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Surface EMG comprises a variety of widely applied experimental tools in basic neuroscience, 
biomechanics and exercise physiology, but also in applied disciplines like clinical neuro-
physiology, ergonomics and sports sciences. To increase the usefulness of surface EMG, 
we contributed to the introduction and application of a spatiotemporal variant of the usual 
single channel surface EMG techniques, called high-density surface EMG (HD-sEMG).
In the present paper, we first discuss the background of the HD-sEMG technique and basic 
principles of recording and analysis. In a second part, we illustrate the usefulness of the 
technique on the basis of studies in which the analysis of HD-sEMG at a motor unit level 
is at hand. It concerns a precise analysis of the activity of the facial musculature that leads 
to a map of muscle fibre directions and the positions of motor endplate zones. Two other 
applications refer to neuromuscular pathology, being motor unit number estimation and the 
quantification of spontaneous motor unit activity, known as fasciculations. 

K e y w o r d s: high density surface EMG, motor unit number estimation, fasciculations, 
spatiotemporal EMG activity, facial musculature

1. Introduction

Surface EMG (sEMG) has been used extensively in fundamental motor control stud-
ies, in studies related to normal and pathological human movement coordination and 
it also has wide applications in the clinical neurophysiology supporting for instance 
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the estimation of nerve conduction variables. However, the judgement of voluntary 
recruitment of motor units (MUs) and muscle function is regarded to be best pos-
sible with intramuscular needle EMG in clinical neurophysiology or with wire EMG 
as often used in basic motor control studies. This is for good reasons because the 
close observation of MUs allows relatively easy isolation and recognition of MU 
firings, whereas the motor unit action potential (MUAP) waveforms contain sensitive 
markers for pathological processes. An important limitation of routine intramuscular 
recordings is that electrical events originating in the MU are exclusively measured as 
a time-varying signal. The same holds for the traditional concept of sEMG with the 
application of a single pair of electrodes over a muscle as a whole (bipolar sEMG). 
Any single channel recording misses spatial information, which ignores that muscle 
electrophysiological activity, like brain activity, certainly is a spatiotemporal signal. 
This was already recognized by pioneers of needle EMG. With multielectrode nee-
dles [1] and by using scanning EMG [2] insight in the spatial profile of the activity 
within a muscle was obtained. 
 The possibilities of determining the spatial profiles of surface EMG were already 
explored in the early 1970’s [3]. An advantage of surface EMG over intramuscular 
EMG, apart from the non-invasiveness and the relative ease to obtain spatial distribu-
tions, is its high reproducibility in follow up studies. About fifteen years ago, our group 
from the University of Nijmegen started with what we called “high-density surface 
EMG” (HD-sEMG) [4]. This method uses a 2-dimensional (2D) grid comprising 
many closely spaced electrodes (3–6 mm center-to-center) and generally measures 
a distribution of activity over a confined area. Such 2D electrode grid principle was 

Fig. 1. Electrode grid with 130 electrodes and an interelectrode distance (IED) of 5 mm for use on lar-
ger limb muscles. The inset shows a close-up of an electrode. The serrated structure ensures comparati-

vely large contact area, and thus low impedance at a small electrode diameter (from [9])
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first described by Masuda et al. [5]. Up to 128 or presently even more channels are 
in use simultaneously (Fig. 1). Relatively new in our approach at that time was the 
so-called monopolar recording, facilitating flexible online or off line derivation 
(see below). The implementation of the technique and our experience with various 
applications have confronted us with technical challenges, some of which are more 
difficult to deal with than others. The main elements of HD-sEMG concern the elec-
trode grid, the multichannel amplifier, the signal processing steps and, last but not 
least, the interpretation and presentation of the large amount of data. In the cause of 
the years, more groups adopted the intrinsic possibilities of HD-sEMG techniques in 
their basic or clinically oriented research [6–8]. In the next section (“Techniques”) 
we will illustrate a number of methodological issues with respect to HD-sEMG. In 
the following section “Applications”, a number of clinically relevant studies will 
be reviewed. These studies connect to the use of HD-sEMG to evaluate single MU 
properties and MU firing characteristics. 

2. Techniques

2.1. Electrodes

Electrode grid design is one of the challenging aspects of HD-sEMG. There is a clear 
friction between a number of aspects in the design, best summarized with the four 
factors: speed of application, comfort for the subject, signals quality and last-but-
not-least price. We first adopted a dry electrode principle (Fig. 1, [9]). The single 
electrodes were adapted from commercially available printed circuit board testing 
probes (type ‘‘serrated contact’’; see the inset in the lower right corner of Fig. 1) be-
cause of their favourable impedance [10]. They are somewhat uncomfortable during 
longer use or when used in sensitive areas such as the face. Furthermore, absence of 
electrode gel may cause less optimal or even failing contacts. Their advantages for 
sure are a fast application and, related to that, the ease of replacing the grid to find an 
optimal recording position. More recent grid designs are exemplified in Fig. 2 [11] 
and Fig. 3 [12]. These electrodes are dependent on a good contact via electrode gel 
application and can even be used in the more sensitive skin areas even with uneven 
contours [13]. The disadvantage of these flexible electrode arrays is that their fixation 
is more time-consuming and that they are less easily to be repositioned. However, 
signal to noise ratio is improved compared to dry electrodes [11] and these grids can 
even be used in dynamic conditions.

2.2. Spatial Derivations

We already mentioned the recording of HD-sEMG signals “monopolarly”, i.e. against 
a far away common reference electrode for all channels. This gives additional informa-
tion to the regular bipolar recording and facilitates flexibility in online and post-hoc 
signal processing [14]. Probably because of the high demands to the electronics, 
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Fig. 2. Part A: photograph of a surface electromyography (sEMG) multielectrode grid manufactured 
by using flexprint techniques. It consists of 7 x 13 electrodes, with an interelectrode distance of 4 mm. 
In principle, grids of any desired electrode sizes and arrangements can be manufactured. Part B: each 
electrode (1.95 mm in diameter) consists of a copper body, which has been surface coated with pure 
silver (99.99% Ag). Part C: illustration of the high mechanical flexibility of the multielectrode grid. 
Total thickness of the flexprint (electrode, carrier material, traces, protection lacquer) is 470 µm in the

area of the electrodes and 150 µm between them. (from [11])

Fig. 3. Part A: Examples of linear electrode arrays with different electrode numbers and interelectrode 
distances. The cavities in the double adhesive foam are filled with gel, through the holes in the arrays, 
after positioning. Part B: Example of a two-dimensional flexible electrode grid (LISiN-Spes Medica, 
Italy) with 64 electrodes. Part C: Printed circuit bi-dimensional electrode array of 6 × 5 electrodes.

(adapted from [12] with written permission from Elsevier publishers)

   A     B     C
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it took some time before this standard way of recording electrophysiology (ECG, 
EEG) found its way to surface EMG practice (refer to [3] for an exception). These 
demands are related to the small HD-sEMG electrodes, so that amplifiers have to 
deal with relative high electrode impedances, combined with large common mode 
signals (especially power line interference) to the far away reference. By now, such 
problems can generally be avoided by modern amplifier technology. The advantage of 
a monopolar derivation is the possibility to spatially filter the signals theoretically by 
any combination of two or more electrodes. The regular bipolar derivation of sEMG 
in fibre direction can be considered as the “basic spatial montage”. A variation on the 
monopolar derivation, borrowed from EEG practice, is the use of a so-called virtual 
reference being the average potential profile over all electrodes [7]. The theoretical 
effect of higher order derivations, being practical realizations of first- or higher-
order spatial derivatives of the potential profiles, is mainly a modulation of spatial 
selectivity. In a study of Farina et al. [15], the authors showed the factual influence 
of different derivations for the tibialis anterior muscle (Fig. 4). Motor unit firings are 
clearly visible in the longitudinal double differential (LDD) derivation and the lower 
traces in Fig. 4. The MUAP duration was found to be shorter with LDD and with the 
2-D systems than with the other filters. The increase in selectivity with a higher order 

Fig. 4. Raw surface EMG signals detected with an electrode grid during a contraction of the tibialis 
anterior muscle of a single subject (30% MVC contraction level). The signals have been recorded from 
the central location. Interelectrode distance was 5mm. The signals were obtained by linear combina-
tions of the same monopolar raw signals. The signals are amplitude normalized. S/DD = single and 
double differential, L = longitudinal. T = transversal. (adapted from [15] with written permission from

IEEE publishers)
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filtering is visible in an increased separation of the single MU firings. The 2-D filters 
investigated showed very similar performance and can be considered equivalent from 
the point of view of spatial selectivity. So, when using a 2-D filtering, a higher order 
derivation than the well-known Laplacian derivation (indicated as NDD in Fig. 4) 
does not seem beneficial. From a practical viewpoint that is good news, because 
increasing the number of electrodes involved in a derivation, increases the risk of 
including one with a suboptimal skin contact, disturbing the combined signal. One 
should realize that increasing selectivity with spatial filtering also means a loss of 
the presence of distant (deep), compared to nearby (superficial), MUs in the EMG 
signal and thus a decrease of the field-of-view [16]. This has negative consequences 
for the representativeness of the signal for the muscle studied especially in depth, 
but works positive for the possibility to decompose the EMG signal in MU contribu-
tions (see below) and it decreases the unwanted registration of signals from adjacent 
muscles (called “cross-talk”).

2.3. Directions of Observation

The obvious advantage of a 2-D grid also is the possibility to observe a muscle’s ac-
tivity in more directions. Simply stated one can visualize and analyse the propagation 
of MUAPs in electrode columns along the fibre direction, but one can also observe 
how MUAPs change in an electrode sequence perpendicular to the fibre direction 
(Fig. 5). Applications of the first direction were already known from smaller or 
larger so-called linear array electrodes (Fig. 3A) [17]. An application of the second 

Fig. 5. Schematic representation of an electrode grid. Electrodes are arranged in a 10 × 13 matrix. Bi-
polar derivation is mostly obtained by subtracting the signals from two adjacent electrodes in the fiber 
direction (small arrows). So, the horizontal rectangle then indicates the electrodes needed for a bipolar

derivation from rows 9 and 10 (from [22])

M
uscle fiber direction
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was first reported by Monster and Chan (1980) [18] on the relation between MUAP 
amplitude and MU location. Both orthogonal directions can best be presented in so-
called “MUAP fingerprint”. A typical example of such a MUAP fingerprint is shown 
in Fig. 6 (presenting a biceps brachii MU, not published). As will be illustrated in 
the following sections, these different directions of observation aim at principally 
different applications.

Fig. 6. A motor unit potential fingerprint. It is a 10 x 10 representation of a spike triggered average of 
the activity of a single motor unit in the biceps brachii muscle (bipolar derivation, IED = 5mm). Clearly 
visible is the propagation of the action potential away from the motor endplate region (3rd row from the 
bottom) in two directions vertically in the grid presentation. In the horizontal direction, the decline of 
the MUAP with increasing distance from the column closest to the underlying motor unit (4th column

from the left) is noted

0.2 mV
30 ms

2.4. Muscle Fibre Propagation

The propagation of action potentials which can be observed in fibre direction (Fig. 5, 
column wise) is mostly summarized by a mean muscle fibre conduction velocity 
(MFCV). MFCV almost invariably declines during fatigue in isometric contractions 
if force levels are moderate to maximal. The accumulation of extracellular potassium, 
especially in the tubuli, and the accumulation of lactate, together with a lowering of 
the pH, seems to be the main determinants for the change in MFCV. At low force 
levels an increase of MFCV can be found during long lasting contractions, most likely 
due to recruitment of new, non-fatigued MUs. The study of MFCV has found its 
applications in the fields of exercise physiology and rehabilitation, but also in clini-
cally oriented studies [6, 8]. Instead of estimating an average propagation velocity 
as MFCV, the distinction between different peaks in the EMG signal might reveal 
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a physiologically relevant distribution of velocities [19]. In that case each peak still 
may represent a mixture of two or more intermingled MUAPs of closely occurring 
MU firings. As will be discussed below, certainty on single MUAP behaviour with 
respect to this velocity behaviour or any other property can only be obtained with 
a decomposition of the EMG signal into firing characteristics of single MUs. 

2.5. Decomposition of the EMG Signal

The ultimate answer to the question of separating an EMG signal in the firing char-
acteristics of all contributing MUs has challenged a wide community of “signal 
processors” as an ideal typical problem in their field. The first studies used special 
or conventional intramuscular electrodes [20, 21]. For surface EMG, the use of high 
density grids appeared to be a great support in the attempts to analyse these non-
invasive signals, especially the use of the EMG channels perpendicular to the fibre 
direction. Crucial in the decomposition of the EMG signal is the identification and 
classification of the individual MU firings. This can be achieved by using the unique 
spatial and temporal characteristics of each MU potential recorded with HD-sEMG. 
In that way, the repeated firing of a specific MU is detected amongst the firing events 
of the other MUs of which the activity is simultaneously observed. It thus appears 
that the signals from channels perpendicular to the muscle fibre direction are most 
informative for identification of the firings of a MU (Fig. 7A, [22]). To obtain the 
results as those in Fig. 7, the monopolar HD-sEMG signal was spatially filtered by 
constructing a bipolar derivation and high-pass filtered at 15 Hz to remove move-
ment artefacts. Action potentials were then clustered semi-automatically according to 
their spatial properties. Templates were constructed (Fig. 7B) and used for template 
matching after which a complete firing pattern could be deduced [22]. 
 Recent work using advanced statistics such as “blind source separation” made 
a substantial step forward in the decomposition of the HD-sEMG [23, 24]. Despite 
such technical improvements, most results obtained using surface EMG are still 
derived from recordings during relatively low activation levels. At higher levels 
the interference by the summed activity of different active MUs prohibits reliable 
identification of individual MUs. On the level that can be reached and the number 
of electrodes needed to obtain a reliable decomposition result, the published data are 
not very consistent yet. For instance, Nawab et al. [25] show firing events of up to 
40 identified MUs in a 75% MVC activation of the biceps brachii muscle by using 
only a small (2 cm diameter) 5-pin electrode. Decomposition of signals from such 
activity level has never been reported by any other research group using HD-sEMG, 
even with many more electrodes. 
 The decomposition procedure leads to averaged (i.e., low-noise) fingerprints from 
the repeated firings of a MU revealing topographical characteristics of this MU. Such 
MU fingerprints were analysed to topographically characterise the facial musculature 
[13] and used in hand muscles for improving the method of MU counting [26]. Both 
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Fig. 7. Two illustrations of the principle of MU decomposition from recordings perpendicular to the 
muscle fibre direction. Part A: A short segment of raw sEMG from 10 channels measured in the direc-
tion perpendicular to the fibres of the biceps brachii muscle. The activity from six different MUs can be 
observed, partly in overlap with each other. The MUs can relatively easily be discerned because of their 
specific spatial profile in this direction of observation. Part B: Five different MUAP wave shapes belon-
ging to the vastus lateralis muscle. Part B: Corresponding averaged MUAPs. The firing variability within

the clusters is indicated (part B from [22])

applications will be discussed in the application sections below. Any decomposition 
result also provides firing characteristics of several MUs. The analysis of such MU 
discharge sequences contributes to the understanding of the essentials human motor 
control in health [27] and in disease [28]. 
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3. Applications

3.1. Facial Motor Unit Anatomy and Guidelines for Electrode Placement
       in Conventional (bipolar) sEMG

Adapted from: PhD-thesis B.G. Lapatki, The Facial Musculature – Characterisation at 
a Motor Unit Level, 2010 (Lapatki, 2010)

3.1.1. Introduction

The facial musculature is a three-dimensional assembly of multiple small muscle 
bundles and sheet-like muscle fibre arrays. The independently controlled subcom-
ponents of this complex muscle system are essential for the functioning of the oro-
facial sense organs and mediate emotional and affective states (mimic expression). 
Important characteristic anatomical features of the facial muscles are interdigitation 
and overlap of several muscle subcomponents in relatively small areas (especially 
in the lower facial area), and high inter- and intra-individual variability in muscle 
location [29–31].
 Until recently, other basic properties of facial MUs, such as their spatial spread 
and orientation, and the location of the endplate zones, were not specified. HD-sEMG 
is the obvious method of choice to fill that gap of knowledge.
 We conducted a study [13] to systematically determine topographical MU 
characteristics (i.e. their location, spatial orientation and endplate zone) of the lower 
facial musculature, and to compare the results to basic anatomical knowledge and 
data obtained in histo-chemical studies.

3.1.2. Motor Unit Anatomy

Thirteen healthy subjects were specially trained to perform selective contractions of 
the depressor anguli oris (DAO), depressor labii inferioris (DLI), mentalis (MEN), 
and orbicularis oris inferior (OOI) muscles. Signals were recorded using flexible HD-
sEMG grids as described before. For each subject and each muscle and for different 
low contraction levels, MU fingerprints were decomposed from the raw sEMG data 
according their spatio-temporal amplitude characteristics as also described before. 
Then the lower facial MUs’ endplate zones and main muscle fibre orientations were 
extracted. After applying a spatial warp to correct for the different facial sizes and 
shapes, results were projected on the individual faces of the subjects. As an example, 
Fig. 8 shows two monopolar (Figs. 8A and 8B) and two bipolar (Figs. 8C and 8D) 
MU fingerprints decomposed from data recorded during a 5% MVC contraction of 
the DAO muscle. Endplate positions and muscle fibre orientations are represented 
by grey dots and lines, respectively. Other examples are given for the DLI muscle. 
Here, the data from two representative subjects (Figs. 9A and 9B), demonstrate the 
occurrence of MU endplates only in the lower portion of the muscle, typically in 
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Fig. 8. Parts A, B: Two monopolar and two corresponding bipolar templates showing the spatial am-
plitude profile of representative depressor anguli oris (DAO) MUAPs and superimposed results of 
endplate location and main muscle fiber orientation. Only the signals derived from the lateral electrode 
grid are shown (gray area). MUAPs were decomposed from signals recorded during a 5% maximal 
voluntary contraction (MVC) of this muscle. Bipolar montages (Parts C and D) were constructed 
by subtracting the (recorded) monopolar signals of consecutive electrodes in vertical direction. The 
position of the motor endplate zone can be detected from the bidirectional propagation pattern of the 
action potentials, which also results in low amplitude at and opposite signal polarity on both sides

of the endplate (from [13])

A: Template #1 (monopolar)                B: Template #2 (monopolar)

C: Template #1 (bipolar)                  B: Template #2 (bipolar)

Modiolus
Template area

Monopolar electrodes
DAO fibres

0.1 mV

40 ms
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Fig. 9. Depressor labii inferioris (DLI) endplate locations and muscle fiber orientations. Parts A and 
B: individual data from two subjects showing clustered endplate distribution, i.e., accumulation of 
endplates in the muscle’s lateral and medial portions. Part C: normalised DLI endplate positions of 
all subjects. In all subjects, DLI endplates were found to lie extremely eccentric between the origin of 
the muscle at the lower border of the mandibula and its insertion in the lower lip (gray ovals). Part D: 

normalised DLI fiber orientations of all subjects (from [13])

a lateral and medial cluster. Figure 9C proves that eccentric locations of DLI MU 
endplates (near the origin of this muscle) were a common finding. Figure 9D shows 
the fibre orientation of all decomposed DLI MUs which is consistent with illustra-
tions in anatomical textbooks.
 This study, published in 2006 [13], revealed a distribution of the lower facial 
MU endplates in more or less restricted, distinct clusters on the muscle often with 
eccentric locations. The results add substantially to the basic neurophysiologic and 
anatomical knowledge of the complex facial muscle system. They can also be used 
to establish objective guidelines for placement of conventional (surface or needle) 
EMG electrodes as well as for clinical investigations on neuromuscular diseases 
affecting the facial musculature. 

A: Subject #2                   B: Subject #9

C: All subjects                   D: All subjects
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3.1.3. Guidelines for Optimal Electrode Position

Locations of conventional surface electromyography (sEMG) electrodes in the face 
are usually chosen on a macro-anatomical basis. However, establishing electrode 
positioning guidelines is a challenging task. It requires consideration and balanc-
ing of several aspects, such as proximity of a proposed electrode site to underlying 
muscle with minimal intervening tissue, alignment of a bipolar electrode parallel to 
muscle fibre direction, avoiding that a bipolar electrode is positioned across the MU 
endplate region, electrode attachment to a proposed site without undue problems e.g. 
from skin folds or curvatures, and minimising crosstalk from adjacent muscles [32]. 
Neither anatomical studies, nor electrophysiological investigations with conventional 
techniques can provide sufficient information regarding all relevant criteria for bi-
polar electrode placement. HD-sEMG allows filling this gap. We used the collected 
data described in the previous paragraph to position virtual electrode pairs in the 
interpolated monopolar MU action potentials at different positions along muscle fibre 
direction and calculated the bipolar potentials [33]. Electrode sites were determined 
where maximal bipolar amplitude was achieved.
 Figure 10 illustrates for two subjects the endplate zones, muscle fibre orientations 
and optimal bipolar electrode positions for the DLI muscle. Values for individual MUs 
as well as intra-individual mean values are given. The optimal recording positions 
displayed in this particular illustration refer to bipolar electrodes with an inter-elec-
trode distance of 8 mm and detection surfaces of 4 × 4 mm2 which are practicable 
values for facial sEMG [34]. 

Fig. 10. Endplate zone locations (open circles), muscle fiber orientations (lines), and optimal bipolar 
electrode positions (open squares: center of bipolar montages) for different motor units (gray); mean 
values are indicated with corresponding black symbols for the depressor labii inferioris (DLI) musc-
le. Part A: Results for one subject. Motor unit locations were found to be distributed on two clusters 
though the lateral cluster consisted of one motor unit only. The bold black square indicates the optimal 
position for sEMG recordings from the DLI’s upper portion in this participant based on maximal ampli-
tude. Part B: Corresponding results for another participant. The rectangle with two open circles depicts

 an optimally positioned bipolar electrode configuration (from [33])

    A: DLI, subject #3                    B: DLI, subject #7

Weighted mean value of 
(upper) optimal bipolar 

electrode position

Endplate zone Endplate zone

Upper fibre 
directions
of individual MUs
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of individual MUs 
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Optimally 
positioned bipolar 
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 In principle, this approach can be applied to all musculature accessible to sEMG. 
We established electrode positioning guidelines for a number of muscles of the lower 
face. Facial sEMG has proven to be a valuable research and diagnostic tool for ap-
plications in psychophysiology, speech physiology and dentistry. The guidelines 
presented will likely improve the validity and reproducibility of applications in these 
fields [33].

3.2. Motor Unit Number Estimation

Adapted from: PhD-thesis J.P. van Dijk,On the number of motor units, 2010 (Van Dijk, 
2010)

3.2.1. Introduction

In 1971, Alan McComas and co-workers introduced a method to estimate the number 
of MUs in a muscle [35]. This method is based on the principle that an estimate for the 
number of MUs can be derived from the quotient of the maximal compound muscle 
action potential (CMAP) and the mean amplitude size of the MU potentials. This 
elegant method, known as the incremental counting technique, turned out to have a 
number of drawbacks, such as the difficulty to recognise small MUAPs, a possible 
overestimation due to alternating MUAPs, and a limited sample size alternation oc-
curs when two or more MUAPs have a changes of firing not 0 or 1, but somewhere 
between 0 and 1).
 New methods that have emerged differ mainly in the way the mean MUAP is 
determined [36]. At present, there is no methodology that can practically determine 
the number of MUs with such an accuracy that allows for validation of the motor unit 
number estimation (MUNE) techniques. This lack of a “gold-standard” is problematic 
for two main reasons. First, there is no way of knowing whether a newly developed 
method actually represents the amount of motoneurons better. Second, it is unknown 
if a method is biased towards lower or higher numbers. A straight-forward strategy to 
overcome these problems is choosing the best method based on theoretical grounds 
and to test this method under practical conditions. 

3.2.2. High-density MUNE- a Novel Approach

Recently, we introduced a MUNE technique that uses HD-sEMG because of its theo-
retical advantages [26]. The advantages of the high-density approach are: 1) MUAPs 
can more easily be recognized because of the additional spatial information and, to a 
certain level, alternation can be resolved; 2) A relative large number of MUAPs can 
be obtained; 3) small MUAPs are more easily recognized because of the small elec-
trodes size, spatial information, and because the optimal position is always covered 
by the electrode grid; 4) Multiple MUAPs can be obtained from one stimulation site 
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and, therefore, phase cancellation effects, that also occur in the maximal CMAP, are 
included; 5) The spatiotemporal difference between the maximal CMAP and the mean 
MUAP provides an indication of the representativity of the latter. The high-density 
MUNE method contains elements of the original incremental counting technique 
[35] and the multiple point stimulation technique [37].
 A flexible high-density electrode grid of 8x15 Ag-AgCl electrodes with an 
interelectrode distance of 4 mm (Fig. 2) was placed over the thenar muscle of the 
non-dominant hand [11]. The median nerve was stimulated using an electrical con-
stant current stimulator with square pulses of 100 µs. The MUNE technique has been 
described in detail before [26]. Briefly, electrical pulses were applied to the nerve at 
a rate of 1Hz with slowly increasing strength. Alternating MUAPs were recognized 
and disentangled off-line using the spatio-temporal information. The stimulation 
electrodes were placed at multiple points along the nerve to increase the sample 
size of MUAPs used in the MUNE. Three proximal CMAPs were then obtained by 
supramaximally stimulating the median nerve. After decomposition of the signals, 
the individual MUAPs were compared to exclude multiple inclusions of the same 
MUAP.
 We found that alternation can be recognized using the spatiotemporal informa-
tion. Reproducibility in healthy subjects showed a mean coefficient of variation of 
15% and an intraclass correlation of 0.88. In our study on 15 healthy subjects, the 
mean estimated number of MUs was in range with similar techniques (271 +/- 107). 
The relative large sample size should be beneficial for MUNE accuracy and repro-
ducibility. However, as said, due to the lack of a gold standard, the exact accuracy 
cannot be given for this or any other MUNE method. 

3.2.3. Effect of Small MUAPs on MUNE

One of the drawbacks of the original incremental stimulation technique is the dif-
ficulty in detecting small MUAPs. Therefore, we conducted a simulation study to 
determine the effect of small MUAPs on the MUNE [38]. According to consensus 
criteria, small MUAPs (negative peak amplitude < 10 µV) should be omitted from 
the sample because they may have a disproportionate influence and may increase 
variability [39]. The amplitude of a MUAP is influenced by a number of factors of 
which MU size and distance to the electrode are most important. As the high-den-
sity electrode grid covers the muscle almost completely, there are always electrodes 
positioned optimally for a certain MUAP. For this simulation study, MUAPs were 
used from 8 healthy subjects and from 7 patients with amyotrophic lateral sclerosis 
(ALS) [26]. In the simulations, all unique single MUAPs obtained were combined in 
each of the two groups to form a muscle’s MUAP population. From the eight healthy 
subjects we retrieved 208 MUAPs, and 130 MUAPs in total were obtained from the 
ALS group. It is assumed that by combining all the MUAPs obtained from different 
subjects, a valid distribution of MUAPs from an individual muscle can be created. 
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 By omitting small MUAPs from the mean MUAP, it was found that the variability 
hardly decreased. However, a large bias was introduced as in the healthy group up to 
27% of the small MUAPs had a negative peak amplitude smaller than 10 µV [38]. 
In ALS, only 12% of the MUAPs were considered small MUAPs. A consequence 
of omitting the small MUAPS was that the difference between the ALS patients and 
healthy controls was clearly reduced (Fig. 11). This would result in an underestima-
tion of the disease progression while reproducibility hardly improved. Based on this 
findings we advise not to follow the consensus criteria and to always also include 
small MUAPs in the estimate. 

Fig. 11. Distributions of MUNE values at a sample size of 20 samples after repeated simulations with 
randomly chosen MUAPS (A) from healthy subjects and (B) from MUAPs of ALS patients. The gray 
distributions result from the entire population of single MUAPs, while the dashed lines are obtained 
when small MUAPs are omitted. It can be seen that the difference between the healthy distribution and 
the ALS distribution becomes smaller if small MUAPs are omitted (more overlap between the dashed 
distributions comparing part A with part B). The gray vertical lines indicate the actual number of  MUAPs 
in the simulation. The dashed vertical lines indicate the number of MUAPs after removal of small ones 

 according to the consensus criteria [39] (from [38])

3.2.4. High-density MUNE in Pathology

Charcot-Marie-Tooth Type-1A
In Charcot-Marie Tooth disease type 1A (CMT1A), weakness is most noticeable in 
feet and hands while more proximal muscles are much less involved. There is marked 
phenotypical variability, even between siblings. In a recent study in these patients, 
we used high-density MUNE to determine, in a cross-sectional design, the number 
and size of MUs in relation to age [40]. 
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 We obtained CMAPs and MUNEs values as described above from 69 adult 
patients with proven CMT1A and from 55 healthy controls. Motor nerve conduc-
tion velocity (MNCV) was determined using the place and time difference between 
proximal and distal CMAP. Muscle strength in the arms was graded according to 
the Medical Research Council (MRC) scale. Thenar pinch force and functional hand 
grip were tested using a Martin Vigori-meter [41]. 
 MUNEs and CMAP amplitude values were lower in patients and controls and 
correlated with hand weakness in patients. CMAP amplitudes declined with age in 
controls, but not in patients (Fig. 12B). However, MUNE declined in both patients 

Fig. 12. Part A: Motor unit number estimation (MUNE) versus age for patients with Charcot–Ma-
rie–Tooth disease type 1A1A (CMT1A) and controls. The lines represent the significant association 
between age and MUNE for the control group the patients with CMT1A (r = 0.25, P = 0.046). Part 
B: CMAP amplitude versus age for controls and patients with CMT1A. The dotted lines represent the 
association between age and CMAP amplitude for the healthy controls (significant) and for the patients

 with CMT1A (non-significant) (from [40])
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and controls (Fig. 12A). We found no difference in the observed decline of MUNE 
between patients and controls. Unexpectedly, we found that MNCV was positively 
related to age. As this finding contrasts previous reports and MNCV has been found 
to be related to disease severity, we conclude that a bias may have been present in 
our data preventing us from drawing firm conclusions. On the other hand, our data 
are in line with those from the literature suggesting that in CMT1A patients age re-
lated MU loss is limited and may be in range of normal aging [42]. As adult patients 
start-off with a much lower number of MUs, additional loss of MUs due to ageing 
may affect these patients more than healthy controls with considerable disability as 
a consequence [40]. 
Amyotrophic Lateral Sclerosis
In amyotrophic lateral sclerosis (ALS), progressive motoneuron loss is usually 
observed over a short period of time. ALS patients lose the ability to use their mus-
cles gradually resulting in death in two to three years after diagnosis. To determine 
if a therapeutic agent is effective, clinical trials are in need for a sensitive marker 
to monitor disease progression. The most direct and principally unbiased way to 
monitor motoneuron loss may base on MUNE techniques which could provide 
such a maker of disease progression. As patients may differ strongly in the rate of 
disease progression, MUNE might also be used to distinguish between slow and fast 
progressing patients [43].
 We applied high-density MUNE as described above in a follow-up study of 
18 ALS patients and followed them for a period of 8 months. For baseline compari-
son, 26 age-matched healthy subjects were asked to participate in the study as well. 
Force measurements as hand grip, thenarpinch force and MRC-scale measures of 
upper limb muscles were obtained. As a clinical outcome measure the ALS functional 
rating scale (ALSFRS) was obtained as well.
 The mean (±SD) MUNE was significantly lower in the patients with ALS 
than in the controls (patients 158 ±103 versus controls 256±85). MUNE repro-
ducibility was assessed within 2 weeks in 17 ALS patients. MUNE reproduc-
ibility was good with an ICC=0.86 and a median CoV of 13.7%. No significant 
difference was found between test-retest values for MUNE or CMAP amplitude. 
The reproducibility was similar in patients and controls. All variables, except 
for the thenar pinch strength test (MVTP), declined significantly over 4 months 
(Fig. 13). Over 8 months, the MUNE decreased the most (49%) of all variables 
measured. Moreover, the MUNE decreased significantly more than the CMAP. 
At 4 months, the decrease in MUNE was already significantly different from the 
decrease in ALSFRS score. 
 We think that MUNE might prove to be especially useful in (smaller) phase 
II clinical trials because these trials need a sensitive efficacy measure early in the 
disease course [44]. The relatively time-consuming nature of MUNE measurements 
(compared with other measures, such as the ALSFRS) make them less suitable for 
large phase III trials. 
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3.3. Fasciculations in ALS 

Adapted from: PhD-thesis B.U. Kleine, Motor unit discharges- Physiological and diagnostic 
studies in ALS, Kleine, 2011)

3.3.1. Introduction

Fasciculation is a clinical hallmark of ALS and can be defined as random, spontaneous 
twitching of a group of muscle fibres belonging to a single MU [45]. Fasciculations 
can be observed on inspection or palpation of the muscle, but dynamic ultrasound 
appears to the most sensitive method [46–48]. With needle or surface electrodes 
fasciculation potentials (FPs) can be recorded from the resting or active muscle. 
Although the origin of fasciculations in terms of anatomic localisation has been 
studied for almost a century, the origin of fasciculations in ALS is still under debate. 
We hypothesized that the discharge pattern of FPs would be different for FPs arising 
in the motor axon or in the spinal motor neuron [28]. 

3.3.2. Firing Pattern of Fasciculations in ALS: Evidence for Axonal and Neuronal Origin

FPs were recorded by HD-sEMG of the biceps brachii or vastus lateralis muscle for 
15 minutes in 10 patients with ALS. Records were decomposed into different FP 
waveforms and their firing moments. The algorithm for MU decomposition shortly 
described above [22] was adapted for long-duration recordings and for discrimination 

Fig. 13. Percent change in HD-sEMG motor unit number estimate (MUNE), Martin vigorimeter the-
nar pinch (MVTP), compound muscle action potential (CMAP), Martin vigorimeter functional grip 
strength (MVFG), ALS functional rating scale (ALSFRS), and MRC sum-score at 4 and 8 months after 
baseline in a group of 18 ALS patients. Values were normalised to the baseline (at average 1.7 years

 after first symptoms) (from [43])
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of different FPs. The result of automatic full decomposition was checked visually 
for all firing events. Interspike interval (ISI) histograms were constructed for FPs 
that fired more than 100 times. The rationale was that peaks in the ISI histogram 
correspond to a depolarization that brings the membrane close to the threshold for 
a new FP. 
 In the patients with ALS, two distinct types of ISI histograms were found, re-
flecting the origin of fasciculations either in the axonal membrane (Fig. 14A-C) or in 
the motor neuron itself (Fig. 14D-F) [28]. Some FPs with an axonal origin showed 
preferential discharge with an ISI of 5 ms (Fig. 14B), which is readily explained 
by increased super-excitability known from peripheral nerve excitability studies 
[49]. Because of the analogy between ISI analysis and the recovery cycle, our data 
support the concept that a large part of ALS fasciculations results from an acquired 
channelopathy with increased sodium and decreased potassium conductances [50, 
51]. A recent study by Mills [52] confirmed the findings on short ISIs. 

3.3.3. Fasciculations and Their F-response

We collected firings from the axonal type of FPs. Some of them, probably even the 
majority, must have originated in the intramuscular arborisation of the motor axon. 
An action potential that arises distally propagates to all of the MU’s muscle fibres, but 
also antidromically to the motor neuron [53]. Therefore, an F-response is expected 
to occur after some of the FPs [54]. An FP and its F-response have almost identical 
spatiotemporal properties and an ISI that corresponds to the length of the nerve. In the 
ISI histograms from patients with ALS (Fig. 14) no peak attributable to F-responses 
was found. By chance, we observed FPs with an F-response in a patient that turned 
out to have benign fasciculations. Therefore, we systematically searched for and found 
F-responses in recordings from patients with ALS and from patients with benign 
fasciculations. The stable recoding of HD-sEMG was again essential in that search. 
It appeared that in both groups and also in healthy subjects FPs with F-response can 
be recorded [55]. The discrepancy between these results and the results presented 
in Figure 14 may be explained by the hypothesis that a MU fasciculating at a high 
rate (required to create Fig. 14) is unable to produce F-responses. Such a hypothesis 
requires that hyperexcitability of the distal axon is associated with changes in the 
motor neuron precluding back-firing of F-responses. Another hypothesis is that the 
axonal fasciculations then arise proximally, probably at the axon hillock. To resolve 
this question, longitudinal tracking of a MU [56] with fasciculations through differ-
ent stages of the disease, excitability testing of the FP, or paired pulse F-responses 
may be useful. HD-sEMG is certainly suitable or even required (MU tracking) in 
this kind of studies. In any case, the occurrence of FPs with F-responses in a benign 
condition suggests that ectopic discharges from the distal axon are not a marker of 
progressive neurodegeneration [55].
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4. Conclusions

High-density surface EMG grids and software tools enable the measurements of 
MUAP properties and motor unit numbers. Physiological and topographical infor-
mation becomes available that certainly is beyond the reach of needle EMG. We 
showed a number of prominent examples from our own research. Common to the 
three different applications is the decomposition of the signal into the contribution 
of the underlying MUAPs. Depending on the application, the focus can be on the 
MUAP and its relation with muscle anatomy or on the discharge pattern and its rela-
tion with motor neuron physiology.
 Obviously, more could have been illustrated with respect to the use of HD-
sEMG. This includes muscle fiber conduction velocity in fatigue and neuromus-
cular pathology, endplate localization for optimizing botuline toxin injections, the 
study of normal and abnormal distributions of muscle activation, and muscle fibre 
propagation disturbances. All of these examples exploit the unique spatial amplitude 
distribution of MUAPs or sEMG patterns over the skin. Thus, multichannel sEMG 
provides both classic and new information regarding the neuromuscular system 
in health and disease. Its main advantage lies in the non-invasive contribution of 
detailed spatial information to our view of the peripheral part of the human motor 
system. 
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