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Abstract
Purpose Previous research has indicated greater muscle activation is needed for children (CH) to match relative intensity 
submaximal contractions in comparison with adults (AD). However, no study has compared motor unit (MU) firing and 
recruitment patterns between children and adults. Therefore, MU action potential amplitudes  (MUAPAMP) and firing rates 
were examined during two repetitive submaximal contractions of the first dorsal interosseous in children and adults.
Methods Twenty-two children (age 9.0 ± 0.8 years) and 13 adults (age 22.9 ± 4.8 years) completed three maximum volun-
tary contractions (MVC) and two repetitive isometric contractions at 30% MVC for 40 s. Surface electromyography (EMG) 
was recorded and decomposed into action potential trains.  MUAPAMPS, recruitment thresholds (RTs), and mean firing rates 
(MFRs) were calculated, and EMG amplitude was normalized (N-EMG) to MVC. For each subject and repetition, linear 
MFR vs. RT and exponential  MUAPAMP vs. RT and MFR vs.  MUAPAMP relationships were calculated.
Results N-EMG (P = 0.001, CH = 56.5 ± 31.7%, AD = 30.3 ± 9.1%), MFRs regardless of RT, according to greater y-intercepts 
of the MFR vs. RT relationships [P = 0.013, CH = 31.1 ± 5.1 pulses per second (pps), AD = 25.9 ± 4.3 pps] and MFRs of 
MUs with smaller action potential amplitudes (P = 0.017, CH = 29.4 ± 6.8 pps, AD = 23.5 ± 3.5 pps), were greater for chil-
dren.  MUAPAMPS in relation with RT were similar between groups except the highest threshold MUs (RT = 28% MVC) were 
greater for the adults (1.02 ± 0.43 mV) than children (0.67 ± 0.24 mV) (P = 0.010).
Conclusions Muscle activation and MU firing rates were greater for children, which likely indicated a greater operating 
point of MU control in comparison with adults during an isometric contraction performed at a relative submaximal intensity.
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Abbreviations
AD  Adults
CH  Children
CSA  Cross-sectional area
EMG  Electromyography

FDI  First dorsal interosseous
MFR  Mean firing rate
MU  Motor unit
MUAPAMP  Motor unit action potential amplitude
MUAPDUR  Motor unit action potential duration
MVC  Maximum voluntary contraction
N-EMG  Normalized electromyographic amplitude
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P-EMG  Peak electromyographic amplitude
REP  Repetition
RT  Recruitment threshold
STA  Spike trigger average

Introduction

Our previous work (Miller et al. 2018) indicated children 
may have differing motor unit control strategies in compari-
son with adults for the first dorsal interosseous (FDI). Nor-
malized electromyographic (EMG) amplitude was greater 
for children, aged 8–10 years, than what we have previously 
reported for younger (23 ± 3 years) and older (62 ± 5 years) 
adults (Miller et al. 2017). Similar isometric muscle actions 
of the FDI were performed at 50% of maximum voluntary 
contraction (MVC), where Miller et al. (2018) observed rela-
tively higher normalized EMG amplitude (~ 86%) in children 
than Miller et al. (2017) reported in the younger (~ 60%) and 
older (~ 70%) adults. Normalized EMG amplitude serves as 
a crude indicator of excitatory drive necessary to achieve 
a relative percentage of MVC (Adam and De Luca 2005; 
Farina et al. 2010; Keenan et al. 2005; Miller et al. 2017), 
and it increases with the recruitment of larger motor units, 
and to a lesser extent, increases in firing rates (Keenan et al. 
2005; Martinez Valdes et al. 2018). Investigation of the sizes 
and firing rates of motor units may provide insight into the 
greater normalized EMG amplitude observed in children at 
the same relative %MVCs performed by adults.

Numerous studies have reported greater firing rates for 
the earlier recruited (lower threshold) than later recruited 
(higher threshold) MUs (De Luca et al. 1982; Kamen et al. 
1995; Masakado et al. 1995; Monster and Chan 1977; Person 
and Kudina 1972; Tanji and Kato 1973). Specifically, on a 
subject-by-subject and/or contraction-by-contraction basis 
the firing rates of the smaller lower threshold motor units 
achieve greater firing rates than the larger higher threshold 
motor units regardless of force and time (Adam and De Luca 
2005; De Luca et al. 1996; Farina et al. 2009; McGill et al. 
2005; Watanabe et al. 2016). Therefore, strong relationships 
exist between motor unit firing rates and recruitment thresh-
olds during voluntary contractions in young and older adults 
(Contessa et al. 2016; De Luca and Contessa 2011; Hu et al. 
2013b; Miller et al. 2018; Sterczala et al. 2017; Stock et al. 
2012). Miller et al. (2018) reported this same general motor 
unit scheme in young children.

Farina et al. (2009) and Contessa et al. (2016) have pro-
vided evidence that changes in motor unit recruitment occur 
during repetitive voluntary contractions, such as, changes in 
motor unit recruitment patterns were dependent upon pre-
vious activity. For example, Farina et al. (2009) reported 
slight increases and decreases in the recruitment thresholds 
of lower and higher threshold motor units during relatively 

non-fatiguing 10% MVCs of the abductor pollicis brevis. 
Contessa et al. (2016) observed continued recruitment of 
larger motor units of the vastus lateralis during repetitive 
fatiguing 30% MVCs. To date, no study has directly com-
pared motor unit firing and recruitment patterns between 
children and adults or potential changes in these parameters 
during repetitive contractions. It is plausible that greater 
muscle activation requirements to achieve the targeted force 
for the children may result in differing motor unit control 
strategies to achieve the targeted force during a subsequent 
contraction in comparison with adults.

Motor unit action potential amplitude has been correlated 
with the diameter of the motor unit’s muscle fibers (Hakans-
son 1956). Therefore, the size principle (Henneman 1957) 
is evident when motor unit action potential amplitude is 
regressed against recruitment threshold (Conwit et al. 1999; 
Goldberg and Derfler 1977; Hu et al. 2013b; Martinez Valdes 
et al. 2018; Masakado et al. 1994; Miller et al. 2018; Mil-
ner-Brown and Stein 1975; Pope et al. 2016; Sterczala et al. 
2017). Previously, the motor unit action potential amplitude 
vs. recruitment threshold relationship has been sensitive to 
changes in MU specific hypertrophy (Pope et al. 2016) and 
atrophy (Sterczala et al. 2017). Pope et al. (2016) reported 
increases in the rate of rise (slopes) of motor unit action 
potential amplitudes in relation with recruitment thresholds 
were strongly correlated with increases in the cross-sectional 
area of the vastus lateralis (muscle fiber hypertrophy) fol-
lowing 8 weeks of lower body resistance training. Whereas, 
Sterczala et al. (2017) reported the inverse for older adults 
in comparison with younger adults and suggested muscle 
fiber atrophy occurred for fibers comprising higher thresh-
old motor units of the FDI for older adults. Trevino et al. 
(2018) reported cross-sectional area of the vastus lateralis 
was strongly correlated with the slopes from the motor unit 
action potential amplitude vs. recruitment threshold relation-
ships of the vastus lateralis, which indicated the rate of rise 
in motor unit action potential amplitudes in relation with 
recruitment threshold was much greater for individuals with 
large muscle cross-sectional areas. Therefore, larger muscle 
cross-sectional areas of the FDI for adults could correspond 
with greater rate of rise of motor unit action potential ampli-
tudes in relation with recruitment threshold in comparison 
with the children.

The purpose of this study is to examine differences in 
motor unit control strategies (recruitment patterns and firing 
rates) during two 40 s moderate intensity repetitive contrac-
tions (30% MVC) of the FDI between children and adults. 
Motor unit control strategies will be analyzed via firing rates 
in relation with recruitment threshold and motor unit action 
potential amplitude as well as motor unit action potential 
amplitudes in relation with recruitment threshold along with 
normalized EMG amplitude at steady force. It is hypoth-
esized that greater normalized EMG amplitude in children 
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could be the result of increased motor unit recruitment 
and firing rates to achieve the targeted force. Motor unit 
action potential amplitudes will be smaller in children due 
to smaller muscle cross-sectional areas. In addition, greater 
muscle activation requirements to achieve the targeted force 
level during the 1st contraction could lead to differential 
responses in motor unit control strategies to sustain the 2nd 
contraction for children in comparison with adults.

Methods

Compliance with ethical standards

This study was approved by the University Institutional 
Review Boards for Human Subjects and was conducted 
according to the Declaration of Helsinki. Child participants 
provided verbal assent and guardians completed a written 
informed consent form on their child’s behalf. Adult par-
ticipants provided written informed consent. All subjects 
completed a Pre-exercise Testing Health & Exercise Status 
Questionnaire.

Subjects

Twenty-two healthy children (CH) between the ages of 8 and 
10 (12 males age 9.0 ± 0.7 years, stature 140 ± 8 cm, mass 
34.7 ± 7.1 kg; and 10 females age 8.9 ± 0.9 years, stature 
140 ± 8 cm, mass 33.0 ± 4.0 kg) and 13 adults (AD) (6 males 
age 21.0 ± 2.5 years, stature 180 ± 6 cm, mass 72.2 ± 5.1 kg; 
and 7 females age 24.6 ± 5.9 years, stature 165 ± 2 cm, 
mass 63.3 ± 6.6 kg) participated in this study. Participants 
reported no current or ongoing neuromuscular diseases or 
musculoskeletal injuries specific to the hand or wrist.

Research design

The participants visited the laboratory two times separated 
by at least 24 h. The first visit was a familiarization trial 
followed by an experimental trial. During the first visit the 
participants practiced the isometric MVC and submaximal 
isometric contractions several times. Ultrasonography scans 
of the FDI were completed during the familiarization trial to 
determine the muscle cross-sectional area (CSA) and sub-
cutaneous fat.

For the isometric muscle actions, the subject’s right fore-
arm was pronated and positioned on a table with the hand 
open. The forearm, wrist, and third to fifth fingers were 
immobilized with a Velcro strap. The thumb was restrained 
with a strap that held a 90° angle between the index finger 
and thumb during the isometric contractions. The muscle 
action of the FDI was isolated and measured by instructing 
the participants to abduct the index finger against a small flat 

piece of metal connected to the force transducer (MB-100; 
Interface, Inc., Scottsdale, AZ). Care was taken to instruct 
and to ensure the muscle action of the FDI was isolated 
during all contractions to minimize coactivation. Subjects 
performed three MVCs with 2 min of rest between each con-
traction. Strong verbal encouragement was given during the 
MVCs. The peak force from the three MVCs was used to 
determine the target force amplitude for two repeated sub-
maximal muscle actions at 30% MVC. For each submaximal 
isometric muscle action, force was increased at a rate of 10% 
MVC/s to the target force which was maintained for 40 s and 
decreased at a rate of 10% MVC/s back to baseline (Fig. 1). 
Each participant was given only 10 s of rest between the two 
contractions. During the isometric contractions participants 
maintained their force output as close as possible to the force 
template displayed digitally on a computer monitor.

EMG recording

During the muscle actions, surface EMG signals were 
recorded from the FDI using a 5-pin surface array sensor 
(Delsys, Inc., Natick, Massachusetts). The diameter of each 
pin is 0.5 mm that are placed at the corners of a 5 × 5-mm 
square, with the fifth pin in the center of the square. Before 
sensor placement, the surface of the skin was prepared by 
shaving, removing superficial dead skin with adhesive tape, 
and sterilizing with an alcohol swab. To remove the dead 
layers of skin, hypoallergenic tape (3M, St. Paul, Minne-
sota) was applied to the site, then peeled back to remove 
contaminants (Delsys, Inc., dEMG User Guide). The sensor 
was placed over the belly of the FDI muscle and secured by 
adhesive tape. The reference electrode was placed over the 
elbow of the right arm.

EMG decomposition

Action potentials were extracted into firing events of sin-
gle MUs from the four separate EMG signals, sampled 
at 20 kHz, via the precision decomposition III algorithm 
(version 1.1.0) as described by De Luca et al. (2006). The 
precision decomposition III algorithm provides four unique 
action potential waveforms for each EMG channel. Ini-
tially, the accuracy of the decomposed firing instances was 
tested with the reconstruct-and-test procedure (Nawab et al. 
2010). Only MUs decomposed with > 90% accuracies were 
included for analyses. In addition, a secondary spike trigger 
average (STA) procedure was included to validate the fir-
ing times and action potential waveforms generated via the 
precision decomposition III algorithm. The derived firing 
times from the precision decomposition III algorithm were 
used to STA the four raw EMG signals (Hu et al. 2013a, b, c; 
McManus et al. 2015). A MU was included for further analy-
ses if there were high correlations (r > 0.70) across the four 
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channels between the precision decomposition III algorithm 
(version 1.1.0) and STA derived action potential waveforms 
and the coefficient of variation of the STA derived peak-to-
peak amplitudes across time was < 0.30 (Hu et al. 2013b). 
For each MU, recruitment threshold (RT), MU action poten-
tial amplitude  (MUAPAMP), MU action potential duration 
 (MUAPDUR), and the mean firing rate (MFR) during the 
steady force plateau were reported. A 2000 ms hanning 
window was applied to the MU firing instances to create 
the MFR curves.  MUAPAMPS and  MUAPDURS were calcu-
lated for each MU according to previous methods (Hu et al. 
2013b; Miller et al. 2018; Pope et al. 2016; Sterczala et al. 
2017), as the average peak-to-peak amplitude values and 
time elapsed from peak-to-peak, respectively, from each of 
the four unique action potential waveform templates using a 
custom-written software program (LabVIEW 2015, National 

Instruments, Austin, TX, USA). For the 30% MVCs, a lin-
ear model was fitted to the MFR (Herda et al. 2015; Miller 
et al. 2017) and  MUAPDUR (Hu et al. 2013b; Milner-Brown 
and Stein 1975) vs. RT relationships for each subject with 
the y-intercepts and slopes used for statistical analysis. The 
following exponential models (Miller et al. 2018; Sterczala 
et al. 2018) were applied to the  MUAPAMP vs. RT and MFR 
vs.  MUAPAMP relationships, respectively:

where A is the theoretical  MUAPAMP for a MU recruited at 
0% MVC, e is the natural constant, B represents the growth 
coefficient of  MUAPAMP with increments in RT:

MUAPAMP = Ae
B(RT),

MFR = Ae
B(MUAPAMP),

Fig. 1  Illustration of the first (a) and second (b) repetitions of the 
30% maximal voluntary contractions (MVC). Thick black lines rep-
resent the subject’s force tracing. Thin grey lines represent motor 
unit (MU) mean firing rate [MFR (pulses per second)] curves and 
dashed grey lines are MUs which were not active for the entire steady 
force period. The dashed black lines are MFR curves of representa-

tive lower recruitment threshold (RT) and higher RT MUs which are 
further illustrated in the subsequent plots. The subject’s MFR vs. RT 
(c), MU action potential amplitude  (MUAPAMP) vs. RT (d), and MFR 
vs.  MUAPAMP (e) relationships plotted with lines of best fit. Action 
potential templates of the representative MUs from channels 1 (f) and 
2 (g) of the four channels recorded
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where A is the theoretical MFR of a  MUAPAMP of 0 mV, 
and B is the decay coefficient of MFR with increments in 
 MUAPAMP. Pearson product moment correlations were per-
formed to test for significance. Any relationships without an 
observed recruitment range of MUs > 12% MVC range were 
excluded from further analysis. MUs that were activated dur-
ing the steady force were not included in  MUAPAMP analysis 
as the RTs of MUs recruited during the steady force yields 
the same RT (i.e., 30% MVC). In addition, MUs that were 
not active during the entire steady force were not included in 
MFR analysis. These MUs not included for statistical analy-
sis are briefly described in the results and are illustrated in 
Fig. 1.

Ultrasound experimental protocol

Ultrasound images were taken of the right FDI according to 
previous methods (Miller et al. 2017; Sterczala et al. 2017) 
using a LOGIQe ultrasound-imaging device (GE Health-
care UK, Ltd., Chalfont, Buckinghamshire, UK). Subjects 
were examined while sitting at a table with the right hand 
lying open and pronated on top of foam pads which form an 
L-shape. The foam pads were used to elevate the hand from 
the table as well as provide a guide angle at 70° to standard-
ize the thumb in a relatively neutral position. For each scan 
ultrasound brightness mode (B-mode), the musculoskeletal 
preset, and a GE 12L-RS Linear Ultrasound Transducer 
(5–13 MHz), with a 42 × 7 mm footprint was used. The 
scan depth was set to 2 cm, gain was 38 dB and transducer 
frequency was 12 MHz. The origin and insertion of the FDI 
were located by longitudinally scanning the muscle. The ori-
gin and insertion were marked and used to determine the site 
of the CSA image. The midway point between the origin and 
insertion was measured and considered the site for the mid 
CSA. Once the mid CSA site was determined, a cross section 
of the muscle belly was scanned with the probe oriented per-
pendicular to the second metacarpal. The second metacarpal 
was used as a reference for the orientation of the probe as 
the FDI runs along its lateral side. Generous amounts of 
ultrasound gel were applied for each scan to ensure minimal 
pressure on the skin. Images were saved for each subject and 
exported as a jpg format image to a personal computer for 
subsequent analysis. Muscle CSA  (cm2), and subcutaneous 
fat (mm) were determined using the image analysis program 
ImageJ (National Institutes of Health, Bethesda, Maryland). 
The scale of each image was calibrated using the centimeter 
marks inlaid in the image. Subcutaneous fat was measured 
from the bottom of the cutaneous layer to the top of the 
superficial fascia of the muscle, using the mid-point of the 
cross section of the muscle as a reference point. The periph-
ery of the muscle was carefully outlined using the polygonal 
tool and the area was measured as CSA.

Signal processing

Channel 1 of the four bipolar EMG channels from the 5-pin 
surface array sensor was selected for amplitude analyses. 
The force (N) and the EMG (mV) signals from channel 1 
were recorded with a NI cDAQ (National Instruments, Aus-
tin, TX USA) during each isometric muscle action. Data was 
stored on a personal computer (Dell Optiplex 9010; Dell, 
Inc., Round Rock, TX) for subsequent analysis. EMG ampli-
tude was expressed as root mean square amplitude values 
calculated by custom-written software (LabVIEW v 15.0; 
National Instruments, Austin, TX). The sampling frequency 
for force and EMG signals was 2000 Hz for the MVCs and 
20,000 Hz for the submaximal contractions. The EMG sig-
nals were bandpass filtered (zero-phase fourth-order Butter-
worth filter) at 10–500 Hz, while the force signal was low-
pass filtered with a 10-Hz cutoff (zero-phase fourth-order 
Butterworth filter). All EMG calculations were performed 
on the filtered signals. MVC force and peak EMG (P-EMG) 
amplitude were recorded during the highest 0.25 s average 
of force (N) that occurred during the three MVCs. The EMG 
amplitude values from the 30% MVC were also normalized 
(N-EMG) as a percentage of the P-EMG for further analysis. 
For the 30% MVCs, MFR and N-EMG were analyzed over 
a 10 s epoch in the middle of the steady force segment for 
both repetitions 1 and 2.

Statistical analysis

Independent samples t tests were used to analyze possible 
differences between children and adults for MVC force, 
P-EMG, CSA, subcutaneous fat, and specific force (MVC/
CSA). Independent samples t tests were also performed 
between groups for repetition 1 for the slopes and y-inter-
cepts from the MFR and  MUAPDUR vs. RT relationships, the 
A and B terms from the MFR vs.  MUAPAMP and  MUAPAMP 
vs. RT relationships, and N-EMG to examine differences in 
MU recruitment and firing rate patterns. Nine separate two-
way mixed factorial ANOVAs [group (CH vs. AD) × repeti-
tion (1 vs. 2)] were used to analyze the absolute changes 
in slopes and y-intercepts from the MFR and  MUAPDUR 
vs. RT relationships, the A and B terms from the MFR vs. 
 MUAPAMP and  MUAPAMP vs. RT relationships, and N-EMG 
relative to repetition 1. To further test the hypothesis that 
 MUAPAMPS might be changing as a function of RTs from 
the first to second repetition (Contessa et al. 2016), predicted 
 MUAPAMPS during the second repetition were normalized 
to the predicted  MUAPAMPS for a given RT during the 1st 
repetition. Therefore, a two-way mixed factorial ANOVA 
[group (CH vs. AD) × RT (6% MVC vs. 9% MVC vs. 12% 
MVC…)] was performed on the absolute change scores from 
repetition 1 to repetition 2 for the predicted  MUAPAMPS in 
the average range of observed recruitment (6–27% MVC). 
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In addition, paired samples and independent samples t tests 
were performed as a follow-up to significant interactions 
where necessary. An α of 0.05 and Benjamini-Hochberg 
false discovery rate corrections (Benjamini and Hochberg 
1995) were used to determine statistical significance. Meas-
ures of effect size were calculated using Cohen’s d for t tests, 
and partial eta squared (η2

p) for ANOVAs. Statistical analy-
ses were performed using IBM SPSS Statistics v. 24 (SPSS 
Inc., Chicago, Illinois, USA).

Results

Eight muscle actions did not meet the RT range inclusionary 
criteria, leaving 18 children and 10 adults for MU analysis. 
All MFR vs. RT (r = − 0.762 to − 0.983) relationships were 
significant. For both, the  MUAPAMP vs. RT and MFR vs. 
 MUAPAMP, 57 of 58 relationships were significant (r = 0.580 
to 0.965 and − 0.702 to − 0.954, respectively), while the 
contractions that yielded non-significant relationships were 
excluded from further analysis (r = − 0.386 to − 0.439).

MUs that were recruited but did not remain active dur-
ing the entire steady force were observed for 10 of 19 chil-
dren and 4 of 10 adults. MUs were observed to be dere-
cruited before the steady force was ended (CH = 122 MUs, 
AD = 24 MUs) with fewer MUs that were both recruited and 
derecruited during the steady force (CH = 7 MUs, AD = 5 
MUs). The MFRs of these MUs were lower than the earlier 
recruited MUs and, thus, aligned with the onion-skin scheme 
(De Luca and Erim 1994) (Fig. 1).

The STA procedure resulted in the removal of 85 MUs, 
and therefore, a total of 1423 MUs were analyzed. For the 
children, 23.6 ± 7.0 MUs were observed per contraction for 
a total of 887 MUs. For the adults, 26.6 ± 4.4 MUs were 
observed per contraction for a total of 536 MUs. RT ranges 
were similar between groups as the recorded MUs, on aver-
age, had RTs from 6.6 ± 4.5 to 27.6 ± 2.9% MVC for the chil-
dren and from 6.2 ± 2.9 to 28.5 ± 2.1% MVC for the adults.

MUAPAMP vs. RT relationships

The independent samples t test indicated no differences 
in the A terms for repetition 1 between groups (P = 0.689, 
d = 0.168). For the changes in A terms relative to repeti-
tion 1, there were no significant interactions or main effects 
(P = 0.192‒0.241, η2

p = 0.055‒0.067). For the B terms, the 
independent samples t test indicated there were no differ-
ences between groups for repetition 1 (P = 0.190, d = 0.545). 
For the change in B terms relative to repetition 1, there were 
no significant interactions or main effects (P = 0.072‒0.214, 
η2

p = 0.061‒0.124) (Table 1).
For the absolute differences in  MUAPAMPS from rep-

etition 1 to repetition 2 for RTs from 6 to 27% MVC, 

there was a significant two-way interaction (group × RT, 
P < 0.001). Independent samples t tests indicated the 
change in  MUAPAMP from repetition 1 to repetition 2 at 
27% MVC was not significantly different between groups 
after false discovery rate correction, although the effect size 
was large (P = 0.034, d = 0.855, CH = − 0.11 ± 0.28 mV, 
AD = 0.19 ± 0.41  mV), which tentatively suggested a 
decrease in predicted  MUAPAMPS at 27% for children and 
an increase for adults (Fig. 2).

After further examination of Fig.  2, it appeared 
 MUAPAMPS of the highest threshold MUs (RT = 28% MVC) 
were greater for the adults (1.02 ± 0.43 mV) than children 
(0.67 ± 0.24 mV). An additional independent samples t test 

Table 1  Mean ± standard deviations for A and B terms from the motor 
unit action potential amplitude  (MUAPAMP) vs. recruitment threshold 
[RT (%maximum voluntary contraction)] relationships, motor unit 
action potential durations  (MUAPDUR), slopes and y-intercepts for 
mean firing rates [MFR (pulses per second)] vs. RT relationships, A 
and B terms for the MFR vs.  MUAPAMP relationships, and normal-
ized EMG (N-EMG) for repetitions 1 and 2 for children (CH) and 
adults (AD)

a Indicates significant difference for repetition 1

Repetition 1 Repetition 2

MUAPAMP vs. RT
 A terms (mV)
  CH 0.11 ± 0.06 0.14 ± 0.10
  AD 0.10 ± 0.05 0.10 ± 0.04

 B terms (mV/%MVC)
  CH 0.071 ± 0.023 0.057 ± 0.014
  AD 0.082 ± 0.020 0.085 ± 0.019

MUAPDUR (ms)
 CH 2.93 ± 0.63 3.13 ± 0.61
 AD 2.89 ± 0.41 3.11 ± 0.38

MFR vs. RT
 Slopes (pps/%MVC)
  CH − 0.80 ± 0.20 − 0.67 ± 0.18
  AD − 0.67 ± 0.13 − 0.67 ± 0.14

 y-intercept (pps)
  CH 31.1 ± 5.1a 28.5 ± 6.2
  AD 25.9 ± 4.3 25.8 ± 5.4

MFR vs.  MUAPAMP

 A terms (pps)
  CH 29.4 ± 6.8a 29.4 ± 5.7
  AD 23.5 ± 3.5 21.8 ± 3.0

 B terms (pps/mV)
  CH − 1.83 ± 1.02 − 1.96 ± 1.02
  AD − 1.29 ± 0.52 − 1.11 ± 0.53

N-EMG
 Percent of max
  CH 56.5 ± 31.7a 55.6 ± 27.6
  AD 30.3 ± 9.1 32.4 ± 11.5
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on the average estimated  MUAPAMPS with RTs of 28% MVC 
(averaged across repetition 1 and 2) confirmed these differ-
ences were significant (P = 0.01, d = 1.01).

MUAPDUR vs. RT relationships

Fifty-three of 58 relationships were not significant 
(r = 0.012‒0.407), but 4 relationships were positively corre-
lated (r = 0.423‒0.569) with 1 relationship being negatively 
correlated (r = − 0.390). Despite few significant relation-
ships, statistical tests were still performed on the y-intercepts 
and slopes. Independent samples t tests indicated there were 
no differences between groups for repetition 1 for the slopes 
(P = 0.890, d = 0.059) or y-intercepts (P = 0.736, d = 0.147). 
There were no significant interactions or main effects for the 
change in slopes (P = 0.401‒0.927, η2

p = 0.001‒0.027) or 
change in y-intercepts (P = 0.335‒0.694, η2

p = 0.006‒0.036). 
The  MUAPDURS were similar between children and adults 
and were not changing between repetition 1 and 2. The MUs 
were recorded from similar MU depths regardless of RT 
and did not change from repetition 1 to repetition 2, and 
therefore, the depth of MUs did not arbitrarily change the 
recorded  MUAPAMPS.

MFR vs. RT relationships

For the slopes, an independent samples t test indicated 
there were no differences between group for repetition 
1 (P = 0.075, d = 0.772). For the change in slope rela-
tive to repetition 1, there were no significant interactions 
or main effects for group or repetition (P = 0.106‒0.111, 
η2

p = 0.095‒0.097) and, thus, the slopes did not change 
between repetitions for either group. For the y-intercepts, 

an independent samples t test indicated children were greater 
than adults for repetition 1 (P = 0.013, d = 1.08). For the 
change in y-intercepts relative to repetition 1, there were no 
significant interactions or main effects for group or repetition 
(P = 0.121‒0.169, η2

p = 0.072‒0.090), which indicated the 
y-intercepts did not change for either group between repeti-
tions (Table 1; Fig. 3).

MFR vs.  MUAPAMP relationships

An independent samples t test indicated the A terms were 
significantly greater for children than adults for repetition 
1 (P = 0.017, d = 1.10). For the change in A terms rela-
tive to repetition 1, there were no significant interactions 
or main effects for group or repetition (P = 0.372‒0.375, 
η2

p = 0.032‒0.032), which indicated A terms did not change 
between repetitions for either group. For the B terms, an 
independent samples t test indicated no significant difference 
between groups for repetition 1 (P = 0.131, d = 0.672). For 
the change in B terms relative to repetition 1 there were no 
significant interactions or main effects for group or repeti-
tion (P = 0.129‒0.774, η2

p = 0.003‒0.090), which indicated 
B terms did not change between repetitions for either group 
(Table 1; Fig. 4).

Normalized EMG amplitude

An independent samples t test indicated that N-EMG for 
repetition 1 was significantly greater (P = 0.001, d = 1.12) 
for children than adults. For the change in N-EMG rela-
tive to repetition 1, there were no significant interactions 
or main effects (P = 0.358‒0.689, η2

p = 0.005‒0.026) and, 

Fig. 2  Average predicted motor unit action potential amplitude 
 [MUAPAMP (mV)] vs. recruitment threshold [RT (%MVC)] rela-
tionships for children (CH) and adults (AD) for repetition (REP) 
1 and REP 2. The inlaid column scatter plot illustrates the changes 
(mean ± SD represented by black bars) in  MUAPAMPS from REP 1 to 
REP 2 at RTs of 6 and 27% MVC. Asterisk indicates a significant dif-
ference between CH and AD

Fig. 3  Average predicted mean firing rate [MFR (pulses per second)] 
vs. recruitment threshold [RT (%MVC)] relationships for children 
(CH) and adults (AD) for repetition (REP) 1 and REP 2. The inlaid 
column scatter plot illustrates the changes (mean ± SD represented by 
black bars) in MFRs from REP 1 to REP 2 at RTs of 6 and 27% MVC
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thus, N-EMG did not change for either group between rep-
etitions (Table 1).

Ultrasonography and maximum voluntary 
contractions

Independent samples t tests indicated the adults possessed 
significantly greater MVC force (P = 0.002, d = 2.99, 
CH = 15.6 ± 3.5 N, AD = 23.1 ± 6.6 N), P-EMG (P < 0.001, 
d = 3.51, CH = 262 ± 134 mV, AD = 595 ± 260 mV), and 
CSA (Fig. 5) (P < 0.001, d = 9.06, CH = 1.12 ± 0.15 cm2, 

AD = 2.05 ± 0.39  cm2) than children, whereas the chil-
dren had greater subcutaneous fat (P = 0.007, d = 1.10, 
CH = 2.54 ± 0.94  mm, AD = 1.73 ± 0.46  mm) and spe-
cific force (P = 0.002, d = 1.09, CH = 14.0 ± 3.1 N/cm2, 
AD = 11.2 ± 1.8 N/cm2) than adults.

Discussion

For MU recruitment and firing rates in children and adults, 
there were four main findings: (1) greater muscle activation, 
as measured with N-EMG (Farina et al. 2010), was needed 
to maintain the target 30% MVC for children than adults; (2) 
the MFRs in relation with RTs for the children were greater 
than the adults; (3) the MFRs in relation with  MUAPAMPS 
indicated that the firing rates of only the smaller MUs were 
greater for the children; and (4) the  MUAPAMPS in relation 
with RT were similar between children and adults; how-
ever, the adults did have significantly larger action potential 
amplitudes of the last recruited MUs within the observed RT 
range (RTs of 28% MVC). Together, the greater N-EMG and 
MFRs with similar  MUAPAMPS vs. RT relationships suggests 
children had greater neural drive and a greater percentage of 
the MU pool activated to sustain the 30% MVC (Contessa 
and De Luca 2013; Farina et al. 2010).

Presented in Table  1, N-EMG regardless of repeti-
tion was greater for children (56.0 ± 29.7%) than adults 
(31.3 ± 10.3%) which is consistent with previous findings 
(Grosset et al. 2008; Lambertz et al. 2003). In addition, 
Farina et al. (2010) suggests firing rates can be considered a 
measure of neural drive, thus, in the present study the chil-
dren would have had greater neural drive as indicated by 
greater N-EMG and higher MFRs regardless of RT. The 
operating point of the motoneuron pool indicates that an 
increase in excitation will increase firing rates simultane-
ously with the recruitment of larger higher threshold MUs 
(Contessa and De Luca 2013; Contessa et al. 2016). There-
fore, children may have performed the contractions at an 
operating point that was closer to maximal excitation of the 
motoneuron pool [rightward shift (see Fig. 2 from Contessa 
and De Luca 2013)] in comparison with the adults, which 
may provide an explanation for the greater MFRs in children 
and similar  MUAPAMPS between groups.

Previously, Pope et al. (2016) reported that changes in 
 MUAPAMPS were correlated with changes in vastus lateralis 
CSA pre- to post-resistance training, whereas Sterczala et al. 
(2017) reported smaller contractile tissue and  MUAPAMPS 
for older than younger individuals of the FDI. More 
recently, Trevino et al. (2018) reported the slopes from the 
 MUAPAMPS vs. RT relationships accounted for sex-related 
differences in CSA and percentage of type II myosin heavy 
chain isoform expression for the vastus lateralis. Together 
these studies suggest the rate of increase in  MUAPAMPS is 

Fig. 4  Average predicted mean firing rate [MFR (pulses per sec-
ond)] vs. motor unit action potential amplitude  [MUAPAMP (mV)] 
relationships for children (CH) and adults (AD) for repetition (REP) 
1 and REP 2. The inlaid column scatter plot illustrates the changes 
(mean ± SD  represented by black bars) in MFRs from REP 1 to 
REP 2 for MUs with action potential amplitudes of 0.175, 0.70, and 
1.05 mV

Fig. 5  Ultrasound images of the first dorsal interosseous from a child 
(top), and an adult (bottom). The white outline indicates the cross-
sectional area (CSA) of the muscle
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sensitive to differences in muscle CSA. The similar rate of 
rise of the  MUAPAMPS in relation with RT between children 
and adults seem to contradict previous findings as the adults 
had significantly larger CSAs. However, considering the 
lower firing rates and N-EMG, the adults likely performed 
the 30% MVCs at a much lower operating point than chil-
dren. Therefore, the similar  MUAPAMP vs. RT relationships 
are a function of the adults not recruiting relatively larger 
MUs to achieve the targeted force in comparison with the 
children. Ultimately, it cannot be concluded that  MUAPAMPS 
are similar between children and adults, it is instead an indi-
cation that the level of MU recruitment needed to perform 
the submaximal contractions for the adults was less than for 
the children.

There are a few possible explanations for the greater exci-
tation or neural drive needed for the children to sustain the 
30% MVC. First, the validity of the MVC may justify the 
higher N-EMG values. Previous research has questioned 
children’s ability to reach a true maximal level of contraction 
(Dotan et al. 2012; Murphy et al. 2014; Ratel et al. 2006). 
However, this would lead to an arbitrary slight decrease 
in N-EMG for children due to the non-linear relationship 
between N-EMG and excitation (Keenan et al. 2005) which 
contradicts the greater N-EMG observed in children. In addi-
tion, specific force was greater for the children than adults 
providing further support that voluntary effort was high for 
children. Specific force has been reported to be greater for 
boys (~ 11 years old) than men in the lateral gastrocnemius 
(Morse et al. 2008), but similar between children (~ 9 years 
old) and adults for the quadriceps (O’Brien et al. 2010). 
Although a mechanism is unclear, it is likely that muscle and 
methodological differences account for the discrepancies 
among studies. Greater specific force for the children in the 
present study could be the result of greater synergist coac-
tivation during the MVC. Contessa et al. (2018) observed 
increased synergist coactivation as a strategy to maintain 
force during fatigue caused by repetitive 50% MVCs of the 
FDI. Great care was taken to minimize synergist coactivation 
during the isometric muscle actions of the FDI; however, it 
was not measured in the present study. Nonetheless, N-EMG 
and specific force provide evidence that the MVC was likely 
not arbitrarily lower for children. Therefore, children failing 
to produce a true MVC is not a cofounding factor.

A potential explanation for the higher operating point for 
children is differential coactivation of antagonist muscles 
between children and adults. For the FDI, the antagonist 
muscle (second palmar interosseous) has been reported to 
be activated in abduction of the index finger (Burnett et al. 
2000; Contessa et al. 2018; De Luca et al. 1996). Burnett 
et al. (2000) reported minimal second palmer interosse-
ous coactivation in young adults, but significantly greater 
coactivation in older subjects. For children, Grosset et al. 
(2008) observed greater activation of the triceps surae and 

coactivation of the antagonist, tibialis anterior, in children 
than adults during a 25% MVC of the plantar flexors. This 
increased antagonist coactivation was observed alongside 
decreased neuromuscular efficiency, which was the ratio of 
torque to agonist EMG amplitude, during both maximal and 
submaximal contractions in children. Therefore, it could be 
speculated that the greater operating point for the FDI in 
children could at least be partially due to greater antago-
nist coactivation during submaximal contractions causing 
decreased neuromuscular efficiency (Grosset et al. 2008; 
Lambertz et al. 2003). Unfortunately, activation of the sec-
ond palmer interosseous could not be feasibly measured in 
the children as invasive intramuscular electrodes are required 
for EMG analysis of muscles that are not superficial.

Future studies should examine the effects of coactiva-
tion during plantar flexion contractions on the operating 
point of motor unit control in children vs. adults. Use of 
the plantar flexors is advantageous in that coactivation of 
the primary antagonist, the tibialis anterior, has been shown 
to be increased for children and can be measured noninva-
sively (Grosset et al. 2008; Lambertz et al. 2003). The effects 
of motor learning through repeated practice of the muscle 
action or through resistance training should be examined as 
potential modalities for counteracting the increased coacti-
vation in children. In addition, potential differences between 
children and adults in motor cortex and/or motor neuron 
excitability, which are known to affect MU activity (McNeil 
et al. 2013), warrant further investigation.

Different MU recruitment strategies were used to com-
plete the repetitive contractions between children and adults 
as indicated by the  MUAPAMP analyses. For children, an 
unexpected finding was that the recruited higher threshold 
MUs were slightly smaller for repetition 2 in comparison 
with repetition 1. Although not significant, a large effect 
size (d = 0.855) indicated action potential amplitudes of 
MUs recruited at 27% MVC may have been larger during 
repetition 1 than 2. This suggests some of the largest high-
est threshold MUs active during repetition 1 were recruited 
at later forces or not recruited at all during repetition 2. In 
contrast, the adults relied on recruitment of larger MUs to 
complete repetition 2 (Figs. 2, 6).

Recruitment of larger MUs to complete subsequent con-
tractions has been previously observed in the vastus lateralis 
of adults during repetitive 30% MVCs to exhaustion (Con-
tessa et al. 2016). In the current study, the increase in MU 
recruitment for repetition 2 for the adults was observed in 
the absence of significant increases in MFRs from repetition 
1 to 2. The first repetitive contraction was held for 40 s and 
likely resulted in decreased twitch forces of the active MUs. 
Therefore, additional recruitment of larger higher threshold 
MUs was necessary to reach and sustain the targeted force 
during repetition 2 for the adults. Although these contrac-
tions were not performed until task failure (fatigue), the MU 
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recruitment patterns for adults in response to repetitive con-
tractions align with the results and conclusions provided by 
Contessa et al. (2016).

For the children, an alternate explanation is needed for the 
smaller MUs observed at higher recruitment thresholds for 
repetition 2 than 1. It is reported children potentiate to the 
same extent as adults (Paasuke et al. 2000). Potentiation is 
the increase in twitch force of a MU as a result of recent or 
previous activity (Hodgson et al. 2005). In theory, potentia-
tion of twitch forces would decrease the number of required 
MUs to complete repetition 2. However, this phenomenon 
did not occur for the adults and, therefore, probably did not 
occur for the children. In addition, the lack of changes in 
N-EMG and firing rates between repetitions would contrast 
what would be expected if potentiation occurred based on 
previous research (Adam and De Luca 2005; Contessa et al. 
2016; De Luca et al. 1996; Dorfman et al. 1990).

Another possible explanation is that the amount of coac-
tivation of the antagonist and synergist muscles may have 
changed from repetition 1 to 2 for the children. If a decrease in 
coactivation of the antagonist and/or increase in coactivation 
of the synergist muscles occurred the operating point of the 
FDI would shift to the left during repetition 2 and result in a 
decrease in the recruitment of large MUs and the firing rates of 
the active MUs. There were significantly smaller  MUAPAMPS 
of the higher threshold MUs at the same relative RTs (> 25% 
MVC) during repetition 2 suggesting that the operating point 
did shift slightly to the left. This potential effect, however, was 
not large as indicated by similar N-EMG and firing rates dur-
ing repetition 1 and 2. Further research is necessary to confirm, 

and to understand mechanisms responsible for, decreased MU 
recruitment in children during a subsequent contraction.

While not statistically significant, the changes in the slopes 
and y-intercepts of the MFR vs. RT relationships for the chil-
dren might be interpreted as slight decreases in firing rates of 
the lower threshold with increases in firing rates for the higher 
threshold MUs from repetition 1 to 2. However, these minor 
changes are a result of altered recruitment patterns rather 
than changes in the firing rates of the recorded MUs. The 
examination of MFRs as a function of  MUAPAMP (i.e., serves 
as a constant) is method to account for the well documented 
decreases in recruitment thresholds that occur with fatigue 
(Adam and De Luca 2005; Contessa et al. 2016; de Ruiter 
et al. 2005; McManus et al. 2015) providing a clearer under-
standing of firing rate changes between repetitions. However, 
motor unit action potential shapes have been shown to change 
with fatigue, such as decreasing  MUAPAMP and increasing 
 MUAPDUR when MUs are tracked across multiple fatigu-
ing contractions (Klein et al. 2006; Sandercock et al. 1985). 
For the current study there was no change in  MUAPDUR 
between repetitions 1 and 2, thus it is unlikely the shape of 
action potentials changed significantly between repetitions, 
indicating the action potential amplitudes of single MUs 
were constant between repetitions. The MFR vs.  MUAPAMP 
relationships were unaltered which indicates firing rates did 
not change from repetitions 1 to 2 (Fig. 4). Contessa et al. 
(2016) speculated that increases in firing rates for a MU would 
occur simultaneously with increased MU recruitment during 
repetitive submaximal contractions performed to fatigue. The 
current protocol was not performed until fatigue which is a 
likely explanation for no significant increases in firing rates 

Fig. 6  Illustration of the 
changes in recruitment thresh-
old [RT (%MVC)] from repeti-
tion 1 to repetition 2 for motor 
units (MU) with similar action 
potential amplitudes  [MUAPAMP 
(mV)]. Black lines are force 
tracings from the ramp-up phase 
for a child for repetition 1 (a) 
and repetition 2 (b) and for an 
adult for repetition 1 (c) and 
repetition 2 (d). Grey circles 
represent the moment during 
the ramp-up when a MU was 
recruited. Mean firing rates 
[MFR (pulses per second)] are 
also presented for each MU
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for a given MU. Nevertheless, changes in recruitment patterns 
were observed from repetition 1 to 2 without any significant 
changes in firing rates.

Conclusions

Children performed the 30% MVCs at a higher operating 
point in comparison with adults as supported by the greater 
N-EMG and MFRs. Consequently, since children had greater 
overall recruitment, the  MUAPAMPS were more similar than 
expected between children and adults; however, adults did 
have larger MUs recruited at 28% MVC. Although antago-
nist coactivation was not measured in the current study, pre-
vious research suggests it could be a factor that explains the 
greater operating point of motor control of the FDI for the 
children. In addition, adults recruited larger MUs, but chil-
dren relied on smaller MUs to complete the second repeti-
tion which suggests differences in MU recruitment patterns 
from repetition 1 to repetition 2 between adults and children. 
Future research is needed to confirm the role of antagonist 
coactivation for the higher operating point observed in 
children and the role of modulating synergist and antago-
nist activation during repetitive contractions that may have 
caused the differential recruitment response to the second 
repetition in children.
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