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Abstract

Developmental changes in the human braincoincide with and underlie changes in a wide range
ofmotor and cognitive abilities. Neuroimaging studieshave shown that musical training can result in
structuraland functional plasticity in the brains of musicians,and that this plasticity is greater for those
who begin training early in life. However, previous studieshave not controlled for diVerences between
earlytrained(ET) and late-trained (LT) musicians in thetotal number of years of musical training and ex-
perience.ln the present experiment, we tested musicianswho began training before and after the age
of 7 onlearning of a timed motor sequence task. The groupswere matched for years of musical expe-
rience, years offormal training and hours of current practice. Resultsshowed that ET musicians per-
formed better than LTmusicians, and that this performance advantage persistedafter 5 days of practice.
Performance diVerenceswere greatest for a measure of response synchronization,suggesting that early
training has its greatest eVecton neural systems involved in sensorimotor integrationand timing. These
Wndings support the idea that theremay be a sensitive period in childhood where enrichedmotor
training through musical practice results in longlastingbeneWts for performance later in life. Thesere-
sults are also consistent with the results of studiesshowing structural changes in motor-related regions
ofthe brain in musicians that are speciWcally related totraining early in life.

Introduction

Mozart began piano training at the age of 3, Beethovenbefore the age of 8. Many music programs for
childrenemphasize beginning training as early as possible inorder to develop musical skill. However,
very little isknown about the real eVects of early musical trainingon adult performance. Behavioural
studies comparingearly-trained (ET) and late-trained (LT) musicianshave shown that early training is es-
sential for thedevelopment of absolute or “perfect” pitch (Baharlooet al. 1998; Costa-Giomi et al. 2001;
Miyazaki andakowski 2002). More recently, brain-imaging studieshave shown structural and functional
changes in the brain associated with musical training that are greaterfor those who began training ear-
ly in life (Elbert et al.1995; Schlaug et al. 1995; Schneider et al. 2002; Gaserand Schlaug 2003; Koeneke
et al. 2004). These Wndingssuggest that there may be a critical or sensitive periodfor musical training,
similar to that observed for languageacquisition. However, previous studies have notcontrolled for di-
Verences between ET and LT musiciansin the total number of years of musical trainingand experience.
By deWnition, a musician who beginstraining early has more years of experience than onewho begins
later when both are the same age. Therefore,it is possible that the previously observed diVerences-

in performance and brain structure can beaccounted for simply by the duration of musical training.
Therefore, the presentexperiment examined theeVect of musical training on performance of a rhyth-
mictapping task in ET and LT musicians who werematched for years of musical experience.Evidence

for the eVect of musical training on laterperceptual skill comes from studies of musicians withabsolute
or perfect pitch. Baharloo et al. (1998) tested alarge sample of 691 musicians. They found that of the92
musicians in that sample who exhibited perfect pitch,78% began training before the age of 6. Similar
resultshave been obtained by other groups (Costa-Giomi et al2001; Miyazaki and Rakowski 2002) and it
has beensuggested that there may be a genetic component to thedevelopment of this skill (Baharloo
et al. 1998).Maturational changes in the human brain coincidewith and underlie changes in a wide
range of cognitiveand motor abilities (Giedd etal. 1999; Paus et al. 1999).

Recent studies have shown that early musical trainingcan result in both structural and functional plas-
ticity inauditory and motor regions of the brain (Elbert et al.1995; Gaser and Schlaug 2003; Koeneke et
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al. 2004).Elbert (1995) found that expert string players showed alarger cortical representation of the
digits of the lefthand. Further, he showed a strong correlation betweenthe size of the digit represen-
tation and the age of startof musical training, with those who began earlier showinglarger represen-
tations. Schlaug et al. (1995)reported a larger anterior corpus callosum in musicianscompared with
non-musicians, with musicians whobegan training before the age of 7 showing a greaterdiVerence
than those who began after the age of 7. In arecent study, Bengtsson et al. (2005) showed evidencefor
greater myelination in the right cortico-spinal tractof professional musicians, and that this diVerence
wasspeciWcally related to the number of hours practiced inchildhood (before age 11). Taken together,
these Wndingssuggest that there may be a critical or sensitiveperiod in development for the motor
component ofmusical training. The concept of “critical” and “sensitive” periods indevelopment is drawn
from work showing that certain behaviours and their neural substrates do not developnormally if
appropriate stimulation is not received duringa restricted time period in development (Knudsen2004).
During a sensitive period, neural systems areparticularly responsive to relevant stimuli, and aremore
susceptible to change when stimulated. Critical periods are sensitive periods that have relativelyabrupt
onsets and oVsets. The classic example of a criticalperiod comes from the work of Hubel and Wiesel-
who showed that if cats are deprived of vision to oneeye during the Wrst month after birth, they do
notdevelop normal binocular vision, even when vision is restored to the deprived eye (Hubel and Wie-
sel 1965).At the neural level, the pattern of cellular connectivityis altered and cannot be changed after
the criticalperiod has elapsed (Wiesel and Hubel 1965). In contrastto a critical period, where a function
cannot beacquired outside the speciWc developmental window, asensitive period denotes a period of
developmentwhere the ability to acquire a speciWc skill is enhancedcompared to other developmental
periods. An examplef a sensitive period comes from experiments inowls, where spatial representation
can be changed byaltered sensory input early in life, but normal representationcan be relearned later
in life (Brainard andKnudsen 1998).

Evidence for critical or sensitive periods in humansis drawn largely from the domain of language ac-
quisition.ingle case studies of individuals chronicallydeprived of linguistic stimulation in early child-
hood have shown that these individuals fail to develop normallanguage even after intensive exposure
(Curtiss 1977). Further, studies of children with completeremoval of the language-dominant left
hemisphere revealed that as long as the removal occurred early,language could develop relatively nor-
mally. These Wndings led Lenneberg (1967) to propose that there is acritical period for neural plasticity
underlying languagefunctions that extends from early infancy to puberty.This hypothesis has been
adapted to the study of second-language acquisition to suggest that exposure tothe second language
during the sensitive period resultsin greater Xuency than the exposure after that. Thishypothesis has
been supported by the results of a numberof studies showing that second-language proWciencyis
greater in individuals who were exposed tothe second language before age 11-13 (Johnson andNew-
port 1989; Weber-Fox and Neville 2001).Surprisingly, there are no experimental studies lookingat the
eVect of early motor training on adult performance,despite conventional wisdom and anecdotalevi-
dence suggesting that early training is a prerequisitefor excellence in many domains of skilled motor
performance.Somesuggestive evidence for the importanceof motor experience early in life comes fro
recent studies of children conWned to orphanages andlater adopted into families in the UK and US.
Duringtheir time in the orphanages, these children werehighly restricted in terms of motor experi-
ence. Investigationsof these children’s motor abilities followingadoption have shown subtle deWcits

in motor skills,such as standing balance and Wne-motor coordination(Tober and Pollak 2005). These
results indicate thatmotor deprivation during a putative sensitive periodfor motor learning can result
in long-lasting impairments.Based on this, we can hypothesize that enrichedmotor experience, such as
musical training, during thissensitive period could result in lasting neural changesand improved motor
erformance later in life.In the present experiment, we tested musicians whobegan training before and
after the age of seven on atimed motor sequence task (TMST), which has been used in several previous
behavioural and neuroimagingstudies (Penhune and Doyon 2002, 2005; Savion-Lemieuxand Penhune
2005). This task requires participantsto reproduce a temporally complex rhythmic motorsequence

by tapping in synchrony with a series ofvisual stimuli (Fig. 1). The use of this task is advantageousfor
two reasons. First, the tapped sequences arenon-metrical, making them relatively diYcult even for-
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musicians, and requiring them to generalize from themore common metrical rhythms encountered in
musicaltraining. Second, the task requires synchronizationof the motor response with a visual stimulus,
againrequiring generalization from the usual auditory-motorsynchronization required in musical train-
ing.As described above, none of the previous studiesexamining behavioural and neural diVerences
betweenET and LT musicians have controlled for diVerencesbetween the groups in the total number
of years ofmusical training and experience (Elbert et al. 1995;Schlaug et al. 1995; Schneider et al. 2002;
Gaser andSchlaug 2003; Koeneke et al. 2004). In a preliminarystudy using the same task (Watanabe et
al. 2004) wecompared ET and LT musicians matched for age, butnot years of experience, and found the
predictedenhanced performance for ET musicians. However, wealso found a signiWcant correlation
between years of
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Fig. 1 a Experimental setup. Stimulus sequences were made up of ten white squares, which appeared
sequentially at the center of the computer screen. Subjects responded by tapping on a single key of
the computer mouse (a). b Stimulus sequences in the practice and learning conditions. Each square
in the sequences appeared for either a short (250 ms) or a long duration (750 ms), represented by the
short or long line lengths. The ISI was constant (500 ms). Practice sequences consisted of four trials of
three sequences: all short, all long and a simple mixture. For the learning condition, sequences were
made up of Wve long and Wve shortelements. Subjects were tested on only one of the two possible-
learning sequences experience and performance; indicating that those whohad played longer per-
formed better. This suggested that the most important predictor of performance was not age at the
start of training, but simple years of experience. Therefore, for the present experiment wemoved to a
matched sample where subjects in the twogroups were matched for years of musical experience,such
that later starters had the same number of years ofmusical experience as those who started earlier.
Yearsof formal musical training and hours of current practicewere also controlled.

Methods

Participants

Participants were 30 young, healthy, right-handed practicing musicians between 17.8 and 36.8 years
of age(17 women and 13 men, M = 24.9 years, SD = 5.3) and10 non-musicians between 19.3 and 33.4
years of age (5men and 5 women, M = 26.2 years, SD = 5.1) tested fora previous study using the same
protocol (Savion-Lemieuxand Penhune 2005). All participants wererecruited from the undergraduate
student populationof Concordia University. Musicians were recruitedfrom the Department of Music
and from the Montrealareapopulation. All participants were right-handed asassessed by a handedness
questionnaire adapted fromCrovitz and Zener (1962). None of the participants hada history ofneuro-
logical disorders.For the purposes of this study, a practicing musicianwas operationally deWned as an
individual who wascurrently practicing music and had at least four years ofmusical experience (range
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7.5-26.0 years). Musicalexperience was deWned as the ability to play a musicalinstrument or sing,
acquired through formal and practicaltraining. The participants were predominantlypiano and string
players. Two of the musicians identi-Wed voice as their current primary musical focus, butboth had
extensive instrumental training and experience(15 years of guitar; 12 years of piano) and bothcurrently
practiced these instruments, although not tothe same degree as voice. Similarly, a number of othermu-
sicians in the sample had played several instrumentsover their careers and some continued to play a
secondary instrument throughout their careers.Musicians were divided into two groups: earlytrained
musicians (ET; n = 15, 9 women and 6 men)who began training before the age of 7 and late-trained
musicians (LT; n = 14, 8 women and 6 men) who begantraining after the age of 7. The age at which usi-
ciansbegan training, the number of years of experience, theamount of formal training and the number
of hours perweek currently practiced were assessed using a modi-Wed version of the Global Index of
Musical Trainingand Experience (Penhune et al. 1999; see supplementarymaterial). Musicians in the
two groups were individuallymatched for years of musical experience andformal training. Years of
experience were deWned asthe total number of years of musical training. Years offormal training were
deWned as the total number ofyears spent in formal training (e.g., lessons). Bothgroups of musicians
were compared to a group of nonmusiciancontrols who had been tested for a previousexperiment us-
ing the same protocol (Savion-Lemieuxand Penhune 2005). These individuals were selected tohave less
than 3 years of usical training or experienceand were not currently practicing music. All subjectswere
right-handed with no history of neurological orpsychiatric disorder. The experimental protocol wasap-
proved by the Concordia University HumanResearch Ethics Committee, Montreal, Canada. Participants-
gave informed consent and were compensatedfor their time

Stimuli

The TMST used in this experiment required participantsto reproduce a temporally complex rhythmic
motor sequence by tapping in synchrony with a seriesof visual stimuli using a single key on a comput-
er mouse (Fig. 1). The stimuli were ten-element visualsequences consisting of a series of white squares
(3 cm2) presented sequentially in the centre of the darkgrey background of a computer screen (21-in.
Sony Multiscan G500 monitor, 100 Hz). Two diVerentsequences, designed to be of equal diYculty,

were used in this study. Each participant was tested on only one ofthe two possible sequences, which
were counterbalancedacross participants. Each sequence was composedof Wve long (750 ms) and
Wve short (250 ms)elements, with a constant inter-stimulus interval(500 ms). The sequences were
constructed to have nomore than two repeating elements as well as seven transitionsfrom short to
long elements. This results insequences that are temporally regular, but do not conformto a standard
musical rhythm. The elements ofeach sequence can be grouped into a series of intervalsof three and
Wve beats (3:5 ratio) based on the beat unitof 250 ms underlying both the stimuli and the interstim-
ulusintervals. As these intervals do not represent asimple integer ratio (i.e., division of the intervals
yieldingan integer value), the sequences represent non-metricalrhythms (Essens 1986; Essens and Pov-
el 1985).The presentation of each sequence was cued by a smallwhite square (1 cm2) that appeared

in the middle of thescreen. Each block of practice on the TMST contained12 presentations of the same
sequence and lasted 132 s.Participants performed the TMST using a desktopcomputer that recorded
all generated responses (Intel Pentium Il 800 MHz computer, Windows 2000 Professional).Customized
media control functions (MCF) software (Digivox, Montreal, Canada) controlled thepresentation of the
visual stimuli as well as automaticallyrecorded participants’ key-press and release durations,which were
subsequently used to calculate twoindices of learning: accuracy of reproduction and percentasynchro-
ny of responses with target stimuli(described in detail below).

Procedure

At the beginning of each testing session, before performingthe TMST, participants completed a
baseline practice task. This task consisted of three simple tenelementsequences that were made up of
either all long, all short or a simple mixture (Fig. 1). Participantswere instructed to press and hold the
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mouse key downat the onset of each stimulus in the sequence, and torelease it each time the stimu-
lus disappeared. All participantsused the index Wnger of the right hand. Theexperimenter provided
feedback to ensure that theparticipant understood and learned the motor skillrequired for the study.
Once the baseline task was completed on day 1, participantswere explicitly trained to reproduce one
oftwo TMST sequences to a criterion of three consecutivecorrect repetitions. After the initial training,
nofurther feedback was provided to the individual. Participantsthen performed three blocks of their
assignedTMST sequence. Participants were seated 57 cm awayfrom the computer monitor and short
breaks were providedbetween blocks of practice to prevent fatigue andoptimize performance. Upon
completion of the lastblock of trials, participants were asked whether theyused any strategy to learn
the TMST, and wereinstructed not to practice their assigned sequence inbetween test sessions. On
each of the four consecutivedays (day 2-5), participants returned to the laboratoryto perform the
baseline task, review their assigned TMST by reproducing one to two trials of thesequence, and com-
plete three blocks of trials.

Behavioural measures

The learning of motor skill tasks, such as the serialreaction time task (SRT), is typically assessed byre-
ductions in reaction time to individual elements ofthe motor sequence. That is, faster responses
correspondto improved performance. However, performanceis measured on the TMST by requiring-
participants to synchronize their responses as preciselyas possible with the presented stimuli. There-
fore learning of the TMST was assessed by examiningchanges in two diVerent variables: accuracy
ofresponses and synchrony of responses with target stimuli.These measures examined learning of two
diVerentaspects of the task. Accuracy reXects learning of themore explicit component of the task—
ncoding ofthe correct order of short and long durations in thesequence. However, it still requires the
participant toake a relatively accurate motor response—within2SD of his/her baseline. Response asyn-
chrony reXectsthe ability to precisely time key-press and key-releaseresponses relative to the visual
stimuli.Performance of the learned sequences was scoredindividually by using each participant’s aver-
age shortand long responses from the practice sequences foreach day of training (Penhune and Doyon
2002). TheWrst step in scoring was to calculate the average and SDfor each participant’s long and short
responses on thesimple practice sequences (Fig. 1). Responses on thesimple practice sequences that
were greater than 2SDfrom the mean were excluded. The average was thenrecalculated, and the recal-
culated average § 2SD wasused as the upper and lower limit for accurate responseon the learned se-
guences. This means that as subjectsbecome more accurate and less variable with practice,the criteria
for scoring their performance becomesmore stringent. The percent of correctly reproducedelements
was calculated for each trial and the measureof asynchrony was calculated on correct responsesonly.
This was done so that the asynchrony measurewas not contaminated by gross errors. Percentresponse
asynchrony (PASY) measures the percentdiVerence between onset and oVset of stimuli and theonset
and oVset of participant’s key-press responses

Now: Hours per week Formal Years of Age of Age group
education | experience start
(9.0+) 11.8 (x4.2) 7.7 | (4.3%)14.8 | (£0.9)5.9 | (£3.4) 22.1 (7year OEarly beginners :ET
(+12.4) 13.4 (£3.7) 6.3 | (+4.0)13.7 | (+2.7) 11.4 | (+£5.6) 27.5 years old 7> Late starters LT
t Test
NS NS NS P<.001 P<.01 Non musician
26.2

NSThere was no significant difference




2 celgeSt [ Gsel | sle Jlo | gapd o | o 0,5
.0+) 11. +4.2) 7. .8 (4.3% +0.9) 5. . ¢ .
(9.0+) 11.8 (+4.2)7.7 | 14.8 (4.3+) | (+0.9)5.9 (i;i) (O LY )plEansg; sl oaS” g5, 5ET
(+12.4)13.4 | (+3.7)6.3 | (+4.0)13.7 | 11.4 _
(+2.7) 275 | GV o sla oaisS gg,00T
(£5.6)
t Test
NS NS NS
P<.001 s s :
pcor |C0 SRS
26.2
Cblslolae wglas NS
0,28 5 ey G9al olae) Jgdx
—o—ET = LT —a— NM
A 1 00- 1.00 —
g 090+ 0.75 x;\ N
= '
S 0.80- 2 ST
- E 0.50 A B —
& 0.70 — 1‘"“——-!_ -
5 .
& 060 0.25
0.50 0.00 - - - - -
Day1 Day2 Day3 Day4 Day5s Day1 Day2 Day3 Day4 Day5s
B 1.007 * 1.60 7
—
== . el _
o 907 ! 1.20 ]
S > 400
Q  .807 — w -
= —— < 80 *
3 .70 B0 A il
g
.20 1
B0 0.00
ET LT MM ET LT NM

O NM o 3)s huwgs yis 9 LT ET G\ 89,5 gl s 03)s (PASY) by Pleyenl duoyd § gusuo Juo)d OmSOle ¥ LIS
ET (80339 S g sasiils @i 3yShes LT 38u531g3 3V 39y 3 il ET 383339 o 9033 @)= - 6500 393 O plk
JSH) G5 §35Sdas ET 38u53lgs PASYgwly (Hljel dmoyd @l idild NM e (1 Auwgs 8 IS 40 Gidy 0, Sdss
0, Sdes 55 o3l 9 G (=) @y LT 9 ET oo 3BuS)lgh 90 -0 idi)d 0-F by 33 ol yobo a9 LT 3SuS)lgs
ANM) $\oduwgn s 9 LT 9 ET glbrg S gy Seusy 31394 9 B dumr glinylogd .ouindils NM §U1S Ghuwge s ) S5t




Data analysis

All behavioural measures were averaged across blocksof trials and days of practice. The data were
assessedusing repeated-measures analysis of variance(ANOVA) with Greenhouse-Geiser correction,
withGroup as the between-subjects factor and Block orDay as within-subjects factors. Percent correct
and PASY measure were analysed separately. SigniWcantdiVerences across days for the two groups
were analysedusing tests of simple main eVects with Bonferronicorrection for multiple comparisons.

Results

Analysis of demographic data (Table 1) showed thatthe ET and LT musician groups were well matched,
with no signiWcant diVerences in the total number ofyears of musical experience, the number of years
of formal training, or the number of hours per week theycurrently practiced. As predicted, the groups
were signiWcantlydiVerent in terms of the age of start of musicaltraining and in current age. No signi-
Wcant correlations were found between age and any of thebehavioural measures of performance.
Repeated measuresANOVAs revealed no signiWcant diVerences ineither percent correct or percent re-
sponse asynchronybetween the two diVerent sequences used in the learningtrials and no signiWcant
diVerences between thesexes. Therefore, behavioural data were collapsedacross these dimensions.
Data for the two vocalists wasexamined separately, and it was found that these musicians’performance
did not diVer signiWcantly from themean of their groups on any behavioural variable.For percent
correct (Fig. 2a), a repeated measuresANOVA showed no signiWcant main eVect of group,but a signi-
Wcant main eVect of day (F(4, 108) = 18.8,p < .001), indicating improved performance acrossgroups for
the 5 days of training. Post hoc plannedcomparisons between groups across days of learningrevealed a
marginally signiWcant diVerence betweengroups only on day 1 (P < .09). Although there was nosigni-
Wcant interaction, planned comparisons examiningchanges in performance across days for the two
groupsshowed that LT musicians showed signiWcant improvementbetween day 1 and day 2 (P <.01);
whereas ETmusicians showed only marginally signiWcant gains
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Fig. 2 a Average percent correct and percent response asynchrony(PASY) data for ET, LT and NM groups
across 5 days of learning. For percent correct, ET musicians performed better thanLT musicians only
on day 1; and only ET musicians performedbetter that NM overall. For PASY, ET musicians performed
betterthan LT musicians overall and speciWcally on days 2-5. Bothbetween day 1 and 3 (P < .09) and
day 1 and 4(P < .07). In a separate analysis, both groups were comparedwith non-musicians (Fig. 2b).
In this comparison,only ET musicians showed overall better performance(ANOVAday 1-5: F(2, 36) =
3.2, P <.05; Planned comparison,ET versus NM, P < .05).For percent response asynchrony, a signiWcant
maineVect of group was found (F(1, 27) = 3.95, P = 0.056), such that ET musicians performed better
than LTmusicians across the Wve days of learning (Fig. 2a). Post hoc tests of simple main eVect showed
that ETmusicians performed better than LT musicians on days2—4 (P < .05) and remained marginally
signiWcantlydiVerent on day 5 (P < .07). In addition a main eVect ofday was observed, such that both
groups improvedacross days of learning (F(4, 108) = 45.9, P < .001). NosigniWcant day £ group interac-
tion was observed, however,post hoc pair-wise comparisons indicated thatboth groups show signiW-
cant improvement betweenday 1 and 2 (ET =P <.001; LT = P < .008), andbetween days 2 and 3 (ET =P
<.03; LT = P <.004),but that only LT musicians continued to show improvementsbetween days 3 and 4
(LT = P < .005). Neithergroup showed improvement between days 4 and 5. In aseparate analysis, when
the two groups were comparedwith non-musicians (Fig. 2b) both ET and LT musicianstT and LT musi-
cians performed better than NM for this measure.b Box and whisker plots for ET, LT and Non-musician
(NM)groups. For percent correct, only ET musicians diVered from NM.For PASY, ET musicians performed
better than both LT and NMgroups. Although the ET and LT groups diVer on average, of noteis the
considerable overlap in individual performanceshowed overall better performance (F(2,36) = 7.4,P <
.01; ET vs. NM, P < .01, LT vs. NM, P < .05).

Discussion

The results of this experiment show that ET musiciansshowed better performance on a novel rhythmic
tappingtask than LT musicians with similar levels of trainingand experience. For the more global mea-
sure, ETmusicians performed better LT musicians only on day1, and both groups improved across days
of practice. Incontrast, for the measure of response synchronization,both groups started out at the
same level and showedsimilar improvements with practice. However, fromday 2 onward, ET musicians
showed better performancethan LT musicians and this persisted after5 days of practice. These Wnd-
ings support the idea thatthere may be a sensitive period in childhood whereenriched motor training
through musical practiceresults in long-lasting beneWts for performance laterin life. Performance
diVerences were greatest for themeasurefresponsesynchronization, suggesting thatearly training has
its greatest eVect on neural systemsinvolved in sensorimotor integration and timing.This is consistent
with evidence for age-speciWcdevelopmental changes in motor erformance, andage-speciWc changes
in brain egionsimportant formotor control. It is also consistent with the results ofstudies showing struc-
tural changes in motor-elated regions of the brain in trained musicians. Importantly,because the task
required synchronization with avisualstimulus, these results show that the eVects of earlytraining can
be generalized to novel motor tasks.Finally, while the ET and LT musicians diVered onaverage, there
was considerable overlap in performancebetween the two groups. This indicates thatearly training is
not the only factor aVecting adult performance.Other potential factors that might contributeto the
enhanced performance of ET musicians are:individual diVerences in early ability, motivation andfamily
support for musical training.The results of this experiment suggest that theremay be a sensitive period
in brain development wheremusical training can have long-term eVects on motorperformance that
can be generalized to novel motortasks.Maturational changes in the human brain aregreatest in child-
hood, but continue into early adulthood.Following birth, the number of synapses andtherefore the
volume of grey matter continues to increase for between 3 and 15 months, depending onthe region of
the brain (Huttenlocher and Dabholkar 1997). Once this peak is reached, the number of synapsesde-
creases through the process of pruning, whichis thought to underlie experience-dependant specializa-
tion.In contrast, the amount of white matter increases throughout development. Therefore,although
the total size of the brain does not change substantially after the age of 5, the amount of whitematter



EH Y <=l_€' 20 dlw 03l sluda (Jolie 30 .Ciwl paass 4o diwsly 4 yod QT 6)_53 sl S «dosb (o u:,_mlS -
e S e I 0 s 3l g 1 adiode L8 jsdas 32 JS 031usil der ST by ol e icaliS) aiy
.(Casey et al. 2000) uob o Giol38) GUlu ¥+ 290 Sue U sudw 0dlse

03le ol 5 oz 33 ity Ol s MRI (gl L S35 ooliiwl b Olslhas 31 glomid @3S Jluw Vo Jobo 5o
L dsdw 03bo gz 53 ial38) 45 Sl 031 Glis Olsllas (ol als .00l 63,5 ay s 1y 30 5 dubw 5 GRS
C « JLaSyz 50 Gl 9 Giluo-Gle) byl Gblie 5« (S3sS 10 Gialidl § BLis L 5,0 5 e 3l
odle gz i)38 (Casey et al. 2000; Gotay et al. 2004; Sowell et al. 2004) s ) ddhio jatsw 9 G—w patiswe
O9-uST 75530 508 ¢ eas glo JguST dlucsd (3al38) 4o bgo e 4S 9g-8 = yg—a3 MRI L 60é (§ =S 0315 dudw

il e sl 03,5 dblol 1y Lyl 45 alis (M o Caalins U 5 o

=lslg Ujbss obgd O—0¢ gl A ez 9 U_Clpu sj\l‘«ﬁ R )O .L«.Q_w oole Cihale BN Q«_»l)sl < ul_nn.haﬂ ©8dlu=s
OSwe Giol38l gl 4S5 009 ool 4 (5,8 .(Paus et al. 1999; Barnea-Goraly et al. 2005) 4l ools gLis 1y Slg=g
Gl ouuy 4 Gl 3-Shw 9 il Sl oud oualin udy L 4S5 eae JLat) Ole) pials pulwl 5 Lise Cowl
Sl ol 50 b S5 sle Oylge 35 b LS 5o 5,5 Cosp (ili81 5 (i3S9 Ol Gieals uile )lidy
Sle Cowaslo 53 1) wdw o3le sl (Y++0) OB 5 Bengtsson « ;) dsllas S o wil ade S3s5 Olygs
Cawly Cnw =505 G B 6ly30 Adn Gdue e 3yg0 30 Guly &9 b Lwyp Lo O1d Lhiwge ,u& 9 gl dd)>
5955 0lygd 33 8 Cuslw o dus g o pols Heb 4o Siglds (o) A4Sl ool g s Ylis gl dd s (BUS)Igs

35 (SILw VY 51 J3)

G238 005 S 05 o il 9 Jdlsie ¢ S,m 0, Sdas 5 Ol Ly (5955 Olgd 5 e ddy 50 Ol
41550 Jewiliy L(Garvey et al. 2003) wod e LS ) CiS3l 6,58 Ol o 5 00l GiiSly Ol 33 Cos pw
4] CSyo Olay Glomd 53 .(W-V 0 wicw) Jead e OLES |y Le 0,k (o slae Gicl38l 5 JLES) gla) (iealS « =S,
98 sb Ao =55 ady 45 Sy e p-BAL 0k e GBS (el @l Ll V-7 e LS g O35S 50 4 ¢
OBs5S 38 oyl Hlgte CisSSl 3 sl dmllhan So0)ld (i 451wz 855y e JiS Gle gl i)
ded e Olio Lyl sla osls .(Badan et al. 2000) sl §Lis 1y V-5 15gdo (w53 3, Shas )3 Siwsol So Al V) -#
33 JoemaiS 3 0555550 dS Wiy H5G sl @55l iiwl Jblgs e O84S Wl Olwl CadSS 45 Ske) e O )3 4S

S e Jas 7868 095 wline Lyl 05 (o Jlg-bd aSS 45 (Slej Lal s

0393 Jobo 33 0 Lyl (5,5 doyy2 AS ud e OLis YU delg i« ol dsllas 3l Joole gl (73,5 1 jo Ly
sobilea WSS e LA 0, Sdae 53 1y ol Gicli8l 4 sy e A Cewl 2ILG L) 5 ras pww 45 (S
ol dbgy e sle Syoe dy ol Hob Ay ras s (laws 0)93 S0 Jsb )0 s 0315 b gl dwnia 55 4S5
S 31 i) Gy 2 S 50 il (05 dstiin 9 ol ¢ S 4 Sl Wigd o S,53 A5 (o) 9
5,5 Girog |y Jobw paw 58 ragliow Ol 31 guls-sKnudsen wdl (wluws gla 0y55 Sliw 1 (ras glo
= LS 9 () o o9de .(Knudsen 2004) 3¢5 3L do yo8 dlwgs dlgd o pwlws 0)90 SO dS uod o glid 4S
S IS O3z )10 3,8 4o pasrie Cje SO dad 0 g ool 0590 S0 Ulshys 45 0388 sla 4,20 45w
595 30 O 31 desy 8Lol sl dsyod do Lyl (gl 4S (gl 09 « polw 0350 SO Jmiglyd doyed (3,b 31 Laylis
5 =S>8l 50 ddsl(dtuctadly )8 mdy JSi Jlie lsis 4y aind JSb |y wied e gl OF 31 5318 5 pwlws
Jsb alé 534S 6,50k (s o308 L uslsny dsy 45 uS oot 1) Laylis y9b ailsl o o Sl dzylSy
ks L 0Bu5)lgs 45w (e LS 45 Lo dlllas gl s ol s gy s wOle oo BL ody Ui S5
¢l§_;.a>),go G_:J.v_’ L OBuS)lg 31 Aag cdeasd (e dald &b silw Soled Ol o b g 9994 0 ET fli_._m 39)
3 e (Aot ) ymdy JSed Cghl 9y90 305 Ol 5wl .Cowl Folhe  uS (o Jss 52,8 39, 0 pLE O LT

.(Ragert et al. 2004) Jo] s 48,5 Lo Cowwily 35 Gl dwaY 018 3y yu] dsllae S

4SL syl Lo Cucsly e o Sl 655 0mly e 300l8 bl Lo Gl L 45 45 sls plis dsdlhae o
axdlan 5> .a0des e Cowaily yud 3l b doyd SO do diliwl ool daap 4o 58 Sy (8Lol sla (3jsal L
Sy sle gl il Glaren $,-S3b sl OLs UIsS pols inlid) ET plSin 095 padsd L 0BuS)lss  pole



increases until sometime around age 20 (Caseyet al. 2000). Over the last 10 years, a number of studie-
susing structural MRI techniques have examined developmentalchanges in the volume and proportion
ofgrey and white matter in the brain. The results of thesestudies have shown that increases in white
matter volumeare age- and region-speciWc, with sensory andmotor regions showing increases earlier,
and frontaland temporal—parietal association areas later (Caseyet al. 2000; Gotay et al. 2004; Sowell

et al. 2004). Increasing white matter volume measured by MRI isthought to correspond to increasing
number of neuronalaxons, greater diameter of axons, or greater thicknessof the myelin sheath that
surrounds them. Anumber of studies have shown increases in the whitematter concentration of the
cortico-spinal track and

corpus callosum between childhood and late adolescence(Paus et al. 1999; Barnea-Goraly et al. 2005).
It has been hypothesized that these increases may underliedecreases in nerve conduction time that
are observed with development, and might be related tobehavioural phenomena such as decreas-

ing reaction times and increasing motor speed associated with theimprovement of Wne motor skills
across early childhood.A recent study (Bengtsson et al. 2005) examinedwhite matter structure in
professional pianists and nonmusiciansand showed evidence for greater myelinationin the right cor-
tico-spinal tract of musicians, andthat this diVerence was speciWcally related to the numberof hours
practiced in childhood (before age 11).These changes in brain development during childhood are
paralleled by changes in motor performance.Children show increasing speed in simple reaction time
and repetitive Wnger tapping (Garvey et al. 2003).Motor evoked potentials show decreasing conduc-
tiontimes and increasing inhibition between the hemispheres(ages 10-13). At the same time, mirror
movements,which are relatively common in children up tothe age of 6-7, decrease. It appears likely
that motordevelopment depends on the maturation of multiplecentral and peripheral control mech-
anisms. A recentstudy of sequential Wnger pointing in 6-11-year-oldchildren showed a discontinuity
in performance around the age of 6-7 (Badan et al. 2000). Their data show that at that age, when the
task is easy, children can utilize strategies that are more typical of older children, but that when the
task is hard, they perform more similarly to younger children.Taken together with the results of the
current study,the above evidence suggests that enriched motor experiencedduring the period when
neural and behaviouralsystems are immature appears to induce lastingenhancement in performance.
As described in thelntroduction, during a sensitive period neural systemsare particularly sensitive to
relevant stimuli, and aremore susceptible to change when stimulated. In arecent review of the neural
mechanisms underlying sensitive periods, Knudsen described evidence of synaptic changes at the cel-
lular level that indicate that a sensitive period can be opened by experience (Knudsen 2004). Further,
he suggests that intensive experience that occurs early in a sensitive period has a unique advantage,
because sculpting of circuits by experience early in a sensitive period will shape the way those circuits
respond to additional experience later in the sensitive period and beyond. For example, early plasticity
in motor implementation and sensorimotor integration may lay down highly tuned circuits that can
later be further optimized by learning mechanisms that remain plastic throughout life. This is consis-
tent with the results of our study which show that ET musicians continued to improve on the measure
of response synchronization,and to out-perform the LT musicians across 5 days of practice. Further
support for enhanced plasticity comes from a recent study of tactile discrimination in professional pia-
nists (Ragert et al. 2004). Thisstudy showed that not only did pianists have lower sensorydiscrimination
thresholds compared to non-pianists,but that with additional training, pianists wereable to improve
those thresholds to a greater degreethan non-pianists.In the present study, ET musicians showed
speciWcenhancement of their ability to learn to synchronizetheir motor responses to a rhythmic visual
sequence.Current theories of motor control maintain that learningand sensorimotor integration are
based on errorcorrectionand predictive control mechanisms thathave been linked to the cerebellum.
Both neurophysiologicalstudies in animals and neuroimaging studies inhumans have demonstrated
cerebellar involvement intasks requiring motor learning (Karni et al. 1995; Toniet al. 1998; Kleim et al.
2002; Doyon et al. 2003); timing (Schubotz et al. 2000; Ivry et al. 2003) and sensorimotor integration
(Bower 1995; Gao et al. 1996). Further,structural changes in the cerebellum have been shown to occur
with learning of a novel task (Kleim et al.2004). Neuroimaging studies from our lab, using the same
task, have shown engagement of the cerebellumduring learning (Penhune and Doyon 2003, 2005). It
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ispossible that in ET musicians, intensive early experiencewith tasks requiring motor learning, timing
andsensorimotor integration results in preferential enhancement of cerebellar circuits. Evidence for
cerebellarplasticity in musicians comes from a structuralMRI study showing enlargement of the cere-
bellumthat was correlated with lifetime practice in male keyboardplayers (Hutchinson et al. 2002). The
Cerebellum,along with the hippocampus, maintains a highdegree of plasticity throughout life. Early
training maysimply enhance the cerebellum’s ability to integrate thesensory and motor information
required for learning.The results of this study show convincing groupdiVerences in performance for ET
and LT musicians.This conclusion is strengthened by the fact that thegroups were matched for years of
experience, formaltraining and current practice. However, there were alsoclear individual diVerences
in performance, and not allET musicians performed better than LT musicians.Therefore, it is likely that
there are other factors thatwe did not control that contribute to the observeddiVerences between the
groups. The most importantof these is early motor ability. Early ability may bepotentially related to two
factors: (1) genetically determineddiVerences in central and peripheral motor control,or general cog-
nitive abilities such as sustainedattention; and (2) individual diVerences in motivation or environment.

Evidence from studies of musicianswith absolute pitch show that there may be a geneticcontribution
to this ability (Baharloo et al. 1998;Zatorre 2003), although it cannot be developed withouttraining.
Similarly, a genetic predisposition for earlierdevelopment of motor skills or sustained attentionabil-
ities could underlie ET musicians’ tendency to starttraining earlier and to obtain greater beneWt

from practice.Importantly, motivation can strongly aVect learningand plasticity, as demonstrated by
experiments inwhich auditory learning is enhanced by reward or survivalsaliency (Beitel et al. 2003;
Knudsen 2004).Therefore, children with greater intrinsic motivation orwith greater family motivation
may begin earlier andlearn better. Finally, environmental factors such asaccess to musical training and
family support for persistencein musical training could also play importantroles. In the future, studies
examining matched groupsof early- and late-starting children undergoing thesame type of musical

training will shed light on the contributionsof these factors.Acknowledgments We would like to thank all of
the individualswho participated in this study. The authors gratefully acknowledgethe work of Andrea Lee who assisted
in the collection ofthese data. Special thanks go to Dr. Christine Beckett of theDepartment of Music at Concordia for her
assistance in recruitingmusicians. This study was funded by grants from the CanadianNational Science and Engineering
Research Council and theFonds pour la Recherche en Santé du Québec.
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