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REPLY TO RAJENDRAN AND SCHNUPP:
Frequency tagging is sensitive to the temporal

structure of signals

Tomas Lenc?, Peter E. Keller?, Manuel Varlet?, and Sylvie Nozaradan

In PNAS, we (1) report that neural responses to musical
rhythms conveyed by low-frequency sounds are char-
acterized by greater relative prominence of beat and
meter frequencies in EEG amplitude spectra. Rajen-
dran and Schnupp (2) challenge whether this promi-
nence is indicative of selective locking to the beat and
meter periodicities.

Greater Relative Prominence of Meter
Frequencies with Low Tone Corresponds to
Periodic Amplitude Increase Locked to the Beat
We first address the critique by showing that there
were no significant differences between low- and
high-tone conditions in the phase of neural responses
across the frequencies of interest [see online code (3)].
Even with random phases, if these phases are con-
stant across two conditions, an increase in ampli-
tude at meter frequencies in one of the conditions
corresponds to periodic increases in magnitude of
responses selectively locked onto the beat and meter
(with the exact latency and shape dependent on the
specific phase relationship between meter frequen-
cies) (Fig. 1A). This lack of phase difference between
low- and high-tone conditions was not due to weak
phase locking of the responses (i.e., random phase
across trials), as calculated using mean vector length
[see online code (3)]. Therefore, the lack of phase
differences combined with selective increases of
EEG amplitude at meter frequencies in the low-tone
condition observed in our study (1) are likely to
correspond to amplitude increases locked onto the
beat and meter periodicities, thus corroborating our
original conclusions about low-tone benefit.

a,b,c,1

Frequency Tagging Is Sensitive to the Stability
of Phase Locking at Beat and Meter Frequencies
Rajendran and Schnupp (2) also provide examples of
time domain signals with equal-magnitude spectra
and distinct-phase spectra (see figure 1B-D in ref. 2),
intended to illustrate different degrees of locking to
the beat. However, if beat locking is defined as sta-
bility of the phase relationship between the beat and
an output signal across time (e.g., indexed by phase-
locking values), the three examples do not differ,
because phase relations are constant throughout
the sequence. In contrast, if we construct signals with
weaker locking at the beat and meter frequencies
throughout the sequence (Fig. 1B), we obtain, as ex-
pected, not only reduced phase-locking values at
the beat frequency but also reduced z-scored ampli-
tude at the meter frequencies, as measured with fre-
quency tagging [Fig. 1C; see also online code (3) for
simulation of 50 experiments with standard and
jittered conditions].

The final example leveled against the frequency-
tagging method by Rajendran and Schnupp (2) is a
signal containing transient amplitude deflections
aligned with beat positions, which is without energy at
the beat frequency in its amplitude spectra but con-
tains prominent peaks at other meter-related fre-
quencies. This scenario is precisely one of the reasons
why, in our recent studies, we have consistently used
the composite measure at meter frequencies (while
assessing the z score at the beat frequency only in a
complementary fashion) (1, 4).

To summarize, frequency tagging offers high sen-
sitivity to assess the stability of neural phase locking at
beat and meter frequencies, as well as increases in the
magnitude of beat-locked signal variation.
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Fig. 1. (A) Time domain signal reconstructed using original amplitudes of the 12 frequencies of interest from the unsyncopated rhythm used in
ref. 1, with phases set randomly. Red dots mark beat times at positions suggested by Rajendran and Schnupp (2). (B) Plot of one simulated trial
from standard and jittered conditions (with all 2.4-s cycles overlaid). (C) Plot of phase-locking values and meter z scores obtained in standard and
jittered conditions in one simulated experiment.
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