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Abstract The aim of this study was to examine cortico-
motor excitability and plasticity following repetitive thumb
abduction training in left and right hands of young and old
adults. Electromyographic recordings were obtained from
the abductor pollicis brevis (APB) muscle of 12 young
(aged 18–27 years) and 14 old (aged 63–75 years) adults.
Motor training consisted of 300 ballistic abductions of the
thumb to maximize peak abduction acceleration, with each
hand tested in a separate session. Transcranial magnetic
stimulation (TMS) over the primary motor cortex (M1) was
used to assess changes in contralateral APB motor-evoked
potentials (MEPs) and short-interval intracortical inhibition
(SICI) before and after training. For young and old adults,
APB MEP amplitude increased for both hands after train-
ing, which is indicative of use-dependent plasticity. How-
ever, the increase in MEP amplitude was 21% (P = 0.04)
greater in the left (non-dominant) hand compared with the
right (dominant) hand. This occurred despite a 40% greater
improvement in peak thumb abduction acceleration (motor
learning) for the right hand in young subjects compared
with the left hand in young subjects (P < 0.04) and the right
hand in old subjects (P < 0.01). Furthermore, no diVerence
in use-dependent plasticity was observed between young
and old adults, and SICI remained unchanged following
ballistic training for both hands in all subjects. These Wnd-
ings suggest that there is greater strengthening of cortico-
motor circuits for control of the left compared with the right
hand during simple ballistic thumb training and that an age-
related decline in motor learning was observed only in the
dominant hand. In contrast to previous studies, these data

also indicate that young and old adults can demonstrate
similar use-dependent corticomotor plasticity during this
simple thumb-training task.
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Introduction

The human brain, in particular the primary motor cortex
(M1), has the potential to functionally and structurally reor-
ganize following physiological (learning) and pathological
(injury or disease) events (see Sanes and Donoghue 2000
for review). As a result, in addition to having the essential
function of controlling voluntary movement, M1 is a cru-
cial site for use-dependent plasticity, such as learning new
motor skills and recovery of motor function after injury
(Pascual-Leone et al. 1995; Nudo et al. 1996). In the con-
text of motor learning, use-dependent plasticity can be
assessed in humans by examining the change in the muscle-
evoked potential (MEP) from electromyography (EMG)
recordings following transcranial magnetic stimulation
(TMS) of M1. An increase in the MEP after motor training
reXects the increased excitability of corticospinal and spinal
motor neurons (Muellbacher et al. 2001; Ziemann et al.
2001), which is thought to occur through long-term potenti-
ation (LTP)-like mechanisms (BüteWsch et al. 2000).
Although several factors are known to inXuence motor sys-
tem plasticity (see Ridding and Ziemann 2010 for review),
limited information exists on diVerences in use-dependent
plasticity with hand preference and advancing age. These
factors could contribute to diVerences in use-dependent
plasticity in a diverse subject population and have important
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implications for therapeutic interventions in neurological
patients.

The motor system between left and right brain hemi-
spheres is not symmetrical, with anatomical and physiolog-
ical diVerences between sides potentially contributing to
asymmetries in hand performance (Amunts et al. 1996;
Guye et al. 2003; Ilic et al. 2004; Triggs et al. 1997; Volk-
mann et al. 1998). However, few studies have examined the
extent of corticomotor plasticity in left and right hemi-
spheres and whether this has implications for improved
motor performance. Studies involving artiWcially induced
(Ridding and Flavel 2006) and use-dependent plasticity
(Garry et al. 2004; Gallasch et al. 2009) have generally
shown no hemispheric diVerences in MEP facilitation in
young subjects, although repeat performance of a goal-
directed movement task results in more sustained facilita-
tion in the left hand (Gallasch et al. 2009). Recent evidence
suggests that artiWcially induced and use-dependent plastic-
ity involve overlapping and functionally relevant cortical
circuits (Ziemann et al. 2004; Stefan et al. 2006), but the
functional implications of any hemispheric diVerences in
use-dependent plasticity for motor skill learning are
unknown.

Both structural and functional plasticity in response to
motor training are altered with advancing age. For example,
there is reduced structural plasticity of cortical gray matter
in older adults when learning a novel motor skill (Boyke
et al. 2008), and there is an age-related decrease in the abil-
ity of M1 to reorganize in response to motor training
(Sawaki et al. 2003; Rogasch et al. 2009). More recently,
we have shown reduced use-dependent plasticity and motor
learning following 30 min of ballistic thumb abduction
training in older adults, with these diVerences unrelated to
the extent of improvement in motor performance in young
or old subjects (Rogasch et al. 2009). However, these previ-
ous studies have focused on the right (preferred) hand to
assess use-dependent plasticity with advancing age, and
there are no studies that have compared use-dependent
plasticity in left and right hands of older adults.

The aim of this study was to examine the extent of use-
dependent plasticity following repetitive thumb abduction
training for M1 control of the right (dominant) and left
(non-dominant) hands of young and old adults. The repeti-
tive ballistic thumb abduction task was selected as it is
commonly used to induce use-dependent plasticity in
young subjects (e.g., Muellbacher et al. 2001; Ziemann
et al. 2001), and there is recent evidence from TMS studies
indicating improvements in ballistic motor performance are
dependent on adaptations in M1 (Muellbacher et al. 2001,
2002; Carroll et al. 2008). Using the ballistic thumb-train-
ing task, we hypothesize that use-dependent corticomotor
plasticity and motor learning will be reduced with advanc-
ing age, and there will be greater use-dependent plasticity

in the right (non-dominant hand) hemisphere compared
with the left (dominant hand) hemisphere in all subjects.

Materials and methods

Experiments were performed on the right and left hand of
27 subjects with no known history of peripheral or neuro-
logical impairment. Data were excluded from one young
male subject as he displayed excessive thumb Xexion
throughout the training task (standard deviation 3£ greater
than the mean of all subjects), suggesting that it was not
performed correctly. Therefore, data were analyzed from
twelve young (7 women, 5 men; 22 § 2 years; range 18–
27 years) and fourteen older subjects (7 women, 7 men;
67 § 4 years; range 63–75 years). All subjects were
strongly right handed (Laterality Quotient (LQ); Young:
median LQ = 0.82, range 0.6–1.0; Old: median LQ = 0.92,
range 0.6–1.0) as assessed by the Edinburgh Handedness
Questionnaire (OldWeld 1971), and no subjects reported
long-term skilled use of the hands, such as playing a musi-
cal instrument (Rosenkranz et al. 2007b). Subjects also
completed the long version of the International Physical
Activity Questionnaire (IPAQ), consisting of 31 items
describing the extent of leisure time physical activity
involving aerobic exercises such as running, cycling, and
walking (Craig et al. 2003; Fogelholm et al. 2006). All sub-
jects gave written informed consent prior to participation in
the study, which was approved by the University of Ade-
laide Human Research Ethics Committee.

Experimental arrangement

The experimental setup used for these studies has been
described previously (Rogasch et al. 2009). Subjects were
seated comfortably with either their right or left shoulder
abducted approximately 45° to allow the hand and arm to
rest on a manipulandum. Experiments were conducted in
the afternoon, and each hand was tested on a diVerent day
separated by at least 2 weeks, with the hand examined Wrst
selected randomly. For all measures other than training, the
forearm was pronated and the palm was facing down on
the manipulandum. Surface EMG was recorded from the
abductor pollicis brevis (APB) and abductor digiti minimi
(ADM) muscles throughout the experiment using bipolar
surface electrodes (Ag–AgCl, 4 mm diameter) placed
»2 cm apart using a muscle belly-tendon conWguration.
A grounding strap placed around the elbow was used as a
common reference for all electrodes. The EMG signals
were ampliWed (£100–1000), bandpass Wltered (high pass
at 13 Hz, low pass at 1000 Hz), digitized online at 2 kHz
with a CED interface system (Cambridge Electronic Design
Co. LTD, UK) and recorded onto computer for oZine
123



Exp Brain Res (2010) 205:57–68 59
analysis. The EMG signals of both muscles were displayed
on an oscilloscope to assist the subject in maintaining EMG
silence when required.

Experimental procedures

At the beginning of each experiment, maximal thumb
abduction force (maximum voluntary contractions; MVCs)
was measured, and resting and active motor thresholds
were determined using TMS (see below). To examine the
extent of corticomotor plasticity in left and right hands of
young and old adults, corticomotor excitability (input–out-
put curves; IO curves) and short-interval intracortical inhi-
bition (SICI curves) were assessed using TMS before and
after a motor training task. To examine training-induced
changes in peripheral neuromuscular processes, maximum
compound muscle action potentials (M-waves) were also
recorded before and after training in the majority of these
subjects. The order of these measurements for all subjects
was M-waves, IO curves and SICI before training, whereas
it was M-waves, SICI (5 min after training) and IO curve
(10 min) after training. This order was selected to obtain
SICI measurements as close as possible to the training, as
SICI can return to baseline levels within 15 min (see Garry
et al. 2004), whereas MEP amplitude can remain elevated
for up to an hour after the intervention (Muellbacher et al.
2001; Ziemann et al. 2001).

MVC

The hand was positioned with the palm facing down, and
the proximal phalanx of the thumb was placed in a metal
ring attached to a load cell (LC1205-K020, A&D Mercury
Pty Ltd, Australia) to facilitate measurement of thumb
abduction force. Maximum thumb abduction force was
exerted by the subject for 3 s against the force transducer
with verbal encouragement provided by the experimenters.
Several MVC trials were performed, with a minimum of
30-s rest between trials, until the peak force from two trials
were within 10% of each other, and the MVC with the larg-
est thumb abduction force was used for the assessment of
muscle strength. Visual feedback of thumb abduction force
was displayed on an oscilloscope, and the subject was mon-
itored in each trial to ensure that proximal limb muscles
were not contributing to the thumb abduction force. Force
signals were ampliWed (£1000), digitized online (2 kHz)
via a CED 1401 interface (Cambridge Electronic Design,
UK) and stored on computer for oZine analysis.

TMS

TMS was applied using a Wgure-of-eight coil (external
wing diameter 90 mm) with two Magstim 200 magnetic

stimulators connected with a Magstim Bistim unit
(Magstim, Whitland, Dyfed, UK). The coil was held tan-
gentially to the skull with the handle pointing backward and
laterally at an angle of 45° to the sagittal plane. With this
coil orientation, current Xow within the cortex was induced
in a posterior–anterior direction. The coil was positioned at
the optimal scalp position over the appropriate hemisphere
for eliciting a MEP in the relaxed APB muscle. The optimal
scalp position was then marked for reference. TMS was
delivered at 0.2 Hz for all conditions, and optimal coil posi-
tion was continually monitored throughout the experiment.

RMT and AMT

Resting motor threshold was determined as the minimum
stimulus intensity required to elicit a MEP in the relaxed
APB of at least 50 �V in 3 out of 5 consecutive trials.
Active motor threshold was deWned as the minimum stimu-
lus intensity required to elicit a MEP in the APB muscle of
at least 200 �V in 3 out of 5 consecutive trials during low-
level voluntary thumb abduction (10% MVC). Both RMT
and AMT are expressed relative to 100% maximum stimu-
lator output (MSO), and the stimulus intensity was altered
in 1% increments of MSO throughout this process until the
appropriate threshold level was achieved.

IO curve

The intensities used to construct the TMS IO curves were
determined for each individual according to their RMT
before ballistic thumb training. Seven TMS intensities of
100, 110, 120, 130, 140, 160, and 180% of RMT were
recorded for each subject at rest. TMS pulses that included
obvious EMG during the pre-stimulus period (100 ms
before TMS) were discarded, and the TMS pulse repeated
at the end of the IO curve block. A single IO curve block
consisted of 56 stimuli (8 stimuli at each intensity) with the
order of presentation of the seven conditions pseudo-
randomized throughout the trial. MEP amplitudes were
measured for each TMS pulse to calculate the mean MEP
amplitude for each TMS intensity.

SICI

Short-interval intracortical inhibition (SICI) was assessed
using a paired-pulse TMS paradigm consisting of a sub-
threshold conditioning stimulus that preceded a supra-
threshold test stimulus by 3 ms (Kujirai et al. 1993). The
test stimulus intensity was set to produce a MEP amplitude
of »1 mV in resting APB before training, whereas the con-
ditioning stimulus was randomized as 70, 80, or 90% of
AMT. The test stimulus intensity remained constant before
and after training. Each data block consisted of ten trials for
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each of four conditions; test stimulus alone and SICI at 70,
80, and 90% AMT, with the order of presentation random-
ized throughout the trials (40 trials total). The conditioned
MEP amplitude was expressed as a percentage of the
unconditioned test MEP amplitude to calculate the inXu-
ence of the conditioning stimulus on SICI circuits.

M-waves

Maximal M-waves from the APB muscle were recorded
from both left and right hands in 10 young and 10 old sub-
jects. Supramaximal electrical stimulation was adminis-
tered to the median nerve at the wrist using a constant
current stimulator (DS7A, Digitimer, UK) via bipolar sur-
face electrodes, separated by 20 mm, with the cathode
proximal. Stimuli were square wave pulses with 100 �s
pulse duration. Stimulator intensity was set at 120% of
that required to elicit a maximal M-wave response from
APB. The M-wave responses from Wve stimuli were
recorded before and immediately after training in these
subjects.

Motor training task

The motor training task was similar to that described previ-
ously (Rogasch et al. 2009), which required the subject to
maximize peak thumb abduction acceleration (TAAcc) dur-
ing ballistic movement of the thumb. Subjects sat with their
forearm placed in a custom designed splint, and their arm
abducted at the shoulder and bent at approximately 90° at
the elbow. The splint was designed to have the forearm
placed in a neutral position (between pronation and supina-
tion) with the thumb free to move, while the other digits
were immobilized. Two blocks of 150 ballistic thumb
abduction movements (total of 300 trials) paced at 0.5 Hz
by an audible tone from a metronome were performed in
each session. Subjects rested their thumb for 30 s after ten
trials and for 5 min between the Wrst and second blocks to
avoid fatigue. A biaxial accelerometer (sensitivity § 6 g,
LIS3L06AL, STMicroelectronics, Switzerland) placed over
the interphalangeal joint of the thumb was used to assess
thumb acceleration in the abduction–adduction plane.
Thumb acceleration > +3 m s¡2 in the abduction–adduction
plane triggered a recording sweep of § 500 ms, and each
movement recorded acceleration data in the abduction–
adduction plane, along with EMG from the APB and ADM
muscles. Continual verbal encouragement and visual feed-
back of thumb abduction acceleration displayed on a com-
puter screen was provided to the subject throughout
training to improve and maximize thumb acceleration.
Acceleration signals were digitized online at 2 kHz, using a
CED interface system and recorded on computer for oZine
analysis.

Data analysis

All MEP and M-wave trials that contained any pre-stimulus
EMG (100 ms before stimulation) were discarded from
analysis. MEP and M-wave amplitudes were measured
peak-to-peak in each individual trial and averaged for each
condition. For paired-pulse TMS, conditioned MEPs were
expressed as a percentage of the mean test-alone MEP in
each block to quantify the eVectiveness of SICI. Maximum
force was calculated during the MVC and maximum APB
EMG was assessed as the mean rectiWed EMG 500 ms
before and after peak force.

For each movement trial, a baseline period from 400 to
200 ms before abduction acceleration was used to calculate
the mean baseline acceleration in the abduction–adduction
plane. The mean acceleration over this baseline period was
subtracted so that baseline acceleration equaled 0 m s¡2,
and the peak TAAcc was then assessed. Abduction acceler-
ation for each block of 150 ballistic thumb abduction move-
ments was subdivided into blocks of 50 trials representing a
start, middle and end (six segments of 50 trials in total) for
detailed analysis. To assess improvement in peak TAAcc
(motor learning), each block of 50 trials was normalized to
the Wrst 10 contractions. APB EMG was quantiWed for one
in ten movement trials by obtaining the average rectiWed
EMG from movement onset to peak TAAcc. Movement
onset was deWned as the time when EMG increased by
more than 3 standard deviations above baseline (¡400 to
200 ms before movement).

Statistical analysis

A paired t-test was performed to compare baseline TAAcc
between hands, and an unpaired t-test was performed to
compare baseline TAAcc and IPAQ scores between age
groups. A Mann–Whitney U test was used to compare non-
parametric handedness scores between young and old
adults. Two-way ANOVA (Hand, Age) was used to ana-
lyze subject characteristics of maximum thumb abduction
force, maximum M-wave amplitude, RMT, AMT, and
MEP test-alone TMS intensity before training. A three-way
ANOVA (Hand, Age, Time) was used to examine M-wave
amplitude and test MEP amplitude from SICI data. A three-
way ANOVA (Hand, Age, Time) was also used to examine
TAAcc improvement and mean rectiWed EMG during
acceleration. A four-way ANOVA was used to analyze IO
curve (Hand, Age, Time, TMS intensity) and SICI (Hand,
Age, Time, Conditioning intensity). A Fisher’s LSD post
hoc test that performed all possible comparisons was used
to analyze signiWcant main eVects and interactions where
necessary. The signiWcance level was set at P < 0.05 for all
comparisons, and all group data are provided as
mean § SEM.
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Results

All subjects were comfortable with the TMS and training
task procedures, and no side eVects were reported. Age and
hand diVerences in subject characteristics before training
are displayed in Table 1. There was no diVerence between
left and right hands in maximum thumb abduction force or
APB EMG during MVC, TMS thresholds, and M-Waves
before training. However, when both hands were combined,
older adults had reduced APB EMG during MVC and M-
Wave amplitude compared with young adults (Table 1). In
addition, there were no diVerences in physical activity lev-
els assessed by the IPAQ between young and old adults
(Old = 3492 § 777 MET-min; Young = 4117 § 1296
MET-min, P = 0.67), although older adults were more
strongly right handed than young adults (Old: median
LQ = 0.92 § 0.12; Young: median LQ = 0.82 § 0.13,
P < 0.04).

EVect of age and hand on motor learning

To quantify motor learning, the improvement in peak
TAAcc for each 50 contractions was normalized to the Wrst
10 movement trials for each session. For the Wrst 10 move-
ment trials (baseline), peak TAAcc was greater in the left
compared with the right hand in all subjects (paired t-test,
left = 21.15 § 2.21 m s¡2; right = 16.04 § 1.50 m s¡2, P =
0.02), but there was no diVerence between peak TAAcc
in young and old adults (unpaired t-test, young = 17.86 §
2.17 m s¡2; old = 19.22 § 1.76 m s¡2, P = 0.63). Improve-
ment in peak TAAcc in the left and right hand of young and
old adults throughout training is shown in Fig. 1. A three-
way repeated measures ANOVA indicated that normalized
TAAcc improved over training blocks (Time eVect, P < 0.01)
and was greater for the right hand compared with the left
hand (Hand eVect, P = 0.03), but was not diVerent between

young and old adults (Age eVects, P = 0.47). A signiWcant
hand £ time £ age interaction (P < 0.01) showed that the
improvement in peak TAAcc for the last 100 movement tri-
als (201–250 and 251–300) was »40% greater in the right
hand in young adults compared with the left hand in young
adults (P < 0.04) and the right hand in old adults (P < 0.01).
No diVerence between hands was observed in normalized
TAAcc in old adults, and no age-related diVerence was
observed in normalized TAAcc for the left hand.

For the mean rectiWed APB EMG throughout training,
a three-way repeated measures ANOVA revealed that
EMG was diVerent between training blocks (Time eVect,
P = 0.01), and EMG was greater in young subjects (Age
eVect, P = 0.02), but there were no diVerences between
left and right hands (Hand eVect, P = 0.59). A time £ age
interaction (P < 0.01) and subsequent post hoc analysis
showed that EMG was similar in young and old adults for
training block 1 (P = 0.12), but was on average 32%
greater in young subjects in training blocks 2–6 (all
P values < 0.02). No signiWcant diVerences in APB EMG
were observed throughout training in young or old adults.
Furthermore, the signiWcant Age eVect was removed
(P = 0.8) when the EMG was normalized to the MVC
EMG in each subject.

EVect of age and hand on training-dependent corticomotor 
excitability

The eVect of motor training on the IO curves (assessed over
TMS intensities of 100–180% RMT) of the relaxed APB in
left and right hands of young and old adults are shown in
Fig. 2. A four-way repeated measures ANOVA indicated
that there was an increase in the size of the APB MEP
amplitude with increasing stimulus intensity in both hands
of all subjects (Intensity eVect, P < 0.0001), MEP ampli-
tude was greater following training (Time eVect,

Table 1 Group data before training in the left and right hand of young and old adults

Values are mean (SD). MVC APB maximum voluntary contraction, EMG APB electromyography, RMT APB resting motor threshold, AMT APB
active motor threshold, MSO maximum stimulator output. M-wave data obtained from 10 young and 10 older adults

* P < 0.02 compared with young adults

Young Old All

Left Right Both Left Right Both Left Right Both

MVC (N) 32.5 (18.9) 27.4 (9.7) 30.0 (14.9) 32.8 (12.7) 33.8 (19.8) 33.3 (16.3) 32.6 (15.5) 30.8 (16.0) 31.7 (15.6)

Maximum EMG (mV) 0.86 (0.26) 0.84 (0.34) 0.85 (0.29) 0.61 (0.28) 0.61 (0.24) 0.61* (0.26) 0.73 (0.29) 0.72 (0.31) 0.72 (0.30)

RMT (% MSO) 43.4 (8.9) 45.1 (8.6) 44.3 (8.6) 46.3 (7.8) 44.9 (6.7) 45.6 (7.3) 45.0 (8.3) 45.0 (7.5) 45.0 (7.9)

AMT (% MSO) 35.2 (8.5) 37.3 (8.9) 36.8 (8.7) 38.1 (7.8) 37.6 (7.5) 37.8 (7.6) 36.7 (8.1) 37.9 (8.1) 37.3 (8.0)

Test intensity (% MSO) 56.3 (13.5) 61.7 (13.5) 59.0 (13.5) 59.9 (16.8) 60.9 (16.9) 60.4 (16.5) 58.2 (15.2) 61.3 (15.1) 59.8 (15.1)

M-wave (mV) 15.8 (2.3) 15.5 (3.4) 15.7 (2.9) 11.9 (4.4) 11.8 (4.7) 11.8* (4.4) 13.8 (4.0) 13.6 (4.4) 13.7 (4.2)
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P < 0.0001) and MEP amplitude was greater in the left
compared with the right hand (Hand eVect, P = 0.04).
However, no diVerence between young and old adults

(Age eVect, P = 0.75) was observed. A hand £ time £
intensity interaction (P = 0.02) showed that MEP amplitude
increased after training for the left hand at TMS intensities

Fig. 1 Improvement in peak thumb abduction acceleration (TAAcc)
for all 300 thumb movement trials for young and old adults in the left
(a) and right (b) hand. Each symbol represents the mean of 50 movement

trials that have been normalized to the Wrst 10 movements in that ses-
sion. *P < 0.05 compared with older adults. #P < 0.05 compared with
the same time point in the left hand

Fig. 2 Mean MEP amplitudes before and after training in the left
(a, c) and right (b, d) APB muscle of young (a, b) and old (b, d) adults.
Data are shown at increasing TMS intensities expressed relative to
resting motor threshold (RMT). For young and old adults combined,

MEP amplitude increased after training for the left hand at TMS inten-
sities of 160% (P = 0.04) and 180% (P = 0.01) RMT. Inset shows
MEP amplitudes before and after training that have been pooled across
TMS intensities
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of 160% (P = 0.04) and 180% (P = 0.01) RMT for young
and old adults combined. No diVerences in MEP amplitude
were observed in the right hand after training at any TMS
intensity (all comparisons, P > 0.28). For the ADM IO
curve, one young and one old subject were excluded due to
contamination by consistent pre-stimulus EMG activity. As
for APB, MEP amplitude increased with increasing stimu-
lator output for the control ADM muscle (Intensity eVect,
P < 0.0001). However, there was no signiWcant Time
(P = 0.64), Hand (P = 0.41), or Age (P = 0.30) eVects, and
no signiWcant interactions (all interactions, P > 0.18). These
data show that training did not inXuence MEPs in ADM
and that the training-related increase in APB MEP ampli-
tudes was speciWc to the muscles involved in the task.

M-wave amplitudes were 34% greater in young
compared with old adults (P < 0.01). However, there
were no diVerences in M-wave amplitude between
hands (left = 13.94 § 0.63 mV, right = 14.09 § 0.74 mV,
P = 0.72), no changes after training (before = 13.89 §
0.68 mV, after = 14.14 § 0.70 mV, P = 0.28), and no
signiWcant interactions (all interactions, P > 0.17).

Using linear regression of data from individual subjects,
we examined whether the training-related change in APB
MEP amplitude was associated with the improvement in
peak TAAcc. There was no signiWcant association between
the change in APB MEP amplitude and the improvement in
TAAcc for young (r2 = 0.04, P = 0.38) or old (r2 = 0.06,
P = 0.23) adults and for left (r2 = 0.05, P = 0.29) or right
(r2 = 0.12, P = 0.08) hands.

SICI was assessed using a paired-pulse paradigm that
utilized an »1 mV test pulse (before training) that was pre-
ceded by a subthreshold conditioning pulse (70, 80, or 90%
AMT) at 3 ms. Data showing the changes in test-alone APB
MEP amplitude and the extent of SICI in left and right
hands of young and old adults are shown in Fig. 3. There
was an increase of 41% in test APB MEP amplitude after
training (Time eVect, P < 0.0001), but no diVerence
between left and right hands (Hand eVect, P = 0.12) or
young and old adults (Age eVect, P = 0.62). A signiWcant
hand £ time interaction (P = 0.04) and post hoc analysis
indicated that test MEP amplitude after training for the left
hand increased by 55% (P < 0.0001) and for the right hand
increased by 25% (P = 0.05) compared with before train-
ing. In addition, test MEP amplitude was 21% greater in the
left hand compared with the right hand after training
(P = 0.04). This increase in MEP amplitude after training
was speciWc to the muscle used in the task (APB), as there
was no change in MEP amplitude (one young subject
excluded due to pre-stimulus EMG activity) of the ADM in
either left or right hands of young and old adults after train-
ing. For SICI, increasing the intensity of the conditioning
stimulus increased the amount of SICI in APB for both
hands in all groups (Intensity eVect, P < 0.0001). However,

there were no signiWcant Time (P = 0.60), Hand (P = 0.69),
or Age (P = 0.16) eVects, and no signiWcant interactions
(all interactions, P > 0.16).

Discussion

The purpose of this study was to examine hemispheric
diVerences in use-dependent corticomotor plasticity and
motor learning following repetitive thumb abduction train-
ing in young and old adults. There were several new Wnd-
ings in this study. First, use-dependent corticomotor
plasticity following repetitive thumb abduction training
was greater in the left (non-dominant) hand, although there
were no diVerences between young and old adults. Second,
the extent of motor learning was greater for the right hand
in young adults compared with the left hand in young adults
and the right hand of old adults. Furthermore, SICI was not
altered by training in either hand for young or old adults,
suggesting that the increased use-dependent corticomotor
plasticity in the right hemisphere (left hand) was not due to
hemispheric diVerences in GABAergic intracortical inhibi-
tion in M1.

Increased corticomotor plasticity for control 
of the left hand

A number of studies using TMS have demonstrated cortico-
motor plasticity following motor learning, motor practice, or
training. These studies have shown that increased MEP
amplitude in the target muscle can last for up to an hour after
the motor intervention (Muellbacher et al. 2001; Ziemann
et al. 2001), although substantial variability in the response
exists between studies. One factor that could be responsible
for this variability is whether the dominant or non-dominant
hand is used for the training. Similar to previous perfor-
mance-based training intervention studies, we demonstrate
that MEP amplitudes in the target muscle (APB) of both left
and right hands were signiWcantly facilitated following train-
ing, but the changes were larger when training was per-
formed with the left (non-dominant) hand. This increased
MEP following an intervention is believed to reXect use-
dependent plasticity (Muellbacher et al. 2001; Ziemann et al.
2001), with pharmacological (BüteWsch et al. 2000; Sawaki
et al. 2002) and physiological evidence (Muellbacher et al.
2002) suggesting that this occurs through LTP-like mecha-
nisms. It is conceivable that the greater use-dependent plas-
ticity in the right hemisphere (controlling the left hand) could
take eVect at cortical and/or spinal levels, but several lines of
evidence suggest that at least some of the changes with this
ballistic task are occurring at the cortical level. For example,
there is a reduced change in spinal excitability as assessed
with transcranial electrical stimulation (Classen et al. 1998),
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and there is impaired motor learning following administra-
tion of pharmacologically induced neuromodulators (Meintz-
schel and Ziemann 2006). Furthermore, learning of a brisk
motor task is disrupted with repetitive TMS over M1, but not
when administered over other brain areas (Muellbacher et al.
2002).

Despite known anatomical and physiological asymme-
tries between left and right motor regions of the brain (see
Hammond 2002 for review), no previous studies have
examined use-dependent plasticity for control of the left
and right hands in older adults. Previous studies in young
adults have found no diVerences in MEP facilitation
between hands following the performance of complex sen-
sorimotor tasks (Gallasch et al. 2009; Garry et al. 2004).
However, greater training-related MEP facilitation has been
observed for the right hemisphere after multiple training
sessions, suggesting a more sustained MEP facilitation with
goal-directed visuomotor tasks for the left hand (Gallasch
et al. 2009). In support of this, we found a larger increase in
MEPs following performance of a ballistic thumb-training
task in the left hand. These Wndings suggest that the hand

used for training is an important feature in determining the
magnitude of use-dependent plasticity for simple ballistic
tasks performed by hand muscles and that the factors
responsible for the increased MEP with training are more
eVective in the right hemisphere. Alternatively, the time
course of the training-induced MEP facilitation could be
diVerent between hands, with a more rapid facilitation in
the skilled (right) hand followed by over learning of the
task, which results in a return of MEP amplitude to baseline
(Muellbacher et al. 2001; Rosenkranz et al. 2007a). Fur-
thermore, the increased training-related MEP facilitation
for control of the left hand may be due to the greater com-
plexity of the task when performed with the non-dominant
(unskilled) hand (Semmler and Nordstrom 1998), with an
increased MEP evident during more demanding tasks
(Datta et al. 1989).

The increased MEP amplitude in the left hand cannot
simply be explained by greater motor learning, as the
improvement in peak TAAcc was greater for the right hand
of young adults, and there was no association between
MEP facilitation and improvement in motor performance in

Fig. 3 Mean test MEP amplitude (a, b) and the extent of SICI (c, d) in
left and right hands of young and old adults. Test MEP amplitude in-
creased after training for both the left (a) and right (b) hand, and this
increase was greater in the left hand. The extent of SICI was inXuenced

by conditioning TMS intensity, but was not diVerent between left and
right hands. *P < 0.05 compared with before training. #P < 0.05
compared with the same time point in the right hand
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individual subjects. These Wndings suggest that the extent
of training-related MEP facilitation is not an important
determinant of the magnitude of the behavioral improve-
ment. It may be that factors other than the magnitude of
motor learning, such as attentional focus (McNevin et al.
2000) are more important in mediating changes in cortico-
motor excitability. Nonetheless, diVerences in hand perfor-
mance and learning between left and right sides are
inconsistent and may depend on the details of the task per-
formed. For example, some studies have shown that com-
plex tasks involving the precise manipulation of objects are
performed better with the right than the left hand (Bryden
and Roy 1999; Garry et al. 2004). In contrast, the improve-
ment in motor performance associated with learning new
motor skills is achieved to a similar extent in both hands
during complex motor tasks (Garry et al. 2004; Gallasch
et al. 2009), but not for simple ballistic tasks (Ridding and
Flavel 2006). In the present study, we found that baseline
motor performance was greater in the left hand during the
thumb abduction task, which may be a confounding factor
in the reduced improvement in performance for this hand in
young subjects.

Several studies have examined SICI in the left and right
hemispheres in resting hand muscles, but the results have
been inconsistent. For example, the left hemisphere can
show increased (Smith et al. 2009), decreased (Ilic et al.
2004; Ridding and Flavel 2006) and no diVerence (Bäu-
mer et al. 2007; Garry et al. 2004; Gallasch et al. 2009) in
SICI compared with the right hemisphere, with these
divergent Wndings likely due to the details of the experi-
mental procedures used (muscle, stimulus parameters) and
the subject population tested (extent of laterality, hand
use, etc.). Furthermore, one important technical diVerence
between many SICI studies involving training is whether
the test stimulus is kept constant or whether it is adjusted
so that the MEPs are matched before and after training.
We tested SICI with a constant test TMS intensity, as
previous studies have shown that measures of SICI are
sensitive to test TMS intensity (Zoghi et al. 2003) and are
unrelated to cortical excitability state and MEP size
(Garry and Thomson 2009). When maintaining a constant
test TMS intensity, we found no diVerence in resting SICI
between hemispheres in young or old adults, suggesting
that diVerences in resting SICI were not responsible for
the diVerences in use-dependent plasticity between left
and right sides.

Age-related changes in corticomotor plasticity 
and motor learning

Several previous studies involving TMS have shown that
artiWcially induced and use-dependent plasticity are dimin-
ished in older adults (Sawaki et al. 2003; Tecchio et al.

2008; Rogasch et al. 2009). However, a reduction in neural
plasticity in older adults is not always a consistent Wnding,
as previous studies provide evidence that older adults are
able to retain a high capacity for learning new motor skills
(McNay and Willingham 1998; Smith et al. 1999; Voelc-
ker-Rehage 2008; Wu and Hallett 2005). In support of this,
we found that the extent of use-dependent plasticity was
similar in young and older adults during ballistic thumb
abduction training. This Wnding was unexpected, given that
we had previously observed a lack of training-induced
MEP facilitation in older adults during the same task when
testing the left hemisphere during right hand performance
(Rogasch et al. 2009). As similar experimental techniques
were used in the two studies, it can only be assumed that
diVerences in the subject population may have contributed
to these disparate Wndings. For example, it is possible that
the older subjects tested in the present study were more
physically active than those in our previous study. In gen-
eral, physical activity levels are reduced with increasing
age (Ravussin and Bogardus 1989), but there were no
diVerences in physical activity levels (assessed by question-
naire) between young and old adults in the present study,
although this was not measured in our previous study
(Rogasch et al. 2009). It is now well accepted that regular
physical activity and exercise provides neuroprotective and
neuroplastic beneWts to the aging brain and may serve to
reduce biological senescence in humans (see Cotman and
Berchtold 2002). We have recently shown that artiWcially
induced motor cortex plasticity is greater in physically
active individuals (Cirillo et al. 2009), and participation in
regular exercise in older adults may have contributed to the
similar extent of use-dependent plasticity observed in the
present study. Other factors speciWc to the subject popula-
tion that could contribute to alterations in corticomotor
excitability and plasticity include the extent of skilled hand
use (Rosenkranz et al. 2007b), prior history of synaptic
activity (see Ridding and Ziemann 2010), attentional focus
(McNevin et al. 2000) and emotional state of the subjects
(Tormos et al. 1997).

Age-related changes in the central and peripheral neuro-
motor system are believed to be responsible for reduced
motor function with advancing age. Recent studies on cen-
tral nervous system changes with aging have attributed the
decline in motor function to reduced brain volume and
decreased cerebral gray and white matter in older adults
(Courchesne et al. 2000; Jernigan et al. 2001). Furthermore,
there are substantial neuromuscular changes with advanc-
ing age (see Vandervoort 2002), including a decline in the
proportion of muscle occupied by fast twitch (type II) Wbers
(Klein et al. 2003), which is likely to inXuence performance
on ballistic tasks. However, we found diminished motor
learning in older adults compared to young adults, but only
for the right (dominant) hand. These Wndings suggest an
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age-related decline in asymmetry of motor learning. One
possible reason for an age-related reduction in motor learn-
ing in the right hand is a reduced need to learn new motor
skills with advancing age, as shown by a more balanced use
of left and right hands in everyday tasks performed by older
adults (Kalisch et al. 2006), resulting in an age-related
modiWcation of the mechanisms important for use-depen-
dent plasticity. Furthermore, several neuroimaging studies
have shown increased recruitment of cortical and subcorti-
cal areas during movement tasks in older adults (Mattay
et al. 2002), including increased bilateral cortical activation
(Naccarato et al. 2006), which are usually interpreted as
compensatory changes in the aging brain (Ward 2006). The
possibility exists that these compensatory mechanisms lead
to less cortical lateralization in older adults, which result in
similar motor learning capabilities for both hands in the
elderly (Kalisch et al. 2006).

Several studies have shown that modulation of SICI plays
an important role in skilled hand movement (Stinear and
Byblow 2003; Zoghi et al. 2003) and removal of SICI plays
a critical role in use-dependent plasticity (Ziemann et al.
2001). It is therefore possible that age-related diVerences in
intracortical inhibition may contribute to impaired hand per-
formance (see Sale and Semmler 2005) and reduced M1
plasticity (Sawaki et al. 2003; Rogasch et al. 2009) that is
generally observed in older adults. Some studies have shown
a decrease (Peinemann et al. 2001) or an increase (Kossev
et al. 2002; Smith et al. 2009) in SICI in older adults, but a
larger number of studies have reported no age-related
change (Wassermann 2002; Oliviero et al. 2006; Rogasch
et al. 2009), which was supported by the present study. Fur-
thermore, as reported previously (Rogasch et al. 2009), there
was no change in SICI in young or old adults after training
with the ballistic thumb abduction task, suggesting that the
modulation of SICI that sometimes accompanies training
may require a more demanding task involving selective
muscle activation (e.g., Liepert et al. 1998).

In conclusion, we have examined corticomotor plasticity
and motor learning following repetitive thumb abduction
training in left and right hands of young and old adults.
Despite greater task improvement for the right (dominant)
hand, there was increased use-dependent corticomotor plas-
ticity in the right hemisphere controlling the left (non-dom-
inant) hand, suggesting that the factors responsible for the
increased MEP with training are more eVective in the right
hemisphere. Although an age-related decline in motor
learning occurred for the right (dominant) hand, use-depen-
dent corticomotor plasticity was not altered with advancing
age during this task. We therefore suggest that some older
adults are able to retain similar use-dependent plasticity for
both hands during a ballistic motor training task. The fac-
tors that promote this age-related maintenance in use-
dependent plasticity remain to be determined.
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