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This tutorial is aimed to non-engineers using, or planning to use, surface electromyography (sEMG) as an as-
sessment tool in the prevention, monitoring and rehabilitation fields. Its first purpose is to address the issues
related to the origin and nature of the signal and to its detection (electrode size, distance, location) by one-
dimensional (bipolar and linear arrays) and two-dimensional (grids) electrode systems while avoiding advanced
mathematical, physical or physiological issues. Its second purpose is to outline best practices and provide general
guidelines for proper signal detection. Issues related to the electrode-skin interface, signal conditioning and
interpretation will be discussed in subsequent tutorials.

1. Introduction

In the last decades, the applications of surface EMG (sEMG) have
grown in the traditional fields (sport, movement and gait analysis) as
well as in novel ones (obstetrics, occupational and art medicine, aging,
veterinary medicine, rehabilitation and gaming) while the focus ex-
panded from neurophysiological research to neurorehabilitation, pre-
ventive medicine, ergonomics, and assessment of interventions. This
growth led to the publication of (a) six textbooks, (b) over 90 journal
reviews, (c) European Recommenda-tions (Barbero et al., 2012;
Hermens et al., 1999, 2000; Merletti and Farina, 2016) and (d) on-line
material on a few teaching and encyclopaedia websites (https://www.
robertomerletti.it, https://www.lisin.polito.it, https://en.wikipedia.
org/wiki/Electromyography, https://onlinelibrary.wiley.com/doi/
10.1002/047134608X.W1413, https://www.sciencedirect.com/
science/article/pii/B9780128012383999872).

The transfer of knowledge from biomedical engineering and clinical
research laboratories to schools and health delivery institutions is lag-
ging and is very heterogeneous from country to country. Only a few
European schools in movement sciences, rehabilitation sciences and
physiotherapy offer courses in the field. Very few private practitioners
and physiotherapists working in rehabilitation centers are familiar with

the sEMG techniques. This is in contrast to the training of cardiologists
in electrocardiography (ECG) and of neurologists in electro-
encephalography (EEG) which has taken place for 70 years. With re-
spect to these bioelectric signals, SEMG has, at this time, limited diag-
nostic power but is a powerful tool for prevention, assessment and
evaluation of effectiveness of treatments and interventions as described
in chapters 12-20 of (Merletti and Farina, 2016) and website https://
www.robertomerletti.it.

This tutorial is aimed to clinical scientists and rehabilitation op-
erators and has the objective of reducing the gap between basic SEMG
technology and its clinical application by providing a technical over-
view of fundamental sEMG concepts, methods and recommendations
for best practices, without addressing advanced mathematical, physical
or physiological issues. In particular, it focuses on recent applications of
High Density sEMG. We provide a set of recommendations for best
practice when recording and analyzing sEMG signals. We also provide
the rationale leading to each of those recommendations. In an effort to
making a tutorial useful to SEMG users with different backgrounds, we
did not report any mathematical formulation. Few sections may require
basic knowledge in neuromuscular anatomy, electrophysiology, and
signal processing. However, when this is the case, we provide refer-
ences for the reader interested in further investigating the topic.

Abbreviations: AP, action potential generated by a single fiber and described in time or space; CV, conduction velocity of the MUAPs; DD, double differential; ECG,
electrocardiogram/electrocardiography; EEG, electroencephalogram/electroencephalography; EMG, electromyogram/electromyography; IED, inter-electrode dis-
tance (center to center); MU, motor unit; MUAP, motor unit action potential; NMJ, neuromuscular junction; RMS, root mean square value; SD, single differential;
SEMG, surface electromyogram; TS, tendon spread: spread of the fiber-tendon junctions of a MU; VL, vastus lateralis muscle; VM, Vastus medialis muscle
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Fig.1. Surface EMG signals in space and
time. (a) Schematic representation of an
electrode grid of 8 rows by 8 columns ap-
plied over a muscle, (b) examples of three
monopolar signals V; to V3 versus time,
from electrodes 1, 2, 3, measured with re-
spect to a reference electrode, placed on an
electrically inactive region, (c) examples of
differential (Vo — Vg to V¢ — Vp) signals
versus time. The 1, 2, 3, ..., N — 1, N dashed
vertical lines represent N samples of these
signals in time (for clarity the samples in
time are much further apart than in real
conditions). Each time sample provides a

N-2 N-1 N
\:3 e

map of the distribution in space. Examples
of movies of instantaneous maps are avail-

able at https://www.robertomerletti.it/en/

d) RMS
images at

15s

emg/material/videos/f1/to/f4/. (d) Each
electrode (or pair of electrodes) provides a
sample in space, which is a signal evolving
Pl in time, defining a pixel in the image. Signal
features, such as the root mean square value
(RMS) of each signal (pixel) may be com-
puted over specific time intervals (time
epochs or time simply
“epochs”). In panel d, RMS maps are
monopolar with epoch = 0.5s. Examples of
movies of RMS maps are available at
https://www.robertomerletti.it/en/emg/

windows or

& 20s

2. The EMG as a signal distribution in space, which is evolving in
time: The analog EMG “movie”

2.1. Generation of the signal distribution in space and time

The instantaneous surface EMG (SEMG) is a two-dimensional (2D)
distribution (instantaneous map) of electric potential (that is voltage)
over the surface of the skin, like the ECG on the chest or the EEG on the
scalp. This potential distribution is an analog (continuous) “electrical
image” or “map” evolving in time, as a movie. This 2D analog signal is
sampled in space (by the electrodes, as described in Section 3.1) and in
time (by an electronic sampler) providing a sequence of sampled time
frames. An example is depicted in Fig. 1a where one frame is divided
into pixels corresponding to the electrodes of a 2D electrode array
whose signals, evolving in time, can be detected using the monopolar or
single differential (SD, bipolar) technique, as indicated in Fig. 1b and ¢
where each dashed line represents a frame (N frames are indicated).
Colors may be used to represent the instantaneous potential amplitude
distribution, which is evolving in time. The number of electrodes may
range from two (one detection electrode and one reference electrode in
the single channel monopolar system) to hundreds, as in High Density
SEMG (or Multichannel Array sEMG) leading to a 3D sEMG imaging
with two dimensions in space and one in time (Urbanek and van der
Smagt, 2016).

The generators of these time-evolving maps of surface electrical
potential are the motor unit action potentials (MUAP) of the active
motor units (MU), which comprise the thousands of action potentials
(AP) generated by the individual fibers of such MUs in the muscle. The
AP generation mechanism is presumed known to the reader, is de-
scribed in any textbook of biophysics or neurophysiology (e.g.
Malmivuo and Plonsey, 1995) and shortly summarized here. The neu-
romuscular junction (NMJ) is the synapse between each axonal branch
of a motor neuron and the muscle fiber it innervates. When acet-
ylcholine is released at the NMJ, two depolarized regions are generated
and propagate toward the fiber-tendon junctions at a velocity of about
4m/s (normal range of 3-5m/s) as indicated in Fig. 2a. Each depo-
larized region has three sub-regions where current flows in or out of the

material/videos/f5/to/f19/.

membrane, as indicated in gray in Fig. 2a and in the current profiles in
Fig. 2b. As a first approximation, these currents are modeled as two
current tripoles propagating in opposite directions, as indicated in
Fig. 2b. These currents flow in the conductive medium and generate the
electrical potential distribution on the skin surface (Rosenfalck, 1969;
Gootzen, 1990; Merletti et al., 1999a,b; Stegeman et al., 2000). Al-
though more accurate models are now available (Farina and Merletti,
2001a; Lowery et al., 2002; Mesin and Farina, 2004), the early tripole
model provides examples that are simpler and easier to understand.

A a-motoneurone and the muscle fibers it innervates form a MU,
whose fibers are activated together at each discharge of the motor
neuron, and generate a propagating MUAP, which is the algebraic
summation (in space and time) of the APs generated by the individual
fibers of that MU. Dozens to hundreds of motor neurons are activated at
average discharge rates ranging from 5-6 pulses/s to 30-40 pulses/s,
depending on the required force and the contraction speed. The re-
sulting signals are MUAP trains whose algebraic sum in each point on
the skin above and near the muscle is the interferential monopolar
sEMG signal at that specific point, versus time, measured with respect
to a reference electrode, as indicated in Fig. 1a. Differential measure-
ments are obtained by taking the difference between two adjacent
monopolar signals as indicated in Fig. 1a, usually, but not necessarily,
in the direction of the MUAP propagation, that is the direction of the
muscle fibers. The monopolar (or differential) SEMG signal is the
summation of many MUAPs and, for muscle contractions above
40-50% of the maximal voluntary contraction its probability density
function approximates a Gaussian distribution (Clancy and Hogan,
1999; Nazarpour et al., 2013).

The electrodes, depicted as circles, in Fig. 1a perform a sampling in
space of each instantaneous analog SEMG “map”. The vertical dashed
lines in Fig. 1b and c represent the sampling in time of the SEMG sig-
nals. Each dashed line corresponds to an instantaneous map, that is to a
frame of a “movie” describing the spatial distribution of SEMG (sample
by sample) that will be described in Section 3. A sEMG “feature” is
computed over specific intervals (time epochs or time windows) for
each channel, generating a sequence of feature maps. Fig. 1d depicts
four sequential “RMS maps”, each computed over a 0.5s epoch. The
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Fig. 2. Single fibers transmembrane cur-
rents. (a) Currents flowing across the mem-
brane of a muscle fiber in the depolarized
regions. The + and — signs indicate the
local polarity of the membrane voltage and
the grey bands indicate regions where cur-
rent is going in or out. (b) Profile of the
current in the inward (in, region 2) and

outward (out, regions 1 and 3) directions
across the fiber membrane and its approx-
imate representation as a tripole. (c) Array
of electrodes (A-I) and of differential am-
plifiers (outputs 1-8) detecting the propa-
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term “feature” is used in this work to indicate a property (such as
amplitude or spectrum) that may change in time or from signal to
signal. It is different from a “parameter” that is defined here as a fixed
value associated to a model or to the system’s anatomy (e.g. thickness of
the subcutaneous tissue or electrode size).

2.2. The sources of the surface electrical potentials

2.2.1. Propagating SEMG components

The model presented in Fig. 2a describes the transmembrane cur-
rent distributions associated to two APs (depolarized regions) propa-
gating from the NMJ to the right and to the left in a single muscle fiber.
These two APs reach the right and left muscle-tendon junctions where
they extinguish, as described in Fig. 3. The transmembrane current
profile is depicted in Fig. 2b. An approximated representation of this
profile is provided by two current dipoles ( = I; and * I3, where = I;
indicates the dipole +1I; and —1I;, same for + I3) forming the tripole
+1;, — Iy, +13 (where I, = I; + I3). The first dipole represents the de-
polarization front and the second the repolarization tail of the AP. One
tripole travels to the left and a mirror-like tripole travels to the right, in
space, as a function of time, like cars moving in opposite directions in a
street (Rosenfalck, 1969). The electric potential differences present
across the membrane (Fig. 2a), indicated with + and —, not only
produce the indicated currents but also an electric field (tripole field) in
the surrounding volume, all the way to the surface producing the vol-
tage distribution depicted in Fig. 2d, detected by the electrodes A-I.

Consider the linear electrode array depicted in Fig. 2c and a set of
differential amplifiers associated to it. A differential amplifier provides
an output voltage V,,, proportional to the difference V., — V_ between
the inputs + and —. If V. increases V, increases, if V_ increases V.,
decreases. The colored bars (red = positive, blue = negative) depicted
in Fig. 2d represent the surface “monopolar” potential distribution
(voltage with respect to the reference electrode) on the skin, along a
line under the electrode array, generated by the travelling tripoles. The
positive wave-front propagating to the right encounters the non-in-
verting (+) input of each amplifier and then the inverting input (—)
generating an upward swing followed by a downward swing of the

amplifier’s output voltage. The positive wave-front propagating to the
left encounters the inverting input of each amplifier and then the non-
inverting input generating a downward swing followed by an upward
swing of the amplifier’s output voltage. As a consequence, the time
courses of the voltages of outputs 4 and 5 are mirror-like and so are the
outputs 3 and 6 and the outputs 2 and 7, as well as 1 and 8 (see Fig. 4b).
This explains (a) the symmetry of the propagating components of the
waveforms reported in Fig. 4b and (b) the reason why the differential
voltage between any two electrodes that are symmetric with respect to
the NMJ (e.g. D-F, C-G, B-H, A-I) is theoretically zero and practically is
mostly background noise, for this muscle configuration (fibers parallel
to the skin and to the electrode array).

Not all the fibers belonging to a MU have their NMJ in the same
location. The NMJs are often grouped in the middle of the MU in a
region defined as the “innervation zone” (IZ) of the MU. In addition, the
fiber-tendon junctions are scattered at the two ends of the muscle.

2.2.2. Non-propagating SEMG components

Non-propagating sources, and the related sEMG potentials, are
mainly due to the generation (at the NMJ) and the extinction of the
tripoles (at the end of each fiber). This phenomenon is depicted in
Fig. 3a that describes how the tripole extinction, at one end of a single
fiber, is usually modelled. At time t; the current tripole reaches the end
of the fiber and its first current pole stops. At time t,, dipole made by
+1I; and —1I; ( = I,) is narrower (the distance between the two poles is
reducing) and at time t3 it has disappeared leaving only dipole * I5. At
time t4 dipole I3 is narrower and at time ts it has cancelled out. The two
dipoles forming the tripole have opposite polarity; the electric field of
dipole + I partially cancels out the electric field of dipole *+ I; causing
a rapid decay of the total field versus distance from the source. When
dipole + I; disappears, the electric field of the residual dipole *+ I3
decays more slowly versus distance from the source and contributes in a
more uniform way to all nearby electrodes, (producing a voltage having
rather similar contributions to the surface EMG channels), as indicated
in Fig. 3c. This sequence of events is referred to as the “end-of-fiber”
effect (see Section 2.4).

In the case of a MU, the amplitude of this end-of-fiber voltage is
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Fig. 3. The end-of-fiber effect. (a) Model of

a) P b) C) d) the extinction of a current tripole at the end
oving ciltieht tripole fiber Monopolar M | of a single muscle fiber. As the propagating
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| c simulated experimental  progressively overlap, and cancel out (see
|3 | -8 text for details). (b) Simulated MU whose
1
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31 v | L] _.\//.\ i tected by the linear electrode array in-
t - ] __\//\ Jrie dicated in b). The simulated muscle fiber
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inversely related to the spread of the fiber-tendon junctions (TS). As
indicated in Fig. 4, its contribution to the differential signals is smaller
than the contribution to the monopolar signal because of the largely
common non-propagating components of this signal.

2.3. Propagating and non-propagating signals

If a linear array of N equally spaced electrodes is placed over a
muscle and aligned with the fiber direction, N monopolar signals can be

volume conductor properties, the tripole
approximations and the simulated point-like
electrodes versus 1 mm thick, 5mm long
experimental bar electrodes.

detected with respect to a reference electrode. N-1 SD (or bipolar)
signals can be obtained, from adjacent electrodes, as indicated in
Figs. 2c, 4b and 5b. N-2 DD signals can be obtained as indicated in
Figs. 4c and 5c. The example applies to a muscle with fibers parallel to
the skin. The case of pinnate muscles is more complex and not discussed
in this tutorial. A detection modality or “electrode montage” (i.e.
monopolar, SD, DD) strongly influences the shape of a MUAP and
therefore the spectral features of the interference signal which is the
algebraic sum of the MUAP trains.

b) Single differential c) Double differential

Ref.

a) Monopolar

]
Yy

d) Zoomed monopolar

Fig. 4. Simulated action potential of a su-
perficial motor unit as detected with a linear
electrode array. All parameters of the model
are the same as for Fig. 3 except for the
spread of the fiber-tendon junctions (TS).
Example of simulated (a) monopolar, (b)
single differential (SD) and (c) double dif-
ferential (DD) MUAP showing the different

IED =10 mm

Conduction
velocity =4 m/s

impact of the end-of-fiber effect, (d) time-

zoomed version of the monopolar signal
showing the effect of the spread of the fiber-
tendon terminations. The simulated con-
duction velocity is 4m/s and the spread of
the NMJs is zero. The fiber-tendon junctions
have a spread indicated by the different
colors. The spread of the NMJs has a very
similar effect. The thickness of the skin is
1 mm and adipose layers is 1 mm. The MU

has radius 3 mm, with center at a depth of

4 mm in the muscle (6 mm under the skin)

and is constituted by 200 fibers parallel to

the skin. The MU semi-length is 50 mm in

L

[1.00a.u. | 2.16 a.u.

[1.08 a.u. 10ms

——TS=0mm; =——TS=5mm; =—TS=10mm; -

|1.00 a.u.

-TS =15 mm; TS: tendon spread

==

2ms

the two directions. Note the different am-
plitude scales: SD and DD signal amplitudes
depend on the inter-electrode distance. The
simulated electrodes are point-like. The a.u.

units are arbitrary units that allow ampli-
tude comparisons ; note the different scales.
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a) Monopolar b) Single differential c) Double differential

d) Zoomed monopolar

IED =10 mm

Conduction
velocity =4 m/s

Fig. 5. Simulated action potential for a
motor unit 22mm below the skin as de-
tected with a linear array. Except for the MU
depth, all simulation parameters are the
same as in Fig. 4. Example of a simulated (a)
monopolar, (b) single differential (SD) and
(c) double differential (DD) MUAP showing
the different impact of the end-of-fiber ef-

¢

fect, (d) time-zoomed version of the mono-
polar signal showing the effect of the spread
of the fiber-tendon terminations. The fiber-

1Z =—

tendon junctions have a spread (TS) in-
dicated by the different colors. The value of
the arbitrary unit of amplitude is the same
as in Fig. 4. The peak-to-peak background
noise value is about 0.01 a.u. (not indicated

in the Figure). The SD and DD signals are
near or below the noise level and therefore
are barely detectable. The simulated elec-

trodes are point-like. The a.u. units are ar-

bitrary units that allow amplitude compar-

il

—W
| 0.041 a.u. |o.016au. 10ms |0.006 a.u.
—TS=0mm; =TS =5mm; =TS =10 mm;

| 0.041 a.u.

TS =15mm; TS: tendon spread

isons with respect to Fig. 4; note the
different scales.
2ms

Fig. 4 depicts the three main detection modalities obtained from the
simulation of a MU and a linear array of electrodes. The first modality
(Figs. 4a and 3c), provides the voltage of each electrode of the array
with respect to a reference and is referred to as the monopolar multi-
channel MUAP. The second (Fig. 4b), provides the output of the set of
differential amplifiers depicted in Fig. 2c and is obtained by taking the
difference between adjacent channels (usually along the fiber direc-
tion); it is referred to as the bipolar or SD montage. The third modality
(Fig. 4c) provides the difference between adjacent SD channels, that is
the double differential (DD) array of signals. Each of these signals de-
fines a MU “signature” or “fingerprint” that repeats at each MU dis-
charge. Fig. 4d is a zoomed version of Fig. 4a and shows the simulated
effect of the spread of the fiber-tendon junctions (TS).

These three detection modalities are three “spatial filters” and
provide three sets of signals that have different properties. The mono-
polar montage detects the entire information contained in the signal but
is the most sensitive to common disturbances affecting all channels, to
power line interference and to the end-of-fiber effect. The SD montage
reduces these common components, facilitates the identification of the
innervation zone (due to the characteristic “ < ” shape) and reduces the
end-of-fiber effect: this may or may not be desirable depending on the
application. The DD montage further attenuates non-propagating sig-
nals and, for this reason, is often chosen for estimating the propagation
velocity of the MUAPs whose estimate is affected by the presence of
non-propagating signals. At least two DD signals are required for this
purpose. The four electrodes needed to obtain the two DD signals
should cover a portion of the MU with unidirectional propagation of the
action potentials (on the same side with respect to the innervation
zone). This requires relatively long muscles or a small inter-electrode
distance (IED). In addition, the three detection modalities have dif-
ferent detection volumes and therefore detect a different number of
MUs, that is the monopolar montage can detect “far” sources while the
SD and DD modalities are more selective and detect “near” sources.
Different lengths of the depolarized regions and different spreads, in
space, of the fiber-tendon junctions of a MU imply different widths and
amplitudes of the end-of-fiber effect, as indicated by the colored curves
in Figs. 4d and 5d.

For progressively deeper MUs both the propagating and non-pro-
pagating components of the MUAP decrease in amplitude, but at dif-
ferent rates. The first decreases faster, as mentioned above;

consequently, the two components become more comparable, as in-
dicated in Fig. 5 for a MU identical to that simulated in Figs. 3 and 4 but
placed at 22 mm below the skin. In this condition (a) the signal am-
plitudes are near the background noise level (about 0.01 a.u.) and (b)
the propagating and non-propagating components have similar ampli-
tudes. Non-propagating MUAPs, presumably from deep or lateral MUs,
are frequently observed in experimental situations.

2.4. Detection volume and the issue of crosstalk

The current distribution in the space surrounding a muscle fiber
(Fig. 2a) generates the potential distribution on the skin surface. As the
vertical (or lateral) distance between the detection system and the
source increases, the potential on the surface decreases. In particular,
the propagating components decrease faster than the non-propagating
end-of-fiber effect so that, at some distance the second dominates over
the first (Fig. 5). The largest experimentally detected monopolar
MUAPs have peak-to-peak amplitude of 1-2 mV while the background
noise has peak-to-peak amplitude of about 1% of this value. The end-of-
fiber effect may reach the noise value a few cm away from the MU
generating it. Therefore, propagating and (mostly) non-propagating
signal components generated by a MU can be detected by electrodes
placed on regions nearby the muscle of interest, as shown in Fig. 6 and
in (De Luca and Merletti, 1988; Farina et al., 2002b; De Luca et al.,
2012), possibly on other muscles. The computer simulations reported in
Fig. 5 predict that, for IED = 10 mm, the contribution of the simulated
superficial MU producing the largest detectable MUAP can still be
barely detected if the same MU is moved at a depth of 22 mm below the
skin. These considerations bring up the concepts of detection volume
and crosstalk. Given a detection system (single electrode pair, 1D or 2D
electrode array, monopolar, SD, DD, other spatial filters), how far from
such detection system can a source (a simulated tripole, a muscle fiber,
a MU) be and still contribute a signal above the noise level? The locus of
these distances in space defines the detection volume. Alternatively,
given a fixed source, how far from it, on the skin, could a second de-
tection system be and still detect a contribution above the noise level?
The second detection system could be on a second muscle and detect
“some” signal generated by the first. The signal detected on a muscle
but generated by another one (that could be below or beside it) is re-
ferred to as “crosstalk”. Figs. 6-8 illustrate this phenomenon. In



R. Merletti and S. Muceli Journal of Electromyography and Kinesiology 49 (2019) 102363

array 1 Fig. 6. Examples of experimental SD signals
i . i . . - detected on the tibialis anterior and tibial
l 1mV // \\ plate, during a slight contraction of the ti-
1 // \\ bialis, by two electrode arrays having
@ [ ] 3 I \ IED = 10 mm. Array 1 is on the muscle and
° 2 %_ ,’ L ‘\ array 2 is 30 mm medially. The end-of-fiber
E 3 | = ” Tibialis: components, evident in array 2, are larger
E 4 ‘2 janterior) than those predicted by the model used to
© 5 A\*/\’\/\f\ [= ! muscle i create the synthetic signals depicted in
8 6 = i _r ‘| Fig. 4 and Fig. 5, likely because of the pre-
7 N\ M~ @ I E" } :‘-_ sence of bone. (Courtesy of V. Devecchi).
L L L L | L o
[ ] =] ® o
array 2 = }
T T T T [ | ® |
|
I | 1mv P llollat [o]<!
RN g e e IR . T e > >!
| ! L | o| | ! |®o3 !
2 ,MMM = -
g |5 | |os
E3+——— M T ] ) /,\
E 34t T [ \\ ® }, =
g 5 —T—— " T ._ ‘\ | @ | /I %)
w 66— S /
7 | 30mm -
25 ms
Monopolar Single differential C)
) Monopolar , | Single differential
a) F1 depth = 1 mm (skin) + 1 mm (fat) + 2 mm (muscle) =4 mm .
: 1
Lateral distance (mm) Lateral distance (mm) S, AAI l A S,
i L\ L A A P
20 b R T V VY v
1
1
MTJ
| F1
- 20 ms
s, : S
D) A E -~
[ y I
1
- Sy ]
1
MTJ S, st e R s s S4
e i Ve iV Vi nV
miemieiiSy s ! F2
-30 20 <10 0 10 20 30 -30 20 <10 0 10 20 30 . et
degrees degrees time
F2 depth =1 mm (skin) + 1 mm (fat) + 6 mm (muscle) =8 mm :
b) F2 dep (skin) (fat) (muscie) M — ¢
20 0 0 10 20 20 0 0 10 20 lateral E
electrode =)
o < > MTJ oM spacing -
40 C\\ -
20 < muscle
=P .y N P NI @87 mm)
N <>
-20
g AP < (o [P R IS ——— S, bone
40 <> (7.5 mm) subcutaneous
MTJS ] B MTJ 5 tissue (1 mm)
B0 b o o i Y Dl | T s am s o mi's 2 i
Longitudinal IED = 5 mm S lmm)
-30 20 <10 0 10 20 30 -30 20 <10 0 10 20 30 ’ .
degrees degrees Conduction VelOCIty =4mls

Fig. 7. Computer simulations, with a cylindrical model, of the decay in space of the surface AP generated by two fibers at 4 mm (F1) and 8 mm (F2) below the skin.
See text for explanation. (a) Monopolar and SD iso-peak-to-peak amplitude contour plots of fiber F1 normalized with the respect to the SD V,,max produced by the
most superficial fiber FO. The most external contour corresponds to the detectability level (1% of V,pmax). Contour levels are separated by 1% of Vj,pmax (b) Same as in
a) for a fiber (F2) placed 8 mm below the skin. (¢) Decay in space (on the skin surface) of the monopolar and SD AP generated by a fiber at 4 mm below the skin (F1)
and one at 8 mm below the skin (F2). The most lateral SD potentials are below or at the noise level (see text for explanation). The colored dashed lines indicate the
sections S1 and S2 corresponding to the signals depicted in ¢). NMJ = neuromuscular junction, MTJ = fiber-tendon junctions. Model parameters: Opone = 0.02,
Ofac = 0.05, Oskin = 1, Omuscle r = 0.1, Omuscle z = 0.5 (Qm)%; lateral IED = 3.33 mm (5°); longitudinal IED = 5 mm; point-like electrodes.
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addition, the detection volume is strongly affected by the IED (De Luca
et al., 2012; Vieira et al., 2017) as well as by a number of other para-
meters (e.g. tissue conductivities) as indicated by (Farina et al., 2002b;
Roeleveld et al., 1997).

Fig. 6 depicts experimental differential SEMG signals detected on
the tibialis anterior muscle and on the tibial plate, with two arrays
placed 30 mm apart, during a slight contraction of the tibialis. Mostly
propagating MUAPs are detected by array 1 (on the muscle) and mostly
non-propagating signals are detected by array 2 placed 30 mm medially
at the tibial plate. Some of the non-propagating signals detected by
array 2 appear to be generated under array 1 (they are synchronized
with them) and are larger than those a model would predict for 30 mm
distance (Fig. 5b shows signals at the noise level at distances of 22 mm)
likely because of the presence of the tibia bone distorting the field. The
model parameters should be adjusted for each individual to match the
collected signals, a problem that exceeds the purpose of this tutorial but
justifies the use of models as investigational tools.

Crosstalk is the signal detected over a muscle but generated by other
muscles below or beside it (De Luca et al., 2012; De Luca and Merletti,
1988; Vieira et al., 2017) as shown in Fig. 8a. This signal is due to the
lateral spread of each tripole field and to the end-of-fiber effect, as
shown in Figs. 5-7. Consequently, in general, the SEMG is a mixture of
signals due (a) mostly to sources just below the skin under the elec-
trodes (smallest distance) and (b) to crosstalk generated by other
muscles below or beside the muscle of interest. It is therefore of im-
portance to be aware of the lateral spread of the potential generated by
a source (tripole) moving along a fiber and extinguishing at the end of
it. For this purpose, let us consider a superficial source (at the boundary
between a thin subcutaneous fat-skin layer and the muscle). This source
would generate the largest possible potential on the skin, that is taken
as a reference. Experimentally, such a source would be a MU whose
MUAP is observed to have a peak to peak value (Vppmax) of 1-2mV
(depending on the number of fibers) as indicated in Fig. 6. The peak to
peak value of the background noise is in the range 0.01-0.02 mV, that is
1% of Vypmax, as indicated above. This means that if the same source
were placed at a depth d such that its surface potential had
Vpp = 0.01Vppmax it would be barely detectable from noise. The depth d
would then be the maximal depth at which that source would still be
detectable, that is at the edge of the detection volume. This condition
has been modeled with a cylindrical model simulating the APs of three
fibers, FO, F1 and F2, using the model developed by (Farina et al.,

2004). Results are reported in Fig. 7 where surface signal intensities are
represented as “contour plots” spaced by 1% of the largest (Vppmax)
signal which is generated by fiber FO just under the fascia and taken as
reference. A “iso-Vp,;, contour plot” is the locus of points on the surface
where the signal has the same peak-to-peak value.

Fig. 7a shows the iso-V},, contour plots of the simulated monopolar
and SD surface signal generated by the fiber F1, placed below 1 mm of
skin, 1 mm of subcutaneous tissue and 2mm of muscle tissue. The
contour plots are spaced by 0.01V,,max and the most external contour is
at 0.01V,pmay, that is the locus of the points where the peak to peak
value is at the noise level and no longer detectable. That is the spatial
extent of crosstalk. The simulation is repeated with the same fiber at a
depth such that the surface monopolar or SD Vp;, is near the noise level
(F2), that is at the edge of the detection volume (Fig. 7b). Fig. 7a and b
show the contour plots for the monopolar and SD signals during the
generation, propagation and extinction of the APs. Fig. 7c shows the
monopolar and SD signals (APs) detected on the surface of the cylinder
at section S; and S, indicated in Fig. 7a and b. The SD signal reaches the
noise level when the fiber (F2) is at about 8 mm below the skin
(Fig. 7b). The monopolar and the SD surface potentials can barely be
detected at 15-20° angle, that is 10-13 mm lateral distance, and at 10°
angle, that is 6.6 mm lateral distance, respectively, from the point
above the fiber. This indicates a fast decay of EMG amplitude with
distance, as indicated in Fig. 7c for the two fibers F1 and F2. This ap-
proach provides a model-based indication of the maximal detection
depth and of the maximal lateral potential spread for a source moving
along a line parallel to the skin.

A way to experimentally assess crosstalk is to electrically stimulate
one muscle on its motor point and detect signals from nearby muscles,
that are presumably inactive as indicated by the lack of propagating
potentials in their SEMG (De Luca and Merletti, 1988). Fig. 8c and d
show experimental SD signals detected by an electrode array placed on
the distal portion of the vastus lateralis (VL) and a second array placed
on the distal portion the vastus medialis (VM) when either muscle is
electrically stimulated at its motor point with 2 pulses/s for 10s.

The two arrays are about 39 mm apart. Twenty responses are su-
perimposed to show repeatability. Note that the signal detected on the
non-stimulated muscles is amplified 20 times more than the one on the
stimulated muscle and is near the noise level (Farina et al., 2002b). The
crosstalk signal is a “filtered” version of the source signal (generated by
the stimulated muscle). The operation performed on the source signal to
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Fig. 9. Sampling SEMG images in space. (a) Instantaneous analog spatial dis-
tribution of a SD MUAP voltage, propagating along z, sampled by a grid of
5 X 13 electrodes, applied on a biceps brachii, generating 5 x 12 SD channels,
(b) voltage detected by each electrode pair (channel) in the fiber direction, (c)
for cosmetic reasons, the instantaneous voltage detected by each channel is
usually associated with the corresponding pixel of the image. Circular elec-
trodes have 3 mm diameter. Consider the length of this MUAP (about 60 mm)
and its width (about 50 mm) in space. A similar MU placed about 50 mm lateral
(in the x direction), with respect to the centerline of the array, would provide
crosstalk on some of the channels. Such MU might or might not belong to the
same muscle. Assuming a muscle fiber conduction velocity of 4 m/s the time
duration of the MUAP detected by each channel along z would be about 15 ms.

generate the crosstalk signal is the “transfer function” of the filter.

Another approach, investigated by (Vieira et al., 2017), implies to
detect the MUAP of one MU in one muscle with intramuscular wires and
the synchronized sEMG contribution of that MU on a nearby muscle.
While the comparison of the approaches is left to the interested reader,
this work underlines how crosstalk strongly increases with increasing
the IED used in the SD detection.

3. The concept of sampling an image in space and in time
3.1. Sampling in space

The concept of spatial sampling, described in Fig. la, is further
explained in Fig. 9. Fig. 9a depicts an instantaneous SD analog voltage
distribution sampled (in space) by a grid of 5 X 13 electrodes, 8 mm
apart in each direction, providing 5 x 12 SD detection points. Voltage
values in each point are represented by colors as indicated in the color
scale. Fig. 9b shows the SD detection array; the circle representing each
electrode pair is filled with a color representing the average (in space)
voltage under its area at the specific time of this frame. This is the
information actually obtained from the spatial sampling process. The
“color” of an electrode is usually attributed to the entire pixel the
electrode belongs to. This representation is purely cosmetic and not
rigorously correct (Fig. 9¢). What is actually available is the spatial
mean of the voltage under each electrode. This representation raises a
number of questions each of which is addressed subsequently
(Figs. 11-14). What is the effect of electrode size? How close should the
electrodes be to allow reconstruction (by interpolation) of the analog
image in Fig. 9a starting from the sampled image of Fig. 9b? When is
such reconstruction clinically important?
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3.2. Effect of electrode size: The transfer function of a single electrode

The concepts of sampling in space (by a 1D or a 2D electrode array)
and in time (by an electronic sampler) are depicted in Fig. 10a and b.
The physical size of the metal or conductive gel electrode implies the
averaging of the voltage distribution under the electrode area, as in-
dicated in the 1D example depicted in Fig. 10c. In turn this implies a
low-pass filtering operation in space and therefore a loss of details
(Afsharipour et al., 2019; Cattarello et al., 2017; Dimitrova et al., 1999;
Farina and Merletti, 2001a,b; Fuglevand et al., 1992; Helal and
Bouissou, 1992).

A filter operates on an input signal and generates an output signal
by attenuating or enhancing certain harmonics (frequency components)
of the first. Such a device can operate on signals in space or in time and
the “operator” is called the “transfer function of the filter” or simply
“transfer function”. For example, a filter applied to an audio signal can
attenuate the high or the low pitch sounds. The spatial transfer function
operates on the spatial Fourier transform of the signal. The frequency
axis of these spatial transfer function and spatial Fourier transform are
expressed in cycles/meter (cycles/m or ¢/m). The transfer function of
the averaging filter introduced by an electrode is depicted in Fig. 11 for
four diameters of circular electrodes. A diameter of 1 mm implies al-
most no filtering of the sSEMG but a diameter of 5mm implies a 3 dB
point (half power) at 100 ¢/m and a 10 mm diameter implies a low-pass
filtering effect with a 3 dB point at 50 ¢/m and consequent loss of detail
and reduction of RMS estimate, as shown in Fig. 12.

3.3. Differential signals and the effect of inter-electrode distance

Biosignal amplifiers have a differential gain and an undesired
common-mode gain. The first, usually large (e.g. Aq = 500-2000), ap-
plies to the differential signal whereas the second, usually very small
(e.g. A.n = 0.1), applies to the voltage common to both inputs
(average). For example, consider two instantaneous inputs of 99 mV
and 101 mV (that is 100 mV common-mode and 2mV differential). If
Aq=1000 and A.,=0.1, the output voltage will be
1000-2mV + 0.1-100mV = 2010 mV. This will be discussed in
greater depth in another tutorial. Differential detection of SEMG signals
is preferred to monopolar detection when attenuation of common-mode
signals and of non-propagating signal components, or identification of
innervation zones, are desirable (see Figs. 1a, c and 4b).

Differential detection can be obtained in two ways:

(1) Using differential front-end amplifiers. In this way, common-mode
signals will be strongly attenuated by the differential amplifier and
monopolar signals will not be available for subsequent processing
(that is occasionally of interest).

(2) Acquiring monopolar signals and computing differential signals by
software. The availability of monopolar signals will allow the sub-
sequent application of spatial filters since the entire information
contained in the signals will be available, including the common-
mode signals.

In the first case a high common mode rejection ratio (CMRR) is
required. This ratio is defined as A4/A., and is often expressed in dB as
20L0g10 (Aa/Acm). Acceptable values are near 100 dB (Ag/Acm = 10°).
In the second case the monopolar front-end amplifiers must have
identical gains and frequency behaviors (magnitude and phase) so that
the difference between the outputs will be computed between equally
scaled signals and the common-mode signals (present on all channels
with equal amplitude) will be cancelled. This condition is technically
difficult to achieve. Other considerations (e.g. concerning input im-
pedance) apply to both detection techniques. The first technique will be
discussed in the following paragraphs (Afsharipour et al., 2015;
Lindstrom and Magnusson, 1977; Lynn et al., 1978).

Consider the differential amplifier depicted in Fig. 13a. Its output is
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proportional to the difference between the voltages present in points A
and B, which are two spatial samples, separated by the IED e, along x,
expressed in meters. Consider then four spatial harmonics of the signal
propagating along x and having the same amplitude and the four wa-
velengths A; = 4e, A, = 2e, A3 = 4e/3 and A4 = e corresponding to
spatial frequencies f; = 1/(4e), f» = 2/(4e), f3 = 3/(4e) and f, = 4/
(4e) , expressed in c¢/m (Fig. 13b). As they propagate under A and B
they generate four different sinusoids in time, at the output C, whose
amplitudes are depicted in Fig. 13c. The system behaves differently for
different input frequencies and is therefore a filter. For A>e (left
portion of the plot in Fig. 13c) the filter approximates a spatial differ-
entiator, which is its desired performance. The propagating spatial
distribution of the SEMG potential has many harmonics that are am-
plified with different gains by the differential system depicted in
Fig. 13a. The plot of the “filter gain” in Fig. 13c describes how such gain
depends on the wavelength A (or the spatial frequency fs = 1/A) of the
harmonics.

The combined effects of the filter due to electrode size and the filter
due to the IED are depicted in Fig. 14. The filtering in space has a

counterpart in time for propagating signals (not for non-propagating
signals). The wavelength A of a spatial harmonic having frequency
(fs = 1/A) and propagating under one of the monopolar detection
electrodes in Fig. 1a takes the time T to pass under the electrode at the
propagation velocity u = A/T generating a sinewave in time having
frequency f = 1/T. It is therefore u = A/T = f/f; or f = u f,. Therefore,
the signal in time detected by the monopolar electrode has the same
shape of the signal in space with a frequency scaled by the pro-
portionality factor u, which is the muscle fiber conduction velocity.

The same frequency scaling applies to the differential signals and to
the transfer function of the spatial filters depicted in Fig. 14. Three
frequency scales are indicated in Fig. 14 for values of the conduction
velocity u of 3, 4 and 5 m/s, showing that the same spatial distribution
of monopolar sEMG results in different time and frequency scaled SEMG
(that is different filters in time) depending on the conduction velocity.
In other words, the same spatial potential distribution moving under an
electrode at a lower conduction velocity produces a wider waveform in
time. As an example, the same car takes a longer time to pass in front of
a camera if its speed is lower.

£ 1.0 = Fig. 11. Plots of the magnitude of the transfer
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Fig. 12. Low-pass filtering effect for two different diameters of a circular
electrode on a monopolar sEMG signal in time. The signal has been acquired
with two pin electrodes having d = 1mm and has been filtered with the
transfer functions depicted in Fig. 11. Observe the strong attenuation of the
sharp peaks due to electrode size.

Consider a differential detection system made of two electrodes
having the rather common values d = 10 mm and IED = e = 20 mm
(Fig. 14b). Consider also three MUs at the same depth but with con-
duction velocity of 3, 4 and 5m/s respectively, generating three spa-
tially identical signals propagating on the surface of the skin. Their
respective signal contributions (MUAPs) and transfer functions will be
the same in space but different in time because the three sources move
at different velocities. The transfer function (in the f (Hz) domain) of
the filters associated with the three MUs will have the first dip at
150 Hz, the second at 200 Hz and the third at 250 Hz, all in the middle
of the respective SEMG bandwidths that are 300, 400 and 500 Hz, re-
spectively.

The overall signal is the sum of the three (spatially identical)
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contributions of MU1, MU2 and MU3, which are differently filtered.
The Fourier transform (magnitude spectrum) of the sum signal is the
sum of the three Fourier transforms and the power spectrum of the total
signal is the square of the magnitude spectrum (not the sum of the three
power spectra). Since the dips of the spectra do not coincide, they are
smoothed out by the sum and may not be so sharp in the overall
spectrum. The waveshapes of the MUAPs of MU1, MU2, MU3 are
substantially altered by this filtering. This may be more or less relevant,
depending on the purpose of the measurement, and is discussed later in
the example given in Fig. 16.

The differential detection system removes non-propagating signals,
DC components in space, power line interference and other signals that
are identical under both electrodes of a pair (common-mode signals).
This is often not the case, in particular when the differential signals are
obtained by software difference between amplified monopolar signals.
For example, the differential signal obtained from the amplifiers asso-
ciated to electrodes 1 and 2 in Fig. 10ais Vsp = A;Vy; — AV and an
artificial differential signal is created if A; = Ao, even if V 3 = V o,
where A; and A, are the amplifications (in magnitude and phase) of the
amplifiers associated with electrodes 1 and 2. A correct SD signal is
obtained only if A; = A,.

Anticipating a remark belonging to another tutorial, consider a
compression of the monopolar sEMG amplitude spectrum, that is a shift
to the left of the dark region of the bar indicated in Fig. 14a and b. The
resulting change of mean or median spectral frequencies would be
different for different values of d and IED (Farina et al., 2002b;
Fuglevand et al., 1992; Griep et al., 1978).

The considerations provided above apply to a single electrode pair
as well as to electrode pairs that are part of an array. They are im-
portant if the shape of the sSEMG signal is important (e.g. when MUAP
shapes should be compared or spectral changes of the interference
pattern should be monitored). In order to limit the spatial filtering in-
troduced by the IED and avoid spectral dips within the sEMG band-
width (Figs. 14 and 16), the IED should be in the range of 5-10 mm.
This small distance may create problems with gelled electrodes whose
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gel may leak between two electrodes that then become one electrode.
Particular care should then be used to avoid this problem and fluid gels
should be avoided. Research should focus on the development of SEMG
pre-gelled electrodes with semisolid gel that would not leak between
electrodes, or on dry pin electrodes that would partially perforate the
stratum corneum.

3.4. The transfer function of an electrode grid: Interpolation and truncation
effects

As the High Density SEMG is acquiring clinical relevance, the issues
related to the “sEMG imaging” technology are becoming more and more
important. Sampling a 2D signal (image) in space is conceptually si-
milar to sampling a 1D signal in either space or time (Fig. 9 and
Fig. 10). As indicated by the Nyquist-Shannon theorem, all the signal
information content can be recovered if sampling is performed at a
frequency higher than twice the maximal frequency (highest harmonic)
of the signal. Only in this case the original analog image (if relevant)
can be faithfully reconstructed by proper interpolation and its features
can be computed correctly. The highest spatial frequency of an in-
stantaneous monopolar SEMG map (a frame of the movie), either in the
x or z direction, is in the range of 70-90 cycles/m with occasional peaks
above 100 cycles/m as reported in (Afsharipour et al., 2019; Merletti
et al., 2013; Merletti and Farina, 2016). Although a study on many
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subjects and muscles is missing, the theoretical spatial sampling fre-
quency should be above 200 samples/m, that is e < 1000/200
5 mm. However, the signal alterations (aliasing) introduced by spatial
sampling at 100 samples/m, that is e = 10 mm, seem to be limited and
acceptable for most purposes. They become more and more serious for
e > 10 mm because of the introduction of dips into the bandwidth of
the SEMG (Fig. 14). The clinical relevance of the introduced signal al-
teration depends on the purpose of the measurement. For example, it is
not relevant if the purpose of the measurement is just to identify muscle
activation intervals.

The following part of this section requires some basic knowledge of
image analysis and processing. Fig. 15 shows a sEMG frame recorded
with [ED = e = 5mm (image 5) with pin electrodes (d = 1 mm).
Images 1-4 have been obtained by interpolation with a sinc function
(optimal interpolation) while images 6, 7, 8 have been obtained by
resampling image 1. Image 1 can still be recovered (with error of the
spatial RMS acceptable for most applications) from image 6 but not
from image 7 or 8. These considerations are important for advanced
applications requiring image interpolation. Inter-electrode distances of
5-8 mm should be used when the entire information content of the
image is needed, and values of 8-10 mm should be considered as a
compromise for other applications and should not be exceeded. Values
of IED above 10 mm can be accepted if the required information is just
an indication of muscle activity and alterations of MUAP shapes can be
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Fig. 16. Electrode types and presence of
dips in experimental signals. (a) Example of
electrode pair, (b) example of a 1D electrode
array, (c) example of a 32 electrode grid;
(d), (e), (f) power spectrum of three signals
simultaneously obtained from a biceps bra-

dip chii and from three pairs of electrodes, se-
300Hz lected among the contacts of the linear
ﬂ array, centered around a central fixed point,

Bipolar electrodes

with IED of 15 mm, 25 mm and 35 mm. The
frequency of the three dips is compatible
with a muscle fiber conduction velocity of
4.5m/s. The dip for IED = 15mm is not
evident because the spectrum of the specific
signal is narrow. It would be more evident
dip ] for a spectrum reaching 400-450 Hz. The
- 180 Hz RMS value of each signal is the square root
of the area under the corresponding spec-
trum and is therefore affected by IED (De
Luca et al., 2012). Courtesy of V. Devecchi.
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applied to the skin with a double adhesive layer. Semi-permanent tattoo
electrodes are being investigated (Bareket et al., 2016).

Array and grid electrodes allow the implementation of spatial filters
with different spatial selectivities (Farina et al., 2003; Mesin, 2018). In
these arrangements, the output signal is a linear combination of the
monopolar signals detected from the set of electrodes forming the filter.
The simplest spatial filter is the set of two electrodes (bipolar detec-
tion), described above, whose transfer function is depicted in Fig. 14.
Fig. 16a, b, c describe three types of electrodes, a pair, a linear array,
and a grid. Fig. 16d, e, f show the power spectrum of three signals
simultaneously obtained from three pairs of electrodes with different
IED, selected among the contacts of the linear array in Fig. 16b and
centered around a central fixed point. The presence of a “dip” is evident
in Fig. 16e and f. The frequency of the dips is compatible with a muscle
fiber conduction velocity of 4.5 m/s (see Figs. 13 and 14). Spectral dips
are usually not so evident because of the spread of the muscle fiber
conduction velocity values, mentioned above (Section 3.3).

The sEMG signal and its features depend on a number of factors
among which the IED, the location of the electrodes with respect to the
innervation zone, and the alignment with the fiber direction, play a
very important role (De Nooij et al., 2009; Farina et al., 2002a; Mesin
et al., 2009; Nishihara et al., 2010; Rainoldi et al., 2004, 2000; Roy
et al., 1986). As a consequence, all features of the signal and the quality
of the estimates of muscle fiber conduction velocity depend on the
electrode IED and location. Fig. 17 provides a qualitative example of
sEMG amplitude changes due to geometrical changes of the biceps
brachii. The information obtained from the two pairs of electrodes are
contraddictory. While these changes may be attributed, in part, to other
reasons, they point out how critical the electrode location with respect
to the innervation zone can be (Farina et al., 2002a).

tolerated.

As evident from Figs. 9 and 15, the analog image usually extends
beyond the sampling grid and the acquired image is truncated at the
edges of the grid. No information is available about how the signal is
distributed outside the grid. This “windowing” effect has consequences
on the spatial and temporal spectra of the signal. Their explanation goes
beyond the purpose of this tutorial but it implies that it is preferable to
have low signals at the edges of the grid. Unfortunately, this condition
is not always easy to achieve. As often done in the time domain, the
image could be multiplied by a 2D window tapering down at the edges.
This would improve the estimate of the spectrum but substantially alter
the estimate of the spatial RMS of the EMG and the definition of a
“region of activity” of the underlying muscle.

The same considerations discussed above for instantaneous images
apply to “RMS images” where the intensity of each pixel does not re-
present an instantaneous value but the RMS (or other variable) com-
puted over a given time epoch. The spatial sampling and truncation
effects may have effects on the represented distribution of muscle ac-
tivity and be critical in studies concerning compartmentalization or
task-specific activation of muscles where details of an image and its
spectrum are desirable. Analyses of 2D images of muscles are missing in
the literature. This is an open and promising field of research not ad-
dressed in this tutorial.

4. Electrode types and location

Although the most widely used SEMG sensors are still two gelled Ag-
AgCl pediatric ECG electrodes, other electrode types as well as linear
arrays or 2D grids are becoming more and more common in clinical
research. Three general types of electrodes can be considered: “wet”
(with conductive gel or paste), “dry” (metal-skin contact without gel or
paste) and “insulating” (capacitive electrodes) with no electric contact
with the skin (Chi et al., 2010; Searle and Kirkup, 2000). They are
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Innervation

Innervation

Fig. 17. Example of the effect of muscle shift under a pair of electrodes. Biceps
brachii sSEMG RMS map (grid of 64 electrodes, IED = 10 mm) during elbow
flexion. The images are interpolated. As the muscle shortens the innervation
zone shifts upward and the white electrode pair reads a progressively greater
signal whereas the black electrode pair reads a progressively smaller one. These
opposite changes of amplitude are not necessarily reflecting changes of muscle
activity. They mostly reflect a variation of the muscle-electrode geometry
(muscle shortening under the electrodes) and may be misleading and mis-
interpreted. The use of a SEMG map reduces the possibility of misinterpretation.
Reproduced from www.robertomerletti.it.

5. Recommendations for best practices

The information contained in the sEMG signal is greatly under-
exploited. The main purpose of this tutorial is to make current and
potential users of sEMG aware of such information content, issues,
problems and possible errors associated with the detection and inter-
pretation of this signal. This background knowledge is necessary to
understand the signals, assess their quality, process them and interpret
the results, allow repetition of a test by others, communicate results and
make decisions. The SEMG features of interest may be extracted with
different detection techniques:

(1) single channel (to detect SEMG timing, envelope, amplitude and
spectral variables),

(2) multiple single channel detection systems on different muscles,

(3) few channels on the same muscle (such as two SD or DD channels to
estimate muscle fiber conduction velocity),

(4) linear electrode arrays (to identify the innervation zone and its
shifts with movement, fiber length, muscle fiber conduction velo-
city, optimal position of a single electrode pair),

(5) many channels from an electrode grid (to document compartmen-
talization of activity, to localize reflex activity, to identify a region
of activity, its extension, centroid, etc).

The estimates of SEMG features strongly depend on detection
parameters such as electrode size, grid size, IED, electrode location
(with respect to the muscle innervation zones) and angle of misalign-
ment of the electrode set with the fiber direction. These parameters may
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have small or great relevance, depending on the application and pur-
pose of the sSEMG detection. When sEMG is detected for the purpose of
visualization of muscle activity (e.g. biofeedback) some parameters
may be less critical (e.g. electrode size) while they are critical in case of
SEMG processing for monitoring myoelectric manifestations of muscle
fatigue, studying single motor unit behavior, image compartmentali-
zation, or other analysis (e.g. signal entropy, fractal analysis, wavelet
analysis, etc.). For this reason, in any case, detection modalities must be
described in clinical reports, theses, manuals, publications and any
other form of dissemination and sharing of experience and knowledge,
to allow other users to repeat the tests. Users can make their choices, as
long as they are repeatable by others, have a rational basis, are well
described, justified and reported keeping in mind the considerations
mentioned in this tutorial.

5.1. Acquisition of sSEMG using a single electrode pair

It is important to point out that the concepts described in
Figs. 10-14 apply to both a single electrode pair as well as to a linear
electrode array or to a grid. The user must realize that electrode con-
figuration, size and geometry act as filters and modify the shape and the
features of the MUAPs. In turn this modifies the features of the inter-
ference sEMG in both the time and the frequency domain. The use of
different electrode configurations, placements, geometries, makes it
impossible to compare signals obtained in different days (e.g. pre-post
treatments) or collected by different researchers. For example, two
electrode pairs with different IED imply a different detection filter
(Fig. 14), a different detection volume, a different sensitivity to cross-
talk, a different value of RMS, a different signal power spectrum
(Fig. 16), and a different sensitivity to electrophysiological changes in
the muscle such as myoelectric manifestations of muscle fatigue (De
Luca et al., 2012). Therefore, the chosen IED must be justified. The
same applies to electrode size. The location of a pair of electrodes with
respect to the innervation zone and to the muscle-tendon junctions of a
fusiform muscle parallel to the skin surface, is critical (Farina et al.,
2001; Merletti et al., 2003; Rainoldi et al., 2004, 2000) and its choice
must be justified. The SENIAM recommendations (Hermens et al., 2000,
1999) provide guidelines that were developed 20 years ago. Consider-
able additional knowledge has been acquired since then. Just referring
to these recommendations is sufficient in many cases but not all. New
standardization and education efforts are necessary. Some are under
way in the form of consensus papers (Besomi et al., 2019).

The reader is reminded of the fact that the interference pattern of
the SEMG is the algebraic sum of the MUAP trains. If the MUAPs shapes
are modified by the detection system, the features of the interference
pattern observed with one electrode pair (amplitude, power spectrum,
fatigue indicators, entropy, etc.) are modified as well (Fig. 12). This
may or may not be relevant and is up to the clinician to decide it (e.g. it
would not be relevant if only muscle activation intervals were of in-
terest or in biofeedback applications). Some features (signal spatial
distribution and intensity, innervation zone shift) are evident in Fig. 17
and will be further discussed in Section 5.2 below.

5.2. Acquisition of sSEMG using linear arrays and electrode grids

Instantaneous SEMG images are detected with electrode systems
that present three limiting effects that must be considered in clinical
research applications because they determine the features of the 1D and
2D sEMG signals in space and time:

(1) the effect of electrode size
(2) the effect of IED
(3) the effect of finite grid size.

These effects have been discussed in (Afsharipour et al., 2019), as
well as in Sections 2 and 3 of this tutorial, and provide an update of the
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SENIAM indications (Hermens et al., 1999). For example, the IED re-
commended by SENIAM (20 mm) derived from a compromise between
signal amplitude (and therefore Signal/Noise ratio), detection volume
and spectral alterations. Because of their importance, these geometrical
factors must be reported precisely in order to allow reproduction and
comparison of results. Although clinical investigators can make their
own choices, they must provide justification for them and demonstrate
awareness of the implications.

5.2.1. Electrode size and inter-electrode distance

The electrode size introduces a low-pass filtering effect that at-
tenuates the high frequency components of both the spatial and tem-
poral power spectrum of the sEMG and therefore alters the amplitude
and spectral features of the signal (Figs. 11 and 12). This applies to both
monopolar and spatially filtered signals (e.g. SD or DD) and to a single
electrode pair as well as to a grid of electrodes. The (center-to-center)
IED introduces a band-pass filtering effect that combines with the low-
pass effect due to the electrode size to give the overall filtering effect
depicted in Fig. 14. The filtering applies to SD or DD signals (with
different transfer functions) and its time effect depends on the propa-
gation velocity of the APs along the muscle fibers.

Interpolation in space, to reconstruct the spatial distribution of a
SEMG feature can be performed only if the Nyquist-Shannon criterion is
satisfied. Compromises may be possible in specific situations that
should be justified. The impact of these geometrical parameters on the
signal and the theoretical reasons for choosing certain values rather
than others have been explained in Sections 3 and 4 and are summar-
ized in Table 1.

See Fig. 17. This applies to fusiform muscles parallel
to the skin (Barbero et al., 2012; Merletti and Farina,

and Magnusson, 1977; Lynn et al., 1978; Merletti and
2016)

Cattarello et al., 2017; Dimitrova et al., 1999; Farina
Farina, 2016)

and Merletti, 2001a,b; Fuglevand et al., 1992)
See Figs. 14, 16 (Afsharipour et al., 2015; Lindstrom

See Figs. 11, 12, 14 (Afsharipour et al., 2019;
Merletti et al., 1999b

Notes

d > 5mm introduces “smoothing” of the

SEMG (low-pass filtering)
introduces “dips” into the spectrum of the

SD SsEMG altering its features
Muscle movement under the skin should
not bring the innervation zone under the

Other values for noncritical applications
electrode pair

(®

e > 10 mm implies aliasing and

5.2.2. Grid size

The position of the grid with respect to the muscle(s) of interest
must be indicated with respect to anatomical landmarks. The number of
electrodes (and of sEMG monopolar channels) of a grid depends on the

criterion to a degree such that, for most clinical SEMG applications, the alteration of results is moderate and acceptable. “Other values” may be adopted for noncritical applications but lead to altered sEMG spectra. When

(@) These values alter the signal, violate the Nyquist-Shannon sampling criterion in space and do not allow interpolation of the images. However, they may be acceptable in specific applications and the authors should

Ranges of theoretical and compromise values of parameters of a SEMG detection system. “Theoretical values” are those that satisfy the criteria discussed above (Sections 3 and 4). “Compromise values” violate some rule or

g
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and EEG, will be discussed elsewhere but should be considered in
planning future developments, research and education of users.

This tutorial focuses on very basic and fundamental concepts. It
does not address more complex issues such as:

(a) The effect of pennation angle in a plane perpendicular to the skin,

(b) The effect of electrode geometrical parameters of the detection
system and 2D spatial filters on SEMG features such as muscle fiber
conduction velocity, amplitude and spectral values,

(c) The issues of electrode impedance, interference and noise,

(d) The issue of amplification and conditioning of the SEMG signals.

Some of these issues will be discussed in other tutorials. Clinical
applications of any technique require understanding of the physical
mechanisms and principles that the technique is based on, and of their
limitations. We hope we have contributed to this goal.
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