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ARTICLE INFO ABSTRACT

Keywords: Surface EMG (sEMG) has been used to compare loading conditions during exercise. Studies often explore mean/
SEMG median frequencies. This potentially misses more nuanced electrophysiological differences between exercise

Wa‘_’elem e tasks. Therefore, wavelet-based analysis was used to evaluate electrophysiological characteristics in the SEMG
;Ttlialr;c];trammg signal of the quadriceps under both higher- and lower-torque (70 % and 30 % of MVC, respectively) isometric

knee extension performed to momentary failure. Ten recreationally active adult males with previous resistance
training experience were recruited. Using a within-session, repeated-measures, randomised crossover design,
participants performed isometric knee extension whilst SEMG was collected from the vastus medialis (VM),
rectus femoris (RF) and vastus lateralis (VL). Mean signal frequency showed similar characteristics in each
condition at momentary failure. However, individual wavelets revealed different frequency component changes
between the conditions. All frequency components increased during the low-torque condition. But low-frequency
components increased, and high-frequency components decreased, in intensity throughout the high-torque
condition. This resulted in convergence of the low-torque and high-torque trial wavelet characteristics to-
wards the end of the low-torque trial. Our results demonstrate a convergence of myoelectric signal properties
between low- and high-torque efforts with fatigue via divergent signal adaptations. Further work should
disentangle factors influencing frequency characteristics during exercise tasks.

1. Introduction

The electrophysiological characteristics of human motor units (MUs)
during exercise tasks have historically been examined using electro-
myography (EMG) (Hodson-Tole and Wakeling, 2009; Duchateau and
Enoka, 2011). A particular area of interest has been the role of external
resistance magnitude (i.e., heavier or lighter loads) and thus force re-
quirements in determining the characteristics of the EMG signal. Several
recent studies have used surface EMG (SsEMG) to compare the
myoelectric activity between light and heavy resistance exercise tasks

(Schoenfeld et al., 2014; Jenkins et al., 2015; Looney et al., 2016;
Schoenfeld et al., 2016; Gonzalez et al., 2017; Chapman et al., 2019). In
general, these studies observed that both mean and peak SEMG ampli-
tudes are higher when resistance exercise is performed using higher
loads (Schoenfeld et al., 2014b; Jenkins et al., 2015; Looney et al., 2016;
Schoenfeld et al., 2016; Gonzalez et al., 2017). Although, in some in-
stances, peak amplitudes—particularly at the point of momentary fail-
ure—appear similar (Schoenfeld et al., 2016; Gonzalez et al., 2017;
Chapman et al., 2019). However, amplitude-based analyses alone only
reveal one aspect of the EMG signal and, along with the nonstationarity

Abbreviations: CI, Compatibility interval; EMG, Electromyography; MVC, Maximal voluntary contraction; MU, Motor units; RF, Rectus femoris; SD, Standard
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(i.e., ergodicity) of processes producing the EMG signal, renders the
understanding of MU behaviours during exercise a challenge.

The EMG signal contains multiple frequencies, yet traditional anal-
ysis of SEMG frequency components in exercise typically considers mean
or median frequency values, where all frequency components are
banded together (e.g., Jenkins et al., 2015); however, this limits un-
derstanding of the aetiology of these mean/median frequency shifts (e.
g., a reduction in mean frequency could reflect an increase in lower
frequency components or a decrease in higher frequency components).
One approach that overcomes some of the limitations of traditional
SEMG frequency analysis is a wavelet-based analysis of frequency
components. This technique was proposed by von Tscharner (2000) and
has been successfully used in a range of applications (von Tscharner,
2002; von Tscharner & Goepfert, 2006; Wakeling & Rozitis, 2004;
Hodson-Tole & Wakeling, 2007; Lee et al., 2011; Wakeling et al., 2001;
Wakeling, 2009a; Wakeling, 2009b). Whilst there is debate about the
physiological inferences that can be drawn from wavelet characteristics
(e.g., motor unit recruitment and fibre types; von Tscharner and Nigg,
2008; Farina, 2008), wavelets may offer additional insight regarding the
complexity of the sEMG signal. Whilst multiple factors may drive
changes in frequency characteristics, differences under different task
conditions (e.g., force requirements) may indicate at least some physi-
ological differences. As such, explorative research aimed at describing
the range of frequencies in the sEMG signal using wavelet analysis may
identify differences, or indeed similarities, that prompt further research
aimed at identifying physiological explanations.

Wavelet analysis quantifies signal power within defined frequency
bandwidths, enabling a finer-grained assessment of the interplay be-
tween low- and high-frequency components and how they change over
time (Hodson-Tole and Wakeling, 2009; Lee et al., 2011). This approach
has been applied to endurance-type modes of exercise tasks to examine
differences in intensities of effort (Graham et al., 2015), yet not to the
commonly employed resistance exercise model. As prior research has
explored the impact of force requirements in resistance exercise using
only amplitude or mean/median frequency analyses of the SEMG signal,
the current study aimed to explore and describe the multiple frequency
components of the SEMG signal of the quadriceps using a wavelet-based
analysis, recorded under both higher- and lower-torque (70 % and 30 %
of maximal voluntary contraction [MVC], respectively) isometric knee
extension, performed to momentary failure.

2. Methods
2.1. Experimental design

A within-session, repeated-measures, randomised crossover design
was adopted to examine and compare frequency characteristics of the
sEMG signal during isometric knee extensions with both high- and low-
torque performed to momentary failure. The study was approved by the
Centre of Health, Exercise and Sport Science Research Ethics Committee
(ID No. 582) meeting the ethical standards of the Helsinki declaration
and was conducted within the Sport Science Laboratories at Solent
University.

2.2. Participants

A convenience sample of 10 recreationally active adult males
(height: 179.6 + 6.0 cm; mass: 76.8 + 7.3 kg; age: 26 + 7 years) with
previous resistance training experience (6 + 3 years) were recruited.
Sample size was resource constrained by time® and availability of par-
ticipants during the time under which the study was conducted. Exclu-
sion criteria were based upon illness or any contraindications to physical
activity identified using a physical activity readiness questionnaire,

@ As this study was conducted as part of a student dissertation.
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though no one was excluded. All participants read a participant infor-
mation sheet, were afforded the opportunity to ask any questions, and
then completed informed consent forms before any testing commenced.

2.3. Equipment

Stature was measured using a wall-mounted stadiometer (Harpenden
stadiometer, Holtain Ltd, UK) and body mass was measured using bal-
ance scales (Seca 710 flat scales, UK). Trials were performed on an
isokinetic dynamometer (Humac Norm, CSMi, USA). Surface electro-
myography was measured using a Trigno Digital Wireless SEMG System
(Delsys, USA) and sensors with a 10 mm inter-electrode spacing. Torque
and sEMG signals were collected using the isokinetic dynamometer and
sEMG systems, respectively, which were synced using a Trigno Analogue
Adaptor (Delsys, USA); both torque and sEMG signals were recorded
using the EMGworks Acquisition software (Delsys, USA).

2.4. Testing

Two different conditions were examined: single continuous isometric
efforts to momentary failure at 30 % MVC and at 70 % MVC using the
right limb. Both conditions were counterbalanced between participants
as to whether they would perform either the 30 % or 70 % condition
first, separated by a 20-minute rest. Prior to each condition, MVCs were
performed and participants were instructed to apply maximal isometric
effort against a fixed resistance at 45° of knee flexion. This procedure
was completed before each condition to determine the respective ab-
solute torque demands for each participant that equated to 30 % and 70
% of MVGC; that is to say, each trial was normalised to the preceding
MVC. Participants were instructed to gradually build up to a maximal
effort over 3 s and were instructed to gradually reduce their effort once it
was clear that a maximal torque had been achieved (i.e. when the torque
reading was no longer increasing). In all conditions, knee angle was set
at 45° flexion (0° = full extension) to standardise the exercise between
participants. Before testing started, participants completed a stand-
ardised warm up of 20 body weight squats.

Each participant was instructed to perform an isometric effort with
enough torque to reach their respective target torque for each condition.
Participants were provided with a visual aid in the form of a horizontal
on-screen torque bar with limits set at 70 + 5 % and 30 + 5 % of MVC
for the high- and low-torque conditions, respectively. Participants were
instructed to generate enough torque to ensure a vertical on-screen
torque bar was between the lower- and upper-limits until momentary
failure. Participants were verbally encouraged throughout; if they fell
below the lower torque limit, they were encouraged to attempt to regain
their set torque output. Momentary failure was defined as when par-
ticipants could no longer generate enough torque to keep within the
torque limits set, despite exerting maximal effort (Steele et al., 2017),
for > 5 s or more.

2.5. Surface Electromyography

sEMG was recorded (2000 Hz) during each condition from the vastus
medialis (VM), rectus femoris (RF) and vastus lateralis (VL). Electrode
placement was made according to recommendations from the Surface
Electromyography for the Non-invasive Assessment of Muscles
(SENIAM) project (http://www.seniam.org/). The electrode for the VM
was placed at 50 % of the line from the anterior spina iliaca superior to
the superior part of the patella and in the direction of this line. The
electrode placement for the RF was perpendicular and at 80 % of the line
between the anterior spina iliaca superior and the joint space in front of
the anterior order of the medial ligament. The electrode for the VL was
placed at 2/3 of the line from the anterior spina iliaca superior to the
lateral side of the patella and in the direction of the muscle fibres.
Participants’ skin was shaved and cleaned using an alcohol-free
cleansing wipe at the site used for electrode placement. Each electrode
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was secured using double sided sticky tape.
2.6. Wavelet based analysis

Myoelectric signals were decomposed into intensities as a function of
time and frequency using an EMG-specific wavelet transformation (von
Tscharner, 2000). A filter bank of 11 non-linearly scaled wavelets
(k €{0,1,---,10}), with central frequencies (f,) spanning 6.90-395.46
Hz, was used”. To quantify features of signal amplitude, the total in-
tensity at each time point (I)) was calculated by summing the intensities
over wavelets 1 < k < 10. Exclusion of the first wavelet (k = 0) ensures
low-frequency content, associated with factors such as movement arte-
fact, were not included in the analysis. The total intensity calculated is
equal to twice the square of the root mean square value and further, the
intensity spectra across the wavelets is equivalent to the power spectra
of the sEMG signal calculated by Fourier transform (Wakeling et al.,
2001).

To quantify changes in signal content within each frequency domain,
changes in the intensity within each domain were calculated. Within
each wavelet domain, an intensity (I;x) was calculated for each sample
point (j). During the trials, the intensity changed as a function of trial
duration. The rate of change was calculated as the slope of the linear
least squares fit of log I plotted as a function of trial duration (0 to 1,
representing the beginning and end of the trial, respectively). This de-
scribes the exponential change, expressed as the percentage change of Ij
per trial.

In addition, the mean signal frequency (f) of each trial was calculated
to facilitate a more direct comparison with previous literature, wherein
mean or median frequency analyses are reported. This also enabled us to
contrast the mean frequency results with those from our wavelet-based
analyses. Here, mean frequency was calculated from wavelet trans-
formed data (k = 1 — 10) using the weighted mean,

7o BhML
Zili

for both the start and end of the trials. The start and end of the trial
was defined by torque thresholds of 25 % (start) and 75 % (end) of the
mean torque throughout the trial to remove the effects of the ramping
up/down of torque at the start/end of the trials i.e., the start of the trial
for the purpose of analysis was defined as when participant had excee-
ded 25 % of the target torque, and the end when they had dropped below
75 %. The changes in signal intensity within each frequency domain was
calculated between these two points. All analysis of EMG data was
performed in Mathematica (version 11.1, Wolfram).

2.7. Statistical analysis

All code and data used for this study are available on the Open Sci-
ence Framework (https://osf.io/g2z4w/). To assess the effects of torque
on the myoelectric signal, we performed statistical analysis in R (version
4.0.2; R Core Team, 2020). Before performing inferential analyses to
answer our research question, we first visually inspected and quantified
the effects of set order and condition on MVC and time to momentary
failure. These were considered descriptive analyses and are presented
using individual data points and mean + SD or geometric mean % geo-
metric SD. Descriptions of trial durations and their differences were
performed on the geometric (log) scale, and as such, are presented
multiplicatively.

Our first analysis compared the mean frequency at momentary fail-
ure between the two torques (30 vs. 70 % MVC), after adjusting for
initial mean frequency. We created a linear mixed-effects model that

b Centre frequencies for the 11 wavelets were respectively 6.90 Hz, 19.29 Hz,
37.71 Hz, 62.09 Hz, 92.36 Hz, 128.48 Hz, 170.39 Hz, 218.08 Hz, 271.50 Hz,
330.63 Hz, and 395.46 Hz as per von Tscharner (2000).
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was parameterized as follows:
—End ..
fi = (Boo + uoy) + Py Condition; + e;

for row i in participant j, and where ug; is a random effect for
participant j, f is mean frequency, and Condition is dummy-coded O for
30 % and 1 for 70 % MVC. Each muscle was fit in a separate model due to
convergence issues when attempting to fit them together. Since the re-
siduals were not normally distributed, compatibility intervals (CI) for
the effect of condition (8,,) were generated using the basic (reverse
percentile) bootstrap with 500 replicates.

Second, we investigated the effects of torque on relative changes in
wavelet intensities. We created a linear mixed-effects model in which we
parameterized a mean-centred log(f) to linearize the relative change-
frequency relationship. The resulting mixed-effects model, in Pinheiro-
Bates-modified Wilkinson-Rogers notation (Wilkinson and Rogers,
1973; Pinheiro and Bates, 2000) for brevity’s sake, was.

I ~ Muscle * Freq * Condition + (Freq + Condition + Muscle | Participant),

where Condition was dummy-coded O for 30 % and 1 for 70 % MVC.
The mean-centring of the log(f) decreased collinearity between random
effects, allowed for our intercepts to be interpretable, and enabled the
model to converge on a solution with normally distributed and homo-
scedastic residuals. Thus, we parametrically calculated the CIs using
estimated marginal means on the fixed effects (as a function of fre-
quency, conditional on muscle and torque condition) and their contrasts
with Satterthwaite degrees-of-freedom approximation (Liidecke, 2018;
Lenth, 2020).

Finally, we quantified the degree of wavelet similarity over time.
Each high- and low-torque trial was respectively summarized by a 10
(wavelets) x 1000 (time points) matrix, with which we generated a
1000 x 1000 concordance cross-correlation matrix for each muscle for
each participant (Vigotsky, 2020). For example, a participant’s VM
wavelet intensities from the 30 % and 70 % trials were used to generate a
1000 x 1000 matrix, with each element corresponding to the absolute
agreement in wavelet intensities between time i in the 30 % trial and
time j in the 70 % trial, and where agreement was quantified using Lin’s
concordance correlation coefficients. We used linear mixed-effects
models to summarize these concordance correlation matrices. Three
models—one for each muscle—quantified the effect of trial duration on
wavelet intensity agreement, wherein the percentages of trial duration
of the 30 % and 70 % conditions were used as regressors and the
concordance correlation coefficient (p€) at that time point was the
response variable,

PG = (ﬁoo + ”Oj) + (ﬁlo + ”li)t?/()% + (ﬂzo + “2j)tl'7jO% +ej

We allowed slopes and intercepts to vary and we report parameter
estimates (fixed-effects) along with participant-level variances (random-
effects).

In addressing our research questions, we took an estimation
approach rather than hypothesis-testing approach since we were neither
interested in dichotomizing our findings nor comparing them to a null
model (Gardner and Altman, 1986; Amrhein et al., 2019a, 2019b). Ef-
fects and their precision, along with the conclusions based on them,
were interpreted continuously and probabilistically, considering data
quality, plausibility of effect, and previous literature, all within the
context of each outcome (Amrhein et al., 2019a, 2019b; McShane et al.,
2019).

3. Results
3.1. MVC and time to momentary failure
Reductions in MVC were not appreciable (i.e., small and with over-

lapping interval estimates) between the first and second trials, nor be-
tween those who completed the trials in a different order (i.e., 30 % vs.
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Fig. 1. (A) MVC prior to trial and (B) trial durations for each participant for the 30 % and 70 % conditions. Thick dots and error bars are mean + SD in (A) and
geometric mean x geometric SD in (B) and participants performing the 30 % condition first are shown in purple, and those performing the 70 % condition first are

shown in green.
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Fig. 2. Start and End mean frequencies for the rectus femoris, vastus lateralis
and vastus medialis for each participant Thick dots and error bars are mean +
SD and participants performing the 30 % condition first are shown in purple,
while those performing the 70 % condition first are shown in orange.

70 % first) (Fig. 1A). Time-to-momentary failure was, on average, 3.3 x
1.3 -times longer (geometric mean % geometric SD) for the low torque
trial condition compared with the high torque trial condition. In contrast
to the MVCs, there was an order effect for time-to-momentary failure.
Specifically, 30 % trial durations were an average of 46 % longer when
the 30 % trial preceded the 70 % trial, but the 70 % condition was only
26 % longer when the 70 % trial preceded the 30 % trial (Fig. 1B). Since
there was an order effect on trial duration in our sample (not necessarily
inferentially), we visually ensured that there was no salient effect of
order for other outcomes. These visual checks can be found in our Open
Science Framework project (https://osf.io/g2z4w/) in the folder ’sup-
plementary plots’.

3.2. Mean frequency

As calculated from the wavelet transformed signals, there was a
decrease in mean frequency from the start to the end of both the low-
and high-torque conditions. These frequencies were similar across tor-
que conditions (Fig. 2). This is supported by the mixed-effects models,
which showed minimal effects of torque on the mean frequency at
momentary failure for the rectus femoris (effect of 70 % relative to 30 %
(Clgs %)° = 3 Hz (—11, 18)), vastus lateralis (2 Hz (—16, 20)), and vastus
medialis (4 Hz (—10, 20)).

¢ Note, for those not familiar the Cls are reported following the common
notation for intervals of numbers between a and b, including a and b, and
denoted [a,b] where a is the lower CI bound and b is the upper CI bound. See,
https://en.wikipedia.org/wiki/Interval_(mathematics)#Notations_for_
intervals.

3.3. sEMG frequency components

At the start of each 30 % condition, the greatest intensities occurred
at the lower frequencies, with relatively little signal content at higher
frequencies in each muscle (dark blue in Fig. 3). As the trial progresses,
intensity increases in the low-to-mid frequency ranges, while greater
intensities are also shown to occur in the higher frequency components
after approximately 60 % of the trial duration (green-yellow in Fig. 3).

In the 70 % condition, there is initially intensity across all fre-
quencies (note colours extend the whole frequency spectrum in Fig. 3),
with the greatest intensities at mid-to-low frequencies. Over the course
of the trial, there is an increase in intensity visible in the lower fre-
quencies (note region displaying green-yellow colour in Fig. 3). The
higher frequencies’ intensity reduction is not as visible in these figures.
For example, some loss of intensity can be seen in the highest wavelets at
the very end of the trial, particularly in the RF.

3.4. Agreement between signal frequency components

Concordance correlation coefficients increased with respect to the
duration of the 30 % trial and either decreased slightly (VM and VL) or
remained approximately the same (RF) with respect to the 70 % trial
(Table 1, Fig. 4).

3.5. Relative change in signal intensity across frequency domains

In each muscle, the low-torque trials led to an increase in intensity
across the whole frequency spectrum studied, but these increases are
larger for the lower compared to higher frequencies (Table 2, Fig. 5). In
contrast, during the high-torque trials, there was an increase in signal
intensity of the lower frequency components, but a decrease in the in-
tensity of the higher frequency components. The transition between
increasing and decreasing occurs at different frequencies in the three
muscles: ~200 Hz in VM, ~75 Hz in RF, and ~ 150 Hz in VL.

4. Discussion

This appears to be the first study to examine the frequency charac-
teristics of the quadriceps sSEMG signal using wavelet-based analysis of
SsEMG under both high- and low-torque conditions to momentary failure.
The mean signal frequency was similar between high- and low-torque
conditions at momentary failure. However, an inspection of finer-
grained frequency domains (i.e., individual wavelets) reveals that
changes differed between frequency components and were a function of
the torque condition. These frequency shifts may have several origins
and thus require careful interpretation.

The differences in signal intensity changes within the different fre-
quency components—between the high- and low-torque conditions—is


https://osf.io/g2z4w/

J. Murphy et al.

Rectus femoris
395

y
\*]
X

170
92
38

395
27
170

—_

Central wavelet frequenc
[(e]
S]

0 25 50 75 100 0 25 50

Vastus lateralis

Journal of Electromyography and Kinesiology 72 (2023) 102810

Vastus medialis

W
Q
o Intensity
< 3
<
@) 2
1
~
o
R
<
= 0
@)

100 0 25 50 75 100

Trial duration (%)
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number, with higher bin numbers corresponding to higher frequencies. Color indicates intensity of the wavelet bin at a given time point.

Table 1
Relationship between trial durations and the agreement of wavelet intensities.

Muscle Parameter Estimate + SD
Rectus femoris Intercept 0.09 £+ 0.08
Time of 30 % MVC trial 0.21 +0.13
Time of 70 % MVC trial 0.00 £ 0.13
Vastus lateralis Intercept 0.11 + 0.11
Time of 30 % MVC trial 0.26 + 0.11
Time of 70 % MVC trial —0.08 = 0.07
Vastus medialis Intercept 0.09 + 0.11
Time of 30 % MVC trial 0.30 £ 0.13
Time of 70 % MVC trial —0.07 = 0.06

Note: Times range from O (start of trial) to 1 (end of trial), meaning each
intercept is the agreement at t = 0 and the slopes represent the average change in
the concordance correlation over the duration of the trial (unlike in Fig. 4 where
time is normalised from 0 to 100 % of trial duration). SD indicates the standard
deviation associated with the random- (or participant level-) effects rather than
fixed- (or time level-) effects.

quite striking (Fig. 5). In both cases, there is a relatively greater increase
in the low-frequency content compared to high frequencies. This in-
crease could be representative of several physiological factors. However,
interpretation specifically regarding MU properties should be made with
caution as these changes could equally result from fatigue-related

Rectus femoris

Trial duration (70% MVC)

75 100 0 25

Vastus lateralis

100
1.00

75
0.75

50
0.50
25 0.25

0

changes in membrane properties that would influence both action po-
tential shape and conduction velocity and, therefore, the signal fre-
quency components (Mortimer et al.,, 1970; Brody et al., 1991;
Dimotrova and Domitrov, 2003; Dideriksen et al., 2011). Given that the
increase in lower frequency components is common to both high- and

Table 2
Wavelet intensity intercepts and slopes for each muscle for the 30 % and 70 %
conditions.

Rectus Vastus Vastus
femoris lateralis medialis
30 % MVC Intercept  1.009 +0.003  1.013 +0.003  1.020 =+ 0.003
Slope —0.005 + —0.005 + —0.003 +
0.001 0.001 0.001
70 % MVC Intercept  0.993 +0.002  0.999 + 0.002  1.001 =+ 0.002
Slope —0.009 + —0.007 + —0.005 +
0.001 0.001 0.001
Contrast Intercept  0.016 (0.009, 0.014 (0.007, 0.019 (0.012,
(30-70 %) 0.023) 0.021) 0.026)
Slope 0.004 (0.003, 0.002 (0.001, 0.002 (0.001,
0.005) 0.003) 0.003)

Note: Estimates and contrasts are based on estimated marginal means with
Satterthwaite degrees-of-freedom approximations. Data are presented as esti-
mate + SE and estimate (Clgs).

Vastus medialis

75 100 0 25 0.00

Trial duratlon (30% MVC)

Fig. 4. Average absolute agreement of wavelet intensity vectors across trial durations. Each point represents the average concordance correlation coefficient between
the wavelet intensity vector from % of trial duration on the x axis for the 30 % trial and % of trial duration on the y axis of the 70 % trial.
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2, and 3 standard errors.

low-torque trials, we can only speculate as to the cause of these changes.

In contrast, relative changes in wavelet intensities differed between
conditions. These differences were especially apparent in the higher
frequency components in each of the three muscles. Specifically, an
increase in relative change across all frequencies was a common feature
of each of the three muscles for the low torque trial. In contrast, intensity
reductions within the higher frequencies occurred for high torque trials
(Fig. 3). The fact that opposite effects were observed between the two
conditions indicates that different myoelectric signal properties resulted
from the two conditions. Whilst it is tempting to interpret wavelet fre-
quency characteristics as in some way being indicative of MU properties
such as recruitment, amplitude cancellation effects occurring primarily
at relative torques > 15 % MVC (Dideriksen and Farina, 2019) impact
the interpretation of such MU properties (Keenan et al., 2006). Alter-
natively, this latter effect in the high torque conditions could also be due
to changes in action potential shape and conduction velocity from fa-
tigue (Mortimer et al., 1970; Brody et al., 1991) or firing rate adapta-
tions (Potvin & Fuglevand, 201 7).d Ultimately, due to their
nonlinearities and nonstationarities, the exact physiological contribu-
tors (e.g., MU recruitment, firing rate, conduction velocity, etc.) to these
frequency shifts cannot be ascertained with the methods employed
though we hope that our findings prompt such investigations. Future
studies should use more sophisticated approaches, such as spike-
triggered averaging (Boe et al., 2004) or decomposition using high-
density multi-channel electrode arrays (Del Vecchio et al., 2017;
Martinez-Valdes et al., 2020), to study the properties of individual motor
units.

Our analyses of different frequency components revealed differences
between the conditions that could not be identified through amplitude
or mean frequency analyses alone. As a point of comparison with our
wavelet analyses and with other literature (e.g., Jenkins et al., 2015), we
examined the mean frequency across the individual wavelets (Ranniger
and Akin, 1997). In the present study, we found that mean frequency
decreased similarly across both conditions and muscles. However, our
wavelet-based analyses provide further insight into why such mean
frequency changes occur which, in this case, were likely a result of the
increases in lower frequency components within the signal (Fig. 3).

4 Indeed, for comparison we have rerun the model from Potvin and Fugle-
vand (2017) using the 30% and 70% conditions used in the present study and
include these in the supplementary materials. We show the adapted MU
strength and firing rates over time for the whole trials and the final 30% of time
for the 30% condition trial (supplementary file https://osf.io/9jznr/).

Thus, wavelet-based analysis potentially offers greater insight into how
characteristics of the sSEMG signal differ between conditions as the trial
progresses towards momentary failure. Indeed, upon reaching momen-
tary failure, there was broadly similar frequency content between con-
ditions in our study (Figs. 3 & 4).

Despite our efforts to strictly control our experiment and perform a
rigorous analysis, our findings are still prone to natural factors that
affect the sEMG signal. Specifically, the signal frequency content of
SsEMG is affected by many factors (muscle fibre depth and length, pen-
nation angle, cellular environment, temperature, fatigue, motor unit
synchronisation). We could control for several of these factors by col-
lecting data on the same day, from the same individuals, with the same
electrode placement and joint angle configuration during an isometric
effort. Thus, factors relating to muscle anatomy (i.e., muscle fibre depth
and length) would have been unlikely to contribute to any differences.
However, small changes in pennation angle may have occurred due to
tendon creep within trials. Further, although muscle temperature was
not measured, participants completed all trials using the same proced-
ures, and due to our randomised, counterbalanced design, this did not
likely contribute to differences between conditions.

As mentioned, fatigue can lead to increased low-frequency compo-
nents in the signal. Yet, our data showed distinct patterns between
torque conditions, which were similar across muscles, thus indicating
there are different physiological processes underlying the signal char-
acteristics. MU synchronisation, such as when generating forces rapidly,
can also lead to alterations in the spectral profile of the myoelectric
signals. This phenomenon typically leads to a spike in the 30 Hz region.
However, the torque production rate at the trial’s beginning did not
differ substantially between the two torque conditions, so firing rate
could be expected to be similar in each. Further, we used a defined
torque threshold to exclude from the analysis the periods of each trial
where ramping up/down of torque occurred at the start/end. Addi-
tionally, when analyses were re-run with wavelets, but with the 30 Hz
data discarded (rather than just the first wavelet), our results were un-
affected. As such, it seems the differences in the results do not reflect
differences related to firing rate modulations borne out during early
ramping, or late ramping down, of torque production during trials.

5. Conclusions

Wavelet-based analysis revealed differences in frequency charac-
teristics of high- and low-torque tasks SEMG signals that more simple
analyses have not previously shown. Importantly, the signal character-
istics of the low-torque condition became more similar to that of the
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high-torque condition as participants fatigued. This convergence was
achieved via divergent frequency changes between conditions. Specif-
ically, patterns of frequency components differed between conditions
with high-torque conditions showing high signal intensities across all
frequency components initially; most components increased, except
high-frequency signal components, which reduced with trial progres-
sion. Low-torque conditions demonstrated increases across all frequency
components of the signal. However, we caution against specific in-
terpretations from these data regarding MU properties as the signal
frequency content of sEMG is potentially affected by many factors
(muscle fibre depth and length, pennation angle, cellular environment,
temperature, fatigue, motor unit synchronisation). Ultimately, work
directly evaluating MU recruitment that accounts for nonstationarities is
required to disentangle these complex factors and their influences on
frequency characteristics during exercise tasks, and to understand the
possible physiological explananda for them.
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