
Vol.:(0123456789)1 3

Experimental Brain Research (2022) 240:825–839 
https://doi.org/10.1007/s00221-021-06278-3

RESEARCH ARTICLE

Effects of continuous cycling training on motor unit firing rates, input 
excitation, and myosin heavy chain of the vastus lateralis in sedentary 
females

Michael A. Trevino1 · Hannah L. Dimmick2 · Mandy E. Parra3 · Adam J. Sterczala4 · Jonathan D. Miller5 · 
Jake A. Deckert6 · Philip M. Gallagher7 · Andrew C. Fry7 · Joseph P. Weir8 · Trent J. Herda8 

Received: 18 January 2021 / Accepted: 13 November 2021 / Published online: 20 January 2022 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
This study examined the effects of continuous endurance training on motor unit (MU) mean firing rates (MFR), percent 
myosin heavy chain (%MHC) isoforms, and muscle cross-sectional area (mCSA) of the vastus lateralis (VL). Twelve females 
completed 5-weeks of continuous cycling-training (CYC), while 8 females were controls (CON). Participants performed 
maximal voluntary contractions (MVCs) and 40% MVCs of the knee extensors before (PRE) and after the 5-week treatment 
period at the same absolute pre-treatment submaximal torque  (POSTABS) and relative to post-treatment MVCs  (POSTREL). 
Surface electromyographic (EMG) signals were decomposed with the Precision Decomposition III algorithm. MU firing times 
and waveforms were validated with reconstruct-and-test and spike trigger average procedures. MFRs at steady torque, recruit-
ment thresholds (RT), and normalized EMG amplitude (N-EMGRMS) were analyzed. Y-intercepts and slopes were calculated 
for the MFR vs. RT relationships. MHC isoforms and mCSA were determined with muscle biopsies and ultrasonography. 
CYC decreased MVCs and type IIX %MHC isoform without changes in mCSA. The slopes for the MFR vs. RT relationships 
decreased for CYC during  POSTREL and  POSTABS while N-EMGRMS increased for  POSTABS with no differences between 
PRE and  POSTREL. Type I %MHC isoform was correlated with the slope for the MFR vs. RT relationship during  POSTABS 
and  POSTREL for CYC. This study provides evidence that decreases in the MFRs of higher threshold MUs post-CYC is likely 
a function of changes in input excitation  (POSTABS) and the firing frequency–excitation relationships  (POSTREL). Evidence 
is provided that MHC isoforms influence the firing rate scheme of the muscle following short-term training.
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Abbreviations
CON  Control treatment group
CYC   Cycling treatment group
MU  Motor unit
MVC  Maximal voluntary contraction
EMGRMS  Electromyographic amplitude
POSTABS  Post-treatment absolute torque level
POSTREL  Post-treatment relative torque level
PRE  Baseline testing
VL  Vastus lateralis

Introduction

There is interest in motor unit (MU) firing rate adaptations 
as a function of continuous endurance training (De Luca 
et al. 1982a, b; Herda et al. 2015; Dimmick et al. 2018). The 
mechanical output of a MU is proportional to its force twitch 
and firing rate (De Luca and Hostage 2010). Thus, adapta-
tions in firing rate behavior following endurance training 
may have implications on MU force production. However, 
questions remain as only a few longitudinal studies have 
been conducted and they reported mixed results. Short-term 
continuous endurance training programs have resulted in 
decreases (Vila-Cha et al. 2010) or no change in MU firing 
rates (Martinez-Valdes et al. 2017). The discrepancies are 
likely related to differences in training programs and analy-
ses of MU firing rates. For example, continuous endurance 
training programs have been performed primarily at moder-
ate intensities (Vila-Cha et al. 2010) and training was for a 
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short-duration (Martinez-Valdes et al. 2017). In addition, 
some investigations recorded few MUs per contraction that 
did not allow the firing rate scheme to be interpreted on a 
subject-by-subject basis (Vila-Cha et al. 2010). Furthermore, 
Vila-Cha et al. (2010) did not account for recruitment thresh-
olds which are correlated with firing rates during voluntary 
submaximal isometric efforts (Milner-Brown et al. 1973; 
Trevino et al. 2016). Thus, examining the effects of continu-
ous endurance training on firing rates relative to recruitment 
thresholds can allow comparisons on a subject-by-subject 
basis, and can provide more insight on MU behavior than 
comparing the average firing rates among subjects (Dimmick 
et al. 2018).

It is hypothesized that differences in MU firing rates 
between individuals with various exercise training back-
grounds or changes following exercise training are attrib-
uted to contractile properties of the muscle (De Luca 
et al. 1982a). Myosin heavy chain isoform composition 
is a valid measure of absolute peak power and shortening 
velocity (contractile properties) of single skeletal mus-
cle fibers (Trappe et al. 2003) and the electrophoretically 
determined % myosin heavy chain isoform composition 
correlates with the histochemical derived percentage of 
fiber type area (Fry et al. 1994; Staron et al. 2000). The 
muscle fiber type (I, IIA, IIX) with the largest fiber diam-
eters yields the greatest % myosin heavy chain isoform 
composition (Staron et al. 2000). Thus, % myosin heavy 
chain isoform composition can provide insight on mus-
cle fiber cross-sectional areas, as individuals with greater 
amounts of type II myosin heavy chain composition have 
exhibited larger type II fibers for higher-threshold MUs 
(Trevino et al. 2018; Herda et al. 2019). However, there 
are no differences in peak power of single skeletal muscle 
fibers when normalized to fiber diameter in young indi-
viduals (Trappe et al. 2003) and myosin heavy chain iso-
forms do not always reflect the contractile properties of the 
whole skeletal muscle, particularly in untrained subjects 
(Harridge et al. 1996; Herda et al. 2019). Significant cor-
relations have previously been reported between type I % 
myosin heavy chain isoform with MU firing rates at mod-
erate- (Trevino et al. 2016) and high-intensity (Colquhoun 
et al. 2018) targeted torques for chronically trained indi-
viduals of the vastus lateralis (VL). Continuous endur-
ance training results in shifts in fiber type area (Howald 
et al. 1985) and could provide evidence that changes in 
muscle contractile properties influence alterations in MU 
firing rates. For example, myosin heavy chain isoform 
shifts to type I suggests peak power of the muscle fib-
ers is becoming weaker and, thus, greater input excitation 
is required to maintain the same contraction level post-
intervention. Therefore, the higher firing rates of individu-
als with greater type I myosin heavy chain isoform may 
indicate greater excitation is needed to maintain the same 

relative task due to reduced force generation capabilities 
of recruited MUs during moderate intensity contractions 
(Trevino et al. 2016). Of note, the correlation between 
myosin heavy chain isoforms and MU firing rates has not 
been examined in sedentary individuals. Furthermore, 
despite sex-related differences in % myosin heavy chain 
for the VL (Staron et al. 2000; Trevino et al. 2019), all the 
aforementioned studies only investigated males. Thus, it 
is plausible females may experience different MU firing 
rate adaptations due to greater amounts of type I % myo-
sin heavy chain for the VL. However, this has yet to be 
investigated and examination may provide insight regard-
ing neuromuscular adaptations in response to endurance 
training of females.

All previous continuous endurance cycling training inves-
tigations reported no change in maximal voluntary contrac-
tion (MVC) of the knee extensors and thus, MU firing rates 
were analyzed relative to post-training MVC (Vila-Cha et al. 
2010; Martinez-Valdes et al. 2017). Continuous endurance 
training is reported to increase type I % myosin heavy chain 
isoform composition which could reduce MU twitch forces 
(Garnett et al. 1979). Therefore, it is plausible that a con-
tinuous cycling program performed with a greater intensity 
and total training time than previous investigations would 
require the recruitment of a greater percentage of MUs and 
negatively affect the force generating capabilities of the MU 
pool to a greater extent, decreasing MVC and requiring an 
increase in overall excitation to match pre-training targeted 
torques. Subsequently, an investigation examining the effects 
of endurance training on MU behavior should include con-
tractions at the same pre- and post-training absolute torque 
levels and relative to the post-training MVC to provide a 
better understanding of possible underlying mechanisms for 
alterations in MU firing rates. For example, alterations in 
firing rates may be a function of changing the mean level 
of input excitation (operating point) (Contessa and De Luca 
2013), the firing frequency-excitation relationship, or both.

Therefore, the primary purposes of this investigation were 
to examine the adaptations to a short-term (5 weeks) con-
tinuous endurance cycling protocol performed at a vigorous 
intensity (Norton et al. 2010) on MU firing rates recorded 
during a submaximal isometric trapezoidal contraction of 
the knee extensors performed at 40% MVC pre- and post-
endurance training and the % myosin heavy chain isoform 
composition content of the VL in sedentary females. In addi-
tion, participants completed a 40% MVC at the same rela-
tive torque as pre-training. Normalized electromyographic 
amplitude  (EMGRMS) was measured to examine possible 
differences for input excitation to the motoneuron pool at a 
targeted torque following training. Ultrasound images were 
analyzed to examine potential continuous endurance train-
ing-related changes in muscle cross-sectional area and sub-
cutaneous fat of the VL that may confound interpretations 
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of MU analyses. Furthermore, correlations examined the 
association of type I % myosin heavy chain isoform of the 
VL and MU firing rates at pre- and post-endurance training.

Experimental procedures

Subjects

Twenty healthy females completed this investigation. 
Twelve subjects completed the continuous endurance 
cycling training (CYC) program (age: 22.2 ± 5.7 years; 
height: 164.2 ± 5.5  cm, body mass: 63.6 ± 13.7  kg), 
whereas eight controls (CON) (age: 19.4 ± 2.5 years; height: 
169.5 ± 6.2 cm, body mass: 63.9 ± 11.7 kg) only completed 
the experimental procedures. Changes in MU activity fol-
lowing exercise interventions have been reported with as 
few as ten participants (Vila-Cha et al. 2010; Pope et al. 
2016). Thus, a quasi-random allocation was utilized where 
the first fifteen subjects were assigned to the CYC group 
to ensure ten completed the training, whereas the next 10 
subjects were assigned to CON to ensure changes in MU 
parameters were not a function of type I error. Three CYC 
and two CON subjects voluntarily withdrew from the study. 
No subject reported any form of structured exercise for the 
previous 3 years or any history of current or ongoing neu-
romuscular diseases or musculoskeletal injuries specific to 
the ankle, knee, or hip joints. This study was approved by 
the university’s institutional review board for human sub-
jects research and each subject signed a written informed 
consent. Subjects were provided monetary compensation for 
their participation.

Experimental approach

CYC and CON attended three laboratory sessions before 
(visits 1–3) and after (visits 4–6) five weeks of CYC or CON. 
Visits one and four consisted of ultrasound imaging of the 
VL to determine muscle cross-sectional area and subcutane-
ous fat followed by a maximal aerobic capacity test. Visits 
two and five were familiarization visits, where subjects prac-
ticed isometric MVCs and submaximal isometric trapezoid 
muscle actions of the knee extensors at 40% MVC. During 
test visits three and six, the muscle actions were recorded. 
The MVCs were used to determine maximal strength and the 
torque level for the submaximal contractions at pre- (PRE) 
and post-treatment. For post-treatment, subjects completed 
submaximal muscles actions at the same absolute torque 
as pre-  (POSTABS) and relative to the post-treatment MVC 
 (POSTREL). Surface EMG signals were collected from the 
VL to measure peak  EMGRMS during the MVC and calcu-
late normalized  EMGRMS during the submaximal muscle 
actions. In addition, surface EMG signals recorded during 

the submaximal muscle actions were decomposed to extract 
recruitment threshold, mean firing rate at the targeted torque, 
and action potential amplitude for each observed MU. Sub-
jects concluded visits 3 and 6 with a muscle biopsy of the 
VL. To avoid fatigue, there was 48 h of rest prior to testing 
visits.

Continuous cycling training

All CYC subjects completed 5 weeks of continuous endur-
ance cycling on Life Fitness Upright Bikes (Model CLSC, 
Rosemont, IL, USA) at a frequency of 4 sessions per week 
for 20 total cycling sessions. Exercise intensity was pre-
scribed on the upper limits of heart rate reserve. Target heart 
rates were calculated with the Karvonen method [(maximal 
heart rate – resting heart rate) × %intensity + resting heart 
rate)] (Karvonen et al. 1957). Percent heart rate reserve is 
recommended for prescribing exercise intensity in cycling 
activities (Lounana et al. 2007) for low fitness level popula-
tions (Swain 2000).

Weeks 1–3 consisted of 30 min of continuous cycling 
at 70% of the heart rate reserve, whereas, weeks 4–5 were 
40 min at 75% of heart rate reserve. Heart rates were moni-
tored with a Polar FT7 Heart Rate Monitor (Polar Electro, 
INC, Lake Success, NY, USA). All cycling sessions were 
supervised and subject heart rates were recorded every 3 min 
to ensure exercise intensity compliance.

Ultrasound imaging

A portable brightness mode ultrasound image device with 
a multi-frequency linear array probe (12 L-RS; 5–13 MHz; 
38.4-mm field of view) in conjunction with GE logiq e Logic 
View software was used to generate panoramic real-time 
images of the VL. ImageJ software (National Institutes of 
Health, Bethesda, MD) was used to quantify anatomical 
muscle cross-sectional area and subcutaneous fat of the VL. 
For detailed information regarding subject positioning, ultra-
sound device settings, and image analyses, refer to Dimmick 
et al. (2018). Data from cadaver (Cartwright et al. 2013) 
and magnetic resonance imaging studies (Scott et al. 2012) 
have supported ultrasound to be a valid and reliable tool for 
assessing muscle cross-sectional area.

Maximal aerobic capacity testing

A graded exercise test was completed on an electronically 
braked cycle ergometer (Lode, Groningen, Netherlands) to 
determine maximal aerobic capacity (VO2MAX) and respira-
tory gases were collected with a two-way rebreathing valve 
(Hans Rudolph Inc., Shawnee, Kansas, USA) and monitored 
with a metabolic cart and respective software (Parvo Med-
ics  TrueOne® 2400 Metabolic Measurement System, Sandy, 
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Utah, USA). Values were reported as ventilated oxygen and 
carbon dioxide and calculated relative VO2MAX. Prior to 
testing, participant seat height was measured and recorded 
for consistency across trials. Tests were considered valid if 
participants met three of the five American College of Sports 
Medicine Guidelines indicators (Amstrong et al. 2005). Dur-
ing testing, heart rates were recorded with a Polar FT7 Heart 
Rate Monitor (Polar Electro, INC, Lake Success, NY, USA) 
and the maximal heart rate was used to calculate the target 
heart rate for the cycling intervention. For detailed informa-
tion regarding metabolic cart calibration, equipment settings, 
and test protocol refer to Walter et al. (2009).

Isometric strength testing

All isometric knee extensor strength assessments were 
performed on a Biodex System 3 isokinetic dynamometer 
(Biodex Medical Systems, Shirley, NY) in accordance to 
Trevino et al. (2016). All Biodex settings were recorded for 
consistency among trials. For pre-treatment testing, sub-
jects performed an isometric trapezoidal muscle action at 
40% of MVC (PRE). For post-treatment testing, subjects 
performed a muscle action at 40% of pre- and 40% of post-
treatment MVC to investigate mean firing rates at  POSTABS 
and  POSTREL torques, respectively. For all isometric trap-
ezoidal muscle actions, the torque increased at 10% MVC/s 
to the targeted torque level, where it was held for 10 s and 
then decreased to baseline at a rate of 10% MVC/s (Fig. 1). 
Five minutes of rest was given between each muscle action. 
Subjects were given a second attempt if unable to maintain 
the targeted torque during the initial trial.

Electromyographic recording and decomposition

During the trapezoid muscle actions, surface EMG signals 
were recorded from the VL using a 5-pin surface array 
sensor (Delsys, Boston, MA). The pins have a diameter 
of 0.5 mm and are positioned at the corners of a 5 × 5 mm 
square, with the fifth pin in the center. Prior to sensor place-
ment, skin was prepared by shaving, removing superficial 
dead skin with surgical tape, and sterilized with an alco-
hol swab. The sensor was placed over the VL muscle at 
50% of the distance between the greater trochanter and the 
lateral condyle of the femur with adhesive tape. A perma-
nent marker was used to mark the location of the electrode 
on the skin and participants were instructed to remark the 
location when necessary. The position of the electrodes was 
also measured using anatomical landmarks as a reference to 
confirm similar electrode placement between experimental 
sessions. The reference electrode was placed over the left 
patella. Signals were sampled at 20 kHz and stored on a 
computer for off-line analysis.

For detailed information regarding the signal process-
ing of the EMG signals, refer to De Luca et al. (2006) and 
Nawab et al. (2010). Action potentials were extracted into 
firing events of single MUs from the four separate EMG 
signals via the Precision Decomposition III algorithm (ver-
sion 4.1.1.0) as described by De Luca et al. (2006). This 
algorithm is designed for decomposing EMG signals into 

Fig. 1  Top graph: an example of the firing instances of the 26 
detected motor units (MUs) recorded from the five-pin surface array 
sensor for the vastus lateralis during an isometric trapezoidal contrac-
tion at 40% maximal voluntary contraction (MVC) for one partici-
pant. The black line shows the force signal as it appeared to the par-
ticipant during the trial. Each vertical bar represents the firing time 
of an action potential with MUs 5 and 26 indicated in bold. Middle 
graphs: the MU action potential (MUAP) waveforms from channels 
(CH) 1–4 for MU 5 and 26, respectively. Bottom graph: the mean fir-
ing rate (pps) versus recruitment threshold (expressed as percentage 
of maximal voluntary contraction [%MVC]) relationship is presented 
along with the calculated linear regression equations for the relation-
ship
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their constituent MU action potential trains and provides a 
unique waveform for each EMG channel. The accuracy of 
the decomposed firing instances was initially tested with 
the reconstruct-and-test procedure (Nawab et al. 2010) and 
only MUs with > 90% accuracies were used for further anal-
ysis. It is suggested a 90% accuracy criterion is appropriate 
for investigating MU firing rate characteristics as utilizing 
more stringent accuracy thresholds (92% and 95%) does not 
statistically change regression coefficients, yet may result 
in a reduction of subjects (~ 40%) due to a lack of usable 
MUs (Trevino et al. 2016). Additionally, a secondary spike 
trigger average procedure was performed to validate the fir-
ing times and action potential waveforms created via the 
Precision Decomposition III algorithm. The derived fir-
ing times from the Precision Decomposition III algorithm 
were used to spike trigger average the 4 raw EMG signals 
(Hu et al. 2013; Herda et al. 2020). MUs with high correla-
tions (r > 0.7) across the 4 channels between the Precision 
Decomposition III algorithm and the spike trigger average 
derived action potential waveforms and a coefficient of 
variation for the spike trigger average derived peak to peak 
amplitudes < 0.3 across time (Hu et al. 2013) were selected 
for further analysis. Seemingly valid MU action potential 

waveforms may be constructed from trigger events that don’t 
correspond with MU discharge times (Farina et al. 2014). 
Thus, Gaussian noise set at 1% of the standard deviation for 
the interspike interval was added to the discharge times for 
each MU (Hu et al. 2013; Thompson et al. 2018). Correla-
tions were performed on the MU action potential waveforms 
created from the raw EMG signals with the small amount of 
noise (< 2 ms shift) added to the firing times with the action 
potential waveforms that were triggered with the Precision 
Decomposition III algorithm derived firing times. Adding 
a small amount of noise to the firing times should decrease 
the correlation between action potential waveforms derived 
from the Precision Decomposition III algorithm and the 
spike trigger average procedures. Furthermore, peak-to-peak 
amplitudes of the spike trigger averaged action potential 
waveforms were compared to the action potential waveforms 
derived from the firing times with the addition of Gaussian 
noise. The peak-to-peak amplitudes derived from the firing 
times with Gaussian noise should decrease if no true action 
potential waveforms is consistently present (Fig. 2). For 
each MU, 2 parameters were extracted from the firing rate 
data: (1) recruitment threshold (expressed as %MVC) and 
(2) mean firing rates at the targeted torque level (pulses per 

Fig. 2  The four unique motor unit action potential waveforms for 
a single motor unit from the spike triggered averaging procedure 
(STA), the Precision Decomposition III algorithm (PD III), and the 
STA procedure with the addition of Gaussian noise to the firing times 
(STA + G). The average peak-to-peak amplitude for the waveforms 

calculated from the STA procedure (0.08899  mV) was substantially 
greater compared to STA + G (0.00127 mv). The large decrease in 
amplitude values for STA + G suggests minimal error in the firing 
times derived from the PD III algorithm
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second [pps]). The recruitment threshold was calculated as 
the average torque from a 0.10 ms epoch of force that began 
at the first discharge of the MU (Trevino et al. 2016). The 
mean firing rates were calculated as the inverse of the aver-
age interspike intervals (time between MU action potentials) 
during an 8 s epoch of the steady torque segment of the iso-
metric trapezoidal template. Great care was taken to ensure 
the analysis was as close to the beginning of the steady 
torque segment as possible, but did not include any toque 
overshoot during the transition from the linearly increasing 
segment to steady torque. The start times for the analysis 
among all three contractions were not different (p > 0.05).

EMG amplitude

Channel 1 of the 4 bipolar EMG channels from the 5-pin sur-
face array sensor was selected for the time-domain (ampli-
tude) analyses (Dimmick et al. 2018). EMG signals were 
bandpass filtered (fourth-order Butterworth) at 10–500 Hz. 
Peak EMG amplitude was calculated as the average root 
mean square (RMS) value that corresponded to the highest 
0.25 s peak torque epoch during the pre- and post-treatment 
MVCs. In addition, the average  EMGRMS calculated during 
the 8 s epoch analyzed during the steady torque segment 
of the PRE,  POSTABS, and  POSTREL isometric trapezoidal 
muscle actions was normalized to peak  EMGRMS for the 
respective visit.

Muscle biopsy

Thirty minutes after test visits three and six, muscle biop-
sies were taken from the VL (similar positon of EMG elec-
trode) utilizing the percutaneous needle biopsy methods 
(Bergstrom 1962) and the double chop and suction method 
(Evans et al. 1981; Staron et al. 1990). For detailed informa-
tion regarding subject preparation and follow-up care, biopsy 
storage, and SDS-PAGE methods used to investigate myosin 
heavy chain isoforms, refer to Trevino et al. (2016). The 
myosin heavy chain isoforms (types I, IIA, and IIX [fast fati-
gable]) were identified according to their molecular masses 
(Staron and Johnson 1993). The percentage of type I myosin 
heavy chain isoform content (type I % myosin heavy chain) 
was used for the correlations with the MU data. Fiber type 
distribution of the whole VL muscle in humans is not dif-
ferent along the axis of the muscle (Lexell et al. 1983) and 
differences in variation with single-fiber measurements from 
muscle biopsies account for < 2% of a change in fiber type 
proportion (Williamson et al. 2001).

Statistical analysis

For each contraction, linear regressions were applied to 
the mean firing rate vs. recruitment threshold relationships 
(Colquhoun et al. 2018). Slopes and y-intercepts were calcu-
lated for each subject and used for statistical analysis.

Potential changes in MVC, maximal aerobic capacity, 
muscle cross-sectional area, subcutaneous fat, and body 
mass were examined via separate two-way mixed factorial 
repeated measure analysis of variance (ANOVA) [Group 
(CYC vs. CON) × Time (PRE vs. POST)]. In addition, 
three separate two-way mixed factorial repeated measure 
ANOVAs [Group (CYC vs. CON) × Contraction (PRE vs. 
 POSTABS vs.  POSTREL)] were used to analyze possible dif-
ferences in normalized  EMGRMS and the slopes and y-inter-
cepts for the mean firing rate vs. recruitment threshold rela-
tionships. Furthermore, a three-way mixed factorial repeated 
measures ANOVA [Group (CYC vs. CON) × Time (PRE vs. 
POST) × Isoform (Type I vs. Type IIX)] was used to analyze 
possible differences in % myosin heavy chain for the VL. 
Type IIA % myosin heavy chain isoform was not included 
in the ANOVA model as it is not statistically independent of 
the other two myosin heavy chain isoforms. When appropri-
ate, follow-up analyses included one-way repeated measures 
ANOVAs, and paired and independent samples t tests with 
Bonferroni corrections. For pre-treatment, Pearson’s prod-
uct moment correlation coefficients were calculated com-
paring the type I% myosin heavy chain isoform of the VL 
among the slopes and y-intercepts for the mean firing rate vs. 
recruitment threshold relationships separately for each group 
and all subjects (CYC + CON) together. For post-treatment, 
Pearson’s product moment correlation coefficients were cal-
culated separately for CYC and CON comparing the type I% 
myosin heavy chain isoform of the VL among the slopes and 
y-intercepts for the mean firing rate vs. recruitment thresh-
old relationships for  POSTABS and  POSTREL. Slopes and 
y-intercepts were calculated using Microsoft Excel version 
2016 (Microsoft, Redmond, WA).

To investigate the validity of the MU action potential 
waveforms detected from the additional spike trigger aver-
age procedures, a Fisher’s r to z transformation (Fisher 
1921) was performed for each subject on the correlation 
coefficient values for the MU action potential waveforms 
triggered with the Precision Decomposition III algorithm 
and the waveforms created from the raw EMG signals 
with Gaussian noise added to the firing times for the pre-
treatment contraction. Potential differences in the z scores 
were investigated with a paired samples t test. Additionally, 
paired samples t tests were used to investigate potential dif-
ferences between the peak-to-peak amplitudes of the spike 
trigger average action potential waveforms and the action 
potential waveforms derived from the firing times with the 
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addition of Gaussian noise. The level of significance was 
set at p ≤ 0.05. Effect sizes were estimated using Hedges’s g 
and effect size estimates were classified as minimal (0–0.2), 
small (0.2–0.5), medium (0.5–0.8) or large (> 0.8). All sta-
tistical analyses were performed with SPSS 24 (IBM Corp, 
Armonk, NY).

Results

Ultrasound and body mass data

There were no significant two-way interactions for mus-
cle cross-sectional area (p = 0.784), subcutaneous fat 
(p = 0.649), or body mass (p = 0.404). In addition, there 
were no main effects for time (p = 0.428–0.872) or group 
(p = 0.259–0.908) for muscle cross-sectional area, subcuta-
neous fat, or body mass. The means (SD) for muscle cross-
sectional area, body mass, and subcutaneous fat for each 
treatment and time point are presented in Table 1. Thus, 
potential changes in MU parameters, or lack, therefore, were 
not a function of changes in subcutaneous fat.

Maximal aerobic capacity

There was a significant two-way interaction (p = 0.006). 
For CYC, there was a large, significant increase in 
maximal aerobic capacity (p < 0.001; g = 0.55) from 
pre- (32.52 ± 5.08  mL   kg−1   min−1) to post-treatment 
(35.16 ± 4.42 mL  kg−1  min−1), whereas, there was a mini-
mal, non-significant (p = 0.295; g = 0.16) change from pre- 
(31.15 ± 4.00 mL  kg−1  min−1) to post-treatment for CON 
(31.74 ± 3.35 mL  kg−1   min−1). There were minimal and 
large non-significant differences between groups for pre- 
(p = 0.529; g = 0.29) and post-treatment (p = 0.080; g = 0.85), 
respectively.

Maximal strength

There was a significant two-way interaction (p = 0.033). 
For CYC, a small, significant maximal strength decrease 
was observed from pre- (131.03 ± 32.01 Nm) to post-treat-
ment (122.45 ± 36.64 Nm; p = 0.044; g = 0.25), whereas, 
there was a minimal, non-significant (p = 0.275; g = 0.11) 
change from pre- (127.72 ± 32.57 Nm) to post-treatment 
(131.08 ± 29.23 Nm) for CON. There were minimal and 
small, non-significant differences between the groups at pre- 
(p = 0.824; g = 0.10) and post-treatment (p = 0.584; g = 0.26), 
respectively.

Normalized EMGRMS

Normalized  EMGRMS could not be calculated for 3 sub-
jects due to removal of the EMG sensor for additional skin 
preparation between MVC testing and the submaximal con-
tractions; thus, statistical analyses were performed on the 
remaining 17 (11 CYC and 6 CON) subjects. There was a 
significant two-way interaction (p = 0.016). The follow-up 
one-way ANOVA for contraction was significant for CYC 
(p = 0.006), but not for CON (p = 0.461). For CYC, there 
was a large, significant increase for  POSTABS compared to 
PRE (p = 0.026; g = 0.85), and a medium, significant dif-
ference compared to  POSTREL (p = 0.042; g = 0.52). How-
ever, there was a small, non-significant difference for CYC 
between PRE and  POSTREL (p = 0.640; g = 0.42). There were 
medium, non-significant differences between groups at PRE 
(p = 0.192; g = 0.70) and  POSTABS (p = 0.247; g = 0.61) and 
a small, non-significant difference at  POSTREL (p = 0.530; 
g = 0.24) (Fig. 3). Table 2 contains the mean ± SD for CYC 
and CON.

Table 1  Mean ± SD for muscle cross-sectional area (mCSA) and sub-
cutaneous fat (sFAT) of the vastus lateralis, and body mass values for 
the cycling (CYC) and control (CON) subjects

Measurement Treatment Pre-treatment Post-treatment

mCSA  (cm2) CYC 16.54 ± 3.59 16.25 ± 2.87
CON 18.67 ± 5.13 18.06 ± 4.31

sFAT (cm) CYC 1.61 ± 0.68 1.61 ± 0.70
CON 1.33 ± 0.55 1.37 ± 0.56

Body mass (kg) CYC 63.55 ± 13.67 63.01 ± 13.81
CON 63.89 ± 11.66 64.02 ± 10.07

Fig. 3  Plotted individual values (black markers) and means 
(bars) ± SD for normalized electromyographic amplitude 
(N-EMGRMS) for 11 cycling and 6 control subjects from pre- (PRE) 
and post-treatment absolute  (POSTABS) and relative  (POSTREL) 
torque levels. † indicates  POSTABS is significantly greater than PRE 
(p = 0.026) and  POSTREL (p = 0.042) for the cycling group
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MU data

The spike trigger average procedure resulted in the rejec-
tion of 144 MUs (PRE = 32,  POSTABS = 41,  POSTREL = 71; 
2.40 ± 1.80 MUs per contraction). Therefore, a total of 
1324 MUs were analyzed (PRE = 478,  POSTABS = 483, 
 POSTREL = 404; 22.07 ± 3.88 per contraction). The mean 
(SD), MU counts, recruitment threshold ranges, and inter-
spike intervals for each treatment and contraction are pre-
sented in Table 3. The mean firing rate (r = − 0.864 ± 0.082) 
vs. recruitment threshold relationships were significant 
(p ≤ 0.05) for each subject contraction and, thus, support the 
inverse relationship (onion skin control scheme) between 
MU firing rates and recruitment thresholds previously 
reported (Person and Kudina 1972; Tanji and Kato 1973; 
De Luca and Erim 1994). Adding a small amount of Gauss-
ian noise to the Precision Decomposition III derived firing 
times deteriorated the action potential waveforms, such as, 
there was a significant decrease in the z-scores calculated 
from the correlation coefficients (p < 0.001; 1.370 ± 0.845 
to 1.057 ± 0.100; g = 0.52) and peak-to-peak amplitudes 
(p < 0.001; 0.023 ± 0.010 to 0.002 ± 0.001 mV; g = 2.96) 
(Fig. 2) with minor shifts in the firing times (Thompson et al. 
2018). Therefore, if the Precision Decomposition III derived 
firing times were primarily erroneous, the introduction of 

additional error would have little impact on the correlation 
and action potential amplitudes.

For the mean firing rate vs. recruitment threshold rela-
tionships, there was a significant interaction (p = 0.030) for 
the slopes. The follow-up one-way ANOVA for contrac-
tion was significant for CYC (p < 0.001), but not for CON 
(p = 0.921). For CYC, there were large, significant decreases 
in the slopes for  POSTABS (p = 0.006; g = 1.44) and  POSTREL 
(p = 0.009; g = 1.33) compared to PRE, however, there were 
no significant differences between  POSTREL and  POSTABS 
(p > 0.999). There was a large, significant difference between 
CYC and CON for PRE (p = 0.016; g = 1.03), but a minimal, 
non-significant difference for  POSTABS (p = 0.687; g = 0.19) 
and  POSTREL (p = 0.612; g = 0.24) (Fig. 4). For the y-inter-
cepts from the mean firing rate vs. recruitment threshold 
relationships, there was no two-way interaction (p = 0.461) 
or significant main effect for group (p = 0.538). There was a 
significant main effect for contraction (p = 0.021); however, 
there were no significant differences among PRE,  POSTABS, 
and  POSTREL when collapsed across groups with Bonferroni 
corrections applied (p = 0.090–0.999) (Fig. 4). Table 2 con-
tains the mean ± SD values for slopes and y-intercepts from 
the mean firing rate vs. recruitment threshold relationships 
for CYC and CON. Figure 5 illustrates the plotted predicted 
mean firing rate vs. recruitment threshold relationships for a 

Table 2  Mean ± SD for normalized electromyographic amplitude 
(N-EMGRMS) (% max) and the slopes and y-intercepts of the mean 
firing rate (pulses per second [pps]) vs. recruitment threshold (% 
maximal voluntary contraction [MVC]) relationship for the cycling 

(CYC) and control (CON) subjects from the pre-treatment (PRE), 
post-treatment absolute  (POSTABS), and post-treatment relative 
 (POSTREL) torque levels

* N-EMGRMS at  POSTABS was significantly different from PRE and  POSTREL for CYC 
† The slopes at  POSTABS and  POSTREL were more negative than PRE for CYC 
# Significantly different from respective value for CYC 

Measurement Treatment PRE POSTABS POSTREL

N-EMGRMS (% max) CYC 33.74 ± 10.14 43.72 ± 13.04* 37.83 ± 9.15
CON 40.05 ± 6.45 36.09 ± 11.30* 40.09 ± 9.74

Y-intercepts (pps) CYC 23.05 ± 1.71 25.25 ± 4.44 25.02 ± 4.04
CON 24.55 ± 2.72 25.20 ± 2.25 26.04 ± 3.10

Slopes (pps/%MVC) CYC − 0.315 ± 0.061# − 0.442 ± 0.109† − 0.431 ± 0.107†
CON − 0.411 ± 0.100# − 0.424 ± 0.071† − 0.409 ± 0.072†

Table 3  Number of motor units (MUs), recruitment threshold (RT) ranges (expressed as % maximal voluntary contraction, and interspike inter-
vals (ISIs) (ms) for the pre- and post-treatment absolute and relative contractions for the cycling (CYC) and control (CON) subjects

Treatment Pre-treatment Post-absolute Post-relative

MUs RT range ISIs MUs RT range ISIs MUs RT range ISIs

Mean CYC 25 5.52–25.49 58 24 6.17–23.14 58 20 5.78–22.13 56
SD 9 3.24–8.09 6 7 4.92–8.68 5 5 5.07–7.36 5
Mean CON 22 4.64–21.37 56 19 4.39–18.90 53 19 4.55–23.48 52
SD 7 5.74–8.60 5 7 2.90–2.85 7 5 2.09–6.97 5
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CYC subject with y-intercept and slope values similar to the 
group means for PRE,  POSTABS, and  POSTREL. 

Myosin heavy chain

One of the muscle biopsy samples could not be analyzed due 
to complications in tissue preparation for storage and, there-
fore, statistical analyses were performed on the remaining 19 
(11 CYC and 8 CON) subjects. There was a significant three-
way interaction (p = 0.043). For CYC, there was a large, sig-
nificant decrease in type IIX % myosin heavy chain isoform 
pre- to post-treatment (p = 0.006; g = 1.26), whereas, there 
was a minimal, non-significant change from pre- to post-
treatment for CON (p = 0.457; g = 0.22). There were small 
and minimal, non-significant changes in type I % myosin 
heavy chain isoform for CYC (p = 0.083; g = 0.35) and CON 
(p = 0.634: g = 0.12). For CYC and CON, type I % myosin 
heavy chain isoform was significantly greater than type IIX 
% myosin heavy chain isoform at pre- and post-treatment 

Fig. 4  Plotted individual values (black markers) and means 
(bars) ± SD for the slopes (top graphs) and y-intercepts (bottom 
graphs) of the mean firing rate (pulses per second [pps]) vs. recruit-
ment threshold (% maximal voluntary contraction [MVC]) relation-
ship for the cycling and control subjects from the pre- (PRE) and 
post-treatment absolute  (POSTABS) and relative  (POSTREL) torque 
levels. † indicates PRE is significantly different than  POSTABS 
(p = 0.006) and  POSTREL (p = 0.009) for the cycling group. * indi-
cates significant differences between the cycling and control groups 
(p = 0.016) for the PRE torque level contraction

Fig. 5  Plotted predicted mean firing rate (pulses per second [PPS]) 
vs. recruitment threshold (expressed as percentage of maximal vol-
untary contraction [MVC]) relationships calculated from the linear 
regressions for one subject with slope and y-intercept values that were 
similar to the group means for the pre- (PRE), post-cycling absolute 
 (POSTABS), and post- relative  (POSTREL) contractions

Fig. 6  Top: Electrophoretic separation of myosin heavy chain (MHC) 
isoforms for subject 9 from the PRE- (left) and post-cycling (POST 
CYC) treatment (right). Bottom: Mean ± SD for the percent type 
I, type IIA, and type IIX MHC isoform for 11 CYC and 9 control 
(CON) subjects for PRE- and post-treatment (POST). * indicates 
type I %MHC isoform was significantly greater than type IIX %MHC 
isoform at PRE and POST (p ≤ 0.001–0.004) within each treatment 
group. † indicates a significant decrease in type IIX %MHC isoform 
for CYC from PRE to POST (p = 0.006)

Table 4  Mean ± SD myosin heavy chain isoform percentages for the 
cycling (CYC) and control (CON) subjects

* Type IIX at POST was significantly different from PRE for CYC 
† Within each group, type I is significantly greater than IIX for PRE 
and POST
a Descriptives are reported for type IIA as it was not included in the 
statistical analysis

Treatment Time I IIAa IIX

CYC PRE 45.52 ± 14.09† 36.17 ± 12.65 18.31 ± 9.13*
POST 49.95 ± 10.63† 40.60 ± 9.68 9.45 ± 3.93

CON PRE 39.74 ± 11.68† 47.19 ± 9.79 13.06 ± 7.27
POST 41.18 ± 12.29† 44.22 ± 9.78 14.61 ± 7.01
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(p ≤ 0.001–0.004). There were small and large, non-signifi-
cant differences between CYC and CON for type I and IIX 
% myosin heavy chain isoform at pre- (p = 0.358; g = 0.40) 
or post-treatment (p = 0.056; g = 0.95), respectively. Type 
IIA % myosin heavy chain was not included in the ANOVA 
model (Table 4) as it is not statistically independent of the 
other myosin heavy chain isoforms (Fig. 6). Table 4 contains 
the mean ± SD values for myosin heavy chain isoforms per-
centages for CYC and CON. 

Correlations

For pre-treatment, there were no significant correlations 
(p = 0.320–0.648; r = − 0.192–0.331) for type I % myosin 
heavy chain isoform and the slopes for the mean firing rate 
vs. recruitment threshold relationships when including all or 
only CYC or CON. However, for post-treatment, there were 
significant correlations for CYC among type I % myosin 
heavy chain isoform and the slopes from the mean firing 
rate vs. recruitment threshold relationships for  POSTABS 
(p = 0.024; r = 0.671) and  POSTREL (p = 0.049; r = 0.603), 
but not for CON (p = 0.351–0.676; r = 0.176–0.382) for 
 POSTABS or  POSTREL (Fig. 7). The correlations for CYC 
from the  POSTABS and  POSTREL indicated that individuals 
with greater percent type I myosin heavy chain isoform had 
less negative slopes from the mean firing rate vs. recruitment 
threshold relationships. For the y-intercepts from the mean 
firing rate vs. recruitment threshold relationships, there were 
no significant correlations (p = 0.200–0.894, r = − 0.388 to 
− 0.077) at pre- or post-treatment when including all sub-
jects or when separated by group.

Discussion

In agreement with previous studies, maximal aerobic capac-
ity significantly increased following 5 weeks (20 sessions) of 
continuous cycling training (Howald et al. 1985; Martinez-
Valdes et al. 2017). Significant findings following 5 weeks of 
training include correlations between type I % myosin heavy 
chain isoform composition of the VL and mean firing rates 
in relation to recruitment threshold, and knee extensor maxi-
mal strength decreased without changes in muscle cross-
sectional area. Additionally, subjects exhibited alterations 
in mean firing rates at steady torque in relation to recruit-
ment threshold at the same absolute and relative torque 
level post-cycling training despite normalized  EMGRMS 
only increasing for the contraction performed at the same 
absolute torque, and cycling training decreased type IIX % 
myosin heavy chain isoform of the VL.

In the present study, knee extensor maximal strength sig-
nificantly decreased following 5 weeks of CYC. Previously, 
it was reported that normalized twitch forces of gastrocne-
mius fibers following chronic endurance running training 
were substantially less compared to untrained individuals 
(Harber et al. 2004). In contrast, Vila-Cha et al. (2010) 
and Martinez-Valdes et al. (2017) reported no differences 
in maximal strength following 6 and 2 weeks of moderate-
intensity continuous endurance cycling. The differences in 
findings may be due to training protocols and subject popu-
lations. The cycling training program used by Vila-Cha et al. 
(2010) was primarily a moderate intensity (50–70% heart 
rate reserve) compared to the vigorous intensity (Norton 
et al. 2010) utilized for the current study, while Martinez-
Valdes et al. (2017) used a constant intensity (65% VO2PEAK) 
and only increased training duration over 6 cycling sessions 
(90–120 min). Thus, subjects for the current study trained 
at greater exercise intensities (70–75% heart rate reserve) 

Fig. 7  Plotted relationships 
between type I % myosin 
heavy chain (%MHC) area and 
the slopes for the mean firing 
rate (pulses per second [pps]) 
vs. recruitment threshold (% 
maximal voluntary contraction 
[%MVC]) relationships from 
the pre- (PRE, left column) 
and post-treatment absolute- 
 (POSTABS, middle column) 
and relative  (POSTREL, right 
column) torque levels for 11 
cycling (black markers) and 9 
control (grey markers) subjects
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and overall amount of time (680 min) compared to Vila-Cha 
et al. (2010) and Martinez-Valdes et al. (2017) (630 min). 
Consequently, the higher exercise intensities likely led to the 
recruitment of additional MUs (Saltin and Gollnick 1983) 
and negatively affected the force generation capabilities for 
a greater percentage of the motoneuron pool. Myosin heavy 
chain isoform composition shifts are linked to changes in 
muscle fiber twitch forces and it is unclear if the subjects 
for Vila-Cha et al. (2010) and Martinez-Valdes et al. (2017) 
altered myosin heavy chain isoform composition. Further-
more, Vila-Cha et al. (2010) and Martinez-Valdes et al. 
(2017) investigated sedentary- and recreationally trained 
college-aged males respectively, whereas the subjects for 
the current study were sedentary, college-aged females.

Following 5 weeks of continuous endurance cycling train-
ing, there were alterations in mean firing rates relative to 
recruitment threshold for the  POSTREL torque level, such 
as, a decreased slope for the mean firing rate vs. recruit-
ment threshold relationship. However, there was no change 
in normalized  EMGRMS for  POSTREL. Although  POSTREL 
was performed at a lower steady torque, the required input 
excitation was not different between contractions at the same 
relative intensity (40% MVC). The lack of difference in nor-
malized  EMGRMS between PRE and  POSTREL may indirectly 
indicate the contractions were performed at similar operating 
points (Contessa and De Luca 2013).

Linear regressions were used to calculate predicted mean 
firing rates for each subject at the targeted torque for MUs 
with recruitment thresholds of 5%, 10%, 15%, and 20% 
MVC. The slopes provide a relative measure of the differ-
ence in mean firing rates among MUs at the targeted torque 
as a function of recruitment thresholds and, thus, change 
scores were calculated for all CYC subjects and contractions. 
The mean firing rates for the lowest-threshold MUs (y-inter-
cepts of the mean firing rate vs. recruitment threshold rela-
tionships) at the targeted torque were not different between 
PRE and  POSTREL. However, the change scores for PRE 
indicated that the predicted mean firing rates at the targeted 
torque decreased 1.58 pps for every 5% increase in recruit-
ment thresholds whereas for  POSTREL, subjects exhibited a 
significantly greater (p = 0.009) rate of change (− 2.16 pps). 
Thus, participants exhibited significantly lower mean fir-
ing rates in comparison to PRE following CYC and the dif-
ferences between contractions became progressively larger 
with increments in recruitment thresholds (i.e. 10% [− 0.58 
pps), 15% [− 1.16 pps] and 20% MVC [− 1.74 pps]). There-
fore, the similar levels of normalized  EMGRMS between PRE 
and  POSTREL may provide evidence that differences in mean 
firing rates post-cycling could be due to changes in the firing 
frequency-excitation relationship rather than input excitation 
to the motoneuron pool. These findings contrast Martinez-
Valdes et al. (2017) that reported no change in  EMGRMS or 

mean firing rates for the VL during a 30% MVC following 
2 weeks of long duration endurance cycling.

The decrease in mean firing rates exhibited  POSTREL 
may be due to alterations in motoneuron membrane poten-
tials (Beaumont and Gardiner 2003) that decrease the fir-
ing frequency-excitation relationship (Gardiner 2006). 
This is tentatively supported with the decreases in mean 
firing rates post-training despite similar levels of input 
excitation (normalized  EMGRMS) between the PRE and 
 POSTREL. In addition, greater afterhyperpolarization 
amplitudes, which would decrease MU firing rates, have 
been reported for motoneurons innervating slow-twitch 
muscle fibers (Beaumont and Gardiner 2003). Thus, the 
effect of CYC may be more pronounced on higher- as 
lower threshold MUs would primarily express type I myo-
sin heavy chain isoforms at PRE. This would be supported 
by the mean firing rate vs. recruitment threshold relation-
ships as the mean firing rates were unchanged for the 
lower threshold MUs (y-intercepts), whereas, mean firing 
rates at the targeted torque progressively decreased with 
increments in MU recruitment thresholds (more negative 
slopes for  POSTREL). Another possible explanation for the 
changes in mean firing rates is alterations in twitch relaxa-
tion rates. Five weeks of endurance cycling has resulted in 
downregulation of sarco(endo)plasmic reticulum calcium 
ATPase isoform (SERCA) pumps for the VL in humans 
(Majerczak et al. 2008), which may prolong muscle relaxa-
tion rates and allow MU tetanus at lower MU firing rates. 
This would allow MU twitch forces to summate (Grottel 
et al. 1993) and may explain how individuals in the cur-
rent study maintained the same relative torque despite no 
change in normalized  EMGRMS and overall decreases in 
mean firing rates.

Following 5 weeks of continuous endurance cycling train-
ing, there were also alterations in mean firing rates relative 
to recruitment threshold and likely recruitment patterns at 
the  POSTABS torque level. There was a significant decrease 
in the slope for the mean firing rate vs. recruitment thresh-
old relationship with greater normalized  EMGRMS in com-
parison to PRE and  POSTREL. Again, the secondary analysis 
indicated there were significant differences (p = 0.006) in 
the changes scores of the predicted mean firing rates for 
 POSTABS compared to PRE. For  POSTABS, mean firing 
rates at the targeted torque decreased 2.21 pps for every 5% 
increase in recruitment thresholds compared to PRE (− 1.58 
pps). Therefore, the predicted mean firing rates at the tar-
geted torque for  POSTABS were becoming progressively 
lower compared to PRE with increments in MU recruitment 
thresholds (i.e. 10% [− 0.63 pps), 15% [− 1.27 pps] and 20% 
MVC [− 1.90 pps]). In theory, the operating point of excita-
tion to the MU pool is altered to compensate for changes in 
MU twitch forces. In the present study, maximal torque pro-
duction was significantly lower (− 6.6%) following 5 weeks 
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of CYC. Therefore, the significant increase in normalized 
 EMGRMS may indicate a rightward shift in the operating 
point (greater excitation) and the recruitment of a greater 
percentage and larger MUs (De Luca and Contessa 2012; 
Contessa and De Luca 2013; Martinez Valdes et al. 2018) 
to achieve the same submaximal torque level  (POSTABS). 
The greater recruitment of larger MUs to sustain the same 
task post-CYC may be the result of weaker lower-thresh-
old MUs (Farina et al. 2009; Contessa et al. 2016) coupled 
with increases in higher-threshold MUs twitch durations. 
For example, increased twitch durations would result in 
tetanus at lower frequencies (Bellemare et al. 1983). Thus, 
a greater reliance would be placed on the recruitment of 
additional higher-threshold MUs, which possess lower firing 
rates, instead of increasing the firing rates of active higher-
threshold MUs when trying to match the  POSTABS torque 
level and, consequently, would make the slopes from the 
mean firing rate vs. recruitment threshold relationships more 
negative (Fig. 5).

The mean firing rate and normalized  EMGRMS data 
from the  POSTABS contraction provides support for Vila-
Cha et al. (2010) that examined the influence of continuous 
endurance cycling on firing rates recorded via intramuscu-
lar electrodes. Although Vila-Cha et al. (2010) reported no 
change in knee extensor MVC following 6 weeks of mod-
erate intensity endurance cycling in sedentary males, the 
authors reported increased surface EMG amplitude, likely 
suggesting that larger (Martinez Valdes et al. 2018) and a 
greater total percentage of MUs were active during a 30% 
MVC that coincided with a significant decrease (10.6%) in 
pooled mean firing rates. Similarly, normalized  EMGRMS 
increased and the mean firing rates of MUs recruited at 
20% MVC for the current study decreased 11.4% at the 
targeted torque following training. Therefore, the decrease 
in mean firing rates with an increase in EMG amplitude 
reported by Vila-Cha et al. (2010) and for the current study 
likely suggests more MUs were recruited post-endurance 
cycling training to match the same relative and absolute 
submaximal force/torque level, respectively.

Only one study has longitudinally investigated the 
effects of continuous endurance cycling on the three 
myosin heavy chain isoforms in healthy, college-aged 
sedentary individuals (Howald et al. 1985). For the cur-
rent study, there was a significant decrease in type IIX 
% myosin heavy chain isoforms (18.31– 9.45%) for the 
VL. Similarly, Howald et al. (1985) reported a decrease 
from 12.4 to 9.6% for type IIX % myosin heavy chain 
isoforms of the VL as measured with no changes in the 
diameters of the muscle fibers. The gel electrophoresis 
technique for the present study cannot quantify muscle 
fiber cross-sectional areas. However, there was no change 
in overall muscle cross-sectional area for the VL in the 
present study that would align with the findings of Howald 

et al. (1985). Therefore, it is proposed that continuous 
endurance cycling does not alter muscle fiber diameters 
despite changes in overall myosin heavy chain isoform 
composition.

Although muscle fibers for a given MU can coexpress 
two of the myosin heavy chain isoforms (Carroll et al. 2005; 
Rowan et al. 2012), it is generally accepted muscle fibers are 
distributed along a continuous spectrum (Enoka and Ducha-
teau 2017) with fibers exhibiting primarily type IIX char-
acteristics comprising higher- compared to lower-threshold 
MUs (Garnett et al. 1979). A decrease in hybrid fiber expres-
sion (Grosicki et al. 2016) and the conversions to type I and/
or type IIA myosin heavy chain isoforms will occur if the 
MUs that possess these fiber types are continuously acti-
vated. Therefore, it is speculated that the loss of type IIX 
% myosin heavy chain isoform in the present study would 
support the notion that these fibers exist in smaller to mod-
erate size MUs as the magnitude of input excitation would 
not recruit the highest threshold MUs during a contraction at 
40% MVC (Miller et al. 2020) or during the cycling training 
in this study (Saltin and Gollnick 1983).

Interestingly, there were divergent findings for the cor-
relations among type I % myosin heavy chain isoform and 
the slopes for the mean firing rate vs. recruitment thresh-
old relationships at pre- and post-CYC training. Previously, 
Trevino et al. (2016) reported a strong positive correlation 
(r = 0.853) between type I % myosin heavy chain isoform 
and the slopes for the mean firing rate vs. recruitment thresh-
old relationships during a 40% MVC. Individuals exhibiting 
greater amounts of type I % myosin heavy chain isoform dis-
played less negative slopes. Therefore, it was hypothesized 
the slopes would be correlated with type I% myosin heavy 
chain isoform, which was unfounded at PRE. A possible 
explanation for the lack of significant relationships is the 
influence of exercise training status. The subjects for Trevino 
et al. (2016) averaged 8 h/week exercise (unpublished data), 
whereas, the subjects in the current study reported no struc-
tured exercise program for the previous 3 years. However, 
following 5 weeks of cycling training (2.25 h/week), there 
were significant relationships among type I % myosin heavy 
chain isoform and the slopes for the mean firing rate vs. 
recruitment threshold relationships at  POSTABS (r = 0.671) 
and  POSTREL (r = 0.603). Subsequently, this is the first study 
to longitudinally examine sedentary individuals and the find-
ings highlight the importance of training status on relation-
ships between myosin heavy chain isoform and MU firing 
rate behavior.

A likely explanation for the change in the strength of 
the relationships from pre- to post-cycling training was the 
reduction of type IIX % myosin heavy chain isoform. It has 
been suggested that hybrid fiber expression increases with 
lack of physical activity (Grosicki et al. 2016). In addition, 
indirect evidence has previously been reported that MUs 
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recruited during a 40% MVC possess type II fibers (Trevino 
et al. 2019). Thus, it is likely the percentage of type IIX 
myosin heavy chain isoform at baseline (Schilling et al. 
2005; Fry et al. 2017) resulted in lower-threshold MUs with 
some muscle fibers that would express type IIX character-
istics and may have masked the correlations between the 
slopes from the mean firing rate vs. recruitment threshold 
relationships and type I % myosin heavy chain isoforms. 
Previous research has reported similar non-correlations with 
myosin heavy chain isoforms with various muscular perfor-
mance measures in untrained subjects (Schilling et al. 2005; 
Herda et al. 2019). In addition, the weaker correlations post-
cycling training compared to Trevino et al. (2016) could 
be the result of remaining differences in exercise training 
status. Therefore, it is likely the cycling protocol reduced 
the amount of fibers that expressed type IIX myosin heavy 
chain isoform in the frequently activated MUs and, conse-
quently, increased the strength of the relationships between 
type I % myosin heavy chain isoform and the slopes for the 
mean firing rate vs. recruitment threshold relationships for 
the  POSTABS and  POSTREL torque levels due to a decrease 
in myosin heavy chain coexpression of the MUs recruited 
post-training (Grosicki et al. 2016).

Similar to Trevino et al. (2016), individuals with greater 
amounts of type I % myosin heavy chain isoform had less 
negative slopes for the mean firing rate vs. recruitment 
threshold relationships, indicating a smaller decline in mean 
firing rates with increments in recruitment thresholds at the 
targeted  POSTABS and  POSTREL torque levels. It is well 
understood that MUs comprised of a greater percentage of 
type I % myosin heavy chain isoform are smaller (Trevino 
et al. 2018) and produce lower twitches forces (Garnett et al. 
1979) which, consequently, influences adjustments in the 
amplitude of the neural drive from the central nervous sys-
tem to the MU pool when sustaining a targeted torque (De 
Luca et al. 1996). Thus, Trevino et al. (2016) hypothesized 
the greater mean firing rates of higher-threshold MUs during 
a moderate-intensity contraction for individuals with more 
type I myosin heavy chain isoforms might be due to smaller 
force generation capabilities of the MU that led to greater 
neural drive to sustain the targeted torque, causing greater 
mean firing rates. It should be noted that the slopes for the 
mean firing rate vs. recruitment threshold relationships were 
more negative for CON in comparison to CYC at PRE. The 
differences in slopes may be due to the non-significant dif-
ferences in type IIA % myosin heavy chain isoform between 
CYC (36.17 ± 12.65%) and CON (47.19 ± 9.79%), which has 
previously been reported (Trevino et al. 2016).

This study provides compelling evidence, via ultrasound 
images, muscle biopsies, and calculated relationships among 
MU mean firing rates and recruitment thresholds, that pre-
viously reported changes in firing rates at steady torque 
following continuous endurance cycling (Vila-Cha et al. 

2010) resulted from changes in input excitation and the fir-
ing frequency-excitation relationships. In addition, this is 
the first study to provide evidence that short-term endurance 
training can result in relationships between MU mean firing 
rates and recruitment threshold at steady torque and myosin 
heavy chain isoform composition for previously sedentary 
individuals.
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