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sequences from three beat-impaired cases, while all but one sequence were period-matched in controls. These 
failed sequences were not included in subsequent analyses of synchronization consistency and accuracy.

Even at slower tempi, synchronization consistency as measured by the log-transformed resultant vector 
(Fig. 3A) remained lower in the beat-impaired group compared to the control group, β = 0.90, SE = 0.14, t(20) 
= 6.52, p  < 0.001. In both groups, performance decreased at slower tempi, with an effect of Stimulus Tempo, 
β = 0.19, SE = 0.040, t(192) = 4.67, p < 0.001. There was no interaction with Group, β = −0.089, SE = 0.080, 
t(192) = −1.11, p = 0.27. Post-hoc comparisons for the effect of Stimulus Rate (with Bonferroni-Holm p-value 
adjustment) showed lower consistency for 337 ms compared to 759, 1139 and 1709 ms (all p-values < 0.001) 
and for 506 ms compared to 1139 ms (p = 0.015) across both groups. The correlation between synchronization 
consistency scores at SMT (and SMT ± 50 ms) and synchronization consistency scores at tempi in the range 
337–1709 ms (removing scores for imposed tempi lying within ± 50 ms of an individual’s SMT) reached sig-
nificance in the beat-impaired group, r6 = 0.87, p = 0.0055 (r12 = 0.44, p = 0.11 in the control group). This result 
points towards a single origin of impairment in the reduced capacity to consistently match metronome tones, 
irrespective of its rate.

Anticipation of metronome tones was again observed in both groups: mean asynchronies were negative for 
84% and 85% of the sequences in the beat-impaired and control group, respectively. Taps preceded tone onsets in 
both groups, but to an anomalously greater degree in the beat-impaired group for the slow metronome tempi, as 
indicated by an interaction between Group and Stimulus Tempo, β = −29, SE = 5.31, t(192) = −5.54, p < 0.001 
(Fig. 3B). The larger asynchronies for slower rates indicate a tendency for the beat-impaired group to underesti-
mate the stimulus IOI.

In continuation (Fig. 3C), the error tended to increase with slower tempi in both groups. However, this ten-
dency was larger in the beat-impaired than in the control group, as supported by an interaction between Group 
and Stimulus Tempo, β = −42, SE = 10, t(216) = −4.36, p < 0.001. Groups did not differ for the fast and moderate 
tempi (225, 337, 506 and 759 ms; all p-values > 0.05) but did for the slower tempi (1139 ms, p = 0.0028; 1709 ms, 
p < 0.001). Thus, beat-impaired participants were as able as controls to maintain fast and moderate tempi after 
the stimulus had stopped. This suggests that the imposed tempi had an outlasting effect on all participants’ per-
formance, including the beat-impaired ones.

Figure 3.  Mean synchronization and continuation scores at 337, 506, 759, 1139, 1709 ms IOIs (and at 225 ms 
for continuation). The graphs show arithmetic means and standard error bars corrected for repeated measures. 
For 337 ms, only the sequences with significant Rayleigh tests are included in the calculation of synchronization 
consistency and accuracy.

ITI (ms)

Beat-impaired participants

1 206

2 233

3 254

4 301

5 199

6 233

7 231

8 210

Control participants

M (range) 225 (223–227)

Table 1.  Mean ITI when tapping to the fastest stimulus (IOI = 225 ms) in beat-impaired individuals and the 
control group. The two beat-impaired individuals with ITIs consistent with the stimulus IOI (as indicated by the 
Rayleigh test) are in bold.
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We examined error correction during tapping with a metronome, as done with beat-impaired cases in a pre-
vious study2. At comfortable tempi (SMT; Fig. 4A), we found a negative lag-1 autocorrelation coefficient in both 
beat-impaired (M = −0.12) and control (M = −0.25) groups, which is typical of effective correction in adults22. 
This finding, added to the overlap between beat-impaired and control group scores at SMT (see Fig. 2), suggests 
a window for improved beat processing around one’s comfortable tapping rate. At fixed tempi, there was an 
interaction between Stimulus Tempo and Group, β = 0.10, SE = 0.032, t(192) = 3.28, p = 0.0012. This interaction 
was due to the observation of a positive lag-1 autocorrelation coefficient in the beat-impaired group at 337 ms 
(Fig. 4B), while values remained negative for all other tempi in both groups. Thus, the beat-impaired group 
showed evidence of error correction except for the fastest tempo. Lag-one autocorrelation during synchronization 
was most negative in the beat-impaired group at the slowest tempo (1709ms), yet not significantly different from 
the other tempi except at the fastest one (all p > 0.05; bonferroni-holm correction for multiple comparisons). This 
is consistent with slightly higher synchronization consistency found at slower tempi as compared to other tempi 
in the beat-impaired group. Large systematic negative asynchronies are compatible with higher consistency, since 
the latter is a measure of period-matching (for further explanation see 2). Beat-impaired participants tapped at the 
correct period, but ahead of the metronome tones. A possible explanation for preserved error correction at slow 
tempo is that the undershoot-overshoot pattern typical of a negative lag-1 autocorrelation is centered around an 
internal beat that is systematically ahead of the tones.

As a control measure, all of the analyses presented above were also performed with groups of equal sizes, by 
considering 8 control participants instead of 14, and the results remained the same.

We also measured correlations between performance on the musical stimuli (the BAT screening test) and 
performance with or without a metronome. No significant correlations were found within each group, likely 
due to their limited size. When considering all participants, significant correlations emerged between the music 
(BAT) tapping score and (1) CV (regularity) in spontaneous tapping (SMT), r = 0.72, p < 0.001; (2) synchroni-
zation consistency at comfortable tempo, r = 0.53, p = 0.012; and (3) synchronization consistency at fixed tempi 
(337–1709 ms), r = 0.84, p < 0.001 (Fig. 5). These findings provide support to the notion that tapping to music is 
related to tapping regularity in general, whether there is an external metronome or not.

Finally, in order to determine potential sources of variance in the timing of taps, we applied the model of 
Wing & Kristofferson to our data22,23.The model states that the total ITI variance in the continuation part of 
synchronization-continuation sequences can be decomposed into “timekeeper” and “motor implementation” 
variance. However, the model could not be applied to most data because at the slowest tempi (1139 and 1709ms), 
more than 50% of the trials did not meet the model assumption of lag-one auto-correlation coefficient being 
between 0 and −0.5. Similarly, at the fastest tempi (225 and 337 ms), most beat impaired participants were unable 
to perform the synchronization task. For the remaining 509 ms and 739 ms tempi, 18% of trials were excluded 
in the beat-impaired group and 32% of trials were excluded in the control group because they did not meet the 
model’s assumption of lag-one auto-correlation coefficient being between 0 and −0.5. For the remaining trials 
higher variance was observed in the beat-impaired group for both timekeeper, t(20) = 2.49, p = 0.021, and motor, 
t(24) = −3.39, p = 0.0024 implementation variances. These results should be considered with caution given the 
limited number of data considered. Yet, they do not suggest a distinctive contribution of an internal time-keeping 
over a motor implementation problem in our sample of beat-impaired individuals.

Discussion
We show that individuals initially identified with a deficit in musical beat processing have problems with basic 
timekeeping. Beat-impaired participants showed poorer regularity (higher variability) than neurotypical non-
musicians when tapping, whether paced by a metronome or not. They also showed an inability to synchronize at 
a fast tempo (225 ms between beats) and to sustain tapping at slow tempi (above 1 sec). Yet, they can tap at very 
fast and very slow speed, suggesting that they do not have biomechanical limitations. Morever, the beat-impaired 
individuals show evidence of predictive processing, by anticipating isochronous beats, and of error correction 
when tracking the metronome. However, none of these markers of beat processing were as precise as those 

Figure 4.  Autocorrelation coefficient at SMT (A) and imposed rates (B) for the beat-impaired and control 
group. Each dot represents a participant in A. The error bars in B represent standard errors of the mean, 
adjusted for repeated measures.
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obtained in typical performers. We discuss below to what extent imprecision in basic timekeeping might explain 
their musical deficit.

The observation of a systematic higher variability across conditions in individuals who have problems 
to track the musical beat as compared to matched controls points to imprecision at the level of a time-
keeping mechanism that does not appear related to a motor limitation. The spontaneous tapping tempo 
of the beat-impaired participants is not different from the tempo of neurotypical controls. What differs 
is the regularity of their tapping. Irregularity in spontaneous tapping was not expected, as it has not been 
reported previously2,4,12 except in our own recent work24. The reason might come from the fact that our 
study includes one of the largest samples of individuals with a beat-finding disorder and collected over twice 
as many tapping data. Variability in timekeeping is not restricted to auditory-motor synchronization since 
it affected tapping both in the presence of auditory feedback from a metronome and in its absence during 
spontaneous tapping. Beat-impaired individuals also display more difficulty with adapting their tapping to 
temporally changing signals, such as phase and period perturbations in a metronome sequence12. Finally, 
they have problems to track the beat when judging if a surimposed metronome matches the beat, while no 
motor response is required. These results point to a lack of precision in internal timekeeping mechanism, 
sometimes called “intrinsic rhythmicity”24,25.

Yet, the deficit is subtle. As mentioned, the beat-impaired individuals show evidence of predictive process-
ing by anticipating isochronous beats. They can synchronize to a relatively large range of metronome tempi, 
thereby showing some flexibility. In addition, they can sustain the same tempo after a metronome has stopped, 
but with abnormally large synchronization asynchronies and continuation deviations at slow tempi. The fact that 
asynchronies and deviations from stimulus tempo are larger for slow than for fast tempi may reflect that long 
intervals (slow tempo) leave more room to deviate than short intervals (fast tempo). Together with the break-
down of synchronization with very fast tempi (225 ms between tones) and poor error-correction at moderately 
fast tempi (337 ms between tones), our results suggest that the hallmark of the impaired intrinsic rhythmicity of 
beat-impaired individuals lies in an alteration of the fine-tuning that characterizes typical human adults’ tapping. 
The deficit is not specific to music but extends to other auditory rhythms, provided by a metronome as here, or in 
speech and song as in24. Thus, the results point to the presence of a basic deficiency in timekeeping mechanisms 
that affect entrainment in general.

The reason why the deficit is best identified in tasks requiring tapping (or bouncing or clapping1,3) with 
music is probably related to the nature of the task. Moving to the beat is spontaneous and widespread while 
metronome tracking or perceptual judgments, such as those used in the Montreal Battery for the evaluation 
of amusia (MBEA), are rarely performed in everyday life. Moreover, the meter test of the MBEA lacks sen-
sitivity due to the high variability of typical scores, with a cut-off score of 2 SD below the typical mean lying 
at chance level.

The key question is how to best account for the observed imprecision of internal rhythmicity in congenital 
amusia. The model we proposed in24 is that the imprecision in regular tapping accompanied with normal but 
imprecise sensitivity to external rhythm, may be caused by broader tuning of self-sustained neural oscillations 
in the beat-impaired brain. An idea that is currently gaining increasing strength is that auditory-motor synchro-
nization capitalizes on the tempi of the naturally occurring oscillatory brain dynamics, such that moments of 
heightened excitability (corresponding to particular oscillatory phases) become aligned to the timing of relevant 
external events (for a recent review, see26). In the beat-impaired brain, the alignment of the internal neural oscilla-
tions to the external auditory beats would take place, as shown by their sensitivity to a broad range of metronome 
tempi, but it would not be sufficiently well calibrated to allow precise entrainment. This account is currently under 
investigation in our laboratory.

To conclude, we show that deficient synchronization to music can be traced to an imprecise core timekeeping 
mechanism. The hypothesised operation of more broadly-tuned brain oscillators in beat-impaired individuals 
provides a useful framework to understand poor performance in tracking the musical beat in particular and 
putatively to understand the exquisite human ability to tune to auditory rhythms in general.

Figure 5.  Regularity in spontaneous tapping (CV), synchronization consistency to metronome (transformed 
circular variance) at comfortable tempo, and synchronization consistency to metronome at fixed tempi (337–
1709 ms) are presented as functions of individual scores in tapping to music.
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