
Physiological Reports. 2020;8:e14598.     |  1 of 8
https://doi.org/10.14814/phy2.14598

wileyonlinelibrary.com/journal/phy2

1 |  INTRODUCTION

Neuromuscular electrical stimulation (NMES) has been used 
as an effective training or rehabilitation tool (Bochkezanian 

et al., 2018; Bremner et al., 2017; Maffiuletti, 2010; Nussbaum 
et al., 2017). Various parameters are related to NMES, such 
as the stimulus intensity, stimulus frequency, pulse width, 
duty cycle, duration, electrode location, and electrode size 
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Abstract
Purpose: The aims of the present study were: (a) to examine the effect of the stimu-
lus intensity on force-frequency and torque fluctuation–frequency relationships dur-
ing Neuromuscular electrical stimulation; and (b) to identify a novel parameter that 
can be used to evaluate muscle contractile properties. Methods: Electrically elicited 
joint torque involving the quadriceps femoris muscle was recorded during neuromus-
cular electrical stimulation at two different stimulus intensities in 19 healthy men. 
Stimulation frequencies were set at 5–40 Hz with a duration of 10 s. Evoked joint 
torque was compared among all stimulation frequencies between the two stimulus in-
tensities (68 and 113 V). The torque fluctuation at each stimulation frequency as the 
change in the contraction pattern was also compared between the intensities. Torque 
and torque fluctuation were normalized at each frequency by the largest torque or 
torque fluctuation, respectively. We extracted a novel parameter: the arrival point 
of tetanic contraction based on force-frequency and torque fluctuation-frequency 
curves. Results: There were significant differences in normalized torque at 5–25 and 
40 Hz and in normalized torque fluctuation at 15–30 and 40 Hz between the two 
stimulus intensities. Extracted parameters showed no significant difference between 
the intensities. Conclusion: The results suggest that force–frequency relationships 
during neuromuscular electrical stimulation are influenced by the intensity of stimu-
lation applied to the quadriceps femoris muscle. However, we consider that it is 
possible to simultaneously evaluate contractile properties using the novel parameter.
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(Glaviano & Saliba, 2016). Among them, the stimulus inten-
sity and stimulus frequency are directly related to the devel-
opment of evoked torque. It is well-known that physiological 
responses during NMES depend on the stimulus intensity. 
With a higher stimulus intensity, discomfort increases and fa-
tigue is induced faster (Binder-Macleod et al., 1995; Delitto 
et al., 1992).

The muscle contraction pattern changes from twitch 
contraction, to incomplete tetanus, and then complete tet-
anus with an increase in the stimulation frequency during 
NMES. The force–frequency curve shows this transition 
of the contraction pattern during NMES. Also, the torque 
fluctuation of the developed torque may slow down when 
the contraction pattern reaches the tetanic phase. The con-
tractile properties of skeletal muscle differ according to 
aging and fatigue (Allman & Rice, 2004; Roos et al., 1999). 
The force–frequency relationship, showing one aspect 
of the contractile properties, is a changeable characteris-
tic, and there are individual differences in the stimulation 
frequency causing tetanic contraction (Binder-Macleod 
et al., 1998). To clarify individual differences and associ-
ated factors, examination of the force–frequency relation-
ship using NMES should be adopted in a wide range of 
subjects (e.g., differences in age, sex, and level of disabil-
ity). The relationship between the evoked torque on NMES 
and stimulation frequency (force–frequency relationship) 
has been applied to evaluate muscle contractile properties. 
Fragala et  al.  (2015) described this basic contractile ele-
ment (as shown in the force–frequency relationship) as an 
indicator of muscle quality.

Muscle contractile properties can be evaluated based 
on the force–frequency relationship using NMES (Binder-
Macleod & McDermond, 1992; Kirk et al., 2018; Kirk & 
Rice, 2017). Some previous studies employed high stimulus 
intensities during NMES to evaluate the contractile prop-
erties of human skeletal muscles (Allman & Rice,  2004; 
Doucet et al., 2012; Soo et al., 1988). Meanwhile, Binder-
Macleod et  al.  (1995) reported that twitch contractile 
speeds did not differ among NMES intensities of 20% of 
maximal voluntary isometric contraction (MVC), 50% 
MVC, and 80% MVC. However, they also reported that 
the force–frequency relationship did not differ when torque 
was evoked at 20% MVC and 50% MVC at 20–70-Hz stim-
ulation frequencies, while 80% MVC elicited a slight left-
ward shift in response to both evoked contraction levels. 
In some previous studies, it was suggested that the motor 
unit recruitment order during NMES is nonselective, and 
recruited motor units are not related to the “size principle” 
(Binder-Macleod et  al.,  1995; Gregory & Bickel,  2005; 
Jubeau et  al.,  2007). In another study, NMES could re-
cruit both slow and fast muscle fibers regardless of the 
contraction level, resulting in increased muscle strength 
and muscle hypertrophy of both muscle fiber types at high 

and low intensities after 8-week NMES training (Natsume 
et al., 2018). If the motor unit recruitment order on NMES is 
completely randomized, the force-frequency curve should 
not vary depending on the stimulus intensity. As mentioned 
above, with a higher stimulus intensity, pain and discomfort 
are increased, and its use is limited to appropriately assess 
muscle contractile properties. By accurately evaluating fre-
quency properties in low-intensity NMES, we can obtain 
force–frequency relationship data on people who have been 
considered contraindicated for stimulation at a high inten-
sity (e.g., children, the advanced-age elderly, and patients 
with disabilities). The aims of the present study were: (a) 
to examine the effect of the stimulus intensity on force–
frequency and torque fluctuation–frequency relationships 
during NMES; and (b) to identify a novel parameter that 
can be used to evaluate muscle contractile properties.

We hypothesized that there is no significant difference be-
tween intensities regarding both force–frequency and torque 
fluctuation–frequency relationships, and that our novel index 
is more effective to investigate muscle contractile properties 
and suitable frequencies for each individual.

2 |  METHODS

2.1 | Subjects

Nineteen healthy men (age: 28.6  ±  8.2  years, height: 
171.5 ± 5.5 cm, weight: 65.1 ± 8.5 kg) volunteered for the 
study (35 legs). All subjects gave written informed consent 
for the study after receiving a detailed explanation of the 
purposes, potential benefits, and risks associated with partic-
ipation. All subjects were healthy with no history of any mus-
culoskeletal or neurological disorders. All study procedures 
were conducted in accordance with the Declaration of Helsinki 
and research code of ethics of Chukyo University, and were 
approved by the Committee for Human Experimentation of 
Chukyo University.

2.2 | Experimental protocol

The subjects were comfortably seated in a custom-made dy-
namometer (Takei Scientific Instruments Co., Ltd.) fixed 
to a force transducer (LU-100KSE; Kyowa Electronic 
Instruments). The hip joint was flexed to 90° from an ana-
tomical position, and testing was performed at a knee joint 
angle of 90°. Before NMES, subjects performed two MVCs 
at a knee joint angle of 90° with a ≥1-min rest between trials. 
The MVC consisted of force rising (1–2 s), sustained (≥2 s), 
and relaxation (≤1 s) phases. To calculate the MVC torque 
during isometric contractions, the torque signal was sampled 
over 1 s during the sustained torque phase.
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2.3 | Neuromuscular electrical stimulation

The quadriceps femoris muscle was stimulated with two self-
adhesive electrodes (6 × 30 cm) located on proximal and dis-
tal parts of the anterior thigh using a custom-made stimulator 
device (MTG Ltd.; Figure 1). One was attached on the distal 
part of the anterior thigh (proximal part of quadriceps ten-
don) and another one was attached on the proximal of the 
anterior thigh (near the greater trochanter). The electrode 
length could be adjusted depending on each subject's thigh 
so that it could appropriately cover the quadriceps femoris 
and be attached to the electric insulation sheet. The stimula-
tion frequencies were set at 5, 10, 15, 20, 25, 30, and 40 Hz 
and the order was randomized. These stimulations were per-
formed with ≥1-min rest intervals between them. Biphasic 
square current pulses with a 100-microsecond duration were 
applied. Electrical intensities of this device were 68 (low) 
and 113 (high) volts. The effective current at each frequency 
and intensity was as follows: low intensity: 2.20 mA at 5 Hz, 
3.10 mA at 10 Hz, 3.88 mA at 15 Hz, 4.46 mA at 20 Hz, 
4.98 mA at 25 Hz, 5.55 mA at 30 Hz, and 6.33 mA at 40 Hz; 
high intensity: 4.63 mA at 5 Hz, 6.10 mA at 10 Hz, 7.31 mA 
at 15 Hz, 8.11 mA at 20 Hz, 8.80 mA at 25 Hz, 9.39 mA 
at 30 Hz, and 10.04 mA at 40 Hz. Electrically elicited knee 
extension joint torque was calculated from the knee exten-
sion force measured by a dynamometer and each subject's 
leg length. Signals from the dynamometer were input into 
a computer running LabChart software at an analog-digital 
conversion rate of 2,000  Hz (PowerLab; ADInstrument). 

The stimulation duration was <10 s and the last 3  s of the 
evoked torque were selected for each frequency and aver-
aged for further analysis. We subsequently normalized the 
evoked torque at each frequency by the largest evoked torque 
(%peak torque). Furthermore, we extracted the frequency 
point of reaching tetanic contraction in two steps. First, this 
parameter was extracted from the force-frequency curve. 
Evoked torque rose with increasing stimulus frequency, and 
it reached a plateau after tetanic contraction. Therefore, we 
extracted the frequency of the change in the inclination of the 
curve to minimum incline from ascent by the force-frequency 
curve (FrT_TQ). Second, we differentiated evoked torque as 
torque fluctuation and normalized it at each frequency by the 
largest torque fluctuation. The torque fluctuation–frequency 
curve should decrease markedly and plateau with a change 
to tetanic contraction. Therefore, we extracted the frequency 
of the change in the inclination of the curve to minimum in-
cline from descent by the torque fluctuation–frequency curve 
(FrT_FL).

2.4 | Statistical analysis

The normality of all values was verified by the Shapiro–Wilk 
test. Evoked torque and fluctuation were compared between 
stimulus intensities (high and low) using two-way ANOVA 
with repeated measures, respectively. A further post-hoc test 
was used with a Bonferroni pairwise comparison to deter-
mine significant differences at each frequency. Similarly, the 

F I G U R E  1  Experimental settings for 
neuromuscular electrical stimulation and 
examples of elicited force (upper), as well as 
electrode size and locations (lower)
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peak-torque frequency and FrT at both intensities were also 
compared using two-way ANOVA and the post hoc test with 
Bonferroni correction. The level of significance was set at 
p < .05 for all analyses. Statistical analyses were performed 
using SPSS statistics software (version 25.0J; IBM).

3 |  RESULTS

3.1 | Frequency curve by NMES

Figure 2 shows force–frequency and torque fluctuation–fre-
quency curves for all subjects at both intensities. The upper 
two graphs in Figure 2 show force-frequency curves. At a 
low stimulus intensity, evoked torque increased progres-
sively with an increasing stimulation frequency until 40 Hz. 
On the other hand, at a high stimulus intensity, evoked torque 
increased to around a 20–30-Hz stimulation frequency; how-
ever, subsequently, it plateaued or decreased. Activation 
levels of maximal evoked torque were 18.0 ± 10.5% MVC 
with a low stimulus intensity and 42.0 ± 14.9% MVC with 
a high stimulus intensity. The lower two graphs in Figure 2 
show torque fluctuation–frequency curves. At both stimulus 

intensities, torque fluctuation decreased markedly at around 
20 Hz and decreased progressively or plateaued with an in-
creasing stimulation frequency until 40 Hz.

3.2 | Comparison by stimulus intensity

There was a significant difference between stimulus inten-
sities regarding the force–frequency relationship (p  <  .05; 
Figure 3). As the results of the post hoc test, %peak of the 
evoked torque with a high stimulus intensity was larger than 
that with a low stimulus intensity at 5, 10, 15, 20, 25, and 
40 Hz. There was also a significant difference between stim-
ulus intensities in the torque fluctuation–frequency relation-
ship (p < .05; Figure 3). Furthermore, based on the post hoc 
test, %peak of the torque fluctuation at a high stimulus inten-
sity was larger than that at a low stimulus intensity at 15, 20, 
25, 30, and 40 Hz.

Figure 4 shows the peak-torque frequency, FrT_TQ, and 
FrT_FL at both stimulus intensities. The peak-torque fre-
quency showed a significant difference between other param-
eters at both stimulus intensities (p < .05). For FrT_TQ and 
FrT_FL, there was no significant difference between stimulus 

F I G U R E  2  All individual data on the force–frequency (upper) and torque fluctuation–frequency (lower) relationships. Low intensity is on the 
left and high intensity is on the right. The bold black line shows the mean
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intensities (p > .05). However, there was a significant differ-
ence between FrT_TQ and FrT_FL at a low stimulus inten-
sity (p < .05).

4 |  DISCUSSION

The aims of the present study were: (a) to examine the ef-
fect of the stimulus intensity on force–frequency and torque 
fluctuation–frequency relationships during NMES; and (b) 
to identify a novel parameter to evaluate muscle contractile 
properties. The main findings were: (a) the stimulus inten-
sity affected both the force–frequency and torque fluctua-
tion–frequency relationships; (b) both relationships showed 
marked individual variation; (c) extracted FrT_TQ and 
FrT_FL showed no significant difference between stimulus 
intensities.

We demonstrated that the shapes of force–frequency 
curves at low and high stimulus intensities varied. During 
NMES, the recruitment pattern does not follow Henneman's 
size principle, whereby voluntary motor units are 

recruited progressively from smallest to largest (Henneman 
et al., 1965). The motor unit activation order during NMES is 
nonselective, and recruited motor units are not related to fiber 
types (Binder-Macleod et al., 1995; Gregory & Bickel, 2005; 
Jubeau et al., 2007). Gregory and Bickel (2005) reviewed the 
recruitment pattern during NMES, and reported that motor 
units are activated without clear arrangement. Binder-Macleod 
et al. (1995) determined the twitch and force–frequency re-
lationships at different force levels during transcutaneous 
electrical stimulation. As a result, twitch contractile speeds 
did not differ between evoked intensities equal to 20% MVC, 
50% MVC, and 80% MVC. They suggested that the relative 
proportions of fast and slow motor units at different stimulus 
intensities would be constant. The activation pattern of motor 
units would not have changed with the stimulus intensity be-
cause the recruitment order of motor units was randomized. 
However, in contrast to this theory, Sinacore et  al.  (1990) 
suggested that NMES selectively activated type II muscle fi-
bers. They showed that glycogen depletion in skeletal muscle 
was markedly greater in type II muscle fibers after NMES 
in the quadriceps femoris muscle. Furthermore, Greenhaff 
et al. (1993) reported that energy levels made available by the 
glycolysis system were two-times higher than in slow muscle 
fibers. The energy metabolism properties, unlike voluntary 
contraction by the selective recruitment of fast muscle fibers 
(type II), were suggested by electrical stimulation. We noted 
a difference cause by the stimulus intensity in the force-fre-
quency relationship. Although the main theory regarding the 
recruitment pattern by NMES states that it is nonselective 

F I G U R E  3  Comparison of force–frequency (upper) and torque 
fluctuation–frequency (lower) relationships between stimulus 
intensities. Values were normalized by the peak torque and peak torque 
fluctuation, respectively. The data are presented as the mean and 
standard deviation. *high versus low intensity, p < .05

F I G U R E  4  The peak-torque frequency, extracted frequency 
point of reaching tetanic contraction from the force–frequency curve, 
and that from the peak torque fluctuation–frequency curve at both 
intensities. The data are presented as the median and percentile. 
FrT_FL, extracted frequency point of reaching tetanic contraction from 
torque fluctuation–frequency curve; FrT_TQ, extracted frequency 
point of reaching tetanic contraction from force–frequency curve. 
*versus peak-torque frequency at low, †versus extracted frequency 
point of reaching tetanic contraction from the force–frequency curve at 
a low intensity, p < .05
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and random (Maffiuletti, 2010), the present results support 
Greenhaff et al.  (1993) and Sinacore et al.  (1990). In other 
words, the present study followed the results of Binder-
Macleod et al. (1995) and supported their suggestion regard-
ing our novel parameter.

Natsume et al. (2018) conducted a study on the effect of 
8-week NMES training with low and high intensities (both 
intensities were below 60% MVC). They showed the hy-
pertrophy of both muscle fiber types (types I and II) at both 
intensities, although a high intensity led to a higher rate of 
hypertrophy than a low intensity. Their study indicated that 
both slow and fast muscle fibers could be recruited even at 
a low intensity during NMES. It is considered that motor 
unit recruitment is not altered depending on the evoked force 
level. Their set-up intensities throughout the entire training 
period at high and low intensities were approximately 63% 
MVC and 33% MVC, respectively. In contrast, average con-
traction levels at high and low intensities were 42% MVC 
and 18% MVC, respectively, even at the frequency evoking 
peak torque in the present study. As they also mentioned in 
terms of the recruitment motor unit type, whether a training 
intensity less than 30% MVC can promote muscle hypertro-
phy remains unknown. In another study, Conwit et al. (1999) 
reported that the motor unit firing rate was increased appre-
ciably at an intensity above 30% MVC. Thus, there is a possi-
bility that the relationship between the evoked force level and 
motor unit recruitment threshold is an important factor, and 
the cut-off intensity might be 20%–30% MVC.

Muscle contractions induce Ia, Ib, and other afferent in-
puts to motor neurons due to alterations in lengths of muscle 
fibers, muscle spindles, ligaments, and other tissues (Dyhre-
Poulsen & Krogsgaard, 2000; Hultborn et al., 1987; Babault 
et al., 2003). These neural reflex circuits would be active 
even during electrically elicited isometric contractions that 
we employed in this study. Also, ascending afferent inputs 
to sensorimotor cortical areas by NMES have been reported, 
and this is supported by neural adaptations following chronic 
NMES (Collins et al., 2002; Dean et al., 2008; Hortobagyi & 
Maffiuletti, 2011). Moreover these effects would depend on 
parameters of NMES such as the pulse width or frequency 
(Collins,  2007; Martin et  al.,  2016). We therefore consid-
ered that differences in force-frequency and torque fluctu-
ation-frequency relationships and their different responses 
between low and high stimulation intensities could be partly 
caused by these neural factors, but it would be difficult to 
quantify their effects on our results.

Based on the present results, there is a possibility that 
the stimulatable regions of the quadriceps femoris muscle 
were dependent on the stimulus intensity. Binder-Macleod 
et al. (1995) did not identify differences in the force-frequency 
relationship between conditions equal to 20% MVC and 50% 
MVC, while only a slight shift to the left was observed at 80% 
MVC and a 20–70-Hz stimulus intensity. They reported that 

the stimulated field was made up of superficial muscle (e.g., 
rectus femoris) with low intensities and deep muscle (e.g., 
vastus intermedius) with high intensities. Adams et al. (1993) 
mapped the activation pattern after evoked isometric con-
tractions of the quadriceps femoris muscle during NMES 
using magnetic resonance images. They suggested that even 
at low force levels, deep muscle fibers could be recruited, 
even those next to the femur, such as the vastus intermedius. 
This finding provides evidence that the recruitment pattern 
during NMES is nonselective and random. They also stated 
that the reversal of the motor unit recruitment pattern can 
be explained by the linear relationship between the evoked 
torque and cross-sectional area of the quadriceps femoris 
muscle showing increased contractile activity after stimula-
tion. Therefore, the present results support Binder-Macleod's 
suggestion, whereby deeper muscle was stimulated at a high 
intensity and superficial muscle was stimulated at a low in-
tensity, and can be explained by Adam's results regarding the 
linear relationship.

Evoked torque is an important factor because the frequency 
is directly correlated with torque production (Glaviano & 
Saliba,  2016). The peak-torque frequency simply showed 
this change in torque production by increasing the stimulus 
frequency. As a result, the peak-torque frequency showed a 
significant difference between stimulus intensities. It was 
considered that this is caused by incomplete tetanic contrac-
tion with a low stimulus intensity. This was also shown by 
the results of the torque fluctuation-frequency relationship. 
The torque fluctuation at each frequency normalized by the 
largest torque fluctuation at a low stimulus intensity was sig-
nificantly larger than that at a high stimulus intensity. This 
meant that the torque fluctuation did not decline completely, 
and suggested that the contraction pattern did not reach the 
tetanic contraction phase with a low stimulus intensity. It was 
suggested that the non-tetanic contraction pattern was asso-
ciated with the result that evoked torque at 40  Hz was the 
highest, continuing to increase with a rise in the stimulation 
frequency, and variation of the peak-torque frequency was 
large at a low stimulus intensity.

The force-frequency curve was extracted using the 
change of evoked torque with an increasing stimulus fre-
quency. Moreover we considered that the change in torque 
fluctuation is also important as a factor showing the change 
in the contraction pattern. In other words, it was consid-
ered that the torque fluctuation continues to decrease until 
the contraction pattern shows complete tetanic contraction, 
and it plateaus after this point. Therefore, we calculated 
FrT_FL. Neither FrT_TQ nor FrT_FL showed a significant 
difference between stimulus intensities. The peak-torque 
frequency, which was influenced by the stimulus intensity, 
showed a significant difference from both FrT_TQ and 
FrT_FL at both low and high stimulus intensities. These 
results may be considered effective parameters at a glance 
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regardless of the stimulus intensity. However, there was a 
significant difference between FrT_TQ and FrT_FL at a 
low stimulus intensity. From this result, there is a possibil-
ity that FrT_FL is influenced by the stimulus intensity. As 
shown in Figures 2 and 4, there were individual variations 
in the peak-torque frequency for FrT_TQ and FrT_FL. 
The force-frequency curve exhibits changeable behavior 
(Binder-Macleod et  al.,  1998), the optimal frequency for 
training or rehabilitation is also changeable, and suitable 
frequencies for individuals are considered to be different. 
Glaviano and Saliba (2016) reported that the optimal fre-
quency for training is 30–50 Hz. They mentioned that this 
range of stimulus frequency can improve torque produc-
tion, minimize fatigue, and improve patient comfort levels. 
In this study, FrT_TQ showed similar results. Moreover 
FrT_FL was also applicable at a high intensity (42% MVC 
of maximum). We suggest that these parameters could be 
applied to appropriately extract the “optimal” frequency for 
individuals.

In conclusion, the present study provides a novel per-
spective to evaluate contractile properties based on NMES 
and demonstrated a difference in those parameters be-
tween high and low stimulus intensities. Our findings 
support the theory that NMES selectively activates Type 
II fibers, as mentioned by Binder-Macleod et  al.  (1995), 
in contrast to the theory that NMES induces nonselective 
motor unit recruitment without a sequential order (Gregory 
& Bickel,  2005). We suggest that the stimulus intensity 
should be considered on investigating the force–frequency 
relationship during NMES in the quadriceps femoris mus-
cle. However, we also suggest that we can simultaneously 
evaluate contractile properties using a novel parameter, 
FrT_TQ or FrT_FL. Moreover the torque fluctuation-fre-
quency relationship was indicated as an original parameter 
to discuss contractile properties. This novel parameter may 
lead to a new method to assess the torque fluctuation-fre-
quency relationship at the point of tetanic contraction and 
become an effective index to investigate the optimal stim-
ulation frequency.

ACKNOWLEDGMENTS
Funding from MTG Co., Ltd. (Nagoya, Japan) is gratefully 
acknowledged.

CONFLICT OF INTEREST
Author Shuhei Kawade was employed by the company MTG 
CO., Ltd. The remaining authors declare that the research 
was conducted in the absence of any commercial or financial 
relationships that could be construed as a potential conflict of 
interest. The authors declare that this study received funding 
from MTG Co., Ltd. The funder had the following involve-
ment with the study: They provided equipment used in this 
study but were not involved in data collection or analysis.

AUTHOR CONTRIBUTION
A.T. contributed to planning research, conducting experi-
ment, analyzing data, writing the manuscript. S.K. contrib-
uted to designing and helping experiment, discussing results, 
and editing and reviewing the manuscript. T.M. contributed 
to planning research, discussing results, and editing and re-
viewing the manuscript. K.W. contributed to planning re-
search, designing and helping experiment, discussing results, 
and writing and editing the manuscript.

ETHICAL APPROVAL
All procedures performed in studies involving human par-
ticipants were conducted in accordance with the ethical 
guidelines of Chukyo University (Committee for Human 
Experimentation of Chukyo University, 2017-002) and the 
1964 Helsinki declaration and its later amendments or com-
parable ethical standards.

DATA AVAILABILITY STATEMENT
The data that support these findings are available upon rea-
sonable request from the corresponding author.

ORCID
Aya Tomita   https://orcid.org/0000-0003-1731-8755 
Kohei Watanabe   https://orcid.org/0000-0002-8918-5181 

REFERENCES
Adams, G. R., Harris, R. T., Woodard, D., & Dudley, G. A. (1993). 

Mapping of electrical muscle stimulation using MRI. Journal of 
Applied Physiology, 1985(74), 532–537. https://doi.org/10.1152/
jappl.1993.74.2.532

Allman, B. L., & Rice, C. L. (2004). An age-related shift in the 
force-frequency relationship affects quadriceps fatigability in old 
adults. Journal of Applied Physiology, 96(3), 1026–1032. https://
doi.org/10.1152/jappl physi ol.00991.2003

Babault, N., Pousson, M., Michaut, A., & Van Hoecke, J. (2003). 
Effect of quadriceps femoris muscle length on neural activation 
during isometric and concentric contractions. Journal of Applied 
Physiology, 94, 983–990. https://doi.org/10.1152/jappl physi ol. 
00717. 2002

Binder-Macleod, S. A., Halden, E. E., & Jungles, K. A. (1995). Effects 
of stimulation intensity on the physiological responses of human 
motor units. Medicine & Science in Sports & Exercise, 27, 556–565. 
https://doi.org/10.1249/00005 768-19950 4000-00014

Binder-Macleod, S. A., Lee, S. C. K., Fritz, A. D., & Kucharski, L. J. 
(1998). New look at force-frequency relationship of human skeletal 
muscle: Effects of fatigue. Journal of Neurophysiology, 79, 1858–
1868. https://doi.org/10.1152/jn.1998.79.4.1858

Binder-Macleod, S. A., & McDermond, L. R. (1992). Changes in the 
force-frequency relationship of the human quadriceps femoris mus-
cle following electrically and voluntarily induced fatigue. Physical 
Therapy, 72, 95–104. https://doi.org/10.1093/ptj/72.2.95

Bochkezanian, V., Newton, R. U., Trajano, G. S., & Blazevich, A. J. 
(2018). Effects of neuromuscular electrical stimulation in people 
with spinal cord injury. Medicine & Science in Sports & Exercise, 
50, 1733–1739. https://doi.org/10.1249/MSS.00000 00000 001637

https://orcid.org/0000-0003-1731-8755
https://orcid.org/0000-0003-1731-8755
https://orcid.org/0000-0002-8918-5181
https://orcid.org/0000-0002-8918-5181
https://doi.org/10.1152/jappl.1993.74.2.532
https://doi.org/10.1152/jappl.1993.74.2.532
https://doi.org/10.1152/japplphysiol.00991.2003
https://doi.org/10.1152/japplphysiol.00991.2003
https://doi.org/10.1152/japplphysiol.00717.2002
https://doi.org/10.1152/japplphysiol.00717.2002
https://doi.org/10.1249/00005768-199504000-00014
https://doi.org/10.1152/jn.1998.79.4.1858
https://doi.org/10.1093/ptj/72.2.95
https://doi.org/10.1249/MSS.0000000000001637


8 of 8 |   TOMITA eT Al.

Bremner, C. B., Holcomb, W. R., Brown, C. D., & Perreault, M. E. 
(2017). The effectiveness of neuromuscular electrical stimulation in 
improving voluntary activation of the quadriceps: A critically ap-
praised topic. Journal of Sport Rehabilitation, 26, 316–323. https://
doi.org/10.1123/jsr.2015-0100

Collins, D. F. (2007). Central contributions to contractions evoked by 
tetanic neuromuscular electrical stimulation. Exercise and Sport 
Sciences Reviews, 35, 102–109. https://doi.org/10.1097/jes.0b013 
e3180 a0321b

Collins, D. F., Burke, D., & Gandevia, S. C. (2002). Sustained contrac-
tions produced by plateau-like behaviour in human motoneurones. 
The Journal of Physiology, 538, 289–301. https://doi.org/10.1113/
jphys iol.2001.012825

Conwit, R. A., Stashuk, D., Tracy, B., McHugh, M., Brown, W. F., & 
Metter, E. J. (1999). The relationship of motor unit size, firing rate 
and force. Clinical Neurophysiology, 110, 1270–1275. https://doi.
org/10.1016/S1388 -2457(99)00054 -1

Dean, J. C., Yates, L. M., & Collins, D. F. (2008). Turning off the cen-
tral contribution to contractions evoked by neuromuscular elec-
trical stimulation. Muscle and Nerve, 38, 978–986. https://doi.
org/10.1002/mus.21007

Delitto, A., Strube, M. J., Shulman, A. D., & Minor, S. D. (1992). A 
study of discomfort with electrical stimulation. Physical Therapy, 
72(6), 410–421. https://doi.org/10.1093/ptj/72.6.410

Doucet, B. M., Lam, A., & Griffin, L. (2012). Neuromuscular electri-
cal stimulation for skeletal muscle function. The Yale Journal of 
Biology and Medicine, 85, 201–215.

Dyhre-Poulsen, P., & Krogsgaard, M. R. (2000). Muscular reflexes 
elicited by electrical stimulation of the anterior cruciate ligament in 
humans. Journal of Applied Physiology, 89, 2191–2195. https://doi.
org/10.1152/jappl.2000.89.6.2191

Fragala, M. S., Kenny, A. M., & Kuchel, G. A. (2015). Muscle quality 
in aging: A multi-dimensional approach to muscle functioning with 
applications for treatment. Sports Medicine, 45, 641–658. https://
doi.org/10.1007/s4027 9-015-0305-z

Glaviano, N. R., & Saliba, S. (2016). Can the use of neuromuscular elec-
trical stimulation be improved to optimize quadriceps strengthen-
ing? Sports Health, 8, 79–85. https://doi.org/10.1177/19417 38115 
618174

Greenhaff, P. L., Soderlund, K., Ren, J. M., & Hultman, E. (1993). 
Energy metabolism in single human muscle fibres during inter-
mittent contraction with occluded circulation. The Journal of 
Physiology, 460, 443–453. https://doi.org/10.1113/jphys iol.1993.
sp019480

Gregory, C. M., & Bickel, C. S. (2005). Recruitment patterns in human 
skeletal muscle during electrical stimulation. Physical Therapy, 85, 
358–364. https://doi.org/10.1093/ptj/85.4.358

Henneman, E., Somjen, G., & Carpenter, D. O. (1965). Functional signifi-
cance of cell size in spinal motoneurons. Journal of Neurophysiology, 
28, 560–580. https://doi.org/10.1152/jn.1965.28.3.560

Hortobagyi, T., & Maffiuletti, N. A. (2011). Neural adaptations to 
electrical stimulation strength training. European Journal of 
Applied Physiology, 111, 2439–2449. https://doi.org/10.1007/s0042 
1-011-2012-2

Hultborn, H., Meunier, S., Morin, C., & Pierrot-Deseilligny, E. (1987). 
Assessing changes in presynaptic inhibition of I a fibres: A study in 
man and the cat. The Journal of Physiology, 389, 729–756. https://
doi.org/10.1113/jphys iol.1987.sp016680

Jubeau, M., Gondin, J., Martin, A., Sartorio, A., & Maffiuletti, N. 
A. (2007). Random motor unit activation by electrostimulation. 
International Journal of Sports Medicine, 28, 901–904. https://doi.
org/10.1055/s-2007-965075

Kirk, E. A., Gilmore, K. J., & Rice, C. L. (2018). Neuromuscular 
changes of the aged human hamstrings. Journal of Neurophysiology, 
120, 480–488.

Kirk, E. A., & Rice, C. L. (2017). Contractile function and motor unit 
firing rates of the human hamstrings. Journal of Neurophysiology, 
117, 243–250. https://doi.org/10.1152/jn.00620.2016

Maffiuletti, N. A. (2010). Physiological and methodological con-
siderations for the use of neuromuscular electrical stimulation. 
European Journal of Applied Physiology, 110, 223–234. https://doi.
org/10.1007/s0042 1-010-1502-y

Martin, A., Grospretre, S., Vilmen, C., Guye, M., Mattei, J. P., Le Fur, 
Y., Bendahan, D., & Gondin, J. (2016). The etiology of muscle fa-
tigue differs between two electrical stimulation protocols. Medicine 
& Science in Sports & Exercise, 48, 1474–1484. https://doi.
org/10.1249/MSS.00000 00000 000930

Natsume, T., Ozaki, H., Kakigi, R., Kobayashi, H., & Naito, H. (2018). 
Effects of training intensity in electromyostimulation on human 
skeletal muscle. European Journal of Applied Physiology, 118, 
1339–1347. https://doi.org/10.1007/s0042 1-018-3866-3

Nussbaum, E. L., Houghton, P., Anthony, J., Rennie, S., Shay, B. L., & 
Hoens, A. M. (2017). Neuromuscular electrical stimulation for treat-
ment of muscle impairment: Critical review and recommendations 
for clinical practice. Physiotherapy Canada, 69, 1–76. https://doi.
org/10.3138/ptc.2015-88

Roos, M. R., Rice, C. L., Connelly, D. M., & Vandervoort, A. A. (1999). 
Quadriceps muscle strength, contractile properties, and motor unit 
firing rates in young and old men. Muscle & Nerve, 22, 1094–1103. 
https://doi.org/10.1002/(SICI)1097-4598(19990 8)22:8<1094:AID-
MUS14 >3.0.CO;2-G

Sinacore, D. R., Delitto, A., King, D. S., & Rose, S. J. (1990). Type 
II fiber activation with electrical stimulation: A preliminary report. 
Physical Therapy, 70, 416–422. https://doi.org/10.1093/ptj/70.7.416

Soo, C. L., Currier, D. P., & Threlkeld, A. J. (1988). Augmenting volun-
tary torque of healthy muscle by optimization of electrical stimula-
tion. Physical Therapy, 68, 333–337.

How to cite this article: Tomita A, Kawade S, 
Moritani T, Watanabe K. Novel perspective on 
contractile properties and intensity-dependent 
verification of force–frequency relationship during 
neuromuscular electrical stimulation. Physiol 
Rep2020;8:e14598. https://doi.org/10.14814/ 
phy2.14598

https://doi.org/10.1123/jsr.2015-0100
https://doi.org/10.1123/jsr.2015-0100
https://doi.org/10.1097/jes.0b013e3180a0321b
https://doi.org/10.1097/jes.0b013e3180a0321b
https://doi.org/10.1113/jphysiol.2001.012825
https://doi.org/10.1113/jphysiol.2001.012825
https://doi.org/10.1016/S1388-2457(99)00054-1
https://doi.org/10.1016/S1388-2457(99)00054-1
https://doi.org/10.1002/mus.21007
https://doi.org/10.1002/mus.21007
https://doi.org/10.1093/ptj/72.6.410
https://doi.org/10.1152/jappl.2000.89.6.2191
https://doi.org/10.1152/jappl.2000.89.6.2191
https://doi.org/10.1007/s40279-015-0305-z
https://doi.org/10.1007/s40279-015-0305-z
https://doi.org/10.1177/1941738115618174
https://doi.org/10.1177/1941738115618174
https://doi.org/10.1113/jphysiol.1993.sp019480
https://doi.org/10.1113/jphysiol.1993.sp019480
https://doi.org/10.1093/ptj/85.4.358
https://doi.org/10.1152/jn.1965.28.3.560
https://doi.org/10.1007/s00421-011-2012-2
https://doi.org/10.1007/s00421-011-2012-2
https://doi.org/10.1113/jphysiol.1987.sp016680
https://doi.org/10.1113/jphysiol.1987.sp016680
https://doi.org/10.1055/s-2007-965075
https://doi.org/10.1055/s-2007-965075
https://doi.org/10.1152/jn.00620.2016
https://doi.org/10.1007/s00421-010-1502-y
https://doi.org/10.1007/s00421-010-1502-y
https://doi.org/10.1249/MSS.0000000000000930
https://doi.org/10.1249/MSS.0000000000000930
https://doi.org/10.1007/s00421-018-3866-3
https://doi.org/10.3138/ptc.2015-88
https://doi.org/10.3138/ptc.2015-88
https://doi.org/10.1002/(SICI)1097-4598(199908)22:8%3C1094:AID-MUS14%3E3.0.CO;2-G
https://doi.org/10.1002/(SICI)1097-4598(199908)22:8%3C1094:AID-MUS14%3E3.0.CO;2-G
https://doi.org/10.1093/ptj/70.7.416
https://doi.org/10.14814/phy2.14598
https://doi.org/10.14814/phy2.14598

