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ABSTRACT

Assessment of temporal reliability and steady-state activa-
tions of EEG are promising approaches for studying the
brain’s processing of real-world music. In this study we
spatially filtered a published collection of dense-array EEG
responses to songs of various tempos, then computed inter-
subject coherence on the projected data in order to identify
correlated frequencies among the responses. Statistically
significant coherence is observed at beat-related frequen-
cies, suggesting that insights about musical beat and tempo
can be drawn from responses to complex musical stimuli.

1. INTRODUCTION

Temporal reliability of EEG responses has been shown to
index audience engagement and attention to natural (real-
world) stimuli [2, 4]. The high temporal resolution of
EEG also facilitates study of the steady-state response—
oscillatory activity at discrete frequencies corresponding
to the frequency and harmonics of stimulus presentation.
Music, which with a steady beat will convey a regular pulse
that most humans can track with ease, has been found to
evoke steady-state responses at the beat frequency [8]. As
this phenomenon has been observed even in responses to
rhythms for which the beat frequency is not the main fre-
quency in the stimulus envelope [9], it is presumed to re-
flect higher-level processing relating to beat perception.

Here we combine the approaches of temporal reliability
and steady-state activations to study beat processing with
natural music stimuli. While temporal reliability typically
implies computing inter-subject correlation in time, we in-
stead consider correlation in frequency by computing inter-
subject coherence among responses to a set of complete
songs. We conjecture that multichannel EEG responses
that have been spatially filtered to maximize temporal reli-
ability may also contain correlated spectral coefficients at
beat-related frequencies. If successful, this approach could
inform Music Information Retrieval systems related to beat
and tempo.
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2. METHODS

We used the publicly available NMED-T dataset, which
contains 125-channel EEG data from 20 adult listeners
who each heard a set of 10 full-length songs [6,7]. 1 Songs
contained steady, electronically produced beats in various
tempos. We extracted tempos and amplitude envelopes
from stimulus audio files using publicly available Matlab
tools [3, 5].

A standard processing step before computing tempo-
ral reliability of EEG is to first spatially filter the data.
Generally speaking, a spatial filter is a vector of weights
computed along the electrode dimension in order to op-
timize a criterion of interest. For EEG reliability analy-
ses, data are spatially filtered using Reliable Components
Analysis (RCA), which computes optimal weightings of
electrodes to maximize across-trial covariance [2]. For the
present analysis, we pooled the data across songs and per-
formed RCA using a publicly available Matlab implemen-
tation. 2 This procedure, being an eigenvalue problem, re-
turned multiple components and coefficients. As we found
the reliable signal to be concentrated in just a single com-
ponent, subsequent analyses operated on the maximally re-
liable component RC1 only.

For the coherence calculation, we computed magnitude-
squared coherence on a per-song basis among all pairs of
RC1 activations using a 5-second Hamming window with
50% overlap. Statistical significance was assessed via a
permutation test, whereby RCA and coherence was com-
puted 500 times over phase-scrambled data records [11].
These results formed the null distribution against which the
true (intact) coherences were compared.

3. RESULTS

We employed RCA to distill 125-channel EEG data to
a single dimension containing the most reliable brain re-
sponse. The spatial distribution of RC1 activity (Fig. 1A)
displays a topography consistent with past non-music au-
ditory RCs [1, 10]. RC coefficients (Fig. 1B) drop sharply
after RC1 and are not statistically significant after RC3.
For all but one song, statistically significant coherence
peaks occur at frequencies relating to beat harmonics or
sub-harmonics. Similar to previously reported results us-

1 https://purl.stanford.edu/jn859kj8079
2 https://github.com/dmochow/rca
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Figure 1. RCA and coherence results. (A) RC1 topography (forward model). (B) Coefficients of RC 1–5. Values above
the shaded gray region are statistically significant. (C) Example stimulus amplitude envelope FFTs (top) and inter-subject
EEG coherence (bottom). Coherence values above the shaded gray region are statistically significant; dashed vertical lines
denote beat-related frequencies.

ing the NMED-T dataset [7], the most prominent peaks
tend to occur in the 5–10 Hz region. Moreover, coherence
peaks implicate perceptually relevant frequencies, while
stimulus amplitude envelopes contain energy at both beat
and off-beat frequencies. However, in contrast to previous
results—which reported only magnitude spectra of spa-
tially filtered, trial-averaged data [7]—the coherence ap-
proach taken here allows one to resolve beat-related activ-
ity in frequency bands normally obscured by other physio-
logical activity, such as that occurring at very low frequen-
cies (< 1 Hz) and in the alpha band (8-13 Hz).

4. CONCLUSION

By computing inter-subject EEG coherence on spatially fil-
tered EEG, we uncovered evidence of neural entrainment
to the beat of real-world music. These results improve
upon previous efforts to identify beat-related frequencies
from the same data using spectral magnitudes. The fre-
quencies corresponding to strongest inter-subject coher-
ence peaks were nearly always beat related, and across
tempos appeared to favor the harmonic lying in a specific
frequency range (roughly 5–10 Hz) and not a fixed beat
harmonic.

It should be noted that the spatial filter maximized cor-
relation in time, but the subsequent coherence analysis in-
dexed correlation in frequency. Therefore, future analy-
ses could consider maximizing correlation in the frequency
domain directly. We note also that the spatial filtering and
coherence calculations were driven entirely by the EEG,
with no information about the tempo frequencies of the
songs. As significant coherence peaks were observed in
this setting, we are optimistic that spatial filtering algo-
rithms seeking to maximize tracking of beat or other fea-
tures could only be improved by incorporating this stimu-
lus information into the computation.
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