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� Older adults can develop use-dependent plasticity following motor learning.
� The iM1 modulates cross-limb transfer and is facilitated by tDCS in older adults.
� SICI mediates cross-limb transfer but is not influenced by anodal-tDCS.

a b s t r a c t

Objective: Age-related neurodegeneration may interfere with the ability to respond to cross-limb
transfer, whereby bilateral performance improvements accompany unilateral practice. We investigated
whether transcranial direct current stimulation (tDCS) would facilitate this phenomena in older adults.
Methods: 12 young and 12 older adults underwent unilateral visuomotor tracking (VT), with anodal or
sham-tDCS over the ipsilateral motor cortex. Transcranial magnetic stimulation (TMS) assessed motor
evoked potentials (MEPs) and short interval intracortical inhibition (SICI). Performance was quantified
through a VT error. Variables were assessed bilaterally at baseline and post-intervention.
Results: The trained limb improved performance, facilitated MEPs and released SICI in both age groups. In
the untrained limb, VT improved in young for both sham and anodal-tDCS conditions, but only following
anodal-tDCS for the older adults. MEPs increased in all conditions, except the older adult’s receiving
sham. SICI was released in both tDCS conditions for young and old.
Conclusion: Following a VT task, older adults still display use-dependent plasticity. Although no
significant age-related differences between the outcome measures, older adults exhibited significant
cross-limb transfer of performance following anodal-tDCS, which was otherwise absent following motor
practice alone.
Significance: These findings provide clinical implications for conditions restricting the use of one limb,
such as stroke.
� 2015 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.
1. Introduction

The process of healthy ageing leads to progressive degeneration
of neural networks that control everyday movements (Ward and
Frackowiak, 2003). Several studies show that reduced motor
control accompanies ageing, specifically during tasks requiring fine
motor control, including external and visual paced movements
such as computer tasks (Houx et al., 1993; Smith et al., 1999). Such
deficits can lead to a progressive loss in the ability to carry out
everyday tasks, leading to reduced functional independence and
quality of life.

Recently, transcranial direct current stimulation (tDCS) has
emerged as a promising, non-invasive technique to improve motor
performance in older adults and the elderly (Hummel et al., 2010;
Zimerman et al., 2012; Goodwill et al., 2013). The application of
tDCS over the primary motor cortex (M1) induces transient, polar-
ity specific changes in the neuronal resting membrane potential
(Nitsche et al., 2008), with increases in excitability and perfor-
mance improvements lasting up to 90 min following the cessation
of stimulation (Nitsche and Paulus, 2000; Nitsche and Paulus,
2001; Nitsche et al., 2005). Pharmaceutical evidence suggests that
the lasting effects of tDCS appear to exhibit mechanisms associated
with long term potentiation (LTP), representing an element of
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cortical plasticity (Liebetanz et al., 2002; Nitsche et al., 2003).
Given that these processes are also known to be involved in motor
learning (Asanuma and Keller, 1991), tDCS may represent a benefi-
cial tool to induce use-dependent plasticity and improve motor
performance in older adults.

Following repeated motor practice of a given task (e.g., ballistic
contractions), there is mixed evidence as to whether older adults
preserve the capacity to form use-dependent plasticity and func-
tional performance improvements. A number of previous studies
in older adults have observed a lack of an improvement in func-
tional performance and changes in corticospinal excitability and
inhibition, suggesting that there is an age-related decline in the
ability to form use-dependent plasticity (Sawaki et al., 2003;
Fujiyama et al., 2009; Rogasch et al., 2009). However, more recent
literature has suggested that functional improvements following a
motor task are similar to their younger counterparts (Cirillo et al.,
2011, 2010). Considering these proposed age-related deficits,
recent studies have applied tDCS concurrently with motor practice,
demonstrating the induction of use-dependent plasticity with sub-
sequent improvements in performance and skill acquisition
(Zimerman et al., 2012; Goodwill et al., 2013). Although only pre-
liminary, this data highlights the potential to use tDCS to facilitate
the formation of use-dependent cortical plasticity in older adults.

Cross-limb transfer of performance is a well-known phe-
nomenon whereby bilateral performance improvements are
attained following unilateral practice, and these improvements
appear reflective of use-dependent plasticity within the central
nervous system (CNS). Although the mechanisms remain unclear,
increased activation of the ipsilateral M1, attributed partially to a
release of interhemispheric and/or intracortical inhibition, has
recently been suggested as a primary mediator (Perez and Cohen,
2008; Hinder et al., 2010a,b). Cross-limb transfer has been demon-
strated following strength, ballistic and motor skill practice such as
visuomotor tracking (Imamizu and Shimojo, 1995; Nagel and Rice,
2001; Sainburg and Wang, 2002; Schulze et al., 2002; Perez et al.,
2007; Carroll et al., 2008; Lee et al., 2010). However, most previous
studies demonstrating performance transfer with unilateral train-
ing have been conducted in healthy young adults, and recent evi-
dence has emerged to suggest that older adults exhibit a reduced
capacity for cross-limb transfer (Hinder et al., 2010a).

It is widely reported that during unilateral movements, older
adults exhibit greater motor overflow to the contralateral limb,
often measured through an increase in electromyography (EMG)
activity (Bodwell et al., 2003; Hinder et al., 2010a). Although this
may be reflective of activation within the ipsilateral M1, a recent
study reported that the age-related increase in motor overflow
had no preferential effect on the cross-transfer of performance
(Hinder et al., 2010a). Therefore, it is likely that the mechanisms
mediating cross-transfer may be of a cortical origin (i.e. facilitation
or inhibition) and may differ to those involved in motor overflow.
Indeed, there is evidence that there is a reduced ability to modulate
interhemispheric and intracortical inhibition during different
motor tasks in older adults (Sale and Semmler, 2005; Hinder
et al., 2010a). Considering that these mechanisms, in particular
within the ipsilateral M1, have been proposed to play a role in
mediating cross-limb transfer (Hinder et al., 2010b; Hortobágyi
et al., 2011; Goodwill et al., 2012), it is possible that the age-related
degeneration within these circuits may be contributing to the
absence of cross-transfer that has previously been observed in old-
er adults.

Recent data has demonstrated that the addition of tDCS may
modulate intracortical inhibition in older adults (Goodwill et al.,
2013). Therefore, the use of tDCS may be an effective tool to mod-
ulate the release of intracortical inhibition within the ipsilateral
M1 and mediate the cross-transfer of performance, but this has
not been quantified. Therefore, the aim of this study was to
investigate the efficacy of anodal-tDCS over the ipsilateral M1 in
combination with unilateral practice, to enhance performance of
the untrained limb in older adults. It was hypothesised that the
addition of anodal-tDCS would up-regulate indices of use-
dependent plasticity in the ipsilateral M1 and facilitate cross-limb
transfer in older adults.
2. Method

2.1. Participants

Twelve healthy older (mean ± SD; 66.0 ± 1.0 years; male, n = 6;
female, n = 6) and twelve healthy young adults (26.0 ± 1.4 years;
male n = 6; female n = 6) were recruited to participate in this study.
All participants were recruited from within the local community in
Melbourne, Australia. Participants were excluded from the study if
they reported a history of neurological impairment or muscu-
loskeletal injury of the upper limb in the last 12 months or were
taking medication known to influence the CNS. One participant
reported mild arthritis, however this was not in the wrist. All
participants were tested for handedness according to the 10 item
version of the Edinburgh Handedness Inventory (mean laterality
quotient, 93.0 ± 3.2). Two participants were left handed [mean lat-
erality quotient (�75.0 ± 5.0)] and were not excluded from the
analyses, rather, their dominant limb was trained. All participants
completed an Adult Safety Screening Questionnaire to determine
their suitability for TMS and tDCS application (Keel et al., 2001).
Participants were free of any cognitive impairment as assessed
by the Mini-Mental State Examination [MMSE; young 29.0 ± 0.3;
old 29.0 ± 0.5]. All participants completed the long version of the
International Physical Activity 33 Questionnaire (IPAQ), consisting
of 31 items relating to levels of physical activity, 34 specifically,
aerobic exercise (i.e. walking, lifting, running, cycling and swim-
ming) in a range of areas such as leisure, work, active transport,
and household activities (group average MET-mins/week = 3370)
(Fogelholm et al., 2006). No participants reported playing a long
term musical instrument. All participants provided written
informed consent prior to participation in the study, which was
approved by the Deakin University Human Research Ethics Com-
mittee. All procedures were conducted according to the standards
established by the Declaration of Helsinki.
2.2. Experimental design

Experimental procedures were identical for both conditions and
both age groups and are outlined in Fig. 1. One week prior to
baseline assessments participants received familiarisation practice
trials with the motor task. All participants were exposed to two
experimental sessions involving motor practice of their dominant
limb, with either anodal or sham tDCS projecting to the M1
ipsilateral to the training limb. The experiment was a randomised,
double-blinded cross-over trial. The order of conditions counter-
balanced across participants and separated by a one week wash
out period which has been recommended to eliminate carry-over
tDCS effects (Nitsche and Paulus, 2001; Nitsche et al., 2008). Par-
ticipants were examined for baseline measures of corticospinal
excitability and intracortical inhibition for both motor cortices,
with the order of limb testing randomised across participants.
Following baseline testing, participants were asked to perform
15, 10-s bouts of visuomotor tracking of their dominant limb (wrist
extensors and flexors). Following motor practice, measurements of
motor performance, corticospinal excitability and intracortical
inhibition were obtained for both limbs, following the same
protocols as the baseline measures. A rest period of five minutes
was taken following the training block, to eliminate the potential



Fig. 1. Schematic representation of the experimental protocol with measures obtained before and 5 min following the cessation of stimulation. Measures included
assessments of, active motor threshold (AMT), cortical excitability (130% AMT), short-interval intracortical inhibition (SICI) and motor function (visuomotor tracking).
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influence of fatigue on corticospinal excitability and inhibition
(Carroll et al., 2001).

2.3. Assessment of motor performance

2.3.1. Visuomotor tracking error
Participants’ were seated in an office armchair, upright in a neu-

tral position. The elbow was flexed at 90�; shoulder abducted at
45� and the wrist rested on a chair in the neutral anatomical posi-
tion. This position allowed free movement of the wrist. Participants
were fitted with a sensor icon (e.g. actual limb) driven by a single
axis goniometer (3DM-GX2, Williston, VT, USA). Participants were
instructed to perform voluntary wrist extension and replicate the
movement of a target limb displayed on a PC monitor in front of
them, as accurately as possible. The position of the participants’
wrist joint was displayed as a mirrored anatomical representation
of their upper limb, which was positioned parallel to the target
limb on the screen. The moving target consisted of three, 10-s trials
that moved automatically in a vertical manner (i.e. wrist extension
and flexion) across the screen with varied frequencies (1.1, 1.3 and
1.5 Hz). The presentation of the frequencies was randomised and
blinded from the participant.
2.4. Recording of electromyographic activity

Surface electromyography (sEMG) was recorded from the
Extensor Carpi Radialis Longus (ECR) muscle in both limbs using
bipolar Ag–AgCL electrodes. Two electrodes were placed 2 cm
apart on the mid belly of the ECR, with a ground strap placed
around the wrist as a common reference for all electrodes. All
cables were fastened with tape to prevent movement artefact.
The skin was prepared (i.e. shaved and swabbed with alcohol) prior
to electrode placement to ensure a clear signal was obtained. sEMG
signals were amplified (x1000), bandpass filtered (high pass at
13 Hz, low pass at 1000 Hz), digitized online at 2 kHz for 500 ms,
recorded and analysed using PowerLab 4/35 (ADInstruments, Bella
Vista, Australia).

2.5. TMS and peripheral nerve stimulation

Single and paired-pulse TMS were delivered over the cortical
representation of the ECR, using a figure-of-eight coil (external
wing diameter 90 mm) attached via a BiStim unit, to two Magstim
2002 stimulators (Magstim, Dyfed, UK). The coil was positioned
over the M1 so that the current flowed in a posterior–anterior
direction. Sites near the estimated centre of the ECR were explored
to obtain the largest MEP amplitude (i.e. optimal site), and this area
was marked by a small ‘‘X’’. Participants maintained this mark
throughout the intervention to ensure consistency and reliability
of coil placement within and between sessions.

Measures of corticospinal excitability and intracortical inhibi-
tion included resting motor threshold (RMT), active motor thresh-
old (AMT), MEP amplitudes at 130% AMT as well as short-interval
intracortical inhibition (SICI). A 5-min rest period following the
cessation of stimulation and training was allowed to minimise
any effects of fatigue. RMT and AMT were defined as the stimulator
intensity at which at least five out of ten stimuli produced MEP
amplitudes of greater than 50 lV and 200 lV, respectively. MEP
amplitudes were evaluated by producing 10 stimuli at a test-inten-
sity of 130% AMT. All MEPs were recorded during weak voluntary
contraction whereby participants positioned their hand in line
with their wrist (i.e. anatomically neutral). To maintain a constant
level of background muscle activity, participants performed three
maximal isometric contractions and the largest maximal root
mean square electromyography (rmsEMG) recording was obtained.
Visual feedback of muscle rmsEMG was displayed on an oscillo-
scope (HAMEG, Mainhausen, Germany) and participants were
asked to maintain a light contraction equivalent to 5% ± 2% of max-
imal rmsEMG. rmsEMG of the ECR was obtained 100 ms prior to
each TMS stimulus. SICI was obtained by delivering a conditioning
stimulus at 80% of AMT (subthreshold) followed by a test stimulus
(120% AMT; suprathreshold), separated by a three millisecond
inter-stimulus interval (Zoghi et al., 2003; Garry and Thomson,
2009). Specifically, 10 test stimuli and 10 conditioned stimuli were
delivered with the order of presentation randomised throughout
the sessions. A rest period of 30 s was provided between stimuli
sets to avoid muscular fatigue. For the paired-pulse paradigm, both
the test (120% AMT) and conditioning (80% AMT) intensities were
adjusted if any changes in AMT were obtained, so that the test and
conditioned MEP amplitudes were always equivalent to the true
percentage of AMT.

Direct muscle responses (M-waves), were obtained from the
ECR muscle by direct supramaximal electrical stimulation (pulse
duration one millisecond) of the radial nerve under resting condi-
tions. A high-voltage constant current stimulator (DS7, Digitimer�,
Hertfordshire, UK) delivered each electrical pulse. Stimulation was
delivered by positioning bipolar electrodes over the radial nerve on
the distal, lateral shaft of the humerus. An increase in current
strength was applied until there was no further increase in sEMG
amplitude (MMAX). To ensure maximal responses, the current
intensity was increased an additional 20% and the average MMAX

obtained from five stimuli was delivered and recorded at 0.2 Hz.
All TMS and M-wave procedures were performed for both limbs

at each time point and the order of limb testing was randomised
across participants and conditions.



2192 A.M. Goodwill et al. / Clinical Neurophysiology 126 (2015) 2189–2197
2.6. tDCS protocol

tDCS was applied over the ipsilateral M1 for 15 min with a fade-
in-fade out of five seconds, to avoid alternating currents causing
transient neuronal firing. Two 25 cm2 electrodes, soaked in a saline
solution (0.9% NaCl), were placed over the cortical representation
of the non-dominant ECR muscle, as explored and determined with
TMS, and secured with a rubber strap. In all conditions, the anode
was placed over the ipsilateral M1 to the trained limb, in the area
corresponding with the participants’ non-dominant ‘‘ECR optimal
site’’, and the cathode over the contralateral supraorbital area.
Stimulation was delivered at 1 mA (current density 0.040 mA/
cm2) through a DC-stimulator (NeuroConn DC stimulator, Ilmenau,
Germany). Both the primary researcher and participants were
blinded to whether they received active or sham stimulation. This
was achieved as the tDCS machine used, was coded to allow for
active and inactive (sham) stimulation. In the sham condition,
stimulation ceased after approximately 20 s providing a pseudo-
stimulation effect (Hummel et al., 2005). In order to obtain the par-
ticipants perception of discomfort across both tDCS conditions, a
visual analogue scale (VAS) was used. During the first minute of
stimulation participants were asked to rate their perceived sensa-
tion on a 10 point scale with zero relating to no sensation or dis-
comfort and 10 representing extreme sensation and discomfort.

2.7. Motor practice protocol

During exposure to tDCS, participants were required to perform
15, 10-s bouts of visuomotor tracking of the wrist, with 30 s rest
between each bout. Frequencies of 1.1, 1.3 and 1.5 Hz were
presented randomly, so that the participant was exposed to each
frequency 5 times throughout the training block. sEMG activity
was recorded from the untrained ECR muscle throughout the train-
ing block to quantify the presence or absence of motor overflow.

2.8. Data and statistical analysis

Visuomotor tracking error was assessed in 10 s epochs, and cal-
culated by normalising the root mean square error/deviation by
using the actual data’s range (maximum minus minimum) and
then converting to a percentage. Any MEPs with pre-stimulus
rmsEMG that exceeded 5 ± 2% maximal rmsEMG were discarded,
and repeated at the appropriate intensity (Sale and Semmler,
2005). MEP amplitudes were analysed using LabChart 8 software
(ADInstruments, Bella Vista, Australia), which provided peak-to-
peak values in mV and were then expressed as a ratio of MMAX

for each individual. In order to quantify SICI, the raw average con-
ditioned MEP was divided by the raw average single pulse (e.g.
Table 1
Mean ± SD baseline values for visuomotor tracking (% error), MEP amplitudes at 130% AMT
age groups and conditions.

Older adults

Anodal

Dominant Tracking Error 37.92 ± 10.98*

MEP amplitude 18.26 ± 7.64
SICI ratio 46.25 ± 12.43
RMT 44.83 ± 10.66
AMT 36.50 ± 10.88

Non-dominant Tracking Error 34.67 ± 8.17*

MEP amplitude 28.18 ± 9.05
SICI ratio 46.28 ± 16.48
RMT 43.33 ± 9.43
AMT 35.42 ± 6.86

* Denotes significant difference at baseline between young and old.
test) MEP and then multiplied by 100. Furthermore, sEMG of the
contralateral limb during training was measured as the average
peak amplitude of the rmsEMG from the onset of visuomotor
tracking through to the offset of motor training.

All data was screened for normal distribution using the Sha-
piro–Wilks test, with the data being judged as normally distributed
(P > 0.05). Independent t-tests were used to compare baseline dif-
ferences in continuous variables between young and old and
between sham and anodal tDCS for the same age, EMG mirror
activity in the contralateral wrist during training between young
and old and VAS scores between sham and anodal tDCS. Motor per-
formance, corticospinal excitability (RMT, AMT, MEPs at 130%
AMT) and intracortical inhibition were assessed using linear
mixed-models. The model included time, age group (young and
old) and condition (anodal and sham) as fixed main effects, and
an interaction between age, condition and time, with participants
as a random effect. Where significant time main effects were
detected, paired samples t-tests were used to examine pre and
post-intervention changes for each condition by age group. Analy-
sis was performed using IBM SPSS Statistics 21 with an alpha cut
off <0.05 deemed significant. All data are presented as Mean ± SD
or 95% confidence interval (CI) unless stated otherwise.
3. Results

3.1. Baseline characteristics

There were no differences between the sham and anodal condi-
tions for each age group at baseline. Baseline differences between
young and old revealed that older adults displayed a higher track-
ing error score across both conditions compared with younger
adults (P < 0.05). There were no differences in RMT or AMT, MEP
amplitudes at 130% AMT (% MMAX) or SICI for either hemisphere
or limb between young and older adults at baseline (Table 1).
There were no differences in VAS ratings between the sham and
anodal-tDCS conditions during the first minute of stimulation
(P = 0.189).
3.2. EMG activity of the untrained limb during unilateral practice

Values for sEMG of the untrained limb during unilateral practice
(% of Max rmsEMG) were 0.73%, 0.49%, 2.54%, 3.59% for young
sham, young anodal, old sham and old anodal, respectively. Older
adults displayed a larger degree of motor overflow than the young
adults (P < 0.0001). Interestingly, older adults receiving anodal
tDCS also displayed a significantly larger degree of motor overflow
compared with the sham tDCS (P = 0.039) (Fig. 2).
(% MMAX), SICI ratio (% test response) and AMT, RMT (% stimulator output) across both

Younger adults

Sham Anodal Sham

34.67 ± 9.04* 25.03 ± 6.66 21.78 ± 6.12
23.59 ± 16.45 11.81 ± 6.88 12.06 ± 5.81
46.42 ± 13.77 49.03 ± 13.60 51.58 ± 14.49
44.25 ± 10.30 45.58 ± 11.68 45.42 ± 11.68
36.00 ± 10.04 36.67 ± 8.29 36.75 ± 8.18

32.03 ± 7.93* 23.36 ± 6.59 23.67 ± 6.83
30.06 ± 15.86 16.07 ± 9.66 14.92 ± 8.09
48.11 ± 17.21 58.57 ± 11.62 58.63 ± 10.60
43.92 ± 7.63 44.75 ± 12.85 44.92 ± 12.41
35.67 ± 7.11 36.75 ± 8.67 37.50 ± 8.92
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3.3. Motor performance following unilateral practice

3.3.1. Trained limb
For the trained limb, there were no significant differences in the

magnitude of tracking improvement between older and young
adults and sham and anodal-tDCS (time-condition-age interaction;
F = 0.62, P = 0.650). On average, tracking error improved by
18 + 10.24% for the older sham (P < 0.001), 27 ± 11.23% for the old-
er anodal (P < 0.0001), 18 ± 18.54% for the young sham (P = 0.02)
and 28 ± 16.57% for the young anodal (P = 0.003) (Fig. 3a).
3.3.2. Untrained limb
For the untrained limb, older adults receiving sham-tDCS did

not improve tracking error (P = 0.659; 2% ± 13.14), whereas the
older anodal, young sham and young anodal improved by
19 ± 8.62%, 20 ± 8.65% and 28 ± 12.72%, respectively (all
P < 0.0001) (Fig. 3b). However, there was no significant time-condi-
tion-age interaction for the change in tracking error (F = 0.603,
P = 0.663).
3.4. Corticospinal excitability following unilateral practice

There were no main effects for time, or time-condition-age
interactions in the trained or untrained limb for MMAX, AMT or
RMT (all P > 0.05)
Fig. 2. Mean ± SD EMG recordings on the untrained limb during training for all
condition. ⁄P < 0.05.

Fig. 3. Mean ± SD percentage change values for visuomotor tracking error for the
3.4.1. Trained M1
For the trained limb, the magnitude of MEP facilitation at 130%

AMT following unilateral practice was similar across both sham
and anodal-tDCS conditions for young and older adults (time-
condition-age interaction; F = 0.49, P = 0.745). On average, MEP
facilitation improved by 38 ± 27.65% in older sham (P = 0.003),
36 ± 46.51% in older anodal (P = 0.016); 48 ± 50.94% in young sham
(P = 0.003) and 35 ± 47.78% in young anodal (P = 0.002) (Fig. 4a).

3.4.2. Untrained (ipsilateral) M1
For the untrained limb, there was no significant time-condition-

age interaction (F = 0.18, P = 0.945) for the change in MEP
amplitude in the ipsilateral M1 following training (Fig. 4b). Howev-
er, within group analysis revealed that there was significant
facilitation in MEP amplitude for the older anodal (27 ± 27.79%,
P = 0.034), young sham (28 ± 21.02%, P = 0.005) and young anodal
(34 ± 30.49%, P = 0.003), but not the older adults receiving
sham-tDCS (9 ± 29.38%, P = 0.458).

3.5. Short interval intracortical inhibition following unilateral practice

3.5.1. Trained M1
For the trained M1, there was no time-condition-age interaction

for SICI ratios (F = 0.24, P = 0.914), but there was a significant
release of SICI following unilateral motor practice in both tDCS
conditions for both young and older adults (older sham
32 ± 33.88% and older anodal 31 ± 15.40%, both P < 0.0001; young
sham 17 ± 17.05% and young anodal 20 ± 22.67%, both P = 0.002;
Fig. 5a).

3.5.2. Untrained (ipsilateral) M1
In the untrained limb, there were no differences in the

magnitude of SICI release in the ipsilateral M1 following unilateral
practice (time-condition-age interaction; F = 0.29, P = 0.885). How-
ever, within group analysis revealed a significant release in SICI
across both tDCS conditions for young and older adults (older sham
14 ± 17.16%, P = 0.011; older anodal 33 ± 28.43%, young sham
24 ± 18.28%, young anodal 22 ± 7.61%, all P < 0.0001; Fig. 5b).

4. Discussion

The purpose of this study was to examine whether the applica-
tion of anodal-tDCS applied to the ipsilateral M1 would facilitate
use-dependant cortical plasticity and cross-limb transfer following
motor skill practice in young and older adults. There were several
dominant (a) and non-dominant (b) limbs. ⁄P < 0.05 change from baseline.



Fig. 4. Mean ± SD percentage change values for MEP amplitudes (130% AMT) for the dominant (a) and non-dominant (b) limbs. ⁄P < 0.05 change from baseline.

Fig. 5. Mean ± SD values for the release of SICI (% change) for the dominant (a) and non-dominant (b) limbs. ⁄P < 0.05 change from baseline.
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important new findings from this study that add to the clinical effi-
cacy of tDCS in modulating motor learning. First, the extent of
motor learning in the trained limb between young and old adults
was not different. However, when anodal-tDCS was applied to
the ipsilateral M1, older adults exhibited cross-limb transfer,
which was absent in the sham condition, suggesting that anodal-
tDCS may improve the cross-transfer of motor learning. Second,
use-dependant cortical plasticity was not significantly different
between young and older adults when anodal-tDCS was applied
to the ipsilateral M1. This demonstrates that motor skill practice
in the absence of non-invasive brain stimulation is effective in
forming use-dependant plasticity in both young and old adults.
Based upon these findings, the present results indicate that young
and old adults demonstrates similar levels of use-dependant corti-
cal plasticity, which is not significantly influenced by the applica-
tion of anodal-tDCS.

4.1. Motor performance in both the trained and untrained limb
following unilateral practice

In the trained limb, motor practice improved tracking error in
both conditions for older and young adults by 18–28% with no
significant differences in the magnitude of improvement between
the age groups. While some studies have reported diminished per-
formance improvements and corticospinal excitability/inhibition
following motor training in older adults (Sawaki et al., 2003;
Rogasch et al., 2009; Goodwill et al., 2013), our current findings
are consistent with reports that there are no significant age-related
differences in the ability to improve performance following motor
training, regardless of differences in baseline performance (Cirillo
et al., 2010, 2011). A number of factors may explain these contrast
findings. Certainly, reductions in baseline performance during
aging is not always consistent, with some evidence demonstrating
the ability for older adults to retain a high capacity to learn and
perform new motor skills (Wu and Hallett, 2005). Further, physical
activity may be a prominent factor influencing the induction of
plasticity and acquisition of motor skills (Cirillo et al., 2009). It is
well established that regular physical activity up regulates the
expression of neurotrophins in the cortex, in particular, brain
derived neurotrophic factor (BDNF) (Neeper et al., 1995). BDNF
has been presented as a key contributor to motor learning, synaptic
efficacy and use-dependent plasticity (Schinder and Poo, 2000;
McAllister et al., 1999), and although not explicitly quantified,
may in part have contributed to the induction of use-dependent
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plasticity in the physically active (�3000 MET-mins/week) older
adults in this study which may in part explain the induction of
use-dependant plasticity in both the trained and ipsilateral M1 of
the older adults in this study.

In the untrained limb, unilateral training produced cross-limb
transfer of performance for young adults, regardless of the tDCS
condition, but intriguingly, only for the older adults receiving ano-
dal-tDCS. Although no significant differences between conditions
were demonstrated, the within effects over time for improved
cross-transfer of motor learning in the older adults warrant some
discussion as to the potential role of anodal-tDCS applied over
the ipsilateral M1, in maximising cross-limb transfer. When tDCS
was applied in conjunction with motor practice, the 19% transfer
of performance improvement to the untrained limb in older adults
was comparable to the 20–28% improvement observed in younger
adults following unilateral practice. To our knowledge, this is the
first study to demonstrate that anodal-tDCS applied to the ipsilat-
eral M1 can induce similar performance transfer improvements in
young and older adults. There are several possibilities as to why
the cross-transfer of motor learning was facilitated following ano-
dal-tDCS in the older adults but not in the sham. The magnitude of
motor overflow was significantly lower in the older adults receiv-
ing sham tDCS, whereby we also observed no improvement in per-
formance. When anodal-tDCS was combined with unilateral
practice, we observed a greater amount of overflow and a sig-
nificant improvement in performance of the untrained limb.
Recent data from Bodwell et al. (2003), revealed that an increase
in motor overflow manifests as a result of increased bi-hemispher-
ic activity of both the contralateral and ipsilateral M1. Therefore, it
is conceivable that increasing bi-hemispheric activity via the appli-
cation of tDCS may play an important role in the induction of
motor learning of the untrained limb (Hendy et al., 2012; Ruddy
and Carson, 2013). Certainly, theories of hemispheric activity, such
as cross-activation, which suggests a spill-over of neural drive from
the active to the inactive hemisphere via interhemispheric path-
ways, may regulate the cross-transfer of motor performance
(Carroll et al., 2006; Hortobágyi et al., 2011; Ruddy and Carson,
2013). The increase in cortical activity of the ipsilateral M1 in the
current study supports such a theory which may have contributed
to the improvements in motor learning of the untrained limb in
older adults. Importantly, the absence of cross-transfer of perfor-
mance following sham-tDCS supports the finding by Hinder et al.
(2010a), whom reported no cross-transfer following a ballistic
motor task. Whilst further large-scale studies are needed, our find-
ings for the application of anodal-tDCS applied to the ipsilateral M1
could be of clinical importance during periods of unilateral injury.

4.2. Bilateral corticospinal excitability following unilateral practice

It is well established that there is an induction of corticospinal
plasticity that occurs following motor skill training and tDCS
(Ziemann et al., 2001, 2004; Zimerman and Hummel, 2010). In
the present study, the magnitude of corticospinal excitability fol-
lowing motor skill training was not different between conditions,
showing that young and older adults can demonstrate similar
use-dependent cortical plasticity following motor skill practice.
Importantly, the magnitude of change in corticospinal excitability
in the older adults was consistent with previous studies in young
adults (Muellbacher et al., 2000; Carroll et al., 2008; Lee et al.,
2010; Cirillo et al., 2011). On this basis, our results show that motor
practice facilitates use-dependant cortical plasticity of both the
contralateral and ipsilateral M1 in older adults, which is in contrast
to the findings from several previous studies (Sawaki et al., 2003;
Rogasch et al., 2009; Goodwill et al., 2013).

Although there was no significant time-condition-age interac-
tions found within the present study, the within effects for
increased MEP amplitudes in the ipsilateral M1 of older adults fol-
lowing anodal-tDCS only, warrants some discussion. It is interest-
ing to note that the magnitude of MEP facilitation following
ipsilateral tDCS was similar to the magnitude of motor learning
improvement of the untrained limb. On this basis, it is possible that
the application of anodal-tDCS to the ipsilateral M1 may have
facilitated the cross-transfer of performance to some degree.
Certainly, the involvement of the ipsilateral M1 regulating the
cross-limb transfer has been well documented in young adults
(Chen et al., 1997; Verstynen et al., 2005; Carroll et al., 2008; Lee
et al., 2010), but has been shown to be absent in older adults
(Hinder et al., 2010a). Despite the absence of an interaction, older
adults exhibited facilitated ipsilateral excitability only following
anodal-tDCS, which suggests that its application may be beneficial
in facilitating the induction of corticospinal plasticity and improv-
ing the cross-transfer of performance. However, these findings
need to be confirmed in large-scale trials.

4.3. Bilateral short-interval intracortical inhibition following unilateral
motor practice

It is well accepted that modulation of intracortical inhibitory
pathways help the acquisition of skilled movements (Stinear and
Byblow, 2003; Zoghi et al., 2003) and the removal of intracortical
inhibition plays a crucial role in mediating used-dependant plas-
ticity (Ziemann et al., 2001). In relation to the age-related changes
in SICI, mixed findings have been reported across the literature,
with some studies reporting an increase (Kossev et al., 2002;
McGinley et al., 2010), a decrease (Peinemann et al., 2001), or no
differences (Oliviero et al., 2006) in cortical inhibition in older
compared to younger adults. In our study, we observed no differ-
ences in SICI between young and older adults at baseline for either
hemisphere. The aforementioned differences in baseline inhibition
between young and old may in part be a result of the background
muscle activity in which testing was conducted.

Following unilateral training, we showed a bilateral reduction
in SICI in both young and older adults, irrespective of the tDCS
condition. This suggests that the use of a visuomotor tracking task
was able to modulate inhibitory circuits in both the trained and
ipsilateral M1 across both age groups, which is consistent with
the findings in young adults following motor skill training (Perez
et al., 2004).

In both young and older adults, tDCS over the dominant M1 has
been shown to modulate SICI (Nitsche et al., 2005; Goodwill et al.,
2013; Kidgell et al., 2013), but to our knowledge no studies to date
have quantified the effect of tDCS over the ipsilateral M1 during
unilateral practice. In older adults, we found that SICI was reduced
in the ipsilateral M1 following both sham and anodal-tDCS. Inter-
estingly, the magnitude of SICI release between hemispheres for
both young and old adults was not different. On this basis, the
complex visuomotor tracking task, may have reduced the synaptic
efficacy of GABAA receptors of neurons forming cortico-cortical
networks, releasing pyramidal neurons from inhibition (Kujirai
et al., 1993; Floeter and Rothwell, 1999). These results suggest that
there is a bilateral use-dependant modulation of SICI following
unilateral practice, which is not influenced by anodal-tDCS.

4.4. Limitations

Although the mechanisms of tDCS alone have been well
documented, a potential limitation of the current study was the
lack of a control condition that received tDCS in the absence of
motor practice. Thus, it is possible that the performance improve-
ments in the untrained limb may have been a direct result of the
tDCS rather than the up-regulation of the mechanisms within the
ipsilateral M1, produced by unilateral practice. A further limitation
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was that we were unable to quantify interhemispheric inhibition,
which has recently been identified to be reduced following tDCS
as well as following unilateral training (Williams et al., 2010;
Hortobágyi et al., 2011). As the current study observed a release
of SICI in both the trained and ipsilateral M1, the contribution of
interhemispheric inhibition contributing to changes in SICI follow-
ing tDCS cannot be overlooked, and needs to be quantified in future
work. Further, the establishment of SICI in a resting muscle, may
have provided additional insight into the intracortical mechanisms
mediating the differences in motor performance between younger
and older adults.
5. Conclusions and future directions

Cross-limb transfer has important implications for recovery
during immobilisation following surgery as well as neurological
injury such as stroke. Given the emerging evidence that this phe-
nomenon may be absent with advancing age, a population whom
have an increased risk of falls, fractures, stroke and other unilateral
injuries, it is of importance that we identify techniques to augment
cross-limb transfer. Although we have reported no interactions
between the age groups for tDCS conditions, the improvements
observed within the older adults following anodal-tDCS provide
some preliminary evidence for the potential role of the ipsilateral
stimulation contributing to the cross-transfer of performance. As
the cross-limb transfer of performance has important implications
in a rehabilitation environment, its efficacy as a clinical add-on
technique during rehabilitative programs needs to be addressed
by future studies.
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