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Abstract
Beat perception is fundamental to the experience of music. Brain oscillations in the
sensory and motor cortex can synchronize and mode-lock to the integer ratios of the
related frequencies in the auditory stimulus, and the interaction between these areas give
rise to the beat percept. This mechanism is commonly referred to as auditory entrainment.
The significance of entrainment lies in its potential to modify our perceptual and
cognitive processes by affecting communication between neural networks.
Auditory entrainment is a complex mechanism since it recruits several sensory and
motor processes. Therefore, the aim of this thesis was to characterize auditory
entrainment from different neural and behavioral perspectives and examine the link
between its neural and behavioral effects. Our investigation of the neural correlates of
auditory entrainment involved induced oscillatory brain activity in the beta (15-20 Hz)
and gamma (28-48 Hz) bands, and in steady-state-evoked potentials (or SS-EPs) while
recording electroencephalogram in 6-7-year old pre-reading, musically untrained
children. The behavioral measures included sensorimotor synchronization skills, and how
it relates to other, cognitive skills. Finally, we investigated the cross-modal effect of
auditory entrainment on visual perception during natural viewing.
The results reported in the thesis show that auditory and motor processes involved
in auditory entrainment are influenced by the maturity of the underlying neural networks,
and processes related to motor actions have a protracted developmental trajectory
compared to auditory processes. Furthermore, music training that emphasizes
sensorimotor synchronization improves linguistic skills and working memory. Finally,
the tempo of the auditory beat modifies the rate of visual sampling during natural
viewing. These results suggest that entrainment to auditory stimuli can significantly alter
cognitive processing and its underlying neural components develop at different rates and
they are affected by musical skills.
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Kivonat
A lüktetés érzékelése alapvető fontosságú a zene átéléséhez. Az agyi oszcillációk a
szenzoros és motoros kéregben szinkronizálódnak az auditoros stimulus frekvenciáinak
egész számú többszöröseihez, és ezen területek közti interakció generálja a lüktetés
érzetét. Ezt a mechanizmust auditoros entrainmentnek (csatolódásnak) hívják. Az
entrainment jelentősége abban rejlik, hogy képes befolyásolni a perceptuális és kognititív
feldolgozást az agyban a neurális hálózatok kommunikációjának módosításával.
Az auditoros entrainment egy komplex mechanizmus, mivel számos szenzoros és
motoros feldolgozási folyamatot foglal magában. Ebből kifolyólag a jelen disszertáció
célja, hogy különböző neurális és viselkedéses vonatkozásból írja le az auditoros
entrainmentet és, hogy vizsgálja az auditoros entrainment neurális és viselkedéses hatásai
közötti kapcsolatot. Az auditoros entrainment neurális korrelátumait illetően a
vizsgálatunk az indukált béta (15-20 Hz) és gamma (28-48 Hz) aktivitásra terjedt ki,
valamint a steady-state kiváltott potenciálokra (vagy SS-KP-kra) elektroencephalogram
mérése közben 6-7 éves, iskolakezdő, zenét nem tanuló gyermekeknél. A viselkedéses
mérésekbe pedig a szenzomotoros szinkronizációs képességek tartoztak, és, hogy ezek
hogyan kapcsolódnak egyéb, kognitív képességekhez. Végül, az auditoros entrainment
kereszt-modális hatásait vizsgáltuk a vizuális percepcióra természetes látás közben.
Jelen disszertáció eredményei azt mutatják, hogy az auditoros entrainmentben
résztvevő auditoros és motoros feldolgozási folyamatokat a feldolgozás alapját képező
neurális hálózatok érettsége befolyásolja, és a motoros feldolgozásban résztvevő
folyamatok lassabban fejlődnek az auditoros feldolgozásban résztvevő folyamatokhoz
képest. Továbbá, a szenzomotoros szinkronizáción alapuló zenei tréning javítja a nyelvi
képességeket és a munkamemóriát. Végül, a zenei lüktetés tempója megváltoztatja a
vizuális mintavételezési frekvenciát természetes látás közben. Az eredmények arra
engednek következtetni, hogy az auditoros entrainment jelentős mértékben befolyásolja a
kognitív feldolgozási folyamatokat, és a benne résztvevő neurális komponensek
különböző arányban fejlődnek és zenei tréning hatására változnak.
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1. Introduction
Music is part of humans’ everyday life since ancient times. We use music for
various purposes: to change our mood, to dance, to create social bonding, to facilitate
coordination of group work, and in modern days to advertise. Although there is some
evidence of movement synchronization to music in certain animals (Cook et al., 2013;
Patel et al., 2009a; Schachner et al., 2009), music appears to be uniquely human and we
are born with a natural sensitivity to musical features, such as pitch and meter (PhillipsSilver & Trainor, 2005; Trehub & Hannon, 2009). Moreover, music training has been
found to shape the networks in the human brain contributing to different perceptual and
motor functions, and it also shapes the interaction between different modalities, for
example hearing and movement. These characteristics make music a great candidate to
study and better understand the function and organization of the human brain. As music
is considered to be a cultural product, it can also inform us about different human
cognitive functions. Nevertheless, cultural constraints influence how we perceive music.
The human brain has been studied in relation to music in numerous ways. Cognitive
psychology began to use music to investigate perception, memory and attention.
Neuropsychology studied the effect of music on patients with different brain lesions.
Developmental psychology applied music to study different cognitive functions
throughout the human lifespan beginning in utero. Finally, electrophysiological studies
using

Electroencephalography

(EEG)

and

neuroimaging

techniques,

such

as

Magnetoencephalography (MEG), and Functional Magnetic Resonance Imaging (fMRI),
made it possible to measure brain responses to music on a finer time scale and to uncover
associated brain structures.
One of the main components of music is the beat that refers to evenly spaced events
in time we perceive as an underlying periodic pulse while listening to music. Humans
perceive this periodic pulse and synchronize their body spontaneously to it, even when
the music is not strictly periodic (London, 2012). Although beat perception typically
occurs within a specific range (~0.5 - 5 Hz, corresponding to 0.5 - 5 beats per second)
(Repp, 2005; van Noorden & Moelants, 1999), it is important to note, that it is a mental
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construct that is perceived subjectively. Acoustic events do not always coincide with the
beat, so listeners infer the beat from different events and rhythmic patterns as they unfold
in time (Hannon et al., 2018). For example, beat is often perceived in periodic time
points, where events occur more often, or where the acoustic energy is greater (Hannon et
al., 2004). Also, people can perceive beat in an isochronous tone sequence (e.g.
metronome clicks), where no changes in amplitude or duration occur (Brochard et al.,
2003), and when musical events occur more frequently off than on the perceived time
points of the beat (London et al., 2017). Therefore, it is possible that two different
persons do not perceive the same beat, or do not perceive the beat at all. If music does not
give us unambiguous cues, how is beat perception generated? Our brain oscillations in
the sensory and motor cortex can synchronize and mode-lock to the integer ratios of the
related frequencies in the auditory stimulus, and the interaction between these areas give
rise to the beat percept. In other words, the brain adds the information that creates the
beat in a form of endogenous oscillations (Large, 1996). I am going to discuss this
mechanism in more detail in the upcoming sections.
The strongest beat inducing music genres are those written for dancing, which is
attributed to the phenomenon that beat facilitates movement, which also promotes
synchronization between individuals. Some genres, such as funky, hip-hop and techno are
particularly beat inducing (Janata et al., 2012). The coordination of movement to the
perceived periodicity in music is referred to as entrainment to the beat (Phillips-Silver et
al., 2010; Phillips-Silver & Keller, 2012) or sensorimotor entrainment (SE) as it requires
a motor response to a sensory input. Entrainment can happen on an individual or on a
group level (e.g. in a music concert), and spontaneous movement forms typically include
head-bobbing or foot-tapping. Although this activity seems effortless from outside, it is a
complex process that involves several brain structures (Grahn, 2012; Zatorre et al., 2007)
and demands enhanced attention (Phillips-Silver et al., 2010; M. N. Todd et al., 2002).
This complexity of entrainment to music grants it an important role for understanding
human brain function. In the next section, I am going to discuss several experimental
methods to study SE to music.
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1.1 Sensorimotor entrainment
The most popular experimental methods of investigating SE are various fingertapping paradigms. There has been a long history of this type of research, because of its
simplicity of data collection, its straightforward analysis and the ease to perform the task
for both musicians and non-musicians. Calculating synchronization error (or asynchrony)
is a basic form of assessing tapping performance. It is defined as the difference between
the onset of a rhythmic event, and the time of the tap (usually measured as the time when
the finger is contacted a key or a sensor). Asynchrony is assessed as the mean difference
throughout a sequence of rhythmic events, which is usually negative (tapping precedes
the sound) when the stimulus is an isochronous sequence due to the anticipation of the
upcoming event. Therefore, it is referred to as negative mean asynchrony (NMA), which
indicates to what extent the tapping deviates from the external rhythms. The standard
deviation of asynchronies shows the stability of the tapping performance. Some studies
measure error (phase and period) correction, as well. Other statistics, such as inter-tapintervals (ITIs) and inter-onset-intervals (IOIs) are used for describing tapping rate and
stimulus tempo respectively.
SE ability develops in early childhood. Synchronization is usually poor before the
age of 6-7, after which it approaches adult level that remains constant even in the elder
years (McAuley et al., 2006). Van Noorden and Moelants’ (1999) Resonance Theory
suggests that young children have a narrower resonance curve than adults, which enables
them to synchronize only within that narrow tempo range. This resonance curve broadens
with age, particularly towards lower tempos. Intense music training generally benefits the
stability of synchronization (Repp, 2010; Repp & Doggett, 2007). Conversely, a number
of studies found no difference in tapping variability between musicians and nonmusicians (Hove et al., 2010; Repp, 2010).
Another common form of measuring SE is synchronization to a visual versus an
auditory metronome. It has been found that synchronization is more variable to a visual
metronome regardless of participants’ level of music training (for a review, see Repp,
2005). Moreover, when the pacing stimulus is visual, but an auditory distractor sequence
is inserted, tapping deviates towards the auditory stimulus (Repp, 2005).
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There are various beat tracking paradigms, where the auditory stimulus is nonisochronous and the beat is not marked explicitly. Such sequences resemble more to real
music, as they contain syncopation, whereby salient rhythmic events do not coincide with
the beat. Fitch and Rosenfeld (2007) found that the more syncopated the rhythms are, the
less accurate the tapping. These paradigms often contain an initial pacing stimulus that
helps participants finding the beat. After it ceases, participants have to continue tapping
on their own. Another way of beat tracking is when participants have to tap to different
designated metrical levels superimposed on real music (Rankin et al., 2009). Meter refers
to the grouping of beats into hierarchical units, where the first beat is the most salient,
and the number of beats in a unit gives an underlying fluctuation to the music (e.g.
ternary meter (three beats per units) for waltz and binary meter (2 beats per units) for
march). A more advanced task is beat finding, whereby participants decide based on their
perception how to tap to the music they listen to (Repp et al., 2008). McKinney and
Moelants (2006) found that participants varied in their choice of tempo for the beat even
for the same musical excerpts, and classical music was typically perceived slower than
metal/punk music. Some studies went further, and investigated what makes music induce
movement (a.k.a. music that grooves), and found that the best predictors were beat
salience and event density (Madison et al., 2011). Furthermore, music that grooves was
rated more enjoyable, and SE to the beat was more accurate for high-groove music than
for low-groove music (Janata et al., 2012).
Another line of behavioral research investigates synchrony of various forms of
movements with an external rhythm. The rapid development of technology made it
possible to measure synchronization to music or to a metronome with different body
parts, even with the complete body. The most studied movement forms are eye
movements, walking and dancing. Joiner, Lee, Lasker, and Shelhamer (2007)
demonstrated that an auditory metronome entrained saccades when participants had to
repeatedly switch gaze between two stationary visual targets. Furthermore, several
studies found that background music changes the temporal and spatial characteristics of
eye movement parameters, such as saccade number and amplitude, fixation duration and
blink rate (Coutrot et al., 2012; Dan et al., 2008; Schäfer & Fachner, 2015). Increased
blink rate, longer fixations and fewer saccades are considered as the sign of absorption in
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music (Schäfer & Fachner, 2015).
During self-paced walking, gait became less variable when an auditory metronome
was present (J. M. Hausdorff et al., 1996), which is particularly useful in treating diseases
with walking difficulty, such as Parkinson’s disease (Jeffrey M. Hausdorff et al., 2007;
Hove et al., 2012; Michael H. Thaut, 2005). Also, patients preferred an auditory pacing
metronome over a visual one when choosing the modality of training (Arias & Cudeiro,
2008; Nieuwboer et al., 2007). Other studies examined positive and negative phase shifts
in stroke patients and healthy controls in response to a positive or a negative perturbation
of a pacing auditory metronome while walking on a treadmill (Pelton et al., 2010;
Roerdink et al., 2009). Styns, van Noorden, Moelants, and Leman (2007) asked
participants with various degrees of music training to synchronize their steps to music
while walking. Most participants walked to the beat, while some of them chose half or
double speed. The best synchronization occurred when the tempo was around 2 Hz,
which was considered as the peak of the resonance curve for walking speed in humans
(MacDougall & Moore, 2005; van Noorden & Moelants, 1999). Contrary to walking,
spontaneous dancing to music prevails as early as 5 months of age, infants change the
speed of their movement with the tempo of the music, and they smile more when their
speed is closer to the tempo of the stimulus (Zentner & Eerola, 2010). Toiviainen, Luck,
and Thompson (2010) examined adults’ spontaneous movements to music and identified
different movement forms related to different metrical levels of the music. Upper limbs
typically related to faster metrical levels, while lower limbs and body sway related to
slower levels. Luck, Saarikallio, Burger, Thompson, and Toiviainen (2010) categorized
movement components (local movement, global movement, hand flux, head speed, and
hand distance) according to the musical style and personality characteristics, such as
extraversion and neuroticism. Van Dyck et al. (2013) found that the louder the bass was
in music, the more motor response it elicited, and it also facilitated entrainment. Todd,
Rosengren, & Colebatch (2008) attributed this effects to the bass drum stimulating the
vestibular system.
Despite the uniqueness of music to humans, there are some cases, where animals
were found to entrain to musical stimuli. Snowball, the cockatoo changed the speed of its
head-bobbing with the tempo of the music (Patel et al., 2009b). Analyses revealed that
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synchronization occurred most frequently when the music tempo was closest to
Snowball’s preferred movement frequency (Patel et al., 2009a). Schachner, Brady,
Pepperberg, and Hauser (2009) found movement synchronization to music in 14 different
parrot species and an elephant by analyzing YouTube videos. Finally, Cook, Rouse,
Wilson, and Reichmuth (2013) successfully trained a sea lion to synchronize its head
bobs to music and metronomes with different tempi.
The third line of behavioral research deals with interpersonal entrainment. That is,
entrainment between two or more persons. These types of experiments have the
advantage that instead of a laboratory, data collection takes place in a natural
environment, where musical activities normally occur. Tapping was observed in
numerous studies between two participants. Two types of behavior emerged: either there
was a leader and a follower, or both of them mutually adjusted to each other’s movement
(T. Himberg, 2008; Tommi Himberg, 2006; Konvalinka et al., 2010; Nowicki et al.,
2013). Synchronization accuracy was correlated with increased liking between the
participants (Kleinspehn, 2008; Kleinspehn-Ammerlahn et al., 2011). Furthermore,
young children were more likely to synchronize spontaneously with a real person as
opposed to a computer (Kirschner & Tomasello, 2009). This finding was explained with
shared intentionality (Tomasello & Carpenter, 2007) and joint action (Sebanz et al.,
2006). In line with this finding, interpersonal synchrony increased subsequent pro-social
behavior in numerous studies (Kirschner & Tomasello, 2010; Valdesolo & DeSteno,
2011a; Wiltermuth & Heath, 2009). Unintentional synchronization between two
participants was observed during visual contact in swinging a pendulum (Richardson et
al., 2005; Schmidt & O’Brien, 1997), in rocking in chairs (Richardson et al., 2007), and
in periodic finger movements (Oullier et al., 2008). Some studies found that spontaneous
interpersonal entrainment is influenced by social or personality factors, such as sympathy
and pro-social personality (Lumsden et al., 2012; Miles et al., 2010; Nessler et al., 2011).
Finally, unintentional movement entrainment was commonly found in music
performances between musicians. Examples of this were observed in Indian musicians
(Clayton, 2007), Afro-Brazilian Congado ritual (Lucas et al., 2011), Flamenco ensembles
(Maduell & Wing, 2007), string quartet players (Moore & Chen, 2010), and in piano
duets (Goebl & Palmer, 2009; Keller & Appel, 2010), by analyzing video recordings.
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Although SE seems to be simple and effortless, it is a complex process that involves
multiple brain networks participating in perception, time processing, and sensorimotor
coupling. A long line of fMRI studies investigated the neural correlates of rhythm and
beat perception. In interval timing, there are two distinct mechanisms: the motor system
and the cerebellum is linked to subsecond interval processing, while longer intervals are
found to be related to a cortical-subcortical loop including the basal ganglia, parietal
cortex and prefrontal areas (Buhusi & Meck, 2005; Lewis & Miall, 2003). Since the
cortical-subcortical loop is more cognitively controlled, it is modulated by attentional
selection. While the bilateral supplementary motor area (SMA) and right inferior-frontal
gyrus (IFG) are activated during all timing tasks (Wiener et al., 2010), other areas are
involved in more specific processing. The basal ganglia are typically activated during
judging time intervals. The prefrontal cortex, especially the right dorsolateral prefrontal
cortex (DLPFC) is related to the processing of longer intervals that are metrically more
complex (Bengtsson et al., 2009), and have higher demands on working memory (Koch
Giacomo et al., 2009). When processing time intervals, areas of activation differ when an
underlying beat is perceived (Grube et al., 2010; Teki et al., 2011). Beat processing
recruits a striato-thalamo-cortical system involving the basal ganglia, thalamus, premotor
cortex (PMC), SMA, and DLPFC. The basal ganglia play a key role in generating
predictions about the upcoming tone during beat perception (Grahn & Rowe, 2013).
However, when the beat is less prominent, the activation of the basal ganglia depends on
attentional selection, and the establishment of a stable beat percept takes longer (Chapin
et al., 2010). When the duration of successive intervals vary (i.e. there is no beat percept),
an olivo-cerebellar network is activated. It has been suggested that two networks are
activated in concert during all timing processing. The beat-based network is the default,
and the duration-based network carries out error correction (Teki et al., 2012). The motor
areas, typically the basal ganglia, cerebellum, SMA, pre-SMA and PMC are active even
during passive listening to music (without any motor task) (Bengtsson et al., 2009;
Chapin et al., 2010; Chen et al., 2008, 2009; Grahn & Brett, 2007; Grahn & McAuley,
2009), and the extent to which these areas are coupled with the superior temporal gyrus
(STG) in the auditory cortex influenced by music training, with greater coupling in
musicians than non-musicians (Bangert et al., 2006; Grahn & Rowe, 2009; Jäncke, 2012).
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Figure 1 shows a cortico-subcortical network activated during beat processing.

Figure 1. Left: Cortico-subcortical network underlying beat processing including the putamen,
SMA, and PMC (Grahn & Rowe, 2009). Right: Connectivity differences between beat and
nonbeat conditions. * p<.05.

The experimental methods outlined above have been used extensively in the last
few decades to investigate SE to music. In the following section I am going to discuss the
neural correlates of SE to auditory stimuli by reviewing the available evidence mainly
from electrophysiological and MEG studies in humans.

1.2 Entrainment markers in neuronal oscillations
The cerebral cortex in mammals generates a variety of rhythmic oscillations.
Different brain areas have their own modality- and frequency specific rhythms, which
can be detected from the scalp. These oscillations are related to different perceptual,
motor and cognitive processes (Buzsáki & Draguhn, 2004; MacKay, 1997; Ward, 2003).
Periodic stimulation of cortical cells results in modification of the dendritic output so that
it entrains to the external rhythmic activity. This coupling facilitates impulse transfer,
which refines synaptic connections between individual neurons and functional neural
populations (Hari & Salmelin, 1997). The external periodic stimulation on the one hand
generates an event-related potential (ERP) that is phase-locked to the periodicities of the
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stimulus, on the other hand it changes the ongoing EEG/MEG in the form of an eventrelated desynchronization (ERD) and/or event-related synchronization (ERS). While an
ERP is considered a transient response triggered by a specific stimulus, the ERD/ERS is
characterized by frequency band specificity that arises from parameters that control
oscillations in neuronal networks (Gert Pfurtscheller & Da Silva, 1999). An ERP has a
certain time delay respective to the stimulus onset and results from the reorganization of
the phases of the ongoing EEG that behaves as additive noise. Therefore, ERP can be
detected by averaging time-locked activity. But because ongoing EEG is not phaselocked to the stimulus, frequency specific changes, such as increases (ERS) or decreases
(ERD) in power can only be detected by frequency analysis instead of averaging.
The modulation of beta oscillations is associated with motor tasks related to the
basal ganglia, cerebellum and the sensory and motor cortices (Hari & Salmelin, 1997;
Gert Pfurtscheller & Da Silva, 1999). In the beta frequency band an ERD is interpreted as
a correlate of sensory or cognitive information processing related to motor behavior (G.
Pfurtscheller, 1992), which is known to play a role in timing processing necessary for SE
(Repp, 2005). It has been found that isochronous auditory stimuli elicited an ERD in the
auditory cortex during passive listening, which was interpreted as a signal to a motor
preparatory process for synchronization to the sound, therefore may play a role in
auditory-motor communication (Fujioka et al., 2009). This ERD was affected by tone
omissions, such that when omitting a tone in an isochronous sequence, there was no
decrease in beta activations. Neuromagnetic beta oscillations (~20 Hz) related to the
auditory cortices, sensorimotor cortex, IFG, SMA and the cerebellum showed tempo
dependent fluctuations for isochronous tone sequences, but not for randomly spaced tones
(Fujioka et al., 2012). Figure 2 shows brain maps with the areas in which beta activity
was modulated by the auditory stimuli.
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Figure 2. Beta oscillatory interactions in a striato-thalamo-cortical network in response to
isochronous tone sequences with (A) 390 ms, (B) 585 ms, (C) 780 ms, and (D) random IOIs
(Fujioka et al., 2012).

There was an ERD ~200 ms after tone onsets, which is followed by a power
rebound, where beta amplitude reached its maximum right before the upcoming tone. The
time of this rebound adjusted to the rate of the auditory stimulus sequence in three
different tempi (with 390 ms, 585 ms and 780 ms inter-onset-intervals), as shown in
Figure 3. Because the time of beta ERD was consistent across tempo conditions, it can be
considered an exogenous process driven by the auditory input. The rebound of beta
oscillations however, reflects an internalized timing mechanism that may serve as an
endogenous anticipatory process. Beta rebound reflected anticipation to the predictive
timing of the task-relevant cue in the study of Saleh et al. (2010), where beta increase
peaked just before the relevant cue was presented. Finally, in the study of Fujioka and
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colleagues (2015) beta ERD was found to increase for accented tones, whether imagined
or real, and the dynamic fluctuation of beta activity between successive beats was
preserved regardless of metrical structure, such that the time of rebound adjusted to the
rate of the auditory beat whether is was grouped by two (as in march) or three (as in
waltz).

Figure 3. Spectrotemporal dynamics of neuromagnetic activity recorded from the right auditory
cortex averaged across 12 people (Fujioka et al., 2012). Time–frequency map of signal power
changes related to the auditory beat with (A) 390 ms, (B) 585 ms, (C) 780 ms, and (D) random
IOIs. (E) Auditory evoked magnetic field waveforms observed with 151 MEG channels (top) and
the corresponding waveform of auditory cortex activation (bottom). (F) Time courses of betaband power changes (20 –22 Hz) with the onset of the stimuli marked by a red arrow.
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Gamma-band activity is essential in auditory processing. It reflects a cortical
process synchronizing auditory areas, which aids communication between more distant
cortical regions. This mechanism serves binding auditory features processed in different
parts of the auditory cortex to obtain a unitary sound percept (Pantev, 1995). Evoked and
induced gamma-band activities play different roles in auditory processing. The former
depends largely on the physical attributes of the sound, while the latter is linked to
higher-order processing. Snyder and Large (2005) found meter related brain responses in
short-latency induced gamma-band (20-60) activations (GBA). The perception of meter
generates the feeling of strong and weak beats (Lerdahl & Jackendoff, 1983; Liberman &
Prince, 1977). Typically, the first beat of a grouping unit (measure) is the strongest.
Metric rhythms differ to non-metric rhythms in that they are easier to remember and
reproduce (Essens & Povel, 1985), and they have a specific activation pattern in the brain
(Sakai et al., 1999). Nevertheless, metrical context facilitates the processing of individual
acoustic events (Mari Riess Jones et al., 2002). Short-latency GBA has the advantage that
it quickly follows the sound events (Snyder & Large, 2005), therefore allows measuring
brain responses for successive events with IOIs shorter than 1000 ms typical to music.
While evoked responses are informative to the processing of tone characteristics, induced
activity reflects higher-order integrative sensory, motor and cognitive functions (Pantev,
1995; Tallon-Baudry & Bertrand, 1999). Snyder and Large (2005) used isochronous tone
sequences with 390 ms IOI and an alternating strong-weak accent pattern containing
occasional tone omissions. Evoked GBA peaked ~ 50 ms after tone onsets, and it
decreased for weak beats compared to strong beats. Moreover, when tones were omitted
in a sequence, the evoked GBA peak was absent. On the contrary, induced GBA
remained unaffected from tone intensity and omission, and stronger activations were
found prior tone onsets suggesting an anticipatory mechanism (Snyder & Large, 2005).
Increased high frequency brain activity before an expected event is considered to be a
domain-general representation of communication between neural ensembles. This
activity is particularly useful for processing fast-paced temporal patterns, such as speech
and music by orienting attention to the meaningful time points. Figure 4 shows induced
and evoked GBA for tone omissions.
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Figure 4. Normalized plots of TF induced and evoked power in response to (top) omitting the
loud tone at 0 ms with a present soft tone at 390 ms as a mean across 15 fronto-central electrodes
for three subjects (S3, S4, S8), and (bottom) with a present loud tone at 0 ms and an absent soft
tone at 390 ms (Snyder & Large, 2005).

Similarly in an MEG study, Fujioka and colleagues (2009) found that the induced
gamma (28-48 Hz) peak was preserved after occasional tone omissions in an isochronous
sequence. Because activation was preserved during tone omission, induced GBA was
thought to represent the perception and retention of meter in memory.
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2. The development of auditory entrainment
The ability to synchronize movement to an external rhythmic stimulus takes time to
mature (Drake et al., 2000; Eerola et al., 2006). Infants are already able to process
interval and beat timing. For example, infants can detect duration differences in speech
(Eilers et al., 1984) and detect gaps in auditory stimuli (Smith Nicholas A. et al., 2006;
Trehub et al., 1995; Werner et al., 1992). Moreover, five-month-old infants can detect
subtle rhythmic and melodic changes, and they perform better with simple and more
conventional rhythms, than with more complex rhythms (Trehub & Hannon, 2009). This
difference becomes more and more pronounced as they get older due to extended
exposure to Western music (Hannon et al., 2011; Hannon & Trehub, 2005a, 2005b; Soley
& Hannon, 2010). However, thresholds are far from the adult level, which is particularly
apparent when comparing stimuli in different frequencies (Trehub et al., 1995). With
regard to beat processing, infants can perceive the beat without synchronizing their
movements to the auditory stimuli. For example, they are able to extract an underlying
beat (Hannon & Trehub, 2005b; Winkler et al., 2009), and recognize rhythms across
changes in tempo and frequency (Chang & Trehub, 1977; Demany et al., 1977; Trehub &
Thorpe, 1989). Seven-month olds recognize a different beat from which they had been
habituated to, by orienting longer towards the direction the new beat was coming from
(Hannon & Johnson, 2005), and prefer to listen longer to novel rhythmic sequences that
have the same meter they were bounced in before ( Phillips-Silver & Trainor, 2005). At
the age of five, children are able to tell whether a regular beat superimposed on a musical
excerpt matches in tempo and phase (Einarson & Trainor, 2013), and their movement
synchronization to the beat predicts neural speech encoding and reading readiness (Carr
et al., 2014).
Despite the correct beat and interval perception, movement synchronization ability
matures significantly slower. When 5-month-old infants naturally move their bodies to
the music they listen to, their movements are not synchronized with the beat of the music
(Zentner & Eerola, 2010). Two- and four-year-old children can swing their bodies to the
music, but fail to follow and adjust to changes in stimulus timing (Eerola et al., 2006).
Synchronization skills mature throughout elementary school age years, yet they only
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reach adult level after the age of 10 (Drake et al., 2000). Even at the age when children
start to synchronize there is considerable amount of variability in their movement
compared to adults (McAuley et al., 2006). While synchronization ability continues to
mature for young children, their preferred tempo remains faster than adults’ (Baruch et
al., 2004; Drake et al., 2000; McAuley et al., 2006). Baruch and colleagues (2004) found
that while adults’ preferred tempo for spontaneous tapping was around 600 ms of rate, 611-year-old children preferred faster tempi, and infants had no tempo preference. The
authors proposed that while adults like to tap to the tempo that is most convenient to
process, children prefer the more attention grabbing faster tempi. These studies suggest
that although young children naturally tend to move to rhythmic auditory stimuli, their
synchronization ability is not fully developed yet.

2.1 Neural entrainment to auditory stimuli in infants and children
Despite the growing literature in neural entrainment to auditory stimuli, there is
very little data regarding children and infants. 2-3-days old infants showed oddball
responses to violations of the regular beat of the music (Winkler et al., 2009), where the
downbeat (the most salient beat in a rhythmic unit) was occasionally omitted. Two-month
old waking and sleeping infants showed differences in their ERP responses to violations
of a regular rhythmic sequence, and areas of activation varied across states of alertness
(Otte et al., 2013). 7- and 15-month old infants showed selective enhancement in beat and
meter frequencies in their EEG, with larger amplitude in infants whose parents were
musically trained (Cirelli et al., 2016). The frequency tagging approach used here to
measure frequency specific responses is going to be discussed in detail in Chapter 3.
Cirelli and colleagues (2014) measured EEG for adults and 7.5-year old children and
found entrainment markers in beta oscillations (15-25 Hz). The study used the same
auditory stimuli as in a previous MEG study (Fujioka et al., 2012). Isochronous tone
sequences were presented in three different tempo conditions (with 390 ms, 585 ms and
780 ms IOIs), while participants were sitting still and listening passively. Children’s
results were similar to adults’, although weaker and less consistent. Induced beta
activation showed a pattern of desynchronization following tone onsets and a tempo
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dependent rebound just before the onset of the next tone. However, this pattern was less
prominent in the fastest tempo condition. Contrary to the MEG study where the time
points of beta desynchronization were consistent, in the EEG they varied as a function of
tempo, possibly because of EEG is less accurate in separating spatial locations on the
scalp, and radial sources that are visible to EEG are invisible to MEG (M. Hämäläinen et
al., 1993). Moreover, the MEG study included several brain regions, prominently motor
areas, whereas the EEG study used source space projection only to the auditory cortex.
The different time courses of beta activations in the two brain areas might have resulted
in the differences in the timing of beta desynchronization. A further difference between
children and adults is that desynchronization was less prominent in children, and only
significant in the slower tempi (585 ms and 780 ms IOIs) in the higher beta range (20-25
Hz). This result is surprising given that tempo perception and production is typically
better in children for tempi faster than 600 ms rate (Drake et al., 2000). The less
prominent desynchronization could be due to developmental effects, which could have
reflected in the variability of the time points of desynchronization. Despite the
differences in the results between children and adults, it is difficult to conclude about age
related effects, because half of the children and all of the adults received at least 2 years
of formal musical training, which is proven to affect temporal processing (Rammsayer &
Altenmüller, 2006). Also, SE has been found to relate to language, reading and
phonological skills, (Carr et al., 2014; Cumming et al., 2015; Gordon et al., 2015;
Ozernov-Palchik et al., 2018), therefore children that already learnt to read might process
rhythmic sequences differently than children who have not learn to read yet. In order to
obtain a more accurate picture about the effect of maturity in neural entrainment to
auditory stimuli, measurements should control for the level of music training and
linguistic skills.

2.2 Interim summary
Auditory entrainment is a complex process and it takes time to develop. There is
evidence that infants can already perceive beat and time intervals correctly, however
sensorimotor synchronization continues to develop during early childhood. There is very
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few data regarding the maturation of neural entrainment, and compared to adults,
children’s data are very elusive, and existing research does not tap on the gamma
frequency band. More importantly, previous studies did not control for the level of music
education and linguistic abilities, which affect timing processing that underlies beat
perception. In order to get an unbiased picture of the early stages of neural entrainment to
auditory stimuli, research needs to investigate brain oscillations in different frequency
bands in children without formal musical training before they start elementary school and
learn to read.

3. Dynamic coupling between sensory and motor processes
Sensorimotor coupling between oscillations in the auditory and motor cortices was
studied through steady-state evoked potentials (SS-EPs). SS-EPs allow differentiation
between simultaneous processes as they resonate at the exact frequency of stimulation
(Draganova et al., 2002; Galambos et al., 1981; Plourde, 2006; D. Regan, 1989). To
measure brain responses resonating at the exact frequency of stimulation, the frequency
tagging approach developed by Nozaradan and colleagues (2011) is used. This procedure
captures neuronal entrainment to beat and meter as SS-EPs. SS-EPs are obtained by first
removing non-phase locked activity from the signal by averaging EEG epochs, then
transforming averaged EEG epochs into the frequency domain with discrete Fourier
transform. Then, noise reduction is applied to the resulting frequency spectra by
subtracting from each bin the average amplitude of the neighboring frequency bins.
Finally, the magnitudes of SS-EPs are estimated by averaging signal amplitude across
three bins centered at the frequencies of interest to account for possible spectral leakage.
In the above study, participants had to mentally superimpose different meters (binary and
ternary) onto an isochronous tone sequence, which elicited SS-EP peaks not only at the
beat frequency, but also at the imagined meter frequencies, as shown in Figure 5. The
authors concluded that SS-EPs reflect not only bottom-up, but also top-down processes.
That is, beat perception is established by entrainment of neurons resonating at the
frequency of stimulation and by higher-order resonance products giving rise to
endogenous metric representations (Large, 2008; Large & Kolen, 1994; Large & Snyder,
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2009; van Noorden & Moelants, 1999).

Figure 5. A periodic rhythm elicited a steady-state evoked potential (SS-EP) at the stimulus
repetition frequency, and meter imagery elicited subharmonic resonances corresponding to the
metric interpretation of this periodic rhythm (Nozaradan et al., 2011).

In another study, Nozaradan and colleagues (2015) measured SS-EPs while
participants were listening to isochronous tone sequences and tapping (with right and left
hand separately) to every second beat corresponding to the first sub-harmonic of the beat.
The authors found that both the auditory stimulus and the tapping elicited SS-EPs at their
corresponding frequencies. Furthermore, a third peak appeared at the sum of the auditory
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and tapping frequency, called cross-modulation frequency. Previous studies found that
cross-modulation products occur due to nonlinear convergence of two or more
simultaneous oscillators eliciting SS-EPs (D. Regan, 1989; Sutoyo & Srinivasan, 2009).
In this case, the third frequency was proposed to be the result of the interaction between
the auditory and motor processes reflecting an integrative mechanism. Scalp distributions
of the activations corroborated this idea. In particular, the auditory and the tapping SSEPs alone corresponded to auditory and motor (contralateral to the moving hand) areas
on the scalp, while the cross-modulation SS-EP seemed to activate both auditory and
motor areas. This latter finding supports the notion of dynamic auditory-motor coupling
during SE. Moreover, correlations between the latency of the tapping movement and the
latency of the auditory SS-EP underpins that SE to the beat is not only driven by the
auditory processing of the stimulus, but also by the produced movement executed during
tapping. Hand movements may influence the neural representation of the beat possibly
facilitating more accurate synchronization, which further implies that asynchrony in
tapping (when hand movement precedes the timing of the beat) is encoded already at the
sensory level (Nozaradan et al., 2015). In line with this, the magnitude of the auditory
SS-EP was enhanced corresponding to the contralateral auditory area to the moving hand
when simultaneous tapping occurred compared to the condition when no movement was
executed.

3.1 Sensorimotor coupling in children
Despite the fact that the frequency tagging approach was used effectively in adults,
there is little research in children. Simultaneous listening and tapping is a complex task,
which requires constant monitoring of the auditory input, while correcting movement in
response to the auditory feedback. The task is even more difficult when the tapping rate is
not the same as the rate of the auditory stimulus. Therefore, the age at which children are
already capable of performing this task, limits measurement. Cirelli and colleagues
(2016) measured SS-EPs in 7- and 15-month old infants in a passive listening task in two
different experiments. In Experiment 1, 7-month old infants listened to an ambiguous
rhythmic pattern (with 3 Hz beat rate) that could be interpreted either in binary (1.5 Hz)
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or in ternary (1 Hz) meter. Infants showed an SS-EP peak at the beat frequency, as well
as at the binary and ternary meter frequencies. Moreover, infants, who participated in
music training, showed an enhanced peak at the binary meter frequency compared to
those who did not. As music training emphasizes Western music and therefore
accelerates the effect of enculturation (D. W. Gerry et al., 2010), it may latently promote
a preference for binary meter typical to Western music, which might have manifested in
the enhanced SS-EP at the binary meter frequency. In Experiment 2, 15-month old
infants listened to an unambiguous rhythmic pattern (with 3 Hz beat rate) in quadruple
meter (0.75 Hz). SS-EPs appeared at both beat and meter frequencies. Interestingly, there
was no effect of infant music training, but the amplitude of both SS-EPs were larger for
infants whose parents had at least 5 years of music training. These experiments did not
include any instruction to move, therefore the only data regarding both auditory and
motor related SS-EPs in children come from Colling and colleagues (2017). The authors
used the same paradigm as in the study of Nozaradan and colleagues (2015) in children
with dyslexia and typically developing children at 9-10 years. The amplitude of the
auditory SS-EP (where children did not execute any movements) was greater in children
with dyslexia compared to typically developing children and related to different measures
in reading (single word reading and phonological awareness), such that greater amplitude
correlated with weaker reading abilities. Furthermore, contrary to controls, children with
dyslexia did not show SS-EP at the auditory-motor cross-modulation frequency in the
right-hand (preferred hand) tapping condition, which suggests impaired sensory-motor
integration. Curiously, there were no group differences in the tapping SS-EPs, and the
two groups did not show any differences in their tapping accuracies and in their tapping
consistencies.
It is difficult to infer developmental effects for normally developing children from
the above results, because existing data have significant limitations. First of all, results in
the first study were influenced by music training in infants on one end and in parents on
the other end. Second, there was no tapping or any motor task in the first study, therefore
the role of motor processes in sensory-motor integration could not be assessed. Thirdly,
the studies yielded inconsistent results in terms of the correlation between behavioral
measures and neural responses. While in the first study, greater auditory SS-EP amplitude
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predicted higher level of music training, greater auditory SS-EP amplitude correlated
with weaker reading abilities in the second study. While music training was typically
associated with enhanced rhythmic abilities, impaired reading abilities were associated
with weaker rhythmic abilities (J. A. Hämäläinen et al., 2012; Molinaro et al., 2016;
Power et al., 2013; Soltész et al., 2013). In order to better understand the developmental
trajectory of sensorimotor and neural entrainment, and the relationship between
behavioral and neural measures, research needs to control for both the level of music
training and reading abilities, and should include both listening and motor tasks to
investigate the interaction between these processes.

3.2 Interim summary
Sensorimotor synchronization, such as tapping to the beat entails multiple
simultaneous processes related to auditory and motor areas in the brain. It has been
proposed that during synchronization of movement to a periodic auditory stimulus, neural
activity in sensory and motor areas mutually inform each other in order to facilitate
accuracy of movement alignment to the beat. Auditory representation is enhanced, when
movement synchronization accompanies the listening to the stimulus. The frequency
tagging approach was proven to be effective in separately measuring these processes as
well as the interaction between them. However, existing data covers mostly adults, and
studies testing infants and children yielded controversial results. Furthermore, music
training and reading abilities bias interpretation. Therefore, the developmental trajectory
of the neural processes underlying sensorimotor entrainment is still not clear.

4. The transfer effect of music
Music listening engages an extensive network of brain structures and requires
certain perceptual skills, such as pitch discrimination, auditory memory and selective
attention that are necessary for perceiving temporal and harmonic structure, as well as
affective content (Peretz & Zatorre, 2005). Extensive exposure to music and music
training results in increased brain plasticity underlying these functions in professional
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musicians (Barrett et al., 2013; Herholz & Zatorre, 2012; Moreno & Bidelman, 2014).
Auditory and motor regions as well as somatosensory areas, the premotor cortex, inferior
temporal and frontal regions, and the cerebellum not only anatomically, but also
structurally change, such that the volume of gray matter increases (Barrett et al., 2013).
Structural changes have been found in white matter tracts as well (Bengtsson et al.,
2005), including the corpus callosum (Schlaug et al., 2005). Musicians’ brain compared
to non-musicians’ brain showed more extensive functional connectivity between motor
and multisensory areas during rest (Luo et al., 2012).

4.1 Effects of music training in childhood
Various processes affect neural development. When investigating the effect of
music training in childhood, maturational dynamics that naturally shape the brain need to
be taken into account as well. The “sensitive period” refers to a time period when the
brain is malleable in response to experiences. Therefore, both the time of commencement
of music training and the level of engagement influence the extent of brain plasticity
(Knudsen, 2004), whereby the brain is capable to change structurally and functionally. It
is during this time, when the fundamental architecture of neural networks form. Beyond
that period, only connectivity between neural populations can change as a result of
learning (Knudsen, 2004). The sensitive period can be prolonged by continuous
experiences (Hensch, 2004), such as long-term music training. On the contrary, the
“critical period” is an age dependent fixed time window, during which performance
becomes permanently altered. Various neural systems have their own length of critical
period. For example, while the visual cortex reaches adult level in only a few months
(Kinney et al., 1988), the critical period for the auditory cortex ends by age of 3-4 years.
The longer period for the auditory cortex serves language acquisition, which is influenced
by both bottom-up processing and top-down cognitive feedback (Kral & Eggermont,
2007). Sensory deprivation during this time results in deficits in oral language learning
and sensory discrimination (Kral & Sharma, 2012). Two longitudinal studies investigated
long-term effects of music training on behavior and brain plasticity in childhood. Norton
and colleagues (2005) compared 5-7-year-old children receiving instrumental music
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training with age-matched controls. Despite the lack of differences at baseline, after 14
months, musically trained children improved significantly compared to the controls in
auditory discrimination and fine motor skills. Moreover, there was a trend toward
significant changes in non-musical skills, such as verbal, visual and mathematical skills.
No changes were found in white- or gray matter volume. Hyde and colleagues (2009)
compared two groups of 6-year-old children taking different types of music classes. One
involved keyboard training, while the other involved singing and drumming.
Deformation-based morphometry revealed plastic changes in the right precentral gyrus
(motor hand area), midbody of the corpus callosum, and the right primary auditory cortex
in children taking piano lessons, that were comparable to changes detected in adult
musicians. Moreover, there were structural brain differences in frontal areas that,
however, did not correlate with performance. These results imply that in order to
structural changes appear, longer exposure to music training is necessary (Norton et al.,
2005). Besides sensitive and critical periods, other factors, such as motivation and
attention are key in learning (Hensch, 2004).
It has been suggested that rhythmic entrainment could be one of the underlying
mechanisms responsible for the transfer effect of music (Miendlarzewska & Trost, 2014).
As most music is embedded in an underlying temporal structure, when perceiving music,
our attention needs to entrain to the time points where important information is predicted
to happen for optimal processing (Large & Jones, 1999). Before I discuss research
findings in relation to the transfer effect of rhythmic entrainment, I am going to review
the robust literature pertaining to the different kinds of transfer effects of music that have
been found. It is important to note, that observed transfer effects in most of the studies
come from instrumental music training testing healthy adults and children.

4.2 Transfer effects of music on cognitive function
Differences between musically trained and untrained children have been found in
various listening tasks related to fine tuned auditory perception. Corrigall and Trainor
(2009) found heightened sensitivity to the key and harmony of Western tonal music in
musically trained children. 8-year old children after 6 months of music training compared
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to control children demonstrated increased accuracy in pitch discrimination, while the
amplitude of their N300 EEG response increased as well (Besson et al., 2007). Also, 810-year old children after 12 months of training showed better discrimination in syllabic
duration and voice onset time compared to controls taking painting classes (Chobert et
al., 2014). Musicians were also better at recognizing speech in noise, if music training
started early in life (A. Parbery-Clark et al., 2011; Alexandra Parbery-Clark et al., 2009;
Strait et al., 2012). According to Besson and colleagues (2011) this enhancement of
listening skills that benefits speech processing as well can be linked to the orientation of
attention to specific points in time characteristic to neural entrainment.
More direct evidence for the transfer effect of music to language processing comes
from a series of studies. Neurophysiological responses underlying syntactical processing
in both music and language develop earlier in children receiving musical training
(Jentschke & Koelsch, 2009) and 8-year old children show better pitch discrimination in
speech and when reading aloud (Moreno et al., 2009). As music and language share
common auditory substrates, it is possible that exercising in one domain benefit the other
(Patel, 2008; Patel & Iversen, 2007). According to the OPERA hypothesis, the transfer
effect of music onto speech is established by the overlapping brain networks and the
emotionally rewarding effect of music, which reinforces attentional focus (Patel, 2011,
2014). Transfer effects to language are also found in verbal fluency, vocabulary, verbal
memory, second language acquisition and reading (for a review, see Besson et al., 2011).
For example, Milovanov and colleagues (2008) showed that pronunciation accuracy in
second language correlated with musical training.
The effect of music training on reading abilities received particular attention.
Musical development and reading skills were tested in 4-5-year-old children (Anvari et
al., 2002), and for 5-year-olds, pitch discrimination predicted reading abilities. In another
study with adolescents, tapping to the beat is related to reading abilities and temporal
attention (Tierney & Kraus, 2013). Interestingly, both studies measured rhythmic skills,
but only beat synchronization correlated with reading, possibly because Anvari and
colleagues (2002) used a short-term memory test for measuring rhythmic skills, and beat
processing recruits similar attentional mechanisms to those involved in reading.
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Performance in spatial tasks is also related to musical skills, as evidenced by a
meta-analysis of 15 experimental studies by Hetland (2000). Other studies, however,
yielded contradictory results. There were no differences in spatial skills between children
receiving at least 3 years of training and controls in the study of Forgeard and colleagues
(2008). Children receiving piano training showed enhanced visuo-spatial skills compared
to controls during the first two years, but not at the third year (Costa-Giomi, 1999). Adult
musicians and non-musicians showed no differences in performance in a spatial working
memory task (Hansen et al., 2013). These results suggest, that music training may aid the
acquisition of spatial skills, but this advantage does not remain lasting (Miendlarzewska
& Trost, 2014).
Hannon and Trainor (2007) proposed that musical training affects the amount of
cortical tissue devoted to executive functions including cognitive control (attention and
inhibition), working memory and cognitive flexibility (task switching), as playing an
instrument demands attention, coordination and switching between different tasks, which
leads to the integration of top-down and bottom up processing (Pantev et al., 2009).
Moreno and colleagues (2011) found that music training even as short as 20 days
improved performance in a go-/ no-go task in children. Furthermore, improvement in
working memory was found in children taking an 18-month music program compared to
controls participating in a natural science program (Roden et al., 2014).
Research on the transfer effect of music on general IQ has mixed results. It has been
suggested that music training may enhance specific cognitive skills, such as attention,
executive functions and memory that IQ tests measure, rather than it enhances overall
intelligence (Miendlarzewska & Trost, 2014). According to Schellenberg (2011), it is
possible that children who choose to take music lessons have already higher cognitive
abilities, which potentially bias test results. Also, socioeconomic status (SES) can
determine which children can access to music lessons (Southgate & Roscigno, 2009).
Schellenberg (2006) found that controlling for SES, music training in 6-11-year old
children predicted higher IQ and better academic performance in young adulthood. In
another study, Schellenberg (2004) found an advantage in general IQ including verbal
comprehension and perceptual organization in children who took singing classes as
opposed to children taking piano classes.
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The most debated effect of music is related to social skills. Schellenberg (2011) did
not find any relation between music training and emotional intelligence in children, and
adults (Trimmer & Cuddy, 2008). On the contrary, Petrides and colleagues (2006)
showed a correlation between emotional intelligence and music training. In another study
an advantage in emotion comprehension was found, however this effect disappeared
when the individual level of IQ was controlled (Schellenberg & Mankarious, 2012).
Despite the controversial results regarding emotional intelligence, musical activities were
found to be related to other social skills. For example, musical activities enhanced
communication and social development in infants (D. Gerry et al., 2012). Furthermore, 4year olds were more likely to cooperate after engaging in musical activities (Kirschner &
Tomasello, 2009). Other studies found that music training enhanced the recognition of
emotion in vocal expressions (Lima & Castro, 2011; Strait et al., 2009). The social effect
of music training may lies in the setting of the music classes. Group lessons, where
ensemble playing is also practiced, cooperation is necessary, which can lead to the
strengthening of social skills. On the contrary, individual music lessons do not provide
such an opportunity. Figure 6 shows various transfer effects discovered in relation to
music.
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Figure 6. Representation of near and far transfer skills in relation to musical instrumental training
(Miendlarzewska & Trost, 2014). (Inner rectangle) Individual variables affecting the transfer
effect of music training. (Inner circle) Transfer effect of music on skills directly trained in music
lessons. (Outer circle) Transfer effect of music indirectly influenced by music training.

4.3 The transfer effect of rhythmic entrainment
The dynamic attending theory (DAT) suggests that rhythmic patterns are perceived
in music because our attention synchronizes to the periodicities in the auditory rhythm
(Mari R. Jones & Boltz, 1989). A similar mechanism was observed in visual perception,
whereby neuronal populations in the visual cortex entrained to the regular presentation of
the stimulus (Lakatos et al., 2008). This entrainment of attention can benefit other
cognitive processes as well. The frequency following response (FFR) is a component of
the auditory brainstem response (Tzounopoulos & Kraus, 2009) that is phase- and
frequency locked to the acoustic parameters of an auditory stimulus. It is therefore an
indicator of neural entrainment to sound events, including speech and music. The FFR
has been found to be faster for musically trained people in both music and speech
perception (Chandrasekaran & Kraus, 2010; Tzounopoulos & Kraus, 2009). Rhythmic
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skills were related to language in several studies. The ability to perceive and produce
rhythms predicted reading performance in children with dyslexia (Goswami, 2012; Huss
et al., 2011). Movement timing skills were related to reading and auditory attention
(Tierney & Kraus, 2013), cognitive speed (Sheppard & Vernon, 2008), intelligence
(Holm et al., 2011), working memory and information processing speed (Lorås et al.,
2013), and auditory working memory (Jakobson et al., 2003).
Rhythmic entrainment was proposed to induce emotions as well. Internal bodily
rhythms, such as respiration and heart rate can synchronize to the external pace of the
music, which contributes to an emotional reaction (Juslin et al., 2010). This synchrony
translates to a rewarding experience not only when listening to the music, but also when
playing music in synchrony with others. This activation of the reward system modulates
memory formation and triggers brain plasticity. Koelsch (2010) proposed that since
music is often performed in a social context, it has a role in group cohesion and
coordination. In line with this idea, a number of studies found that acting in synchrony
with a partner increases prosocial commitment (Kokal et al., 2011), social affiliation
(Hove & Risen, 2009), trust (Launay et al., 2013), cooperation (Wiltermuth & Heath,
2009) and feelings of compassion (Valdesolo et al., 2010; Valdesolo & DeSteno, 2011).
Rhythmic entrainment was also found to relate to the rehabilitation of brain
damage. Rhythmic auditory stimulation (RAS) was used to stimulate the brain and induce
short or long-term plasticity (Michael H. Thaut & Abiru, 2010). For example, the
stimulation of the dopaminergic circuits in the basal ganglia resulted in reduction of
movement coordination problems (Pacchetti et al., 2000; M. H. Thaut et al., 1996). The
coordination of movement was also recovered when RAS was applied to the auditorymotor and sensorimotor integration brain areas (Bradt et al., 2010; Rodriguez‐Fornells et
al., 2012).
Finally, rhythmic entrainment was found to be related to other skills in experiments
with animals. Rickard and colleagues found that stimulating the noradrenergic memory
system with complex auditory rhythms improved memory in avian species (Rickard,
2009; Toukhsati & Rickard, 2001). On the contrary, atypical rhythmic structures
compromised memory processes. Non-metrical music produced learning and memory
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deficit in mice, and non-rhythmic music caused deficits in spatial learning in rats
(Rauscher et al., 1998; Schreckenberg & Bird, 1987).
The above findings suggest that rhythmic entrainment has a direct effect on various
cognitive processes, including memory, language and attention, as well as motor
coordination and social behavior, which was explained by the synchronous oscillations of
neural populations underlying communication across distant neural areas (Canolty &
Knight, 2010; Grahn, 2012).

4.4 Long-term effects of rhythmic entrainment
Studies investigating rhythmic entrainment in relation to different non-musical
skills concentrate on rhythmic abilities already acquired through extensive musical
training. However, as the effect of music training on other skills only prevail after
enduring practice, it is not known how the effect of rhythmic entrainment develops over
time, and how does it differ from the effect of other musical skills. Two longitudinal
studies investigated long-term effects of rhythmic entrainment on multiple non-musical
skills. Rabinowitch and colleagues (2013) tested 8-11-year-old children in a year-long
study. The majority of the children were already going to an instrumental or vocal music
class. One group received a training specifically designed to musical group interactions
(e.g. entrainment, imitation), and the other group participated in a training where verbal
group interactions were practiced (e.g. story-telling, drama). Cooperation was
fundamental in both groups, but each group emphasized different means, either music or
speaking. Entrainment exercises involved all members of the group and typically
included joint musical improvisation to a common rhythm. Children went through a long
line of tests at the beginning and at the end of the study. The test battery consisted of
different empathy measures (Matched Faces, Bryant Empathy Index and Memory Task)
and two verbal ability tests (Similarity and Vocabulary subtests from the Wechsler
Intelligence Scale for Children). The Matched Faces measured how children felt while
watching short emotional movie clips, and whether their emotions matched the emotion
of the main character of the movie. The Bryant Empathy Index asked children’s judgment
about different emotional scenarios. Finally, the Memory Task measured implicit
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identification of emotions in movie clips, which was specifically designed for this study
and implemented only after the end of the training programs. At the end of the trainings
children in the music group showed increased empathy on the Bryant Empathy Index and
on the Memory Task compared to the control group. No other differences were observed
on any other measures. The other study tested 6-7-year-old children at the beginning and
after each year of a four-years training with the El Sistema method designed for
underprivileged children as an out-of-school musical activity featuring ensemble playing
(Hennessy et al., 2019; B. S. Ilari et al., 2016). The age-matched control group did not
participate in any extracurricular activities. Ensemble playing promotes entrainment in an
indirect fashion, such that individual musicians have to align to a common rhythm
dictated by the conductor or by the other ensemble players. Children went through a tests
battery measuring different abilities including musical skills (Gordon’s Primary Measures
of Music Audiation, AIRS Test Battery of Singing Skills), rhythmic entrainment
(drumming with a computer and with a person), verbal skills (Wechsler Abbreviated
Scale of Intelligence (WASI-II) Vocabulary subtest), cognitive skills (WASI-II Matrix
Reasoning subtest), executive functions (delayed gratification, flanker, and Color-Word
Stroop task) and motor skills (Bruininks-Oseretsky Test of Motor Proficiency). After one
year, children in the music group outperformed control children in pitch discrimination
and singing. Rhythmic skills developed equally in both groups possibly reflecting age
related changes, rather than the effect of the music program. Pertaining to rhythmic
entrainment, the music group did not show significant improvement, rather, it remained
constant, while the control group declined. The authors proposed that music training
might help maintaining rhythmic synchronization skills that would normally degrade with
age. At the end of the third year, the music group outperformed the control in
synchronized drumming, which suggests that music training that is based on group
synchronization, as in ensemble playing, strengthens entrainment in social settings (B.
Ilari et al., 2018). Pertaining to non-musical skills, significant difference between the
music and the control group only emerged after the third year in cognitive inhibition
(Hennessy et al., 2019). There were no differences between the groups in social skills (B.
Ilari et al., 2018). Based on these results, the authors concluded that different musical
skills have different developmental trajectory, therefore it is important to distinguish and
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measure these skills separately when investigating the transfer effect of music training.
Also, in order to disentangle normal development from the effect of music training, the
effects should be investigated in a longer period and studies must consider that during
music training, performance fluctuates, and a period of growth varies with a period of
plateau and a period of decline (Gembris, 2006; Zimmerman, 1986).

4.5 Interim summary
The transfer effect of music has been shown in numerous studies on cognitive,
linguistic and social skills. It has been suggested that one of the underlying mechanisms
responsible for the transfer effect of music is rhythmic entrainment. This idea is based on
the fact that music is embedded in a hierarchical structure, which is best processed when
the attention entrains to the periodicities of the rhythmic stimulus. This attentional
mechanism nevertheless benefits other skills that share overlapping brain networks or
utilize similar attentional processes. Studies investigating the effect of entrainment found
that periodic stimulation results in the facilitation of the activity of neural populations
related to auditory, motor areas and their integrative network. On a behavioral level,
rhythmic entrainment benefits different cognitive skills, primarily auditory working
memory and attention. However, studies yielded conflicting results and different forms of
entrainment in music training resulted in different types of effects. Some studies used
entrainment directly for example via joint drumming, other studies used entrainment in
an implicit manner, such as ensemble playing. Another problem is that children in these
studies were measured at different ages having different musical background.

5. The effect of auditory entrainment on sensory perception
Our perception relies on effective processing of incoming information. A vast
amount of sensory inputs arriving to our brain constantly, which needs to be selected and
integrated. Brain oscillations of different frequencies give rise to these integrative and
attentional functions. For example, posterior gamma oscillations (30-100 Hz) play a role
in feature binding (Singer & Gray, 1995), while posterior alpha-band oscillations (8-14
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Hz) mediate input regulation (Lőrincz et al., 2009), and attentional selection (Kelly et al.,
2006; Sauseng et al., 2005; Thut et al., 2006; Worden et al., 2000). The phase of these
oscillations reflect the waxing and waning of sustained attention (VanRullen et al., 2011),
and predicts stimulus perception (Mathewson et al., 2009). Importantly, these oscillations
can be perturbed by an external force. If this external force is periodic, the cycles of these
ongoing oscillations start to synchronize to the periodicities of the external event. This
dynamic coupling results not only in the adjustment of phase of the ongoing oscillations,
but also an increase in amplitude, which facilitates event processing. The effect of the
external rhythmic stimulus is the greatest, when its frequency is identical to the frequency
of the ongoing neural oscillations (Thut et al., 2011). Since neural oscillations have their
role in cognitive and perceptual processes, when driven by an external force it affects
behavior as well. For example, tones whose temporal positions coincided with the
predicted time points primed by an isochronous tone sequence, elicited more accurate
pitch judgments compared to tones appearing off the beat of the pacing sequence (Mari
Riess Jones et al., 2002). In another study, an external visual rhythm modulated temporal
detection of visual targets (Correa & Nobre, 2008; Doherty et al., 2005).

5.1 Cross-modal effects of auditory entrainment
The effect of entrainment on sensory perception appeared not only within one
modality. Periodic auditory rhythms were found to modulate visual processing in
numerous studies. Escoffier and colleagues (2010) investigated the effect of the rhythm
of background music on a speeded-response visual discrimination task. Participants were
watching upright or inverted pictures that appeared either in synchrony or out-of
synchrony with the music or in silence. The positions of the pictures in synchrony were
judged faster, suggesting that the beat of the music provided a temporal marker to entrain
the listener’s attention. Furthermore, judgments were faster for the in-synchrony
condition than for silence, whereas there was no significant difference between the out-of
synchrony condition and silence. The authors speculated that the beat predicts future
musical events, which facilitates multisensory processing with temporally coinciding
stimuli. Besides discrimination of visual images, background music was found to affect
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processing of visually presented words as well (Brochard et al., 2013). An unattended
strongly metric auditory sequence modified word recognition in two ways. Bisyllabic
words were segmented either lexically right or wrong. When the correct syllables
appeared on the beat versus off beat, it facilitated word recognition. However, when
incorrect syllables appeared on the beat versus off beat, it increased impaired recognition
of the word, such that processing time was longer. Due to the driving force of the
auditory beat, more attention was allocated on the inappropriate information, which in
turn increased decision time. In another series of studies Miller and colleagues (2013)
demonstrated the cross-modal influence of an auditory rhythm. In two experiments
participants moved their eyes to a test dot with a temporal onset either synchronous or
asynchronous with a preceding periodic auditory stimulus. The authors found that
saccadic latencies were faster when the onset of the dot was in synchrony versus in
asynchrony with the auditory rhythm. Moreover, this effect disappeared when the rhythm
of the auditory stimulus became irregular. In the third experiment the entrainment effect
was replicated when participants performed a visual gap detection task. The results
suggest that participants allocated more visual attention to the time points where an
auditory event was expected to happen. The effect of entrainment on reaction time was
demonstrated in different auditory and visual tasks for both simple isochronous auditory
sequences and musical excerpts (Bolger et al., 2013). In one experiment a sinusoidal tone
sequence was used as an entraining stimulus. Participants performed a speeded detection
and discrimination task, in which they had to respond to the presence of auditory or
visual targets appearing at one of the four metrical positions of the entraining auditory
stimulus. For both the detection and discrimination tasks, metrical position affected both
the visual and auditory task equally. Reaction time was shortest for the downbeat
(strongest metrical position) followed by the less salient metrical positions. In the second
experiment participants performed the same discrimination task only for the visual
stimuli while listening to classical musical excerpts. The effect of metrical position was
similar to the isochronous tone sequences’, which indicates that cross-modal entrainment
manifests in ecologically valid conditions as well. Finally, cross-modal entrainment effect
of auditory rhythms was found in an fMRI study as well (Trost et al., 2014). Participants
listened to piano music while performing a speeded visuomotor detection task. Targets
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appeared either on strong or on weak beats. Targets presented synchronously with the
strong beats were detected faster as compared to targets presented synchronously with the
weak beats. The bilateral caudate nucleus showed increased activity when responding on
strong beats. The study also investigated the effect of consonant versus dissonant music,
and found that consonant music further facilitated target detection, and enhanced activity
in attentional networks. Furthermore, meter and consonance selectively interacted in the
caudate nucleus suggesting that the basal ganglia are involved in both rhythm and
emotion processing.

5.2 Effects of music on eye movement
Most of the visual information is acquired through eye fixations. As visual attention
entrains to the auditory rhythm, the temporal allocation of eye movements is modulated
as well. Studies using eyetracking found evidence that eye movement parameters change
in relation to the acoustic stimuli. For example, Dan and colleagues (2008) found that
music lowered fixation rate during reading, and fixation duration and saccade amplitude
increased during watching videos with soundtrack particularly in the first second after the
beginning of the video (Coutrot et al., 2012). Schäfer and Fachner (2015) investigated
how eye movements reflect inward attention as a result of absorption in music.
Participants were listening to their preferred music, unknown neutral music or no music
while watching short videos and pictures. Both kinds of music increased fixation
duration, lowered saccade rate, and increased blink rate compared to silence. There was
no difference between preferred and unknown music. Finally, infants’ eye fixations
entrained to the beat of the song performed by a singer they were watching on a video
(Lense and Jones, 2016).

5.3 Interim summary
Periodic auditory stimuli can entrain perceptual processes not only within the
auditory but also in another domain, such as vision. It implies that when auditory rhythms
are perceived simultaneously with visual stimuli either attended or unattended, it can
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change the way we visually experience the world. This idea lies in the theory of dynamic
attending, which proposes that our information processing is most effective when our
attention is enhanced at times when important input is expected. The natural cycling of
neural oscillations are capable to synchronize with an external periodic stimulus, which
drives the phases of the oscillatory cycles to the time points where important information
will occur. Findings show that periodic auditory stimuli have a powerful effect on
modulating inherently rhythmic neural sensory processes by changing their natural
rhythm. Although there is ample evidence that periodic auditory rhythms facilitate visual
perception, it is not known how tempo affects visual coupling to the musical beat.

6. Synopsis and rationale of the thesis
The main goal of the current thesis was to investigate the nature of auditory
entrainment. It has been previously shown that rhythm perception and synchronizing
movements with rhythmic inputs recruit several auditory and motor processes, which
have different roles in beat encoding and auditory–motor interaction (Fujioka et al., 2009;
Nozaradan et al., 2015; Snyder & Large, 2005). Due to the diversity of the underlying
mechanisms investigating these processes separately is more informative. To this end,
this thesis aims to characterize auditory entrainment from different neural and behavioral
perspectives and examine the link between its neural and behavioral effects.
In Thesis I, we examined early manifestations of neural entrainment to periodic
acoustic stimuli in different frequency bands in 6-7-year-old children. Thesis II
investigated auditory-motor interactions underlying sensorimotor synchronization in
primary school children. Thesis III aimed to reveal how sensorimotor entrainment relates
to cognitive, linguistic, musical, and social skills, how do they develop over time, and
what are the effects of different forms of entrainment. Finally, Thesis IV used eyetracking in understanding how musical beats in different tempi modulate information
sampling during natural viewing.
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6.1 Thesis I: Entrainment-related auditory and motor processes develop at different
rates.
Neural entrainment to auditory stimuli has been previously found to relate to both
beta and gamma frequency oscillations as described in Section 1.2. Induced beta ERD
and rebound were suggested to mediate motor preparatory processes, whereby the
auditory system guides motor actions for predictive time intervals even in the absence of
an overt movement, while induced gamma oscillations mediate metrical perception and
retention. Previous studies did not control for the level of music education and linguistic
abilities, both of which affect timing processing that underlies beat perception. To
address this issue, we measured brain oscillations in the beta (15-25 Hz) and gamma (2848 Hz) frequency bands in 6-7-year-old children without formal musical training and
before learning to read. We used the same stimuli and experimental procedure as two
previous studies (Cirelli et al., 2014; Fujioka et al., 2009) involving adults and children,
which allowed comparisons between our results and existing child and adult data. First,
entrainment was facilitated by isochronous tone sequences in three different tempi to
which children were passively listening while watching a silent cartoon. The three tempi
served to investigate whether children’s neural responses can adapt to different timing
rates. Second, we used isochronous tone sequences with alternating loud-soft accent
patterns, in which the loud tone was occasionally omitted. The accent pattern meant to
facilitate a binary metrical percept. Metrical perception prevails already in infancy
(Cirelli et al., 2016; Winkler et al., 2009), but retention is more difficult when the
sequence is interrupted with occasional tone omissions. Contrary to musically trained
adults and children, where induced beta power showed a tempo dependent time course,
there were no effects of tempo in musically untrained children in our study. In musically
trained adults, beta ERD had the same latency across participants and across tempi
(Fujioka et al., 2012), followed by a rebound whose timing depended on stimulus rate,
suggesting that the rebound rate was predictive of the expected onset time of the next
tone. In our children, there was considerable variability in the latency of ERD and there
was no significant ERD and power rebound before the upcoming tone onset. These
results suggest that the timing of both ERD and rebound is related to the level of
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development of the underlying processes. Pertaining to metrical percept and retention in
our children, we found similar tendencies to adults. Contrary to induced beta and evoked
gamma, induced gamma remained unaffected by occasional tone omissions and peaked
after the omitted tone. It has been suggested that the regular auditory pulse entrains
intrinsic gamma activity to its tempo and continues during tone omission, thus
representing anticipated stimulus timing (Fujioka et al., 2009). However, while induced
gamma activity exhibited adultlike characteristics, induced beta seemed to be more
similar between the two conditions in children than in adults possibly due to the
immaturity of the underlying processes. The results of this study suggest that auditory
processing related to metrical perception evolves earlier than processes that involve
auditory-motor interactions, such as auditory-guided motor preparatory mechanisms.

6.2 Thesis II: The lack of auditory-motor coupling impedes sensorimotor
synchronization in primary school children
In this study we aimed to expand our investigation of the maturity of the interaction
between auditory and motor processes, therefore we measured the changes in SS-EPs
during sensorimotor synchronization in children from age 6 to 7. We applied the
frequency tagging approach developed by Nozaradan and colleagues (2011), and used the
same stimulus as the authors, but implemented only one condition, in which children
were tapping with their right (dominant) hand to every second beat. Our analyses of SSEPs revealed peaks at the exact stimulus frequency and at its first harmonic
corresponding to auditory regions of the brain. These SS-EPs were significant at each
measuring time and did not change significantly throughout measurements. However, SSEPs corresponding to the target tapping rate and its corresponding cross-modulation
frequency were not significant at any measuring times. Because topographical maps
revealed activations around motor areas in the brain relative to the time of the individual
tapping onsets but not relative to the target tapping time, it suggests that the movement
was not synchronized to the auditory stimulus, therefore auditory-motor coupling could
not take place. Several studies have shown that SE develops constantly until around age
10, therefore it is not surprising that the target tapping rate deviated in our children.
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These findings provide further support to the idea that the interaction between auditory
and motor areas is not completely developed at the age of 6-7.

6.3 Thesis III: Entrainment-based music education enhances cognitive skills related
to specific elements of the teaching method.
Several studies have shown the benefits of music training on multiple musical and
non-musical skills. Because our perception of music is inherently rhythmic, it has been
suggested that the underlying mechanism of the transfer effect of music is rhythmic
entrainment (Miendlarzewska & Trost, 2014). Previous studies found transfer effects of
SE on different skills in different age groups, but to date, there is no comprehensive study
that examined long-term effects of SE in multiple domains. In this study, we compared
the transfer effects of two different SE-based methods (one with fixed movement
patterns, the other with free movement) and a singing-based (control) music education
method on cognitive, linguistic musical and social skills in 6-7-year-old children. To this
end, we used a test battery that measured sensorimotor synchronization, musical skills,
executive functions, phoneme awareness, IQ and empathy. On the initial assessment,
there were no significant differences in performance between the three groups. After 8
months, we found significant improvement for the entrainment-based methods compared
to the singing-based method in pitch discrimination, working memory, phonological
processing and verbal skills, and the singing-based method improved executive functions
more compared to the SE-based methods. The advantage of the SE-based methods
compared to the singing-based method in the above skills could be explained with that SE
facilitates effective allocation of attention resulting in enhanced perception. Attention
allocation also benefits executive functions, which in this study was better in children
receiving the singing-based method. However, the task we used for measuring executing
functions was visual and did not contain an entraining stimulus. It is possible that SE
might exerts more effect in tasks involving auditory processing. Additionally, we found
significant correlations between SE, attention, working memory and phoneme awareness.
Contrary to previous findings, SE did not show relation to empathy, possibly because of
the comprehension of test sentences was too difficult for children at this age. Finally, we
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showed that different teaching methods of SE (fixed movement vs. free movement)
affected cognitive, linguistic, musical, and social skills to a different degree that could be
attributed to particular elements of the methods.

6.4 Thesis IV: Musical beats in different tempi modulate information sampling
during natural viewing
In this study we investigated how listening to naturalistic drum grooves in two
different tempi as opposed to silence affects eye movements of participants viewing
natural scenes on a computer screen, while we additionally tested participants’ memory
for the pictures. As we were also interested in the effect of music training on auditory
entrainment of eye movements, we compared adult musicians with non-musicians, and
included a finger tapping task to measure the strength of SE in both groups. Finally, we
used drum stimuli in two different genres (funky and techno) to explore possible effects
of different musical styles. We found that the beat frequency of the drum grooves
modulated the rate of eye movements across all participants: fixation durations were
increased at the lower beat frequency (1.7 Hz) as compared to the higher beat frequency
(2.4 Hz) and no music conditions. Correspondingly, estimated visual sampling frequency
decreased as fixation durations increased with lower beat frequency. There was no
difference in memory for the pictures between the music and no music conditions,
however musicians performed weaker than non-musicians, which suggests that musical
beats distracted musicians’ attention. Patston and Tippett (2011) found that musicians’
performance was impoverished in a language comprehension task with music in the
background compared to silence. A further difference emerged between musicians and
non-musicians in the SE task. Musicians rated finger tapping easier and their
performance was less variable than non-musicians’. Despite the fact that musicians were
significantly better at keeping the beat, this advantage did not seem to reflect in the
influence of musical beats on their eye movements compared to non-musicians.
Regarding musical genre, all participants rated tapping easier to the techno grooves
compared to the funky grooves, however, this difference did not show up in tapping
performance and in eye movements. Our results imply that the tempo of musical beats
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commonly affects eye movements during natural viewing, and slow musical beats can
retard sampling of visual information by increasing fixation durations.
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7. Studies
7.1 Entrainment-related auditory and motor processes develop at different rates
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A B S TR A C T

Entrainment to periodic acoustic stimuli has been found to relate both to the auditory and motor cortices, and it could be influenced by the maturity of these brain
regions. However, existing research in this topic provides data about diﬀerent oscillatory brain activities in diﬀerent age groups with diﬀerent musical background. In
order to obtain a more coherent picture and examine early manifestations of entrainment, we assessed brain oscillations at multiple time scales (beta: 15–25 Hz,
gamma: 28–48 Hz) and in steady state evoked potentials (SS-EPs in short) in 6–7-year-old children with no musical background right at the start of primary school
before they learnt to read. Our goal was to exclude the eﬀect of music training and reading, since previous studies have shown that sensorimotor entrainment
(movement synchronization to the beat) is related to musical and reading abilities. We found evidence for endogenous anticipatory processing in the gamma band
related to meter perception, and stimulus-related frequency specific responses. However, we did not find evidence for an interaction between auditory and motor
networks, which suggests that endogenous mechanisms related to auditory processing may mature earlier than those that underlie motor actions, such as sensorimotor synchronization.

1. Introduction
When listening to music we can often feel the urge to move along
with the beat. It has been shown that during this time not only our
body, but also our brain rhythms synchronize with the music (Large and
Kolen, 1994; Tierney and Kraus, 2014b). Brain rhythms arise due to the
simultaneous firing of neural populations (Buzsaki, 2006), and the
frequency of these oscillations is related to diﬀerent perceptual, motor
and cognitive processes (Buzsáki and Draguhn, 2004; MacKay, 1997;
Ward, 2003). Previous studies found that neural oscillations can synchronize to an external periodic stimulus via phase and period alignment (Thut et al., 2011), which nevertheless facilitates event processing
by allocating attention to the expected periodic time points (Lakatos
et al., 2008; Large and Jones, 1999; Morillon and Schroeder, 2015;
Schroeder and Lakatos, 2009; Zion Golumbic et al., 2013). The brain
utilizes this entrainment mechanism for speech processing (Ding et al.,
2014; Ding and Simon, 2014; Power et al., 2012; Power et al., 2013), or
when moving to the music (Large, 2010; Nozaradan et al., 2012;
Tierney and Kraus, 2014a).
Research using periodic auditory stimuli has found entrainment
markers in diﬀerent frequency bands of electroencephalogram (EEG)
and magnetoencephalogram (MEG) activity in adults. The phase of the
delta band oscillation at target onset predicted reaction time in
rhythmic auditory target detection tasks (Stefanics et al., 2010). Delta
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and theta oscillations entrained to the dominant note rate of musical
stimuli that correlated with pitch distortion detection performance
(Doelling and Poeppel, 2015). The time course of the dynamic modulation (synchronization, desynchronization and rebound pattern) of
induced beta activity (13–30 Hz) adjusted to stimulus tempo in the
auditory cortex (Cirelli et al., 2014; Fujioka et al., 2009), as well as in
cortical and subcortical motor areas (Fujioka et al., 2015; Fujioka et al.,
2012). Induced gamma activity (20–60 Hz) predicted tone onsets and
persisted when expected tones were omitted (Fujioka et al., 2009;
Snyder and Large, 2005). Induced gamma activity suggests an anticipatory mechanism, which can relate to higher-order processing, such as
the perception of metrical hierarchy. Metrical hierarchy refers to the
diﬀerence between downbeat and other beats within a time unit (called
measure), where downbeat is the first beat indicating the beginning of
the measure, which gives rise to the perception of pulse in music. Nozaradan and colleagues found evidence for an interaction between
sensory- and motor-related neural activities resonating exactly at the
stimulus frequency (steady-state evoked potentials, SS-EPs in short) in a
form of an additional SS-EP compatible with a nonlinear cross-modulation product of sensorimotor integration. Furthermore, they found
phase coupling between auditory and movement related SS-EPs, and
selective enhancement of auditory related activities contralateral to the
moving hand during tapping. In another study, SS-EPs appeared during
silent periods after the presentation of auditory rhythms reflecting
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endogenous neural entrainement (Stupacher et al., 2017).
Despite the growing literature on neural entrainment to auditory
stimuli, there is very little data regarding children. Although moving to
the beat of the music can seem eﬀortless, it is a complex mechanism
that takes time to develop (Drake et al., 2000; Eerola et al., 2006; Fujii
et al., 2014; Phillips-Silver and Trainor, 2005; Repp and Su, 2013;
Zatorre et al., 2007). The earliest markers of entrainment appear in
newborn infants suggesting an innate sensitivity to acoustic features
that are involved in segregating sound sources already at birth, such as
detection of tone onset, oﬀset and change in presentation rate (Háden
et al., 2015), functional beat induction (Honing et al., 2009), auditory
temporal grouping (Stefanics et al., 2007), and detection of the omission of the downbeat (Winkler et al., 2009). Infants of 7 and 15 months
old showed clear EEG responses frequency locked to the beat and meter
frequencies of ambiguous rhythmic patterns (Cirelli et al., 2016). Regarding children, Cirelli et al. (2014) found similar tempo dependent
fluctuations in induced beta power in 7-year-olds and adults. In children, beta desynchronization was less prominent in the fastest tempo
(390 ms inter-onset-interval, in the following, IOI), and in general,
there were more variability in children's synchronization than in
adults'. Colling et al. (2017) found that during passive listening SS-EPs
were significantly increased at the stimulus frequency in 9–10-year-old
children with dyslexia compared to normally developing children.
Conversely, normally developing children showed a cross-modulation
SS-EP, whereas children with dyslexia did not.
Children in these studies were already going to elementary school
and have already learnt to read. This is important, because numerous
studies found that sensorimotor synchronization, such as tapping to the
beat, and reading abilities are related: beat synchronization ability
predicted phonological processing, auditory short-term memory and
rapid naming (Carr et al., 2014); reading ability increased with decreased tapping variability (Thomson and Goswami, 2008); the accuracy of tapping out the rhythm of a song predicted spelling ability
(Overy et al., 2003); meter perception predicted reading accuracy and
word reading speed, and meter reproduction predicted pseudoword
reading accuracy (Flaugnacco et al., 2014). These studies suggest that
the neural correlates of perception and production of structured
rhythmic patterns that underlie the segmentation of both speech and
music could be responsible for the relationship between sensorimotor
synchronization and reading. Another crucial point is that existing
studies did not control for the level of musical skills. Music education
enhances rhythmic abilities that can facilitate performance on tasks
measuring neural entrainment and aﬀect neural responses (Doelling
and Poeppel, 2015; Stupacher et al., 2017). Also, the extent of dynamic
coupling that involves cortical and subcortical motor activations and
the superior temporal gyrus in the auditory cortex depends on music
training, with higher internal coupling in musicians when processing
the beat (Chen et al., 2009; Grahn and Rowe, 2009).
In the present study we investigated early developmental manifestations of neural entrainment to periodic acoustic stimuli in children
without any musical training before starting elementary school and
learning to read. We measured EEG of first-year primary school children while they were either listening passively, or tapping to isochronous tone sequences. Based on previous research, we focused on
markers related to tempo dependency, metrical hierarchy and interaction between auditory and motor related responses. We were additionally interested in whether there is a relationship between these
markers. Importantly, we expected that markers of entrainment found
in previous studies may shift in the EEG frequency spectrum as the
frequency composition of the EEG power spectra changes throughout
childhood and adolescence, which manifests in a decrease in lower
frequencies (delta, theta) and a corresponding increase in higher frequencies (alpha, beta and gamma) (Cragg et al., 2011; Ogawa et al.,
1984; Takano and Ogawa, 1998). These changes were suggested to
reflect underlying changes in cortico-cortico and cortico-thalamic networks (Lopes da Silva, 1991). Therefore, our analyses focused on

spatio-temporal dynamics of evoked and induced oscillations in the
4–60 Hz frequency range, SSEPs and the relationship between these
EEG markers.
2. Methods
2.1. Participants
Twenty-two right-handed children participated in this study (8 girls,
mean age: 6.5 years, standard deviation (SD): 0.51 years). Children
were recruited from first-year pupils at the Kós Károly Primary School
in Budapest. All of them came from middle class families with the same
socioeconomic background and none of them received any music
training prior to the study. Reading abilities were assessed by the
Hungarian version of Dyslexia Diﬀerential Diagnosis Maastricht (3DMH) (Tóth et al., 2014). Half of the children did not pass the reading
control task, and the other half that passed performed 37% of the
standard level. The study was approved by the United Ethical Review
Committee for Research in Psychology (EPKEB, reference number:
2016/062). Parents' written consent and children's assent were obtained. All children had normal hearing, and none of them or their
parents reported any mental health problems. EEG measurements took
place at the Brain Imaging Centre, Research Centre for Natural Sciences, Hungarian Academy of Sciences at the beginning of the first
school year before children started to learn to read. Children received a
coloring book as a compensation for their participation.
2.2. Procedures
Children completed the entire experiment in a one-hour session. The
session comprised of five 10–15-min-long measurement blocks with
breaks between them that allowed children to rest. During each block
children had to perform a diﬀerent task, and block orders were counterbalanced across children. Three out of the five tasks were linked to
entrainment, the other two tasks were linked to pre-attentive processing
in speech and music. The latter two were included as part of a longitudinal study, and the related results are to be reported elsewhere. The
entrainment related tasks and analyses were adopted from three previous studies (Cirelli et al., 2014; Fujioka et al., 2009; Nozaradan et al.,
2015) that found distinct neural markers in specific frequency bands
and in SS-EPs (detailed description is provided below). We used these
tasks in order to be able to reliably compare our results with existing
adult or children data. The experimental designs were modified slightly
to reduce the length of the EEG session to avoid fatigue in children by
using fewer conditions and less repetition within sequences than in the
original designs.
2.3. Tasks and stimuli
2.3.1. Beta task
We used a similar tone stimulus and experimental design as in
(Cirelli et al., 2014; Fujioka et al., 2012). The tone, as well as every
stimulus in the study was created in Matlab 8.2.0 (The Mathworks Inc.,
Natick, MA, USA) and was presented in PsychToolbox 3 (Brainard,
1997; Pelli, 1997). The tone was a 262 Hz pure tone with 10 ms rise and
fall times and 40 ms steady-state duration. The tone was repeated in
isochronous sequences with 390 ms, 540 ms and 780 ms IOIs, representing three diﬀerent conditions (Fast, Medium and Slow respectively). The isochronous sequences were presented in seven-secondslong trains with three-seconds silent time intervals repeated 25 times
per condition. Each condition was presented once, and condition order
was counterbalanced between subjects. The entire block lasted approximately 12 min. Children were listening to the auditory stimuli via
Sennheiser PX 200-II on-ear-headphones while watching a silent cartoon of their choice. They were instructed to listen passively and sit
still. The aim of the experiment was to examine how children entrain to
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diﬀerent tempi, and compare their neural responses in the beta-band to
musically trained adults and children with mixed musical background
reported in the studies above.
2.3.2. Gamma task
Auditory stimuli were identical to the omit-loud condition in (Snyder
and Large, 2005). Tones were 262 Hz pure tones with 10 ms rise and fall
times and 40 ms steady-state duration. Tones were presented in isochronous sequences with alternating loud-soft accent pattern with
390 ms IOI. The loud tone was exactly three times louder than the soft
tone and loud-soft accent patterns repeated 30 times within one sequence adding up to 60 tones per sequence. There were 30 sequences in
the block. The loud tone was missing in one-third of the times. Tone
omission was randomized with two constraints: the first two loud-soft
accent patterns of the sequence could not contain tone omission, and
omission could occur in no more than two subsequent loud-soft accent
patterns. Similar to the Beta block, children were listening to the sounds
passively while watching a silent cartoon. Our goal was to explore
whether and to what extent children entrain to the alternating accent
pattern before they learn reading and how it compares to adult data
(Fujioka et al., 2009; Snyder and Large, 2005). The significance of the
accent pattern is that it gives rise to the perception of metrical hierarchy, which underlies music and linguistic processing. Tone omission,
on the contrary, disrupts metrical percept.
2.3.3. Steady-state evoked potentials (SS-EP)
We replicated the task and tone stimulus in the right hand tapping
condition in (Colling et al., 2017; Nozaradan et al., 2015). The stimulus
sound was a 33 s long 333.33 Hz pure tone amplitude modulated with a
2.4 Hz periodicity. During the block, the sound was repeated 6 times
interspersed with 3 s silences. Children were asked to tap with the index
finger of their right hand on the space key on a computer keyboard to
every second beat of the 2.4 Hz periodicity resulting in a 1.2 Hz tapping
rate. Prior to data recording, children practiced tapping in the presence
of the experimenter, until the children reproduced it accurately. The
goal of this task was to compare the maturity of neural and sensorimotor synchronization ability in children and examine the interaction
between auditory and motor networks. Furthermore, we intended to
compare children without musical training to professional adult musicians (Nozaradan et al., 2015) and to older children (Colling et al.,
2017).
2.3.4. EEG recording and preprocessing
EEG data were acquired using BrainAmp amplifiers and an ActiCap
active electrode system (BrainProducts GmbH., Munich, Germany).
Sixty-four active scalp electrodes were placed according to the 10–10
international electrode system. All channels were referenced to the FCz
electrode and impedances were kept below 10 kΩ. Data were sampled
at 1000 Hz. Preprocessing and data analysis were done in Matlab by
using functions from EEGLAB (Delorme and Makeig, 2004), ERPLAB
(Lopez-Calderon and Luck, 2014), and custom scripts.
For each of the three tasks, continuous EEG data were bandpass
filtered (Butterworth zero-phase filter as implemented in ERPLAB,
0.1 Hz–100 Hz), and a 50 Hz notch filter (second-order IIR notch filter
in MATLAB, quality factor Q = 45) was applied to minimize line-noise
artifacts. Eye blinks and eye movements were removed using
Independent Component Analysis (Jung et al., 2000) using the runica
algorithm (Bell and Sejnowski, 1995; Makeig et al., 2002). Then, data
were segmented according to the given paradigm (details are presented
below for each task separately), and for the beta and gamma tasks
segments containing artifacts were rejected using EEGLAB with the
following criteria: amplitude ([−80 80] μV), slope (50 μV, R-squared
limit: 0.5), standard deviation of the mean probability distribution (5),
standard deviations from mean kurtosis value (5) and by visual inspection. Finally, surface Laplacian approximation of the scalp current
density (SCD) was calculated using the CSD Toolbox (Kayser and Tenke,

2006; Perrin et al., 1989) with spline flexibility m = 4, λ = 10–5. The
advantage of this method is that the Laplacian is a high-pass spatial
filter that alleviates the eﬀects of volume conduction in favor of local
activity (Nunez and Srinivasan, 2006).
2.4. Data analysis by experimental paradigm
2.4.1. Beta task
Continuous data were down-sampled to 250 Hz and epoched into
1600 ms-long (−500 ms 1200 ms relative to tone onset) segments in all
three tempo conditions. Next, we calculated time-frequency (TF) representations for each condition from 1 to 60 Hz in 1 Hz steps by applying a continuous wavelet transform on each EEG channel using the
cmor1–1 complex wavelet function in Matlab, which due to its narrow
bandwidth (Fb = 1) and center frequency (Fc = 1) provides suﬃcient
frequency resolution in higher frequencies, such as in the beta and
gamma ranges. Wavelet analyses were done for both evoked and induced activities. For evoked responses, we averaged activity across
segments before wavelet analysis. For induced responses, averaged
activity was subtracted from each segment, then wavelet was calculated
on each segment. Both evoked and induced power spectra were normalized for each frequency for each condition by first subtracting the
average power between two subsequent tone onsets, then dividing the
resulting power spectra with the average power between two subsequent tone onsets, then multiplying it with 100 so that power spectra
were represented in percent change.
In order to locate the auditory cortex, we calculated the mean eventrelated brain activity for each tempo condition averaged across all
subjects (Fig. 1). Subsequent statistical analyses were carried out on
those EEG channels where N1 responses were maximal across all subjects (Fig. 1). We used channels only from the left auditory cortex (C5,
C3, FC5, FC3). In order to locate significant power changes from
baseline in each tempo condition, we averaged power fluctuations in
two frequency bands (15–20 Hz and 20–25 Hz) as in (Cirelli et al.,
2014), and ran one-sample t-tests between two subsequent tone onsets
on the average of the four electrodes.
2.4.2. Gamma task
First, we down-sampled continuous data to 250 Hz, then created
epochs from 500 ms prior the time of the onset of the loud tone (the
same when the loud tone was omitted) until 690 ms after the onset of
the soft tone resulting in 1190 ms-long segments. Then, similarly to the
beta task, a continuous wavelet transform was applied on each EEG
channel with center frequencies ranged from 1 to 60 Hz in 1 Hz steps,
using the same cmor1–1 complex wavelet function. Wavelet was calculated for evoked and induced activities with the same procedure
described above. The resulting power spectra were averaged across all
subjects and across the left fronto-central electrode pool (C5, C3, FC5,
FC3), as in the beta task.
To enable comparisons between the beta and the gamma tasks both
evoked and induced power spectra were normalized and represented as
percent power change. Next, we derived power values for both the beta
(15–20 Hz) and gamma (28–48 Hz) frequency ranges and submitted
them to repeated-measures ANOVAs, as in (Fujioka et al., 2009).
2.4.3. SS-EP
For the assessment of SS-EPs, we followed the protocol used in
(Nozaradan et al., 2015). We created 6 epochs from the 6 presentations
of the sound. We cut the first second of each epoch to remove transient
auditory evoked potentials. This shortening did not cut entrainment
related activity, because steady beat perception (Repp, 2005) as well as
entrainment of SS-EPs (Regan, 1989) require several repetition of the
auditory beat. Epochs were then averaged for each subject and transformed in the frequency domain using a discrete Fourier transform,
with a 0.031 Hz frequency resolution. In order to remove background
noise, we subtracted from each frequency bin of the FFT amplitude
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Fig. 1. Group-level event-related EEG activity of the left fronto-central electrode pool (C5, C3, FC5, FC3) for the three tempo conditions (Left). Mean topographical
distributions for the latencies between 0 and 150 ms (top) and between 200 and 300 ms (bottom) for the Fast condition on all electrodes (Right).

spectrum the average of the neighboring frequency bins ranging from
−0.15 Hz to −0.09 Hz and from +0.09 Hz to +0.15 Hz. Because the
discrete Fourier transform did not estimate amplitude at the exact frequency of the SS-EP of our interest (1.2 Hz, 2.4 Hz), we estimated peak
amplitude by averaging the three frequency bins around the given
frequency as in (Nozaradan et al., 2015). We additionally estimated
peak amplitude for 4.8 Hz, because the frequency spectrum revealed
another strong peak at the first harmonic of the frequency of the auditory stimulus. Estimated amplitudes were averaged across all electrodes. Because data were non-normally distributed, we used a Wilcoxon signed-rank test to determine which SS-EP peak is significantly
diﬀerent from zero.
In order to locate SS-EP related oscillations on the scalp, beat- and
movement related EEG oscillations were extracted by applying a
narrow band Gaussian FFT filter centered at the frequency of interest
and ± 0.4 Hz (as the width of the ﬀt window) on the six epochs. The
filtered signals were then averaged across epochs and segmented from
−0.416 to +0.416 ms relative to beat onset. After applying surface
Laplacian approximation of the scalp current density (SCD), group-level
topographical maps were created at the latency of maximum global
field power.
Finally, to assess tapping performance, we calculated the mean error
(the diﬀerence between the target rate and the individual tapping rate)
and standard deviation of the inter-tap intervals, which gave a measurement of accuracy and variability in tapping. In order to exclude
accidental double taps or missing taps due to failure to hit the right key,
inter-tap intervals smaller than 100 ms and larger than 1.7 times the
tapping period (1416 ms) were removed (3.5% of the total taps).
2.4.4. Correlations between entrainment markers in the gamma band, SSEPs and tapping variability
In order to reveal possible relationships between entrainment-related neural responses, we used the power of the gamma frequency
band (28–48 Hz) after tone omission as the representation of the
strength of metrical hierarchy, the amplitude of the 2.4 Hz SS-EPs and

tapping variability, and calculated Spearman's correlation coeﬃcients.
Outliers were removed pairwise.
3. Results
3.1. Beta task
Fig. 2 shows time-frequency representations of evoked and induced
beta-band activity for the three tempo conditions. The display was reduced to the beat window from tone onset to the subsequent tone onset
(as we used this window for analyses), and 4–60 Hz frequency range.
Induced power fluctuations are shown in Fig. 3 for the low
(15–20 Hz) and high (20–25 Hz) beta frequency ranges. Induced beta
activity showed a pattern of synchronization after tone onset followed
by a desynchronization. Contrary to previous adult and child data
(Cirelli et al., 2014), there is no clear rebound (positive values before
the onset of the next tone), except in the Slow tempo condition in the
high beta range. We ran one-sample t-tests to determine the time intervals during which power change diﬀered significantly from zero, and
applied Bonferroni-Holm correction for multiple comparisons. No
power changes were significant at 0.05 alpha level, therefore we did not
conduct any further analyses regarding this task.
3.2. Gamma task
Fig. 4 shows group-level time-frequency representations of evoked
and induced power (4–60 Hz) for the two conditions (omit and standard). Evoked activity decreased after the omission of the loud tone
compared to the standard condition where the loud tone was present.
Regarding induced activity, beta (15–20 Hz) and gamma (28–48 Hz)
power showed diﬀerent patterns of power changes throughout the
conditions. There was a considerable increase in beta power around
100 ms followed by a decrease around 300 ms in the standard condition, then power was gradually rising until the onset of the soft tone. In
the omit condition beta power increased slighly around 100 ms, then
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Fig. 2. Group-level time-frequency representations for evoked and induced power (4–60 Hz) in the three tempo conditions (390 ms, 540 ms, 780 ms from left to
right), averaged for four electrodes (C5, C3, FC5, FC3). Values are represented as percent power changes. Each plot spans one beat window from tone onset to tone
onset.

decreased around 200 ms and returned near the value of the previous
increase before 300 ms. Then, power stayed around the same value
until the onset of the soft tone with a slight dip right before tone onset.
On the contrary, gamma power increased around 60 ms in both

conditions regardless of whether the loud tone was present or absent
(Fig. 5).
In order to assess the diﬀerences in power changes in the beta band
between conditions, power values of beta band activity were entered

Fig. 3. Induced power fluctuations in the low (15–20 Hz) and high (20–25 Hz) beta ranges averaged for four electrodes (C5, C3, FC5, FC3). Significant power changes
were determined by one-sample t-tests (Yellow, p < 0.1 (Bonferroni-Holm)). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 4. Group-level time-frequency representations of evoked and induced power (4–60 Hz) for the omit and standard conditions, averaged for four electrodes (C5,
C3, FC5, FC3). Values are represented as percent power changes. Each plot contains two subsequent tone onsets (loud tone at 0 ms, and soft tone at 390 ms).

Fig. 5. Induced power fluctuations in the beta (15–20 Hz) and gamma (28–48 Hz) ranges averaged for four electrodes (C5, C3, FC5, FC3) for the omit and standard
conditions.

into a repeated-measures ANOVA with factors condition (omit vs.
standard) and latency (100 ms vs. 300 ms). Induced power in the
standard condition diﬀered considerably between the two latencies
(M100 = 2.19, SD = 3, M300 = −1.88, SD = 2.95), as opposed to the
power in the omit condition (M100 = 0.77, SD = 6.45, M300 = 1.04,
SD = 10). However, none of the main eﬀects and interaction were
significant. We also compared the power of gamma band activity between conditions. Amplitudes at 60 ms and at half-time of the beat
preceding the onset of the time of the loud tone (−195 ms) were

entered into a repeated-measures ANOVA with factors condition (omit
vs. standard) and latency (60 ms vs. -195 ms). There was a significant
main eﬀect of latency F(1,21) = 4.44, p = 0.047, η2 = 0.175. Power
was significantly higher at 60 ms after tone onset or omission, than at
half-time of the beat prior to the time of the loud tone (M60 = 2.14,
SD = 3.42, M−195 = −0.63, SD = 4.57). The main eﬀect of condition
and the interaction were not significant, suggesting that gamma activity
was not aﬀected by the presence or absence of the loud tone.
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Fig. 6. Group-level average frequency spectrum of the noise-subtracted EEG signals averaged across all channels (bottom) with CSD topographical maps relative to
beat onset (top left) and relative to the tapping onset (top right) corresponding to the 0.8, 1.2, 1.6, 2.4 and 4.8 Hz SS-EP peaks, at the latency of maximum global field
power.

3.3. SS-EP
One participant's neural responses were beyond three times the
inter-quartile-range, therefore it was removed as an outlier from the
plots and from the statistical analyses. The frequency spectrum (Fig. 6,
bottom) revealed two prominent SS-EP peaks at 2.4 Hz and at 4.8 Hz,
and somewhat smaller peaks at 0.8 Hz, 1.2 Hz and 1.6 Hz. CSD topographical maps relative to beat onset (Fig. 6, top left) confirmed that
the 2.4 Hz and the 4.8 Hz SS-EP peaks were related to the auditory
stimuli (the 4.8 Hz being the first upper harmonic of the beat frequency). However, the 0.8 Hz, 1.2 Hz and 1.6 Hz activities did not show
a clear connection either to auditory or motor brain areas. While the
1.2 Hz is the target rate of tapping, the 0.8 and 1.6 Hz frequencies
correspond to the third of the beat rate (2.4/3 = 0.8 Hz) and its first
upper harmonic (0.8*2 = 1.6 Hz). Wilcoxon signed-rank tests confirmed that the two stimulus-related peaks were significantly diﬀerent
from zero (2.4 Hz: Z = 4.01, p < 0.001, 4.8 Hz: Z = 3.94, p < 0.001).
However, the other SS-EPs were not significant.
The group-level mean tapping error was −0.027 s with 0.14 s
average tapping variability, which indicated that children tapped
slightly faster than the target rate 1.2 Hz. However, the distribution of
tapping frequencies (Fig. 7) revealed that almost 24% of the children
tapped at a rate that corresponds to the third of the beat rate or its first

upper harmonic. Since topographical maps of 0.8, 1.2 and 1.6 Hz did
not show a clear connection to motor areas, and tapping frequencies
suggest that tapping rate was highly variable between children, we
created topographical maps relative to the actual tapping onsets (Fig. 6
top right). The maps revealed motor related activations for the 0.8, 1.2
and 1.6 Hz SS-EPs.
3.4. Correlations between entrainment markers in the gamma band, SS-EPs
and tapping variability
There was only one correlation between tapping variability and the
amplitude of the 2.4 Hz SS-EP (rs = −0.46, puncorrected = 0.035), as
shown in Fig. 8. Lower levels of tapping variability was associated with
larger amplitudes. However, after correcting for multiple comparisons
the relationship was no longer significant.
4. Discussion
In this study, we explored early markers of neural entrainment to
periodic auditory stimuli for children without formal musical training
before starting elementary school and learning to read. Because entrainment, especially sensorimotor entrainment (the ability to synchronize movement to a periodic stimulus), has been linked to various

Fig. 7. The distribution of tapping frequencies.
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Fig. 8. Scatter plot of the tapping variability and amplitude of the 2.4 Hz SS-EP. Lower levels of tapping variability was associated with larger amplitudes.

musical and linguistic skills and attention (Carr et al., 2014; Chen et al.,
2008; Colling et al., 2017; Maróti et al., 2018; Repp, 2010; Tierney and
Kraus, 2013) our primary goal was to exclude any influence of training
or education that might enhance these skills. Present study nevertheless
aimed to compare neural responses of 6–7-year-olds' to existing data
that include adults, subjects with musical training and older children.
Comparisons were made primarily with three previous studies, from
which we adopted our tasks and analyses (Cirelli et al., 2014; Fujioka
et al., 2009; Nozaradan et al., 2015). Finally, we examined the relationship between entrainment related neural responses across tasks to
better understand how mechanisms related to diﬀerent auditory and
motor processing might be related.
4.1. Beta task
First, analyses were made in the beta band (15–25 Hz). Similarly to
existing literature (Cirelli et al., 2014; Fujioka et al., 2009; Fujioka et al.,
2012), induced beta activity showed a pattern of synchronization after
tone onset followed by a desynchronization. Contrary to previous child
and adult data, there was no clear anticipatory rebound and power
changes did not diﬀer significantly from zero. Beta rebound was proposed
to reflect an endogenous anticipatory timing mechanism for isochronous
tone sequences (Fujioka et al., 2012), and it has been related to motor
control (Gilbertson et al., 2005; Pogosyan et al., 2009) and cortical network reset (Pfurtscheller et al., 2005). This suggests a possible role of the
auditory system to guide movements for predictive time intervals. The
absence of the anticipatory rebound in 6–7-year-olds might indicate that
this process has not completely developed yet. Alternatively, it is possible
that beta oscillations were less coherent. This possibility is supported by
the large group variability in the latency of the desynchronization in all
tempo conditions for both frequency ranges (High beta:
SDFast = 108.75 ms, SDMedium = 163.1 ms, SDSlow = 216.7 ms, Low beta:
SDFast = 85.85 ms, SDMedium = 124.09 ms, SDSlow = 155.32 ms). Cirelli
and colleagues found similarly that the time course of desynchronization
was highly variable in children, and the dynamic fluctuation pattern was
weaker in children compared to adults (Cirelli et al., 2014). The reason
why their subjects exhibited anticipatory responses could be due to the
fact that half of the children and all adults received formal musical
training. Music training was found to enhance auditory processing

(Koelsch et al., 1999; Kraus and Chandrasekaran, 2010; Musacchia et al.,
2007; Schlaug et al., 2005; Tallal and Gaab, 2006). Because of the high
variability in the latency of desynchronization in both Cirelli and colleagues' and our study, it is more likely that the consistency of beta oscillations have less eﬀect on the predictive timing mechanism. Rather, it is
possible that the underlying neural mechanisms mature earlier in children
that receive music training.
4.2. Gamma task
Next, we examined gamma activity (28–48 Hz) relative to beta activity (15–20 Hz) during tone omissions. Similarly to Fujioka et al.
(2009), the fluctuation of induced gamma as opposed to induced beta
activity was uninterrupted after tone omission. This was apparent in the
diﬀerence between the standard and omit conditions. In the standard
condition, there was a substantial increase and a decrease in beta power
after the onset of the loud tone, whereas in the omit condition, a small
initial increase was followed by a brief decrease, then power returned
to the previous increased level. Fujioka et al. (2009) proposed that the
decrease in induced auditory beta activity facilitates motor preparatory
processes for expected tones in a sequence that aid movement synchronization to acoustic signals. When these tones are occasionally
omitted, the regular pattern is interrupted, therefore the preparatory
process becomes perturbed. It seems in our child data that the small
initial increase and decrease after tone omissions are a reflection of the
perturbation in the preparatory process to the next tone. In Fujioka's
study, adults seem to adapt better to the occasional omissions, as the
motor preparatory decrease is absent, and the initial rising of beta
power continues until the onset of the next tone. Because the decrease
did not disappear in children, only lessened, it could explain why the
diﬀerence between the two conditions was not significant. Induced
gamma activity on the contrary is involved in encoding the periodicity
of the stimulus, which facilitates entrainment through internal anticipatory processes. Our child data is consistent with previous literature
including adults with extensive musical training (Fujioka et al., 2009;
Snyder and Large, 2005), indicating an adultlike endogenous anticipatory processing in the gamma band in children. One of the strongest
predictors of metrical percept (Hannon et al., 2004) and maintenance of
metrical representation (Large et al., 2002) is temporal accent. Since
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induced activity was preserved even after the omission of the accented
note (loud tone), it suggests that 6–7-year-old children, similarly to
adults (Fujioka et al., 2009; Snyder and Large, 2005) perceive metrical
structure in accented rhythmic sequences. This is not surprising, since
previous studies found that infants are already capable of detecting the
omission of the downbeat (Winkler et al., 2009), and they show EEG
responses frequency locked to the beat and meter frequencies of ambiguous rhythmic patterns (Cirelli et al., 2016).
4.3. SS-EP
SS-EPs have been previously shown to reflect not only sensory
processes but interaction between modalities, such as dynamic coupling
between auditory and motor cortices in the case of synchronized tapping to the beat (Nozaradan et al., 2015). Our analyses of SS-EPs revealed peaks at the exact stimulus frequency (2.4 Hz) and at its first
harmonic (4.8 Hz) that seemed to correspond to auditory regions of the
brain. Furthermore, there were other, non-significant peaks at the
tapping frequency (1.2 Hz), at the third of the beat frequency (0.8 Hz)
and at its first upper harmonic (1.6 Hz) that related to motor areas in
the brain. In the study of Nozaradan et al. (2011), participants showed
SS-EPs at the half and third of the beat frequency and their upper
harmonics corresponding to binary and ternary metric levels of the beat
when instructed to imagine the given metric structure. The perception
of a given metric structure introduces additional periodicities corresponding to integer ratios of the beat frequency, and it was shown that
humans have a natural preference for those integer ratios in timing
perception and production (Brochard et al., 2003; Essens, 1986; Repp,
2005). Despite that children were not instructed to imagine a certain
metric structure while tapping (although tapping to every second beat
would imply a binary metric structure), perception of diﬀerent metric
structures (binary and ternary) in our data was indicated both in the
EEG spectrum and in the tapping performance.
Contrary to adult musicians and older children, there was no crossmodulation SS-EP peak at 3.6 Hz (1.2 + 2.4 Hz), which was considered
by Nozaradan et al. (2015) the proof of auditory-motor interaction that
drives sensorimotor entrainment. A possible reason for the lack of the
cross-modulation SS-EP could be that tapping rate was not consistent
across children as some tapped in a binary meter (target rate), some
tapped in a ternary meter, or at the rate of the first harmonic of the
ternary meter. This inconsistency led to the fact that motor activity was
not visible on the topographical maps related to the beat onset, and
only appeared when maps were created relative to the actual tapping
onsets. Sensorimotor synchronization ability constantly matures during
childhood, and starts to reach adult level around the age of 8–9 (Repp
and Su, 2013). Therefore, it is possible that children at the age of 6–7
are not fully capable of reproducing a required timing rate and they
deviate towards their preferred metrical representation. Conversely, 10year-old typically developing children were already able to reproduce
the 1.2 Hz target rate (with a 2.4 Hz beat frequency) and their EEG
displayed a significant SS-EP at 3.6 Hz compared to matched aged
children with dyslexia (Colling et al., 2017). Also, music training has
been found to be related to the extent of dynamic coupling as well, with
higher internal coupling in musically trained subjects (Chen et al.,
2009; Grahn and Rowe, 2009). Previous studies that found a significant
cross-modulation SS-EP in adults tested only musicians (Nozaradan
et al., 2011, 2012, 2015). If the typically developing children in the
study of Colling et al. (2017) received music training (there is no information about it), one can conceive that the cross-modulation SS-EP
emerges with musical expertise.
4.4. Correlations between entrainment markers in the gamma band, SS-EPs
and tapping variability
In order to reveal possible relationships between entrainment-related neural activities, we compared neural responses in the gamma

band, SS-EP and tapping variability. We found a relationship between
tapping variability and the amplitude of the SS-EP related to the frequency of the auditory stimulus. This is not surprising, given that
sensorimotor synchronization requires perceptual processing of the
auditory stimulus, which guides motor actions (Repp and Su, 2013).
However, after correcting for multiple comparisons the correlation was
no longer significant.
4.5. Limitations
Our study's major limitation is the fewer number of trials compared
to previous studies using the same paradigms. For the beta task, Cirelli
et al. (2014) repeated each condition twice in the experiment, resulting
in about twice as many trials as ours giving more statistical power. For
the gamma task, Fujioka et al. (2009) had an extra condition, where the
soft tone was occasionally omitted, and neural responses were averaged
across tones and across omissions. Finally in the SS-EP task, we used
only the tapping with right hand condition out of the three conditions
including listening only, tapping with right hand and tapping with left
hand (Nozaradan et al., 2015).
Another factor that it is worth noting is the tempo range of our
stimuli. McAuley et al. (2006) found that people throughout their
lifespan have diﬀerent age-specific entrainment regions. That is, the
range of periods that they can synchronize most eﬀectively to. The
width of the entrainment region is smaller in childhood than in adulthood. In fact, there are significant diﬀerences between age groups in
childhood. The authors found a sudden increase in entrainment region
at the age of 8–9 compared to the previous age groups. Importantly, the
greater the distance from the entrainment region, the greater the
variability in sensorimotor synchronization and produced periods drift
towards the age-specific entrainment region. The entrainment region is
characterized by the peak of spontaneous motor tempo, which is the
preferred period of unpaced tapping. For children at age 6–7, the peak
of spontaneous motor tempo is 200–300 ms. In our study, the fastest
stimulus tempo was 390 ms, therefore it is possible that slow stimulus
tempi resulted in greater variability in the neural responses. This prevailed in the increase in the variability of the latency of beta desynchronization towards the slower tempi, and the diﬀerent tapping rates
in the sensorimotor synchronization task.
In the future, we plan to investigate the developmental trajectory of
these neural responses and shed light on possible relationships between
underlying neural processes by following children throughout the first
four years of primary school and measuring their neural entrainment
each year. Additionally, we plan to investigate the eﬀect of music
training on the development on these neural entrainment markers and
compare groups with and without musical background. Finally, we
would like to compare markers of neural entrainment to behavioral
data, such as reading, rhythmic skills, or sensorimotor synchronization
ability.
5. Conclusions
Entrainment to periodic acoustic stimuli has been found to relate
both to auditory and motor processes and it seems to be influenced by
the maturity of the underlying neural networks during development.
Induced beta oscillations in the auditory cortex have been proposed to
facilitate motor preparatory processes by providing timing cues driven
by the stimulus, while gamma oscillations reflect internal anticipatory
timing (Fujioka et al., 2009) that nevertheless gives rise to metrical
percept (Snyder and Large, 2005). During sensorimotor synchronization, auditory-motor interactions manifest in a non-linear product of
auditory- and motor related SS-EPs (Nozaradan et al., 2015). Our
findings suggest that in 6–7-year-old children without music training
and before going to school and learning to read, entrainment related
neural responses associated with diﬀerent frequency oscillations do not
develop at the same rate. Endogenous mechanisms that do not require
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motor actions, such as the predictive induced gamma activity related to
metrical perception seems to mature earlier than processes that underlie movement, such as sensorimotor synchronization or movement
preparation. A long line of studies found that sensorimotor synchronization takes many years until it reaches adult level (for a review, see
Repp and Su, 2013), while metrical percept seems to be present already
at infancy (Háden et al., 2015; Stefanics et al., 2007; Winkler et al.,
2009). The maturation of movement related processes might have a
protracted trajectory. Whether it is aﬀected by the improvement of
rhythmic skills related to education, or it is part of natural development
remains to be investigated.
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Abstract
Several studies have shown the benefits of music training on multiple musical and non-musical skills.
Because our perception of music is inherently rhythmic, it is possible that the underlying mechanism of the
transfer effect of music is rhythmic entrainment. Previous studies found transfer effects of sensorimotor
entrainment (SE), a form of rhythmic entrainment, but, to date, there has been no comprehensive study
that has examined long-term effects of SE in multiple domains. In this study, we compared the transfer
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more compared to the SE-based methods. Additionally, we found significant correlations between SE
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methods of SE (rule-based vs. free movement) resulted in different transfer effects.
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Music affects us in many ways. It not only makes us move, influences our mood, and triggers
memories, but with longer exposure and regular practice also shapes our brain. The transfer
effect of music has been shown by numerous studies. Besides musical skills, music training has
been found to relate to the improvement of language (Degé & Schwarzer, 2011; Forgeard,
Winner, Norton, & Schlaug, 2008; Franklin, Moore, Yip, Jonides, Rattray & Moher, 2008;
Jakobson, Lewycky, Kilgour, & Stoesz, 2008; Moreno, Bialystok, Barac, Schellenberg, Cepeda &
Chau, 2011; Moreno, Marques, Santos, Santos, Castro & Besson, 2009; Piro & Ortiz, 2009), IQ
(Schellenberg, 2004, 2006, 2011), executive functions (Moreno et al., 2011), spatial (Patston
& Tippett, 2011; Stoesz, Jakobson, Kilgour, & Lewycky, 2007) and mathematical skills (Bahr &
Christensen, 2000; Haimson, Swain, & Winner, 2011; Vaughn, 2000), academic achievement
(Fitzpatrick, 2006; Schellenberg, 2006), and empathy (Kirschner & Tomasello, 2010; Laurence,
2008; Rabinowitch, Cross, & Burnard, 2013). It has been suggested that the underlying mechanism of the transfer effect of music could be rhythmic entrainment (Miendlarzewska & Trost,
2014). As music is mostly embedded in an underlying temporal structure, called meter, when
perceiving music, our attention needs to entrain to the rhythmic patterns of the music
(Miendlarzewska & Trost, 2014). At the neural level, rhythmic entrainment involves the adaptation of brain oscillations to a common phase and period (Rosenblum & Pikovsky, 2003), and
on the behavioral level, the adjustment of behavior, typically movement synchronization
(Fitch, 2013), commonly referred to as sensorimotor entrainment.
Several studies found that sensorimotor entrainment to music is linked to various cognitive,
linguistic, social (for a review, see Miendlarzewska & Trost, 2014), and musical skills (Cheek,
1979; Crumpler, 1982; Joseph, 1982; Rohwer, 1998; Shiobara, 1994). However, these studies
investigated the effect of sensorimotor entrainment in only one or two domains (cognitive, linguistic, musical, or social), and they did not examine long-term effects. Only two studies have
investigated the transfer effect of sensorimotor entrainment in multiple domains in a longitudinal study. Rabinowitch et al. (2013) tested 8–11-year-old children participating in a music
training involving joint music-making and rhythmic coordination and compared them with
two groups of age-matched children. One group participated in a gaming program, the other
group did not participate in either program. All children were tested before and after the music
training (spanning one year) on three different measures of empathy (Bryant Empathy Index,
Matched Faces, Memory Task—only after the training) and verbal skills (Similarities and
Vocabulary subtests on the Wechsler Intelligence Scale for Children [WISC]). At the end of the
training, children in the music program scored higher on empathy compared to the control
groups; however, there was no difference in verbal skills.
Another year-long study (Ilari, Keller, Damasio, & Habibi, 2016) tested 6–7-year old children learning music with the El Sistema method, which involves ensemble playing that requires
synchronization between instrument players in order to keep a common tempo. During synchronizing in ensemble playing, the exact movements are not determined; therefore, there are
more degrees of freedom in entrainment compared to the study of Rabinowitch et al. (2013).
Children in the training program were compared with children who did not participate in any
intense after-school program. Testing was administered at the beginning and at the end of the
year and included musical skills (Gordon’s Primary Measures of Music Audiation, AIRS Test
Battery of Singing Skills), rhythmic entrainment (drumming with a computer and with a person), verbal skills (Wechsler Abbreviated Scale of Intelligence [WASI-II] Vocabulary subtest),
cognitive skills (WASI-II Matrix Reasoning subtest), and motor skills (Bruininks-Oseretsky Test
of Motor Proficiency). After a year, significant improvement was reported only in musical skills
in the music group (the results on other skills were not presented).
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The different outcomes of these studies suggest that different types of music training might
have different transfer effects. Furthermore, since the skills related to the effect in one study
were not investigated in the other study, it is not known how different music education programs would influence the same skills. For these reasons, we sought to answer the following
questions: How does sensorimotor entrainment relate to cognitive, linguistic, musical, and
social skills, and how do these skills develop over time? What are the effects of different degrees
of freedom in entrainment?
In Hungary, general music education is based on the Kodály method, which is also linked to
the improvement of numerous musical and non-musical skills. Hurwitz, Wolff, Bortnick, and
Kokas (1975) investigated transfer effects of the Kodály music training in 6–7-year-old children on multiple domains (cognitive, musical, and linguistic skills) compared to a group that
did not receive any particular training besides school. Children in the music training showed
improvement relative to the control group in intelligence (Raven’s Progressive Matrices), executive functions (Stroop Color Interference), spatial skills (Children’s Embedded Figures Test), and
sensorimotor entrainment (tapping to a metronome), but not in verbal skills (WISC
Comprehension and Vocabulary subtests). Since the Kodály method is based on solfeggio and
singing, we were additionally interested in whether music training involving singing and
entrainment is more effective in improving musical and non-musical skills than music training
based on singing only.
In order to address the above questions, we launched a study where we compared the
transfer effect of three different music education methods: the Kodály method, and two
sensorimotor entrainment-based methods. One of them is based on well-defined rules, and
the other emphasizes free improvisation. (A detailed description of each music program is
provided in the Supplementary Materials) Comparing the two entrainment-based methods
has the benefit of investigating the effect of different degrees of freedom in entrainment
(the former uses fixed movement forms, the latter allows free movements). In all three programs, we tested 6–7-year-old primary school children at the beginning and at the end of
their first school year in four domains including cognitive, linguistic, musical, and social
skills.
Based on the findings of previous research, we expected that while all methods will increase
musical skills, the entrainment-based methods will improve social skills compared to the Kodály
method, and the Kodály method will be more effective in improving cognitive skills.

Materials and methods
Kodály method
This method largely relies on the Hungarian folk song repertoire and the use of syllable names
and hand signs associated with scale degrees and basic rhythmic elements (Choksy, 1999).

Creative Playing with Music and Movement (Kreatív énekes-mozgásos játékok)
In this new approach developed by Borbála Szirányi and Edina Barabás, sensorimotor entrainment is facilitated by predefined movement forms associated with structural, rhythmic and
melodic elements of the given music. Movement forms are based on a bodyrhythm set, where
rhythmic values are paired with specific movement forms, whereby the experience of sound is
coupled with kinetic and visual experience. For melodic elements, the choreography follows the
contour of the melody.
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Creative Music Appreciation with Movement (Kreatív zenebefogadás mozgással)
In this method created by Klára Kokas (1999), children improvise a free movement performance while listening to music. Movement forms are always arbitrary; no prewritten choreography exists. After the performance, children have to verbally discuss how their movements
were related to the music. Finally, they paint or draw images inspired by the music.
Detailed descriptions of the music education programs are presented in online Supplementary
Material 1.

Participants
Sixty-three 6–7-year-old children participated in the study from three first grade classes of two
public elementary schools in Budapest and Gy r. Twenty-two children (6 boys, mean age = 6.46
years, SD = 0.51) were recruited from one class in Budapest who received music education based
on the Creative Playing with Music and Movement method (in the following: rule-based synchronization). This method was integrated into the regular school curriculum. Twenty-five children (12 boys, mean age = 6.6 years, SD = 0.5) were recruited from Gy r. They received music
education based on the Creative Music Appreciation with Movement method (in the following:
free movement), which was also integrated into the school curriculum. Sixteen children (6 boys,
mean age = 6.44 years, SD = 0.52) from the second class in Budapest formed the control group
and were taught by the Kodály method. Despite the different locations of the two schools, all
children who participated in the study came from middle-class families living in similar urban
communities. The selection of the groups was semi-randomized. All children received the music
lessons as part of their curriculum in the primary school they were enrolled in. However, it was
not known before enrollment that two of the classes were going to be taught with music education methods different from the Kodály method generally used in the National Curriculum.
One child from the control group withdrew his consent during participation and another
child from the free movement group discontinued her participation due to her family’s relocation. Four other children did not participate in the post measurement due to an enduring illness, and 17 children had missing data on some tests due to measurement error or incomplete
responses. These children were excluded from the final analyses, which resulted in a total of 40
children (control group n = 13, 4 boys; rule-based synchronization group n = 13, 3 boys; free
movement group n = 14, 7 boys).
Parents/guardians gave written consent for their child’s participation, and children declared
orally that they assented in participating in the tests. Neither the children nor the parents/
guardians received any compensation for the child’s participation.

Procedures
Children in all groups participated in music lessons four times per week, each lasting for 45
minutes. Our test battery consisted of measurements commonly used in previous studies mentioned above. The tests for musical skills and phonological processing are standardized measures that were tested on a large sample in Hungary. Children underwent all tests individually in
two 45-minute sessions. The measurements took place in one of the classrooms of the primary
school during school time. The order of administering the tests was counterbalanced across
children and test data were handled confidentially. Each child received a code, and identification information were stored separately from the test measurement results in the office of the
principal investigator.
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Sensorimotor entrainment test
The test has two parts: a paced tapping test in which children have to tap along with a metronome in three tempo conditions (1.5 Hz, 2 Hz, 2.5 Hz) and a continuation tapping test in
which children have to continue tapping the pace that the metronome gave them previously
but without hearing the metronome. The latter measures the internal representation of the
beat. Analyses were performed for each tempo and tapping condition (paced, unpaced)
separately.

Online diagnostic test of music perception
The test developed by Asztalos and Csapó (2015) included three subtests: melodic discrimination, pitch discrimination, and rhythm discrimination. On each trial, children had to decide
whether two melodies/pitches/rhythms they just heard were the same or not. Scores were calculated by summing the number of correct responses separately for each subtest.

Attention Network Task for Children (ANT)
For testing executive functions, we used the Attention Network Task for Children (Rueda et al.,
2004) obtained from www.sacklerinstitute.org/cornell/assays_and_tools/ant/jin.fan/. The
test is a type of flanker task that measures reaction time, accuracy, alerting, orienting, and
conflict. The alerting score represents the difference in reaction time between trials that contained a double cue (two marks above and below the fixation cross) versus trials that did not
contain any cues. The orienting score represents the difference in reaction time between trials
with a spatial cue (marks the location of the upcoming target) versus trials with a central cue
(a mark on top of the fixation cross). Finally, the conflict score represents the difference in performance between congruent and incongruent trials.

3DM-H test of phonological awareness
For linguistic skills, we applied the Phoneme Deletion subtest of the Hungarian version of
Dyslexia Differential Diagnosis Maastricht (3DM-H; Tóth, Csépe, Vaessen, & Blomert, 2014) in
which children were asked to skip the first, last, or middle phoneme of auditory presented
pseudo-words and to utter the remaining part of the letter strings. The derived variables indicated the accuracy and the speed of responding. Response acceptance criteria was determined
by the user’s handbook, and raw scores were converted into age-matched standardized scores.

Wechsler Intelligence Scale for Children IV
We used four subtests of the Hungarian adaptation of the fourth version of the Wechsler
Intelligence Scale for Children (Nagyné Réz, Lányiné Engelmayer, Kuncz, Mészáros, & Mlinkó,
2008): Block Design, Similarity, Vocabulary, and Digit Span.

Empathy Index of Bryant
In this test children had to state whether they agree or disagree with various statements pertaining to typical scenarios from children’s lives (Bryant, 1982). Scores were averaged for children.
Detailed descriptions of the tests are presented in online Supplementary Material 2.
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Data analysis
First, we ran a one-way ANOVA on age and a Kruskal-Wallis test on gender to explore possible
group differences. In order to determine any preexisting differences between groups on the
behavioral measures, we ran a series of univariate ANOVAs with group as independent factor.
A number of test results (sensorimotor entrainment, ANT orienting and conflict, rhythm discrimination, Block Design, Similarity and Digit Span) were non-normally distributed; therefore,
we used a Kruskal-Wallis test on those behavioral measures instead of the ANOVA. For posthoc multiple comparisons, we applied Bonferroni correction. In regard to the results after training, a series of mixed ANOVAs were run on each behavioral measure with group as
between-subjects factor and time of testing (ToT) as within-subjects factor with two levels: Pretraining and Post-training. For the sensorimotor entrainment test, we included tempo in the
mixed ANOVA as within-subjects factor with three levels (2 Hz, 2.5 Hz, and 1.5 Hz). When
sphericity assumption failed, we applied a Greenhouse-Geisser correction to the p-value. Where
data were non-normally distributed, such as in sensorimotor entrainment, ANT accuracy, orienting and conflict, pitch and rhythm discrimination, phonological speed, Block Design,
Similarity and Digit Span, we used a Mann-Whitney U Test and a Wilcoxon Signed Rank Test for
post-hoc analyses and report medians where appropriate. We applied Bonferroni corrections
for multiple comparisons. Effect sizes are reported along with the ANOVA test results. Means,
standard deviations, and medians for all measures are shown in Table 1.

Results
Pre-training
We did not find significant group differences in age, F (2,37) = 0.88, p = 0.42, or gender, 2(2,
N = 40) = 2.24, p = 0.33; therefore, these factors were excluded from further analyses.
Regarding the behavioral tests, we did not find significant group differences except in two
measures. There was a significant difference between the groups in the paced signed error of
the sensorimotor entrainment test at 2.5 Hz, 2(2, N = 40) = 7.033, p = 0.03. Post hoc tests
revealed a significant difference between the solfeggio-based group and the free movement
group, p = 0.018. While the solfeggio-based group tended to slow down in this condition, the
free movement group seemed to speed up. There was a significant group difference in pitch
discrimination as well, F (2, 37) = 4.55, p = 0.017, 2 = 0.19. Pairwise comparisons revealed
that the solfeggio-based group performed significantly higher than the free movement group, p
= 0.015. Means, standard deviations and medians for all measures are reported in Table 1.
Since performance did not differ significantly in IQ and in linguistic skills, Pre-training results
provided us with a reliable baseline for measuring development.

Post-training
Sensorimotor entrainment. For the paced absolute error, there were no main effects of ToT, tempo,
and group, and there were no significant interactions between any factors. However, at 2 Hz
there were differences in performance from Pre-training to Post-training between the groups.
The solfeggio-based group showed greater improvement from Pre-training to Post-training,
whereas the rule-based synchronization group improved slightly, and the free movement
group declined. A Wilcoxon Signed Rank test revealed a significant improvement in the solfeggio-based group, Z = -2.132, p = 0.033, but not in the other two groups. The results are displayed in Figure 1.
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Empathy
Paced absolute tapping error 2 Hz
Paced absolute tapping error 2.5 Hz
Paced absolute tapping error 1.5 Hz
Paced signed tapping error 2 Hz
Paced signed tapping error 2.5 Hz
Paced signed tapping error 1.5 Hz
Paced tapping variability 2 Hz
Paced tapping variability 2.5 Hz
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Continuation absolute tapping error 2 Hz
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ANT RT
ANT Accuracy
ANT Alerting
ANT Orienting
ANT Conflict
Melodic discrimination
Pitch discrimination
Rhythm discrimination
Phonological awareness speed
Phonological awareness accuracy
Block Design
Similarities
Digit Span forward
Digit Span backward
Vocabulary

Tests

Table 1. Descriptive statistics for all measures.
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For the paced signed error, there were no main effects of ToT and group, but there was a
main effect of tempo, F (2, 74) = 3.95, p = 0.024, 2 = 0.096. Children sped up more relative to
the target tempo at 1.5 Hz (Mdn = -0.045) than at 2 Hz (Mdn = -0.005), which was supported
by a strong trend toward a significant difference, Z = -2.34, p = 0.057. There were no significant interactions between any factors.
For the paced standard deviation, there was no main effect of ToT and group, but there was
a main effect of tempo, F (2, 74) = 3.68, p = 0.03, 2 = 0.091. Children tapped with more variability at 2.5 Hz (Mdn = 0.113) than at 2 Hz (Mdn = 0.09), which was supported by a strong
trend toward a significant difference, Z = -2.35, p = 0.057. There were no significant interactions between any factors. However, at 2 Hz the rule-based synchronization group showed a
greater improvement from Pre-training to Post-training, whereas the solfeggio-based group
improved slightly, and the free movement group declined. A Wilcoxon Signed Rank test revealed
a significant improvement for the rule-based synchronization group, Z = -2.062, p = 0.039, but
not in the other two groups. The results are displayed in Figure 1.
For the continuation absolute error, there were no main effects of ToT or group, but there
was a main effect of tempo, F (1.529, 56.573) = 6.45, p = 0.006, 2 = 0.149. Children tapped
less accurately to 1.5 Hz (Mdn = 0.089) than to 2 Hz (Mdn = 0.05), Z = -3.9, p < 0.001. There
were no significant interactions between any factors.
For the continuation signed error, there were no main effects of ToT and group, but there was
a main effect of tempo, F (1.715, 63.463) = 8.29, p = 0.001, 2 = 0.183. Children sped up more
relative to the target tempo at 1.5 Hz (Mdn = -0.066) than at 2 Hz (Mdn = -0.024), Z = -3.88, p
< 0.001. There were no significant interactions between any factors.
For the continuation standard deviation, there were no main effects of ToT or group, but
there was a main effect of tempo, F (1.707, 63.149) = 5.46, p = 0.009, 2 = 0.129. Children
tapped with more variability to 2.5 Hz (Mdn = 0.093) than to 1.5 Hz (Mdn = 0.083), Z = -2.47,
p = 0.039. There were no significant interactions between any factors; however, at 2.5 Hz the
free movement group showed a strong decline from Pre-training to Post-training, while both the
solfeggio-based and the rule-based synchronization groups improved. A Wilcoxon Signed Rank
test revealed a significant decline in the free movement group, Z = -1.977, p = 0.048. The
improvements in the other two groups were not significant. The results are displayed in Figure 1.
Musical skills. Concerning musical skills, all groups demonstrated a significant increase in performance from Pre-training to Post-training in melodic discrimination as shown by a main
effect of ToT, F (1, 37) = 25.99, p < 0.001, 2 = 0.413. There was no significant effect of group
and interaction between ToT and group.
There was also a main effect of ToT in pitch discrimination, F (1, 37) = 30.27, p < 0.001, 2 =
0.45 with a significant increase in performance from Pre-training to Post-training in all groups
and a significant effect of group, F (2, 37) = 4.3, p = 0.021, 2 = 0.189. A Mann-Whitney U test
revealed that the control group performed significantly better (Mdn = 12.5) than the free movement group (Mdn = 9.5), U = 32, p = 0.012. There was no significant interaction between ToT
and group although both entrainment-based groups showed a larger improvement compared to
the solfeggio-based group. Wilcoxon Signed Rank tests revealed significant improvement in the
rule-based synchronization group, Z = -2.221, p = 0.026 and in the free movement group, Z =
-3.197, p = 0.001 but not in the solfeggio-based group. The results are displayed in Figure 1. For
the rhythm discrimination, the main effects and interactions were not significant.
ANT test. Pertaining to the ANT tests, we found a main effect of ToT on reaction time: there was
a significant decrease in reaction time from Pre-training to Post-training for all groups, F (1, 37)
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*Significant at p < 0.05; **Significant at p < 0.01

Figure 1. Differences in performance from Pre-training to Post-training per group with standard errors or 95% confidence intervals for non-normally
distributed data.

Maróti et al.
9

72

10

Psychology of Music 00(0)

= 186.4, p < 0.001, 2 = 0.834. There was no significant effect of group and no interaction
between ToT and group.
There was also a main effect of ToT in accuracy, F (1, 37) = 4.49, p = 0.041, 2 = 0.108; all
groups showed a significant increase in accuracy from Pre-training to Post-training. There was
no significant effect of group and no interaction between ToT and group. However, the solfeggio-based group showed a larger improvement, whereas the two entrainment-based groups
improved slightly. A Wilcoxon Signed Rank test revealed a significant improvement in the
solfeggio-based group, Z = -2.229, p = 0.026 but not in the other two groups. The results are
displayed in Figure 1. We did not find any significant main effects or interactions for the alerting, orientation, or conflict subtests.
Linguistic skills. In regards to linguistic skills, there was a trend towards a significant main effect
of ToT in speed, F (1, 37) = 3.7, p = 0.062. There was no significant effect of group or interaction between ToT and group. However, the two entrainment-based groups showed a larger
improvement from Pre-training to Post-training, whereas the solfeggio-based group improved
slightly. A Wilcoxon Signed Rank test revealed a significant improvement in the rule-based synchronization group, Z = -2.003, p = 0.045, but not in the other two groups. The results are
displayed in Figure 1.
There was a main effect of ToT for phonological accuracy, F (1, 37) = 75.1, p < 0.001, 2 = 0.67
with a significant improvement from the Pre-training to the Post-training for all groups. There was
no significant effect of group and interaction between ToT and group.
WISC. Regarding the WISC test, we found a main effect of ToT for the backwards counting of
the Digit Span task F (1,37) = 33.03, p < 0.001, 2 = 0.472, with a significant improvement
from Pre-training to Post-training in all groups. There was no significant effect of group or
interaction between ToT and group. However, both entrainment-based groups showed a larger
improvement whereas the solfeggio-based group did not seem to change. Wilcoxon Signed
Rank tests revealed significant improvement in the rule-based synchronization group, Z =
-2.979, p = 0.003, and in the free movement group, Z = -2.724, p = 0.006 but not in the
solfeggio-based group. The results are displayed in Figure 1.
For the Vocabulary test, we did not find any main effects for ToT or group, but we found a
significant interaction between group and ToT, F (2, 37) = 4.2, p = 0.023, 2 = 0.185. Post-hoc
tests revealed that the free movement group improved significantly more compared to the
solfeggio-based group from Pre-training to Post-training, p = 0.021. The results are displayed in
Figure 1. We did not find significant main effects or interactions in any other measures of the
WISC test.
Empathy. Considering empathy, all groups showed significant improvement from Pre-training
to Post-training as revealed by a main effect of ToT, F (1, 37) = 6.12, p = 0.018, 2 = 0.142.
There was no significant main effect of group and there was no significant interaction between
ToT and group.
In order to examine whether entrainment in music education mediated development in
musical and non-musical skills, we ran non-parametric correlations between all variables of
the sensorimotor entrainment test (except the signed measures) and the other tests on the Posttraining scores. We did not include the signed measure because results are bidirectional: positive when slowing down and negative when speeding up, and both directions could reflect the
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same amount of error. We applied Benjamini-Hochberg correction for multiple comparisons.
We found a significant positive correlation between the paced absolute error at 1.5 Hz and the
Conflict subtest of the ANT, rs = 0.331. The difference in performance between congruent and
incongruent trials decreased with decreased sensorimotor synchronization error in the paced
condition at 1.5 Hz. Paced tapping variability at 1.5 Hz also positively correlated with the
Conflict subtest of the ANT, rs = 0.331. Tapping variability at 1.5 Hz decreased with decreased
difference in performance between congruent and incongruent trials. Finally, we found significant negative correlations between continuation tapping variability at 2.5 Hz and both phonological accuracy, rs = -0.418, and the backward version of the Digit Span subtest of WISC, rs =
-0.379. Phonological accuracy and working memory increased with decreased tapping variability at 2.5 Hz in the continuation condition.

Discussion
In the present study, we compared cognitive, linguistic, musical, and social skills for three
classes of 6–7-year-old children receiving one of two different sensorimotor entrainment-based
or a solfeggio and singing-based music education method. On the initial assessment, there were
no significant differences in performance between the three groups except in the paced signed
error of the sensorimotor entrainment test at 2.5 Hz and in pitch discrimination. We found that
while tapping at 2.5 Hz the solfeggio-based group tended to slow down, but the free movement
group, rather, sped up. Neither direction of deviation is better than the other; therefore, the difference between the values does not reflect differences in skills. Pertaining to pitch discrimination, the solfeggio-based group scored significantly higher than the free movement group, but
this initial difference was taken into account in further analyses when comparing the development of the three groups. As there were no significant differences in performance between the
groups in IQ and linguistic skills, we used our Pre-training measurement results as a reliable
baseline that is not affected by preexisting cognitive and linguistic differences.

Sensorimotor entrainment
In general, the development in sensorimotor entrainment skills was very subtle. This could be
due to the fact that sensorimotor entrainment skills were already very high at the beginning of
the training in all groups. Differences in sensorimotor entrainment could be better detected
with a more difficult task or by measuring entrainment on the neural level.

Musical skills
In line with our hypothesis, we found an increase in performance from Pre-training to Posttraining in all groups in melodic and pitch discrimination. Although the solfeggio-based group
scored higher on the Post-training in pitch discrimination, only the entrainment-based groups
improved significantly from Pre-training to Post-training. The higher score of the solfeggiobased group was the result of the initial difference in performance on the Pre-training, where
the solfeggio-based group performed significantly better compared to the other two groups. The
improvement of the entrainment-based groups compared to the solfeggio-based group could be
a result of the fact that sensorimotor entrainment requires detection of fine details in sound
(Moore, 1995).
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Attention network
We found significant increases in performance relative to Pre-training in all groups in both
reaction time and accuracy. The solfeggio-based group showed a significant improvement in
accuracy while the entrainment-based groups did not. Based on the research of (Hurwitz et al.,
1975), we expected that the Kodály method would be effective in improving cognitive skills.
However, the worse performance of the entrainment-based groups is surprising given that previous research found that entrainment of neural oscillations is responsible for attentional selection (Calderone, Lakatos, Butler, & Castellanos, 2014; Lakatos, Karmos, Mehta, Ulbert, &
Schroeder, 2008; Lakatos, Musacchia, O’Connel, Falchier, Javitt & Schroeder, 2013; Miller,
Carlson, & McAuley, 2012). One possible explanation is that the attention task did not contain
an entraining stimulus; therefore, entrainment skills were not necessary to complete the task.
Second, the attention task was completely visual, and both entrainment-based methods work
with auditory stimuli. Third, it is possible that the transfer effect of entrainment on attention
will manifest later, after longer exposure.

Linguistic skills
We found a trend towards a significant improvement in speed of phonological awareness in all
groups, and the rule-based synchronization group showed a significant improvement relative
to Pre-training whereas the other two groups did not. Our results are consistent with previous
studies (Carr, White-Schwoch, Tierney, Strait, & Kraus, 2014; Tierney & Kraus, 2013) that
found relations between entrainment and linguistic skills. Other studies found that people with
reading deficits have problems entraining to a metronome (Goswami, 2011; Thomson, Fryer,
Maltby, & Goswami, 2006; Thomson & Goswami, 2008). We additionally found an increase in
performance relative to Pre-training in phonological accuracy in all groups, but we did not find
differences in development between groups. The reason why we could not see an advantage for
the entrainment groups in accuracy could be that linguistic skills were found to relate to other
elements of the music training, such as tonal discrimination (Atterbury, 1985), tonal memory
(Barwick, Valentine, West, & Wilding, 1989), and pitch perception (Lamb & Gregory, 1993).
These elements are part of the solfeggio-based method, too. It is possible that during a longer
training program, the effect of sensorimotor entrainment would prevail more strongly.
Phonological skills were measured only with one test; therefore, it is possible that a more thorough test battery could provide a more detailed picture of the transfer effect of sensorimotor
entrainment on linguistic skills.

WISC
We additionally found an increase in performance in all groups in working memory on the
backwards version of the Digit Span subtest of the WISC for Children. The entrainment-based
groups improved significantly while the solfeggio-based group did not. Recent studies found
that music training enhanced auditory working memory for musical stimuli (Bailey & Penhune,
2010; Pallesen et al., 2010; Schulze, Müller, & Koelsch, 2011), and one study found better
performance for musicians in a digit backwards test similar to ours (George & Coch, 2011).
Based on our results, it could be that entrainment can further increase or it is directly responsible for the effect of music training on auditory working memory that became apparent in the
more memory demanding backwards version of the Digit Span task. We also found that in the
Vocabulary subtest of the WISC the free movement group improved significantly more than the
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solfeggio-based group. The large increase in vocabulary in the free movement group could be
due to that the method focuses on verbal description of the musical experience.

Empathy
All groups improved in empathy relative to Pre-training, but we did not find differences in development between the groups. In our study, we used the Empathy Index of Bryant, which asks
children’s judgements about different hypothetical scenarios. It is possible that some complex
statements were difficult to understand for the children; therefore, their answer did not reflect
their real thoughts. Rabinowitch and colleagues (2013) used the same test and found significant improvement in the music group compared to the two control groups. However, it is possible that comprehension of the sentences was not a problem because their participants were
between 8 and 11 years old. In the future, a comprehension check will be necessary before
asking children to answer.
We found that better entrainment correlated with better phonological accuracy. This is in line
with the result that the rule-based synchronization group improved significantly in phonological
speed. Additionally, there was a larger improvement from Pre-training in the entrainment-based
groups in phonological accuracy (rule-based synchronization: 42.85-55, free movement: 37.3650.28) compared to the solfeggio-based group (37.08-45.61). Our results are consistent with
previous research that found significant correlations between sensorimotor synchronization ability and linguistic skills, specifically reading (Tierney & Kraus, 2013). We also found significant
correlations between entrainment and performance on the Conflict subtest of the ANT.
Entrainment increased with decreased difference in performance between congruent and incongruent trials. Previous research found a relationship between tapping skills and auditory attention (Tierney & Kraus, 2013). In our study, the attention task was visual, and on the Conflict
subtest only the solfeggio-based and the rule-based synchronization group showed improvement
from Pre-training. However, the rule-based synchronization group showed a larger improvement
(108–54) compared to the solfeggio-based group (82–56). Finally, there was a significant correlation between entrainment and working memory. Performance on the backward version of the
Digit Span task of WISC increased with increased sensorimotor synchronization skills. The correlation between entrainment and working memory supports our finding that both entrainmentbased methods showed a significant improvement relative to Pre-training, whereas the
solfeggio-based group did not. Based on our results, we propose that entrainment could directly
mediate the effect of music training on linguistic skills, attention, and working memory.

Differences between the rule-based synchronization and the free movement
methods
The effects we found for entrainment were similar in the two groups; however, there were some
differences in the tapping test, pitch discrimination, phonological skills, and working memory
that could be attributed to particular elements of the different methods. There were minor differences between the two entrainment-based groups in sensorimotor synchronization. The rulebased synchronization group tended to perform slightly better than the free movement group.
The rule-based synchronization group uses so-called bodyrhythms when learning a new rhythmic
or melodic element, where rhythmic values or melodic elements are paired with the same movement forms. This consistency and the parallel processing of musical elements cognitively and
physically could result in a better tapping performance. For pitch processing, both groups showed
improvement. The high performance could be due to the pairing of movement to the different
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scale degrees in melody learning in the rule-based synchronization group and due to movement
dramatization of the musical narrative in the free movement group. For phonological speed, the
rule-based synchronization group seemed to be more effective, which might relate to the use of
bodyrhythms, which requires quick associations between rhythmic percepts and rhythmic concepts that help finding the appropriate movement form for the corresponding rhythmic value.
Lastly, both groups improved in working memory. This is not surprising given that both methods
train cognitive maintenance of the musical beat when moving to the music.

Limitations
Our study’s major limitation is that children in the free movement experimental group were going
to school in a different city from the other two groups. This raises the question whether the differences we found could be due to non-experimental factors. We addressed this problem in several
ways. First, both schools were public schools that work from the same National Curriculum. In
addition, we regularly (every 1–2 months) held meetings with each music teacher and made sure
that each method was being taught consistently without any changes in the teaching methods or
in the system of the classes. Second, children came from a similar socioeconomic background.
Finally, children did not differ in their baseline performance. Because of the above factors we
attribute our findings predominantly to the result of the music education methods.
Another limitation of the study is the small sample size, which was primarily due to incomplete test answers. In the future, we would like to further elaborate our measurements in order
to provide a more suitable test battery for the children’s age.

Conclusion
In the present study, sensorimotor entrainment was related to phonological skills, attention,
and working memory; musical and phonological skills, and working memory showed larger
improvement after 8 months in children receiving the two entrainment-based methods compared to children receiving the solfeggio-based method. Contrary to previous findings, sensorimotor entrainment did not show a relation to empathy. Since all groups received music training,
it is difficult to isolate the effect of entrainment during this short period of time. A future study
that spans several years could shed light on possible effects of entrainment that may take years
to unfold. Our results extend the findings of previous research, and we showed that different
teaching forms of sensorimotor entrainment could result in different transfer effects.
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a b s t r a c t
External periodic stimuli entrain brain oscillations and affect perception and attention. It has been shown
that background music can change oculomotor behavior and facilitate detection of visual objects occurring on the musical beat. However, whether musical beats in different tempi modulate information sampling differently during natural viewing remains to be explored. Here we addressed this question by
investigating how listening to naturalistic drum grooves in two different tempi affects eye movements
of participants viewing natural scenes on a computer screen. We found that the beat frequency of the
drum grooves modulated the rate of eye movements: fixation durations were increased at the lower beat
frequency (1.7 Hz) as compared to the higher beat frequency (2.4 Hz) and no music conditions.
Correspondingly, estimated visual sampling frequency decreased as fixation durations increased with
lower beat frequency. These results imply that slow musical beats can retard sampling of visual information during natural viewing by increasing fixation durations.
! 2016 Elsevier Ltd. All rights reserved.

1. Introduction
Music weaves through our daily activities, such as learning,
reading, exercising or watching movies or pictures. Each of these
activities has their own rhythm, as well as the music that we listen
to. How can we pay attention to both at the same time, yet be able
to process them separately? Could they affect each other in terms
of how we process them, or are they entirely independent?
Information processing in the brain is established via neural
oscillations, which may also determine how one’s attention is distributed in time. The rhythmic fluctuation of attention enables that
processing of external events is the most efficient at expected
(Large & Jones, 1999), and suppressed at other points in time
(Jensen & Mazaheri, 2010). Endogenous neural oscillations can be
entrained via an external oscillator if: the given neural population
is capable of oscillating in natural circumstances; the external
oscillator provides periodic input; the internal and external oscillators synchronize via phase alignment; the external oscillator modulates the amplitude of the neural oscillations (Thut, Schyns, &
Gross, 2011). The effect of entrainment on behavior has been
shown in numerous studies, where perception and attention varied
in a cyclic fashion during rhythmic stimulation (VanRullen, Busch,
Drewes, & Dubois, 2011; Mathewson et al., 2011). Escoffier and

⇑ Corresponding author at: Brain Imaging Centre, Research Centre for Natural
Sciences, Hungarian Academy of Sciences, Budapest, Hungary.
E-mail address: marotiem@gmail.com (E. Maróti).

colleagues found that pictures of houses and faces were detected
faster with music in the background, especially, when pictures
appeared on the musical beat, compared to when there was no
music (Escoffier, Sheng, & Schirmer, 2010). In another study, participants responded faster in a speeded visuomotor task when
visual targets appeared on strong musical beats (Trost et al.,
2014). These studies found that strong musical beats facilitated
higher-order visual processing in target detection and visual discrimination tasks where the presentation of visual stimuli could
occur time-locked to the musical beat (in the on-beat conditions).
However, there is surprisingly little research that investigated
entrainment to music at the level of eye movements in natural
viewing, when visual information is sampled by self-paced series
of fixations instead of observing stimuli with experimentally controlled timing and constrained fixation.
Studies using eyetracking found that music lowered fixation
rate during reading (Dan, Xue, & Xiaodong, 2008), increased fixation duration and saccade amplitude while watching videos
(Coutrot, Guyader, Ionescu, & Caplier, 2012), and participants had
longer fixations, fewer saccades and more blinks when viewing a
picture or a film clip with music in the background than in silence
(Schäfer & Fachner, 2015). Moreover, Lense and Jones (2016) found
that infants’ fixations towards the eyes of the singer they watched
in videos entrained to the beat of the singing.
While there is evidence that background music can modulate
oculomotor behavior, the exact relationship between beat frequency and eye movements is not known. According to the
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Dynamic Attending Theory, neural oscillations entrained to an
external rhythm drive attention to the rhythmically expected
events (Large & Jones, 1999). Based on this theory, it can be
expected that if visual attention synchronizes to the rhythm of
the musical beats, the rhythm of eye movements would align to
the musical beats as well. Our goal was to probe entrainment in
eye movements during free viewing in different tempi and examine potential effects of musical beats on the characteristics of fixations and saccades. Furthermore, we aimed to simulate real-life
circumstances, therefore we used drum grooves from real dance
musical genres as auditory stimuli and natural scenes as visual
stimuli. Finally, we were interested in how rhythmic skills influence the effect of musical beats on eye movement. In a previous
study, Slater, Tierney, and Kraus (2013) found that music training
increased accuracy in keeping the beat in a sensorimotor synchronization task, therefore in the present study we compared professional musicians with non-musicians. Based on the findings of
previous research, we hypothesized that musical beats would
modulate the characteristics of fixations and/or saccades relative
to tempo, and musicians will be affected stronger than nonmusicians.
2. Material and methods
2.1. Participants
Twenty-three young adults completed the experiment successfully. Eleven participants (3 male, mean age: 25.2 years,
SD = 4.5 years) were professional musicians with music training
ranging from 9 to 20 years. The other twelve participants (7 male,
mean age: 21.9 years, SD = 2.4 years) did not have any formal
music training. Participants self-reported normal hearing and
vision. Moreover, none of them had any history of neurological
or psychiatric diseases. The study was approved by the United Ethical Review Committee for Research in Psychology (EPKEB). Signed
consent was obtained from each participant before the experiment.
The research was carried out in accordance with the Code of Ethics
of the World Medical Association (Declaration of Helsinki).

(The Mathworks Inc., Natick, MA, USA) using PsychToolbox 3
(Brainard, 1997; Pelli, 1997).
2.3. Procedure
Participants were freely viewing pictures in three conditions:
with slow tempo music (SlowTempo), with fast tempo music (FastTempo), and without music (Quiet). The two auditory conditions
and the quiet condition occurred in two separate blocks, and their
order was counterbalanced across subjects. The quiet condition
comprised the same amount of trials (42) as one auditory condition. Within the auditory block, the order of the two conditions
(SlowTempo and FastTempo) was randomized across trials. Subjects were given a short break between the two blocks.
2.4. Task
In the auditory block during free viewing, subjects had to perform a tempo discrimination task, in which they had to select
the faster of two drum grooves presented in pairs by pressing a
button on the keyboard. This task served to ensure that participants pay attention to the music. They were instructed to respond
after the second drum groove started as soon as they made their
decision. If they did not respond until the end of the second drum
groove, a wrong answer was recorded. A pair consisted of an original drum groove that could be either of the two beat frequencies
(1.7 Hz in SlowTempo, 2.4 Hz in FastTempo) and a ± 10% tempo
modified version of it. Fifty per cent of the trials contained a slower
modified version, and fifty per cent contained a faster modified
version of the original drum grooves. Their order was counterbalanced and randomized. In the quiet block, participants did not have
any specific task besides watching the pictures. In both the auditory and the quiet blocks after every seventh trial, a control picture
was presented, about which participants had to make a judgement,
whether they have seen it in the previous seven trials or not. Half
of the control pictures were new images, which were randomly
distributed. We included this memory task to ensure that participants pay attention to the pictures.
2.5. Trial sequence

2.2. Stimuli
Musical stimuli were drum grooves taken from Reason 3.0 Factory Sound Bank in two different genres (techno and funky) and
tempi (SlowTempo = 1.7 Hz beat frequency and FastTempo = 2.4 Hz beat frequency). These two tempi were chosen because
they are both in the preferred tempo range of music perception
and periodic movement production for humans (Moelants, 2002).
Moreover, we chose funky and techno, because these genres accentuate metrical beats strongly. Janata, Tomic, and Haberman (2012)
found that music that emphasizes the beat is the most effective
among real musical genres in triggering sensorimotor synchronization. We used 42 drum grooves in each genre, which consisted of
21 different drum grooves per genre in slow and in fast tempo.
The experiment comprised a total of 84 drum grooves, and each
drum groove appeared only once with a particular genre by tempo
combination. Drum grooves were normalized to 0 dB and cut to
equal length per tempo, so that each of them lasted for 16 beat
cycles + 6 s (!15 s for the 1.7 Hz stimuli and !12.5 s for the
2.4 Hz stimuli).
Participants were listening to the drum grooves at a comfortable hearing level through Genius HS-510X padded headphones.
Visual stimuli were 135 colour landscape photographs of 24 " 32
visual angle equated for contrast and luminance. They were presented on a 2600 LG LCD monitor at a 1920 " 1200 pixel resolution.
Both visual and auditory stimuli were presented with MATLAB 7.1

In the two auditory conditions, the trial started with a fixation
point displayed for a jittered (1.5–2 s) interval, after which the first
drum groove in the pair started. The beginning of the first drum
groove always preceded the picture by 16 beat cycles in order to
allow time for entrainment to be built. For complex rhythmic patterns, such as the groove of natural music, 1.37 repetition of the
rhythmic pattern is necessary on average for a steady beat perception to be built (Chapin et al., 2010). In the case of our musical
stimuli, the rhythmic pattern of the drum grooves typically
spanned across 8 beat cycles. Moreover, because the meter of each
drum groove consisted of 4 beat cycles, we chose a length that corresponded to a multiple of the meter. The first drum groove that
was presented with the picture, during which eye movement
was recorded, was always the original tempo version (1.7 Hz or
2.4 Hz). For 12 beat cycles, the fixation point remained on the
screen, followed by a ‘warning’ signal in a form of an exclamation
mark for an additional 4 beat cycles. We included this signal in
order to notify participants that after the signal until the end of
the following picture (6 s) they should avoid closing their eyes
longer than blinking. When participants’ eyes get tired, they tend
to close them for a couple of seconds to rest. In order to avoid losing valuable data, we asked participants to limit resting their eyes
outside the 6-s period (we only analysed eye movements recorded
while the picture was on the screen). Aside from this interval, they
were allowed to close their eyes briefly when they felt tired. After
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6 s, the first drum groove ended and the picture was replaced by a
fixation point. There was a fixed 1-s inter-stimulus interval (ISI),
then, the second drum groove started and played until the participant pressed a response key or until the end if the participant did
not answer. Before testing began, participants completed a few
practice trials until they felt comfortable with the task. Practice trials contained different musical and visual stimuli than the experimental trials and they were not analysed. Fig. 1 shows an example
trial sequence of a FastTempo condition.
The quiet condition comprised of the initial fixation point followed immediately by the warning signal for 2 s, then the picture
for 6 s, after which the trial ended.
2.6. Apparatus
Participants’ eye movements were recorded by an SMI iView X
High-Speed eye tracker system while their head was fixed with a
forehead support and a chin rest. Each participant’s eye gaze position measurement was calibrated by a 13-point calibration procedure before data recording. Subjects sat 50 cm from the screen and
only their left eye was recorded with 1250 Hz sampling rate.
2.7. Synchronization test
After participants completed the free-view part, we directly
tested their ability to follow our musical stimuli. They were listening to the original drum grooves from the previous free-view part
one by one, and had to tap to the beat they perceived by pressing
the space key on the keyboard. After each drum groove, subjects
rated the ease of tapping for the given drum groove on a 5-point
scale (from 1 = Very difficult to 5 = Very easy).
2.8. Self-rated learning performance
At the end of the experiment, participants filled out a brief
demographic questionnaire, which asked for the participant’s
age, sex, years of music training, and self-rating of their learning
performance with music in the background (When listening to

music during studying, my performance improves. Please rate from
1–5 to what extent this statement pertains to you, 1 = Not at all,
5 = Very much.).
2.9. Analysis of musical stimuli
In order to examine the underlying beat profile of our musical
stimuli, we created average frequency spectrums of the drum
grooves per tempo per genre, by first obtaining their amplitude
envelopes with a Hilbert transform on which we performed a
Hanning-windowed fast Fourier transform using the MIR toolbox
(Lartillot & Toiviainen, 2007). Average frequency spectrums (displayed in Fig. 2) revealed that the first harmonic of the beat frequency had comparable strength to the beat frequency in both
genres and tempi, while the upper harmonics were considerably
attenuated. Additionally, for the funky genre, the first subharmonic
of the beat frequency seemed to be similarly strong as the beat frequency. For this reason, we included the beat frequency and both
its first harmonic and its first subharmonic in subsequent analyses.
2.10. Analysis of synchronization ability and learning performance
with background music
In order to determine to what extent participants were able to
keep the beat, first the difference between the beat onsets and
the tapping onsets were calculated. Next, tapping variability scores
were obtained by calculating the standard deviation of the differences, then dividing it by the beat period giving a measure that
is expressed as a fraction of the tempo. Tapping variability scores
were then entered to a three-factor mixed ANOVA to test any differences between the two tempi and genres, and to determine any
group differences. Because Saphiro-Wilk’s tests of normality
revealed that all except eye movement data were non-normally
distributed, we performed ANOVAs for analysing main effects
and interactions, and we used non-parametric tests for post hoc
analyses and reported medians for central tendency of nonnormally distributed data. Upon significant interactions, we performed simple effects analyses, for which we report uncorrected

Fig. 1. Trial sequence example of a FastTempo condition with the control picture for the memory task. The horizontal line indicates time. First, a fixation point appeared on
the screen with jittered length between 1.5 and 2 s. Then, the first drum groove started, while the fixation point remained on the screen. After 12 beats, an exclamation mark
appeared on the screen warning participants to do not rest their eyes until the end of the following picture. The sign remained on the screen for the duration of 4 beats, after
which a picture appeared and remained visible for 6 s, while the first drum groove was still playing. Next, both the first drum groove and picture presentation ended and a
fixation point was displayed for a fixed 1-s inter-stimulus interval. Finally, the second drum groove started and was played until the end or until the participant pressed a
response button. The control picture was presented at the end of every seventh trial right after the participant responded to the tempo discrimination task, and remained on
the screen until the participant responded.
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Fig. 2. Average frequency spectrums of the drum grooves per genre per tempo. Panel A Funky 1.7 Hz. Panel B Funky 2.4 Hz. Panel C Techno 1.7 Hz. Panel D Techno 2.4 Hz.

p-values. We additionally tested for group differences in participants’ ratings to their general learning performance with music
in the background using a Mann-Whitney U test. All statistical
tests were performed with SPSS (IBM SPSS Statistics, Version 21).
2.11. Analysis of eye movement parameters
Saccade and fixation parameters were obtained by an adaptive
algorithm (Nyström & Holmqvist, 2010) with the following settings: max. saccade velocity = 1000 !/s; max. saccade acceleration = 100,000 !/s2; min. fixation duration = 40 ms; min. saccade
duration = 10 ms; a = 0.7; b = 0.3; initial saccade peak velocity
detection threshold PT1 = 50 !/s. The main advantage of this novel
approach is that it relies on adaptive estimation of threshold values
by taking into consideration the local noise level. The algorithm
was run on MATLAB 7.1 (The Mathworks Inc., Natick, MA, USA)
by using a customized version of the original code obtained from
the first author of the algorithm. No additional preprocessing
was applied. First, repeated measures ANOVAs were run for fixation duration, saccade duration, saccade amplitude and saccade
number (average number of saccades per trial) for the auditory
conditions only, with genre and tempo entered as within subject
factors and group with two levels (musicians, non-musicians)
entered as between subjects factor. Because we did not find any
effect of genre and group for any eye movement parameters, we
excluded these two factors from further analyses.
In order to determine whether beat frequency had any influence
on the eye movements compared to silence, fixation duration, saccade duration, saccade amplitude and saccade number were compared across the quiet and the two auditory conditions. Because

fixation duration, saccade duration and saccade amplitude were
not normally distributed, we used the median of these parameters
for each subject. These eye movement parameters were analysed
by running repeated measures ANOVAs on each, with a single
within-subject factor (tempo: SlowTempo, FastTempo and Quiet).
We also estimated the dominant eye-movement frequency (i.e.
visual sampling frequency) by taking the average of the individual
median inter-saccade-intervals for each condition. The effect of
tempo on visual sampling frequency was also tested by repeated
measures ANOVA. Upon a significant main effect, post hoc analyses
were conducted with Bonferroni correction.
2.12. Analysis of entrainment
In order to investigate whether the rhythm of eye movements
aligned to the musical beat, we examined the distribution of fixation onsets. We chose fixation onsets because visual information is
acquired during fixations. Saccades position the eyes so that the
image is centered at the fovea, which can capture the image with
the highest resolution during fixations (Ibbotson & Krekelberg,
2011). If beat frequency entrained fixation onset times, we expect
that fixation data would be distributed around the beat with a peak
at the beat onset. To explore whether there are any peaks at specific time points, we plotted fixation onsets over the full 6-s scene
viewing for each auditory condition. To exclude incomplete fixations, the last two bins of each condition’s histogram plot were
removed. Histograms were compared to a uniform distribution
with a Kolmogorov-Smirnov one-sample test, and upon significant
deviation from the uniform distribution one-sample t-tests were
run on each bin to determine the place where deviation occurs.
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For multiple comparisons, we used Bonferroni correction. Next, fixation onset times were grouped for each auditory condition per
subjects, then a signed difference between the fixation onset time
and the beat onset time was calculated for each fixation: negative
scores indicating that fixations started earlier, and positive scores
indicating that fixations started later relative to the beat onset.
We predetermined a window that covers the distribution of fixation onsets that could be considered to relate to the onset of the
beat, and only fixation onsets that fell in this window were taken
into account. The length of the window corresponded to plus and
minus a quarter period of the beat frequency. Then, we generated
histograms of relative frequencies of the difference scores centered
at zero, equivalent to the place of the beat, and individual histograms were averaged into one histogram per condition. A
Kolmogorov-Smirnov one-sample test was run on the average histograms to determine whether the distribution of fixation onsets
differs significantly from a uniform distribution. If musical beats
entrained fixation onsets, bins that fall on or around the beat onset
time should contain more fixations than bins farther from the beat
onset time, therefore fixation onset distribution would be peaked
around the beat onset time. Second, we created distributions for
fixation onset times in the quiet condition by calculating difference
scores between fixation onset times and the time where beat
onsets would occur in the auditory conditions resulting in two distributions corresponding to each auditory condition. Averaged histograms were generated as previously, and the distributions of
fixation onsets were analysed with a Kolmogorov-Smirnov onesample test. Our hypothesis was that, if the rhythm of the musical
beats entrained fixation onset times in the auditory conditions but
not in the quiet condition, contrary to the auditory conditions fixation onsets would be approximately uniformly distributed in the
quiet condition, or shaped differently than in the corresponding
auditory condition. Upon significant deviation from the uniform
distribution, in order to examine whether the given auditory or
quiet condition differs significantly from their tempo matched
auditory or quiet condition, we compared the two distributions
by running bin-by-bin paired t-tests. We performed the same series of analyses for the first harmonic and the first subharmonic of
the beat frequency as well. Because funky genre typically accentuates weak beats, such as every second beat as well, the histograms
and the analyses for the first subharmonic were done two ways:
subharmonic counting from the first beat (downbeat) and subharmonic counting from the second beat (off-beat). Because the first
subharmonic prevailed only in the funky genre we broke histograms down to genres and tempi, and for the sake of coherence,
we did the same with the beat frequency and first harmonic
histograms.

3. Results
3.1. Tempo discrimination and memory test results
A three-factor mixed ANOVA was conducted on the tempo discrimination scores, with genre and tempo entered as withinsubjects factors and group as between-subjects factor. The analysis
revealed that 97.6% of all the responses were correct. We did not
find significant effects of genre (F(1,21) = 0.288, P = 0.597,
g2 = 0.014) and tempo (F(1,21) = 0.058, P = 0.812, g2 = 0.003) and
there were no significant interactions (Fgenre*group(1,21) = 0.081,
P = 0.778,
g2 = 0.004,
Ftempo*group(1,21) = 1.33,
P = 0.262,
g2 = 0.06,
Fgenre*tempo(1,21) = 0.908,
P = 0.352,
g2 = 0.041,
2
Fgenre*tempo*group(1,21) = 0.04, P = 0.844, g = 0.002). There was,
however, a tendency toward a significant effect of group
(F(1,21) = 3.39, P = 0.08, g2 = 0.139), which was reflected in the
difference between the median scores of correct responses for

musicians
and
non-musicians
(Medianmusicians = 98.8%,
Mediannon-musicians = 97%). Tempo discrimination scores per group
for each genre and tempo are shown in Fig. 3. For the memory test,
the two-factor mixed ANOVA with condition (two levels: memory
task with music, and memory task without music) as withinsubjects factor, and group as between-subjects factor revealed that
83.3% of the responses for both with music, and without music
were correct, the difference not being significant (F(1,21) = 0.022,
P = 0.884, g2 = 0.001). However, there was a main effect of group
(F(1,21) = 6.4, P = 0.019, g2 = 0.234). Non-musicians’ memory performance was significantly better than musicians’ performance
(Mediannon-musicians = 89.6%, Medianmusicians = 83.3%). There was
no significant interaction (Fmemory*group(1,21) = 0.376, P = 0.546,
g2 = 0.018). Memory test scores per group per condition are shown
in Fig. 3.
3.2. Synchronization test result
A three-factor mixed ANOVA (with genre and tempo as withinsubjects factors and group as between-subjects factor) was run on
the perceived ease of tapping scores to examine how easy subjects
felt to synchronize with the beat. The analysis revealed a significant interaction between genre and tempo (Fgenre*tempo(1,21)
= 4.41, P = 0.048, g2 = 0.174). Simple effects testing revealed that
participants judged synchronizing easier with the slower tempo
(MedianSlowTempo = 4.24)
than
with
the
faster
tempo
(MedianFastTempo = 4.05) in funky (P = 0.033), whereas tempo did
not have any effect in techno (P = 0.883). Additionally, techno
was judged easier to tap along than funky in both the slower
(P = 0.013) and in the faster tempo (P = 0.001). No other
interactions were significant (Fgenre*group(1,21) = 1.34, P = 0.26,
g2 = 0.06,
Ftempo*group(1,21) = 0.294,
P = 0.593,
g2 = 0.014,
Fgenre*tempo*group(1,21) = 0.104, P = 0.75, g2 = 0.005). There was a
significant effect of group (F(1,21) = 14.51, P = 0.001, g2 = 0.409),
with musicians having felt tapping easier (Medianmusicians = 4.87)
than non-musicians (Mediannon-musicians = 3.76). Ease of tapping
scores per group for each genre and tempo are displayed in Fig. 3.
3.3. Tapping results
A three-factor mixed ANOVA run on tapping variability scores
(with genre and tempo as within-subjects factors and group as
between-subjects factor) revealed a significant effect of group
(F(1,21) = 13.6, P = 0.001, g2 = 0.393), with musicians tapping
more accurately (Medianmusicians = 0.06) than non-musicians
(Mediannon-musicians = 0.13). There was no significant effect of genre
(F(1,21) = 0.034, P = 0.855, g2 = 0.002), tempo (F(1,21) = 0.007,
P = 0.935, g2 < 0.001), and there were no significant interactions
(Fgenre*group(1,21) = 0.022, P = 0.885, g2 = 0.001, Ftempo*group(1,21) =
0.372, P = 0.549, g2 = 0.017, Fgenre*tempo(1,21) = 1.9, P = 0.183,
g2 = 0.083, Fgenre*tempo*group(1,21) = 0.299, P = 0.590, g2 = 0.014).
Tapping variability scores per group for each genre and tempo
are shown in Fig. 3.
3.4. Self-rated learning performance with music in the background
A Mann-Whitney U test revealed no significant difference in
subjective rating of learning performance with music in the
background between musicians (Medianmusicians = 2) and nonmusicians (Mediannon-musicians = 3), U = 65 P = 0.95. Results are
displayed in Fig. 3.
3.5. Eye-tracking results
There was no significant effect of genre and group on any eye
movement parameters for the two auditory conditions, and there
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Fig. 3. Behavioral task results (medians with 95% confidence intervals). There were significant differences between musicians and non-musicians in the memory task, ease of
tapping and tapping variability scores. Furthermore for the ease of tapping, there was a significant interaction between tempo and genre: participants judged tapping easier
for the slower drum grooves in funky than for the faster drum grooves, whereas techno was judged similarly difficult for both tempi. ⁄Significant at p < 0.05.
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were no significant interactions with all P values greater than 0.05,
therefore we excluded genre as a factor from further analyses and
in the following we analysed musicians and non-musicians
together. There was a significant effect of tempo in fixation duration (F(1,21) = 5.84, P = 0.025, g2 = 0.218). Fixations were significantly longer with slower music than with faster music.
Furthermore, there was a significant effect of tempo in saccade
number (F(1,21) = 12.64, P = 0.002, g2 = 0.038). The number of saccades was significantly lower in the SlowTempo condition as compared to the FastTempo condition. The ANOVA results are
summarized in the Supplementary Material, Table S1. Fixation
durations, saccade durations, saccade amplitudes and saccade
numbers per groups for each genre and tempi are presented in
the Supplementary Material, Fig. S1.
In order to investigate the effect of different tempi on eye movements compared to silence, we ran a series of repeated measures
ANOVAs on fixation duration, saccade duration, saccade amplitude
and saccade number with tempo (levels: SlowTempo, FastTempo,
Quiet) as a within-subject factor. The analyses revealed a significant main effect of tempo for fixation durations (F(2,44) = 5.39,
P = 0.008, g2 = 0.197). Post-hoc testing revealed significantly
longer fixations for SlowTempo (1.7 Hz) compared to the
FastTempo (2.4 Hz) condition (PBonferroni = 0.044), and for the
SlowTempo compared to the Quiet condition (PBonferroni = 0.034).
The difference between the FastTempo and the Quiet conditions
was not significant (PBonferroni = 0.721). Average fixation durations
for the three conditions are shown in Fig. 4. We did not find any
significant main effects for the saccade duration (F(2,44) = 2.68,
PGreenhouse-Geisser = 0.103, g2 = 0.108) and saccade amplitude
(F(2,44) = 2.98, PGreenhouse-Geisser = 0.08, g2 = 0.119). The effect of
tempo for saccade number was marginally non-significant
(F(2,44) = 3.34, PGreenhouse-Geisser = 0.065, g2 = 0.132).
In order to test whether eye-movement frequencies could
potentially change between the auditory and quiet conditions,
we estimated the dominant eye-movement frequency (i.e. visual
sampling frequency) by taking the average of the individual
median inter-saccade-intervals for each condition. The obtained
median inter-saccade-intervals for the conditions are:
SlowTempo = 314 ms, FastTempo = 308 ms, and Quiet = 303 ms,
as shown in Fig. 4, which correspond to 3.18 Hz, 3.24 Hz and
3.3 Hz visual sampling frequencies, respectively. Median intersaccade-intervals for each condition were entered into a repeated
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measures ANOVA with tempo with three levels: SlowTempo, FastTempo and Quiet, which revealed a significant effect of tempo (F
(2,44) = 6.13, P = 0.004, g2 = 0.218). Post-hoc tests showed that
sampling frequency was significantly slower in the SlowTempo
than in the Quiet (PBonferroni = 0.021) condition, but no significant
difference was found between the SlowTempo and FastTempo
conditions (PBonferroni = 0.094) and the FastTempo and the Quiet
conditions (PBonferroni = 0.362).
To determine whether the degree and difficulty of synchronization in tapping could be predictive to the strength of eye movement modulation, we calculated the difference in fixation
durations between the SlowTempo condition and the Quiet condition, where we found significant differences in both fixation duration and ISI, and plotted the difference scores against tapping
variability and ease of tapping scores in the SlowTempo condition.
Spearman correlations did not reveal any systematic relationships
for tapping variability (R(21) = 0.197, P = 0.367) and difficulty (R
(21) = !0.216, P = 0.323). Therefore, we concluded that in present
conditions, the relationship between tapping variability and difficulty and the strength of eye movement modulation can not be
determined. Scatterplots are presented in the Supplementary
Material, Fig. S2.
Kolmogorov-Smirnov one-sample tests of fixation onset distributions plotted over the entire viewing scene revealed that all
auditory conditions deviated significantly from the uniform distribution (all P values <0.001). One-sample t-tests run on the bins of
each condition showed that the first two bins of each condition
(the third bin as well for the Funky FastTempo condition) were significantly different from the mean value of the presumed uniform
distribution (PFunkySlowTempo_bin1 < 0.001, PFunkySlowTempo_bin2 =
0.003, PFunkyFastTempo_bin1 < 0.001, PFunkyFastTempo_bin2 = 0.0171,
PFunkyFastTempo_bin3 = 0.0373,
PTechnoSlowTempo_bin1 < 0.001,
PTechnoSlowTempo_bin2 = 0.0018,
PTechnoFastTempo_bin1 < 0.001,
PTechnoFastTempo_bin2 = 0.0012). No other significant differences were
found. Histograms can be seen in the Supplementary Material,
Fig. S3. Kolmogorov-Smirnov one-sample tests for the beatlocked histograms (see Supplementary Material, Figs. S4–S7)
revealed that for the beat frequency, only the Techno SlowTempo
condition deviated significantly from a uniform distribution
(PFunkySlowTempo = 0.227,
PFunkyFastTempo = 0.9,
PTechnoSlowTempo =
0.008,
PTechnoFastTempo = 0.782,
PQuietSlowTempo = 0.914,
PQuietFastTempo = 0.484). However, when comparing the Techno

Fig. 4. Left: Average fixation durations with standard errors across the three conditions (SlowTempo, FastTempo, Quiet). The difference is significant between SlowTempo
and both FastTempo and the Quiet conditions. Right: Average inter-saccade-intervals (ISI) with standard errors across the three conditions (SlowTempo, FastTempo, Quiet).
ISIs were significantly longer in the SlowTempo condition compared to the Quiet condition. ⁄Significant at p < 0.05.
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SlowTempo distributions and its tempo-matched quiet condition
with a bin-by-bin paired t-test, after correcting for multiple comparisons, there was no significant difference between the distributions. We additionally found that for the first harmonic of the beat,
both the Techno SlowTempo condition and the Quiet FastTempo
condition deviated significantly from the uniform distribution
(PFunkySlowTempo = 0.927, PFunkyFastTempo = 0.895, PTechnoSlowTempo =
0.025,
PTechnoFastTempo = 0.425,
PQuietSlowTempo = 0.615,
PQuietFastTempo = 0.029). When comparing these distributions with
their tempo-matched quiet or auditory condition with a paired
t-test, after correcting for multiple comparisons, the differences
between the distributions were not significant. For the first subharmonic of the beat, none of the distributions deviated significantly
from the uniform distribution (downbeat: PFunkySlowTempo = 0.262,
PFunkyFastTempo = 0.164, PTechnoSlowTempo = 0.539, PTechnoFastTempo =
0.685, PQuietSlowTempo = 0.770, PQuietFastTempo = 0.944, off-beat:
PFunkySlowTempo = 0.913,
PFunkyFastTempo = 0.72,
PTechnoSlowTempo =
0.218,
PTechnoFastTempo = 0.256,
PQuietSlowTempo = 0.284,
PQuietFastTempo = 0.465).

4. Discussion
Previous studies found that musical beats can modulate oculomotor behavior in reading (Dan, Xue, & Xiaodong, 2008), and
free-view tasks (Coutrot et al., 2012; Lense & Jones, 2016; Schäfer
& Fachner, 2015), and entrain higher-level visual processing in
visual discrimination (Escoffier et al., 2010) and target detection
(Trost et al., 2014). In order to understand the relationship between
music and eye movement behavior better, we examined how musical beats in different tempi (drum grooves with 1.7 Hz and 2.4 Hz
beat frequencies) affect eye movements during natural viewing,
and whether this effect could be mediated by musical skills.
The two attention control tasks (picture memory, tempo discrimination) were completed with very high accuracy, which indicated that participants paid attention to both the pictures and the
music. Musicians performed better in tempo discrimination than
non-musicians, however, this difference was not significant. Musicians spend many hours of their life practicing music, therefore
their music-related skills, such as tempo perception are higher
compared to non-musicians. The lack of significant difference
could be because the 10 percent tempo difference between the
drum grooves participants had to make judgments about was large
enough to be easily distinguishable, therefore non-musicians could
perform the task with high accuracy as well. Considering the question of task demand, it can be conceived that the cognitive processing of the additional tempo discrimination task could have
interfered with the effect of musical beats on eye movements.
Since participants had to make their judgment during the presentation of the second drum groove in the pair, cognitive processing
of the comparison of the two tempi could not affect eye movements during the first drum groove while eye movement data were
collected. We did not find any significant difference in performance
in the memory task between the two music and the quiet conditions. However, non-musicians had significantly better memory
than musicians. Musicians’ worse performance could be attributed
to that they were distracted by the music more than nonmusicians in the music conditions. Patston and Tippett (2011)
found that musicians’ performance in the language comprehension
task was impoverished with music in the background compared to
silence, however, they did not find significant difference for the
visuospatial search task. The lack of difference they reported may
be due to that they used a visual search task, which requires different processing than a free-view memory task we used in our study
(Mills, Hollingworth, Van der Stigchel, Hoffman, & Dodd, 2011). In
our questionnaire that participants filled out at the end of the

experiment, we asked them to rate their general learning performance when there is music in the background. Musicians reported
lower performance with music in the background than nonmusicians, although this difference was not significant.
In order to test participants’ ability in following the musical
beats, we included a tapping test, in which participants had to
tap along with the beat of the drum grooves they previously heard
in the free-view part of the experiment, and rate the ease of tapping. Musicians rated tapping significantly easier and their tapping
variability was significantly lower compared to non-musicians,
which is consistent with that musicians have to achieve a high
level of rhythmic skills during their musical training. Median tapping variability was 6% for musicians, and 13% for non-musicians,
which is comparable to the findings of the sensorimotor synchronization literature (Repp, 2005). Additionally, we found that participants felt easier to tap along with the techno drum grooves than
with the funky drum grooves in both tempi. Techno genre typically
accentuates metrical beats and groove patterns tend to be simple,
which can be seen on the average frequency spectrum of the drum
grooves (Fig. 2). Techno drum grooves have large peaks at the beat
frequency and its harmonics only, while funky drum grooves contain peaks at off-beat frequencies as well, which is a consequence
of syncopation, namely the accentuation of weak beats. We also
found that participants felt easier to synchronize with the slower
tempo than with the faster tempo for the funky drum grooves. It
is possible that the syncopation in the funky genre that made synchronization more difficult was less disturbing in the slower tempo
than in the faster tempo due to the larger dispersion of the rhythmic events. Curiously, there was no difference with respect to
genre for any of the groups for eye movements and tapping variability. Despite the fact that musicians were significantly better
at keeping the beat, this advantage did not seem to reflect in the
influence of musical beats on their eye movements compared to
non-musicians.
In order to investigate any effect of different tempi on eye
movements relative to silence, we compared fixation duration, saccade duration, saccade amplitude and saccade number across three
conditions (SlowTempo, FastTempo, Quiet). We found a significant
effect of beat frequency on the duration of eye fixations. Fixation
durations were significantly longer for the slower tempo (1.7 Hz)
than for the faster tempo (2.4 Hz) and for the quiet condition.
Although the difference between the faster tempo and the quiet
condition was not significant, there was an increasing trend of fixation durations from the quiet condition to the slower tempo: fixation durations were the shortest in the Quiet condition (234 ms),
longer in the FastTempo condition (238 ms) and the longest in the
SlowTempo condition (245 ms). The reason why the difference
between the FastTempo and the Quiet conditions was not significant could be that the beat frequency of the FastTempo condition
(2.4 Hz) fell close to the dominant visual sampling frequency estimated from the inter-saccade-intervals (3.3 Hz in our study),
which prevailed the Quiet condition. Future studies should include
more distant frequency conditions in order to examine possible
trends in the influence of beat frequency on eye movements more
precisely. Correspondingly to the increasing trend in fixation duration, we additionally found a decreasing trend in saccade number
between the conditions. The Quiet condition contained the most
saccades per trial (16.1), followed by the FastTempo (15.9) and
the SlowTempo (15.3) conditions. When comparing the SlowTempo and the FastTempo conditions with a three-factor ANOVA
design, we found a significant difference between the two tempi.
However, when we ran a repeated-measures ANOVA only on
tempo including the Quiet condition, the differences were no
longer significant. Schäfer and Fachner (2015) found that participants had fewer saccades when watching a film clip or a picture
with background music compared to silence. The trend we found
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is consistent with this finding. However, Schäfer and Fachner used
longer viewing times (45 s for picture and 70 s for the film clip),
therefore it is possible that we could obtain significant differences
if we increased the length of the viewing time, which was 6 s in our
study. There was no significant effect of musical beats on saccade
duration and amplitude, and we did not find any significant differences between musicians and non-musicians on any eye movement parameters, therefore we concluded that rhythmic skills do
not mediate the effect of beat frequency on eye movements with
present task set and conditions.
Next, we analysed the dominant visual sampling frequency
(calculated from median inter-saccade-intervals) in each condition, and found an increasing trend: the Quiet condition contained
the shortest intervals followed by the FastTempo and the SlowTempo conditions. The difference was only significant between
the Quiet and the SlowTempo conditions. This trend is in line with
the trend in fixation duration and saccade number, which suggests
that in the auditory conditions, the dominant visual sampling frequency changed due to the influence of the musical beats. Whether
this change could be considered as a form of entrainment and the
exact mechanism by which beat frequency affects visual sampling
remains to be studied.
In the following, we compared the strength of eye movement
modulation with tapping variability and difficulty, but at this
point, no systematic relationship could be determined. These
results suggest that individual synchronization abilities do not predict eye movement modulation.
Finally, we examined whether eye movements entrained to the
rhythm of the musical beats. According to the Dynamic Attending
Theory of Large and Jones (1999), attention tunes to rhythmically
expected events as a result of neural entrainment, therefore we
expected that fixations, through which most of the visual information is acquired, would align to or around the onset of the musical
beats resulting in a non-uniform distribution in the two auditory
conditions, but not in the quiet condition due to the absence of
the musical beat. To this end, first we examined fixation onset
times during the entire 6-s viewing time to explore any peaks at
any specific time points. The analysis revealed a significant dip at
the start of the trials and significant peaks in the initial 150–
450 ms, which could be attributed to the attention shift corresponding to the appearance of the picture. No other significant
peaks were found. Next, we examined fixation onset times relative
to real or simulated beat onsets in both the auditory and quiet conditions for the beat, first harmonic and first subharmonic frequencies. We found that the slow techno beat and the slow techno and
fast quiet first harmonic distributions deviated significantly from
the uniform distribution, but when comparing these distributions
to their tempo-matched auditory and quiet distributions, we did
not find significant differences between them. It is possible that
the deviation in the techno genre could reflect some form of
entrainment, which would be supported by that participants felt
synchronization easier to techno compared to funky. However, in
present conditions entrainment cannot be determined. In the
future, more research is necessary.
In present study we found that beat frequency affects the rate of
eye movements relative to tempo. Further exploration of different
tempi could shed light on the exact relationship between beat frequency and oculomotor behavior, which will be the goal of future
research.

5. Conclusions
We are the first, to our knowledge, who investigated the effect
of musical beats on eye movements during free viewing in different tempi. We found that the tempo of the music affected the
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length of eye fixations. Longer fixations occurred with slower beat
frequency, and shorter fixations occurred with faster beat frequency, the shortest fixations occurring without music. Increasing
fixation duration seemed to decrease underlying visual sampling
frequency in the auditory conditions compared to the quiet condition, which could be the result of the interaction of the auditory
beat and the visual sampling frequency in the auditory conditions.
Previous studies found that strong musical beats facilitated target
detection and visual discrimination (Escoffier et al., 2010; Trost
et al., 2014). We found that musical beats can retard visual information sampling by increasing fixation durations at the level of
eye movements when stimuli are not presented in a rhythmic fashion, such as in natural viewing. Our finding can be the first step
towards understanding the underlying mechanism of how oculomotor behavior might reflect the influence of musical beats on task
performance and underlying perceptual and cognitive processes.
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8. General discussion
The goal of the studies reported in the thesis was to delve into the neural and
behavioral components of auditory entrainment and to provide a more specific
characterization of this mechanism through frequency-band-specific processes, auditorymotor interactions, transfer and cross-modal effects. An integration of the literature and
the current results will be provided in the following two sections. First, the main findings
of the studies of the thesis will be summarized. Then, a synthesis of leading theories of
sensorimotor entrainment with the main findings of the current studies will follow.
Afterwards, some general methodological limitations will be discussed regarding rhythm
perception and synchronization. Lastly, possible clinical and developmental applications
of the results will be provided.

8.1 Summary of the findings of the thesis
Before investigating specific aspects of auditory entrainment, potential bias sources
were eliminated, such as musical training and reading ability, that were not addressed in
previous studies. Our results confirmed, that musical training and reading ability indeed
influence rhythmic auditory processing, as neural and behavioral data in children, as well
as in adults showed important differences between musically trained and untrained, and
reading and pre-reading participants. Differences were detected in the oscillatory patterns
of the induced beta activity, in SS-EPs, in the transfer effects of music education and in
sensorimotor synchronization. These differences will be discussed in detail below in this
section.
One of our main findings is that auditory and motor processes involved in auditory
entrainment are influenced by the maturity of the underlying neural networks. Several
differences emerged when comparing musically trained adults and children in previous
literature (Cirelli et al., 2014; Colling et al., 2017; Fujioka et al., 2009, 2012; Nozaradan
et al., 2015) to musically untrained children in our study. First, the latency of induced
beta ERD in musically trained adults was constant across different tempi, while both
musically trained and untrained children showed high variability in the latency of their
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ERD. Second, a tempo dependent power rebound was found in musically trained children
and adults, but not in our musically untrained children. The finding that ERD was similar
between musically trained and untrained children, but rebound was different supports the
idea that tempo dependent induced beta power rebound is a separate mechanism from
those underlying ERD, and the former might be affected by music training. It has been
previously suggested that beta ERD reflects a change in event processing (Gert
Pfurtscheller & Da Silva, 1999), while rebound is associated with a reset of an existing
cortical network (G. Pfurtscheller et al., 2005). Thus, the beta rebound may reflect a
neural mechanism for predictive timing information about when the next stimulus is
expected. It is important to note, that our children were younger than musically trained
children in the corresponding study. Therefore, the difference in neural responses could
have resulted from natural development. Compared to adults, children have a narrower
resonance curve to which they can effectively synchronize, and this resonance curve
gradually broadens each year between age 6 and 10 (van Noorden & Moelants, 1999).
However, since both musically trained and untrained children showed high variability in
ERD, it is unlikely that the age difference would only affect beta rebound. Third, induced
beta oscillations differed between musically trained adults and untrained children during
tone omissions as well. In adults, induced beta showed an ERS followed by an ERD after
tone onsets, but when tones were omitted the ERD was absent and beta power continued
to rise after the ERS until the onset of the next tone (Fujioka et al., 2009). In our children,
beta power showed a similar pattern of ERS and ERD in both conditions, except that after
tone omission ERD was shorter and occurred earlier, indicating that the difference in
processing between tone presence and omission is more subtle in musically untrained
children than in musically trained adults. Fourth, both musically trained adults and
children showed evidence of auditory-motor interactions during sensorimotor
synchronization in a non-linear product of auditory- and motor related SS-EPs, whereas
musically untrained children did not. The absence of this cross-modulation SS-EP could
be explained by the lack of movement synchronization to the beat and the high variance
of tapping rates. Since cross-modulation SS-EPs were significant in musically trained
participants, it could indicate that music training can accelerate the maturation of
sensorimotor processing.
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Our second main finding is that entrainment-related neural responses associated
with different frequency oscillations do not develop at the same rate. Evidence was found
in relation to metrical percept and sensorimotor synchronization. As mentioned above,
the processing of tone omissions in induced beta oscillations related to motor preparatory
processes was different between musically trained adults and musically untrained
children, while induced gamma activity that was associated with metrical percept was
very similar. Pertaining to sensorimotor synchronization, SS-EPs corresponding to the
processing of the auditory stimulus were stable and significant over time, while SS-EPs
corresponding to the target tapping rate and its corresponding cross-modulation
frequency indicated poor movement synchronization. Efficient auditory processing is
vital in newborn babies for communication. The perception of higher-order periodicities
of sound sequences is necessary for speech segmentation and for adapting to different
speech rhythms, and previous studies found evidence that the perception of meter is
innate (Háden et al., 2015; Stefanics et al., 2007; Winkler et al., 2009). Sensorimotor
synchronization on the contrary takes many years until it reaches adult level (for a
review, see Repp & Su, 2013).
Our third main finding is that music training that emphasizes sensorimotor
synchronization improves linguistic skills and working memory. We have shown that
children that received an SE-based method showed larger improvement in phonological
awareness, vocabulary and in working memory span after 8 months compared to children
that received the solfeggio-based method. Several studies found relationships between
SE, linguistic skills and working memory by measuring the current state of these skills
(Carr et al., 2014; Tierney & Kraus, 2013). Our results extend previous research by
showing that SE has a long-term effect that is different from other aspects of music
training. Producing or perceiving a rhythm leads to formation of expectations that
facilitates orienting of attentional resources (Bolger et al., 2013). Moreover, sensorimotor
integration involves increases in brain network interaction in areas involved in attentional
processes and motor planning (Coull, 2004) including the premotor cortex, posterior
parietal cortex and thalamus (Krause et al., 2010). These attentional processes are utilized
in language processing and working memory, as well (for a review, see Gruber &
Goschke, 2004). We have additionally found that different teaching forms of SE resulted
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in different transfer effects. Fixed movement patterns resulted in more accurate SE and
greater improvement in phonological speed compared to free movement. Fixed
movement patterns as opposed to free movement allows bodily synchronization to be
predictable, therefore auditory-motor integration could be processed faster. This temporal
advantage might result in better performance in phonological speed and SE.
Finally, we have shown that the effect of auditory entrainment can transfer to the
visual domain. Musical beats not only facilitate performance in rhythmic visual tasks
(Escoffier et al., 2010; Trost et al., 2014), but eye movements, through which visual
information is acquired become entrained to the auditory stimulus, which entails a tempo
dependent change in fixation duration and in sampling frequency. Musical tempo and
fixation length changed in the same direction. That is, slow auditory stimuli generated
longer fixations compared to fast auditory stimuli and natural fixation rate without music.
This, in turn decreased the visual sampling rate. Since all stimulus tempi, and the tempo
of music in general is below the sampling rate of natural vision, music in general can
retard visual information sampling, that might influence task performance and underlying
perceptual and cognitive processes. It implies that when auditory rhythms are perceived
simultaneously with visual stimuli, it can change the way we visually experience the
world. This idea lies in the theory of dynamic attending, which proposes that our
information processing is most effective when our attention is enhanced at times when
important input is expected (Mari R. Jones & Boltz, 1989). In the next section, I am
going to discuss Dynamic Attending Theory in more detail in relation to the main results
of this thesis. Contrary to our previous findings, music training did not influence the
transfer effect of auditory entrainment on eye movements. Although musicians performed
better in the additional SE task, this advantage did not persist at the level of eye
movements.

8.2 Synthesis with previous theories
Sensorimotor synchronization requires coordination of the dynamics of distant brain
areas. Theories have been postulated of how this is achieved. The dynamic systems
theory posits that sensorimotor synchronization emerges from a continuous coupling of
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sensory and motor oscillators (Beek et al., 2002; Hogan & Sternad, 2007). This
hypothesis is in line with the theory of dynamic attending that considers the
representation of beat perception in the human brain as a dynamic prediction or attending
process. The periodicity of the auditory beat leads the listener’s attention, that in turn
modulates expectancy in a periodic fashion (Mari R. Jones & Boltz, 1989; Large &
Jones, 1999). The resonance theory for beat perception explains this view further with the
idea that the periodicities we perceive in music results from the synchronization of neural
populations to the frequency of the beat (Large, 2008; Large & Kolen, 1994).
Induced beta rebound has been suggested to reflect a neural mechanism for
predictive timing information about when the next stimulus is expected. This notion was
supported by other studies that associated induced beta increase with anticipation to the
predictive timing of the task-relevant cue (Saleh et al., 2010), and top-down attentional
processing in ambiguous visual perception (Okazaki et al., 2008). Furthermore, patterns
of tempo-dependent beta desynchronization and rebound was reported across many brain
regions, prominently including motor areas, that was interpreted as automatic activation
of motor networks in the analysis of auditory rhythmic information (Fujioka et al., 2012).
Therefore, induced beta fluctuations can be explained both by dynamic coupling of
sensory and motor oscillators and periodic modulation of expectancy. Our results show
that neither of these mechanisms are fully developed yet in 6-7-year old children in the
beta band. However, another form of expectancy, such as metrical percept linked to the
gamma band seems to be in a more advanced state.
Increased brain activity in anticipation of expected stimulation may reflect a
modality-general property of the nervous system that arises from communication between
neural ensembles. Such activity is important in processing rapidly evolving temporal
patterns such as music and speech (Lashley, 1951), whereby an attentional process may
prime perceptual responses for temporally predictable stimulus contexts (Mari Riess
Jones et al., 2002; Large & Jones, 1999). The current findings suggest that induced
auditory gamma oscillations might play a role in developing temporally precise neural
expectations for complex, temporally structured tone sequences.
If we consider SS-EPs as a result from the stimulus-driven entrainment of a
network of neurons responding to a particular periodicity in accord with the resonance
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theory, we can conceive that neuronal networks related to auditory processing can entrain
to the stimulus frequency in 6-7-year old children. However, poor movement
synchronization indicates that the coupling of sensory and motor oscillators is still not
completely developed at age 7. When two distinct neural populations oscillate at two
distinct frequencies (sensory and motor-related periodic activities in our study) crossmodulation frequencies, corresponding to the sum or difference of the two main
frequencies, may emerge if the signals conveyed by each of the two oscillating
populations converge onto another population integrating these inputs (D. Regan, 1989;
M. P. Regan et al., 1995; Sutoyo & Srinivasan, 2009; Zemon & Ratliff, 1984). This
interaction is in line with the dynamic auditory-motor coupling suggested by the dynamic
systems theory.
Temporal prediction underlying the capacity for rhythmic sensorimotor
synchronization (Repp, 2005; Repp & Su, 2013) has been suggested to play a general role
in efficient behavior (Schwartze & Kotz, 2013), as attentional guiding, auditory-motor
integration, coordination of movements and forming temporal expectations are all based
on a synchronization and adaptation of internal processes to an external rhythm (Trost &
Vuilleumier, 2013). Active engagement in a synchronized production of motor responses,
that characterize the two entrainment-based music training in our study, is necessary for
the facilitatory effect on attentional resources, movement control, auditory working
memory and other functions that rely on temporal processing. Therefore, musical
activities that focus on perception and production of rhythms can train attentional
processes which benefits also other cognitive functions.
It has been shown that temporal expectancies can engender cross-modal
integrative effects on attentional resources (Lange & Röder, 2006). This implies that if
attention is enhanced at a specific moment in time, stimulus processing can be facilitated
for all sensory modalities, independently of the task-relevant modality (Teder-Sälejärvi et
al., 2002). According to Kahneman (1973), attentional resources can be derived from a
general, but limited, resource pool. Resources allocated to one task can be enhanced or
reduced depending on other concurrent resource demands. In the context of this model,
modulations of attention by entrainment can be expressed as changes in the allocation of
resources over time. More attention is allocated when it is needed (i.e., an event is
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expected to occur) as opposed to when it is not needed (i.e., an event is not expected to
occur). Accordingly, behavioral findings suggest that entrainment induced by an auditory
rhythm can influence visual attention (Escoffier et al., 2010). An fMRI study found
highly significant activation in the basal ganglia, particularly in the caudate nucleus when
contrasting neural responses to visual targets presented at strong versus weak beats (Trost
et al., 2014). The caudate has previously been reported to be involved in rhythm
processing (Bengtsson & Ullén, 2006; Grahn & Brett, 2007) and seems especially
engaged when a clear beat is perceived in rhythmical patterns (Chapin et al., 2010) or
during sensorimotor synchronization (Kokal et al., 2011). The effect of auditory beats on
eye movements in our study implies that the periodic patterns of the drum grooves
interacted with the rate of eye movements that in turn modulated visual attention.
The studies in this thesis provide an insight to the many aspects of auditory
entrainment, yet, there are numerous questions that remain to be answered. One of the
main questions is related to the effect of musical expertise. Some oscillatory responses,
such as beta rebound and the cross-modulation SS-EP found in musically trained
participants are missing in musically untrained children. Future research needs to
untangle the effect of music training from the effect of natural development. Another goal
is to correlate neural responses with behavioral results. As we have seen, sensorimotor
synchronization was related to linguistic skills and working memory. A comparison of
linguistic skills and working memory with neural responses in the beta and gamma band
would give a more in-depth understanding of how auditory entrainment interacts with
attentional processes. Finally, investigating the developmental trajectory of the neural
correlates of synchronized movement production in a longer time span could shed light
on how natural development influences sensorimotor entrainment. Based on the findings
of previous studies and the studies of this thesis it can be concluded that musical rhythm
appears to be a powerful modulator of human cognitive processes.

8.3 General methodological limitations
There are three main methodological issues regarding rhythm perception and
synchronization that need to be considered for future research. First, age is an important
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factor when assessing rhythm perception and synchronization abilities. Preferred tempo,
the range within one can perceive rhythms and can synchronize to most conveniently
changes with age (Drake et al., 2000). This has different facets. 1. The mean rhythm
prodution rate (synchronized and spontaneous) slows down with age. 2. The accuracy of
synchronized rhythm production increases, while the variability of both spontaneous and
synchronized rhythm production also increases with age. For spontaneous rhythm
production, it changes in direct proportion, for synchronized rhythm production, it
changes disproportionately with the change of the mean rhythm prodution rate. 3. The
range of tempi for rhythm perception and production increases with age. Because of these
aspects, experimental tasks targeting rhythm perception and production, and
measurements should take into account age-related characteristics. For example, larger
variability does not necessarily mean poorer rhythm perception and production skills.
Furthermore, poor rhtyhm production performance outside the age-related preferred
tempo range does not necessarily mean weaker rhythm perception and synchronization.
Another important aspect that needs to be considered when designing an
experiment is the skill with which one can differentiate between different hierarchical
levels within the auditory stimulus. The number of hierarchical levels one can
synchronize to increases with age, too (Drake et al., 2000). The older a person is the
higher metrical levels (forward orienting) he can percieve. Simultaneously existing
hierarchical levels in a stimulus can generate different predictive patterns in the listener’s
brain, that entrains several different oscillators.
Lastly, because SE requires paying attention to the auditory stimulus, researchers
need to make sure that subjects maintain their attention while moving to the sound. This
is particularly important in children. It is possible that synchronization performance
reflect rather children’s engagement with the task than real abilities. Engagement in
children can decline when the task is too easy or too difficult, too long or too
monotonous.

8.4 Applications of the results
The significance of auditory entrainment is that it provides a stable sensory
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representation of the environment (Lakatos et al., 2019). Any dysfunction in this
mechanism can lead to serious impairments. At the same time, existing impairments can
be improved by training auditory entrainment.
The coherent dynamics of different modalities enables temporal integration of
multisensory information. An example for this was shown via the cross-modal effect of
entrainment in Thesis IV. The lack of it can manifest in language and communication
disorders, as in autism spectrum disorder (Stevenson et al., 2014), or it can hinder
interpersonal synchronization, which is a crucial means for learning in humans (Baimel et
al., 2018).
Sensorimotor coordination established by the entrainment of oscillations of
sensory and motor regions in the brain affects motor actions to sensory stimuli. Thesis I
and II show early developmental stages of this mechanism. The different developmental
trajectories of auditory processing and auditory-motor interactions shown in these studies
can support understanding the underlying processes of developmental disorders involving
sensorimotor coordination (e.g. dyslexia).
Finally, in Thesis III integration of auditory entrainment into different music
teaching methods shows the beneficial effects of this mechanism on language and
working memory in healthy children.
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