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Abstract
Statistical learning (SL) refers to our ability to extract patterns from the environment. Research
has long acknowledged the importance of SL in language; however, the neural mechanisms
underlying SL remain largely unknown. One potential mechanism is neural entrainment, which
refers to the tendency of endogenous neural oscillations to align with an ongoing rhythmic
stimulus. In the context of SL, neural entrainment may align neural excitability to the ongoing
structure of the speech stream, increasing sensitivity to underlying patterns and supporting the
learning of word boundaries. This thesis tested the hypothesis that neural entrainment plays a
causal role in SL by directly manipulating entrainment at specific frequencies cross-modally
using a visual stimulus during learning. We found that boosting neural entrainment to match the
frequency of the most informative moments of continuous speech (word onsets) resulted in better
performance in an implicit SL task. These results support that neural entrainment plays a causal
role in SL, as opposed to simply reflecting downstream effects of the learning process.
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Summary for Lay Audience
Every day humans are bombarded by a wealth of sensory input that needs to be successfully
navigated to make sense of the world. Through continuous exposure to this sensory input,
humans can extract statistical relationships about stimuli in the world, a skill often referred to as
statistical learning (SL). Although this skill is found across domains, it is thought to be
particularly important for language acquisition. More specifically, SL is thought to play a key
role in an important initial step to acquiring language – the learning of word boundaries. Within a
language, syllables within words occur together more frequently than syllables that span a word
boundary. Becoming sensitive to these statistical relationships between syllables may allow
learners to discover word boundaries, especially when other cues such as pauses may be
unavailable or unreliable. Although research supports the relationship between SL and word
segmentation, the neural mechanisms contributing to SL remain largely unknown. One potential
mechanism is neural entrainment, which refers to the tendency of brain activity (neural
oscillations) to align with an ongoing rhythmic stimulus. This thesis investigated the potential
role of neural entrainment in SL by using a visual stimulus to induce entrainment at frequencies
congruent or incongruent with word onsets (boundaries) during learning. We found that boosting
neural entrainment to match the frequency of word onsets resulted in better performance in an
implicit task, which supports the potential causal role of entrainment in SL. Theoretically, this
work helped to advance our understanding of the neural mechanisms contributing to SL.
Practically, future work in this area could reveal novel ways to boost SL and improve language
acquisition for adult second language learners and children with atypical language development.
Moreover, since SL is found across domains, techniques used and discovered may inform other
areas beyond language, such as visual processing.
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Chapter 1
1

Introduction
Every day humans are bombarded by a wealth of sensory input that needs to be

successfully navigated to make sense of the world. This sensory input is typically highly
patterned, and humans have considerable expertise in pattern detection (Schapiro et al., 2014).
Continuous exposure to this patterned input allows humans to, largely implicitly and
automatically, extract statistical relationships about stimuli in the world. The ability to extract
patterns from the environment is referred to as statistical learning (SL) and plays an important
role across numerous areas of cognition (Sherman et al., 2020). For instance, SL has been shown
to play a role in learning category-level relationships of complex real-world scenes (Brady &
Oliva, 2008), higher-order spatial relations of complex shapes (Fiser & Aslin, 2001), and
visuomotor sequences (Hunt & Aslin, 2001). It has also been shown to operate across auditory
(Batterink, 2017; Saffran et al., 1999), visual (Fiser & Aslin, 2002), tactile (Conway &
Christiansen, 2005), and multimodal domains (Mitchel & Weiss, 2011). Further, SL appears to
occur across different ages, from neonates (Teinonen et al., 2009) and young children (Saffran et
al., 1997), to younger and elderly adults (Campbell et al., 2012). Finally, evidence for SL has
been found in animals other than humans, including cotton-top tamarins (Hauser et al., 2001) and
rodents (Toro & Trobalón, 2005). Clearly, SL is ubiquitous and likely involved in many different
cognitive processes, making it an important concept to study.

1.1

Statistical Learning in Language
While SL plays a role in many different aspects of cognition, it is thought to be especially

important for language acquisition (Saffran, Newport, et al., 1996). Consider the following
scenario: when we hear a conversation in a language we understand, we easily perceive speech as
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a sequence of discrete words. However, this is not the case when we listen to a conversation in an
unknown language. Instead, we tend to perceive speech as one long continuous stream of
phonemes, seemingly spoken at a rapid pace. Unlike in a familiar language, it is no longer clear
where one word ends, and the next word begins. One reason why we are unable to parse an
unknown language into individual words is that word boundaries are not reliably marked by
acoustic cues, such as pauses or intonation. Further, although some languages may stress wordinitial or word-final syllables, many languages do not; an examination of 444 languages found
that over half did not have fixed stress patterns (Saffran, Newport, et al., 1996). If there are no
reliable acoustic cues to mark word boundaries, then how are we able to segment continuous
speech into component words? As language learners, how are we able to go from perceiving
rapid-fire syllable units to whole, meaningful words?
Over the past two decades, researchers intrigued by this scenario have revealed that
humans may be able to access deeper statistical patterns when “surface patterns” such as pauses
and intonation are unreliable (Romberg & Saffran, 2010). Across a language sample,
neighbouring syllables within words occur together more frequently than neighbouring syllables
that span word boundaries. Becoming sensitive to these statistical patterns may allow us to
discover word boundaries in continuous speech (Saffran, Newport, et al., 1996). These syllable
patterns can be quantified in terms of “transitional probability”, the probability of occurrence of Y
given that X has occurred (e.g., frequency of X+Y/frequency of X). A high transitional probability
indicates that if X has occurred, Y is strongly predicted to occur, whereas a low transitional
probability indicates a weaker relationship between the two. To illustrate, in the phrase “pretty
baby”, the word internal syllable pairs (e.g., ba + by) occur together more frequently than the
word external syllable pairs (e.g., ty + by) across the English language. To a fluent English
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speaker who has already learned these words, it is obvious that this phrase is made up of two
distinct words. However, to someone who is learning English, differences in the transitional
probabilities of neighbouring syllables could be an implicit cue to word boundaries (e.g., ty + by
is not a word but a boundary).
To test whether learners could use transitional probabilities to identify words, Saffran,
Newport, et al. (1996) exposed adult participants to a continuous artificial spoken language with
a hidden statistical structure. The artificial language contained six trisyllabic words, played
without any pauses or cues indicating where one word ended and the next began. As such, the
only “cues” to word boundaries were the transitional probabilities between the syllables, with the
transitional probabilities of syllables spanning a word boundary always lower than that of
syllables within a word. After listening to the continuous speech stream for 21 minutes,
participants completed a forced-choice test between words from the language and foil words
(syllables from the language combined in a different order). Participants discriminated between
words and foils at a level significantly better than chance, providing evidence of SL. Another
study by Saffran and colleagues tested this ability in 8-month old infants, using a looking
preference paradigm after exposure to assess learning (Saffran, Aslin, et al., 1996). The authors
found that infants showed a novelty preference for foil items, indicating they had habituated to
actual words, which provides evidence that they were able to learn the words in the stream. These
results support the idea that SL allows learners to discover word boundaries simply through
passive exposure to linguistic input by becoming sensitive to transitional probabilities between
syllables.
Since these seminal studies by Saffran and colleagues, researchers have continued to
corroborate the relationship between SL and language acquisition, showing it occurs across
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different ages and generalizes to natural language. In terms of word segmentation, studies have
shown that neonates and children are able to use transitional probabilities to discover word
boundaries similarly to adults, indicating SL is relatively stable across development (Choi et al.,
in press; Erickson & Thiessen, 2015; Saffran et al., 1997; Teinonen et al., 2009). To understand if
findings from SL studies could generalize to a real-world setting, Pelucchi et al. (2009)
conducted a natural language study with 8-month old English monolingual infants. Here, infants
were exposed to Italian sentences where transitional probabilities between syllables were higher
than those between word boundaries. A preferential looking task revealed the infants had a
significant preference to look towards actual words from the language rather than the novel
words, suggesting they became sensitive to the statistical relationships of the speech stream.
Although preferential looking tasks using artificial language stimuli often find that infants look
towards novel items more, studies of natural languages tend to find the opposite—that they look
towards familiar items. These results suggest that SL findings can generalize to natural language
and is found across development, making it a prime candidate for language acquisition, and thus
an important ability to study.
For over 20 years, post-exposure behavioural measures have been used to assess learning
outcomes in SL studies. In a typical SL paradigm, participants listen to a continuous speech
stream of repeating trisyllabic words in which transitional probabilities serve as the only cue to
word boundaries. After this exposure period, participants are given behavioural tasks that require
them to discriminate between actual words from the language and foil words. For example, a
popular task is the two-alternative forced choice task (2AFC test) in which participants hear an
actual word from the language and a foil word and need to choose which word was from the
language they heard. Another task includes rating words and foil words in terms of how familiar
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they seem (familiarity rating task). Even though these measures are quick and easy to administer,
they are not without their limitations. First, these measures require an overt behavioural response,
which can be difficult to reliably obtain in certain populations, such as infants or patients.
Another issue is that post-exposure methods are sensitive to other cognitive processes such as
long-term memory. Therefore, it is unclear whether results are solely reflecting learning or are
measuring something else such as a participant’s long-term memory, or a combination of the two.
Furthermore, post-exposure measures are unable to tap into the time course of learning, which
limits our understanding of the temporal dynamics involved in the learning process. As such, to
move this body of work forward, clear and versatile measures of learning are of critical
importance.

1.2

Neuroimaging Studies of Statistical Learning
Neuroimaging methods have been used to investigate SL and offer several advantages

over traditional post-exposure behavioural measures. Neuroimaging techniques allow researchers
to examine changes in brain activity in real-time without needing to rely on overt responses.
Therefore, researchers can look at how SL unfolds over time, if there are any differences in how
it unfolds between participants, and these methods can be used to study populations where
behavioural measures may be difficult to use. Additionally, these methods offer the opportunity
to examine which brain areas and neural mechanisms are involved in SL. Overall, neuroimaging
techniques are a promising avenue to measure and better understand the neural mechanisms
supporting SL.
In order to overcome the limitations of behavioural only measures, studies have attempted
to examine the neural correlates of linguistic SL using functional magnetic resonance imaging
(fMRI; Karuza et al., 2013; McNealy et al., 2006). For example, Karuza et al. (2013) measured
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brain activity using fMRI while participants listened to blocks of different auditory streams: a
forward stream of trisyllabic words (typical SL continuous language stream) and a backward
stream (same stream but played backwards). The use of a backward stream served as a control for
auditory stimulation; piloting had revealed participants were unable to extract the statistical
regularities when the stream is played backwards, but the stream still contains similar low-level
acoustic properties as the forward stream. After each block, participants completed 2AFC tests to
measure learning. The findings indicated the forward stream resulted in greater activation in the
left superior temporal gyrus compared to the backward stream. Furthermore, when looking at
participants’ learning across time, a significant cluster of activation appeared in the left inferior
frontal gyrus in the forward stream condition, but not in the backward condition. These results
are important as they were able to show that neural activation in auditory and language regions of
the brain covaried with changes in performance over time (across blocks). This suggests that
changes in brain activity may be able to capture learning as it is occurring, making neuroimaging
techniques a powerful tool for examining SL.
In addition to fMRI, several other studies have used electroencephalography (EEG) and
magnetoencephalography (MEG) frequency-tagging approaches to investigate SL (Batterink,
2017; Batterink & Paller, 2019; Batterink & Paller, 2017; Buiatti et al., 2009; Farthouat et al.,
2017). These approaches offer better temporal resolution than fMRI and are well suited to
capturing the neural response to a continuous sensory stream. Frequency-tagging approaches take
advantage of the steady-state response, in which the brain’s electrophysical response entrains, or
aligns, to the frequency and phase of a periodic stimulus (Buiatti et al., 2009; Thut et al., 2012).
Due to the steady-state response, the frequency of a periodic stimulus can serve as a “tag” for
stimulus-related brain responses. Frequency-tagging can be measured by computing either power
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or phase-locking of recorded neural activity as a function of frequency. These techniques
represent a good tool to look at SL as they have a high signal to noise ratio and good temporal
resolution (Farthouat et al., 2017).
The first study to use a frequency-tagging approach to examine SL was conducted by
Buiatti and colleagues (2009). Participants were exposed to four different artificial language
streams: a continuous structured stream, a continuous random stream, and then both streams with
a 25ms pause in-between each syllable. Differing from the typical SL paradigm, words in the
stream belonged to groups following a nonadjacent “AXC” structure, in which the first syllable
and third syllable were always the same, but the second syllable was different for each word
within the group. Participants were explicitly told the language contained words they needed to
discover, and the streams were broken up into three blocks, separated by breaks in which
participants wrote down any words they had discovered on a piece of paper. After each stream
ended, participants completed a 2AFC test.
At the syllable frequency, the authors found peaks in power for both random streams,
whereas there appeared to be a suppression in power for both structured streams (Buiatti et al.,
2009). At the word frequency, a clear peak was found only for the structured stream with 25ms
pauses. This peak cannot be due solely to the 25ms pauses because there was no similar peak in
the random stream, which also contained 25ms pauses. The authors suggest that the addition of
pauses may alter perception to allow computations to focus on smaller segments, unbeknownst to
the participants. Further, results indicated that power at the word frequency was significantly
correlated with the number of words correctly reported after each block. However, power at the
word frequency did not correlate with performance in the 2AFC test. Interestingly, the authors
also found that the increase in power at the word frequency (trisyllabic) in the 25ms pause
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structured stream was accompanied by a decrease in power at the bisyllabic frequency. This
result suggests becoming sensitive to the hidden trisyllabic word structure results in inhibition at
frequencies corresponding to different word lengths. Overall, these results indicate that EEG can
index SL, with changes in power spectra suggesting an increased sensitivity to the hidden
structure of the language and a decreased sensitivity to alternate structure options (e.g., single
syllables or bisyllabic chunks).
Although not language specific, a recent study used MEG to look at frequency-tagged
responses in an auditory SL paradigm involving pure tones (Farthouat et al., 2017). Participants
listened to two streams of pure tones: a structured stream in which tones were concatenated to
create four tritones repeating in a pseudo-random order, and a random stream in which tones
were presented in a random order. Therefore, the only cues to tritone boundaries were transitional
probabilities, with transitional probabilities of tones spanning a boundary always lower than that
of tones within a tritone (for the structured stream). The authors found that power at the tritone
frequency increased linearly over time in the structured stream when compared to the random
stream and became significantly different from the random stream after only three minutes of
exposure. Further, while both streams elicited a frequency-tagged response at the tone frequency,
power at this frequency was significantly lower in the structured stream. Although behavioural
performance was at chance level, the neural measures showed evidence of learning, suggesting
that neural frequency-tagging measures can be more sensitive to SL than behavioural measures.
Additional evidence supporting the utility of these approaches comes from a series of
studies demonstrating that an EEG measure of neural entrainment can track SL during the
learning process (Batterink, 2020; Batterink & Paller, 2019; Batterink & Paller, 2017). Batterink
and Paller (2017) exposed participants to two different artificial language speech streams in a
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counterbalanced order while EEG was recorded. Following the typical SL paradigm, the
“structured” stream contained syllables concatenated to create four trisyllabic words in which
transitional probabilities within words was higher than between words. The “random” stream
contained syllables presented in a pseudo-random order, such that there was no higher-order
structure to the stream. After exposure, SL was measured using explicit tests such as a familiarity
rating task and a 2AFC task, as well as an implicit response time (RT) task. Neural entrainment
was quantified using inter-trial phase coherence (ITC), a measure of event-related phase-locking,
which indicates the extent to which EEG phase is consistent across trials (in this case, across
word presentations). A composite measure called the word learning index (WLI) was used to
quantify participants’ sensitivity to the trisyllabic structure of the speech stream, relative to their
sensitivity to the individual syllables (WLI = Word-ITC/Syllable-ITC). Across time, in the
structured condition, neural entrainment to the syllable frequency decreased while entrainment to
the word frequency increased. Logically, this resulted in an increased WLI as a function of
exposure to the language. Importantly, there was no significant change in WLI over time during
the random stream. Further, WLI predicted performance on the implicit learning task, with a
higher WLI leading to better performance.
The results from Batterink and Paller (2017) suggest that neural entrainment is an
effective tool for tracking SL as it is happening, as changes in entrainment reflect increases in
sensitivity to the structure of a trisyllabic language over time, consistent with learning. Clearly,
neural entrainment can be used to track SL as it is occurring, but what does the relationship
between neural entrainment and SL mean mechanistically? On one hand, these prior correlational
results could indicate that neural entrainment is simply reflecting the downstream consequences
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of the underlying mechanism of SL. On the other hand, it is possible that neural entrainment itself
might be the mechanism underlying SL.

1.3

Neural Entrainment and Statistical Learning
To understand why neural entrainment may underlie SL, a deeper understanding of neural

entrainment is needed. Broadly speaking, neural entrainment is the synchronization of an
oscillatory system(s) to an external rhythm (Lakatos et al., 2019). More specifically, the
rhythmicity of an external stimulus induces a series of phase-resets according to its rhythm; this
series of phase-resets act to modulate the oscillatory system, causing it to stabilize and sync with
the external rhythm over time. This differs from a simple phase-reset in which a single external
stimulus interrupts an ongoing cycle and forces phase modulation in an oscillatory system at a
specific point in time. Rather, because the external stimulus is rhythmic, it continuously induces
phase-resetting, leading to an overall shift in the oscillatory system to match the rhythm.
Synchronization between neural oscillations and external stimuli may allow for phases of high
neural excitability to align with stimulus events, enabling more efficient processing (Bauer et al.,
2020; Thut et al., 2012). Considering that language input is structured, by aligning neural signals
with the speech stream, neural entrainment may allow for enhanced processing at the most
informative moments of the speech signal. In the context of a typical SL paradigm, neural
entrainment may function to align excitability to the ongoing statistical patterns of the speech
stream, allowing individuals to pick up on the hidden words.

1.4

Causal Role of Neural Entrainment in Other Language Areas
Supporting the possibility that neural entrainment may contribute to SL, recent evidence

has shown that neural entrainment plays a causal role in other aspects of language processing,
such as speech comprehension (Kösem et al., 2017; Peelle & Davis, 2012; Riecke et al., 2017;
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Wilsch et al., 2018). These studies use non-invasive brain stimulation, specifically transcranial
alternating current stimulation (tACS), to directly manipulate entrainment and study causal
effects. Riecke et al. (2017) found that entrainment to speech-envelope information resulted in
better performance on a speech intelligibility measure. This study involved the use of a novel
brain-stimulation technique termed “envTCS”, which is the application of an electric current
carrying speech-envelope information, over auditory cortex. Participants listened to sentences in
which critical amplitude speech-envelope information was largely attenuated. Instead, some
participants received the speech-envelope information through envTCS while listening to the
attenuated sentence. The results indicated participants who received envTCS were able to
verbally repeat more words of the sentence. These results suggest that neural tracking of the
speech-envelope is important in being able to discern speech, as when tracking is intact, people
demonstrate a greater ability to reproduce attended speech. More evidence for the causal role of
neural entrainment to the speech envelope in speech intelligibility comes from Wilsch et al.
(2018), who adopted a similar approach as Riecke et al. (2017). In this study, each participant
listened to sentences masked in noise while receiving speech-envelope information through tACS
to auditory regions. Again, the results indicated that entrainment to the speech-envelope resulted
in better sentence comprehension.
Along a similar vein, Kösem et al. (2017) found that neural entrainment to speechenvelope dynamics directly influenced perception of ambiguous words. The authors presented
sentences of varying speech rates, where the beginning of the sentence (carrier window) was
manipulated to be fast or slow, and the end of the sentence (target window) was presented at
normal speed. Participants’ task was to report the last word of each sentence. Critically, the last
word in the target window could be interpreted as two different words depending on the
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perception of an ambiguous vowel (e.g., short versus long /a/ ). The results showed that
perception of the last word was influenced by the contextual speech rate of the carrier window;
participants were biased to perceive the word with a long /a/ after a fast speech rate and a short /a/
after a slow speech rate. Given this growing body of work showing a causal role of entrainment
in speech intelligibility, a reasonable hypothesis is that entrainment may also play a causal role in
SL, especially when considering studies support a correlation between SL and neural entrainment
(Batterink, 2017; Batterink & Paller, 2017).

1.5

Cross-modal Entrainment Through Visual Stimulation
As evidenced by the prior studies, neural entrainment can be induced using non-invasive

brain stimulation methods. However, research also supports the idea that neural entrainment can
be induced through cross-modal sensory stimulation, which has certain pragmatic and logistical
advantages over direct brain stimulation methods (Bauer et al., 2020; Park et al., 2016; Romei et
al., 2012). In the context of an auditory SL paradigm, a promising method of cross-modal
entrainment is through visual stimulation. Cross-modal interactions between these domains is
supported by animal research which finds visual information is represented in early auditory
areas and directly impacts auditory activity (Atilgan et al., 2018; Kayser et al., 2008). Additional
evidence for cross-modal effects between visual and auditory domains comes from behavioural
studies of humans (Park et al., 2016; Romei et al., 2012). For example, an EEG study found that
viewing a video of lip movements enhanced entrainment in auditory areas (Park et al., 2016).
Further, a study that used TMS to probe visual cortex excitability found that phosphene
perception was phase-aligned to the presentation of a short sound (Romei et al., 2012).
Not only can entrainment be induced cross-modally, but recent work also suggests that
visual stimuli can successfully induce entrainment in a way that could be used to address
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causality. More specifically, Notbohm et al. (2016) investigated whether rhythmic light
stimulation resulted in a pattern of entrainment that could be predicted by a theoretical concept of
entrainment, the Arnold Tongue, or simply by the superposition of steady-state responses. In
order to use visual stimuli to causally investigate effects of entrainment, the visual stimuli need to
truly manipulate an internal oscillator, rather than simply producing intermittent phase-locking.
The Arnold Tongue predicts the degree of entrainment of an internal oscillator and an external
driving stimulus depending on the amplitude of the external stimulation (stimulus intensity) and
frequency of the external stimulation. Entrainment is more likely to occur the closer the
frequency of the external stimulation gets to the intrinsic frequency. However, increasing the
stimulus intensity can widen the window of entrainment around the intrinsic frequency, meaning
more distant stimulation frequencies can entrain the internal oscillator.
To test whether visual steady-state responses follow the pattern predicted by the Arnold
Tongue or intermittent phase-locking, participants were presented with 35 different rhythmic
light stimulation conditions that were the combination of five levels of light intensity and seven
different stimulation frequencies distributed in 1 Hz intervals around the individual alpha
frequency (Notbohm et al., 2016). Critically, the rhythmic stimulation was preceded by a jittered
frequency that had the same intensity and average number of flashes. If steady-state responses of
visual stimuli are the result of superposition, then phase-locking to jittered sequences and
rhythmic stimulation would not differ, nor would the responses resemble the pattern of
entrainment predicted by the Arnold Tongue. The results indicated that phase-locking followed
the pattern predicted by the Arnold Tongue. Further, within the Arnold Tongue, phase-locking
from rhythmic stimulation was significantly stronger than that of the jittered sequence; outside
the Arnold Tongue there was no significant difference in phase-locking. Overall, these results
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strongly support that steady-state responses invoked by visual stimuli are the result of
entrainment of an internal oscillator rather than superposition of neural responses, suggesting
visual stimulation can be used to probe causal effects of entrainment.

1.6

Current Study
The goal of the current study is to test the hypothesis that neural entrainment plays a

causal role in SL by directly manipulating entrainment during SL. As such, we used a repetitive
visual sensory stimulus to manipulate neural entrainment during the exposure period, and then
tested whether this manipulation influenced post-learning measures of SL. If entrainment plays a
causal role in SL, we expect that SL should be enhanced when neural entrainment is boosted at
the word frequency.
In the current study, adult native English speakers listened to a continuous speech stream
of repeating trisyllabic nonsense words while viewing a repetitive visual stimulus designed to
elicit neural entrainment at different frequencies, assigned between participants. Specifically,
participants viewed a looping video of a water drop falling off a leaf that either matched the
hidden word frequency (“match” condition, 1.1 Hz: 3-syllable units) or was faster than the hidden
word frequency (“mismatch” condition, 1.6 Hz: 2-syllable units). Furthermore, a third control
group was included, in which participants viewed a static image of the leaf (“static” condition).
The use of a naturalistic video was meant to conceal the true nature of the visual manipulation
and reduce the potential of the stimulus being used strategically to segment the stream. During
this exposure period, EEG was recorded to index neural entrainment at the word and syllable
frequencies. After exposure to the speech stream, participants completed two behavioural tests of
learning: an explicit task that examined participants’ ability to discriminate between words from
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the language and foil items, and an implicit task in which participants made speeded responses to
target syllables occurring across different triplet positions (first, second and third).
The main hypothesis of the study is that when visual stimulation aligns with the hidden
word frequency, neural entrainment at the word frequency should increase, resulting in better
performance on post-exposure measures of SL. In contrast, visual stimulation at an incongruent
frequency should interfere with neural entrainment at the word frequency, impairing SL
performance. We expect participants in the static group should show intermediate performance
on post-exposure tests, above that of the mismatch group but lower than performance in the
match group, as they are not benefitting from an entrainment “boost” at the word frequency nor
experiencing interference due to increased entrainment at a competing frequency. Further, we
expected to observe a shift in entrainment from the syllable frequency to the word frequency over
the exposure period, reflecting learning. We anticipated that this shift should be strongest for
participants in the match condition, followed by the static condition, with those in the mismatch
condition showing the weakest shift across time. Finally, we expected to see a positive
correlation between word entrainment and behavioural performance.

Chapter 2
2

Methods

2.1

Participants
Participants in the current study included native English-speaking adults between the ages

of 18 to 35, recruited from the University of Western Ontario’s research participant pool and
through responses to posters placed around campus (N = 60; 39 females, mean age = 19.15). All
participants provided written consent to take part in the study and received either course credit or
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monetary compensation at a rate of $14/hr. Participants completed a screening questionnaire,
which included questions about native language, neurological history, vision, hearing, and
medication use, either via e-mail or through the SONA system before participating. All
participants in the current study had normal hearing and normal or corrected-to-normal vision, as
well as no prior history of neurological disorders. Participants were randomly assigned to one of
the three experimental conditions (match, mismatch, static), determined by the order run. There
were no significant differences in age or sex of the participants across the three conditions (age:
F(2,53) = 0.50, p = 0.61; sex: X 2(4, N = 60) = 0.45, p = 0.98,).

2.2

Stimuli

Auditory stimuli.
Twelve syllables generated using an artificial speech synthesizer with a sampling rate of
44100 Hz were concatenated to create 4 “nonsense” words (pautoki, mailone, nurafi, gabalu;
taken from Batterink & Paller, 2017). Critically, these words were designed to have an internal
transitional probability of 1.0 and an external transitional probability of .33. That is, syllables
within a given word always occurred together, but the first or last syllable of that word could be
followed by the first or last syllable of any of the other three words. To illustrate, for the word
mailone, mai was always followed by lo and lo was always followed by ne (internal probability =
1.0), whereas the final syllable ne was equally likely to be followed by the beginning syllable of
any of the other trisyllabic words (e.g., nu, pau, or ga; external probability = .33).
To create the continuous speech stream, these nonsense words were presented in a
predefined pseudorandom order, with the constraint that the same word did not repeat
consecutively, at a rate of 300ms per syllable (3.3 Hz). The total speech stream contained 1,200
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syllables (400 words), with each word represented an equal number of times throughout the
stream (100 presentations for each word).
Visual stimulus.
The visual stimuli were created by capturing frames (still images) from a slow-motion
looping video, which depicted a droplet of water falling off a leaf and hitting the surface of a
body of water below. The video was obtained from an online stock image website called Deposit
Photos (https://depositphotos.com/). Image sets were created by calculating the total number of
images needed for a full video cycle (i.e., the time between the appearance of a new droplet on
the leaf until it hits the water) at the desired frequency, given the monitor refresh rate (60 Hz).
For the 1.1 Hz video, a full cycle consisted of 54 images; for the 1.6 Hz video, a full cycle
consisted of 72 images. In the static condition, a single image of the leaf was presented. For all
three conditions, images were presented at a rate of 60 images per second.

2.3

Procedure
First, participants signed a consent form and completed a demographics form that

provided detailed information about our screening criteria. After this, participants were fitted
with a 64-electrode elastic cap from the Biosemi system (Biosemi, Amsterdam, the Netherlands).
Four additional exogenous electrodes were placed, one behind the left and right mastoids, as well
as one at the outer canthi and bottom eyelid of the left eye. Participants were seated in a sound
attenuated booth at a comfortable viewing distance (approximately 70 cm) from the monitor. The
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speech stream was presented at a comfortable listening level using a pair of speakers connected to
the computer, positioned in front of the participant (to the right and left of the monitor).

Figure 1. Schematic showing the study procedure. Here, numbers refer to the order in which
tasks were completed.
Resting state.
Participants were instructed to relax and maintain focus on a fixation cross in the center of
the screen for 6 minutes and 15 seconds while their EEG was recorded. No auditory stimuli were
presented during this time.
Exposure task.
Participants completed one of the three exposure conditions. Across all three conditions,
participants were exposed to the continuous speech stream for a total of 6 minutes while viewing
the visual stimuli. The visual stimuli began first, with the auditory stimuli beginning 15 seconds
later, for a total task time of 6 minutes and 15 seconds. In the match and mismatch conditions,
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participants watched a looping video of a droplet of water falling off a leaf and hitting the surface
of a body of water below. Participants were told that the purpose of the experiment was to test
whether viewing a video from nature helps people to relax while listening to a nonsense
language. Further, participants were instructed to visually fixate on the location in which the
droplet of water hits the surface below. To avoid drawing attention to the true purpose of the
visual manipulation, this instruction was phrased to be for the purpose of tracking eye
movements, as they cause large distortions in data. As mentioned previously, the match and
mismatch conditions differ in the temporal relationship between the video and the syllables in the
speech stream. In the match condition (n = 20), the onset of each hidden trisyllabic nonsense
word aligned temporally with the water droplet hitting the surface of the water below (video
frequency 1.1 Hz, word frequency 1.1 Hz). For the mismatch condition (n = 20), the water
droplet did not reliably hit the surface of the water at the onset of each word in the stream; it was
equally likely to co-occur with syllables across the three triplet positions (video frequency 1.6
Hz, word frequency 1.1 Hz, n = 20). In the static condition (n = 20), participants viewed a single
static image and were instructed to maintain fixation on the tip of the leaf.
Rating task.
Following the exposure task, participants completed a familiarity rating task to assess
explicit knowledge of the nonsense words. For each trial, participants heard a trisyllabic item and
had to indicate via a button press how familiar that item sounded based on the language they had
just heard (with 1 being very unfamiliar and 4 being very familiar). The item could be a word
from the language (e.g., mailone), a part-word consisting of a syllable pair from the language and
an additional unpaired syllable (e.g., maito + ki), or a non-word consisting of syllables from the
language that never occurred together (e.g., ki + mai + lu). As in the exposure period, the syllable
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presentation rate was kept at 300ms, with the rating prompt appearing on the screen 770ms after
the final syllable of a given word. The next trial began 1500ms after response selection. In total,
the task consisted of 12 trials, including 4 words, 4 part-words, and 4 non-words.
Target detection task.
Following the rating task, participants completed a speeded target detection task to assess
implicit knowledge of the nonsense words. Each trial consisted of a short speech stream
containing the four trisyllabic words, each presented four times in pseudorandom order, and
presented at a rate of 300ms per syllable, just as in the original speech stream. For each trial,
participants were instructed to press a button every time they heard a specific target syllable in
the speech stream. Participants were told to respond as quickly as possible while still maintaining
accuracy. At the beginning of each trial, participants pressed a button to hear the target syllable
and then started the speech stream via a second button press. Throughout the trial, the phonetic
spelling of the syllable remained on the screen to remind participants which target syllable they
were listening for. In total, each syllable in the language served as a target 3 times (12 syllables,
36 streams in total). Furthermore, each stream contained 4 target syllables, resulting in 48 trials
for each syllable-position condition (word-initial syllable, word-medial syllable, and word-final
syllable). This task is considered to tap into participants’ implicit knowledge of the words as
participants can show RT time prediction effects (i.e., faster RTs to predictable syllables) even in
the absence of conscious or explicit knowledge of the words.
Post-task interview.
Following the behavioural tasks, participants completed an oral post-task interview to
assess their explicit knowledge and awareness of the artificial language and the visual
manipulation (see Appendix G). The questionnaire began with open-ended questions to avoid
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prompting participants to presence of a visual manipulation, with later questions providing more
information about the manipulation and asking more specifically about participants’ awareness of
the link between visual and auditory stimuli. Further, a question asking whether they noticed any
words or patterns in the audio stream was included to see if participants could explicitly recall
any of the hidden nonsense words. Participants’ responses were recorded on paper by the
experimenter.

2.4

Analyses

Behavioural data analysis.
Rating task. Average familiarity ratings for words, part-words, and non-words were
calculated for each participant. For this task, we anticipated that participants should rate words as
most familiar, followed by part-words, with non-words rated as least familiar. Additionally, we
hypothesized that the match group would show the greatest discrimination ability in this task,
followed by the static group, and lastly the mismatch group. Rating scores were assessed using a
mixed repeated measures ANOVA with word type (word, part-word, non-word) as a withinsubjects factor and condition (match, mismatch, static) as a between-subjects factor. As a
composite measure for further correlational analyses, a “rating score” was calculated for each
participant by taking the average score to words and subtracting the average score for part-words
and non-words. For this measure, a score of 3 would indicate perfect sensitivity, with all values
above 0 providing evidence of learning (Batterink & Paller, 2017).
Target detection task. Adopting the same criterion as previous studies in our lab
(Batterink & Paller, 2017), responses that occurred before 0ms or after 1200ms were considered
false alarms and were not included in further analyses. RTs were analysed using a linear mixed
effects model. Given the length of this task, it is possible that performance may either improve
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(due to online learning) or decline (due to fatigue) as a function of trial number. Furthermore,
previous work by Batterink (2017) found that RTs to target syllables increased for targets
occurring later in a given stream. To account for these sources of variance, RTs were modeled
using a linear mixed effects model, including fixed effects of triplet position (word-initial, wordmedial, word-final), condition (match, mismatch, static), trial (1 – 36), stream position (4 – 48,
i.e., in which position the target occurred within a single trial), and the interaction between triplet
position and condition. Subject intercept was included as a random effect to account for preexisting differences between participants.
For this task, we expected a linear trend in RTs, with participants responding slowest to
word-initial syllables, followed by word-medial, and fastest to respond to word-final syllables.
This effect was tested by examining the main effect of syllable position. Furthermore, if
entrainment plays a role in SL, we would expect participants in the match group to show the
largest RT prediction effect in this task, followed by the static group, with the mismatch group
showing a similar or smaller effect than the static group. These hypothesized differences in RT
across groups were tested by examining the interaction between condition and triplet position.
As a composite measure for later correlational analyses, mean RTs for each syllable
position (word-initial, word-medial, word-final) were calculated for each participant, and a
relative RT score was created by taking the mean RT for word-initial syllables, subtracting the
mean RT for word-final syllables, and dividing this by the mean RT for word-initial syllables
((RT1 – RT3)/RT1). This relative RT score accounts for baseline differences in RT (e.g., some
participants have faster RTs than others, regardless of condition). If participants have implicitly
learned the nonsense words, then we would expect faster RTs for word-final syllables as they are
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more predictable. Therefore, greater implicit learning of the nonsense words would be indicated
by a larger relative RT score.
EEG recording and analysis.
EEG was recorded during the exposure period. EEG was recorded at a sampling rate of
512 Hz using a 64-channel Active-Two Biosemi system (Biosemi, Amsterdam, the Netherlands),
set up according to the 10/20 system. Additional electrodes were placed around the participant’s
left eye (one placed at the outer canthi and one on the bottom eyelid) as well as on the left and
right mastoids. During recording, signals were recorded relative to the Common Mode Sensor
(CMS) active electrode and then re-referenced offline to the average of the left and right mastoid
electrodes.
All EEG analyses were conducted using EEGLAB and ERPLAB. First, bad channels
were identified visually and interpolated, resulting in an average of 1.3 channels per participant
being interpolated (SD = 1.2). Next, data were band-pass filtered using a Butterworth filter with a
0.1 to 30 Hz cut-off. The continuous data were visually inspected and artifacts (e.g., long periods
of muscle activity, abnormal eye movements) were manually rejected. After artifact rejection,
data were time locked to the onset of each word and epoched into overlapping windows of 0 to
10.8s, relative to word onset, corresponding to 12-word durations per epoch.
Neural entrainment to the statistical structure of the language was measured by computing
the inter-trial coherence (ITC) at the syllable and word frequencies. ITC is a measure of eventrelated phase-locking that ranges from 0 to 1. In this measure, 0 indicates non-phase locked
activity and 1 indicates strictly phase-locked activity. ITC from 0.2 to 5.0 Hz (44 linear-spaced
frequencies) was calculated using a continuous Morlet wavelet transformation, computed with
the newtimef function in EEGLAB. A scaling factor of 0.5 was used, such that 1 cycle was used
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in the wavelet transformation at the lowest frequency (.2 Hz), and 11.25 cycles were used at the
highest frequency (5.0 Hz).
Topographic plots of entrainment at our frequencies of interest revealed strong
entrainment at the word frequency in occipital areas for the match group. Although we assume
our visual manipulation should result in cross-modal entrainment effects beyond occipital
regions, strong entrainment in visual areas is nonetheless to be expected, given that the
stimulation was visual. Since we were interested in neural entrainment differences between
groups over auditory regions, we wished to exclude visual entrainment effects and more directly
compare neural entrainment effects over auditory regions specifically. As such, we selected a
subset of electrodes that showed maximal entrainment at our frequencies of interest in the static
group, in which there was no dynamic visual stimulus. This subset of electrodes was used for all
groups in all subsequent EEG analyses except for the exploratory correlation analysis.
If participants became sensitive to the statistical structure of the language, then we would
expect to see higher entrainment at the word frequency relative to the syllable frequency. As
mentioned in the Introduction, this trade-off in neural entrainment has been quantified using a
measure called the Word Learning Index (WLI; Batterink & Paller, 2017). WLI is computed by
dividing ITC at the word frequency by ITC at the syllable frequency (WLI = Word-ITC/SyllableITC); a higher value in this measure would indicate stronger entrainment at the word frequency
relative to the syllable frequency. A positive increase in the WLI over time represents the shift
from perceiving individual syllable units to perceiving whole words, an indication of SL. The
WLI was computed across the electrode subset using our respective word and syllable
frequencies (1.1 Hz and 3.3 Hz). To assess whether the visual manipulation resulted in significant
differences in entrainment, three separate ANOVAs were used to compare neural entrainment at
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our frequencies of interest (syllable and word frequency) as well as WLI, with group as a
between-subjects factor. We hypothesized the match group would experience higher entrainment
to the word frequency relative to the syllable frequency, resulting in a larger WLI than the static
and mismatch groups. Further, the mismatch group was expected to entrain less strongly at the
word frequency and more strongly at the syllable frequency, leading to a smaller WLI. This is
because the visual stimulus should interfere with the ability to lock onto the word frequency,
which might bias perception towards the syllable frequency.
Additionally, exploratory correlational analyses were conducted to examine the relation
between the WLI across all 64 scalp electrodes and behavioural performance, across all
participants, as well as the match group alone. Given that our entrainment manipulation is crossmodal, we were interested in examining the relationship between entrainment and behaviour
across brain regions. If our manipulation results in strong entrainment-behaviour correlations in
visual areas rather than frontal or auditory regions, it might suggest a stronger role of bottom-up
entrainment. In contrast, stronger correlations between behaviour and entrainment in auditory or
frontal regions might suggest there are more complicated interactions between primary sensory
areas and domain-general high-level regions.
Finally, linear mixed effects models were used to examine neural entrainment at the
frequencies of interest over time, and whether this time course differs as a function of condition.
As such, ITC at our entrainment frequencies were calculated for each epoch in overlapping
bundles of 100 epochs, starting at the second epoch. A bundle size of 100 represents a reasonable
trade-off between temporal resolution over time and signal-to-noise ratio in an individual bundle
and has been used in prior work in our lab. To first examine changes within each group
separately, nine models were created, one for each group at each frequency of interest (word,
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syllable, and the WLI). Here, syllable presentation number (running sum of how many syllables
had been presented) was entered as a fixed effect and subject intercept was entered as a random
effect. Next, to examine differences between groups, three models were created, one for each
entrainment frequency of interest (word, syllable, and the WLI composite measure). Across these
models, fixed effects included condition and syllable presentation, with subject intercept entered
as a random effect to account for pre-existing differences between subjects.
Based on findings from Batterink and Paller (2017), we would expect that in our match
and static groups, syllable entrainment should decrease over time and word entrainment should
increase, leading to a larger WLI over time. As participants begin to implicitly pick up on the
hidden trisyllabic structure of the language, they should increasingly perceive the words, and as a
result, perceive the syllables to a lesser extent. This relative shift in entrainment is thought to
represent an increased sensitivity to the structure of the language over time— in other words,
statistical learning. In comparison, in our mismatch group, the visual stimulation should impair
participants’ ability to entrain at the word frequency, resulting in weaker changes in entrainment
to the word frequency over time, as compared to the static and match groups. To the extent that
the mismatch group shows weaker entrainment at the word frequency, we expect stronger
entrainment at the syllable frequency over time compared to the other groups. This stronger
entrainment at the syllable frequency relative to the word frequency would lead to a smaller WLI
over time.
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Chapter 3
3

Results

Behavioural results.
Rating task. Across all groups, words were rated as the most familiar (M = 3.36 , SD =
0.44), followed by part-words (M = 2.70, SD = 0.49), and non-words as the least familiar (M =
2.29, SD = 0.49; Effect of word type (F(2,114) = 94.61, p < .001); Linear contrast (F(1,57) =
152.12, p < .001); see Figure 2), providing evidence of explicit knowledge accrued during SL.
However, in contrast to our hypothesis, ratings did not significantly differ across the three groups
(Condition: F(2,57) = 0.99, p = 0.38; Word Type x Condition: F(4,114) = 0.95, p = 0.44).
Target detection task. Overall, accuracy for targets was high at 91.32%, with
approximately 10.54 (SD = 8.82) false alarms per participant, with no significant differences
between groups (Accuracy: F(2,59) = 0.91, p = 0.40; False Alarms: F(2,59) = 2.48 , p = 0.093).
Across all groups, RTs were slowest for word-initial syllables (M = 427.58ms, SD = 50.10ms),
intermediate for word-medial syllables (M = 392.91ms, SD = 54.81ms), and fastest for word-final
syllables (M = 341.08ms, SD = 64.57ms; see figure 3). Numerically, these results follow the
hypothesized linear trend of RTs decreasing for later positioned syllables. This result indicates
that overall, participants appeared to respond increasingly more quickly to more predictable
syllables, providing evidence of SL.
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b

Figure 2. Behavioural results for familiarity rating task and target detection task. Error bars
represent the bootstrapped 95% CI. (a) Average familiarity ratings for different word types by
condition. (b) Average RTs for each syllable position in the target detection task across conditions.
The linear mixed effects model examined this effect statistically, and further tested
whether there were RT differences across the three groups. In the initial model, stream position (4
– 48, i.e., in which position the target occurred within a single trial) was not found to be
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significant (F(1,7783) = 0.171, p = 0.68). We thus conducted a follow-up model that included all
the same factors as the original model, except for the nonsignificant factor of stream position.
The second, simpler model revealed a significant effect of triplet position (Triplet Position Effect:
F(1,7783) = 496.20 , p < .001) and an interaction between condition and triplet position
(Condition x Triplet Position: F(2,7783) = 3.42, p = 0.033). In line with our hypothesis, the
match group showed a significantly stronger triplet position effect compared to the static group
(t(17784) = -2.51, p = 0.012; parameter estimate syllable position: M = -12 ms, SE = 4.78). In
contrast, the RT triplet position effect did not significantly differ between the mismatch and static
groups (t(17784) = -0.61, p = 0.54).
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EEG results.

Figure 3. Overall entrainment distribution at word (1.1 Hz) and syllable (3.3 Hz) frequencies for all
conditions. The black box indicates the subset of electrodes used for all EEG analyses (except for
the exploratory correlational analysis).
Overall level of entrainment. As previously mentioned, to more directly capture neural
entrainment effects over auditory regions, a subset of 20 electrodes (see Figure 3) was selected
that showed maximal entrainment in the static group for all subsequent EEG analyses, except for
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the exploratory correlational analysis. All groups showed clear peaks in entrainment at the
syllabic and word frequencies in this electrode subset (see Figure 4a).
a

b

Figure 4. Overall entrainment across frequencies and conditions. Shaded areas and error bars
represent bootstrapped 95% CI. (a) Inter-trial coherence (ITC) across conditions. (b) Overall level
of entrainment across frequencies of interest by condition (syllable frequency = 3.3 Hz, word
frequency = 1.1 Hz)
As predicted, groups differed significantly in their overall level of entrainment at the word
frequency (F(2,57) = 4.40, p = 0.017). Planned contrasts revealed the match group showed
stronger word frequency entrainment (M = .16, SD = 0.08) than both the static group (M = .10,
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SD = .05, t(57,59) = 2.77, p = 0.008) and the mismatch group (M = .11, SD = .04, t(57, 59) =
2.30, p = 0.025). In contrast, the three groups did not significantly differ in entrainment at the
syllable frequency or WLI (F(2,57) = .55, p = .58; F(2,57) = .72, p = .49, respectively).
Entrainment over time across conditions. As hypothesized, the static group experienced
an increase in entrainment at the word frequency and a decrease in syllable frequency over time,
leading to an increase in WLI as a function of exposure. The mismatch group experienced the
same pattern of entrainment as the static group, but the match group did not. Unexpectedly, while
the match group experienced an increase in entrainment at the word frequency over time, they
also experienced an increase in entrainment at the syllable frequency and a decrease in WLI. The
results of each model can be found bellow in Table 1.
Table 1
Summary of changes in entrainment at frequencies of interest for each condition
Variable
Syllable Frequency
Word Frequency
WLI
Static
Decrease
Increase
Increase
t(5179) = -15.87 , p < .01
t(5179) = 5.48, p < .01
t(5179) = 12.42, p < .01
Condition
Match
Condition

Increase

Increase

Decrease

t(5521) = 13.41, p <.01

t(5521) = 4.63, p <. 01

t(5521) = -10.22, p < .01

Mismatch
Condition

Decrease

Increase

Increase

t(5325) = -12.79, p < .01

t(5325) = 19.08, p < .01

t(5325) = 18.14, p < .01

Entrainment over time between conditions. Next, we compared neural entrainment over
time across the three groups, using the static group as the baseline. Overall, and in contrast to our
hypothesis, the match group did not show stronger shifts in entrainment over time relative to the
static group. While the static group experienced a decrease in syllable entrainment (t(16025) = 16.27, p < .001), the match group experienced a significant increase in entrainment at the syllable
frequency over time relative to the static group (t(16025) = 21.52, p < .001). Further, the match
group did not show a stronger increase in word entrainment over time relative to the static group
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(t(16025) = 0.170, p = 0.865). Thus, relative to the static group, the match group showed a
greater decrease in the WLI over time (t(16026) = -15.11 , p < .001).
In line with our hypothesis, the mismatch group experienced a significant increase in
entrainment at the syllable frequency over time relative to the static condition (t(16025) = 3.59, p
< .001). However, the mismatch group also experienced a significant increase in entrainment at
the word frequency compared to the static condition (t(16025) = 8.92 , p < .001). These higher
levels of entrainment at the syllable and word frequencies in the mismatch condition resulted in a
significant increase in WLI over time, larger than what was seen in the static condition (t(16026)
= 5.63 , p <.001).
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c

Figure 5. Entrainment over time across frequencies of interest and conditions. Shaded areas
represent bootstrapped 95% CI. (a) Entrainment to syllable frequency over time across conditions.
(b) Entrainment to word frequency over time across conditions. (c) WLI over time across
conditions.
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EEG and behavioural correlations.
Pearson’s correlations were computed to examine the relationship between entrainment
measures and learning outcomes in our fronto-central electrode subset (see Table 2). Collapsed
across groups, WLI across the entire exposure period was significantly positively associated with
rating score, indicating that participants with a higher WLI during the exposure period also
showed a better ability to discriminate between actual words from the language and foil words in
the familiarity rating task (r(60) = .30 , p = 0.020). In contrast to our predictions, there were no
significant associations between any entrainment measures and the relative RT score. However,
the rating score and relative RT score were significantly positively associated (r(60) = .32, p =
0.012). The better participants were able to discriminate actual words from the language from
foils, the faster they were to respond to more predictable syllables (faster for word-final in
comparison to word-initial). Correlation matrices separated by group can be found in Appendices
A, B, and C.
Table 2
Means standard deviations, and Pearson correlations of entrainment and learning measures
Variable
Rating
Relative
Syllable
Word
WLI
M
Score
RT Score Entrainment Entrainment
Rating
.32 *
-.23
.10
.30 *
.87
Score
Relative RT
Score
Syllable
Entrainment
Word
Entrainment
WLI
Note: * p < .05; ** p < .01

-.07

.04
.20

.11

SD
.52

.20

.12

-.57 **

.28

.12

.53 **

.12

.06

.54

.35

Exploratory correlational analysis. Pearson’s correlations were computed to examine the
relationship between WLI at each electrode (64 in total) and behavioural performance. Across all
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groups, WLI at several frontal electrodes was found to significantly positively correlate with both
the relative RT score and rating score (see Figure 6). This indicates that stronger entrainment at
the word frequency relative to the syllable frequency in frontal regions is associated with better
implicit and explicit knowledge of the nonsense words. These findings are echoed in the match
group with strong correlations found across frontal electrodes.
Correlations Between WLI and Behavioural Performance Across all Scalp Electrodes
All Conditions

Match Condition

Relative RT
Score

Rating Score

Figure 6. Correlations between WLI and behavioural performance across all scalp electrodes.
The scale indicates the p-value of the correlations, with the darkest green indicating the most
significant values. All correlation values were positive.
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Chapter 4
4

Discussion
The aim of the present study was to test the hypothesis that neural entrainment plays a

causal role in SL by directly manipulating entrainment using a visual stimulus during learning.
Here, EEG was recorded while participants listened to a trisyllabic artificial language and
simultaneously viewed a repetitive visual stimulus designed to elicit entrainment at specific
frequencies. After exposure, SL was measured using two behavioural tasks: an explicit task
indexing participants’ ability to discriminate between actual words from the language and foil
words, and an implicit RT task measuring participants’ sensitivity to the trisyllabic structure.
Overall, our results indicate the visual manipulation successfully increased entrainment at the
word frequency; participants in the match group showed a significant boost in overall level of
entrainment at the word frequency compared to the other groups. We also found evidence that
boosting entrainment at the word frequency facilitates SL. Consistent with our hypothesis,
participants in the match group were faster at detecting more predictable (later positioned)
syllables, showing increased sensitivity to the hidden words of the language. Contrary to our
hypothesis, groups did not differ in performance on the familiarity rating task. Correlational
analyses of entrainment at our frequencies of interest in our a priori defined fronto-central region
of interest revealed participants who entrain more strongly at the word frequency relative to the
syllable frequency (higher WLI) were better able to explicitly discriminate words from foil
words. Additional exploratory correlational analysis across all scalp electrodes revealed
significant positive relationships between WLI in anterior areas and performance on both
behavioural tasks.
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Visual Stimulation Boosts Neural Entrainment at Word Frequency
Although we expected the visual stimulation to induce entrainment in visual areas, we

also expected that it would have cross-modal effects, as unimodal sensory information has been
found to directly influence neural activity across modalities (Atilgan et al., 2018; Kayser et al.,
2008; Luo et al., 2010). For example, Atilgan et al. (2018) found evidence that visual stimulation
produces reliable changes in local-field potential phase in the auditory cortex of ferrets,
indicating visual information is present in and influences early auditory areas. As seen in Figure
3, the visual stimulation resulted in strong entrainment over occipital regions but also had a
robust, broad impact on entrainment across the scalp. This suggests our visual manipulation
successfully induced cross-modal effects and influenced entrainment across multiple brain areas
beyond occipital regions. The overall level of word entrainment was significantly higher for the
match group than the other groups, even when considering only electrodes most sensitive to
auditory entrainment effects (as included in our fronto-central region of interest), indicating the
visual stimulation was effective at boosting entrainment at the word level.

4.2

Visual Stimulation at the Word Frequency Increases RT Prediction Effect
Boosting neural entrainment at the word frequency resulted in an increased RT prediction

effect in the implicit target detection task. Relative to the other two groups, participants in the
match group showed faster RTs for more predictable, later positioned syllables. This behavioural
result suggests participants in the match group were more sensitive to the hidden structure of the
speech stream. Therefore, increasing entrainment at the word frequency during exposure had a
significant effect on SL, which was detected after the exposure period using an implicit measure.
This result provides support for a causal role of neural entrainment in SL.
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As mentioned previously, synchronization between neural oscillations and external
stimuli allows for phases of high neural excitability to coincide with stimulus events, enabling
more efficient processing (Bauer et al., 2020; Peelle & Davis, 2012; Thut et al., 2012). For the
match group, we propose that boosting entrainment at the word frequency aligned peaks of neural
excitability with the structure of the speech stream. In turn, this could result in enhanced
processing at the most informative moment of the signal (for example, word onsets). This
enhanced processing likely facilitates the perceptual decoding of the speech stream; what was
once perceived as a continuous stream of individual syllables begins to be perceived as larger
temporal chunks, supporting word learning.
How exactly boosting entrainment at the word frequency could result in better perceptual
decoding of a speech stream can be explained through speech processing models proposed by
Giraud and Poeppel (2012) and Peelle and Davis (2012). These models posit that higherfrequency neural activity is modulated by low-frequency oscillations, resulting in nested
oscillations that are sensitive to stimulation at multiple timescales (e.g., phonemes, syllables,
words, and phrases). This coupling is thought to support the integration of smaller linguistic
segments into larger meaningful chunks, which likely impact neural computations across
different frequencies and brain areas. These models of speech processing are supported by a
recent SL study from Batterink (2020), which found words with higher levels of phase-locking
during exposure were more successfully recognized in a subsequent 2AFC test as compared to
words with lower levels of phase-locking. This result suggests that successfully recognized words
were likely extracted as meaningful word units and tracked by word-rate oscillations, whereas
poorly recognized words were processed as a string of unrelated syllables. Although we did not
look at entrainment to individual words, we can see that overall, our visual stimulation resulted in
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a significantly higher level of entrainment in fronto-central electrodes at the word frequency in
our match group. This difference in word entrainment is especially prominent early in the task
(see Figure 5b), suggesting that our visual manipulation may have hastened the coupling between
low-frequency oscillations and higher-frequency neural activity in the match group. The fact that
our match group experienced significantly higher levels of entrainment at the word frequency and
experienced an increased RT prediction effect suggests the visual stimulation enhanced the
coupling process, leading to better extraction of the meaningful units of the speech stream
(words).
The high level of entrainment at the word frequency suggests this coupling process was
strengthened in the match group, but what might the increase in entrainment at the word
frequency over time suggest for this coupling process mechanistically? If phase-locking was
driven purely by bottom-up processes, then one would not necessarily expect to see increases or
decreases in entrainment at frequencies corresponding to specific linguistic units over time, as the
stimulus remains constant (Batterink, 2020). Rather, this increase in entrainment at the word
frequency over time could reflect temporal information coming down from higher-order areas to
influence phase-locking to what has been learned to be a relevant and meaningful unit. As such,
entrainment to meaningful linguistic units could influence higher-level representations of these
units, which then influence future processing of the same or similar units, cyclically. Although
EEG does not provide the necessary spatial precision to untangle how different brain regions
interact to contribute to SL over time, evidence for the involvement and influence of higher-order
brain areas is supported by our exploratory correlational analyses, which revealed that WLI in
frontal regions was associated with better SL performance.
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To this point, we have provided evidence that stronger entrainment at the word frequency
in the match group likely indicates better decoding of the speech stream and that the increase in
word entrainment over time could reflect top-down influence from higher-order brain areas.
Together, these two ideas work cohesively to explain why our visual stimulation resulted in an
increased RT prediction effect. As proposed by Batterink (2020), it is plausible that linguistic
representations in higher-order brain areas could exert top-down influence on phase-locking in
primary sensory areas, facilitating predictive processing. Therefore, because the match group
entrained more strongly to the word frequency during exposure, higher-order areas may have
stored more complete or accurate representations of the underlying patterns. During the target
detection task, neural phase-locking consistent with the word frequency might be more quickly
reinstated in the match group due to influence from higher-order areas, leading to a stronger RT
prediction effect than the other groups. The idea that interactions between higher-order regions
and auditory regions play a role in auditory SL is supported by neuroimaging work that finds
activity in the left inferior frontal cortex and superior temporal gyrus increase in SL paradigms
and correlate with individual rates of SL (Abla & Okanoya, 2008; Karuza et al., 2013; McNealy
et al., 2006). As such, we propose that information from sensory areas (e.g., superior temporal
gyrus) may be sent to domain-general higher-order areas (e.g., left inferior frontal cortex) where
it is bound into a percept that can then influence activity in primary areas, cyclically. Future work
should examine entrainment during the target detection task to look for differences that may exist
between groups that could explain this behavioural benefit.
Contrary to our hypothesis, the visual stimulation did not result in better performance in
the familiarity rating task, our explicit measure of learning. A possible explanation for the
dissociation between the two tasks is that boosting entrainment at the word frequency may have
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enhanced implicit knowledge of the nonsense words, but not explicit knowledge. As mentioned
earlier, the manipulation may have resulted in better linguistic representations in higher-order
areas, influencing phase-locking at the word frequency to quickly reinstate during the target
detection streams, which then enhanced perception and decoding of the stream. Since the
familiarity rating task does not directly capture online sensitivity to the structure of the language,
but rather relies on explicit memory representations that are extracted based on this sensitivity,
this benefit may not have been particularly useful. However, logically, stronger entrainment to
the word frequency and structure at some point would be expected to result in stronger explicit
knowledge. The finding that our visual manipulation did not result in better performance in the
familiarity rating task might mean it was not strong enough to drive the transfer of knowledge
from implicit to explicit.

4.3

Correlations Between Frontal Regions and SL
The exploratory correlational analysis of all scalp electrodes revealed significant positive

correlations between WLI in frontal regions and performance on both SL tasks. That is,
participants who entrained more strongly at the word frequency in frontal regions showed better
SL performance in both implicit and explicit measures. The fact that these significant correlations
were found mostly over frontal regions and not occipital regions suggest that it is the extent to
which entrainment occurred in higher level regions that influences or drives SL. As such,
entrainment seen in occipital channels (see Figure 3) likely reflects more low-level responses to
the visual stimulus that are not related to SL specifically.

4.4

Neural Entrainment Over Time
In support of our hypotheses, the static group followed the expected shift in entrainment

over time, decreasing at the syllable frequency and increasing at the word frequency as a function

THE ROLE OF NEURAL ENTRAINMENT IN STATISTICAL LEARNING

43

of exposure. This pattern of entrainment was also found in work by Batterink and Paller (2017)
and was found to significantly predict performance in an implicit SL measure. The results of the
current study and Batterink and Paller (2017) are in line with an idea put forth by Buiatti et al.
(2009) that an increase in processing at the word frequency is accompanied by a decrease in
processing at alternate structure frequencies (e.g., single syllables). Together, these results
strongly suggest that this pattern of entrainment reflects changes in sensitivity to structure over
time that would be predicted by SL; as participants pick up on the hidden words in the stream,
they experience an increase in entrainment at the word structure and a relative decrease to the
syllable structure.
Although the match and mismatch groups did not show the hypothesized patterns of
entrainment over time, the results are still consistent with SL. The mismatch group showed a
similar trajectory to the static group, while those in the match group also experienced an increase
in entrainment at the word frequency over time. However, it appears that our visual manipulation
did not result in a continued cumulative improvement (or deterioration) in entrainment over time.
To illustrate, when looking at word entrainment over time (see Figure 5), although early on
groups differed in their level of entrainment, group trajectories did not continue to diverge over
time. One possible explanation for this finding is that the match group was maximally entrained
at the word frequency earlier on during the stream and experienced a ceiling effect. Given that
increases in entrainment are typically marginal and cannot increase exponentially, an individual
may reach a maximal level of entrainment at a given frequency, and then show a plateau or even
decrease in entrainment. For the static and mismatch groups, starting at a lower level of
entrainment would allow for a greater increase in entrainment before hitting a potential “ceiling”.
This idea is supported by a recent study by Batterink and Paller (2019) in which entrainment at
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the word frequency was found to reach a plateau after six minutes of exposure. Further, Choi et
al. (in press) found evidence that entrainment in both infants and adults occurs rapidly during the
first two minutes of exposure to a statistical speech stream and then appears to slow, following a
logarithmic curve. The finding that the match group experienced an increase in entrainment at the
syllable frequency was unexpected but may reflect habituation or a loss of attention to the visual
stimuli over time, which then allowed for more processing dominance by the raw auditory input.

4.5

Failure to Replicate Previous EEG and Behavioural Correlations
Our results did find a positive relationship between WLI and the familiarity rating task in

fronto-central electrodes, such that participants who experienced stronger entrainment to the
word frequency relative to the syllable frequency showed a better ability to discriminate between
actual words from the language and foil words. This supports the general finding that stronger
entrainment towards the word frequency is related to better performance on post-exposure tests.
Unexpectedly, our results failed to replicate prior results in the literature of a positive relationship
between WLI and the RT prediction effect (Batterink & Paller, 2019; Batterink & Paller, 2017).
In the current study, WLI in fronto-central electrodes was not significantly correlated with the
performance in the target detection task. However, our exploratory analysis revealed strong
correlations between WLI and both of our behavioural measures in more anterior electrodes. As
described earlier, it could be that these effects are more prominent in frontal areas, which is
supported by our exploratory analysis and a body of work finding SL-related activity in frontal
regions (Abla & Okanoya, 2008; Karuza et al., 2013; McNealy et al., 2006). Another possibility
why we did not see this correlation in fronto-central electrodes is that our data might be nosier
than previous studies due to a reduced number of participants. In the current study there are only
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20 participants in each condition, whereas the previous studies mentioned had a group size over
20.

4.6

Limitations and Future Directions
One limitation of the present study is that entrainment was manipulated cross-modally

using a visual stimulus. The hope was that the visual stimulation would manipulate neural
entrainment outside of participants’ awareness, allowing us to look directly at the relationship
between neural entrainment and SL. However, there is a possibility the visual stimulus could
have served as an explicit cue to word boundaries for participants. If this were the case,
entrainment would not have been manipulated outside of awareness and top-down influences on
entrainment would not allow us to address causality. Without using direct brain stimulation
methods, the only option that does not introduce another stimulus would be to modify the speech
stream directly. This is problematic because manipulating the speech stream (e.g., adding pauses
or changing intonation) introduces additional cues to word boundaries outside of transitional
probabilities, which is the main cue being investigated. Therefore, we decided using a visual
stimulus to manipulate entrainment would be the best option, outside of brain stimulation
methods, to investigate the relationship between entrainment and SL.
Regardless, the current study cannot rule out the possibility that participants may have
been more sensitive or aware of the manipulation and could have used the visual stimuli to
strategically segment the words. Behavioural results obtained from the survey after testing
revealed some participants noticed a link between the two stimuli, with most descriptions along
the lines of “the drops and syllables had the same rhythm”. Anecdotally, this statement was also
frequently endorsed by participants in the mismatch condition, in which the two stimuli were not
temporally coherent. Although work does support that visual stimuli can be used to probe causal
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effects of entrainment (Notbohm et al., 2016), this does not negate conscious top-down strategies
that can impact entrainment. For example, Okawa et al. (2017) had participants imagine three
types of rhythms while viewing a rhythmic visual stimulus that induced entrainment at a specific
frequency (the “beat” frequency). The authors found evidence of entrainment to the harmonics
(imagined rhythms) of the beat frequency provided by the visual stimulus.
However, if our visual stimulus served as an explicit cue, then we would expect
participants in the match group to have performed significantly better in the familiarity task. This
is because, if participants are aware the visual stimulus coincides with the beginning of every
word, they would be expected to use the visual stimulus as an explicit cue for decoding words. In
fact, this was not the case as participants in the match group did not perform better on the
familiarity rating task than the other two groups. Given these results, evidence from the current
study strongly suggests that entrainment plays a causal role in SL but cannot exclude the
possibility that the visual stimulus acted as an implicit or explicit cue to facilitate learning. Future
studies should manipulate entrainment using non-invasive brain stimulation methods to avoid the
confounds associated with cross-modal entrainment.

4.7

Conclusions
The current study provides a solid step forward in the literature of the relationship

between neural entrainment and SL. Our findings indicate that boosting neural entrainment at the
word frequency results in better segmentation of a trisyllabic speech stream, as evidenced by
better performance in an implicit measure of SL Further, although exploratory, the results also
suggest that it is the extent to which entrainment occurs in higher-order brain areas that drives
SL. Overall, this study provides evidence for the potential causal role of neural entrainment in
SL.
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On a theoretical level, this work helps to advance our understanding of neural
mechanisms that could contribute to SL, namely neural entrainment. This work also lends
support to oscillatory models of speech processing and a body of work that suggests frontal
regions play an important part in SL. Future work in this area could reveal novel ways to boost
SL as well as methods to improve language acquisition for adult second language learners or
children with atypical language development. Lastly, since SL is domain-general, these findings
can help to inform other areas beyond language, such as visual processing.
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Appendices
Appendix A: EEG and Behavioural Correlations for Match Condition

Means standard deviations, and Pearson correlation of entrainment and learning measures in the
match condition
Variable
Rating
Relative
Syllable
Word
WLI
M
SD
Score
RT Score Entrainment Entrainment
Rating
.45*
-.40
.23
.48*
.93
.66
Score
Relative RT
Score
Syllable
Entrainment
Word
Entrainment
WLI
Note: * p < .05; ** p < .01

-.21*

-.10

.16

.24

.15

.07

-.46*

.29

.10

.78**

.16

.08

.62

.35
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Appendix B: EEG and Behavioural Correlations for Mismatch Condition

Means standard deviations, and Pearson correlations of entrainment and learning measures in the
mismatch condition
Variable
Rating
Relative
Syllable
Word
WLI
M
SD
Score
RT Score Entrainment Entrainment
Rating
.50*
-.28
-.34
.24
.91
.46
Score
Relative RT
Score
Syllable
Entrainment
Word
Entrainment
WLI
Note: * p < .05; ** p < .01

.10

-.02
.32

.08

.18

.10

-.73**

.30

.15

.19

.11

.04

.49

.31
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Appendix C: EEG and Behavioural Correlations for Static Condition

Means standard deviations, and Pearson correlations of entrainment and learning measures in the
static condition
Variable
Rating
Relative
Syllable
Word
WLI
M
SD
Score
RT Score Entrainment Entrainment
Rating
-.18
-.11
-.003
.07
.78
.45
Score
Relative RT
Score
Syllable
Entrainment
Word
Entrainment
WLI
Note: * p < .05; ** p < .01

-.16

-.10

-.04

.18

.10

.34

-.53*

.26

.12

.46*

.10

.05

.49

.31
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Appendix E: Consent Form
Project Title: Behavioral and EEG Studies of Language Learning
Principal Investigator:
Dr. Laura Batterink
Department of Psychology, The University of Western Ontario, London, ON
Telephone: ……..; Email: ……...
1. Invitation to Participate
You are being invited to participate in a research study about how adults learn new languages.
The purpose of this letter is to provide you with information required for you to make an informed
decision regarding participation in this research. It is important for you to understand why the study is
being conducted and what it will involve. Please take the time to read this carefully, and feel free to ask
questions if anything is unclear or if there are words or phrases you do not understand.
2. Why is this study being done?
The purpose of the study is to investigate how people pick up on different aspects of language, such as
vocabulary and grammar. Compared to children, adults often struggle to acquire a new language. By
understanding the neural mechanisms that adults rely on when they are exposed to a new language, we
may better understand why adults often have more difficulty acquiring new languages. We may also
get useful information about the best learning practices and types of training to help adults acquire a
new language.
3. How long will you be in this study?
It is expected that this study will take 1.5 hours to complete.
4. What are the study procedures?
The experiments conducted as part of this study will test how humans process and learn about different
types of linguistic stimuli, such as syllables, words, phrases and sentences. If you agree to participate,
you will be asked to listen to language-related auditory stimuli and/or read words and sentences on a
screen. You may be asked to perform different tasks associated with the stimuli, such as responding to
targets by pressing a button, or making different judgments or ratings about your impressions of the
stimuli. You may be asked to respond using your voice, and your voice may be recorded using an audio
recorder. If you do not wish to be recorded, you can still participate in other parts of the study.
Your brain activity may be recorded using a technique called electroencephalography (EEG), where
electrodes placed on the scalp measure electrical signals that brain cells use to communicate. An elastic
cap will be placed on your head. The cap will be strapped down to fit snugly and comfortably. The
sensors, which look like white pieces of plastic about 1 inch in diameter attached to the cap, will be
filled with a small amount of conductive gel. To monitor blinking and eye movements, the experimenter
will place similar sensors on the skin surface near your eyes. These sensors will be secured in place
using tape. When the sensors are removed, the gel will be wiped off using tissue. Some gel may remain
in your hair, but it can easily be removed by rinsing with water. You will be given the opportunity to
wash your hair at the end of the study.
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The task(s) will be conducted in the Brain and Mind Institute in the Western Interdisciplinary Research
Building (WIRB) on the University of Western Ontario campus.
5. What are the risks and harms of participating in this study?
There are no known or anticipated risks or discomforts associated with participating in this study.
However, you may experience a minor inconvenience as some gel may remain in your hair at the end
of the study. The gel can easily be removed by washing your hair. You will be given the opportunity
to wash your hair at the end of the study.
6. What are the benefits?
You do not directly stand to benefit from this study. Although you may not directly benefit from your
participation, the information gathered may provide benefits to society as a whole which include
enhancing our scientific understanding of language, learning, and the brain, and leading to
advancements in second language training and treatment of language-related disorders (for example,
specific language impairment and autism).
7. Can participants choose to leave the study?
You may refuse to participate, refuse to answer any questions or withdraw from the study at any time.
If you decide to withdraw from the study, you have the right to request withdrawal of information
collected about you. If you wish to have your information removed please let the researcher know.
Withdrawing or refusing to answer questions will not result in loss of promised compensation.
8. How will participants’ information be kept confidential?
Any personal or identifying information obtained from this study will be kept confidential and will be
accessible only to the investigators of this study. Identifiable information that will be collected during
the study includes your full name, telephone number, email address, partial date of birth (month and
year) and, in some cases, audio voice recordings. In the event of publication, any data resulting from
your participation will be identified only by case number, without any reference to your name or
personal information. Only the research team will have access to information that identifies you to carry
out this research study.
If files are shared with other researchers or the results are made public, any personal information that
could identify you will be removed. Only anonymized data will be shared outside the research team
(e.g., in an open access repository for publication purposes, or for other researchers to verify the
findings or re-analyze).
Any documents identifying you by name will be kept separately from your data, and will be destroyed
after 7 years. De-identified and anonymous study records will be maintained for a minimum of 7 years.
A list linking your study number with your name will be kept by the researcher in a secure place,
separate from your study file.
Representatives of the University of Western Ontario Non-Medical Research Ethics Board may require
access to your study-related records to monitor the conduct of the research.

THE ROLE OF NEURAL ENTRAINMENT IN STATISTICAL LEARNING

60

9. Are participants compensated to be in this study?
You will receive course credit (1 credit per hour) or monetary compensation ($14 per hour) for your
participation in this study. If you do not complete the entire study you will still be compensated a prorated amount (based on the same rates specified above: 1 credit/h or $14/h). When calculating prorated
compensation, your total participation time will be rounded up to the nearest half hour. For example,
if you withdraw after 1 hour and 15 minutes, your participation time will be rounded to 1.5 h and you
will receive 1.5 credits or $21. Therefore, even if you withdraw prior to completing study, you will
still be compensated for the amount of time you spent participating.
10. What are the rights of participants?
Your participation in this study is voluntary. You may decide not to be in this study. Even if you
consent to participate you have the right to not answer individual questions or to withdraw from the
study at any time. If you are a student at Western and you choose not to participate or to leave the
study at any time, it will have no effect on your academic standing.
We will give you new information that is learned during the study that might affect your decision to
stay in the study.
You do not waive any legal right by signing this consent form
11. Whom do participants contact for questions?
If you have questions about this research study please contact Laura Batterink, Principal Investigator,
Telephone: …….. Email: ……..
If you have any questions about your rights as a research participant or the conduct of this study, you
may contact …………………………….
This letter is yours to keep for future reference.
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Consent Form
Project Title: Behavioral and EEG studies of language learning
Study Investigator’s Name: Dr. Laura Batterink
I agree to be audio-recorded in this research.
YES

NO

I agree to be contacted for future research studies.
YES

NO

I have read the Letter of Information, have had the nature of the study explained to me and I agree
to participate. All questions have been answered to my satisfaction.

Participant’s Name (please print):

_______________________________________________

Participant’s Signature:

_______________________________________________

Date:

_______________________________________________

My signature means that I have explained the study to the participant named above. I have answered
all questions.
Person Obtaining Informed Consent (please print):

_____________________________

Signature:

_____________________________

Date:

_____________________________
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Appendix F: Participant Information Form
ADULT PARTICIPANT INFORMATION SHEET

Subject Code:

______

Do you consider yourself:

Birth date:
 right-handed

Sex:
 left-handed

 ambidextrous

LANGUAGE BACKGROUND
 yes

Is English the first language that you learned?

 no

If No, what language did you first learn?
If No, at what age did you first begin learning English?
In what context?
If No, in which language (English or your native language) are you more comfortable?
Are you fluent in any language other than English?  yes (list language),

 no

Are you regularly exposed to any language other than English?  yes,

 no

If Yes, in what context? ___________________________________________________
Are there are other languages not asked about above that you know?  yes,

 no

If Yes, please list and describe how you learned them.

What is your field of study/major?__________________________________________________
NEUROLOGICAL HISTORY
Have you ever had brain surgery?  yes

 no

Have you ever had, or do you currently have, any neurological disorders (e.g., seizures,
schizophrenia)?
 yes

 no

If Yes, please explain: _______________________________________

Are there any known neurological problems in your family?  yes

 no

If Yes, please explain: _____________________________________________________
Are you currently taking any medication(s) that may affect brain functioning (including but not
limited to anti-depressants, anti-psychotics, anti-seizure)?

 yes,___________

 no
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Have you ever had, or do you currently have, any speech, hearing, learning, or psychiatric
disorders?
 yes

 no

If Yes, please explain: ____________________________________

VISION AND HEARING
 yes

Do you have normal or corrected-to-normal vision?
 yes

Do you have normal hearing?

 no

 no

CURRENT STATE
How many hours of sleep did you get last night? __________
How many hours of sleep do you typically get per night? __________
Do you feel like you got enough sleep last night to function normally both physically and
mentally?
 yes

 no

If no, please explain: ____________________________________________

Is there any other circumstance (not asked about above) that makes you feel like you are not at
your mental best right now?  yes

 no If yes, please comment: ____________________

Please rate your level of current fatigue on a 1-10 scale, where 1 is “so tired I can barely function
today” and 10 is “I feel super rested, I’ve never felt better.” (Circle 1-10)
(very tired)

1

2

3

4

5

6

7

8

9

10 (feel great)
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Appendix G: Post-task Interview
C1 – all questions
C2 – all questions except 4
C3 – question 3 and 5

Post-Task Interview

1. Did notice any link or connection between the video you observed and the sounds

you were hearing?
YES / NO
DESCRIBE:

2. Did you notice any association between the timing of the video and the syllables in

the stream.
YES / NO
DESCRIBE:

3. Did you notice any words or patterns in the audio stream.

YES / NO
DESCRIBE:

4. Did you notice that the water droplet hit the fixation point at the beginning of each

word?
YES

/

NO

5. Were any of the syllables in the target detection task difficult to hear? If so, which ones?
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