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ABSTRACT

The surface interference EMG signal provides some information on the neural drive to muscles. However, the
association between neural drive to muscle and muscle activation has long been debated with controversial
indications due to the unavailability of motor unit population data. In this study, we clarify the potential and
limitations of interference EMG analysis to infer motor unit recruitment strategies with an experimental
investigation of several concurrently active motor units and of the associated features of the surface EMG. For
this purpose, we recorded high-density surface EMG signals during linearly increasing force contractions of the
tibialis anterior muscle, up to 70% of maximal force. The recruitment threshold (RT), conduction velocity
(MUCV), median frequency (MDFy,) and amplitude (RMS,,,) of action potentials of 587 motor units from 13
individuals were assessed and associated to features of the interference EMG. MUCV was positively associated
with RT (R2 = 0.64 % 0.14) whereas MDFy, and RMSy, showed a weaker relation with RT (R2 =0.11 + 0.11;
0.39 £ 0.24, respectively). Moreover, the changes in average conduction velocity estimated from the interference
EMG predicted well the changes in MUCV (R? = 0.71), with a strong association to ankle dorsi-flexion force (R* =
0.81 = 0.12). Conversely, both the average EMG MDF and RMS were poorly associated to motor unit
recruitment. These results clarify the limitations of EMG spectral and amplitude analysis in inferring the neural
strategies of muscle control and indicate that, conversely, the average conduction velocity could provide relevant

information on these strategies.

New and Noteworthy

The surface EMG provides information on the neural drive to muscles. However, the associations between EMG
features and neural drive have been long debated due to unavailability of motor unit population data. Here, by
using novel highly-accurate decomposition of the EMG, we related motor unit population behavior to a wide
range of voluntary forces. The results fully clarify the potential and limitation of the surface EMG to provide

estimates of the neural drive to muscles.
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INTRODUCTION

The generation of force is accomplished by the concurrent recruitment and modulation of the discharge rate of
motor units. Motor units are recruited orderly according to the size of the motor neurons (31). When motor
neurons discharge action potentials, a local depolarization at the neuromuscular junction generates action
potentials in the innervated muscle fibers. This connection creates a one-to-one relation between axonal and

muscle fiber action potentials (30).

When an array of electrodes is placed in the direction of the muscle fibers, it is possible to observe and measure
the propagation of action potentials from the neuromuscular junction to the tendon, with a velocity that ranges
between 2 and 6 m/s (3). The average propagation velocity of action potentials along muscle fibers (muscle fiber
conduction velocity, MFCV) can be measured in vivo during voluntary contractions from an interference EMG
signal and represents the weighted mean of conduction velocities of the active muscle fibers. The interference
EMG signal can also be processed to extract features, such as its amplitude (e.g., root mean square, RMS) and
power spectral components (e.g., Mean/Median frequency, MNF/MDF) (24, 25). These variables are often
referred to as global EMG features because they represent the activity of all active motor units and not individual
motor unit properties. The conduction velocity of the fibers in individual motor units (MUCV) can be measured by
decomposing the EMG signals and extracting the action potentials for isolated motor units (15, 45). Amplitude
and power spectral features may be used to further characterize the decomposed action potentials of individual

units.

With respect to EMG decomposition and the study of individual motor units, the global EMG analysis can be
applied to a broader range of experimental conditions (e.g., dynamic contractions, explosive contractions, gait
analysis). Therefore, the relations between global EMG variables that represent muscle activation and the neural
drive to muscle (individual motor unit discharge timings) have been investigated with simulation models and
experimentally (6, 19, 24, 58). In these studies, the feasibility and reliability of associating global EMG variables
to the underlying behavior of the active units have been extensively debated. Despite it has been shown that

these associations are weak (17, 21, 37), global EMG analysis is still often used for indirectly inferring the type of

3
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recruited motor units (e.g., (28, 34, 40, 41, 54, 57, 59, 62). This approach is sometimes justified by the fact that
criticisms on the use of global EMG variables for assessing the neural strategies are mainly based on simulation
work that may provide different results depending on tuning of model parameters (13, 40, 61). There are indeed
no systematic studies that experimentally reported the relations between global EMG variables and the behavior
of large groups of concurrently active motor units. The difficulty of these investigations is the identification of the
activity of relatively large populations of motor units, as it is needed to investigate the association between

neural drive to muscles and global EMG variables.

Recently, it has become possible to concurrently identify several motor units by high-density EMG
decomposition (27, 49, 50), as opposed to the small humber of motor units that can be studied with selective
intramuscular recordings. These techniques allow us for the first time to assess the extent to which information
about the neural drive to the muscle can be extracted from recordings of muscle activation during a large range
of voluntary forces in the tibialis anterior muscle. The results fully clarify the potentials and limitations in the use

of global surface EMG analysis for studying the neural control of muscle activation.

METHODS

Thirteen healthy, recreationally active young men (mean (SD), 24.6 (2.6) yr, 180 (5.8) cm, 80 (6.3) kg) were
recruited and completed the experiment that was approved by the Ethical Committee of the Universitatmedizin
Gottingen (approval n. 1/10/12). None of the subjects reported any history of neuromuscular disorders or
previous lower limb surgery. An informed consent form was signed by all the volunteers before participating in

the experiments.

Experimental procedure

The subjects were familiarized with the experimental conditions before participating in the testing procedures.
The experimental conditions consisted of a series of isometric maximal and submaximal ankle dorsi-flexions.
The contractions were completed in the following order: isometric maximal voluntary force contractions (MVC)
and isometric ramp contractions. Participants completed three MVC separated by at least 30s, during which they

were instructed to “push as hard as possible” for at least 3 s. The greatest force produced during any of the
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MVCs was considered as the maximum voluntary contraction (MVC) force. The MVC measure was followed by
contractions during which the force increased at the rate of 5% MVC/s™ to reach target forces of either 35, 50,
and 70% MVC, which were sustained for 10 s. The volunteers completed a total of six contractions of this type,
two for each target force. The contractions were performed in randomized order and were separated by 5 min of

rest.
Force and electromyogram recordings

The participants were seated in the chair of a Biodex System 3 in an upright position (Biodex Medical Systems
Inc., Shirley, NY, USA), with the dominant leg (self-reported) extended and the ankle flexed at ~30° with respect
to the neutral position (0°), which allowed a comfortable and stable position. The ankle and the foot were tightly
fastened by Velcro straps. The ankle strap was in series with a load cell that was positioned perpendicular to the
lateral malleolus. The visual feedback on force was provided by a cursor displayed on a computer monitor. The

participants were instructed to follow a trapezoidal force trajectory.

High density surface electromyography (HDEMG) signals were recorded from the tibialis anterior muscle with a
grid of 64 electrodes (5 columns and 13 rows; gold coated; 1-mm diameter; 8-mm interelectrode distance; OT
Bioelettronica, Torino, Italy; Fig 1). Before fixing the high-density grid, a dry electrode array of 16 electrodes (OT
Bioelettronica, Torino, Italy) was used to identify the distal innervation zone of the tibialis anterior muscle. The
array was moved in the distal portion of the tibialis anterior to estimate the direction of the muscle fibers that
corresponded to the alignment that led to the observation of action potentials propagating along the array
without substantial changes in waveform shape. The electrode position was performed following the anatomical
description for the location of the distal innervation zone of the tibialis anterior muscles reported in (14-16).
Specifically, once the distal innervation zone and the fiber direction were identified, the adhesive high-density
grid was placed as indicated in Fig. 1, with the first 4 rows in correspondence to the innervation zone and the
electrode columns aligned to the fiber direction. Before placement of the grid, the skin was shaved, when
needed, lightly abraded and cleansed with 70% ethanol. The electrode-skin contact was improved by conductive
paste (SpesMedica, Battipaglia, Italy). The HDEMG signals were recorded in monopolar recordings with a
multichannel amplifier (3dB bandwidth, 10-500 Hz; EMG-USB2+ multichannel amplifier, OT Bioelettronica,
Torino, ltaly). The EMG and force signals were concurrently sampled at 2048 samples/s, with 12 bits per

sample.
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Interference EMG signal analysis

HDEMG signals were digitally band-pass filtered with a 20-500 Hz Butterworth filter. Double differential signals
(DD-HDEMG) were obtained from the monopolar recordings along the fiber direction (columns of the grid). The
DD-HDEMG recordings were then inspected and the six channels with the highest cross-correlation in
propagation were selected. From these channels, we computed MFCV, median frequency (MDF), and root mean
square amplitude (RMS) from intervals of 500 ms (Fig 1. B). The MFCV estimation was obtained with a
multichannel maximum-likelihood algorithm that was previously shown to provide estimates with an associated
standard deviation <0.1 ms™ (26). The MDF was computed from an estimate of the power spectrum based on
the periodogram (23). The values of RMS and MDF estimated from the six DD-HDEMG channels used for
MFCV estimation were averaged. Moreover, bipolar RMS and MDF signals were also derived from a bipolar
recording with larger electrodes. For this purpose, the monopolar signals from two sets of five neighbor
electrodes in the grid (with the central electrodes corresponding to those used for global MFCV analysis) were
averaged to derive an approximation of two EMG signals recorded by large electrodes. These two EMG signals
were differentiated to obtain a bipolar derivation with an interelectrode distance of 1.6 cm. This derivation will be

referred to as large bipolar EMG.
Motor unit analysis

HDEMG signals were decomposed into single motor unit action potentials (MUAPS) by convolutive blind source
separation (44, 50). This approach has been previously validated and guarantees high accuracy in the
identification of motor unit discharges for the tibialis anterior muscle at least up to 70% MVC force (20, 35, 50).
The decomposition accuracy was assessed with the silhouette measure (SIL) with a threshold of SIL> 0.90 (50).
The double differential MUAP waveforms were extracted by spike averaging, triggered with the discharge
timings of the decomposed motor units over intervals of 15 ms (Fig 1.D) (15). A custom MATLAB (Mathworks,
Natic, MA) program was used to visually display the MUAPSs in the two-dimensional array and a minimum of
three up to a maximum of six channels were manually selected for each individual MUAP estimates (MUCV,
MDFyy, and RMSyy). The EMG channel selection criterion for individual MUAP properties was the maximum
cross-correlation between channels, as for the global EMG estimates. The channels automatically selected with
this criterion were manually inspected. In a few cases, the action potentials were influenced by end-of-fiber

components despite shape similarity and high cross-correlation. In these rare cases, the channels were
6
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manually re-selected to maximize propagation. Fig. 1D shows an example of motor unit action potential and
channel selection for the computation of the motor unit properties (the channels highlighted in bold are selected
for the analysis). MUCV, MDFyy, and RMSy,, were calculated with the same algorithms used for the global EMG
estimates applied to the single motor unit action potentials (see above). Finally, the average motor unit

discharge rate and voluntary force in ankle-dorsi-flexion (%MVC) were computed.
Regression analysis and statistics

Subject-specific correlations between global EMG and single motor unit variables with the respective joint torque
were assessed with Pearson statistics. The slope of the regression lines between global EMG variables and joint
torque (e.g., rate of change per %MVC) was correlated with the slope of the regression lines between motor unit
variables and recruitment thresholds. The same procedure was used to assess the relations between the
amplitude and power spectral frequencies to the rate of change in MUCV. Paired sample t-tests were used to
assess differences in the intercepts between global and single motor unit properties. Statistical analyses were
performed using MATLAB and statistical significance was accepted for P values smaller than 0.05. Results are

reported as mean and standard deviation (SD).

RESULTS
HDEMG decomposition

The total number of decomposed motor units was 537 with an average of 41 (21) motor units per subject. The
decomposition accuracy corresponded to an average SIL of 0.93 (0.02), indicating high accuracy in the

identification of discharge timings. The mean discharge rate was 15.67 (4.75) pulses per second.
EMG variables and force

Global EMG estimates of conduction velocity and amplitude increased with force in all the tested subjects (R®
mean, (SD) and [range], MFCV = 0.81 (0.12), [0.60-0.90], RMS¢_o = 0.88 (0.03), [0.82-0.94], p<0.001, Fig 2B,
Table 1). Conversely, the median frequency of the interference EMG signal was correlated with force only in
some subjects (R”= 0.27 (0.21) Table 1., Fig 3D). Moreover, when the median frequency was significantly

associated with force, the correlation was very weak (Fig 3D, Table 1.).
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At the motor unit level, the progressive recruitment of motor units corresponded to a linear increase in MUCV in
all the tested subjects (R? = 0.64 (0.14) [0.41-0.94], p<0.001, Fig 3A, Table 1.). Conversely, the median
frequency and amplitude of the motor unit action potentials showed highly variable strengths of correlation with
motor unit recruitment thresholds (R mean and (SD), MDFyy = 0.11 (0.11), RMSyy = 0.34 (0.29), Fig 2C,E).
Moreover, in the cases when the amplitude and the spectral frequencies of individual motor unit action potentials

were significantly correlated with recruitment thresholds, the relations were weak (Fig 2C,E, Table 1).

Subject-specific regression values (R?, significance, intercepts, and slopes) of global variables when correlated
with joint force and single motor unit variables with respect to motor unit recruitment thresholds are reported in

the Tables 1-3.
Recruitment Thresholds and EMG variables

We studied the associations between the rate of change of motor unit variables with recruitment threshold and
the rate of change in EMG global variables with joint force. For this purpose, the rate of change in motor unit
variables as a function of recruitment thresholds was correlated with the rate of change in global EMG variables
with respect to force. These relations indicate the level of association between motor unit recruitment and global

EMG analysis.

The rate of change in the average conduction velocity of the action potentials along the muscle fibers (MFCV)
predicted well the progressive increase in single motor unit conduction velocities with respect to motor unit
recruitment thresholds (R*= 0.71, p<0.001, Fig 3A-C). The rate of change in global EMG median frequencies
was also significantly correlated with the rate of change in single motor unit median frequency, but with a weaker
relation (R*= 0.36, p<0.05, Fig 3B). A similar correlation was found when the EMG median frequency was
correlated with the median frequency of individual motor unit action potentials from the bipolar electrodes (R2 =

0.30; p=0.05).

The relations between amplitude of the surface EMG and the respective motor unit action potential amplitudes
were highly variable (Fig 3C). For example, when subject #11 was removed from the correlation statistics
between rate of change in EMG global amplitude and rate of change in the single motor unit amplitudes (Fig
3C), the Pearson P value was not significant (R*= 0.10, P = 0.30). The negative association between motor unit

action potential amplitude and global EMG activity was due to the large variability in action potential amplitude
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when analyzed as a function of recruitment thresholds (Fig 2E). Similarly, global and single motor unit
amplitudes from the large bipolar EMG were not correlated (R? = 0.01 p>0.05). Therefore, the monotonic

increase in global EMG amplitude was not correlated to the progressive motor unit recruitment.

The amplitude and spectral frequencies of the EMG and of single motor unit action potentials were correlated
with the rate of change in MUCV with respect to recruitment thresholds (Fig. 4. A-D). Interestingly, the rate of
change in single motor unit median frequency was correlated with the rate of change in motor unit conduction
velocity (Fig 4A, p<0.05), despite the fact that the increase the EMG spectral frequencies did not predict the
changes in MUCV (Fig 4B, p>0.05). It is important to add that albeit the increase in single motor unit median
frequency was correlated with the rate of change in MUCYV, the relations between motor unit spectral estimates

and recruitment thresholds were highly variable between subjects (Fig 2C, Table 1).

Further, the monotonic increase in global EMG amplitude did not relate to the progressive recruitment of motor
units (p>0.05 Fig 4D) which agrees with the dissociation between the rate of change in global EMG amplitude
and the rate of change in single motor unit amplitudes (see Recruitment Thresholds and EMG variables).
Similarly, the rate of change in motor unit action potential amplitude was not correlated with the rate of change in
MUCV (p>0.05, Fig 4B). These two variables were also not correlated when using the large bipolar EMG
(p>0.05; R*=0.01). Overall, the only global EMG variable that predicted the progressive recruitment of motor
units was the rate of change in average muscle fiber conduction velocity (Fig 2.A-B Fig. 3.A). Moreover, the
initial values for single motor unit conduction velocity and for the average muscle fiber conduction velocity were
not statistically different (intercepts mean (SD), MUCV = 3.88 (0.35), MFCV = 3.77 (0.35) m/s; paired t-test,

p<0.001, Table 2).

DISCUSSION

We have experimentally analyzed the relations between motor unit recruitment and global EMG variables.
Global and single motor unit estimates were related with the respective motor unit properties during recruitment.
The only variable that was positively associated with the progressive recruitment of motor units was the average
conduction velocity of motor unit action potentials along the muscle fibers, as estimated from the interference
EMG. Conversely, the amplitude and power spectral frequencies of the surface EMG signal were largely variable

among subjects and not significantly correlated with motor unit recruitment.
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Motor unit recruitment and global EMG estimates

Global EMG estimates have been extensively used for the analysis of the neuromuscular function. However, the
interpretation of EMG features has also been debated (12, 24, 25, 51, 58), primarily due to the associations
between characteristics of the interference EMG signal and motor unit behavior. For example, the power spectral
frequencies have been used to infer MFCV and motor unit recruitment in several conditions (5, 40, 42, 46, 58,
61, 62), albeit these associations were demonstrated only for steady contractions (2). Similarly, the amplitude of
the surface EMG is widely used to assess the neural drive to muscles, but the underlying contribution of single
motor units to global EMG amplitude remains unclear. The challenges in interpretation of global EMG variables
depend on the difficulty to experimentally identify large populations of motor units. Therefore, the relations
between motor unit population behavior and global EMG estimates with respect to joint force were previously
mainly based on simulation studies. Here, we assessed for the first time these relations experimentally for the
full recruitment range of the tibialis anterior muscle. We assessed the properties of individual motor unit action

potentials for interpreting the influence of motor unit behavior on the surface EMG features.

Conduction velocity

It has been previously suggested that the increase in MFCV during voluntary force contractions is related to
progressive recruitment of larger, higher-threshold motor units (1). Following stimulation of single motor axons in
the tibialis anterior muscle, a significant correlation between MUCV and motor unit mechanical properties was
found (1). This strong correlation suggested that the propagation velocity of action potentials along muscle fibers
can be considered as a size principle parameter (1). This result is due to the association between fiber diameter
and conduction velocity (7, 29). However, due to classic technical limitations, it has not been possible to relate

MUCYV and recruitment thresholds for large populations of motor units.

In the present study, a strong correlation between MUCV and recruitment threshold was found. This association
is in agreement with previous human and animal research that indirectly correlated the recruitment threshold of
motor neurons to muscle fiber properties in the muscle units. Indeed, in human stimulation studies (1), during
voluntary force contractions (10, 11, 22, 30, 45), and in animal studies (9, 29, 31, 32, 60), a strong correlation
between size of the motor unit and motor unit mechanical properties has been observed. However, contrary to

all previous research, this is first study that provides a systematic association between the voluntary recruitment
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of motor units and muscle unit property. The relation between recruitment threshold and MUCYV reported in the
present study underlies the association between spinal (motor neuron size) and muscular properties (muscle

fiber diameters in muscle units) (8, 32, 33).

The study of MUCYV requires the decomposition of a surface EMG signal, thus it is limited to controlled laboratory
conditions, mainly in isometric slow-force contractions (20). Conversely, the average propagation velocity of
action potentials along muscle fibers can be measured during a wide range of experimental conditions from the
interference EMG (4, 18, 22, 53). The present study showed that the rate of change of average MFCV with
respect to force is strongly correlated to the rate of change of individual motor unit MUCV with respect to
recruitment thresholds (Fig 3. A.). This experimental observation implies that average MFCV during increasing
force contractions can be used to assess the progressive recruitment of motor units. Despite MFCV has indeed
been used for this purpose in dynamic exercises in previous studies, e.g., (4, 22, 53), the current study directly
proves that the trends of MUCV can be predicted from the global analysis of the EMG by MFCV. Moreover, there
was no difference in the initial value for MUCV and MFCV estimates. This observation confirms that the
estimates of MFCV for low forces represents an accurate average of the conduction velocity of the lower

threshold motor units, as indicated in Table 2.

Power spectral frequencies

The relations between EMG spectral variables and motor unit recruitment received substantial attention in the
past decades (19, 42, 58, 62). Simulation and animal studies were conducted to investigate the association

between EMG frequency components to the underlying motor unit activity (19, 40, 42, 58).

The use of EMG spectral analysis as a motor unit recruitment parameter is based on the theoretical prediction
that the conduction velocity of an action potential scales the power spectrum of the action potential waveform (5,
19, 42, 46, 58). Further, previous research showed an association between MDF and MFCV during fatiguing
contractions (2). However, when the power spectral frequencies were assessed during isometric linearly
increasing force contractions, the results were largely different among studies. In some studies, MDF increased
with force (48, 56), whilst in other it remained constant (38, 52), or even decreased (55, 63). In the present
study, we report the same large variability among subjects as seen in previous studies (e.g., Table 1-3). These

differences across subjects may be explained by the volume conductor and random position of muscle units

11
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within the muscle tissue. For example, a large, high-threshold motor unit with fibers located deep in the muscle
may lower the frequency content of the EMG and cause a decrease in power spectral frequencies despite a high

conduction velocity (e.g., Fig 1D-F).

When individual motor unit spectral variables were related to motor unit recruitment thresholds, a large variability
between subjects was still found (Fig 4C). These results are in agreement with the theoretical and simulation
predictions (19, 24, 25). Indeed, the association between conduction velocity and power spectral frequencies at
the level of individual motor units is only valid for relative changes, such as those occurring during sustained
fatiguing contractions, but not between different motor units, as directly proven experimentally in this study (Fig.
4A). Further, the interference EMG spectral frequencies were associated to the spectral frequencies of individual
motor unit action potentials, as theoretically predicted. Indeed, the discharge rates of motor units have a smaller
impact on the spectral components of the interference EMG than the shapes of the action potential waveforms
(25), which explains the experimental association between single motor unit action potential and interference
EMG spectral properties (Fig. 3B). These results indicate that the claims that the volume conductor effect does

not impact the association between conduction velocity and EMG spectral properties (62) are not substantiated.

A significant correlation was found between the rate of change of single motor unit power spectral frequencies
and that of MUCV (Fig. 4A) (19, 42). However, the correlation was weak and variable among subjects,
indicating the effects of the volume conductor, discussed above, when making absolute rather than relative
comparisons. Indeed, as a consequence of the high variability in single motor unit spectral frequencies (Fig 2. E
Table 1), global EMG spectral frequencies did not correlate with torque consistently (Fig 2. D Table 1). This
result clearly indicates that the relation between EMG spectral frequencies and force cannot be used to test
differences in motor unit recruitment among subjects, during exercise/learning interventions or in pathology (34,
40, 41, 59, 61, 62). For example, the peak in EMG power spectral frequency during an increasing force
contraction does not correspond to the end of motor unit recruitment, but rather depends on characteristics of

the volume conductor and locations of the motor units in the muscle tissue.

Amplitude

EMG amplitude systematically increased with force in all subjects (Fig 2. F, Table 1), which is theoretically

predicted (25) and well in agreement with a vast literature (e.g., 34, 37, 40, 44). However, at the single motor unit
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level, the amplitude of the motor unit action potentials showed a relation with force that differed greatly among
subjects (Fig 2. E, Table 1). For example, the action potential of a motor unit recruited at 24.9% MVC shows a
significant larger size when compared to a motor unit recruited at 63.9 % MVC (Figure 1D-F). Further, the rate
of change in global EMG amplitude was only weakly correlated with the rate of change in single motor unit action
potential amplitudes with recruitment threshold (Fig 4. C), as it was anticipated in previous simulations studies
(17, 37). For example, in Fig. 1, the motor unit recruited at 24% MVC had an action potential with greater
amplitude compared to the higher threshold motor unit recruited at 64% MVC. These associations between the
size of the motor unit action potential and the EMG amplitude suggest that the amplitude of the EMG signal does
not only reflect recruitment and therefore it is not indicative of a specific recruitment order. Indeed, the increase
in the interference EMG amplitude would be observed with any type of recruitment strategy due to the monotonic
increase in the discharge rate of motor units with force. Further, motor unit synchronization also influences the
relation between EMG amplitude and motor unit action potentials, as previously shown in simulation studies (64).
The weak associations between EMG amplitude and progressive motor unit recruitment previously reported in
several simulation studies and now experimentally shown in large populations of motor units further strengthen
the evidence that global and motor unit EMG amplitude should not be used to test the neural strategies of

muscle control.

Conclusion

We have identified large populations of motor units by using high-density EMG techniques and we have
associated the motor unit properties to force and to the features of the interference EMG. The results have
clarified in a direct experimentally way the nature and strengths of long-discussed associations between
properties of the interference EMG and the neural strategies of muscle control. Whereas the spectral properties
of the surface EMG did not correlate reliably with motor unit recruitment, the average conduction velocity of
action potentials as estimated from the interference EMG was a good predictor of motor unit recruitment. This
association may be used for inferring recruitment strategies in conditions when a full EMG decomposition into
individual motor unit activity is not possible, such as in fast dynamic tasks. Conversely, the use of spectral EMG

analysis for inferring recruitment strategies should be abandoned.
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Figure captions

Fig. 1. A. Example of an isometric linearly increasing (ramp) contraction (black line) up to 70% of maximal
voluntary force (MVC). Eight surface EMG signals from one column of the matrix are reported (inter-electrode
distance 8 mm). Clear increase in the EMG activity as the muscle is generating force can be observed. B. An
example of two EMG time windows (500 ms) used for the extraction of global EMG features. Clear propagation
of several motor unit action potentials (MUAPS) can be observed. C. High-density surface grids (64 electrodes,
gold-coated). The motor unit comprising the EMG signal were decomposed into single MUAP trains and
successively the first 50 discharge timings were used to trigger the MUAP signatures in the high-density surface
electromyogram. D. The signature of a motor unit propagating in the matrix recruited at 24.9 % MVC can be
seen. The lower left column of the matrix is removed in order to improve figure clarity. E-F. A low and high
threshold motor unit propagating in the matrix. Only the column of the matrix which corresponded to clearest
MUAP propagation is reported. The high threshold MUAP propagates at a greater velocity with respect to the
low threshold motor unit. Moreover, the motor unit recruited at 24.9% MVC (D) has action potentials with greater
amplitude with respect to the high threshold motor unit (F). The action potentials highlighted in bold correspond
to the channels selected for the estimates of CV, MDF and RMS (D-F). (*RT = Recruitment Thresholds, *CV =

motor unit conduction velocity, *MDF = median frequency, *RMS = root mean square).

Fig. 2. A. Motor unit conduction velocities (MUCV, m/s) plotted as a function of recruitment thresholds (%MVC,
537 motor units), p<0.001. B. The average muscle fiber conduction velocity (MFCV, m/s) plotted against the
respective voluntary force, p<0.001. C. Individual motor unit median frequencies (MDFyy, Hz) plotted as a
function of motor unit recruitment thresholds (%). D. The average power spectra estimate of the interference
EMG (MDFg 0, Hz), signal plotted against muscular force. E. Single motor unit amplitudes (RMSyy, 1V) plotted
as a function of recruitment thresholds F. Global EMG (RMSg, o, 1V) amplitude against the respective voluntary
force, p<0.001. Each color corresponds to a specific subject. R* mean and (standard deviation) for each subject

are given.

Fig. 3. A. Fig. 3. A. The rate of change in the average muscle fiber conduction velocity derived from the global

EMG signal (slope of the regression line between conduction velocity and force) is reported as a function of the
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rate of change of single motor unit conduction velocities (e.g., slope of the regression line between motor unit
conduction velocity and recruitment threshold). B. The rate of change in the interference EMG median
frequencies per percentages of MVC plotted against the rate of change in single motor unit median frequencies
per percentages of motor unit recruitment thresholds. C. The rate of change in global EMG amplitudes per
percentages of MVC as a function of the rate of change in single motor unit amplitudes per percentages of

recruitment thresholds. Each color corresponds to a specific subject. ** = p<0.001, * = p<0.05.

Fig. 4. A-B. The rate of change in single motor unit spectral frequencies (MDF) and amplitudes (RMS), (e.g.,
slope of the MDF and RMS regression lines per percentages of Recruitment Thresholds) was plotted against the
rate of change in single motor unit conduction velocities (MUCV) (e.g., slope of the regression lines per
percentages of Recruitment Thresholds). C-D The rate of change in global interference EMG median
frequencies (e.g., slope of the global MDF and RMS regression lines was correlated with the rate of change in

single motor unit conduction velocities). Each color corresponds to a specific subject. * = p<0.05.
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Table 1. Subject-specific coefficient of correlations (R2) values. Motor unit variables were correlated with
recruitment thresholds in percentages of MVC. Global EMG variables were correlated with force in percentages

of MVC. * = p<0.001, # = p<0.05.

R? VALUES
MOTOR UNIT GLOBAL EMG

SUBJECTS MUCV MDFuu RMS\u MFCV MDFg o RMS¢i0
® S1 0.80* 0.01 0.20* 0.95* 0.21* 0.95*
@ S2 0.56* 0.06 0.25* 0.67* 0.03 0.92*

S3 0.54* 0.01 0.50* 0.63* 0.01 0.83*
® S4 0.72* 0.20* 0.09* 0.84* 0.36* 0.87*
® S5 0.56* 0.10 0.50* 0.84* 0.50* 0.82*

S6 0.51* 0.01 0.03 0.67* 0.01 0.90*
@ S7 0.56* 0.01 0.74* 0.88* 0.47* 0.89*

S8 0.82* 0.28* 0.52* 0.92* 0.61* 0.91*

S9 0.73 0.09 0.47* 0.89* 0.48* 0.89*

S10 0.80* 0.07# 0.20* 0.93* 0.31* 0.92*
@ S11 0.55* 0.32* 0.87* 0.90* 0.36* 0.89*

S12 0.86* 0.26* 0.54* 0.90* 0.17* 0.85*
@ S13 0.41* 0.15 0.28 0.61* 0.01 0.90*
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Table 2. Subject-specific intercepts values. Motor unit intercepts values represent the initial value from the
regression line between motor unit variables and motor unit recruitment thresholds. Global EMG variables
intercepts corresponded to the initial value of the regression line between global EMG and muscular force in

percentages of MVC.

INTERCEPTS
MOTOR UNIT GLOBAL EMG
MUCV MDFuy RMSyy MFCV MDFgLo RMSgi0
SUBJECTS (m/s) (H2) (uv) (m/s) (Hz2) (uv)
o S1 3.793 134.868 63.376 3.738 132.471 5.015
® S2 3.584 108.072 55.103 3.918 110.079 18.764
S3 4,282 120.640 32.560 4.435 123.319 58.977
® S4 3.587 119.533 105.992 3.442 121.254 31.443
® S5 3.588 102.486 60.297 3.634 84.510 -6.395
S6 3.381 101.209 56.862 3.306 103.656 14.365
® S7 4.053 122.173 32.157 3.852 96.414 15.093
S8 3.420 125.267 27.418 3.526 131.277 -1.449
S9 4.013 134.561 74.794 3.747 144.157 10.200
S10 4,122 131.963 90.956 4.105 125.581 64.998
@ Si11 4.107 94.587 -31.383 3.508 114.483 21.821
S12 3.999 112.704 81.070 3.513 115.206 68.617
@® S13 4.544 117.058 45.584 4414 107.237 52.707
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Table 3. Subject-specific rate of change in motor unit and global EMG variables when correlated as a function of
either recruitment thresholds or force (e.g., regression slope values per percentages of MVC).

SLOPES
MOTOR UNIT GLOBAL EMG

MUCV MDFyy RMSyu MFCV MDFg_o RMSg 0

SUBJECTS  (ms*'m) (Hz-m) (LV-m) (ms™-m) (Hz-m) (V-m)
® S1 0,0298 0,0582 1,8447 0,0199 0,2560 3,3144
e S2 0,0257 0,2439 1,0237 0,0160 -0,0876 4,4956
S3 0,0107 0,0851 1,6576 0,0103 0,0418 2,3394

® S4 0,0317 0,6936 1,4838 0,0248 0,5106 10,3813
® S5 0,0213 0,5128 2,3284 0,0164 0,8043 3,8474
S6 0,0133 0,0617 0,2487 0,0076 0,0122 3,0981

® S7 0,0171 0,0247 2,3670 0,0200 0,5891 3,9997
S8 0,0315 0,7197 1,0229 0,0255 0,6347 2,6126
S9 0,0254 0,3695 2,5481 0,0218 0,5461 8,2577
S10 0,0253 0,3307 1,8686 0,0184 0,4275 7,7520

® Si1 0,0219 1,0658 9,8523 0,0233 0,4647 10,5602
S12 0,0251 0,5058 3,0181 0,0206 0,3051 5,8349

® S13 0,0120 -0,4552 1,3994 0,0070 -0,0555 2,8302
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Fig. 1.

A. Tibialis anterior myoelectrical activity during an increasing force contraction
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