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Abstract

It is common practice to examine motor unit (MU) activity according to mean firing rate (MFR) and action potential
amplitude (MUAP,;p) vs. recruitment threshold (RT) relationships during isometric trapezoidal contractions. However, it
is unknown whether the rate of torque development during the linearly increasing torque phase affects the activity of MUs
during such contractions. Sixteen healthy males and females performed two isometric trapezoidal muscle actions at 40% of
maximum voluntary contraction (MVC), one at a rate of torque development of 5% MVC/s (SLOW ) and one at 20% MVC/s
(FAST,) during the linearly increasing torque phase. Surface electromyography (EMG) was recorded from the vastus lateralis
(VL) via a 5-pin surface array sensor and decomposed into action potential trains of individual MUs, yielding MFRs and
MUAP,,p which were regressed against RT separately for each contraction. Surface EMG amplitude recorded from leg exten-
sors and flexors was used to quantify muscle activation and coactivation. MFR vs. RT relationship slopes were more negative
(P=0.003) for the SLOW ,, (—0.491 +0.101 pps/%MVC) than FAST,; (—0.322 +0.109 pps/%MVC) and the slopes of the
MUAP,;p vs. RT relationships (P =0.022, SLOW,,=0.0057 +0.0021 mV/%MVC, FAST,,=0.0041+0.0023 mV/%MVC)
and muscle activation of the extensors (P <0.001, SLOW 4,=36.3 +7.82%, FAST,,=34.0 + 6.26%) were greater for SLOW 4,
than FAST,,. MU firing rates were lower and action potential amplitudes were larger in relation to recruitment thresholds
for a contraction performed at a slower rate compared to a faster rate of isometric torque development. Differences in MU
activity can exist as a function of rate of torque development during commonly performed isometric trapezoidal contractions.
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Introduction

The Onion-Skin scheme of motor unit (MU) control
describes the organization of MU recruitment with regard
to firing rate activity during submaximal isometric vol-
untary contractions in humans (De Luca and Erim 1994;
Masakado et al. 1995; De Luca and Hostage 2010; De Luca
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contractions, however, it is unknown whether the rate of torque
development during such contractions influences motor unit
activity. The current study revealed larger action potential
amplitudes and decreased firing rates in relation to recruitment
thresholds for contractions performed with a slower compared to a
faster rate of torque development, suggesting motor unit activity is
altered by rate of torque development.
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and Contessa 2012, 2015), where earlier recruited lower-
threshold MUs maintain greater firing rates than later
recruited higher-threshold MUs regardless of force and
time. In addition, action potential amplitudes are correlated
with the diameter of muscle fibers within a MU (Hakansson
1956) and, therefore, the size principle (Henneman 1957)
can be observed by regressing action potential amplitudes
against recruitment thresholds (Milner-Brown and Stein
1975; Goldberg and Derfler 1977; Masakado et al. 1994;
Conwit et al. 1999; Hu et al. 2013a; Pope et al. 2016; Ster-
czala et al. 2018b; Martinez-Valdes et al. 2018; Miller et al.
2018). The Onion-Skin scheme and the size principle as
measured with the MU action potential amplitudes regressed
against recruitment thresholds (Hu et al. 2013a; Sterczala
et al. 2018b) are most apparent when MU activity is char-
acterized on a subject-by-subject and contraction-by-con-
traction basis. As a result, it is common practice to examine
potential differences in MU activity as a function of con-
traction intensity (De Luca and Contessa 2012; Hu et al.
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2013a), fatigue (Adam and De Luca 2005; Contessa et al.
2016), exercise interventions (Stock et al. 2012; Pope et al.
2016), coactivation (Contessa et al. 2018), and contractile
properties of the muscle (Trevino et al. 2016; Colquhoun
et al. 2018a) by comparing the MU firing rate and action
potential amplitude vs. recruitment threshold relationships.

Many studies analyzing individual MU activity in
humans use isometric trapezoidal contractions with a lin-
early increasing torque (ramp-up) phase preceding a constant
torque phase where a submaximal torque level relative to
maximum voluntary contraction (MVC) is maintained fol-
lowed by a linearly decreasing torque (ramp-down) phase
where torque is returned to baseline (De Luca and Hostage
2010; Stock et al. 2012; Hu et al. 2013a; Trevino et al. 2016;
Del Vecchio et al. 2018; Martinez-Valdes et al. 2018). It is
also common amongst such researchers to use contraction
intensities of 40% MVC (Vander Linden et al. 1991; Hu
et al. 2013a; Herda et al. 2015; Trevino et al. 2016; Sterczala
et al. 2018b) and analyze motor units from the vastus later-
alis (Adam and De Luca 2005; De Luca and Contessa 2012;
Stock et al. 2012; Contessa et al. 2016; Colquhoun et al.
2018b). Thus, these methods were also used in the current
study. However, very little is known about the effect of the
rate of torque development during the linearly increasing
torque phase on the activity of MUs, in terms of recruitment,
firing patterns, and coactivation during such contractions.
Although 10% MVC/s is a common rate of force/torque
development used in studies of motor unit activity, various
rates of torque development have been used to achieve dif-
ferent contraction intensities (De Luca and Contessa 2012;
Stock et al. 2012; Trevino et al. 2016) including 5% MVC/s
(Vander Linden et al. 1991; Klein et al. 2001; Del Vecchio
et al. 2019) and 20% MVC/s (Seki et al. 1991; Masakado
et al. 1995). For the current study, the rates of torque devel-
opment examined were 5% and 20% MVC/s to ensure the
differences in rate of torque development were sufficient to
observe any potential differences in motor unit activity.

De Luca and Contessa (2012) performed isometric con-
tractions of the first dorsal interosseous and the vastus lat-
eralis (VL) with three different rates of linearly increasing
force development of 2%, 4%, and 10% MVC/s to achieve
different contraction intensities of 100%, 80%, and 50%
MVC, respectively. The authors reported greater firing
rates in relation to recruitment threshold for the higher
intensity contraction that was performed at a faster rate of
force development. Greater excitation required to achieve
higher intensity contractions will result in greater MU fir-
ing rates (Farina et al. 2010). However, there could also be
changes in firing rates in relation to recruitment thresholds
as a function of altered recruitment strategies during differ-
ent rates of force development. Desmedt and Godaux (1977)
reported that MUs of the tibialis anterior were recruited at
progressively lower forces with increase in rates of force
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development during ankle dorsiflexion ballistic contrac-
tions with no differences observed during slower rates of
isometric force development. However, the target force was
set at an absolute 12 kg for each subject and few MUs were
recorded per contraction, which did not allow for a system-
atic examination of MU recruitment and firing rate patterns
as can be performed with relationship-based analyses. In
contrast, Masakado et al. (1995) observed non-significant
differences in recruitment and firing rate patterns between
different slower rates of force development (10% MVC/s vs.
20% MVC/s) for the first dorsal interosseous. However, simi-
lar to Desmedt and Godaux (1977), a thorough examination
of MU activity on a contraction-by-contraction basis could
not be performed as few MUs were recorded. Therefore, it
remains unclear if MU recruitment and firing rate patterns
differ between different slower rates of force development.
While some studies have investigated altered motor unit
activity (Desmedt and Godaux 1977; Masakado et al. 1995;
De Luca and Contessa 2012) or muscle activation (Tomko
et al. 2018) during contractions at different rates of torque
development, limitations in their methodologies inhibit the
generalizability of their findings to current methods of col-
lecting and analyzing MU activity during voluntary con-
tractions. To our knowledge, no study has compared MU
activity across slower rates of torque development at the
same relative submaximal force levels while using high-
yield decomposition techniques that allow for MU activity
to be analyzed on a subject-by-subject and contraction-by-
contraction basis to avoid biases of recruitment thresholds
and inter-individual variability (De Luca and Hostage 2010;
De Luca and Contessa 2012).

Currently, interpretations of motor unit activity are
made without respect for the influence of the rate of torque
development on the findings. If MU activity is significantly
affected by the rate of torque development, (1) the findings
of such studies may not be generalizable to all rates of torque
development, (2) additional care may be needed to ensure
compliance with torque trajectories during ramp phases,
and (3) it is possible that relationships observed between
MU properties and contractile properties of the muscle may
be better elucidated at other rates of torque development.
Therefore, the examination of MU activity during differ-
ent rates of torque development via firing rate and action
potential amplitude vs. recruitment threshold relationships
and EMG amplitude is warranted. We have examined mean
firing rate and MU action potential amplitude vs. recruit-
ment threshold and mean firing rate vs. MU action potential
amplitude relationships of the VL between two 40% MVC
leg extensions which only differed with respect to the rate of
torque development (5% MVC/s vs. 20% MVC/s) during the
linearly increasing torque phase. In addition, muscle activa-
tion (EMG) of the leg extensors [VL, vastus medialis (VM)
and rectus femoris (RF)] and flexors [semitendinosus (ST)
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and biceps femoris (BF)] was measured to examine potential
differences in coactivation that may have altered MU activity
of the VL (Contessa et al. 2018) between the contractions
with different rates of torque development.

Methods
Subjects

Ten healthy males (age=21.1+2.1 years, stat-
ure=170.4+24.8 cm, mass =82.4 +32.4 kg) and six healthy
females (age=19.6+ 1.2 years, stature=167.8+5.7 cm,
mass =63.8 + 9.9 kg) participated in this study. Exclusion
criteria included any previous or current neuromuscular
diseases or musculoskeletal injuries to the ankle, knee or
hip joints.

Compliance with ethical standards

The authors declare that they have no conflict of interest.
The institutional review board for human subjects research
at The University of Kansas approved this study and it was
conducted in accordance with the Declaration of Helsinki.
All subjects read and signed an informed consent form and
completed a pre-exercise health status questionnaire.

Isometric testing

The participants visited the laboratory two times separated
by at least 24 h. The first visit was a familiarization trial
followed by an experimental trial. During the first visit, the
participants completed 4 practice MVCs (2 extension and 2
flexion) and 6-10 practice submaximal trapezoidal contrac-
tions depending on how quickly they were able to learn the
task. The subject’s torque output from each practice trial
was visually inspected for accuracy with the torque trajec-
tory. Subjects were determined to be properly familiarized
when they were able to comply closely with the given torque
trajectory.

For isometric testing, each participant was seated with
restraining straps over the pelvis, trunk, and contralateral
thigh, and the lateral condyle of the femur was aligned with
the input axis of the Biodex System 3 isokinetic dynamom-
eter (Biodex Medical Systems, Shirley, NY) in accordance
with the Biodex User’s Guide (Biodex Pro Manual, Applica-
tions/Operations, 1998). All isometric leg extensor strength
assessments were performed on the right leg at a flexion
of 90°. Isometric strength was measured using the torque
signal from the isokinetic dynamometer. A brief warm up
consisting of 6 isometric leg extensions between 30 and 90%
of perceived MVC was performed prior to the experimen-
tal protocol. During the experimental trials, participants

performed two isometric knee extension MVCs and two
isometric knee flexion MVCs. Strong verbal encouragement
was provided for motivation during each MVC trial. Sub-
jects were asked to give full effort during each of the MVCs.
Also, for each MVC, a countdown was given, and the word
“push” was spoken at a relatively high frequency and at a
volume slightly greater than normal conversational volume
for the duration of the MVC. Following the MVCs, sub-
jects completed two submaximal isometric trapezoidal knee
extensions at 40% MVC. The highest torque output averaged
over a 0.25-s epoch for the MVCs determined the maximal
torque output for each participant and the torque level for
the 40% MVCs. The average CV between MVCs was 4.8%
indicating that the MVC torque was very consistent between
MVCs. The two 40% MVCs were completed with differ-
ent rates of torque development during the linear increasing
torque phase. One increased at 5% MVC/s (SLOW,,) and
the other at 20% MVC/s (FAST,,) to the desired torque level,
which was held constant for 12 s for a SLOW,, or for 18 s
for a FAST,,. Torque was decreased to baseline at a rate of
10% MVC/s for both 40% MVCs. Therefore, the duration of
each 40% MVC was 24 s. Three minutes of rest were given
prior to each MVC, and 5 min of rest were given prior to
each 40% MVC. The order of the 40% MVCs with respect
to their rate of torque development (SLOW,, vs. FAST),)
was randomized for each subject. During the 40% MVCs,
participants maintained their torque output as close as pos-
sible to the torque trajectory template displayed digitally on
a computer monitor.

EMG recording

During the contractions, surface EMG signals were recorded
from the vastus lateralis (VL) using a 5-pin surface array
sensor (Delsys, Inc., Natick, Massachusetts). The diameter
of each pin is 0.5 mm, and they are placed at the corners
of a 5 X 5-mm square, with the fifth pin in the center of the
square. Bipolar surface electrodes (Delsys, Inc., Natick,
Massachusetts) recorded EMG activity from the leg exten-
sors (VL, RF, and VM) and flexors (ST and BF) during
all contractions. Before sensor and reference electrode
placement, the surface of the skin was prepared by shav-
ing, removing superficial dead skin with adhesive tape, and
sterilizing with an alcohol swab. To remove the dead layers
of skin, hypoallergenic tape (3 M, St. Paul, Minnesota) was
applied to the site, then peeled back to remove contaminants
(Delsys, Inc., dEMG User Guide). The specific locations of
the sensors were as follows: VL, 67% of the distance from
the anterior superior iliac spine to the lateral border of the
patella; VM, 80% of the distance from anterior superior iliac
spine to the medial epicondyle of the femur; RF, 40% of the
distance from anterior superior iliac spine to the superior
border of the patella; ST, 50% of the distance from ischial
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tuberosity to medial epicondyle of tibia; and BF, 50% of
the distance from ischial tuberosity to lateral epicondyle of
tibia. The sensors were secured in their locations by adhesive
tape. The reference electrode was placed over the left patella
(Horita and Ishiko 1987; Rattey et al. 2006; Jubeau et al.
2010; Trevino et al. 2016).

EMG decomposition

For the 40% MVCs, the surface array sensor action poten-
tials were extracted into firing events of single MUs from
the four separate EMG signals, sampled at 20 kHz, via the
precision decomposition IIT algorithm (version 1.1.0) as
described by De Luca et al. (2006). The precision decom-
position III algorithm provides four unique action potential
waveforms for each EMG channel. Initially, the accuracy
of the decomposed firing instances was tested with the
reconstruct-and-test procedure (Nawab et al. 2010). Only
MUs decomposed with>90% accuracies were included in
the analyses. In addition, a secondary spike trigger average
(STA) procedure was included to validate the firing times
and action potential waveforms generated via the precision
decomposition IIT algorithm. The derived firing times from
the precision decomposition III algorithm were used to per-
form a STA for the four raw EMG signals (Hu et al. 2013a,
b, ¢c; McManus et al. 2016). A MU was included in further
analyses if there were high correlations (r> 0.70) across
the four channels between the precision decomposition III
algorithm (version 1.1.0) and STA-derived action poten-
tial waveforms and the coefficient of variation of the STA-
derived peak-to-peak amplitudes across time was <0.30 (Hu
et al. 2013a). For each MU, recruitment threshold (RT),
MU action potential amplitude (MUAP,p), and the mean
firing rate (MFR) during the constant torque period were
determined. A 2000 ms Hanning window was applied to
the MU firing instances to “. MUAP,,;» was calculated for
each MU according to previous methods (Hu et al. 2013a;
Pope et al. 2016; Miller et al. 2018; Sterczala et al. 2018a),
as the average peak-to-peak amplitude values from each of
the four unique action potential waveform templates using a
custom-written software program (LabVIEW 2015, National
Instruments, Austin, TX, USA). For the 40% MVCs, a lin-
ear model was fitted to the MFR vs RT relationships (De
Luca et al. 1996; Herda et al. 2015; Miller et al. 2017a)
and MUAP,sp vs. RT relationships (Hu et al. 2013a; Sterc-
zala et al. 2018a) for each subject with the y-intercepts and
slopes used for statistical analysis. The following exponen-
tial model (Sterczala et al. 2018a, b; Miller et al. 2018) was
applied to the MFR vs. MUAP, ;p relationships:

MEFR = AePMUAPAwp)
where A is the theoretical MFR of a MUAP,;p of 0 mV, e
is the natural constant and B is the decay coefficient of MFR
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with increments in MUAP, ;p. Pearson product moment
correlations were performed to test for significance. Any
contractions without an observed recruitment range of
MUs > 12% MVC, or with less than ten MUs accurately
decomposed after the reconstruct-and-test and STA proce-
dures were excluded from further analysis.

Signal processing

All 4 channels of the 5-pin EMG sensor, which was the
only sensor that recorded EMG from the VL, are needed
for decomposition. However, only channel 1 of the 4 chan-
nels was used for amplitude analysis to match the bipolar
EMG recording sensors used for amplitude analysis of the
VM, RF, BF, and ST. The torque (N m) and the EMG (mV)
signals from channel 1 of the surface array sensor (VL) as
well as the signal from each of the bipolar EMG electrodes
recording from the RF, VM, ST, and BF were recorded with
a NI cDAQ (National Instruments, Austin, TX USA) for
each MVC and with a NI BNC 2090a (National Instruments,
Austin, TX USA) for each 40% MVC. The sampling fre-
quency for torque and EMG signals was 2000 Hz for the
MVCs and 20,000 Hz for the 40% MVCs. Data were stored
on a personal computer for subsequent analysis. The EMG
signals were bandpass filtered (zero phase fourth-order But-
terworth filter) at 10-500 Hz, while the torque signal was
low-pass filtered with a 10-Hz cutoff (zero-phase fourth-
order Butterworth filter). EMG amplitude was expressed as
root mean square amplitude values calculated by custom-
written software (LabVIEW v 15.0; National Instruments,
Austin, TX). All EMG calculations were performed on the
filtered signals. MVC torque and peak EMG amplitude of
agonist muscles (VL, VM, and RF) were recorded during
the highest 0.25 s average torque (N m) that occurred dur-
ing the two extension MVCs, while peak EMG of antagonist
muscles (ST and BF) was determined from the highest 0.25 s
average torque during the two flexion MVCs. EMG ampli-
tude values from the 40% MVCs were normalized (N-EMG)
as a percentage of the peak EMG for further analysis. For
the 40% MVCs, MFR, N-EMG, torque, and CV of torque
were analyzed over a 10 s epoch at the beginning of the con-
stant torque phase. The total duration of the contraction and
the duration of the epoch of analysis were equated between
SLOW,, and FAST, contractions to minimize differences
in the time-related changes in motor unit activity such as
potentiation, firing rate adaptation, and fatigue (Dorfman
et al. 1990; Adam and De Luca 2005; Potvin and Fugle-
vand 2017; Miller et al. 2017b). MUs not active in the entire
10 s epoch were excluded from analysis. For analysis of
N-EMG, the average N-EMG of the three extensor muscles
(VL, VM, and RF) was considered extensor N-EMG and the
average of the two flexor muscles (ST and BF) was consid-
ered flexor N-EMG. N-EMG amplitude at torque levels of



Experimental Brain Research (2019) 237:2653-2664

2657

24-26% MVC during the linearly increasing torque phase
was recorded during the SLOW,, and FAST),,. This epoch
around 25% MVC was selected to quantify N-EMG during
the linearly increasing torque phase, as it is near the upper
recruitment range of MUs that was observed for the SLOW 4,
and is also within the recruitment rage of the FAST .

Statistical analysis

Recording only MUs encompassing a small range of RTs
could potentially lead to spurious coefficients from the
regressions (Pope et al. 2016; Colquhoun et al. 2018b; Herda
et al. 2019; Miller et al. 2019). Therefore, contractions were
included in the analyses if they met both of the following
criteria: 1) at least 10 MUs were identified and 2) the range
of RTs of the MUs observed was greater than 12% MVC.
Because of the repeated-measures design of the study, sub-
jects who did not meet the inclusionary criteria for both con-
tractions were not included in further analyses. Four subjects
were eliminated, thus statistical analyses were completed
on the remaining 12 subjects. Males and females were ana-
lyzed together as the primary interest was changes in MU
activity as a function of different rates of torque develop-
ment rather than previously reported sex-related differences
in firing rates and action potential amplitudes (Tenan et al.
2013; Peng et al. 2018; Trevino et al. 2018). Following the
reconstruct-and-test and STA validation procedures, 232
MU did not meet the criteria and were not included in the
analyses. Additionally, 13 MUs which were not active dur-
ing the entire steady force were not included in the analyses.

Paired samples ¢ tests were used to analyze possible dif-
ferences between SLOW ,, and FAST), for the lowest and
highest RT and MUAP,,p of MUs observed in each 40%
MVC, for torque and CV of torque during the constant
torque period, and for root mean squared error (RMSE)
between torque and the torque trajectory template. Paired
samples ¢ tests were also used to compare the coefficients of
the MFR and MUAP,,p vs. RT relationships and the MFR
vs. MUAP,,p relationships between SLOW,,, and FAST .
Two separate two-way repeated-measures ANOVAs [rate of
torque development (SLOW,, vs. FAST,,) X muscle group
(extensors vs. flexors)] were used to analyze potential differ-
ences in N-EMG between the agonists (extensors) and the
coactivation of the antagonists (flexors) during the linear
increasing torque and the constant torque phases. In addi-
tion, paired samples ¢ tests were performed as a follow-up
to significant interactions where necessary. Nonparamet-
ric Wilcoxon signed ranks tests were performed in place
of parametric ¢ tests for all data that a Shapiro—Wilk’s test
determined were not normally distributed. An a of 0.05 was
used to determine statistical significance. Statistical analyses
were performed using IBM SPSS Statistics v. 25 (SPSS Inc.,

Chicago, IL). All figures were created using GraphPad Prism
v. 7 (GraphPad Software, San Diego, CA).

Results

A total of 703 MUs met the inclusion criteria following the
reconstruct-and-test and STA validation procedures. Sub-
sequently, 26.2 +7.4 MUs were analyzed per SLOW,,, and
32.4 +8.8 MUs were analyzed per FAST,,. All MFR vs.
RT (r=-0.84 to —0.98), MFR vs. MUAP\p (r=—0.77
to —0.96), and MUAP,;p vs. RT (r=0.63-0.92) relation-
ships were significant. A representative illustration of the
40% MVCs and the MU data observed from one subject is
depicted in Fig. 1.

For all recorded MUs, RTs were similar (P =0.978)
between SLOW,, (6.97 £5.11%MVC) and FAST,,
(6.95+6.19%MVC) for the lowest-threshold MUs, but
differed for the highest-threshold MUs with greater
RTs (Wilcoxon: P=0.012) recorded during the FAST,,
(35.8+7.31%MVC) than SLOW,, (28.2+9.87%MVC).
However, the range of observed MUAP,\;pg Was simi-
lar between the 40% MVCs as there were no differences
between the smallest observed MUAP,pg (P=0.559,
SLOW,,=0.044+0.015 mV, FAST,;=0.043 +0.013 mV)
or the largest observed MUAP,\ps (P =0.248,
SLOW 4,=0.195+0.092 mV, FAST,;,=0.208 +0.095 mV).

There were no differences in torque (P =0.354,
SLOW,,=85.6+24.6 N m, FAST,;=86.0+24.5 N m) or
CV of torque (Wilcoxon: P=0.117, SLOW ,=2.24+1.18%,
FAST,,=2.24+0.71%) during the constant torque period
between SLOW,, and FAST),,. Although compliance with
the torque trajectory template was high for both 40% MVCs,
the FAST,, torque trajectory template was more difficult to
match, as the RMSE between the subject’s torque output
and the torque trajectory template was greater for FAST),,
(2.50+0.59% MVC) than SLOW,, (2.18+0.61% MVC)
(P<0.001).

Motor unit relationships

For the MFR vs. RT relationships, paired samples ¢ tests
indicated no differences (P =0.478) in the y-intercepts
between SLOW ,, (24.1+3.77 pps) and FAST,,, (23.5 +4.04
pps). However, the slopes were more negative (P=0.003)
for the SLOW,, (—0.491 +0.101 pps/%MVC) than FAST
(=0.322+0.109 pps/%MVC). The higher-threshold MUs
had lower firing rates during the SLOW,, (Fig. 2).

For the MUAP,\;p vs. RT relationships, there were
no differences (Wilcoxon: P=0.209) in the y-intercepts
between SLOW,, (—0.016 +0.043 mV) and FAST,,
(—0.006 +0.049 mV). However, the slopes were greater
(P=0.022) for the SLOW/,, (0.0057 +0.0021 mV/%MVC)
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Fig. 1 Illustration of the slow
(SLOW,) (a) and fast (FAST,,)
(b) rate of torque development
contractions from a representa-
tive subject. Thick black lines
represent the subject’s torque
tracing. Thin gray lines repre-
sent motor unit (MU) mean fir-
ing rate [MFR (pulses per sec-
ond)] curves. The dashed black
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and last recruited MUs which
are further illustrated in the
subsequent plots. The subject’s
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(d), and MFR vs. MUAP,p (e)
relationships plotted with lines
of best fit
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than the FAST;, (0.0041 +0.0023 mV/%MVC). For a given
higher RT, the MUAP,pg Were greater during the SLOW
than the FAST,, (Fig. 3).

For the MFR vs. MUAP,,,p relationships, paired samples
t tests indicated no differences in the A terms (P=0.951,
SLOW 4,=22.7+2.69 pps, FAST,,=22.8+3.55 pps) or
the B terms (P=0.189, SLOW ,,=(—4.72+1.40 pps/mV,
FAST,,=(—4.44+1.47 pps/mV) between the SLOW ,, and
FAST,. Therefore, firing rates were equivocal for MUs with
similar AP,y;ps between SLOW,, and FAST),, (Fig. 4).

Extensor and flexor N-EMG

For N-EMG during the constant torque phase, there
was a significant two-way interaction (P =0.032, rate
of torque development X muscle group). Paired sam-
ples ¢ tests indicated extensor N-EMG was greater
than flexor N-EMG for SLOW,, (P <0.001, extensor
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N-EMG =36.3 +7.82%, flexor N-EMG =6.50+3.82%)
and FAST,, (P <0.001, extensor N-EMG =34.0+6.26%,
flexor N-EMG =6.22 +3.52%). In addition, extensor
N-EMG was greater (P=0.015) for SLOW,, than FAST)j,
however, flexor N-EMG was not significantly different
(P=0.183) between the SLOW,, and FAST .

For N-EMG at 25% MVC during the linearly increas-
ing torque phase, there was no two-way interaction
(P=0.142, rate of torque development X muscle group)
or main effect for rate of torque development (P =0.088).
However, there was a main effect for muscle group
(P <0.001). Dependent samples ¢ tests indicated N-EMG
was greater for the extensors than the flexors regard-
less of contraction (P <0.001). N-EMG was not signifi-
cantly greater at 25% MVC during the linearly increasing
torque phase for SLOW,, than FAST, for the extensors
(SLOW,,=15.0+3.28%, FAST,;=13.4 +2.68%) or flex-
ors (SLOW,(,=3.48 +2.49%, FAST,,=3.22+2.61%).



Experimental Brain Research (2019) 237:2653-2664

2659

w
g

a — SLOW,,
F s FAST40

N
<

-
o
1

’

Mean firing rate (pps)

0 10 20 30 40
Recruitment threshold (%MVC)

0.0- ..................................................
-0.24
-0.4+

-0.61

Slopes (pps/%MVC)

-0.8 T T
404

304

204

Y-intercepts (pps)

10+

SLOW,, FAST,,

Fig.2 Average predicted mean firing rate [MFR (pulses per second)]
vs. recruitment threshold [RT (%MVC)] relationships (a) for slow
(SLOW,) and fast (FAST)) rate of torque development contractions.
The solid lines indicate the predicted mean firing rates within the
average observed recruitment threshold ranges for each contraction,
while the dotted lines extending the predictions indicate the mean fir-
ing rates for motor units in the expected real recruitment range. Spa-
ghetti plots of individual responses and box-and-whisker plots of the
SLOW,, and FAST),, slopes (b) and y-intercepts (c). The gray lines
in b and c indicate the responses from the subject illustrated in Fig. 1

Discussion

MU firing rates were lower and action potential amplitudes
were larger in relation to recruitment thresholds for isometric
contractions performed at a slower rate compared to contrac-
tions performed at a faster rate of torque development. MU
activity is commonly observed to be altered by the intensity
of the targeted force/torque (Erim et al. 1999; De Luca and
Hostage 2010; Hu et al. 2013a; Colquhoun et al. 2018b),
different between populations (Erim et al. 1999; Herda et al.
2015; Sterczala et al. 2018a), or altered following exercise
interventions (Vila-Cha et al. 2010; Pope et al. 2016). The
novel findings of the present study suggest that differences

0.25+
0.20-
-_— SLOW40 _r"

0151 FAST,, -

0.104
0.05+

MUAPAMP (mV)

0,00 -cceberrrrrereeei

-0.05 T T T 1
0 10 20 30 40

Recruitment threshold (%MVC)

0.0101
b

[/

e ©°
o o
S o
? °

0.004

Slopes (mV/%MVC)

o
1=}
1<}
)
h

0.000 T
0.05+

0.004- {tord—menronr .. v

-0.05+

Y-intercepts (mV)
/ |

-0.10+

-0.15

SLOW,, FAST,,

Fig.3 Average predicted motor unit action potential amplitude
[MUAP,\p (mV)] vs. recruitment threshold [RT (%MVC)] relation-
ships (a) for slow (SLOW,) and fast (FAST,) rate of torque devel-
opment contractions. The solid lines indicate the predicted action
potential amplitudes within the average observed recruitment thresh-
old ranges for each contraction, while the dotted lines extending the
predictions indicate the action potential amplitudes for motor units in
the expected recruitment range for the contraction. However, the pre-
dictions were not extended in the 0-6% MVC range as the trajectories
would predict action potential amplitudes less than 0 mV for the first
recruited MUs which is not physiologically accurate. Spaghetti plots
of individual responses and box-and-whisker plots of the SLOW 4,
and FAST,, slopes (b) and y-intercepts (c). The gray lines in b and ¢
indicate the responses from the subject illustrated in Fig. 1

in MU activity can exist as a function of rate of isometric
torque development.

Greater slopes of the MU action potential amplitude
vs. recruitment threshold relationships indicated action
potential amplitudes were greater at higher recruitment
thresholds for the SLOW,, than the FAST,,. The largest
action potential amplitudes were similar (Fig. 3a) within
the average recorded recruitment ranges of MUs for the
SLOW,, (RT range =6.97-28.2% MVC) and FAST,, (RT
range =6.95-35.8% MVC). However, this does not imply
that the largest recruited MUs during the contractions

@ Springer
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Fig.4 Average predicted mean firing rate [MFR (pulses per second)]
vs. motor unit action potential amplitude [MUAP,,;p (mV)] relation-
ships (a) for slow (SLOW,,) and fast (FAST)) rates of torque devel-
opment contractions. The solid lines indicate the predicted mean
firing rates within the average observed action potential amplitude
ranges for each contraction, while the dotted lines extending the pre-
dictions indicate the mean firing rates for motor units in the expected
real action potential amplitude range. Spaghetti plots of individual
responses and box-and-whisker plots of the SLOW,, and FAST,,
A terms (b) and B terms (c). The gray lines in b and c indicate the
responses from the subject illustrated in Fig. 1

possessed similar action potential amplitudes. For instance,
the VL has been shown to continue recruitment of MUs to
95% MVC (De Luca and Hostage 2010) and, furthermore,
N-EMG was doubled from 25% MVC during the linearly
increasing torque phase (~ 15% N-EMG) in comparison to
the constant torque phase (~35% N-EMG) for both contrac-
tions. Thus, larger MUs continued to be recruited during the
linearly increasing torque phase from the observed upper end
of the recruitment range of 28.2% MVC to 40% MVC for
the SLOW 4. The dotted lines in Fig. 3a extend the predicted
MUAP,\p vs. RT relationships for SLOW,, and FAST,,
beyond the average recorded recruitment range to include

@ Springer

the upper range of recruitment which would be expected
during 40% MVCs of the VL. In support of greater recruit-
ment during SLOW ), N-EMG for the extensor muscles was
7% greater during the constant torque phase of SLOW 4, rela-
tive to FAST),,.

A limitation of EMG decomposition is that not all MUs
can be recorded during any given contraction. Furthermore,
another limitation of this study was that MUs were not
tracked across contractions. However, the strong relation-
ships between recruitment thresholds and AP,ypg and fir-
ing rates indicate MUs with similar recruitment thresholds
will demonstrate similar AP,yps and firing rates within a
contraction. In addition, the relationship-based analysis of
MU activity has been shown to be reliable between contrac-
tions (Colquhoun et al. 2018b). Therefore, any changes in
the characteristics of a MU in relation to recruitment thresh-
old will be easily quantified with the relationship-based
approach. Subsequently, it has recently been reported that
changes in recruitment thresholds and firing rates in tracked
MUs across contractions does not provide any additional
information that is not conveyed by the untracked MUs (Del
Vecchio et al. 2019). Although unlikely, it cannot be ruled
out that a bias in the Precision Decomposition III algorithm
contributed to the lack of recorded of higher-threshold
(28-40% MVC) MUs during the SLOW 4, which would be
expected to possess larger action potentials.

The slopes of the mean firing rate vs. recruitment thresh-
old relationships were significantly less negative for the
FAST,, than SLOW,,, but the y-intercepts were similar.
Thus, MUs recruited at similar torque levels had greater fir-
ing rates for the FAST),, than the SLOW, and the effect was
more pronounced for higher-threshold MUs (Fig. 2a). When
firing rates were expressed relative to MU action potential
amplitudes, however, the firing rates were similar between
SLOW,, and FAST,, (Fig. 4). Therefore, MUs with similar
action potential amplitudes had similar firing rates regardless
of rate of isometric torque development. The lower slopes
of the mean firing rates vs. recruitment threshold relation-
ships were due to shifting the recruitment of similar MUs
to lower torque levels in a contraction at a slower isometric
rate of torque development. Together, the mean firing rate
vs. recruitment threshold and MU action potential amplitude
relationships suggests the additional excitation (N-EMG)
necessary to achieve the targeted torque during the SLOW
primarily resulted in the recruitment of larger MUs rather
than significant increase in the firing rates of the already
active MU pool.

Previous investigation of MU recruitment and isomet-
ric rate of force development yielded partially conflicting
results (Desmedt and Godaux 1977; Masakado et al. 1995).
Desmedt and Godaux (1977) reported MUs of the tibialis
anterior were recruited at lower forces during ankle dor-
siflexion contractions at~50% MVC (12 kg) with greater
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rates of force development, and the effect was augmented
even up to ballistic speeds where most MUs were recruited
prior to the onset of measurable force production. However,
the authors reported no changes in recruitment thresholds
between the slower isometric rates of force development
tested between ~ 1.5 kg/s and ~ 6 kg/s which are similar to
the 5% MVC/s and 20% MVC/s rates of torque develop-
ment tested in the current study. The mechanism responsible
for earlier recruitment at greater rates of torque develop-
ment has yet to be identified (Desmedt and Godaux 1977,
Masakado et al. 1995; Maffiuletti et al. 2016). A potential
explanation for the increased recruitment and MU action
potential amplitudes observed during the SLOW 4, in the
present study may be a function of muscle spindle activity.
De Luca and Kline (2012) suggest that at low contraction
intensities (i.e., < 10% MVC) when MUs fire at lower rates
where their twitches are not fused, muscle spindles exist in
a dynamic state (spindles are shortened and stretched repeat-
edly), increasing excitation to the motoneuron pool through
Ia afferent feedback. With the current protocol, muscles
spindles would remain in this dynamic state for four times
the duration during SLOW,, in comparison to FAST),,, as
the subjects would reach 10% MVC in 2 s during SLOW
or 0.5 s during FAST,,,. It is plausible the muscle spindles
remaining longer in the dynamic state lead to the observed
increase in recruitment for SLOW . In support, Kennedy
and Cresswell (2001) reported delayed recruitment of medial
gastrocnemius MUs during plantar flexion contractions
when muscle fibers were at short, non-optimal lengths, and
speculated reduced afferent feedback from muscle spindles
may have been responsible for the delayed recruitment.
Future research should investigate the current phenomenon
under vibration, which is known to remove feedback from
muscle spindles (Kouzaki et al. 2000). If this hypothesis is
correct, vibration would decrease recruitment during slower
rates of torque development.

In the current study, subjects were better able to comply
with the torque trajectory template for the SLOW,,, than
FAST,, as the RMSE was 15% greater for FAST . It is pos-
sible that the increased torque compliance for the SLOW,
was a function of increased synergistic MU activity of the
leg extensors and flexors. Thus, earlier recruitment of larger
MUs and greater activation of agonists and antagonists may
have better modulated the torque output to match the torque
trajectory template. In support, extensor N-EMG amplitude
was significantly greater for SLOW 4o, however, there was no
significant difference for N-EMG of the leg flexors between
SLOW,, (6.50+3.82%) and FAST,, (6.22+3.52%). It is
unclear how torque could be similar between contractions
if overall recruitment was greater for SLOW 4, than FAST),,
given that firing rates and coactivation of antagonists were
also similar. A limitation of the current study is that EMG
was only measured from five of the muscles that cross the

knee joint, where EMG of semimembranosis, medial and
lateral gastrocnemii, and other muscles of the quadriceps
may have fully elucidated the activation strategy of all the
muscles in both contractions. It is plausible that the bipo-
lar surface EMG technique used was not sensitive to detect
minor differences in already low muscle activation of the
leg flexors during a moderate intensity contraction of the
leg extensors. Future research should utilize ultrasonogra-
phy and mechanomyography (Guo et al. 2010) in addition
to EMG to examine potential differences in coactivation of
the leg flexors at different rates of torque development and/
or utilize higher contraction intensities where coactivation
would be greater for the leg flexors (Tracy and Enoka 2002).

The results of the present study suggest great care must
be taken to ensure the adherence of a subject’s torque out-
put with the torque trajectory template provided, as signifi-
cant deviations in the rate of torque development during the
linearly increasing torque phase will alter the recruitment
of MUs shifting the slopes of the firing rates and action
potential amplitudes in relation to recruitment thresholds.
In addition, it should be investigated whether alternate rates
of torque development in lieu of the standard 10% MVC/s
commonly used for isometric trapezoid contractions are
more efficacious for research seeking to determine subtle
differences in MU activity between populations or following
exercise interventions.

Previously, less negative slopes of mean firing rate vs.
recruitment threshold relationships have been observed for
contractions performed at greater intensity compared to
contractions at lower intensity (De Luca and Hostage 2010)
and for individuals with greater type I myosin heavy chain
isoform content of the VL (Trevino et al. 2016). Trevino
et al. (2016) reported ~73% of the variance in type I myosin
heavy chain isoform content of the VL between subjects was
explained by the slopes of the mean firing rate vs. recruit-
ment threshold relationships from a 40% MVC. Similarly,
Trevino et al. (2018) reported the slopes of the action poten-
tial amplitude vs. recruitment threshold relationships dur-
ing 40% MVC leg extensions were highly correlated with
cross-sectional area and myosin heavy chain isoform content
of the VL. The current study provides evidence that large
changes in the slopes of the mean firing rate and MU action
potential vs. recruitment threshold relationships (52% and
28%, respectively) may be observed within subjects at the
same contraction intensity by manipulating the rate of torque
development of the linearly increasing torque phase of the
isometric contraction.

In summary, MUs of similar size were recruited earlier
at lower torque levels, and overall recruitment was greater,
during an isometric trapezoidal contraction with a slower
rate of torque development. This change in recruitment
led to altered slopes of the mean firing rate and MU action
potential amplitudes vs. recruitment threshold relationships
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which are commonly analyzed to characterize firing rate
and recruitment patterns of a muscle (De Luca and Hostage
2010; Hu et al. 2013a; Herda et al. 2015; Colquhoun et al.
2018a; Miller et al. 2018; Trevino et al. 2018). However,
firing rates were similar when expressed relative to action
potential amplitudes. Therefore, MU recruitment, but not
firing rates of the motoneurons were altered by modulat-
ing rate of torque development during isometric trapezoidal
muscle actions of the leg extensors. These findings highlight
the necessity of ensuring subjects’ torque output matches
the provided torque trajectory template in future research.
In addition, future research should examine if differences in
MU activity as a function of rates of torque develop may be
related to sensory processes.
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