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It has been theorized that hemispheric dominance and more segregated information processing have
evolved to overcome long conduction delays through the corpus callosum (transcallosal conduction
delay - TCD) but that this may still impact behavioral performance, mostly in tasks requiring high timing
accuracy. Nevertheless, a thorough understanding of the temporal features of interhemispheric
communication is lacking.

Here, we aimed to assess the relationship between TCD and behavioral performance with a nonin-
vasive directional cortical measure of TCD obtained from transcranial magnetic stimulation (TMS)-
evoked potentials (TEPs) in the motor system.

Twenty-one healthy right-handed subjects were tested. TEPs were recorded during an ipsilateral silent
period (iSP) paradigm and integrated with diffusion tensor imaging (DTI) and an in-phase bimanual
thumb-opposition task. Linear mixed models were applied to test relationships between measures.

We found TEP indexes of transcallosal communication at ~15 ms both after primary motor cortex
stimulation (M1-P15) and after dorsal premotor cortex stimulation (dPMC-P15). Both M1-and dPMC-P15
were predicted by mean diffusivity in the callosal body. Moreover, M1-P15 was positively related to iSP.
Importantly, M1-P15 latency was linked to bimanual coordination with direction-dependent effects, so
that asymmetric TCD was the best predictor of bimanual coordination.

Our findings support the idea that transcallosal timing in signal transmission is essential for inter-
hemispheric communication and can impact the final behavioral outcome. However, they challenge the
view that a short conduction delay is always beneficial. Rather, they suggest that the effect of the con-
duction delay may depend on the direction of information flow.
© 2021 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Conduction delay over long-range connections is a crucial
feature of neural communication that impacts the efficacy of signal
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transmission between distant areas and thus influences the
anatomo-functional brain architecture. Specifically, long trans-
callosal conduction delay (TCD) has been theorized to be the basis
of hemispheric dominance: long TCD prevents the exchange of
information between homologous cortical areas and favors the
compartmentalization of signal processing [1e3]. Such delays
impact each transcallosal information transfer regardless of the
information conveyed, i.e., both when the processes of the two
hemispheres must be integrated and when the two hemispheres
exert mutual functional inhibition, possibly directed toward sup-
pression of competing activation, as shown in themotor system [4].
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The impact of TCD on interhemispheric signal transmission may
eventually have consequences on behavioral performance,
becoming most apparent when tasks have strict timing constraints
[1].

Despite the acknowledged importance of TCD in brain func-
tioning and initial indications that TCD affects cognitive functions
[5,6], empirical support has been limited to date due to the lack of a
direct noninvasive measure of TCD. Pioneering studies have
exploited lateralized effects on reaction times and event-related
potentials, but these effects may be affected by several stages
along the processing stream [7e9]. In relation to the motor system,
estimates of TCD have been obtained with peripheral measures of
transcallosal inhibition, such as the ipsilateral silent period (iSP)
[10e14], but they are affected by the corticospinal tract. Finally,
double-coil TMS studies can provide measures of TCD, but they
require a high number of pulses to reach high precision at the single
subject level [4,15]. Overall, the estimates of TCD are not fully
consistent across different approaches: the onset of inhibition be-
tween primary motor cortices (M1s) has been estimated around
7e8 ms for double coil studies [4] and around 15e20 ms for iSP
paradigms [10e12]. Consequently, it is not well understood how
conduction delay in transcallosal connections affects lateralized
processing and behavioral outcomes.

Coregistration of transcranial magnetic stimulation (TMS) and
electroencephalography (EEG) has the potential to provide
temporally precise cortical measures of effective connectivity
through TMS-evoked potentials (TEPs): After the direct activation
of a target region at the time of TMS, a secondary neural response is
generated in distant connected regions, e.g., a homologous area
connected via the corpus callosum (CC), and this response is
recorded through EEG [16]. The amplitude and latency of the sec-
ondary response can be measured from the TEPs and reflect the
strength and conduction delay of the connection, respectively.
Importantly, TEPs can provide directional information in the
communication between the two hemispheres, allowing us to
explore the relative contribution of the dominant and the
nondominant hemispheres.

In this work, we hypothesized that an early contralateral
component of TEPs could represent the response of the area
contralateral to the stimulated one [17e19] after signal trans-
mission through callosal fibers, with its latency providing an index
of TCD. We tested our hypothesis by relating the earliest TEP
component, occurring at approximately 15 ms (M1-P15), after M1
stimulation with the iSP and DTI measures of the CC. First, if M1-
P15 amplitude reflects inhibition of the contralateral M1, it
should be positively associated with the magnitude of iSP. Second
and most importantly, if M1-P15 latency reflects TCD, it should be
related to the diffusivity of water molecules in the fibers of the
callosal body, i.e., the CC section connecting homologous motor
cortices. As a control analysis, we tested the generalization of this
approach to another area of the motor system, i.e., whether the
earliest TEP component is generated after stimulation of the dorsal
premotor cortex (dPMC) can provide a measure of TCD. Given that
the callosal fibers connecting the dPMC are just anterior or even
intermingled with callosal fibers connecting the M1s [20], we ex-
pected a relationship with the body of the CC.

As our results supported that M1-P15 and dPMC-P15 latencies
provide an index of TCD, we tested the hypothesis that TCD and
behavioral performance are associated when interhemispheric ac-
tivity has to be tuned with high timing accuracy. TEPs allowed us to
test our hypothesis separately for each direction of information
transfer, i.e., from the left-to-right hemisphere and from the right-
to-left hemisphere. According to the interhemispheric indepen-
dence hypothesis [1], a higher TCD should increase the time lag
between hands, reducing bimanual coordination, while possible
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effects of the direction of interhemispheric transfer are not
explicitly taken into account.

As a behavioral task, we adopted a bimanual in-phase coordi-
nation task based on sequences of finger opposition movements
that are influenced by callosal integrity in multiple sclerosis [21]
and in callosotomy and agenesis of CC [22,23]. Specifically,
bimanual in-phase coordination has been shown to depend on M1
activity and interhemispheric connectivity [24,25]. In contrast,
studies on dPMC reported no evidence for a key role for hand co-
ordination in this kind of movement 25,26. Therefore, we expected
that M1-P15 would predict bimanual performance.

Materials and methods

Participants

Twenty-one right-handed healthy participants with no history
of neurological disorders or contraindications to magnetic reso-
nance imaging (MRI) and TMS gave written informed consent and
participated in the study. One participant was excluded from ana-
lyses due to technical problems during data acquisition. The final
sample characteristics were as follows: mean age 34 years (range
26e47 years); 9 females; Edinburgh Handedness Inventory [27],
mean ± SE: 82.1 ± 3.6. The study included two sessions within two
weeks: MRI examination including DTI (Session 1; Fig. 1a) and
behavioral tasks and TMS-EEG for TEPs and iSP recording (Session
2; Fig. 1bed). The study was performed in accordance with the
ethical standards of the Declaration of Helsinki and was approved
by the Ethical Committee of the IRCCS Istituto Centro San Giovanni
di Dio Fatebenefratelli (Brescia) and by the Ethical Committee of the
Hospital of Brescia.

Session 1

MRI was performed on a 3 T MR system (Skyra, Siemens,
Erlangen, Germany), including axial T2-weighted fluid-attenuated
inversion recovery (FLAIR; repetition time (TR) 9000 ms, echo
time (TE) 76 ms, inversion time (TI) 2500 ms, slice thickness 3 mm,
distance factor 10%, 1 average, field of view (FOV) 220 mm, voxel
size 0.6 � 0.6 � 3.00 mm), DTI with spin-echo echo-planar axial
sequences (multiband, TR 4100 ms, TE 75.0 ms, 1.8 mm isotropic
resolution, b 1000 s/mm2, 64 encoding directions, 5 b0 images, fat
suppression), and high-resolution T1-weighted 3D anatomical se-
quences (sagittal volume, TR 2400 ms, TE 2 ms, 0.9 mm isotropic
resolution).

Session 2

Participants were comfortably seated in a dimly lit room in front
of a computer screen, resting their forearms on a table, and wearing
an EEG cap and two engineered gloves (GAS, ETT, s.p.a., Genoa,
Italy) [28e30]. The gloves detected the onset and the offset of single
touches in each hand. The interhand interval was then calculated as
the timing intervals between the corresponding touch onsets of the
two hands.

First, participants performed two metronome-paced in-phase
bimanual tasks at 2 Hz: simple mirror-symmetrical thumb-to-in-
dex-finger opposition and sequential mirror-symmetrical thumb-
to-finger opposition tasks (Fig. 1b) [21]. Each condition was per-
formed twice in separate runs lasting 45 s and separated by a few
minutes of rest to avoid fatigue.

Then, the maximum muscle contraction of each abductor pol-
licis brevis (APB) wasmeasured for 30 s. Themaximumvalue in this
recording was subsequently analyzed to calculate the relative
contraction levels during TMS-EEG.



Fig. 1. Study methods. Experimental procedure consisting of DTI acquisition, in-phase bimanual coordination tasks and TMS-EEG and iSP recording. a) From DTI, mean fractional
anisotropy and mean diffusivity were calculated in three regions of the corpus callosum: the genu (red), the body (blue), and the splenium (green). b) Bimanual tasks included
simple finger tapping (thumb-to-index-finger opposition) and 4-item sequential finger tapping (thumb-to- index, middle, ring and little fingers). c) During TMS-EEG, the left M1,
left dPMC, right M1 and right dPMC were stimulated in separate blocks in an iSP paradigm. The averaged hotspots are shown on the left side of the panel. The iSP paradigm involved
Task and NoTask conditions in counterbalanced order. During both conditions, the thumb and the little finger of the ipsilateral hand were opposed, maintaining a slight contraction
of the APB. In the Task condition, participants performed the unimanual finger opposition movement sequence described in d). In the NoTask condition, they saw the same stimuli
as in the Task condition, but they were not required to perform a tapping task with the contralateral hand. d) Two example trials of the Task condition, comprising one trial without
and one trial with TMS over the left M1. Participants were presented with four white squares on the distal phalanges of the index, middle, ring and little fingers. The white squares
turned red one at a time in random order, and participants were instructed to respond as quickly and accurately as possible by opposing the thumb to the corresponding finger. The
block started with participants in a resting position, touching the tip of the index finger to the tip of the thumb. Upon the presentation of the stimuli, participants lifted their fingers
(touch offset) and tapped their thumb to the finger indicated by the stimulus (touch onset). Stimuli lasted 1000 ms and were presented at a frequency of 1 Hz. The number of stimuli
per block was 120. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Finally, participants underwent TMS-EEG recording (Fig. 1c).
Single biphasic TMS pulses were delivered with a C-B60 coil
(MagPro X100 includingMagOption, MagVenture) over the left and
right hemispheres, targetingM1 or dPMC in counterbalanced order.
The coil was positioned tangentially to the scalp with the handle
pointing backward and rotated away from the midline by approx-
imately 45�, inducing an anterior-to-posterior and posterior-to-
interior (AP-PA) current direction in the cortex. The M1 hotspot
was functionally localized as the position that induced reliable
motor evoked potentials (MEPs) in the APB. To stimulate dPMC, the
target was moved forward 15 mm from the individual M1 co-
ordinates, in accordance with coordinates of peak activation of M1
and dPMC during motor tasks [31]. Target positions were visually
monitored on individual T1 images displayed in the neuro-
navigation system. The coordinates of the hot spots are reported in
Table S1.

TMS-EEG was recorded while participants underwent an iSP
paradigm including two conditions (Task and NoTask) to increase
the range of motor inhibition [32]. The hand contralateral to the
stimulation performed a unimanual finger tapping task in the Task
condition (Fig. 1d) or was relaxed in the NoTask condition. In the
hand ipsilateral to the stimulation, the thumb and the little finger
were opposed and contracted in both conditions. The instruction
was to perform a light contraction to allow iSP recording while
avoiding fatigue (details of task performance and contraction level
can be found in Tables S2eS3). The experimenter visually moni-
tored EMG activity during the task and asked participants to in-
crease their contraction level when it looked too low. Before the
recording, participants performed a training block with each hand
to familiarize with the task. TMS was randomly delivered in half of
the trials, i.e., in 60 pulses per block, based on individual task
performance which was sent from the engineered gloves to the
computer that controlled stimuli presentation and TMS delivery: in
the Task condition, TMS was delivered at the time of touch offset in
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the hand performing the task, i.e., their reaction time; To stimulate
in a similar way in the NoTask condition, in which the contralateral
hand was resting and no touch offset could be measured, TMS was
delivered in a window of 200 ms around the average time of touch
offset, as measured in the training block. TMS intensity (mean ± SE:
58.1% of MSO ± 1.6%) was set at 110% of the individual average
resting motor threshold [33], and recharge delay was 500 ms. This
TMS intensity was chosen for being high enough to evoke MEPs in
themajority of trials in both Task and NoTask conditions but not too
high to create discomfort in the Task condition when participants
weremoving their contralateral hand. Stimulationwas assisted by a
neuronavigation system (SofTaxic, EMS, Italy), coregistering the T1
anatomical MRI to head position.

A TMS-compatible system (BrainAmp, Brain Products GmbH,
Munich, Germany) was employed to record 67-channel EEG
(reference to the nose, ground at FPz), vertical and horizontal
electrooculogram (EOG) and electromyography (EMG) from the
APBs of both hands using two pairs of surface electrodes with a
belly tendon montage. Amplifiers were set with a 5 kHz sampling
rate and online 0.1e1000 Hz bandpass filter. Impedance was below
5 kU. These settings allowed us to record a TMS artifact as short as
5 ms [34].
Diffusion tensor imaging (DTI)

DTI data were processed using FMRIB’s Diffusion Toolbox [35].
After correction for eddy current and motion artifacts, a diffusion
tensor model was fitted at each voxel, and the three eigenvalues
were calculated [36]. Parametric maps were obtained for fractional
anisotropy, a measure indicating the overall directionality of water
diffusion within brain tissue, and mean diffusivity (MD) which
describes the rotationally invariant magnitude of water diffusion
independent of anisotropy [37,38]. These maps were nonlinearly
transformed and aligned to 1 � 1 � 1 mm standard space using
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tract-based spatial statistics routines [39]. To assess the micro-
structural properties of the CC, the mean value of each DTI-derived
parameterwas calculated for each scan in the voxels included in the
callosal fibers within three regions of interest (genu, body, and
splenium) from the JHU ICBM 81 white matter label atlas [40].

Although more sophisticated techniques for diffusion imaging
are available, we chose a validated and reproducible approach
based on the subdivision of the CC in three regions of interest
defined within a validated atlas of white matter tracts, which al-
lows comparing the different DTI-derived parameters in the same
number of voxels in an automated manner in all subjects, as in
Ref. [37].
Bimanual coordination

Bimanual coordination performance was measured as the ab-
solute interhand interval for each tap, i.e., the unsigned time dif-
ference between the onset of finger tap with the left hand and the
onset of the corresponding finger tap with the right hand (inter-
hand interval values > 2 SD were excluded). Therefore, the longer
the interhand interval, the worse the bimanual coordination [21].
The data were log-transformed to obtain a normal distribution.
Data from one participant were missing due to technical problems
with the gloves.
TMS-evoked potentials (TEPs)

TMS-EEG data analysis was performed in MATLAB (The Math-
Works, Natick, MA, USA) with custom scripts using EEGLAB [41]
and FieldTrip functions [42] and two analysis methods, namely, the
source-estimate-utilizing noise-discarding (SOUND) algorithm [43]
and the signal-space projection and source-informed reconstruc-
tion (SSP-SIR) algorithm [44]. These algorithms are suitable for
separating TMS-related cortical activity from TMS-related artifacts
because they do not rely on the assumption that the signal and the
artifacts are independent. Moreover, there is evidence that SSP-SIR
performs well for removing sensory-related signals while preser-
ving data [45]. Continuous EEG was interpolated around the TMS
pulse (from �1 ms to 6 ms), high-pass filtered (0.1 Hz), epoched
(from �200 ms to 500 ms) and downsampled to 2048 Hz. Mea-
surement noise was discarded with SOUND (spherical 3-layer
model, regularization parameter: l ¼ 0.01). Then, the following
steps were performed: visual inspection, artifact rejection, and
independent component analysis (ICA; infomax algorithm) for
ocular artifact correction. Subsequently, TMS-evoked muscular ar-
tifacts in the first 50 ms were removed using SSP-SIR (0e3 muscle-
artifact components in each dataset). Then, epochs were low-pass
filtered at 70 Hz and rereferenced to the average of TP9-TP10.
Finally, after a second visual inspection and artifact rejection, TMS-
EEG data were baseline corrected from �100 ms to �2 ms before
the TMS pulse and averaged. At the end of the preprocessing
pipeline, the average number of trials in each condition was be-
tween 57 and 59. P15 was identified as the first TEP component
over the hemisphere contralateral to stimulation in the grand
average of all conditions for M1 stimulation and dPMC stimulation.
The peak location corresponded to contralateral frontocentral
channels (F2-FC2 for left M1-TMS, F1-FC1 for right M1-TMS; F2-
FC2-F4-FC4 for left dPMC-TMS, and F1-FC1-F3-FC3 for right
dPMC-TMS). After pooling these electrodes, we measured ampli-
tude and latency for each individual as the first positive peak be-
tween 5 and 30 ms.
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Ipsilateral silent period (iSP)

iSP parameters were assessed in the trace obtained by averaging
the 60 rectified EMG traces recorded during M1-TMS [11]. No iSP
was measured for dPMC-TMS because, to our knowledge, iSP after
dPMC stimulation has not been investigated before. The following
iSP parameters were considered: the iSP onset, defined as the point
after cortical stimulation at which EMG activity became constantly
(for aminimum duration 10ms) below themean amplitude of EMG
activity preceding the cortical stimulus; the iSP duration, calculated
by subtracting the onset time from the ending time (i.e., the first
point after iSP onset at which the level of EMG activity returned to
the mean EMG signal); and the normalized iSP area, calculated
using the following formula: [(area of the rectangle defined as the
mean EMG � iSP duration)�(area underneath the iSP)] divided by
the EMG signal preceding the cortical stimulus. The normalized iSP
area is a stable measure and is independent of the contraction level
in the ipsilateral muscles [46].
Statistical analysis

To account for the hierarchical structure of the design, involving
repeated measures within subjects, relationships between vari-
ables were tested by linear mixed models (LMMs) with random
slopes and intercepts [47]. Based on the experimental design and
on the specific investigation hypothesis, we took into account both
i) the variability of each subject with his/her specific starting point
and ii) the variability of the repeated measures within each con-
dition so that all LMMs included random slopes and intercepts. The
inclusion of repeated measures in LMMs contributes to and in-
creases statistical power without inflating the number of observa-
tions. A summary is reported in Tables S4eS5. The Akaike
information criterion (AIC) was used to find the best model in terms
of goodness of fit. In case of more than one model with the same
dependent variablewere significant, the AIC was used to choose the
best predictor of the dependent variable in the analysis.

To test the relationship between M1-P15 amplitude (repeated
independent variable) and iSP normalized area (repeated depen-
dent variable), an LMM was run with condition (4 levels: Task,
NoTask, LeftTMS, RightTMS) and subject as fixed and random ef-
fects, respectively, with each condition repeated within subjects.
The same model was employed to evaluate the relationship be-
tween M1-P15 latency and iSP onset.

To study the predictive value of the microstructural integrity of
the CC body (i.e., DTI measures as independent variables) on M1-
P15 latency (dependent variable), two separate LMMs were
applied for fractional anisotropy and mean diffusivity of the CC
body. In addition, the mean diffusivity for other CC regions was
evaluated by carrying out two other LMMs with M1-P15 latency as
the dependent variable and CC genu and CC splenium as predictors.

Finally, we tested the relationship between M1-P15 latency (as
predictor) and bimanual coordination performance (i.e., interhand
interval, as dependent variable) in a sequential thumb-to-finger
opposition movement task. Separate LMMs were performed
considering the three measures of M1-P15 latency (i.e., mean value
of Task and NoTask condition in the left TMS and right TMS and the
ratio between the two) as predictors, each tap of the bimanual task
as a fixed effect and subject as a random effect (with taps repeated
within subjects).

The same LMMs were applied to test the relationship between
dPMC-P15 latency and DTI measures and the relationship between
dPMC-P15 latency and interhand interval. No relationship was
tested between dPMC-P15 and iSP.
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Statistical significance was set at p < 0.05. All analyses were
performed in R software [48], and LMMs were estimated by the
lme4 package.

Finally, to control that TMS applied over M1 and over dPMC
evoked different cortical responses, TEPs were compared by means
of cluster-based permutation tests for dependent samples in
MATLAB (The MathWorks, Natick, MA, USA) with FieldTrip func-
tions [39] (Fig. S1).

Results

TMS over the targeted M1 induced a complex TEP response
(Fig. 2a), including an early component peaking at approximately
15 ms over contralateral frontocentral sites, i.e., the above-
mentioned M1-P15. P15 latency is in line with estimates of TCD
from anatomical studies [2,49] and double-coil TMS studies [4]. The
positive polarity is in line with the relationship between positivity
and inhibition that has been shown in motor areas. Importantly,
M1-P15 was highly consistent and could be detected in every
condition (Fig. 2b and c), as was iSP (Table S6).

Interestingly, the stimulation of dPMC generated another
contralateral positive component at approximately 15 ms (dPMC-
P15) (Fig. 3aec; Table S7).

M1-P15 amplitude predicts the magnitude of iSP

First, M1-P15 was linked to contralateral motor inhibition: LMM
showed that M1-P15 amplitude predicts the normalized iSP area
(t ¼ 4.09, p<0.001), i.e., the larger the M1-P15, the stronger the
inhibition in the ipsilateral APB (Fig. 2d). Our results do not provide
evidence for a causal relationship between M1-P15 amplitude and
the magnitude of iSP; Rather, they support that both measures
reflect the amount of inhibition induced by the activation of the
contralateral M1, as has already been demonstrated for the iSP
[11,13,14]. The relationship between M1-P15 latency and iSP onset
did not reach the a priori level of significance (t ¼ 1.8, p ¼ 0.08;
Fig. S2).

Finally, we ran the same LMM with dPMC-P15 amplitude as an
independent variable, and we found no significant relationship (t¼
1.5, p ¼ 0.14, Fig. S3), suggesting that the relationship between P15
amplitude and iSP area is specific for M1 stimulation.

M1-P15 latency is predicted by mean diffusivity of the CC body

As evidence that M1-P15 reflects the timing of transcallosal
connectivity, we assessed whether CC microstructural integrity
predicts M1-P15 latency. A summary of all results can be found in
Table S4. We found that M1-P15 latency was predicted by the mean
diffusivity of the CC body (t ¼ -3.12, p ¼ 0.005; Fig. 2e): the higher
the mean diffusivity, the shorter the M1-P15 latency, i.e., shorter
TCD. No significant relationship was found for splenium and genu
(Figs. S4aeb), supporting that the relationship was specific for the
callosal body and not for the other regions. Although our study does
not provide evidence of a causal relationship between diffusivity
andM1-P15 latency, it is reasonable to believe that diffusivity along
the CC is responsible for M1-P15 latency (and not vice versa).

dPMC-P15 latency is predicted by mean diffusivity of the CC body

As additional evidence that the stimulation of a motor area can
induce transcallosal spread of signals to the other hemisphere, we
tested the relationship between dPMC-P15 latency and DTI. A
summary of results can be found in Table S5. Interestingly, dPMC-
P15 was also specifically associated with the mean diffusivity
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(t ¼ 2.67, p ¼ 0.02; Fig. 3d) of the CC body and not with DTI mea-
sures of other CC regions.

Directional M1-P15 latency predicts bimanual coordination

Our next goal was to test how TCD is related to behavior. Based
on the interhemispheric independence hypothesis [1] and previous
studies [21], we expected that TCD between homologous motor
areas could affect the temporal precision of motor performance
when bilateral movements must be coordinated. Moreover, we
explored whether such a relationship was present for each direc-
tion of interhemispheric transfer, i.e., for left-to-right and for right-
to-left information transfer. We found that M1-P15 latency from
the left-to-right hemisphere positively predicted the interhand
interval (t ¼ 2.88, p ¼ 0.007; Fig. 4a), such that a shorter TCD
resulted in a shorter interhand interval, i.e., better bimanual coor-
dination. In the opposite direction, the relationship between the
right-to-left M1-P15 latency and the interhand interval, showed a
negative trend that did not reach significance level fixed at p < 0.05
(t ¼ -1.71, p ¼ 0.09; Fig. 4b). Finally, the ratio of the M1-P15 latency
from the dominant (left) M1 to the M1-P15 latency from the
nondominant (right) M1 (t ¼ 5.36, <0.001; Fig. 4c) predicted
bimanual coordination as indicated by the AIC method [50,51].

As a control condition, we tested the relationship between M1-
P15 latency and interhand interval during bimanual simple thumb-
to-index-finger opposition movements, in which the CC seems to
be less involved [52]. No statistical significance was found (left
TMS: t¼ 0.31, p¼ 0.76; right TMS: t¼ -1.37, p¼ 0.18; left/right TMS:
t ¼ 1.37, p ¼ 0.18; Fig. S5).

Finally, we tested the relationship between dPMC-P15 and
interhand interval and found no significant results.

These data show that sequential bimanual coordination is
associated with TCD between homologous motor areas. Impor-
tantly, asymmetric TCD, when signal transmission from M1 in the
dominant hemisphere to the nondominant hemisphere is faster
than transmission in the opposite direction, is the best predictor of
bimanual coordination performance.

Discussion

Our results introduce evidence that TEP components occurring
approximately 15 ms after motor area stimulation (M1-P15 and
dPMC-P15) reflect transcallosal signal transmission to contralateral
areas. Indeed, M1-P15 latency and dPMC-P15 latency are inversely
related to the magnitude of water diffusion in the fibers of the
callosal body. Moreover, M1-P15 amplitude is positively related to
inhibition of the contralateral M1 as measured by iSP. With this
new measure of TCD, we are able to reveal that TCD significantly
predicts bimanual coordination and that this relationship depends
on the stimulated hemisphere. Specifically, asymmetry in TCD be-
tween M1s is associated with better bimanual coordination:
shorter left-to-right TCD and longer right-to-left TCD after M1-TMS
resulted in better temporal performance in bimanual finger oppo-
sition movements.

The relationship between TEP latency and the mean diffusivity
of the callosal body is a crucial finding to support that TEPs reflect
the TCD (Fig. 1e). Importantly, regardless of the specific underlying
anatomical characteristics, higher water diffusivity can reflect
better signal propagation. A TEP-based estimate of TCDmay be very
close to the actual TCD of the fiber tract, although it may be slightly
overestimated due to the time required for TMS to activate pyra-
midal neurons in the target region, which takes less than 1 ms [53],
and the time required for activation of local circuits in the con-
nected area, which has been estimated to be approximately
1e2 ms. Moreover, it is noteworthy that TCD was measured as the



Fig. 2. M1-P15 as a measure of transcallosal effective connectivity. a) Grand average of TEPs in the four experimental conditions. b) Topographical maps of M1-P15 showing a
consistent pattern of positive activation in frontal electrodes contralateral to TMS in the four experimental conditions. c) Grand average of M1-P15 in the four experimental
conditions (SE represented by shaded error bars). M1-P15 was identified in each participant and each condition as the first positive peak within a 5e30 ms interval in pooled data
from two frontal electrodes contralateral to the TMS site (F1 and FC1 for right TMS, F2 and FC2 for left TMS). d) Relationship between M1-P15 amplitude and normalized iSP area:
higher M1-P15 is associated with greater iSP. e) Relationship between mean diffusivity in the body of the CC and M1-P15 latency: higher mean diffusivity predicts shorter M1-P15
latency. In d) and e), blue dots indicate left TMS, and orange dots indicate right TMS. Data from the Task and NoTask conditions were pooled together. Fitted curves were drawn by
applying a smoothed spline to predicted valuesdobtained by a bootstrap procedure with n ¼ 500 simulationsdin the LMMs. Dashed lines represent the 95% confidence interval.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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peak of P15. Therefore, it is unlikely that we measured the begin-
ning of the inhibition, i.e. the delay of the fastest callosal fibers.
Rather, P15 latency may be closer to the delay at which the inhi-
bition arrives from most callosal fibers. This may explain the
overestimation compared to double-coil TMS studies [4,54] and the
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agreement with anatomical studies [2,49] where TCD is estimated
based on the population of axons and with other TMS protocols,
like paired associative stimulation [55].

Interestingly, in previous studies on bimanual coordination, in
which participants were instructed to synchronize their upper limb



Fig. 3. dPMC-P15 as a measure of transcallosal effective connectivity. a) Grand average of TEPs after dPMC-TMS. b) Topographical maps of dPMC-P15 showing positive activation in
frontal electrodes contralateral to TMS. For display purposes, in a) and b), the four conditions (left and right M1-TMS and dPMC-TMS) are collapsed together (data after left dPMC-
TMS have been flipped to right side for visualization purposes). c) Grand average of dPMC-P15 in the four experimental conditions (SE represented by shaded error bars). dPMC-P15
was identified in each participant, and each condition was the first positive peak within a 5e30 ms interval in pooled data from four frontal electrodes contralateral to the TMS site
(F1, F3, FC1, FC3 for right TMS; F2, F4, FC2, FC4 for left TMS). d) Relationship between mean diffusivity in the CC body and dPMC-P15 latency: higher diffusivity predicts shorter
dPMC-P15 latency (blue dots indicate left TMS, and orange dots indicate right TMS). Data from the Task and NoTask conditions were pooled together. A fitted curve was drawn by
applying a smoothed spline to predicted valuesdobtained by a bootstrap procedure with n ¼ 500 simulationsdin the LMMs. Dashed lines represent the 95% confidence interval.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

M. Bortoletto, L. Bonzano, A. Zazio et al. Brain Stimulation 14 (2021) 379e388
movements, it was found that the dominant limb led the non-
dominant limb during the production of bimanual circle or line
drawing with a time delay of about 15e20 ms [56e58].

Crucially, our findings support that temporal features in the
communication between hemispheres shape the final behavioral
outcome (Fig. 3). However, how this occurs may be different from
what is expected from current theories. The timing of information
transfer is at the heart of the interhemispheric independence
Fig. 4. Asymmetric transcallosal conduction delay predicts finer bimanual coordination. T
coordination task depends on the stimulated hemisphere. a) When TMS is delivered over M1
bimanual coordination (positive relationship between M1-P15 latency and interhand interva
TMS), shorter M1-P15 latency is associated with worse bimanual coordination (negative rel
best predicted by the ratio of M1-P15 latency following left TMS to M1-P15 latency followi
nondominant M1 than in the opposite direction is associated with finer bimanual coordinati
valuesdobtained by a bootstrap procedure with n ¼ 500 simulationsdin the LMMs. Dashe
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hypothesis [1], which states that a long TCD limits the exchange of
information between hemispheres in both directions and that such
delay is burdensome in tasks requiring millisecond timing accu-
racy. Nevertheless, it is overlooked that TCD may be different in
each direction of information transfer, and it is implied that a long
TCD is always detrimental to behavioral outcomes. Evidence from
this study that left-to-right TCD is linked to detrimental effects
(Fig. 3a) for performance supports the importance of
he relationship between M1-P15 latency and performance in the in-phase bimanual
in the dominant hemisphere (left TMS), shorter M1-P15 latency is associated with finer
l). b) Conversely, when TMS is applied over M1 in the nondominant hemisphere (right
ationship between M1-P15 latency and interhand interval). c) The interhand interval is
ng right TMS, indicating that a shorter conduction delay from the dominant M1 to the
on. Fitted curves (linear trends) were drawn by applying a smoothed spline to predicted
d lines represent the 95% confidence interval.
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interhemispheric timing in signal transmission. However, the evi-
dence that asymmetric TCD is beneficial for performance is not fully
consistent with the interhemispheric independence hypothesis.

Interestingly, the stimulation of the dPMC produced an index of
TCD, i.e., dPMC-P15, whichwas different fromM1-P15 (Fig. S1), was
not linked to peripherally measured interhemispheric inhibition
(Fig. S3) and was not linked to bimanual performance (Table S5).
This finding is not surprising, given previous studies showing the
involvement of dPMC in antiphase rather than in-phase bimanual
movements, as the ones performed here [25,26]. The stimulation of
the dPMC was achieved by moving the target forward by 15 mm
from the M1 coordinates. Although this is a short distance that may
include a region of overlap between M1 and dPMC, it corresponds
to the distance of the foci of activation in M1 and in dPMC during
motor tasks [31], and it is sufficient to target separate cortical areas
with TMS [59]. These data suggest that the relation between TCD
and bimanual performance may be highly specific for M1, possibly
due to the type of task employed in this study.

Our results raise the intriguing question of how asymmetric TCD
can be beneficial for performance. A possibility relates to mecha-
nisms of competition between hemispheres. Such mechanisms
have been previously proposed for both motor and cognitive sys-
tems [60,61]. According to the interhemispheric competition hy-
pothesis [61], the function of the CC is to send inhibitory signals
from each hemisphere to the other to avoid incoming interfering
signals from homologous areas [61]. Although temporal aspects of
communications are not addressed in the proposed framework, it is
possible that an advantage in the timing of inhibition, i.e., one
hemisphere is faster at sending signals to the other hemisphere,
which may contribute to the definition of the “winner” of the
competition, i.e., the dominant hemisphere. In this case, a longer
TCD for the interfering signal (i.e., from the nondominant hemi-
sphere) would facilitate the leading of the dominant hemisphere.
Interestingly, an asymmetric timing of information transfer may
facilitate competition not only when signals induce functional in-
hibition but also when they induce functional facilitation.

The execution of bilateral movements activates both sides of the
motor system and requires an efficient interaction to reach high
temporal synchronization. According to the model of neural cross-
talk, motor commands are sent from each side both to the
contralateral side of the corticospinal tract and, in a mirror version,
to the ipsilateral side [62e64]. Pathways allowing this interaction
include interhemispheric connections through the CC and subcor-
tical pathways [65]. The relative conduction delay in each direction
of the CC tract may affect how the signals from the two hemi-
spheres interact and potentially interfere with each other. In this
case, better bimanual coordination with more efficient signal
transmission from the left M1 is in line with the well-known
dominant role of the left hemisphere in the performance of
bimanual movements and in movement sequences [66e68].

Considering that M1-P15 reflects a functional inhibitory signal,
one possible mechanism is that prompt suppression of the
nondominant motor area, conveyed through the CC as a functional
inhibitory signal, may increase the efficiency of cross-talk at the
corticospinal level, thus improving temporal coordination. In this
case, information transfer through the CC would not be necessary
to perform bimanual movements, but it would optimize their co-
ordination. Accordingly, previous studies have shown that the CC
contributes to temporal control of in-phase discrete movements,
although CC integrity is not essential for this task, as it can be
performed after callosotomy and by acallosal patients [69,70].

Alternatively, information transfer through the CC during the
bimanual task may have a facilitatory function, rather than the
inhibitory function that we observed during the iSP paradigm.
Therefore, cross-talk would occur at the cortical level. This
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possibility cannot be ruled out because we did not record TEPs
during the bimanual task. Nevertheless, faster signal transmission
from the dominant hemisphere than from the nondominant
hemisphere would still pose an advantage in the case of trans-
callosal functional facilitation, reducing the interference effects of
intruding commands. Altogether, finer bimanual coordination
would be reachedwhen the transmissionwas asymmetric and gave
a temporal advantage to the signal from the dominant hemisphere
over the nondominant hemisphere, regardless of the information
conveyed (i.e., either functional inhibition or signal transmission).

Furthermore, hemispheric asymmetry in M1-P15 latency may
arise from asymmetry in the structure of callosal connections, thus
expanding the notion of transcallosal cross-talk from a functional to
a structural meaning. It can be suggested that asymmetric con-
nectivity, in which only one direction of information processing is
optimized, may be a consequence of the spatial and metabolic
constraints that have limited evolutionary growth of the CC relative
to brain size [71e73]. We speculate that this optimization would
improve directional information transfer from the dominant to the
nondominant hemisphere, creating the basis for hemispheric
dominance.

The development of a noninvasive measure of TCD opens
several new opportunities to study cortical connectivity and
hemispheric asymmetries. First, it allows to run a thorough inves-
tigation of the inter-hemispheric mechanisms for other types of
bimanual movements. Importantly, this approach can be extended
to other cognitive domains involving other regions of the CC and
other major intrahemispheric tracts. Eventually, it will be possible
to integrate new knowledge on TCD in theoretical and computa-
tional models of interhemispheric interactions.
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