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Abstract

Cortical tracking of stimulus features (such as the envelope) is a crucial tractable neural
mechanism, allowing us to investigate how we process continuous music. We here tested
whether cortical and behavioural tracking of beat, typically related to rhythm processing, are
modulated by pitch predictability. In two experiments (n=20, n=52), participants’ ability to tap
along to the beat of musical sequences was measured for tonal (high pitch predictability) and
atonal (low pitch predictability) music. In Experiment 1, we additionally measured participants’
EEG and analysed cortical tracking of the acoustic envelope and of pitch surprisal (using
IDyOM). In both experiments, finger-tapping performance was better in the tonal than the
atonal condition, indicating a positive effect of pitch predictability on behavioural rhythm
processing. Neural data revealed that the acoustic envelope was tracked stronger while
listening to atonal than tonal music, potentially reflecting listeners’ violated pitch expectations.
Our findings show that cortical envelope tracking, beyond reflecting musical rhythm
processing, is modulated by pitch predictability (as well as musical expertise and enjoyment).
Stronger cortical surprisal tracking was linked to overall worse envelope tracking, and worse
finger-tapping performance for atonal music. Specifically, the low pitch predictability in atonal
music seems to draw attentional resources resulting in a reduced ability to follow the rhythm
behaviourally. Overall, cortical envelope and surprisal tracking were differentially related to
behaviour in tonal and atonal music, likely reflecting differential processing under conditions
of high and low predictability. Taken together, our results show diverse effects of pitch

predictability on musical rhythm processing.
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Introduction

The cortical tracking of continuous auditory stimuli, such as music and speech, has been the
topic of intense investigation in the past years (Keitel et al., 2018; Peelle et al., 2013; Tierney
& Kraus, 2015). Cortical tracking usually refers to the neural signal matching slow amplitude
fluctuations in the acoustic signal and is quantified by neural alignment to the stimulus
envelope, thought to reflect processing of the (quasi-) rhythmic structure (Doelling & Poeppel,
2015; Gross et al., 2013; Luo & Poeppel, 2007). Although mostly investigated in speech, more
recent findings suggest that processing of naturalistic music might rely on comparable
mechanisms (Harding et al., 2019; Sammler, 2020; Zuk et al., 2021). Cortical tracking is
influenced by numerous factors, the interaction and relative importance of which are poorly
understood. For example, increased attention and listening effort generally leads to stronger
speech tracking (Ding & Simon, 2012; Lesenfants & Francart, 2020; Rimmele et al., 2015;
Song & Iverson, 2018; Zion Golumbic et al., 2013). Conversely, both speech and music
tracking are enhanced with language and music proficiency and prior knowledge (Blanco-
Elorrieta et al., 2020; Cervantes Constantino & Simon, 2018; Di Liberto et al., 2018,Doelling,
2015 #892; Di Liberto et al., 2020b; Doelling & Poeppel, 2015; Harding et al., 2019).

In the context of musical rhythm perception, finger-tapping is often used as ‘behavioural
tracking’ measure (Harding et al., 2019; Sammler, 2020) to assess rhythm skills (Fiveash et
al., 2022; Iversen et al., 2015; Repp, 2005). The present study tests the little-known
relationship between behavioural tracking (measured by finger-tapping) and cortical envelope
tracking (measured by electroencephalogram recordings of listening participants) of musical

rhythm in the context of varying pitch predictability.

Recent studies on the cortical tracking of music have shown that the auditory cortex tracks not
only the acoustic envelope but also melodic expectations, modelled as surprisal values
(Abrams et al., 2022; Di Liberto et al., 2020a; Kern et al., 2022; Marion et al., 2021). These
studies suggest that humans automatically process melodic expectations while listening to
naturalistic, continuous stimuli (Pearce et al., 2010). Here, we examine the cortical tracking of
pitch surprisal, using music stimuli with different levels of pitch predictability, namely tonal and
atonal music excerpts. Music that is composed according to (Western) tonal principles, has
an intrinsic hierarchical pitch organisation (Lerdahl, 2019). Therefore, this compositional style
results in far more predictable pitch sequences than atonal music (Mencke et al., 2018), which
is based on the compositional principle that all twelve tones within an octave are equiprobable.
The few studies that have been conducted using atonal music show that the resulting lack of
a hierarchical pitch organisation negatively affects memorisation (Schulze et al., 2011),
recognition (Cuddy et al., 1981; Dibben, 1994; Dowling et al., 1995) and the strength of

melodic expectations (Ockelford & Sergeant, 2013) (for review, Mencke et al., 2022; Mencke
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et al., 2018; Vuvan et al., 2014). Electrophysiological research suggests that weaker
expectancies in atonal music particularly affect later attention-related processing stages
(Mencke et al., 2021; Neuloh & Curio, 2004). Taken together, atonal music seems to present

specific perceptual challenges to listeners, in particular related to melodic expectations.

In the current study we investigated whether cortical tracking of the music envelope, beyond
rhythm processing, is modulated by pitch surprisal in two continuous, naturalistic stimulus
conditions: tonal and atonal music. In the main experiment, participants’ EEG during passive
listening was analysed, focusing on cortical envelope and surprisal tracking. We also
investigated the role of enjoyment and musical expertise for cortical envelope tracking. In both
the main and follow-up replication experiment, we used a behavioural measure of rhythm
perception (finger-tapping) to analyse which cortical tracking processes are most
behaviourally relevant. We expect that high pitch predictability in the tonal condition is
associated with better behavioural rhythm tracking, than in the low predictability atonal

condition (see pre-registration: https://osf.io/gctpj). Due to complex and opposing effects of

attention and listening effort, it is not possible to hypothesise a priori whether cortical envelope

tracking is stronger in the tonal or atonal condition.

Materials and methods

Participants

Twenty volunteers participated in the main study (14 female, 6 male; 18 to 26 years old;
M=20.95, SD = 1.88). It was initially planned to test 24 participants (preregistration:
https://osf.io/gctpj), but data collection had to be halted due to the COVID-19 pandemic.
However, the sample size analysis was based on a previous study (Schulze et al., 2011);
d = .64, alpha = .05, power = .80; see preregistration) and yielded a desired sample size of
N = 21, which was close to being achieved. In addition, we tested further 52 participants in a
behavioural follow up experiment (see below). Participants in the main study were right-
handed (N = 19) or ambidextrous (N = 1; Oldfield, 1971). Self-reports (Quick Hearing Check,
Koike et al., 1994) indicated that 19 participants had normal hearing, while one reported a
score that might suggest slightly diminished hearing (score of 27/60, hearing test
recommended from score 20). All participants reported never having received a diagnosis of
neurological/psychological disorders or dyslexia. Participants rated their musical expertise on
a scale from 1 to 3 (‘none’, ‘some’, ‘a great deal’; M =1.95, SD = 0.76). Six participants
reported no musical expertise. Most participants (N = 18) were unfamiliar with the musical
stimuli, and although two reported familiarity with the music, they could not name the piece

nor composer.
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The study was approved by the School of Social Sciences Research Ethics Committee at the
University of Dundee (approval number: UoD-SoSS-PSY-UG-2019-84) and adhered to the
guidelines for the treatment of human participants in the Declaration of Helsinki. Participants

were reimbursed for their time with £15.

Musical stimuli

Tonal and atonal polyphonic piano stimuli were used (see Figure 1 top). For the tonal
condition, we used an excerpt from W. A. Mozart’s ‘Sonata No. 5 in G Major, K. 283’. The
excerpt was taken from the second movement (/. Andante). The atonal piece was a
manipulated version of this excerpt, created by randomly shifting the pitch of each note from
1 to 9 semitones up or down the musical scale (using GuitarPro v7.5) corresponding to 100 —
900 cents. Therefore, notes no longer formed harmonic relationships, while the timing of each
note remained the same. Overall, the music in both conditions contained identical timbre,
velocity, and rhythm. Each excerpt was approximately five-minutes long (292 seconds) and
had a standard 4/4 time signature. The tempo of the pieces was 46 beats per minute (bpm),
but because eighth note measures were used, the dominant beat was 92 bpm (Figure 1). This
equalled a rate of 1.52 Hz (see modulation spectrum in Figure 2D), and the beats were 652 ms
apart. For the finger-tapping task, unique two-bar segments from the same pieces were
extracted per condition (18 segments, each 10.4 seconds long). All music pieces were
presented at a sampling rate of 44,100 Hz. All stimuli are available on the OSF server
(https://osf.io/3gf6k/).
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Figure 1. Examples of sheet music and waveforms. Top: Sheet music for two bars of the tonal
condition (original music: Mozart’s Sonata No. 5 in G Major, K. 283: Il. Andante) and the same bars in
the atonal condition. Bottom: Waveforms of the same bars in the tonal (green) and atonal (purple)

condition, including the music envelope. Grey bars represent the positions of the dominant beat with
an inter-beat-interval of 652 ms (1.52 Hz).

Procedure and task

Participants performed the EEG experiment in a quiet room. They sat comfortably,
approximately 110 cm from a ‘Benq’ computer screen (22.65 x 13.39 inches; 1920 x 1080
pixels resolution). On-screen instructions were presented in black, size 30 Consolas font, and
displayed against a grey background. Participants could adjust the volume of the sound to a
comfortable level before the start of the experimental blocks. Musical stimuli were presented
using E-Prime 3.0 software (Psychology Software Tools Inc., 2016), and listened to through
high-quality wired headphones (Creative, Draco HS880). Participants first passively listened
to the 5-min tonal and atonal music excerpts (randomised order). Participants started the
music self-paced. A five-second countdown was shown, before an X' appeared at music
onset, on which participants fixated throughout the music listening. After each music piece,
participants rated how pleasant they had found the music. We used a Visual Analog Scale, on
which participants could rate their enjoyment by drawing a vertical line between ‘Not pleasant

and ‘Very pleasant’.

After the passive listening blocks, participants performed a finger-tapping task to measure

behavioural rhythm tracking in the tonal and atonal conditions. 36 unique trials (18 per
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condition) were presented in four blocks (two tonal and two atonal) of nine trials each. The
order of blocks and of trials within each block was randomised across participants. Each trial
was started self-paced and began with a visual presentation of the dominant beat (i.e., eighth
notes). For this, an ‘X’ flashed four times at the beat frequency before the music started (see
Figure 2A). Participants then tapped their right index finger on the outer ‘Enter’ key of a silent
keyboard to the dominant beat of the music. The length of the music segments required 16

finger taps per trial, resulting in approximately 288 taps per condition.
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Figure 2. Behavioural paradigm and stimulus properties. A) Depiction of the trial time-course for
the behavioural tracking task. Before the music started in each 2-bar trial, the dominant beat
frequency (1.52 Hz) was indicated visually by flashing a fixation cross four times at that frequency.
Participants tapped their finger to the dominant beat of the music once the music started. B) Pitch
surprisal values for each note in the melody and bass lines of both tonal and atonal 5-min excerpts.
Pitch surprisal was higher for the atonal than the tonal condition. C) Enjoyment ratings for both 5-min
tonal and atonal excerpts by all participants in the main experiment (N = 20). Overall, participants
rated the tonal condition as more pleasant/enjoyable than the atonal condition. D) Modulation
spectrum of both tonal and atonal excerpts. Thick lines indicate average values across 2-bar
segments, with shaded areas representing standard error of the mean. Beat/meter related
frequencies are indicated by arrows and dotted lines. E) Averaged amplitude values of beat-related
frequencies (as shown in D) for both tonal and atonal excerpts.
Notes: Violin plots show kernel density estimates, the coloured dots indicate individual data points,
white dots indicate median values, and notches indicate interquartile ranges. For C) and E), green
lines indicate larger values for atonal than tonal excerpts, whereas grey lines indicate the opposite.


https://doi.org/10.1101/2023.10.15.562351
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.10.15.562351; this version posted October 16, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC 4.0 International license.

Replication of behavioural results

To make sure that the behavioural effect found in the main experiment (more consistent finger-
tapping to tonal than atonal excerpts) was robust, we carried out a follow-up replication study.
All experimental procedures were ethically approved by the Ethics Council of the Max Planck
Society (Nr. 2017_12). The number of participants was N = 52 (33 female, 19 male), and their
age ranged between 20 and 41 years (M = 26.6, SD = 5.3 years). Most participants were right-
handed (N = 43), some were left-handed (N = 6) or ambidextrous (N = 3). The procedure was
identical to the main experiment, with the exception that 4 bars were used for each trial, thus
doubling the time for finger-tapping per trial. This led to 10 unique tonal and 10 unique atonal
trials, each 20.9 seconds long. Each trial required 32 finger taps, resulting in 320 taps per
condition. Furthermore, all tonal and atonal trials were presented in random order (in contrast

to tonal and atonal blocks as in the main experiment).

Analysis of behavioural data

The inter-tap-intervals of participants’ keyboard taps for each trial were pre-processed in
several ways to clean the data. First, the first two finger taps (i.e., before 981 ms) at the
beginning of the trial were excluded from further analysis, to allow participants to hear two
eighth notes to inform their tapping. Trials with fewer than 50% of expected remaining inter-
tap-intervals were excluded (i.e., 6 necessary inter-tap-intervals in the original experiment,
and 15 in the replication experiment). Inter-tap-intervals of faster than 50 ms (indicating
involuntary movements) and slower than 3000 ms (indicating idling) were removed. Within
each participant and condition, trials with intervals of larger than 3 standard deviations from
the mean were also excluded (Abel et al., 2009; Rovetti et al., 2022; Zarate et al., 2015). At
the participant level, our criterion was to exclude outlier data of larger than 3 standard
deviations from the mean per condition (N=0 in the original experiment, N=0 in the
replication). During the replication experiment, three participants misunderstood instructions
and tapped to fast 16th notes. These three participants were excluded, resulting in 49
participants that were included in the final analyses. Finger-tapping performance per ftrial,
condition, and participant was quantified as the Median Absolute Deviation (MAD), a robust
measure of dispersion (Leys et al., 2013) that precisely captures the variability in tapping
timing. Enjoyment ratings on the visual analogue scales to both the tonal and atonal excerpts

were analysed on a scale between 0 and 100, in increments of 1 (a.u., see Figure 2C).

EEG data acquisition and preprocessing

The electroencephalogram (EEG) was recorded from 32 scalp electrodes, using a BioSemi
ActiveTwo system (sampling rate 512 Hz). Electrodes were placed according to the
International 10-20 system. Electrodes with an offset of greater/less than +20mV were

adjusted. Ultimately, electrode offset was always below an absolute value of 30mV before the
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experiment began. Horizontal eye-movements were captured by two electro-oculographic
(EOG) electrodes, placed at the outer canthus of each eye. To capture vertical eye-
movements and blinks, a further two electrodes were positioned above and below the

participants’ left eye.

Pre-processing of the EEG data was conducted using FieldTrip (Oostenveld et al., 2011)
functions in MATLAB 2021a (MathWorks Inc.). For both 5-minute excerpts used during
passive listening, we cut out epochs of 304 seconds (300 s stimulation time from music onset,
plus additional 2 s leading and trailing windows). Data were initially re-referenced to Cz and
bandpass filtered between 0.1 and 100 Hz (3™ order Butterworth filter, forward and reverse).
Data were then visually inspected using summary metrics (maximum value and z-value in
each channel), and noisy channels were removed and interpolated using triangulation. A
maximum of 4 channels was removed per participant (M =2.47 + 0.91). Before ICA was
conducted to identify blinks and artifacts, data were re-referenced to average reference
(Bertrand et al. 1985). On average, M =2.16 (SD = 0.69) components per participant were

removed from the data.

Music envelope pre-processing

To analyse the tracking of the music signal, we extracted the wideband music envelope. We
first down-sampled each music excerpt to a sampling rate of 150 Hz (Keitel et al., 2018).
Acoustic waveforms were then filtered into eight frequency bands (between 100 and 8,000
Hz, 3" order Butterworth filter, forward and reverse) that are equidistant on the cochlear
frequency map (Smith et al., 2002). The signal in each of these eight frequency bands was
Hilbert-transformed, and the magnitude extracted, before they were averaged for the

wideband music envelope, which was used for further analyses.

Pitch surprisal modelling

Surprisal during music listening refers to how expected a certain musical event is. Some note
sequences are extremely prevalent across Western classical music, thus creating high
expectations and low surprisal for an audience listening to them. To provide a computational
account of music surprisal in the stimuli used, we rely on a model that learns statistical
regularities of music (Pearce, 2018). Based on a variable-order Markov model, IDyOM
(Information Dynamics Of Music; Pearce, 2005; Pearce & Wiggins, 2006) simulates listeners’
expectations while listening to music by collecting statistical structures of note sequences over
n-orders on a training corpus set. Here, the training corpus was composed of a collection of
Western folk songs (a subset of the Essen Folksong Collection containing 953 melodies), so
as to accurately model surprisal for typical Western listeners (Guan et al., 2022; Kern et al.,

2022). Specifically, the long-term component (LTM) of the model collects the sequence
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statistics over n-orders of the training set while the short-term component (STM) dynamically
collects the local context over n-orders for each testing melody. For each note of the testing
melodies, the model outputs a probability distribution of pitch obtained from merging
distributions obtained by the STM and the LTM (for more details, see Pearce, 2005). By
comparing the pitch ‘ground truth’ to the probability predicted by the model, a surprisal value
is obtained. Formally, the surprisal is the log-negative to the base 2 of the probability of the
note. It essentially represents the expectedness of each note given the STM (e.g., the local
context) and LTM (e.g., the long-term exposure to a musical style or culture). The choice of
IDyOM was motivated by numerous empirical evidence that it can accurately model a listener’s
internal representation of musical regularities, both using neural and behavioural data (Di
Liberto et al., 2020a; Gold et al., 2019; Kern et al., 2022; Pearce et al., 2010; Pearce &
Wiggins, 2012). Since IDyOM in its current development only takes monophonic MIDI inputs,
we reduced the complete score of each excerpt into a monophonic version that contained the
melody and the bass line. The pitch surprisal values for each note were then used to build a
continuous signal, with surprisal values making up the amplitude for the duration of the
respective note. This initial step function was smoothed by convoluting it with a Gaussian filter
(sigma = 50). The continuous surprisal signal was created to have the same sampling rate as
the EEG signal (150 Hz).

Mutual information analysis

The correspondence between the continuous EEG signal and envelope and surprisal signals
(i.e., cortical envelope tracking and cortical surprisal tracking) was analysed using a mutual
information (MI) framework (Ince et al., 2017; Keitel et al., 2017). In this approach, which is
optimised for neurophysiological data, Gaussian copulas are used to normalise the
continuous, analytical signals (Ince et al., 2017). The first 500 ms of the signals were removed
from analysis, to avoid contamination with strong transient evoked responses at the start of
the music. Mutual information (in bits) between the EEG signal and the music envelope was
computed with both signals filtered at the dominant beat frequency range (0.5-2 Hz). A
participant-specific stimulus-brain lag was included for the envelope tracking analyses, which
was based on the individual phase coherence (Harding et al., 2019) peak at auditory electrode
Cz, averaged for slow frequencies between 1 and 12 Hz. Initial coherence values were

computed for lags between 40 and 200 ms in steps of 20 ms.

Mutual information between the EEG signal and the surprisal signal was computed with both
signals bandpass filtered between 0.5 and 30 Hz. This wider range was chosen as no clear
assumptions about a specific, narrow-band frequency range could be made. Similarly, as no
stimulus-brain lag could be reasonably computed for surprisal processing in individual

participants, mutual information between pitch surprisal and EEG signal was computed with a
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generic lag of 100 ms for all participants, which corresponds roughly to the time needed for
auditory stimuli to reach auditory cortices (i.e., N100; see for example, Naatanen & Picton,
1987).

Each mutual information value was computed per participant, condition, and electrode. The
results of these analyses will be referred to as cortical (envelope or surprisal) ‘tracking’, and
we do not make assumptions about the underlying mechanisms (e.g., cortical entrainment) as
these are still debated (Alexandrou et al., 2018; Keitel et al., 2021; Obleser & Kayser, 2019).

Statistical analyses

To test the statistical significance of mutual information values for envelope and surprisal
tracking against chance, 3000 permutations were computed per participant, condition, and
electrode. Specifically, to create permuted data, we segmented the continuous
envelope/surprisal signals into 1-s segments and shuffled the segments randomly. This kept
the statistical properties of the signal but destroyed the temporal relationship between the
music and brain signals. Ml was then computed between the brain signal and the 3000
shuffled envelope/surprise signals. The group level mean was then tested against the 95th
percentile of the random group mean distribution, essentially implementing a one-sided
randomisation test at p < .05 (Brohl et al., 2022).

For the comparison between the two conditions, f-values were computed using the real Ml
values, as well as the 3000 MI values from the shuffled data. These real and permuted data
were then compared, again using a cluster-based permutation test, with a critical f-value of
2.1, which represents the critical value of the Student’s t distribution for 20 participants and a
two-tailed probability of p = .05 (Keitel et al., 2018).

Pearson’s correlations between cortical tracking and behavioural measures (tapping
variability, musical competency, and enjoyment) were computed between the behavioural
measures and the true Ml values, as well as between the behavioural measures and the 3000
permuted Ml values. Before comparing the true r-values with the permutation distribution using
cluster-based permutation (as above), Pearson’s r-values were transformed to be normally
distributed using Fisher’s z-transformation (e.g., Gorsuch & Lehmann, 2010). For all cluster-
based permutation analyses, initial clusters were chosen at an alpha level of p <.05. As an
indicator of effect sizes, we either report Cohen’s d for peak electrodes in the case of t or r
values (Brohl & Kayser, 2021; Lakens, 2013), or summed MI values within each significant
cluster (Mlsum) (Keitel et al., 2018).

To test for hemispheric lateralisation (Keitel et al., 2020; Park & Kayser, 2019), the participant-
specific results (e.g. Ml values) were extracted for significant electrodes in one hemisphere

and in corresponding contralateral electrodes. We then averaged these values within each
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hemisphere and calculated the between-hemispheres differences with a group-level,
Student's t-test (two-sided). P-values were corrected for multiple comparisons using FDR

correction at the level of 5% (Benjamini & Hochberg, 1995).

All tests are two-tailed, except for the comparison of finger-tapping variability between the
tonal and atonal condition. These comparisons are one-tailed, as we had an a priori directed
hypothesis that finger-tapping in the atonal condition would be more variable than in the tonal

condition (see preregistration, https://osf.io/qctpj).

Results

Differences between tonal and atonal music stimuli

As intended, the pitch surprisal was overall higher for the atonal than the tonal stimuli (see
Figure 2B). Pitch surprisal was computed for all notes, separately for melody and bass lines
using IDyOM (Pearce, 2005). The surprisal is estimated by comparing the pitch ground truth
of a note to its predicted value in the model’s output distribution. For the melody line, pitch
surprisal was on average M=3.02 (SD=3.28) in the tonal condition, and M=6.96
(SD = 3.78) in the atonal condition (see Figure 2B). A Student's t-test confirmed that surprisal
values were statistically larger in the atonal than the tonal condition, #(597) = -25.21, p < .001,
Cohen’s d = -1.03. Likewise, pitch surprisal in the bass line was higher in the atonal than in
the tonal condition (tonal: M = 3.26, SD = 2.72; atonal: M =7.38, SD = 3.54; {(722) = -28.41,
p <.001, Cohen’s d = -1.06).

We also computed the modulation spectrum (Ding et al., 2017) for both conditions between 0
and 12 Hz (see Figure 2D). This showed several peaks at beat-related frequencies (i.e.,
subharmonic and harmonics of 1.52 Hz). A comparison of average beat-related frequencies
(c.f., Celma-Miralles & Toro, 2019; Nozaradan et al., 2012) for excerpts across both conditions
showed no statistical difference (tonal: M =0.66, SD = 0.10; atonal: M =0.63, SD = 0.06;
{(17) =1.02, p =.322, Cohen’s d = 0.24). This indicates that the amplitudes of beat-related

peaks in the modulation spectrum were comparable in both conditions.

Furthermore, participants were asked to rate how pleasant they found listening to the tonal
and atonal music stimuli (on a scale effectively analysed from 0 to 100 a.u., Figure 2C). The
enjoyment ratings indicated that participants found the tonal excerpt more pleasant than the
atonal excerpt (tonal: M=76.18, SD = 19.31; atonal: M =42.53, SD =25.99; t(19) =6.47,
p <.001, Cohen’s d = 1.45).

Behavioural tracking: Finger-tapping is more variable in the atonal than the tonal condition
To test how pitch predictability influences behavioural rhythm tracking, we first analysed

differences in inter-tap-intervals between the tonal and atonal conditions. To mitigate the effect
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of potential outliers on the group level (see Figure 2), we used a non-parametric approach. In
the Experiment 1, the median absolute deviation (MAD) of inter-tap-intervals in the tonal
condition was on average M =29.72 ms (SD = 14.99 ms). In the atonal condition, the MAD
was slightly higher, on average M = 40.30 ms (SD = 35.66 ms). A direct comparison using a
Wilcoxon Signed Rank test indicated that tapping performance was significantly more variable
in the atonal than the tonal condition (difference = 10.6 ms, Z =-1.94, p = 0.026, one-tailed).
Out of the 20 participants, 15 (75%) had more variable inter-tap-intervals when tapping in the

atonal than in the tonal condition.

We performed the same analysis for the behavioural follow-up study, which had more than
twice as many participants, and in which individual trials were twice as long as in the original
experiment. The MAD of inter-tap-intervals in the tonal condition was on average
M =42.56 ms (SD = 46.24 ms). In the atonal condition, the MAD was again slightly higher, on
average M =52.42 ms (SD = 67.33 ms). A Wilcoxon Signed Rank test confirmed that tapping
performance was significantly more variable in the atonal than the tonal condition
(difference = 9.9 ms, Z =-1.78, p = 0.037, one-tailed). Out of the 49 participants, 30 (61.2%)
had more variable inter-tap-intervals when tapping in the atonal than in the tonal condition.
Together, the results of the original and replication experiments indicate that there is a small
but replicable effect of tonality on finger-tapping variability: When listening to tonal music,

participants tap to the beat more consistently than when listening to atonal music.

Behavioural tracking (fingertapping)

Original experiment Replication
300 | Wilcoxon signed-rank Wilcoxon signed-rank
Z=-194 7=-178
- p=.026 p=037
s
£
St
<
E -
l |
. Y . o
0 1 1 1 1
tonal atonal tonal atonal

Figure 3. Behavioural tracking results of the main experiment (N = 20) and the replication
experiment (N = 49). Shown is the Median Absolute Deviation (MAD) in ms for inter-tap-intervals in
both the tonal and atonal condition. Points indicate individual data for all participants, violin plots show
kernel density estimates as well as median interquartile ranges. Green lines indicate larger tapping
variations for atonal than tonal music, whereas grey lines indicate the opposite.

Cortical tracking of the music envelope
We first analysed whether participants tracked the acoustic music envelope, band-pass

filtered around the dominant beat frequency, in the tonal and atonal condition compared with
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chance level, using cluster-based permutation (Figure 2A). In the tonal condition, we found a
large positive cluster of 31 electrodes that tracked amplitude fluctuations significantly
(p <.001, Mlsum = 0.332). Equivalently, in the atonal condition, there was a positive cluster of
32 electrodes that showed significant envelope tracking (p < .001, Mlsum = 0.438). There was
no evidence for a hemispheric lateralisation, neither in the tonal nor the atonal condition (both
pror > 0.82). We then directly compared envelope tracking in both conditions. This resulted in
two negative clusters, one over frontal electrodes (p <.001, Cohen’s dpeak =-1.17, 7
electrodes) and one over left occipital electrodes (p=.003, Cohen’s dpeak =-2.09, 3
electrodes). These negative clusters indicated that the acoustic music envelope was tracked

stronger in the atonal than the tonal condition.

Envelope tracking for tonal music during passive listening predicts finger-tapping performance
To test whether envelope tracking during passive listening predicted participants’ behavioural
tracking of the beat (i.e., finger-tapping performance), we correlated the MI values per
electrode with participants’ average tapping variation (MAD, Figure 4A). We found one
negative cluster over left-frontal electrodes that predicted tapping variance in the tonal
condition (p = .026, Cohen'’s dpeak = -1.02, 2 electrodes [Fp1, AF3]). These results indicate that
participants who showed stronger envelope tracking to tonal music had smaller variance (i.e.,
better performance) when tapping, than participants with weaker envelope tracking. Envelope
tracking when listening to atonal music did not significantly predict tapping performance in the
atonal condition. To compare this relationship directly between the tonal and atonal condition,
we entered the average MI values of electrodes in the negative cluster as predictor into a
regression model, with tonality as additional predictor, an envelope tracking * tonality
interaction term, and finger-tapping variability (MAD) as outcome variable. This overall model
was not significant (F(3,26) = 1.02, p = .395) and only explained 7.84% of the variance. The
model yielded no main effects (both p > .32) and no interaction (p > .21), which suggests that
the effect of envelope tracking on finger-tapping is small in the tonal condition, and not

statistically different between the tonal and atonal condition.
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Figure 4. Cortical tracking of acoustic music envelope and its relationship with behavioural
measures. A) Topography of cortical envelope tracking assessed through mutual information (in bits)
for both conditions. The right topography shows t-values from a direct comparison between tonal and
atonal music. B) Correlation between cortical envelope tracking and participants’ finger-tapping
performance. Envelope tracking predicted finger-tapping performance only in the tonal condition, in a
left-frontal cluster. Here, stronger envelope tracking was associated with better performance (i.e., less
tapping variability). C) Correlation between cortical envelope tracking and participants’ self-reported
musical expertise. Expertise predicted envelope tracking in both conditions, in a frontal (tonal) and
fronto-right-lateral (atonal) cluster. Stronger envelope tracking was associated with more musical
expertise. D) Correlation between cortical envelope tracking and enjoyment. Enjoyment predicted
envelope tracking in the tonal condition in fronto-central and posterior electrodes. A regression model
showed a significant main effect of enjoyment with no significant interaction (p = .06). Perceiving the
music as more pleasant was associated with stronger envelope tracking.

Note: Significant electrodes are highlighted with white circles.
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Expertise predicts envelope tracking for tonal and atonal music

Several previous studies have found that musical expertise is associated with stronger neural
synchronisation to music (Di Liberto et al., 2020b; Doelling & Poeppel, 2015; Harding et al.,
2019). We therefore tested the relationship between participants’ musical expertise and
acoustic envelope tracking. A large fronto-temporal cluster showed a significant positive
correlation between self-assessed musical competency and music tracking in the tonal
condition (p <.001, Cohen’s dpeak = 2.76, 7 electrodes). In the atonal condition, envelope
tracking was also positively predicted by a fronto-temporal cluster (p = .004, Cohen’s dpeax =
2.85, 4 electrodes). A regression model predicting envelope tracking (averaged across the
electrodes included in the significant clusters reported above) from fonality, musical expertise,
and their interaction, (F(3,26) = 12.83, p <.001) explained 51.7% of the variance. Only the
main effect of expertise was significant (t=4.15, p <.001; main effect of tonality and the
interaction both p >.59). These results indicate that musical expertise is associated with
enhanced tracking of the music envelope for both high predictable (tonal) and low predictable

(atonal) music but is unlikely to explain differences in tracking between conditions.

Enjoyment predicts envelope tracking for tonal music

Participants also indicated how pleasant they found listening to the music after each condition
using visual analogue scales. These enjoyment ratings were significantly higher for tonal than
atonal music (Cohen’s d = 1.45; see above and Figure 2C). Ratings were correlated with
cortical envelope tracking across participants. In the tonal condition, two significant clusters
showed a positive correlation between enjoyment and envelope tracking, one frontocentral
cluster (p = .026, Cohen’s dpeax = 1.40, 3 electrodes [F3, FC1, Fz]) and one occipital cluster
(p =.004, Cohen’s d = 1.61; 4 electrodes [0z, 02, PO4, P8]). No significant clusters emerged
in the atonal condition. A regression model predicting envelope tracking (averaged across the
electrodes included in the significant clusters reported above) from enjoyment ratings, tonality
and their interaction (F(3,26) = 2.92, p =.047) explained 19.6% of the variance. The main
effect of enjoyment was significant (t = 2.28, p =.029), whereas the main effect of tonality
failed to reach significance (t = 1.92, p = .062), as did their interaction (p > .3). These results
suggest that more enjoyment is associated with stronger envelope tracking, with no significant

differences between conditions.

Cortical tracking of pitch surprisal

Pitch surprisal was analysed using the IDyOM model (Pearce, 2005) in both conditions. As
expected, surprisal was higher for notes in the atonal than the tonal condition for both the
melody and bass lines (Cohen’s dpeak = -1.03 and Cohen’s dpeax = -1.06, respectively; see
above and Figure 2B). We first analysed whether pitch surprisal in the melody and bass

lines was significantly tracked in both conditions against chance. Melody pitch surprisal in
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the tonal condition appeared bilateral but was only significantly tracked in a right-lateral
electrode cluster (Figure 5A; p = .002, Mlsum = 0.040; 8 electrodes). Conversely, melody
pitch surprisal in the atonal condition was only tracked in a left-lateral electrode cluster

(p =.047, Mlsum = 0.013; 3 electrodes). Although pitch tracking in the tonal condition
appeared to be larger, directly comparing the tracking of melody pitch surprisal between both
conditions, yielded a positive cluster that failed to reach significance (p = .184, Cohen’s

dpeak = 1.23, 3 electrodes).

Pitch surprisal in the bass line in the tonal condition was tracked similar to the melody line,
with one large, mainly right-lateral cluster (Figure 5B; p = .001, Mls,» = 0.051, 11
electrodes). Bass pitch surprisal in the atonal condition was also significantly tracked, in a
large bilateral electrode cluster (p < .001, Mlsum = 0.057, 14 electrodes). Pitch surprisal
tracking was not significantly different in either condition between the left and right
hemisphere for the melody and bass line (all pror >.09). Taken together, pitch surprisal was
tracked significantly when compared with chance in both melody and bass line and in both
tonal and atonal music pieces. No statistical differences were found between tonal and
atonal music, suggesting that pitch surprisal is overall represented to a similar extent in

these conditions.
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Figure 5. Cortical tracking of pitch surprisal and its relationship with finger-tapping
performance. A) Topography of cortical surprisal tracking assessed through mutual information (in
bits) for both conditions, for the melody line (top row) and bass line (bottom row). The right
topography shows t-values from a direct comparison between tonal and atonal music. B) Correlation
between cortical surprisal tracking and participants’ finger-tapping performance. Envelope tracking
predicted finger-tapping performance only in the tonal condition, in a left-frontal cluster. Here, stronger
envelope tracking was associated with better performance (i.e., less tapping variability).

Note: Significant electrodes are highlighted with white circles.

Surprisal tracking predicts finger-tapping performance in the atonal condition

We also analysed whether the extent to which participants tracked pitch surprisal predicted
their finger-tapping performance. This correlation analysis yielded no significant clusters in
the tonal condition. However, in the atonal condition, the tracking of (melody) pitch surprisal
was positively correlated with finger-tapping performance in one frontocentral cluster (Figure
5C; p = .046, Cohen’s dpeak = 1.39, 2 electrodes). Again, to be able to draw conclusions
about differences between the tonal and atonal condition, we entered the average Ml values
of the positive cluster as predictor into a regression model, with tonality as additional
predictor, a surprisal tracking x tonality interaction term, and finger-tapping variability (MAD)
as outcome variable. The overall regression model (F(3,36) = 7.31, p < .001) explained
37.8% of variance in finger-tapping variability. Neither the main effect of melody surprisal

tracking (p > .95) nor the main effect of condition (p > .30) reached significance. However,
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the interaction surprisal tracking x condition was statistically significant (¢ = 3.42, p <.002).
This interaction stemmed from an effect, exclusive to the atonal condition, where participants
who tracked the melody pitch surprisal well, finger-tapped with higher variability than
participants with relatively poor cortical tracking. The tracking of pitch surprisal in the bass

line was not associated with finger-tapping performance in either condition.

Relationship between envelope tracking and surprisal tracking

Last, we were interested in the relationship between acoustic envelope tracking and pitch
surprisal tracking, because these measures have not previously been analysed together in
the same study. We used the maximum MI value per cluster (as seen in Figure 4A and
Figure 5A&B) and participant in a regression model with acoustic envelope tracking as
outcome variable and surprisal tracking, tonality and a surprisal tracking * tonality interaction
term as predictors. Additionally, we included line (melody vs bass line) as predictor because
pitch surprisal tracking was computed separately for each line. Note that we used the
maximum cluster value here, instead of the cluster average, because the significant clusters
of acoustic envelope tracking for tonal and atonal music encompassed virtually all electrodes
(see Figure 4A). The overall regression model was not significant (F(4,76) = 1.41, p = .239)
and explained only 7.0% of the variance. The main effect of surprisal tracking was small but
significant (t=-2.02, p = .047). Participants who showed stronger acoustic envelope
tracking showed lower pitch surprisal tracking and vice versa (Figure 6). No other main or

interaction effect significantly predicted envelope tracking (all ps > .42).

Envelope tracking vs surprisal tracking
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Figure 6. Relationship between cortical tracking of acoustic envelope and pitch surprisal. Note
that the plots are displayed separately for melody and bass lines only for visual clarity, the regression
model included the factor “line”.
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Discussion

In this study we show that the cortical representation of naturalistic continuous music, as
measured through envelope tracking, reflects not only rhythm processing, but is also

modulated by pitch predictability, musical expertise, and enjoyment (Figure 7).
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Figure 7. Overview of results.

Pitch predictability affects rhythm processing as reflected in behavioural tracking

Atonal music can be used to study predictive processing under high uncertainty contexts
(Mencke et al., 2022; Mencke et al., 2018). While temporal predictability has been shown to
increase pitch discrimination performance (Herbst & Obleser, 2019; Jones et al., 2002), it is
unclear whether long-term pitch predictability affects the ability to behaviourally follow the beat
particularly in naturalistic musical stimuli. Crucially, in our main experiment and a replication
study, we show that when listening to naturalistic music, pitch predictability (modelled on long-
term statistics, which reflect exposure to a musical culture, and short-term melodic context)
modulates the variability of finger-tapping to the beat. In the condition with higher pitch
predictability (tonal) the finger-tapping performance was more consistent (less variable inter-
tap-interval) compared with the low predictability condition (atonal). The atonal music in our
study contained a rhythmic structure that was identical to the tonal condition, but generally
lower pitch predictability, suggesting that this finding reflects a modulation of behavioural
rhythm processing by pitch predictability. This is in line with and extends previous studies
showing expectation effects on musical perception (Herbst & Obleser, 2019; Huron, 2008;
Jones et al., 2002; Pearce & Wiggins, 2006)
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Cortical tracking of the music envelope in tonal and atonal music

At the neural level, the music envelope was widely tracked in our study for both tonal and
atonal music compared with a null-distribution (Figure 4A). The tracking was observed in both
conditions with a centro-temporal topography, in accordance with previous reports suggesting
auditory cortex generators of the envelope tracking in speech (Gross et al., 2013; Luo &
Poeppel, 2007) and music (Di Liberto et al., 2020b; Doelling & Poeppel, 2015). Some studies
reported a right lateralisation for music envelope tracking (Doelling & Poeppel, 2015) in line
with the asymmetric sampling in time theory (Poeppel, 2003; Zatorre et al., 2002). The
heterogeneous findings in the literature regarding whether a hemispheric lateralisation is
observed have been related to various top-down influences (Assaneo et al., 2019; Flinker et
al., 2019; Zatorre, 2022).

Interestingly, atonal music was more strongly tracked at frontal and left parietal electrodes
compared with tonal music. Importantly, this was the case, although both conditions had an
identical rhythmic structure and there were no significant acoustic differences in the
modulation spectrum (Figure 2D). Our results from the neural data are in line with our
behavioural findings in that they suggest an effect of pitch predictability on rhythm processing.
However, it was previously speculated that neural synchronisation is stronger to more
predictable music (Weineck et al., 2022). Our results contradict this previous interpretation,
although the previous paradigm did not manipulate pitch predictability and results are therefore
not directly comparable. A predictive coding approach (Friston, 2010; Heilbron & Chait, 2018)
could provide a potential explanation for the observed effect: In the atonal condition, notes
were generally less predictable than in the tonal condition. In line with the assumption of
expectation suppression (Auksztulewicz & Friston, 2016), this likely led to stronger neural
prediction errors, which in turn might have resulted in stronger neural responses to the
acoustic envelope (not unlike a mismatch-negativity response, e.g., Koelsch et al., 2019;
Naatanen et al., 2007). Accordingly, Kern et al. (2022) showed that surprising notes elicit

stronger neural responses compared to predictable ones (see also Di Liberto et al., 2020a).

Increased envelope tracking in tonal music related to better tapping performance

In the tonal condition, the cortical tracking of the musical envelope correlated with the
behavioural tracking, with higher cortical tracking being associated with an increased ability to
behaviourally follow the beat. The findings are in line with previous research showing a positive
correlation between behavioural performance and cortical tracking of speech (Schmitt et al.,
2022; Schubert et al., 2023) and music (Doelling & Poeppel, 2015). The relationship between
cortical tracking and behavioural performance, however, might be more complex than this, as
suggested for speech (Howard & Poeppel, 2010; Pefkou et al., 2017). No correlation was

observed in the atonal condition and furthermore when the correlation effects were tested in
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a regression model that included both conditions and selected electrodes, no significant
interaction effect was observed. This makes any interpretation regarding differences between
tonal and atonal music difficult. A potential explanation is that under conditions of low pitch
predictability (as in the atonal condition) the beneficial relationship between envelope tracking
and behavioural tapping performance is confounded, perhaps due to the increased difficulty
of trying to (unsuccessfully) make predictions about the upcoming notes. In summary,
increased behavioural tracking was related to increased cortical tracking only in the tonal

condition, albeit the effect was small.

Pitch surprisal is cortically tracked in tonal and atonal music

The overall combined long-term and short-term pitch predictability of the musical pieces was
increased in the atonal compared to the tonal condition, with no significant condition
differences in the cortical tracking of pitch surprisal (Figure 5A). Although visual inspection
suggests differences in topography, with a right-lateral centro-temporal topography for tonal
and a left-lateral fronto-temporal topography for atonal music, a statistical test of lateralisation
failed to reach significance. This suggests that participants’ neural models of pitch surprisal
seem to match the IDyOM computations, and the notes in the atonal condition elicited not only
more surprisal in the IDyOM model, but also in listeners' neural response. Cortical tracking of
pitch surprisal in natural music has been rarely investigated. Two recent studies report melodic
surprisal tracking in tonal music that was localised to bilateral superior temporal and Heschl’s
gyri (amongst others), and additionally showed either a central topography (using EEG/EcoG,
Di Liberto et al., 2020a) or a broad fronto-temporal (and central) topography (using MEG, Kern
et al., 2022). Overall, we found relatively widespread fronto-temporal tracking of pitch surprisal
across conditions, which is in line with the above results. We extend previous findings by
showing surprisal tracking not only for high-predictable music, as previously shown, but also

for low-predictable music.

In atonal music lower pitch surprisal tracking is related to better tapping performance

Interestingly, the surprisal tracking strength was only correlated with the behavioural rhythm
tracking performance in the atonal but not the tonal condition (as shown by the significant
interaction between condition and surprisal tracking). Participants who tracked the melody
pitch surprisal stronger also showed more variation (worse performance) in their tapping. In
contrast, we found that stronger envelope tracking was weakly related to better behavioural
rhythm tracking, particularly in the tonal condition. We also see a negative relationship
between surprisal tracking and acoustic envelope tracking, which was present in both
conditions: The stronger a participant’s acoustic envelope tracking, the weaker their pitch
surprisal tracking, and vice versa. Prediction tendencies have been suggested to vary across

participants (Schubert et al., 2023). Our measure of surprisal tracking might reflect such a
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tendency, with some individuals being more or less prone (or able) to make predictions. In the
atonal condition with its high uncertainty, pitch predictions might be less informative for rhythm
processing, and listeners who tend to make (stronger) predictions, which lead to high
prediction errors, could have fewer resources to track the envelope, and to perform well in the
tapping task. The few behavioural studies that looked at long-term pitch surprisal tracking have
not related it to the rhythm processing performance (e.g., Kern et al., 2022). Our results
indicate that the negative effect of pitch surprisal tracking on behavioural rhythm processing
might only be expected when pitch predictability is low, and prediction errors are high, as in

the case of atonal music.

Enjoyment and musical expertise are related to cortical envelope tracking

As expected based on the literature (Mencke et al., 2022; Mencke et al., 2018), the atonal
music condition was rated as less pleasant compared to the tonal music condition. The
individually perceived pleasure or enjoyment has a strong influence on our everyday music
listening behaviour (c.f., Gold et al., 2019). In the tonal condition, the pleasantness ratings
correlated with the strength of cortical music envelope tracking, and this pattern was not
statistically different in the atonal condition. The causal nature of this relationship is unclear at
the moment. Do listeners show stronger acoustic envelope tracking because they find the
music more enjoyable, or do they find it more enjoyable because they have better acoustic
envelope tracking? Interestingly, a previous study that investigated whether enjoyment
influences neural synchronisation to music did not find a significant effect (Weineck et al.,
2022). The discrepancy with our findings might be due to differences in experimental
paradigms, music choices, quantification of music tracking and analytical methods. If future
studies replicate our finding, this suggests that the individual preference of listeners should be

taken into account when measuring envelope tracking.

Additionally, musical expertise was correlated positively with the cortical envelope tracking of
the music pieces at a cluster of frontal and right temporal electrodes for both the tonal and
atonal condition, with more expertise being related to stronger tracking. Effects of musical
expertise on cortical envelope tracking have been reported previously (Di Liberto et al., 2020b;
Doelling & Poeppel, 2015; Harding et al., 2019; but see Weineck et al., 2022 for a null effect).
The effect of musical expertise on auditory processing of music has been related to increased

auditory-motor coupling after musical training (Du & Zatorre, 2017; Rimmele et al., 2021).
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Conclusion

Our findings suggest that tracking of the envelope of naturalistic music beyond rhythmic
processing, is modulated by pitch predictability, musical expertise and enjoyment. Additionally
to the rhythm, musical pitch surprisal is tracked for both low and high predictable music. This
supports the view that long-term musical pitch predictability is processed in the brain and used
to facilitate rhythm processing. For atonal music, the reduced pitch predictability resulted in
higher acoustic envelope tracking than for tonal music, possibly related to increased prediction
errors. At the same time, higher pitch surprisal tracking goes hand in hand with reduced
cortical tracking of the acoustic envelope. Particularly in the atonal condition, the alleged focus

on surprisal seems related to a reduced ability to behaviourally follow the rhythm.
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