Exp Brain Res (2016) 234:893-903
DOI 10.1007/500221-015-4524-1

@ CrossMark

RESEARCH ARTICLE

Sensorimotor integration is enhanced in dancers and musicians

Falisha J. Karpati'? - Chiara Giacosa!” - Nicholas E. V. Foster'* -

Virginia B. Penhune'* - Krista L. Hyde!>*

Received: 28 August 2015 / Accepted: 6 December 2015 / Published online: 15 December 2015

© Springer-Verlag Berlin Heidelberg 2015

Abstract Studying individuals with specialized train-
ing, such as dancers and musicians, provides an opportu-
nity to investigate how intensive practice of sensorimo-
tor skills affects behavioural performance across various
domains. While several studies have found that musicians
have improved motor, perceptual and sensorimotor integra-
tion skills compared to untrained controls, fewer studies
have examined the effect of dance training on such skills.
Moreover, no study has specifically compared the effects of
dance versus music training on perceptual or sensorimotor
performance. To this aim, in the present study, expert danc-
ers, expert musicians and untrained controls were tested on
a range of perceptual and sensorimotor tasks designed to
discriminate performance profiles across groups. Dancers
performed better than musicians and controls on a dance
imitation task (involving whole-body movement), but musi-
cians performed better than dancers and controls on a musi-
cal melody discrimination task as well as on a rhythm syn-
chronization task (involving finger tapping). These results
indicate that long-term intensive dance and music training
are associated with distinct enhancements in sensorimotor
skills. This novel work advances knowledge of the effects
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of long-term dance versus music training and has potential
applications in therapies for motor disorders.
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Introduction

Dance and music involve concentrated training of specific
perceptual and sensorimotor skills that are typically initi-
ated at a young age, are long term and can be quantified.
As such, expert dancers and musicians are an ideal popu-
lation in which to investigate the behavioural effects of
intensive sensorimotor training. The behavioural correlates
of music training have been well studied (for a review, see
Herholz and Zatorre 2012), and there has been growing
interest to study dance as well (for a review, see Bldsing
et al. 2012 or Karpati et al. 2015). Both dance and music
training have similarities, such as the importance of senso-
rimotor integration, as well as their artistic components and
the easily quantifiable nature of the training process. How-
ever, music training generally focuses on producing sound
using effector-specific movements, while dance training
commonly focuses on following sound using whole-body
movements. To date, no studies have directly compared the
behavioural correlates of dance and music training. Com-
paring both forms of training is important to better under-
stand how intensive sensorimotor training affects perfor-
mance across a variety of tasks, and what effects might be
specific to each form of training. Such knowledge may then
be used to guide future research in clinical practice such as
the development of dance- and music-based therapies for a
variety of conditions such as Parkinson’s disease (Mandel-
baum and Lo 2014; Duncan and Earhart 2012) and stroke
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(Schneider et al. 2007). To these aims, in the present study,
the behavioural correlates of long-term dance and music
training were compared.

Behavioural differences between dancers and non-danc-
ers as well as between musicians and non-musicians have
been found using tasks in a variety of domains including
motor control, perception and sensorimotor integration. In
terms of motor control, both dancers and musicians have
shown enhanced performance relative to their untrained
counterparts. Dancers have improved balance (Crotts et al.
1996) and postural control (Rein et al. 2011) compared to
non-dancers. Musicians show advantages in hand and fin-
ger movements compared to non-musicians (Fernandes and
de Barros 2012; Verheul and Geuze 2004). These results
may be related to the finding that both dancers (Thullier
and Moufti 2004) and musicians (Inui and Ichihara 2001)
can better optimize and combine movements than untrained
controls.

In addition to motor tasks, the correlates of long-term
dance and music training have been examined using per-
ceptual tasks. Perceptual studies in dancers have focused
on the visual domain using dance-related stimuli. Rela-
tive to non-dancers, dancers can better detect differences
in moving point-light displays (Calvo-Merino et al. 2010)
and show faster eye movements when viewing a dance
film (Stevens et al. 2010). In contrast, perceptual studies
in musicians have focused on the auditory domain (for a
review, see Herholz and Zatorre 2012); especially relevant
to the present study are findings that musicians can better
detect differences in rhythmic and melodic stimuli than
non-musicians (Foster and Zatorre 2010; Fujioka et al.
2004; Rammsayer and Altenmuller 2006).

Sensorimotor integration is a crucial aspect of both
dance and music training. Dancers combine auditory infor-
mation from music, along with visual information from
observing their own and others’ movements, with their
motor output during performance. Musicians combine vis-
ual information from reading music or following a conduc-
tor, as well as auditory information from the output of their
own and others’ instruments, with the movements required
to produce the desired sound. The forms of sensorimo-
tor integration most relevant to dance and music include
audiomotor and visuomotor integration. In the audiomotor
domain, dancers more accurately synchronize knee bend-
ing to an auditory beat than non-dancers (Miura et al. 2011,
2013), and musicians more accurately synchronize hand/
finger tapping to an auditory stimulus than non-musicians
(Repp 2010; Chen et al. 2008; Bailey et al. 2014). In the
visuomotor domain, dancers show increased ability com-
pared to non-dancers in synchronizing with observed dance
movements in the absence of auditory cues (Washburn
et al. 2014). Musicians have better visuomotor integra-
tion compared to non-musicians, for example, in terms of
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motor reproduction of visually presented temporal intervals
(Aagten-Murphy et al. 2014).

Some studies in dancers and musicians have also exam-
ined performance on multi-modal tasks across the auditory,
visual and motor domains. These studies are especially
informative since dance performance and music perfor-
mance involve the integration of all three of these domains.
Sofianidis et al. (2012) observed that dancers were more
stable and coordinated than non-dancers in a dance syn-
chronization task with visual and auditory cues. In musi-
cians, audio-visuomotor performance has been mainly
studied using interference paradigms (Drost et al. 2005;
Keller and Koch 2008; Taylor and Witt 2015), such as play-
ing chords in response to visual cues while hearing irrel-
evant auditory stimuli (Drost et al. 2005). Musicians show
a greater interference effect of incongruent auditory and
visual information relative to non-musicians, signalling that
this action-effect representation in multi-modal integration
is affected by training (Drost et al. 2005).

Taken together, this literature suggests that both danc-
ers and musicians show enhancements in a range of sen-
sorimotor skills compared to their untrained counterparts.
However, it is not yet known whether the sensorimotor
enhancements associated with long-term dance training are
similar to or distinct from those associated with long-term
music training. To this aim, the main objective of the pre-
sent study was to investigate the behavioural correlates of
long-term dance versus music training by examining senso-
rimotor integration in expert dancers, expert musicians and
untrained controls.

In the present study, all participants were tested on a bat-
tery of behavioural tasks ranging from more dance-relevant
to more music-relevant tasks. This type of behavioural bat-
tery provides the opportunity to investigate performance
that is directly relevant to the trained skill (e.g. dancers
performing a dance-related task), as well as transfer effects
to the other skill (e.g. dancers performing a music-related
task). A dance imitation task was the most dance relevant,
in which participants executed whole-body dance move-
ments simultaneously with visual and auditory stimuli.
The synchronization of whole-body movements to sen-
sory stimuli is a main component of dance training, while
music training generally relies less on whole-body move-
ments and more on effector-specific movements. Compared
to dance-related tasks used in previous studies (Cross et al.
2009; Tachibana et al. 2011; Ono et al. 2014), this task
includes more ecologically valid dance movements since
they require use of the whole-body rather than only the
lower limbs. A rhythm synchronization task, in which par-
ticipants tapped a finger in synchrony with auditory stimuli,
was relevant to both dance and music since rthythm is a cru-
cial aspect of both types of training. Dancers often synchro-
nize their movements with the rhythmic aspect of auditory



Exp Brain Res (2016) 234:893-903

895

Table 1 Participant characteristics

Group N Age (years = SD) Sex Body mass index Years of dance Years of music Level of education
(BMI) (£SD) training (£SD) training (£SD) (£SD)

Dancers 20 25.1+£39 14F, 6M 21.7+£2.2 153+£52 1.8+£19 235+0.6

Musicians 19 237+3.6 12F,7M 225432 1.1+1.7 16.1 +3.4 232+1.0

Controls 20 25.8+5.1 13F, 7™M 21.8+3.2 04+£08 05+1.0 26+ 1.1

Comparison D=M=C D=M=C D>M (p<0.0001) M>D (p<0.0001) D=M=C

between groups F(2,56) =1.32 F(2,55)=0.38 D>C (p<0.0001) M>C(p<0.0001) F(2,56) =56

p=028 p=0.68 M=C@p=1 D=C(p=027) p=0.57

Education levels for each participant are calculated on a scale of 1-5, where 1 is the lowest (completed high school) and 5 is the highest (com-

pleted doctorate degree)
F females, M males, SD standard deviation

and visual stimuli, while musicians produce sound in
accordance with perceived rhythmic stimuli. A melody dis-
crimination task was the most music-relevant task, which
required participants to determine whether pairs of melo-
dies were the same or different. Musicians are often trained
to distinguish between pitches and melodies in order to be
able to analyse performed or heard music in a critical man-
ner, while this is less relevant to dance training as dancers
generally follow rather than produce sound. In addition,
cognitive tasks (Digit Span, Letter-Number Sequencing
and syllable sequence discrimination) were administered
in order to test for group differences in auditory working
memory (Wechsler 1997; Foster and Zatorre 2010).

On the dance imitation task, dancers were expected to
outperform both musicians and controls since dance train-
ing focuses on performing whole-body movements often
in synchrony with auditory and visual stimuli. This is
supported by the finding that dancers perform better than
non-dancers on a visuomotor dance imitation task (Wash-
burn et al. 2014). On the rhythm synchronization task,
both musicians and dancers were expected to outperform
controls. Musicians have previously shown enhanced per-
formance relative to non-musicians on the same rhythm
synchronization task used here (Chen et al. 2008; Bailey
et al. 2014), while dancers have shown better audiomotor
integration in a rhythmic context than non-dancers (Miura
et al. 2011, 2013). Since both dancers and musicians have
demonstrated enhanced rhythmic abilities versus untrained
controls, it was expected that they would perform similarly
on the rhythm synchronization task. On the melody dis-
crimination task, musicians were expected to outperform
both dancers and controls. Music training often involves
learning to distinguish between melodies, such as identify-
ing whether a produced sound was correct or incorrect, and
has been previously shown to provide advantages relative
to non-musicians on the same melody task used here (Fos-
ter and Zatorre 2010).

Methods
Participants

Three groups of participants (aged 18-40 years) were
recruited for this study: expert dancers (N = 20), expert
musicians (N = 19) and a control group of non-musicians/
non-dancers (N = 20) (Table 1). Dancers and musicians
were either currently practicing as professionals or students
involved in professional training programs. Their training
was assessed via a detailed questionnaire developed in our
laboratories (Coffey et al. 2011; Bailey and Penhune 2010).
Dancers and musicians had on average approximately
15 years of experience in their respective disciplines, and
controls had on average <1 year of experience in dance,
music, figure skating and aerobics. All participants were
physically active (i.e. biking, running or practicing other
physical exercises). Dancers were currently practicing con-
temporary dance as their principal style, but had a variety
of training backgrounds including ballet, tap, jazz, swing
and ballroom. Dancers whose main style was too similar
to the dance task used here (i.e. urban, street or hip hop)
were excluded. Musicians had various instrumental back-
grounds, including keyboard instruments, strings, wood-
winds, brass and percussion. None of the musicians had
absolute pitch. Since the dance task was based on a video
game, participants were screened for experience with dance
video games; 56 out of 59 participants reported that they
never or rarely (up to three times per year) played dance
video games. The remaining three participants (one dancer
and two musicians) reported a maximum 4 months of expe-
rience with dance video games. The groups did not differ
in age, sex distribution, body mass index (BMI) or level
of education (Table 1). Participants had no past or current
learning or developmental disorder, neurological or psychi-
atric condition, or alcohol or substance abuse. This study
was approved by the Research Ethics Board at the Montreal
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Fig. 1 Dance imitation task. The participants stand facing the tel-
evision screen where they view an avatar dancing using whole-body
movements, and are asked to mirror the avatar’s movements in real
time. Participants’ movements are registered by the Kinect sensor

Neurological Institute and Hospital, and written informed
consent was obtained from all participants.

Tasks
Dance imitation

The whole-body dance imitation task (Fig. 1) consisted of
performing sequences of dance movements from a video
game, Dance Central for Xbox Kinect version 1 (Harmo-
nix, http://www.harmonixmusic.com). Participants viewed
an avatar performing dance movements to music on a large
television screen directly in front of them, and were asked
to mirror the avatar’s movements in real time. A rectangular
area corresponding to the field of view of the Kinect sensor
was marked on the floor, and participants were instructed
to keep their movements within this area. Music was pre-
sented through speakers on each side of the television.
Movements were recorded by the Kinect infrared light sen-
sor (http://www.xbox.com/en-ca/Kinect; US Patent No.
20100197399), which has been shown to validly represent
movement and posture (Clark et al. 2012, 2013).

Prior to performing the test sequences, participants were
required to achieve at least 60 % correct moves on a famil-
iarization dance sequence in order to be sure that they could
perform the task. One control participant did not reach this
threshold and was thus excluded from the sample.

Participants performed seven test dance sequences cov-
ering a range of difficulty levels (labelled as sequences
1-7, with 1 being the easiest and 7 being the most diffi-
cult). These dance sequences were chosen from the game
through pilot testing in order to minimize floor effects in
the non-dancers and ceiling effects in the dancers. Level of
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difficulty was rated within the game and depended on the
number of different moves, rate of change and complexity
(e.g. speed and number of body parts required). The dance
task was divided into two blocks: (1) the familiarization
sequence followed by sequences 1-4 and (2) a warm-up
sequence (repeat of sequence 3) followed by sequences
5-7. Familiarization and warm-up sequences were not
included in the analyses. The Kinect system provided a
score of the per cent of correct moves made by each par-
ticipant for each sequence. This score was based on the
movement of the correct body parts in the correct direction
within a restricted time window. The manufacturer does not
disclose additional details about how scores are calculated.

Rhythm synchronization

In the rhythm synchronization task (Fig. 2), as used by Bai-
ley and Penhune (2010), participants were asked to listen to
and tap in synchrony with auditory rhythms at three levels
of metrical complexity. Each trial consisted of two presen-
tations of the same stimulus. Participants were instructed
to listen to the first presentation and tap in synchrony
with the second on a computer mouse button. Participants
completed two blocks of 36 trials each. Stimuli were 6 s
in duration and included 11 woodblock sounds of 200 ms
each. Each stimulus included five onset-to-onset intervals
of 250 ms, three 500-ms intervals, and one interval of each
of 750, 1000 and 1500 ms. The order of these intervals dif-
fered in each stimulus to create three levels of increasing
rhythmic complexity corresponding to decreasing metrical
structure: metric simple (MS), metric complex (MC) and
non-metric (NM). Two rhythms of each complexity were
used. The six rhythms were randomly ordered, and each
was presented six times per block. The task was scored
using the absolute value inter-tap interval (ITI) deviation,
which is the ratio of the time between two taps (ITI) to the
time between the two corresponding sounds in the stimu-
lus (inter-stimulus interval) and measures the accuracy in
reproducing the temporal intervals between sounds in the
stimulus. Lower ITI values indicate higher interval repro-
duction accuracy and therefore better performance. For
more details about the stimuli and scoring of this task,
please see Bailey and Penhune (2010).

Melody and syllable sequence discrimination

The melody discrimination task (Fig. 3), designed by Fos-
ter and Zatorre (2010), required participants to determine
whether two melodic stimuli were the same or different. It
consisted of two sub-tasks, simple and transposed melody
discrimination, each consisting of two blocks of 30 tri-
als each. The simple task was always performed before
the transposed task. In the simple task, two melodies
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Fig. 2 Examples of stimuli and
scoring of the rhythm syn-
chronization task. Participants
listen to and tap in synchrony
with stimuli of three rhythmic
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Fig. 3 Examples of stimuli from the melody and syllable sequence
discrimination tasks, in which participants hear pairs of melodies or
syllable sequences and are asked to determine whether they are the
same or different. Arrows show alterations in the “different” stimuli
(figure adapted from Foster and Zatorre 2010)

containing 5—13 low-pass-filtered harmonic tones were pre-
sented. Tones were 320 ms in duration and included notes
in the Western major scale ranging in pitch from C4 to E6.
In half the trials, these melodies were identical (‘“same” tri-
als). In the other half, one tone in the second melody was
altered in pitch by up to five semitones (“different” tri-
als). Key and melodic contour were not affected by this
alteration. Following presentation of each melody pair,
participants were asked whether the presented melodies
were the same or different. The transposed task was simi-
lar to the simple task, except that all second melodies were

transposed four semitones higher in pitch than the first mel-
odies and the pitch alterations in the “different” trials had a
magnitude of one semitone, which produced a note outside
of the melody’s key. This task was scored using per cent of
trials correct.

The syllable sequence discrimination task (Fig. 3), also
designed by Foster and Zatorre (2010), is a control task for
the melody discrimination task described above. By com-
paring performance on this task to that of the melody dis-
crimination task, it can be determined whether group dif-
ferences on the melody task represent music-specific skills
or may be due to group differences in working memory.
On each trial, participants heard two syllable sequences
and were asked to determine whether they were the same
or different. Syllables consisted of one consonant with one
vowel and were recorded in monotone from one speaker.
Sequences had no meaning in English and contained
5-13 syllables of 320 ms each. On half the trials, the two
sequences were identical. On the other half, one syllable
was changed to a different syllable in the second sequence.
Participants completed two blocks of 30 trials each. This
task was scored using per cent of trials correct.

Cognitive tasks

To test for group differences in auditory working memory,
participants completed two subtasks of the Weschler Adult
Intelligence Scale (WAIS) III: Digit Span and Letter-Num-
ber Sequencing (Wechsler 1997). Scores on each task were
converted to scaled scores using standard protocols.
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Procedure

Each participant completed all tasks in one or two ses-
sions. The rhythm, melody and syllable tasks were admin-
istered using Presentation software (Neurobehavioural
Systems, http://www.neurobs.com), and auditory stimuli
for these tasks were delivered using Sennheiser HD 25-1
II headphones at a comfortable volume. Participants were
randomly assigned to one of four task orders, and the
task order distribution was matched between groups. The
non-dance tasks were performed between the dance task
blocks to minimize the effect of fatigue on dance task
performance.

Analyses
Group characteristics

Age, BMI, level of education and years of dance and music
training were compared between groups (dancer, musician
or control) using one-factor ANOVAs with group as the
between-subjects factor. Post hoc pairwise comparisons
were conducted where appropriate and corrected for multi-
ple comparisons using the Bonferroni method.

Within-task analyses

Linear fixed-effects models with repeated measures were
used to analyse each task using its respective score. This
technique uses a restricted maximum likelihood esti-
mation method, which provides identical estimates to
ANOVA when applied to balanced data (IBM Corporation
2012), but has important differences: it allows the speci-
fication of the relationship between repeated measures
(i.e. covariance structure) so that the sphericity assump-
tion does not have to be satisfied, and it allows the inclu-
sion of subjects with missing data. These models included
group as a between-subjects factor and task-specific
within-subject repeated measures using a compound
symmetry covariance structure. Task-specific repeated
measures included sequence difficulty in the dance task,
rhythm complexity in the rhythm task, simple versus
transposed melody discrimination subtasks, and syllable
sequence versus melody discrimination tasks. Group com-
parisons in the cognitive tasks were analysed using uni-
variate ANCOVAs. Post hoc pairwise comparisons were
conducted where appropriate and were corrected for mul-
tiple comparisons using the Bonferroni method. To con-
trol for effects of age and sex on task performance, these
variables were included as covariates of no interest in all
analyses.
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Between-task analyses

To allow for between-task comparisons, overall scores
for the dance, rhythm and melody tasks were converted
to z-scores (i.e. standardized scores). Since lower scores
on the rhythm task correspond to better performance,
z-scores for this task were multiplied by —1 so that higher
z-scores corresponded to higher performance, which was
consistent with the directionality of the other task scores.
A linear fixed-effects model was conducted on these data,
with group as a between-subjects fixed factor and task as
a within-subjects repeated measure using an unstructured
covariance matrix. To control for effects of age and sex on
task performance, these variables were included as covari-
ates of no interest.

Results
Group characteristics

One-factor ANOVAs conducted on age, BMI and level
of education with group (dancer, musician or control) as
the between-subjects factor revealed no significant differ-
ences between groups [BMI: F(2,55) = 0.4, p = 0.68; age:
F(2,56) = 1, p = 0.28; education: F(2,56) = 0.6, p = 0.57].
One-factor ANOVAs conducted on years of dance and
music training with group as the between-subjects fac-
tor revealed significant differences for both training types
[music: F(2,55) = 271 p < 0.0001; dance: F(2,56) = 135
p < 0.0001]. Post hoc pairwise comparisons confirmed
that musicians and controls did not differ in years of dance
training (p = 1) and dancers and controls did not differ in
years of music training (p = 0.27).

Dance imitation

Linear fixed-effects analysis using group as a between-
subjects factor and sequence difficulty as a within-sub-
jects repeated measure showed significant main effects
of group [F(2,54) = 85, p < 0.0001] and sequence dif-
ficulty [F(6,334) = 154, p < 0.0001] as well as an inter-
action between group and difficulty [F(12,334) = 6,
p < 0.0001]. Post hoc pairwise comparisons suggest that
overall, dancers had the highest per cent moves correct, fol-
lowed by musicians, and controls had the lowest per cent
moves correct (p < 0.003). Decomposition of the interac-
tion suggests that on the easiest and three most difficult
sequences, dancers performed better than both musicians
and controls (p < 0.0001) with no difference between
musicians and controls (p > 0.18). On the remaining three


http://www.neurobs.com

Exp Brain Res (2016) 234:893-903

intermediate sequences, dancers performed better than both
other groups, and musicians performed better than controls
(p <0.01).

Rhythm synchronization

Linear fixed-effects analysis using group as a between-
subjects factor and stimulus complexity (MS, MC or NM)
as a within-subjects repeated measure revealed significant
main effects of group [F(2,54) = 13, p < 0.0001] and stim-
ulus complexity [F(2,112) = 42, p < 0.0001], with no sig-
nificant group by complexity interaction [F(4,112) = 0.4,
p > 0.8]. Musicians showed lower ITI deviation (better
performance) than both dancers and controls (p < 0.007),
and no difference was observed between dancers and con-
trols (p = 0.19). Across groups, the lowest ITI deviations
were observed for MS rhythms, followed by MC rhythms,
and highest ITI deviations were observed in the NM condi-
tion (p < 0.0001). In six participants (4 dancers, 1 musi-
cian, 1 control), one block of this task was discarded due
to at least ten instances where the participant tapped during
the listening stimulus instead of the tapping stimulus. Since
there was an overall learning effect between the two blocks
on this task (paired ¢ test comparing block 1 and block 2:
t = 6.28, p < 0.0001), the scores of these six participants
were calculated using their single block score and an
adjustment to compensate for the learning effect (estimated
by regression analysis of the remaining participants).

Melody and syllable sequence discrimination

Linear fixed-effects analysis using group as a between-sub-
jects factor and melody versus syllable discrimination tasks
as a within-subjects repeated measure revealed significant
main effects of group [F(2,54) = 9, p < 0.0001] and task
[F(1,56) = 7, p = 0.014], as well as a significant interac-
tion between group and task [F(2,56) = 29, p < 0.0001].
Post hoc pairwise comparisons on the interaction showed
that musicians performed better than both other groups
(p < 0.0001) with no difference between dancers and con-
trols (p = 1) in the melody task, but no group differences
were found in the syllable task (p > 0.7).

Linear fixed-effects analysis using group as a between-
subjects factor and simple versus transposed melody dis-
crimination tasks as a within-subjects repeated measure
showed significant main effects of group [F(2,54) = 28,
p < 0.0001] and task [F(1,56) = 38, p < 0.0001], and a sig-
nificant interaction between group and task [F(2,56) = 4,
p = 0.017]. Decomposition of the interaction revealed that
musicians performed better than both dancers and con-
trols (p < 0.0001), with no difference between dancers and
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Fig. 4 Performance across the three groups (dancers are shown as
filled circles, musicians as unfilled squares and controls as striped tri-
angles) as measured by z-scores (adjusted for the covariates of age
and sex) are shown across tasks from the most dance-related task
(dance imitation), the rhythm synchronization, to the most music-
related task (melody discrimination) as well as the syllable control
task. As shown, dancers perform best on the dance task, and musi-
cians perform best on the melody task

controls (p > 0.14), on both simple and transposed tasks.
Both dancers and musicians performed significantly better
on the simple compared to the transposed task (p < 0.003),
while controls did not show this difference (p = 0.095).

Z-score analysis (Fig. 4)

Linear fixed-effects analysis on the z-scores of the dance,
rhythm and melody tasks (Fig. 4) with group as a between-
subjects factor and task as a within-subjects repeated
measure revealed a significant main effect of group
[F(2,51) = 26, p < 0.0001] and an interaction between
group and task [F(4,56) = 30, p < 0.0001]. No main effect
of task was found [F(2,56) = 0.001, p = 0.99].

Post hoc comparisons revealed that across tasks, dancers
and musicians showed similar z-scores (p = 0.24), and both
groups showed higher z-scores than controls (p < 0.0001).
Decomposition of the group by task interaction showed iden-
tical group differences as found in the individual task analy-
ses. Post hoc analyses on the task by group interaction showed
that dancers had higher z-scores on the dance task than both
other tasks (p < 0.0001), and scored similarly on the rhythm
and melody tasks (p = 0.4). Musicians had similar z-scores on
the melody and rhythm tasks (p = 0.49), both of which were
higher than their z-scores on the dance task (p < 0.0001). Con-
trols scored similarly on all three tasks (p > 0.4).
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Cognitive tasks

Univariate ANCOVAs revealed no differences between
groups in the Digit Span task [F(2,54) = 1, p = 041]. A
significant effect of group was found for the Letter-Number
Sequencing task [F(2,54) = 5, p = 0.013), and post hoc
pairwise comparisons showed that musicians performed
better than both dancers and controls (p < 0.03) and no
difference was observed between dancers and controls

(p=1).

Discussion

In the present study, performance on a battery of senso-
rimotor tasks ranging from more dance-related to more
music-related as well as cognitive tasks was compared
between expert dancers, expert musicians and untrained
controls. On the dance imitation task, dancers performed
best, followed by musicians, whereas controls scored the
lowest. On the rhythm synchronization and melody dis-
crimination tasks, musicians performed best, while dancers
and controls performed similarly. This work investigates
the behavioural profiles of expert dancers and musicians
and thereby increases understanding of the specificity of
the effects of long-term dance versus music training.

Dance imitation

The dance-related task used in this study was a whole-body
dance video game imitation task that required audio-visuo-
motor integration. Participants viewed an avatar dancing to
music and were asked to imitate the avatar’s movement in
real time. As expected, dancers performed better than both
controls and musicians on the dance task. This result indi-
cates that dancers have increased audio-visuomotor inte-
gration abilities involving whole-body movements relative
to non-dancers. These findings are consistent with previous
results from a study by Washburn et al. (2014) in which
dancers performed better than non-dancers in a visuomo-
tor interpersonal dance imitation task. These findings also
support the work of Sofianidis et al. (2012) in which danc-
ers were more stable and coordinated than non-dancers in a
dance-related task involving the auditory, visual and motor
domains. These results are likely explained by the fact that
dance training involves performing whole-body movements
in synchrony with auditory stimuli as well as other dancers.
Dancers are trained to integrate the movements of multi-
ple body parts (Thullier and Moufti 2004), and often learn
choreography by observing and imitating movements. The
advantage for dancers in this task may have been associ-
ated with an enhanced ability to engage the action observa-
tion network based on previous experience. This network
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of brain regions is implicated in action observation, under-
standing and imitation (Rizzolatti and Craighero 2004;
Tacoboni 2005; Caspers et al. 2010). Consistent with these
functions, dancers showed increasing engagement of this
system as they learned a new dance sequence (Cross et al.
2006).

Musicians also performed better than untrained con-
trols on the dance task, but only at the intermediate diffi-
culty level. This indicates that music training showed some
transfer to the dance imitation task. This finding supports
previous work showing that musicians perform better than
non-musicians in tasks involving sensorimotor integra-
tion, specifically the synchronization of finger or hand/arm
movements to auditory (Chen et al. 2008; Repp 2010; Bai-
ley et al. 2014) or visual (Spilka et al. 2010) stimuli. Even
though the specific types of movements (i.e. whole-body
vs. effector-specific) and stimuli may differ between music
and dance contexts, the overlap may be enough to provide
musicians with an advantage in dance. It is also possible
that musical training allows musicians to make better tem-
poral predictions from the music used in the dance task,
allowing them to make more synchronized movements.
Finally, as for the dancers, musicians may have enhanced
abilities to engage the action observation network during
this task which may facilitate their ability to imitate and
synchronize movements with the avatar. This is supported
by findings of enhancements in the mirror neuron system in
musicians compared to non-musicians (Bangert et al. 2006;
Pau et al. 2013; Proverbio et al. 2014).

Rhythm synchronization

The rhythm synchronization task lies between the dance
imitation and melody discrimination tasks on the contin-
uum from more dance related to more music related, since
rhythm is a crucial component of both dance and music
training. Participants were asked to synchronize finger
taps to auditory rhythmic stimuli of varying metrical com-
plexities. Across all participants, performance decreased
with increasing metrical complexity, consistent with previ-
ous studies using the same task (Chen et al. 2008; Bailey
and Penhune 2010) and other similar paradigms (Grahn
and Brett 2007). As expected, musicians performed bet-
ter than untrained controls on the rhythm synchronization
task, consistent with previous reports of enhanced rhythm
synchronization in musicians versus non-musicians on this
same task (Chen et al. 2008; Bailey et al. 2014) as well as
other work showing that musicians are less variable than
non-musicians when tapping in synchrony with a chang-
ing auditory stimulus (Repp 2010). Musicians also per-
formed better than dancers on the rhythm synchronization
task, but dancers did not perform better than untrained con-
trols. This may be due to the fact the rhythm task relied on
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finger tapping rather than whole-body movements and that
finger movements are more prevalent in music than dance
training.

Melody and syllable sequence discrimination

In the most music-related task, melody discrimination,
participants were asked to determine whether pairs of
melodies were the same or different. As expected, musi-
cians performed better than both dancers and controls on
this task. The syllable sequence discrimination task con-
sisted of the same design except using non-musical syl-
lable sequences instead of melodies, and was adminis-
tered as a control for the melody discrimination task. No
group differences were found in the syllable task. These
results are consistent with those of Foster and Zatorre
(2010), who found that musicians performed better than
non-musicians on the same melody discrimination task
used here, and both groups performed similarly on the
syllable sequence discrimination task. The lack of group
differences on the syllable task suggests that the differ-
ences observed in the melody task are related to music-
specific advantages in the musician group and not to audi-
tory working memory differences between groups. These
advantages are likely due to the fact that melody discrimi-
nation is a crucial aspect of music training. Musicians
must be able to hear pitch differences between melodies
in order to determine whether they have correctly per-
formed a musical sequence.

Overall, dancers performed similar to controls on the
melody task. However, like musicians but unlike controls,
they performed significantly better on the simple compared
to the transposed condition of the task. This suggests that
dancers’ exposure to music during training may have some
effect on their ability to process melodic information.

Cognitive tasks

Cognitive tasks (Digit Span and Letter-Number Sequenc-
ing) were administered to test for group differences in
auditory working memory. No performance differences
were found between dancers, musicians and controls on
the Digit Span task; however, musicians performed bet-
ter than both dancers and controls on the Letter-Number
Sequencing task. These results are consistent with previous
findings in musicians that years of music training was posi-
tively correlated with performance on the Letter-Number
Sequencing task, which places greater demands on auditory
working memory (Bailey and Penhune 2010) relative to the
other tasks used. Potential explanations include training-
associated enhanced working memory ability in musicians,
or that individuals who pursued music training may have
pre-existing enhancements in such cognitive skills.

Overall results

This study is the first to compare the behavioural correlates
of dance versus music training and compare task perfor-
mance between expert dancers and musicians. It expands
on work comparing each of these groups to their untrained
counterparts by demonstrating that dancers and musicians
have distinct behavioural profiles relative to untrained con-
trols as well as to each other. It also builds on the literature
by applying tasks across the continuum from dance relevant
to music relevant in the same sample. Individual dance- or
music-relevant tasks have been used independently (e.g.
Washburn et al. 2014; Bailey and Penhune 2010; Foster
and Zatorre 2010); however, combining them allows for the
investigation of a larger range of sensorimotor abilities.

Taken together, the results of the present study sug-
gest that dancers and musicians have distinct sensorimo-
tor enhancements relative to untrained controls. Danc-
ers showed enhanced sensorimotor integration involving
whole-body movements compared to both musicians and
controls as demonstrated by their higher scores on the
dance imitation task. Dancers performed similarly to con-
trols on the rhythm synchronization task, but performed
better on the simple than transposed melody discrimina-
tion (as observed in musicians but not controls), suggesting
the possibility of some effect of dance training on melodic
processing. As expected, musicians showed enhancements
in melody discrimination and rhythm synchronization, but
they also performed better than untrained controls on the
dance imitation task, suggesting that music training may
show some transfer to whole-body movement.

These findings have implications for sensorimotor train-
ing in general. They suggest that learning a specific skill is
associated with improvements in tasks with a strong rela-
tion to that skill and that transference to less-related tasks
may occur.

Future directions

Further work on the topic of the behavioural correlates of
dance and music training will continue to advance knowl-
edge on the specificity of these skills. To build on the pre-
sent study, longitudinal work comparing task performance
before and after dance and music training would be espe-
cially informative as this would distinguish skill enhance-
ment caused by training from that which may have been
present before training and predisposed certain individuals
to pursue training. Another important avenue for further
study is the investigation of a sensitive period in the con-
text of dance. Sensitive periods have been demonstrated
for music (for a review, see Penhune 2011), but have not
yet been investigated for dance. This topic could be exam-
ined by comparing task performance between groups of
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early- and late-trained dancers, and would provide insight
into the interaction between development and learn-
ing dance-related skills such as sensorimotor integration
involving whole-body movement. In addition to studying
the behavioural correlates of dance versus music training,
comparing the brain structural and functional correlates of
these two types of training can further our understanding of
their effects and provide support and explanations for the
observed behavioural correlates. Our laboratory is currently
investigating the grey matter (Karpati et al. 2014) and white
matter (Giacosa et al. 2014) structural correlates of dance
versus music training. A clinical avenue for future work
is the development of dance- and music-based therapies
for a variety of conditions including Parkinson’s disease
(Mandelbaum and Lo 2014; Duncan and Earhart 2012) and
stroke (Schneider et al. 2007). Evidence to date has demon-
strated the efficacy of dance- and music-related interven-
tions separately, and understanding how each may target
specific skills may assist in designing protocols for specific
symptoms or populations.

Conclusions

This study demonstrates that both dance and music train-
ing provide advantages in sensorimotor tasks, and each is
associated with a unique behavioural profile. Dancers and
musicians both showed a large advantage in tasks related to
their trained skill, and some transference between skills was
observed. This study expands on previous work that investi-
gated the behavioural correlates of dance or music training
separately, and is the first study to directly compare these
two types of training. This work advances the knowledge
of the specificity of dance versus music training on sensori-
motor skills and can be applied to the development of arts-
based therapies for motor disorders. By understanding the
similar and different effects of dance versus music training,
one could more accurately design a therapy protocol using
one or both of these types of training to target specific skills.
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