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INTRODUCTION

Transcranial magnetic stimulation (TMS) combined with surface electromyography (sEMG) has
been for a long time an important non-invasive tool to investigate and better understand how
brain controls the skeletal muscles. However, the present literature still lacks standardization
protocols and comprehensive discussions about possible influences of sEMG electrode placement
and montages on TMS evoked responses. With the advent of TMS by Barker et al. (1985), several
advances have been made in basic and clinical neurophysiology (Rossini et al., 2015). In TMS, a
high-intensity brief magnetic pulse applied with a coil over the subject’s scalp, induces an electric
field across the cortical tissue that depolarizes a group of neuronal pools. Therefore, if a single
pulse is applied over a particular spot of the primary motor cortex (M1), the generated action
potentials travel down the corticospinal tract reaching a specific muscle or group of muscles, which
in turn can be achieved by recording their myoelectric activities. Such myoelectric activity may
contain potentials varying from a few micro to millivolts and are recognized as motor evoked
potentials (MEPs). MEPs can be recorded by means of sEMG with different electrode types,
e.g. surface or indwelling, and montages, e.g. mono and bipolar. Most TMS applications take
advantage of MEP amplitude and latency to evaluate the integrity and/or excitability of the motor
corticospinal pathway to study normal and abnormal aspects of neurophysiology, including the
pathophysiology of many neurological and motor disorders. Some may believe that differences
in electrode arrangement for recording MEPs can offer a small impact in data quality; in this
case he/she may be a victim of an ordinary pitfall. Thus, we may ask and discuss along this
manuscript, what are the disadvantages and advantages of recording MEPs from different surface
electrode montages? Do they provide a robust and similar comprehension of motor corticospinal
excitability?

THE COMPOUND SURFACE EMG SIGNAL

Two basic mechanisms regulate muscle force generation from the motor units (MUs): spatial
and temporal summation. Considering an increase in muscle force, spatial summation refers to
the recruitment of MUs following the size principle (Henneman et al., 1965) while temporal
summation accounts to an increase in the firing rate (De Luca and Erim, 1994). Moreover,
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muscle fibers that belong to a MU may be sparsely—or
heterogeneously—clustered throughout the muscle volume
(Bodine-Fowler et al., 1990). Consequently, MUs action
potentials (MUAPs) recorded over the skin surface may not be
uniformly distributed in space as muscle force varies (Merletti
and Parker, 2004; Rosa et al., 2008; Garcia and Vieira, 2011;
Hodson-Tole et al., 2013). Therefore, sEMG amplitude arising
from the algebraic temporal and spatial summation of the
action potentials that emanate from the underlying recruited
MUs may exhibit different spatial distributions throughout the
muscle extent. Previous studies based on mathematical modeling
reinforce the need of always considering the inhomogeneous
nature of a muscle due to its architecture and MU recruitment
when considering the sEMG signal properties (Mesin and Farina,
2005; Messaoudi and Bekka, 2015). Moreover, such properties
have been better described in the last years in several superficial
muscles with the advent of multi-electrode arrays for high-
density sEMG (HD-sEMG) (Holtermann, 2008). For instance,
different levels of myoelectric activity may be observed for a same
contraction force depending on the site of electrode placement
(Rojas-Martinez et al., 2012). In turn, different TMS pulse
intensities may lead to distinct distributions of MEP in forearm
muscles. Specifically, lower stimulation intensities seem to yield
to MEPs spatial distribution like those observed in voluntary
contractions (Van Elswijk et al., 2008). Altogether, these few
studies exemplify the idea that even though recommendations
were conceived to provide robust and representative electrode
placement instructions, recording the myoelectric activity under
distinct conditions may not be a straightforward task depending
on the purpose of the investigation, especially for MEPs elicited
with TMS.

GUIDELINES FOR SEMG SIGNAL

RECORDING: DO THEY FIT WITH MEP

ACQUISITION?

Among other methodological issues, there seemed to be lack
of consensus regarding the sEMG acquisition and processing
since few decades ago (see Zipp, 1982). Consequently, various
European groups developed recommendations on how to
apply the sEMG. The European concerted action named
Surface ElectroMyoGraphy for the Non-Invasive Assessment
of Muscles (SENIAM), carried out between the years 1996
and 1999, provides very important guidelines concerning
electrode size and placement (see details on http://www.
seniam.org). Thereafter, many authors started to follow those
recommendations that allowed comparisons among different
studies. SENIAM recommendations suggest placing surface
electrodes in a bipolar configuration far from the innervation
zones (IZ) or tendons as previously detached. They reinforce
other methodological issues, such as adopting specific inter-
electrode distances to minimize the risk of crosstalk. Hence,
one can have some guarantees of recording a sEMG signal
with large amplitude and low signal-noise ratio (Hermens et al.,
2000). Complementarily, the International Federation of Clinical
Neurophysiology (IFCN) published specific recommendations

for sEMG recordings in TMS experiments (Rossi et al., 2009;
Rossini et al., 2015), which are based on the belly-tendon
montage. However, a great variety of approaches have been
used in different studies. Some authors have adopted the
strategy to place an electrode over the motor point instead
of the muscle belly (Carroll et al., 2001; Lefebvre et al.,
2004; Garcia et al., 2016; Peres et al., 2017) while others
reported to use two electrodes over the muscle belly, i.e.,
a “conventional bipolar arrangement” (Corneal et al., 2005;
Zschorlich and Köhling, 2013). Before starting to proceed to
our considerations regarding MEP recording, one might have
wondered whether IFCN or SENIAM are suitable for that.
Our understanding may be better outlined by the following
question: Can corticospinal excitability be suitably evaluated
by the protocols of surface electrodes positioning usually
adopted by many studies in muscle function and that are
in accordance with SENIAM recommendations? We advocate
that the answer to this question is PROBABLY NOT, which
is partially corroborated by recent findings (Gallina et al.,
2017).

WHAT ARE THE PITFALLS AND

CHALLENGES FOR MEP RECORDING?

Previous general remarks regarding the MUs recruitment under
a volitional contraction suggest that the TMS pulse applied
over M1 may recruit the same motor units in a similar way
(Bawa and Lemon, 1993; Rothwell, 2007). Then, one could infer
that recording sEMG signal to assess the motor corticospinal
excitability should be conducted by the same protocol as to assess
the volitional aspect of a specific muscle group in a motor task.
This observation can be a pitfall! Differently to kinesiological
and other muscle analysis, we must emphasize that evaluating
motor corticospinal excitability with TMS regards the “global
excitability/conductivity of cortical interneurons, fast corticospinal
pathways, as well as spinal motoneurons” (Badawy et al., 2012).
Therefore, it may be assumed that would be more suitable to
monitor the distal ends of these descending motor pathways
at the neuromuscular junctions (NMJ) than from the belly or
a different location of a muscle as it is usually suggested (see
SENIAM recommendations).

Some particular key points related to the mechanisms
that underlie MUs recruitment may support the theoretical
background of our recommendation. Once the action potentials
reach themotor end plates and propagate along themuscle fibers,
they will distribute differently throughout the muscle, from both
spatial and temporal points of view. Therefore, even though
previous studies suggest that muscle fibers might be clustered
or distributed in subgroups within the muscle cross-section
(Bodine-Fowler et al., 1989, 1990), the action potentials will
somehow spread in accordance with the muscle’s architecture,
function and fiber type. Thus, the sEMG signal will present
different amplitudes depending on the overlapping degree of
MUAPs, which in turn varies with the relative electrode location
(Merletti and Parker, 2004). In contrast, considering that the
motor neurons transmit impulses to all corresponding muscle
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fibers at the motor end plates topographically circumscribed to a
particular location, and therefore properly covered by a surface
electrode, we may hypothesize that it would lead to a higher
probability of a coherent summation of MUAPs trains. Based on
this assumption, we may state that recording the sEMG signal
from the skin region immediately over the NMJ that is often, but
not always, related to the IZ (Barbero et al., 2012), may provide
MEPs with lower variance than any other different muscle region.
This may be supported by the fact that a surface electrode placed
over the IZ/NMJ on a “pseudo-monopolar” montage, would be
able to cover the region where a greater population of MUs
that innervates a muscle ends and communicates with muscle
fibers. Therefore, the electrode can record MEPs derived from
the summation of MUAPs that emerge at this region before they
propagate along the MUs to distinct muscle locations. This is
more evident in skeletal muscles with fibers that do not follow
a longitudinal or parallel organization. In this case, MUAPs will
propagate with different spatial distribution patterns depending
on the MUs territory distributions along the whole muscle
(Vieira et al., 2011, 2016). Thus, recording a MEP far from the
IZ/NMJ would certainly lead to a lower number of coinciding
MUAPs.

Summing up, we support the hypothesis that detecting a
MEP from the IZ/NMJ may represent a “maximization” on
the MUAPs summation both in time and space of those
MUs recruited by a TMS pulse than any other particular
region of a muscle. To the best of our knowledge, no
previous study has placed this issue in such perspective.
Thus, it seems fair to consider that the IZ/NMJ sounds
as an interesting and more appropriate location to detect
MEPs than any other region over the muscle. Nevertheless,
we must pay special attention to those muscles for which
the IZ may extend over a larger portion of the muscle
length, such as the vastus medialis (Saitou et al., 2000;
Gallina et al., 2013). It is important to note that choosing
the optimal electrode montage also depends on the muscle
being studied. Monopolar configurations may be more sensitive
to crosstalk. However, crosstalk over the IZ may be less
pronounced in intrinsic hand muscles, largely studied in TMS,
due to their relatively isolated anatomy. In turn, monopolar
montages might represent more precisely the percentage of
MUs recruitment in isometric contractions compared to bipolar
montages in quadriceps muscle (Rodriguez-Falces and Place,
2016). Additionally, bipolar recordings seem to saturate the M-
wave amplitude before the total number of MUs is actually
recruited. In this case, MEPs recorded in bipolar configuration
during isometric contraction would probably underestimate the
amount of neural drive elicited through TMS. Therefore, we
recommend that the anatomical properties of target muscle
should be taken into account and that the type of electrode
configuration to be used should be chosen carefully. Generally,
this would mean to overcome, albeit partially, the task of
handling the most critical factors that contribute to the resultant
sEMG signal, such as muscle architecture and the spatial
distribution of MUAPs, as previously discussed. Nonetheless,
this would mean that collecting the sEMG signal from a
different region that is not related to the IZ/NMJ can induce

a misinterpretation of the MEPs, since they may come from a
resultant sEMG signal biased by the inhomogeneity of a given
muscle.

CONCLUSION

Back to the main issues posed in the title of the present
manuscript, may different protocols concerning the placement of
surface electrodes provide a robust and similar comprehension
of motor corticospinal excitability? We would say once more
that PROBABLY NOT. It is well known that MEP amplitude,
which represents the main parameter considered on evaluating
corticospinal excitability, depends on the intensity of TMS
pulse shape, electrodes dimension and skull anatomy, among
others. Both evoked and volitional MUs recruitments will lead
to different profiles of distribution of surface MUAPs, which
in turn depends on the territory occupied by those activated
MUs. Therefore, in the light of the aforementioned, we conclude
that recording a sEMG signal from the corresponding location
of IZ/NMJ may supply more reliable MEPs and hence a better
comprehension in respect to the motor corticospinal excitability.
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