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Frequency tagging cannotmeasure neural tracking
of beat or meter
Vani G. Rajendrana,1 and Jan W. H. Schnuppa,1

In a recent article in PNAS, Lenc et al. (1) use frequency
tagging to claim that low-frequency sounds boost “selec-
tive neural locking to the beat, thus explaining the privi-
leged role of bass sounds in driving people tomove along
with themusical beat.”While this is an interesting hypoth-
esis, there are major flaws in the authors’ methods.

We (2) previously demonstrated that frequency-
tagged z scores lack the specificity required to make
them a reliable, unambiguous metric of “neural locking
to the beat” (see figure S4 in ref. 2). Nozaradan et al. (3)
cite our study, but perhaps overlooked our critique of
their z-scoring method. Therefore, we reiterate the fun-
damental problem: Frequency tagging discards crucial
information about phase. It cannot capture how fre-
quency components interact in the time domain, mak-
ing the method insensitive to the temporal structure of
signals. Beat perception is undeniably structured in
time, typically with a steady period and phase. It is im-
possible to know whether neural signals are “selectively
locked” to the beat if the phases of frequency compo-
nents in these recorded signals are discarded.

Fig. 1 illustrates the problem: Fig. 1A shows the
unsyncopated stimulus used in Lenc et al. (1), together
with its amplitude spectrum. Preserving the original
phase of just the 12 frequency peaks considered by
the method allows us to reconstruct a time domain
signal that resembles the original stimulus envelope
(Fig. 1B). However, setting the phase of these fre-
quency components to zero results in a dramatically
different signal, with arguably better locking to the
beat (Fig. 1C). Meanwhile, rhythmic temporal struc-
ture is largely lost if phases are random (Fig. 1D).

Crucially, the four time domain signals (Fig. 1 A–D)
all have identical frequency spectra up to 5 Hz, and
thus identical z scores.

One could try to argue that only comparing z
scores at the beat frequency might avoid phase inter-
action problems. Unfortunately, this too is false. Fig.
1E illustrates a signal with zero amplitude (and a neg-
ative z score) at the beat frequency. Nevertheless, its
in-phase harmonics produce a time domain signal
with prominent peaks aligned to beat times. To-
gether, these examples demonstrate that frequency-
tagged z scores cannot measure how well a signal
locks to a regular beat. If these were neural signals,
their respective z scores would have us believe that
the signals in Fig. 1A–D all represent the isochronous
1.25-Hz beat equally well, and better than the signal in
Fig. 1E. Clearly, this is not the case.

Given the lack of specificity, it is perhaps un-
surprising that Henry et al. (4) found no correlation
between frequency-tagged z scores and perceived
beat salience. Novembre and Iannetti (5) also
pointed out that similar frequency domain signatures
can be obtained by signals that exhibit selective lock-
ing to the beat and by evoked response potentials
due to rhythmic stimulus structure. Similar potential
pitfalls are discussed at length in Zhou et al. (6).

Music neuroscience is a young discipline with
ongoing method development. Conclusions based
on frequency tagging (1, 3, 7–9) will need to be con-
firmed using methods that are phase sensitive, such
as intertrial phase coherence (10) or time domain
methods (2).
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Fig. 1. Why phase matters. (A, Left) Unsyncopated low-carrier frequency stimulus (gray) and envelope (blue) used in Lenc et al. (1), red circles
mark beat times (see figure S1 in ref. 2). (A, Right) Amplitude spectrum of stimulus envelope, beat frequency at 1.25 Hz. (B) Signal reconstruction
using original amplitudes and phases of just the 12 frequency components considered by the method. Original stimulus structure is largely
preserved. (C) Same as B but with phases set to zero. Constructive interference between frequency components results in a signal that appears
better locked to the beat. (D) Same as B but with phases set randomly between 0 and 2π. Frequency components no longer align to produce
sharp time domain features aligned to beat times. Note that the signals inA–D are considered identical by frequency tagging since they share the
same amplitude spectrum up to 5 Hz (Right). (E) A signal clearly aligned to beat times (Left), but with zero amplitude, and therefore a negative z
score, at the beat frequency (Right).
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