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Chapter 1

Introduction

Entrainment is an everyday phenomenon, such as having ones attention captured by the
pounding gavel of a judge in a noisy courtroom, or noticing the flashing turn signal of a
vehicle on the road. This dissertation looks at the underlying neurocognitive mechanisms of
entrainment, and how they can be harnessed to aid comprehension-related processes. Here,
existing research that motivated the current approach is presented, showing how the focus
of the investigation was specified to meter and syntax in music and language. The current
approach is then briefly introduced, and finally an overview of the remaining chapters is

provided.

1.1 Motivation

1.1.1 Music meter remediates language syntactic comprehension
in Parkinson’s Disease patients

Patients with Parkinson’s disease (PD) are reported to have language syntactic comprehen-
sion deficits (e.g., Lieberman, Friedman, & Feldman, 1990). For example, when sentences
with ill-formed syntax are presented to PD patients, an ERP component that is typically
elicited in healthy adults, the P600 (e.g., Osterhout and Holcomb 1992; see Section 3.1.2),
is pathologically missing (e.g., Friederici, Kotz, Werheid, Hein, & von Cramon, 2003). Two
studies, however, have shown that a P600 may be reinstated when, before hearing syntac-
tically incorrect sentences, PD patients first listen to a musical excerpt of a march (Kotz
& Gunter, 2015; Kotz, Gunter, & Wonneberger, 2005). More precisely, when German PD
patients were cued with a musical march, they showed a P600 effect time-locked to a cat-
egorical syntax error in spoken German sentences (such as “gegessen/eaten” in “Das Eis
wurde im__gegessen/ The ice cream was in___ eaten”).

The musical meter of a march contains groups of two beats in a strong-weak dynamic
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Figure 1.1: A key phenomenon that inspired the current dissertation topic is that listening to music
can remediate language syntactic comprehension in PD patients. Only the march, which shared a
metrical strong-weak pattern with presented German sentences, reinstated the P600. Upper axes
show effect difference wave and significance threshold, lower axes show amplitude per condition.
Figure adapted from Kotz and Gunter (2015).

Subject relative clause Object relative clause

CP3 CP3

Regular sentences - Irregular sentences

Figure 1.2: A second key phenomenon to motivate this work is that in sentences, regularized lan-
guage meter can facilitate syntactic integration (significantly reduced P600 in regular sentences,
indicated by arrow). Figure adapted from Roncaglia-Denissen et al. (2013).

relationship and is symmetrical to the meter of spoken German (Eisenberg, 1991; Féry,
1997). While results of both the PD patient group study (Kotz et al., 2005) and subsequent
PD case study (Kotz & Gunter, 2015) found a march to reinstate the P600, the case study
reported that a waltz, whose meter is strong-weak-weak, did not have the same reinstating
effect (and neither did a baseline condition, with no musical cue; Figure 1.1). Thus, when
a temporally predictable auditory cue such as a march excerpt contains a metrical structure
that maps onto linguistic meter, the PD patient may be able to realign otherwise impaired
internal temporal processing with external linguistic events, such that temporal expectation
of strong beats allocates attention to the occurrence of linguistically salient, strong syllables.
This latter concept is central to the dissertation and will be further explored in the coming

sections.

1.1.2 Language meter facilitates language syntactic integration

Not only musical meter preceding a march, but also the regularity of language meter can im-
pact syntactic comprehension. A recent EEG study (Roncaglia-Denissen, Schmidt-Kassow,
& Kotz, 2013) showed that regular meter can facilitate syntactic integration more than irreg-
ular meter. Healthy non-musician adults were presented with sentences, which established
a regular or irregular metrical context before introducing a local syntactic ambiguity (2 x 2
design; Table 1.1).

As reported elsewhere (Frisch, Schlesewsky, Saddy, & Alpermann, 2002), a larger P600
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Table 1.1: Stimuli from Roncaglia-Denissen et al. (2013). Apostrophes mark strong syllables. The
metrical contexts were constructed with either regular or irregular positioning of strong and weak
syllables. The local syntactic ambiguity consisted of an ambiguous “die/who” that referred alter-
natively to “they” (subject) or “them” (object) at the onset of a relative clause. The ambiguity
was resolved by a verb conjugation, which showed whether “die/who” was the agent (subject) or
recipient (object) of the action.

Regular meter
’Ro-land trifft die *Die-ner, die An-"to-nio mal ge-’stort ha-ben, im "Park Subject first
Roland meets the helpers, who once bothered Antonio, in the park.
... die An-"to-nio mal ge-’stort hat, im Ge-’schift. Object first
..., whom Antonio once bothered, in the store.
Irregular meter
’Bern-hard trifft die Ge-’hil-fen, die Ni-’cole mal ge-’stort haben, im "Park. Subject first
Bernhard meets the assistants, who once bothered Nicole, in the park.
..., die Ni-’cole mal ge-’stort hat, im Ge-’schéft. Object first
..., whom Nicole once bothered, in the store.

effect was elicited when the local ambiguity was disambiguated as an object relative clause.
Importantly here, the P600 effect was significantly reduced when the meter was comprised
of predictably grouped syllables (Figure 1.2). This was interpreted such that the regular
meter provided a segmentation cue that helped the mental syntactic parsing, easing the

processing cost of the ambiguity.

The finding that a regular metrical context reduced an ERP effect (compared to a less
predictable metrical context) has also previously been reported in paradigms investigating
language phoneme perception (Cason & Schon, 2012) and language semantic perception
(Rothermich, Schmidt-Kassow, & Kotz, 2012). In those previous studies, the ERP effect
reduction (a P300' and an N400, respectively) was interpreted such that a regular metri-
cal context allowed for accurate temporal expectation of salient linguistic features, thus
easing processing difficulty, since attention was appropriately allocated to task-relevant in-
formation. Though Roncaglia-Denissen et al. (2013) explained their processing ease such
that regular metrical grouping of syllables created small, predictably sized units optimally
“guiding” the syntactic parser through large amounts of information, equally applicable
is the explanation from Cason and Schoén (2012), Rothermich et al. (2012), and Kotz and
Gunter (2015), that the regular meter optimally primed temporal allocation of attention for

receipt of salient linguistic information.

'But see Schwartze, Rothermich, Schmidt-Kassow, and Kotz (2011) for the opposite reported impact of
temporal regularity, an increased P300 effect, in an auditory oddball paradigm.
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1.1.3 A hypothesis for shared music and language
syntactic integration resources

Music and language are hypothesized to have common neurocognitive resources that inte-
grate syntactic constituents. An influential theory in music-language cross-domain research
is the Shared Syntactic Integration Resource Hypothesis (SSIRH; Patel, 2003, see Section
3.1.3). Based on accumulated theoretical and empirical research in respective music and
language cognition fields, the SSIRH proposed that overlapping neural resources access
separately stored musical and linguistic syntactic representations, and that these resources
are at play in the online integration of syntactic constituents in both domains. Main ob-
servations supporting the online shared resource hypothesis were theoretical similarities
in music and language syntax, empirical evidence that online processing of syntactic vio-
lations activated similar anatomical structures, comparable ERP components elicited, and
induced interference effects when presented simultaneously. The separate storage of syn-
tactic representation is consistent with reports of aphasia (language deficits) and amusia
(music deficits) where the other domain’s syntax processing remained intact.

Language syntactic comprehension was shown above to be influenced by both musi-
cal and linguistic meter (Sections 1.1.1 and 1.1.2). If music and language rely on shared
syntactic resources as the SSIRH claims, and if meter influences language syntactic compre-
hension, then by extension meter should similarly influence music syntactic comprehension.
The same explanation also applies, i.e., that meter directs resources to salient, temporally
predictable events when integrating music syntactic constituents. While seemingly com-
mon sense, this particular cross-domain paradigmatic angle has up to this point never been

specifically tested, and is pioneered in this dissertation.

1.1.4 Individual differences in auditory perception affect
meter perception and syntactic comprehension

One last phenomenon in the literature motivates the approach taken in this dissertation: in-
dividual differences in various aspects of auditory perception are reported to impact both
meter perception and syntactic comprehension. Particularly musical expertise, temporal
perception, and working memory are reported to play a role in either or both meter percep-
tion and syntactic comprehension.

Meter perception is influenced by individual differences in musical expertise and tempo-
ral perception ability. Regarding musical expertise, musicians (compared to non-musicians)
have better awareness of metrical hierarchy in music and better perception of small metrical
units in both music and language (Geiser, Sandmann, Jincke, & Meyer, 2010; Magne et
al., 2007; Marie, Magne, & Besson, 2011; Palmer & Krumhansl, 1990). Regarding tem-
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poral perception, ERP studies have reported temporal encoding of syllables to drive meter
perception in language (Magne et al., 2007; Marie et al., 2011); if temporal encoding is nec-
essary to perceive linguistic meter, then it follows that participants with better timing ability
can consequently perceive meter better than their counterparts with worse timing ability.
Though meter is reported to impact temporal perception in music paradigms (Ellis & Jones,
2010; Grube & Griffiths, 2009), it remains to be seen whether temporal perception modu-
lates meter perception in music. There is a paucity of literature directly assessing whether
or how working memory is linked to meter perception in music or language; the current in-
vestigation may provide evidence for a role of working memory in meter perception across
domains.

Syntactic comprehension is impacted by individual differences in musical expertise,
temporal perception, and working memory. Musical expertise is associated with better early
violation detection and late integration of syntax in music (Besson & Faita, 1995; Koelsch,
Schmidt, & Kansok, 2002), and better early violation detection and learning of hierarchi-
cal structures in language (Brod & Opitz, 2012; Fitzroy & Sanders, 2013). Temporal per-
ception impacts syntactic event detection in music and language (Tzounopoulos & Kraus,
2009; White-Schwoch & Kraus, 2013), and larger-scale temporal features of both music and
language impact syntactic comprehension (Schmidt-Kassow & Kotz, 2008; Schmuckler &
Boltz, 1994). Working memory is positively correlated with music syntax task performance
in music (Fiveash & Pammer, 2014), and as is particularly relevant to the current inves-
tigation, improved working memory is associated with improved reanalysis of ambiguous
syntactic structure in language (Friederici, Steinhauer, Mecklinger, & Meyer, 1998; Vos,
Gunter, Schriefers, & Friederici, 2001).

Since individual differences in musical expertise, temporal perception, and working
memory affect meter perception and syntactic comprehension in such multifaceted ways,
a neurocognitive account for meter impacting syntactic integration, in both music and lan-
guage domains, should optimally acknowledge the role of individual differences and moni-

tor them in empirical investigation.

1.2 Current approach

This dissertation was motivated by these four points in the literature, which together sug-
gested meter to impact syntactic integration in both music and language domains, subject
to individual differences. The current investigation therefore explored a possible unifying
explanation for these observations (Figurel.3): Firstly, the brain perceives and entrains to
meter in music and language, with progressively greater entrainment as metrical regularity

increases. Secondly, entrainment to meter facilitates syntactic integration in both domains.
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Finally, individual differences in meter perception and syntactic comprehension may influ-

ence this process.

Key previous findings

Parkinson’s patients
Duple Syntactic
meter as comprehension
Healthy non-musicians
Predictable Syntactic
meter @ integration

Healthy musicians

ar
Syntacti
Shared resources Syntactic
integration
Healthy participants
ar i)
.. . Syntacti
Meter Individual differences ymac LC .
perception comprehension
Current approach
+ - individual diff
s individual differences |
Metrical Neurocognitive Syntactic
hierarchy entrainment integration

Figure 1.3: An explanation for key phenomena observed in the literature: Neurocognitive entrain-
ment is encouraged by the temporal predictability in music and speech that metrical regularity can
provide. This in turn facilitates the integration of syntactic units. Both processes are subject to
individual differences.

1.3 Overview of chapters

The theoretical framework supporting the current approach will be introduced in the com-
ing chapters. Chapter 2 explains how multiple cognitive- and neural-based accounts of
entrainment can comprise a neurocognitive entrainment framework, which should have sim-
ilar implications in music and language domains. Chapter 2 also outlines basic principles
of meter in music and language, and aims to present a representative sample of relevant
EEG and MEG studies that show entrainment to meter in both domains. Chapter 3 out-
lines basic principles of syntax in music and language domains, and introduces background

syntax-ERP literature relevant to the current investigation. Then, the neurocognitive entrain-
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ment framework is extended, and mechanisms that could underpin entrainment’s impact on
syntactic integration are suggested. Next, the importance of the individual-differences ap-
proach is highlighted in Chapter 4, which presents empirical evidence of how individual
differences in musical expertise, temporal perception, and working memory could impact
both meter perception and syntactic comprehension, in both music and language domains.

The methods used for the current approach are introduced in Chapter 5. Studies 1, 2
& 3 then proceed to systematically address cognitive entrainment, neural entrainment, and
syntactic integration while taking into account individual differences. In Study 1 (Chapter
6), Experiment la statistically evaluates the psychological processes that are cognitively
linked to diagnostic scores collected from all participants, and provides each participant
with two ‘cognitive factor’ scores to be correlated with further experimental measures. Ex-
periment 1b validates the stimuli, to assure that the syntactic structures are discriminable
(via the task), while doubly serving to assess behaviorally whether groups of musicians and
non-musicians cognitively entrain to the regular-meter melodies and sentences in a 2 x 2
design with factors Metricality (regular, irregular) by Domain (music, language). Study 2
(Chapter 7) evaluates the frequency spectrum of both stimuli (audio files) and EEG for
evidence of frequencies representing the group or individual level of the metrical hierarchy.
Experiment 2a assesses which peaks (if any) represent levels in the metrical hierarchy of
stimuli, and Experiment 2b assesses whether peaks in EEG reflect neural entrainment to
hierarchical levels in stimuli. The amplitude of found peaks is compared ina 2 x 2 x 2
design of factors Metricality (regular, irregular) by Hierarchy (group, individual) by Do-
main (Music, Language). Study 3 (Chapter 8) investigates the comparability of syntax
processing in both domains in an ERP analysis, and whether entrainment impacts syntac-
tic integration comparably across domains. Experiments 3a and 3¢ compare amplitudes of
found ERP effects respective in music and language domains, both in a 2 x 2 design with
factors Metricality (regular, irregular) by Syntax (preferred, non-preferred). Experiment 3b
pilots German relative clause attachment preference for the purposes of coding the preferred
syntax conditions in Experiment 3c. The ‘individual differences’ approach to this disserta-
tion on the one hand manifests in stimuli parameters which highlight individual differences
in meter perception and syntactic comprehension, and on the other hand the correlation of
participants’ cognitive factor scores (from Experiment 1a) with experimental results across
all three studies.

The results from the three studies are discussed with a broad perspective in Chapter 9,

and Chapter 10 suggests some future investigations that could continue this research.






Chapter 2

Entrainment to meter

Entrainment is simply the phase coupling between two oscillators, such as two pendulums
gradually shifting their trajectories until they are swinging in sync. This chapter focuses on
human perceptual entrainment to meter, offering mutually compatible accounts of cognitive
and neural entrainment. Metrical theory, as well as empirical findings supporting meter
perception and entrainment to meter, are outlined for both music and language domains.
Finally the meter-related aspects of the current EEG paradigm are introduced. Though
perceptual principles introduced here may apply to multiple modalities, the current scope is

limited to the auditory modality.

2.1 Entrained attention

This section introduces two hypothesized accounts of attention that monitors auditory sig-
nals. The dynamic attending theory (DAT; e.g. Jones, 1976) proposes attending that quali-
tatively adapts to the degree of temporal predictability in the signal. The attentional bounce
hypothesis (Pitt & Samuel, 1990) proposes that attention to speech is modulated by the
location of stressed syllables. These two accounts are compatible, in that the attending
mechanism proposed in the DAT could also subserve attention ‘bouncing’ among stressed

syllables.

2.1.1 The dynamic attending theory

The dynamic attending theory (DAT) accounts for online (dynamic) attention, or attend-
ing, to the environment. Originally conceived by Jones (1976) and fine-tuned in decades
since (Jones, 2008; Jones & Boltz, 1989; Large & Jones, 1999), the theory proposes two
alternate forms of attending: 1) future-oriented attending, which relies on temporal pre-

dictability inherent in external stimuli to guide attention to future points in time, and 2)
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‘Expectation

Attentional Energy

Limit Cycle

+

Self-Sustaining Oscillation Energy Pulse Attending Rhythm

Figure 2.1: The attentional energy pulse together with the self-sustaining attentional oscillation
or limit cycle represents the attending rhythm, which is entrained to a stimulus when its temporal
expectation is reinforced. Figure from Large and Jones (1999).

analytic attending, a more local-level processing which monitors signals that are not tem-
porally reliable (e.g. missing a temporal hierarchy, or multiple nested levels of predictable
temporal intervals). It has recently been suggested that these two attending mechanisms
exist on a continuum as opposed to being discrete processes, the most appropriate attending
driven by stimulus properties (Henry & Hermann, 2014).

Future-oriented attending may be described by a canonical oscillator model (Large &
Jones, 1999). According to this model, cognitive attention is represented by an attentional
energy pulse. When the attentional energy peaks, the system is most perceptive of the stim-
ulus being attended. The timing and sharpness of the attentional pulse relies on a second
feature of the attending system—an oscillation underlying the attentional pulse. This under-
lying oscillation is self-sustaining (a stable limit cycle), in the absence of stimuli idling at its
natural cycling rate (with an inherent period), but when exposed to an external stimulus with
temporal regularity it synchronizes its phase with the available phase information from the
signal. Once the internal attentional oscillation is synchronized to the external signal, the
attentional pulse, which occurs at some regular point ‘on top of” the attentional oscillation
(Figure 2.1), is thereby aligned with the external signal and attention is entrained. Phase
and period correcting components to this model allow future-oriented entrainment despite
temporal perturbations in the signal.

Analytic attending does not capitalize on such entrained internal oscillations per se.
When no temporal hierarchy exists in the incoming signal, the analytic attending mode
rather relies on the next best predictable, non-temporal task-related feature in the incoming
signal by which to structure the information (Jones & Boltz, 1989). For example, if the task
is related to temporal judgments in the absence of temporal hierarchy, a strategy employed
in the analytic attending mode might be counting beats. Further research would be required
to clarify whether analytic attending to non-temporal, highly predictable features may also
be described by a canonical oscillation model.

If the environmental stimulus has a hierarchy of periodic events such as a series of
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Figure 2.2: The behavior of the attentional oscillation incorporates nested metrical levels, increas-
ing expectancy at metrically strong beats where the coupled oscillations overlap. Figure adapted
from Large and Palmer (2002).

beats with a metrical organization, future-oriented attending processes are engaged and the
attentional oscillations become nested (underscored in Jones, 2008). That is, discrete at-
tentional oscillations will follow the different metrical levels of the stimuli, joining where
the metrical levels overlap, e.g. at strong beats in the meter. The attentional pulse will be
greater at strong beats where multiple oscillations overlap. Large and Palmer (2002) de-
tailed the behavior of attentional energy during nested attentional oscillations (as a function
of expectancy—the system provides attentional pulses when salient events are expected),
shown in Figure 2.2 in the case of entraining to music with a ternary meter.

Suggestions as to the natural cycling rate of the DAT’s attending oscillator may be in-
ferred from a comprehensive tapping study (McAuley, Jones, Holub, Johnston, & Miller,
2006). Based on a composite measure of preferred listening tempo and motor tapping
tempo, the preferred oscillation period among healthy adults was approximately 1.7 Hz.
This preference was shown to systematically slow down over the human lifetime, ranging
from approximately 3.3 Hz in small children to 1.4 Hz in older adults. Considering that this
preferred period corresponded with the greatest attending accuracy (lowest tapping vari-
ability in the greatest range of tempi), the preferred period determined by this study is an
eligible candidate to represent the natural cycling rate of the attending oscillator proposed
in the DAT.

2.1.2 Attentional bounce hypothesis

Another theory of attention has emerged specifically in the context of attending to speech,
the attentional bounce hypothesis (Pitt & Samuel, 1990). This theory claims that in speech,
stressed or strong syllables encourage more attentional salience than unstressed or weak
syllables, and attention to stressed syllables is boosted by a context of predictable stressed
syllables. Particularly relevant to the current approach, this theory implies that predictably
located beats in metrical context can guide attention when participants listen to a speech

stream.
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The attentional bounce hypothesis, established in a behavioral study with three experi-
ments (Pitt & Samuel, 1990), explains findings that participants were better able to identify
target phonemes that were located in stressed as opposed to unstressed syllables, and that
furthermore, target phonemes were significantly better perceived when occurring in strong
syllables that appeared in an extended context of consistent syllable stress patterns (word
lists) compared to metrically unstructured sentence contexts. Participants identified tar-
get phonemes (e.g. /p/ or /m/) in two-syllable target words (e.g. ‘permit’). Target words
changed lexical meaning depending on whether the first or second syllable contained stress
(e.g. ‘permit’ is a noun when the first syllable is strong, PERmit, and a verb when the sec-
ond syllable is strong, perMIT), and contexts for the target words were established either
in full sentences or with word lists. Importantly, target words were themselves digitally
processed to have equal stress on both syllables—the surrounding lexical context was de-
signed to generate expectations as to which syllable was stressed. Thus sentences generated
expectancies for target word stress based on word category (in the first experiment, e.g. a
preceding ‘a’ generates a noun expectancy), and word lists generated expectancies for tar-
get word stress based on the stress patterns of preceding words (in the second experiment,
e.g. ‘Olive, VILIage, TISsue, KAYak’ should encourage PERmit). A third experiment con-
trolled for extraneous word-position effects. Behavioral results (error rates and reaction
time) in the sentence experiment showed a general trend that participants performed better
when target phonemes were located in (perceived) stressed syllables. In the word list ex-
periment, effects were comparatively boosted (significantly improved perception of target
phoneme in stressed syllables), demonstrating that a metrically structured context generated
stronger word-stress expectancies. The control experiment demonstrated that word position
had little effect, validating the word-list results.

The notion that attention ‘bounces’ to predictable strong-syllable locations (Pitt & Samuel,
1990) may be rephrased in terms of the oscillator model proposed to describe future-oriented
dynamic attending (e.g., Large & Jones, 1999): the attentional oscillator entrains to the
(relatively) temporally consistent strong syllable, allowing attention to peak at the strong
syllables that in turn improves detection of task-relevant phonemes. Moreover, the fact that
contexts with less predictably placed strong syllables demonstrate less attention to strong
syllables (Pitt & Samuel, 1990) is consistent with analytic attending, the DAT’s alternative
to future-oriented attending. Thus language meter can potentially also set up an ‘entrain-
able’ metrical context consistent with the above musical meter example in Section 2.1.1
(Figure2.2).!

Two mutually inclusive theories, DAT and attentional bounce hypothesis, consistently

' At least in stress-timed Germanic languages (Abercrombie, 2006); syllable-timed languages such as French
have stricter stress rules, such that the final syllable of an utterance receives stress, rendering such ‘musically’
metrical structures more difficult.
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describe attention entrained to temporally predictable auditory cues. The next section fo-

cuses on the neural aspect of entrainment.

2.2 Entrained neurons

This section describes several aspects of neural entrainment: Neurons entrained to a periodic
signal can impose increased order on internal communication of neural assemblies, thereby
improving the general efficiency of cognition (Singer, 2013). Neural entrainment to external
signals is suggested to be propagated by oscillations in the delta-theta range (1-8 Hz) and
those internal oscillations in turn phase-couple with gamma oscillations as a means to direct
attention to stimuli (e.g., Schroeder & Lakatos, 2009). Finally, once neurons entrain to a
(rhythmic) external source, their oscillation frequencies represent an embodied perception

of metrical levels (e.g., Large, 2008). These concepts are expounded below.

2.2.1 Synchronous neural populations in cognition

Neurons entrain to each other as well as to external rhythmic sensory sources (Thut, Schyns,
& Gross, 2011), such as direct current, a visual stimulus, or as is relevant here, an auditory
stimulus. Communication among neural assemblies occurs via synchronized firing rates
in local and distant populations, and compounding phase-coupled or entrained neural as-
semblies have been proposed to be the basis of cognition (Varela, Lachaux, Rodriguez, &
Martinerie, 2001). Although much empirical work needs to be done to trace exact behavior
of neuronal populations from sensory-level entrainment to altered higher-order functioning
(such as entrained attention), a general explanation presents itself from a recent review by
Wolf Singer (2013). Singer described the way that cortical networks in high-dimensional
state space oscillate across a broad frequency spectrum, and hypothesized that when net-
works increase their coherence via entrainment to an input, this imposed order (narrowing
multi-frequency-band oscillations to a more uniform meaningful frequency band among
multiple networks via synchronization) becomes salient and impacts downstream process-
ing. Thus the functional roll-off effects of neural entrainment to an external source may
spread from sensory-level coupling to complex cognitive processes via increased synchro-
nization among dynamic neuronal populations. This view is supported, for example, by
observations of increased neural synchrony in learning-related networks when participants
listen to sung word lists (with rhythmic and temporal coherence) as opposed to temporally

unregulated spoken word lists in memory recall tasks (Thaut, Peterson, & Mclntosh, 2005).
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2.2.2 Delta, theta and gamma coupling

There have been specific mechanisms proposed to describe the coupling of neurons in the
auditory pathway to acoustic input such as musical rhythms or speech. Schroeder and
Lakatos (2009) proposed that neural oscillatory activity in delta and theta ranges couple
to rhythmic acoustic cues such as a beat, and that in a resulting ‘rhythmic listening mode’
the phase of the three frequency bands delta (1-4 Hz), theta (4-8 Hz) and gamma ( 30-80
Hz) couple in hierarchical fashion, such that delta phase (coupled to the external stimu-
lus) modulates theta activity, which in turn modulates the inhibition/excitation of gamma
activity, which is associated with attention. An alternative ‘vigilance listening mode’ oc-
curs in the absence of rhythmic stimuli, where lower frequency activity is suppressed and
gamma activity is in more constant excitation. Thus the sensory coupling in the lower fre-
quency range serves as an intermediary to assure attentional resources peaking at useful
temporal intervals. Henry and Hermann (2014), noting the striking compatibility of this
account with DAT, proposed that the neural oscillatory hypothesis may be the neural mech-
anism that underlies the internal attentional oscillator (the delta/theta activity) and atten-
tional peak (gamma activity) described in association with dynamic attending (e.g., Large
& Jones, 1999), the rhythmic mode corresponding to future-oriented attention and the vig-
ilance mode corresponding to analytic attending. Similarly, a model of speech perception
(Giraud & Poeppel, 2012) focused on the entrainment of theta-range neural oscillations to
temporal cues in the spoken syllable, which were hypothesized to couple to gamma-range
neurons that in turn encoded the phonetic information for further cognitive processing. Thus
the mechanism of attentional modulation by temporally predictable cues is compatible with
accounts of neural entrainment in both musical (Schroeder & Lakatos, 2009) and spoken
(Giraud & Poeppel, 2012) contexts.

2.2.3 Neural resonance

Neural entrainment has also been claimed to embody the perception of musical meter.Large
and Kolen (1994) demonstrated that oscillatory units (with bounded frequency ranges) can
entrain to driving rhythms; several units in a system were able to entrain simultaneously to
different metrical levels, and the authors proposed that such a system of oscillators could
describe neurons coupling to various metrical levels. Specifically the nonlinear nature of
canonical oscillation models has been used to describe the embodiment of meter percep-
tion in neurons, called neural resonance (Large, 2008; Large & Snyder, 2009). Essentially,
neural resonance claims that metrical levels will be perceived at the frequencies at which
neurons oscillate, whether or not that frequency was actually present in a stimulus (applica-

ble, for example, in musical passages where syncopation can induce the sense of a pulse). In
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Figure 2.3: The higher-order nonlinear resonance of a bank of oscillators, stimulated at 2 Hz fre-
quency (at three different amplitudes). The canonical oscillators can model neural oscillation. Note
the high peaks at the 2:1 harmonic of the stimulus frequency. Figure adapted from Large (2008).

models describing neural resonance, the resonance at non-stimulated frequencies can easily
occur at simple ratios to the stimulated frequency (such as 2:1 or 1:2; Figure 2.3).
Incidentally, the canonical oscillatory model from Large and Kolen (1994) is akin to the
formal model describing the attentional oscillator of the DAT (e.g., Large & Jones, 1999;
Large & Palmer, 2002). Thus several aspects of entrainment proposed here overlap: A sim-
ilar oscillatory model describes both neural resonance that embodies meter perception (e.g.,
Large, 2008) and attention harnessed by metrical structure (e.g., Large & Palmer, 2002).
Moreover, since the low-frequency delta-theta-gamma coupling that describes attention to
rhythm or speech (Giraud & Poeppel, 2012; Schroeder & Lakatos, 2009) is applicable to
the DAT’s attentional oscillator (Henry & Hermann, 2014), this mechanism may plausibly
describe meter perception. The current approach assumes combined neural and cognitive

aspects of entrainment to meter, presented in the next section.

2.3 Neurocognitive entrainment in the current approach

As has been shown in the above sections, entrainment in the brain can be both cognitive
and neural. Similar models can be used to describe the entrainment of attention to an exter-
nal source (Large & Jones, 1999) and embodied perception of meter (Large, 2008; Large &
Kolen, 1994), and moreover coupled neural oscillatory activity can describe entrained atten-
tion (observed by Henry & Hermann, 2014), entrainment to rhythm (Schroeder & Lakatos,
2009) and speech perception (Giraud & Poeppel, 2012). Neural assemblies entrained to
one another in cognitive processing can be influenced by coupling with external rhythmic
sources, imposing order in the communication and resulting in enhanced cognition (Singer,
2013; Thaut et al., 2005). The possibility for these various proposed mechanisms to overlap
speaks for a broad definition of ‘neurocognitive entrainment’ that on the one hand mutu-
ally includes entrained attention, meter perception, and a corresponding neural oscillatory

mechanism of coupled activity in delta, theta and gamma frequency, and on the other hand
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implicates increased neural synchrony that aids cognition via efficient neural processing.
Biologically speaking there is a blurred distinction between what is neural and what is cog-
nitive, because cognition relies on neural activity in the first place. In some places through-
out this dissertation, cognitive vs. neural entrainment may be emphasized more strongly
(e.g., Study 2 measures neural resonance, and Studies 1 and 3 are more concerned with
cognitive consequences of entrainment).

In the current paradigm, neurocognitive entrainment is expected to result when par-
ticipants are presented with predictable, temporal regularity in either music or language.
Metrical structure can provide that temporal organization; hierarchically organized meter
based on melodic contour or natural prosody (stressed vs. unstressed syllables) can entrain
auditory neurons and attention, resulting in perception of meter, attentional peaks at met-
rically salient points, and more synchronous communication in the neural network, all of
which should increase with increasing temporal predictability in the stimuli.

Now that neurocognitive entrainment has been defined, the metrical structures to which
entrainment should occur shall be presented. Organizational principles of meter in music
and language, as well as electrophysiological indices of meter perception, are presented in

the next sections.

2.4 Entrainment to meter

A composite account of neurocognitive entrainment to meter has just been described. Here,
theoretical principles that guide composition of meter are introduced for music and lan-
guage domains, along with supporting EEG evidence (and some magnetoencephalography,
MEG) of both general perception and neurocognitive entrainment to meter. The princi-
ples presented here aim to show common theoretical ground where hierarchical meter can
be comparable across domains, as well as offer empirical indices that suggest comparable

cross-domain entrainment to meter.

2.4.1 Music

This section presents theoretical and empirical evidence related to meter perception in mu-
sic. Western Tonal meter is conventionally hierarchical and regular in composition, and the
Generative Theory of Tonal Music (GTTM, Lerdahl & Jackendoff, 1983) presents metri-
cal composition in relation to the multiple levels that a listener perceives. Early negative
(Fitzroy & Sanders, 2015) and late positive (e.g., Brochard, Abecasis, Potter, Ragot, &
Drake, 2003) ERPs as well as time-frequency MEG data (Snyder & Large, 2005) show that
meter impacts the focus of attention to stimuli, specifically that enhanced event detection

occurs in locations perceived to be metrically strong compared to weak. Frequency EEG
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data show that the brain represents frequencies of both acoustically present and imagined

metrical levels (e.g., Nozaradan, Peretz, Missal, & Mouraux, 2011).

Theory

In music, rhythm is the local pattern or group of relative duration of beats, whereas meter
is the abstract organization of those beats as the music unfolds in time (London, 2012). In
other words, meter is responsible for the ‘feel’ of a beat; for example, a march has a clear
ONE-two-ONE-two pulse, and a waltz ONE-two-three-ONE-two-three. Meter in music
emerges with a combination of melodic and temporal elements such as contour change or
dynamic accents (Hannon, Snyder, Eerola, & Krumhansl, 2004). The organization of meter
is hierarchical in nature, typically one of the lower levels being the tactus or salient constant
pulse of a piece. The perception of tactus often coincides with the basic beat assigned by
the time signature, although not always, as a fast tempo can shift perception of the tactus
further up the metrical hierarchy, or a slow tempo shift perception down the hierarchy to a
subdivision of the basic beat (“Meter”, 1986).

Meter classification In convention dating back to the Baroque period (Wright & Simms,
2006), meter can be commonly classified as duple, triple, or quadruple, beats occurring re-
spectively in groups of two, three or four. (In the above example, the march is duple and the
waltz triple.) Meter is considered simple if the beat groups occur once per bar or measure,
however if measures are subdivided and the beat groups occur more than once per measure,
the meter is considered compound. If the meter changes frequently it is considered mixed
or irregular; irregular meters were scarce until 20th century compositions. The time signa-
ture, a fraction located at the onset of a piece (or meter change within a piece), indicates
the meter. The denominator tells which note receives the basic beat unit (a 4 assigning the
quarter note the beat, an 8 assigning the eighth note the beat, and so on), and the numerator
indicates the number of beats that occur in a repetitive pattern per measure. Thus, for ex-
ample 6/8 meter is compound duple (two groups of three beats per measure), and 3/4 meter
is simple triple (“Meter”, 1986).

The Generative Theory of Tonal Music (GTTM) In their 1983 GTTM, Lerdahl and
Jackendoff include meter as one of several elements that accounts for a listener’s perception
of musical structure (other elements are introduced in Chapter 3 Sections 3.1.1 and 3.2.1).
According to the metrical portion of the GTTM, a beat present higher in the metrical hierar-
chy must also be present lower in the hierarchy. The smallest subset of beats (for example,
played by eighth-notes) has a naturally emerging stronger beat that occurs with equal num-

ber of weak beats between, which can in turn be grouped at a next level (quarter-notes),
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Figure 2.4: Metrical structure: the dots represent the beat at which respective notes are played,
stronger beats occur also at the next higher (shown lower) level in the hierarchy. Figure from

Lerdahl and Jackendoff (1983).

and so on. The hierarchical organization of beats is depicted in Figure 2.4. From the small-
est beat perceived to the largest coherent pattern of the piece is about five or six metrical

‘levels’.

EEG

Physiological evidence supports human perception of the abstract metrical principles just
outlined. Early negative ERPs demonstrate perception of converging metrical levels (La-
dinig, Honing, Haden, & Winkler, 2009) in general meter perception. Entrainment to meter
is evident in multiple paradigms, demonstrated by early negative (Fitzroy & Sanders, 2015)
and late positive (e.g., Brochard et al., 2003) ERPs, as well as induced and evoked gamma
activity (shown with MEG, Snyder & Large, 2005) and EEG steady-state evoked potention-
als (SSE-EPs, e.g., Nozaradan et al., 2011).

General Meter Perception Early negative ERP effects demonstrate the perception of me-
ter. One paradigm (Ladinig et al., 2009) presented (non-musician) participants with various
computer-generated drum patterns (6.7 Hz presentation rate). Standard patterns (arranged in
a meter) were presented for 90% of trials and deviant drum patterns (metrically crucial beats
omitted from the standard, creating a strong or weak syncopation of the meter) comprised
the remaining trials. Participants either watched a silent film (passive condition) or detected
randomly inserted intensity changes that were unrelated to meter (unattended condition).
The EEG component elicited by the omitted tone in deviants was a mismatch negativity
(MMN). (The MMN, found either with EEG or MEG, typically appears around 100-200
ms after critical stimulus onset, and indicates pre-attentive detection of a deviance from a
standard pattern; see Nidtinen & Alho, 2007). Results showed that in both listening con-
ditions, the MMN in response to strongly syncopated meter was larger than in response to
weakly syncopated meter, indicating that participants had formed stronger representations
of metrically salient elements of the drum patterns, thus attesting to the general perceptual

salience of converging levels in metrical hierarchy.
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Neurocognitive entrainment to musical meter The following studies show physiologi-
cal evidence of neurocognitive entrainment to music meter, in time and frequency domains.
ERP studies show evidence of temporally modulated attention, indexed by N1 (Fitzroy &
Sanders, 2015) and P3 (e.g., Brochard et al., 2003) effects. Time-frequency gamma activity
shows temporal expectation of metrical events (Snyder & Large, 2005), and SS-EPs show
frequency peaks consistent with neural resonance at perceived metrical frequencies (e.g.,
Nozaradan et al., 2011).

ERPs A recent study (Fitzroy & Sanders, 2015) showed that musical meter promotes
“hierarchical allocation of attention” as indexed by the N1, an attention-modulated anterior
negative component peaking near 100 ms after auditory onsets (see Nédtinen & Picton,
1987, for a review of the N1). Musicians and non-musicians were presented with triple-
and quadruple-meter MIDI-generated melodies (notes presented at 2.2 Hz rate), with the
task of judging whether an unrelated burst of white noise after each trial matched the meter.
For both musicians and non-musicians, the N1 was larger in response to notes at metri-
cally strong beats compared to those at metrically weak beats across meter types, indicating
that attention was greater at points of convergence between metrical levels, and in turn that
early auditory perceptual processing was influenced by the metrically modulated attention.
Negligible difference between musician and non-musicians showed the impact of meter-
modulated attention on early auditory perception to be unrelated to musical expertise (but
see Chapter 4 of this dissertation). Moreover, the same melodies with a slower (1.6 Hz)
presentation rate failed to elicit the same metric strength effect in the N1, indicating a lower
limit of note presentation rate below which early auditory perceptual processing is not af-
fected by (entrainment to) meter. The fact that the modulated N1 showed more attention to
beats that were salient to multiple, nested metrical levels is directly in line with the DAT
(e.g., Jones, 1976), indeed conclusively showing evidence of future-oriented attending.

Two studies have reported temporally modulated attention in response to hierarchical
meter perception to be reflected by a P300 effect. Examining a documented behavioral
effect labeled the ‘tick-tock” phenomenon, wherein participants perceive isochronous iden-
tical sounds to have alternating accents (Bolton, 1894), Brochard et al. (2003) presented
isochronous computer-generated pure tones to musician and non-musician participants in
an ERP oddball paradigm. Standard pure tones (1.7 Hz presentation rate) were occasionally
replaced by volume-deviant (quiet) tones, either on positions perceived as strong metrical
positions (odd tones) or on perceived weak metrical positions (even tones). A posteriorly
distributed late P300-like positive component (400 to 600ms post-stimulus onset) elicited
by deviant tones was significantly larger when the deviant occurred in perceived strong

compared to weak positions. The P300, a positive component typically peaking near 300
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ms post-stimulus onset, is associated with novelty detection and its increased amplitude has
been associated with attention to events and ease of event detection (Polich, 2007; Suss-
man, Ritter, & Vaughan, 1998). Thus in the tick-tock paradigm, the larger P300 amplitude
suggests that perceived-strong-beat deviances were easier to detect, and in turn that cogni-
tive attention was increased where the perceived metrical downbeat occurred. Moreover,
the late positivity was earlier in musicians, suggesting that musicians potentially had “more
efficient processing or stronger temporal expectancies.” The impact of musical expertise
on meter perception is revisited later in a later chapter (Section 4.1.1). The interpretation
that attention modulated the P300 amplitude is direct support for future-oriented dynamic
attending (but this interpretation was criticized for potential other influences on P300 mod-
ulation besides attention, see Fitzroy & Sanders, 2015).

Another study (Jongsma, Desain, & Honing, 2004) presented participants (musicians
and non-musicians) with a series of tones organized in either a duple (2 Hz presentation
rate) or triple (3 Hz presentation rate) metrical pattern, with the task to judge the temporal
appropriateness of a probe tone that appeared after a silent interval (i.e., the appropriate-
ness of the silent interval). Hypotheses were that if participants based their expectation of
the probe on the silent interval before, a probabilistic expectation would be greatest at the
repeated interval of the silent interval, but if participants based their expectation on hier-
archical prediction, expectation would be based on probable locations of various metrical
beats. A correlation coefficient, comprised of combined appropriateness judgments and
amplitude of an evoked P300, showed that rhythmically trained participants indeed based
their expectation of the probe beat on the present intervals. Thus the participants adjusted
their expectations for metrical subdivisions of the isochronous sequences, consistent with
an internal representation of meter that modulated temporal expectation, i.e. entrainment to

the meter. Musical expertise influencing meter perception is revisited in Chapter 4.

Frequency domain Doelling and Poeppel (2015) recently showed that participants
entrain to individual note onsets, or the lower metrical level, in human-performed musical
excerpts. Stimuli were nine piano clips, whose filtered envelopes (the broadband sum of
several narrow-band filters) were categorized by their note rate per second. Musician and
non-musician participants listened to the stimuli, and judged whether trials contained a pitch
distortion. The hypothesis was that individual-trial phase synchronization between MEG
and piano clips could classify which brain response belonged to which stimuli, and that this
would be evidence of entrainment to note rate by delta-theta neuronal oscillations. Indeed,
it was found that the phase pattern per stimulus item was recognizable in the phase pattern
of averaged brain responses to the respective stimulus. Classification strength increased

with musicians, and with tempi above 1 note per second. Considering the task performance
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(pitch distortion detection) also correlated with the phase synchronization, findings were
interpreted as showing a functional connection between “temporal predictions and content-
based processing.” This interpretation is consistent with the current approach: entrainment
to information in the delta-theta range links to higher forms of cognitive processing (e.g.,
Giraud & Poeppel, 2012; Schroeder & Lakatos, 2009).

Snyder and Large (2005) showed evidence of entrainment to meter using auditory evoked
and induced gamma band activity (20 to 60 Hz range). Following previous evidence that
gamma activity was associated with auditory onset processing at various presentation rates
(e.g., Snyder & Large, 2004) “linked to integrative sensory, motor, and cognitive functions”
(e.g., Pantev, 1995), they hypothesized that induced gamma activity could represent metrical
expectancy. While MEG was recorded, participants (with a wide range of musical exper-
tise) were presented with duple-meter pure tone sequences, presented at approximately 154
beats per minute (bpm) or 2.56 Hz rate, with tones omitted on either metrically strong or
metrically weak beats. Strong beats were acoustically louder and had a stronger attack ve-
locity than weak beats. Using time-frequency analysis (frequency-power fluctuations over
time), a control condition (no omitted tones) revealed that induced gamma activity was
prominent exactly at or slightly before tone onsets, and evoked gamma surfaced shortly (ca.
50 ms) after tone onset and was further proportional in power to metrical strength. Exper-
imental conditions showed that induced gamma activity was largely present regardless of
tone omissions while evoked gamma activity was largely reduced after tone omissions, thus
induced gamma may have represented the priming of auditory perceptual resources at times
of temporal expectancy, and evoked gamma the ‘primed’ perception of auditory onsets.
This allocation of auditory neural resources to locations of temporal expectancy provides
direct evidence in support of neurocognitive entrainment, in line with the above-presented
accounts (in Section 2.2.2) that attribute gamma activity, coupled to delta-theta activity, to
external event decoding (Giraud & Poeppel, 2012; Schroeder & Lakatos, 2009).

Evidence from the frequency domain supports neural resonance theory (Large, 2008,
see Section 2.2.3), that oscillatory behavior of neurons reflects meter perception. In one
study (Nozaradan et al., 2011), participants (with wide a range of musical experience) heard
a continuous isochronous 2.4 Hz beat for 33-second trials while their EEG was recorded,
and were asked to imagine either 2/4 or 3/4 meter to organize the isochronous beats. An
analysis using steady-state evoked potentials (SS-EPs), which are frequency-amplitude
peaks in the data that are significantly different from zero once the averaged amplitude
of neighboring frequencies is subtracted, showed neural synchronization to both the real
isochronous beat frequency and the imagined higher metrical levels, and moreover at sub-
harmonic frequencies of the imagined meter. Thus the imagined metrical structure extracted

from the isochronous beat and its subharmonic were represented among oscillating neurons
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with the same perceptual reality as the acoustically real beat, indicating that the perceived

meter was embodied by the neural resonance.

Another study found evidence of entrainment in the frequency domain. Nozaradan,
Peretz, and Mouraux (2012) presented participants (with a wide range of musical experi-
ence) with 33 seconds of metrical patterns (various groups of a 1.25 Hz beat) while record-
ing EEG. Stimuli contained both metrically salient and metrically irrelevant frequencies,
of varying acoustic prominence, and participants were tasked with detecting an unrelated
temporary tempo change in the pattern. Examining the frequency domain using SS-EPs,
it was found that the frequencies representing different levels in the stimuli’s meter were
present in the EEG response, with several remarkable characteristics. First, the frequencies
most prominent in the EEG were consistent with metrically salient frequencies, indepen-
dent of acoustic prominence. Second, the brain up-regulated metrically salient frequencies
and down-regulated frequencies present but unrelated to the meter. Thus the EEG seemed
to reflect a top-down cognitive process, consistent with dynamic attending, which perceived
frequencies based on internal representation of beat and not simply based on the sound en-
velope. The metrically salient frequency peaks additionally replicated the previous results
(Nozaradan et al., 2011) that neurons resonated at the frequencies perceived as metrical

levels, indicating embodied meter perception.

Recently, Tierney and Kraus (2015) preserved natural timing in their stimuli, and showed
that entrainment to musical meter was increased at strong-beat locations. A professional
drummer tapped to the downbeat of popular musical excerpts, and this drumbeat track was
presented together with the musical excerpts while listeners’ EEG was recorded. Crucially,
in one condition the drumbeat occurred at the strong beat locations, while in an alternate
condition the track was displaced, occurring consistently at weak beat locations through-
out the excerpt. Spectral analysis of the EEG revealed that participants entrained to the
drumbeat in both conditions, indexed by a frequency peak at the rate of the drumbeat. A
second frequency was found at the 2:1 harmonic of the drumbeat, only in the strong beat
condition. Results were interpreted to mean that participants were entraining to both strong
and weak beat locations, but that entrainment was greater at the strong beat, indicated by

the additional presence of the 2:1 harmonic.

The EEG and MEG studies presented support the general perception of and entrainment
to musical meter as it is theoretically described (Section 2.4.1), and also support the current
theoretical stand that neurocognitive entrainment occurs to musical metrical structures. The
latter three studies in particular supported neural resonance theory (Large, 2008, see Section
2.2.3), in that perceived metrical levels (whether acoustically present or not) manifested as
prominent frequencies at which neurons were oscillating, both at stimulated frequencies

and harmonics of those frequencies (Nozaradan et al., 2011, 2012; Tierney & Kraus, 2015).
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This demonstrates the appropriateness of EEG frequency spectra to index musical meter
perception; a frequency peak analysis is used to measure meter perception in Study 2 (Ex-
periment 2b). Now that music meter has been theoretically and empirically surveyed, the

theoretical background turns to language meter.

2.4.2 Language

In language, poetry, the metrical grid (e.g., Prince, 1983), and prosody (e.g., Nespor & Vo-
gel, 1986) offer compositional principles that are hierarchical in nature. Early negative (e.g.,
Rothermich, Schmidt-Kassow, Schwartze, & Kotz, 2010) and late positive (e.g., Schmidt-
Kassow & Kotz, 2009b) effects show that participants respectively detect and reanalyze
disruptions to metrical structure established in sentences, indicating implicit and explicit
perception of language meter whose hierarchical structure is comprised of stressed and un-
stressed syllables. While physiological evidence of entrainment in the language domain
has not focused on meter, ERP and MEG frequency domain studies suggest that the brain
synchronizes with or ‘tracks’ speech acoustics likely tied to the syllable (e.g., Astheimer &
Sanders, 2009; Doelling, Arnal, Ghitza, & Poeppel, 2014). Taken together, the presented
theory and physiological data compliment an approach to language meter that treats the
syllable as the organizing unit to establish hierarchical relationships, and suggests that par-

ticipants will perceive and entrain to the meter.

Theory

There are several veins of the study of meter in language. Poetry concerns itself with meter
in an aesthetic sense, and within the study of phonology one finds sub-veins of metrical
theory and prosodic phonology that formalize aspects of spontaneous productions of native
speakers in a linguistic sense. The accounts of meter share the hierarchical organization of
smaller phonological units into larger constituents, but differ in the nature of hierarchies;
poetry is concerned with the form of metrical constituents defined on a per-line basis (Fabb,
2001), metrical theory is concerned with the ultimate strong-weak relationships among met-
rical units in speech (Prince, 1983), and prosody is concerned with meaningful perceptual
units that are defined by phonological and phonemic aspects (Nespor & Vogel, 1986). The

three approaches to meter are sketched below.

Poetry The study of meter in poetry reveals an arbitrariness of the smallest units, be-
ing often language-specific, which is governed by rules that for example say how smaller
constituents are to be juxtaposed or where in a line they may or may not occur. Different

concepts of a smallest unit include that of a mora (such as in Japanese Haiku), which weight
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Table 2.1: Meter in poetry. Example of dactylic tetrameter in German, with (dactylic tetrameter)
gloss. Excerpt from Ermunterung by Johan Gaudenz von Salis Seewis, lines 1 — 4.

Seht! wie die Tage sich sonnig verkldren!

Blau ist der Himmel und griinend das Land.

Klag’ ist ein Misston im Chore der Sphéren!

Tréagt denn die Schopfung ein Trauergewand?
Look how the days do transfigure with sun!

Blue are the heavens and verdant the lands.
Grumbling strikes discord in songs among angels!
Wears then creation a veil, does it mourn?

syllable vowels and consonants, or a discrete syllable (such as in French Alexandrine), or
a foot, which is a group of smaller constituents (comprised for example of syllables in
Germanic-language poetry or morae in Greek epics; Fabb, 2001). Examples of foot cate-
gories among others include trochee (a unit of two constituents, stressed then unstressed as
in “sweater””) and dactyl (a unit of three constituents, stressed followed by two unstressed
as in “overalls”). Meter is conventionally labeled according to how many small units occur
in a given line; dactylic tetrameter for example consists of four dactyl feet per line, shown

in Table 2.1, one of many metric profiles.

The metrical grid Metrical theory typically accounts for meter in speech, with two main
components extending from the surface structure of an utterance: first, a metrical tree is
formed, which assigns relative prominence or strong-weak relations among constituents
in an utterance, and second, a metrical grid exists into which the metrical trees may be
mapped (Liberman, 1975; Liberman & Prince, 1977; Prince, 1983), shown in Figure 2.5.
The metrical grid provides a temporal-rhythmic structure for the tree; this particular aspect
of metrical grid, as well as others, borrows from musical concepts of meter (Figure 2.6).
The theory as it is described here specifically pertains to the stress-timed rhythm class of
languages that includes English, German, and Dutch (Abercrombie, 2006).>

Figure2.5 also demonstrates a key rule of the metrical grid that reassigns stress when two
consecutive syllables (or lowest units) receive the strong stress: “Tennessee,” when spoken
alone, receives stress on the last syllable. However when it is placed next to a strong beat
(as in “air” in this phrase), stress shifts to avoid a strong-strong stress clash, thus a relative
strong-weak pattern is maintained, as is a within-constituent hierarchy with “air” at the
highest level. By maintaining the recursive strong-weak syllable pattern, reassigning stress
when necessary, the metrical grid forms a hierarchy in spoken speech with multiple nested

levels. According to the current approach, the hierarchical relationship among stressed

*Metrical theory that describes multiple rhythm classes may be found in Hayes (1995).
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X X Metrical grid
X X X X
1 I |
w
\/ Relative-prominence tree
W
Tennessee air Surface form

Figure 2.5: From the surface utterance-constituent, metrical theory assigns relative strong (s) - weak
(w) stress prominence with a tree, and subsequently represents each beat by a grid which represents
a hierarchy of beats. Figure adapted from Liberman and Prince (1977).
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Figure 2.6: The stress patterns in speech as described by the metrical grid are likened to meter
in music, in that within a phrase there is a hierarchy of beats, such that the lowest is the smallest
unit and weakest per se, and the higher up the hierarchy, the stronger the metrical value, with one
highest-stressed beat per phrase, left or right aligned to the edge of that phrase. Figure from Prince
(1983).

syllables may serve as an attentional guide to the listener (Jones, 1976; Pitt & Samuel,
1990).

Poetic and grid elements of language meter may converge in describing formal speech,
such as the oratory genre. Loosely defined, oratory is the public use of rhetoric for evocative
or persuasive purposes (e.g. sermons, presidential addresses). Poetically defined meter and
the metrical grid may all be invoked to describe, for example, excerpts from Dr. Martin
Luther King’s “I have a dream” 1963 speech. An examination of a recording of the speech
and its transcription (Martin Luther King, Jr.: I have a dream, n.d.) reveals ‘poetic’ lines
that transition from iambic to trochaic meter throughout the sentence, and use primarily
stressed syllables to create a metrical hierarchy (combining or ignoring weak syllables, see
Figure 2.7).

Prosody Prosodic constituents serve as the domain of application of specific sounds and
phonological rules; prosodic phonology concerns itself with the principles that govern those
sounds and rules. “Constituent” refers to a segment of the mental representation of speech,

which is denoted by such speaker cues as pitch intonation, lengthening, and loudness (Ne-
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A) / / /

| But we | refuse | to believe | iambic trimeter
/ / / /
| that the | bank of | justice is | bankrupt.| trochaic tetrameter
B) X
X X X
X X X X X
X X X X X X X X
X X X X X X X X X X
X X X X XX X X X X X X X X X X

But we refuse to believe that the bank of justice is bankrupt.

Figure 2.7: An example metrical analysis from oratory. A) Using poetic terminology, the first half
of the sentence could be described as an iambic trimester line, the second half a trochaic tetrameter
line. Stressed syllables are accented. B) A possible interpretation of the metrical grid shows relative
stress prominence.

spor & Vogel, 1986). Theories of prosody generally concur in the existence of a prosodic
hierarchy as in Figure 2.8, and a strict layer hypothesis asserts that each level consists of
and dominates only the level directly below it (Nespor & Vogel, 1986; Selkirk, 1984). In
other words, levels cannot recursively dominate constituents of their equal level as is pos-
sible in syntax, nor can domination skip levels. The current investigation is limited to the
lowest two units in the prosodic hierarchy, the syllable and foot, which overlap with the
poetic and metrical grid accounts of language meter. Prosodic constituents are dissociated
from syntactic constituents, indeed comprised of conflicting internal rules in the governing
of constituent hierarchies. In Section 3.2.2, a theory by Selkirk (2011) will be outlined,
which asserts an interface of prosody — and by extension meter —- and syntax, despite
these differences.

Now that theoretical aspects of meter in language have been outlined, EEG indices of
meter perception, as well as MEG studies showing entrainment to syllable characteristics,

will be presented.

EEG

In stress-timed languages such as German, the current language of investigation, ERP
paradigms investigating language meter perception can create a metrical structure using
alternating strong and weak syllables in a series of words. Event-related potential responses
to critical words that either sustain or break the metrical pattern can be interpreted as evi-
dence of meter perception (e.g., Rothermich et al., 2010; Schmidt-Kassow & Kotz, 2009b).
Entrainment to language meter per se is less well documented; studies are included here
(including two MEG studies) that demonstrate entrainment to acoustic properties of the
speech signal (Astheimer & Sanders, 2009; Doelling et al., 2014; Luo & Poeppel, 2007)

that strongly point toward collective neurocognitive entrainment to syllable onsets. Though
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1 1
P P P
w W W W
F F F F 1 hared b
Elements shared by
AN N N | metrical theory
s W s W s W S

Peter pickled peppers, too

Figure 2.8: Prosodic hierarchy. U = Utterance, I = Intonational Phrase, P = Phonological Phrase,
W = Prosodic Word, F = Foot, s = Strong syllable, w = weak syllable. Category types commonly
used in the prosodic hierarchy (Selkirk, 2011). Concepts Foot and Syllable overlap with metrical
theory (and meter in poetry).

falling short of showing entrainment to language meter, evidence of entrainment to the syl-
lable supports the current approach in using the organization of stressed and unstressed

syllables to establish metrical structure in language.

General meter perception The following studies show ERP responses to disruptions in
language meter rules. Where stimuli created hierarchical relationships among stressed syl-
lables (in the stress-timed languages, Dutch, English or German), early negativities (e.g.,
Rothermich et al., 2010) and late positivities (Schmidt-Kassow & Kotz, 2009b) reflect re-
spectively detection of violated metrical rules and reanalysis thereof, thus supporting the

prospect of hierarchical language meter perception among healthy participants.

ERPs Early negativities have been reported to represent the detection of violated lin-
guistic meter. Rothermich, Schmidt-Kassow, Schwartze, and Kotz (2010) presented na-
tive German speakers with spoken Jabberwocky (syntactically preserved, semantically non-
sense) sentences, which were composed in a repeating strong-weak metrical pattern and
spoken by a trained German native speaker (e.g. all words two-syllable, stressed syllables
indicated with single quotation: ‘Tro-geumpf ‘hit-te ‘Knépf-eint ‘pei-le ‘do-gent ‘na-pen
‘sol-len / Trogeumpf should have napped Kndipfeint peile dogent). When the sentences con-
tained a disruption in the strong-weak metrical pattern (e.g., “Trog-eumpf ‘hit-te ‘Knépf-

eint ‘pei-le ‘do-gent na‘PEN °‘sollen), an early negativity, broadly-distributed and peaking
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near 250 ms, was elicited in response to the metrically deviant pseudo words both when par-
ticipants completed a metric and syntactic task. The effect was interpreted as representing
domain-general detection of rule violation, the ‘rule’ in this case being the metrical structure

extracted from the sentences.

Another ERP study in English shows a similar early negativity effect (Magne, Gordon,
& Midha, 2010), more strongly attributable to hierarchical relationships in language me-
ter, thus supporting the authors’ interpretation of the early negativity in Rothermich et al.
(2010). Magne et al. (2010) visually presented healthy participants with word lists consist-
ing of a context of several two-syllable words with either trochaic (first syllable stress) or
iambic (second syllable stress) meter, and a final target word with either trochaic or iambic
structure (2 x 2 design), with a semantic task unrelated to metrical structure. Event-related
potentials time-locked to the target word onset showed an early fronto-central negativity
effect (250-400 ms window) elicited when the target word mismatched with its metrical
context, regardless of the particular metrical identity (trochaic or iambic) of the context or
target words. Since this effect resembled the N400, a negativity conventionally associated
with semantic processing (but also discourse processing, math, and other phenomena, re-
viewed by Kutas & Federmeier, 2011), authors interpreted the early negative effect to reflect
“perturbed” lexico-semantic processing brought on by a mismatching metrical context and

target.

Considering the early negativity found in Rothermich et al. (2010) and their interpreta-
tion that the negativity reflects detection of a violated metrical rule, the N400-like negativity
found in Magne et al. (2010) may well also reflect the disruption of a perceived metrical
rule, i.e. a syllable stress pattern. The relevant function of the early negativity in these two
studies, in light of the current investigation, is that its task independence indicates implicit

perception of hierarchical relationships in language meter.

A study in Dutch found both negative and positive effects in response to disruptions
in metrical patterns established by two-syllable word lists (Bocker, Bastiaansen, Vroomen,
Brunia, & Gelder, 1999). Context and target words were either trochaic or iambic, and tar-
get meter was either congruent or incongruent with the context meter. Participants either
listened passively or actively judged congruity of the target word. A negativity named an
N325, peaking near 325 ms with fronto-central distribution, was elicited in both tasks, and
a late positivity, peaking near 816 ms with left posterior distribution, was elicited in the
explicit meter task only. This study highlighted the role of the early negativity as index-
ing metrical awareness due to both its overall sensitivity to metrical stress (surfacing when
participants heard iambic words, an infrequent lexical stress pattern in Dutch, regardless of
their context) and enhancement in incongruent as opposed to congruent conditions as well

as enhancement in a metrical task compared to passive listening. The late positivity was
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attributed to the task demand (recognition memory to assess congruity) and not to metri-
cal processing, however; the presence of a late positivity in response to deviated metrical

patterns persists in the literature (e.g., see below).

In two French studies (Magne et al., 2007; Marie et al., 2011), biphasic ERP effects
were elicited in healthy participants by unusually lengthened penultimate syllables in sen-
tences (a deviation, since in French, usually only the last syllable receives stress and length-
ening; see Magne et al., 2007). Participants listened to sentences and performed metric
and semantic tasks relating to the critical final (multisyllabic) word. In the first study with
non-musician participants, an early negative effect, right-lateralized in the 250-450 ms time
window, was interpreted as an N400 that reflected difficult semantic processing of the met-
rically manipulated words. A late positivity, broadly distributed in the 500-800 ms time
window, was interpreted as reflecting “integration difficulties resulting from the violation
of the typical metric pattern” at the end of sentences. Moreover, the N400 was present
in metric and semantic tasks, whereas the late positivity occurred in the meter task only.
A second study conducted with musician-only participants replicated the task-independent
early negative and task-dependent late positive findings (Marie et al., 2011; musician and
non-musician effects are compared in Section 4.1.1). Thus the early negative effects likely
further reflected automatic or implicit processing of the meter, whereas the late positivity

was dependent on controlled or explicit processing of the meter.

A study conducted in German also found that violation of language meter elicited both
an early negativity and a late positivity (Schmidt-Kassow & Kotz, 2009b). German (non-
musician) native speakers listened to sentences composed with a repeating strong-weak
syllable pattern, spoken by a trained German native speaker (e.g. ‘Vera ’hitte ’Christoph
“gestern “'morgen ‘duzen 'konnen. / Vera could have addressed Christoph informally yes-
terday morning), with either a metrical or syntactic task. A critical syllable misplaced the
syllable weight in half of the sentences, creating a multi-faceted metrical structure vio-
lation, both in the sentence-long pattern, the local strong-weak relationships, and in the
critical word itself (e.g. ‘Vera ’hitte *Christoph ’gestern *'morgen du’ZEN ’kénnen.). After
the onset of the critically violated syllable, an early negativity and a late positivity were
elicited in both tasks. The early negativity, bilaterally distributed with latency approxi-
mately 250-450 ms in metric and syntactic tasks, was interpreted as reflecting a disrupted
word segmentation that was hindered by unusual lexical stress assignment. The positivity,
bilaterally distributed with a latency of 550-1150 in the metric task and 750 — 1050 ms la-
tency in the syntactic task, was interpreted as being a P600. The P600 is broadly reported
in the literature, in syntactic (e.g., Osterhout & Holcomb, 1992), semantic (reviewed in Ku-
perberg, 2007), and metrical contexts (e.g., Schmidt-Kassow & Kotz, 2009a), and can be

attributed to a “general integration mechanism” that performs reanalysis when an element
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does not match its context (see Brouwer, Fitz, & Hoeks, 2012). The presence of the P600
was interpreted as representing reanalysis of violated language-meter rules, attention depen-
dent since the meter task P600 had a significantly earlier latency. Although it is not clear
in this case whether the P600 was in response to hierarchical or local word-level metrical
violations, its elicitation is indication that participants extracted a metrical structure from
the sentences and reanalyzed deviant metrical constituents.

A follow-up German study proved the latter point more clearly, showing that native
speakers indeed form a mental representation of meter that informs expectations of future
spoken events that occurs in the absence of word-level meter violations. Schmidt-Kassow
and Kotz (2009a) presented German (non-musician) native speakers with the same sen-
tences as in the above study, but replaced the metrically violated critical word with a cor-
rectly spoken critical word of a different syllable count. The critical word disrupted the
global strong-weak pattern established by the sentence but kept metrical integrity of the
critical word (e.g. ‘Vera ’hitte *Christoph ’gestern *morgen ver’ HOHnen ’kénnen. / Vera
could have mocked Christoph yesterday morning). When participants were tasked with
judging the regularity of sentence meter, a posteriorly distributed P600 was elicited by the
critical word. The similarity of the elicited ERP to the violated meter in the previous study
(Schmidt-Kassow & Kotz, 2009b) supported the interpretation that the effect represented
reanalysis after a disruption of hierarchical meter established on the scale of the whole sen-
tence, and not just reanalysis of a lexical stress violation.

These combined ERP studies show that the brain perceives hierarchical metrical rela-
tionships among stressed syllables, and reacts to deviations in the pattern whether or not
attention is directed to the meter. Though none of these paradigms established physiolog-
ical evidence of entrainment to the language meter, their results are compatible with the
current account of neurocognitive entrainment to hierarchical metrical structures regardless
of domain: meter perception is synonymous with entrainment to various levels according
to neural resonance theory (Large, 2008, see Section 2.2.3), and the above paradigms ar-
guably demonstrated at least implicit meter perception among participants. The next section
describes more directly entrainment-attributable physiological responses to speech, albeit in

the absence of language stimuli that establishes hierarchical metrical relationships.

Entrainment to speech Considering the role of the syllable in the current approach to
language meter (e.g. its role in the prosodic foot, Nespor & Vogel, 1986; see Section 2.4.2),
several studies focusing on entrainment to the syllable, investigating N1 modulation in the
time domain (Astheimer & Sanders, 2009) and phase and power information in the fre-
quency domain (e.g., Buiatti, Pefia, & Dehaene-Lambertz, 2009; Luo & Poeppel, 2007),

show the potential for language meter to influence entrainment. Though these paradigms
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do not attempt to establish hierarchical relationships in language meter, their demonstration
of cognitive or neural entrainment to syllable information validates the current treatment of

syllables as basic metrical units to investigate entrainment to language meter.

ERPs An ERP study in English demonstrated that attention is increased near the onset
of words (Astheimer & Sanders, 2009), consistent with cognitive entrainment (e.g., Jones,
1976) occurring at these locations. Astheimer and Sanders (2009) presented participants
(no report of musical expertise) with excerpts of a long speech, with linguistic probes (the
syllable ‘ba’) inserted on or near word onsets (experimental condition) and at other ran-
dom spoken positions within the excerpts (control condition). An auditory evoked N1 in
response to the experimental probes was greater compared to control probes, indicating that
auditory attention was greater near word onsets compared to other locations in speech. The
modulated N1 at word onsets in Astheimer and Sanders (2009) is consistent with cogni-
tive entrainment to word onsets, since the N1 is associated with attention (e.g., Nditdnen &
Picton, 1987). As argued above in Fitzroy and Sanders (2015), increased N1 at metrically
strong notes in a melody indicated entrainment to meter. An audio recording of the speech
revealed that the speaker was very rhythmic in his spoken delivery of the material (Edward
Abbey’s reading of Freedom and Wilderness, 1987; Fundi, 2008); thus here the increased
N1 at word onsets could be further evidence for entrainment to rhythmic speech. Relevant
to the current approach, the study espouses word onsets as an appropriate marker for metri-
cal boundaries in language, as is the case in current sentence stimuli (see Section 5.3.2 for
a full stimuli description). Moreover, although target locations in stressed vs. unstressed
syllables was not reported in Astheimer and Sanders (2009)%, a distinct possibility was that
attention was directed to strong syllable onsets, which is consistent with the attentional
bounce hypothesis (Pitt & Samuel, 1990).

Frequency domain One MEG study suggested internally driven oscillations in the
theta range to entrain to syllable information in intelligible speech (Luo & Poeppel, 2007).
Healthy participants listened to nine sentence conditions (three sentences with three intelli-
gibility levels) with the task to judge whether two successive sentences were the same or not
(the first sentence always intelligible, the second sentence always unintelligible). The hy-
pothesis was that individual-trial phase synchronization between MEG and speech stimuli
could classify which brain response belonged to which stimuli in proportion to intelligi-
bility. Indeed, it was found that the phase pattern per stimulus item was recognizable in

the theta-range phase pattern of averaged brain responses to the respective stimulus, clas-

3In an example utterance, three target locations were in partially or fully stressed syllables (e.g., not the
lowest level in the metrical grid): in bold, “The landscape of the Colorado plateau lies still beyond the reach of
reasonable words or unreasonable representation.”
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sification strength increasing with intelligibility of stimuli (while power in the theta range
played no role in classifying trials). Considering the average syllable rate across multiple
languages to occur in the theta range (e.g., Greenberg, Carvey, Hitchcock, & Chang, 2003),
results were interpreted to reflect entrainment to acoustic syllable information. Interestingly,
while theta tracking became less robust with low intelligible sentences, a follow-up experi-
ment indicated that theta phase tracking remained intact when the stimuli were compressed
(0.5 compression ratio) but still intelligible. This indicated an intrinsic role of theta oscilla-
tions (localized in this study to the auditory cortex) in tracking intelligible speech, “resetting
according to speech dynamics” when the task required discrimination of sentence-level ut-

terances, regardless of the particular rate of speech.

Another MEG study further suggested that entrainment to syllable information is based
on the sharpness of temporal acoustic cues in the amplitude envelope (Doelling et al.,
2014). Doelling and colleagues (2014) presented healthy participants with spoken word
lists, whose amplitude envelopes were processed to create varying degrees of intelligibility
and peak sharpness in the delta-theta range (corresponding to syllable rate information).
MEG was recorded while participants listened to word lists, and then the brain data was
compared to the amplitude envelope of the stimuli using envelope-tracking, which mea-
sured coherence of the respective stimuli and brain phase information based on a Phase-
Locking Value. The envelope tracking analysis showed that regardless of stimulus intel-
ligibility, stimuli with sharp envelope peaks in the delta/theta range had most coherence
with brain data. (When the low-intelligible, sharp temporal peaks condition was removed,
phase coherence was proportional to intelligibility, as was originally hypothesized). Thus
the brain entrained most to the signal when the sharp envelope peaks provided temporal
acoustic cues about the syllable; the brain was even ‘tricked’ into entraining to this infor-
mation when it was meaningless, in a low-intelligibility condition. The acoustic cues to
which the brain entrained were interpreted as cues for segmentation of speech; data is also
in line with the assumption in the current approach that the brain will entrain to regular,

temporally predictable cues provided by metrical structure.

A very recent MEG study showed that linguistic boundaries can be hierarchically en-
trained (Ding, Melloni, Zhang, Tian, & Poeppel, 2016). English and Chinese participant
groups listened to 4 Hz isochronous artificial syllable streams in either Chinese (Chinese
and English groups) or English (English group only). Entrainment to the speech was evalu-
ated using the frequency tagging approach, which stimulates specific frequencies and then
examines a power spectrum for peaks at these ‘tagged’ frequencies. Importantly, there was
no coarticulation among the syllables, thus any linguistic boundaries above the syllable had
to be based on internally generated structures. As hypothesized, both participant groups

entrained to the individual syllables (monosyllable words), indexed by a 4 Hz peak in the
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MEG power spectrum. When participants listened to