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Abstract
Purpose The purpose of this study was to examine peak torque (PT), mean power (MP), electromyographic (EMG) ampli-
tude, mechanomyographic (MMG) amplitude, and neuromuscular efficiency from EMG and MMG amplitude  (NMEEMG 
and  NMEMMG, respectively) across the velocity spectrum in children versus adolescents.
Methods Seventeen children (n = 8 males, n = 9 females) and 22 adolescents (n = 11 males, n = 11 females) participated. 
Participants completed maximal concentric isokinetic leg extensions at 60, 120, 180, 240 and 300°/s. PT, MP, EMG ampli-
tude, and MMG amplitude were quantified during all muscle actions.  NMEEMG and  NMEMMG were quantified by expressing 
PT relative to EMG and MMG amplitude, respectively, for each muscle action.
Results PT, MP,  NMEEMG, and  NMEMMG were greater for the adolescents than the children collapsed across sex and veloc-
ity (P ≤ 0.021). There were no significant differences for EMG amplitude (P ≥ 0.051), while MMG amplitude increased 
significantly from 60 to 240°/s (P < 0.001) then decreased significantly from 240 to 300°/s (P < 0.001) for all groups.
Conclusion Overall, regardless of velocity, the expression of PT relative to EMG and MMG amplitude  (NMEEMG and 
 NMEMMG, respectively), in conjunction with measurements of torque and power production, may provide practitioners a 
unique method of examining growth and development-related augmentations in neuromuscular function during dynamic 
movements.

Keywords Electromyography · Mechanomyography · Neuromuscular efficiency · Growth and development

Introduction

Many previous studies examining growth and development-
related changes in muscle strength and power have utilized 
assessments of maximal and/or submaximal isometric 
strength [6, 7, 19, 24, 34, 39] or power production using 
vertical jump tests [21, 22, 32, 45]. However, several studies 
have suggested that the examination of muscle strength and 
power across a range of isokinetic velocities may provide 
unique insight regarding growth-mediated changes in muscle 
function [23, 27, 38, 42, 43]. In children and adolescents, 

previous studies have suggested that the ability to maintain 
high torque and power output across increases in isokinetic 
velocity may be reflective of muscular hypertrophy [38] or 
augmentations in neuromuscular function [23, 27, 38, 42, 
43]. Most recently, Gillen et al. [23] reported that maximal 
isometric strength, but not muscle size, was able to fully 
account for the differences in isokinetic leg extension torque 
and power production between children and adolescents, 
concluding that augmentations in neuromuscular function 
may account for a large proportion of the differences in 
isokinetic strength and power between children and adoles-
cents. However, we are aware of only two studies to non-
invasively assess neuromuscular function during isokinetic 
muscle actions in healthy children and adolescents [42, 43].

Seger and Thorstensson [42, 43] assessed neuromuscu-
lar function in children during isokinetic muscle actions via 
surface electromyographic (EMG) recordings. Surface EMG 
represents the linear sum of the muscle fiber action poten-
tials passing within the recording areas of the electrodes 
and represents the electrical component of neuromuscular 
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control [20]. Seger and Thorstensson [42, 43] reported 
increases in EMG amplitude across velocity for pre-pubertal 
children, and greater absolute EMG amplitude for adults 
and post-pubertal adolescents compared to pre-pubertal chil-
dren. Based on these findings [42, 43], muscle activation 
may increase with velocity in children, while adults have 
greater muscle activation capabilities than children regard-
less of velocity.

In addition to surface EMG, previous studies in adults 
[10–13, 17, 18], have suggested that examination of mech-
anomyographic (MMG) recordings, which records the low-
frequency, lateral oscillations of the active skeletal muscle 
fibers representing the mechanical component of neuromus-
cular control [2, 40, 44], in conjunction with EMG record-
ings, may provide complimentary information regarding 
changes in neuromuscular function during isokinetic mus-
cle actions. In adults, previous studies [11–13] have demon-
strated velocity-related dissociations between MMG ampli-
tude and peak torque (PT), but close relationships between 
MMG amplitude and mean power (MP) during isokinetic 
muscle actions, concluding that measurements of isokinetic 
PT and MP across the velocity spectrum may provide sim-
ple, practical assessments of neuromuscular function dur-
ing isokinetic muscle actions. However, we are unaware of 
any previous studies to concurrently examine PT, MP, EMG 
amplitude, and MMG amplitude during isokinetic muscle 
actions in children and adolescents, which may provide 
clarifying information regarding the growth-mediated adap-
tations leading to increases in muscle strength and power 
during dynamic movements.

In addition to quantification of EMG and MMG ampli-
tude, previous studies [16, 24, 31, 35] have suggested that 
unique information regarding the growth-mediated augmen-
tations in neuromuscular function may be gained by calcula- 
ting neuromuscular efficiency (NME), which reflects mus-
cle strength relative to the activation of that muscle [15]. 
Several previous studies have utilized isometric muscle 
actions to provide growth-related comparisons of NME in 
children and adolescents [24, 25, 31], demonstrating growth 

and development-related increases in isometric NME. How-
ever, we are unaware of any previous studies to examine 
NME, from EMG or MMG amplitude, during isokinetic 
muscle actions in children and adolescents. Therefore, the 
purpose of this study was to concurrently examine PT, MP, 
EMG amplitude, MMG amplitude, and NME from EMG 
and MMG amplitude  (NMEEMG and  NMEMMG, respectively) 
across the isokinetic velocity spectrum in children versus 
adolescents.

Methods

Participants

Nineteen boys and 20 girls between the ages of 9–17-years-
old volunteered for this study. Participants were categorized 
as either children if they were < 12-years-old or adolescent if 
they were ≥ 12-years-old [9, 23]. Participant demographics 
and categorizations are presented in Table 1. All participants 
reported participating in one or more sports for one to five 
hours per week during the year prior to this study. Sports 
included baseball, basketball, cheerleading, cross-country, 
football, gymnastics, lacrosse, rugby, soccer, softball, speed/
power/agility training, swimming/diving, tennis, track and 
field, trap shooting, volleyball, weightlifting, and wrestling. 
Both the participant and their parent or legal guardian com-
pleted the PAR-Q+ 2015 [47] and were included in this study 
if questions 1–7 were answered “no” or all of the follow-up 
questions of the PAR-Q+ 2015 were answered “no.” This 
study was approved by the University of Nebraska-Lincoln 
Institutional Review Board for the protection of human 
subjects (IRB # 20171017495EP, title: Changes in nonin-
vasive, applied physiological laboratory measurements and 
field measurements of athletic performance in children and 
youth: Influences of growth and development). Each subject 
signed the approved assent form if they were 7–18-years-old, 
while 5- and 6-year-olds verbally assented after being read 

Table 1  Means ± 95% 
confidence intervals for age, 
maturity offset, height, body 
mass, fat-free mass (FFM), 
body fat %, and maximum 
voluntary isometric contraction 
(MVIC) peak torque

*Indicates greater than children, † indicates greater than male children, ‡ indicates greater than female chil-
dren, ¥ indicates greater than male adolescents

 Variable Children Adolescents

Males (n = 8) Females (n = 9) Males (n = 11) Females (n = 11)

Age (years) 10.83 ± 0.59 10.74 ± 0.68 13.92 ± 0.78* 13.82 ± 1.09*
Maturity Offset (years) – 2.68 ± 0.64 – 1.10 ± 0.63† – 0.14 ± 0.77†‡ 1.44 ± 0.77†‡¥

Height (cm) 144.68 ± 7.18 146.52 ± 5.67 166.85 ± 5.97* 162.07 ± 3.83*
Body Mass (kg) 41.54 ± 7.41 41.74 ± 8.31 65.64 ± 10.29* 56.55 ± 9.55*
FFM (kg) 32.45 ± 5.51 32.19 ± 4.00 52.60 ± 7.94* 42.5 ± 4.03*
Body Fat % 21.45 ± 4.26 21.22 ± 6.41 19.48 ± 4.39* 22.86 ± 6.70*
MVIC Peak Torque (N·m) 68.55 ± 18.94 77.23 ± 9.88 141.54 ± 28.14* 115.55 ± 23.89*
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an age-appropriate assent script, while one parent or legal 
guardian signed the approved consent form.

Research Design

Participants visited the laboratory twice, once for familiari-
zation and once for the experimental trial. Familiarization 
and experimental trials were separated by 2–7 days and 
performed at approximately the same time of day (± 2 h). 
During each visit, participants performed two maximal 
voluntary isometric contractions (MVICs) at a leg flexion 
angle of 60° below the horizontal plane and three maximal 
voluntary concentric isokinetic muscle actions of the leg 
extensors at 60, 120, 180, 240 and 300°/s in random order. 
These velocities were chosen as previous studies have used 
this range of velocities to examine muscle function across 
varying velocities [10–12, 23]. Only data from the experi-
mental trial are reported herein. Variables calculated during 
all isokinetic leg extensions included PT, MP, EMG ampli-
tude, MMG amplitude, and NME from EMG and MMG 
amplitude  (NMEEMG and  NMEMMG, respectively).

Anthropometrics and Body Composition

Height (cm), seated height (cm), and body mass (kg) were 
measured using a digital scale and stadiometer (Seca 769, 
Hamburg, Germany). These variables were used to estimate 
maturity offset from peak height velocity [36]. Percent body 
fat was calculated from skinfold measurements taken with a 
Lange caliper (Model 68,902, Cambridge Scientific Indus-
tries, Inc., Cambridge, MD, USA). All skinfolds were taken 
on the right side of the body at the subscapular (diagonal 
fold immediately inferior to the interior angle of the scap-
ula), triceps (vertical fold in the middle of the arm, midway 
between the acromion and olecranon process), and suprailiac 
(diagonal fold immediately superior to the anterior superior 
iliac spine) sites and were recorded to the nearest 0.5 mm 
[30]. Equations established by Housh et al. [29] and Brozek 
et al. [5] were used to estimate body density and percent 
body fat, respectively. Fat-free mass (FFM) was calculated 
as the difference between body mass and fat mass as deter-
mined by percent body fat.

Leg Extension Muscle Actions

All leg extension muscle actions were completed on a cali-
brated isokinetic dynamometer (Biodex System 3, Biodex 
Medical Systems, Inc., Shirley, NY, USA) that was custom 
fitted with a load cell (Omegadyne, model LCHD-500, 
0–500 lbs, Stamford, CT, USA) located between the shin 
pad and the lever arm. Recorded force (N) was multiplied 
by the lever arm length (m) to calculate torque (N·m). Par-
ticipants were seated with restraining straps over the pelvis, 

trunk, and contralateral thigh. The lateral epicondyle of the 
femur was aligned with the axis of rotation of the dynamom-
eter head. All MVIC measurements were performed at a leg 
flexion angle of 60° below the horizontal plane. Each partici-
pant completed two, 4-s MVICs, with 1-min of rest between 
attempts. Participants were instructed to push against the 
lever arm as hard and fast as possible, while strong verbal 
encouragement was provided. Following the MVICs, the 
range of motion for the isokinetic muscle actions was set 
from 0° to 90°, with 0° representing full leg extension. Par-
ticipants completed three repetitions of maximal voluntary 
isokinetic leg extension muscle actions at 60, 120, 180, 240 
and 300°/s in random order, with 1-min of rest between each 
angular velocity. Each participant was instructed to extend 
their leg as hard and fast as possible, while strong verbal 
encouragement was provided. The order of the angular 
velocities was randomized separately for the familiarization 
and experimental trials.

Electromyography

Surface EMG signals were recorded from the vastus later-
alis with pre-amplified, active electrodes (TSD150B, Biopac 
Systems, Inc., Santa Barbara, CA, USA) with a center-to-
center interelectrode distance of 20 mm, gain of 330 (nomi-
nal), input impedance of 100 MΩ, common mode rejection 
ration of 95 dB (nominal), and bandwidth of 12–500 Hz. 
The electrode was placed at 66% of the distance between 
the anterior superior iliac spine and lateral border of the 
patella [28]. The longitudinal axis of the electrode was 
arranged parallel to the angle of pennation of the muscle 
fibers (20°) [24]. A reference electrode (EL503, Biopac Sys-
tems Inc., Santa Barbara, CA, USA) was placed over the 
tibial tuberosity. Placement sites for the EMG and MMG 
sensors were shaved and cleaned with isopropyl alcohol 
prior to application.

Mechanomyography

Surface MMG signals were detected from the vastus lateralis 
with an active miniature accelerometer (EGAS-S704-10_
Rev C, Measurement Specialties, Inc., Hampton, VA; fre-
quency response = 0–200 Hz, sensitivity = 655.1 mV/g, 
range =  ± 10 g). Placement for the accelerometer was 50% 
of the distance between the anterior superior iliac spine and 
lateral border of the patella. The accelerometer was fixed to 
the skin using 3 M double-sided tape.

Signal Processing

During all isokinetic leg extension muscle actions, the posi-
tion (°) and velocity (°/s) signals were sampled from the 
isokinetic dynamometer, while torque (N·m), EMG (μV), 
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and MMG (m/s2) were sampled at 1 kHz with a Biopac data 
acquisition system (MP150, Biopac Systems, Inc., Santa 
Barbara, CA, USA). All signals were stored on a personal 
computer and processed off-line with custom written soft-
ware (LabVIEW v. 17.0, National Instruments, Austin, TX). 
The torque-time signal was multiplied by the velocity–time 
signal to calculate the power-time signal. MMG signals were 
digitally filtered with a bandpass of 5–100 Hz. All subse-
quent analyses were performed on the filtered signals.

Isometric PT was taken as the highest 0.5-s average 
torque value during the plateau of the 4-s MVIC. Isokinetic 
PT was taken as the highest torque value during the selected 
epoch of each angular velocity. To determine the selected 
epoch, the load range was automatically determined during 
all isokinetic muscle actions from the onset to the end of 
the constant-velocity phase [4]. The onset of the isokinetic 
load range was automatically detected as the joint angle (°) 
at which the velocity signal had reached the pre-determined 
angular velocity. The end of the isokinetic load range was 
the joint angle (°) at which the velocity signal dropped below 
the pre-determined angular velocity. These start and end 
positions were used as the ranges of motion during which PT 
was taken during all angular velocities. During the automatic 
detections of each subject’s isokinetic load range, the investi-
gator visually inspected the velocity- and position-time sig-
nals to ensure that an onset had not been falsely triggered 
and that the range of motion for all angular velocities was 
within the load range. The same epoch was taken from the 
power-velocity signal during each isokinetic muscle action 
to calculate MP, expressed as the average power during the 
selected epoch, while EMG amplitude and MMG amplitude 
were taken during the same epoch and expressed as root 
mean square. Normalized EMG and MMG amplitude dur-
ing all isokinetic leg extensions were expressed relative the 
EMG and MMG amplitude, respectively, from the MVIC. To 
examine NME, PT was expressed relative to absolute EMG 
and MMG amplitude  (NMEEMG and  NMEMMG, respectively) 
as described previously [16, 24, 35, 37].

Statistical Analyses

Means and 95% confidence intervals of all participant demo-
graphics (Table 1) were calculated. Two-way factorial analy-
ses of variance (ANOVAs) [sex (male vs. female) × group 
(children vs. adolescent)] were used to analyze age, maturity 
offset, height, body mass, and FFM. Three-way mixed fac-
torial ANOVAS (sex [male vs. female] × group [ children 
vs. adolescent] x velocity [60°/s vs. 120°/s vs. 180°/s vs. 
240°/s vs. 300°/s]) were used to analyze isokinetic PT and 
MP, normalized and absolute EMG amplitude, normalized 
and absolute MMG amplitude,  NMEEMG, and  NMEMMG. 
When appropriate, follow-up analyses included low-order 

ANOVAs and dependent samples t-tests with Bonferronni 
corrections.

Results

Age, height, body mass, FFM, and MVIC PT were greater 
in the adolescents than children (P ≤ 0.003, Table 1). The 
female children had a greater maturity offset than the male 
children (P < 0.001), while the male adolescents had a 
greater maturity offset than the children (P < 0.001), and 
the female adolescents had a greater maturity offset than all 
groups (P < 0.001).

Isokinetic PT and MP were greater for the adolescents 
than the children across velocity (P ≤ 0.011, Fig. 1, Table 2). 
For the adolescents, PT decreased systematically across 
velocity (P ≤ 0.002, Fig. 1A, Table 2). For the children, PT 
decreased from 60–240°/s (P ≤ 0.041) then plateaued to 
300°/s (P = 0.148, Fig. 1A, Table 2). For the adolescents, 
MP increased from 60–240°/s (P < 0.001) then plateaued 
to 300°/s (P = 0.054, Fig. 1B, Table 2). For the children, 
MP increased from 60 to 180°/s (P ≤ 0.007), plateaued from 
180–240°/s (P ≥ 0.158), then decreased from 240 to 300°/s 
(P ≤ 0.007, Fig. 1B, Table 2). 

There were no group-, sex-, or velocity-related differ-
ences for normalized or absolute EMG amplitude (P ≥ 0.051, 
Fig. 2A, Table 3), while normalized and absolute MMG 
amplitude increased from 60 to 240°/s (P < 0.001) then 
decreased from 240 to 300°/s (P ≤ 0.009, Fig. 2B, Table 3) 
collapsed across group and sex, while absolute MMG ampli-
tude was greater for the adolescents than children at each 
velocity (P < 0.001, Table 3). Within the children, there 
were no sex-related differences for absolute MMG amplitude 
(P = 0.980, Table 3), while within the adolescents, absolute 
MMG amplitude was greater for the males compared to the 
females across velocity (P = 0.002, Table 3).  NMEEMG and 
 NMEMMG were greater for the adolescents than the children 
across sex and velocity (P ≤ 0.021, Fig. 2C and D, Table 3). 
 NMEEMG decreased from 60–180°/s (P ≤ 0.014), then pla-
teaued from 180 to 300°/s (P ≥ 0.245, Fig. 2C, Table 3), 
while  NMEMMG decreased from 60 to 240°/s (P < 0.001) 
then plateaued to 300°/s (P = 0.949, Fig. 2D, Table 3) col-
lapsed across group and sex. 

Discussion

To our knowledge, this is the first study to collectively com-
pare PT, MP, EMG amplitude, MMG amplitude,  NMEEMG, 
and  NMEMMG during isokinetic muscle actions between 
children and adolescents. The main findings of this study 
demonstrated greater isokinetic PT, MP,  NMEEMG, and 
 NMEMMG for adolescents than children across velocity 
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(Figs. 1 and 2, Tables 2 and 3). Furthermore, the velocity-
related patterns for EMG and MMG amplitude were similar 
for children and adolescents (Figs. 2A and 2B, Table 3). 
However, when PT was expressed relative to EMG and 

MMG amplitude  (NMEEMG and  NMEMMG, respectively), 
differences between children and adolescents emerged 
(Figs. 2C and 2D, Table 3). Interestingly, as demonstrated 
previously [11, 13], 2004), velocity-related changes in MMG 

Fig. 1  Means ± 95% confidence 
intervals for A isokinetic peak 
torque across velocity, and B 
isokinetic mean power across 
velocity. *Indicates adoles-
cents > children. For the adoles-
cents, # indicates different than 
60°/s, ## indicates different than 
60 and 120°/s, ### indicates dif-
ferent than 60, 120, and 180°/s, 
and #### indicates different than 
60, 120, 180, and 240°/s. For 
the children, $ indicates different 
than 60°/s, $$ indicates different 
than 60 and 120°/s, and $$$ 
indicates different than 60, 120, 
and 180°/s

Table 2  Means ± standard 
deviations for peak torque and 
mean power across isokinetic 
velocities

*Indicates adolescents > children. For the adolescents, #indicates different than 60°/s, ##indicates different 
than 60 and 120°/s, ###indicates different than 60, 120, and 180°/s, and ####indicates different than 60, 120, 
180, and 240°/s. For the children, $ indicates different than 60°/s, $$ indicates different than 60 and 120°/s, 
and $$$indicates different than 60, 120, and 180°/s

 Variable Children Adolescents

Males Females Males Females

Peak torque (N·m)
 60°/s 56.09 ± 21.29 62.03 ± 9.69 106.75 ± 30.78* 99.54 ± 33.46*
 120°/s 49.54 ± 21.13$ 55.98 ± 9.44$ 96.01 ± 28.23*# 91.57 ± 32.78*#

 180°/s 43.14 ± 18.84$$ 47.71 ± 13.90$$ 87.39 ± 27.09*## 77.09 ± 28.51*##

 240°/s 37.64 ± 19.30$$$ 39.75 ± 10.96$$$ 77.56 ± 25.73*### 66.08 ± 20.13*###

 300°/s 33.85 ± 16.81$$$ 36.12 ± 11.64$$$ 71.25 ± 22.94*#### 57.96 ± 16.52*####

Mean power (W)
 60°/s 42.39 ± 12.90 44.85 ± 13.10 69.82 ± 24.03* 64.74 ± 26.49*
 120°/s 67.65 ± 32.26$ 76.76 ± 17.98$ 124.49 ± 53.59*# 120.65 ± 43.33*#

 180°/s 93.11 ± 34.49$$ 96.79 ± 33.58$$ 171.52 ± 68.67*## 149.38 ± 53.41*##

 240°/s 102.25 ± 45.38$$ 111.75 ± 39.68$$ 202.54 ± 73.49*### 165.08 ± 48.59*###

 300°/s 88.20 ± 47.85$$ 99.05 ± 43.81$$ 192.35 ± 74.25*### 156.19 ± 49.38*###
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amplitude,  NMEEMG, and  NMEMMG seemed to closely track 
changes in MP across velocity (Figs. 1 and 2, Tables 2 and 
3). In fact, a post hoc Pearson product moment correlation 
test revealed high significant relationships MP and these 
measures of neuromuscular function across all velocities 
(r = 0.353–0.843, P ≤ 0.028). Collectively, these findings 
demonstrate that augmentations in neuromuscular function 
may be influential on torque and power production across 
velocity during growth and development, and that isokinetic 
torque and power production may provide indirect assess-
ments of neuromuscular function.

To our knowledge, only two studies have compared 
EMG amplitude during isokinetic muscle actions in chil-
dren and adolescents [42, 43]. Seger and Thorstensson [42, 
43] reported increases in EMG amplitude with increases 
in velocity using angular velocities ranging from 45 to 
180°/s for pre-and post-pubertal males and females, sug-
gesting this may reflect submaximal muscle activation due 
to central nervous system inhibition during low velocity, 
high tension conditions [42, 43]. In adults, previous studies 
have reported increases [10, 13, 42], decreases [1, 12], or no 

change [41] in EMG amplitude across a range of velocities 
from 30 to 480°/s. Additionally, in contrast to the present 
study, Seger and Thorstensson [42, 43] reported greater 
EMG amplitude in adults and post-pubertal children com-
pared to pre-pubertal children. This discrepancy previous 
results and the present study may be due to methodological 
differences as Seger and Thorstensson [42, 43] quantified 
absolute EMG amplitude, while the present study quanti-
fied normalized EMG amplitude per previous recommenda-
tions [33]. Interestingly, in the present study there were no 
sex, group, or velocity-related differences in absolute EMG 
amplitudes, which emphasizes the importance of the nor-
malization procedure to provide consistency across studies 
in reporting these data. The inconsistent results between the 
present study and previous studies in adults and children [1, 
10, 12, 13, 41–43] may reflect differences among the muscle 
or muscle group involved, different ranges of motion, and/or 
the range of isokinetic velocities used. Although several pre-
vious studies have examined the muscles of the quadriceps 
femoris, differences in the velocities chosen, muscle action 
performed (concentric vs. eccentric), or range of motion 

Fig. 2  Means ± 95% confidence intervals for A percent maximal 
voluntary isometric contraction (% MVIC) for electromyographic 
(EMG) amplitude across velocity, B % MVIC for mechanomyo-
graphic (MMG) amplitude across velocity, C neuromuscular effi-
ciency (NME) from EMG amplitude across velocity, and D NME 

from MMG amplitude across velocity. *Indicates adolescents > chil-
dren. + Indicates different from 60°/s, ++ indicates different from 
60 and 120°/s, +++indicates different from 60, 120 and 180°/s, 
and ++++ indicates different from 60, 120, 180 and 300°/s
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used may alter the neuromuscular responses. Therefore, 
future studies should determine the optimal methodology 
to examine velocity-related responses of the EMG signal to 
provide greater consistency in the methods used.

In the present study, there were no differences for MMG 
amplitude between groups (Fig. 2B). Furthermore, MMG 
amplitude increased from 60 to 240°/s for both groups 

(Fig. 2B), which closely resembled the velocity-related 
responses for MP. Previous studies in adults [10–13, 17, 
18], have reported similar findings, with MMG amplitude 
and MP increasing to approximately 240°/s, and plateau-
ing or decreasing with further increases in angular velocity. 
It is possible that the velocity-related increases in MMG 
amplitude may reflect changes in low- versus high-threshold 

Table 3  Means ± standard deviations for normalized electromyographic (EMG) and mechanomyographic (MMG) amplitude, as well as neuro-
muscular efficiency (NME) from EMG and MMG amplitude across isokinetic velocities

*Indicates adolescents > children, #indicates males > females for adolescents
 +Indicates different from 60°/s, ++indicates different from 60 and 120°/s, +++indicates different from 60, 120 and 180°/s, and  ++++indicates dif-
ferent from 60, 120, 180 and 300°/s

Variable Children Adolescents

Males Females Males Females

EMG Amplitude (% MVIC)
60°/s 121.52 ± 38.41 125.47 ± 39.26 104.31 ± 31.21 128.76 ± 41.44
120°/s 125.08 ± 36.94 128.64 ± 21.12 108.15 ± 26.23 151.64 ± 38.92
180°/s 119.49 ± 17.18 137.26 ± 35.50 114.05 ± 38.23 141.52 ± 32.54
240°/s 125.57 ± 30.82 140.36 ± 33.39 117.94 ± 34.49 134.40 ± 42.92
300°/s 128.38 ± 39.22 143.16 ± 33.08 119.60 ± 35.28 143.97 ± 44.02
EMG Amplitude (µV)
60°/s 163.60 ± 43.04 149.55 ± 52.18 169.88 ± 62.73 127.97 ± 37.60
120°/s 168.14 ± 38.26 156.50 ± 48.18 176.48 ± 69.59 152.84 ± 41.13
180°/s 163.59 ± 29.19 160.17 ± 32.97 179.74 ± 61.42 144.99 ± 44.26
240°/s 169.63 ± 40.80 163.36 ± 26.90 184.49 ± 52.84 137.61 ± 55.48
300°/s 172.80 ± 39.39 170.81 ± 39.03 186.79 ± 60.12 145.98 ± 53.40
NME (N·m/µV)
60°/s 0.38 ± 0.19 0.46 ± 0.19 0.75 ± 0.44* 0.83 ± 0.29*
120°/s 0.31 ± 0.14+ 0.40 ± 0.18+ 0.64 ± 0.34*+ 0.64 ± 0.29*+

180°/s 0.28 ± 0.16++ 0.32 ± 0.15++ 0.53 ± 0.22*++ 0.59 ± 0.30*++

240°/s 0.24 ± 0.14++ 0.25 ± 0.10++ 0.44 ± 0.14*++ 0.60 ± 0.45*++

300°/s 0.21 ± 0.10+++ 0.23 ± 0.12+++ 0.40 ± 0.13*+++ 0.45 ± 0.21*+++

MMG Amplitude (% MVIC)
60°/s 126.45 ± 17.51 125.15 ± 30.16 129.27 ± 18.76 146.53 ± 29.62
120°/s 159.97 ± 35.77+ 185.02 ± 23.00+ 171.97 ± 21.74+ 194.17 ± 44.10+

180°/s 206.77 ± 32.43++ 239.49 ± 48.24++ 210.62 ± 33.20++ 237.75 ± 60.23++

240°/s 254.38 ± 28.08++++ 286.10 ± 59.10++++ 256.20 ± 54.77++++ 299.29 ± 74.89++++

300°/s 212.27 ± 25.71++ 243.50 ± 63.40++ 236.70 ± 56.96++ 261.22 ± 66.18++

MMG Amplitude (m/s2)
60°/s 0.34 ± 0.05 0.30 ± 0.06 0.52 ± 0.17*# 0.43 ± 0.11*
120°/s 0.43 ± 0.10+ 0.45 ± 0.08+ 0.67 ± 0.13*+# 0.55 ± 0.09*+

180°/s 0.56 ± 0.08++ 0.58 ± 0.09++ 0.82 ± 0.13*++# 0.67 ± 0.09*++

240°/s 0.69 ± 0.07++++ 0.68 ± 0.08++++ 0.98 ± 0.13*++++# 0.84 ± 0.08*++++

300°/s 0.58 ± 0.07++ 0.58 ± 0.12++ 0.91 ± 0.15*++# 0.73 ± 0.08*++

NME [N·m/(m/s2)]
60°/s 163.84 ± 60.49 213.15 ± 50.69 223.4 ± 96.38* 238.66 ± 72.55*
120°/s 116.76 ± 49.81+ 125.94 ± 21.88+ 147.14 ± 51.51*+ 169.59 ± 70.98*+

180°/s 79.43 ± 39.98++ 83.89 ± 23.63++ 107.83 ± 32.59*++ 113.99 ± 37.97*++

240°/s 55.19 ± 30.40+++ 57.88 ± 13.26+++ 80.65 ± 29.90*+++ 78.93 ± 24.97*+++

300°/s 58.59 ± 29.47+++ 64.56 ± 29.24+++ 80.92 ± 32.83*+++ 79.35 ± 22.44*+++
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motor unit contributions to torque production, subsequently 
decreasing muscle stiffness [10–13, 17, 18]. Theoretically, 
when velocity increases there is a shift in the contribution of 
torque production from low- plus high-threshold motor units 
at low velocities to primarily high-threshold motor units at 
higher velocities. Thus, at higher velocities, the unloading 
of low-threshold motor units results in less torque produc-
tion and reduced muscle stiffness, which increases mus-
cle fiber oscillations and, subsequently, MMG amplitude. 
Therefore, it is possible that the velocity-related patterns for 
MMG amplitude may reflect decreases in muscle stiffness 
across increasing velocity for children and adolescents due 
to changes in motor unit contributions.

Although there were no apparent group-related differences 
for EMG and MMG amplitude, previous studies have suggested 
that comparisons of PT relative to absolute EMG or MMG 
amplitude  (NMEEMG and  NMEMMG, respectively) provides 
unique information regarding the potential neural contribu-
tions to differences in muscle strength. DeVries [16] suggested 
that increases in NME with concurrent increases in muscle 
strength may reflect muscle fibers becoming more effective 
at producing tension or the same motor units being activated 
at a lower stimulation threshold. Additionally, Milner-Brown 
et al. [35] suggested that NME quantifies excitation–contraction 
coupling, indicating that increases in NME reflect decreases 
in the action potential threshold necessary to result in force 
production. Few studies have quantified  NMEEMG in children 
and adolescents [25, 31], and only one study we are aware of 
has quantified  NMEMMG in this population [24]. Grosset et al. 
[25] and Lambertz et al. [31] reported age-related increases in 
 NMEEMG ranging from 69 to 207% across 7–11-year-old chil-
dren. Furthermore, in comparing preadolescent and adolescent 
males and females Gillen et al. [24] reported 74%–81% greater 
 NMEEMG for adolescents and 31%–139% greater  NMEMMG for 
adolescents. However, none of these studies examined NME 
during dynamic, isokinetic muscle actions. In the present study, 
the adolescents achieved 78%–138% greater  NMEEMG and 
12%–46% greater  NMEMMG than the children across velocity 
(Fig. 2C and D). Thus, in conjunction with previous studies [16, 
25, 31, 35], it is possible that the adolescents may have a lower 
action potential threshold necessary to result in torque produc-
tion during maximal isokinetic muscle actions.

Furthermore, the velocity-related patterns for  NMEEMG 
and  NMEMMG tracked closely to the velocity-related 
patterns for MP and MMG amplitude. Previous stud-
ies in adults have demonstrated similar velocity-related 
responses for MP and MMG amplitude [10–13, 17, 18]. 
To describe the close relationship between MMG ampli-
tude and MP, Bodor [3] used the analogy of playing a 
violin such that the amplitude of the violin string can be 
increased either by increasing the force applied to the 
bow, increasing the bowing velocity, or both. Thus, a 
change in the power applied to the violin strings results 

in an increase in the amplitude or sound volume gener-
ated by the violin, demonstrating the proportional rela-
tionship between power and amplitude. Although this has 
been demonstrated previously in adults for the relation-
ship between MP and MMG amplitude [10–13, 17, 18], 
we are unaware of any previous studies in adults, adoles-
cents, or children, that demonstrated this same, yet inverse, 
relationship between NME, whether from EMG or MMG 
amplitude, and MP during isokinetic muscle actions. Col-
lectively, the responses of  NMEEMG and  NMEMMG may 
similarly reflect the offloading of low-threshold motor 
units during higher-velocity muscle actions, which nec-
essarily would require greater energy contribution from 
high-threshold motor units. Specifically, high-threshold 
motor units tend to have lower motor unit firing frequen-
cies than low-threshold motor units [8, 14, 46], which is 
thought to optimize the relationship between force pro-
duction and the duration of motor unit activity [14, 46], 
termed the “Onion-Skin scheme.” One of the guiding prin-
ciples of the “Onion-Skin Scheme” is the minimization 
of energy expenditure through reliance on low-threshold 
motor units, which are less fatigable [14, 46]. In the pre-
sent study, at the fastest velocities (240°/s and 300°/s), 
where NME was the lowest, isokinetic PT only reflected 
43%–53% of PT during the MVIC. Previous studies [8, 
14, 46] have demonstrated that, during isometric contrac-
tions (zero velocity), low-threshold motor units tend to 
contribute more to force production between 40% and 
50% of MVIC. Thus, perhaps due to the offloading of low-
threshold motor units during fast-velocity, lower intensity 
dynamic muscle actions [12, 26, 27], high-threshold motor 
units must disproportionately contribute to energy pro-
duction to maintain torque and power production at faster 
velocities with fewer motor units, leading to decreases in 
the efficiency of neuromuscular recruitment.

In conclusion, the main findings of this study demonstrated 
greater PT, MP,  NMEEMG, and  NMEMMG for adolescents than 
children regardless of velocity. In conjunction with the find-
ings of previous studies [24, 25, 31], the group-related dif-
ferences in NME, whether from EMG or MMG amplitude, 
provide evidence that changes in muscle strength and power 
during dynamic muscle actions from childhood to adolescence 
may be at least partially mediated by the underlying neuromus-
cular adaptations that occur during growth and development. 
Overall, regardless of velocity, the expression of PT relative 
to EMG and MMG amplitude  (NMEEMG and  NMEMMG, 
respectively), in conjunction with measurements of isokinetic 
torque and power production, may provide practitioners a 
unique method of examining growth and development-related 
augmentations in neuromuscular function. Therefore, further 
examination of muscle strength, power, and neuromuscular 
efficiency during dynamic muscle actions may provide a 
greater understanding of the underlying mechanisms leading 
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to increases in muscle strength and power across growth and 
development.
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