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SUMMARY: The Innervation Zones (IZ) correspond to clusters of neuromuscular junctions. The traditional method of locating
1Zs through voluntary muscle contractions may not be feasible in individuals with motor disorders. Imposed contractions by
electrostimulation are an alternative. However, there is limited evidence regarding the factors that affect inter-evali@anceand
the number of localized 1Zs when using imposed contraction. The main objective of this research was to determine thibeffect of
amplitude of compound motor action potentials (CMAPS) containing the M-wave on inter-evaluator agreement. As a secorideyy object
was investigate the effect on the number of detected 1Zs. Twenty-four healthy volunteers (agé.2jears, weight: 674 13.2kg,
height: 1.68 0.80m) participated in the study. Electrostimulation was applied to the tibial nerve to induce contraction of the medial
gastrocnemius. The 1Z were identified based on the M-wave recorded through multichannel electromyography. A receiver operating
characteristic (ROC) analysis was conducted to assess sensitivity and specificity in detecting the IZs. Inter-rater agseemlestad
using a two-way mixed effects test to determine the intraclass correlation coefficients (ICC). A p-value less than 0.Gbdeweicon
statistically significant. The ROC analysis revealed that for both evaluators, a specificity of 95% was achieved withuale=80pH.

The area under the ROC curve was 0.980 [0.964, 0.996], indicating a strong influence of CMAP amplitude on detection of 1Zs. The
highest level of agreement (ICC = 0.788 [0.713, 0.844]) among the evaluators was observed with CMAP amplitudes equggito or grea
than 80 % of the maximum M-wave. The findings of this study demonstrate that both the number and the inter-evaluator edocordanc
detecting 1Zs using imposed contractions are strongly influenced by the amplitude of the M-wave. Higher M-wave amplitudes were
associated with improved concordance and increased 1Z detection, making it crucial to standardize amplitude settingioicaEiies.
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INTRODUCTION

The Innervation Zones (1Z) correspond to clusters dZs, affecting EMG signal amplitude and frequency
neuromuscular junctions (Masueal, 1983; Saitoet al, components EMG (De Luca, 1997; Raindtlial, 2004).
2000), which can be located using multichanndh a more clinical context, thia vivo localization of 1Zs
electromyography, also known as high-densitgould potentially aid in determining the site of injection for
electromyography (HD-EMG) (Merlettet al., 2008; drugs that directly target neuromuscular junctions. One
Guzman-Venegast al, 2014). The projection of IZs onto example is the intramuscular injection of botulinum toxin
the skin allows for the topographic identification of moto(BoNT) used for the treatment of dystonia and spasticity
endplates, which proves useful in research settings f(@rigoriu et al, 2015). BoNT blocks acetylcholine release
defining the placement of surface electrodes and controllilag the presynaptic terminal of the motor endplate; thus,
biases associated with the relative electrode position to ttieoretically, the effectiveness of its application would be
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associated with proximity to the injection site and IZgmen: 14; women: 10; age: 21 4.5 years, weight: 674
(Delnoozet al, 2014; Kareet al, 2018; Kaymalet al, 13.2 kg, height: 1.68 0.80 m). This sample was recruited
2018). Experimental evidence in humans demonstrategaecording to the following exclusion criteria: obesity (body
decrease in BoNT effect as the injection site moves awmax index > 30), history of lower limb injuries in the last
from the 1Zs (Delnooet al, 2014). six months, central or peripheral neurological diseases,
injury or infection of the skin in the area of the medial
A significant percentage of individuals who suffegastrocnemius muscle (MG) and having any
a stroke develop spasticity (Watkiasal, 2002), which contraindication for the use of ES (Rennie, 2010). All
can be treated locally through BoNT injections (Dashtipowolunteers gave their consent in writing. The procedures
et al, 2016; Royal College of Physiciaes al, 2018). used in this study were in accordance with the Declaration
Consequently, in individuals with stroke sequelae,ithe of Helsinki of 1975 and were approved by the local
vivo localization of 1Zs becomes relevant as it could seniioethical Committee (Ethical Application: CEC202023).
as a supplementary guide for defining the BoNT injection
site. However, the traditional procedure forvivo IZ  Instrumentation. For the HD-sEMG acquisition, a linear
localization requires the subject to perform voluntargrray of 16 electrodes (silver rods of 1 ¥ 5 mm, SA 16/5,
muscle contractions (VC). Both VC performance and th@Tbiolettronica, Torino, Italy, Fig. 1B) with an inter-
amplitude of the compound motor action potentialslectrode distance of 5 mm was used. The EMG signals
(CMAPSs) recorded via HD-EMG, which need to be largavere amplified in a single differential mode (EMG-USB2,
enough to identify IZs, are clearly affected by a stroke [15DT Biolettronica, with a sampling frequency of 2048 Hz,
In this regard, the use of imposed contractions viadB bandwidth 10-500 Hz, gains of 1000—2000). Electrical
electrostimulation (IC-ES) presents an alternativanfeivo  stimuli (Single pulses, 1ms duration) were applied with an
IZ localization, having been demonstrated as effective #lectrical stimulator (FES-4 OTP, TrainFes, Biomedical
both healthy individuals (Guzman-Venegsatsal, 2016, Devices Spa., Santiago, Chile). All signals were recorded
2022) and those with spasticity (Zhagteal, 2016, 2017). and stored using data acquisition software (OT Bi-
olab+.V1.5.5.0 OT Biolettronica, Torino, Italy).
Electrical stimulation of a peripheral nerve elicits
two distinct responses in EMG recordings: a monosynaptrocedure. The procedures used to obtain the contractions
reflex known as the "H-reflex," and a direct stimulationmposed by ES and the recording of the EMG signals, were
response known as the "M-wave"(Palmietial, 2004). the same used in a previous study (Guzman-Veret@gahs
The M-wave has been shown to be more useful than tB@22). Each volunteer was positioned on a bench in the
H-reflex for identifying IZsin vivo (Guzman-Venegast prone position with their arms next to their trunk. With the
al., 2022). The stimulation protocols to elicit the M-waveight knee at 2Dflexion (& full extension), the right leg
involve applying electrical pulses of 0.5-1 ms duration withnd foot were placed in a custom-made modular wood brace
gradually increasing intensities of 1-2 mA until reaching ased to fix the ankle joint at 1®f plantar flexion. For
plateau of CMAP amplitudes. While the detection of IZs iEMG recordings, the skin over the area above the MG was
evaluator-dependent and based on observation apmpared by shaving, cleansing with an abrasive paste
experience, it is hypothesized that the amplitude of CMAREveri, SpesMedica, Italy), and washing with water. An
containing the M-wave may also influence the evaluatomvaluator placed two adhesive electrodes (CDM Medical
capacity to detect 1Zs and the inter-evaluator agreeme8pa, Chile) for the ES: The anode (5 ¥ 5 cm) was positioned
However, to our knowledge, there is currently no evidenaiperior to the patella, and the cathode (radius 15 mm) was
on this. Hence, the main objective of this research wasftwed on the popliteal fossa. For the M-wave recording, an
determine the effect of CMAP amplitude containing thevaluator placed the linear electrode array on the belly of
M-wave on inter-evaluator agreement. As a secondaG. The evaluator re-positioned the electrode array until
objective, the study aimed to investigate the effect on tlam adequate propagation of CMAP was visually recognized.
number of detected IZs. When adequate CMAP propagation was achieved (Fig. 1C),
single pulses of progressively increasing intensity (1 mA
increments, until a plateau of the maximum amplitude of
MATERIAL AND METHOD the M-wave is obtained) were delivered to the tibial nerve.
Ten-second rests were given between stimulation at each
intensity to avoid potential confounding post-activation
Volunteers. For this study, the same population as depression (Palmieet al, 2004). During the ES, the EMG
previous study was used (Guzman-Venegfaal, 2022). activity of the MG was recorded and stored for off-line
Twenty-four healthy volunteers participated in the studgnalysis.
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Signal processingAll stored EMG signals were filtered the 1Z. In the second step, considering only those signals
offline with a second-order Butterworth digital filter with awhere both evaluators detected 1Zs, inter-evaluator
bandwidth of 20-400 Hz (OT Biolab+.V1.5.5.0 OTagreement for the detection of channels containing IZs was
Biolettronica, Torino, Italy). The visualization of the EMGcalculated using a Two-way mixed effects Intraclass
and M-wave processing for IZ identification was done usingorrelation Coefficient (ICC), which was categorized based
custom made scripts(Guzman-Veneggal, 2022) written on the scale proposed by Cicchetti (1994) . To the effect of
in a signal processing software (IgroPro 9.0, WaveMetric@MAP amplitude, the ICC was evaluated within different
Inc., Portland, OR, USA). The amplitude of the M-waveanges of CMAP amplitudes. All statistical analyses were
was calculated using peak-to-peak estimations. For the [erformed with a confidence level of 95%. A p-value less
wave detection, a window of 20 ms duration was defined #san 0.05 was considered to indicate a statistically significant
6 ms after the onset of the artifact produced by the Efifference. The analyses were conducted using statistical
(Palmieriet al,, 2004; Zidaret al,, 2015) (Fig. 1C). The IZs software (STATA/IC 14.2, Stata-Corp LP, College Station,
in the M-wave of each volunteer were identified within aJSA).
time window of 30ms after the electrical stimulus (Fig. 1C)
The identification window for the 1Z had 30ms on the time
axis and the scale of the vertical axis was adjusted to 10C
of the maximum M-wave. A window was created for eac
amplitude of the M-wave recorded between 0 and 100 %
the maximum M-wave. The number of windows for eac
volunteer was variable, depending on the intensity of tt
ES necessary to reach the plateau at the maximum value
the M-wave. All windows showed an identification numbe
for each volunteer and corresponding percentage amplit.
(% maximum M-wave). Two evaluators, in a blind manne
with respect to their peer, examined the windows sequentia
from 0-100 % of the M-wave, of 24 volunteers. Eacl
evaluator reported with a "1" if an 1Z was identified, anc
with a "0" if it was not, as well as the respective M-wav:_
percentage. Both independent evaluators defined the 1Zd78- 1. A- Example of a recording site in the medial gastrocnemius
those zones where an inversion of CMAP was observedByscle (MG). B. - Multi-electrode recording setup. The eight
where a minimum amplitude signal was registered betweg!gh_"ghted ghannels in the example_allow for the identification pf
two inverted CMAP (Fig. 1C) (Masuds al, 1983; Saitou the |nn_ervat|0n zone (12). C. - Multlchan_nel electromyographic
, recording. ES corresponds to the artifact produced by the
et al’j 2000; _Guzm_an-yenegas al, 201_6)' In order to electrostimulation. The 1Z is highlighted with the colored rectangle.
consider the identification of the IZs valid, the agreement
for locating the 1Zs between both evaluator was previously
measured(Guzman-Venegasl, 2022), reaching an almost RESULTS
perfect level of agreement (kappa coefficient 0,96), according
to the agreement scale of Landis & Koch (1977).

A total of 306 windows were analyzed, out of which
Statistical analysis.Initially, to determine the effect of M- 203 (66.3 %) allowed the identification of Innervation Zones
wave amplitude, the amplitudes of the CMAPs that allowedZs) by both evaluators, while 103 (33.7 %) could not be
or did not allow the detection of 1Z were described and thedentified by at least one investigator. The average amplitude
compared using a linear regression model. Observing tldthe CMAPs where 1Zs were detected by both investigators
signals enabling the detection of 1Zs exhibited highewas 84.% 26.9 %, which was significantly higher than those
amplitudes, a Receiver Operating Characteristic (RO@)at were not detected by at least one investigator, with an
analysis was conducted to determine sensitivity armplitude of 5.7+ 13.9 % (p-value <0.001). The ROC
specificity for detecting 1Zs at different cutoff points,analysis revealed that for both evaluators, a specificity of
corresponding to different CMAP amplitudes. For thi®5% was achieved with an amplitue0 %. This specificity
purpose, specificity was the most important statistic asiitcreased to 98.1 % with CMAP amplitudes equivalent to
determined the probability of detecting IZs with amplituded5 % of the maximum M-wave (Table I). The area under the
equal to or greater than the different cutoff points. ThiROC curve was 0.980 [0.964, 0.996], indicating a strong
analysis was carried out separately for each evaluator anfluence of CMAP amplitude on the investigators' capacity
considering whether both evaluators simultaneously detectieddetect 1Zs.
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Regarding the concordance for detection, the over#l084, 0.816] for amplitudes between 60-80 % (n=13), and
ICC between both evaluators was 0.713 [0.631, 0.778]. Ther88 [0.713, 0.844] for amplitudes between 80-100 %
ICC values for different amplitude levels were 0.330 [-0.233n=156).
0.716] for amplitudes between 40-60 % (n=15), 0.494 |-

Table I. Sensitivity and specificity for the detection of innervation zones in M-waves (n=306) by both evaluators toge¢ipair arsdly,
calculated based on the peak-to-peak amplitude of the M-waves.

Cutoff Both Evaluators Evaluator 1 Evaluator 2

Point* Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity
>=0 % 1000 % 00 % 1000 % 00 % 1000 % 00 %
>=5 % 1000 % 64.1 % 99.1 % 69.6 % 99.5 % 65.7 %
>=10% 96.6 % 85.4 % 921 % 84.8 % 96.1 % 87.9 %
>=15% 96.1 % 91.3 % 911 % 90.2 % 95.7 % 939 %
>=20% 936 % 922 % 88.8 % 91.3% 932 % 95.0 %
>=25% 931 % 942 % 883 % 935 % 928 % 97.0 %
>=30% 91.6 % 952 % 86.9 % 94.6 % 91.3 % 98.0 %
>=35% 911 % 952 % 86.5 % 94.6 % 90.8 % 98.0 %
>=40 % 90.6 % 96.1 % 86.0 % 95.7 % 90.3 % 99.0 %
>=45% 89.7 % 98.1 % 85.1 % 97.8 % 889 % 100.0 %

The data is presented only up to 45% of the peak-to-peak amplitude, as beyond that point, the specificity remained eccestéage Bf the maximum
M-wave.

DISCUSSION

The results of this study demonstrate that then inter-evaluator concordance and the number of localized
amplitude of the CMAP containing the M-wave influence$Zs can be associated with both neurophysiological factors.
both inter-evaluator concordance and the number of detectédanget al (2021) demonstrated the impact of motor unit
Innervation Zones (IZs). The localization of IZs has severaynchronization on the ability to detect IZs. They found that
applications in the context of basic sciences, sports, ahtjh MU synchronization, caused by a supramaximal
clinical settings. In basic sciences and sports, the localizatielectrical stimulus, results in greater interference between
of IZs can be used to determine the placement of surfaC8APs, making it challenging to locate IZs, especially when
electrodes (De Luca, 1997), and to control biases in ttiee examined motor fibers have double 1Zs. Therefore, in
recorded data resulting from the effect on EMG signahis study, only records obtained with maximal (equal to
amplitude and frequency (Rainoktial, 2004), caused by 100 % of the M-wave) and submaximal (less than 100 % of
electrode positioning directly over the 1Z. In clinicalthe M-wave) stimuli were analyzed, while supra-maximal
applications, the localization of 1Zs could be helpful irstimuli were excluded. This likely facilitated both
defining the site of administration for drugs that act on theoncordance and the number of detected IZs. The results of
neuromuscular junction, such as botulinum toxin injectiothis investigation indicate that CMAP amplitudes equivalent
for spasticity treatment. Particularly in this latter applicatiortp 80-100 % of the M-wave were most favorable for both
itis crucial to understand the psychometric properties of tikencordance (ICC: 0.79) and the number of detected IZs
procedures involved in 1Z identification and localization(156 out of 203). This could be interpreted in two ways.
given their potential impact on the effectiveness ofirstly, such M-wave amplitudes may imply an optimal level
pharmacological treatment. of MU synchronization, facilitating 1Z identification.

Secondly, the amplitude obtained with these magnitudes of

The use of the M-wave in detecting 1Zs becomestimuli may enhance visual inspection of CMAP, thereby
relevant for patients with motor disorders or impairediding the evaluators in identifying IZs.
consciousness who have difficulties or incapacities in
performing voluntary contractions. As voluntary contractions One of the limitations identified in this study was
are currently the most common method for locating 1Zshe fixed characteristic of the window used to visualize the
employing electrostimulation to obtain M-waves andEMG signals. The window used was adjusted to a fixed width
subsequently locate IZs provides a solution for this specifaf 30 ms horizontally and 0-100 % vertically. The purpose
population, as it eliminates the reliance on the ability tof using both fixed dimensions was to ensure that both
produce voluntary contractions. The influence of amplitudevaluators applied their criteria for identifying the
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Innervation Zones under the same conditions, thusncordancia (ICC = 0.788 [0.713, 0.844]) entre los evaluadores
controlling potential biases associated with the use 8¢ observo con amplitudes de CMAP iguales o mayores al 80 % de
different visualization scales. la onda M maxima. Los hallazgos de este estudio demuestran que
tanto el nimero como la concordancia entre evaluadores para
detectar 1Zs mediante contracciones impuestas estan fuertemente
influenciados por la amplitud de la onda M. Las amplitudes mas
altas de la onda M se asociaron con una concordancia mejorada y
un aumento en la deteccién de 1Zs, lo que hace crucial estandarizar
los ajustes de amplitud para obtener resultados confiables.

The findings of this study demonstrate that both the
number and the inter-evaluator concordance for detecting PALABRA CLAVE: Zonas de Inervacion; Contraccion
Innervation Zones in the medial gastrocnemius using imposkapuesta; Onda M; Gastrocnemio Medial; Concordancia entre
contractions are strongly influenced by the amplitude of tfRvaluadores.
M-wave. The highest number of detected 1Zs and the highest
inter-evaluator concordance were opserveq when the amplityde FEERENCES
of the M-wave exceeded 80 % of its maximum value. These
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