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Abstract
The ability to coordinate upper and lower limbs—a prerequisite for many everyday activities—is known to decline with age. Here we
report 2 experiments in which transcranial magnetic stimulation (TMS) was used to assess corticospinal excitatory and inhibitory processes
in younger and older adults during cyclical hand-foot movements. In experiment 1, motor evoked potentials (MEP) and silent period (SP)
durations were measured from the active right extensor carpi radialis (ECR) muscle while it executed rhythmic oscillations in conjunction
with the right or left foot. Younger adults exhibited increased SP with ipsilateral limb combinations and decreased SP with contralateral limb
combinations, relative to a baseline hand only condition. Strikingly, older adults exhibited a reduced SP when ipsilateral limbs moved in
opposite directions. This effect was found to be most pronounced in those older adults who exhibited poor coordination performance,
suggesting that the inability to regulate inhibitory processes may underlie age-related degradation of task performance. Experiment 2
examined motor evoked potentials and SP duration in the left extensor carpi radialis which maintained a tonic contraction while the
coordination task was undertaken by the right arm and right or left foot. For younger adults, coordination of ipsilateral limbs was
accompanied by increased inhibition in the ipsilateral motor cortex than during the coordination of contralateral limbs. No differences in
SP between conditions were noted for the older adults. In summary, older adults’ reduced ability to coordinate upper and lower limbs may
be related to the capacity to regulate inhibitory function in both hemispheres. This study suggests for the first time a direct link between
age-related differences in interlimb coordination and the control of corticospinal inhibitory processes.
© 2012 Elsevier Inc. All rights reserved.
Keywords: Aging; Motor control; Transcranial magnetic stimulation

1. Introduction
The capacity to produce and learn specific patterns of
interlimb coordination is intrinsic to many activities of daily
living and recreational activities including walking, manipulating objects, playing musical instruments, and sports.
Coordination is a dominant deficit in aging and compromises individual work productivity, mobility, and independence. The loss of the ability to produce smooth coordinated
muscle activity results in an increased risk of falls (de
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Rekeneire et al., 2003) which are the leading cause of injury
in elderly adults. Knowledge about the neural basis of agerelated coordination deficits in humans, however, is limited.
Previous studies investigating coordination of the upper
and lower limbs have shown that certain limb and direction
combinations are easier to perform than others. When contralateral limbs are coordinated (e.g., right hand, left foot)
comparable accuracy or stability is observed, irrespective of
whether the limbs are moved in the same (isodirectional) or
opposite (nonisodirectional) directions (Hiraga et al., 2004,
2005; Meesen et al., 2005). In contrast, when movements of
an arm and a leg on the same side of the body (ipsilateral)
are coordinated, the isodirectional coordination mode is
easier (as indicated by higher accuracy and stability) than
the nonisodirectional coordination mode (Baldissera et al.,
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1982; Kelso and Jeka, 1992; Serrien and Swinnen, 1997;
Swinnen, 2002; Swinnen et al., 1995; Wenderoth et al.,
2004). Indeed, it is regularly observed that there is a tendency for transitions to occur from nonisodirectional to
isodirectional coordination modes, especially at higher oscillation frequencies, indicating the preferred nature (and
increased stability) of the isodirectional mode. Recently,
transcranial magnetic stimulation (TMS) has been used to
probe the neural correlates associated with the behavioral
differences observed in iso- and nonisodirectional coordination of the ipsilateral hand and foot. Byblow and colleagues (Byblow et al., 2007) used a standard paired-pulse
TMS paradigm (Kujirai et al., 1993) to study short-interval
intracortical inhibition (SICI) in the quiescent forearm extensor (extensor carpi radialis; ECR) during oscillatory dorsiflexion/plantarflexion of the ipsilateral foot. SICI in the
ECR was selectively reduced during foot dorsiflexion compared with foot plantarflexion. The authors suggested that
lower M1 inhibition during dorsiflexion may facilitate isodirectional movements of the ipsilateral hand and foot,
relative to the nonisodirectional mode (Byblow et al., 2007).
Reduced cortical inhibition in hand muscles as a result of
discrete (Sohn et al., 2005) and phasic (Tazoe et al., 2007)
dorsiflexion movements of the ipsilateral foot has also been
observed using measurements of silent period (SP) duration.
The initial 50 – 60 ms of the SP is regarded as being due to
the refractoriness of the spinal cord (Fuhr et al., 1991),
while the latter part (⬎ 100 ms) is likely a result of cortical
inhibitory processes (Chen et al., 1999; Fuhr et al., 1991;
Terao and Ugawa, 2002).
The disparity between the performance of the isodirectional and nonisodirectional patterns for ipsilateral limbs is
particularly prominent for older adults, who exhibit difficulty in suppressing the preferred isodirectional movement
pattern (Greene and Williams, 1996; Heuninckx et al.,
2004; Serrien et al., 2000). As it seems necessary to inhibit
conflicting neural outputs (that tend to promote isodirectional patterns) in order to successfully perform the nonisodirectional pattern (Baldissera and Esposti, 2005; Borroni et
al., 2004), an age-related decline of inhibitory control may
be responsible for the reduced performance in older adults
(Mattay et al., 2002; Spirduso and Choi, 1993). However,
this proposition has not been fully examined and, consequently, the relationship between corticospinal inhibition
and age-related decline in interlimb coordination performance is not well understood.
There is increasing evidence that, in general, inhibition at
both cortical (Oliviero et al., 2006; Peinemann et al., 2001;
Sale and Semmler, 2005) and spinal levels (Kido et al.,
2004) decreases with advancing age, although there are
some studies reporting increased cortical inhibition in older
adults (Kossev et al., 2002; McGinley et al., 2010). A
question of importance, therefore, is the extent to which the
greater difficulty observed in the performance of interlimb
movements by older adults, particularly those involving

nonisodirectional movements and ipsilateral limbs, is a consequence of reduced inhibitory processes in the aged. In a
previous study (Fujiyama et al., 2009) we began to address
this issue by investigating the role inhibitory processes have
during coordination of the upper and lower limbs. Specifically, we assessed SP duration in the right hand ECR while
it made oscillations that were isodirectional or nonisodirectional to concurrent oscillations of the ipsilateral or contralateral foot. Relative to a baseline condition in which SP
duration was assessed in the ECR during isolated hand
oscillations, SP duration in young adults (age, mean [M] ⫽
21.9 years) was increased (reflecting increased inhibition)
during coordination of ipsilateral limbs but was unchanged
(relative to baseline) in contralateral coordination modes. In
contrast, this task-specific modulation of inhibition was
absent for older adults, reflecting a potential deficit in the
ability to modulate inhibitory processes with advancing age
(Fujiyama et al., 2009). The aim of the present research was
to further examine the link between the behavioral differences previously observed between young and older adults
in interlimb coordination and inhibitory processes occurring
at the level of the motor cortex. Of particular interest in
experiment 1 (Exp1), therefore, was a comparison of excitatory and inhibitory processes in high and lower performing
older adults. It was hypothesized that lower performing
older individuals would exhibit reduced ability to modulate
inhibitory processes during performance of the most difficult coordination. In contrast, the higher performing older
adults would be hypothesized to exhibit modulation of inhibitory processes akin to the younger adults.
An issue of further interest in Exp1 was whether the
age-related differences in the modulation of inhibition processes in the ECR varied as a function of the position of the
hand as it moved through the extension phase of the rhythmical flexion and extension movements during interlimb
coordination. As spinal excitability in an upper limb is
modulated as a function of movement phase during rhythmic arm movement (Zehr et al., 2003), it is possible that
modulation of corticospinal inhibition in the ECR may also
vary as a function of hand position during the coordination
of movements involving an upper and lower limb. It is also
well established that activation of the muscles on one side of
the body results in increased excitability of the contralateral
homologous motor pathway (Carson et al., 2004; Hinder et
al., 2010; Hortobágyi et al., 2003; Sohn et al., 2003; van den
Berg et al., 2011) and that this crossed-facilitation varies as
a function of movement phase during rhythmic oscillations
(Carson et al., 2004). This modulation of contralateral circuits also extends to the M1 inhibitory circuitry as has been
shown in a recent study investigating whether ballistic force
pulses of the right hand modulate inhibitory processes in the
ipsilateral motor cortex (Hinder et al., 2010). It was found
that SPs measured in the homologous muscle of the left
thumb (elicited by TMS applied to the right M1) were
decreased during activation of the right thumb. Whether
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similar changes in SP duration in the motor cortex ipsilateral to the moving hand would also be evident when rhythmic coordination is undertaken and whether the effects
differ as a function of age was examined in Experiment 2
(Exp2). Of interest was whether any inhibitory effects on
ipsilateral M1 would be modified when the right motor
cortex was also involved in the coordination (i.e., when the
left foot undertook oscillatory motion), compared with
when the coordination pattern was undertaken solely by the
left hemisphere (i.e., right hand and foot).
2. Methods
2.1. Participants
Thirty healthy volunteers participated in both Exp1 and
Exp2. Fifteen were older adults (9 females, age M ⫽ 69.1
years, range 58 – 84 years) and 15 were younger adults (8
females, age M ⫽ 21.1 years, range 18 –29 years). All
participants completed a brief medical questionnaire to ensure that inclusion criteria for the study were met. The
Edinburgh handedness questionnaire (Oldfield, 1971) revealed that all participants were strongly right-handed
(⬎ 96.7). Mini Mental State Examination (Dick et al., 1984)
was used to screen for cognitive deficits in the older adults.
All participants scored within the normal range (score ⱖ 26)
and were free of any neurological impairment, symptomatic
cardiovascular disease, diabetes, or hypertension. Written
informed consent was obtained prior to participation in the
study. Ethics approval for the study was obtained from the
Human Research Ethics Committee (Tas) Network.
2.2. Apparatus
Participants were seated in a custom-made chair consisting of a steel frame with a wooden back support and padded
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seat (see Fujiyama et al., 2009). The chair had 4 aluminum
levers to which the limbs were attached with surgical tape.
The hands were attached to the levers with the hands in the
fully-prone position such that hand extension resulted in
movement in the same direction as foot dorsiflexion. The
levers supported the weight of the limbs and enabled extension-flexion and dorsiflexion-plantarflexion movements at
the hands and feet, respectively. Limb position data were
obtained using high-precision shaft encoders (Penny and
Gilles, Christchurch, Dorset, UK, SRH280) coaxial with
each lever’s axis of rotation. The voltage output from the
shaft encoders was sampled at 2000 Hz using a 16-b A/D
system (HMS Technologies, Inc, Martinsburg, WV, USA)
and was recorded on a computer for off-line analysis. The
raw position data were low-pass filtered with a cutoff frequency of 10 Hz using a dual-pass Butterworth filter.
2.3. Movement task
The movement task was similar in both experiments.
Each participant performed 3 trials in each of 4 conditions
requiring coordination of hand flexion/extension and foot
plantarflexion/dorsiflexion: (1) contralateral isodirectional
(CNT_ISO) movements required movement of the right
hand and left foot in the same direction; (2) contralateral
nonisodirectional (CNT_N-ISO) required movements of the
right hand and left foot in the opposite direction; (3) ipsilateral isodirectional (IPS_ISO) required movements of the
right hand and right foot in the same direction; and (4)
ipsilateral nonisodirectional (IPS_N-ISO) movements of the
right hand and right foot in opposite directions (Fig. 1A).
Each trial lasted 80 seconds and participants were instructed
to move in time with an audio metronome (1 Hz) such that
1 movement cycle was completed every second. Furthermore, we provided participants with online visual feedback

Fig. 1. (A) Cyclical coordination of the hand and foot according to the isodirectional mode (ISO; both limb segments are moved in the same direction) and
the nonisodirectional mode (N-ISO; both segments are moved in opposite directions). (B) In experiment 1 (top) transcranial magnetic stimulation (TMS) was
delivered at 3 right hand positions (⫺18°, ⫺9°, 0°, relative to horizontal) eliciting right extensor carpi radialis (ECR) muscle stimulating left M1. In
experiment 2 (bottom) TMS was delivered during left hand tonic contraction targeting left ECR stimulating right M1.
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of the magnitude of displacements at the hand and foot
during trials. The aim was to control amplitude of the
movements such that peak flexion and extension displacement at the hand was approximately 72° (peak to peak) from
the horizontal (neutral hand position) and peak dorsiflexion/
plantarflexion displacement at the foot was approximately
54° (peak to peak). These values were chosen as they
represented comparably comfortable amplitudes with respect to the range of motion of each joint. At least 1
familiarization trial was given in each condition prior to
recording the 3 experimental trials. The order of conditions
was counterbalanced across participants.
2.3.1. Experiment 1
In this experiment there was also a baseline control
condition that required phasic oscillations of the right hand
only for three 80-second trials. In all conditions (4 coordination modes and the baseline control) participants’ left arm
remained relaxed in the neutral position. TMS (see 2.4.
Transcranial magnetic stimulation) was delivered (to the
right ECR hotspot at the predetermined intensity) during
execution of the coordination pattern on the basis of the
position of the right hand. In each of the movement conditions, a total of 14 –16 single pulses of TMS were delivered
at each of 3 hand angles: 0° (horizontal), and 9° and 18°
below the horizontal line in the extension phase (Fig. 1B).
All stimulations were administered during the extension
phase, i.e., while ECR was active and the muscle was
shortening. The stimuli were applied at random times during a trial, but never in 2 consecutive cycles (i.e., ⬎ 2
seconds between consecutive stimulations).
2.3.2. Experiment 2
In this experiment, participants were required to undertake the same 4 coordination patterns as in experiment 1 as
well as the right hand only condition. However, in addition
to the rhythmic movements involving the right hand and left
or right foot, the left hand was isometrically activated, and
held at 9° below the horizontal, throughout the 80-second
trial. TMS was applied to the motor hotspot for the left ECR
(Fig. 1B). Prior to the rhythmic movement conditions (as
described above), participants performed a phasic oscillation of the left hand in isolation (1 Hz) with a target
movement amplitude of 72° (peak to peak) for a period of
40 seconds. This trial was conducted in order to obtain a
target electromyographic (EMG) activity for the left ECR
isometric contraction during the subsequent coordination
trials. The target EMG level was set at the root mean square
(RMS) EMG, averaged across all cycles, evident in time
windows of 50 msec, centered at the time at which the hand
was at 9° below the horizontal during the extension phase in
each cycle. During the coordination trials, participants
maintained an isometric extension (of the target magnitude)
of the left hand against a plastic strap with the hand 9°
below the horizontal line—the tension in the strap was
adjusted such that the target EMG level was required to

maintain tautness in the strap. On the basis of the results of
experiment 1 in which motor evoked potential (MEP) amplitude and SP duration did not differ between hand angles,
TMS was delivered (to the left ECR hotspot) during the
coordinative movements when the right hand passed
through 9° below the horizontal line in the extension phase
to the right M1 targeting left ECR. As in experiment 1,
14 –16 single pulses of TMS were delivered in each condition. In addition to the oscillatory movement patterns described above, the control condition for this experiment
involved a left hand static contraction (80-second duration)
of the desired magnitude with the left hand held in a position 9° below the horizontal line. TMS was delivered randomly with at least 5 seconds between pulses.
2.4. Transcranial magnetic stimulation
Single-pulse TMS was applied using a standard figure of
8 coil (7 cm diameter of each wing) connected to a Magstim
BiStim Unit (Magstim Company, Dyfed, UK). The coil was
held tangentially over the scalp to induce a posterior-anterior current flow and to optimally elicit MEPs in the right (r)
ECR (Exp1) or left (l) ECR (Exp2) muscle. EMG signals
(2000 Hz sampling rate) from the right ECR (rECR), r
flexor carpi radialis (rFCR), left ECR (lECR), and left FCR
(lFCR) were collected using Ag/AgCl surface electrodes
and were amplified (1000 times) and band-pass filtered
(10 –500 Hz) prior to sampling using a 16-bit AD system
(CED Limited, Cambridge, UK) and recorded on a computer hard drive for analysis off-line. FCR muscle activity
was monitored simply for observing excessive EMG activation. The individual resting motor threshold (rMT) was
determined as the lowest stimulus intensity that produced
MEPs of greater than 50 V in at least 3 out of 5 consecutive trials (Rossi et al., 2009). rMT was determined for the
rECR and lECR prior to beginning experiments 1 and 2.
During experimental trials TMS was delivered at the predetermined motor hotspots (rECR hotspot for Exp1, lECR
hotspot for Exp2) at a stimulus intensity of 130% rMT.
2.5. Data analysis and measures
2.5.1. Prestimulus EMG
RMS EMG in the 100 ms prior to each TMS pulse was
calculated for each trial to allow a comparison of prestimulus EMG across all conditions.
2.5.2. TMS measures
Corticospinal excitability was calculated for each experimental trial as the average peak-to-peak MEP amplitude
from all TMS pulses. The average values for each of the 3
trials for each movement condition were then averaged to
yield a single value for each condition for each participant.
Corticospinal inhibition was determined by the duration of
the SP which was defined as the time between TMS delivery
and the recurrence of continuous EMG activity. EMG recurrence was determined by calculating the RMS of the
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prestimulus EMG activity (100 ms preceding TMS delivery) and identifying the point at which poststimulus EMG
activity first exceeded 1 SD of the prestimulus level as the
end of the SP (Tazoe et al., 2007). In a similar manner to
that for MEPs, we then averaged SP durations within each
trial, and then over all trials in each condition. For the
purposes of statistical analyses, MEP amplitudes and SP
durations for each participant were assessed both as raw
(nonnormalized) values and as normalized values, i.e., as a
percentage of the average value obtained in the corresponding baseline condition.
2.5.3. Relative phase measure
The coordination between limbs was assessed by a measure of relative phase obtained using the following procedure (Garry et al., 2005). Each half-cycle (peak-to-valley,
valley-to-peak) was rescaled to the range [1, ⫺1]. This
procedure results in a transformed displacement time series
approximating a cosine function. Continuous phase-angles
(degree) for each limb were obtained by taking the arccosine of each point on the scaled time series; continuous
relative phase (RP) was then simply the arithmetic difference of the phase angles of the 2 limbs at each point.
Circular statistics (Mardia, 1972) were utilized to calculate
mean relative phase and standard deviation of relative phase
(SD of RP) which provided a measure of pattern stability.
2.6. Statistical analysis
In presenting results, the data are expressed as mean ⫾
95% confidence interval. The data were examined using
mixed-factor analysis of variance (ANOVA) with HuynhFeldt epsilon corrections for nonsphericity of variance applied where required. Tukey honestly significant difference
(HSD) was used for post hoc analyses as necessary. The
level of significance for all tests was set at p ⬍ 0.05.
Cohen’s d and partial eta-squared (p2) values were provided as measures of effect size with cutoffs ⱖ 0.2 small,
ⱖ 0.5 medium, and ⱖ 0.8 large for Cohen’s d and ⱖ 0.01
small, ⱖ 0.06 medium, and ⱖ 0.14 large for p2 (Sink and
Stroh, 2006).
SD of RP was examined using ANOVA with repeatedmeasures factors of limb combination and coordination
mode and a between-subject factor of group. Statistical
analysis of EMG activity in the left arm muscles (ECR and
FCR) and normalized TMS measures consisted of repeated
measures ANOVA with the between-factor group and the
within-factors limb combination (LC: ipsilateral [IPS], contralateral [CNT]) and coordination mode (CM: isodirectional [ISO], nonisodirectional [N-ISO]). For Exp1, there
was an additional within-subject factor of hand ANGLE
(⫺18°, ⫺9°, 0°).
For baseline comparison between groups, nonnormalized
MEP amplitudes and SP durations were analyzed using
ANOVA with a between-factor group and a within-factor of
hand ANGLE (⫺18°, ⫺9°, 0°) for Exp1 and independent
group t tests for Exp2. In order to investigate whether SP
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durations and MEP amplitudes were modulated in the 4
coordination conditions relative to baseline (right hand
only), nonnormalized SP duration and MEP amplitudes in
each condition (IPS_ISO, IPS_N-ISO, CNT_ISO, CNT_NISO) were averaged across angles and compared with the
baseline hand only conditions using pairwise comparisons.
Additionally, we investigated the relationship between
intracortical inhibition and interlimb coordination performance in the most difficult (IPS_N-ISO) coordination pattern to assess whether the ability to maintain good performance in this task was associated with a measure of
inhibitory function, i.e., SP. We used a median split of the
SD of RP data to distinguish between higher performing and
lower performing participants in each age group. Planned
comparisons were conducted using t tests with Bonferroni
corrections to compare SP durations and performance (SD
of RP) for the higher and lower performing groups. In this
analysis SD of RP and SP duration were averaged across the
3 different hand angles in each condition.
3. Results
As age-related changes in cortical activity during interlimb coordination were of primary interest in the present
study, only those main effects and interactions involving
GROUP as a factor will be described in detail. Data from 2
older and 2 younger participants were excluded due to
unclear SP duration, while in the remaining 13 in each
group showed clear demarcation of the onset and offset of
the SP. Analyses were therefore conducted with the data
from the remaining 26 participants (13 older with 7 females,
age M ⫽ 67.8 years, range 58 –73 years and 13 younger
with 7 females, age M ⫽ 21.7 years, range 18 –29 years).
Fig. 2 illustrates typical EMG recordings of the SP following a TMS pulse during ISO and N-ISO coordination
modes.
3.1. Experiment 1
3.1.1. Prestimulus EMG for right ECR
RMS EMG recorded during the 50 ms prior to each TMS
stimulus was analyzed using a 2 (GROUP) ⫻ 2 (LC) ⫻ 2
(CM) ⫻ 3 (ANGLE) ANOVA. There was a significant main
effect of ANGLE, F(1,24) ⫽ 8.95, p ⫽ 0.001, p2 ⫽ 0.27.
Post hoc tests revealed that prestimulus EMG activity at 0°
was significantly higher (137.60 ⫾ 16.99 V) than at 18°
below the horizontal line during the hand extension phase
(123.05 ⫾ 15.20 V) (p ⬍ 0.01). Importantly neither the
main effect of GROUP nor interactions including GROUP
as a factor were significant (all Fs ⬍ 0.69, ps ⬎ 0.53), indicating that the level of prestimulus muscle activity was not
different for younger and older adults across LC, CM, or
hand ANGLE.
3.1.2. Resting motor threshold
rMT for right ECR was 42.6% (⫾ 3.59%) (maximum
stimulator output) for the older group, and 41.8% (⫾
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Fig. 2. (A) Electromyographic (EMG) activity in the extensor carpi radialis (ECR) and hand and foot displacements for a single participant during the
isodirectional and nonisodirectional coordination modes. The arrows indicate the time of transcranial magnetic stimulation (TMS) delivery in each condition.
(B) Silent period (SP) duration was measured from the time of TMS delivery to the recurrence of continuous EMG activity (horizontal dashed line: mean ⫹
1 SD of the root mean square [RMS] of prestimulus EMG activity).

3.20%) for the younger group. The intergroup difference
was not statistically significant (independent samples t test,
t(24) ⫽ 0.34, p ⫽ 0.73, d ⫽ 0.14).
3.1.3. Changes in MEP and SP duration relative to
baseline
Table 1 shows nonnormalized MEP amplitude and SP
duration in each condition with statistical results of comparisons to the baseline (right hand only).
3.1.3.1. MEP amplitude. For both younger and older
adults, marginal significance levels and medium effect
sizes in the CNT_ISO condition (Table 1) suggested that
MEP amplitude was smaller in young and larger in older
group when isodirectional movements were performed
with contralateral limbs than the baseline right hand only

condition. Younger adults showed higher nonnormalized
MEP amplitude in the baseline condition (1.92 ⫾ 0.27
mV) than older adults (1.06 ⫾ 0.20 mV), averaged across
all hand angles, F(1,24) ⫽ 10.62, p ⫽ 0.003, p2 ⫽ 0.31.
For normalized MEP amplitude of right ECR, none of the
main effects (ps ⬎ 0.20) or interactions (ps ⬎ 0.13) were
significant. Importantly, the interaction of GROUP ⫻
LC ⫻ CM was not significant, F(1,24) ⫽ 2.53, p ⫽ 0.13,
p2 ⫽ 0.10, indicating that any observed group effects
with respect to SP (see below) are not simply a result of
differences in corticospinal excitability.
3.1.3.2. Silent period. Comparison with the baseline right
hand only condition revealed that for young adults IPS limb
combinations tended to result in longer SP durations (non-
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Table 1
Descriptive statistics, probability levels of the pairwise comparisons (vs. baseline), and effect sizes (Cohen’s d) for right ECR MEP amplitudes, SP
durations, and SD of RP in experiment 1
MEP amplitude

Younger group
BL (right hand)
IPS_ISO
IPS_N-ISO
CNT_ISO
CNT_N-ISO
Older group
BL (right hand)
IPS_ISO
IPS_N-ISO
CNT_ISO
CNT_N-ISO

M
(mV)

95%
CI

1.92
1.83
1.84
1.80
1.84
1.07
1.02
1.06
1.19
1.05

SP
p

d

0.46
0.43
0.44
0.42
0.40

0.181
0.364
0.087
0.306

0.22
0.26
0.27
0.25
0.25

0.612
0.917
0.090
0.803

SD of RP

M
(ms)

95%
CI

p

d

M
(degrees)

95%
CI

0.39
0.26
0.52
0.30

140.47
147.88
153.22
134.90
134.33

19.05
21.32
24.17
20.54
20.07

0.062
0.114
0.275
0.248

0.57
0.47
0.32
0.34

19.29
24.81
20.45
20.58

1.14
1.79
1.50
1.23

0.14
0.03
0.50
0.07

134.16
135.47
117.76
136.92
133.29

13.71
16.14
9.79
15.46
10.56

0.579
0.006
0.208
0.851

0.16
0.93
0.37
0.05

21.91
33.49
21.69
23.43

2.03
4.05
1.49
1.76

Key: BL, baseline; CI, confidence interval; CNT_ISO, contralateral isodirectional; CNT_N-ISO, contralateral nonisodirectional; ECR, extensor carpi
radialis; IPS_ISO, ipsilateral isodirectional; IPS_N-ISO, ipsilateral nonisodirectional; M, mean; MEP, motor evoked potentials; RP, relative phase; SP,
silent period. Significant p value is shown in bold.

normalized) relative to the right hand only condition; however this effect only approached significance for the IPS_
ISO condition (Table 1). For older adults, SP in the IPS_NISO condition was significantly shorter than the baseline
condition while SP in the other conditions did not differ
from baseline. Nonnormalized baseline SP durations of the
right ECR (averaged across the 3 angles) did not vary
significantly between younger and older adults (ps ⬎ 0.12).
For the normalized right ECR SP, the effect of ANGLE was
not significant, F(1,24) ⫽ 0.99, p ⫽ 0.38, p2 ⫽ 0.04. There
was a significant interaction of GROUP ⫻ LC ⫻ CM,
F(1,24) ⫽ 10.48, p ⫽ 0.004, p2 ⫽ 0.30. As shown in
Fig. 3, for the younger group SPs were significantly longer
in IPS conditions compared with CNT conditions (ps ⬍

0.02). In contrast, SP duration for older adults was significantly shorter during IPS_N-ISO relative to other conditions (ps ⬍ 0.001).
3.1.4. Behavioral results: SD of RP
There was a significant interaction between GROUP and
CM, F(1,24) ⫽ 5.18, p ⫽ 0.03, p2 ⫽ 0.18. The effect of
aging was prominent in N-ISO conditions with older adults
(27.59 ⫾ 2.64°) exhibiting larger relative phase SD compared with younger adults (19.99 ⫾ 1.68°) (p ⫽ 0.02).
Furthermore, for older adults the N-ISO modes were less
stable than ISO modes (20.72 ⫾ 1.78°) (p ⬍ 0.001); this
was not the case for the younger adults who exhibited a
level of stability that was not significantly different in the

Fig. 3. Mean right extensor carpi radialis (ECR) silent period duration relative to the baseline (hand only) for younger and older groups in experiment 1
(Exp1). Error bars indicate 95% confidence intervals. Asterisks indicate statistically significant differences between conditions in each group (*p ⬍ 0.05;
*** p ⬍ 0.001). Abbreviations: CNT_ISO, contralateral isodirectional; CNT_N-ISO, contralateral nonisodirectional; IPS_ISO, ipsilateral isodirectional;
IPS_N-ISO, ipsilateral nonisodirectional.
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Fig. 4. (A) Mean standard deviation of relative phase (SD of RP) and (B) mean right extensor carpi radialis (ECR) silent period duration relative to the
baseline (hand only) for lower (LP) and higher performing (HP) groups in younger and older groups in experiment 1 (Exp1). Error bars indicate 95%
confidence intervals. Asterisks indicate statistically significant differences between 2 performance group in older adults (*** p ⬍ 0.001).

ISO (19.11 ⫾ 1.44°) and N-ISO modes (p ⫽ 0.11). There
was also a significant interaction of GROUP ⫻ LC, F(1,24) ⫽
4.35, p ⫽ 0.04, p2 ⫽ 0.15. Post hoc analyses revealed that
in older adults ipsilateral limb combinations were less stable
(27.70 ⫾ 2.60°) than contralateral limb combinations
(22.56 ⫾ 1.16°) (p ⫽ 0.002), while younger adults showed
similar performance for ipsilateral (22.05 ⫾ 1.22°) and
contralateral limb combinations (20.51 ⫾ 0.97°) (p ⫽ 0.60)
which resulted in a significant age difference for the ipsilateral limb combinations (p ⫽ 0.02). In summary, older
adults demonstrated lower coordination stability than
younger adults, particularly when performing the IPS NISO mode.
3.1.5. Relationship between motor performance and
inhibitory function in Exp1
Fig. 4A shows the relationship between motor performance and inhibitory function in the IPS N-ISO coordination mode. Linear regression revealed a nonsignificant relationship between SD of RP (performance) and SP duration
(inhibitory function) in younger adults, r ⫽ 0.28, p ⫽ 0.35.
Although the relationship was also nonsignificant for older
adults, the relatively high correlation coefficient (r ⫽
⫺0.49) and marginal p-value (0.08) suggest that longer
silent periods were associated with improved performance.
However, Fig. 4A clearly indicates a bimodal distribution of
SD of RP values in the older adults, rendering linear regression somewhat inappropriate. Accordingly, we used a median split (based on performance) to divide the participant
groups into high performing and low performing subgroups.
For the older group, the high performing (n ⫽ 7, M ⫽
25.28 ⫾ 2.88°) and low performing (n ⫽ 6, M ⫽ 45.33 ⫾
5.86°) subgroups exhibited mean performance that was significantly different, t(11) ⫽ 6.32, p ⫽ 0.001, d ⫽ 3.42.
Furthermore, the lower performing older subgroup exhib-

ited significantly shorter SP durations than the higher performing older subgroup, t(11) ⫽ 3.51, p ⫽ 0.004, d ⫽ 1.93
(Fig. 4B). Importantly, this effect was not driven by age, as
the mean age of the members of each subgroup did not vary
significantly (higher performing, M ⫽ 69.71, SD ⫽ 4.11;
lower performing, M ⫽ 65.5, SD ⫽ 5.13), t(11) ⫽ 1.65,
p ⫽ 0.13, d ⫽ 0.91. In contrast to the significant differences
in performance and inhibitory function evident in the older
subgroups, the 2 performance-based younger subgroups did
not exhibit large differences in inhibitory function. Although the 2 subgroups differed in coordination ability
(higher performing, n ⫽ 7; M ⫽ 22.31 ⫾ 2.13°; lower
performing, n ⫽ 6, M ⫽ 27.64 ⫾ 1.44°), t(11) ⫽ 3.91, p ⫽
0.002, d ⫽ 2.22; SP duration did not differ significantly
between the higher (1.09 ⫾ 0.10) and lower performing
young subgroups (1.08 ⫾ 0.08), t(11) ⫽ 0.15, p ⫽ 0.88,
d ⫽ 0.09.
3.2. Experiment 2
3.2.1. TMS measures
3.2.1.1. Prestimulus EMG for left ECR. A 2 (GROUP) ⫻ 6
(CONDITION; left hand isometric contraction only, IPS_ISO, IPS_N-ISO, CNT_ISO, CNT_N-ISO, right hand
phasic) ANOVA revealed a main effect of GROUP, F
(1,24) ⫽ 4.75, p ⫽ 0.04, p2 ⫽ 0.17, indicating that
younger adults had a significantly higher prestimulus EMG
activity (82.99 ⫾ 0.86 V) than older adults (50.30 ⫾ 0.95
V). The main effect of CONDITION and interaction between GROUP and CONDITION was not significant
(Fs ⬍ 1.71, ps ⬎ 0.14), indicating that prestimulus EMG
activity was comparable across conditions in each group.
3.2.1.2. Resting motor threshold. An independent t test,
t(24) ⫽ 0.72, p ⫽ 0.48, d ⫽ 0.29, revealed that rMT did not
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Table 2
Descriptive statistics, probability levels of the pairwise comparisons (vs. baseline), and effect sizes (Cohen’s d) for right ECR MEP amplitudes, SP
durations, and SD of RP in experiment 2
MEP amplitude

Younger group
BL (left hand)
IPS_ISO
IPS_N-ISO
CNT_ISO
CNT_N-ISO
Right hand
Older group
BL (left hand)
IPS_ISO
IPS_N-ISO
CNT_ISO
CNT_N-ISO
Right hand

M
(mV)

95%
CI

1.45
1.58
1.89
1.86
1.85
1.84
0.83
0.91
0.87
0.94
0.97
0.87

SP
p

d

0.31
0.35
0.57
0.60
0.65
0.50

0.273
0.079
0.069
0.142
0.043

0.30
0.38
0.30
0.37
0.39
0.29

0.430
0.557
0.295
0.203
0.331

SD of RP

M
(ms)

95%
CI

p

d

M
(degrees)

95%
CI

0.32
0.53
0.55
0.44
0.63

144.87
149.04
156.76
145.66
141.80
140.78

17.02
14.57
14.50
15.15
16.40
15.32

0.303
0.016
0.898
0.585
0.034

0.30
0.77
0.04
0.16
0.66

18.78
21.73
19.29
18.30

1.80
2.74
2.29
1.51

0.23
0.17
0.30
0.37
0.28

156.92
150.67
148.69
151.12
147.63
146.65

7.93
13.21
14.04
11.76
13.45
10.62

0.166
0.056
0.120
0.085
0.048

0.41
0.59
0.46
0.52
0.61

20.67
31.35
20.77
23.84

3.26
3.45
1.63
1.95

Key: BL, baseline; CI, confidence interval; CNT_ISO, contralateral isodirectional; CNT_N-ISO, contralateral nonisodirectional; ECR, extensor carpi
radialis; IPS_ISO, ipsilateral isodirectional; IPS_N-ISO, ipsilateral nonisodirectional; M, mean; MEP, motor evoked potentials; RP, relative phase; SP,
silent period. Significant p values shown in bold.

differ between the older (44.31 ⫾ 3.70% stimulator output)
and younger (42.46 ⫾ 3.43%) adults.
3.2.1.3. Modulation of MEP amplitude and SP duration.
The modulation of MEP amplitude and SP duration from
the baseline left hand isometric contraction condition was
investigated using pairwise comparisons between the
baseline condition (in which the left hand maintained a
static contraction) and each of the other conditions (IPS_ISO, IPS_N-ISO, CNT_ISO, CNT_N-ISO, right hand
phasic). Table 2 shows nonnormalized MEP amplitude
and SP duration in each condition with statistical comparisons with the baseline (left hand isometric contraction only).
3.2.1.4. MEP amplitude. Younger adults showed significantly higher nonnormalized baseline MEP amplitude than
older adults (see Table 2), t(24) ⫽ 2.71, p ⫽ 0.01, d ⫽ 1.08,
which is consistent with the finding that the younger adults
exhibited greater EMG in this muscle. For both groups,
EMG amplitude in the majority of the conditions did not
vary significantly from baseline. However, for the young
group, the marginal significance levels and medium effect
sizes indicate that, in general, MEP amplitudes of lECR
tended to increase whenever the rECR was active relative to
baseline (when the rECR was quiescent). Although the
tendency for increased MEP amplitudes relative to baseline
was also observed in older adults, none of the pairwise
comparisons approached significance. For normalized MEP
amplitude of the left ECR, none of the main effects
(ps ⬎ 0.37) or interactions reached the conventional significance level (ps ⬎ 0.12).
3.2.1.5. Silent period. The nonnormalized baseline SP
durations for left ECR were comparable between younger

and older adults (p ⫽ 0.48, see Table 2). Marginal significance levels and the effect sizes suggested that SP
durations of lECR in the coordination of right hand and
left or right foot conditions were shortened relative to the
baseline in older adults. For normalized SP of left ECR,
there was a significant GROUP ⫻ LC ⫻ CM interaction,
F(1,24) ⫽ 4.47, p ⫽ 0.04, p2 ⫽ 0.16. As illustrated in
Fig. 5, in younger adults, SP duration in the IPS_N-ISO
was significantly longer than other conditions (p ⬍ 0.01)
which did not differ from each other (p ⬎ 0.16). In
contrast, older adults showed comparable SP durations
across conditions (ps ⬎ 0.41).
3.2.1.6. Behavioral results (SD of RP). Stability of performance was found to be similar to the results of Exp1. A
main effect of GROUP, F(1,24) ⫽ 13.59, p ⫽ 0.001, p2 ⫽
0.36, indicated that performance was less stable in older
adults (24.16 ⫾ 3.53°) than in younger adults (19.55 ⫾
2.20°). Coordination of ipsilateral limbs was also less
stable (23.13 ⫾ 3.87°) than the coordination of contralateral limbs (20.58 ⫾ 3.94°) F(1,24) ⫽ 11.02, p ⫽ 0.003,
p2 ⫽ 0.31.
As in Exp1, there was a significant interaction of
GROUP ⫻ CM, F(1,24) ⫽ 15.35, p ⬍ 0.001, p2 ⫽ 0.42.
The effect of aging was more prominent in nonisodirectional conditions where older adults (27.59 ⫾ 3.45°) exhibited less stability than younger adults (19.99 ⫾ 2.52°) (p ⬍
0.01). Furthermore, the nonisodirectional mode was less
stable than isodirectional mode (20.72 ⫾ 2.37°) in older
(p ⬍ 0.01), but not younger adults (ISO: 19.11 ⫾ 2.03°,
p ⫽ 0.73) (p ⫽ 0.87). Unlike Exp1, the interaction of
between group and limb combination was not significant,
F(1,24) ⫽ 1.77, p ⫽ 0.20, p2 ⫽ 0.07.
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Fig. 5. Mean left extensor carpi radialis (ECR) silent period duration relative to the baseline (hand only) for younger and older groups in experiment 2 (Exp2).
Asterisks indicate statistically significant differences between conditions (** p ⬍ 0.01). Abbreviations: CNT_ISO, contralateral isodirectional; CNT_N-ISO,
contralateral nonisodirectional; IPS_ISO, ipsilateral isodirectional; IPS_N-ISO, ipsilateral nonisodirectional. Error bars indicate 95% confidence intervals.

3.2.1.7. Relationship between motor performance and
inhibitory function in Exp2. As in Exp1, the relationship
between SP duration and SD of RP in the IPS_N-ISO
condition was examined in younger and older adults. Neither group showed significant correlations between coordination performance (SD of RP) and inhibitory function (SP
duration) (young, r ⫽ 0.007, p ⫽ 0.98; older, r ⫽ 0.05, p ⫽
0.871). Older adults again showed a bimodal distribution in
the SD of RP data and were grouped into higher performing
(n ⫽ 7, M ⫽ 26.70 ⫾ 1.68°) and lower performing (n ⫽ 6,
M ⫽ 37.49 ⫾ 7.38°) subgroups, t(11) ⫽ 4.33, p ⫽ 0.005,
d ⫽ 3.50. A comparison between the lECR SP durations of
the higher (93.42 ⫾ 7.76%) and lower performers (94.98 ⫾
8.72%), however, was not significant, t(11) ⫽ 0.06, p ⫽
0.96, d ⫽ 0.03. Similar to older adults, although higher
performing (n ⫽ 7, M ⫽ 18.88 ⫾ 1.03°) and lower performing (n ⫽ 6, M ⫽ 26.30 ⫾ 1.18°) younger adults
showed significant performance differences t(11) ⫽ 4.16,
p ⫽ 0.002, d ⫽ 2.32, there was no difference in SP duration
between the 2 subgroups (higher performing, M ⫽ 1.03 ⫾
0.09; lower performing, M ⫽ 1.18 ⫾ 0.20), t(11) ⫽ 1.42, p ⫽
0.18, d ⫽ 0.77.
4. Discussion
The present study examined age-related differences in
performance, corticospinal excitation, and inhibition during
interlimb coordination. Kinematic measures of interlimb
coordination performance replicated previous studies (Fujiyama et al., 2009; Heuninckx et al., 2005; Serrien et al.,
2000). As expected, in both experiments younger adults
were able to produce isodirectional and nonisodirectional
movement patterns with limbs on either the same side (ipsilateral) or opposite sides (contralateral) of the body with
high levels of accuracy and stability (e.g., SD of RP less

than 30°; Fujiyama et al., 2009; Heuninckx et al., 2004). In
contrast, while older adults performed the contralateral limb
patterns and the isodirectional pattern with ipsilateral limbs
as well as young adults, they had difficulty in performing
the nonisodirectional pattern with ipsilateral limbs. These
results are consistent with previous research showing reduced performance in nonisodirectional patterns, but preserved capability to perform isodirectional patterns in older
adults (Greene and Williams, 1996; Heuninckx et al., 2005;
Serrien et al., 2000). We chose SP as an index of corticospinal inhibition because previous studies have consistently
reported a reduced SP duration in older adults (Eisen et al.,
1996; Hinder et al., 2010; Oliviero et al., 2006; Prout and
Eisen, 1994; Sale and Semmler, 2005). The aim of the
present study was to determine whether this relatively robust age-related reduction of silent period duration was
related to age-related changes in motor performance. In
contrast, the effect of aging on short interval intracortical
inhibition (SICI), measured using a paired-pulse TMS protocol, appears equivocal; some studies report no difference
between young and older adults (Fujiyama et al., 2011;
Hinder et al., 2010; Oliviero et al., 2006; Wassermann,
2002), while others found increases (Kossev et al., 2002;
McGinley et al., 2010) or decreases (Peinemann et al.,
2001) in SICI in older adults. Furthermore, unlike SICI, the
SP protocol enabled us to investigate corticospinal inhibitory processes in active muscles which are activated to
different levels. It has been demonstrated in a number of
studies that background EMG has a minor effect on the
duration of the silent period (Säisänen et al., 2008; Taylor
et al., 1997; Terao and Ugawa, 2002). In contrast, it
appears that the degree of SICI is related to the intensity
of muscle contraction in the target muscle (Ortu et al.,
2008).
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Of particular interest in the present study was the extent
to which corticospinal excitability and inhibitory processes
contribute to the kinematic differences between younger
and older adults during interlimb coordination. A consistent
potentiation of MEP amplitude was observed across all
coordination modes suggesting that net corticospinal excitability of both ipsilateral and contralateral projections is not
affected by the specific coordination pattern that is undertaken. In contrast to MEP amplitude, SP durations were
modulated between conditions for both younger and older
adults in experiment 1. In experiment 2 younger adults
showed SP duration increases in the ipsilateral M1 in all
coordination conditions relative to the baseline condition
(not all comparisons were significant; see Table 2), except
in the nonisodirectional coordination mode using contralateral limbs (Fig. 5). It is worth noting that a control experiment was conducted in which we obtained MEP amplitudes
and SP from the right ECR which maintained a tonic contraction without activation of any other limbs, or in conjunction with phasic oscillations of the left or right foot.
MEP amplitudes and SP durations did not vary reliably
across these conditions (MEP amplitude, p ⬎ 0.290; SP
duration, p ⬎ 0.10). Accordingly, the modulation of SP we
observed in Exp1 and Exp2 appears to be due to coordinated
movements of hand and foot, and not due to remote effects
of foot movement measured at the hand (e.g., surround
inhibition).
Thus, in general, younger adults exhibited increased corticospinal inhibition in ipsilateral M1 during the coordination tasks compared with when the left hand maintained an
isometric contraction. In contrast, a release of corticospinal
inhibition was generally observed in older adults during the
coordination tasks. Thus, the pattern of MEP amplitudes
and SP durations across conditions suggests that corticospinal excitability and inhibitory pathways are modulated independently during interlimb coordination by different regulating mechanisms (Wu et al., 2002). We note that SP
durations were comparable across the 3 hand angles in both
younger and older adults (experiment 1). This particular
finding indicates that the observed SP modulation cannot be
explained by differences in the position of the hand across
conditions; rather the data are consistent with the view that
modulation of SP duration is a result of mechanisms that
specifically accommodate the spatial and behavioral constraints relating to specific hand-foot coordination patterns.
4.1. Reduced corticospinal inhibition during
nonisodirectional coordination mode using ipsilateral
limbs in older adults
Older adults showed shorter SP duration in the most
demanding coordination mode (nonisodirectional with ipsilateral limbs), indicating that their more unstable interlimb
coordination in this mode was accompanied by a reduced
corticospinal inhibition. In experiment 1, both groups
showed comparable MEP amplitudes and SP durations
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when the coordinated limbs (contralateral) involved right
hand and left foot. However, age-related differences in SP
duration were evident in the ipsilateral limb combinations.
Previous research has shown that intracortical inhibition in
a resting arm muscle is selectively reduced during dorsiflexion compared with plantarflexion movement of the ipsilateral lower limb suggesting that lower excitability of M1
inhibitory circuit during dorsiflexion may facilitate isodirectional movements between hand and foot (Byblow et al.,
2007). Thus, successful performance of the nonisodirectional pattern may require the suppression of intracortical
connections favoring isodirectional coupling between handfoot areas.
The analysis of higher and lower performing adults allowed us to directly investigate the role of inhibitory mechanisms in maintaining stable coordination behavior. We
restricted this analysis to the most difficult IPS_N-ISO coordination mode as we hypothesized that in this coordination mode the motor system would be under most “strain”
and as such differences in performance, and thus differences
in inhibitory control, between higher and lower performers
would be most apparent. The analysis showed that those
older adults with the lowest behavioral performance exhibited significantly shorter SP duration than those older adults
with significantly more stable performance (i.e., higher performers). These findings suggest for the first time a direct
link between changes in the corticospinal inhibitory processes mediating silent period (i.e., GABAB-ergic circuits)
and interlimb coordination in older adults.
The difference between high and lower performers is
consistent with the view that corticospinal inhibitory control/modulation plays a prominent role in permitting successful execution of the more difficult interlimb coordination patterns that require suppression of the more inherently
stable modes (Classen et al., 1998; Garry et al., 2004).
4.2. The motor cortex ipsilateral to the moving hand
during interlimb coordination
In the second part of the current study (experiment 2), the
primary motor cortex ipsilateral to the moving hand was
examined by measuring MEP amplitude and SP duration
from the left ECR during the coordination tasks. Previous
studies have reported shortened SP durations accompanying
the activation of the contralateral homologous hand muscle
(Hinder et al., 2010; Sohn et al., 2003). The present study
investigated whether this effect was also apparent when
rhythmic coordination was undertaken. Consistent with previous studies (Hinder et al., 2010; Sohn et al., 2003), both
younger and older adults showed shortened SP durations in
the tonically contracted left ECR when the right hand was
moving relative to the baseline condition in which only left
hand was tonically contracted (see Table 2). Furthermore,
the younger group exhibited greater MEP amplitude during
the right hand movement relative to the baseline condition
(see Table 2) which is in line with previous studies showing
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that activation of the muscles on one side of the body can
result in an increase in the excitability of the contralateral
homologous motor pathway (e.g., Carson et al., 2004).
Interestingly, changes in SP duration as a function of
coordination pattern evident in the left ECR (experiment 2)
were similar to changes in SP duration exhibited in the right
ECR (experiment 1). That is, corticospinal inhibition in both
hemispheres was higher during the performance of ipsilateral limb combinations compared with contralateral limb
combinations. The elevated corticospinal inhibition during
movements with ipsilateral limbs relative to movements
with contralateral limbs does not seem to be a functional
modulation to suppress irrelevant left hand movements because the SP modulation patterns did not correspond to the
changes in the left ECR EMG activity accompanying contraction of the homologous right ECR contraction (experiment 1, see Fig. 3).
The bilateral changes in cortical activity observed in the
current study are in line with the previous findings showing
that movements of one side of the body increase corticospinal excitability of the contralateral M1 (Martin et al.,
2006; Rothwell et al., 1991; Taylor et al., 1997) as well as
the ipsilateral cortex (Carson et al., 2004; Hess et al., 1986;
Hortobágyi et al., 2003; Muellbacher et al., 2000; Perez and
Cohen, 2008, 2009; Stinear et al., 2001; van den Berg et al.,
2011). Furthermore, using a motor learning paradigm, Hinder and colleagues (Hinder et al., 2011) found that, after
ballistic finger acceleration training, a decrease of corticospinal inhibition in the M1 contralateral to the hand was
accompanied by the reduction of corticospinal inhibition in
the M1 ipsilateral to the trained hand. Thus, it is possible
that modulation of the intracortical inhibitory pathways in
the ipsilateral M1 is linked to the modulation within the
contralateral M1, possibly through interhemispheric inhibitory pathways (Hinder et al., 2011).
4.3. Conclusions
In summary, younger adults exhibited longer SPs, reflecting increased corticospinal inhibition, during ipsilateral
limb coordination than during coordination of contralateral
limbs, consistent with the findings of Fujiyama et al. (2009).
Older adults showed a different pattern with lower performance in the most difficult ipsilateral nonisodirectional condition accompanied by a significantly reduced level of corticospinal inhibition. Furthermore, experiment 2 revealed
that in younger adults coordination of ipsilateral limbs was
also accompanied by increased inhibition in the nonoscillating hand compared with coordination of contralateral
limbs. Thus, coordination of upper and lower limbs induces
a bilateral modulation of intracortical inhibitory circuits in
the left and right M1 in younger adults. Older adults, in
contrast, showed no modulation of SP across conditions
except when the nonisodirectional pattern was performed by
the ipsilateral hand and foot. Of particular importance was
that differences in the level of corticospinal inhibition in this

condition distinguished between high and lower performing
older adults. Thus, this study represents, for the first time,
direct evidence supporting the postulation that, for older
adults, the reduced ability to coordinate upper and lower
limbs is associated with a decreased ability to control corticospinal inhibition.
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