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Individual Differences in Rhythmic 
Cortical Entrainment Correlate 
with Predictive Behavior in 
Sensorimotor Synchronization
Sylvie Nozaradan1,2, Isabelle Peretz2 & Peter E. Keller3,4

The current study aims at characterizing the mechanisms that allow humans to entrain the mind 
and body to incoming rhythmic sensory inputs in real time. We addressed this unresolved issue by 
examining the relationship between covert neural processes and overt behavior in the context of 
musical rhythm. We measured temporal prediction abilities, sensorimotor synchronization accuracy 
and neural entrainment to auditory rhythms as captured using an EEG frequency-tagging approach. 
Importantly, movement synchronization accuracy with a rhythmic beat could be explained by the 
amplitude of neural activity selectively locked with the beat period when listening to the rhythmic 
inputs. Furthermore, stronger endogenous neural entrainment at the beat frequency was associated 
with superior temporal prediction abilities. Together, these results reveal a direct link between cortical 
and behavioral measures of rhythmic entrainment, thus providing evidence that frequency-tagged 
brain activity has functional relevance for beat perception and synchronization.

The perception of temporal regularities in auditory rhythms is central to many human activities. In music and 
dance, for example, the synchronization of movements and sounds is facilitated by the perception of an under-
lying beat. A key aspect of musical beat is its periodic nature, yielding optimal predictability of upcoming events 
in a given sequence, thus allowing accurate and precise coordination of body movement with rhythmic events 
through time1,2.

A sense of beat can be induced by isochronous pulses (as with a metronome) and by complex rhythmic struc-
tures that do not systematically present a sound on each beat3, thus indicating that the beat is not itself a property 
of the stimulus but requires endogenous processes to emerge4–6. How the human brain builds an internal template 
of periodic beat from incoming rhythmic inputs remains an unresolved issue. Electroencephalographic (EEG) 
studies measuring steady-state evoked potentials (SSEPs; i.e., peaks at specific frequencies in the EEG spectrum; 
see7) have provided evidence for the entrainment of EEG cortical responses, i.e., frequency-tagged responses to 
the envelope of the rhythms (see2 for a review). These studies suggested that those SSEPs do not merely constitute 
a faithful encoding of the rhythm. Rather, the brain transformed the rhythmic input by amplifying some frequen-
cies that coincided with the perceived beat frequencies, even in rhythms where sounds did not occur on each beat, 
i.e., syncopated rhythms2,8,9. Hence, SSEPs elicited at the beat frequency could in part reflect exogenous processes 
in response to the rhythmic input but also endogenous processes that play a role in predicting the timing of 
upcoming sounds, thereby facilitating the synchronization of movements with the beat.

The current study addressed the nature of this input-output transformation by investigating the relationship 
between individual differences in neural activity at beat frequency and behavioral measures of sensorimotor 
synchronization. To examine neural entrainment, SSEPs were measured in individuals with various levels of 
musical training as they listened to two auditory rhythmic patterns, one syncopated, thus relying on endogenous 
(top-down) beat generation, and the other unsyncopated, where beat generation could be driven exogenously 
by sounds marking each beat (Fig. 1). The rhythms were presented at different rates covering a range of musical 
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tempi. Indeed, beat perception is optimal in a tempo range distributed around an inter-beat interval of 500 ms 
(2 Hz)10, between 400 ms and 900 ms (∼ 1 and 2.5 Hz)11.

Sensorimotor synchronization skills were subsequently examined in the same individuals using two paced 
finger-tapping tasks. One task assessed two different aspects of sensorimotor synchronization performance when 
tapping in time with the perceived beat of the syncopated and unsyncopated rhythm: accuracy (how close in time 
movements are to the beat onsets) and precision (how consistent these phase relations are across time). The other 
task assessed the ability to generate temporal predictions about upcoming beat locations while tapping in syn-
chrony with tempo-changing auditory sequences. Interrelationships between measures obtained from these tasks 
were examined to test a general hypothesis about the role of neural entrainment in sensorimotor synchronization 
and a specific hypothesis concerning the role of endogenous entrainment in temporal prediction.

We hypothesize that neural entrainment is a basic prerequisite for sensorimotor synchronization12,13. 
Accordingly, if synchronization with the beat necessitates selective locking with the beat period, then the ampli-
tude of SSEPs at the beat frequency during the listening task should be positively correlated with synchroniza-
tion performance in the rhythmic beat tapping task across participants. Our second hypothesis is based on the 
assumption that neural entrainment to the beat reflects a mixture of exogenously (top-down) and endogenously 
(bottom-up) driven processes14, and that the endogenous component, in particular, supports temporal predic-
tions that allow overt synchronization. We estimated the strength of neural entrainment to an endogenous beat 
by calculating the difference between the amplitude of beat-related SSEPs for the syncopated and unsyncopated 
rhythms. It was hypothesized that this measure of endogenous entrainment would be correlated with our behav-
ioral measure of temporal prediction during sensorimotor synchronization. These behavior-brain relations were 
further characterized by testing the influence of tempo and the selectivity of SSEPs at beat as opposed to non-beat 
specific frequencies.

Results
Twenty-two healthy volunteers took part in the study after providing written informed consent. Data from four 
of the 22 participants were not analyzed because of technical issues that occurred in different parts of the exper-
iment. The remaining 18 participants presented a large range of individual differences in musical experience, 
according to criteria based on professional training plus the number of years of instrument playing/singing, 
summed over all instruments: 12.44 ±  6.79 [mean and standard deviation].

Task 1. SSEPs.  Evidence for the entrainment of EEG cortical responses, i.e., frequency-locked responses 
to the envelope of the rhythms, was evaluated by analyzing SSEP amplitudes elicited at beat frequency and at 
non-beat specific frequencies. SSEPs for the syncopated and unsyncoptated rhythms presented at the four tempi, 
averaged across participants (N =  18), are shown in Fig. 2. A one-sample t-test revealed that SSEP amplitudes 
at beat and non-beat specific frequencies (averaged across the non-beat SSEPs) were significantly greater than 
zero for the unsyncopated and syncopated rhythm at each tempo, thus indicating that significant SSEP signals 
emerged (Table 1).

Of primary relevance to our hypotheses, however, was the amplitude of SSEPs at the beat frequency (see 
Table 1). A 2 (beat vs. non beat frequencies) × 2 (rhythm) × 4 (tempo) ANOVA on the SSEPs (in μ V) revealed 
a significant difference in amplitude at beat vs. non beat frequencies (F1,17 =  101.18, p <  0.0001, η 2 =  0.85), 

Figure 1.  Experimental design. SSEPs were measured in response to two auditory rhythms, one syncopated 
(i.e., with some beats coinciding with silences, thus requiring endogenous processes to perceive a beat) and 
the other unsyncopated (i.e., with tones coinciding with all beats, thus allowing exogenously driven beat 
perception) (task 1). Participants were afterwards asked to tap the beat of the rhythms (task 2). In a later session, 
the same individuals completed a finger-tapping task assessing the degree to which they predicted timing 
variations while synchronizing with tempo-changing auditory sequences (task 3). This measure was obtained by 
comparing the inter-onset intervals (IOI) between tones in the sequence with the inter-tap intervals (ITI) at lag 
0 (vertical lines) and lag -1 (oblique lines).
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corroborating previous evidence of a selectively enhanced brain response at the beat frequency when listen-
ing to these rhythms2,9. The ANOVA also revealed significant effect of ‘rhythm’, with greater amplitudes for the 
unsyncopated rhythm compared to the syncopated rhythm (F1,17 =  37.16, p <  0.0001, η 2 =  0.68), which was 
qualified by a significant interaction between ‘frequency’ and ‘rhythm’ (F1,17 =  41.04, p <  0.0001, η 2 =  0.70). 
This interaction indicated that a stronger response was elicited by the unsyncopated compared to the synco-
pated rhythm for the beat SSEP but not for the other SSEPs. The ANOVA also yielded a significant effect of 
tempo (F2.01,34.16 =  3.49, p =  0.04, η 2 =  0.17), which was qualified by a significant interaction between ‘rhythm’ 
and ‘tempo’ (F2.29,39.07 =  8.18, p =  0.001, η 2 =  0.32) and a significant interaction between the three factors 
(F2.52,42.92 =  10.23, p <  0.0001, η 2 =  0.37). The beat SSEP elicited by the unsyncopated rhythm was greater at slow 
than at fast tempi (F2.46,41.95 =  7.06, p =  0.001, η 2 =  0.29), whereas there was no significant difference across tempi 
for the syncopated rhythm (F2.65,45.08 =  2.08, p =  0.12, η 2 =  0.11). These differential effects of tempo on neural 
entrainment to the beat in syncopated and unsyncopated rhythms suggest a qualitative difference in processing 
for the two types of rhythm.

Task 2. Performance of movement synchronization with the beat.  Data for synchronization accu-
racy and precision in the tapping task for the two rhythms at the four tempi are reported in Table 2, and data 

Figure 2.  Spectrum of the stimulus rhythms’ envelope (in blue) and corresponding EEG (in black, averaged 
across participants and all channels) as recorded from task 1. The unsyncopated and syncopated rhythms 
were played at four distinct tempi, from slow (top) to fast (bottom), with beat frequencies at 0.6 Hz, 1.25 Hz, 
2.5 Hz and 3.8 Hz, respectively (arrows). Note that at all tempi, the spectrum corresponding to the unsyncopated 
rhythm shows a prominent peak in acoustic energy at the beat frequency, in contrast to the syncopated rhythm. 
The topographical distribution of this activity was generally frontocentral for all rhythms and tempi (color scale 
ranges correspond to the y axis, with hot colors indicating high values).

SSEP at beat frequency 0.6 Hz tempo 1.25 Hz tempo 2.5 Hz tempo 3.8 Hz tempo

unsyncopated rhythm 0.21 ±  0.11 μ V 
t17 =  7.94****

0.21 ±  0.11 μ V 
t17 =  7.64****

0.12 ±  0.05 μ V 
t17 =  10.01****

0.13 ±  0.08 μ V 
t17 =  7.08****

syncopated rhythm 0.09 ±  0.06 μ V 
t17 =  5.92****

0.08 ±  0.04 μ V 
t17 =  9.11****

0.09 ±  0.04 μ V 
t17 =  10.08****

0.12 ±  0.03 μ V 
t17 =  13.06****

SSEP at non-beat frequencies 0.6 Hz tempo 1.25 Hz tempo 2.5 Hz tempo 3.8 Hz tempo

unsyncopated rhythm 0.03 ±  0.03 μ V 
t17 =  4.64****

0.03 ±  0.01 μ V 
t17 =  12.56****

0.03 ±  0.01 μ V 
t17 =  15.36****

0.03 ±  0.1 μ V 
t17 =  12.11****

syncopated rhythm 0.04 ±  0.02 μ V 
t17 =  6.13****

0.05 ±  0.02 μ V 
t17 =  9.12****

0.04 ±  0.01 μ V 
t17 =  14.99****

0.03 ±  0.007 μ V 
t17 =  19.50****

Table 1.   SSEPs at beat and non-beat frequencies for unsyncopated and syncopated rhythms at the four 
tempi. On average, the unsyncopated and syncopated rhythms elicited significant SSEP amplitudes at beat 
and non-beat frequencies (mean ±  standard deviation of the amplitude in μ V; t-test against zero after baseline 
subtraction procedure) at the four different tempi. ****p ≤  .0001.
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for individual participants, averaged across conditions, can be seen in Fig. 3. Data from two out of the eighteen 
participants of task 2 were excluded of task 2 because these individuals tapped at the theoretical beat unit only in 
two out of the eight conditions, thus apparently using something other than the instructed strategy more often 
than not.

Synchronization accuracy was assessed based on how close each participant’s finger tap times were to cor-
responding beat onsets, with accuracy being high to the extent that mean signed asynchrony between taps and 
beats is close to 0 ms. As is typically observed in sensorimotor synchronization studies15,16, most participants 
produced a negative mean asynchrony, indicating that, on average, their taps preceded beat onsets, especially at 
slow tempi (Table 2 for N =  16). There were, however, large individual differences in mean asynchrony, with some 
participants tapping up to 180 ms before beat onsets, on average, while others producing mean asynchronies 
close to 0 ms (Fig. 3A). A 2 (rhythm) × 4 (tempo) ANOVA on mean assigned asynchronies yielded a significant 
main effect of rhythm (F1,15 =  10.80, p =  0.005, η 2 =  0.41), a significant main effect of tempo (F2.12,31.91 =  11.73, 
p <  0.0001, η 2 =  0.43), and a significant interaction between ‘rhythm’ and ‘tempo’ (F2.16,32.48 =  4.92, p =  0.01, 
η 2 =  0.24). Specifically, the mean signed asynchronies were found to be relatively close to zero and not affected 
much by tempo for the syncopated rhythm but was large and negative for the unsyncopated rhythm at slow 
tempi and then close to zero at fast tempi. The difference in asynchrony for the two rhythms may be due to less 

tapping accuracy 0.6 Hz tempo 1.25 Hz tempo 2.5 Hz tempo 3.8 Hz tempo

unsyncopated rhythm − 264.7 ±  162.9 − 156.8 ±  131.3 − 20.75 ±  71.17 − 14.54 ±  50.97

syncopated rhythm − 100.1 ±  194.6 − 1.4 ±  179.8 − 34.8 ±  102.6 − 20.0 ±  39.7

tapping precision 0.6 Hz tempo 1.25 Hz tempo 2.5 Hz tempo 3.8 Hz tempo

unsyncopated rhythm 0.22 ±  0.31 0.13 ±  0.23 0.25 ±  0.34 0.60 ±  0.27

syncopated rhythm 0.16 ±  0.24 0.17 ±  0.25 0.44 ±  0.43 0.58 ±  0.32

Table 2.   Values for accuracy (mean signed asynchrony in ms, mean ± standard deviation across 
participants, the scores closer to zero indicating higher accuracy) and precision (circular variance 
ranging between 0 and 1, with higher scores indicating higher variance and lower precision) at tapping 
in synchrony with the perceived beat (task 2). Note that mean asynchrony and circular variance are inverse 
measures of accuracy and precision.

Figure 3.  Scatterplots showing individual indices as obtained from task 1 (selective neural entrainment 
at the beat frequency and neural entrainment to an endogenous beat), task 2 (synchronization accuracy) 
and task 3 (temporal prediction). Panel A illustrates that synchronization accuracy improves (mean signed 
asynchronies closer to zero when synchronizing to the beat) with increasing strength of selective neural 
entrainment to the beat. Panel B illustrates that individuals with high prediction indices show high neural 
entrainment to an endogenous beat. Note that 3 from the 18 participants did not return for task 3 and that 2 
from the 18 participants were excluded from task 2 analyses because they did not tap as instructed.
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anticipation of beat onsets for the syncopated rhythm at slow tempi16 leading to a greater proportion of relatively 
late taps (only 7/16 participants with negative mean asynchrony for the syncopated rhythm at slow tempi, com-
pared to 15/16 participants for the unsyncopated rhythm).

The precision of synchronization was assessed based on the mean circular variance of taps relative to beat 
onsets. Circular variance can range from 0 to 117, with variance being low, and hence precision high, to the extent 
that taps are concentrated around beat onsets. As for accuracy, these values were also consistent with the values 
typically obtained in tapping studies16–18 (Table 2). An ANOVA revealed no significant difference between the 
two rhythms (F1,15 =  1.04, p =  0.32, η 2 =  0.06) but a significant difference across the four tempi (F2.12,31.81 =  21.97, 
p <  0.0001, η 2 =  0.59). These results indicate that precision was greater at slow than at fast tempi. The interaction 
between the factors ‘rhythm’ and ‘tempo’ was not significant (F2.28,34.23 =  2.46, p =  0.09, η 2 =  0.14). Note that the 
finding that the two rhythms do not differ in precision (despite the difference in accuracy) corroborates the above 
account of the difference between asynchrony for the two rhythms at the slow tempi. Although asynchronies 
were on average closer to zero for the syncopated rhythm at slow tempi, successive asynchronies varied between 
negative (early) and positive (late) values.

Task 3. Temporal prediction.  Temporal prediction indices were obtained for 15 out of the original 18 par-
ticipants in a task requiring synchronization with tempo-changing pacing sequences (see Materials and Methods). 
To estimate the degree to which individuals were predicting vs. tracking tempo changes in the pacing signals, a 
prediction-tracking index was computed based on lag0 and lag-1 cross-correlations between inter-tap intervals 
(ITI), and the pacing signal IOIs, in each trial. Indices greater than 1 reflect a stronger tendency to predict than 
to track tempo changes. Temporal prediction indices (Fig. 3B), which ranged from 1.007 to 1.110 (1.06 ±  0.02 
[mean and standard deviation]), as well as synchronization accuracy (mean asynchrony =  − 36.04 ±  15.40 ms) 
and precision (standard deviation of asynchronies =  41.66 ±  8.38 ms), were commensurate with results observed 
in previous studies using this task18–20. Consistent with previous work20, temporal prediction indices increased 
with years of musical training (R =  0.571, p =  0.026). The finding that temporal prediction indices were neverthe-
less greater than 1 indicates that all participants, despite individual differences, engaged in more prediction than 
tracking when tapping in time with the tempo changes.

Relations between SSEPs and behavioral measures.  Separate multiple regression analyses were con-
ducted to test our two hypotheses concerning the relationship between individual differences in SSEPs reflecting 
neural entrainment to the beat and behavioral measures of sensorimotor synchronization skill. Synchronization 
accuracy and precision in the beat tapping task were the dependent variables in the first and second regression 
analyses (N =  16) and our behavioral index of temporal prediction during synchronization with tempo-changing 
sequences was the dependent variable in the third regression analysis (N =  15). Predictor variables in each anal-
ysis included (i) the average SSEP amplitude at the beat frequency, (ii) our measure of the strength of neural 
entrainment to an endogenous beat (the difference between the amplitude of SSEPs at beat frequency for the 
syncopated and unsyncopated rhythms), and (iii) years of musical training.

When significant, these regression analyses were followed up with further regression analyses performed sep-
arately for the slow (mean of 0.6 and 1.25 Hz) and fast (mean of 2.5 and 3.8 Hz) tempi, in order to assess how these 
behavior-brain relations were influenced by the tempo of the rhythmic sequence. Moreover, to test the selectivity 
of these behavior-brain relations for SSEPs elicited at beat frequency specifically, follow-up analyses were also 
performed separately for the beat as opposed to the non-beat specific SSEPs.

Relations with synchronization accuracy.  The first analysis yielded a model with R2 =  0.64 (F[3,12] =  7.28, 
p =  0.005), with average SSEP amplitude at the beat frequency (Beta =  0.49, p =  0.02) emerging as the only signif-
icant unique predictor of mean asynchrony. A scatterplot showing the positive correlation between SSEP ampli-
tude at beat frequency and mean asynchrony is shown in Fig. 3A. In support of our general hypothesis about the 
role of neural entrainment, stronger entrainment of neural activity to the beat was thus related to greater accuracy 
(mean asynchrony closer to zero) in synchronizing movements with the beat.

Relations with synchronization precision.  The second analysis yielded a model with R2 =  0.45 (F[3,12] =  3.35, 
p =  0.06). In contrast with accuracy, the precision of tapping on the beat does not correlate with our measures of 
neural entrainment to the beat (Beta =  0.12, p =  0.58 for the predictor ‘average SSEP amplitude at beat frequency’ 
and Beta =  − 0.20, p =  0.39 for the predictor ‘neural entrainment to an endogenous beat’). Precision did, how-
ever, correlate with years of musical training, with higher training being associated with lower circular variance 
(Beta =  − 0.516, p =  0.049).

Relations with temporal prediction.  The third analysis yielded a model with R2 =  0.67 ([F3,11] =  7.57, p =  0.005), 
with our measure of the strength of neural entrainment to an endogenous beat emerging as the only significant 
unique predictor of temporal prediction indices (Beta =  0.64, p =  0.007). A scatterplot showing the positive cor-
relation between the strength of endogenous beat-related neural entrainment and prediction indices is shown 
in Fig. 3B. In support of our specific hypothesis about endogenous neural entrainment, individuals who were 
relatively good at predicting upcoming events in temporally changing sequences also displayed a greater amount 
of entrainment of neural populations under conditions where the beat was not marked by physical sound onsets 
during passive listening (i.e. these participants relied less on external information to perceive the beat).

Influence of tempo.  The measures of tapping asynchrony (task 2) showed a tendency towards positive correlation 
with the beat SSEP amplitude elicited at slow tempi, but this correlation was not significant (R =  0.46, p =  0.07). 
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This tendency was not present at fast tempi (R =  0.05, p =  0.85). More interestingly, a multiple linear regression 
analysis with the prediction index (task 3) as the dependent variable and the measure of neural entrainment to 
an endogenous beat at slow and fast tempi as predictors yielded a model with R2 =  0.61 (F2,12 =  9.51, p =  0.003), 
with the measure of neural entrainment at slow tempo (Beta =  0.76, p =  0.001) emerging as the only significant 
unique predictor of temporal prediction indices. Together, these results suggest that the behavior-brain relation 
found for beat processing and sensorimotor synchronization does not hold for beat rates higher than 2 Hz using 
these rhythms.

Selectivity for the beat SSEP.  When correlating the non-beat specific SSEP values (standardized values) with the 
mean asynchrony (across all tempi) in tapping the beat (task 2), the non-beat specific SSEPs were found to be 
negatively correlated with the mean asynchrony in tapping (R =  − 0.65, p =  0.005). This indicates that SSEPs at 
non-beat frequencies were overall inversely related to beat tapping behavior. When testing this correlation sepa-
rately for slow and fast tempi, there was no significant correlation found at slow or fast tempi (R =  − 0.46, p =  0.07 
and R =  − 0.05, p =  0.85 respectively).

A multiple linear regression analysis with the prediction index (task 3) as dependent variable and the ampli-
tudes averaged across the non-beat specific SSEPs for slow and fast tempi as predictors yielded a model with 
R2 =  0.31 (F[2,12] =  2.73, p =  0.10), indicating that, as opposed to the beat SSEP, the temporal prediction index 
does not correlate with the non-beat specific activity. However, partial correlations calculated from this model 
nevertheless indicated a negative correlation between the prediction index and non-beat specific SSEPs at fast 
tempi (Beta =  − 0.54, p =  0.04) but no correlation at slow tempi (Beta =  − 0.04, p =  0.85).

Discussion
To what extent are overt entrainment behaviors related to covert neural entrainment? To address this question, 
we conducted a combined behavioral-EEG study using three separate tasks that allowed us to compare individual 
indices of temporal prediction, the accuracy and precision of sensorimotor synchronization, and neural activity 
in response to a syncopated and an unsyncopated musical rhythm. Based on the frequency-tagged responses 
(SSEPs) to these rhythms, we computed a general index of neural entrainment to the beat and a specific index of 
neural activity to an endogenous beat for each individual participant. For the latter measure, top-down compo-
nents of beat perception were isolated from bottom-up processes driven by acoustic input by contrasting neural 
activity measured at the beat frequency in response to the syncopated vs. unsyncopated rhythm.

The results provide objective evidence for two ways in which covert neural entrainment facilitates overt sen-
sorimotor synchronization with auditory rhythms. First, we show that our general index of neural entrainment—
the amplitude of neural activity selectively locked to the beat period—could explain individual differences in 
movement synchronization accuracy with the beat. This finding establishes a link between the overall strength of 
neural period-locking and basic sensorimotor synchronization skills. Second, we found that stronger endogenous 
neural entrainment to the beat was associated with superior temporal prediction abilities. This indicates that the 
endogenous component of covert neural processes, in particular, supports temporal predictions that allow indi-
viduals to anticipate upcoming events within a sequence, and thereby to engage in preparatory motor planning 
that enables the overt synchronization of movements with complex temporal structures.

The exact nature of the neurophysiological substrates of SSEPs elicited at beat frequency when listening to 
auditory rhythms remains unclear. Indeed, whether these activities result from ongoing neural activities resonat-
ing at the frequency of the stimulation21–23 or whether they result from the linear superposition of independent 
transient event-related potentials elicited by the rhythmic stimulus7,24 is a matter of debate. Irrespective of the 
outcome of this debate, the responses captured with surface EEG at the beat frequency in the current study 
are likely to sample only a portion of the brain activity involved when perceiving a beat from rhythms. SSEPs 
at beat frequency are assumed to contain not only beat-related neural activity but also overlapping activity at 
harmonics related to lower frequencies. Nevertheless, by showing a positive correlation between such overall 
activity and behavioral measures of sensorimotor synchronization and temporal prediction, the current results 
provide evidence for the functional relevance of this brain activity related to rhythm processing. In addition, this 
behavior-brain relation is not general to the overall neural activities elicited by the rhythms but is specific to the 
beat frequency. Importantly, the observed tendency toward a negative correlation between behavioral measures 
and non-beat SSEPs indicates that the behavior-brain relation is selective to the beat frequency to the detriment 
of the activities elicited by the rhythms at the other frequencies. Given the increasing usage of SSEP measures in 
research on rhythm processing25–28, these observations advance our understanding of the nature of these neural 
activities.

Our findings have theoretical implications for understanding the functional significance of neural entrain-
ment and the functional basis of individual differences in rhythm perception and sensorimotor synchronization 
skills. With regard to the functional role of neural entrainment, the finding that neural processes are linked with 
overt behaviors through temporal prediction is consistent with predictive coding models of brain function29–33. 
According to these models, neural populations at relatively high cortical levels continuously generate internal 
templates based on past experience in order to facilitate the efficiency of information processing by providing 
(top-down) predictions about incoming sensory input to early sensory areas. A significant body of research has 
found evidence for predictive coding in perception, and there is increasing interest in understanding the role of 
predictive coding in action control34,35. During beat entrainment in the context of sensorimotor synchronization 
tasks, for instance, the corresponding tapping behavior has been shown to produce cyclic fluctuations in sensory 
gain that are locked to individual movements, suggesting that top-down signals linked to rhythmic motor execu-
tion may tune representations of incoming sensory information36–38. In the current study, the positive relationship 
between the endogenous neural component and the index of temporal prediction that we report here contributes 
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to this research effort by providing support for the predictive coding model in the context of sensorimotor syn-
chronization with musical rhythms29.

The present findings underscore the importance of combining neural data with appropriate behavioral meas-
ures in order to gain insight on the functions supported by beat-related neural entrainment. We captured cortical 
responses to musical rhythms using frequency tagging2 because this approach permits neural responses to be 
measured without the need for explicit behavioral responses or overt movement, which could potentially bias 
these perceptual measures39. While the frequency-tagging approach has proven to be revealing about the condi-
tions that give rise to beat-related neural activities, the functional relevance of these oscillations had not previ-
ously been addressed directly. This issue was critical to resolve because any purely neural data must be interpreted 
with caution in the absence of behavioral evidence, as neural and behavioral measures can lead to divergent 
conclusions under some conditions40,41. Here, we provide an answer to the question of functional significance by 
showing that beat-related SSEPs are linked to individual differences in human behavior.

An additional advantage of the approach taken in the current study is that it allowed us to gain insight into 
the neural bases of individual variability in beat perception and sensorimotor synchronization. These behaviors 
are remarkable in that they appear to be spontaneous in humans and ubiquitous across cultures42. However, 
there are numerous anecdotal reports and a few recent studies showcasing the large individual differences in the 
ability to perceive a beat, ranging from acute processing in musicians to severe impairments associated with beat 
deafness43–46. Previous work has taken various approaches to clarify the neural mechanisms explaining such indi-
vidual differences. For instance, correlations have been found between the ability to synchronize to a beat and the 
functional involvement of auditory and motor regions of the brain during beat perception43,47. In another study, 
measures of finger-tapping performance obtained in synchronization-continuation tapping tasks were shown 
to relate positively to gray and white matter volume in frontal cortex48. Furthermore, the consistency of brain-
stem responses evoked by sounds has been related to the variability in inter-tap intervals when synchronizing 
with regular sound sequences49. In line with these studies, the current work takes an important step forward by 
demonstrating that the endogenous processes of beat perception and temporal prediction are linked to the ability 
of an individual’s neural system to dynamically entrain to the beat. Our findings thus identify a high-level cortical 
process that may call upon the structures and mechanisms identified in previous work.

Whether neural populations dedicated specifically to auditory processing or interconnected auditory-motor 
networks contributed to this cortical process remains to be investigated. For example, given that auditory and 
motor/premotor cortex are functionally connected during synchronized tapping tasks (see e.g.50,51), character-
istics of neural activity in these different regions may be tied to synchronization ability. Moreover, a number of 
non-human primate studies52–54 have shown that premotor areas and the basal ganglia in monkeys performing a 
synchronization-continuation task exhibit interval tuning to the tapping tempo. This tuning phenomenon at the 
single cell level could be related to the global beat-related SSEPs observed in the current study. However, the low 
spatial resolution inherent to surface EEG prevents us from characterizing precisely the distributed neural net-
work involved in the behavior-brain relation observed here. Future studies using the same approach but sampling 
brain activity through other techniques, such as the invasive recording of local field potentials in human patients, 
could address this crucial question more adequately55.

Interestingly, our measure of musical training was positively correlated with the index of temporal predic-
tion20, but not with the neural measures. While intriguing, this null result highlights the complexity and the wide 
range of abilities related to rhythm processing. Future studies addressing this question more comprehensively are 
needed to clarify how musicians’ brains develop through daily training. For example, a more specific characteri-
zation of the individual’s musical training based on the learnt musical instrument (e.g., instruments that typically 
play a rhythmic vs. melodic role) or the practiced musical style (e.g., groove-based music with a salient beat vs. 
more freely timed music) might help to reveal finer processes that shape underlying neural activity by long-term 
musical expertise56.

Another intriguing result is the dissociation between the two aspects – accuracy and precision– of behavioral 
synchronization as measured in task 2 in their relationship with the measures of neural entrainment (task 1). 
Specifically, the amplitude of SSEPs was related to accuracy (how close in time movements are to synchronization 
targets) rather than precision (how consistent these phase relations are across time) when tapping the beat of 
the rhythms, suggesting that synchronization accuracy and precision are supported by neural mechanisms that 
are distinctly involved when processing the beat of an auditory rhythm. However, it should be noted that these 
tapping measures were only based on one 40-s tapping trial per sequence. While this limited sampling yielded a 
positive brain-behavior relation, more extensive sampling, as in task 3, will allow this relation to be characterized 
more specifically in future work.

The observed behavior-brain relation was also characterized by a bias towards slower beat tempo (under 2 Hz), 
suggesting that temporal prediction and synchronization accuracy operate differently at higher tempi. This result 
could be related to the tempo preference region with greatest beat saliency usually observed between 1 and 2.5 Hz 
in music10,11. Moreover, emphasis on higher-order prediction could be stronger at faster tempi, where beats are 
grouped according to higher-order metric units corresponding to relatively long time spans in the sequence (e.g. 
measures or bars) and predictions are made at that level (in addition to lower levels in the metric hierarchy).

Going beyond the specific context of musical beat perception and synchronization, temporal coordination 
with environmental events is a capacity that is not restricted to humans. Rhythmic coordination is concomitant 
to multiple biologically vital behaviors (e.g. rhythmic hooting and coordinated group displays in apes57). This 
raises questions about the generality of the relationship between covert neural entrainment and overt movement 
synchronization, which is an issue that has broader implications concerning the evolutionary origins of human 
musical behavior. For this reason, there has been growing interest in the sensorimotor synchronization abilities 
of non-human animals26,40,58. This work has revealed that non-human animals do not exhibit behavioral entrain-
ment to the beat with the same degree of accuracy and flexibility observed in humans26,40,58. However, it cannot be 
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excluded that similar profiles of neural responses to auditory rhythms will be found in these non-human species 
and in humans26. In fact, such similarity between human and non-human species may reveal a common basis of 
low level processing of exogenous rhythmic sequences. Importantly, although similar profiles of neural activity 
may be displayed across distinct species, the link with behavior may not be shared across species. Rather, it may 
be the case that humans are unique in exploiting this form of auditory processing to drive sensorimotor behavior 
requiring fine-grained temporal prediction. The current findings are hence key to the extent that they provide 
evidence for a positive link with behavior, thus pointing to a possibly fundamental difference between humans 
and other species.

Materials And Methods
Participants.  Twenty-two healthy individuals took part in the study (15 females, all right-handed, mean 
age 24 ±  3 years). None had prior experience with the tapping task, or the rhythms used in the present study. 
They had no history of hearing impairment or neurological or psychiatric disorders, and were not taking any 
drug at the time of the experiment. The study was approved by the ethics committee of the University of Leipzig 
(Germany) and carried out in accordance with the approved guidelines.

Task 1. EEG recording while listening to syncopated and unsyncopated rhythms.  Auditory 
stimuli.  The auditory stimuli were created in Audacity 1.2.6 (http://audacity.sourceforge.net/) and presented 
binaurally through earphones at a comfortable listening level using Presentation software (NBS, Berkeley, USA).

The stimuli consisted of two different rhythms looped continuously for 33 s (Fig. 1). The structure of the 
rhythms was based on the alternation of 12 events, consisting of sounds and silent intervals (the sounds consisted 
of 1000 Hz pure tones, with 10 ms rise and fall times and had variable duration depending on tempo as described 
below). Motivated by the work of Povel and Essens59, the rhythms were designed to induce the perception of 
a beat based on a preference for grouping by 4 events, at points represented in Fig. 1 (i.e., either silent or tone 
events)9 with 3 such beats per cycle. Accordingly, the first rhythm can thus be considered as unsyncopated, as a 
tone coincides with every beat, whereas the second rhythm is considered as syncopated, as it includes instances 
where a tone occurs between beats and is followed by silence on the next beat.

To test whether the hypothesized neural entrainment to the beat was robust across distinct musical tempi, 
participants were presented with the 2 rhythms at 4 different tempi, from slow to fast. At the slowest tempo, the 
individual events of the rhythms lasted 400 ms (2.5 Hz); at tempo 2, 200 ms (5 Hz); at tempo 3, 100 ms (10 Hz); 
and at the fastest tempo, 66 ms (15 Hz). Thus, the duration of one cycle of the rhythms at each of these tempi cor-
responded to 9600 ms for tempo 1, 2400 ms for tempo 2, 1200 ms for tempo 3 and 792 ms for tempo 4. Since the 
perceived beat is expected to coincide with the grouping by four events in the rhythms9,59, the duration of one beat 
cycle at each of these tempi corresponded to 1600 ms (0.6 Hz) for tempo 1, 800 ms (1.25 Hz) for tempo 2, 400 ms 
(2.5 Hz) for tempo 3 and 264 ms (3.8 Hz) for tempo 4.

Sound analysis.  To determine the frequencies at which steady-state evoked potentials (SSEPs) were expected 
to be elicited in the recorded EEG signals, the temporal envelope of the 33-s sound rhythms was extracted using 
a Hilbert function, yielding a time-varying estimate of the instantaneous amplitude of the sound envelope, as 
implemented in Matlab. The obtained waveforms were then transformed in the frequency domain using a dis-
crete Fourier transform, yielding a frequency spectrum of acoustic energy. As shown in Fig. 2, the envelopes of 
the rhythm consisted of 12 distinct frequencies ranging from the frequency corresponding to the period of the 
entire rhythm to the frequency corresponding to the period of the unitary event at each tempo of presentation.

Experimental conditions.  The two rhythms were presented at the four tempi (i.e. eight stimuli) in eight separate 
blocks run across two sessions on separate days. The order of the blocks was identical for each participant (unsyn-
copated rhythm, tempo 0.6 Hz, 1.25 Hz, 2.5 Hz and 3.8 Hz, and then syncopated rhythm, from tempo 0.6 Hz to 
tempo 3.8 Hz).

In each block, the 33-s auditory stimulus was repeated 11 times. Each rhythm was presented 3-s after the 
participant pressed a key to start the trial. During the first 10 trials of each block, participants were asked to 
listen carefully to the stimulus in order to detect the occurrence of a brief acceleration (the interval between two 
successive events reduced by 20%) or deceleration (the interval between two successive events increased by 20%) 
of tempo, inserted at a random position in two of the trials within the block. The participants were instructed 
to report whether they detected a change in tempo at the end of each trial. This task ensured that participants 
focused their attention on the temporal aspects of the auditory stimuli. The trials containing tempo changes were 
excluded from further analyses.

During the 11th trial of each block, participants were asked to perform a tapping task that assessed their ability 
to move in synchrony with the perceived beat for each rhythm (see description of task 2 below).

EEG recording.  Participants were comfortably seated in a chair with the head resting on a support. They were 
instructed to relax, avoid any unnecessary head or body movement and keep their eyes fixated on a point dis-
played on a monitor in front of them. The electroencephalogram (EEG) was recorded using 64 Ag-AgCl elec-
trodes placed on the scalp according to the International 10/10 system. Vertical and horizontal eye movements 
were monitored using four additional electrodes placed on the outer canthus of each eye and on the inferior and 
superior areas of the left orbit. Electrode impedances were kept below 10 kΩ. The signals were amplified, low-pass 
filtered at 512 Hz, digitized using a sampling rate of 1024 Hz and referenced to an average reference (64-channel 
high-speed amplifier, Biosemi, The Netherlands).

http://audacity.sourceforge.net/
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EEG analysis.  The continuous EEG recordings were filtered using a 0.1-Hz high-pass Butterworth zero-phase 
filter to remove very slow drifts in the recorded signals. Epochs lasting 32 s were obtained by segmenting the 
recordings from +  1 to +  33 s relative to the onset of the auditory stimulus. The EEG recorded during the first 
second of each epoch was removed (i) to discard the transient auditory evoked potentials related to stimulus 
onset8,9,60, (ii) because SSEPs require several cycles of stimulation to be entrained7 and (iii) because several beat 
cycles are required to elicit stable beat perception16.

EEG epochs were averaged across trials for each participant and condition. The time-domain averaging pro-
cedure was used to enhance the signal-to-noise ratio of EEG activity time-locked to the rhythms. The obtained 
average waveforms were then transformed in the frequency domain using a discrete Fourier transform, yielding 
a frequency spectrum of signal amplitude (μ V) ranging from 0 to 512 Hz with a frequency resolution of 0.031 Hz 
per bin in the spectrum. These EEG processing steps were carried out using Letswave5 (http://nocions.webnode.
com/) and Matlab (The MathWorks, USA).

Within the obtained frequency spectra, signal amplitude may be expected to correspond to the sum of  
(i) stimulus-induced SSEPs and (ii) unrelated residual background noise (e.g., due to spontaneous EEG activity, 
muscle activity or eye movements). To obtain valid estimates of the SSEPs, the contribution of this noise was 
removed by subtracting, at each point of the frequency spectra, the average amplitude measured at neighboring 
frequency bins (2 frequency bins ranging from − 0.15 to − 0.09 Hz and from +  0.09 to +  0.15 Hz relative to each 
frequency bin) (see61,62). To allow SSEP amplitude to be compared across participants while avoiding electrode 
selection bias, SSEP magnitudes were averaged across all scalp electrodes for each rhythm and tempo for each 
participant (Fig. 2)8,9. The global mean amplitude measure is based on the assumption that the neural activity 
associated to beat processing originate from a large network of distant brain regions (including for instance tem-
poral but also frontal or parietal areas; see e.g.12) and might thus spread over topographical regions. Hence, the 64 
channels were collapsed to characterize global EEG activity at the beat frequency and compare SSEP amplitudes 
across participants while avoiding electrode selection bias.

To test our hypotheses about relations between neural entrainment to the beat and behavioral measures of 
sensorimotor synchronization and temporal prediction, two indices of neural entrainment to the beat were 
derived from EEG data of each individual. First, a general index of selective neural entrainment at beat frequency 
was obtained for each rhythm and tempo by expressing the amplitude of the SSEP elicited at the expected beat 
frequency (x) as a z-score value: z =  (x–μ )/σ , where μ  and σ  correspond to the mean and standard deviation of 
the magnitudes obtained across the different peaks9,25. This procedure allowed the assessment of how the SSEP 
elicited at beat frequency stood out relative to the entire set of SSEPs for each rhythm and tempo in a given indi-
vidual9. Averaging across rhythms and tempi provides an index of mean individual selective neural entrainment 
to the beat.

Second, to address our specific hypothesis concerning the role of the endogenous component of the 
beat-related SSEPs in temporal prediction, an index of neural entrainment to an endogenous beat was obtained 
by subtracting, for each tempo and participant, the amplitude obtained at beat frequency in the unsyncopated 
rhythm from the amplitude obtained in the syncopated rhythm. The logic behind this subtraction is based on 
the assumption that beat-related SSEPs for syncopated and unsyncopated rhythms reflect exogenous and endog-
enous processes to differing degrees: SSEPs for syncopated rhythms largely reflect endogenous processes, while 
beat-related SSEPs for unsyncopated largely reflect exogenous processes (because 1/3 vs. 3/3 beats coincide with a 
sound in the syncopated rhythm and unsyncopated rhythm, respectively) (Fig. 1). Hence, subtracting beat-related 
SSEPs for the unsyncopated rhythm from those for the syncopated rhythm allows the relative strength of endog-
enous processes involved in inducing an internal beat template to be estimated (i.e. the higher the resulting score, 
the more endogenous entrainment).

Task 2. Sensorimotor synchronization with the beat in syncopated and unsyncopated 
rhythms.  Beat tapping procedure.  During the 11th trial of each block, participants were asked to tap the 
index finger of their right hand in time with the perceived periodic beat of the stimulus rhythms. Participants 
received the instruction for this task before the recording session. Specifically, they were instructed to tap periodi-
cally on the rhythms at the rate that feels natural. They were instructed to start tapping as soon as possible after the 
start of the trial, and to continue tapping until the rhythm ended. An example of periodic tapping with the rhythm 
was given by the experimenter tapping for a few cycles of each of the two rhythms on the theoretical beat location 
(corresponding to the red squares in Fig. 1). Tapping was performed on a custom-built response pad with small 
up and down movements of the hand while the forearm and elbow were fixed on an armrest cushion. Taps did not 
trigger feedback sounds. The latency of each finger impact on the pad’s surface was registered with millisecond 
accuracy and recorded in the Presentation program that controlled stimulus delivery.

Beat tapping analysis.  The accuracy and precision of sensorimotor synchronization was computed based on 
the tap timing data for each rhythmic stimulus using circular statistics (e.g.18,63), as implemented in a Matlab 
toolbox17. By aligning the time series of tapping period to a window corresponding to the beat period at each 
tempo, all finger taps within each trial were mapped onto a circular scale, i.e., a unit circle ranging from 0 to 2 π  in 
radians (or 0–360 degrees) with the tapping target (the beat onset) located at 0. Importantly, as not all participants 
tapped at the theoretical beat levels in all conditions (they sometimes either tapped at the beat subdivision or at 
the bar level), the mapping was done using the individual participants’ target beat intervals (which were inferred 
based on their inter-tap intervals) rather than theoretical beat units. The degree to which participants tapped at 
target tempo was measured by calculating the root mean square error (RMSE) of tapped tempo versus theoretical 
beat unit. Participants with high RSME values, indicating that they did not tap at the theoretical beat unit in the 
majority of the conditions were excluded from further analysis.

http://nocions.webnode.com/
http://nocions.webnode.com/
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Accuracy at tapping was assessed by calculating the mean resultant direction of the vector representing each 
remaining participant’s taps in each rhythm × tempo condition. These values were then converted from radians 
to asynchronies (in ms), and the signed value was taken to indicate how close the participant’s finger taps were to 
the corresponding beats on average. Hence, scores closer to zero indicate higher accuracy.

The precision of sensorimotor synchronization was assessed by calculating the mean resultant length of each 
vector, which is inversely related to the circular variance. This way, the variance across taps is only interpreted 
proportionally to its target period, regardless of the duration of the beat period. Circular variance ranges between 
0 and 1 17, with higher scores indicating higher variance (greater spread in tap times relative to beat onsets) and 
hence lower precision.

Task 3. Temporal prediction during sensorimotor synchronization.  This task, taken from18, was 
performed on a separate day several weeks after tasks 1 and 2. Only 15 out of the 18 participants returned for this 
task.

Materials and Procedure.  The task involved tapping in time with auditory sequences that contained tempo 
changes resembling those found in music (i.e., accelerando and ritardando), as used in18. The procedure consisted 
of 12 40-s trials in which the sequences progressed through both accelerations and decelerations following a 
sinusoidal function of inter-onset intervals, which increased or decreased with step sizes varying between 11 ms 
and 64 ms, within an outside range of 400 ms (2.5 Hz) and 600 ms (1.6 Hz). There were six arrangements, with 
each one differing in terms of the time points of switches between acceleration and deceleration throughout 
the sequence. Each event in the auditory signal consisted of a sampled bell sound presented over headphones 
(Sennheiser HD 280 Professional). The participant was instructed to tap their right index finger on a MIDI per-
cussion pad (Roland Handsonic HPD-10) in synchrony with each sequence and to “keep in time with the chang-
ing tempo”. Taps did not trigger feedback sounds. Stimulus presentation and response registration were controlled 
by a computer program written in MAX/MSP.

Estimating temporal prediction.  To estimate the degree to which individuals were predicting vs. track-
ing tempo changes in the pacing signals, a prediction-tracking index were computed based on lag0 and lag-1 
cross-correlations between inter-tap intervals (ITI) and the pacing signal IOIs in each trial (Fig. 1). The lag-0 
cross-correlation between the IOIs and ITIs is high to the extent that an individual anticipates the tempo changes, 
while the lag-1 cross-correlation is high to the extent that he or she tracks the tempo changes. The ratio of lag0 
over lag-1 thus reflects whether an individual is mainly predicting (ratio > 1) or tracking (ratio < 1) ongoing 
tempo changes (see49).

Statistical analyses of the behavior-brain relations.  The relations between SSEPs and behavioral 
measures were estimated using multiple linear regression analyses, which corrected for the number of predictors 
(as implemented in SPSS Statistics 21.0, IBM, Armonk, NY, USA).
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