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Abstract
Purpose The purpose was to examine the effects of 8-weeks (3 days/week) of linear periodization resistance exercise train-
ing (RET) on neuromuscular function in prepubescent youth.
Methods Twenty-five healthy prepubescent youth (11 males, 14 females, age = 9.1 ± 0.8 years) completed the RET (n = 17) 
or served as controls (CON, n = 8). Isometric maximal voluntary contractions (MVCs) and trapezoidal submaximal contrac-
tions at 35 and 60% MVC of the right leg extensors were performed with surface electromyography (EMG) recorded from 
the leg extensors [vastus lateralis (VL), rectus femoris, and vastus medialis] and flexors (biceps femoris and semitendino-
sus). EMG amplitude of the leg extensors and flexors were calculated during the MVCs. Motor unit (MU) action potential 
trains were decomposed from the surface EMG of the VL for the 35 and 60% MVCs. MU firing rates and action potential 
amplitudes were regressed against recruitment threshold with the y-intercepts and slopes calculated for each contraction. 
Total leg extensor muscle cross-sectional area (CSA) was collected using ultrasound images. ANOVA models were used to 
examine potential differences.
Results Isometric strength increased post-RET (P = 0.006) with no changes in leg extensor and flexor EMG amplitude. 
Furthermore, there were no changes in total CSA or the MU action potential amplitude vs. recruitment threshold relation-
ships. However, there were increases in the firing rates of the higher-threshold MUs post-RET as indicated with greater 
y-intercepts (P = 0.003) from the 60% MVC and less negative slope (P = 0.004) of the firing rates vs. recruitment threshold 
relationships at 35% MVC.
Conclusions MU adaptations contribute to strength increases following RET in prepubescent youth.
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Abbreviations
ANOVA  Analysis of variance
ASIS  Anterior superior iliac spine
BF  Biceps femoris
CON  Control
CSA  Cross-sectional area
d  Cohn’s d
EMG  Electromyography
ES  Effect size
ITT  Interpolated twitch technique
MFR  Mean firing rate
MVC  Maximal voluntary contraction
MU  Motor unit
MUAPAMPS  Motor unit action potential amplitudes
ηp

2  Partial eta-squared
PD  Precision decomposition
RET  Resistance exercise training
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RF  Rectus femoris
RT  Recruitment threshold
ST  Semitendinosus
STA  Spike trigger averaging
sFAT  Subcutaneous fat
VL  Vastus lateralis
VM  Vastus medialis

Introduction

It is well understood that significant increases in muscular 
strength following resistance exercise training (RET) can 
occur in prepubescent youth (Payne et al. 1997; Behm et al. 
2008; Faigenbaum et al. 2009; Falk 2015). RET is becoming 
more prevalent in athletic development, physical education 
classes, and after-school fitness youth programs (Stricker 
et al. 2020), and is now recommended by The World Health 
Organization for all age groups (Bull et al. 2020). Several 
types of RET programing performed over various durations 
of time contribute to enhanced muscular strength. It remains 
unclear if strength gains in prepubescent youth equate to 
adults following RET (Faigenbaum et al. 2009), however, 
differences in programming and strength testing make it 
difficult for comparisons to be made between populations. 
Furthermore, it is unclear the effects of traditional linear 
periodization RET on muscular strength in prepubescent 
youth unlike in adults.

It is widely believed that RET-related increases in mus-
cular strength in prepubescent youth are related to neural 
mechanisms with minimal contributions of hypertrophic 
factors (Behm et al. 2008; Faigenbaum et al. 2009). Differ-
ing hormone levels in prepubescent youth in comparison to 
older youth and young adults are often cited for the lack of 
whole muscle hypertrophy. There are, however, a few studies 
that suggest RET can increase muscle mass in prepubes-
cent youth (Fukunaga et al. 1992; Faigenbaum et al. 2009). 
It is plausible that higher-intensity RET in combination 
with more direct imaging techniques and methods, such as 
ultrasound-derived muscle cross-sectional area (CSA), may 
provide insight into potential hypertrophy in prepubescent 
youth. Nonetheless, neural adaptations at the level of the 
motor unit (MU) are continually hypothesized to partially 
explain increases in strength in prepubescent youth follow-
ing RET (Ramsay et al. 1990; Ozmun et al. 1994).

Remarkably, there is limited research that supports the 
consensus that neural adaptations primarily contribute to 
increases in muscular strength in prepubescent youth. A 
small number of studies demonstrate an increase in surface 
electromyography (EMG) amplitude of the leg extensors 
and/or forearm flexors following RET without increases in 
muscle CSA (Legerlotz et al. 2016). Surface EMG provides 
a global estimate of muscle activation but is limited in that 

several anatomical and technical variables can confound 
potential interpretations of neural mechanisms at the level 
of the MU (Farina et al. 2014). Ramsay et al. (1990) indi-
cated no significant increase in voluntary activation of the 
leg extensors with the interpolated twitch technique (ITT) 
while also reporting no changes in CSA in prepubescent 
youth. The ITT may provide a theoretical estimation of 
MU activation. However, the technique has low sensitivity 
during high activation (Herbert and Gandevia 1999) that is 
likely particularly true for prepubescent youth because of the 
anticipation of electrical simulation in adults (Button and 
Behm 2008). Regardless, only indirect evidence suggests 
that changes in mechanisms that are neural in origin are 
occurring during RET in prepubescent youth.

Increases in MU firing rates and recruitment are rou-
tinely hypothesized as neural mechanisms that contribute to 
increases in muscular strength in prepubescent youth follow-
ing RET (Faigenbaum et al. 2009; Legerlotz et al. 2016). The 
totality of firing rates of recruited MUs is the neural drive 
to the muscle (Farina et al. 2014; Martinez-Valdes et al. 
2018) and can be indirectly quantified with the discharges 
of numerous recorded MUs regressed against recruitment 
thresholds (De Luca et al. 2006). The strong negative MU 
firing rates vs. recruitment threshold relationships demon-
strate that earlier recruited lower-threshold MUs possess 
higher firing rates than the later recruited higher-threshold 
MUs. For most circumstances, increases in MU firing rates 
coincides with recruitment of inactive MUs (Miller et al. 
2020). Our previous work indicates that MU firing rates of 
the vastus lateralis at various isometric contraction intensi-
ties is lower (~ 18%) for prepubescent youth in comparison 
to adults (Herda et al. 2018; Parra et al. 2020) and supports 
other studies that indirectly suggests lower MU firing rates 
and recruitment in youth with various other indirect methods 
(Dotan et al. 2012; Woods et al. 2022). Therefore, prepubes-
cent youth may have the capacity to increase MU firing rates 
and recruitment during RET. This is in contrast to adults 
where our laboratory (Sterczala et al. 2020) and others (Beck 
et al. 2011; Stock and Thompson 2014) report no changes in 
MU firing rates of the vastus lateralis (VL) following RET 
when firing rates are regressed against recruitment threshold 
on a subject-by-subject basis.

The purpose of the present study was to examine MU fir-
ing rates and action potential amplitudes relative to recruit-
ment threshold of the VL following 8 weeks (24 sessions) 
of linear periodization RET in prepubescent youth in a simi-
lar manner performed in adults (Sterczala et al. 2020). The 
strong positive relationship between MU action potential 
amplitude vs. recruitment threshold relationships demon-
strates that the later recruited higher-threshold MUs are 
larger than the earlier recruited lower-threshold MUs. Iso-
metric maximal voluntary contractions (MVC) and trapezoi-
dal muscle actions were performed at 35 and 60% of MVC. 
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A weakness of previous RET research that includes MU 
recordings is not utilizing moderate- and higher-intensity 
contractions to isolate potential non-uniform changes in fir-
ing rates (Herda 2022). Furthermore, prepubescent youth 
had difficulties achieving 70% MVC or higher for the leg 
extensors in our previous research and, subsequently, 60% 
MVC was chosen for the present study. We hypothesized that 
8 weeks of RET would increase firing rates at 35 and 60% 
MVC and that this would be shown with higher y-intercepts 
from the MU firing rate vs. recruitment threshold relation-
ships post-intervention. Thus, demonstrating increases in 
MU firing rates across recruitment thresholds contribute 
to greater isometric strength. Ultrasound images of the leg 
extensors [VL, rectus femoris (RF) and, vastus medialis 
(VM)] were taken to examine potential changes in CSA. 
Previous research in adults indicates increases in action 
potential amplitudes of higher-threshold MUs as indicated 
by greater slopes in the MU action potential amplitude vs. 
recruitment threshold relationships. The greater slope from 
these relationships corresponds with increases in CSA of 
VL (Pope et al. 2016; Sterczala et al. 2020; Jenkins et al. 
2020). Thus, we hypothesized the slopes from the MU action 
potential vs. recruitment threshold relationships and CSA 
will not increase in the prepubescent youth since we do not 
expect hypertrophy.

Methods

Participants

Twenty-five healthy, prepubescent youth participants (11 
males, 14 females, age = 9.1 ± 0.8  years) completed an 
8-week (3 days/week) linear periodization RET program 
(n = 17) or served as non-exercise controls (CON, n = 8). 
There is no direct research that examines changes in MU 
firing rates or muscle lipids following RT in children. There-
fore, we performed sample size estimates based on muscu-
lar strength data pre- and post-RET in children (Ramsay 
et al. 1990). Effect sizes for increase in muscular strength 
tend to be very large (ES = 1.12) (Behringer et al. 2011). 
Specifically for isometric leg extensor strength (Ramsay 
et al. 1990), with an alpha set at 0.05 and a power 0.80, six 
youth will yield actual power of 85% given an effect size 
of 0.83 (estimated from mid-program testing on Figure 5) 
based on sample size procedures (G*Power 3.1.9.7, Dus-
seldorf, Germany) described in Beck (2013). Height, body 
mass, and maturation offset (Moore et al. 2015) pre- and 
post-intervention are presented in Table 1. None of the par-
ticipants reported any neuromuscular, metabolic diseases, 
or current/recent musculoskeletal injuries via a health his-
tory questionnaire completed by the parents. This study was 
approved by the university’s institutional review board for 

human subject research, with each parent and child provid-
ing written informed consent.

Research design

Prior to and following an 8-week intervention, longitudi-
nal changes in maximal isometric leg extension and flexion 
torque along with CSA and subcutaneous fat thickness of 
the VL, RF, and VM were assessed. EMG amplitude of the 
VL, RF, VM, biceps femoris (BF), and semitendinosus (ST) 
muscles were recorded during the maximal isometric leg 
extensor and flexor MVCs. MU firing rates were recorded 
from the vastus lateralis during the 35 and 60% MVCs. Two 
visits were conducted during pre- and post-testing for a total 
of four testing visits. Standing and seated height, body mass, 
and ultrasound images were recorded along with partici-
pants practicing the isometric strength testing during visits 
1 (pre) and 3 (post) with the experimental strength testing 
that included recordings of surface EMG signals occurring 
during visits 2 (pre) and 4 (post). The pre- and post-testing 
visits occurred within 1–5 days of each other.

RET

Participants in the RET group completed three sessions 
per week for 8 weeks (Table 2). At each visit, participants 
completed four lower- and two-upper body exercises. The 
lower-body exercises included, various squat movements, 
deadlifts, leg presses, step ups, hamstring curls, leg exten-
sions, and sled drags and pushes. Upper body movements 
included, bench press, shoulder press, seated rows, and lat 
pull-downs. Participants completed a 1–3 min warm up 
that included various agility drills (ladder, short hurdles, 
etc.) and could elect to perform timed planks or prone iso-
metric back extensions (Superman’s) at the end of the RET 
session. Participants performed 3 sets of 12 repetitions 
during weeks 1–3, 3 sets of 8 repetitions during weeks 
4–6 and 4 sets of 5 repetitions during weeks 7–8. The 
initial loads for the 1st week were relatively conservative 
due to participants’ limited exercise training experience. 

Table 1  Height, body mass, and maturation offset (mean ± SD) pre- 
and post-resistance exercise training (RET) and control (CON) groups

*Indicates a significant change from pre- to post-intervention col-
lapsed across groups

Height (cm) Body mass (kg) Matura-
tion offset 
(years)

RET Pre 136.1 ± 8.9 32.8 ± 5.6  − 2.9 ± 0.6
Post 137.8 ± 8.8* 35.0 ± 6.5*  − 2.8 ± 0.7*

CON Pre 135.9 ± 6.9 31.6 ± 7.6  − 3.0 ± 0.7
Post 137.0 ± 6.9* 32.6 ± 7.5*  − 2.9 ± 0.7*
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The judgment of the trainer was used to determine the 
adjustments in load during and between training sessions. 
Participants in the RET group completed all exercise ses-
sions while the CON group did not perform any resistance 
training during the investigation.

Isometric voluntary strength testing

Participants performed isometric voluntary strength test-
ing of the right leg extensors and flexors, regardless of 
leg dominance, with the leg at 90° flexion. Testing was 
performed on a knee dynamometer (OT Bioelectronica, 
Turin, Italy) with participants seated and restrained with 
a 4-point harness seatbelt. A pillow was placed behind 
the participant’s back if needed to accommodate for 
shorter limb length and height, to allow proper fit in the 
dynamometer, and was noted for post-testing consistency. 
The right leg was secured to the dynamometer using 3 Vel-
cro straps on the shin to the ankle region with a foam pad 
placed under the Velcro straps for comfort. Participants 
were instructed to grip the chest straps during contrac-
tions. The non-contracting left leg remained relaxed for 
the duration of testing with the left foot rested on a box 
to the side of the dynamometer. Warm-up ranging from 
20 to 80% of perceive maximal effort was performed fol-
lowed by 3 to 4 MVCs to test isometric extension and 
flexion strength of the right leg limb. MVCs lasted 3–6 s 
in duration with 1–2 min rest in between each trial. Partici-
pants were provided strong verbal encouragement during 
each MVC. Force (N) was recorded with custom written 
software (LabVIEW 2015, National Instruments Corpo-
ration, Austin, Texas). The highest 0.25 s epoch of force 
(N) during 2–3 MVCs was determined as peak isometric 
force. Isometric trapezoidal muscle actions to 35 and 60% 
MVC were used to decompose MU action potential trains 
(Fig. 1). Submaximal contractions consisted of a linear 
torque increase, a 10 s steady torque plateau and a linear 
torque decrease. Force increased and decreased at a rate of 
10% MVC/s. Participants were provided with a visual tem-
plate of the isometric trapezoidal contraction and real-time 
torque feedback. A second attempt was provided when par-
ticipants were unable to adhere to the template during the 
initial attempt.

EMG recording

During contractions, surface EMG signals were collected 
from the VL, RF, VM, BF, and ST muscles. Sensors were 
placed at 40% of the distance from the lateral epicondyle of 
the femur to the anterior superior iliac spine (ASIS) for the 
VL, 50% of the distance from the superior line of the patella 
to the ASIS for the RF, and 20% of the distance starting 
from the medial epicondyle of the femur to the ASIS for the 
VM. For the BF and ST, sensors were placed at 50% of the 
distance on the line between the ischial tuberosity and lat-
eral or medial epicondyle of the tibia. A reference electrode 
was placed over the left patella. The sites of sensor place-
ments were shaved dry skin cells were removed via repeated 
application of adhesive tape, and the sites were sterilized 
with alcohol. The EMG signals were sampled at 20 kHz and 
stored for subsequent analyses.

EMG decomposition

For the VL, a 5-pin surface sensory array (Delsys, Inc, 
Natick, MA) was placed on the VL for MU decomposition 
purposes. The array consisted of five 0.5 mm pins arranged 
in a 5 × mm square with the fifth pin positioned in the center. 
The four channels of raw surface EMG data collected by 
5-pin sensory array were decomposed into their constituent 
MU action potential trains with the PD III algorithm (ver-
sion 4.1.1.0) (De Luca et al. 2006; Chang et al. 2008; Nawab 
et al. 2010).

Strict user driven procedures (Fig. 1) involving the rec-
reation of the MU action potential waveforms from the 
raw EMG signals were performed to test the validity of the 
decomposed MU action potential trains (Hu et al. 2013; 
McManus et al. 2016; Thompson et al. 2018; Herda et al. 
2020b) rather than solely relying on the reconstruct-and-
test procedure because of perceived limitations of the pro-
cedure (Farina and Enoka 2011). These procedures that 
included spike trigger averaging (STA) are performed by 
various laboratories to ensure the accuracy of decomposed 
MU action potential trains (Hu et al. 2013; McManus et al. 
2016; Thompson et al. 2018; Herda et al. 2020b).

First, the PD III-derived firing times were used to recreate 
the MU action potential waveforms from the raw EMG sig-
nal for each of the four channels (Fig. 1). A limitation of the 

Table 2  The progression of the resistance exercise training program

Exercises sessions were performed 3 days/week

Exercises Weeks 1 to 3 Weeks 4 to 6 Weeks 7 & 8

Two exercises/day Bench press or shoulder press; seated rows or lat pull-downs 3 sets × 12 reps 3 sets × 8 reps 4 sets × 5 reps
Four exercises/day Squat movements, deadlifts, leg presses, step ups, hamstring 

curls, leg extensions, and sled drags and pushes
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STA is that it does not account for missed firing times that 
are not decomposed. Thus, 4 MU action potential waveforms 
were created with STA in a custom written LabVIEW (2015, 
National Instruments Corporation, Austin, Texas) program. 
Each action potential train was visually examined and statis-
tically compared to the PD III algorithm-derived four wave-
forms. The average correlation between the STA and the PD 
III created waveforms was 0.88 ± 0.02. The user created MU 
action potential waveforms possessed the characteristics of 
the action potential waveforms from the PD III algorithm. 
Any MUs with correlations < 0.7 between the STA and PD 
III waveforms were removed from further analyses and was 
not used for statistical purposes in accordance with previous 
research (Hu et al. 2013; McManus et al. 2016). Second, 
small errors were applied to the PD III-derived firing times 
(Fig. 1), via Gaussian noise, to further demonstrate valid-
ity of the firing times and action potential waveforms. The 
Gaussian noise was set at 0.1 of the standard deviation of the 

interspike interval for each MU and, consequently, results in 
small errors of the firing times (~ 3 ms). Correlations were 
performed on the MU action potential waveforms created 
from the raw EMG signals with Gaussian noise with the 
PD III activation potential waveforms. As expected, the cor-
relations were lower (r = 0.80 ± 0.03). Furthermore, visual 
inspection of the waveforms created with Gaussian noise 
applied to the firing times (Fig. 1) demonstrates a loss in 
the defining characteristics of the PD III-derived MU action 
potential waveforms. Subsequently, the PD III algorithm 
successfully decomposed surface EMG into valid firing 
times and waveforms.

EMG analyses

EMG amplitude was calculated during the highest 0.25 s 
epoch of force from the isometric leg extension MVCs. 
EMG amplitude was averaged across the leg extensors 

Fig. 1  Top left: The motor unit (MU) action potential waveforms 
decomposed by the PD III algorithm, the user created waveforms 
from the raw electromyography signals by spike trigger averaging 
(STA), and the recreation of the waveforms via STA but with the 
inclusion of small errors in the firing times. The errors included in the 
firing times (circles) are overlaid onto the correct firing times (verti-
cal line) for a segment of the action potential train below the wave-
forms. Bottom left: The force tracing from a 60% maximal voluntary 
contraction (MVC) overlaid the decomposed MU action potential 

trains. The selected segment of the MU action potential train was 
used to analyze firing rates of all MUs. Right: The plotted firing rate 
(pps) and action potential amplitude (mV) vs. recruitment threshold 
relationship (expressed as %MVC) for one participant. The slopes and 
y-intercepts from each relationship are used for statistical purposes. 
Of note, the rapid rise in MU action potential waveforms in relation 
to recruitment threshold can result in negative y-intercepts, particu-
larly for the 60% MVCs



2680 European Journal of Applied Physiology (2024) 124:2675–2686

(VL, RF, and VM) and flexors (ST and BF) for statistical 
purposes. The individual action potential trains for the VL 
were analyzed to yield three parameters per MU: recruitment 
threshold (RT), firing rate (MFR) at steady force, and action 
potential amplitude  (MUAPAMP). The RT was calculated as 
the average torque during the 0.01 s epoch following the first 
firing of the MU and was expressed relative to the peak iso-
metric leg extension MVC. The MFR was calculated as the 
inverse of the average interspike interval during the selected 
submaximal steady forces. The  MUAPAMP was calculated 
as the average peak-to-peak amplitude of each of the four 
unique action potential waveform templates derived from 
the PD III algorithm.

MU variables from a single contraction were analyzed 
for each participant individually; data were neither pooled 
across multiple contractions nor multiple participants within 
a group. MFRs and  MUAPAMPS were linearly regressed 
against RT for each individual and contraction to yield a 
slope and y-intercept values for statistical purposes.

Ultrasound imaging

Ultrasound imaging was used to capture muscle CSA and 
quality of the right leg extensors in accordance with previ-
ous methods (Herda et al. 2020a). Imaging was performed 
using a LOGIQe ultrasound device (GE Healthcare, Buck-
inghamshire, United Kingdom) set in LOGIQ View®, to 
capture panoramic images for CSA, with the musculoskel-
etal preset, and a GE 12L-RS linear ultrasound transducer 
(5–13 MHz) with a 42 × 7-mm footprint. Scan depth was set 
at 6.0 cm with a gain of 68 dB and a frequency of 10 MHz. 
Participants laid on the table with a wedge pad placed under 
the head for support, the Velcro strap was removed from 
the ankles, and a foam roller was placed under the knees 
for comfort during ultrasound imaging. Imaging sites were 
then marked for the VL, RF, and VM. The VL was imaged 
at 40% of the distance from the lateral epicondyle of the 
femur to the anterior superior iliac spine (ASIS). The RF 
was imaged at 50% of the distance from the superior line of 
the patella to the ASIS. The VM was imaged at 20% of the 
distance starting from the medial epicondyle of the femur 
to the ASIS. All measurements originated at the knee joint 
and moved proximal towards the ASIS. For all scans, great 
care was taken to ensure that consistent and minimal pres-
sure was applied with the probe to the skin to avoid any 
muscle compression. A generous amount of water-soluble 
transmission gel was applied to the skin to reduce possible 
near-field artifacts and enhance acoustic coupling. Muscles 
were imaged beginning at the lateral border and ending at 
the medial border. Ultrasound imaging analyses were per-
formed using ImageJ software (version 1.46r, National Insti-
tutes of Health, Bethesda, MD). Each image was scaled from 
pixels to centimeters using the straight-line function. For 

CSA  (cm2), the muscle was outlined using the polygon func-
tion, with care taken to exclude the surrounding fascia. Total 
CSA  (cm2) of the three leg extensors was also calculated 
for each subject. The subcutaneous fat [cm, (sFAT)] of the 
three leg extensors was quantified as the distance between 
the skin and the superficial aponeurosis of the muscles at the 
midpoint and medial and lateral borders of the muscle and 
the average was used for statistical purposes.

Statistical analysis

Two-way mixed factorial ANOVAs [group (RET vs. 
CON) × time (pre- vs. post-intervention)] were used to 
measure potential changes in height, body mass, maturation 
offset, isometric leg extensor MVC strength, leg extensors 
and flexor peak EMG amplitude, total leg extensor CSA and 
sFAT. Three-way mixed factorial ANOVAs [group (RET 
vs. CON) × contraction intensity (35 vs. 60% MVC)× time 
(pre- vs. post-intervention)] were used to measure poten-
tial changes in the y-intercepts and slopes of the MFR– and 
 MUAPAMP–RT relationships. Alpha was set at P < 0.05 with 
partial eta-squared (ηp

2) and Cohen’s d was calculated for the 
ANOVAs and follow-up statistical tests.

Results

For height, there was a significant two-way interaction 
(P = 0.029; ηp

2 = 0.183). Height increased pre- to post-
intervention for the RET (P < 0.001; d = 2.332) and CON 
(P < 0.001; d = 1.957). There were no significant differences 
between RET and CON at pre- (P = 0.405; d = 0.103) or 
post-intervention (P = 0.335; d = 0.184) (Table 1). For body 
mass and maturation offset, there were no two-way interac-
tions (P = 0.110 & 0.147; ηp

2 = 0.103 & 0.086) or main effect 
for group (P = 0.504 & 0.661; ηp

2 = 0.019 & 0.008), but there 
was a main effect for time (P < 0.001 & < 0.001; ηp

2 = 0.449 
& 0.741). Body mass and maturation offset increased pre- to 
post-intervention for the RET and CON (Table 1).

Isometric strength and EMG amplitude

For isometric leg extension MVC strength (Fig. 2), there was 
a significant two-way interaction (P = 0.006, ηp

2 = 0.283). 
There was no significant increase (P = 0.742, d = 0.121) 
pre- to post-CON, however, there was a significant increase 
(P < 0.001, d = 0.285) pre- to post-RET. There were no 
differences between RET and CON at pre- (P = 0.213, 
d = 0.527) or post-intervention (P = 0.859, d = 0.077). For 
leg extensor MVC EMG amplitude, there was no signifi-
cant two-interaction (P = 0.468, ηp

2 = 0.024) or main effects 
for time (P = 0.661, ηp

2 = 0.009) and group (P = 0.101, 
ηp

2 = 0.118). There was a two-way interaction (P = 0.048, 
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ηp
2 = 0.166) for peak EMG amplitude of the leg flexors dur-

ing the leg extension MVCs. There were, however, no sig-
nificant differences at pre- (P = 0.399, d = 0.372) and post-
testing (P = 0.504, d = 0.294) between groups or changes 
pre- to post-RET (P = 0.347, d = 0.243) and CON (P = 0.167, 
d = 0.545) with the follow-up analyses.

CSA and sFAT

For total leg extensor CSA (Fig. 2), there was an error in the 
scan location for the RF post-intervention for a participant in 
the CON group and, thus, data were removed from analyses. 
Nonetheless, there was no significant two-way interaction 
(P = 0.111, ηp

2 = 0.111) or main effects for time (P = 0.939, 
ηp

2 < 0.001) and group (P = 0.610, ηp
2 = 0.012). For sFAT, 

there was no significant two-way interaction (P = 0.959, 
ηp

2 < 0.001) or main effect for time (P = 0.386, ηp
2 = 0.034). 

However, there was a main effect for the group (P = 0.019, 
ηp

2 = 0.227). The RET (0.99 ± 0.34 cm) had greater sFAT 
than the CON (0.65 ± 0.19  cm).  MUAPAMPS may be 

influenced by sFAT and, therefore, the lack of changes pre- 
to post-intervention limits sFAT as a confounding variable.

Motor unit relationships

There were (mean ± SD) 26.8 ± 7.2 and 22.9 ± 5.3 MUs 
decomposed from the 35 and 60% MVCs, respectively. 
The differences in sFAT between groups did not result 
in a difference in identified MUs (CON = 23.7 ± 8.0; 
RET = 25.4 ± 7.7 MUs). The RT ranges of the decomposed 
MUs were from 4.6 ± 5.5 to 23.1 ± 10.7 and from 16.4 ± 11.3 
to 46.8 ± 17.0% for the 35 and 60% MVCs. The correla-
tions were − 0.84 ± 0.06 and − 0.83 ± 0.10 for the individual 
MFR–RT relationships while the correlations for the indi-
vidual  MUAPAMP–RT relationships were 0.77 ± 0.10 and 
0.77 ± 0.09 for the 35 and 60% MVCs, respectively.

For the MFR–RT relationships (Fig. 3), there was a sig-
nificant three-way interaction (P = 0.017, ηp

2 = 0.225) for 
the y-intercepts. There was a significant increase (P = 0.003, 
d = 0.837) in the y-intercepts at 60% MVC from pre- to post-
RET, however, there were no other significant increases 
for the CON at either contraction intensity (35% MVC: 
P = 0.551, d = 0.222; 60% MVC: P = 0.757, d = 0.114) or 
at the 35% MVC (P = 0.815, d = 0.419) for the RET. There 
were no differences between groups at either contrac-
tion intensity pre- or post-intervention (P = 0.124–0.508, 
d = 0.288–0.685). For the slopes, there was a significant 
three-way interaction (P = 0.040, ηp

2 = 0.172). There was a 
significantly less negative slope (P = 0.004, d = 0.812) pre- 
to post-intervention at 35% for the RET, however, there 
were no other significant changes for the CON at either 
contraction intensity (35% MVC: P = 0.619, d = 0.184; 60% 
MVC: P = 0.245, d = 0.449) or at 60% MVC for the RET 
(P = 0.127, d = 0.391). There were no differences between 
groups at either contraction intensity pre- or post-interven-
tion (P = 0.129–0.497, d = 0.296–0.675).

For the y-intercepts from the  MUAPAMP–RT relation-
ships (Fig. 4), there was no three-way interaction (P = 0.092, 
ηp

2 = 0.119), no two-way interactions (P = 0.163–0.780, 
ηp

2 = 0.083–0.481), or main effects for time (P = 0.275, 
ηp

2 = 0.052) and group (P = 0.940, ηp
2 < 0.001). There was, 

however, a main effect for intensity (P < 0.001, ηp
2 = 0.481). 

The y-intercepts for the 35% MVC were greater than the 
60% MVC, which was primarily because of differences 
in RT ranges rather than recording larger  MUAPAMPS 
during the 35% MVC. For the slopes, there was no sig-
nificant three-way interaction (P = 0.060, ηp

2 = 0.146) and 
no two-way intensity × time (P = 0.738, ηp

2 = 0.005) or 
time × group (P = 0.427, ηp

2 = 0.028) interactions. There 
was a significant two-way intensity × group interaction 
(P = 0.033, ηp

2 = 0.183). There was a significant difference 
between groups at 35% MVC (P = 0.023, d = 1.040), but 
not at 60% MVC (P = 0.865, d = 0.074). The slopes were 

Fig. 2  Top: Isometric maximal voluntary strength (N) pre- and post-
resistance exercise training (RET) and control (CON) groups. Bottom: 
Total muscle cross-sectional area (CSA) of the leg extensors pre- and 
post-RET and CON groups. * indicates significant increase pre- to 
post-RET
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significantly higher for the 60% MVC than 35% MVC for the 
RET (P < 0.001, d = 0.750), but not for the CON (P = 0.379, 
d = 0.332).

Discussion

The primary findings of the present study were that 8 weeks 
of RET increased MU firing rates in a non-uniform manner. 
Firing rates of the higher-threshold MUs increased, however, 
the lowest-threshold MUs measured during the 35% MVC 
did not. Total muscle CSA and slopes of the  MUAPAMPS 
relative to RT did not increase with 8 weeks of RET sug-
gesting there was no hypertrophy for higher-threshold MUs, 
a response that is different than previous studies in adults 
(Pope et al. 2016; Sterczala et al. 2020; Jenkins et al. 2020). 
Increases in isometric muscular strength in prepubescent 
youth who completed traditional linear periodization RET 
may be partially explained by changes in neural activation.

It is still being determined if prepubescent youth experi-
ence similar relative increases in strength as those observed 
in adults (Faigenbaum et al. 2009), however, direct com-
parisons are lacking because RET programs and methods to 
analyze strength vary greatly across studies. In the present 
study, isometric leg extensor muscular strength increased 

by 16.2% and compares favorably to the increases (17.2%) 
reported for the same RET program and testing in young 
adults (Sterczala et al. 2020). Prepubescent youth may expe-
rience similar increases in isometric strength in comparison 
to adults when RET programs are matched.

The level of firing rates can dictate the force output of 
the MU (Burke et al. 1970; Enoka and Duchateau 2017). 
In theory, increases in firing rates results in greater force 
output of the MU and, subsequently, increase strength of 
the muscle. The greater y-intercepts with no differences in 
the slopes of the MFR–RT relationships from the 60% MVC 
indicate greater firing rates across the recorded MU pool 
(RT = 16–47%) at post-RET (Fig. 5). Of note, the prepu-
bescent youth may be close to maximal neural activation 
when completing the isometric trapezoidal muscle action at 
60% MVC since they have difficulties reaching 70% MVC 
analogous to adults who struggle to complete isometric trap-
ezoidal muscle actions at 80 and 90% MVC. Subsequently, 
the greater discharge rates of the MU pool led to higher force 
output of the muscle needed to match the higher force level 
at post-60% MVC (Fig. 5).

In contrast, there were no increases in the y-intercepts, 
rather there was a rise in the negative slopes of the MFR–RT 
relationships from the 35% MVC post-RET (Fig. 5). The less 
negative slopes with no changes in the y-intercepts indicate 

Fig. 3  The y-intercepts (top) 
and slopes (bottom) from the 
motor unit (MU) firing rate 
vs. recruitment threshold 
[expressed as percentage of 
maximal voluntary contraction 
(%MVC)] relationships pre- and 
post-resistance exercise train-
ing (RET) and control (CON) 
groups. * indicates significant 
increase pre- to post-RET
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that the later recruited higher-threshold MUs had elevated 
firing rates post-RET. The firing rates of the lower-threshold 
MUs did not increase to the same extent pre- to post-RET 
unlike the higher-threshold MUs recorded during the 35 and 
60% MVCs. Of importance, excitability of the MU pool is 
far less during the 35 than 60% MVC. Lower-threshold MUs 
were not decomposed or observed during the 60% MVC 
and, subsequently, it is unknown if the lowest-threshold 
MUs recorded during the 35% MVC would achieve greater 
firing rates during the post-60% MVC. Previous research 
report that lower-threshold MUs may reach a point (satura-
tion) where firing rates do not continuingly increase with 
greater excitation to the MU pool (Hu et al. 2014; Fugle-
vand et al. 2015). There is potential the lower-threshold 
MUs met a “saturation point” that limited increases in fir-
ing rates post-RET during the 35% MVC. Nonetheless, an 
impactful finding of the present study was that non-uniform 
changes occurred to the MU firing rate patterns, which is 
rarely addressed in RET research that includes MU record-
ings (Herda 2022).

The simplest explanation for the increase in isometric 
strength and firing rates for much of the MU pool is that 

voluntary effort of the youth increased as they became 
more familiar and comfortable with strength training and 
isometric testing, i.e., a learning effect (Patten and Kamen 
2000; Kamen and Knight 2004). Nonetheless, the greater 
firing rates for the prepubescent youth may be indicative 
of greater overall excitation to the motoneuron pool to 
complete tasks at the higher absolute force levels. Woods 
et al. (2022), Gillen et al. (2021), and our labs (Herda et al. 
2018; Parra et al. 2020) suggests that voluntary activation 
via the ITT and MU firing rates are lower for prepubescent 
youth in comparison to adolescent youth and adults for 
the leg extensors. Therefore, previous research supports 
the notion that prepubescent youth may have the capacity 
to increase neural activation of the leg extensors. Linear 
periodization RET may be an effective method to increase 
neural activation. Although speculative, increased neural 
activation in prepubescent youth could improve physical 
and metabolic function (i.e., muscle insulin sensitivity 
(DeFronzo et al. 1981) along with sport performance. 
Lastly, the overall scheme used by the nervous system to 
regulate MU recruitment and firing rates was not altered 
by RET.

Fig. 4  The y-intercepts (top) 
and slopes (bottom) from the 
motor unit (MU) action poten-
tial amplitude vs. recruitment 
threshold [expressed as per-
centage of maximal voluntary 
contraction (%MVC)] relation-
ships pre- and post-resistance 
exercise training (RET) and 
control (CON) groups. There 
were no changes pre- to post-
RET or CON
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There were no significant increases in leg extensor CSA 
pre- to post-RET. The same RET program in adults resulted 
in an 18% increase in VL CSA (Sterczala et  al. 2020), 
whereas there was roughly a 3% increase for the VL in the 
present study. In adults (Pope et al. 2016; Sterczala et al. 
2020; Jenkins et al. 2020), the slopes of the  MUAPAMP–RT 
relationships increase pre- to post-RET in the presence of 
hypertrophy. Other studies also report associations among 
the slopes of the  MUAPAMP–RT relationships, CSA, and 
type II fiber area for the VL. Subsequently, no changes in 
CSA or the  MUAPAMP–RT relationships pre- to post-RET 
provides compelling evidence that increases in the diameters 
of fibers within higher-threshold MUs were not significantly 
contributing to increases in strength following RET for the 
prepubescent youth. 

Potentially, increases in maximal strength may be the 
result of lower antagonist muscle activation. Surface EMG 
amplitude of the leg extensors and flexors did not change in 

the present study and tentatively suggests that lower muscle 
activation of the leg flexors was not the primary contributor 
to increases in isometric muscular strength. Our results do 
contrast reported increases in EMG amplitude for the agonist 
muscles pre- to post-RET in prepubescent youth. Ozmun 
et al. (1994) reported increases in strength and EMG with 
no changes in limb circumference following 8 weeks of RET 
of the biceps brachii. Fewer subjects (8 vs. 17 participants), 
slightly older youth with less variability in age (10.5 ± 0.5 
vs. 9.1 ± 0.8 years), and/or testing of a different muscle 
group (forearm flexors vs. leg extensors) might explain the 
contrast in findings from Ozmun et al. (1994).

It should be noted that there are limitations in EMG 
decomposition to quantify MU action potential trains. 
First, there are likely errors in the firing times despite 
utilizing reconstruct-and-test and STA procedures to 
ensure that decomposed action potential trains are accu-
rately reflecting ongoing MU firings. As mentioned in the 

Fig. 5  The plotted mean (circles) and standard deviations (solid lines) 
from the composite motor unit (MU) firing rates vs. recruitment 
threshold [RT, expressed as percentage of maximal voluntary con-
traction (%MVC)] relationships (top: 35% MVC; bottom: 60% MVC) 

pre- and post-resistance exercise training (RET) and control (CON) 
groups. The slope and y-intercept from each contraction were used 
to calculate the MU firing rates for the observed average recruitment 
threshold ranges
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methods, the STA procedure does not account for missed 
firing times by EMG decomposition. However, research 
demonstrates that errors in the action potential trains 
does not alter the calculated relationships (Herda et al. 
2020b; Hernandez-Sarabia et al. 2020; Parra et al. 2021). 
Thus, the interpretation of the MU firing rate patterns 
remains intact despite errors in the action potential trains. 
Another limitation of this study is that MU firing rates 
were not recorded during the MVCs. MU firing rates rela-
tive to action potential amplitude (Herda 2022) may better 
explain the role of increased neural activation on strength 
improvements post-RET in prepubescent youth who did 
not undergo significant increases in CSA.

In conclusion, 8-weeks (3 days/week) of linear periodiza-
tion RET of the leg extensors led to increases in isometric 
strength that is comparable to the same training program in 
adults. Furthermore, non-uniform changes in MU firing rates 
were observed that indicate increases in firing rates of the 
higher-threshold MUs unlike for the lower-threshold MUs 
recorded during the moderate-intensity contraction. The 
lack of changes in total CSA and  MUAPAMPS would suggest 
hypertrophy was not a primary contributor to increases in 
isometric strength. Linear periodization RET is an effective 
intervention to improve neural activation and, subsequently, 
increase overall physical and metabolic function in prepu-
bescent youth. Future research should examine potential 
changes in common input since MU firing rates did change 
pre- to post-RET and it may account for improvements in 
strength. Furthermore, examining changes in MU firing rates 
during MVCs may provide better insight on the effects of 
RET on neural activation.
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