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Abstract

Obijective: There seems to be no consensus in the literature regarding the protocol of surface EMG electrode placement for
recording motor potentials (MEP) evoked by-transcranial magnetic stimulation (TMS). Thus, the aim of this study was to
investigate MEP amplitudes obtained from twa_different protocols of electrode placement. Methods: Surface electrodes were
placed on three upper arm muscles (biceps brachii, flexor carpi radialis and flexor pollicis brevis) of six right-handed
subjects following two different protocols (1'and 2), which varied according to the interelectrode distance and location
relative to the muscle. TMS pulses wereapplied to.the‘hotspot of biceps brachii, while surface electromyographic signals
were recorded from the two protocols and for eachimuscle simultaneously. Main Results: Greater MEP amplitudes were
obtained for Protocol 1 compared to Pratecol 2 (P < 0.05). Significance: Different electrode placement protocols may result
in distinct MEP amplitudes, which should betaken into account regarding the intensity adjustments on single and repetitive

TMS modalities of stimulation.

Keywords: Motor Evoked Potential, Surface Electromyography, Corticospinal excitability

1. Introduction

The amplitude “of 'the motor evoked potential (MEP)
recorded with surface electromyography (SEMG) is the most
common parameter/ used for determining the intensity of
transcranial magnetic stimulation (TMS) in
neurophysiological and treatment approaches. MEP
amplitude critically depends on the electrode shape, size,

XXXX-XXXX/ XX/ XXXXXX

placement relative to the muscle fibers, and on the muscle
properties such as fiber architecture and size [1-3]. Although
there are some recommendations regarding the use of SEMG
for many clinical applications [2,4-6], to our best knowledge,
there is no consensus concerning the protocol of electrode
placement for TMS applications. This methodological issue
was recently addressed by Garcia et al. [7], who reinforced
the need for standardization on the electrode placement for

© xxxx IOP Publishing Ltd
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recording MEPs. Garcia et al. [7] suggested that the
electrodes should be placed over the neuromuscular junction
and a bony prominence for recording MEPs with maximal
amplitudes. In turn, the Surface ElectroMyoGraphy for the
Non-Invasive ~ Assessment of  Muscles (SENIAM)
recommendations [2] for surface electrodes placement was
the first proposal for the standardization of sensor location
with the aim, among other objectives, of minimizing the
crosstalk between electrodes by adjusting the inter-electrode
distance depending on the muscle size. As far as we know,
there is no previous data on how conventional electrode
placement protocols affect the MEP amplitude. If MEP
amplitudes vary depending on the placement protocols, the
outcome of research and clinical TMS studies might lead to
conflicting results. Thus, the present pilot study investigated
the effects of the protocols proposed by SENIAM [2] and
Garcia et al. [7] on the MEP amplitude recorded from three
upper limb muscles commonly studied with TMS.

2. Methods

2.1 Participants

Six participants, all free of neurological and motor
disorders (4 females; 18-49 years old), participated in this
study. They all self-reported as right handed for daily living
tasks. This study was approved by the local ethical
committee (CAEE: 01158218.0.0000.5147) and followedthe
Declaration of Helsinki. An informed consent was obtained
from all participants prior to the experimental session. The
information of each participant is presented in Tablex:

Table 1. Descriptive data from each participant.

Participant Age Gender rMTran. rMTLH
1 26 F 41 42
2 49 M 58 60
3 37 M 53 44
4 25 F 56, . 60
5 18 F 45 47
6 26 F 45 42

Age (years) ; Gender: Female [F]hand Male [M]; Resting
Motor Thresholds (rMT) for right.(RH= non dominant) and
left (LH - dominant) cerebral hemispheres-obtained from the
minimum TMS intensity required to evoke a motor potential
with a peak to peak valugof 100uV.

2.2 Surface EMG

Montages

Surface EMG ssignals’ were recorded from the biceps
brachii (BB), flexor carpi radialis (FCR), and flexor pollicis
brevis (FPB) of the right and left upper limbs of each subject
using an EMG;signal amplifier (EMG System do Brasil Ltda,

S8o José dos Campos, Brazil; model: 410C; gain: 2000,
sampling frequency: 3.5 kHz per channel; filter: band-pass
4™ order Butterworth: 20-500 Hz; A/D conversor: 12 Bits).
Surface electrodes (silver/silver chloride [Ag-AgCl]; 1 cm
diameter; 2223 BRQ-3M) were placed on the three muscles
according to two different recommendations:uin. Protocol 1
[7], electrodes were placed in a pseudo-monopolar montage
with one electrode over the muscle’s innervation zone and
the other over the nearest bony prominence.»The‘muscles’
innervation zones were located by means of a specific atlas
[8]. Then, this location was confirmed»using electrical
stimulation (Meridian Energy Acupuncture Pen, Guangzhou
Fabulous BYL Beauty Instrument Co., Ltd., China). In
Protocol 2, a pair of electrodes were\placed on the muscle
belly with an interelectrode distance of 1 or 2 cm, depending
on the muscle, according to -thesSENIAM [2]. Figure 1
provides a schematic view of the adopted electrode
placement protocals. The reference electrode was placed
over the cervical prominence C7. The skin was shaved and
cleaned with neutral soap and alcohol before the placement
of the electrodes.

Proximal
Anatomical
Reference

Electrode placed over the
muscle’s innervation zone

Cc7
+ i Protocol 1
' [7]
-Protocol 2
' 12]

+

Distance:
1or2cm

Distal
Anatomical
O
Figure 1. Schematic representation of the electrodes
positioning according to the investigated protocols 1 [2] and
2 [7]. The proximal and distal anatomical references, as well
as the muscles’ innervation zones, were taken as the

anatomical landmarks for the placement of the electrodes.

2.3TMS

Shoulder and elbow joints were kept on neutral and flexed
(090°) positions, respectively, and forearms resting on
neutral position on a pillow during the whole experimental
session. MEPs were recorded from both protocols (1 and 2)
simultaneously for each muscle. Between thirty and forty
TMS pulses (Magstin 2002, figure-of-eight coil) were applied
for 4 minutes to the BB muscle hotspot with an intensity of
120% of the resting motor threshold (rMT) in pseudo-
randomized intervals of 5-10 seconds. The BB muscle was
chosen as reference since it has the highest motor threshold
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among the three studied muscles [9,10]. The rMT was
defined as the minimum intensity needed to evoke MEPs
larger than 100 pV peak-to-peak amplitude [11,12] in at least
five out of ten pulses. A cap containing a 1cm? spaced grid
positioned over the participant’s skull was used to guide the
coil placement during the whole session of recordings. TMS
pulses were applied by the same experimenter throughout the
sessions. Stimulation on BB muscle hotspot consistently
evoked MEPs from the three monitored muscles
simultaneously. The participants were vision-deprived during
the SEMG recording.

2.4 Statistical Analysis

The sEMG signals were processed and analyzed using the
Signal Hunter [13] software (MATLAB version 8.1 R2013a,
Mathworks Inc., Natick, MA, USA). Peak-to-peak amplitude
was extracted from the MEPs. A linear mixed model was
applied to assess the effects of protocol type, muscles, limb
sides on the natural logarithm of the MEP amplitude. The
linear mixed model had a fixed (interaction between
protocols, muscles, and limb sides) and a random structure
(correlated random intercepts and slopes for protocols and
muscles). The random structure was selected based on a
sequential testing of hierarchical modelling with each model
fit using likelihood ratio tests. The selected model was
recomputed using restricted maximum likelihood estimation
and p-values estimated using Satterthwaite approximations in
a Type Il Analysis of Variance. Post-hoc comparisons were
performed with estimated marginal means with false
discovery rate correction for p-values. The residuals,of the
model were inspected for deviations from normality»and a
scale-location plot analyzed to check the assumption of equal
variance (homoscedasticity). The analysis was, performed in
scripts written in R version 3.6 (R Core Team, Vienna,
Austria). The level of significance was set at0.05.

3. Results ~N

The MEP amplitude for each protocol, /muscle; and limb
side is presented in Figure 2.,The protocols for electrode
placement resulted in different MEP amplitudes depending
on the target muscle (protocol.xsmuscle; Fa20132 = 5.61; P <
0.01). Overall, Protocol 1 generated higher MEP amplitudes
than Protocol 2 (protocoli{Fis0 = 32.00; P < 0.01). On the
FPB muscle, Protocol lsresulted.in MEP amplitudes about
3.8 and 5.3 times higher than in Protocol 2 on the right and
left limbs, respectively. (P < 0.01). For the FCR muscle,
Protocol 1 showed:MEP amplitudes about 3.6 and 5.6 times
higher than in/ Protocol 42 for the right and left limbs,

respectively (P < 0.05). Finally, for the BB muscle, Protocol
1 recorded MEP amplitudes 5.1 and 6.1 times higher than
Protocol 2 (P < 0.01) on the right and left limbs, respectively
(Figure 2).

4, Discussion

The temporal and spectral contents of the SEMG signal
strongly depends on the selected protocol of/ surface
electrodes positioning [1,3]. Nonetheless, the standards in
electrode placement seem to be disregarded by several TMS
studies [14-18]. Therefore, in this study, we»evaluated two
electrode placement protocols:_Protecol 1 as suggested by
Garcia et al. [7] and Protocol 2 following the SENIAM
recommendations [2]. Our results strongly suggested that the
MEP amplitude dependsion the.electrode placement protocol,
which may have a direct dmpact on comparisons across
studies and on TMS treatment outcomes.

Protocol 1 resulted in 3.5 to 6.1 times higher MEP
amplitudes compared to Protocol 2 for the three muscles
investigated, which is most likely explained by the distinct
operating principles of.each protocol. Protocol 1 records the
MEP in a monopolar configuration over the neuromuscular
junctions and would result in a higher probability of action
potentials, coherent summation when reaching the muscle
fibers [7]. The&coherent summation leads to MEPs with
greater amplitude. It is interesting to note that the adoption of
this type.of protocol was recently advocated by Stalberg et
al: [19] in neurography evaluations, i.e., when peripheral
electrical nervous stimuli are applied. According to the
authors, the placement of an electrode on the neuromuscular
junction offered more robust estimates of the latency, which
would also be another advantage for this type of protocol in
TMS applications. On the other hand, Protocol 2 was
designed to reduce the level of crosstalk during signal
acquisition using inter-electrode distances between 1-2 cm,
depending on the muscle. The crosstalk from neighbor
muscles contaminates the MEPS recorded in the forearm with
conventional EMG montages [24,25]. In this case, the use of
high-density SEMG might provide additional insights for the
electrode placement based on the MEP spatial distribution
over the entire muscle extent [26]. Even so, the relatively
small distance between electrodes in Protocol 2 may offer a
reduced volume conductor when recording MEPs even from
small muscle, such as the FPB, reducing the total evoked
myoelectric activity when compared to Protocol 1.

The MEP amplitude is routinely adopted as a parameter to
evaluate the integrity of the corticospinal pathway and in the
interpretation of the process of integration and processing of
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Figure 2. Model predictions and 95% confidence intervals of the MEP amplitudes,obtained from the two electrode placement
protocols (P1 and P2) in the muscles flexor pollicis brevis (FPB), flexor carpi radialisi(FCR), and biceps brachii (BB) on the
right and left limbs. The open circles represent the median MEP, amplitude, for each subject in each condition.

cortical and subcortical areas in healthy and pathological
subjects [10,20]. Thus, the application of different protocols
for the electrode placement in studies whose questions are
similar could result in diverging outcomes, making it
difficult to establish comparisons [21]. In addition, we
should point out that the intensity of repetitive TMS (rTMS)
is mainly defined relative to the MEP amplitude, andidistinct
electrode placement protocols may partially explain_ the
divergences found in the literature regarding the efficacy of
rTMS in the treatment of patients with similardiagnoses [22,
23], which is probably due to inappropriate_dose. delivery
during the treatment.

We should note that the resting motor ‘threshold in“our
study was adjusted to obtain 100 pV MEPs, which is
commonly used in multiple TMS studies [11,12]. However,
distinct adjustment of stimulation intensities may provide a
different dependency of the MEPamplituderon‘the electrode
placement.

Finally, our study was performed,in-a limited number of
subjects and assessed only two electrode placement
protocols. Nonetheless, the observed differences provide first
evidence that distinct protocols lead to large differences in
MEP amplitude, and electrode placement should be carefully
considered in brain* stimulation studies and clinical
applications.

5. Conclusion

Our study fosters the scientific community for the need of
a standardized,electrode placement on experiments recording

MEPs, avhich.Seems to be significantly affected by the
adopted protacol.
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