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Abstract

Age- and sex-related alterations in the control of multiple muscles during contractions are not well understood. The purpose
of the present study was to examine the age and sex differences in force steadiness and intermuscular coherence (IMC), and
thereby to clarify the functional role of IMC during plantar flexion. Twenty-six young (YNG, 23-34 years), thirty middle-
aged (MID, 35-64 years) and twenty-four older adults (OLD, 65-82 years) performed submaximal isometric contractions
of plantar flexion, while electromyography was recorded from the soleus (SOL), gastrocnemius lateralis/medialis (GL/GM)
and tibialis anterior (TA) muscles. Coefficient of variation (CV) of torque and IMC in the alpha, beta and gamma bands
was calculated. We found that OLD demonstrated significantly higher torque CV than YNG and MID, and males demon-
strated significantly higher torque CV than females (both p <0.05). The IMC in the gamma band (five out of the six pairs)
was significantly higher in YNG than MID and/or OLD (p <0.05), while the gamma band IMC between GL and SOL was
significantly higher in females. However, age or sex differences were not detected in the alpha or beta band. Moreover, the
gamma band IMC between SOL and TA had a weak (r= —0.229) but significant (p < 0.05) negative correlation with torque
CV. These results suggest that force steadiness differs with age and sex, and that the higher gamma band IMC may contribute
to more stable force control during plantar flexion.
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Introduction

Maintaining healthy skeletal muscles is critical for func-
tional activities of daily living. It is well recognized that
skeletal muscle mass and strength change dramatically as
we get older (Goodpaster et al. 2006; Mitchell et al. 2012).
Also, aging has been shown to influence the ability of an
individual to sustain a target force level stably (Galgan-
ski et al. 1993). This ability is termed “force steadiness”
and can be quantified as the coefficient of variation (CV)
of muscle force or joint torque during submaximal isomet-
ric contraction. Many previous studies have confirmed that
force steadiness declines with age, in various muscle groups
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under low- and high-intensity contractions (Oomen and van
Dieén 2017). The decline in force steadiness aggravates pos-
tural stability in older adults (Kouzaki and Shinohara 2010;
Hirono et al. 2020). In fact, older adults who had a history of
falling have shown less steady contractions in the quadriceps
femoris muscles than those without a falls history (Carville
et al. 2007).

Along with age, sex is also an important determinant of
force steadiness. Although there are few studies focusing
on sex difference in force steadiness, some previous studies
have found that males are steadier than females (Brown et al.
2010; Vanden Noven et al. 2014).

However, the understanding of the age and sex differences
in force steadiness is limited. For example, as most previ-
ous studies have only compared force steadiness of young
(typically less than 30 years old) and older (aged 65 years or
older) adults, it is not clear at what age the change in force
steadiness begins. In addition, it remains unknown whether
the age-related change in force steadiness differs between
males and females.
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According to previous research, a potential neurophysi-
ological determinant of force steadiness is the variability
in common synaptic input from the motor cortex to motor
neurons (Feeney et al. 2018). In fact, CV of force during
isometric contraction was strongly correlated with the vari-
ance in the common modulation of the motor unit discharge
rate in the abductor digiti minimi and the tibialis anterior
because these muscles produce a large fraction of net joint
torque (Negro et al. 2009; Castronovo et al. 2018). How-
ever, the association of force steadiness with the variability
in common synaptic input is expected to be different when
multiple muscles are coordinated in joint torque produc-
tion. For example, ankle plantar flexion is a movement that
involves multiple muscles, including antagonist muscles
such as the tibialis anterior (Kouzaki and Shinohara 2010).
Each of these muscles receives a relatively low proportion
of shared synaptic input (Hug et al. 2021), resulting in weak
correlations between the steadiness of ankle joint torque and
common modulation of motor unit discharge rate in each
muscle (Davis et al. 2020). It is therefore speculated that not
only the common synaptic input into each muscle but the
coordinated activities of lower leg muscles are important to
stabilize the ankle joint torque.

One potential method to assess the coordination of multi-
ple muscles is coherence analysis. Coherence represents the
magnitude of association between two biological signals in a
frequency domain (Halliday et al. 1995). There are two types
of typical coherence associated with skeletal muscle. One is
cortico-muscular coherence (CMC), which is the coherence
between electroencephalography (EEG) or magnetoencepha-
lography in the cortical motor cortex and electromyography
(EMG) in the muscles. The other one is the intermuscular
coherence (IMC), which shows the correlation between two
EMG signals. While CMC represents a functional associa-
tion between the motor cortex and a single skeletal muscle
(Liu et al. 2019), IMC has been considered to represent a
common synaptic input to a motor neuron pool in multiple
skeletal muscles (Dideriksen et al. 2018). In fact, previous
studies have demonstrated that IMC represents the shared
neural drive and the pattern of coordination between mus-
cles (Laine and Valero-Cuevas 2017; Watanabe et al. 2018).
Therefore, IMC of lower leg muscles will provide valuable
insights into force steadiness of the plantar flexion.

While IMC analysis is a promising means to elucidate
neural mechanisms of force steadiness, it is unclear whether
age and sex may influence IMC because of inconsistent find-
ings and limited investigations. For example, some studies
found that IMC decreased with age (Walker et al. 2019),
while others reported that IMC remained unchanged (Jaiser
et al. 2016). Moreover, sex difference in IMC and its relation
to age have yet to be explored. Investigating the influence of
age and sex on IMC is critical to understanding the role of
these factors in force steadiness.
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The purpose of the present study was to examine the age
and sex differences in force steadiness and IMC during plan-
tar flexion torque-matching tasks, and further to determine
if there is an association between force steadiness and IMC.
For this purpose, we recorded EMGs of the soleus (SOL),
gastrocnemius medialis (GM), gastrocnemius lateralis (GL)
and tibialis anterior (TA) muscles to calculate IMC between
them. We did not examine the activities of deep plantar flex-
ors, considering the spectral properties are substantially dif-
ferent between surface and fine-wire EMGs. Nevertheless,
the activation of deep plantar flexors varies between indi-
viduals, but the mechanical contribution to plantar flexion
torque can be assumed to be small compared to that of the
triceps surae muscles (Finni et al. 2006).

Methods
Participants

Eighty adults (36 males and 44 females, determined by
self-report) participated in this study. Inclusion criteria
were apparently healthy males and females aged 20 years or
older and able to carry out the activities of daily living inde-
pendently. Exclusion criteria were a self-reported history
of heart attack, stroke, uncontrolled hypertension (systolic
blood pressure of more than 200 mmHg and/or diastolic
blood pressure of more than 110 mmHg), complicated type
2 diabetes, acute or chronic liver disease, limited range of
motion in the lower extremities due to musculoskeletal pain,
and/or osteoporosis with compression fractures. Prior to the
measurement, all participants signed a written, informed
consent. This study was approved by the Ethics Committee
for Human Experiments, the University of Tokyo.

Participants were divided into the following three groups,
according to their age: YNG (age range: 23-34 years,
n=26), MID (age range: 35-64 years, n=30) and OLD
(age range: 65-82 years, n =24). The age stratification was
performed so that each age group contained 20 or more par-
ticipants, on the basis of previous studies on the age dif-
ferences in force steadiness (Kouzaki and Shinohara 2010;
Davis et al. 2020) and intermuscular coherence (Jaiser et al.
2016; Walker et al. 2019). Participants’ characteristics are
shown in Table 1.

Experimental protocol

Participants were seated on a chair, with their right knee
extended and their ankle firmly strapped on a custom-
designed ankle dynamometer at 90° (Fig. 1A). After a warm-
up session, participants performed two trials of maximum
voluntary isometric contraction (MVC) of plantar flexors
for 6 s. If the difference in the averaged torque, calculated
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Table 1 Participants’ characteristics

YNG MID OLD

Male (n=12) Female (n=14) Male (n=11) Female (n=19) Male (n=13) Female (n=11)
Age (years) 27.6+4.0 28.4+4.5 532+10.3 53.7+7.5 71.3+4.7 704+3.4
Height (cm) 176.0 +6.3%>¢ 160.0+5.4 168.6+3.2%¢ 156.7+4.3 163.9+4.3* 155.0+4.7
Body mass (kg) 74.3+10.4%¢ 51.7+4.4 66.5+9.0°* 51.8+4.2 62.9+7.9% 53.5+5.5
MVC (NAm) 208 +20%0¢ 132+ 14%¢ 173 £35% 109 +23 145£17% 108 +21
MVC/Body mass  2.84+0.39¢ 2.56+0.325¢ 2.61+0.40 2.13+0.47 2.32+0.23* 2.02+0.26

(NAm/kg)

Data are mean + standard deviation. Multiple comparisons (paired ¢ test with false discovery rate procedure; see Statistics) were performed to
compare mean values between sexes in the same age group or between ages in the same sex. MVC: Maximum voluntary contraction torque of

plantar flexion

YNG young adults, MID middle-aged adults, OLD older adults
2p<0.05 vs. female in the same age group

59 <0.05 vs. MID of the same sex

‘p<0.05 vs. OLD of the same sex

A

Oscilloscope screen

B

Anterior view Posterior view

Fig. 1 Experimental setup (A) and placement of electrodes for surface electromyography (B). SOL soleus, GM gastrocnemius medialis, GL gas-

trocnemius lateralis, TA tibialis anterior

over 3 s in the middle of contraction, between the two trials,
was > 5%, another trial was performed. The highest torque
in the two or three trials was defined as MVC.

Participants then performed a submaximal isometric
plantar flexion at a constant torque level. The contrac-
tion intensity was targeted at 10-90% of MVC in 10%
increments, where participants performed one trial for
each intensity. The contraction intensities were set widely
because the large difference in the absolute joint torque
(i.e., expressed in N m) across participants with different
age and sex may influence force steadiness and muscle
activities. To avoid the effect of preceding high-intensity

contractions, which can cause a post-activation potentia-
tion or fatigue, on the following low-intensity contraction
tasks, the torque level was arranged in an ascending order
(Sasaki et al. 2012).

The target torque level and participants’ real-time
torque production were displayed as a horizontal line on
an oscilloscope screen. Participants tried to match the two
lines as closely as possible for 6 s, which was considered
close to the maximum time to correctly perform the task at
high intensities. A rest of at least 1 min was given between
each contraction.
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Recordings w
_ Plant 50 N*m
The plantar flexion torque was measured by a load cell Clantar
flexion torque 1 sec

(LMB-A, Kyowa electronic instruments, Japan) firmly
attached to the edge of a rotor of the dynamometer. The
output signal from the load cell was calibrated by apply-
ing a constant torque to the rotor using a self-made lever-
weight system. The signal was amplified with a strain ampli-
fier (6M84, NEC San-ei, Japan) and sampled at 4000 Hz by
an A/D converter (PowerLab/16SP, ADInstruments, New
Zealand).

Surface electromyography (EMG) was recorded during
the isometric contraction task using bipolar Ag/AgCl elec-
trodes (F-150 M, Nihon Kohden, Japan) with an inter-elec-
trode distance of 25 mm. Participants’ skin was shaved and
cleaned with alcohol before placing electrodes. The elec-
trodes were positioned on SOL, GM, GL and TA of the right
leg (Fig. 1B). With regard to the electrode location, we fol-
lowed the SENIAM recommendations (Hermens et al. 2000)
except for SOL, in which the electrodes were placed on the
lateral part as opposed to the medial part recommended by
SENIAM. This is because the SOL electrodes placed medi-
ally tend to suffer from cross-talk (Bogey et al. 2000). EMG
signals were amplified (gain 500-1000; 5-1000 Hz) with an
amplifier (AB-610 J, Nihon Kohden) and sampled concur-
rently with the torque signal.

Data analysis

Force steadiness was analyzed for 5.120 s (the window
length suitable for the calculation of IMC) in the middle of
isometric contraction (Fig. 2). If the plateau phase of ankle
joint torque in the middle of contraction was shorter than
5.120 s, the data were reduced to a 4.608 s or 4.096 s. Before
the analysis, the recorded torque signals were digitally low-
pass filtered (cut-off 50 Hz) and de-trended by fitting a 2nd-
order polynomial to the torque—time curve (Spencer et al.
2020). CV of the joint torque, which is a reciprocal measure
of force steadiness (i.e., higher CV represents lower steadi-
ness), was calculated using the following equation:

standard deviation (Torqueresidual )

mean(Torque)

IMC between two EMG signals was calculated for the
same time period as used for the calculation of torque CV.
EMG signals were de-trended and full-wave rectified prior
to analyses because full-wave rectification of EMG is known
to provide the temporal pattern of grouped firing of motor
units (Halliday et al. 1995).
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Fig.2 Raw torque and full-wave rectified EMG traces during a sub-
maximal isometric voluntary contraction (at 50% MVC). The sig-
nals between the two dashed lines were used for the calculation of
the coefficient of variation of the torque and intermuscular coherence.
SOL: soleus, GM: gastrocnemius medialis, GL: gastrocnemius later-
alis, TA: tibialis anterior

IMC was calculated using 2048-point (512-ms) fast Fou-
rier transforms with 50% overlap, which gave the frequency
resolution of 1.95 Hz. Coherence of two EMG signals was
defined as the absolute square of cross-spectrum normalized
by the two auto-spectra (Grosse et al. 2002):

oD

CA) =
* J1.1(Df52(4)

where f | and f, , denote the auto-spectrum of each signal,
and f| , denotes the cross-spectrum. Coherence ranges from
0 to 1, where higher value indicates that the two signals are
highly correlated. IMC was calculated between all six pairs
of four muscles (SOL, GM, GL and TA).

Statistical analysis

A three-way analysis of variance (ANOVA) was used to test
main effects and interactions of age (between-participants
factor), sex (between-participants factor) and contraction
intensity (within-participants factor) on torque CV. An
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unequal variance 7 test and a paired ¢ test were used as post
hoc multiple comparison tests for the main effects of age and
contraction intensity, respectively. If the interaction between
age and sex was significant, the unequal variance t test was
performed to determine the age differences in the same sex
and the sex difference within the same age categories. The
significance level for the multiple comparisons was adjusted
according to the false discovery rate procedure. This proce-
dure is a method of controlling the false discovery rate (the
expected fraction of null hypotheses rejected mistakenly)
instead of the familywise error rate (for details, see Curran-
Everett 2000).

Coherence is considered to be significant if it exceeds a
confidence limit S (Rosenberg et al. 1989):

S=1-a'/tD

where a = 0.05 and L denotes the number of sections used
for the calculation of coherence. The confidence limit was
adjusted to account for overlaps of the segments (Gallet
and Julien 2011). The percentage of IMC that exceeded
the confidence limit was calculated for each frequency and
compared among six groups with different age and sex
combinations.

Prior to statistical analysis of IMC, z-transformation
was applied to the raw coherence values (Semmler et al.
2004). IMC z scores were then averaged in the alpha
band (5-15 Hz), beta band (15-30 Hz) and gamma band
(30-60 Hz). A range of frequency in each band was deter-
mined based on the neural origins suggested in previous
studies (Grosse et al. 2002; Weersink et al. 2021) and the
percentage of significant coherence (see below) observed
(Hansen et al. 2002). Recent studies have indicated that
alpha band IMC has subcortical origins including the reticu-
lospinal pathway (Grosse and Brown 2003; Weersink et al.
2021), while both beta and gamma band IMCs originate
from motor cortex oscillations (Grosse et al. 2002; Kenville
et al. 2020). In each band, a three-way ANOVA and post hoc
multiple comparison tests (the same procedure as used for
the analysis of torque CV) were used to test the effect of age,
sex and contraction intensity on IMC.

To test the association between force steadiness and the
magnitude of muscle coordination, both torque CV and IMC
z score were averaged across nine contraction intensities and
analyzed with correlation analysis. In all statistical analyses,
p <0.05 was considered significant.

Results
Force steadiness

The three-way ANOVA on torque CV revealed a significant

40
3.0
2.0

1.0

CV of torque (%)

0.0
10 20 30 40 50 60 70 80 90
Intensity (%MVC)

CV of torque (%)
N
o

1.0

0.0

MID OLD

40 r *k

3.0 r

20

CV of torque (%)

1.0

0.0

Males Females

Fig. 3 Changes in coefficient of variation (CV) of torque with con-
traction intensity (A), age (B), and sex (C). Torque CV was averaged
for all participants at each contraction intensity (A). Torque CV was
averaged over nine contraction intensities and compared between
age groups (B) and sexes (C). Data are mean and standard deviation.
YNG young adults, MID middle-aged adults, OLD older adults. @
p<0.05 vs. 10%MVC, ® p<0.05 vs. 20%MVC, * p<0.05 between
groups
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main effect of contraction intensity (F(8,592)=6.73,
p <0.001), a significant main effect of age (F(2,74)=11.67,
p <0.001) and a significant main effect of sex
(F(1,74)=8.68, p=0.004). No interaction was found among
these factors. Torque CV was the highest at 10% MVC, grad-
ually decreased as the contraction intensity increased, and
remained almost constant from 40 to 90% MVC (Fig. 3A).
Although the difference was small, torque CVs at 10 and
20% MVC were significantly higher than those at 40-90%
MVC except 80% MVC. As no interaction was detected
between age, sex and contraction intensity, the individual
average of torque CV over nine contraction intensities was
calculated for further analysis to examine the age and sex
differences. The averaged torque CV was significantly
higher (»p =0.015) in MID (1.88 +£0.32%) than in YNG
(1.67 +0.30%), and significantly higher (p =0.013) in OLD
(2.25+0.64%) than in MID (Fig. 3B). Males (2.09 +0.56%)
demonstrated significantly higher (p =0.007) torque CV than
females (1.78 +£0.38%, Fig. 3C).

A
40 ¢

<YNG --MID

-&-OLD

30 r

Percentage
N
o

10 ¢
0 1 1 1 J
0 15 30 45 60
Frequency (Hz)
B
<+YNG --MID -2-OLD
40

Percentage
N
o

10 r

0 15 30 45 60
Frequency (Hz)

Fig.4 Percentages of intermuscular coherence (IMC) exceeding the
confidence limit in three age groups of males (A) and females (B).
IMC was calculated at each frequency and analyzed separately in the
alpha (5-15 Hz), beta (15-30 Hz) and gamma (30-60 Hz) bands. The
percentage was calculated in each group using all IMC data, with six
pairs of EMGs and nine contraction intensities
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Intermuscular coherence

The percentage of IMC above the confidence limit was
calculated for the three age groups of males (Fig. 4A) and
females (Fig. 4B). A relatively high percentage of signifi-
cant IMC was observed around 10 Hz and 35 Hz compared
to other frequencies, regardless of age, sex, and the pair of
EMGs analyzed. The effects of age, sex and contraction
intensity on IMC were determined in each frequency band
using the three-way ANOVA, the results of which are sum-
marized in Table 2.

Alpha band

The interactions between contraction intensity and age/sex
were not significant in any muscle pair. The main effect of
intensity was significant only in GL-TA pair. The interac-
tion between age and sex was significant in GM—-GL pair,
whereas the main effect of age was significant in GL-TA
pair. However, a post hoc multiple comparison test failed to
detect a significant difference between the groups. No main
effect of sex was found in any muscle pair.

Beta band

The three-way interaction of age, sex and contraction inten-
sity was only significant in SOL-GM pair. However, no sig-
nificant interaction between contraction intensity and age/
sex was found in any muscle pair. The main effect of inten-
sity was significant in SOL-GL, GM-GL and GL-TA pairs.
The interaction of age and sex was significant in SOL-GL,
SOL-TA and GM-GL pairs, but a post hoc multiple com-
parison test failed to detect a significant difference between
the groups. No main effect of age or sex was found in any
muscle pair.

Gamma band

The interaction between contraction intensity and sex was
significant in GM-TA pair, but no significant interaction
between contraction intensity and age/sex was found in
any other muscle pair. The main effect of intensity was sig-
nificant in all muscle pairs. Post hoc multiple comparison
tests revealed that the gamma band IMC (averaged for all
muscle pairs) was almost constant from 10 to 60% MVC,
but slightly increased as the contraction intensity increased
further where the gamma band IMC of 70 to 90% MVC was
significantly higher than that of 10 to 60% MVC (Fig. 5A).
The significant interaction between age and sex was found
in SOL-TA pair, where young females showed higher IMC
than did middle-aged and older females (both p <0.001).
The significant main effect of age was detected in all the
six pairs, where YNG demonstrated significantly higher
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Table 2 Results of ANOVA on IMC of each band
Alpha band SOL-GM SOL-GL SOL-TA GM-GL GM-TA GL-TA

F p F p F p F p F p F p
Age 0.497 0.611 0.867 0.425 2.598 0.081 0.037 0.963 0.881 0.419 3.516 0.035
Sex 0.070 0.792 0.157 0.693 0.259 0.612 0.129 0.721 2.045 0.157 0.244 0.623
Intensity 1.268 0.258 1.647 0.109 1.351 0.215 1.240 0.273 1.807 0.073 2.139 0.031
Age X sex 2.228 0.115 2.906 0.061 3.037 0.054 4.503 0.014 0.749 0.476 2.765 0.069
Age X intensity 0.654 0.839 1.130 0.323 0.903 0.565 0.456 0.966 0.863 0.613 0.598 0.886
Sex X intensity 0.329 0.955 1.220 0.285 0.376 0.933 0.810 0.594 1.717 0.091 0.736 0.660
Age X sex X intensity 1.112 0.340 1.362 0.155 1.187 0.274 1.072 0.379 1.133 0.320 0.956 0.504
Beta band SOL-GM SOL-GL SOL-TA GM-GL GM-TA GL-TA

F J4 F P F p F P F b4 F p
Age 0.313 0.732 1.706 0.189 1.910 0.155 0.474 0.624 1.902 0.157 3.033 0.054
Sex 0.915 0.342 1.731 0.192 0.511 0.477 0.026 0.872 1.002 0.320 0.022 0.881
Intensity 1.174 0.312 3.295 0.001 1.637 0.111 2.536 0.010 1.015 0.423 2.461 0.013
Age X sex 1.743 0.182 3.739 0.028 4.406 0.016 3.962 0.023 0.387 0.681 2.894 0.062
Age X intensity 0.535 0.929 0.672 0.823 0.686 0.809 0.620 0.869 0.958 0.502 1.575 0.070
Sex X intensity 1.089 0.369 1.144 0.332 1.102 0.360 1.064 0.387 0.547 0.821 1.446 0.174
Age X sex X intensity 1.790 0.029 1.168 0.289 1.013 0.440 0.776 0.714 0.777 0.713 0.460 0.965
Gamma band SOL-GM SOL-GL SOL-TA GM-GL GM-TA GL-TA

F b4 F I4 F I4 F P F b4 F P
Age 3.237 0.045 5.533 0.006 8.902 0.000 3.719 0.029 5.486 0.006 7.842 0.001
Sex 2.088 0.153 7.284 0.009 1.367 0.246 1.646 0.204 0.173 0.679 0.501 0.481
Intensity 9.169 0.000 18.356 0.000 9.556 0.000 11.038 0.000 6.002 0.000 1.985 0.046
Age X sex 0.728 0.486 2.981 0.057 4.032 0.022 2475 0.091 0.216 0.806 2.672 0.076
Age X intensity 1.340 0.167 1.164 0.293 1.558 0.075 0.687 0.808 1.186 0.274 1.334 0.170
Sex X intensity 1.308 0.236 1.040 0.404 1.824 0.070 1.019 0.420 2.494 0.011 1.436 0.178
Age X sex X intensity 0.795 0.692 1.410 0.131 0.835 0.645 0.999 0.456 0.782 0.707 1.102 0.349

Bold figures indicate p <0.05

SOL soleus, GM gastrocnemius medialis, GL gastrocnemius lateralis, 7A tibialis anterior

IMC than did MID and/or OLD except for SOL-GM pair
(p<0.05, Fig. 5B). The significant main effect of sex was
demonstrated only in SOL-GL pair, where females demon-
strated significantly higher IMC than males.

As described above, the significant age and sex differ-
ences in IMC were detected only in the gamma band, except
that the main effect of age was significant in the alpha band
IMC of GL-TA pair. Thus, we examined associations of the
gamma band IMC z scores with torque CV. We found that
the gamma band IMC of SOL-TA pair was significantly
correlated with torque CV (r=—0.229, p=0.041, Fig. 6)
and that of GL-TA pair tended to be correlated with CV
(r=-0.210, p=0.062). No such correlation was found in
the alpha or beta band IMC.

Discussion

The purpose of the present study was to examine the age
and sex differences in force steadiness (represented by CV
of ankle joint torque) and IMC during isometric plantar flex-
ions with various contraction intensities. We found that older
participants showed significantly higher torque CV than did
the other groups, while young adults showed significantly
higher gamma band IMC. As to the sex difference, males
showed significantly higher torque CV but lower gamma
band IMC than females. There was a weak but significant
negative correlation between the torque CV and the gamma
band IMC of SOL-TA pair.

Force steadiness

In the present study, the age difference in force steadiness
was studied by comparing CV of plantar flexion torque
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Fig.5 Differences in intermuscular coherence (IMC) z scores in the
gamma band across nine submaximal contraction intensities (A) and
three age groups (B). The IMC z score was averaged over six pairs
of EMGs in each participant and compared between nine contraction
intensities (A). The IMC z score was averaged over nine contraction
intensities in each participant and compared among the three age
groups in each pair of EMGs (B). Data are mean and standard devia-
tion. YNG young adults, MID middle-aged adults, OLD older adults,
SOL soleus, GM gastrocnemius medialis, GL gastrocnemius lateralis,
TA tibialis anterior. * p<0.05 vs. 70% MVC, b vs. 80% MVC, and ©
vs. 90% MVC. * p <0.05 between age groups

across three age groups. We categorized the individuals
aged 35-64 years as a single age group (MID) so that the
number of participants was comparable to those of young
(YNG) and old (OLD) counterparts, ensuring statistical
power to detect a significant age difference. The torque CV
was significantly higher in OLD than YNG, which agrees
well with previous studies (e.g.,Tracy 2007; Kouzaki
and Shinohara 2010). MID had a torque CV significantly
higher than YNG but significantly lower than OLD. To
our knowledge, this is the first study to detect the differ-
ence in force steadiness between young (28.0 + 4.2 years)
and middle-aged adults (53.5 + 8.4 years). These findings
suggest that the age-related decline in the ability to control
plantar flexion torque does not start at the later life, but
rather at the middle age.

@ Springer

maximal plantar flexion were significantly larger in males
than in females. Moreover, there was no significant interac-
tion between age and sex, suggesting that the decline in force
steadiness with age is similar between males and females.

The difference in absolute muscle strength is likely to be
a factor for sex difference in force steadiness. In fact, there
was a significant negative correlation between elbow flexors
MVC and the magnitude of torque CV (Brown et al. 2010).
We found, however, that females showed weaker strength
but greater force steadiness than males and that torque CV
was not significantly correlated with MVC or MVC per body
weight. These results imply no direct link between the sex
differences in absolute strength and force steadiness. Like-
wise, other proposed mechanisms underlying the sex dif-
ference (e.g., the difference in muscle fiber and motor unit
types) are suitable for greater steadiness in males but not in
females. Thus, we cannot provide a clear explanation of why
females were steadier than males, although the sex differ-
ence in IMC may play a role, as discussed later.

A recent meta-analysis suggests that the magnitude of sex
difference in force steadiness differs among muscles (Jakobi
et al. 2018). Generally, force steadiness is greater in males
than in females, but the difference tends to be small in the
lower limb (e.g., knee extensors and dorsiflexors) compared
to upper limb (e.g., elbow flexors and wrist extensors) mus-
cles. Moreover, a previous study on knee extensors (Clark
et al. 2005) demonstrated that males showed significantly
higher torque CV than females. Therefore, our results may
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provide a support for the idea that the sex difference in force
steadiness is dependent on the muscles, although further
study is needed to elucidate the physiological mechanisms
of this muscle specificity.

In relation to the contraction intensity, torque CV was the
highest at 10% MVC and decreased with increasing contrac-
tion intensity, resulting in a nearly constant value at more
than 40% MVC. These results are in good agreement with
those previously reported (Taylor et al. 2003; Moritz et al.
2005). Despite the intensity dependence of torque CV, we
combined the data from different contraction intensities to
test the age and sex differences. This was not only because
the influence of contraction intensity on torque CV was
small, but also because no influence of contraction intensity
was observed on the age or sex difference in force steadiness.

Intermuscular coherence

Since IMC reflects shared neural input from the motor neu-
ron pool into each muscle, it might have some associations
with the steadiness of joint torque production where multiple
muscles are involved. In the present study, we investigated
the age and sex differences in IMC of lower leg muscles in
three major frequency bands. As a result, IMC exceeded the
significance level at a relatively high rate in the alpha and
gamma bands compared to the beta band. The main effect of
age was significant in the gamma band IMC of all the muscle
pairs studied, where YNG showed higher values than MID
and/or OLD except for SOL-GM pair. In contrast, such an
age difference was not found in the alpha or beta band, with
the exception of the significant main effect of age in the
alpha band IMC of GL-TA pair. Although the neural origin
of IMC in each band is not completely understood, recent
studies have indicated that alpha band IMC has subcortical
origins, while both beta and gamma band IMCs originate
from motor cortex oscillations (Grosse et al. 2002; Kenville
et al. 2020). Considering that the gamma band IMC was
significantly different with age, but the alpha band IMC
was not, the cortico-muscular connection may change more
severely with aging than the subcortical afferent function.

With regard to the sex difference, the gamma band IMC
between SOL and GL was significantly higher in females
than in males, but no such difference was observed in the
alpha or beta band. Because there have been very few studies
examining the sex difference in IMC, we could not specify
why females showed higher IMC only in the gamma band.
Nevertheless, this result suggests that the cortical control of
plantar flexion is more enhanced in females than in males. In
fact, a previous study (Lissek et al. 2007) found that females
showed significantly higher activation in the cortical area
than males during motor tasks.

These age and sex differences are generally consistent
with those in force steadiness. We found that YNG and

females showed lower torque CV but higher gamma band
IMC than did OLD and males, respectively. These relation-
ships raise the possibility that the gamma band IMC is asso-
ciated with the ability of an individual to coordinate multiple
muscles around a joint and to stably control the net joint
torque. In fact, the contribution of beta and gamma oscil-
lations to force control has been reported recently in both
simulation (Watanabe and Kohn 2015) and experimental
models (Castronovo et al. 2018). In the present study, we
found a weak but significant negative correlation between
CV of plantar flexion torque and the gamma band IMC of
SOL-TA pair and a similar trend was detected in the gamma
band IMC of GL-TA pair. As both SOL-TA and GL-TA
pairs are agonist—antagonist muscle relationships, the loss
of cooperative activities between agonist and antagonist
muscles may be responsible for the decline in force steadi-
ness. These findings are in agreement with the fact that co-
contractions of TA and gastrocnemius muscles stabilize the
ankle joint during standing (Vette et al. 2017).

Taken together, the decline in the gamma band IMC
observed in OLD suggests the age-related deterioration
in the cortical ability to control multiple muscles. As the
gamma band IMC was significantly different between YNG
and MID for five of the six muscle pairs, the degradation
in the coordinated activities of synergistic and antagonistic
muscles may start around middle age. Furthermore, the pre-
sent study provides a support for the notion that the sex dif-
ference in the cortical control of multiple muscles, reflected
by the gamma band IMC, is one of the determinants of the
sex difference in force steadiness.

Limitations and future directions

There are several limitations to be mentioned. First, the time
period (typically 5.120 s) used for calculating force steadi-
ness and IMC was relatively short compared with those in
previous studies. We chose this duration for the direct com-
parison of force steadiness and IMC among different con-
traction intensities (up to near maximal effort) while mini-
mizing the fatigue. As a result, the magnitude of torque CV
in this study (approximately 2%) is in good agreement with
the findings in previous studies examining 5- to 40-s isomet-
ric contractions (Tracy 2007; Kouzaki and Shinohara 2010;
Kallio et al. 2012). For IMC analysis, such a short duration
would lead to a relatively high confidence limit, with which
the percentage of significant coherence will decrease. Never-
theless, we could find significant coherence in a wide range
of frequencies, the percentage of which is comparable with
those reported in previous studies (Walker et al. 2020).
Second, IMC between adjacent muscles has the potential
risk of cross-talk, which cannot be eliminated completely
with available methods (Farina et al. 2014). The EMG-EMG
cross-talk can result in high levels of coherence across a
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wide range of frequencies (Farmer et al. 2007). However, we
did not find such unnaturally high IMC even in older adults
who tended to have a thinner leg (due to muscle atrophy) and
have a higher potential risk of cross-talk. It is thus reason-
able to assume that the influence of cross-talk was minimal
in this study.

Third, our results suggest that the force steadiness and
the gamma band IMC decrease in middle-aged compared
to young individuals, but the age range of MID was rela-
tively wide (35-64 years) with its mean (53.5 years) trend-
ing toward the older range. Future research should use a
narrower age range to identify a more specific estimate for
the age at which these changes occur.

Finally, although we detected negative correlations
between the gamma band IMC and the torque CV, it
remains uncertain how the gamma band IMC is related to
force steadiness. As surface EMG is just a summation of
motor unit action potentials within the recording volume
of the electrode, it is difficult to analyze the activity of
individual motor units and its relation to the common neu-
ral drive. To overcome this limitation, some studies have
used high-density multichannel surface EMG, which is a
powerful tool for determining motor unit discharge timings
(e.g., Hug et al. 2021). In the present study, coordinated
activities of agonist and antagonist muscles were related to
the steadiness of ankle joint torque. Further studies com-
bining IMC analysis including antagonist muscles and the
coherence analysis of motor unit spike trains within each
muscle might improve our understanding in the neuro-
physiological determinants of force steadiness.

Conclusion

We aimed to investigate the age and sex differences in
force steadiness of plantar flexion and intermuscular
coherence of lower leg muscles. Consequently, older
adults and males showed significantly larger torque fluc-
tuations and lower IMC in the gamma band, compared to
young adults and females, respectively. We found a sig-
nificant negative correlation between torque fluctuations
and the gamma band IMC of an agonist—antagonist muscle
pair. Therefore, we conclude that force steadiness differs
with both age and sex, which is partly explained by the
difference in the gamma band IMC, a measure of muscle
coordination achieved by the motor cortex.
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