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Abstract

In the present thesis, | evaluate the role of acoustic edges in the neural tracking of
speech syllables. Previous research has shown that neural oscillations exhibit phase
locking to the slow temporal modulations (1-10 Hz) of the speech envelope, which is
thought to correspond to the syllabic rhythm (Edwards & Chang, 2013; Ghitza, 2013;
Giraud & Poeppel, 2012). It has been suggested that this is achieved through the
phase resetting of ongoing neural rhythms to specific speech landmarks, such as the
fine-grained spectral information placed at the onsets of syllables (Doelling et al.,
2014). While some debate exists about whether entrainment occurs as a result of the
phase resetting of endogenous oscillations or whether it is simply evoked activity
which is temporally aligned to the rhythmic stimulus, | did not specifically investigate
this distinction, but based on the present results, | suggest that further investigation
into the role of syllabic landmarks in speech tracking is worthwhile nonetheless.
Experiment 1 replicated findings from Luo and Poeppel (2007), who suggested the
importance of theta oscillations in tracking continuous speech. Here, we used stimuli
such as natural speech sentences containing syllable-initial consonants which
belonged to different phonemic categories, but we did not see differences in phase
locking depending on the amount of edge provided by those phonemes. In
Experiment 2, we used series of nearly-isochronous consonant-vowel syllables
starting with separate phonemes and showed that syllables starting with some
consonants led to less phase locking than others (lowest for sibilants, highest for
stops). We also explored different edge markers based on the acoustic properties of
the stimuli and, following from suggestions from other research such as Oganian and
Chang (2018), considered that information which is critical for speech tracking may
be found at the consonant-vowel transition of syllables. In Experiment 3, | tested this
hypothesis by placing two different types of noise at various locations of “da” and “ta”
syllables. We found that differences in phase locking due to the insertion of noise
were the most striking at CV locations and also, the direction of change in
entrainment depended on the syllable-initial consonant.

| suggest the different phonemes provide different acoustic edges for syllable
tracking and that these are most prominent at the CV transition. This claim needs to
be tested in the future for a variety of consonants, syllabic structures as well as for
continuous speech, but could have crucial implications for the way we currently
understand neural phase locking to the speech envelope.
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1. General Introduction

In this thesis, | evaluate mechanisms of neural speech tracking, discussing existing
theories and presenting evidence from three electroencephalography (EEG) studies,
as well as a complementary behavioural study. In the present Introduction, | will
briefly evaluate the purpose of neural oscillations in speech processing, as well as
mechanisms of entrainment.

In Chapter 1, I will briefly cover the theory that the brain parses speech
information by entraining to the syllabic rhythm, which is thought to be conveyed
primarily by the slow fluctuations (below 10 Hz) in the acoustic envelope (e.g.,
Ghitza, 2013; Giraud & Poeppel, 2012). Specifically, | am interested in the notion
that the endogenous neural theta rhythm (4-8 Hz) resets its phase when
encountering edges in speech (e.g., Doelling, Arnal, Ghitza, & Poeppel, 2014; Gross
et al., 2013). Current research has not established the nature of these edges, but
suggestions have been made for a variety of syllabic landmarks, such as the
acoustic content present in the onset of the syllables (e.g., Oganian & Chang, 2018),
or vowel peaks (Ghitza, 2013).

In Chapter 2, | will describe an EEG experiment in which we manipulated the
edges present in the syllabic onsets of continuous speech through the nature of the
consonants at those locations. We measured the amount of phase locking to the low
frequencies (1-10 10 Hz) of stimuli whose syllable-initial consonants were either
plosives or belonged to other phonemic categories. In Chapter 3, we investigated the
roles of separate syllable-initial consonants on neural entrainment to nearly-
isochronous stimuli, which comprised of repetitions of consonant-vowel or vowel-only
syllables. Chapter 4.A. summarizes an EEG experiment in which two syllables, “da”

and “ta”, contained slight amounts of noise in their respective onsets, formant



transitions or vowel peaks, and where these syllables were presented to participants
in an isochronous fashion. Differences in syllabic entrainment due to the noise
present at different locations were considered and possible perceptual influences on
the results were explored in a behavioural experiment outlined in Chapter 4.B.
Lastly, Chapter 5 summarizes and discusses the findings of my research from the
perspective of the current views regarding mechanisms of neural phase locking to

the syllabic rhythm of speech.

1.1 Neural processing of speech

1.1.1. The speech envelope

Over the last few decades, neural oscillations have been shown to be involved in a
variety of cognitive functions, including speech. Using a range of methods such as
EEG (Di Liberto & Lalor, 2017; Di Liberto et al., 2015; Khalighinejad et al., 2017),
magnetoencephalography (MEG: Howard & Poeppel, 2012; Luo & Poeppel, 2007,
Peelle & Davis, 2012) and electrocorticography (ECOG: Mesgarani, Cheung,
Johnson, & Chang, 2014; Nourski et al., 2009; Zion Golumbic et al., 2013),
researchers have shown that neural oscillations show phase-locking to the acoustic
waveform of speech and, in particular, to its slow temporal modulations present in
the envelope.

The importance of temporal fluctuations in perception was initially suggested
by studies investigating comprehension to altered speech, particularly those in which
certain frequency ranges were removed from the acoustic signal. Importantly, a

reduction in intelligibility of sentences and detection of individual speech sounds was



found more when slow temporal fluctuations (<10 Hz) of the envelope were removed
as opposed to higher frequencies (e.g., Drullman, Festen, & Plomp, 1994a,b).

The low frequencies in speech are amplitude modulations of a carrier signal
containing fine grained frequency information, which itself is generally over 600 Hz.
Shannon, Zeng, Kamath, Wygonski and Ekelid (1995) showed that speech stimuli
were still intelligible when the high frequency granularity was degraded but when the
envelope was preserved. However, intelligibility was affected if low frequencies,
especially below 16 Hz, were removed. Smith, Delgutte and Oxenham (2002)
suggested that this may be because spectral and envelope information have
different roles. By using chimaeras which combine the envelope of one stimulus with
the fine-grained information of another and vice versa, the authors found that, for
speech, participants understood the sentence based on envelope and not fine
structure. However, the opposite was true for melody-melody chimaeras, with
identification of the stimulus relying on the tune which provided the fine-grained
information.

Drullman et al. (1994a) found that the most significant reductions in
intelligibility could be attributed to envelopes low pass filtered at 4 Hz, or containing
only information between 0 and 4 Hz, and that these reductions were progressively
smaller if all the information below 8, 16 and 32 Hz was retained. The differences in
performance due to low-pass filtering at 16 or 32 Hz were the smallest. Conversely,
Drullman et al. (1994b) showed that the envelope high pass filtered at 4 Hz or below
did not lead to changes in comprehension and that such deteriorations were
observed only after high pass filtering at 8 Hz or above. Thus, frequencies between 4
and 8 Hz were revealed to play the greatest contribution to intelligibility, based on

these two studies.



By reviewing a body of evidence regarding the role of slow modulations in
comprehension, Edwards and Chang (2013) proposed that fluctuations between 2
and 5 Hz are those most consistently found as crucial for the perceptual detection of
acoustic changes. While some of these studies do not involve speech specifically,
their findings bear a strong resemblance to those from speech experiments. For
example, a very early study conducted by Shower and Biddulph (1931) found that
humans detected changes in the pitch of a noise signal if this was modulated at two
or three cycles per second (2-3 Hz). Similarly, by altering modulations between 3
and 7 Hz in speech stimuli, Elliott and Theunissen (2009) found that participants
were not able to identify whether the pitch of the acoustic signals sounded male or
female.

As we shall see later in this Introduction, different frequency ranges belonging
to slow envelope fluctuations are considered to correspond to the durations of
different speech units, such as syllables or phrases. But before delving deeper into
particular speech acoustics and their neurocognitive complements, | will first attempt
to illustrate how the envelope may affect neural processing and subsequently
speech comprehension.

Currently, a leading theory explaining the neural tracking of speech states
that endogenous neural oscillations, particularly in the delta and theta range (2-8
Hz), reset their phase in order to match the oscillatory pattern of the slow envelope
frequencies (Schroeder & Lakatos, 2009). Endogenous neural oscillations reflect
cyclical patterns of excitability within local cell populations. To illustrate this,
Schroeder and Lakatos (2009) describe a series of studies investigating local-field
potentials in various frequency bands (alpha, delta, gamma, etc.) showing how

negative voltage fluctuations of neuronal ensembles correspond to increases in firing



(high excitability) whereas positive deflections reflect states of hyperpolarisation.
Importantly, by aligning high excitability neuronal states with the onset of a rhythmic
stimulus, the brain is thought to be capable to predict the incoming stimulus and to
select relevant information (Zoefel, ten Oever and Sack, 2018). This is particularly
attractive notion from a scientific perspective because it suggests that, through
neural entrainment, not only are oscillations involved in cognitive functions, but also
that they play an active role in information processing. However, as we briefly
summarise below, research studying neural entrainment has shown few results in
favour of this theory, although more recent investigations have been promising. In
the next section, we will review the evidence presented in favour or against a
significant role for neuronal entrainment in processing stimuli and inquire whether

this process may or may not be useful to speech tracking.

1.1.2 Processing rhythmic stimuli in the brain

In a comprehensive review of the involvement of neural oscillations in rhythmic
processes, Zoefel et al. (2018) note that regular extrinsic stimulation will always
trigger a repetition of phase-aligned evoked responses in the brain, in the form of
steady-state potentials (see Appendix 1.1.5 and onwards), which can also be
considered a form of entrainment - or, what Obleser and Kayser (2019) define as
‘entrainment in the broad sense’. Steady-state evoked responses have been
observed in a variety of modalities and it has been established that there is phase
coherence between these and regular stimuli. On the other hand, to show that phase
resetting of endogenous activity happens on top of these responses has often been

challenging.



Some studies draw evidence for the entrainment of ongoing oscillations from
the appearance of imagined rhythms, or rhythms otherwise not present in the
stimulus, but which can be observed in neural recordings. For example, Nozaradan,
Peretz, Missal and Mouraux (2011) found sustained evoked responses in the EEG of
participants when they were asked to imagine a binary or tertiary rhythm on top of a
given beat, not only to the stimuli, but also to the imaginary beats. Ding, Melloni,
Tian, Zhang and Poeppel (2016) presented participants with monosyllabic words (4
Hz) which constructed regular phrases (2 Hz) and sentences (1 Hz), with the latter
two being unidentifiable in the speech spectrum of the stimuli. Nonetheless, they
found that similar trials elicited neural responses with similar phase profiles
(increased phase coherence) at the frequency of phrases and sentences.
Furthermore, Zoefel and VanRullen (2015) found that EEG responses to speech-
noise stimuli which do not show any low-frequency envelope fluctuations elicited
oscillatory activity in the low-frequency spectrum which is phase-locked to the
stimulus. This potentially indicates the entrainment of endogenous oscillations.
However, one criticism of such studies is that it is possible for imaginary rhythms, as
well as perceived phrases and speech regularities outside of the envelope to lead to
evoked activity, which could be phase locked to the respective stimuli.

Capilla, Pazo-Alvarez, Darriba, Campo and Gross (2011) showed that
responses to isochronous visual stimulation were better explained as a superposition
of event-related potentials (ERPs or evoked potentials: see Appendix 1.1.4) than as
entrainment of endogenous oscillations. They presented checkered patterns which
were either regular or jittered and simulated the recorded responses both as
superpositions of evoked activity (i.e., the ERPs pre- and post-baseline were

multiplied by a Gaussian) or oscillatory entrainment (by averaging brainwaves to
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jittered frequencies). What they found was that the superposition of evoked
responses matched the recorded data better than the entrainment simulations.
Another finding of this study was that lack of any additional neural activity post-
stimulus, much like in other studies investigating steady-state responses: this is also
normally taken as an argument against entrainment, as the rules of oscillation
synchronisation would predict that an entrained oscillation continues even after the
cessation of stimulation, albeit in a damped fashion (Zoefel et al., 2018).

However, some studies did find evidence for entrainment in some very
elegant ways, in both the visual and auditory modalities. One such study by
Notbohm, Kurths and Herrmann (2016) involved the apparition of an Arnold Tongue
in the phase coherence profile of brainwaves observed in response to a visual
stimulus oscillating in the alpha range. Entrainment between two oscillators is
stronger if their frequencies match and, if this is not the case, the level of
entrainment depends on both the intensity of the stimulation as well as the distance
between the stimulation frequency and the oscillator’s eigenfrequency (Pikovsky &
Rosenblum, 2007). When entrainment is plotted as a function of both stimulation
frequency and intensity, the relationship above is described by a triangular shape
named the Arnold tongue (see Figure 1.1). Furthermore, an intermittent pattern of
entrainment can be observed at the border of the Arnold Tongue (alternating bands
of synchronisation and decoupling). This pattern is exactly what Notbohm et al.
(2016) observed when investigating steady-state visual evoked potentials (SSVEPS)
to a visual flicker. Entrainment (as measured by the Shannon entropy) was affected
both by the light intensity of the stimulus and the distance between the stimulation
frequency and the intrinsic alpha frequency, measured for each participant as the

peak in power between 9 and 11 Hz.
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Figure 1. 1. Shorter distances

55 2 between  the  frequency  of
o4 oo stimulation and the eigenfrequency
23 5 of endogenous neural oscillations
‘@A DE require less intense stimulation and
G 2 == vice versa. The relationship
€ > 8 between entrainment levels and the
- S e T—— 1S intensity and  frequency  of

=3 =2=1 @ 1 2 3 stimulation is described by a

AHz (Stimulation - Endogenous) triangular shape known as the

Arnold Tongue. Reproduced from
Obleser and Kayser (2019).

A more recent study by Zoefel, Archer-Boyd and Davis (2018) showed the
importance of ongoing oscillations in speech perception. By delivering transcranial
alternating current stimulation (tACS) during an fMRI study, the authors manipulated
the phase of neuronal oscillations at which a speech stream was delivered to the
participants. Importantly, the phase at which the speech was delivered impacted
BOLD responses to intelligible, but not unintelligible stimuli, emphasising a clear
cognitive role of endogenous oscillations in speech processing. However, it still
needs to be verified whether the same holds true for natural speech, with varying
envelope fluctuations (Lalor, 2018). In fact, so far the existing literature does not
report clear evidence in favour of entrainment when quasi-regular stimuli are used
(Zoefel et al., 2018). One such study by ten Oever et al. (2014) presented
participants with either isochronous or jittered auditory stimuli whose average
durations were the same as those of isochronous stimuli. While isochronous stimuli
led to phase coherent neural responses even when the stimulation was below
threshold, this was never the case for jittered stimulation. While the stimuli in this
study were not like speech, such results add further uncertainty about the validity of

neural entrainment to quasi-regular stimuli, including speech.
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Given the conflicting evidence, it might be useful to consider ‘entrainment in
the broad sense’, as suggested by Obleser and Kayser (2019). They propose that
‘entrainment in the broad sense’ should be used whenever there is temporal phase
alignment between the neural response and the stimulus, but when the process
giving rise to this is unclear. They also give a compelling example of when spectro-
temporal response functions (STRFs) are applied to estimate evoked impulse-type
responses to speech: STRFs are linear models of the receptive fields of auditory
neurons in the time-frequency domain; STRFs to speech often show a peak in
frequency in the theta range despite any obvious neural oscillation at the same
frequency in the raw data. It remains unclear why this happens: endogenous
oscillations may be too small to be noticed. However, by considering such phase
alignment as entrainment, whether in the ‘broad sense’ or not, allows us to
investigate whether the neural processes in question are unique to speech
processing.

In the present thesis, | will use the word ‘entrainment’ whenever there is
phase consistency between the brain response and the speech or speech-like
stimulus, or between brain responses to the same stimuli. This will mainly refer to
‘entrainment in the broad sense’, as Obleser and Kayser (2019) suggested. Where
necessary, an explanation will be provided as to whether the obtained results were
more likely to be due to synchronisation of endogenous oscillations or merely evoked
activity. A summary of how ‘entrainment in the narrow sense’ may happen is also
provided in the Appendix, based mainly on interpretations by Gyorgy Buzsaki, whose
pioneering work revealed the importance of neural rhythms in cognitive functions. In
the following section, | will consider specific aspects of phase alignment of neural

responses which are characteristic to speech tracking.
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1.1.3 Neural windows of activity relevant for speech tracking
Speech tracking shows selectivity in terms of phase activity which depends not only
on the stimulus properties, but also on the frequency window of oscillatory activity. In
a now classical MEG study, Luo and Poeppel (2007) showed that the phase patterns
of MEG responses were unique for each sentence which was played to participants
and that consistency within responses to the same trials was observed only in the
theta (4-8 Hz) range. Moreover, the power of the MEG, which measures the
magnitude of the oscillations, did not differ from baseline, indicating no detectable
evoked activity in response to speech stimuli. Thus, the authors point towards a
primary mechanism involved in speech processing being the phase reset of
endogenous theta oscillations to incoming speech stimuli.

Some researchers suggest that the brain directs specific windows of activity
which are relevant in speech tracking. One experiment by Luo and Poeppel (2012)
implies exactly this. The researchers created noise stimuli which were modulated at
different time intervals of 25, 80 and 200 ms, respectively. Each of these correspond
to frequencies of 40, 12.5 and 5 Hz. The experiment found that neural oscillations of
5 and 40 Hz were phase locked to corresponding stimuli, but not those of 12.5 Hz.
This suggests that discrete oscillatory mechanisms could also be involved in speech
perception, as the noise stimuli were spectrally similar to speech. Luo and Poeppel
(2012) emphasise the theta and gamma ranges as particularly important for
detecting acoustic properties.

Nonetheless, studies investigating speech tracking found that, in response to
speech stimuli, theta (4-8 Hz) oscillations show increased temporal consistency (e.qg.
phase coherence), whereas gamma (25-40 Hz) show increased evoked activity

(oscillatory power). (for a review see Ding & Simon, 2014). These findings were also
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obtained to continuous speech stimuli (Luo & Poeppel, 2007), and sometimes in the
absence of a specific task (Doelling et al., 2014). Such research indicates the
primary importance of theta oscillations in speech perception, and indeed, some
scientists seem to favour this theory, suggesting that other shorter temporal windows
used in speech sound recognition are coordinated by lower frequency oscillations
(Ghitza, 2013; Giraud & Poeppel, 2012).

But what do different time scales represent, and what does the distinction
between them tell us? Human speech can be divided into units of different regular
temporal granularities such as phonemes, syllables, and phrases (Meyer, 2018). For
example, in the sentence “Daniel carried Jasmine’s heavy suitcase”, the single
phrase “Daniel carried” contains four syllables. “Dan” is one such syllable and this
contains three phonemes, such as /d/, /ee/ and /n/. Phrases, phonemes and syllables
are all identifiable in the slow temporal modulations of speech (see Figure 1.1),
between 1 and 50 Hz, with phrases falling in ranges below 2-4 Hz, syllables between
3 and 8 Hz, and phonemes somewhere above these, up to 50 Hz (Ding et al., 2017;
Meyer, 2018). It is impossible to give the exact limits of the duration intervals for all
units, especially considering all languages and differences between speakers, and
there is a definite overlap between all of their durations, (Edwards & Chang, 2013).
However, as we shall see next, each of these different units plays an important role

in speech perception.

1.1.4 Syllables

Both neural phase locking and behavioural comprehension studies emphasise
syllables as essential for neural speech processing (Ding & Simon, 2014; Ghitza,

2013; Greenberg et al., 2003). This is mainly because the syllabic durations are the
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most related to frequencies at which oscillations show a peak in entrainment. For
example, in American English, most syllables fall between 40 and 400 ms, based on
the available recorded data (such as phone dialogues from the SWITCHBOARD
corpus in Greenberg et al., 2003), a range which corresponds to the rough duration
of a neural theta cycle.

In general, syllables are not easy to define. One could say that they are
speech sounds generally produced by the opening and closing of the vocal tract a
single time. Most syllables are easy to count, such as, ‘cat’ is a single syllable word
and ‘water’ is a word formed of two syllables (Davenport and Hannahs, 1998).
Syllables can also be identified as the onsets and offsets of the envelope peaks. For
example, Figure 1.1 shows that the number of syllables in the sentence ‘Daniel
carried Jasmine’s heavy suitcase’ (10) roughly corresponds to the number of peaks

which we identified (13).

Da niel car ried Jas mine’s heavy suit case

Figure 1. 2. Waveform of spoken sentence ‘Daniel carried Jasmine’s suitcase’ plotted in
orange, and its envelope is plotted in blue. Spaces in the text above the envelope are used
to represent the approximate location of the syllables or sounds with respect to the
envelope. Numbers correspond to envelope peaks.
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But there are exceptions to these rules: Cummins (2012) indicated that some
words may consist of different numbers of syllables depending on both speaker
pronunciation and the listener’s interpretation. For example, the word ‘naturally’ can
be thought of as having either three or four syllables. The same can be argued for
the onsets and offsets of the envelope, not all of them belonging entirely to syllables.
Figure 1.1 also helps illustrate this. The words ‘Daniel’ (peaks 1,2) and ‘carried’
(peaks 3,4) can be attributed with only one set of envelope peaks each, or be
considered as containing only one syllable. Conversely, smaller envelope onsets
seem to correspond mainly to individual sounds: envelope peaks 9 and 13 contain
only the sound /s/ in syllables ‘suit’ and ‘case’, respectively, while peak 11
corresponds to /k/ in ‘case’.

So how can we be sure that the brain tracks syllables during speech tracking?
The theory formed around the time scales of speech may be able to clarify this
better. Ghitza (2013) argues that the quasi-regular syllabic rhythm may have
evolutionarily enabled us to dedicate oscillatory mechanisms at corresponding
frequencies, in order to follow the specific durations of different speech units, which
allows us to better process information. This view could somewhat be countered by
the fact that phase locking to the speech envelope was seen in animals, for whom
syllables or other speech units hold little significance (Nourski et al., 2009;
Steinschneider et al., 2013), or given that the brain can also entrain to the envelope
of noise stimuli (Luo & Poeppel, 2012), which cannot be divided into meaningful
components. Of course, such findings do not imply that tracking speech is identical
to tracking noise (it is not: the STRFs of noise stimuli are different from those of

speech stimuli: David, Mesgarani, Fritz, & Shamma, 2009), or, in fact, that the theta
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rhythm cannot be used to parse speech by tracking the syllabic rhythm, but it is not
always clear how tracking the speech envelope is relevant for parsing information.

Nonetheless, evidence in favour of the idea that the theta rhythm corresponds
to syllable tracking comes from numerous studies, amongst which we can
enumerate experiments investigating speech compression. These have shown that
progressively shortening the duration of “theta syllables” leads to proportionally less
comprehension (Ghitza, 2014; Ghitza & Greenberg, 2009) and less phase locking
(Ahissar et al., 2001). Moreover, intelligibility seems to be especially poor for stimuli
with a compression rate above a factor of 3, or whose syllabic rates are above 9 Hz
(Ghitza & Greenberg, 2009). Ghitza (2013) argues that the brain can track
compressed syllables, but not if these are shorter than a single theta cycle. A study
investigating the effects on target word detection of lengthened syllables
complements this idea, by showing a decrease in performance with increased
stimulus modification (Baese-Berk et al., 2014). The theory behind these findings is
that only “theta-syllables” may convey the rhythm which allows the brain to
‘repackage’ speech information into segments (Ghitza, 2013).

Dividing incoming information into segments may also come from the
processing limitations of working memory (see Logie, 2011, for a review). Working
memory capacity is normally limited to three to five items which can be stored
concomitantly, as suggested by various verbal or visual memorisation tasks (Cowan,
2011). However, dividing information appropriately seems to increase the amount of
information which can be stored in memory. For example, people remember
sequences, especially digit sequences, if these are chunked into shorter ones
(Mathy & Feldman, 2012) and it has been argued that the duration of holding one of

these chunks active in memory corresponds to one theta cycle (Buzsaki, 2005).
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Hippocampal theta appears during information encoding in rats (Penttonen &
Buzsaki, 2003). Furthermore, attention is thought to facilitate chunking mechanisms
involved in working memory (Bor & Seth, 2012). In speech, attended signals lead to
more entrainment of theta oscillations than non-attended ones (e.g., Besle et al.,
2011; Zion Golumbic et al., 2013). For example, this has been shown by

Zion Golumbic et al. (2013) using a cocktail party effect paradigm, in which
participants listen to two different sound streams played to each ear, and ask to
direct attention to either stream. However, Zion Golumbic et al. (2013) found that
even unattended speech shows robust phase locking to neural theta oscillations.
Nonetheless, the exact relationship between auditory parsing, attention and working
memory has not been determined.

The quasi-regularity of the syllabic rhythm may explain why entrainment to
envelope fluctuations are seen in animals, who cannot process meaning, or to
speech-like noise stimuli. The modulation spectrum of speech shows that its
envelope frequencies dominate in the 3-5 Hz range, and this is thought to
correspond to the most frequent syllable durations (Ding et al., 2017). Furthermore,
Ding et al. (2017) found similar modulation spectrum peaks across languages;
speech modulation spectrums were also distinct from those of different types of
music, whose modulation peaks were typically seen below 3 Hz. Consequently, the
brain may dedicate oscillations of appropriate durations to distinguish between
acoustic chunks of approximately equal durations, such as speech syllables.

Indeed, phase locking to the envelope in the theta range may rely on acoustic
factors alone, preceding intelligibility. For example, one study comparing the phase
entrainment to both normal and reversed speech found no difference between the

two in the theta band, supporting the claim that comprehension is not a pre-requisite

19



of entrainment to syllables (Howard & Poeppel, 2010). It was also found that
listening to speech in a noisy environment can lead to both deficits in intelligibility
and phase locking to the acoustic envelope of the target stimulus, but this is due to
degradation in the spectral resolution of the target speech signal in the presence of
environmental noise (Ding & Simon, 2013a; Peelle, Gross, & Davis, 2012). An exact
context of intelligibility (i.e., whether this refers to comprehension due to meaning or
to amounts of signal-to-noise ratios) is nonetheless necessary when referring to the

impact of top down mechanisms on speech tracking.

1.1.5 Phonemes
Slow fluctuations, albeit of higher frequency, in the speech envelope also correspond
to individual speech sounds, or phonemes. The Drullman et al. (1994a,b) studies
revealed that removing envelope modulations of frequencies above 8 Hz also
impaired recognition of phonemes. Furthermore, recovering phonetic spectral
information boosts phase locking and is also able to better predict neural responses
to speech (Di Liberto & Lalor, 2017; Di Liberto et al., 2015). The windows of
oscillatory activity dedicated for the perception of phonemes are thought to lie in the
beta (12-30 Hz) and gamma (25-100 Hz) ranges (Ghitza, 2013; Luo & Poeppel,
2012). Hence, phonemes can be thought of as units of shorter duration than
syllables which provide essential qualitative information about the speech signal.
Phonemes are the smallest units of speech which distinguish word meanings.
For example, ‘can’ and ‘pan’ are different in their initial phonemes, /k/ and /p/.
Syllables are made of one (e.qg., the first syllable in O-li-ver) or multiple phonemes
(e.g., second and third syllables of O-li-ver). Depending on the configuration of the

speech organs during their articulation, phonemes can be classified into multiple
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categories. While articulatory phonetics is not the main scope of this discussion, the
differences in articulation pertaining to different phonemic categories give rise to
acoustic properties which will be mentioned extensively throughout this thesis.
Importantly, distinctions between the acoustic properties of different phonemic
categories may be reflected in the speech envelope, as indicated below. The
following paragraphs relating to phonemes are a summary of information found in
Davenport and Hannahs (1998) and Stevens (2000).

Figure 1.2 shows a vocal tract, with its range of organs needed for
articulation. Articulatory organs impose different restrictions on the air flow, which
mainly originates in the lungs, travelling upwards through the trachea. This direction
of air flow travel is not the only possible one, but it is the most common one across
all languages. One of the most important organs which is encountered by the air flow
in this direction is the larynx, where the vocal cords are. The opening between the
vocal cords is called the glottis. The opening or stricture of the glottis determines
whether the sound is voiceless or voiced. In the first case, the vocal cords are far
apart, allowing the air to pass freely and in the latter case, the air flows through a
small stricture in the glottis, creating pressure against the vocal cords and making
these vibrate. The frequency at which the vocal cords vibrate is called the
fundamental frequency (FO) or the pitch, and depending on how high this is one can

recognise whether the speaker is a child, a man or a woman.
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Figure 1. 3. Schematic illustration of the articulatory organs in humans. (Image downloaded
from https://www.daviddarling.info/encyclopedia_of _music/V/vocal_tract.html)

Different configurations of articulators and particularly the relationships which
exist between articulators in the oral tract, generate different phonemic categories.
These can be active or mobile articulators, such as the lips and tongue, or passive
ones, such as the pharynx wall, the roof of the mouth, the teeth and the upper lip.
The vertical distance between them creates a stricture in the oral cavity which can
impose different restrictions on the air flow travelling out. This relationship between
the active and passive articulators is called the manner of articulation.

For example, the articulators can be pressed together to first block the air
flow, in what is known as closure, but when the vocal tract subsequently opens, the
air is expelled quickly. Some phonemes which exhibit a complete closure followed by
a release of the air flow are called stops consonants. Most consonants exhibit full or
partial restriction of the air flow, whereas vowels are another major phonetic category
which are pronounced with an open vocal tract. If the vocal tract is open during
pronunciation, this will resonate and lead to the apparition of harmonics of FO in the

spectrogram of the sound. This can generally be seen for vowels, where the first

22



three formants F1, F2 and F3 are the most important, as well as for some
consonants which are called sonorants.

Consonants and vowels can also be distinguished by their position within a
syllable. Consonants cannot be produced in isolation, so they will be found either at
the onset (beginning) or coda (end) of a syllable. Conversely, vowels are always at
the centre of syllables. In the English language, some semi-vowels or glides are
considered consonants because they are only present in syllabic onsets (such as /w/
in ‘we’) (Davenport and Hannahs, 1998). However, just like vowels, the vocal tract is
also open during the pronunciation of glides, albeit to a slightly smaller degree.

W