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When people clap to music, sing, play a musical instrument, or dance, they engage
in temporal entrainment. We examined the effect of music training on the precision of
temporal entrainment in 57 children aged 10–14 years (31 musicians, 26 non-musicians).
Performance was examined for two tasks: self-paced ﬁnger tapping (discrete movements)
and circle drawing (continuous movements). For each task, participants synchronized their
movements with a steady pacing signal and then continued the movement at the same rate
in the absence of the pacing signal. Analysis of movements during the continuation phase
revealed that musicians were more accurate than non-musicians at ﬁnger tapping and,
to a lesser extent, circle drawing. Performance on the ﬁnger-tapping task was positively
associated with the number of years of formal music training, whereas performance on
the circle-drawing task was positively associated with the age of participants.These results
indicate that music training and maturation of the motor system reinforce distinct skills of
timed movement.
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INTRODUCTION
Temporal entrainment refers to the rhythmic synchronization
of movements to an external rhythmic signal, such as clapping
along with the music (Phillips-Silver and Keller, 2012). Temporal entrainment also occurs when we coordinate our actions with
other individuals, for instance, when people fall into simultaneous gait cadences (Nessler and Gilliland, 2009), play music in an
ensemble (Maduell and Wing, 2007) or dance with another person (Brown et al., 2006; Bläsing et al., 2012; Phillips-Silver and
Keller, 2012). Most people with no formal training can synchronize their movements to music. However, this apparently trivial
phenomenon is dependent on a complex set of timing skills that are
gradually developed through maturation of the motor system and
can be greatly inﬂuenced by training. The present study examined
the roles of music training and maturation in the development
of timing mechanisms responsible for the precise production of
discrete and continuous rhythmic movements.
Infants begin producing spontaneous movements in response
to music from the age of 5 months (Eerola et al., 2006; Zentner
and Eerola, 2010). There is no evidence, however, that children
can produce rhythmic movements that are precisely timed to or
synchronized with music before the age of 4 years (Drake et al.,
2000; Provasi and Bobin-Bègue, 2003; McAuley et al., 2006; Zentner and Eerola, 2010; Morgan et al., 2013). Drake et al. (2000)
noted that, although 4-year-old children can reproduce rhythmic patterns and synchronize to music, they are only able to
do so within a restricted range of tempi. This range gradually expands between the ages of 4 and 10 years, suggesting
that there are age-speciﬁc synchronization regions, and that the
ability to process and produce discrete movements at different
time spans improves gradually with age, reaching stable levels
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at adolescence (Drake et al., 2000; Baruch et al., 2004; Drewing et al., 2006; McAuley et al., 2006; Trainor and Corrigall,
2010).
In addition to the role of the natural development of the motor
system in the production of rhythmic movements, studies have
also suggested that various factors can inﬂuence the development
of timing skills, such as social conditions, cultural context, and
enriched experiences with music from a young age (Kirschner and
Tomasello, 2009; Trehub and Hannon, 2009; Gerry et al., 2010;
Hannon et al., 2011; Kirschner and Ilari, 2014). Not surprisingly,
it has also been shown that formal music training signiﬁcantly
enhances precision of discrete movements (Drake et al., 2000;
Baruch et al., 2004; Drewing et al., 2006; McAuley et al., 2006;
Trehub and Hannon, 2009; Trainor and Corrigall, 2010; Hannon
et al., 2011). For instance, Drake et al. (2000) demonstrated that
children between 6 and 10 years old who received music training
were signiﬁcantly more accurate at rhythmic production tasks than
age-matched counterparts. Drake (1993) showed that 7-year-old
children who had music classes performed as well as non-musically
trained adults in tasks that required the ability to reproduce rhythmic patterns. Research has also shown that adults with formal
music training tend to be more accurate than non-musician counterparts in sensoriomotor synchronization tasks (Aschersleben,
2002; Repp and Doggett, 2007; Repp, 2010).
Most research on the development of the ability to coordinate rhythmic movements with music has focused on discrete
movements, such as ﬁnger tapping, foot tapping, and clapping.
However, not much is known about the effect of music training for continuous movements. Discrete rhythmic movements are
deﬁned as periodic actions that are preceded and followed by a
phase without motion (Robertson et al., 1999; Huys et al., 2008;
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Studenka et al., 2012). Continuous rhythmic movements, on the
other hand, are deﬁned as smooth but periodic actions that lack
clear action endpoints, and are typically assessed using tasks such
as continuous circle drawing (Zelaznik et al., 2002; Huys et al.,
2008; Zelaznik and Rosenbaum, 2010). Continuous circle drawing
is often adopted as model to study emergent timing because it does
not elicit salient perceptual events (e.g., visual, tactile, or kinesthetic), which could be used as reference to establish an explicit
representation of the interval to be produced. In contrast, ﬁnger tapping has clear points in each cycle of movement when the
action stops and then reverses, and involves contact with a surface,
resulting in tactile, kinesthetic, visual, and auditory feedback that
marks each movement cycle (Robertson et al., 1999; Zelaznik et al.,
2002, 2005; Spencer et al., 2003; Zelaznik and Rosenbaum, 2010;
Repp, 2011).
Besides the kinematic difference between discrete and continuous rhythmic movements, research suggests that different brain
areas and cognitive processes are associated with discrete and
continuous actions (Robertson et al., 1999; Zelaznik et al., 2002;
Spencer et al., 2003; Schaal et al., 2004; Repp and Steinman, 2010;
Studenka et al., 2012). In particular, discrete movements are based
on event timing, involving a clock-like neural process and an
explicit internal representation of the time interval delineated
by each discrete movement. In contrast, activities that involve
smooth and continuous rhythmic movements are thought to rely
on emergent timing, whereby timing regularity emerges from the
control of parameters such as movement velocity and trajectory
control, and does not require an explicit representation of time
(Robertson et al., 1999; Zelaznik et al., 2002; Huys et al., 2008;
Studenka et al., 2012).
There is a need for more research on whether formal training
in music inﬂuences the accuracy with which discrete and continuous movements are produced, and how music training might
also affect the brain networks that are recruited to control these
two types of movements. Studies have shown that music training
signiﬁcantly improves precision of discrete rhythmic movements
(Drake et al., 2000; Aschersleben, 2002; Repp, 2005, 2010; Drewing
et al., 2006) and recent research has indicated that music training
improves precision in discrete but not continuous movements,
suggesting that music performance relies primarily on timing
mechanisms that require an explicit representation of time (event
timing; Baer et al., 2013).
However, timed actions may also employ multiple mechanisms simultaneously. For example, playing the piano not
only requires precise timing of the pianist’ keystrokes but also
a ﬂuid transition of the hand across the piano keys. Therefore, music performance may also require smoothly produced
rhythmic movements. This suggestion supports the hypothesis
that the distinction between event and emergent timing may
not be as rigid as initially proposed, and that these mechanisms are not strictly tied to speciﬁc tasks but may both be
adopted to achieve accurate timing (Jantzen et al., 2002, 2004;
Repp and Steinman, 2010; Studenka et al., 2012; Studenka,
2014).
In the present study, we investigated whether formal music
training enhances precision in discrete (ﬁnger tapping) and continuous movements (circle drawing). To this end, we examined
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the performance of children and adolescents from 10 to 14 years
of age with a range of music training. We predicted that
formal music training should reinforce event-timing strategies
and hence have its largest effect on a discrete movement task
(ﬁnger tapping). However, if musicians also perform more
accurately than non-musicians on a circle-drawing task, then
these results would suggest that music training also beneﬁts the
skills of continuous movements and their underlying mechanism. Such an outcome would raise the possibility that event
timing and emergent timing are partially controlled by a common mechanism that is reﬁned by music training, or that
music training simultaneously enhances two independent timing
mechanisms.

MATERIALS AND METHODS
PARTICIPANTS

Fifty-seven students (32 females, 25 males) were recruited from
a private school in Sydney, NSW, Australia that offers music as a
co-curricular activity. Eighteen students were recruited from Year
5 (13 females, 5 males) at primary school, and had an average
age of 10.3 years (SD = 0.5). Of these, 10 had music training
(M = 2.2 years; SD = 1.7) and eight had no music training
(<2 years of training). Nineteen students were recruited from
Year 7 (11 females, 8 males) and had an average age of 12.3 years
(SD = 0.5). Of these, 11 were musicians (M = 4.1 years; SD = 2.1)
and eight were non-musicians (<2 years of training). Finally,
20 students were recruited from Year 9 (9 females, 11 males)
and had an average age of 14.3 years (SD = 0.5). Of these, 11
were musicians (M = 5.7 years; SD = 3.2) and nine were nonmusicians (<2 years of training). All musically trained students
were enrolled in music classes and were involved in at least 2 h
of weekly musical activities; whereas non-musicians were not
involved in any musical activity. All participants reported that they
had no hearing or motor impairment. The Macquarie University
Human Research Ethics Committee approved the experiment. Parents and caregivers were informed and debriefed about the goals
of the experiment and gave consent for their child’s voluntary
participation in this study.
MATERIALS AND EQUIPMENT

Stimulus presentation and data collection were accomplished
using MacBook Pro computers and custom software written in
Python. The tones were produced by a Roland RD-250s digital
piano and were presented over Sennheiser HD 515 headphones at
approximately 74 dB SPL. Circle-drawing and ﬁnger-tapping tasks
were completed with the right hand using the laptop mouse pad.
STIMULI AND PROCEDURE

The continuation-tapping paradigm was adopted for both tasks
(Stevens, 1886). For each trial, participants ﬁrst synchronized
their movements (circle drawing or ﬁnger tapping) with a series
of 18 isochronous pacing signals. These pacing signals were a
480 Hz wave of 40 ms duration (square wave envelope), and
intensity of 74 dB SPL as measured at the headphones. After the
synchronization phase, the metronome stopped and participants
continued to produce 36 more movements at the tempo set by the
metronome. Within each trial, one of two metronome tempi was
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used: slow (800 ms interonset interval) or fast (600 ms interonset
interval).
In the ﬁnger-tapping task, students tapped with their right
index ﬁnger on the computer mouse pad at the tempo set by a
pacing signal, and they continued to tap at the same rate when
the signal was removed. In the continuation phase, every tap triggered a feedback tone, which was identical to the pacing signal.
In the circle-drawing task, participants repeatedly traced a circle in a clockwise direction with their right index ﬁnger in time
with the pacing signal. They continued this circular movement
when the pacing signal was removed and replaced by a feedback tone. To assist with the circle-drawing task, an unﬁlled
circle template of 5 cm in diameter was displayed on the computer screen. During the continuation phase, the feedback tone
was triggered every time the path of the ﬁnger crossed the target point at 270◦ of the circle (9 o’clock). Participants were told
that timing precision was more important than drawing accuracy, such they should feel free to draw the circle in any size.
The mouse pad was conﬁgured at high sensitivity, and it did
not produce any sound in response to ﬁnger tapping or circle
drawing.
Participants had ﬁve trials to practice at 600 ms IOI before
each testing block. Trials were blocked by task, and the order of
presentation was counterbalanced between participants. Within
each block, 16 trials were presented in random order: eight at the
slow tempo and eight at the fast tempo. To control for outliers,
trials in which inter-response intervals (IRIs) were 60% longer
or shorter than the target IRI for a given trial were immediately discarded and re-done. With breaks offered between trials
at the discretion of the participant, the task took approximately
30 min.
DATA ANALYSIS

Only responses in the continuation phase were analyzed as the
synchronization phase was used only to establish a consistent initial tempo of ﬁnger tapping or circle drawing. In order to avoid
artifacts in the data arising from the acceleration of movement that
is commonly observed in the transition between synchronization
and continuation phases (Flach, 2005), only the ﬁnal 31 cycles of
movement were analyzed.
For the ﬁnger-tapping task, IRI was deﬁned as the elapsed time
between taps (in milliseconds). For the circle-drawing task, IRI
was deﬁned as elapsed time between passes of the index ﬁnger
through the 270◦ intersection. To measure timing precision we
analyzed each participant’s coefﬁcient of variation (CV), which is
deﬁned as the standard deviation of IRIs within a trial divided
by its mean IRI. CV can be considered a measure of total IRI
variability, including slow drift in IRI over the course of a trial,
timing error, and motor implementation error. The average CV
was calculated across all trials for each condition and individual.
Lower CV scores indicate greater timing precision. Dependencies
between successive IRIs in each trial were also measured using lagone autocorrelation. CV scores were averaged by task and tempo
for each participant and entered into ANOVA with Task (circle
drawing, ﬁnger tapping) and Tempo (fast, slow) as within-subjects
factors, and Training (musicians, non-musicians) and Age (10, 12,
14) and as between-subjects factors.
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RESULTS
The analysis indicated a signiﬁcant difference in timing precision (CV) between the two timing tasks, F(1,51) = 271.89,
p < 0.005, suggesting that participants were more accurate in
the ﬁnger-tapping task (M = 0.07) than in the circle-drawing
task (M = 0.20). There was also a signiﬁcant interaction between
Task and Tempo, F(1,51) = 27.07, p < 0.005. More speciﬁcally,
a repeated-measures t-test indicated that participants were more
accurate on the circle-drawing task at a slow tempo (M = 0.19)
than at a fast tempo (M = 0.23), t(57) = 7.02, p < 0.005, whereas
timing accuracy for the ﬁnger-tapping task was similar for the slow
(M = 0.07) and fast tempo conditions (M = 0.06, p = 0.40).
Data analysis comparing the performance of musicians and
non-musicians indicated a signiﬁcant main effect of Music Training, with musicians performing signiﬁcantly more precisely than
non-musicians across the two timing tasks, F(1,51) = 6.59,
p = 0.01. Although there was no signiﬁcant interaction between
Music Training and Task, pairwise comparisons suggested that the
effect of music training is more reliable for the tapping task. The
difference in timing precision for musicians and non-musicians
was highly signiﬁcant for the ﬁnger-tapping task (p = 0.006), but
only marginally signiﬁcant for the circle-drawing task (p = 0.06;
see Figure 1).
The age of participants was also a signiﬁcant factor in determining the precision in the performance of the timing tasks,
F(2,51) = 3.38, p = 0.04. Pairwise comparisons showed that the
participant’s age interacted with their performance on the circledrawing task, in that 14-year-old students were signiﬁcantly more
precise than 10-year-old students (p = 0.02). However, age did
not inﬂuence performance on the ﬁnger-tapping task (p = 0.26).
To conﬁrm this pattern of results, we conducted a correlation
analysis with Task, Age, and Training. Results revealed a negative
linear correlation between age and precision for the circle-drawing
task (r 2 = 0.29, p = 0.02), but not for the ﬁnger-tapping task
(r 2 = 0.21, p = 0.11). Conversely, Music Training was signiﬁcantly
correlated with performance on the ﬁnger-tapping task, (r 2 = 0.41,
p = 0.002), but not with performance on the circle-drawing task
(r 2 = 0.22, p = 0.08).
To further examine the effect of years of music training on
the precision of discrete and continuous movements, we grouped
musicians into three categories according to the average number of years of formal training (2, 4, and 6 years) and compared
their performance with that of non-musicians. An independentsample t-test analysis revealed that precision in the ﬁnger-tapping
task was no different for musicians with 2 years of training
(M = 0.07) than for non-musicians (M = 0.08), t(30) = 0.05,
p = 0.95. On the other hand, musicians with an average of
4 years (M = 0.06) and 6 years of formal training (M = 0.05)
performed signiﬁcantly more precisely than non-musicians in
the ﬁnger-tapping task (p = 0.03, and p = 0.004, respectively).
There were no signiﬁcant differences in the precision of circle
drawing between non-musicians and any of the three groups of
musicians.
Previous research has suggested that the introduction of salient
feedback that demarcates each cycle of movement can induce
event-timing strategies – even for continuous movements such
as circle drawing (Zelaznik and Rosenbaum, 2010; Studenka
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FIGURE 1 | Coefﬁcient of Variation as a function of Task, Age and Group.

et al., 2012). It has also been shown that musically trained
and untrained individuals may adopt different strategies to
maintain precise timing (Baer et al., 2013). To examine the
timing strategies adopted by musicians and non-musicians to
perform the ﬁnger-tapping and circle-drawing tasks, lag-one
autocorrelation scores were analyzed (Wing and Kristofferson,
1973). Lag-one autocorrelation scores are predicted to be negative for event timing and non-negative for emergent timing
(Wing and Kristofferson, 1973; Robertson et al., 1999; Zelaznik
and Rosenbaum, 2010). Across groups, lag-one autocorrelation values were signiﬁcantly less than zero for circle drawing
(−0.05) and for ﬁnger tapping (−0.04, p < 0.005), suggesting
that both tasks were performed using an event-timing strategy.
There was no signiﬁcant difference in the mean lag-one autocorrelation for musicians and non-musicians, either for the tapping
task (t = 0.43, p = 0.66) or circle-drawing task (t = 1.46,
p = 0.14). Moreover, lag-one autocorrelation values for the
circle-drawing and ﬁnger-tapping tasks did not signiﬁcantly differ (p = 0.57). Finally, there was a signiﬁcant correlation between
timing variability in the ﬁnger-tapping and circle-drawing tasks
(r 2 = 0.30, p = 0.02), further supporting the idea that participants adopted the same (event-timing) strategy to complete the
two tasks.

DISCUSSION
To better understand the role of music training on the development of timing skills involved in the control of discrete and
continuous movements, we explored the question of whether
maturation and formal music training interact with timing precision in ﬁnger-tapping and circle-drawing tasks. Our results
indicated that musically trained students were signiﬁcantly more
accurate than non-musician counterparts in the ﬁnger-tapping
task, and ﬁndings suggest that there was a signiﬁcant correlation between years of formal training and precision of discrete
rhythmic movements. We also found that musicians also tended
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to be more precise than non-musicians in the circle-drawing
task, although the effect was not as strong as in the tapping
task. The age of participants was signiﬁcantly associated with
performance on the circle-drawing task, suggesting that the
motor control required for continuous movements is developmentally acquired and hence may become more stable after early
adolescence.
Musically trained students performed signiﬁcantly more accurately than non-musicians in the ﬁnger-tapping task, a ﬁnding
that corroborates previous research implying that music training enhances precision of discrete movements (Drake, 1993;
Drake et al., 2000; Aschersleben, 2002; Baruch et al., 2004; Drewing et al., 2006; McAuley et al., 2006; Repp and Doggett, 2007;
Repp, 2010). The association between formal music training and the timing skills required to perform discrete rhythmic movements supports the hypothesis that musical activities
reﬁne the functioning of clock-like mechanisms that generate internal representations of the time interval delineated by
discrete movements (Repp, 2005; Zelaznik et al., 2005; Baer
et al., 2013). Through experience, practice, and years of formal training, event timing may be reinforced and emphasized. However, it should be acknowledged that an association between music training and timing precision could also
arise because individuals with enhanced timing skills tend to
gravitate toward music. Because our study adopted a quasiexperimental design, the nature of the association cannot be
determined.
Nonetheless, the hypothesis that formal music training
enhances timing skills involved in the control of discrete rhythmic
movement is supported by a positive correlation between years
of music training and precision of ﬁnger tapping. This ﬁnding
suggests that practice in music interacts with timing mechanisms
employed in discrete rhythmic tasks. This result is consistent with
reports in the literature showing that the variability in sensoriomotor synchronization tasks of adult musicians can be as small
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as 2%, and 0.5% for percussionists (Repp, 2005), which indicates that years of extensive training lead to exceptional motor
timing.
It was interesting to observe, however, that the effect of music
training on the precision of discrete movements was only evident for students who had at least 4 years of music training.
Musicians with an average of 2 years of training were not signiﬁcantly more precise than non-musicians in the ﬁnger-tapping
task. This ﬁnding suggests that, although music training can
enhance timing skills, beneﬁts may only emerge after extensive training. This suggestion is consistent with neuroimaging
studies showing that structural changes in the brain are significantly associated with years of training in music (Gaser and
Schlaug, 2003; Schlaug et al., 2005; Musacchia et al., 2008; Kraus
and Chandrasekaran, 2010; Pantev and Herholz, 2011). In particular, Schlaug et al. (2005) noted that the impact of 4 years
of music training on the plasticity of the brain is signiﬁcantly
stronger that the effect of 2 years of training to the child’s brain
development.
Results also indicated that, although music training had its
largest effect on the precision of discrete rhythmic movements
(ﬁnger tapping), musicians were also more precise than nonmusicians in the circle-drawing task, suggesting that music
training may help to improve both types of timed movements. One
interpretation of this pattern of ﬁndings is that timing mechanisms
are not strictly tied to speciﬁc tasks but, as suggested by our lagone autocorrelation analysis, the same (event) timing mechanism
may have been adopted to achieve precise timing for both discrete and continuous timing tasks (Jantzen et al., 2002, 2004; Repp
and Steinman, 2010; Studenka et al., 2012; Studenka, 2014). However, the number of years of music training was not signiﬁcantly
correlated with enhanced precision in the circle-drawing task,
making it difﬁcult to draw strong conclusions about the effects of
music training on continuous-movement tasks. Future research
is needed to evaluate the impact of extensive training in music
and other movement-based activities (e.g., sports and dance) on
continuous movements. Continuous rhythmic movements, such
as leg movement during cycling, walking, and running, or arm
movements during swimming or rowing, are typically observed
in sport activities and dance (Sternad et al., 2000; Jaitner et al.,
2001; Jantzen et al., 2008; Elliot et al., 2009). This class of rhythmic movements could be used as a model to study the effect
of training in the production of precise continuous rhythmic
movements.
Interestingly, our results showed that participants’ age was signiﬁcantly associated with timing precision in the circle-drawing
task, which suggests that the control of continuous movements
is signiﬁcantly associated with maturation of the motor system.
These results indicate, therefore, that the ability to maintain
accurate timing of continuous movements may be developmentally acquired. As such, such movements may not be highly
stable in early adolescence but should improve with age. Studies investigating the development of the motor control required
for the production of smooth hand movements in drawing
and handwriting have also revealed signiﬁcant age-related effects
(Meulenbroek and Van Galen, 1988; Blank et al., 1999; Tseng and
Chow, 2000; Robertson, 2001; Van Mier, 2006). Blank et al. (2000)
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showed that the different motor areas involved in the control of
movements have distinct maturational periods. Moreover, Blank
et al. (2000) demonstrated that the maturation of neuronal areas
involved in the control of ﬁnger-generated actions is faster than
the development of neuronal networks associated with arm and
wrist movements. Van Mier (2006) studied the strategies children adopt to perform discrete and continuous movements, and
noted that children of 4–5 years of age perform both movements in a discrete manner. These ﬁndings support the suggestion
that timing strategies underlying continuous movements are not
yet fully stable in early adolescence, whereas the neuronal network that control discrete movements are established earlier in
life.
We also observed that the rate with which movements were
made affected precision in the circle-drawing task but not in the
ﬁnger-tapping task. For the circle-drawing task, participants were
signiﬁcantly more precise at the slow tempi than at the fast tempi.
For the ﬁnger-tapping task, the precision of timing was unaffected
by tempo. One interpretation of this ﬁnding is that the control
of continuous movement at fast tempi may expose the limitations of a motor system still in development. Further research is
needed to establish the most optimal rate within each developmental stage with which continuous movements can be timed precisely
(see McAuley et al., 2006 for a review on age-speciﬁc entrainment
regions of discrete movements).
Interestingly, we found that participants tended to adopt an
event-timing strategy to perform both ﬁnger-tapping and circledrawing tasks, as lag-one autocorrelation scores were negative for
both tasks. The most probable explanation for this ﬁnding is the
presence of an auditory feedback introduced at the completion
of every movement cycle (Zelaznik and Rosenbaum, 2010; Studenka et al., 2012). Research has indicated that salient perceptual
events (e.g., auditory, tactile feedback) signiﬁcantly inﬂuence the
timing strategy adopted to perform rhythmic movements, as the
presence of auditory feedback generates an explicit internal representation of the temporal interval to be performed (Zelaznik
and Rosenbaum, 2010; Studenka et al., 2012). However, Van Mier
(2006) observed that younger children adopt event-timing strategies to perform both discrete and continuous tasks. Future studies
are needed to understand whether education and training contribute to a differentiation between emergent and event-timing
strategies, or whether the maturation of distinct neuronal networks predicts the use of different timing strategies to complete
rhythmic tasks.
To conclude, this study showed that music training and the
maturation of the motor system reinforce distinct skills of timed
movement. Results showed that music training was associated with
enhanced precision in the timing of discrete movements. Music
training was also associated with the precision of timing for continuous movements, although to a lesser extent. The precision
of continuous rhythmic movement was nonetheless associated
with the age of participants, suggesting that the development
of motor areas involved in discrete and continuous movement
are subject to different maturation processes, and that the motor
control required to produce continuous movements may develop
more slowly than the motor control required to produce discrete
movements.

www.frontiersin.org

October 2014 | Volume 8 | Article 801 | 5

Braun Janzen et al.

Effect of training on timing

AUTHOR CONTRIBUTIONS
Thenille Braun Janzen was responsible for the experiment preparation, data collection and analysis, and manuscript preparation.
William F. Thompson and Ronald Ranvaud provided feedback and
suggestions regarding the writing of the manuscript.

ACKNOWLEDGMENTS
We would like to thank St. Luke’s Grammar School staff, parents,
and students for their immeasurable contribution and volunteer
collaboration to this project. We would also like to thank Paolo
Ammirante for insightful comments on initial drafts, Alex Chilvers
for technical support, Janet Lovell and Jennifer Pollock from St.
Luke’s Grammar School for their relentless help in coordinating
the experimental session at the school, and to all students who
voluntarily participated in this study.

REFERENCES
Aschersleben, G. (2002). Temporal control of movements in sensorimotor synchronization. Brain Cogn. 48, 66–69. doi: 10.1006/brcg.2001.1304
Baer, L. H., Thibodeau, J. L. N., Gralnick, T. M., Li, K. Z. H., and Penhune, V. B.
(2013). The role of music training in emergent and event-based timing. Front.
Hum. Neurosci. 7:191. doi: 10.3389/fnhum.2013.00191
Baruch, C., Panissal-Vieu, N., and Drake, C. (2004). Preferred perceptual tempo for
sound sequences: comparison of adults, children, and infants. Percept. Mot. Skills
98, 325–339. doi: 10.2466/pms.98.1.325-339
Blank, R., Miller, V., and von Voss, H. (2000). Human motor development and hand
laterality: a kinematic analysis of drawing movements. Neurosci. Lett. 295, 89–92.
doi: 10.1016/S0304-3940(00)01592-5
Blank, R., Miller, V., Von Voss, H., and Von Kries, R. (1999). Effects of age
on distally and proximally generated drawing movements: a kinematic analysis of school children and adults. Dev. Med. Child Neurol. 41, 592–596. doi:
10.1017/S0012162299001243
Bläsing, B., Calvo-Merino, B., Cross, E. S., Jola, C., Honisch, J., and Stevens, C. J.
(2012). Neurocognitive control in dance perception and performance. Acta
Psychol. 139, 300–308. doi: 10.1016/j.actpsy.2011.12.005
Brown, S., Martinez, M. J., and Parsons, L. M. (2006). The neural basis of human
dance. Cereb. Cortex 16, 1157–1167. doi: 10.1093/cercor/bhj057
Drake, C. (1993). Reproduction of musical rhythms by children, adults
musicians, and adult nonmusicians. Percept. Psychophys. 53, 25–33. doi:
10.3758/BF03211712
Drake, C., Jones, M. R., and Baruch, C. (2000). The development of rhythmic
attending in auditory sequences: attunement, referent period, focal attending.
Cognition 77, 251–288. doi: 10.1016/S0010-0277(00)00106-2
Drewing, K., Aschersleben, G., and Li, S. C. (2006). Sensorimotor synchronization across the life span. Int. J. Behav. Dev. 30, 280–287. doi:
10.1177/0165025406066764
Eerola, T., Luck, G., and Toiviainen, P. (2006). “An investigation of pre-schoolers’
corporeal synchronization with music,” in Proceedings of the 9th International
Conference on Music Perception and Cognition, Bologna, 472–476.
Elliot, M. T., Welchman, A. E., and Wing, A. M. (2009). Being discrete helps
keep to the beat. Exp. Brain Res. 192, 731–737. doi: 10.1007/s00221-0081646-8
Flach, R. (2005). The transition from synchronization to continuation tapping.
Hum. Mov. Sci. 24, 465–483. doi: 10.1016/j.humov.2005.09.005
Gaser, C., and Schlaug, G. (2003). Brain structures differ between musicians and
non-musicians. J. Neurosci. 23, 9240–9245.
Gerry, D. W., Faux, A. L., and Trainor, L. (2010). Effects of Kindermusik training
on infants’ rhythmic enculturation. Dev. Sci. 13, 545–551. doi: 10.1111/j.14677687.2009.00912.x
Hannon, E. E., Soley, G., and Levine, R. S. (2011). Constraints on infant’s musical
rhythm perception: effects of interval ration complexity and enculturation. Dev.
Sci. 14, 865–872. doi: 10.1111/j.1476-7686.2011.01036.x
Huys, R., Studenka, B. E., Rheaume, N. L., Zelaznik, H. N., and Jirsa, V. K. (2008).
Distinct timing mechanisms produce discrete and continuous movements. PLoS
Comput. Biol. 4:e1000061. doi: 10.1371/journal.pcbi.1000061

Frontiers in Human Neuroscience

Jaitner, T., Mendoza, L., and Schöllhorn, W. (2001). Analysis of the long jump
technique in the transition from approach to takeoff based on time-continuous
kinematic data. Eur. J. Sport Sci. 1, 1–12. doi: 10.1080/17461390100071506
Jantzen, K. J., Oullier, O., and Kelso, J. A. S. (2008). Neuroimaging
coordination dynamics in the sport sciences. Methods 45, 325–335. doi:
10.1016/j.ymeth.2008.06.001
Jantzen, K. J., Steinberg, F. L., and Kelso, J. A. S. (2002). Practice-dependent
modulation of neural activity during human sensorimotor coordination: a functional magnetic resonance imaging study. Neurosci. Lett. 332, 205–209. doi:
10.1016/S0304-3940(02)00956-4
Jantzen, K. J., Steinberg, F. L., and Kelso, J. A. S. (2004). Brain networks underlying
human timing behavior are inﬂuenced by prior context. Proc. Natl. Acad. Sci.
U.S.A. 101, 6815–6820. doi: 10.1073/pnas.0401300101
Kirschner, S., and Ilari, B. (2014). Joint drumming in Brazilian and German
preschool children cultural differences in rhythmic entrainment, but no prosocial
effects. J. Cross Cult. Psychol. 45, 137–166. doi: 10.1777/0022022113493139
Kirschner, S., and Tomasello, M. (2009). Joint drumming: social context facilitates
synchronization in preschool children. J. Exp. Child Psychol. 102, 299–314. doi:
10.1016/j.jecp.2008.07.005
Kraus, N., and Chandrasekaran, B. (2010). Music training for the development of
auditory skills. Nat. Rev. Neurosci. 11, 599–605. doi: 10.1038/nrn2882
Maduell, M., and Wing, A. M. (2007). The dynamics of ensemble: the case for
ﬂamenco. Psychol. Music 35, 591–627. doi: 10.1177/0305735607076446
McAuley, J. D., Jones, M. R., Holub, S., Johnston, H. M., and Miller, N. S.
(2006). The time of our lives: life span development of timing and event
tracking. J. Exp. Psychol. Gen. 135, 348–367. doi: 10.1037/0096-3445.
135.3.348
Meulenbroek, R. G., and Van Galen, G. P. (1988). The acquisition of skilled handwriting: discontinuous trends in kinematic variables. Adv. Psychol. 55, 273–281.
doi: 10.1016/S0166-4115(08)60627-5
Morgan, G., Killough, C. M., and Thompson, L. A. (2013). Does visual information inﬂuence infants’ movement to music? Psychol. Music 41, 249–264. doi:
10.1177/0305735611425897
Musacchia, G., Strait, D., and Kraus, N. (2008). Relationships between behavior,
brainstem and cortical encoding of seen and heard speech in musicians and
non-musicians. Hear. Res. 241, 34–42. doi: 10.1016/j.heares.2008.04.013
Nessler, J. A., and Gilliland, S. J. (2009). Interpersonal synchronization during side by
side treadmill walking is inﬂuenced by leg length differential and altered sensory
feedback. Hum. Mov. Sci. 28, 772–785. doi: 10.1016/j.humov.2009.04.007
Pantev, C., and Herholz, S. C. (2011). Plasticity of the human auditory cortex related to musical training. Neurosci. Biobehav. Rev. 35, 2140–2154. doi:
10.1016/j.neubiorev.2011.06.010
Phillips-Silver, J., and Keller, P. (2012). Searching for roots of entrainment and
joint action in early musical interactions. Front. Hum. Neurosci. 6:26. doi:
10.3389/fnhum.2012.00026
Provasi, J., and Bobin-Bègue, A. (2003). Spontaneous motor tempo and rhythmical
synchronization in 21/2- and 4-year-old children. Int. J. Behav. Dev. 27, 220–231.
doi: 10.1080/01650250244000290
Repp, B., and Doggett, R. (2007). Tapping to a very slow beat: a comparison of
musicians and nonmusicians. Music Percept. Interdiscip. J. 24, 367–376. doi:
10.1525/mp.2007.24.4.367
Repp, B., and Steinman, S. R. (2010). Simultaneous event-based and emergent
timing: synchronization, continuation, and phase correction. J. Mot. Behav. 42,
111–126. doi: 10.1080/00222890903566418
Repp, B. H. (2005). Sensorimotor synchronization: a review of the tapping literature.
Psychon. Bull. Rev. 12, 969–992. doi: 10.3758/BF03206433
Repp, B. H. (2010). Sensorimotor synchronization and perception of timing:
effects of music training and task experience. Hum. Mov. Sci. 29, 200–213. doi:
10.1016/j.humov.2009.08.002
Repp, B. H. (2011). Comfortable synchronization of cyclic drawing movements with
a metronome. Hum. Mov. Sci. 30, 18–39. doi: 10.1016/j.humov.2010.09.002
Robertson, S. D. (2001). Development of bimanual skill: the search for
stable patterns of coordination. J. Mot. Behav. 33, 114–126. doi:
10.1080/00222890109603144
Robertson, S. D., Zelaznik, H. N., Lantero, D. A., Gadacz, K. E., Spencer, R. M.,
Dofﬁn, J. G., et al. (1999). Correlations for timing consistency among tapping
and drawing tasks: evidence against a single timing process for motor control.
J. Exp. Psychol. Hum. Percept. Perform. 25, 1316–1330. doi: 10.1037/0096-1523.
25.5.1316

www.frontiersin.org

October 2014 | Volume 8 | Article 801 | 6

Braun Janzen et al.

Effect of training on timing

Schaal, S., Sternard, D., Osu, R., and Kawato, M. (2004). Rhythmic arm movement
is not discrete. Nat. Neurosci. 7, 1136–1143. doi: 10.1038/nn1322
Schlaug, G., Norton, A., Overy, K., and Winner, E. (2005). Effects of music training
on the child’s brain and cognitive development. Ann. N. Y. Acad. Sci. 1060,
219–230. doi: 10.1196/annals.1360.015
Spencer, R. M. C., Zelaznik, H. N., Diedrichsen, J., and Ivry, R. B. (2003). Disrupted
timing of discontinuous but not continuous movements by cerebellar lesions.
Science 300, 1437–1439. doi: 10.1126/science.1083661
Sternad, D., Dean, W. J., and Schaal, S. (2000). Interaction of rhythmic and discrete
pattern generators in single-joint movements. Hum. Mov. Sci. 19, 627–664. doi:
10.1016/S0167-9457(00)00028-2
Stevens, L. T. (1886). On the time sense. Mind 11, 393–404. doi: 10.1093/mind/osXI.43.393
Studenka, B. E. (2014). Response to period shifts in tapping and circle drawing: a
window into event and emergent components of continuous movement. Psychol.
Res. 1–13. doi: 10.1007/s00426-014-0578-0 [Epub ahead of print].
Studenka, B. E., Zelaznik, H. N., and Balasubramaniam, R. (2012). The distinction
between tapping and circle drawing with and without tactile feedback: an examination of the sources of timing variation. Q. J. Exp. Psychol. 65, 1086–1100. doi:
10.1080/17470218.2011.640404
Trainor, L., and Corrigall, K. A. (2010). “Music acquisition and effects of musical
experience,” in Music Perception, Springer Handbook of Auditory Research, eds M.
R. Jones, R. R. Fay, and A. N. Poppe (New York: Springer), 89–127.
Trehub, S. E., and Hannon, E. E. (2009). Conventional rhythms enhance
infants’ and adults’ perception of musical patterns. Cortex 45, 110–118. doi:
10.1016/j.cortex.2008.05.012
Tseng, M. H., and Chow, S. M. (2000). Perceptual-motor function of school-age
children with slow handwriting speed. Am. J. Occup. Ther. 54, 83–88. doi:
10.5014/ajot.54.1.83
Van Mier, H. (2006). Developmental differences in drawing performance of the
dominant and non-dominant hand in right-handed boys and girls. Hum. Mov.
Sci. 25, 657–677. doi: 10.1016/j.humov.2006.06.004

Frontiers in Human Neuroscience

Wing, A. M., and Kristofferson, A. B. (1973). Response delays and the timing
of discrete motor responses. Percept. Psychophys. 14, 5–12. doi: 10.3758/BF
03198607
Zelaznik, H. N., and Rosenbaum, D. A. (2010). Timing processes are correlated when
tasks share a salient event. J. Exp. Psychol. Hum. Percept. Perform. 36, 1565–1575.
doi: 10.1037/a0020380
Zelaznik, H. N., Spencer, R. M., and Ivry, R. B. (2002). Dissociation of explicit and
implicit timing in repetitive tapping and drawing movements. J. Exp. Psychol.
Hum. Percept. Perform. 28, 575–588. doi: 10.1037/0096-1523.28.3.575
Zelaznik, H. N., Spencer, R. M., Ivry, R. B., Baria, A., Bloom, M., Dolansky, L.,
et al. (2005). Timing variability in circle drawing and tapping: probing the relationship between event and emergent timing. J. Mot. Behav. 37, 395–403. doi:
10.3200/JMBR.37.5.395-403
Zentner, M., and Eerola, T. (2010). Rhythmic engagement with music in infancy.
Proc. Natl. Acad. Sci. U.S.A. 107, 5768–5773. doi: 10.1073/pnas.1000121107
Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or ﬁnancial relationships that could be construed
as a potential conﬂict of interest.
Received: 01 June 2014; accepted: 19 September 2014; published online: 10 October
2014.
Citation: Braun Janzen T, Thompson WF and Ranvaud R (2014) A developmental
study of the effect of music training on timed movements. Front. Hum. Neurosci. 8:801.
doi: 10.3389/fnhum.2014.00801
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2014 Braun Janzen, Thompson and Ranvaud. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

www.frontiersin.org

October 2014 | Volume 8 | Article 801 | 7

ulrichsweb.com(TM) -- The Global Source for Periodicals

1 of 1

http://ulrichsweb.serialssolutions.com/title/1340334798364/668264

Log in to My Ulrich's

Macquarie University Library

Search

Workspace

Ulrich's Update

Admin

Enter a Title, ISSN, or search term to find journals or other periodicals:

1662-5161

Advanced Search

Search My Library's Catalog: ISSN Search | Title Search

Search Results

Frontiers in Human Neuroscience
Title Details

Related Titles

Save to List

Alternative Media
Edition (1)

Email

Download

Print

Corrections

Expand All

Collapse All

Basic Description
Title

Frontiers in Human Neuroscience

ISSN

1662-5161

Publisher

Frontiers Research Foundation

Country

Switzerland

Status

Active

Start Year

2008

Frequency

Quarterly

0014-4819 - (1)

Language of Text

Text in: English

1362-0347 - (1)

Refereed

Yes

0378-3782 - (1)

Abstracted / Indexed

Yes

Open Access

Yes

Serial Type

Journal

Content Type

Academic / Scholarly

Format

Print

Website

http://www.frontiersin.org/humanneuroscience/

Description

Devoted to understanding the brain mechanisms supporting cognitive and social
behavior in humans.

Lists
Marked Titles (0)

Search History
1662-5161 - (1)

Subject Classifications
Additional Title Details
Publisher & Ordering Details
Online Availability
Abstracting & Indexing
Save to List

Contact Us |

Privacy Policy |

Terms and Conditions |

Email

Download

Print

Corrections

Expand All

Collapse All

Accessibility

Ulrichsweb.com™, Copyright © 2012 ProQuest LLC. All Rights Reserved

22/06/2012 1:19 PM

