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Abstract 

Neural entrainment is the process by which oscillatory activity of neuronal ensembles in sensory 

cortices achieve and maintain phase-lock to periodic exogenous stimuli. By aligning oscillations 

of excitation in sensory networks to the period of repeating stimuli, an organism enhances the 

accuracy of its perception and the ability to predict the future behavior of that stimulus. In the 

case of music, neural entrainment to the repeating pulse of beat and meter allows musicians, 

listeners and dancers to create an internal representation of that pulse, which guides perception 

and behavior so that a drumstick, a finger-snap or a hip-shake land precisely on the beat. The 

current study examined neural entrainment to musical polyrhythm through EEG captured as 

subjects listened to a polyrhythmic stimulus and, following a silent pause, struck a drum at a 

moment in time predicted for an acoustically omitted, cued component of the polyrhythm. 

Spatial filtering methods were adapted for the study, providing high signal-to-noise ratio and 

identification of entrained neural oscillators in EEG recordings. The predicted relationship 

between increased neural entrainment to polyrhythm frequencies and increased accuracy on the 

drumming task was confirmed, as was the predicted correlation between musical training and 

increased neural entrainment to the stimulus polyrhythm. 

 Keywords: neural entrainment, polyrhythm, EEG, rhythm perception, music cognition 
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Introduction 

Feeling the beat in music is an experience so natural that it seems almost unconscious. 

Yet, one need only observe a jazz pianist improvise a solo to appreciate the extraordinary 

combination of cognitive and perceptual processes at work in the musical brain. While observing 

that solo, one might also glance across the room and see amongst the audience tapping feet, 

snapping fingers, bobbing heads, or perhaps eyes closed in a moment of deep feeling. If, in that 

observation of performer and listeners lost in musical trance, one considers that the entire scene 

is built upon synchronized neural oscillations, such an explanation of creative expression seems 

oddly mechanistic.   

 However, rather than draining the mystery out of the magic of “In a Sentimental Mood” 

(Ellington, 1935) modern neuroscience provides a fascinating perspective on the ineffable human 

endeavor of music. On every beat and every chord of a favorite song, ensembles of neurons in 

the brain are converting a thicket of interlaced vibrations into a feeling that reminds one of first 

love, or stokes an irresistible urge to dance. Neural entrainment is one of the means by which this 

conversion of airborne vibration into musical experience occurs.  

Broadly, entrainment refers to period or phase synchronization achieved by otherwise 

independent, self-sustaining oscillating systems (Clayton, 2012). Examples abound in the natural 

world, as seen when fireflies synchronize their flashing during mating, photons align to create a 

laser beam, or astronomical bodies spin through space in coupled orbits (Strogatz, 2012). In the 

domain of human behavior, entrainment is used to describe the interpersonal alignment 

necessary for two people to hold a conversation, share emotional empathy, play a tennis match, 

or for a room full of dancers and musicians to perform a Bavarian Schuhplattler (Phillips-Silver, 

Aktipis & Bryant, 2010).  
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Entrainment is a concept applied across a number of disciplines and considered along a 

number of axes. Musicologist Eugene Montague (2018) views entrainment as either long-term 

(circadian or seasonal) or short-term (neural, cognitive or behavioral). Applied mathematician 

Steven Strogatz (2012) distinguishes entrainment in living organisms from that in inanimate 

systems. Neuroscientists Trost, Labbé, and Grandjean, (2017) divide entrainment into perceptual, 

physiological, motor and social categories. In each of these perspectives, the concept of 

entrainment is adapted and yet all perspectives are interwoven.  

Across disciplines, definitions of entrainment specify the presence of two or more 

autonomous, self-sustaining oscillators which interact through coupling forces to achieve 

synchronization of phase or period (Clayton, Sager, & Will, 2005; Phillips-Silver et al., 2010, 

Montague, 2018). Phase relationships of entrained oscillators may be in-phase, anti-phase or 

something in between, but this relationship is stable, reasserting itself in the event of perturbation 

(Clayton, 2012). While musicologists apply the concept of entrainment in a slightly abstracted, 

bidirectional form to musical behavior shared between individuals and groups (Montague, 2018), 

including a spatiotemporal dimension describing dance and musical performance gestures 

(Leman, 2012), empirical neuroscientists working in the field of sensory perception define 

entrainment as a unidirectional relationship between rhythmic environmental stimuli and the 

neural systems that phase-lock to them to maximize perceptual accuracy (Lakatos, Gross & Thut, 

2019).  

In the context of musical rhythm and the brain, entrainment describes the alignment of 

ongoing neural oscillations to the frequencies of periodic, temporal components of music 

(Nozaradan, 2014). In exploring how neural entrainment enables the perception of musical 

rhythm, the following pages will define relevant musical terminology and provide information 
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on the neuroanatomy of musical rhythm perception. A survey of relevant entrainment literature, 

including cognitive science theories of musical attention, and neuroscientific research on musical 

rhythm perception, will be followed by the description of an original research study investigating 

neural entrainment to musical polyrhythm, delineating its methods, results and implications.  

Definitions of Musical Concepts 

 Across cultures, musical traditions provide a highly codified means of describing time. In 

the Western musical tradition (which will serve as the framework for the following pages), a 

fundamental pulse divides time into equal, or isochronous, units (Grahn, 2012). This basic pulse 

is referred to as the tactus or, more colloquially, the beat, and it is evident whenever we tap our 

feet or bob our heads to compelling music (Levitin & Tirovalas, 2009). The beat may be 

considered the baseline from which hierarchical divisions of time can be made above and 

beneath, creating divisions both broader and finer than the beat but all based on its pulse. The 

pace at which the beat proceeds is known musically as tempo but in an empirical context may be 

referred to as beat frequency. In Western music, the tempo is typically measured in beats per 

minute (BPM), such that the commonly encountered tempo of 120 BPM corresponds to a beat 

frequency of 2 Hz (Levitin, Grahn & London, 2018). If described in terms of time duration 

between beat onsets, such a pulse has an inter-onset interval (IOI) of 500 miliseconds (Grahn, 

2012).  

 The hierarchical level of musical temporal organization above the beat is referred to as 

meter. Meter implies a grouping of beats which regularly occur throughout a piece of music 

(Grahn, 2012). In most modern popular Western music, four beats define one group, known as a 

bar or measure, though other organizations are common, such as the waltz, in which three beats 

create a bar (Levitin et al., 2018).  
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Compositionally, the first beat of a bar is often emphasized by musical events of greater 

volume or particular pitch, giving the listener a guide to the regularity of the meter (Large & 

Snyder, 2009; Vuust, Gebauer, & Witek, 2014). If beat frequency is described as f, meter may be 

described as a sub-harmonic of f such that f/3 reflects a triple meter like the waltz, f/2 reflects a 

duple meter like a military march, and f/4 is the quadruple meter familiar to lovers of rock and 

roll.  

Against the guiding framework of beat and meter, a listener is able to perceive rhythm, 

which may be described as a temporal pattern of discrete musical events of specific duration and 

accentuation (Stupacher, Wood & Witte, 2017; Vuust et al., 2014). In terms of the temporal 

content of music, rhythm may be considered as what is heard, while meter may be considered 

the structure which creates what a listener expects (Vuust et al., 2014). A complex variety of 

rhythm found in jazz music, as well as many styles from Africa and Latin America, is 

polyrhythm. In a polyrhythm, two (or more) non-factorial rhythms co-occur over a common 

pulse (Vuust et al., 2014). More simply, if a person is walking down the street, her footfalls 

create a repeating duple rhythm: left-right, left-right. If, while walking, she repeatedly counts 

aloud to three during the time it takes to take two steps, she is creating a verbal triple rhythm on 

top of her duple footsteps. She has embodied a ‘three over two’ or 3:2 polyrhythm.  

 Of note in the discussion of beat, meter, and rhythm is the fact that these musical features 

are psychological constructs extracted from a stimulus, as opposed to physical characteristics of 

that stimulus (Grahn, 2012). Music may not explicitly sound all beat or meter pulses, and as a 

result, judgments of hierarchical structural temporal phenomena are inferred by the listener 

(Henry, Herrmann, & Grahn, 2017). This inference, called beat induction, is created based on an 

internalized simulation of the beat against which temporal judgments are made (Grahn, 2012; 
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Large & Synder, 2009). Because of the inferential nature of this perceptual process, it is possible 

for different listeners to experience the beat at different levels of the musical temporal hierarchy 

(Nozaradan, Keller, Rossion, & Mouraux, 2018). Thus, in observing the jazz pianist, one may 

see audience members tapping their feet or snapping their fingers twice per bar, four times, or at 

other frequencies, depending on their individual perception of the beat.  

Neuroanatomy of Musical Rhythm Processing 

Important in an examination of the neural processes underlying musical rhythm 

perception is a discussion of the cerebral structures and networks involved. At first blush, 

structures of the auditory cortex could be assumed to process musical rhythm. Music 

neuroscience literature indicates that perception of tonal information such as pitch is processed in 

the tonotopically organized primary auditory cortex (A1; Levitin & Tirovalas, 2009; Zatorre, 

Chen, & Penhune, 2007), with other tonal phenomena such as melodic contour and harmonic 

interval localized adjacent to A1 in the planum temporale and the planum polare, respectively 

(Janata, 2015; Koelsch & Siebel, 2005).  

However, the anatomical loci of rhythm perception and production in the brain appear 

much more distributed (Thaut et al., 2009). A 2015 meta-analysis of neuroimaging studies on 

musical processing found that, other than regions TE1 and TE3 of the auditory cortex, which are 

activated by all dimensions of music, no other temporal lobe foci were activated by rhythm. 

Instead, processing of rhythm was found in regions associated with motor control (Janata, 2015). 

Neuroimaging studies and double-dissociation evidence from neuropsychological studies 

strongly suggest that pitch and rhythm are processed through separate pathways (Levitin & 

Tirovolas, 2009; Thaut, Trimarchi, & Parsons, 2014). 
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Cortical and sub-cortical structures related to bodily movement have been identified as 

active during the processing of musical rhythm, in particular the cerebellum, basal ganglia, the 

supplementary motor area (SMA) and premotor cortex (PMC; Levitin & Tirovolas, 2009; Trost 

et al., 2017; Zatorre et al., 2007). The cerebellum is associated with maintaining motor 

coordination, sequencing, and error-correction during movement, while the basal ganglia is 

linked to motor initiation, control, and action selection (Thaut et al., 2009; Zatorre et al., 2007). 

Acting as intermediaries between these structures, the PMC and SMA have roles in planning and 

execution of motor action (Grahn, 2012; Levitin et al., 2018). Furthermore, Kung, Chen, Zatorre, 

and Penhune (2013) found increased functional coupling between auditory and motor networks 

during beat perception and production, and Grahn and Rowe (2009) showed that this coupling is 

stronger in musicians than in non-musicians.  

Additionally, these structures are implicated in the perception of time, with the 

cerebellum involved in interval-based timing (judgment of a single, absolute time duration) and 

the basal ganglia and SMA involved in beat-based timing (relative judgment of ongoing periodic 

durations; Grahn & Brett, 2007; Janata, 2015; Penhune & Zatorre, 2019). Electrophysiological 

studies performed by Nozaradan, Schwartz, Obermeier and Kotz (2017) found that patients with 

focal lesions in the cerebellum and basal ganglia had reduced neural response to beat frequencies 

in stimulus rhythms, further illustrating the role of these structures in rhythm perception.  

While it’s easy to assume that our ears are the perceptual entry point for our experience 

of music, evidence suggests that vibrotactile and vestibular sensory modalities contribute 

significantly (Todd, O'Boyle, & Lee, 1999; Trainor, Gao, Lei, Lehtovaara, & Harris, 2009; Todd 

& Lee, 2015). Activating the vestibular pathway by galvanic stimulation or inducing a bodily 

bouncing motion on every second or third beat of an otherwise undifferentiated isochronic pulse 
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biased subjects to interpret the pulse as a duple or triple rhythm, respectively, during passive 

listening (Phillips-Silver & Trainor 2005; 2008; Trainor, 2007).  

In a consolidated sensory-motor theory of rhythm and beat induction, Todd and Lee 

(2015) posit that, given extensive interconnections between the vestibular system and auditory, 

proprioceptive, somatosensory, and motor pathways, sensorimotor coupling subserves a 

perception of musical rhythm as an abstraction of the sensation of bodily movement. Further, 

connections between the vestibular system and the limbic system are suggested as a pathway for 

the satisfying sensation of bobbing one’s head to music, and, in conjunction with proprioceptive 

and motoric activation, the hedonic quality of what the authors unromantically term ‘vestibular 

self-stimulation’, or dancing (Todd & Lee, 2015).   

Entrainment in a Cognitive Perspective  

 In addition to applications in musicology, biochronology, astronomy, meteorology, 

engineering and particle physics, the concept of entrainment has been applied in the cognitive 

sciences. The codified temporal framework and multiple cognitive engagements in music 

production and perception provide a fertile substrate for the investigation of attention. Dynamic 

attending theory (DAT) proposes that attention is a cycling, rhythmic process oscillating between 

states of maximal and minimal accuracy at a self-sustaining ‘idling frequency’ but capable of 

phase and period entrainment to rhythmic stimuli (Jones & Boltz, 1989; Clayton et al., 2005, 

Jones 2008).  

According to DAT, entrainment of attentional oscillators to exogenous stimuli improves 

an organism’s perceptual accuracy (Jones & Boltz, 1989; Jones, 2008). The framework assumes 

hierarchical relationships among rhythmic external stimuli, much as beat and meter are nested in 

musical structures (Clayton et al., 2005; Jones, 2008; Henry & Herrmann, 2014). Further, DAT 
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suggests two modes of attention. Future-oriented attending allows an organism to predict the 

upcoming behavior of regularly repeating stimuli through entrainment to the stimulus’ rhythm, 

whereas analytic attending focuses on short time-scale behaviors of irregularly occurring stimuli. 

For a review of empirical evidence supporting DAT, see Henry and Herrmann (2014). 

While DAT was initially proposed as a conceptual model, over time it has been 

incorporated into more mechanistic models of predictive attentional oscillators, including neural 

resonance theory (NRT; Large, 2008). Musical rhythm perception forms a framework for NRT 

because, while beat and meter are periodicities easily perceived by listeners, these frequencies 

may not be explicitly sounded in the sonic stimulus stream. NRT proposes that perception of 

periodicities not present in the stimulus envelope is driven by higher-order resonances in the 

non-linear dynamics of oscillations of neural ensembles in perceptual networks (Large & Snyder, 

2009).  

Large and colleagues acknowledge that NRT operates on the level of neural population 

dynamics, and that single cell spiking activity must be recorded to deduce the exact means of 

information transfer (Large, Herrera & Velasco, 2015). However, the NRT framework has 

coherence with a number of current conceptions of brain function. Among them, the predictive 

coding conception (Friston & Kiebel, 2009) which, like NRT, centers on the brain’s use of 

exogenous stimuli to create predictive expectations. For a thorough review of predictive coding 

in music cognition, see Vuust et al. (2014).  

Other lines of inquiry coherent to neural resonance theory include recent 

electrophysiological work on neural entrainment in music perception by Nozaradan and 

colleagues (Nozaradan, Peretz, Missal, & Mouraux, 2011; Nozaradan, Peretz, & Mouraux, 

2012). An update to NRT (Large et al., 2015) makes ties to neuroimaging evidence of 
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interactivity between auditory and motor networks during music perception (Chen, Penhune & 

Zatorre, 2008; Grahn & Rowe, 2009) and the sensory-motor theory of rhythm perception (Todd 

& Lee, 2015). Additionally, NRT shows relation to the active sensing framework (Schroeder & 

Lakatos, 2009), which has its origins not in musicology or cognitive theories of attention, but in 

the empirical neuroscience of sensory perception.   

Entrainment in a Neuroscientific Perspective 

In contrast to the idea that sensory modalities are passive collectors of stimuli, Schroeder 

and Lakatos (2009) describe perception as an active process. Pointing out that humans do not sit 

motionlessly waiting for salient environmental stimuli to pass before their eyes, the active 

sensing (AS) theory suggests that sampling of the sensory environment is performed by quasi-

rhythmic motoric behaviors, such as saccades of the eyeball (Schroeder, Wilson, Radman, 

Scharfman, & Lakatos, 2010).  

 The AS theory assumes that the oscillation of neuroelectric activity reflects a rhythmic 

alternation between states of high and low excitability in an ensemble of neurons, that the phase 

state of oscillations in sensory networks at the time of a stimulus presentation determine the 

accuracy of perception of that stimulus, and that meaningful stimuli in the environment often 

present in a rhythmic manner (Lakatos, Karmos, Mehta, Ulbert, & Schroeder, 2008). Thus, in 

order for an organism to align the high excitability phase of sensory neuron oscillation with the 

event onset of meaningful stimuli and maximize perceptual accuracy, oscillations in sensory 

cortices entrain (phase-lock) to the rhythm of environmental stimuli (Latakos et al., 2008; 

Schroeder et al., 2010). Empirical work performed in Lakatos et al. (2008) supported the AS 

concept by showing that delta-band oscillations in monkeys’ visual cortex entrained to rhythmic 

visual stimuli, improving performance on a response-time task.  
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 Similarities between DAT and AS are clear, as they both propose a perceptual accuracy 

advantage in aligning perceptual rhythms with environmental stimulus rhythms. Another parallel 

exists in the fact that both frameworks suggest a dichotomy in processing modes. DAT suggests 

a future-oriented, predictive mode for periodic stimuli and an analytic mode for stimuli which 

are non-rhythmic. In AS, sensory oscillations can be entrained to low frequency, periodic stimuli 

in a rhythmic mode which subserves prediction and in the case of unpredictable stimuli, a 

continuous mode operates at gamma frequencies (Drake, Jones, & Baruch, 2000; Lakatos et al., 

2009). Henry and Herrmann (2014) propose a bridge between DAT and AS in that the low 

frequency (delta – theta) oscillations of entrained sensory cortices in the rhythmic mode of the 

AS model are the neural correlates of the attentional oscillator in the DAT model when it is in 

future-oriented mode. With slightly more trepidation, the authors propose that gamma 

frequencies of AS in continuous mode are correlates of the analytic attention mode in DAT 

(Henry & Herrmann, 2014).  

Current Empirical Work on Neural Entrainment to Musical Rhythm 

 In a body of work taking its beginnings from theories of dynamic attending, neural 

resonance, and the active sensing paradigm, Nozaradan and colleagues have examined neural 

entrainment to musical beat and meter in the context of steady-state evoked potentials (SS-EP) 

and the ‘frequency-tagging’ paradigm for EEG (Nozaradan et al., 2017). Whereas an auditory 

evoked potential (AEP) is a single event attributed to a single sonic stimulus, an SS-EP is a 

regularly repeating series of neuroelectric events, stable in amplitude and over time, whose 

period reflects that of a regularly repeating stimulus (Nozaradan et al., 2014). In the case of 

musical rhythm, SS-EPs occurring at the beat frequency of that rhythm may be considered the 

electrophysiological signature of neural entrainment (Thut, Schyns, & Gross, 2011).   
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EEG data are typically displayed as a time-series, showing voltage amplitude fluctuations 

over time. Musical notation of rhythm is similar, with sonic events plotted over time with 

indications for amplitudes, onset/offset and duration. In the Nozaradan et al. (2011, 2012, 2015) 

implementation of frequency-tagging, both EEG data and the acoustic envelope of the sonic 

stimulus are transformed from time-series into frequency spectra (Nozaradan, 2014). Given that 

an SS-EP is a periodic event, it can be observed as a narrow-band amplitude peak in the 

frequency spectrum corresponding to its base frequency. The same is true of a repeating musical 

rhythm described in frequency space. Elucidating the relationship between stimulus envelope 

and neural response envelope and subsequent implications for musical rhythm cognition is the 

pursuit in this line of research.  

In Nozaradan et al. (2011), subjects listened to an unaccented isochronous pulse of pure 

tones while under EEG and were asked to imagine an accent occurring on every second or third 

beat. Entrained SS-EP components were found corresponding to ƒ, the beat frequency, but a sub-

harmonic was also found corresponding to ƒ/2 (duple meter) or ƒ/3 (triple meter), depending on 

whether the subject imagined accents on the second or third beats, respectively. These results 

indicate that neural response to an auditory pulse reflects the frequency of that pulse, and that the 

perception of meter is an inferential process which is possible even in the absence of those 

frequencies in the stimulus, consistent with theories of neural resonance (Large & Snyder, 2009; 

Nozaradan et al., 2011).    

Further investigating these findings, Nozaradan et al. (2012) employed rhythmic stimuli 

which were syncopated, lacking notes in on-beat positions or presenting notes on off-beats 

(Levitin et al., 2018). Beat and meter frequencies in the syncopated stimulus rhythms were not 

explicitly sounded, however subjects’ EEG contained those frequencies nonetheless, reflecting 
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the inference of beat and meter. Additionally, results indicated that SS-EP components at beat 

and meter frequencies were attenuated when tempo of the rhythmic stimuli were increased 

beyond twice the original beat frequency, suggesting that rhythm perception occurs within a 

particular temporal range (Nozaradan et al., 2012).  

In Nozaradan, Zerouali, Peretz and Mouraux (2015), subjects listened to isochronous 

pure tones at a beat frequency of 2.4 Hz while tapping along at 1.2 Hz, half the stimulus beat 

frequency. EEG analysis found SS-EP at the stimulus beat frequency whose source topography 

suggested origins in temporal (auditory) regions and SS-EP at the tapping frequency whose 

source topography was attributed to motor cortices contralateral to the tapping hand. An 

additional SS-EP was found at 3.6 Hz, the sum of the beat and tapping frequencies, which the 

authors attributed to sensorimotor coupling occurring as subjects simultaneously listened to and 

participated in the rhythm.  

Nozaradan, Mouraux, Coulnat-Coulbois, Rossion, and Maillard (2016a) employed a 

similar paradigm while investigating cortical and subcortical responses to rhythmic stimuli and 

found that cortical and brainstem SS-EP at beat frequencies were stronger when subjects tapped 

along to rhythms than when they listened passively. Nozaradan, Peretz and Keller (2016b) found 

that stronger entrainment to a stimulus rhythm correlated with increased sensorimotor 

synchronization and temporal prediction in a subsequent tapping task.   

Given the possibility that EEG activity assumed to be an oscillation entrained to a 

musical rhythm may in fact consist of transient AEPs produced in response to each stimulus beat, 

Stupacher, Witte, Hove and Wood (2016) designed a paradigm to disambiguate this. Subjects 

either listened passively to or tapped along in time with rock/pop style drum rhythms 

interspersed with unexpected periods of silence. The drum rhythms offered increased ecological 
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validity over the amplitude modulated pure tones of the Nozaradan paradigms, and the periods of 

silence offered an epoch in EEG data during which the absence of musical stimulus allowed the 

conclusion that ongoing neural oscillation at beat frequencies during that epoch were due to 

entrainment as opposed to stimulus-induced AEPs. The study found SS-EPs at beat frequencies 

during tapping but not passive listening conditions, and increased SS-EP components at the 

second harmonic of the beat frequency in the case of drum rhythms as compared to an 

isochronous control stimulus. As the second harmonic of the beat frequency was not explicitly 

present in the rhythm stimuli, SS-EP at that frequency was suggested to reflect a top-down, 

endogenous timing mechanism consistent with neural resonance theories (Large, 2008; Large & 

Snyder, 2009).   

In a second iteration of the paradigm, Stupacher, Wood and Witte (2017) employed a 

more complex rhythmic stimulus composed of quadruple meter pop/rock drum patterns which 

repeated for two bars and were then joined for two bars by a triple meter rhythm sounded by a 

woodblock, creating a 4:3 polyrhythm. A silent break of one bar followed, after which a single 

woodblock sounded and participants were asked to judge if it occurred early, on time, or late 

relative to its usual position in the rhythm. Because participants knew that after the silent bar 

they would be called upon to make a judgment of rhythmic timing, researchers expected that 

they would maintain rhythmic attention and exhibit entrained oscillations during that period 

(Stupacher et al., 2017).   

Based on their years of musical training, participants in Stupacher et al. (2017) were 

divided into ‘musician’ and ‘non-musician’ categories and their performance on the timing 

judgments task and EEG activity were compared. Results showed ongoing neural oscillations 

corresponding to both quadruple and triple rhythm frequencies while the stimuli occurred. 
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Unexpectedly, these oscillations were observed equally in musicians and non-musicians. During 

the silent period, musicians showed more pronounced SS-EP activity at beat-related frequencies. 

A positive correlation was observed between oscillation power at beat-related frequencies during 

the silent period and accuracy on the time judgment task. Additionally, an oscillatory component 

was found corresponding to the first common harmonic of the quadruple and triple rhythms of 

the polyrhythm.  

Interestingly, results of the timing judgment task showed that while musicians were 

considerably more successful than non-musicians at identifying woodblock notes which occurred 

too early, their performance was equivalent to non-musicians in identifying notes occurring late 

and on-time (in fact, musicians’ judgment of on-time notes appears slightly worse than non-

musicians, though margins of error overlap in this measurement). Taken together, the results of 

Stupacher et al. (2017) suggest a positive correlation between the accuracy of rhythmic time 

judgment and the amplitude of entrained oscillations at beat frequencies, which are more 

pronounced in musicians than non-musicians.   

The Present Study 

 By building on the findings of Nozaradan et al. (2011, 2012, 2015) and the paradigm of 

Stupacher et al. (2016, 2017), the present study sought to investigate neural entrainment to 

musical polyrhythm and its modulation by musical experience. As in Stupacher et al. (2017), 

EEG was recorded from participants as they heard a polyrhythmic stimulus followed by a silent 

period. Subjects then performed a response task. However, rather than a dichotomous description 

of the subject population as musicians or not, the present study employed a continuous measure 

of musical experience among subjects who ranged from complete novices to professional 

musicians. Additionally, rather than the task for categorical judgments of timing (too early, on-



	 17	

time, or too late), which followed the silent period in the Stupacher et al. (2017) paradigm, the 

present study employed a musical behavioral response task in which participants struck an 

electronic drum pad to complete a cued component of the polyrhythm, the recording of which 

allowed fine-grained analysis of subjects’ performance. In this way, the present study offered 

increased musical ecological validity as well as more nuanced measurements of experience and 

behavior.  

 Further, the present study explored neural entrainment in EEG data by employing new 

analytic tools. To identify entrained components in EEG, previous studies have employed 

sensor-space analysis, which cannot accurately reflect the source topography of an effect and 

results in sub-optimal signal-to-noise ratio (Dähne et al., 2014; Waterstraat, Curio, & Nikulin, 

2017). The current study applies spatial filtering methods, which have been shown to provide 

superior signal-to-noise ratio if adequately tailored to the research question (Waterstraat et al., 

2017). Most importantly for the current study, spatial filters can be constructed to optimize the 

relationship of EEG-to-behavior and provide spatial patterns reflecting the true source 

topography of the effect (Haufe, Dähne, & Nikulin, 2014b). As this study sought to examine the 

relationship between neural oscillation power at musical beat frequencies and measures of 

musical behavioral accuracy, source power comodulation (SPoC: Dähne et al., 2014) was chosen 

as a method of analysis. The SPoC algorithm was modified for the purposes of this study by Dr. 

Gunnar Waterstraat (pSPoC, see Appendix A) in order to isolate narrow-band entrainment 

effects at the musical beat frequency by eliminating low-frequency wide-band EEG activity in 

the spectral flanks of the polyrhythm frequencies.  

 Based on recent findings (Nozaradan et al., 2011, 2012, 2015; Stupacher et al., 2017) it 

was hypothesized that neural entrainment to musical polyrhythm would be predictive of 
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performance accuracy on a musical behavioral task, such that stronger entrainment would 

correlate wih greater accuracy. Neural entrainment in this case was operationalized as increased 

oscillatory power as measured by EEG at frequencies related to the musical rhythm stimulus. 

Further, a body of research indicates that the brains of individuals with musical training exhibit 

structural and functional differences from non-musicians (Zatorre et al., 2007; Chen et al., 2008; 

Grahn & Rowe, 2009, Grahn, 2012; Levitin et al., 2017) supporting improved temporal 

discrimination. Given this, and in combination with the findings of Stupacher et al., (2017), it 

was hypothesized that subjects with greater musical experience would show stronger neural 

entrainment to polyrhythm frequencies. 

  An ongoing question in research on perception of musical polyrhythm is whether 

component rhythms are tracked separately in the brain, or through a mechanism which integrates 

them into a single construct. Evidence exists suggesting that cognitively integrating rhythmic 

components of a polyrhythm improves performance of that rhythm (Kurtz & Lee, 2003), though 

this may be modulated by tempo, rhythmic complexity and musical experience (Jones, 

Jagacinski, Yee, Floyd, & Klapp, 1995; Krampe, Kliegl, Mayr, Engbert, & Vorberg, 2000). The 

present study sought insight into this question by examining the neural substrate of polyrhythm 

tracking. An additional open question is whether entrainment can be observed in the absence of 

the stimulus which creates it. The present study brought unique analytical tools to bear on that 

question.   

Methods 

Participants 

 Twenty-one healthy individuals (10 females; Mage = 31.0 years; SDage = 10.05 years) were 

recruited to participate in this study. One subject was excluded due to technical difficulties in 
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EEG recording. Recruitment was conducted via personal contact and requests for participants 

distributed to students of the Berlin School of Mind & Brain and Technische Universität Berlin. 

Eligible individuals were English speakers with no current neurological or psychiatric disorders. 

Musical experience was not a criterion in the recruitment of participants. Participants were paid 

for their participation and, in accordance with the Declaration of Helsinki, provided written, 

informed consent. This study was approved by the Ethics Board of Charité Universitätsmedizin 

Berlin on 6 July 2018.  

Materials 

Questionnaires. In order to assess participants’ musical background, a three-item 

questionnaire was administered. These items were adapted from the validation procedure of the 

Mini-Profile of Music Perception Skills (Mini-PROMS; Zentner & Strauss, 2017), a widely-used 

measure of musical experience. The questionnaire asked participants to describe their formal 

music qualifications, their self-reported level of musicianship and years of musical training. 

Subjects also completed the Edinburgh Handedness Inventory (Oldfield, 1971).  

Equipment. Auditory stimuli were delivered binaurally to participants via circumaural 

headphones (HD 430, Sennheiser Electronic GmbH & Co. KG, Wedemark, Germany) receiving 

signal from a Konnekt 24D Firewire audio interface (TC Electronic, Aarhus, Denmark). The 

audio interface was fed by Ableton Live software (version 8, Ableton AG, Berlin, Germany) 

running on a MacBook Pro laptop computer (Apple Inc., Cupertino, CA). All audio equipment 

operated at a sample rate of 44.1 kHz and a bit-depth of 16 bits.  

Data collection for the behavioral measure was performed by the same system. 

Participants’ performance on the musical behavioral task was captured by an electronic drum pad 

(PD-105, Roland Corporation, Osaka, Japan) connected to a trigger-to-MIDI converter (TMC-6, 
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Roland Corporation, Osaka, Japan) that fed musical instrument digital interface (MIDI) data to 

the TC audio interface and on to the Ableton Live software, which recorded it. MIDI capture was 

conducted with Ableton Live default settings, suggesting jitter of approximately +/- 1 ms. 

Participants were provided a standard hickory drumstick (3A, Vic Firth, Boston, MA) for the 

behavioral task.  

Synchronization between the auditory stimulus delivery/behavioral measure capture 

system and the EEG system was achieved by outputting a transistor-transistor logic (TTL) pulse 

at a regular 1 Hz interval from a data acquisition device (DAQ; NI USB-6229, National 

Instruments, Austin, TX) to the EEG system and the Ableton Live software (via the TC audio 

interface). The TTL pulse was recorded alongside the behavioral measure and in alignment with 

the audio stimulus while also being captured by a channel of the EEG recording. In this way, 

EEG recording, behavioral measure, and audio stimulus could all be accurately time-aligned and 

analyzed in parallel. Pilot recordings confirmed that the synchronization procedure produced 

temporal precision in the millisecond range.  

Electroencephalography   

Recording. Thirty-two Ag/AgCl ring electrodes were placed on participants’ scalps 

according to the international 10-20 system to record EEG. A centro-parietal scalp electrode was 

used as a ground and the reference electrode was placed on the nasion. Impedances were kept 

around or below 10 kΩ. The continuous EEG signal was amplified and digitized at a resolution 

of 1,000 samples/s with a BrainAmp DC amplifier (Brain Products GmbH, Gilching, Germany). 

Hardware filters comprised of a high-pass filter at 0.1 Hz and a low-pass filter at 1,000 Hz were 

applied.  
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Data Processing. EEG signals were recorded into Brain Vision Recorder software 

version 1.20.0802 (Brain Products GmbH, Gilching, Germany). The data were preprocessed and 

analyzed using custom-written Python software scripts (Python version 2.7, Python Software 

Foundation, Beaverton, OR; www.github.com/neurophysics/meet; code author: Dr. Gunnar 

Waterstraat). Signals were average-referenced.  

Outlying segments of the data were rejected with an independent component analysis 

(ICA)-based procedure. Independent components were derived by FastICA (Hyvärinen, 2013) 

and subsequently judged visually. Components identified as blinks (based on spatiotemporal 

characteristics) and components judged to contain primarily muscle activity (based on 

spatiotemporal and spectral characteristics) were rejected. Afterward, the EEG was reconstructed 

without the rejected components.  

Stimuli  

Previous studies of this type have employed auditory stimuli ranging from pure tones 

delivered isochronously (Nozaradan, 2011) or in syncopated rhythms (Nozaradan, 2012) to 

pop/rock rhythms sounded by naturalistic drum samples (Stupacher, 2016; 2017). In seeking a 

middle ground between musical ecological validity and clarity of stimuli for experimental 

purposes, it was decided to employ two naturalistic percussive sounds to create a simple two-part 

polyrhythm. 

Percussion sound samples from the Ableton Live sample library were evaluated to 

identify two sounds whose acoustic energy was similar and yet whose timbral profiles were 

sufficiently distinct to allow musically untrained participants to distinguish them easily. Existing 

literature indicates that if components of a polyrhythm are sounded by instruments with large 

differentials in pitch, listeners are better able to distinguish those components as independent 
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(Moelants & van Noorden, 2005; Fidali, Poudrier, & Repp, 2013). To this end, the sound of a 

woodblock and a snare drum were chosen to sound the two separate parts of the polyrhythm and 

their volumes were adjusted to achieve equal apparent loudness.  

 The rhythmic content of the auditory stimuli were programmed in Ableton Live and can 

be seen depicted in a grid-like format in Figure 1. Over a quadruple meter (4/4), a simple 3:2 

polyrhythm was created wherein for every bar, the woodblock would sound three times at equal 

intervals and the snare drum would sound twice, also at equal intervals. This rhythm was 

programmed on the quadruple meter grid such that the snare drum sounded on the half note (two 

evenly spaced onsets per bar, or ‘duple rhythm’) and the woodblock constituted a half-note 

triplet (three evenly spaced onsets per bar, or ‘triple rhythm’). All notes were quantized to their 

respective grid positions with the duple rhythm notes snapped to the half note grid positions and 

triple rhythm notes snapped to the half-note triplet positions. Timbres and overall stimulus 

volumes were held constant throughout, with the exception of the first note of the triple rhythm 

in each bar. This note’s MIDI note-velocity was increased approximately 50% relative to the 

other notes in the rhythm in order to create an accent indicating the beginning of each bar.  

 Development of the rhythm stimulus began with a beat frequency of 2 Hz (a tempo of 

120 BPM) in accordance with literature indicating this as a comfortable and intuitive rate for 

sensorimotor synchronization (Repp, 2005; Nozaradan, 2012; Stupacher, 2017). However, given 

the intentionally sparse nature of this stimulus, a slightly higher beat frequency of 2.333 Hz (140 

BPM) was selected, representing an optimal balance of sonic density and attentional engagement 

for listening participants. At this beat frequency, the duple rhythm sounded at an inter-onset 

interval (IOI) of 857 msec (1.166 Hz) and the triple rhythm sounded at an IOI of 571 msec (1.75 

Hz). 
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 In keeping with the Stupacher, et al. (2017) ‘silent break’ paradigm, the rhythm stimulus 

was programmed such that the 3:2 polyrhythm would play for three bars (hereafter referred to as 

the ‘Musical Stimulus period’), followed by a bar of silence (hereafter referred to as the ‘Silence 

period’), during which neural entrainment could be measured without the confound of auditory-

evoked potentials. To insure that rhythmic attention was maintained during the Silence period, 

the musical behavioral task was programmed into bar five. In this bar, participants heard either 

the snare drum or the woodblock on the first beat, cuing them to strike the drum pad at an 

appropriate time to fit either the duple or triple rhythm, respectively. Given that there were only 

two note positions per bar in the duple rhythm condition, when subjects were cued by the snare 

drum sound on the first beat of the fifth bar, their target response was to strike the drum in time 

with the second note of the rhythm. In the case of the triple rhythm (three note positions per bar), 

two note positions remain following the woodblock cue on the first beat and participants were 

instructed to strike the drum in time with the third note of the triple rhythm.  

 

Figure 1 

Schematic of the experimental paradigm  
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Figure 1 Note: A polyrhythmic musical stimulus involving a triple beat rhythm (red) and a duple 

beat rhythm (blue) was delivered via headphones to subjects while EEG was recorded. After 

three bars of repetition of the rhythm stimulus, subjects heard silence for the duration of one bar. 

At the first beat of the fifth bar, subjects were cued with one note from either the duple or the 

triple rhythm indicating that they should complete the cued rhythm by playing the respective beat 

on a MIDI drum pad (duple: next beat; triple: next beat plus one). This musical response was 

recorded in Ableton Live and used as the behavioral measure alongside EEG recordings.  

 

Procedure  

Participants were welcomed to the lab and asked to complete informed consent 

documents, the Edinburgh Handedness Inventory and the musical background questionnaire. 

They were seated in a high-backed chair with armrests. Once the EEG cap was placed and 

adjusted, the musical task was explained with the aid of a color-coded diagram designed to be 

accessible to all levels of musical experience. Participants were allowed to hear several trials of 

the stimulus and careful verbal instructions were provided by the researchers, including 

following along on the diagram as participants listened to the stimulus.  

 Because even musically experienced subjects may not have played a drum before, 

instructions were provided on basic mechanics of how to hold and strike with the stick using 

subjects’ dominant hand. In order to minimize muscle artifacts, subjects were shown that their 

elbow could sit on the chair’s armrest and that a smooth, gentle downward motion of the 

forearm, with loose tension of the wrist and hand, would elicit the proper strike on the drum pad. 

The height and position of the drum pad were adjusted to suit the comfort of each participant. 

Additionally, participants were allowed to strike the drum pad at will to experience the sound it 
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created in their headphones (a timbale sound with bright attack and short decay; very different 

from stimulus sounds) and to familiarize themselves with the kinematics of the task.    

Participants were asked to visually attend to a fixation cross on a panel two meters in 

front of them. They were also requested to avoid tension in their jaw, face and neck during the 

trials. Periods of silence separated each trial from the previous one. The duration of this silence 

was randomized at either two or three bars duration. Blocks of twenty-five trials were separated 

by a pause in testing during which subjects were offered water or coffee and asked if they felt 

attentive and successful with the task. At the conclusion of six blocks of twenty-five trials, 

subjects were debriefed, asked to complete paperwork regarding their compensation and thanked 

for their participation.  

Behavioral Measures  

In order to assess whether subjects performed according to the task of the experimental 

paradigm, the distribution of errors in duple and triple rhythm condition was evaluated in terms 

of median error and SD of error. In examining data from the musical behavioral task, regression 

analyses were performed on the following relationships: (i) mean error in duple vs. triple rhythm 

conditions, (ii) between log-transformed mean absolute error and musical experience for duple 

and triple rhythm conditions, and (iii) on average within-subjects standard deviation of error for 

duple and triple rhythm conditions. Permutation testing (N = 10,000) was employed to obtain 

two-sided p values from for these regression analyses with the null hypothesis of a zero-valued 

slope. 

EEG Analysis  

EEG data were analyzed using Python v2.7 scripts. Auditory evoked potentials were 

evaluated from grand-averages across all subjects and trials. Additional custom-written Python 
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scripts were developed (code written by Dr. Gunnar Waterstraat) to conduct spatio-spectral 

decomposition (SSD; Nikulin, Nolte, & Curio, 2011) and (partial) source power comodulation 

(SPoC; Dähne et al., 2014) optimization. SSD allows for maximized signal-to-noise ratio in the 

rapid extraction of oscillatory components from multi-channel EEG. SSD analysis produces 

spatial filters (i.e. weighted montages) for the EEG data together with the signal-plus-noise-to-

noise ratio (SNNR) of neuronal oscillations at a given frequency, with noise power estimated at 

the flanking frequencies. SPoC maximizes the comodulation between power of oscillatory 

components with the (behavioral) target variable.   

Both SSD and SPoC were performed in frequency-space on the real part of (cross) power 

spectral density matrices. Cross power spectral densities were obtained by the multi-taper 

method (Thompson, 1982) at a time-bandwidth product of 1.5 using two tapers. In order to reach 

the required frequency resolution of 0.16 Hz, the analyzed data segments (Musical Stimulus 

period and Silence period) were zero-padded to 12 seconds.  

 Based on the results of SSD analysis, 3.5 Hz was chosen for subsequent investigation of 

neural entrainment, as this frequency is the first common harmonic of the duple and triple 

rhythm frequencies (1.166 Hz and 1.75 Hz respectively), reflecting both rhythms simultaneously. 

The SNNR at 3.5 Hz, obtained from the first SSD component during the Musical Stimulus 

period for each subject served as a measure of entrainment to the polyrhythm. A regression 

analysis was performed between the SNNR (logarithmically scaled in dB) and the musical 

experience score, and p values were obtained by permutation testing (N = 10,000) with the null-

hypothesis of a zero-valued slope. 

The number of SSD components was chosen from the “knee” of the slope of the ratio of 

variances obtained. Chosen components served for dimensionality reduction (regularization) of 
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the subsequent adapted SPoC analysis. Dimensionality reduction by SSD has been shown to be 

beneficial for SPoC previously (Dähne et al., 2014; Haufe et al., 2014a), leading to a more 

reliable localization of source effects. Here, the search space was a priori reduced to sources 

showing entrainment at beat frequencies.  

In the present study, SPoC was adapted to maximize the squared partial correlation 

coefficient (pSPoC; see Appendix A) between beat frequencies and behavioral measure while 

removing the effect of neighboring frequencies. Using this methodology, the specific narrow-

band effect of beat frequencies on behavior could be isolated. For statistical robustness and in 

order to ameliorate the effect of outliers, the errors on the musical behavioral task were rank-

normalized across subjects. Results of the pSPoC analysis were presented in the time-frequency 

domain obtained by an adapted Stockwell transform (GFT; Brown, Lauzon, Frayne, 2010). The 

pSPoC algorithm was adjusted for implementation in this study by the second advisor on the 

project, Dr. Gunnar Waterstraat. Custom implementation of these algorithms was a non-trivial 

effort and necessitated the request for a two-week deadline extension for delivery of the present 

document. Details of Dr. Waterstraat’s work in this regard can be found in Appendix A.  

Results 

Subjects’ Musical Experience 

 The 21 participants in the present study had a wide range of musical backgrounds, from 

professional musicians to those with no experience or training. When asked to rate their formal 

musical qualifications on a scale of 0 to 4 (0 being ‘none’ and 4 being ‘PhD-level training’), the 

average response was 0.81 and the standard deviation (SD) was 0.93. When asked to rate their 

level of musicianship on a scale of 0 to 4 (0 being ‘non-musician’ and 4 being ‘professional’), 

the average response was 1.76 and the SD was 0.99. Asked to provide the number of years of 
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musical training they had received, subjects’ responses averaged 9.71 years with an SD of 10.09 

years. For the purposes of subsequent analysis, scores on each of the three items were 

normalized to a z-score. Each subject’s three z-scores were then averaged into a single number 

that described musical experience. 

Behavioral Measures 

 As shown in Figure 2, results on the musical behavioral task for all subjects show two 

well-defined distributions for performance (measured in latency to target response) in duple and 

triple rhythm conditions. The distributions were distinct, showing only minor overlap, indicating 

that subjects understood the task and performed accordingly. The modes of both distributions 

occurred after the target response and were skewed to the right, indicating that late responses 

predominated. Median deviation from target response (measured in milliseconds of latency to 

target) was larger in the duple rhythm condition (66 ms) than in the triple rhythm condition (27 

ms), but the standard deviation (SD) for the duple rhythm condition (141 ms) was smaller than 

for the triple rhythm condition (198 ms).   

 

(Figure 2: next page) 
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Figure 2 

Distributions of all subjects’ accuracy on the behavioral musical task   

 

Note: The thin vertical line indicates the target response times for the duple rhythm condition 

(blue) and the triple rhythm condition (red). SD for the duple rhythm condition was 141 ms and 

median deviation from target response was 66 ms. For the triple rhythm condition, SD was 198 

ms and median deviation was 27 ms.  

 

 A regression analysis was performed on mean error in triple and duple rhythm conditions 

(within-subjects) which showed a tight, positive correlation (R2 = 0.60, p = 0.0003; Figure 3). A 

majority of subjects tended to respond late in both rhythm conditions. These findings allowed for 

the use of absolute error as a measure of musical precision, as indicated by cross-subject analysis 

(Figure 2). Additionally, individual standard errors of the mean errors were larger for the triple 

rhythm condition than for the duple rhythm condition (Figure 3). 
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Figure 3. 

Mean error across duple and triple rhythm conditions for individual subjects 

 

Note: Colored bars indicate standard error of the within-subject mean error across trials, with 

blue bars for the duple rhythm condition and red bars for the triple rhythm condition. The 

regression line is presented in black.   

 

 In evaluating subjects’ performance in relation to their musical experience, a regression 

analysis was performed between musical experience and log-transformed absolute error, and 

between musical experience and log-transformed standard deviation of error. Log-transformation 

on absolute errors and standard deviation was applied due to the minimum value of zero for both 

measures. This analysis found a strong negative relationship between musical experience and 

error on the musical behavioral task, as seen in Figure 4. This relationship was particularly 

robust in regards to subjects’ consistency on the musical task, as indicated by a strong negative 

correlation between musical experience and standard deviation of error (R2 = 0.74, p = 0.0001). 

The strength of this relationship suggests that musical experience is a main factor driving 
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performance on the musical behavioral task. Additionally, due to the tight coupling between 

musical experience and within-subject standard deviation of error, the absolute error to subjects’ 

individual average response latency in duple and triple rhythm conditions was chosen as a 

measure of performance for the subsequent EEG-to-behavior analysis.   

 

Figure 4 

Musical behavioral task performance and musical experience. 

 

Note: Musical experience is plotted against within-subjects absolute error (left panel) and 

within-subjects standard deviation of error (right panel) for duple (blue) and triple (red) rhythm 

conditions. Lines in corresponding colors indicate a regression line between musical experience 

and log-transformed measures of performance.  
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EEG Analysis 

 An evaluation of auditory evoked potentials (AEPs), grand-averaged across subjects, 

conditions, and trials for the musical stimulus and silence periods (Figure 5), shows (late) AEPs 

induced by the musical stimulus with clearly visible N1-P2 complexes occurring approximately 

200 ms after stimulus onset, indicating the effectiveness of the musical stimulus in eliciting 

auditory responses. The AEP resulting from the first stimulus (time = 0 s) is of higher amplitude, 

as expected for the first sound of a series (Ritter, Vaughan, & Costa, 1968). Scalp topography of 

the P2 component was consistent with bilateral auditory cortex activation (Shahin, Bosnyak, 

Trainor, & Roberts, 2003).  

 

Figure 5   

Auditory evoked potential components during musical stimulus and silence periods   

 

Note: The figure shows a grand average (black line) across subjects, conditions, and trials for 

channel Cz with an average reference. The musical rhythm stimulus structure (bottom row) is 

indicated by blue and red squares (as in Figure 1). Thin black vertical lines separate musical bars 

and a thick black vertical line separates the Musical Stimulus period from the Silence period. 
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Figure 5 Note continued: Scalp topographies of the P2 components to every type of stimulus 

(left to right: duple and triple simultaneously, triple, duple) show a fronto-central vs. bi-temporal 

polarity inversion consistent with activation in both auditory cortices.   

 

Spatio-spectral decomposition (SSD; Nikulin, Nolte, & Curio, 2011) was performed 

across-subjects in Fourier space on the range of frequencies between 1 Hz and 15 Hz (at a 

frequency resolution of 0.160 Hz) against average power at the 4 leading and 4 trailing frequency 

bins (Figure 6). At 1.166 Hz there was a clear activation peak corresponding to the duple rhythm 

frequency; however, no such peak was observed above noise level at the triple rhythm frequency 

(1.75 Hz).  

Additionally, clear peaks were observed at the first and second common harmonics of the 

duple and triple rhythm frequencies (3.5 Hz and 7 Hz, respectively). Accordingly, SSD at 3.5 Hz 

was chosen for subsequent analysis since it reflects both duple rhythm and triple rhythm 

frequencies simultaneously. As estimated from the slope of ratio of variances (indicating SNNR 

of the 3.5 Hz oscillation) obtained from the SSD analysis at 3.5 Hz, the first 6 components were 

chosen for further analysis. The spatial patterns for the first 4 components are presented at the 

bottom of Figure 6. The chosen SSD components at 3.5 Hz were used for dimensionality 

reduction of the EEG for subsequent analysis of the EEG-to-behavior relationship.  

 

(Figure 6: next page) 
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Figure 6 

Spatio-spectral decomposition (SSD) analysis performed across-subjects 

 

Note: The top window presents signal-plus-noise-to-noise ratios (SNNR) of neuronal oscillations 

in the first SSD component at a given frequency, obtained by SSD across frequencies between 1 

Hz and 15 Hz. Activation peaks were present at the duple rhythm frequency (blue star, 1.166 Hz) 

and at the first and second common harmonics of the duple and triple rhythm frequencies (black 

stars, 3.5 Hz and 7 Hz). No activation peak was observed at the triple rhythm frequency (red star, 

1.75 Hz). The middle window displays the SNNR of all components obtained from the SSD 

analysis at 3.5 Hz, showing a subtle change in slope after 6 components which were 

subsequently chosen for further analysis. The bottom of the figure shows scalp topographies for 

the first 4 components. 
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 Correlating musical experience and the log-transformed signal-plus-noise-to-noise ratio 

(SNNR) of the first component (within subjects) at 3.5 Hz found a positive relationship (r = 0.50, 

p = 0.022) as depicted in Figure 7. This indicates that subjects with greater musical experience 

had greater entrainment at the common harmonic of duple and triple rhythm frequencies. 

 

Figure 7 

Correlation between musical experience and oscillatory power at 3.5 Hz

 

Note: Musical experience is positively correlated to entrainment of EEG to the polyrhythm 

stimulus as measured by the log-transformed SNNR at 3.5 Hz. 

 

Source Power Comodulation 

Source power comodulation (SPoC; Dähne et al., 2014) optimization seeks to maximize 

the correlation between performance and EEG power at a given frequency. Preliminary analysis 

suggested that EEG in a wider delta-theta frequency band (potentially reflecting temporarily 

lowered vigilance) was strongly positively correlated to error on the musical behavioral task. To 
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maximize for the frequency-specific correlation between performance at duple and triple rhythm 

frequencies, SPoC was adapted (pSPoC; Appendix A) to maximize the partial correlation 

between signal power at duple and triple rhythm frequencies (independently) and error on the 

musical behavioral task, after removing the effect of the general 1 to 2 Hz frequency band. 

pSPoC was optimized on the compound period (Musical Stimulus period plus Silence period) 

after dimensionality reduction by SSD. Results (Figure 8) indicated a highly significant 

relationship (with p = 0.001 being the minimal obtainable p value by permutation testing with 

1,000 independent permutations) between performance on the musical behavioral task and EEG 

power at the duple rhythm frequency (1.166 Hz). The spatial topography of the resulting source 

activity was complex, composed by a transhemispheric dipole, possibly suggesting a midline 

source. Comodulation between EEG power at the triple rhythm frequency (1.75 Hz) and error on 

the musical behavioral task was not significant, as previously suggested by the lower SNNR at 

that frequency (see Figure 6). Therefore, detailed analysis of the pSPoC results were confined to 

the relationship between oscillation at the duple rhythm frequency and error on the musical 

behavioral task.  

 

Figure 8 

pSPoC analysis: Spatial patterns and significance levels 
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Figure 8 Note: Results are shown for pSPoC analysis optimized on the compound Musical 

Stimulus plus Silence period and tested for significance on that same period. Comodulation 

between EEG power and error on the musical behavioral task is highly significant at the duple 

rhythm frequency (1.166 Hz; p = 0.001) but non-significant at the triple rhythm frequency (1.75 

Hz; p = 0.080). Scalp topography for the duple rhythm frequency is complex, possibly 

suggesting a midline source with a transhemispheric dipole. 

 

Figure 9 shows detailed results of the pSPoC analysis at the duple rhythm frequency, 

individually resolved for the Musical Stimulus and Silence periods by time-frequency 

transformation (corresponding to the source topography of the duple rhythm frequency depicted 

in Figure 8). As suggested by SSD analysis (Figure 7), entrainment of neural oscillations was 

observed at the duple beat frequency, with maximum amplitude during the Musical Stimulus 

period. Entrainment continues into the Silence period, though with a lower and decreasing 

amplitude. A significant frequency-specific negative correlation was found between oscillations 

at the duple rhythm frequency (1.166Hz) and error on duple rhythm trials during Musical 

Stimulus (p = 0.001) and Silence period (p = 0.025). Note that statistical testing was performed 

on the cross-spectral density matrices, individually obtained for the Musical Stimulus and 

Silence periods. This methodology prevents a temporal crossover effect between these periods in 

the analysis.  
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Figure 9 

pSPoC analysis for duple rhythm frequency 

 

Note: The top panel shows a high signal-plus-noise-to-noise ratio (as indicated by yellow color) 

for neuronal oscillations at the duple rhythm frequency (1.166 Hz) during the Musical Stimulus 

and Silence periods. The signal is strongest during the Musical Stimulus period but continued 

through the Silence period. The bottom panel shows a significant negative correlation (as  
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Figure 9 Note continued: indicated by blue color) between neuronal oscillations at the duple 

rhythm frequency and error on duple rhythm trials. Given p values represent the result of 

significance testing between source power and error on the musical behavioral task obtained 

individually from Musical Stimulus and Silence periods to prevent temporal smearing.  

 

Discussion 

 The present study investigated neural entrainment to musical polyrhythm and the 

modulation of that phenomenon by musical experience. By extending a paradigm established by 

Stupacher et al. (2017) wherein polyrhythmic stimuli were followed by a period of silence, EEG 

could be evaluated for entrained oscillations in the absence of confounding auditory stimuli. By 

replacing the previous study’s categorical timing judgment with a behavioral measure involving 

musical performance, the paradigm was strengthened both in terms of ecological validity and in 

the gathering of nuanced data reflecting subjects’ performance in finer detail.  

Additionally, by using a continuous measure of subjects’ musical experience, greater 

detail was gathered on the full spectrum of the effect of musical training on entrainment. This 

approach yielded the finding of a strong negative correlation between musical experience and 

standard deviation of error on the musical behavioral task, suggesting that greater musical 

experience yields not only greater accuracy, but greater consistency as well.     

Whereas previous studies of this type applied sensor-space analysis to EEG data 

(Nozaradan et al., 2011, 2012, 2015; Stupacher et al., 2016, 2017), the present effort applied 

spatial filtering to achieve an improved signal-to-noise ratio and to optimize the relationship of 

EEG-to-behavioral measures, as well as providing spatial patterns reflecting the true source 

topography of the effect (Haufe, Dähne, & Nikulin, 2014b). Adaptation of the SPoC algorithm to 
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the present research setting (pSPoC, see Appendix A) optimized the relationship between neural 

oscillation power at stimulus frequencies and performance on the musical behavioral task by 

isolating narrow-band entrainment effects at the musical beat frequency by eliminating low-

frequency wide-band EEG activity in the spectral flanks of the polyrhythm frequencies.  

 The hypothesis that increased entrainment power at musical stimulus frequencies would 

correlate with improved performance on the musical behavioral task was confirmed. A highly 

significant (p = 0.001) negative relationship was found between entrained oscillation at the duple 

rhythm stimulus frequency (1.166 Hz) and performance error on duple rhythm trials (see Figure 

9). That oscillatory components occurring at the duple rhythm frequency continued during the 

Silence period, in the absence of auditory input, confirms their identity as endogenous 

entrainments, as opposed to transient AEPs. Additionally, a strong positive correlation (r = 0.50, 

p = 0.022; see Figure 7) was found between subjects’ musical experience and oscillatory power 

at 3.5 Hz, the first common harmonic of the duple and triple rhythm frequencies (1.166 Hz and 

1.75 Hz, respectively; see Figure 6), confirming the hypothesis that greater musical experience 

yields stronger entrainment.  

 While entrained oscillations were not observed at the triple rhythm frequency, the clear 

frequency-space activation peaks at the first and second harmonics (3.5 Hz and 7 Hz, 

respectively; see Figure 6) of the duple and triple rhythm frequencies indicate that the triple 

rhythm was tracked by subjects in an integrated manner. In regards to the question of whether 

the individual rhythms comprising a polyrhythm are tracked by separate oscillatory components, 

the combined findings of a strong negative correlation between entrained oscillations at the duple 

rhythm frequency and error on duple rhythm trials, plus the strong positive correlation between 

musical experience and oscillatory power at the duple/triple rhythm harmonic frequency are in 



	 41	

keeping with literature suggesting that integrated processing of polyrhythm (entrainment to the 

shared harmonic frequency of rhythm components) produces better musical performance and 

that this effect is modulated by experience (Jones et al., 1995; Krampe et al., 2000; Kurtz & Lee, 

2003).  

 To be considered in the design of future studies of neural entrainment to musical rhythm 

(polyrhythm in particular), is the nature of the musical stimulus. In the case of Stupacher et al. 

(2017), a pop/rock drum pattern in a quadruple meter was overlaid by a triple rhythm sounded by 

a woodblock. Because of subjects’ likely familiarity of such a ‘backbeat’ rhythm with its strong, 

driving character, because of the complexity lent to that rhythm by syncopations in its bass drum 

pattern, and because the triple rhythm was sounded only by a single instrument, subjects were 

likely to perceive the quadruple drum pattern as the ‘ground’ and the triple rhythm as the 

‘figure’.  

Polyrhythms can be considered a bistable percept akin to Rubin’s vase (two white faces 

in profile against a black background or a black vase against a white background) where the 

perceptual relationship between figure and ground is ambiguous and may alternate (Vuust et al., 

2014). The EEG frequency-tagging paradigm employed by Nozaradan et al. (2011, 2012, 2015) 

has been used to investigate this phenomenon in the visual modality, in fact (Nozaradan, 2014).   

However, in the case of the Stupacher et al. (2017) paradigm, it is unlikely that subjects 

would experience the triple rhythm as the ground given its weaker sonic presence, lending that 

stimulus a certain lopsided character. Additionally, the 4:3 polyrhythm employed in Stupacher et 

al. (2017) is a more complex, arguably challenging rhythm to track, given that the second and 

third notes of the triple rhythm do not align with the quadruple grid or its subdivisions. However, 
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depending on the nature of the research question, none of these characteristics are weaknesses 

per se, but rather factors to consider. 

One strength of the polyrhythm stimulus in the present study is its balance in terms of 

ecological validity, musical difficulty and figure/ground relationship. Nozaradan et al. (2011, 

2012, 2015) employed pure tones modulated in amplitude to create rhythms, eliminating the 

possible confounds of familiarity or complexity in a pop/rock drum pattern, but sacrificing 

musical ecological validity. The rhythm stimulus in the Stupacher et al. (2017) paradigm is 

generalizable to common musical forms, but its 4:3 polyrhythm is challenging for even 

experienced musicians to track. In the present study, the stimulus sounds of a snare drum and a 

woodblock are familiar to participants, while the 3:2 polyrhythm is less challenging to track, as 

the triple rhythm falls cleanly onto subdivisions of the duple rhythm. Additionally, this stimulus 

is balanced in terms of figure vs. ground relationships. Subjects (and researchers) varied in their 

perception of figure vs. ground for this stimulus, even changing their perception with continued 

exposure. 

A cautionary note is offered by Henry, Herrmann and Grahn (2017) who point out that 

the frequency-tagging approach of Nozaradan et al. (2011, 2012, 2015), wherein the acoustic 

envelope of the stimulus rhythm is statistically compared to the neural response envelope in 

frequency-space, is subject to confounding by the fact that acoustic features of a rhythm stimulus 

(onset/offset ramps and tone duration) have a significant effect on the frequency-space 

representation of that rhythm without affecting the beat is perceived by listeners. The current 

study is unaffected by this phenomenon as a fine-grained analysis of the acoustic envelope of the 

stimulus rhythm was not involved, however, the point is well-taken and should be considered in 

future stimulus design. Exploration of this dissociation of the beat perception of a rhythm and the 
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frequency-space representation of that rhythm is a worthwhile subject for future experimental 

investigation.  

Among the challenges in the present study was that frequencies of the rhythm stimuli 

were close to one another, and their cycles were long compared to the length of the Silence 

period during which entrained oscillations could be identified in the absence of stimulus. 

Difficulty in temporal discrimination resulting from similar frequencies of the stimulus rhythms 

and the short duration of the silence period could be eliminated in future studies by employing 

stimuli at faster frequencies more widely separated. 

Additionally, three repetitions of the stimulus rhythm prior to the Silence period and 

musical behavioral task is a short time for the development of entrainment to musical rhythm. 

Rarely in musical settings are rhythms presented so briefly; most music forms that are considered 

rhythmically captivating involve very long periods of repetition. Future study in this domain may 

find stronger entrainment effects if stimuli are repeated for longer durations. 

Finally, this study involved novel analytic techniques for the identification of entrained 

oscillations in EEG data. The unique application of spatial filtering increased the power of the 

analysis and allowed for accurate source reconstruction. The source topography resulting from 

pSPoC analysis was complex, involving a transhemispheric dipole, possibly suggesting a midline 

source, but inconsistent with simultaneous bilateral auditory cortex activation (see Figure 8). 

Future iterations of this paradigm should employ inverse source modeling based on higher 

density EEG and individual structural MRI to elucidate brain structures active in the processing 

of the polyrhythm task. Results of this effort could be compared to findings by Vuust, 

Roepstorff, Wallentin, Mouridsen and Ostergaard (2006) which employed functional magnetic 

resonance imaging (fMRI) to examine activity in BA47 (inferior frontal gyrus) as participants 
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listened to polyrhythmic music. Given the poor temporal resolution of fMRI, spatial filtering and 

inverse source modeling of EEG captured from the present study’s paradigm would be a valuable 

complement. 

Conclusions 

 In finding a clear relationship between increased power of neural entrainment to 

polyrhythm and increased accuracy in the musical tracking of that polyrhythm and a strong 

correlation between musical experience and entrainment strength, the present study contributes 

to a body of literature supporting concepts of neural resonance theory (NRT; Large et al., 2015), 

dynamic attending theory (DAT; Jones & Boltz, 1989) and active sensing (AS; Schroeder & 

Lakatos, 2009). All of these frameworks describe the predictive capabilities afforded by neural 

entrainment to exogenous stimuli. Musical rhythm tracking is a form of temporal prediction and 

the results of the current work support the idea that entrained oscillations facilitate the prediction 

of future behavior of repeating rhythmic stimuli.  

The finding that increased neural entrainment at the first common harmonic frequency of 

separate polyrhythmic components is related to improved musical tracking of that polyrhythm is 

in keeping with NRT’s concept that resonances in the non-linear dynamics of neural oscillators 

give rise to higher harmonics which create the perception of hierarchical temporal relationships 

in periodic stimuli (Large & Snyder, 2009; Large, Herrera, & Velasco, 2015). These results are a 

small piece in the larger puzzle of understanding how listeners are able to extract periodic, 

structural components from music which may not explicitly contain those frequencies. The 

possibility that a neural mechanism, whose purpose is to focus attention and allow prediction of 

future events for survival purposes, has spontaneously given rise to the human capacity to dance 

to the beat is quite fascinating.  
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Music offers a unique opportunity for the investigation of the human brain. Beneath 

layers of musical emotion and expression, communion and creativity exist neural mechanisms 

whose complexity belies the simple power of the musical experience. As social creatures, 

humans are imbued with a desire to synchronize with one another. Much of our technology, 

effort, and resources are devoted to creating and maintaining connection with other people. 

Musical rhythm is one of the most basic incarnations of that pursuit of synchrony, allowing 

strangers on a dance floor to be bonded by a common pulse, and people from very different 

cultures to know each other through a shared language of rhythm.  

As neuroscience continues to elucidate the mysteries of our capacity to communicate and 

connect through music, we will see more clearly the complexity and power of our brains. That 

something so simple as feeling the beat could arise from a neural system so intricate is a reason 

for wonderment and eager anticipation of the next scientific insight. 
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