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Abstract

& When we listen to rhythm, we often move spontaneously
to the beat. This movement may result from processing of the
beat by motor areas. Previous studies have shown that several
motor areas respond when attending to rhythms. Here we
investigate whether specific motor regions respond to beat in
rhythm. We predicted that the basal ganglia and supplementary
motor area (SMA) would respond in the presence of a regular
beat. To establish what rhythm properties induce a beat, we
asked subjects to reproduce different types of rhythmic
sequences. Improved reproduction was observed for one

rhythm type, which had integer ratio relationships between its
intervals and regular perceptual accents. A subsequent func-
tional magnetic resonance imaging study found that these
rhythms also elicited higher activity in the basal ganglia and
SMA. This finding was consistent across different levels of
musical training, although musicians showed activation in-
creases unrelated to rhythm type in the premotor cortex,
cerebellum, and SMAs (pre-SMA and SMA). We conclude that,
in addition to their role in movement production, the basal
ganglia and SMAs may mediate beat perception. &

INTRODUCTION

In most Western music, people perceive a regular, under-
lying pulse called the ‘‘beat’’ or ‘‘tactus’’ (Drake, Penel,
& Bigand, 2000). Perception of the beat often causes
spontaneous synchronized movement, such as toe tap-
ping or head nodding. The presence of a beat also
affects the ability to remember and perform a rhythm.
For example, when a rhythm is presented with a beat
(the beat occurring as a series of external metronome
clicks), reproduction accuracy of the rhythm improves
(Patel, Iversen, Chen, & Repp, 2005; Essens & Povel,
1985). The beat is emphasized in musical contexts by
nontemporal cues such as pitch, volume, and timbre,
yet even rhythms without these cues can induce listen-
ers to ‘‘feel’’ a beat internally (Brochard, Abecasis,
Potter, Ragot, & Drake, 2003). The beat is somehow
conveyed solely by the temporal properties of the
rhythm itself. It is still unclear, however, exactly what
temporal properties are critical for beat perception to
spontaneously occur. One property that may be impor-
tant for beat perception in rhythm is the presence of
simple integer ratio relationships between intervals in
a sequence (Sakai et al., 1999; Essens, 1986). For exam-
ple, a sequence containing intervals of 250, 500, and
1000 msec has a 1:2:4 relationship between its intervals.
By using a beat that is the length of the smallest interval,
the sequence can be encoded in terms of beats, instead

of encoding each individual interval length. In non-
integer ratio sequences (e.g., 1:2.4:3.6) beats cannot be
used, and thus, sequence reproduction is worse. Sub-
jects may even ‘‘regularize’’ noninteger ratio sequences,
reproducing them as integer ratios (Collier & Wright,
1995; Essens, 1986).

Others propose that integer ratios are insufficient to
induce a beat and that regularly occurring ‘‘perceptual
accents’’ may also be necessary (Essens & Povel, 1985).
Accents cause a particular note to feel more prominent
than surrounding notes, and previous work shows that
our attention is attracted to accented events (Drake,
Jones, & Baruch, 2000; Jones & Pfordresher, 1997; Jones
& Boltz, 1989). One common type of accent occurs in
music, where louder notes are perceived as more prom-
inent. However, humans perceive a beat in rhythmic
patterns even when no volume changes occur. In this
case, any perceptual accents that occur are due to the
temporal pattern. This is the type of accent investigated
in the current experiments: the type of accent that arises
solely from the temporal context when all other factors
(such as pitch or volume) are held constant. For exam-
ple, onsets not closely followed by other onsets in time
are perceived as accented (Parncutt, 1994), as is the
final onset of two or three onsets in a row (Povel &
Okkerman, 1981). The latter type of accent is present
in the Overture to William Tell (da da dum, da da dum,
da da dum dum dum . . .) on the ‘‘dum’’ of each ‘‘da
da dum.’’ If perceptual accents occurring at regular
temporal intervals are necessary to feel the beat, thenMRC Cognition and Brain Sciences Unit, Cambridge, UK
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sequences with this property should be reproduced
more accurately (Essens, 1995).

Perceptual accents have not always been considered
in previous research (Sakai et al., 1999). Thus, enhance-
ment in integer ratio sequence performance may be due
to some sequences in that condition that also had
regular perceptual accents. The role of perceptual ac-
cents and integer ratios in rhythm reproduction is
examined in our first experiment. Subjects listened to
and then reproduced rhythms that contained either
integer ratios or noninteger ratios and regular or ir-
regular perceptual accents. A follow-up functional mag-
netic resonance imaging (fMRI) study used the same
rhythms to investigate neural activity during rhythm
perception. Perception and production are likely to rely
on similar neural mechanisms, as previous behavioral
work demonstrates comparable difference thresholds
between timing during perception and production tasks
(Ivry & Hazeltine, 1995). This behavioral similarity is
supported by neuroimaging experiments. Timing, dura-
tion perception, and rhythm perception and production
tasks consistently activate the same brain areas, in-
cluding the premotor and supplementary motor areas
(SMAs), cerebellum, and basal ganglia (Coull, Vidal,
Nazarian, & Macar, 2004; Lewis, Wing, Pope, Praamstra,
& Miall, 2004; Pastor, Day, Macaluso, Friston, &
Frackowiak, 2004; Dhamala et al., 2003; Ferrandez et al.,
2003; Nenadic et al., 2003; Ramnani & Passingham, 2001;
Rao, Mayer, & Harrington, 2001; Schubotz & von Cramon,
2001; Penhune, Zatorre, & Evans, 1998). Damage to these
areas also impairs timing abilities (Molinari, Leggio, De
Martin, Cerasa, & Thaut, 2003; Mangels, Ivry, & Shimizu,
1998; Halsband, Ito, Tanji, & Freund, 1993; Artieda,
Pastor, Lacruz, & Obeso, 1992). It is thus reasonably clear
that the timing processes that underlie both perception
and production involve these areas.

However, these brain regions are unlikely to subserve
identical timing functions. It has been suggested that
one distinction between commonly activated neural
structures may be their respective roles in ‘‘automatic’’
timing, defined as ‘‘the continuous measurement of
predictable subsecond intervals defined by movement,’’
and ‘‘cognitively controlled’’ timing, defined as the
‘‘measurement of suprasecond intervals not defined by
movement and occurring as discrete epochs’’ (Lewis &
Miall, 2003). Beat perception has characteristics of both
automatic and cognitively controlled timing, as the
length of the beat humans perceive can span from ap-
proximately 200 to 2000 msec (Parncutt, 1994; Warren,
1993), and the beat may or may not be marked by
movement. Accordingly, a different distinction may be
that certain motor areas are involved in extracting a
regular beat from incoming temporal stimuli. The role
for motor areas in beat processing is supported by
findings of a direct link between movement and beat
perception in infants (Phillips-Silver & Trainor, 2005).
Thus, the current studies were conducted to determine

if certain brain areas responded to perception of a beat
(induced by the temporal structure of the rhythms).

Beat perception may require a temporal representa-
tion or level of processing that is more complex than
that required for the more basic timing of individual
intervals. Given that the basal ganglia and SMA are not
only involved in attention to time (Coull et al., 2004),
but are critical to temporal sequencing (Shima & Tanji,
2000; Brotchie, Iansek, & Horne, 1991) and predict-
able, internally generated movements (Cunnington,
Windischberger, Deecke, & Moser, 2002; Freeman, Cody,
& Schady, 1993), we hypothesize that they are the most
likely candidate areas for the detection or generation of
an internal beat.

METHODS

Reproduction Experiment

Subjects and Stimuli

Twenty subjects (9 men, 11 women) took part in the
reproduction experiment. Subjects ranged in age from
24 to 40 years, with an average age of 30 years. For each
condition, 30 rhythmic sequences were constructed
from sets of five, six, or seven intervals. The intervals
in the metric rhythms were related by ratios of 1:2:3:4,
and the intervals in the nonmetric rhythms were related
by ratios of 1:1.4:3.5:4.5. The metric rhythms were of
two types: simple and complex.

In the metric simple condition the intervals were
arranged to induce a perceptual accent at the beginning
of each group of four units (see Figure 1). Nothing was
added to the sequence to produce the perceptual
accents: they arise spontaneously from the temporal

Figure 1. Schematic of sample stimuli. Vertical bars indicate interval

onset; ‘‘>’’ indicates where perceptual accents should be heard
(Povel & Okkerman, 1981). Perceptual accents can occur on final

interval onsets of consecutive runs of two or three short intervals

and on onsets either preceded or followed by a relatively long period

of no onsets (such as the first and last onsets of a sequence).
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context, in accordance with the model of Povel and
Essens (Essens & Povel, 1985). The perceptual accents
were there to induce subjects to hear a regular beat
coinciding with the onset of each group of four units.
Other work in our laboratory suggests that participants’
representation of the beat agree with the model’s accent
predictions. Pilot data reveal that when participants are
asked to listen to rhythmic sequences and decide if a
beat is present, a beat is felt 90% of the time for metric
simple sequences. Increased finger tap velocity or force
on particular taps during reproduction can also indicate
where participants feel the beat. When tap velocity was
measured during a reproduction task similar to the one
outlined here, the velocity was significantly higher for
taps coinciding with the perceptual accents at the onset
of each group of four units than for the other taps in
each sequence (Grahn & Brett, 2005, 2006).

In the metric complex condition, the intervals were
identical to those in the metric simple condition, but
rearranged so as not to be regularly grouped, and
therefore had irregular perceptual accents. The nonmet-
ric rhythms had the same interval arrangements as the
metric complex rhythms but used the noninteger ratio
interval lengths: 1.4 replaced 2, 3.5 replaced 3, and 4.5
replaced 4. For a complete list of sequences, see Table 1.

The length of the ‘‘1’’ interval was chosen randomly
from 220 to 270 msec (in 10-msec steps) on each trial to
prevent subjects from using a beat perceived in the
previous trial. The rest of the intervals in each sequence
were multiples of the 1 interval. For example, with a 1
interval of 250 msec, the sequence 321411 has intervals
of length 750 500 250 1000 250 250 (msec). Sine tones
(rise/fall times of 8 msec) sounded for the duration of
each interval, ending 40 msec before the specified
interval length to create a silent gap that demarcated
the intervals. The sequences used filled intervals, as
piloting indicated performance was similar for empty
and filled interval sequences, and filled intervals provide
the benefit of attenuation of environmental noise (e.g.,
that experienced during MRI). In addition, differences in
the average psychophysical discrimination threshold
between empty and filled auditory intervals are a few
milliseconds and thus unlikely to affect perception of
sequences composed of the interval lengths used here
(Grondin, 1993). One of six pitches (varying from 294 to
587 Hz) was picked at random for each trial and held
constant for that trial. The pitch differences between
trials helped cue subjects to each new trial.

In the first experiment, the task was to reproduce the
sequence as accurately as possible. During reproduction,
the onset of each reproduced interval is indicated by the
subject’s tap, and the reproduced lengths of each inter-
val were measured by the intertap time. We therefore
added an additional tone, the length of the 1 interval, to
the end of each sequence. Otherwise, without this final
onset for subjects to tap, the last reproduced interval’s
length would not have been measured.

Experimental Design

Rhythms were presented diotically over headphones.
On each trial a rhythm was presented three times, with
1100 msec between presentations. After the third pre-
sentation, subjects tapped the rhythm from memory on
one key of a computer keyboard. Subjects had 4.5 sec to
tap the rhythm before the next one was presented.
Subjects practiced four trials, then completed three
blocks of 30 trials each. There were 30 trials of each
rhythm type (metric simple, metric complex, nonmetric)
presented in random order.

Data Analysis

Performance was evaluated based on the keypresses the
subjects reproduced. Trials with the incorrect number
of keypresses or incorrect order of intervals were con-
sidered errors. Incorrect ordering was defined as any
reproduced interval exceeding the length of another
reproduced interval that was supposed to be shorter
(e.g., a 2 interval exceeding the length of a 3 interval)
and vice versa (e.g., a 4 interval shorter than a 1 in-
terval). More stringent criteria (e.g., rejecting any se-
quence with a reproduced interval that deviated by
more than 10% or 20% of the specified interval length)
were also used, but led to the same pattern of results
between conditions and thus are not presented here.
On correct trials, the reproduced ratios were calculated
from the mean duration of each reproduced interval
length on each trial. Perfect reproduction results in
ratios of 2, 3, and 4 for both metric conditions, and
1.4, 3.5, and 4.5 for the nonmetric condition. In order to
compare accuracy between conditions, each reproduced
ratio was divided by its ideal ratio (the ratio actually
presented in the stimulus), so reproduction across the
different ratios was normalized to 1 (perfect reproduc-
tion). The absolute value of the deviation from 1 was
then tested to see if accuracy differed across ratios and
conditions.

Functional Imaging Experiment

Subjects

Twenty-seven right-handed subjects participated (19
men, 8 women). Fourteen had musical training (over
5 years of formal musical training and current regular
musical activity) and 13 had no musical training (re-
ported no formal musical training or musical activities).
They ranged in age from 19 to 38 years, and the average
age was 24.5 years. The fMRI participants had not taken
part in the previous reproduction experiment.

Experimental Design

Rhythms were presented diotically over electrostatic head-
phones (Palmer, Bullock, & Chambers, 1998) inserted into
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sound-attenuating ear defenders. Further attenuation of
scanner noise was achieved with insert earplugs rated to
attenuate by �30 dB (3M 1100 earplugs, 3M United
Kingdom PLC, Bracknell, UK). When wearing earplugs
and ear defenders, participants reported no difficulty in
hearing the rhythms or focusing on the task. The discrim-
ination task used the same sequences as the reproduction
task but required participants to listen to two identical

presentations of a rhythm, to which they compared a
subsequent third presentation. The third presentation
could be the same rhythm or a different rhythm. To
indicate whether the third rhythm was same or different,
participants pressed one of two buttons with either the
right index or middle finger. On 39% of trials the third
presentation was different. Each rhythm presentation was
separated by 1100 msec. The deviant sequences contained

Table 1. Rhythmic Sequences for Each Condition

Interval Set Metric Simple Metric Complex Nonmetric

5 Intervals 11334 31413 11343 1 1 3.5 4.5 3.5

41331 33141 3.5 3.5 1 4.5 1

43113 41133 4.5 1 1 3.5 3.5

12234 22413 13242 1 3.5 1.4 4.5 1.4

31422 21324 1.4 1 3.5 1.4 4.5

43122 41232 4.5 1 1.4 3.5 1.4

6 Intervals 111234 112314 124113 1 1.4 4.5 1 1 3.5

211134 214311 1.4 1 4.5 3.5 1 1

211413 321411 3.5 1.4 1 4.5 1 1

411231 421311 4.5 1.4 1 3.5 1 1

112224 112422 122142 1 1.4 1.4 1 4.5 1.4

211224 214221 1.4 1 4.5 1.4 1.4 1

222114 221241 1.4 1.4 1 1.4 4.5 1

422112 412212 4.5 1 1.4 1.4 1 1.4

112233 221331 121233 1 1.4 1 1.4 3.5 3.5

223113 132321 1 3.5 1.4 3.5 1.4 1

311322 231123 1.4 3.5 1 1 1.4 3.5

312213 323211 3.5 1.4 3.5 1.4 1 1

7 Intervals 1111134 1111431 1314111 1 3.5 1 4.5 1 1 1

3141111 1411311 1 4.5 1 1 3.5 1 1

4111131 3114111 3.5 1 1 4.5 1 1 1

1111224 1122114 1112412 1 1 1 1.4 4.5 1 1.4

2211114 2141211 1.4 1 4.5 1 1.4 1 1

4221111 4111221 4.5 1 1 1 1.4 1.4 1

1111233 1123113 1132131 1 1 3.5 1.4 1 3.5 1

2113113 2331111 1.4 3.5 3.5 1 1 1 1

3121113 3113121 3.5 1 1 3.5 1 1.4 1

1112223 1123122 1132212 1 1 3.5 1.4 1.4 1 1.4

2112231 2123211 1.4 1 1.4 3.5 1.4 1 1

3122112 3221112 3.5 1.4 1.4 1 1 1 1.4

1 = 220–270 msec (in steps of 10 msec), chosen at random for each trial. All other intervals in that sequence are multiplied by length chosen for
the 1 interval.
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two temporal changes (as piloting indicated that the
presence of two deviants allowed behavioral performance
between conditions to be equal, but not at ceiling or floor).
One interval in the sequence was divided into two in-
tervals, and two separate intervals were combined into
one (e.g., 211314 becomes 223113, 11 ! 2, and 4 ! 13).
Thus, the number of intervals and overall sequence length
was identical between standard and deviant sequences.
Before scanning, participants completed eight practice
trials. During scanning, participants completed four con-
secutive sessions of 38 trials each, approximately 40 min
in total. Trials were equally distributed between four
types: rest (no sound presented), metric simple, metric
complex, or nonmetric rhythms, presented in a pseudo-
random order. Participants were instructed not to move
any part of their body during the scan (other than to
respond).

Image Acquisition

Participants were scanned on a Bruker MEDSPEC 3-T
scanner at the Wolfson Brain Imaging Centre in Cam-
bridge, using a head coil gradient set. Echo-planar
imaging (EPI) data were collected with the following
parameters: 21 slices, matrix size of 64 � 64, TE =
37.5 msec, TR = 1.1 sec, FOV = 20 � 20 cm, flip angle =
65.58. The resulting EPIs had a slice thickness of 4 mm,
interslice distance of 1 mm, and in-plane resolution of
3.125 � 3.125 mm. The EPI acquisition was continuous
to prevent periodic silent gaps between TRs from dis-
rupting participants’ encoding of the rhythms. Although
some studies of auditory cortex have used ‘‘sparse’’
imaging in order to reduce the effects of scanner noise
on detecting subtle differences in auditory activity, we
chose to use standard continuous imaging, as this of-
fered considerably greater power (number of scans) and
the stimuli were easily heard over the scanner noise. In
addition, motor areas, not auditory areas, were of pri-
mary interest. A map of the magnetic field was ac-
quired to correct for distortion to the EPIs resulting
from inhomogeneities in the field. High-resolution
three-dimensional spoiled gradient recalled (SPGR) at
steady-state anatomical images were collected for ana-
tomic localization and coregistration.

Image Processing and Statistical Analysis

SPM2 was used for preprocessing of the fMRI data and
SPM99 for statistical analysis (SPM99, SPM2; Wellcome
Department of Cognitive Neurology, London, UK).
SPM99 was used to take advantage of previously adapted
routines to remove time series artifacts from the data
(www.mrc-cbu.cam.ac.uk/Imaging/Common/missing_
time.shtml). Images were slice-timing corrected, with
the first slice in each scan used as a reference. They
were then realigned spatially (to correct for subject

motion) with respect to the first image in the series by
using trilinear interpolation. Magnetic field maps were
used to undistort the EPI images (Cusack & Papadakis,
2002). The SPGR image was skull-stripped by using the
Brain Extraction Tool (BET) (Smith, 2002), then normal-
ized (using affine and smoothly nonlinear transforma-
tions) to a brain template in Montreal Neurological
Institute (MNI) space. The resulting normalization pa-
rameters were then applied to the EPIs and all normal-
ized EPI images were spatially smoothed with an 8-mm
full width half maximum Gaussian kernel.

For each participant, each session, and each condition
(metric simple, metric complex, and nonmetric) the
following event types were modeled separately: first
presentation; second presentation; third presentation
for same trials; third presentation for different trials;
button press response. Each event was modeled by
using a regressor made from an on–off boxcar convolved
with a canonical hemodynamic response function. Six es-
timated parameters of movement between scans (trans-
lation and rotation along x, y, and z axes) were entered
as covariates of no interest. Before running the model,
the time course of the average brain signal was screened
for spikes of high variance. Short periods of high
variance are usually associated with brief subject move-
ments as shown in the spatial realignment parameters.
The high-variance scans were removed from the model
by using a modified version of the SPM99 modeling
routines (www.mrc-cbu.cam.ac.uk/Imaging/Common/
missing_time.shtml). Low-frequency noise was removed
with a standard high-pass filter of 120 sec. The results
estimated from single subject models were entered into
second-level random effects analyses for standard SPM
group inference (Penny & Holmes, 2003). All reported
peaks passed a whole-brain false detection rate (FDR)
threshold (Genovese, Lazar, & Nichols, 2002; Benjamini
& Hochberg, 1995) of p < .05.

A region-of-interest (ROI) analysis was conducted to
test the prediction that the basal ganglia and SMA are
more active to rhythms that induce a beat, and to
elucidate the pattern of activation between conditions
in other ROIs. For the basal ganglia, where structure is
easily defined by anatomy and relatively invariant across
individuals, structural ROIs were used for the pallidum,
putamen, and caudate (Tzourio-Mazoyer et al., 2002).
For the SMA, dorsal premotor areas (PMds), superior
temporal gyri, and cerebellum, functional ROIs were
defined from the all rhythms–rest contrast. The SMA
activation was predominantly anterior to the anterior
commissure, so the SMA ROI should be considered to be
largely pre-SMA with some component of SMA proper
(Picard & Strick, 1996; Rizzolatti, Luppino, & Matelli,
1996). The ROI analysis was conducted with the software
package MarsBar (marsbar.sourceforge.net). For each
ROI, a t test was carried out to compare the mean voxel
value during trials of each rhythm type, and between
each group.
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RESULTS

Reproduction Results

After hearing a rhythm three times, participants tapped
the rhythm back on one key of a computer keyboard. As
shown in Figure 2, participants correctly performed
metric simple rhythms significantly more often than
the metric complex and nonmetric rhythms (metric
simple, 74% correct; metric complex, 53% correct; non-
metric, 58% correct). Metric complex and nonmetric
rhythms were not significantly different in percent cor-
rect performance, as confirmed by a one-way analysis of
variance (ANOVA) with Rhythm type (metric simple,
metric complex, nonmetric): F(2,38) = 20.67, p < .001,
with Bonferroni-corrected post hoc tests: metric sim-
ple versus metric complex: t(1,19) = 5.47, p < .001;
metric simple versus nonmetric: t(1,19) = 5.24, p < .001;
metric complex versus nonmetric: t(1,19) = 1.38, p = .19.
The error types varied widely and could be due to the
taxing nature of the reproduction task on working
memory. Usually just part of the sequence was repro-
duced incorrectly. For example, in sequences with sev-
eral short intervals in a row, participants sometimes
reproduced the wrong number of short intervals, but
the rest of the intervals were correct. Sometimes just the
beginning or the end of a sequence was reproduced
incorrectly. Other time intervals were transposed. Occa-
sionally participants only reproduced the beginning or
the end of a sequence without attempting the rest of the
sequence.

Analyses of how accurately participants reproduced
the timing of the intervals were conducted on sequences
where the overall order of the intervals was correct
(see Methods for details). Perfect reproduction would
result in ratios of 2:3:4 for the metric conditions, and
1.4:3.5:4.5 for the nonmetric condition. The ratios repro-
duced by the participants were, in the metric simple
condition, 2.08:3.01:3.83 (SE = .04, .06, .10); in the
metric complex condition, 2.05:2.84:3.34 (SE = .04, .08,
.11); and in the nonmetric condition, 1.41:2.95:3.51
(SE = .04, .09, .12). Overall, in all conditions, participants

tended to shorten the longest intervals in a sequence.
To determine if the timing accuracy significantly dif-
fered between conditions, the absolute value of the
deviation of these ratios from perfect performance was
tested. Differences between conditions were confirmed
by a significant interaction between Rhythm type and
Ratio on timing accuracy: F(4,76) = 4.41, p = .003.
Further analyses revealed that accuracy of the longest
ratios (the 4 ratio in the metric conditions and the
4.5 ratio in the nonmetric condition) did significantly
differ between conditions. The accuracy of the longest
ratio in the metric simple condition was significantly
better than in the metric complex and nonmetric con-
ditions, which did not significantly differ: metric simple
versus metric complex, t(1,19) = 6.52, p < .001; metric
simple versus nonmetric, t(1,19) = 5.00, p < .001; metric
complex versus nonmetric, t(1,19) = 1.42, p = .17
(Bonferroni-corrected post hoc tests). In addition, the
3 ratio was significantly more accurate in the metric
simple than the nonmetric condition: metric simple
versus nonmetric t(1,19) = 2.88, p = .029 (Bonferroni-
corrected post hoc tests). No other significant differ-
ences in ratio accuracy were found. Examination of
histograms and rasters of the reproduced ratios for each
participant in each condition showed no evidence that
participants were ‘‘regularizing’’ the nonmetric rhythms,
that is, reproducing them using integer ratios instead of
noninteger ratios.

Overall, in the metric simple condition, participants
did not truncate the longer ratios as much as they did in
the other conditions. Thus, the metric simple condition
had not only the greatest number of correctly repro-
duced sequences, but also more accurate timing of the
longest intervals within those sequences.

Discrimination Results

Based on extensive pilot testing, a discrimination task
that equalized behavioral performance was created (see
Methods), thus removing confounds of difficulty be-
tween conditions. In fMRI, difficulty confounds might
have led to activation differences between rhythm con-
ditions that were unrelated to beat processing. Behav-
ioral performance across groups and conditions was
similar. Mean d0 and percent correct scores for each
condition were as follows: metric simple, d0 = 2.5,
percent correct = 87%; metric complex, d0 = 2.2,
percent correct = 84%; nonmetric, d0 = 2.4, percent
correct = 84%. For each group, musicians: d0 = 2.6,
percent correct = 87%; nonmusicians: d0 = 2.2, percent
correct = 82%. There were no main effects or inter-
actions between conditions or groups on percent cor-
rect or d0 scores, as shown by a 3 � 2 repeated measures
ANOVA with Rhythm type as the within-subjects factor
and Musical training (musician, nonmusician) as the
between-subjects factor: Rhythm type: d0: F(2,50) =
1.44, p = .25, percent correct: F(2,50) = 1.86, p = .17;

Figure 2. Reproduction results. Graph demonstrating the percentage

of sequences performed correctly for each of the rhythm conditions.
**p < .001.
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Musical training: d0: F(1,25) = 2.41, p = .13, percent
correct: F(1,25) = 1.85, p = .19. Figure 3 shows the
percent correct scores for musicians and nonmusicians
across the different rhythm conditions. Reaction times
were not analyzed because participants were not asked
to make a speeded response. Although behavioral per-
formance was equal across conditions, the data indicate
this is not due to floor or ceiling effects.

Functional Imaging Results

All analyses presented here were conducted on the first
two presentations of the rhythms to exclude activation
due to deviant detection, decision making, and response
preparation during the third rhythm presentation, and
motor activation during the subsequent response. The
activity therefore likely reflects listening to and main-
taining in memory two identical presentations of a

rhythm. Figure 4 shows the results of the random effects
analysis of all rhythms–rest, collapsed across group and
condition. Activation was observed in the pre-SMA/SMA,
PMd, basal ganglia, cerebellum, superior temporal gyrus
(STG), and ventrolateral prefrontal cortex/insula, all
bilaterally (see Table 2 for Z scores of local maxima).

For these experiments, we created one set of se-
quences (the metric simple condition) that were pre-
dicted to induce a beat through the presence of regular
perceptual accents (Essens, 1995; Essens & Povel, 1985;
Povel & Essens, 1985). These sequences were repro-
duced more accurately than sequences composed of
identical intervals, but ordered in such a way as to not
induce a beat. Because the sequences were so closely
matched, we provisionally concluded that the differ-
ences in performance were due to the predicted differ-
ences in beat induction. As the behavioral data showed

Figure 4. Brain activation during all rhythm conditions–rest. The
cortical and cerebellar activations from this contrast defined functional

ROIs for further analysis. Z score of 3.3 = p < .01, whole-brain

corrected (FDR). PMd = dorsal premotor area; SMA = supplementary

motor area; STG = superior temporal gyrus; VI = cerebellar crus VI.
x, y, and z refer to axes in stereotaxic space.

Table 2. Stereotaxic Locations of Peak Voxels in All
Rhythms–Rest Contrast

Brain Region Z Score p x y z

L pre-SMA/SMA 5.03 <.001 �9 6 60

R pre-SMA/SMA 4.97 <.001 3 6 66

L putamen 5.67 <.001 �24 6 9

R putamen 5.08 <.001 21 6 6

L premotor 5.3 <.001 �54 0 51

R premotor 5.24 <.001 54 0 45

R cerebellum 4.68 <.001 30 �66 �27

L cerebellum 4.41 <.001 �30 �66 �24

R superior temporal gyrus 6.02 <.001 60 �33 6

L superior temporal gyrus 5.8 <.001 �57 �15 9

L superior temporal pole 4.68 <.001 �57 6 3

R inferior frontal 4.52 <.001 27 30 15

This table shows the brain region, p and Z values, and stereotaxic
coordinates (in millimeters) of peak voxels in MNI space. Thresholded
at p < .001, whole-brain corrected (FDR). R = right; L = left; SMA =
supplementary motor area.

Figure 3. Behavioral data collected during fMRI experiment. The

graph demonstrates the percentage of trials discriminated correctly
by musicians (mus) and nonmusicians (non) for each of the rhythm

conditions. There are no significant differences between groups

or conditions.

Figure 5. Brain regions more active for metric simple than metric
complex or nonmetric rhythms. Z score of 3.43 = p < .05, whole-brain

corrected (FDR).
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that the metric simple condition was performed signifi-
cantly better than the other two conditions, we com-
pared activation in the metric simple condition to that in
the metric complex and nonmetric conditions. We sug-
gest that this comparison is between beat-inducing and
non-beat-inducing rhythms. Increased activation for
metric simple rhythms was observed bilaterally in the
putamen and superior temporal gyri, as well as left
inferior frontal gyrus, shown in Figure 5. See Table 3
for Z scores of local maxima.

The ROI analysis (shown in Figure 6) found that the
metric simple condition compared to the metric com-

plex condition significantly activated the pallidum, puta-
men, caudate, pre-SMA/SMA, and STG bilaterally. The
same pattern was observed when the metric simple
condition was compared to the nonmetric condition,
although the caudate no longer reached significance
(t values for both contrasts shown in Table 4). No
significant differences in activation were seen between
the metric complex and nonmetric rhythms. In addition,

Table 3. Stereotaxic Locations of Peak Voxels in Metric
Simple–Metric Complex and Nonmetric Contrast

Brain Region Z Score p x y z

L superior temporal gyrus 4.60 .039 �51 3 3

3.87 .040 �51 �9 �3

R superior temporal
gyrus/insula

3.78 .045 42 �36 18

R insula 3.92 .040 45 6 �6

3.87 .040 30 �21 12

L putamen 4.47 .039 �27 0 �9

4.19 .039 �27 0 0

3.77 .045 �27 �12 6

R putamen 4.31 .039 24 0 �9

4.31 .039 24 12 6

4.24 .039 24 �3 9

L inferior frontal gyrus 4.03 .040 �51 33 6

L superior frontal gyrus 4.01 .040 �12 69 18

R amygdala 3.88 .040 21 9 �15

This table shows the brain region, p and Z values, and stereotaxic
coordinates (in mm) of peak voxels in MNI space. Thresholded at p <
.05, whole-brain corrected (FDR). R = Right, L = Left.

Figure 6. Graph of activation

during each rhythm condition–
rest in each ROI. Metric

complex and nonmetric

activations in all areas were
not significantly different from

each other. *p < .05 for both

metric simple versus metric

complex and metric simple
versus nonmetric (except in

the caudate, where only the

metric simple versus metric

complex difference reaches
significance). R = right;

L = left; SMA = supplementary

motor area.

Table 4. t Values for Metric Simple–Metric Complex, and
Metric Simple–Nonmetric Contrasts, for Each ROI

t Value

ROI

Metric
Simple–Metric

Complex

Metric
Simple–

Nonmetric

L superior temporal gyrus 4.13*** 2.08*

R superior temporal gyrus 3.91*** 1.72*

Pre-SMA/SMA 2.36* 2.12*

L caudate 1.83* 1.1 (ns)

R caudate 2.06* 1.19*

L pallidum 2.66** 1.74**

R pallidum 3.45*** 2.78***

L putamen 4.05*** 3.4***

R putamen 3.65*** 2.97***

R premotor cortex 1.25 (ns) 0.46 (ns)

L premotor cortex 1.49 (ns) 0.58 (ns)

R cerebellum 0.48 (ns) �0.22 (ns)

L cerebellum 0.71 (ns) �0.22 (ns)

ns = not significant; R = right; L = left; SMA = supplementary motor
area.

*p < .05.

**p < .01.

***p < .001.
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none of the areas were activated significantly more by
the metric complex or nonmetric rhythms than the
metric simple rhythms. This finding confirms that re-
moval of difficulty confounds was successful: If the
metric complex and nonmetric conditions were more
difficult or required greater attentional or working
memory demands, increased, not decreased, activity
would be expected in the dorsolateral prefrontal and
anterior cingulate cortices (Duncan & Owen, 2000). To
verify this had not occurred, a whole-brain, random
effects analysis was conducted, contrasting metric com-
plex and nonmetric rhythms to metric simple rhythms
(i.e., all non-beat-inducing–beat-inducing rhythms).
Even at a much reduced statistical threshold ( p < .5,
FDR corrected), no significant activation was observed.

The ROI analysis found that musicians showed several
areas of greater activation compared to nonmusicians
(see Figure 7). Musicians activated the pre-SMA/SMA,
bilateral cerebellum, and right PMd significantly more
than did nonmusicians in all rhythm conditions com-
pared to rest (see Table 5 for t values). Further analysis
showed no significant interactions between group and
rhythm type. In addition, a correlation analysis was
performed to determine if a relationship between acti-
vation in any of the ROIs correlated with behavioral
discrimination performance. No significant results were
found, probably due to the low variability in behavioral
performance.

DISCUSSION

Previous work indicates that rhythms encoded in rela-
tionship to a beat are reproduced more accurately than
rhythms that are not (Patel et al., 2005; Essens & Povel,
1985). In this experiment, we compared the perform-
ance of metric simple rhythms (which had regular per-
ceptual accents) to that of metric complex rhythms
(which did not). If regular perceptual accents induce a

beat (as predicted by the Povel and Essens model
[Essens, 1995; Essens & Povel, 1985]), then metric
simple rhythms should be more accurately reproduced.
This is indeed what we found. Significantly more met-
ric simple rhythms were reproduced accurately. In
addition, shortening of the longest intervals was ob-
served during reproduction in all rhythm types, but
this shortening was significantly less in the metric sim-
ple condition. Given that the metric simple and metric
complex conditions were identical apart from whether
the arrangement of the intervals produced regular or
irregular perceptual accents, we feel that the most
plausible explanation for these effects is that, as pre-
dicted, a regular beat was induced in the metric simple
condition.

The reproduction results suggest that integer ratios
and regular perceptual accents are required for beat
induction. However, as we did not succeed in creating a
condition with regular perceptual accents and nonin-
teger ratios, it is possible that regular perceptual accents
alone could induce a beat. This remains an interesting
avenue for future research. In contrast to previous re-
search (Sakai et al., 1999), we find that integer ratios
alone appear to be insufficient for beat induction, as
the number of correctly reproduced metric complex (in-
teger ratios) and nonmetric (noninteger ratios) rhythms
was not significantly different in this experiment. The
difference between previous work and the current ex-
periments likely arises because the previous study did
not assess accent structure. Therefore, the integer ratios

Figure 7. Activation during all rhythms–rest for musicians and

nonmusicians. Graph of activation collapsed across conditions, for
pre-SMA/SMA, right and left cerebellum, and right premotor area.

*p < .05. mus = musician; non = nonmusicians.

Table 5. t Values for Activation Differences between
Musicians and Nonmusicians in Selected ROIs

ROI t Value

Pre-SMA/SMA 1.99*

R premotor cortex 2.99**

L premotor cortex 0.75 (ns)

R cerebellum 2.77**

L cerebellum 2.91**

L superior temporal gyrus 0.30 (ns)

R superior temporal gyrus 1.1 (ns)

L caudate 0.32 (ns)

R caudate 0.98 (ns)

L pallidum 1.26 (ns)

R pallidum 0.47 (ns)

L putamen 0.76 (ns)

R putamen �0.21 (ns)

ns = p > .05. R = right; L = left; SMA = supplementary motor area.

*p < .05.

**p < .01.
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condition in that study contained sequences with vary-
ing levels of regularity in the accent structure; the
sequences with greater accent regularity may be respon-
sible for the better performance. In the current study,
accent structure was manipulated to be regular or
irregular, allowing us to assess the role of accents
separately from that of integer ratios. When accent
structure is accounted for, then the presence of integer
ratios is not enough to improve behavioral rhythm
performance.

Another interesting phenomenon reported in tempo-
ral reproduction studies is that some participants ‘‘regu-
larize’’ noninteger ratio sequences during performance,
such that the noninteger ratios are distorted into integer
ratios. We find no evidence of regularization in our study,
although this is likely due to the stimuli we used. In
most previous studies that find regularization (Collier &
Wright, 1995; Essens, 1986; Essens & Povel, 1985) only
one ratio (e.g., 1:2.5 or 1:3.3) is present in any given
sequence or block of stimuli. Therefore, the perception of
the unit level (1) and the level that is the noninteger
multiple of that unit (2.5 or 3.3), and the resulting rela-
tionship between the levels is quite easy to discern. The
perception of this relationship may then allow partici-
pants to stretch or shrink the noninteger ratio in order
to make it into an integer multiple of the unit level. This
regularization presumably decreases the timing difficulty
of the task. Other work (Sakai et al., 1999) has used more
than one noninteger ratio (1:2.5:3.5), but in this case,
only three (of 6) participants showed regularization, and
only for some sequences. Another contributing factor to
whether regularization occurs may be the use of block
presentations of the noninteger ratio sequences (Sakai
et al., 1999) or high numbers of sequence repetitions
(Collier & Wright, 1995; Essens, 1986; Essens & Povel,
1985), giving participants a greater number of exposures
to perceive the relationships between the intervals. Again,
this perception of the relationship may lead subjects
to regularize in order to simplify the task. When many
ratios are present, such as 1:1.4:3.5:4.5 in the current
study, it is presumably less clear what the relationships
between the unit level (1) and the other levels (1.4, 3.5,
and 4.5) are. The relationships are further clouded by the
presence of other ratios between intervals in the se-
quence (1.4:3.5, 1.4:4.5, and 3.5:4.5). These sequences
may be too complex for participants to determine how to
go about regularizing them, especially in the current
study, where there are only a small number of presenta-
tions of each rhythm and no blocked presentation of the
rhythm types. Finally, other work has used noninteger
ratios rhythms and does not report regularization, al-
though perhaps this specific issue was not assessed in
detail (Lewis et al., 2004; Ullén, Forssberg, & Ehrsson,
2003). It should be noted that our account for lack of
regularization, is speculative and requires evidence from
further investigations in which the number of noninteger
ratios present in a sequence, or the number of sequence

presentations, is systematically manipulated and the ef-
fects on reproduction performance are assessed.

Moving on to the fMRI data collected in the second
experiment, we find that a bilateral network of motor
areas is activated when rhythms are perceived, even
when no movement is made. When listening to all the
rhythms compared to rest, bilateral activation was ob-
served in the pre-SMA/SMA, PMd, basal ganglia, cerebel-
lum, superior temporal gyri, and ventrolateral prefrontal
cortex/anterior insula. The lack of activation in primary
motor cortex suggests that participants complied with
instructions not to move any part of their body during
presentation of the rhythms, and thus the activation
observed is likely due only to perception of rhythm.
These findings are consistent with other studies (Lewis
et al., 2004; Schubotz, Friederici, & von Cramon, 2000;
Penhune et al., 1998) confirming that a bilateral network
of motor areas mediate perception of rhythm in addition
to rhythm production. These data may also suggest that
rhythm perception may lie more within the ‘‘automatic’’
timing system proposed by Lewis and Miall (2003), as
this system is composed mainly of motor areas and is
most involved in timing of subsecond intervals. How-
ever, the automatic system is thought to operate mainly
for predictable or overlearned stimuli, and without
‘‘attentional modulation.’’ The stimuli here were not
learned and in many cases were unpredictable. It also
seems unlikely that perception of such complicated
rhythms would occur without attention, therefore it
may be that the automatic system is responsible for
perception of the individual intervals that compose the
sequences, but does not mediate cohesive perception of
the rhythm as a whole.

The fMRI data provide additional confirmation of the
importance of regular perceptual accents in rhythm per-
ception. Listening to metric simple rhythms significantly
increased activity bilaterally in the basal ganglia, anterior
superior temporal gyri, left inferior frontal gyrus, and the
pre-SMA/SMA (although the latter activation only
reached significance in the ROI analysis), compared to
the metric complex and nonmetric conditions. A role for
the basal ganglia and SMAs in beat induction is con-
sistent with their involvement in motor prediction (the
spontaneous response to hearing a beat is often to
move at the time when the next beat is predicted).
The anatomy supports their mutual contribution, as
the basal ganglia and pre-SMA/SMA are richly connected
through striato–thalamo–cortical loops (Inase & Tanji,
1994; Alexander, DeLong, & Crutcher, 1992) and are
involved in timing (Macar, Anton, Bonnet, & Vidal,
2004; Ferrandez et al., 2003), including timing of fu-
ture movements (Sardo, Ravel, Legallet, & Apicella,
2000; Rao et al., 1997). Patients with lesions in SMAs
are impaired at reproducing temporal sequences from
memory (Halsband et al., 1993). However, further re-
search is needed to clarify whether increased activity
in basal ganglia and pre-SMA/SMA underlies the spon-
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taneous movement that often spontaneously occurs to
the beat.

The bilateral anterior superior temporal gyri were also
more active during metric simple rhythms compared
with metric complex and nonmetric rhythms. The peak
of this activation is �3 cm anterior to the peak of the
auditory cortex activation observed in the all rhythms
minus rest contrast, placing it in the anterior secondary
auditory cortex. Activity here has been observed for
auditory imagery (Zatorre, Halpern, Perry, Meyer, &
Evans, 1996). Accordingly, our participants may have
been able to form a better auditory image of the beat-
based rhythms, consistent with the better performance
of these rhythms in the reproduction experiment. Alter-
natively, the anterior auditory areas may be important
for perceiving the beat in the first place. This is con-
sistent with neuropsychological work (Liegeois-Chauvel,
Peretz, Babai, Laguitton, & Chauvel, 1998) that shows
that the anterior STG is necessary for normal musical
meter perception (determining if beat groupings are in a
‘‘waltz’’ or ‘‘march’’ meter). Beat perception itself was
not directly tested in the patients, but musical meter
perception depends fundamentally on perceiving the
underlying beat (London, 2001). Intriguingly, resection
in either hemisphere produced impairment, consistent
with the bilateral nature of the activation in the current
study. A visual rhythm condition in future experiments
may help determine whether the auditory cortex makes
a supramodal contribution to rhythm processing, or if its
role is restricted to the auditory modality.

Difficulty can be a major confound in fMRI experiments.
Increased difficulty in a wide range of paradigms cause
greater activation in the dorsolateral prefrontal and ante-
rior cingulate cortices, suggesting a specific network for
effortful processing across domains (Duncan & Owen,
2000). To avoid difficulty confounds in the fMRI experi-
ment, we used a task that had similar levels of performance
across conditions. Reassuringly, although the metric com-
plex and nonmetric conditions were the most difficult
in the reproduction task, they produced less, not more
activity in the fMRI study. In addition, the timing require-
ments of the individual intervals across the conditions
were very well matched. Taken together, these findings
indicate that it is unlikely that the increased activation in
the metric simple condition can be explained by difficulty.
Nevertheless, it was initially surprising that no brain
areas were significantly more active in the metric complex
or nonmetric conditions than in the metric simple condi-
tion, given that the reproduction study indicates the metric
complex and nonmetric conditions are more difficult.
Working memory studies, however, indicate that pre-
frontal areas can show increased activity when encoding
easier stimuli compared with harder stimuli if the easier
stimuli contain structure (Bor, Cumming, Scott, & Owen,
2004; Bor, Duncan, Wiseman, & Owen, 2003). The pre-
frontal area activated in those studies is very near the left
inferior frontal gyrus activation found in this study. This

suggests that the beat in the metric simple condition may
be providing a regular structure (sometimes called a
‘‘temporal grid’’; Povel, 1984) that aids working memory
performance for the rhythms.

We also found that activation to the metric complex
and nonmetric conditions did not significantly differ.
Thus, the fMRI results are in contrast to a previous study
(Sakai et al., 1999), which reported different patterns of
activation for sequences with integer- and noninteger
ratio intervals (although the two conditions were not
statistically compared, so it is unclear if the differences
are reliable). However, as mentioned before, the integer
ratio sequences in that study likely contained varying
levels of regularity in the accent structure, as the authors
did not consider perceptual accents in their stimuli;
thus, any differences may not be due to the presence
of integer ratios versus noninteger ratios per se.

These data may illuminate a controversy about the
existence of a ‘‘beat-based’’ (or entrainment) timer
(Pashler, 2001). A beat-based timer is hypothesized to
encode intervals in reference to an underlying isochro-
nous beat (using a beat to measure if an interval is one
beat long, two beats long, etc.). Several studies have
examined whether a beat-based timer exists, and if so,
whether it can improve timing. Generally, these studies
test how accurately humans time a single time interval,
under conditions that are or are not conducive to using
beat-based timing. The results are conflicting (McAuley
& Jones, 2003; McAuley & Kidd, 1998; Vos, van Assen,
& Franek, 1997; Schulze, 1978; cf. Pashler, 2001; Ivry &
Hazeltine, 1995; Keele, Nicoletti, Ivry, & Pokorny, 1989)
perhaps because timing of a single interval is most
frequently tested. The reproduction data here, ac-
quired on a more complicated temporal rhythm task,
show a substantial performance benefit for rhythms
that are designed to induce a beat. These data suggest
that a beat-based mechanism does exist, and improves
timing performance when more difficult temporal tasks
are tested. In addition, a specific network of areas was
more active during perception of beat-inducing rhythms
compared with other rhythms, even when no signifi-
cant behavioral performance differences were observed.
This suggests that the beat-based system can be active
even when no behavioral performance benefit is ob-
served. Thus, the fact that some previous work does
not find a behavioral beat-based timing benefit does
not necessarily mean that such a mechanism was not
active or used.

Interestingly, the observed cerebellum and premotor
cortex activations were not significantly different across
the three rhythm types. Many other studies show involve-
ment of these areas in temporal processing (Penhune &
Doyon, 2002; Ramnani & Passingham, 2001), but they
appear not to have a specific role in beat-based timing.
Musically trained participants recruit these areas more
than untrained participants do, although behavioral
discrimination performance is the same between these
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groups. Premotor areas have been implicated in rehearsal
during working memory tasks (Smith & Jonides, 1999)
and general working memory operations that are not
task or material specific (Cabeza & Nyberg, 2000); accord-
ingly, musicians may have used rehearsal strategies to a
greater degree than did nonmusicians. Alternatively,
the cerebellum and/or premotor areas may be responsi-
ble for more basic timing processes that are required to
encode the time intervals in the first place. The basal
ganglia and pre-SMA/SMA (perhaps also with the an-
terior STG) may then be responsible for detecting or
relating that information to an isochronous beat inter-
val. If this relationship can be established, a more stable
and accurate representation of the sequence can occur,
which would result in improved reproduction per-
formance. The fact that musicians do not activate these
areas more than the nonmusicians do supports the
theory that forming a temporal representation in rela-
tion to a beat is a universal process; nearly all humans
can perceive a beat in music, without special training or
practice, but merely through exposure to beat-based
patterns (Drake, 1998).

One theory on the roles of the basal ganglia and
cerebellum suggests that the latter subserves timing in
the milliseconds to seconds range, and the former sub-
serves timing in the seconds to minutes range (Ivry,
1996). Although our experiment did not directly test
this theory, the results suggest that both areas are in-
volved in timing in the milliseconds to seconds range, but
the basal ganglia are more involved when the structure
of a rhythm allows beat-based timing to be used. This
suggests that the types of deficits found on timing tasks
when testing neuropsychological patients will be depen-
dent on the type of timing that can be used to accomplish
the task. As the majority of neuropsychological studies
test timing of isochronous intervals, which do not reliably
show beat-based timing advantages, future studies using
complex sequences will be important to clarify the roles
of the basal ganglia and cerebellum in timing. For exam-
ple, the current results suggest that patients with basal
ganglia dysfunction would be impaired at using beat-
based timing. If so, deficits may be reliably observed only
for performance of more complicated rhythmic stimuli,
not performance of isochronous intervals.

In conclusion, regular accent structure appears to be
critical for hearing a beat in rhythm. When regular per-
ceptual accents are present, reproduction performance
is improved. Although several brain areas are activated
during rhythm perception, the basal ganglia, pre-SMA/
SMA, and anterior superior temporal gyri show in-
creased activity specifically to beat-based rhythms, in
both musicians and nonmusicians.

Reprint requests should be sent to Jessica A. Grahn, MRC
Cognition and Brain Sciences Unit, 15 Chaucer Road, Cam-
bridge CB2 2EF, UK, or via e-mail: Jessica.grahn@mrc-cbu.
cam.ac.uk.

REFERENCES

Alexander, G. E., DeLong, M. R., & Crutcher, M. D. (1992).
Do cortical and basal ganglionic motor areas use ‘‘motor
programs’’ to control movement? Behavioral and Brain
Sciences, 15, 656–665.

Artieda, J., Pastor, M. A., Lacruz, F., & Obeso, J. A. (1992).
Temporal discrimination is abnormal in Parkinson’s disease.
Brain, 115, 199–210.

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false
discovery rate: A practical and powerful approach to
multiple testing. Journal of the Royal Statistical Society,
Series B, 57, 289–300.

Bor, D., Cumming, N., Scott, C. E. L., & Owen, A. M. (2004).
Prefrontal cortical involvement in verbal encoding strategies.
European Journal of Neuroscience, 19, 3365–3370.

Bor, D., Duncan, J., Wiseman, R. J., & Owen, A. M. (2003).
Encoding strategies dissociate prefrontal activity from
working memory demand. Neuron, 37, 361–367.

Brochard, R., Abecasis, D., Potter, D., Ragot, R., & Drake, C.
(2003). The ‘‘ticktock’’ of our internal clock: Direct brain
evidence of subjective accents in isochronous sequences.
Psychological Science, 14, 362–366.

Brotchie, P., Iansek, R., & Horne, M. K. (1991). Motor function
of the monkey globus pallidus. 2. Cognitive aspects
of movement and phasic neuronal activity. Brain, 114,
1685–1702.

Cabeza, R. C., & Nyberg, L. (2000). Imaging cognition II:
An empirical review of 275 PET and fMRI studies. Journal
of Cognitive Neuroscience, 12, 1–47.

Collier, G. L., & Wright, C. E. (1995). Temporal rescaling
of simple and complex ratios in rhythmic tapping. Journal
of Experimental Psychology: Human Perception and
Performance, 21, 602–627.

Coull, J. T., Vidal, F., Nazarian, B., & Macar, F. (2004).
Functional anatomy of the attentional modulation of time
estimation. Science, 303, 1506–1508.

Cunnington, R., Windischberger, C., Deecke, L., & Moser, E.
(2002). The preparation and execution of self-initiated and
externally-triggered movement: A study of event-related
fMRI. Neuroimage, 15, 373–385.

Cusack, R., & Papadakis, N. (2002). New robust 3-D phase
unwrapping algorithms: Application to magnetic field
mapping and undistorting echoplanar images. Neuroimage,
16, 754–764.

Dhamala, M., Pagnoni, G., Wiesenfeld, K., Zink, C. F., Martin,
M., & Berns, G. S. (2003). Neural correlates of the
complexity of rhythmic finger tapping. Neuroimage, 20,
918–926.

Drake, C. (1998). Psychological processes involved in the
temporal organization of complex auditory sequences:
Universal and acquired processes. Music Perception, 16,
11–26.

Drake, C., Jones, M. R., & Baruch, C. (2000). The development
of rhythmic attending in auditory sequences: Attunement,
referent period, focal attending. Cognition, 77, 251–288.

Drake, C., Penel, A., & Bigand, E. (2000). Tapping in time
with mechanically and expressively performed music.
Music Perception, 18, 1–24.

Duncan, J., & Owen, A. M. (2000). Common regions of the
human frontal lobe recruited by diverse cognitive demands.
Trends in Neurosciences, 23, 475–483.

Essens, P. J. (1986). Hierarchical organization of temporal
patterns. Perception & Psychophysics, 40, 69–73.

Essens, P. J. (1995). Structuring temporal sequences:
Comparison of models and factors of complexity. Perception
& Psychophysics, 57, 519–532.

Essens, P. J., & Povel, D. J. (1985). Metrical and nonmetrical

904 Journal of Cognitive Neuroscience Volume 19, Number 5

http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2FS0010-0277%2800%2900106-2
http://www.mitpressjournals.org/action/showLinks?crossref=10.1017%2FS0140525X00068825
http://www.mitpressjournals.org/action/showLinks?crossref=10.1017%2FS0140525X00068825
http://www.mitpressjournals.org/action/showLinks?crossref=10.3758%2FBF03213077
http://www.mitpressjournals.org/action/showLinks?crossref=10.3758%2FBF03213077
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2FS0896-6273%2802%2901171-6
http://www.mitpressjournals.org/action/showLinks?crossref=10.1006%2Fnimg.2002.1092
http://www.mitpressjournals.org/action/showLinks?crossref=10.1037%2F0096-1523.21.3.602
http://www.mitpressjournals.org/action/showLinks?crossref=10.1037%2F0096-1523.21.3.602
http://www.mitpressjournals.org/action/showLinks?crossref=10.1037%2F0096-1523.21.3.602
http://www.mitpressjournals.org/action/showLinks?crossref=10.2307%2F40285899
http://www.mitpressjournals.org/action/showLinks?crossref=10.1093%2Fbrain%2F115.1.199
http://www.mitpressjournals.org/action/showLinks?crossref=10.1111%2F1467-9280.24441
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2FS1053-8119%2803%2900304-5
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2FS0166-2236%2800%2901633-7
http://www.mitpressjournals.org/action/showLinks?crossref=10.1126%2Fscience.1091573
http://www.mitpressjournals.org/action/showLinks?crossref=10.1093%2Fbrain%2F114.4.1685
http://www.mitpressjournals.org/action/showLinks?crossref=10.2307%2F40285774
http://www.mitpressjournals.org/action/showLinks?crossref=10.3758%2FBF03208185
http://www.mitpressjournals.org/action/showLinks?crossref=10.1111%2Fj.1460-9568.2004.03438.x
http://www.mitpressjournals.org/action/showLinks?crossref=10.1006%2Fnimg.2001.0976
http://www.mitpressjournals.org/action/showLinks?system=10.1162%2F08989290051137585
http://www.mitpressjournals.org/action/showLinks?system=10.1162%2F08989290051137585


representations of temporal patterns. Perception &
Psychophysics, 37, 1–7.

Ferrandez, A. M., Hugueville, L., Lehéricy, S., Poline, J. B.,
Marsault, C., & Pouthas, V. (2003). Basal ganglia and
supplementary motor area subtend duration perception:
An fMRI study. Neuroimage, 19, 1532–1544.

Freeman, J. S., Cody, F. W., & Schady, W. (1993). The influence
of external timing cues upon the rhythm of voluntary
movements in Parkinson’s disease. Journal of Neurology,
Neurosurgery, and Psychiatry, 56, 1078–1084.

Genovese, C. R., Lazar, N. A., & Nichols, T. (2002).
Thresholding of statistical maps in functional neuroimaging
using the false discovery rate. Neuroimage, 15, 870–878.

Grahn, J. A., & Brett, M. (2005). Rhythm processing in patients
with basal ganglia dysfunction. Paper presented at
the Neurosciences and Music II: From perception to
performance, Leipzig, Germany. New York: New York
Academy of Sciences, Vol. 1060.

Grahn, J. A., & Brett, M. (2006). Rhythm reproduction and
discrimination: The role of integer ratios and perceptual
accents. Manuscript submitted for publication.

Grondin, S. (1993). Duration discrimination of empty and
filled intervals marked by auditory and visual signals.
Perception & Psychophysics, 54, 383–394.

Halsband, U., Ito, N., Tanji, J., & Freund, H. J. (1993). The
role of premotor cortex and the supplementary motor area
in the temporal control of movement in man. Brain, 116,
243–266.

Inase, M., & Tanji, J. (1994). Projections from the globus
pallidus to the thalamic areas projecting to the dorsal
area 6 of the macaque monkey: A multiple tracing study.
Neuroscience Letters, 180, 135–137.

Ivry, R. B. (1996). The representation of temporal information
in perception and motor control. Current Opinion in
Neurobiology, 6, 851–857.

Ivry, R. B., & Hazeltine, E. (1995). Perception and production
of temporal intervals across a range of durations: Evidence
for a common timing mechanism. Journal of Experimental
Psychology: Human Perception and Performance, 21,
1–12.

Jones, M. R., & Boltz, M. (1989). Dynamic attending and
responses to time. Psychological Review, 96, 459–491.

Jones, M. R., & Pfordresher, P. Q. (1997). Tracking musical
patterns using joint accent structure. Canadian Journal
of Experimental Psychology, 51, 271–290.

Keele, S. W., Nicoletti, R., Ivry, R., & Pokorny, R. (1989).
Mechanisms of perceptual timing: Beat-based or interval-
based judgments? Psychological Research, 50, 251–256.

Lewis, P. A., & Miall, R. C. (2003). Distinct systems for
automatic and cognitively controlled time measurement:
Evidence from neuroimaging. Current Opinion in
Neurobiology, 13, 250–255.

Lewis, P. A., Wing, A. M., Pope, P. A., Praamstra, P., & Miall, R. C.
(2004). Brain activity correlates differentially with increasing
temporal complexity of rhythms during initialisation,
synchronisation, and continuation phases of paced finger
tapping. Neuropsychologia, 42, 1301–1312.

Liegeois-Chauvel, C., Peretz, I., Babai, M., Laguitton, V., &
Chauvel, P. (1998). Contribution of different cortical areas
in the temporal lobes to music processing. Brain, 121,
1853–1867.

London, J. (2001, 13 July 2006). Metre. Grove music online.
Retrieved July 13, 2006, from www.grovemusic.com.

Macar, F., Anton, J.-L., Bonnet, M., & Vidal, F. (2004).
Timing functions of the supplementary motor area:
An event-related fMRI study. Cognitive Brain Research, 21,
206–215.

Mangels, J. A., Ivry, R. B., & Shimizu, N. (1998). Dissociable

contributions of the prefrontal and neocerebellar cortex
to time perception. Cognitive Brain Research, 7, 15–39.

McAuley, J. D., & Jones, M. R. (2003). Modeling effects of
rhythmic context on perceived duration: A comparison
of interval and entrainment approaches to short-interval
timing. Journal of Experimental Psychology: Human
Perception and Performance, 29, 1102–1125.

McAuley, J. D., & Kidd, G. R. (1998). Effect of deviations
from temporal expectations on tempo discrimination
of isochronous tone sequences. Journal of Experiment
Psychology: Human Perception and Performance, 24,
1786–1800.

Molinari, M., Leggio, M. G., De Martin, M., Cerasa, A., & Thaut,
M. (2003). Neurobiology of rhythmic motor entrainment.
Annals of the New York Academy of Sciences, 999,
313–321.

Nenadic, I., Gaser, C., Volz, H.-P., Rammsayer, T., Hager, F., &
Sauer, H. (2003). Processing of temporal information and
the basal ganglia: New evidence from fMRI. Experimental
Brain Research, 148, 238–246.

Palmer, A. R., Bullock, D. C., & Chambers, J. D. (1998).
A high-output, high-quality sound system for use in function
magnetic resonance imaging. Neuroimage, 7, S539.

Parncutt, R. (1994). A perceptual model of pulse salience and
metrical accent in musical rhythms. Music Perception, 11,
409–464.

Pashler, H. (2001). Perception and production of brief
durations: Beat-based versus interval-based timing.
Journal of Experimental Psychology: Human Perception
and Performance, 27, 485–493.

Pastor, M. A., Day, B. L., Macaluso, E., Friston, K. J., &
Frackowiak, R. S. J. (2004). The functional neuroanatomy
of temporal discrimination. Journal of Neuroscience, 24,
2585–2591.

Patel, A. D., Iversen, J. R., Chen, Y., & Repp, B. H. (2005). The
influence of metricality and modality on synchronization
with a beat. Experimental Brain Research, 163, 226–238.

Penhune, V. B., & Doyon, J. (2002). Dynamic cortical and
subcortical networks in learning and delayed recall of timed
motor sequences. Journal of Neuroscience, 22, 1397–1406.

Penhune, V. B., Zatorre, R. J., & Evans, A. C. (1998). Cerebellar
contributions to motor timing: A PET study of auditory
and visual rhythm reproduction. Journal of Cognitive
Neuroscience, 10, 752–765.

Penny, W., & Holmes, A. P. (2003). Random effects analysis.
In R. S. J. Frackowiack, K. J. Friston, C. D. Frith, R. Dolan,
C. J. Price, J. Ashburner, W. Penny, & S. Zeki (Eds.), Human
brain function II (2nd ed.). San Diego, CA: Elsevier.

Phillips-Silver, J., & Trainor, L. J. (2005). Feeling the beat:
Movement influences infant rhythm perception. Science,
308, 1430.

Picard, N., & Strick, P. (1996). Motor areas of the medial wall: A
review of their location and functional activation. Cerebral
Cortex, 6, 342–353.

Povel, D.-J. (1984). A theoretical framework for rhythm
perception. Psychological Research, 45, 315–337.

Povel, D. J., & Essens, P. J. (1985). Perception of temporal
patterns. Music Perception, 2, 411–440.

Povel, D.-J., & Okkerman, H. (1981). Accents in equitone
sequences. Perception & Psychophysics, 30, 565–572.

Ramnani, N., & Passingham, R. E. (2001). Changes in the
human brain during rhythm learning. Journal of Cognitive
Neuroscience, 13, 952–966.

Rao, S. M., Harrington, D. L., Haaland, K. Y., Bobholz, J. A., Cox,
R. W., & Binder, J. R. (1997). Distributed neural systems
underlying the timing of movements. Journal of
Neuroscience, 17, 5528–5535.

Rao, S. M., Mayer, A. R., & Harrington, D. L. (2001). The

Grahn and Brett 905

http://www.mitpressjournals.org/action/showLinks?crossref=10.1037%2F0096-1523.21.1.3
http://www.mitpressjournals.org/action/showLinks?crossref=10.1037%2F0096-1523.21.1.3
http://www.mitpressjournals.org/action/showLinks?crossref=10.3758%2FBF03202011
http://www.mitpressjournals.org/action/showLinks?crossref=10.2307%2F40285633
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2FS0959-4388%2803%2900036-9
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2FS0959-4388%2803%2900036-9
http://www.mitpressjournals.org/action/showLinks?crossref=10.1006%2Fnimg.2001.1037
http://www.mitpressjournals.org/action/showLinks?crossref=10.1093%2Fcercor%2F6.3.342
http://www.mitpressjournals.org/action/showLinks?crossref=10.1093%2Fcercor%2F6.3.342
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2Fj.cogbrainres.2004.01.005
http://www.mitpressjournals.org/action/showLinks?crossref=10.1196%2Fannals.1284.042
http://www.mitpressjournals.org/action/showLinks?crossref=10.1093%2Fbrain%2F116.1.243
http://www.mitpressjournals.org/action/showLinks?crossref=10.1037%2F0033-295X.96.3.459
http://www.mitpressjournals.org/action/showLinks?system=10.1162%2F089892901753165863
http://www.mitpressjournals.org/action/showLinks?system=10.1162%2F089892901753165863
http://www.mitpressjournals.org/action/showLinks?crossref=10.3758%2FBF03207132
http://www.mitpressjournals.org/action/showLinks?crossref=10.3758%2FBF03207132
http://www.mitpressjournals.org/action/showLinks?crossref=10.1037%2F0096-1523.27.2.485
http://www.mitpressjournals.org/action/showLinks?crossref=10.1037%2F0096-1523.27.2.485
http://www.mitpressjournals.org/action/showLinks?system=10.1162%2F089892998563149
http://www.mitpressjournals.org/action/showLinks?system=10.1162%2F089892998563149
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2Fj.neuropsychologia.2004.03.001
http://www.mitpressjournals.org/action/showLinks?crossref=10.1007%2FBF00309709
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2FS0926-6410%2898%2900005-6
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2F0304-3940%2894%2990505-3
http://www.mitpressjournals.org/action/showLinks?crossref=10.1037%2F1196-1961.51.4.271
http://www.mitpressjournals.org/action/showLinks?crossref=10.1037%2F1196-1961.51.4.271
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2FS1053-8119%2803%2900159-9
http://www.mitpressjournals.org/action/showLinks?crossref=10.1523%2FJNEUROSCI.4210-03.2004
http://www.mitpressjournals.org/action/showLinks?crossref=10.1093%2Fbrain%2F121.10.1853
http://www.mitpressjournals.org/action/showLinks?crossref=10.1037%2F0096-1523.29.6.1102
http://www.mitpressjournals.org/action/showLinks?crossref=10.1037%2F0096-1523.29.6.1102
http://www.mitpressjournals.org/action/showLinks?crossref=10.2307%2F40285311
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2FS0959-4388%2896%2980037-7
http://www.mitpressjournals.org/action/showLinks?crossref=10.1016%2FS0959-4388%2896%2980037-7
http://www.mitpressjournals.org/action/showLinks?crossref=10.1007%2FBF00309261
http://www.mitpressjournals.org/action/showLinks?crossref=10.1136%2Fjnnp.56.10.1078
http://www.mitpressjournals.org/action/showLinks?crossref=10.1136%2Fjnnp.56.10.1078
http://www.mitpressjournals.org/action/showLinks?crossref=10.1007%2Fs00221-004-2159-8
http://www.mitpressjournals.org/action/showLinks?crossref=10.1126%2Fscience.1110922
http://www.mitpressjournals.org/action/showLinks?crossref=10.1037%2F0096-1523.24.6.1786
http://www.mitpressjournals.org/action/showLinks?crossref=10.1037%2F0096-1523.24.6.1786
http://www.mitpressjournals.org/action/showLinks?crossref=10.3758%2FBF03205274


evolution of brain activation during temporal processing.
Nature Neuroscience, 4, 317–323.

Rizzolatti, G., Luppino, G., & Matelli, M. (1996). The classic
supplementary motor area is formed by two independent
areas. Advances in Neurology, 70, 45–56.

Sakai, K., Hikosaka, O., Miyauchi, S., Takino, R., Tamada, T.,
Iwata, N. K., et al. (1999). Neural representation of a rhythm
depends on its interval ratio. Journal of Neuroscience, 19,
10074–10081.

Sardo, P., Ravel, S., Legallet, E., & Apicella, P. (2000). Influence
of the predicted time of stimuli eliciting movements on
responses of tonically active neurons in the monkey striatum.
European Journal of Neuroscience, 12, 1801–1816.

Schubotz, R. I., Friederici, A. D., & von Cramon, D. Y. (2000).
Time perception and motor timing: A common cortical and
subcortical basis revealed by fMRI. Neuroimage, 11, 1–12.

Schubotz, R. I., & von Cramon, D. Y. (2001). Interval and
ordinal properties of sequences are associated with distinct
premotor areas. Cerebral Cortex, 11, 210–222.

Schulze, H.-H. (1978). The detectability of local and global
displacements in regular rhythmic patterns. Psychological
Research, 40, 172–181.

Shima, K., & Tanji, J. (2000). Neuronal activity in the
supplementary and presupplementary motor area for
temporal organization of multiple movements. Journal of
Neurophysiology, 84, 2148–2160.

Smith, E. E., & Jonides, J. (1999). Storage and executive
processes in the frontal lobes. Science, 283, 1657–1661.

Smith, S. M. (2002). Robust automated brain extraction.
Human Brain Mapping, 17, 143–155.

Tzourio-Mazoyer, N., Landeu, B., Papathanassiou, D., Crivello,
F., Etard, O., Delcriox, N., et al. (2002). Automated
anatomical labelling of activations in SPM using a
macroscopic anatomical parcellation of the MNI MRI
single subject brain. Neuroimage, 15, 273–289.

Ullén, F., Forssberg, H., & Ehrsson, H. H. (2003). Neural
networks for the coordination of the hands in time. Journal
of Neurophysiology, 89, 1126–1135.

Vos, P. G., van Assen, M., & Franek, M. (1997). Perceived tempo
change is dependent on base tempo and direction of
change: Evidence for a generalized version of Schulze’s
(1978) internal beat model. Psychological Research, 59,
240–247.

Warren, R. M. (1993). Perception of acoustic sequences: Global
integration versus temporal resolution. In S. McAdams &
E. Bigand (Eds.), Thinking in sound: The cognitive
psychology of human audition (pp. 37–68). Oxford:
Oxford University Press.

Zatorre, R. J., Halpern, A. R., Perry, D. W., Meyer, E., & Evans,
A. C. (1996). Hearing in the mind’s ear: A PET investigation
of musical imagery and perception. Journal of Cognitive
Neuroscience, 8, 29–46.

906 Journal of Cognitive Neuroscience Volume 19, Number 5

http://www.mitpressjournals.org/action/showLinks?crossref=10.1007%2FBF00439301
http://www.mitpressjournals.org/action/showLinks?crossref=10.1093%2Fcercor%2F11.3.210
http://www.mitpressjournals.org/action/showLinks?crossref=10.1002%2Fhbm.10062
http://www.mitpressjournals.org/action/showLinks?crossref=10.1007%2FBF00308412
http://www.mitpressjournals.org/action/showLinks?crossref=10.1007%2FBF00308412
http://www.mitpressjournals.org/action/showLinks?crossref=10.1006%2Fnimg.2001.0978
http://www.mitpressjournals.org/action/showLinks?system=10.1162%2Fjocn.1996.8.1.29
http://www.mitpressjournals.org/action/showLinks?system=10.1162%2Fjocn.1996.8.1.29
http://www.mitpressjournals.org/action/showLinks?crossref=10.1046%2Fj.1460-9568.2000.00068.x
http://www.mitpressjournals.org/action/showLinks?crossref=10.1152%2Fjn.00775.2002
http://www.mitpressjournals.org/action/showLinks?crossref=10.1152%2Fjn.00775.2002
http://www.mitpressjournals.org/action/showLinks?crossref=10.1038%2F85191
http://www.mitpressjournals.org/action/showLinks?crossref=10.1006%2Fnimg.1999.0514
http://www.mitpressjournals.org/action/showLinks?crossref=10.1126%2Fscience.283.5408.1657


This article has been cited by:

1. Fiona C. Manning, Jennifer Harris, Michael Schutz. 2017. Temporal prediction abilities are mediated by motor effector and
rhythmic expertise. Experimental Brain Research 235:3, 861-871. [CrossRef]

2. Simone Dalla Bella, Charles-Etienne Benoit, Nicolas Farrugia, Peter E. Keller, Hellmuth Obrig, Stefan Mainka, Sonja A. Kotz.
2017. Gait improvement via rhythmic stimulation in Parkinson’s disease is linked to rhythmic skills. Scientific Reports 7, 42005.
[CrossRef]

3. Kouki Edagawa, Masahiro Kawasaki. 2017. Beta phase synchronization in the frontal-temporal-cerebellar network during auditory-
to-motor rhythm learning. Scientific Reports 7, 42721. [CrossRef]

4. Molly J. Henry, Björn Herrmann, Jessica A. Grahn. 2017. What can we learn about beat perception by comparing brain signals
and stimulus envelopes?. PLOS ONE 12:2, e0172454. [CrossRef]

5. Abbas Babajani-Feremi. 2017. Neural Mechanism Underling Comprehension of Narrative Speech and Its Heritability: Study in
a Large Population. Brain Topography . [CrossRef]

6. Anne Keitel, Robin A.A. Ince, Joachim Gross, Christoph Kayser. 2017. Auditory cortical delta-entrainment interacts with
oscillatory power in multiple fronto-parietal networks. NeuroImage 147, 32-42. [CrossRef]

7. W. J. Trost, C. Labbé, D. Grandjean. 2017. Rhythmic entrainment as a musical affect induction mechanism. Neuropsychologia
96, 96-110. [CrossRef]

8. Jessica Slater, Andrea Azem, Trent Nicol, Britta Swedenborg, Nina Kraus. 2017. Variations on the theme of musical expertise:
cognitive and sensory processing in percussionists, vocalists and non-musicians. European Journal of Neuroscience . [CrossRef]

9. Adam Tierney, Travis White-Schwoch, Jessica MacLean, Nina Kraus. Individual Differences in Rhythmic Skills: Links with
Neural Consistency and Linguistic Ability. Journal of Cognitive Neuroscience, ahead of print1-15. [Abstract] [PDF] [PDF Plus]

10. Valentin Bégel, Charles-Etienne Benoit, Angel Correa, Diana Cutanda, Sonja A. Kotz, Simone Dalla Bella. 2017. “Lost in time”
but still moving to the beat. Neuropsychologia 94, 129-138. [CrossRef]

11. Sarah Knight, Neta Spiro, Ian Cross. 2017. Look, listen and learn: Exploring effects of passive entrainment on social judgements
of observed others. Psychology of Music 45:1, 99-115. [CrossRef]

12. Layla Gould, Marla J. S. Mickleborough, Chelsea Ekstrand, Eric Lorentz, Ron Borowsky. 2016. Examining the neuroanatomical
and the behavioural basis of the effect of basic rhythm on reading aloud. Language, Cognition and Neuroscience 1-19. [CrossRef]

13. Jonna K. Vuoskoski, Eric F. Clarke, Tia DeNora. 2016. Music listening evokes implicit affiliation. Psychology of Music
030573561668028. [CrossRef]

14. Carlotta Lega, Tomaso Vecchi, Egidio D’Angelo, Zaira Cattaneo. 2016. A TMS investigation on the role of the cerebellum in
pitch and timbre discrimination. Cerebellum & Ataxias 3:1. . [CrossRef]

15. Jan Stupacher, Matthias Witte, Michael J. Hove, Guilherme Wood. 2016. Neural Entrainment in Drum Rhythms with Silent
Breaks: Evidence from Steady-state Evoked and Event-related Potentials. Journal of Cognitive Neuroscience 28:12, 1865-1877.
[Abstract] [Full Text] [PDF] [PDF Plus]

16. Robert Harris, Klaus L. Leenders, Bauke M. de Jong. 2016. Speech dysprosody but no music ‘dysprosody’ in Parkinson’s disease.
Brain and Language 163, 1-9. [CrossRef]

17. Margaret Wilson, Peter F. Cook. 2016. Rhythmic entrainment: Why humans want to, fireflies can’t help it, pet birds try, and sea
lions have to be bribed. Psychonomic Bulletin & Review 23:6, 1647-1659. [CrossRef]

18. Tosca Lynch. 2016. ARSIS AND THESIS IN ANCIENT RHYTHMICS AND METRICS: A NEW APPROACH. The
Classical Quarterly 66:02, 491-513. [CrossRef]

19. Alexandre Lehmann, Diana Jimena Arias, Marc Schönwiesner. 2016. Tracing the neural basis of auditory entrainment. Neuroscience
337, 306-314. [CrossRef]

20. Jessica M. Ross, John R. Iversen, Ramesh Balasubramaniam. 2016. Motor simulation theories of musical beat perception. Neurocase
22:6, 558-565. [CrossRef]

21. Kelly Jakubowski, Nicolas Farrugia, Lauren Stewart. 2016. Probing imagined tempo for music: Effects of motor engagement and
musical experience. Psychology of Music 44:6, 1274-1288. [CrossRef]

22. N.P.M. Todd, S. Govender, J.G. Colebatch. 2016. Vestibular-dependent inter-stimulus interval effects on sound evoked potentials
of central origin. Hearing Research 341, 190-201. [CrossRef]

23. Sanjay G. Manohar, Masud Husain. 2016. Working Memory for Sequences of Temporal Durations Reveals a Volatile Single-
Item Store. Frontiers in Psychology 7. . [CrossRef]

http://dx.doi.org/10.1007/s00221-016-4845-8
http://dx.doi.org/10.1038/srep42005
http://dx.doi.org/10.1038/srep42721
http://dx.doi.org/10.1371/journal.pone.0172454
http://dx.doi.org/10.1007/s10548-017-0550-6
http://dx.doi.org/10.1016/j.neuroimage.2016.11.062
http://dx.doi.org/10.1016/j.neuropsychologia.2017.01.004
http://dx.doi.org/10.1111/ejn.13535
http://dx.doi.org/10.1162/jocn_a_01092
http://www.mitpressjournals.org/doi/pdf/10.1162/jocn_a_01092
http://www.mitpressjournals.org/doi/pdfplus/10.1162/jocn_a_01092
http://dx.doi.org/10.1016/j.neuropsychologia.2016.11.022
http://dx.doi.org/10.1177/0305735616648008
http://dx.doi.org/10.1080/23273798.2016.1271135
http://dx.doi.org/10.1177/0305735616680289
http://dx.doi.org/10.1186/s40673-016-0044-4
http://dx.doi.org/10.1162/jocn_a_01013
http://www.mitpressjournals.org/doi/full/10.1162/jocn_a_01013
http://www.mitpressjournals.org/doi/pdf/10.1162/jocn_a_01013
http://www.mitpressjournals.org/doi/pdfplus/10.1162/jocn_a_01013
http://dx.doi.org/10.1016/j.bandl.2016.08.008
http://dx.doi.org/10.3758/s13423-016-1013-x
http://dx.doi.org/10.1017/S0009838816000756
http://dx.doi.org/10.1016/j.neuroscience.2016.09.011
http://dx.doi.org/10.1080/13554794.2016.1242756
http://dx.doi.org/10.1177/0305735615625791
http://dx.doi.org/10.1016/j.heares.2016.07.017
http://dx.doi.org/10.3389/fpsyg.2016.01655


24. Annett Schirmer, Warren H. Meck, Trevor B. Penney. 2016. The Socio-Temporal Brain: Connecting People in Time. Trends
in Cognitive Sciences 20:10, 760-772. [CrossRef]

25. Tomohiro Amemiya, Koichi Hirota, Yasushi Ikei. 2016. Tactile Apparent Motion on the Torso Modulates Perceived Forward
Self-Motion Velocity. IEEE Transactions on Haptics 9:4, 474-482. [CrossRef]

26. Hanna Poikonen, Petri Toiviainen, Mari Tervaniemi. 2016. Early auditory processing in musicians and dancers during a
contemporary dance piece. Scientific Reports 6, 33056. [CrossRef]

27. Martin Lang, Daniel J. Shaw, Paul Reddish, Sebastian Wallot, Panagiotis Mitkidis, Dimitris Xygalatas. 2016. Lost in the Rhythm:
Effects of Rhythm on Subsequent Interpersonal Coordination. Cognitive Science 40:7, 1797-1815. [CrossRef]

28. Tal Blecher, Idan Tal, Michal Ben-Shachar. 2016. White matter microstructural properties correlate with sensorimotor
synchronization abilities. NeuroImage 138, 1-12. [CrossRef]

29. Sascha Frühholz, Wiebke Trost, Sonja A. Kotz. 2016. The sound of emotions—Towards a unifying neural network perspective
of affective sound processing. Neuroscience & Biobehavioral Reviews 68, 96-110. [CrossRef]

30. Sundeep Teki, Tadeusz W. Kononowicz. 2016. Commentary: Beta-Band Oscillations Represent Auditory Beat and Its Metrical
Hierarchy in Perception and Imagery. Frontiers in Neuroscience 10. . [CrossRef]

31. Catia M. Sameiro-Barbosa, Eveline Geiser. 2016. Sensory Entrainment Mechanisms in Auditory Perception: Neural
Synchronization Cortico-Striatal Activation. Frontiers in Neuroscience 10. . [CrossRef]

32. César F. Lima, Saloni Krishnan, Sophie K. Scott. 2016. Roles of Supplementary Motor Areas in Auditory Processing and Auditory
Imagery. Trends in Neurosciences 39:8, 527-542. [CrossRef]

33. Alessandro Miani. 2016. Sexual arousal and rhythmic synchronization: A possible effect of vasopressin. Medical Hypotheses 93,
122-125. [CrossRef]

34. Rodrigo Araneda, Laurent Renier, Daniela Ebner-Karestinos, Laurence Dricot, Anne G. De Volder. 2016. Hearing, feeling or
seeing a beat recruits a supramodal network in the auditory dorsal stream. European Journal of Neuroscience . [CrossRef]

35. Alessandra Campanelli, Lidia Rendace, Francesco Parisi, Fabrizia D'Antonio, Letizia Imbriano, Carlo de Lena, Alessandro
Trebbastoni. 2016. Musical cognition in Alzheimer's disease: application of the Montreal Battery of Evaluation of Amusia. Annals
of the New York Academy of Sciences 1375:1, 28-37. [CrossRef]

36. Fiona C. Manning, Michael Schutz. 2016. Trained to keep a beat: movement-related enhancements to timing perception in
percussionists and non-percussionists. Psychological Research 80:4, 532-542. [CrossRef]

37. Rainer Polak, Justin London, Nori Jacoby. 2016. Both Isochronous and Non-Isochronous Metrical Subdivision Afford Precise
and Stable Ensemble Entrainment: A Corpus Study of Malian Jembe Drumming. Frontiers in Neuroscience 10. . [CrossRef]

38. Miriam D. Lense, Elisabeth M. Dykens. 2016. Beat Perception and Sociability: Evidence from Williams Syndrome. Frontiers in
Psychology 7. . [CrossRef]

39. Sundeep Teki, Timothy D. Griffiths. 2016. Brain Bases of Working Memory for Time Intervals in Rhythmic Sequences. Frontiers
in Neuroscience 10. . [CrossRef]

40. Nicolò Francesco Bernardi. 2016. Musica e movimento: teorie e applicazioni. RICERCHE DI PSICOLOGIA :2, 187-198.
[CrossRef]

41. J. A. Judge. 2016. Jonathan Berger and Gabe Turow (eds.), Music, science, and the rhythmic brain: cultural and clinical
implications. Phenomenology and the Cognitive Sciences 15:2, 305-313. [CrossRef]

42. Joyce L. Chen, Shinya Fujii, Gottfried Schlaug. 2016. The use of augmented auditory feedback to improve arm reaching in stroke:
a case series. Disability and Rehabilitation 38:11, 1115-1124. [CrossRef]

43. Fleur L. Bouwer, Carola M. Werner, Myrthe Knetemann, Henkjan Honing. 2016. Disentangling beat perception from sequential
learning and examining the influence of attention and musical abilities on ERP responses to rhythm. Neuropsychologia 85, 80-90.
[CrossRef]

44. Coral Guerrero Arenas, Silvia S. Hidalgo Tobón, Pilar Dies Suarez, Eduardo Barragán Pérez, Eduardo Castro Sierra, Julio García,
Benito de Celis Alonso. 2016. Strategies for tonal and atonal musical interpretation in blind and normally sighted children: an
fMRI study. Brain and Behavior 6:4. . [CrossRef]

45. W. Tecumseh Fitch. 2016. Dance, Music, Meter and Groove: A Forgotten Partnership. Frontiers in Human Neuroscience 10. .
[CrossRef]

46. Falisha J. Karpati, Chiara Giacosa, Nicholas E. V. Foster, Virginia B. Penhune, Krista L. Hyde. 2016. Sensorimotor integration is
enhanced in dancers and musicians. Experimental Brain Research 234:3, 893-903. [CrossRef]

http://dx.doi.org/10.1016/j.tics.2016.08.002
http://dx.doi.org/10.1109/TOH.2016.2598332
http://dx.doi.org/10.1038/srep33056
http://dx.doi.org/10.1111/cogs.12302
http://dx.doi.org/10.1016/j.neuroimage.2016.05.022
http://dx.doi.org/10.1016/j.neubiorev.2016.05.002
http://dx.doi.org/10.3389/fnins.2016.00389
http://dx.doi.org/10.3389/fnins.2016.00361
http://dx.doi.org/10.1016/j.tins.2016.06.003
http://dx.doi.org/10.1016/j.mehy.2016.05.030
http://dx.doi.org/10.1111/ejn.13349
http://dx.doi.org/10.1111/nyas.13155
http://dx.doi.org/10.1007/s00426-015-0678-5
http://dx.doi.org/10.3389/fnins.2016.00285
http://dx.doi.org/10.3389/fpsyg.2016.00886
http://dx.doi.org/10.3389/fnins.2016.00239
http://dx.doi.org/10.3280/RIP2016-002004
http://dx.doi.org/10.1007/s11097-015-9424-0
http://dx.doi.org/10.3109/09638288.2015.1076530
http://dx.doi.org/10.1016/j.neuropsychologia.2016.02.018
http://dx.doi.org/10.1002/brb3.450
http://dx.doi.org/10.3389/fnhum.2016.00064
http://dx.doi.org/10.1007/s00221-015-4524-1


47. Amrita Biswas, Shantala Hegde, Ketan Jhunjhunwala, Pramod Kumar Pal. 2016. Two sides of the same coin: Impairment in
perception of temporal components of rhythm and cognitive functions in Parkinson’s disease. Basal Ganglia 6:1, 63-70. [CrossRef]

48. Adam Tierney, Nina Kraus. 2016. Getting back on the beat: links between auditory-motor integration and precise auditory
processing at fast time scales. European Journal of Neuroscience 43:6, 782-791. [CrossRef]

49. Douglas R Matthews, Valerie A Ubbes, Valeria J Freysinger. 2016. A qualitative investigation of early childhood teachers’
experiences of rhythm as pedagogy. Journal of Early Childhood Research 14:1, 3-17. [CrossRef]

50. Brian Mathias, Pascale Lidji, Henkjan Honing, Caroline Palmer, Isabelle Peretz. 2016. Electrical Brain Responses to Beat
Irregularities in Two Cases of Beat Deafness. Frontiers in Neuroscience 10. . [CrossRef]

51. Daniel J. Cameron, Kristen A. Pickett, Gammon M. Earhart, Jessica A. Grahn. 2016. The Effect of Dopaminergic Medication
on Beat-Based Auditory Timing in Parkinson’s Disease. Frontiers in Neurology 7. . [CrossRef]

52. Yi-Huang Su, Elvira Salazar-López. 2016. Visual Timing of Structured Dance Movements Resembles Auditory Rhythm
Perception. Neural Plasticity 2016, 1-17. [CrossRef]

53. G.R. Müller-Putz, A. Schwarz, J. Pereira, P. OfnerFrom classic motor imagery to complex movement intention decoding 39-70.
[CrossRef]

54. Soo-Eun Chang, Ho Ming Chow, Elizabeth A. Wieland, J. Devin McAuley. 2016. Relation between functional connectivity and
rhythm discrimination in children who do and do not stutter. NeuroImage: Clinical 12, 442-450. [CrossRef]

55. Boris Kotchoubey, Yuri G. Pavlov, Boris Kleber. 2015. Music in Research and Rehabilitation of Disorders of Consciousness:
Psychological and Neurophysiological Foundations. Frontiers in Psychology 6. . [CrossRef]

56. Kelly Jakubowski, Nicolas Farrugia, Andrea R. Halpern, Sathish K. Sankarpandi, Lauren Stewart. 2015. The speed of our
mental soundtracks: Tracking the tempo of involuntary musical imagery in everyday life. Memory & Cognition 43:8, 1229-1242.
[CrossRef]

57. Jessica A. Bernard, Zachary B. Millman, Vijay A. Mittal. 2015. Beat and metaphoric gestures are differentially associated with
regional cerebellar and cortical volumes. Human Brain Mapping 36:10, 4016-4030. [CrossRef]

58. Andrea Ravignani. 2015. Evolving perceptual biases for antisynchrony: a form of temporal coordination beyond synchrony.
Frontiers in Neuroscience 9. . [CrossRef]

59. Iballa Burunat, Elvira Brattico, Tuomas Puoliväli, Tapani Ristaniemi, Mikko Sams, Petri Toiviainen. 2015. Action in Perception:
Prominent Visuo-Motor Functional Symmetry in Musicians during Music Listening. PLOS ONE 10:9, e0138238. [CrossRef]

60. Adam Tierney, Nina Kraus. 2015. Evidence for Multiple Rhythmic Skills. PLOS ONE 10:9, e0136645. [CrossRef]
61. Michael P. Olshansky, Rachel J. Bar, Mary Fogarty, Joseph F.X. DeSouza. 2015. Supplementary motor area and primary auditory

cortex activation in an expert break-dancer during the kinesthetic motor imagery of dance to music. Neurocase 21:5, 607-617.
[CrossRef]

62. Luc H. Arnal, Keith B. Doelling, David Poeppel. 2015. Delta–Beta Coupled Oscillations Underlie Temporal Prediction Accuracy.
Cerebral Cortex 25:9, 3077-3085. [CrossRef]

63. Alfredo Raglio. 2015. Music Therapy Interventions in Parkinson’s Disease: The State-of-the-Art. Frontiers in Neurology 6. .
[CrossRef]

64. Neil P. M. Todd, Christopher S. Lee. 2015. The sensory-motor theory of rhythm and beat induction 20 years on: a new synthesis
and future perspectives. Frontiers in Human Neuroscience 9. . [CrossRef]

65. Neil P. M. Todd, Christopher S. Lee. 2015. Source analysis of electrophysiological correlates of beat induction as sensory-guided
action. Frontiers in Psychology 6. . [CrossRef]

66. Brian Mathias, Caroline Palmer, Fabien Perrin, Barbara Tillmann. 2015. Sensorimotor Learning Enhances Expectations During
Auditory Perception. Cerebral Cortex 25:8, 2238-2254. [CrossRef]

67. Thomas E Cope, David M Baguley, Timothy D Griffiths. 2015. The functional anatomy of central auditory processing. Practical
Neurology 15:4, 302-308. [CrossRef]

68. Martina A. Hurschler, Franziskus Liem, Mathias Oechslin, Philipp Stämpfli, Martin Meyer. 2015. fMRI reveals lateralized pattern
of brain activity modulated by the metrics of stimuli during auditory rhyme processing. Brain and Language 147, 41-50. [CrossRef]

69. Fleur L. Bouwer, Henkjan Honing. 2015. Temporal attending and prediction influence the perception of metrical rhythm:
evidence from reaction times and ERPs. Frontiers in Psychology 6. . [CrossRef]

70. Sonja A. Kotz, Maren Schmidt-Kassow. 2015. Basal ganglia contribution to rule expectancy and temporal predictability in speech.
Cortex 68, 48-60. [CrossRef]

http://dx.doi.org/10.1016/j.baga.2015.12.001
http://dx.doi.org/10.1111/ejn.13171
http://dx.doi.org/10.1177/1476718X14523745
http://dx.doi.org/10.3389/fnins.2016.00040
http://dx.doi.org/10.3389/fneur.2016.00019
http://dx.doi.org/10.1155/2016/1678390
http://dx.doi.org/10.1016/bs.pbr.2016.04.017
http://dx.doi.org/10.1016/j.nicl.2016.08.021
http://dx.doi.org/10.3389/fpsyg.2015.01763
http://dx.doi.org/10.3758/s13421-015-0531-5
http://dx.doi.org/10.1002/hbm.22894
http://dx.doi.org/10.3389/fnins.2015.00339
http://dx.doi.org/10.1371/journal.pone.0138238
http://dx.doi.org/10.1371/journal.pone.0136645
http://dx.doi.org/10.1080/13554794.2014.960428
http://dx.doi.org/10.1093/cercor/bhu103
http://dx.doi.org/10.3389/fneur.2015.00185
http://dx.doi.org/10.3389/fnhum.2015.00444
http://dx.doi.org/10.3389/fpsyg.2015.01178
http://dx.doi.org/10.1093/cercor/bhu030
http://dx.doi.org/10.1136/practneurol-2014-001073
http://dx.doi.org/10.1016/j.bandl.2015.05.004
http://dx.doi.org/10.3389/fpsyg.2015.01094
http://dx.doi.org/10.1016/j.cortex.2015.02.021


71. Jee-Weon Cha. 2015. The Takadimi system reconsidered: Its psychological foundations and some proposals for improvement.
Psychology of Music 43:4, 563-577. [CrossRef]

72. Naho Konoike, Yuka Kotozaki, Hyeonjeong Jeong, Atsuko Miyazaki, Kohei Sakaki, Takamitsu Shinada, Motoaki Sugiura, Ryuta
Kawashima, Katsuki Nakamura. 2015. Temporal and Motor Representation of Rhythm in Fronto-Parietal Cortical Areas: An
fMRI Study. PLOS ONE 10:6, e0130120. [CrossRef]

73. Gujing Li, Hui He, Mengting Huang, Xingxing Zhang, Jing Lu, Yongxiu Lai, Cheng Luo, Dezhong Yao. 2015. Identifying
enhanced cortico-basal ganglia loops associated with prolonged dance training. Scientific Reports 5, 10271. [CrossRef]

74. Blake E. Butler, Laurel J. Trainor. 2015. The Musician Redefined: A Behavioral Assessment of Rhythm Perception in Professional
Club DJs. Timing & Time Perception 3:1-2, 116-132. [CrossRef]

75. Elizabeth A. Wieland, J. Devin McAuley, Laura C. Dilley, Soo-Eun Chang. 2015. Evidence for a rhythm perception deficit in
children who stutter. Brain and Language 144, 26-34. [CrossRef]

76. Chiara Di Nuzzo. 2015. La riabilitazione motoria nel morbo di parkinson: nuovi interventi e prospettive future. RICERCHE DI
PSICOLOGIA :4, 545-570. [CrossRef]

77. Tae-Ha Yi, Seung-Hwa Jeong, Bon-Cheol Goo. 2015. Study on User-Friendly Rhythm Dance Game Utilizing Beat Element of
Music. Journal of Korea Game Society 15:2, 43-52. [CrossRef]

78. Anna-Katharina R. Bauer, Gunter Kreutz, Christoph S. Herrmann. 2015. Individual musical tempo preference correlates with
EEG beta rhythm. Psychophysiology 52:4, 600-604. [CrossRef]

79. Michael J. Hove, Peter E. Keller. 2015. Impaired movement timing in neurological disorders: rehabilitation and treatment
strategies. Annals of the New York Academy of Sciences 1337:1, 111-117. [CrossRef]

80. Simone Dalla Bella, Charles-Etienne Benoit, Nicolas Farrugia, Michael Schwartze, Sonja A. Kotz. 2015. Effects of musically cued
gait training in Parkinson's disease: beyond a motor benefit. Annals of the New York Academy of Sciences 1337:1, 77-85. [CrossRef]

81. Mathieu Peckel, Emmanuel Bigand. 2015. How does moving along to music influence its later recognition?. L’Année psychologique
115:01, 53-76. [CrossRef]

82. S. Nozaradan, Y. Zerouali, I. Peretz, A. Mouraux. 2015. Capturing with EEG the Neural Entrainment and Coupling Underlying
Sensorimotor Synchronization to the Beat. Cerebral Cortex 25:3, 736-747. [CrossRef]

83. Patrik Vuilleumier, Wiebke Trost. 2015. Music and emotions: from enchantment to entrainment. Annals of the New York Academy
of Sciences 1337:1, 212-222. [CrossRef]

84. Laurel J. Trainor, Laura Cirelli. 2015. Rhythm and interpersonal synchrony in early social development. Annals of the New York
Academy of Sciences 1337:1, 45-52. [CrossRef]

85. Rebecca S. Schaefer, Katie Overy. 2015. Motor responses to a steady beat. Annals of the New York Academy of Sciences 1337:1,
40-44. [CrossRef]

86. Patrick Ofner, Gernot R. Muller-Putz. 2015. Using a Noninvasive Decoding Method to Classify Rhythmic Movement
Imaginations of the Arm in Two Planes. IEEE Transactions on Biomedical Engineering 62:3, 972-981. [CrossRef]

87. M. Hoeschele, H. Merchant, Y. Kikuchi, Y. Hattori, C. ten Cate. 2015. Searching for the origins of musicality across species.
Philosophical Transactions of the Royal Society B: Biological Sciences 370:1664, 20140094-20140094. [CrossRef]

88. H. Merchant, J. Grahn, L. Trainor, M. Rohrmeier, W. T. Fitch. 2015. Finding the beat: a neural perspective across humans
and non-human primates. Philosophical Transactions of the Royal Society B: Biological Sciences 370:1664, 20140093-20140093.
[CrossRef]

89. L. J. Trainor. 2015. The origins of music in auditory scene analysis and the roles of evolution and culture in musical creation.
Philosophical Transactions of the Royal Society B: Biological Sciences 370:1664, 20140089-20140089. [CrossRef]

90. Simone G. Heideman, Erik S. te Woerd, Peter Praamstra. 2015. Rhythmic entrainment of slow brain activity preceding leg
movements. Clinical Neurophysiology 126:2, 348-355. [CrossRef]

91. Nia Cason, Corine Astésano, Daniele Schön. 2015. Bridging music and speech rhythm: Rhythmic priming and audio–motor
training affect speech perception. Acta Psychologica 155, 43-50. [CrossRef]

92. Nora K. Schaal, Michael J. Banissy, Kathrin Lange. 2015. The Rhythm Span Task: Comparing Memory Capacity for Musical
Rhythms in Musicians and Non-Musicians. Journal of New Music Research 44:1, 3-10. [CrossRef]

93. T.E. Cope, W. Sedley, T.D. GriffithsDisorders of Audition 1095-1112. [CrossRef]
94. A. Gulberti, C.K.E. Moll, W. Hamel, C. Buhmann, J.A. Koeppen, K. Boelmans, S. Zittel, C. Gerloff, M. Westphal, T.R.

Schneider, A.K. Engel. 2015. Predictive timing functions of cortical beta oscillations are impaired in Parkinson's disease and
influenced by L-DOPA and deep brain stimulation of the subthalamic nucleus. NeuroImage: Clinical 9, 436-449. [CrossRef]

http://dx.doi.org/10.1177/0305735614528063
http://dx.doi.org/10.1371/journal.pone.0130120
http://dx.doi.org/10.1038/srep10271
http://dx.doi.org/10.1163/22134468-03002041
http://dx.doi.org/10.1016/j.bandl.2015.03.008
http://dx.doi.org/10.3280/RIP2014-004002
http://dx.doi.org/10.7583/JKGS.2015.15.2.43
http://dx.doi.org/10.1111/psyp.12375
http://dx.doi.org/10.1111/nyas.12615
http://dx.doi.org/10.1111/nyas.12651
http://dx.doi.org/10.4074/S0003503315001025
http://dx.doi.org/10.1093/cercor/bht261
http://dx.doi.org/10.1111/nyas.12676
http://dx.doi.org/10.1111/nyas.12649
http://dx.doi.org/10.1111/nyas.12717
http://dx.doi.org/10.1109/TBME.2014.2377023
http://dx.doi.org/10.1098/rstb.2014.0094
http://dx.doi.org/10.1098/rstb.2014.0093
http://dx.doi.org/10.1098/rstb.2014.0089
http://dx.doi.org/10.1016/j.clinph.2014.04.020
http://dx.doi.org/10.1016/j.actpsy.2014.12.002
http://dx.doi.org/10.1080/09298215.2014.937724
http://dx.doi.org/10.1016/B978-0-12-397025-1.00138-X
http://dx.doi.org/10.1016/j.nicl.2015.09.013


95. J.T. CoullA Frontostriatal Circuit for Timing the Duration of Events 565-570. [CrossRef]
96. Rachel M. Brown, Robert J. Zatorre, Virginia B. PenhuneExpert music performance: cognitive, neural, and developmental bases

57-86. [CrossRef]
97. E. Meaux, P. VuilleumierEmotion Perception and Elicitation 79-90. [CrossRef]
98. Petr JanataNeural basis of music perception 187-205. [CrossRef]
99. Nina Kraus, Jessica SlaterMusic and language 207-222. [CrossRef]

100. Camilla N. Clark, Hannah L. Golden, Jason D. WarrenAcquired amusia 607-631. [CrossRef]
101. J.T. CoullDirecting Attention in Time as a Function of Temporal Expectation 687-693. [CrossRef]
102. Orion P. Keifer, David A. Gutman, Erin E. Hecht, Shella D. Keilholz, Kerry J. Ressler. 2015. A comparative analysis of mouse

and human medial geniculate nucleus connectivity: A DTI and anterograde tracing study. NeuroImage 105, 53-66. [CrossRef]
103. Daniel J. Cameron, Jessica A. Grahn. 2014. Enhanced timing abilities in percussionists generalize to rhythms without a musical

beat. Frontiers in Human Neuroscience 8. . [CrossRef]
104. Joel Krueger. 2014. Varieties of extended emotions. Phenomenology and the Cognitive Sciences 13:4, 533-555. [CrossRef]
105. Wiebke Trost, Sascha Frühholz, Daniele Schön, Carolina Labbé, Swann Pichon, Didier Grandjean, Patrik Vuilleumier. 2014.

Getting the beat: Entrainment of brain activity by musical rhythm and pleasantness. NeuroImage 103, 55-64. [CrossRef]
106. David J. Wright, Jacqueline Williams, Paul S. Holmes. 2014. Combined action observation and imagery facilitates corticospinal

excitability. Frontiers in Human Neuroscience 8. . [CrossRef]
107. Sundeep Teki, Timothy D. Griffiths. 2014. Working memory for time intervals in auditory rhythmic sequences. Frontiers in

Psychology 5. . [CrossRef]
108. Takako Fujioka, Brian C. Fidali, Bernhard Ross. 2014. Neural correlates of intentional switching from ternary to binary meter

in a musical hemiola pattern. Frontiers in Psychology 5. . [CrossRef]
109. S. Nozaradan. 2014. Exploring how musical rhythm entrains brain activity with electroencephalogram frequency-tagging.

Philosophical Transactions of the Royal Society B: Biological Sciences 369:1658, 20130393-20130393. [CrossRef]
110. L. K. Cirelli, S. J. Wan, L. J. Trainor. 2014. Fourteen-month-old infants use interpersonal synchrony as a cue to direct helpfulness.

Philosophical Transactions of the Royal Society B: Biological Sciences 369:1658, 20130400-20130400. [CrossRef]
111. R. S. Schaefer. 2014. Auditory rhythmic cueing in movement rehabilitation: findings and possible mechanisms. Philosophical

Transactions of the Royal Society B: Biological Sciences 369:1658, 20130402-20130402. [CrossRef]
112. Birgitta Burger, Marc R. Thompson, Geoff Luck, Suvi H. Saarikallio, Petri Toiviainen. 2014. Hunting for the beat in the body:

on period and phase locking in music-induced movement. Frontiers in Human Neuroscience 8. . [CrossRef]
113. Germán Mendoza, Hugo Merchant. 2014. Motor system evolution and the emergence of high cognitive functions. Progress in

Neurobiology 122, 73-93. [CrossRef]
114. Fabia Franco, Joel S. Swaine, Shweta Israni, Katarzyna A. Zaborowska, Fatmata Kaloko, Indu Kesavarajan, Joseph A. Majek. 2014.

Affect-matching music improves cognitive performance in adults and young children for both positive and negative emotions.
Psychology of Music 42:6, 869-887. [CrossRef]

115. Li-Ann Leow, Taylor Parrott, Jessica A. Grahn. 2014. Individual Differences in Beat Perception Affect Gait Responses to Low-
and High-Groove Music. Frontiers in Human Neuroscience 8. . [CrossRef]

116. Shinya Fujii, Catherine Y. Wan. 2014. The Role of Rhythm in Speech and Language Rehabilitation: The SEP Hypothesis.
Frontiers in Human Neuroscience 8. . [CrossRef]

117. Peter Vuust, Maria A. G. Witek. 2014. Rhythmic complexity and predictive coding: a novel approach to modeling rhythm and
meter perception in music. Frontiers in Psychology 5. . [CrossRef]

118. Yi-Huang Su. 2014. Visual enhancement of auditory beat perception across auditory interference levels. Brain and Cognition 90,
19-31. [CrossRef]

119. Elodie Lerens, Rodrigo Araneda, Laurent Renier, Anne G De Volder. 2014. Improved Beat Asynchrony Detection in Early Blind
Individuals. Perception 43:10, 1083-1096. [CrossRef]

120. LÃ©a A. S. ChauvignÃ©, Kevin M. Gitau, Steven Brown. 2014. The neural basis of audiomotor entrainment: an ALE meta-
analysis. Frontiers in Human Neuroscience 8. . [CrossRef]

121. Rebecca S. Schaefer, Alexa M. Morcom, Neil Roberts, Katie Overy. 2014. Moving to Music: Effects of Heard and Imagined
Musical Cues on Movement-Related Brain Activity. Frontiers in Human Neuroscience 8. . [CrossRef]

http://dx.doi.org/10.1016/B978-0-12-397025-1.00285-2
http://dx.doi.org/10.1016/bs.pbr.2014.11.021
http://dx.doi.org/10.1016/B978-0-12-397025-1.00159-7
http://dx.doi.org/10.1016/B978-0-444-62630-1.00011-1
http://dx.doi.org/10.1016/B978-0-444-62630-1.00012-3
http://dx.doi.org/10.1016/B978-0-444-62630-1.00034-2
http://dx.doi.org/10.1016/B978-0-12-397025-1.00359-6
http://dx.doi.org/10.1016/j.neuroimage.2014.10.047
http://dx.doi.org/10.3389/fnhum.2014.01003
http://dx.doi.org/10.1007/s11097-014-9363-1
http://dx.doi.org/10.1016/j.neuroimage.2014.09.009
http://dx.doi.org/10.3389/fnhum.2014.00951
http://dx.doi.org/10.3389/fpsyg.2014.01329
http://dx.doi.org/10.3389/fpsyg.2014.01257
http://dx.doi.org/10.1098/rstb.2013.0393
http://dx.doi.org/10.1098/rstb.2013.0400
http://dx.doi.org/10.1098/rstb.2013.0402
http://dx.doi.org/10.3389/fnhum.2014.00903
http://dx.doi.org/10.1016/j.pneurobio.2014.09.001
http://dx.doi.org/10.1177/0305735614548500
http://dx.doi.org/10.3389/fnhum.2014.00811
http://dx.doi.org/10.3389/fnhum.2014.00777
http://dx.doi.org/10.3389/fpsyg.2014.01111
http://dx.doi.org/10.1016/j.bandc.2014.05.003
http://dx.doi.org/10.1068/p7789
http://dx.doi.org/10.3389/fnhum.2014.00776
http://dx.doi.org/10.3389/fnhum.2014.00774


122. Mathieu Peckel, Thierry Pozzo, Emmanuel Bigand. 2014. The impact of the perception of rhythmic music on self-paced
oscillatory movements. Frontiers in Psychology 5. . [CrossRef]

123. Rachel L. Wright, Mark T. Elliott. 2014. Stepping to phase-perturbed metronome cues: multisensory advantage in movement
synchrony but not correction. Frontiers in Human Neuroscience 8. . [CrossRef]

124. Joëlle Provasi, Valérie Doyère, Pierre S. Zélanti, Virginie Kieffer, Hervé Perdry, Nicole El Massioui, Bruce L. Brown, Georges
Dellatolas, Jacques Grill, Sylvie Droit-Volet. 2014. Disrupted sensorimotor synchronization, but intact rhythm discrimination, in
children treated for a cerebellar medulloblastoma. Research in Developmental Disabilities 35:9, 2053-2068. [CrossRef]

125. Yi-Huang Su. 2014. Audiovisual beat induction in complex auditory rhythms: Point-light figure movement as an effective visual
beat. Acta Psychologica 151, 40-50. [CrossRef]

126. Daniel T. Bishop, Michael J. Wright, Costas I. Karageorghis. 2014. Tempo and intensity of pre-task music modulate neural
activity during reactive task performance. Psychology of Music 42:5, 714-727. [CrossRef]

127. A. Danielsen, M.K. Otnæss, J. Jensen, S.C.R. Williams, B.C. Østberg. 2014. Investigating repetition and change in musical
rhythm by functional MRI. Neuroscience 275, 469-476. [CrossRef]

128. Jessica Marie Ross, Ramesh Balasubramaniam. 2014. Physical and neural entrainment to rhythm: human sensorimotor
coordination across tasks and effector systems. Frontiers in Human Neuroscience 8. . [CrossRef]

129. Laura K. Cirelli, Dan Bosnyak, Fiona C. Manning, Christina Spinelli, CÃ©line Marie, Takako Fujioka, Ayda Ghahremani, Laurel
J. Trainor. 2014. Beat-induced fluctuations in auditory cortical beta-band activity: using EEG to measure age-related changes.
Frontiers in Psychology 5. . [CrossRef]

130. Sabine C. Koch. 2014. Rhythm is it: effects of dynamic body feedback on affect and attitudes. Frontiers in Psychology 5. . [CrossRef]
131. Yuka Okumura, Yoshitaka Asano, Shunsuke Takenaka, Seisuke Fukuyama, Shingo Yonezawa, Yukinori Kasuya, Jun Shinoda.

2014. Brain activation by music in patients in a vegetative or minimally conscious state following diffuse brain injury. Brain Injury
28:7, 944-950. [CrossRef]

132. M. T. Elliott, A. M. Wing, A. E. Welchman. 2014. Moving in time: Bayesian causal inference explains movement coordination
to auditory beats. Proceedings of the Royal Society B: Biological Sciences 281:1786, 20140751-20140751. [CrossRef]

133. Aniruddh D. Patel, John R. Iversen. 2014. The evolutionary neuroscience of musical beat perception: the Action Simulation for
Auditory Prediction (ASAP) hypothesis. Frontiers in Systems Neuroscience 8. . [CrossRef]

134. W. Tecumseh Fitch, Mauricio D. Martins. 2014. Hierarchical processing in music, language, and action: Lashley revisited. Annals
of the New York Academy of Sciences 1316:1, 87-104. [CrossRef]

135. Thomas E. Cope, Manon Grube, Arnab Mandal, Freya E. Cooper, Una Brechany, David J. Burn, Timothy D. Griffiths. 2014.
Subthalamic deep brain stimulation in Parkinson׳s disease has no significant effect on perceptual timing in the hundreds of
milliseconds range. Neuropsychologia 57, 29-37. [CrossRef]

136. Miriam Heisterueber, Elise Klein, Klaus Willmes, Stefan Heim, Frank Domahs. 2014. Processing word prosodyâ€”behavioral and
neuroimaging evidence for heterogeneous performance in a language with variable stress. Frontiers in Psychology 5. . [CrossRef]

137. Maria A. G. Witek, Eric F. Clarke, Mikkel Wallentin, Morten L. Kringelbach, Peter Vuust. 2014. Syncopation, Body-Movement
and Pleasure in Groove Music. PLoS ONE 9:4, e94446. [CrossRef]

138. Robert Harris, Bauke M. de Jong. 2014. Cerebral Activations Related to Audition-Driven Performance Imagery in Professional
Musicians. PLoS ONE 9:4, e93681. [CrossRef]

139. F. Giovannelli, I. Innocenti, S. Rossi, A. Borgheresi, A. Ragazzoni, G. Zaccara, M. P. Viggiano, M. Cincotta. 2014. Role of the
Dorsal Premotor Cortex in Rhythmic Auditory-Motor Entrainment: A Perturbational Approach by rTMS. Cerebral Cortex 24:4,
1009-1016. [CrossRef]

140. Deirdre Bolger, Jennifer T. Coull, Daniele Schön. 2014. Metrical Rhythm Implicitly Orients Attention in Time as Indexed by
Improved Target Detection and Left Inferior Parietal Activation. Journal of Cognitive Neuroscience 26:3, 593-605. [Abstract] [Full
Text] [PDF] [PDF Plus]

141. M. Hars, F. R. Herrmann, G. Gold, R. Rizzoli, A. Trombetti. 2014. Effect of music-based multitask training on cognition and
mood in older adults. Age and Ageing 43:2, 196-200. [CrossRef]

142. Gabriella Musacchia, Edward W. Large, Charles E. Schroeder. 2014. Thalamocortical mechanisms for integrating musical tone
and rhythm. Hearing Research 308, 50-59. [CrossRef]

143. Ellen Binder, Klara Hagelweide, Ling E. Wang, Katja Kornysheva, Christian Grefkes, Gereon R. Fink, Ricarda I. Schubotz. 2014.
Sensory-guided motor tasks benefit from mental training based on serial prediction. Neuropsychologia 54, 18-27. [CrossRef]

144. Keren-Happuch E, Shen-Hsing Annabel Chen, Moon-Ho Ringo Ho, John E. Desmond. 2014. A meta-analysis of cerebellar
contributions to higher cognition from PET and fMRI studies. Human Brain Mapping 35:2, 593-615. [CrossRef]

http://dx.doi.org/10.3389/fpsyg.2014.01037
http://dx.doi.org/10.3389/fnhum.2014.00724
http://dx.doi.org/10.1016/j.ridd.2014.04.024
http://dx.doi.org/10.1016/j.actpsy.2014.05.016
http://dx.doi.org/10.1177/0305735613490595
http://dx.doi.org/10.1016/j.neuroscience.2014.06.029
http://dx.doi.org/10.3389/fnhum.2014.00576
http://dx.doi.org/10.3389/fpsyg.2014.00742
http://dx.doi.org/10.3389/fpsyg.2014.00537
http://dx.doi.org/10.3109/02699052.2014.888477
http://dx.doi.org/10.1098/rspb.2014.0751
http://dx.doi.org/10.3389/fnsys.2014.00057
http://dx.doi.org/10.1111/nyas.12406
http://dx.doi.org/10.1016/j.neuropsychologia.2014.02.021
http://dx.doi.org/10.3389/fpsyg.2014.00365
http://dx.doi.org/10.1371/journal.pone.0094446
http://dx.doi.org/10.1371/journal.pone.0093681
http://dx.doi.org/10.1093/cercor/bhs386
http://dx.doi.org/10.1162/jocn_a_00511
http://www.mitpressjournals.org/doi/full/10.1162/jocn_a_00511
http://www.mitpressjournals.org/doi/full/10.1162/jocn_a_00511
http://www.mitpressjournals.org/doi/pdf/10.1162/jocn_a_00511
http://www.mitpressjournals.org/doi/pdfplus/10.1162/jocn_a_00511
http://dx.doi.org/10.1093/ageing/aft163
http://dx.doi.org/10.1016/j.heares.2013.09.017
http://dx.doi.org/10.1016/j.neuropsychologia.2013.11.018
http://dx.doi.org/10.1002/hbm.22194


145. Caren E. Hession, Brian Eastwood, David Watterson, Christine M. Lehane, Nigel Oxley, Barbara A. Murphy. 2014. Therapeutic
Horse Riding Improves Cognition, Mood Arousal, and Ambulation in Children with Dyspraxia. The Journal of Alternative and
Complementary Medicine 20:1, 19-23. [CrossRef]

146. Thomas E. Cope, Manon Grube, Baldev Singh, David J. Burn, Timothy D. Griffiths. 2014. The basal ganglia in perceptual
timing: Timing performance in Multiple System Atrophy and Huntington's disease. Neuropsychologia 52, 73-81. [CrossRef]

147. Matz Larsson. 2014. Self-generated sounds of locomotion and ventilation and the evolution of human rhythmic abilities. Animal
Cognition 17:1, 1-14. [CrossRef]

148. Fiona Manning, Michael Schutz. 2013. “Moving to the beat” improves timing perception. Psychonomic Bulletin & Review 20:6,
1133-1139. [CrossRef]

149. Cristina Nombela, Laura E. Hughes, Adrian M. Owen, Jessica A. Grahn. 2013. Into the groove: Can rhythm influence Parkinson's
disease?. Neuroscience & Biobehavioral Reviews 37:10, 2564-2570. [CrossRef]

150. Nathaniel S. Miller, Youngbin Kwak, Nicolaas I. Bohnen, Martijn L.T.M. Müller, Praveen Dayalu, Rachael D. Seidler. 2013. The
pattern of striatal dopaminergic denervation explains sensorimotor synchronization accuracy in Parkinson's disease. Behavioural
Brain Research 257, 100-110. [CrossRef]

151. Maren Schmidt-Kassow, Linda V. Heinemann, Cornelius Abel, Jochen Kaiser. 2013. Auditory–motor synchronization facilitates
attention allocation. NeuroImage 82, 101-106. [CrossRef]

152. Tze-Hsuan Wang, Yi-Chun Peng, Yu-Ling Chen, Tung-Wu Lu, Hua-Fang Liao, Pei-Fang Tang, Jeng-Yi Shieh. 2013. A Home-
Based Program Using Patterned Sensory Enhancement Improves Resistance Exercise Effects for Children With Cerebral Palsy.
Neurorehabilitation and Neural Repair 27:8, 684-694. [CrossRef]

153. Jessica Phillips-Silver, Petri Toiviainen, Nathalie Gosselin, Isabelle Peretz. 2013. Amusic does not mean unmusical: Beat perception
and synchronization ability despite pitch deafness. Cognitive Neuropsychology 30:5, 311-331. [CrossRef]

154. Jan Stupacher, Michael J. Hove, Giacomo Novembre, Simone Schütz-Bosbach, Peter E. Keller. 2013. Musical groove modulates
motor cortex excitability: A TMS investigation. Brain and Cognition 82:2, 127-136. [CrossRef]

155. B. Gebel, Ch. Braun, E. Kaza, E. Altenmüller, M. Lotze. 2013. Instrument specific brain activation in sensorimotor and auditory
representation in musicians. NeuroImage 74, 37-44. [CrossRef]

156. Mona Park, Kristina Hennig-Fast, Yan Bao, Petra Carl, Ernst Pöppel, Lorenz Welker, Maximilian Reiser, Thomas Meindl,
Evgeny Gutyrchik. 2013. Personality traits modulate neural responses to emotions expressed in music. Brain Research 1523, 68-76.
[CrossRef]

157. Bruno H. Repp, Yi-Huang Su. 2013. Sensorimotor synchronization: A review of recent research (2006–2012). Psychonomic Bulletin
& Review 20:3, 403-452. [CrossRef]

158. J. L. Marchant, J. Driver. 2013. Visual and Audiovisual Effects of Isochronous Timing on Visual Perception and Brain Activity.
Cerebral Cortex 23:6, 1290-1298. [CrossRef]

159. Rebecca S. Schaefer, Katie Overy, Peter Nelson. 2013. Affect and non-uniform characteristics of predictive processing in musical
behaviour. Behavioral and Brain Sciences 36:03, 226-227. [CrossRef]

160. Kathrin Rothermich, Sonja A. Kotz. 2013. Predictions in speech comprehension: fMRI evidence on the meter–semantic interface.
NeuroImage 70, 89-100. [CrossRef]

161. Benjamin A. Motz, Molly A. Erickson, William P. Hetrick. 2013. To the beat of your own drum: Cortical regularization of non-
integer ratio rhythms toward metrical patterns. Brain and Cognition 81:3, 329-336. [CrossRef]

162. Edith Van Dyck, Dirk Moelants, Michiel Demey, Alexander Deweppe, Pieter Coussement, Marc Leman. 2013. The Impact of
the Bass Drum on Human Dance Movement. Music Perception: An Interdisciplinary Journal 30:4, 349-359. [CrossRef]

163. J. A. Grahn, J. B. Rowe. 2013. Finding and Feeling the Musical Beat: Striatal Dissociations between Detection and Prediction
of Regularity. Cerebral Cortex 23:4, 913-921. [CrossRef]

164. Shu-Jen Kung, Joyce L. Chen, Robert J. Zatorre, Virginia B. Penhune. 2013. Interacting Cortical and Basal Ganglia Networks
Underlying Finding and Tapping to the Musical Beat. Journal of Cognitive Neuroscience 25:3, 401-420. [Abstract] [Full Text]
[PDF] [PDF Plus]

165. Rachel M. Brown, Joyce L. Chen, Avrum Hollinger, Virginia B. Penhune, Caroline Palmer, Robert J. Zatorre. 2013. Repetition
Suppression in Auditory–Motor Regions to Pitch and Temporal Structure in Music. Journal of Cognitive Neuroscience 25:2,
313-328. [Abstract] [Full Text] [PDF] [PDF Plus]

166. Henkjan HoningStructure and Interpretation of Rhythm in Music 369-404. [CrossRef]

http://dx.doi.org/10.1089/acm.2013.0207
http://dx.doi.org/10.1016/j.neuropsychologia.2013.09.039
http://dx.doi.org/10.1007/s10071-013-0678-z
http://dx.doi.org/10.3758/s13423-013-0439-7
http://dx.doi.org/10.1016/j.neubiorev.2013.08.003
http://dx.doi.org/10.1016/j.bbr.2013.09.032
http://dx.doi.org/10.1016/j.neuroimage.2013.05.111
http://dx.doi.org/10.1177/1545968313491001
http://dx.doi.org/10.1080/02643294.2013.863183
http://dx.doi.org/10.1016/j.bandc.2013.03.003
http://dx.doi.org/10.1016/j.neuroimage.2013.02.021
http://dx.doi.org/10.1016/j.brainres.2013.05.042
http://dx.doi.org/10.3758/s13423-012-0371-2
http://dx.doi.org/10.1093/cercor/bhs095
http://dx.doi.org/10.1017/S0140525X12002373
http://dx.doi.org/10.1016/j.neuroimage.2012.12.013
http://dx.doi.org/10.1016/j.bandc.2013.01.005
http://dx.doi.org/10.1525/mp.2013.30.4.349
http://dx.doi.org/10.1093/cercor/bhs083
http://dx.doi.org/10.1162/jocn_a_00325
http://www.mitpressjournals.org/doi/full/10.1162/jocn_a_00325
http://www.mitpressjournals.org/doi/pdf/10.1162/jocn_a_00325
http://www.mitpressjournals.org/doi/pdfplus/10.1162/jocn_a_00325
http://dx.doi.org/10.1162/jocn_a_00322
http://www.mitpressjournals.org/doi/full/10.1162/jocn_a_00322
http://www.mitpressjournals.org/doi/pdf/10.1162/jocn_a_00322
http://www.mitpressjournals.org/doi/pdfplus/10.1162/jocn_a_00322
http://dx.doi.org/10.1016/B978-0-12-381460-9.00009-2


167. Clara E. James, Christoph M. Michel, Juliane Britz, Patrik Vuilleumier, Claude-Alain Hauert. 2012. Rhythm evokes action: Early
processing of metric deviances in expressive music by experts and laymen revealed by ERP source imaging. Human Brain Mapping
33:12, 2751-2767. [CrossRef]

168. W. Trost, T. Ethofer, M. Zentner, P. Vuilleumier. 2012. Mapping Aesthetic Musical Emotions in the Brain. Cerebral Cortex
22:12, 2769-2783. [CrossRef]

169. Annerose Engel, Marc Bangert, David Horbank, Brenda S. Hijmans, Katharina Wilkens, Peter E. Keller, Christian Keysers.
2012. Learning piano melodies in visuo-motor or audio-motor training conditions and the neural correlates of their cross-modal
transfer. NeuroImage 63:2, 966-978. [CrossRef]

170. Jessica A. Grahn. 2012. Neural Mechanisms of Rhythm Perception: Current Findings and Future Perspectives. Topics in Cognitive
Science 4:4, 585-606. [CrossRef]

171. Marcus Pearce, Martin Rohrmeier. 2012. Music Cognition and the Cognitive Sciences. Topics in Cognitive Science 4:4, 468-484.
[CrossRef]

172. Naho Konoike, Yuka Kotozaki, Shigehiro Miyachi, Carlos Makoto Miyauchi, Yukihito Yomogida, Yoritaka Akimoto, Koji Kuraoka,
Motoaki Sugiura, Ryuta Kawashima, Katsuki Nakamura. 2012. Rhythm information represented in the fronto-parieto-cerebellar
motor system. NeuroImage 63:1, 328-338. [CrossRef]

173. Shalini Narayana, Angela R. Laird, Nitin Tandon, Crystal Franklin, Jack L. Lancaster, Peter T. Fox. 2012. Electrophysiological
and functional connectivity of the human supplementary motor area. NeuroImage 62:1, 250-265. [CrossRef]

174. Jessica A. Grahn. 2012. See what I hear? Beat perception in auditory and visual rhythms. Experimental Brain Research 220:1,
51-61. [CrossRef]

175. Yi-Huang Su, Ernst Pöppel. 2012. Body movement enhances the extraction of temporal structures in auditory sequences.
Psychological Research 76:3, 373-382. [CrossRef]

176. Jennifer L. Marchant, Christian C. Ruff, Jon Driver. 2012. Audiovisual synchrony enhances BOLD responses in a brain network
including multisensory STS while also enhancing target-detection performance for both modalities. Human Brain Mapping 33:5,
1212-1224. [CrossRef]

177. Thomas E. Cope, Manon Grube, Timothy D. Griffiths. 2012. Temporal predictions based on a gradual change in tempo. The
Journal of the Acoustical Society of America 131:5, 4013-4022. [CrossRef]

178. Katie Overy. 2012. Making music in a group: synchronization and shared experience. Annals of the New York Academy of Sciences
1252:1, 65-68. [CrossRef]

179. J. Devin McAuley, Molly J. Henry, Jean Tkach. 2012. Tempo mediates the involvement of motor areas in beat perception. Annals
of the New York Academy of Sciences 1252:1, 77-84. [CrossRef]

180. Teppo Särkämö, David Soto. 2012. Music listening after stroke: beneficial effects and potential neural mechanisms. Annals of the
New York Academy of Sciences 1252:1, 266-281. [CrossRef]

181. Takako Fujioka, Jon Erik Ween, Shahab Jamali, Donald T. Stuss, Bernhard Ross. 2012. Changes in neuromagnetic beta-band
oscillation after music-supported stroke rehabilitation. Annals of the New York Academy of Sciences 1252:1, 294-304. [CrossRef]

182. E. Altenmüller, S.M. Demorest, T. Fujioka, A.R. Halpern, E.E. Hannon, P. Loui, M. Majno, M.S. Oechslin, N. Osborne, K.
Overy, C. Palmer, I. Peretz, P.Q. Pfordresher, T. Särkämö, C.Y. Wan, R.J. Zatorre. 2012. Introduction to The Neurosciences and
Music IV: Learning and Memory. Annals of the New York Academy of Sciences 1252:1, 1-16. [CrossRef]

183. Henkjan Honing. 2012. Without it no music: beat induction as a fundamental musical trait. Annals of the New York Academy of
Sciences 1252:1, 85-91. [CrossRef]

184. Michael Schwartze, Kathrin Rothermich, Sonja A. Kotz. 2012. Functional dissociation of pre-SMA and SMA-proper in temporal
processing. NeuroImage 60:1, 290-298. [CrossRef]

185. A. Caria, P. Venuti, S. de Falco. 2011. Functional and Dysfunctional Brain Circuits Underlying Emotional Processing of Music in
Autism Spectrum Disorders. Cerebral Cortex 21:12, 2838-2849. [CrossRef]

186. Izumi Jomori, Jun-ichi Uemura, Yoshiro Nakagawa, Minoru Hoshiyama. 2011. Event-related potential study of frontal activity
during imagination of rhythm. Journal of Clinical Neuroscience 18:12, 1687-1689. [CrossRef]

187. Yi-Huang Su, Donatas Jonikaitis. 2011. Hearing the speed: visual motion biases the perception of auditory tempo. Experimental
Brain Research 214:3, 357-371. [CrossRef]

188. R. A. Horváth, A. Schwarcz, M. Aradi, T. Auer, N. Fehér, N. Kovács, T. Tényi, C. Szalay, G. Perlaki, G. Orsi, S. Komoly, T.
Dóczi, F. G. Woermann, Cs. Gyimesi, J. Janszky. 2011. Lateralisation of non-metric rhythm. Laterality: Asymmetries of Body,
Brain and Cognition 16:5, 620-635. [CrossRef]

http://dx.doi.org/10.1002/hbm.21397
http://dx.doi.org/10.1093/cercor/bhr353
http://dx.doi.org/10.1016/j.neuroimage.2012.03.038
http://dx.doi.org/10.1111/j.1756-8765.2012.01213.x
http://dx.doi.org/10.1111/j.1756-8765.2012.01226.x
http://dx.doi.org/10.1016/j.neuroimage.2012.07.002
http://dx.doi.org/10.1016/j.neuroimage.2012.04.060
http://dx.doi.org/10.1007/s00221-012-3114-8
http://dx.doi.org/10.1007/s00426-011-0346-3
http://dx.doi.org/10.1002/hbm.21278
http://dx.doi.org/10.1121/1.3699266
http://dx.doi.org/10.1111/j.1749-6632.2012.06530.x
http://dx.doi.org/10.1111/j.1749-6632.2011.06433.x
http://dx.doi.org/10.1111/j.1749-6632.2011.06405.x
http://dx.doi.org/10.1111/j.1749-6632.2011.06436.x
http://dx.doi.org/10.1111/j.1749-6632.2012.06474.x
http://dx.doi.org/10.1111/j.1749-6632.2011.06402.x
http://dx.doi.org/10.1016/j.neuroimage.2011.11.089
http://dx.doi.org/10.1093/cercor/bhr084
http://dx.doi.org/10.1016/j.jocn.2011.05.007
http://dx.doi.org/10.1007/s00221-011-2835-4
http://dx.doi.org/10.1080/1357650X.2010.515990


189. Trenton A. Jerde, Stephanie K. Childs, Sarah T. Handy, Jennifer C. Nagode, José V. Pardo. 2011. Dissociable systems of working
memory for rhythm and melody. NeuroImage 57:4, 1572-1579. [CrossRef]

190. D. A. Abrams, A. Bhatara, S. Ryali, E. Balaban, D. J. Levitin, V. Menon. 2011. Decoding Temporal Structure in Music and Speech
Relies on Shared Brain Resources but Elicits Different Fine-Scale Spatial Patterns. Cerebral Cortex 21:7, 1507-1518. [CrossRef]

191. Lucy M. McGarry, Frank A. Russo. 2011. Mirroring in Dance/Movement Therapy: Potential mechanisms behind empathy
enhancement. The Arts in Psychotherapy 38:3, 178-184. [CrossRef]

192. Claudia Lappe, Laurel J. Trainor, Sibylle C. Herholz, Christo Pantev. 2011. Cortical Plasticity Induced by Short-Term Multimodal
Musical Rhythm Training. PLoS ONE 6:6, e21493. [CrossRef]

193. Kohei Matsumura, Tomoyuki Yamamoto, Tsutomu Fujinami. 2011. The role of body movement in learning to play the shaker
to a samba rhythm: An exploratory study. Research Studies in Music Education 33:1, 31-45. [CrossRef]

194. Peter Vuust, Mikkel Wallentin, Kim Mouridsen, Leif Østergaard, Andreas Roepstorff. 2011. Tapping polyrhythms in music
activates language areas. Neuroscience Letters 494:3, 211-216. [CrossRef]

195. Jessica Phillips-Silver, Petri Toiviainen, Nathalie Gosselin, Olivier Piché, Sylvie Nozaradan, Caroline Palmer, Isabelle Peretz. 2011.
Born to dance but beat deaf: A new form of congenital amusia. Neuropsychologia 49:5, 961-969. [CrossRef]

196. Shu-Jen Kung, Ovid J. L. Tzeng, Daisy L. Hung, Denise H. Wu. 2011. Dynamic allocation of attention to metrical and grouping
accents in rhythmic sequences. Experimental Brain Research 210:2, 269-282. [CrossRef]

197. Jessica A. Grahn, Molly J. Henry, J. Devin McAuley. 2011. FMRI investigation of cross-modal interactions in beat perception:
Audition primes vision, but not vice versa. NeuroImage 54:2, 1231-1243. [CrossRef]

198. Jennifer T Coull, Ruey-Kuang Cheng, Warren H Meck. 2011. Neuroanatomical and Neurochemical Substrates of Timing.
Neuropsychopharmacology 36:1, 3-25. [CrossRef]

199. Heather Chapin, Kelly Jantzen, J. A. Scott Kelso, Fred Steinberg, Edward Large. 2010. Dynamic Emotional and Neural Responses
to Music Depend on Performance Expression and Listener Experience. PLoS ONE 5:12, e13812. [CrossRef]

200. Robert J. Ellis, Mari Riess Jones. 2010. Rhythmic context modulates foreperiod effects. Attention, Perception, & Psychophysics
72:8, 2274-2288. [CrossRef]

201. MARJO RINNE, MATTI PASANEN, SEPPO MIILUNPALO, ESKO MÄLKIÄ. 2010. Is Generic Physical Activity or Specific
Exercise Associated with Motor Abilities?. Medicine & Science in Sports & Exercise 42:9, 1760-1768. [CrossRef]

202. M. Grube, F. E. Cooper, P. F. Chinnery, T. D. Griffiths. 2010. Dissociation of duration-based and beat-based auditory timing in
cerebellar degeneration. Proceedings of the National Academy of Sciences 107:25, 11597-11601. [CrossRef]

203. P. Kosillo, A. T. Smith. 2010. The role of the human anterior insular cortex in time processing. Brain Structure and Function
214:5-6, 623-628. [CrossRef]

204. Yu Aramaki, Rieko Osu, Norihiro Sadato. 2010. Resource-demanding versus cost-effective bimanual interaction in the brain.
Experimental Brain Research 203:2, 407-418. [CrossRef]

205. S. Hadjidimitriou, A. Zacharakis, P. Doulgeris, K. Panoulas, L. Hadjileontiadis, S. Panas. 2010. Sensorimotor cortical response
during motion reflecting audiovisual stimulation: evidence from fractal EEG analysis. Medical & Biological Engineering &
Computing 48:6, 561-572. [CrossRef]

206. Gregory S. Berns, C. Monica Capra, Sara Moore, Charles Noussair. 2010. Neural mechanisms of the influence of popularity on
adolescent ratings of music. NeuroImage 49:3, 2687-2696. [CrossRef]

207. Gerard B. Remijn, Haruyuki Kojima. 2010. Active versus passive listening to auditory streaming stimuli: a near-infrared
spectroscopy study. Journal of Biomedical Optics 15:3, 037006. [CrossRef]

208. Jessica A. Grahn, J. Devin McAuley. 2009. Neural bases of individual differences in beat perception. NeuroImage 47:4, 1894-1903.
[CrossRef]

209. Sonja A. Kotz, Michael Schwartze, Maren Schmidt-Kassow. 2009. Non-motor basal ganglia functions: A review and proposal for
a model of sensory predictability in auditory language perception. Cortex 45:8, 982-990. [CrossRef]

210. Jessica A. Grahn. 2009. The Role of the Basal Ganglia in Beat Perception. Annals of the New York Academy of Sciences 1169:1,
35-45. [CrossRef]

211. Joyce L. Chen, Virginia B. Penhune, Robert J. Zatorre. 2009. The Role of Auditory and Premotor Cortex in Sensorimotor
Transformations. Annals of the New York Academy of Sciences 1169:1, 15-34. [CrossRef]

212. Edward W. Large, Joel S. Snyder. 2009. Pulse and Meter as Neural Resonance. Annals of the New York Academy of Sciences 1169:1,
46-57. [CrossRef]

http://dx.doi.org/10.1016/j.neuroimage.2011.05.061
http://dx.doi.org/10.1093/cercor/bhq198
http://dx.doi.org/10.1016/j.aip.2011.04.005
http://dx.doi.org/10.1371/journal.pone.0021493
http://dx.doi.org/10.1177/1321103X11400513
http://dx.doi.org/10.1016/j.neulet.2011.03.015
http://dx.doi.org/10.1016/j.neuropsychologia.2011.02.002
http://dx.doi.org/10.1007/s00221-011-2630-2
http://dx.doi.org/10.1016/j.neuroimage.2010.09.033
http://dx.doi.org/10.1038/npp.2010.113
http://dx.doi.org/10.1371/journal.pone.0013812
http://dx.doi.org/10.3758/BF03196701
http://dx.doi.org/10.1249/MSS.0b013e3181d83086
http://dx.doi.org/10.1073/pnas.0910473107
http://dx.doi.org/10.1007/s00429-010-0267-8
http://dx.doi.org/10.1007/s00221-010-2244-0
http://dx.doi.org/10.1007/s11517-010-0606-1
http://dx.doi.org/10.1016/j.neuroimage.2009.10.070
http://dx.doi.org/10.1117/1.3431104
http://dx.doi.org/10.1016/j.neuroimage.2009.04.039
http://dx.doi.org/10.1016/j.cortex.2009.02.010
http://dx.doi.org/10.1111/j.1749-6632.2009.04553.x
http://dx.doi.org/10.1111/j.1749-6632.2009.04556.x
http://dx.doi.org/10.1111/j.1749-6632.2009.04550.x


213. Aniruddh D. Patel, John R. Iversen, Micah R. Bregman, Irena Schulz. 2009. Studying Synchronization to a Musical Beat in
Nonhuman Animals. Annals of the New York Academy of Sciences 1169:1, 459-469. [CrossRef]

214. John R. Iversen, Bruno H. Repp, Aniruddh D. Patel. 2009. Top-Down Control of Rhythm Perception Modulates Early Auditory
Responses. Annals of the New York Academy of Sciences 1169:1, 58-73. [CrossRef]

215. Jessica A. Grahn. 2009. Neuroscientific Investigations of Musical Rhythm: Recent Advances and Future Challenges. Contemporary
Music Review 28:3, 251-277. [CrossRef]

216. Jessica Phillips-Silver. 2009. On the Meaning of Movement in Music, Development and the Brain. Contemporary Music Review
28:3, 293-314. [CrossRef]

217. Aniruddh D. Patel, John R. Iversen, Micah R. Bregman, Irena Schulz. 2009. Experimental Evidence for Synchronization to a
Musical Beat in a Nonhuman Animal. Current Biology 19:10, 827-830. [CrossRef]

218. Adena Schachner, Timothy F. Brady, Irene M. Pepperberg, Marc D. Hauser. 2009. Spontaneous Motor Entrainment to Music
in Multiple Vocal Mimicking Species. Current Biology 19:10, 831-836. [CrossRef]

219. Daniel J. Levitin, Anna K. Tirovolas. 2009. Current Advances in the Cognitive Neuroscience of Music. Annals of the New York
Academy of Sciences 1156:1, 211-231. [CrossRef]

220. A. N. Vardy, A. Daffertshofer, P. J. Beek. 2009. Tapping with intentional drift. Experimental Brain Research 192:4, 615-625.
[CrossRef]

221. Katja Kornysheva, D.Yves von Cramon, Thomas Jacobsen, Ricarda I. Schubotz. 2009. Tuning-in to the beat: Aesthetic
appreciation of musical rhythms correlates with a premotor activity boost. Human Brain Mapping NA-NA. [CrossRef]

222. Jessica A. Grahn, Matthew Brett. 2009. Impairment of beat-based rhythm discrimination in Parkinson's disease. Cortex 45:1,
54-61. [CrossRef]

223. Manon Grube, Timothy D. Griffiths. 2009. Metricality-enhanced temporal encoding and the subjective perception of rhythmic
sequences. Cortex 45:1, 72-79. [CrossRef]

224. Kathleen H. Corriveau, Usha Goswami. 2009. Rhythmic motor entrainment in children with speech and language impairments:
Tapping to the beat. Cortex 45:1, 119-130. [CrossRef]

225. Jennifer T. Coull, Bruno Nazarian, Franck Vidal. 2008. Timing, Storage, and Comparison of Stimulus Duration Engage Discrete
Anatomical Components of a Perceptual Timing Network. Journal of Cognitive Neuroscience 20:12, 2185-2197. [Abstract] [PDF]
[PDF Plus]

226. J. L. Chen, V. B. Penhune, R. J. Zatorre. 2008. Listening to Musical Rhythms Recruits Motor Regions of the Brain. Cerebral
Cortex 18:12, 2844-2854. [CrossRef]

227. Patricia V. Agostino, Guy Peryer, Warren H. Meck. 2008. How music fills our emotions and helps us keep time. Behavioral and
Brain Sciences 31:05. . [CrossRef]

228. Renaud Brochard, Pascale Touzalin, Olivier Després, André Dufour. 2008. Evidence of beat perception via purely tactile
stimulation. Brain Research 1223, 59-64. [CrossRef]

229. Peter E. Keller, Bruno H. Repp. 2008. Multilevel coordination stability: Integrated goal representations in simultaneous intra-
personal and inter-agent coordination. Acta Psychologica 128:2, 378-386. [CrossRef]

230. JT Coull, AC Nobre. 2008. Dissociating explicit timing from temporal expectation with fMRI. Current Opinion in Neurobiology
18:2, 137-144. [CrossRef]

231. Warren H Meck, Trevor B Penney, Viviane Pouthas. 2008. Cortico-striatal representation of time in animals and humans. Current
Opinion in Neurobiology 18:2, 145-152. [CrossRef]

232. Eveline Geiser, Tino Zaehle, Lutz Jancke, Martin Meyer. 2008. The Neural Correlate of Speech Rhythm as Evidenced by Metrical
Speech Processing. Journal of Cognitive Neuroscience 20:3, 541-552. [Abstract] [PDF] [PDF Plus]

233. Joyce L. Chen, Virginia B. Penhune, Robert J. Zatorre. 2008. Moving on Time: Brain Network for Auditory-Motor
Synchronization is Modulated by Rhythm Complexity and Musical Training. Journal of Cognitive Neuroscience 20:2, 226-239.
[Abstract] [PDF] [PDF Plus]

234. Peter Schwenkreis, Susan El Tom, Patrick Ragert, Burkhard Pleger, Martin Tegenthoff, Hubert R. Dinse. 2007. Assessment
of sensorimotor cortical representation asymmetries and motor skills in violin players. European Journal of Neuroscience 26:11,
3291-3302. [CrossRef]

235. Robert J. Zatorre, Joyce L. Chen, Virginia B. Penhune. 2007. When the brain plays music: auditory–motor interactions in music
perception and production. Nature Reviews Neuroscience 8:7, 547-558. [CrossRef]

http://dx.doi.org/10.1111/j.1749-6632.2009.04581.x
http://dx.doi.org/10.1111/j.1749-6632.2009.04579.x
http://dx.doi.org/10.1080/07494460903404360
http://dx.doi.org/10.1080/07494460903404394
http://dx.doi.org/10.1016/j.cub.2009.03.038
http://dx.doi.org/10.1016/j.cub.2009.03.061
http://dx.doi.org/10.1111/j.1749-6632.2009.04417.x
http://dx.doi.org/10.1007/s00221-008-1576-5
http://dx.doi.org/10.1002/hbm.20844
http://dx.doi.org/10.1016/j.cortex.2008.01.005
http://dx.doi.org/10.1016/j.cortex.2008.01.006
http://dx.doi.org/10.1016/j.cortex.2007.09.008
http://dx.doi.org/10.1162/jocn.2008.20153
http://www.mitpressjournals.org/doi/pdf/10.1162/jocn.2008.20153
http://www.mitpressjournals.org/doi/pdfplus/10.1162/jocn.2008.20153
http://dx.doi.org/10.1093/cercor/bhn042
http://dx.doi.org/10.1017/S0140525X0800530X
http://dx.doi.org/10.1016/j.brainres.2008.05.050
http://dx.doi.org/10.1016/j.actpsy.2008.03.012
http://dx.doi.org/10.1016/j.conb.2008.07.011
http://dx.doi.org/10.1016/j.conb.2008.08.002
http://dx.doi.org/10.1162/jocn.2008.20029
http://www.mitpressjournals.org/doi/pdf/10.1162/jocn.2008.20029
http://www.mitpressjournals.org/doi/pdfplus/10.1162/jocn.2008.20029
http://dx.doi.org/10.1162/jocn.2008.20018
http://www.mitpressjournals.org/doi/pdf/10.1162/jocn.2008.20018
http://www.mitpressjournals.org/doi/pdfplus/10.1162/jocn.2008.20018
http://dx.doi.org/10.1111/j.1460-9568.2007.05894.x
http://dx.doi.org/10.1038/nrn2152

