulus/recording/environment/
subject parameters [Ellaway et al., 1998; Starr et al., 1988].
For instance, while minor changes in coil position or modi-
fications of the background tone in the target muscle can
significantly modify MEP amplitudes, cardiac or respira-
tory phases of the TMS instant are noninfluential [Amas-
sian et al., 1989; Filippi et al., 2000; Kiers et al., 1993;
Sparing et al., 2008]. Once provided a spatially and physi-
cally stable stimulus, the spontaneous fluctuations of neu-
ronal and trans-synaptic excitation—at cortical [Adrian
and Moruzzi, 1939] and spinal levels—remain the main
factors underlying MEP amplitude variability. Altogether
it is worth understanding the origin and consequences of
such involuntary variability of the cortical motor output
[Amassian et al., 1989; Magistris et al., 1998; Rossini et al.,
1991; Steriade and Llinas, 1988], a goal that can nowadays
be pursued by the TMS-EEG technique.

The aim of this study was to investigate via TMS-EEG
technique whether or not intrasubject and intrasession
spontaneous fluctuations of motor pathway excitation can
influence the transmission within the cortico-cortical, cor-
tico-subcortical, and intraspinal pathways impinged by M1
projections. For this purpose, the MEP amplitude variabili-
ty was exploited as a marker of different excitation levels
of cerebral and spinal neuronal pools, related to the
recruitment of corticospinal fibres connected to the target
muscle. As different MEP amplitudes can also correspond
to different sensory and proprioceptive feedback reaching
the relevant brain areas, we investigated the cerebral
recruitments separating those occurring before and after
the peripheral inflow arrival.

Once the electric potentials directly produced by the
TMS impulse are removed, the EEG signals are generated
by the excited neuronal pools impinged by the connections
originating from the stimulated cortex. Ipsilateral and con-
tralateral cortical areas are recruited by intrahemispheric
and interhemispheric cortico-cortical and subcortico-corti-
cal connections, with longer latency contributions of sen-
sory feedback from the twitching muscles in the case of
stimulation of the motor cortex. The object of this investi-
gation was to quantify whether or not spontaneous modifi-
cation of the CSMP excitation level—as reflected in MEP
amplitude—implies cortical connectivity changes. Previous
TMS-EEG studies approached the same question [Bonato
et al., 2006; Mäki and Ilmoniemi, 2010a; Nikulin et al.,
2003; Paus et al., 2001] describing the TMS-induced effects
through EEG channel-derived measures. To enhance the
signal to noise ratio and to better understand the behavior
of specific cortical areas in response to TMS, we
approached the investigation of TMS-induced time-varying
cortico-cortical connectivity through the dynamic assess-
ment of serial recruitments of cortical sources as identified
by the sLORETA EEG source localization algorithm [Fuchs
et al., 2002; Pascual-Marqui, 2002]. To minimize TMS-
induced artifacts and to enhance sensibility to cortical acti-
vations depending on CSMP excitation levels, we searched
for localized cortical generators subtending the grand
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average of the individual differences between high- and
low-EEG averages to be our regions of interest (RoIs).
Connected cortical area recruitment strength was indexed
by the current density peak of the localized source [Casali
et al., 2010; Massimini et al., 2005] on an individual basis
to assess statistical significance of the recruitment depend-
ence on CSMP excitation level.

MATERIALS AND METHODS

Subjects

Ten healthy volunteers (six males, age range 19–35
years; four females age range 18–30 years) were enrolled
after giving written informed consent to the experimental
protocol previously approved by the institutional Ethics
Committee. Subjects were instructed to abstain from caf-
feine, alcohol, and medication and to maintain their regu-
lar sleep-wake schedule for 3 days before the experimental
session. All subjects were right-handed as evaluated by
the Handedness Questionnaire (0.70 � 0.08). The exclusion
criteria established by international safety standards for
TMS were followed [Rossini et al., 1994; Rossi et al., 2009].
No special care was given to fix the phase of menstrual
cycle in females as the ovarian cycle effects on the motor
cortex excitation [Smith et al., 2002] do not have relevant
impact on the present intrasubject study of the cortico-
cortical transmission dependence on CSMP excitation.

TMS-EEG Experimental Setup and Protocol

TMS-compatible EEG equipment (BrainAmp 32MRplus,
BrainProducts GmbH, Munich, Germany) was used for re-
cording TMS triggered evoked potentials. The EEG activity
was continuously acquired from 32 scalp sites (Fp1, Fp2,
F3, F4, C3, C4, P3, P4, O1, O2, F7, F8, T7, T8, P7, P8, Fz,
Cz, Pz, FC1, FC2, CP1, CP2, FC5, FC6, CP5, CP6, TP9,
TP10, FT9, FT10, FCz of the 10-20 International System)
using electrodes mounted on an elastic cap. Additional
electrodes were used as ground (Oz to have maximal dis-
tance from the stimulating coil) and reference (linked mas-
toids). To minimize overheating of the electrodes located
in the vicinity of the stimulating coil, TMS-compatible Ag/
AgCl-coated electrodes were used. Skin/electrode imped-
ance was maintained below 5 kX. BrainAmp MRplus
allowed the fine adaptation to the TMS stimulus magni-
tude by selecting amplifier sensitivity and operational
range to prevent saturation under the specific stimulus
conditions: a sensitivity of 100 nV/bit (signal range/reso-
lution) and an analog/digital-conversion range of 6553.5
mV (� 3276.8 mV) were used.

TMS was performed over the left M1 during multichan-
nel EEG recording, monitoring the coil position stability
along the session by a neuronavigation system (NBS sys-
tem, SofTaxicOptic, Bologna, Italy) (Fig. 1), which also
assured stable coil orientation with respect to the subject’s

head. EMG activity from the first dorsal interosseous (FDI)
muscle of the right hand was recorded via surface electro-
des in belly tendon montage. The Magstim SuperRapid
magnetic stimulator was used with a figure-of-eight coil
having an outer wing diameter of 7 cm (Magstim Com-
pany, Whitland, UK). After the EEG cap was fitted, the coil
was placed tangentially to the scalp on site C3 of the 10-20
International System with the handle pointing backward
and laterally at about a 45� angle from the midline. The coil
was moved in steps of approximately 0.5 cm searching for
the best coil position to induce maximal MEPs from the
right FDI ‘‘hot spot.’’ After having identified the FDI hot
spot coil position, the FDI resting motor threshold (RMT)
was determined as the lowest stimulus intensity eliciting at
least five MEPs of 50 mV out of 10 consecutive stimuli
[Rossini et al., 1994, 1999]. EEG and EMG signals were
sampled at 5 kHz after band pass filtering at 50–1,000 Hz
for EMG and 0.1–500 Hz for EEG recordings.

To mask coil-generated clicks, a white noise was continu-
ously delivered through earphones. We adjusted the mask-
ing volume until the subjects reported that the TMS click
was not audible (always below 90 dB). To ensure wakeful-
ness throughout the recording sessions, subjects were
required to keep their eyes open maintaining the gaze on a
fixation point during stimulation subperiods (2–3 min).
About 120 magnetic stimuli were delivered at 120% RMT
(supra-threshold stimulation) over the left M1 region with
an irregular interstimulus interval of about 5 s.

Data Analysis

Offline analysis of the EEG and EMG data were per-
formed using MATLAB (The Mathworks, Natick, MA).
The data were firstly visually inspected to remove exces-
sively noisy channels (no more than two per subject) and
to discard trials in which baseline EMG activity revealed
muscle contraction in the 300 ms period preceding the
TMS. Subsequently, EEG data were zero-phase filtered
using a second-order Butterworth bandpass (1-100 Hz) fil-
ter and independent component analysis was used to
reduce nonbiological (TMS) and biological (eye and mus-
cular) artifacts [Barbati et al., 2004]. The muscular artifacts
are also increased by the contribution of cranial muscles,
activated because of the stimulation of the lateral sites,
and the consequence is an artifact signal lasting tens of
milliseconds and few orders of magnitude larger than the
recorded cortical signal [Mäki and Ilmoniemi, 2010b].

Identification of high and low CSMP excitation

For each subject, peak-to-peak MEP amplitudes were
determined over EMG recorded data. TMS-evoked EEG
responses corresponding to high and low CSMP excitation
levels were obtained averaging trials corresponding to the
smallest (EEG low) and the largest (EEG high) thirds of
MEP amplitudes [Mäki and Ilmoniemi, 2010a; Tecchio
et al., 2008].
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Identification of RoIs (localized cerebral recruitments)

For each subject, the two EEG low and EEG high groups
of trials were averaged from 100 ms prestimulus to 500 ms
poststimulus with baseline correction in [�100, �10] ms
intervals. Thereafter, the individual differences between
EEG averages at high and low CSMP excitation levels
were estimated and resulted in a signal minimizing com-
mon artifacts. The grand average across all subjects of
individual differences was then submitted to a source
localization algorithm [sLORETA, Pascual-Marqui, 2002] in
the 3–100 ms period after the impulse.

To identify the RoIs, a devoted analysis of the ‘‘stability’’
of cortical recruitment was carried out at each millisecond
by selecting the 200 higher intensity voxels among the
6,239 cortical grey matter voxels scanned by sLoreta in the
whole brain volume (MNI - Montreal Neurological Insti-
tute - coordinates, at 5 mm resolution). A RoI was identi-
fied if (1) at least 75% of voxels were common for
localizations of two consecutive milliseconds and (2) this
happened for at least three consecutive milliseconds. Two
parameters were calculated for further analysis: the RoI
spatial position (average of contiguous points weighted for
the current density, RoI_pos) and the starting and final

time points of position stability (RoI_lat). Within this tech-
nical framework, the RoI_pos could include more than one
cortical region, and the duration of recruitment stability
(RoI_lat) could be variable, including all time points of
location stability.

Identification of high and low current density levels in
each RoI

RoI_pos was then used to estimate time courses relative
to individual current densities in those RoIs. This RoI single
subject evolution was then averaged among high and low
trials, and the current density peak within the RoI_lat time
window was identified. The mean value of the current den-
sity at the peak � 2 ms was used to estimate the strength
of cortical recruitment at high and low CSMP excitability
for subsequent statistical analysis (RoIi

low;RoIi
high).

Statistical Analysis

A possible MEP amplitude modulation related to the
repetition of consecutive stimuli was evaluated analyzing
MEP’s amplitude variability along the session, considering

Figure 1.

Experimental setup. Left neuronavigated TMS setup: the subject lies relaxed on a semireclined chair and the

coil position is monitored throughout the session duration. The hand with surface electrodes for FDI mus-

cle recordings is evidenced in the inset (white arch, ground symbol indicates belly-tendon montage, while

on the wrist dorsum is the ground electrode). Right EEG and EMG signals after artifact removal. [Color fig-

ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the correlation between MEP amplitudes and the order of
stimulation (performed by Sperman’s Rho correlation).

Gaussianity of RoIs’ current density distributions was
checked using the Kolmogorov-Smirnov test and appropri-
ate transformations were applied if needed. Cerebral
recruitment corresponding to high and low CSMP excita-
tion levels in single subjects were submitted to a repeated
measure ANOVA model with Connected Node (RoI1, RoI2,
RoI3, etc.) and CSMPexc (RoIlow, RoIhigh) as within-subjects
factors to evaluate significance of the dependence of the
cortical recruitment strength on the TMS efficacy. Only
effects at P <0.05 were reported as results. Trends were
indicated when P <0.10.

RESULTS

Identification of High and Low CSMP Excitation

Mean RMT was 45.7 � 8% of maximal stimulator output.

An Average of 110 6 6 EEG/MEP Trials Were

Obtained Per Subject After Data Cleaning

MEP values were not normally distributed and were
therefore log-transformed y ¼ log(MEPþ1) to achieve a
good approximation to Gaussianity and to limit the poten-
tially detrimental effect of right-skewed outliers. Analysis
of the evoked motor potentials confirmed, in spite of a
high intrasubject stability of the MEP latency (peak MEP
latency 24.0 � 1.6 across subjects), a relatively high vari-
ability of MEP amplitude (Fig. 2), with 5.65 � 0.24 of vari-

ation coefficient, that is, the ratio between the standard
deviation and the mean, across subjects. We also investi-
gated the correlation between amplitude of MEPs (consid-
ered the independent variable) and chronological order of
MEPs (considered the dependent variable), and we found
no relationship between these two conditions (P ¼ 0.39).

Brain Areas Recruited by Left M1-TMS for Low

and High CSMP Excitation Levels

The grand average of individual differences between
EEGhigh and EEGlow submitted to sLORETA source local-
ization algorithm evidenced eight RoIs at latencies and
sites consistent with previous reports [Bonato et al., 2006;
Daskalakis et al., 2008; Ferreri et al., 2010; Lee et al., 2007;
Rizzo et al., 2011]: 6–10 ms, 13–16 ms, 18–25 ms, 26–32 ms,
35–39 ms, 44–47 ms, 68–75 ms, and 79–85 ms (Table I, Fig.
3). It was noteworthy that no RoI was identified in the
prestimulus interval ([�10, 0] ms period).

ANOVA model with Component (RoI1, RoI2, RoI3, etc.)
and CSMPexc ( RoIlow, RoIhigh) as within-subjects factors
indicated different modulations of the different cerebral
recruitments [Component*CSMPexc interaction factor (F ¼
6.648, P < 0.001)].

Recruitments preceding sensory feedback arrival

Cerebral recruitments at 6–10 ms were confined to the
right nonstimulated hemisphere. In fact, in this interval cere-
bral recruitment appeared clearly evident in central parietal
and frontal areas of the right nonstimulated hemisphere

Figure 2.

Procedure to identify high and low motor pathway excitation levels. Left MEP peak-to-peak am-

plitude for each trial of a representative subject, with largest/smallest third (red/blue) of trials

used to select the EEG epochs to obtain individual EEGhigh and EEGlow averages. Right average of

largest/smallest third (red/blue) MEPs in the [�10, 50] ms time window.
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(BA5, 4, and 3; Fig. 3, Table I). Post hoc comparisons
between individual current densities within the RoI for
EEGlow and EEGhigh conditions showed a trend for lower
activation associated with higher CSMP excitation [P ¼ 0.08].

At 13–16 ms, the RoI was localized in the frontal lobe
bilaterally (BA6 bilaterally; Fig. 3, Table I). Post hoc compari-
son showed no significant differences in this RoI [P ¼ 0.24].

At 18–25 ms, interval recruitment appeared clearly evi-
dent in the parietal lobe of the left stimulated hemisphere
(BA3, 2 and 40; Fig. 3, Table I). Post hoc comparison
showed a stronger RoI recruitment for lower CSMP excita-
tion [P ¼ 0.02].

At 26–32 ms, we found a RoI localized in the frontal
BA6 bilaterally (Fig. 3, Table I). Post hoc comparison
showed a stronger SM1 recruitment for higher CSMP exci-
tation [P ¼ 0.03].

At 35–39 ms, cerebral recruitment was again evident in
the centro-frontal areas of the right nonstimulated hemi-
sphere (BA6 and 4; Fig. 3, Table I). Post hoc comparison
showed no dependence on CSMP excitation [P ¼ 0.23].

Recruitments after sensory feedback arrival

The interval at around 50 ms (44–47 ms), which is com-
patible with sensory feedback from the hand muscles,

showed a RoI localized in the left sensory-motor area
(BA6, 4 and 8; Fig. 3, Table I). Post hoc comparison
showed a stronger recruitment for higher CSMP excitation
[P ¼ 0.01]. No correlation was observed between the laten-
cies of MEP and this RoI activation (r ¼ 0.120, P ¼ 0.734).

The subsequent site of excitation was at about 68–75 ms
and 79–85 ms. At both these intervals, we found an excita-
tion in the left and right frontal lobes (BA6 bilaterally Fig.
3, Table I). Post hoc comparisons showed a trend of stron-
ger activation in correspondence with higher CSMP excita-
tion for the earliest [P ¼ 0.08] and no effect for the latest
activation [P ¼ 0.23].

DISCUSSION

To identify whether or not the time-varying excitability
of CSMP—as indexed by the MEP amplitude—corre-
sponds to different effective connectivity patterns within
the network to which M1 belongs, four main effects were
found corresponding to stronger CSMP excitation (MEPs
of larger amplitude): (1) the right nonstimulated primary
sensorimotor region homotopic to the stimulated region
showed a trend of weaker activation at 6–10 ms; (2) the
left parietal area was less activated at 18–25 ms; (3) bilat-
eral motor areas showed a stronger activation at 26–32 ms;

TABLE I. Low versus high CSMP excitation RoIs

RoI_lat (ms) RoI_pos (mm) Cytoarchitectonic structure Recruitment change

6–10 30, �40, 67 Right BA5 parietal lobe, postcentral gyrus ��
35, �26, 66 Right BA4 frontal lobe, precentral gyrus
35, �21, 66 Right BA3 parietal lobe, postcentral gyrus

13–16 �5, 13, 64 Left and right BA6 frontal lobe, superior frontal gyrus ¼
�10, 13, 64
5, 22, 59

18–25 �64, �23, 20 Left BA40 parietal lobe, postcentral gyrus �
�54, �23, 33 Left BA2 parietal lobe, postcentral gyrus
�64, �13, 24 Left BA3 parietal lobe, postcentral gyrus

26–32 �5, 13, 64 Left and right BA6 frontal lobe, superior frontal gyrus þ
�10, 13, 64
5, 22, 59

35–39 54, 2, 46 Right BA6 middle frontal gyrus, frontal lobe ¼
50, 2 46 Right BA6 precentral gyrus, frontal lobe
50, �7, 51 Right BA4 precentral gyrus, frontal lobe

44–47 �25, 32, 49 Left BA8 superior frontal gyrus, frontal lobe þ
�45, 12, 50 Left BA6 middle frontal gyrus, frontal lobe

68–75 �15, �6, 65 Left and right BA6 superior, middle and medial frontal gyrus, frontal lobe �þ
�10, �7, 60
10, �6, 65

79–85 �5, 13, 64 Left and right BA6 frontal lobe, superior frontal gyrus ¼
�10, 13, 64
5, 22, 59

RoI starting and final time points (RoI_lat, t¼ 0 ms being the TMS stimulation of the left M1 controlling FDI), positions (RoI_pos) in
Talairach coordinates and corresponding cytoarchitectonic structure (Brodmann area, BA). RoI’s multiple cortical areas are presented in
order of their current density. Latencies after 45 ms (thick horizontal line) are successive to somatosensory feedback arrival. Areas acti-
vated more (less) for high CSMP excitation are indicated by þ(�), � added for P < 0.10, and¼ is reported when no statistical difference
was found.
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(4) the left sensory-motor area was more activated at 44–47
ms and a trend of stronger activation of bilateral fronto-
medial lobes was found at 68–75 ms.

Among the inhibitory effects in contralateral—through
crossed projections—and ipsilateral cortices, which can
occur in correspondence of an increased activation at the
stimulation site, we documented that a stronger projection
to the periphery corresponded to an inhibited central-pari-
etal projection efficacy at early latencies (<25 ms) followed
by stronger centro-frontal recruitments (26–47 ms).

RoIs Recruitments Preceding Sensory

Feedback Arrival

Right nonstimulated homotopic SM1 recruitment

At 6–10 ms after the left M1 stimulation, for both high
and low CSMP excitation levels and in all subjects, a clear
neuronal excitation was produced in the nonstimulated
right region homotopic to the stimulated region. The most

conceivable hypothesis is that these observed recruitments
were mediated by transcallosal fibres [Daskalakis et al.,
2008; Lee et al., 2007; Rizzo et al., 2011, Rizzolatti and Lup-
pino, 2001]. The recruitment of homotopic areas of the
nonstimulated hemisphere, as in a previous TMS-fMRI
study [Bestmann et al., 2004], showed a trend for being
weaker with higher CSMP excitation, suggesting minor in-
hibitory effects induced in the contralateral homologous
region when stronger cortico-spinal outputs are generated.
We can infer that the crucial role in achieving hemispheric
hierarchy while executing unimanual motor tasks [Bender
et al., 2005; Hoppenbrouwers et al., in press; Kicić et al.,
2008; Nikulin et al., 2003; Voineskos et al., 2010], orches-
trated by interhemispheric connectivity regulating inhibi-
tion levels acting on the contralateral circuit, is
functionally modulated even in resting state and during
motor relaxation.

At 13–16 ms, we did not observe dependence of neural
recruitment strength on CSMP excitation, in agreement
with the results of Bonato and colleagues [2006], who did

Figure 3.

Cerebral areas recruited differently at low and high CSMP exci-

tation levels by left M1-TMS. Top superimposition in a butterfly

plot of the TMS evoked potentials recorded at electrodes com-

mon to all subjects in the [�10, 100] ms time window, obtained

from grand average of the differences between high and low

CSMP. Bottom region of activation at corresponding latencies

(ms), with color code referring to lower/higher (blue/red) activa-

tion corresponding to higher/lower CSMP excitation level,

trends indicated by dashed lines and significant differences by

solid lines.
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not find correlation between the amplitude of MEP and
the amplitude of EEG deflections peaking at 15 ms from
TMS.

Left parietal recruitment

Parietal recruitment in the left hemisphere ipsilateral
to TMS at 18–25 ms was weaker with stronger CSMP ex-
citation. The existence of direct connections between the
posterior parietal cortex and the ipsilateral M1 [Jones,
1978; Rizzolatti and Luppino, 2001] was recently con-
firmed by functional studies [Ferreri et al., 2010; Koch
et al., 2007; Rizzo et al., 2011] but the latency of the
observed activation speaks in favor of reverberant tha-
lamo-cortical circuits implicated in this effect. Lower
recruitment for stronger CSMP excitation at this latency
seems to indicate that a prevalent projection to the
periphery corresponds to weaker cortico-subcortical
projection efficacy.

The reconstruction of neural recruitments at latencies up
to 20–25 ms can be distorted by electrical activity related
to head muscle contractions induced by TMS [Kujirai
et al., 1993; Mäki and Ilmoniemi, 2010b). If muscular activ-
ity had significantly influenced the identification of RoIs,
stronger RoI activities would have been paired with stron-
ger CSMP excitations. The contrary occurred, with the
RoIs less activated with stronger CSMP excitation at 6–10
ms (a trend) and 18–25 ms. Muscular activities do not con-
ceivably contribute to RoI identification.

Bilateral centro-frontal recruitment

Stronger recruitment of bilateral motor areas docu-
mented for stronger CSMP excitation at 26–32 ms agrees
with previous studies [Mäki and Ilmoniemi, 2010a), eluci-
dating the specific structures involved at this poststimulus
epoch. The centro-frontal cortical activation could reveal
inhibitory-excitatory integrative phenomena from right M1
and within left premotor and supplementary motor areas
ipsilateral to the left M1 impacted by TMS stimulus,
resulting in stronger circuit reverberant involvements for
stronger TMS-induced activation.

RoIs Recruitments After Sensory Feedback

Arrival

Primary sensorimotor areas of the left stimulated hemi-
sphere showed higher recruitment at 44–47 ms for higher
CSMP excitations. These latencies are consistent with ar-
rival to cortical relays of sensory feedback from the
mechano/proprioceptors of the muscles whose contraction
was induced by TMS [Desmedt, 1987; Kawamura et al.,
1996; Mauguiere et al., 1997; Rossini et al., 1987; Siniatch-
kin et al., 2007]. It is conceivable that stronger muscle con-
traction, generating stronger feedback, contributes to this
effect. Meanwhile, absence of correlation between MEP
and the activation latency of this left sensorimotor region,

indicates that a relevant contribution of this RoI activation
is due to central projections, in addition to the activation
induced by feedback. No effects were observed for neural
recruitments later that 80 ms, consistent with previous
studies, reporting inhomogeneous observations with chan-
nel deflections around 100 ms, associated [Paus et al.,
2001] or not [Nikulin et al., 2003] to MEP amplitude.

CONCLUSIONS

The results brought to light how the spontaneous and
involuntary fluctuations of the cortico-spinal neural excita-
tion corresponded to changes of the circuit transmission in
the 6–75 ms period within the bihemispheric primary net-
work devoted to hand control. More specifically, at early
latencies (<25 ms) a prevalent projection to the periphery
corresponded to weaker central-parietal projection
efficacy. Starting from 26 ms, even before feedback arrival,
centro-frontal recruitments revealed stronger circuit rever-
berant involvements for stronger cortico-spinal pathway
excitation.

Altogether, the proposed method, sensitive to changes
of central internodes’ effective connectivities associated
with different levels of stimulated node excitation, might
be useful in studies of neurological diseases in which cir-
cuits relevant to motor control are impaired.
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