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Abstract

Purpose The present study aimed to examine (1) the effect
of task difficulty on unintended muscle activation (UIMA)
levels in contralateral homologous muscle, (2) the differ-
ence between young and old adults in degree of UIMA
with respect to task difficulty, and (3) temporal correlations
between intended and contralateral unintended muscle
activity at low frequency during unilateral intended force-
matching tasks.

Methods Twelve young (21.8 + 2.4 years) and twelve old
(69.9 + 5.3 years) adult men performed steady isometric
abductions with the left index finger at 20-80% of maxi-
mal voluntary contraction force. Two task difficulties were
set by adjusting the spacing between two bars centered
about the target force used for visual feedback on a moni-
tor. The amplitude of surface electromyogram (aEMG) for
both hands was calculated and normalized with respect to
the maximal value. To determine if oscillations between
intended and unintended muscle activities were correlated,
cross-correlation function (CCF) of rectified EMG for both
hands at low frequency was calculated for samples deemed
adequate.

Results The unintended aEMG (right hand) had signifi-
cant main effects in task difficulty, age, and target force (all
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P < 0.05) without any interactions. Distinct significant peaks
in CCF (0.38 on average, P < 0.05) with small time lags
were present between rectified EMGs of intended and unin-
tended muscles in 14 of the 17 samples.

Conclusions The current results indicate that UIMA
increases with greater task difficulty regardless of age, and
temporal correlations exist between intended and contralat-
eral unintended muscle activities at low frequency.

Keywords Motor overflow - Contralateral irradiation -
Common drive - Cross-correlation function - Aging

Abbreviations
ANOVA Analysis of variance

CCF Cross-correlation function
DIFF Difficult task

EASY Easy task

EMG Electromyogram

FDI First dorsal interosseous muscle
MVC Maximal voluntary contraction
UIMA Unintended muscle activity
Introduction

During unilateral voluntary contractions, unintended muscle
activity (UIMA) can be observed in contralateral homolo-
gous muscle (Gandevia et al. 1993; Zijdewind et al. 1998;
Bodwell et al. 2003; Shinohara et al. 2003). Occurence of
UIMA can be a factor depressing fine motor performance.
For example, when playing piano with one hand whereas
keeping the contralateral hand quiet on the keyboard due
to edition of a music, occurence of UIMA may impair the
fine piano performance by needless pressing a key with con-
tralateral hand. Thus, understanding the relation between
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UIMA and physiological factors involved with the daily
activities may provide new insight for assessing neuromus-
cular function of humans. As far, the degree of UIMA of
healthy subjects depends on various factors strongly associ-
ated with day-to-day activities, e.g., contraction intensity
(Todor and Lazarus 1986; Shinohara et al. 2003; Post et al.
2008), contraction speed (Bodwell et al. 2003), muscle con-
traction mode (Shinohara et al. 2003), and degree of muscle
fatigue (Zijdewind and Kernell 2001; Shinohara et al. 2003;
Post et al. 2008). In addition, another factor referred to as
“task difficulty” is becoming of more note in recent daily
activities which require performing precise and accurate
motor movements, such as the hand dexterity needed when
operating a smartphone or tablet with small screen. How-
ever, it is unclear to what extent UIMA is affected by task
difficulty during motor tasks.

Although the origin of UIMA has yet to be confirmed,
evidence suggests that spreading excitation to the contralat-
eral motor cortex (i.e., primary motor area; M1) arising indi-
rectly from the ipsilateral hemisphere via corpus callosum or
directly from the higher centers (i.e., prefrontal area, premo-
tor area, and supplementary motor area) may be the source
of activity of healthy subjects (Carson 2005; Zijdewind et al.
2006). Furthermore, evidence obtained using transcranial
magnetic stimulation (TMS) (Mayston et al. 1999) showed
that UIMA was accompanied with simultaneous activation
of crossed corticospinal pathways originating from both left
and right motor cortices. A prior study adopting functional
magnetic resonance imaging (fMRI) (Sterr et al. 2009) has
reported that force-tracking tasks with greater task difficulty
increased the cortical activity of the premotor area in both
hemispheres when compared to a simple force-tracking
task. Taken together, it is possible that UIMA increases
with increasing task difficulty, due to increases in cortical
excitability.

Older adults exhibit greater degree of UIMA than younger
adults during unilateral finger-tapping (Bodwell et al. 2003)
and force-matching tasks (Shinohara et al. 2003; Baliz et al.
2005). Compared with younger adults, older adults also
require additional recruitment of cortical and subcortical
areas when performing a motor task at a given contrac-
tion intensity to compensate for decreases in brain function
accompanied with aging (Mattay et al. 2002). Based on this
compensating theory, it is likely that older adults exhibit
larger UIMA than younger adults when performing motor
tasks of comparable task difficulty.

When activating multiple muscles, correlated oscil-
lations can be found in the discharge times of pairs of
motor units between synergistic muscles (De Luca and
Erim 2002) and between antagonistic muscles (De Luca
and Mambrito 1987) during unfatigued conditions. Cor-
related low-frequency oscillations (<5 Hz) in discharge
rate between motor units are called “common drive” and
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suggested to originate from the supraspinal level (De Luca
et al. 1982). As previously mentioned, UIMA of healthy
subjects may be induced by spreading excitation via the
corpus callosum or from higher centers in the brain to the
contralateral motor cortex, which its descending pathways
project to spinal motor neurons that innervate the contract-
ing muscle (Mayston et al. 1999; Carson 2005; Zijdewind
et al. 2006). Since the source of excitation that evokes the
unintended contraction should be the same as the source
of the intended contraction even if the final pathways are
different, the presence of common drive can be expected.
Only one study has attempted to elucidate this issue and
showed no temporal correlation (flat cross-correlation
histogram) between EMG from ipsilateral muscle pairs
(Mayston et al. 1999). However, it should be noted that the
same study did not employ rectified EMG but interference
EMG, even though information regarding common drive
cannot be obtained reliably from unrectified (interference)
EMG at all, since low frequency (e.g., <5 Hz) signals are
generally filtered out of interference EMG to eliminate
unwanted noise at the amplifier. In contrast, low-frequency
(<5 Hz) signals that represent common drive appear when
the interference EMG is rectified (Yoshitake and Shino-
hara 2013a). Therefore, although the appropriateness of
using rectified surface EMG for assessing neural oscilla-
tions has been debated, because rectification alters EMG
power for a given frequency (Farina et al. 2004; Yao et al.
2007), calculation of the cross-correlation function of
low-frequency rectified surface EMGs would be useful to
evaluate, at least, the “presence” of common drive between
muscles (Yoshitake and Shinohara 2013a; Yoshitake et al.
2017). Taken together, we were, therefore, motivated to
examine the temporal correlations between intended and
unintended muscle activities again by means of rectified
EMG at low-frequency band.

The purpose of this study was to examine (1) the effect
of task difficulty on the unintended contralateral muscle
activity during force-matching tasks, (2) age-related dif-
ferences in UIMA with respect to motor tasks of compa-
rable task difficulty, and (3) temporal correlation in neural
oscillations between intended and contralateral unintended
contracting muscles. In the current study, the term of task
difficulty is used as difficulty of motor task per se with
same activation levels of the intended contracting muscle.
It is of note that we did not focus on task complexity that
is generally regarded as motor tasks simultaneously with
different demanding functions as cognitive function. We
hypothesized that (1) degree of UIMA was larger during
motor tasks with greater task difficulty, (2) older adults
exhibit larger UIMA than younger adults with respect to
task difficulty, and (3) the correlated neural oscillations
between intended and unintended contracting muscles is
present.
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Methods
Subjects

Twelve young (age, 21.8 + 2.4 years; height, 169.5 + 5.8 cm;
body weight, 65.5 + 9.2 kg; mean + SD) and 12 old (age,
69.9 + 5.3 years; height, 164.6 + 4.7 cm; body weight,
62.6 + 6.9 kg) adult men with no history of neuromuscular
disorders participated in this study. All subjects were right-
hand dominant as assessed by the Edinburgh Handedness
Inventory (Oldfield 1971), and have not experienced specific
long-term skilled activities by hands (the keyboard instru-
ments, racket sports, etc.). Subjects were not aware of the
purpose of this study or the phenomenon of the unintended
contralateral activity at all throughout the experiments. This
study was approved by the Ethics Committee of the National
Institute of Fitness and Sports in Kanoya. All subjects gave
informed consent before commencing with the experiments.

Experimental setup

A 23.6-inch computer display was located 1.5 m away from
the subject at eye level and provided visual guidance for
exerting force. The experimental setup was designed to allow
subjects to perform isometric contractions equally with both
hands. The shoulder joint was fixed at ~85° abducted posi-
tion, the elbow joint was fixed at slightly flexed position,
and the wrist was fixed at fully pronated position as subjects
did not feel uncomfortable on the experimental device. The
forearm was fixed with a vacuum foam pad to avoid the
unwanted postural changes. The index finger was fixed by
non-elastic tape to maintain the interphalangeal joint at full
extension and the lateral surface of the index finger around
the proximal interphalangeal joint was connected to a force
transducer. The thumb was extended in a horizontal position
and held with a brace. The other three fingers were flexed
around a semicircular grip and fixed by a strap. The fore-
head was also restrained with a strap to prevent unwanted
movements.

Experimental procedures

Subjects exerted an abduction force with the index finger
by performing isometric contractions. First, to determine
the maximal voluntary contraction force and corresponding
maximal EMG amplitude, subjects exerted maximal volun-
tary contraction (MVC) unilaterally for both hands. After
exerting a couple of submaximal contractions with a rest
period of 3 min, subjects gradually increased abduction force
from zero to maximum in ~3 s and then sustained maximal
force for ~2 s. Subjects performed two MVC trials for each
hand with at least 3-min rest between trials to avoid fatigue.
Subjects performed additional trials if the differences in the

peak force of the two MVC trials were more than 5%. The
highest peak force in these trials was considered the MVC
force.

Second, to assess the unintended contralateral activity
(UIMA), subjects performed unilateral force-matching tasks.
Note that intended force-matching tasks were performed by
the left hand (test hand) and subjects were not specially
instructed with respect to right hand (Fig. 1c). Unintended
muscle activation (UIMA) was assessed by surface EMG in
the right hand. To specially examine the effect of task dif-
ficulty on UIMA during intended unilateral force-matching
task in the current study, the background-target force should
have been the same between tasks with different task dif-
ficulties (Fig. 1a, b). The background-target force for uni-
lateral force-matching task by the left hand was set at 20,
40, 60, and 80% MVC force. Force feedback was given in
the form of a cursor that moved across a computer moni-
tor from left to right. As a result of several pilot experi-
ments, we carefully chose the target range as +2 and +7%
of each background-target force level for the difficult task
(DIFF) and easy task (EASY), respectively. The target range
was displayed as two horizontal bars centered about the
required background-target force (Fig. 1a, b). The displace-
ment between these bars on the display was identical across
background-target force levels for each task. Subjects were
instructed to adjust their exerted abduction force to the target
in ~3 s and then maintained the exerted force within range
of the two horizontal bars for 12 s for tasks <60% MVC and
6 s for task of 80% MVC, respectively. Subjects practiced
performing the task for several seconds before commencing
with the actual trial set and data collection. There was a rest
period of at least 3 min between trials.

Data acquisition

Exerted force levels in both hands were measured using
custom-made devices containing load cells (LURA-SAT;
Kyowa, Tokyo, Japan). Force was amplified and low-pass
filtered (<100 Hz) with a direct-current amplifier (DPM-
751A; Kyowa, Tokyo, Japan).

Surface electromyogram (EMG) was detected from the
first dorsal interosseous muscle (FDI) of both hands with
bipolar configuration (5-mm diameter, silver—silver chloride,
and ~20-mm apart center-to-center). After the skin surface
was shaved, rubbed with sandpaper, and cleaned with alco-
hol, an electrode was placed over the belly of the muscle,
and the other electrode was attached to the skin over the
base of the proximal phalanx of the index finger. A common
electrode (5-mm diameter, silver—silver chloride) was placed
on the styloid process of the ulna on the dorsal surface of
the hand. The electrodes were connected to a differential
amplifier (gain x 1000, MEG-6108; Nihon Kohden, Tokyo,
Japan) with a bandwidth of 5-1000 Hz. Force and EMG
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Fig. 1 Drawing of experimental setup. The displayed screen in front
of subjects during force-matching task for EASY (fop left; a) and
DIFF (top right; b) for visual guidance. The distance between upper
and lower horizontal-bot bars in the screen represent the target range.

were recorded at a sampling rate of 2000 Hz using a 16-bit
A/D converter (Power Lab 16 s; ADInstruments, Sydney,
Australia) and stored on a personal computer. The following
analysis was performed using the custom-made software in
MATLAB (R2011b, MathWork, Natick, USA).

Data analysis

In the MVC tasks, root mean square amplitude of EMG
(aEMG) was determined over a 500-ms window centered
on the time at which peak torque was attained (maximal
aEMG) for each hand. In the force-matching tasks per-
formed by the test (left) hand, aEMG in both hands were
calculated over a 4-s window centered about the middle of
the intended contractions. The aEMG was normalized with
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Subjects performed isometric force-matching task with the left index

finger and the unintended contralateral muscle activity (UIMA) was

assessed by surface EMG detected from right hand (bottom; c)

respect to maximal aEMG (% EMGmax) in each hand. In
addition, coefficient of variation (CV) of force for the test
hand was calculated to assess the degree of force fluctua-
tion. To evaluate the difference in response of UIMA with
respect to greater task difficulty across age and target force,
percentage changes (from EASY to DIFF) in aEMG were
also calculated.

To examine the extent of correlated rectified EMG oscil-
lations at low frequency between the test and contralateral
hands, we calculated the cross-correlation function (CCF)
of rectified EMGs for FDI between the test and contralat-
eral hands as described in our previous studies (Yoshitake
et al. 2008, 2017; Yoshitake and Shinohara 2013a). UIMA
was suggested to be of central origin (Zijdewind et al.
2006). Common drive would also involve supraspinal level
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(De Luca et al. 1982) and appear at low-frequency bands
(<5 Hz) of rectified EMG (Yoshitake and Shinohara 2013b).
Therefore, before calculating the CCF, EMG was full-wave
rectified (rEMG) and then low-pass filtered with a cut-off
frequency of 5 Hz using an eighth-order Butterworth filter
with zero-phase lag and de-trended. From the CCF, a distinct
peak above 95% confidence limit (CCF peak) was identified
in the £100 ms period between rEMGs of the test and con-
tralateral hands (De Luca et al. 1982; Yoshitake et al. 2017).
The time resolution of the calculation was 0.5 ms. Reliabil-
ity or accuracy of CCF between rEMGs may be poor when
EMG amplitude was relatively small, i.e., lower signal-to-
noise ratio. Consequently, we only used data exceeding 10%
EMGmax in the contralateral hand for calculating CCF in
the current study.

Statistical analysis

MVC force was compared for each hand using an unpaired
T test between young adults and old adults. In the force-
matching task, CV of force and aEMG for the test (intended)
hand and aEMG of the contralateral (unintended) hand were
compared using a three-way (2 age groups X 2 task diffi-
culty X 4 target forces) analysis of variance (ANOVA) with
repeated measures. The changes in aEMG by task difficulty
were compared using a two-way (2 age groups X 4 target
forces) ANOVA with repeated measures. When appropri-
ate, post hoc comparisons were performed with T test with
Bonferroni correction. Statistical significance was set at
P < 0.05. Effect sizes were calculated as partial eta squared
(partial 1?) for all ANOVA outcomes and as eta squared Ua)
for all T tests outcomes. All data were analyzed using the
SPSS software (SPSS Statistics 22; IBM, Tokyo, Japan).
Descriptive data are expressed as mean + SE in the figures
and mean + SD in the text and tables as preferred in our
previous studies (Yoshitake et al. 2008; Yoshitake and Shi-
nohara 2013b).

Results

MVC force for each hand was greater (l72 >0.41, P <0.05)
in young adults (right: 63.7 + 17.0 N, left: 53.6 + 22.1 N)
than in old adults (51.6 + 15.3 N, 32.6 + 6.7 N). During
force-matching tasks, CV of force for the test hand did not
differ across task difficulty (F = 0.63, partial 7> < 0.01,
P > 0.05), but did differ across age (F = 22.30, partial
172 =0.02, P < 0.05) as well as target force (F = 41.45, par-
tial 172 = 0.06, P < 0.05) without any interactions (Table 1).
In addition, aEMG (expressed as % of EMGmax) for the
test hand did not differ across task difficulty (F = 0.29,
partial 72 < 0.01, P > 0.05) or age (F = 3.69, partial
n? < 0.01, P > 0.05), but did differ with respect to target
force (F = 149.04, partial 172 = (.72, P < 0.05) without any
interactions (Table 1).

Unintended activity in the contralateral (right) muscle
was almost present across all subjects (Fig. 2b) and across
all target force levels except for the 20% MVC task. With
respect to the aEMG of the contralateral (unintended) mus-
cle, the three-way ANOVA showed main effects in all three
factors: task difficulty (F = 4.01, partial 172 =0.05, P <0.05),
age (F = 4.77, partial 5* = 0.07, P < 0.05), and target force
(F = 12.54, partial * = 0.17, P < 0.05) without any interac-
tions. Post hoc analysis revealed that (1) aEMG was larger
during DIFF by 47.3% compared with EASY (52 = 0.05,
P < 0.05, Fig. 3b), (2) aEMG was 44.1% larger in old adults
compared with young adults (5> = 0.07, P < 0.05, Fig. 3c),
and (3) aEMG during force-matching tasks at 80% MVC was
largest compared with that at smaller target levels (> = 0.08,
P < 0.05) and aEMG at 60% MVC was larger compared with
that at 20% MVC (5% = 0.06, P < 0.05) (Fig. 3d).

With respect to the relative changes in aEMG by task
difficulty, the two-way ANOVA with repeated measures (2
age groups X 4 target forces) did not show any significant
differences (partial 7> < 0.01, P > 0.05).

As previously mentioned, we employed only data which
exceeded 10% EMGmax of contralateral (unintended)

Table 1 CV of force and aEMG of the test hand during force-matching tasks

CV of force aEMG (% EMGmax)
20% 40% 60% 80% 20% 40% 60% 80%
Young
DIFF 261 +0.70 351+1.65 3.06+136 333+1.63 21.74+9.86 53.38+21.59 7224+27.50 83.90 +23.28
EASY 241+085 323+122 3.18+1.05 354+121 2210+£9.79 51.15+18.76 7282 +2540 81.49+ 16.09
Old
DIFF 329+135 377+1.14 423+157 3.14+090 2896+6.26 60.12+ 1554 87.15+11.34  97.67 + 12.60
EASY 329+124 308153 379189 3.19+£152 29.02+499 59.12+13.71 8471 x11.14 9475 +10.43

Values are means + SD. No significant difference observed between DIFF and EASY as well as between Young and Old

Young young adults, Old old adults, DIFF difficult tasks, EASY easy tasks, CV coefficient of variation, aEMG root mean square amplitude of
electromyogram, EMGmax maximal aEMG during maximal voluntary contraction
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Fig. 2 Representative recordings of force and corresponding raw EMG signals of the test hand (upper; a) and the contralateral resting hand
(bottom; b) from a young subject during easy (EASY; left column) and difficult (DIFF; right column) force-matching tasks at 80% MVC

muscle when calculating CCF between rEMGs. As a result,
17 sampled (5 EASY and 12 DIFF) data from 8 subjects (2
young adults and 6 old adults) were employed. Distinct sig-
nificant peaks in CCF (0.38 on average, ranged from 0.18 to
0.56 across subjects, P < 0.05) between rEMGs with small
time lags (28.12 + 39.49 ms) were detected from 14 of the
17 samples, as shown in Fig. 4. It should be noted that the
computed time lags were all positive (P < 0.05; compared
with zero).

Discussion

The main findings of the present study were that unintended
contralateral muscle activity (UIMA) was larger during uni-
lateral motor tasks with greater task difficulty, and UIMA
was larger for old adults compared with young adults. The
aEMG of the unintended muscle had no significant inter-
actions in all three factors: task difficulty, age, and target
force. This implies that increases in UIMA during motor
tasks with greater task difficulty are independent of age and
contraction intensity. In addition, the current study found
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that the EMG oscillations at low-frequency bands between
intended contractions and the associated unintended contrac-
tions were temporally correlated, indicating common origin
of intended and unintended muscle activities during unilat-
eral force-matching tasks.

Before giving a detailed account of these findings, we
have to address the term “task difficulty”, which one might
confuse with “task complexity” or with the findings of other
related previous studies. UIMA was generally increased dur-
ing motor tasks when a task different from the motor task
was added (Bodwell et al. 2003; Baliz et al. 2005; Uttner
et al. 2007). For example, UIMA increased during a fin-
ger-tapping task when mathematical task was added and
performed simultaneously (Bodwell et al. 2003). In these
cases, subjects performed tasks which differed in functional-
ity, e.g., cognitive and motor. It should be of note that this
condition has been called “task complexity” not “task dif-
ficulty”. On the other hand, when a mechanical disturbance
stimulation was applied to a contracting limb during a force-
matching task, UIMA increased compared to when a force-
matching task was performed without any stimulation (Baliz
et al. 2005). In this case, the larger muscle activation level
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Fig. 3 Averaged aEMG of
the contralateral resting hand a
during the force-matching task

with easy (EASY) and difficult ®

(DIFF) task difficulty performed Old—DI FF

by young (Young) and old (Old) A Young DIFF
subjects by test hand at 20, 40, N

60, and 80% of maximal volun- O Old_EASY

tary contraction (MVC). a Aver- JAN YOU ng E ASY

aged aEMG for each subject
group as a function of contrac-
tion intensity of the test hand
with different task difficulties.
b Main effect of task difficulty
on aEMG. Data are collapsed
across contraction intensity
and subject group. *P < 0.05
between EASY and DIFF. ¢
Main effect of subject group
on aEMG. Data are collapsed
across contraction intensity
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aEMG (% EMGmax)
N
H }

EASY DIFF

may be required to compete with the mechanical disturbance
stimulation. Bodwell et al. (2003) also showed that UIMA
during tapping with faster rate was larger compared to that
with slower rate. In this case, the muscle activation level
was larger during faster tapping, because the firing rate of
motor unit was increased with increasing muscle contraction
velocity even when the load was same (Biidingen and Freund
1976). Since UIMA increases with muscle activation levels
of the intended contracting muscle (Shinohara et al. 2003),
the observed increases in UIMA in these studies should not
mainly be due to greater task difficulty but simply due to
increased muscle activation level of the intended contracting

40 60 '

Target force (% MVC)

c d e
10 10, A
E B
£ S
o * O] *
: :
< 5 < 5
Q O]
= =
w w
] (V]
0 0
Young  Old 20 40 60 80

Target force (% MVC)

muscle (Baliz et al. 2005). In the current study, degree of
UIMA was compared between conditions (EASY vs. DIFF)
at the same EMG amplitude (Table 1) with no additional
tasks. Therefore, we believe that experimental procedure in
the current study is justified for examining the effect of task
difficulty on unintended contralateral muscle activity during
force-matching tasks and that, at least to our knowledge,
this is the first study to examine the effect of task difficulty
on UIMA.

In line with our first hypothesis, UIMA during motor task
with greater task difficulty (DIFF) was larger compared with
motor tasks with lesser task difficulty (EASY) (Fig. 3b). The
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Fig. 4 Cross-correlation function in low-frequency (<3 Hz) rectified
EMG between the left and right hands during force-matching tasks.
Individual traces from each subject (thin lines) and an averaged trace
across subjects (thick lines) are shown. Vertical dotted lines indicate
time 0.0, i.e., no time lag

origin of UIMA is suggested to result from spreading of
increased excitation in the contralateral cerebral cortex or
higher centers of the brain to the ipsilateral motor cortex
(Mayston et al. 1999; Carson 2005; Zijdewind et al. 2006).
Moreover, evidence obtained using fMRI (Sehm et al. 2010)
has demonstrated that UIMA was correlated with activity
in bilateral M1, supplementary motor area. Therefore, it is
reasonable to consider that the amount of excitation in the
ipsilateral motor cortex determines the degree of UIMA.
Sterr et al. (2009) demonstrated by fMRI that unilateral
force-tracking tasks with task difficulty increased cortical
activity in the premotor area in both hemispheres compared
with a simple force-tracking task. Moreover, Ehrsson et al.
(2000) also found that precise grip force control by unilateral
hand was associated with a larger bilateral neural network
including supplementary motor area (SMA) and premo-
tor areas. Since SMA and the premotor area, known as the
higher center, play a role in planning upcoming motor tasks,
larger excitation levels in the ipsilateral motor cortex which
involves the higher center could be a mechanism responsible
for enhancement of the UIMA during motor tasks that are
greater in difficulty.

Compared with simple task (EASY), force-matching
tasks which allow for less deviation from the target force
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(DIFF) would impose additional cognitive demands on sub-
jects, because more attention or more effort will be required
to control the force cursor more precisely. Greater atten-
tion or effort to perform the motor task accurately may be
related to psychological stress associated with sympathetic
nervous activity (Herman and Cullinan 1997). Recently,
Buharin et al. (2013) demonstrated with a single pulse TMS
that increases in sympathetic nerve activity enhanced motor-
evoked potentials, indicating an increase in corticospinal
excitability. Furthermore, Buharin et al. (2014) also demon-
strated using paired pulse TMS that diminished intracortical
inhibition occurred given an increase in sympathetic nerve
activity. Taken together, attention- or effort-related increase
in sympathetic nerve activity due to greater task difficulty
may enhance the cortical excitability resulting in increases
in UIMA. Further studies are needed to quantify the con-
tribution of sympathetic nervous activity towards increases
in UIMA.

In the current study, older adults exhibited larger UIMA
compared with younger adults regardless of task difficulty.
Older adults sometimes cannot fully activate their contract-
ing muscle, even at maximal effort (Yue et al. 1999; Klass
et al. 2007). Therefore, since intensity of the intended mus-
cle contraction was determined based on relative terms (i.e.,
% of maximal voluntary contraction) in the current study,
the target force exerted by older adults in this study would be
relatively small compared to that exerted by younger adults.
This indicates that UIMA was larger in older adults than in
younger adults, even though the intentionally exerted force
was relatively smaller in older adults compared with younger
adults in the current study. This further confirms that UIMA
was larger in older adults when compared to younger adults.

Though it is unclear what causes larger UIMA in older
adults than in younger adults from the current study, there
are two possible mechanisms. One is additional cortical acti-
vation during the tasks performed by older adults. It has
been reported that older adults required additional recruit-
ment of cortical and subcortical areas to compensate for a
decrease of brain function accompanied by aging when they
performed motor tasks at a given contraction intensity (Mat-
tay et al. 2002). Calautti et al. (2001) demonstrated that the
cortical activity in higher centers of the brain (i.e., premotor
and supplementary motor area) during motor task was larger
in older adults than in younger adults. These observations
suggest that the greater UIMA observed in older adults than
in younger adults may be interpreted as a response to height-
ened functional demands placed on the aging brain. Another
possible mechanism is a decrease in interhemispheric inhi-
bition in older adults during motor task. During unilateral
hand movements, transcallosal inhibition generally occurs
to suppress unintended contralateral activity through the
transcallosal pathways, i.e., corpus callosum (Meyer et al.
1995, 1998). The interhemispheric inhibition decreases
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with advancing age, which may be due to an accompanied
decrease in size or demyelination of the corpus callosum
(Allen et al. 1991; Weis et al. 1993; Sullivan et al. 2002;
Suganthy et al. 2003; Salat et al. 2005). Taking these obser-
vations into account, it is assumed that the greater UIMA
observed in older adults during unilateral motor tasks is due
to functional changes in the corpus callosum, resulting in
decreases in interhemispheric inhibition.

Positive CCF peak was demonstrated in rectified surface
EMG < 3 Hz (Fig. 4). This is an evidence of the presence
of common drive component between the rectified EMGs
of intended contracting and contralateral homologous mus-
cles during unilateral force-matching tasks. As inconsistent
results with the current study, Mayston et al. (1999) showed
no temporal correlation (flat cross-correlation histogram)
between “interference (unrectified)” EMGs obtained from
left and right FDI during steady unilateral contractions.
However, it should be noted that oscillation information in
the low-frequency range (<5 Hz) cannot be obtained from
unrectified EMG at all, because low-frequency signals are
generally high-pass filtered out at more than 5 Hz to elimi-
nate unwanted noise or movement artifacts. In contrast, low-
frequency common oscillations in motor unit discharge rate
(common drive) were reflected in the low-frequency range of
“rectified” EMG (<5 Hz) (Negro et al. 2009; Yoshitake and
Shinohara 2013b). Therefore, for studying the component of
common drive via surface EMG, rectification as conducted
in the current study is required.

Low-frequency oscillations in the instantaneous discharge
rate of single motor units are well reflected in low-frequency
rectified surface EMG (Yoshitake and Shinohara 2013b).
The positive CCF peak and small positive time lag values
shown in the current study reveal that the common drive
is certainly present between homologous muscles during
unilateral force-matching tasks, even though EMG activ-
ity of a muscle unintentionally appeared. Common drive
has been suggested to be of central origin (De Luca et al.
1982). Therefore, the presence of positive CCF peak would
further support the possibility that UIMA is induced by
spreading excitation to the contralateral motor cortex aris-
ing from the ipsilateral hemisphere via the corpus callo-
sum or higher centers of the brain. The time lag between
rEMGs of intended and unintended muscles was positive
indicating that intended muscle activity preceded associated
unintended muscle activity. If excitation in the ipsilateral
hemisphere (M1), which also induces UIMA, is from the
higher center, there should be no time lag between EMG
in the left and right homologous muscles. The time lag
(28.12 + 39.49 ms) in the current study showed a similar
range of interhemispheric transfer time (~16 ms) (Barnett
and Corballis 2005). This supports the possibility that
UIMA is induced by spreading excitation to the contralat-
eral motor cortex arising indirectly from the ipsilateral

hemisphere via the corpus callosum (Zijdewind et al. 2006)
rather than directly from the higher center. In the current
study, however, EMG data adopted for CCF analysis, being
10% EMGmax and more, were very limited. Further studies
are needed to examine this issue in more detail.

The UIMA observed in this study was relatively smaller
than that reported in previous studies (Shinohara et al.
2003; Post et al. 2008). This is partly due to that UIMA is
smaller during isometric steady contractions, conducted in
the current study, compared to dynamic contractions, e.g.,
eccentric, concentric, and phasic contraction (Bodwell et al.
2003; Shinohara et al. 2003). We adopted isometric steady
contractions to examine the temporal correlation at low fre-
quency between intended and unintended muscle activities,
because (1) the long data length with small signal trends
is needed to perform the cross-correlation analysis and (2)
intended phasic muscle activation accompanies phasic unin-
tended muscle activity in the contralateral limb, being due
to different physiological mechanisms from those in steady
muscle contractions (Mayston et al. 1999; Giovannelli et al.
2006). In addition, the analysis duration adopted here would
also contribute to the magnitude of the observed UIMA. We
adopted at least 4-s window for analysis, whereas previous
studies calculated UIMA for only a 0.5-s window (Shinohara
et al. 2003; Post et al. 2008).

The current study establishes the relevance for examin-
ing the relation between degree of UIMA during intended
muscle contractions and task difficulty, whereas most stud-
ies on UIMA are focused on the contraction intensity or
muscle fatigue (Todor and Lazarus 1986; Zijdewind et al.
1998; Aranyi and Rosler 2002; Shinohara et al. 2003). The
present findings should lay the foundation for future explo-
ration into adaptation in unilateral motor tasks of high task
difficulty and potential effects on the brain due to unilat-
eral motor control training and task difficulty. For example,
assessing the degree of UIMA would be useful for quan-
tifying adaptation in the motor cortex when the unilateral
motor control training is adapted for older adults to help
improve their ability to perform precise motor movements
without expensive measuring apparatus. For example,
when UIMA is reduced following intervention periods due
to adaptation, then either task difficulty or the task itself
could be altered to perhaps incite further improvements in
motor function. The motor performance, e.g., “unilateral”
maximal voluntary muscle contraction force or power, has
been shown to be improved after the strength training by the
“contralateral” homologous muscle, which so called “cross
education” (Carroll et al. 2006). The increase in the motor
performance is mainly due to improvement of neural factors
(Goodwill et al. 2012), including motor cortex excitabil-
ity. The findings obtained here suggest that the procedures
adopted in the current study would be applicable to clarify
how induced cross education in motor performance can
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be associated with UIMA. Moreover, the imaged training
without actual motor performance sometimes improves the
motor performance (Yue and Cole 1992; Zijdewind et al.
2003). Taking this into account together with the current
results, it seems that, for severe stroke patients who can
hardly contract their muscle voluntary, training regimen
consisted of imaged contractions with task difficulty would
be a modality for regaining their voluntary motor perfor-
mances. In the future, further studies are encouraged to
elucidate these aspects.

In conclusion, unilateral motor tasks of greater task dif-
ficulty increased unintended muscle activity in the contralat-
eral homologous muscle. These unintended contralateral
activities were larger in older adults compared with younger
adults. Finally, temporal correlations at low frequency of
rectified EMGs were present between the intended and unin-
tended contralateral muscles.
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