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Abstract

One of the great challenges of hearing research is to work out how listeners can
perceive what one talker is saying when other talkers are speaking at the same time. Faced
with OEEO OANOEOAI-BAICE Al Ol EQ@IOGhedithgC iisteners] aclddvel 1 1 U
improved speech intelligibility when they know characteristics of an upcoming talker before
he or she begins to speak. One aim was to investigate the time course of this imgment in
intelligibility and the brain activity that accompanies it. A task was devised in which
DAOOEAEDAT 0O EAA O OADPT OO EAU xI OAO ODbI EAI
talkers spoke simultaneously. Before the talkers began to speak, awdd cue indicated the
location (left/right) or gender (male/female) of the target talker. The accuracy and latency of
reporting key words progressively improved when participants had longer to prepare for the
location or gender of the target talker. Prepaatory brain activity, measured with electro
encephalography, began with a short latency (< 100 ms) after the reveal of the visual cue and
was sustained until the talkers began to speak.

Hearing-impaired listeners, both children and adults, typically show porer speech
intelligibility during multi -talker listening than normally-hearing listeners. One advantage of
the experimental design was that brain activity during preparatory attention (before the
onset of acoustical stimuli) could be compared between narally-hearing and hearing
impaired listeners and atypical attention identified, without confounding differences in
transduction at the auditory periphery. This thesis demonstrates atypicapreparatory EEG
activity in children, aged *16 years, with bilateral moderate cochlear hearing loss, which
provides evidence for atypical preparatory attention. Therefore, atypical preparatory
attention might be one factor that contributes to poorer speech intelligibility in noisy
environments. An implication is that acaistic hearing aids may not have the potential alone

to restore normal processing of acoustical stimuli in hearingmpaired listeners.
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Overview of Thesis

Speech is typically encountered in the prsence of other sounds, including the voices
of other talkers. The ability to identify words spoken by one talker when other talkers are
speakingisOT | AOET A0 OA AACOABRA DI ROOKXT BI ©E | O INOOEA
this situation, the catrol of auditory attention is critical for successful communication.One
key finding is that normally-hearing listeners show improved speech intelligibility during
multi -talker listening when they know attributes of a talker before he or she begins to spk
(e.g. Best, Marrone, Mason, Kidd, & Shi@unningham, 2009; Kitterick, Bailey, &
Summerfield, 2010) However, the mechanisms that underlie this improvement are not fully
understood. A better understanding of the mechanisms that improve speech intelligibility for
normally-hearing listeners has the potential to improve understanding of the processes that
contribute to poorer speech intelligibility in hearing-impaired listeners.

Overall, this thesis aimed to investigate the mechanisms by which participants
prepare their attention when they know attributes of a talker before he or she begins to
speak and the mechanisms by which participants attend selectively to a talker while migte
talkers speak simultaneously. This thesis examined these two processekereafter referred
Ol AO OPOAPAOAOI OU AOOAT®L GEnbrindly-hdafing an® Gekiind A O E ¢
impaired listeners.

Multi-talker listening is particularly challenging fa listeners with impaired hearing
(e.g. Dubno, Dirks, & Morgan, 1984; Helfer & Freyman, 2008))o investigate preparatory and
selective attention in hearingimpaired listeners, the experiments in this thesis focused on
children, aged between 7 and 16 years, who had moderate cochlear heariloss, despite the
fact that most previous experimentshavetypically studied older adults with hearing loss. The
rationale was that, in older adults, the central consequences of hearing loss are difficult to
separate from general cognitive decline with lwer age that is independent from (although
perhaps correlated with) peripheral hearing loss. A previous experiment found that
normally-hearing children aged 1@15 years, like adults, can benefit from advance cueing in
noisy environments (Dhamani, Leung, Carlile, & Sharma, 2013} herefore, atypical attention
during multi -talker listening in hearing-impaired children, compared to normally-hearing

children of the same age, can be attributed to peripheral hearing loss.



Chapter 1 summarises previous research that has improved understanding of
attention, factors that influence the accuracy of speech intelligibilt during multi-talker
listening, and possible processes that underlie poorer performance in hearirighpaired
listeners. Two key experiments previously investigated the brain regions that were active in
normally-hearing listeners during multi-talker listening using functional magnetic resonance
imaging (fMRE; Hill & Miller, 2010) and magnetoencephalographyMEG;Lee et al., 2013)In
the two previous experiments, participants were cued to atted to the location or
fundamental frequency of an upcoming talker and their brain activity was measured during
preparatory and selective attention. These experiments identifiedegions of the brainthat
showed significant activity during multi-talker listening. However, the experiments were not
designed to illuminate thetiming of brain activity during preparatory and selective attention.

To investigate the timing of brain activity, the experiments in this thesis used
electroencephalography (EE@) a technique that measures electrical neural activity directly
and norrinvasively from the scalp with high temporal resolution.Chapter 2 discusses the
neural basis of EEG activity and introduces the analyses that are employed in the EEG
experiments reported in this thesis.

The experiments reported in Chapters ¥5 had two main aims: (1) to devise a
technique for measuring preparatory andselective attention during multi-talker listening in
normally-hearing listeners, which would also be suitable for normalihearing and hearing
impaired children, and (2) to examine the timecourse of preparatory and selective attention
in normally-hearing listeners. Chapter 3 reports three experiments that examined the time
course of EEG activity during a twdalker listening task. Two experiments involved normally
hearing adults and one experiment involved normallyhearing children aged 713 years.The
experiments reported in Chapter 4 investigated how the duration of preparation time affects
speech intelligibility. Specifically, the experiments aimed to distinguish between the
EUDI OEAOAO OEAO OEAOA EO A OOEOAOETioh, Abthat A
increasing durations of preparation time produce progressive improvements in speech
intelligibility. The experiments employed a task in which participants were cued to the
location or gender of a target talkemwho spoke in a mixture of two orthree talkers. Chapter
5 reports an experiment that measured EEG activity in normallpearing adults during a
three-talker listening task. Overall, Chapters & provide detailed information about the time
course of preparatory attention in normally-hearing listeners. Based on these results, the
three-talker task was selected to measure preparatory and selective attention in normaily

hearing and hearingimpaired children, the results of which are reported in Chapter 6.

1 The chapters in this thesis were written with the intention that they could stand alone. Therefore,
abbreviations are redefined at their first instance in each chapter.

2
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One previous experiment showed less impvement in the accuracy of speech
intelligibility in hearing -impaired than normally-hearing listeners when they received
information about the spatial location of an upcoming talke(Best et al., 2009) This result is
consistent with the idea that hearirg-impaired listeners show atypical preparatory attention
for multi -talker listening. One possibility is that hearingimpaired listeners do not deploy
preparatory attention to the same extent as normallyhearing listeners. An alternative is that
hearing-impaired listeners need more time to prepare effectively for an upcoming talker than
do normally-hearing listeners. The experiments reported in Chapter 6 investigated
preparatory attention in children with moderate hearing loss of cochlear origin Hearing
impaired children and a comparison group of normallyhearing children participated. First,
this chapter reports experiments that investigated whether hearingmpaired children
achieved better speech intelligibility when they were cued tahe location or gende of an
upcoming talker than when they did not know this information in advance. The final two
experiments investigated whether hearingimpaired children show atypical EEG activity
during multi -talker listening compared to normally-hearing children.

Chapter 7 provides a summary of the results from Chapters . This chapter also
discusses implications of the results and key issues raised in this thesis. It concludes by

highlighting directions for future research.



Chapter 1
Auditory Attention and
Hearing Loss

Auditory attention is critical for successful communication because speech is typically
encountered in the presence of other soundsncluding the voices of other talkers. Listeners
must flexibly allocate attentional resources to a talker of interest and ignore distracting
sounds.The ability to identify words spoken by one talker when other talkers are speaking is
Ol I AGET A0 OA EFAG®OABA @1 RGO BI OFE 1 O OOEA Al AE

Multi -talker listening occurs so frequently in everyday life that normallyhearing
listeners may take it for granted(Mtnte, Spring, Szyik, & Noesselt, 2010) At positive signal
to-noise ratios (SNRs; i.e. where the speech of interest occurs with greater energy than the
speech of competing talkers), normallyhearing listeners do not have difficulty identifying
words spoken by one talke. However, even normallyhearing listeners experience difficulty
when the competing speech occurs with greater energy than the target speech. The accuracy
of reporting words spoken by a target talker decreases abhe SNR decreases from 0 tel2
decibels (dB; e.g. Freyman, Balakrishnan, & Helfer, 2001; Rosen, Souza, Ekelund, & Majeed,
2013). Understanding the factors that improve speech intelligibility is becoming increasingly
important in a technologically advancing ages EAOA EECE AAI AT A0 AOA b
perceptual systems due to the growing popularity of mobile phones, satellite navigation
systems, and portable music devices.

For listeners with hearing loss, identifying speech can be a struggle even at poatti
SNRs. Duquesnoy1983) found that speed reception thresholds (SRTs; i.e. the lowest SNRs
required to correctly identify 50% of target sentences) were more than 10 dB SNR higher in
hearing-impaired listeners than in normally-hearing listeners. Although speech recognition in
quiet can be improval by an acoustic hearing aid, listening in background noise often
remains difficult (Marrone, Mason, & Kidd, 2008a)The central consequences of hearing loss,

including how hearing-impaired listeners direct attention to speech in noisy environments,



are not fully understood. A greater understanding of the factors that benefit the accuracy of
speech intelligibility for normally -hearing listeners might help to bdter understand the
difficulties faced by hearingimpaired listeners.

This chapter reviews previous research on multitalker listening. The focus of the first
half is normally-hearing listeners and the second half hearing-impaired listeners. | begin by
discussing attention to visual stimuli and to auditory norspeech stimuli, since this research
has led to greater understanding of the brain regions underlying attention of which many
parallels can be drawn between visual and auditory modalities. Next, Istuss the factors that
affect speech intelligibility in noise. Towards the end of the chapter, | discuss the rationale for
expecting atypical attentional processing of speech in hearirignpaired listeners. The chapter

will conclude by highlighting the keyquestions that this thesis addresses.

1.1. Attention within and between modalities

1.1.1. Advantages of attention

1.1.1.1. Perceptual benefits
Many researchers view attention as a result of a limited capacity for processing

ET &£ O AGET T h AAOGEI ¢ AO A QraknkentaA AG73; Norma®& A B
Bobrow, 1975). However, directing attention to a stimulus of interest hasdvantages beyond
OEi P11 U O&ZEI OAOET ¢c6 OEA ETAITEITC EIT &£ Of ACET T

location in space has consistently been found to improve the accuracy and latency with which

a stimulus is detected at that location, across visl (Coull & Nobre, 1998; Posner, Petersen,
Fox, & Raichle, 1988; Posner, Snyder, & Davidson, 1980)d auditory (Arbogast & Kidd,
2000; Hink, Van Voorhis, Hillyard, & Smith, 1977; Woods, Hillyard, & Hansen, 1984)
modalities, as well as for multisensory stimli (Spence & Parise, 2010; Zampini et al., 2005)

1.1.1.2. Enhanced neural responses
The perceptual benefits of attended stimuli are associated with enhanced neural

responses in areas representing attended stimulus dimensionéShamma & Micheyl, 2010;
Wwild et al., 2012) Several experiments have measured neural responses using
electroencephalography (EEG) when participants attentb tone sequences presented to one
ear and ignore tones presented to the opposite ear. Attended tones evoke significantly larger
potentials than unattended tones. This difference has been observed over central and frontal
electrodes as early as 20 ms aftehe onset of the tone and also at longer latencies (8050
ms) over central electrodes(Woldorff, Hansen, & Hillyard, 1987; Woldorff & Hillyard, 1991)

The short-latency differences observed in these experiments are thought to originate from



primary auditory cortex (Al; Woldorff et al., 1993) Greater responses for attended over
unattended stimuli have also been observed using magnetoencephalograpfMEG; Woldorff
et al., 1993)and functional magnetic resonance imagin¢gfMRI; Woodruff et al., 1996) These
modulations of neural responses are thought to underlie the perceptual benefit of attending

to a particular spatial location.

1.1.2. Types of attention

Allport (1993) arguedthat attention does not refer to a single process, buather to a
set o phenomena.In everyday situations different aspects of attentiontypically operate
together. Duncan (2006)noted that observersoften attend to aspects of a scene as a coherent
whole, including information from the senses, working memoryand their goals and actions.
Nevertheless, several distinctions have been made between different types of attentional
process. This section will discuss three distinctions: exogenous and endogenous attention,
object- and feature-based attention, and selective and divided attention.

1.1.2.1. Exogenous and endogenous attention
Top-down attention can be flexibly directed to a stimulus of interest, which enables

an observer to select a stimulus of interest in accordance with his or her goals. However,
some stimuli are particularly salient among obers and can grab attention relatively
automatically (Desimone & Duncan, 1995; Yantis, 2005)Stimulusdriven attention is
typically referredtoasOA @1 CAT 1 608 AOOAT O HiivenfattertiBrad rdterr€éd® O A O
01 AO OAT AT CAT1 668 AOOAT OEI T 8

There are several functional differences between exogenous and endogenous
attention, suggesting that they are different processes For example, Jonides(1981)
demonstrated that visual endogenous attention is disrupted by a secondary verbaiemory
task, while exogenous attention is not. Arrow stimuli were used as visual cues in both
conditions, but endogenous cues were presented ceally, whereas exogenous cues were
presented at the position of the upcoming target stimulus. Participants were asked to recall
three, five, or seven digits at the end of each trial. Memory load affecteshction times (RT9
in the endogenous condition, bt not the exogenous condition. This result suggests that
endogenous attention relies on verbal working memory, while exogenous attention does not.

In addition to functional differences between exogenous and endogenous attention,
neuroimaging studies suggest distinct neural substrates. Endogenous attention relies on
frontal and parietal areas, while exogenous attention involves a rigktttemisphere vental
network (Corbetta, Patel, & Shulman, 2008)



The remainder of this thesis will primarily focus on endogenous attention, for which

the underlying mechanisms will be described later in this chapter.

1.1.2.2. Object, space. and featurebased attention
Ove the past decade, researchers have debatedhether attention is objectbased,

spacebased or feature-based (e.g. Alain & Arnott, 2000) These hypotheses differ irthe
stimulus attributes they propose that attention operates upon. §ject-basedaccountsassume
that attention operates after location and feature informationare processed and afterthe
presented stimuli are analysed semantically.Whereas, space and feature-based accounts
assume that attention operates uporeither spatial locations or features and that unattended
stimuli do not undergo further processing (e.g. smantic processing). Driver (2001)
suggested that his debateis a recent reinterpretation of the longlasting debate ketween
early and late selection.

Early selection refers to a perceptual filter ofsensory information. This account
assumes thatattention operates at an early stage of processirgnd only attended stimuli are
processed(Broadbent, 1958) Whereas, dte selectionassumes that the filter operates later in
processing, at the response selection stagso that even unattended stimuli are processed
(Deutsch & Deutsch, 1963)Lavie and Tsal(1994) reconciled much of the previous evidence
by proposing that percepual load determines the stage at which selection takes place.
Processing of unattended stimuli is only prevented when the load of relevant information is
sufficiently high to demand all of the availale resources. Under low loadd_avie (2001, 2005)
arguedthat distracters are automatically processedbut not actedupon. Lavie and Tsahoted
that results apparently favouring late selection had typically been obtained when the load
was low, whereasresults favouring early selection wereobtained under high load. These
observations are consistent with the perceptual load hypothesis, and many further
experiments aimed at testing perceptual load theory aralso consistent with this hypothesis
(see Lavie, 2005 for a review)

Taking perceptual load theory into account, it is possible that load determines
whether object-, space, or feature-based attention occurs. One hypothesis is thattention
operates on objects under low load, but on space or features under high load. The rationale is
that low perceptual loads enable observers to extract location and feature information from
the presented stimuli, whereashigh perceptual loads are demanding, eaning that observers
may extract only feature or location information. This hypothesis has not been tested and
many researchers have assumed that attention is either objetlased or featurebased and
does not change under different levels of perceptual & (e.g. Scholl, 2001; Shinn
Cunningham, 2008)



1.1.2.3. Selective and divided attention
The distinction between selective and divided attention may alsbe linked to early

and late selection regectively. Selective attention is characterised by monitoring one
stimulus at the expense of others, whereas divided attention is characterised by monitoring
multiple inputs (Shafiro & Gygi, 2007) Lavie andTsal (1994) proposed that irrelevant
processing is only prevented when the perceptual load is high. Thereforgglective attention
is more likely to operate under high load (since the attended stimulus demands all of the
available resources), while divided attention is more likely to operateinder low load (since
more than one stimulus may undergo further processing)Naatanen (1990) proposed that
low stimulus presentation rates allow participants to monitor multiple stimuli should they
wish to do so, even ifnonitoring multiple stimuli does not improve their performance on the
current task. Importantly, even if an experiment aims & measure selective or divided
attention, load conditions should be taken into account because they may have unintended
consequences for the number of stimuli that are monitored.

Rather than being discrete aspects of attention, as isaditionally assumed attention
may vary on a continuum between selective and divided attention anchneven vary within a
trial. For example, in certain tasks, participants must first monitor all stimuli to determine
which is the target, then selectively attend to the targeto determine the correct response
(e.g. Kitterick et al., 2010; Shafiro & Gygi, 2007yWhen reviewing studies of selective and

divided attention, it is important to consider this distinction.

1.1.3. Neural basis of attention
There are thought to be many similarities between visual and audity endogenous

attention (Larson & Lee, 2013b; ShinfCunningham, 2008; Shomstein & Yantis, 2006)
Therefore, knowledge of the neural bases of visual attention can inform hypotheses about
auditory attention.

1.1.3.1. Visual attention
It is widely accepted that endogenous visual attention involves a frontparietal

network of brain activity. Lesion studies show that the parietal cortex is critical for spatial
attention (Posner, Inhoff, Friedrich, & Cohen, 1987)Converging evidence from neuroimaging
shows activation of frontal and parietal regions during both endogenous spatidCorbetta et

al., 2005; Corbetta, Kincade, Ollinger, McAvoy, &u@man, 2000; Nobre et al., 1997; Yantis et

al., 2002) and endogenous norspatial (Giesbrecht, Woldorff, Song, & Mangun, 2003;
BEOI T AT h Ad8! Ol OOAh 4aldntdhl Wctiv@dy thal o€card i® &inilar braim T ¢ q
regions when observers attend to spatial and nospatial attributes of a stimulus isoften
OAEAOOAA OICARAOANIAG | ABDAT OETT Al DPOI AAOOET ¢8
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general activity include the intraparietal sulcus and posterior and medial frontal cortex
(Slagter, Giesbrecht, & Kok, 2007)

In addition to fronto-parietal regions, activity is observed in areas of sensory cortex
that are specialised for processing the attended dimension. For example, Chawla, Rees, and
Friston (1999) asked participants to attend to the colour or motion of a random dot motion
stimulus in a delayed matchto-sample tak. In the motion condition, participants had to
discriminate between fast and slow-moving dots. In the colour condition, participants had to
detect dots of a different (slightly pinker) colour. Attending to motion produced greater
hemodynamic responses irarea V5 than attending to colour. Conversely, attending to colour
preferentially activated area V4. Since these areas are specialised for processing motion and
colour respectively (Britten, Newsome, Shadlen, Celebrini, & Movshon, 1996; Conway, 2009)
the results provide evidence that attention increases activity in regions specialised for
processing the attended dimension.

4EA OAEAOAA Al i PAGEOGEI 18 11T AAl T &£ AOOAT O
response for attended stimuli. This accounproposes that stimuli compete for representation
in sensory cortices. Furthermore, biased competition assumes that attending to a spatial
location leads to greater neural responsefor stimuli presented at attended, than unattended,
locations (Kastner, Pinsk, De Weerd, Desimone, & Ungerleidel999). Singleunit recordings
provide evidence that is consistent with biased competition in visual cortices. For example,
Luck, Chelazzi, Hillyard, and Desimon€l997) recorded from cells in V1, V2, and V4 of
macaque monkeys. The monkeys were shown sequencefssquares and rectangles and had
to detect the presence of squares at an attended location. The researchers compared
responses to attended and unattended stimuli. Stimuli that were subsequently presented as
attended and unattended stimuli both evoked rap firing rates when they were presented in
OEA AAIT 160 OAAADPOEOA EAEAT A j2&q AITTA8 (1]
OEi OI OAT AT 661U AO AEEEAOAT O 11T AAOCEIT O xEOEE
stimulus was reduced. This result demonsates that: (1) stimuli compete for representation
in visual cortices (if stimuli did not compete, then both stimuli should produce similar
responses when presented simultaneously); and (2) toplown attention influences which
stimulus receives preferential representation. Together,the results of the aforementioned
studies are consistent with the hypothesis that attention activates domain-general fronto-
parietal network and influences the magnitude of neural responses irareas that are
specialised for pracessing the attended dimension.

In addition to modulating response magnitude, selective visual attention affects

neural synchrony. Fries(2001) reported that cortical regions specialised for processing the



attended dimension displayed increased gammbaand (35290 Hz) and decreased alphdand
(8712 Hz) synchrony. Synchronous @ivity is a potential mechanism by which brain regions
communicate. This idea results from the logic that neurons have limited temporal integration
windows and, thus, synchronous firing is likely to have a larger impact on downstream
neurons than asynchraous firing. It has been suggested that neural synchrony in the gamma
band during selective attention tasks might indicate a flow of activity from prefrontal to
sensory regions. For example, Gregoriou, Gotts, Zhou, and Desim@2@09) recorded multi-
unit responses and local field potentials from the frontal eye fields (FEF) and area V4.
Monkeys were trained to attend to one of three visual stimuli and release a bar when the
attended stimulus changed colour. Firing rates in FEF and V4 both increased evhattention
xAO AEOAAOAA ET OEAA OEA AOAAGO 2& OEAT xEAI
the latency of increased firing occurred earlier in FEF than in V4. Furthermore, attention
increased gammaband coherence (a measure of phase lockingdetween FEF and V4.
Granger causality analysis (a method based on linear regression) indicated that early gamma
band local field potentials in FEF (110 ms) were predictive of local field potentials in V4. This
result led the researchers to conclude that a&ntional gammaband activity in FEF affects
neural synchrony in area V4. However, the precise mechanism by which attention affects
synchronous activity is not fully understood.

1.1.3.2. Auditory attention
Evidence suggests that a frontgarietal network also controls auditory attention.

Patients with parietal lobe damage often experience neglect in audition as well asvision
(Bellmann, Meuli, &Clarke, 2001; Pavani, Ladavas, & Driver, 2003; Spierer, Meuli, & Clarke,
2007), which is consistent with the idea that the networks for auditory and visual attention
might at least partially overlap. Auditory neuroimaging also supports a frontgarietal
network for attention. For example, Salmi, Rinne, Koistinen, Salonen, and AIl{&009)
presented participants with two streams of bandlimited noise bursts through headphones
one to the left and one to the right ear. They cued the target stream with a central visual cue
comprised of a red and green arrow. For half of participants, theed arrows denoted the
target location (left/right), while for the other half, the green arrows denoted the target
I TAAOETI T8 0AOOEAEDPAT OdutatiodtdreLwithinAh@ ta@ét strdafOTAEA O
results revealed activity in regions of the fronteparietal network, including superior parietal
lobule, intraparietal sulcus, FEF, and inferior and medial frontal gyri.

Attending to acoustical stimuli also activates regions of auditgrcortex specialised for
processing the attended dimension. Several studies have contrasted bleorygen level

dependent (BOLD) activity when participants attend to auditory or visual stimuli.
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Importantly, both visual and acoustical stimuli are presentedri all conditions. These studies
observe a similar frontoparietal network during attend-visual and attendauditory
conditions, but a double dissociation in regions specialised for visual and auditory
processing: greater activity in auditory areas when acatical stimuli are attended and
greater activity in visual areas when visual stimuli are attendedKawashima et al., 1999;
Sabri et al., 2008; Salmi, Rinne, Degerman, & Alho, 2007; Wild et al., 20Kjwashimaet al.
(1999) propose that these results support a modalitydependent selective attention
mechanism. However, although the spedif regions differ when participants are attending to
vision or audition, the pattern of activity appears to be the same in both cases: activity in a
domain-general fronto-parietal network and in regions specialised for processing the
attended dimension. Wken attending to visual stimuli, the specialised regions lie in visual
cortices, but when attending to acoustical stimuli, the specialised regions lie in auditory
cortices.

Taking the argument one step further, when attending to different attributes of
acoustical stimuli within the auditory modality, differences in brain activity are observed in
areas specialised for processing these attributes. For example, Ahvenineh al. (2006)
presented Finnish vowel sounds from two possible locations: O degrees azimuth (straight
ahead) or 45 degrees to the right. They presented two sequential vowels, which were either
identical or differed in either spatial location or phonetic identity. They measured brain
activity using fMRI and MEG when participants attended to spatial or phonetic attributes of
the vowels. Attentional orientation significantly modulated the BOLD signal in auditory
cortices. Regions specialised for spatial processing, such as posterior temporal cortex and
posterior parietal regions, displayedsignificantly greater activity when attending to location;
whereas attending to phoneme identity increased activity in anterior and gperior temporal
cortex. This pattern of results is consistent with the finding that specialised auditory
pathways process spatial and identity information(Adriani et al., 2003; Ahveninen et al.,
2006; Alain, Arnott, Hevenor, Graham, & Grady, 2001; Leavitt, Molholm, GorRamirez, &
Foxe, 2011; Warren & Griffiths, 2003)

Attentional modulations of activity have also been observed at single-unit level. For
example, Lee and Middlebrook$2011) recorded the spatial sensitivity of A1 neurons in cats
when they performed two different tasks. One task was an active listening task in which they
were required to detect stimulus periodicity, but spatial location was irrelevant. In the other
task, they had to detect differences in location between two Gaussian noise bursts. A-seab
of Al neurons (2644%) showed sharpened spatial tuning in the locatiortask compared to

the periodicity task. This result demonstrates that the response selectivity of individual
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neurons can be influenced by spatial attention. Modulations of Al specttemporal response
properties have also been found when ferrets attend to particular frequency (Elhilali, Fritz,
Chi, & Shamma, 2007; Fritz, Shamma, Elhilali, & Klein, 2003)

1.1.3.3. Multi-talker listening
Multi-talker listening activates a similar fronto-parietal network as other types of

acoustical stimuli (Hill & Miller, 2010). There has been recent imrest in decoding the
direction of attention from the neural response. For example, Ding and Simof2012)
presented speech from oppositegender talkers to the left and right ears through
headphones. They recorded activity using MEG and extracted spectemporal envelopes
from source activity that was estimated to be consistent across trials. Envelopes
reconstructed from low-frequency (< 8 Hz) activity resembled the attended speech more
than the unattended speech on 92% of trials. This result demonstrates thahe¢ attended
stimulus is preferentially encoded in MEG source activity.

The direction of attention can also be decodedrom the neural response when there
is no difference in the spatial location from which simultaneous speech is presenteBor
example, Meggarani and Chang(2012) presented participants with two opposite-gender
talkers, but monaurally from a single loudspeaker. Participants were asked to report key
words spoken by a target talker. HigHfrequency gamma activity (7150 Hz) was recorded
from multi-electrode recordings placed over the dorsolateral temporal lobe in patients
undergoing epilepsy surgery. A linear classifier was trained on examples of neural responses
to individually -presented talkers. When the two talkers were presented simultaneously, the
classifier was able to decode the identity of the target talker and the words that participants
reported with 93% accuracy. On trials in which the participant responded incorrectly, the
neural response did not always classify the target speech, but insteadosted a tendency to
identify the masking speech. These results shows that attended stimuli are preferentially
encoded in the cortical response over unattended stimuli.

Together, the results of Ding and Simon(2012) and Mesgarani and Chang2012)
demonstrate that both high (752150 Hz) and lowfrequency (< 8 Hz) cortical responses
reflect the direction of attention. It has been suggested that lovirequency responses might
correspond to low-frequency modulations in the speech signa(Greenberg & Ainsworth,
2006; Rosen, 1992) Whereas, decoding attention from higlirequency responses is
consistent with the finding of increased gammeband &ctivity in sensory regions whenvisual
AOOAT OEIT EO AEOAAOAA HANSEMDNR,; Ghegodoh letl abh, 2009) A A A
Synchronised gamma activity has been suggested as a possible attentional mechanism by

which activity in prefrontal regions affects sensory responses (see Section 1.1.3.2).
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1.1.4. Preparatory attention
When participants are cued to attend to a particular dimension, task performance

Eil POT OAO xEAT OEAU EAOA 11 OA OEIi A OI ODPOADAC

AAAE O OEA OOA HatEued exdgérious lat@ntich EV@obdioiy1984) adked
participants to respond to a target soundas quickly as possiblend varied the amount of time
that a warning signal preceded the target, between 1 and 24 seconds. Thigortest RTs
occurred with a stimulus-onset asynchrony of 2 seconds. For longer durations, RTs
lengthened with increasing duration. This result indicates that there may be an optimal
interval by which preparation improves the accuracy of detection. Interestingly, reant
experiments have used much shorter durations typically less than 1 second. Within the
preparatory interval, neurocimaging results have revealed preparatory brain activity before a
target is presented. This section will discuss behavioural and neural relts for preparatory
endogenous attention in vision and audition.

1.1.4.1. Visual preparation benefits performance
When an endogenous cue is presented before a target visual stimulus, the -target

interval affects RTs. Luet al. (2009) presented a central white arrow to indicate the target
location, prior to the presentation of four different Gabor patches at different spatial
locations. The stimulus onset agychrony between the cue and the targefi.e. the cuetarget
interval) was varied between 0 and 240 ms. Participants discriminated the orientation of
target Gabor patches and their contrast thresholds were recordedtigure 1.1 shows that
contrast thresholds were better for longer cuetarget intervals. A similar pattern of results
was reported by Yamaguchi, Tsuchiya, and Kobayaqi994) using a detection task and a set

of longer cuetarget intervals (200, 500, and 800 ms). A significant difference in RTs for
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detecting the target stimulus was found between all three cutarget intervals. Together,
these studies suggest that participants gain a behavioural advantage from having more time
to prepare for an upcoming visual stimulus, up to at least 800 ms.

1.1.4.2. Neural basis of visual preparation
During preparatory attention, a fronto-parietal network is active when participants

are cued to spatial (location) and norspatial (colour) attributes. This network overlaps with
the regions reported during selective attention (during the target array).During the cue
target interval, some regions of the network are invoked by both location and colour cues.
These regions may, therefore, contribute to domahgeneral attentional preparation. They
include dorsal parietal cortex, dorsal posterior frontal cortex and medial frontal cortex
(Giesbrecht et al., 2003; Slagter et al., 2007; Woldorff et al., 200Quespecific activity is also
observed in dorsal and ventral cortical regions that are specialised rf@rocessing the cued
dimension (Giesbrecht et al., 2003; Slagter et al., 2007; Woldorff et al., 2004) these regions,
the amplitude of pretarget BOLD activity correlates with behavioural performance
(Giesbrecht, Weissman, Woldorff, & Mangun, 2006 aken together, these studies suggest
that similar brain regions are active during preparatory as during selective attention.

The time course of activity was explored by Green and McDonald008) using EEG.
They presented a coloured cue on each trial that informed participants of the likely target
location (80% validity). The target stimulus consisted of five bars aligned horizontally or
vertically, which were displayed for 50 ms before being masked. Participants had to
discriminate the orientation of the target stimulus. The researchers analysed EEG responses
to the cue before he target was presented. During the first 300 ms after cue onset, the results
showed feedforward activation that began in extrastriate cortex and moved upwards to the
superior and inferior parietal lobes before reaching the frontal lobes. Following this itial
activation, posterior parietal cortex became active for a second time and activity returned to
extrastriate regions. The authors concluded that the visual cue sends feedforward activity to
the fronto-parietal network, which then sends feedback actity to extrastriate regions. They
found that the magnitude of activity within regions of the fronteparietal network strongly
predicted the accuracy with which participants discriminated target orientation ¢ | n8x yq
Together with the results of Giesbrechet al.(2006), this result demonstrates that pretarget
activity, both in visual and fronto-parietal regions, predict task performance.

1.1.4.3. Auditory preparation benefits performance
Preparation has also been found to improve the accuracy of pitch discrimination for

an acoustical target stimulus. Arbogast and Kid@000) presented pure tones from seven

loudspeakers arranged in a semcircle around the participant. On eachrtal, one tone was

14



65 s Figure 1.2. From Richards
and Neff (2004). Graph
360k § T - showing average thresholds
% for the no-cue condition, the
55 |- ® N signalcue condition, and the
C_IOJ masker-cue condition. For
~ - L s e s the latter two conditions,
© S0 7 thresholds are plotted as a
_8 A A function of ISI. Error bars
» 451 1 - show the standard error of
® O No Cue ¢ the mean across 6 observer
1] g SigCue - The dashed line shows the
A MaskCue + signal level required to
35 L 4 | L1 |- increase the masker stimulu
NoCue 5 50 100 250500 by 1 dB.
ISI (ms)

presentedfrom a target loudspeaker and different tones were presented simultaneously from
masking locations. Participants had to detect whether the target had a rising or falling pitch.
Participants were cued to attend to one loudspeaker location for each block wofals. When
the target was presented from the cued loudspeaker (75% of trials), responses were more
accurate and had shorter latencies than when the target was presented from an uncued
loudspeaker.

In the auditory modality, it is unclear how the duraticn of the cuetarget interval
affects performance. One study by Richards and N¢#004) systematically varied the amount
of time between the offset of a cue and the onset of the target array (intstimulus interval:
ISI). They measured thresholds for detecting a 1000 Hz puttene target in the presence of
multi -tone complex maskers There were three cueing conditions. The participant either
OAAAEOAA A DOAOEAXAGAGQHEMA ®ORAOLIA xj GOEADEE i £
cue. The ISI was varied between 5 ms and 500 ms. When participants received either the
signalcue or the maskercue, thresholds were better than in the no cue condition. For the
signalcue condition, detection thresholds were worse for the 5 ms interval than all of the
other intervals (Figure 1.2). This result suggests that participants gain some benefitom
having 50 ms to prepare for the target over 5 ms, but receive no further improvement
between 50 and 500 ms. When participants received the maskeue, there was no effect of
increasing the 1SI. However, since only shorty500 ms) ISIs were used inhis experiment, it

is not clear whether longer preparation times would improve detection thresholds further.
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1.1.4.4. Neural basis of auditory preparation
Similar to vision, preparing for an acoustical stimulus increases prtarget activity in

a fronto-parietal network. Wu, Weissman, Roberts, and Woldorf{f2007) presented an
acoustical cue that instructed participants to attend to the left or right. Participants had to
detect a monauraltone pip occurring on that side. The cue evoked activity in auditory cortex
and in a medialsuperior fronto-parietal network, which included frontal gyri, anterior
cingulate cortex, and the superior parietal lobule. The researchers comment that the
distri bution of the fronto-parietal network was slightly more superior and medial than was
reported in a similar visual study (Woldorff et al.,, 2004). However, a withinexperiment
manipulation is required to confirm this obsevation. In general, many of the fronteparietal
regions overlapped with those observed during visual preparation.

Voisin, BidetCaulet, Bertrand, and Fonlup(2006) also showed modulation of activity
in auditory cortex. An arrow cued attention to the left orto the right and participants had to
detect the presence of a noise burst that emerged with increasing intensity. Results showed
BOLD activity in regiors of the fronto-parietal network, including areas of the right
dorsolateral prefrontal cortex and inferior frontal cortex, when participants were cued to the
left or the right. However, contrasts between left and right trials revealed activity in the
superEl O OAI BT OAT OO1I AOO jETAI OAET ¢ (AOAEI GO
contralateral to the cued side. This study, therefore, provides evidence for cpecific

preparation in auditory cortex.

1.1.5. Summary and conclusions
This section has highlightel the benefits of directing attention to acoustical and visual

stimuli for RTs and, in some instances, accuracy. Converging evidence shows activation of a
fronto-parietal network during selective attention, which controls the allocation of
attentional resources to regions specialised for processing the relevant dimension. This
network is active in auditory and visual modalities and contribues to domaingeneral
attention.

In both modalities, the latency with which stimuli can be accurately discriminated
depends on the duration of time provided for participants to prepare for cued attributes of
OEA OAOCAO OOEIiI O1 66 AAEI OA EO EO POAOAT OAAs8
is not fully understood. In particular, it is unclear whether longer ce-target intervals (> 800
ms) improve performancefurther.

When a visual cue is presented before the target stimulus, activityccurs first in
extrastriate cortex and next inthe fronto-parietal network, which then feeds back to sensory

regions that are specialised for processing the relevant dimensioiGreen & McDonald, 2008)
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Activity within sensory regions is cuespecific and depends on the attended attribute. Activity
in fronto-parietal and cuespecific sensory regionsoth correlate with the accuracy of visual
orientation discrimination (Giesbrecht et al., 2006; Green & McDonald, 20Q&uggesting that

activity in both of these regions are beneficial for successfattentional preparation.

1.2. Attention during multi  -talker listening

In everyday situations, listeners oftenface the challenge of identifyingspeechagainst
a background of competing voicegDarwin, 2008). The ability to attend selectively to speech
enables communication in these settinggShinn-Cunningham, 2008) This section will first
discuss how different types of background noise and characteristics of multalker listening
affect speech intelligibility. Second, this section will discuss the improvemein the accuracy
I £ OPAAAE ETOAITECEAEI EOU CAETAA EOIT ODPO/

characteristics of the target talker before he or she begins to speak.

1.2.1. Different types of masker

Background noise negatively impacts speecimtelligibility 2 both for speech masked
by random noise (Festen & Plomp, 1990; Song, Skoe, Banai, & Kraus, 20a&) for speech
masked by other speecl{Festen & Plomp, 1990) Speech intelligibility depends on a conplex
relationship between the number of competing sources, thepectro-temporal properties of
the sourcesand spatial configuration of sourcegsee Bronkhorst, 2000 for a review)

1.2.1.1. Energetic and informational masking
Energetic masking is determined by therelationship of the frequency spectruns

betweenthe noiseand the signaland their relative intensity (Scott, Rosen, Wickham, & Wise,
2004). It is thought to arise due to competition at the auditory periphery(Scott, Rosen,
Beaman, Davis, & Wise, 2009Energetic maskingexplains the well-known finding that the
intelligibility of a talker masked by flatspectrum noise decreases as the targeéb-masker
SNRdecreasesDarwin (2006) proposed that energetic masking is anblem of detecting the
spectrum of the target above the masker in relevant frequency bandghe detrimental effects

of energetic masking are thought to arise at the stage of auditory processing where frequency
analysis is performed on the basilar membranef the cochlea(Scott et al., 2004)

Energetic masking predicts that continuous noises a more effective masker of target
speech than a single competingalker, but there are also conditions in which competing
speech produces additional masking over noise maske(Brungart, Simpson, Ericson, & Scott,
2001; Freyman, Helfer, McCall, & Clifton, 1999/asking that is not due to energetic masking
EAO AAAI OAOI AA OEIT @lurgartA & ESinipsbm, 62002a;A Bréyidn,C
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Balakrishnan, & Helfer, 2004) Informational masking is thought to result from confusion
about which spectro-temporal information belongs to the target and masker(Durlach et al.,
2003). Scott et al. (2009) proposed that informational masking is a result of competition in
central auditory processing. Thisdea is consistent witherrors for speechin-speech tasksOn
incorrect trials, participants frequently report words from the masking talker, rather than
random words from the response set even whenthe masker is presented at the same
intensity as the target(Brungart & Simpson, 2002a; Darwin, 2006) Thisfinding suggests that
the accuracy of speech intelligibilitycan be impaired by confusio between thetarget and
masker. This characterisation of informational masking predicts that only maskers consisting
of intelligible speech soundswill show informational masking and, furthermore, that the
amount of informational masking should not be affected by SNBeveral studies show that
the intelligibility of attended speech masked by other speech is relatively constant over a
range of SNRs from12 to 0 dB, and only increases when the SNR is increasingly positive
(Brungart, 2001; Makeig, Debener, Onton, & Delorme, 2004Df course, a speech masker
provides both energetic and informational masking, which is why SNR still influences
intelligibility at positive ratios.

1.2.1.2. Singletalker masker
The amount of energetic masking provided by a singlalker masker depends on the

frequency spectrums of the target and masking speech. Male and female talkers have
different average fundamental frequencies (FOs) anglocaltract lengths, which contribute to
differences in the frequency spectra of speech produced by male and female talkégsnith &
Patterson, 2005) Normally-hearing listeners are surprisingly good at segregating two talkers
(Allen, Alais, ShinaCunningham, & Carlile, 2011) even when the competing talker has a
similar spectral profile as the target or is presented at a higher intensit{Brungart, 2001).

One factor that might make singldalker speech a poor masker is the inherent
fluctuations that are present including fluctuations in amplitude and spectrum (Freyman et
al., 2004) Listeners take advantage of the portions of a target signal where the level of the
i AGEAO EO 11x AT A OEA 3.2 EO EAOT OOAGobkdh 1
2006; Moore, 2008b). For normally-hearing listeners, the proportion of target glimpses in
modulated noise is a good predictor of intelligibility(Cooke, 2006) This result demonstrates
that the temporal distribution of energy in the masker is important for determining how
much masking occurs.

1.2.1.3. Multi-talker masker
Multiple -talker maskers typically result in lower accuracy of speech intelligibility than

single-talker maskers. Glimpses are not correted across speech signals, so increasing the
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number of competing talkers decreases the portion of the target that contains glimpses.
Increasing the number of talkers produces a spectrtemporal profile that increasingly
resembles steadystate noise(Bronkhorst, 2000), where there are few glimpses with four or
more talkers (Bronkhorst & Plomp, 1992). At the same SNRhe accuracywith which target
words are identified decreases as the numberof interfering talkers increases(Nelson, Bolia,
Ericson, & Mckinley, 1998; Yost, Dye, & Sheft, 1996)his finding is consistent with he fact
that maskers containing more talkers contain progressively fewer glimpses and the finding

that the proportion of glimpses in modulated noise predicts intelligibility (Cooke, 2006)

1.2.2. Cues fa segregation

1.2.2.1. Which types of cues can listeners utilise?
The difficulty of multi-talker listening depends not only on the type of masker (single

talker or multiple -talker), but also on the perceptual similarity of the target and masker(s).
Multi -talker listening is most difficult when the target and maskers are perceptually similar.
These perceptual attributes includevoice characteristics (which encompasseswaide range of
cues, such as fundamental frequency, vocal tract size, accent, speaking style, tenand
amplitude modulation), perceived spatial location, intensity, timing, and lexical content
Separating the target and maskeon any of thesedimensions improves intelligibility (Allen,
Carlile, & Alais, 2008; Brungart et al., 2001; Minte et al., 2010; Varghese, Ozmeral, Best, &
Shinn-Cunningham, 2012; Xiang, Simon, &ltlali, 2010).

1.2.2.2. How do cues benefit listeners?
Ensuring that targets and maskers are perceptually distinct can offer several

advantages. First, if perceptual cues reduce the overlap of spectemporal features, then
energetic masking will be reduced(Brungart & Smpson, 2002a) Secondly, perceptual cues

i AU Ei pOT OA A 1 EOOAT A0OBO AAEI EOU Oi (ShEBOAAO
Cunningham, 2008; Varghese et al., 2012which may reduce informational masking
(Freyman et al., 2004; ShinfCunningham, 2005)

1.2.2.3. Differences in location
Introducing a difference in location between targets and maskers has been found

consistently to improve the intelligibility of a target talker (Bronkhorst & Plomp, 1988;
Darwin & Hukin, 1999; Helfer & Freyman, 2005) Spatial localisation is mediated by three
main cues: (1) differences in thegiming of waveforms between the two ears, known asier-
aural timing differences (ITDs); (2) differences in thelevel of waveforms between the two

ears, known as interaural level differences (ILDs); and (3) monaural spectral cues.
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Participants are able to utilise differences in the perceived location ofosinds to segregate
talkers during multi-talker listening.

AEA OAOI OOPAOGEAIT OAI AAOA mEOI T 1 AOEET C8
be applied to a spatially separated target and masker to produce the same behavioural
performance as when the sonds are collocated.Allen et al. (2008) asked participants to
report key words spoken by a target talker in the presence afvo masking takers, both when
the talkers were collocated and when they were spally separated. They reported aSRM of
12 dB when the maskers were located 30to the left and right of the target. Thisfinding
means that the SNR could be 12 dB lower in the spatially garated condition, while
producing accuracy that was equivalent tahe collocated condition.

In particular, Allen et al. (2008) suggesed that spatial separationin the azimuthal
(horizontal) plane may be important for the initial segregation of tallers. They found that
even when two voices were initially spatially -separated and gradually beame collocated,
participants showed 4 dB release from maskingimportantly, the key words were spoken
after the voices became collocad. This result shows that adifference in location helps
listeners to segregate the targettalker from the interfering talker and, furthermore, that
listeners can usean initial location difference to segregate simultaneous talkergven when
that location difference disappears This strategy is plausible in real-life situations, where
listeners often need to track moving talkersimportantly, Allen et al.found that release from
masking was greater for opposite-gender than samegender talkers who were initially
spatially separated Thisresult suggests that initial spatial separation may allow additional
benefit to be gained from targes and maskers that arealso separated inFO, although initial
spatial separationmay not beable to be utilised in the absence of other cues.

The degreeto which simultaneous talkers are spatially separated also affects speech
intelligibility (Marrone, Mason, & Kidd, 2008c; bble & Perrett, 2002) For example,Noble
and Perrett (2002) presented participants with continuous speech from 0° amuth (straight
ahead) in the presence of two distracting talkers. Intelligibility was better when the
distracters were located at = 30° from the target than when they were collocated. However,
intelligibility improved further when the distracters were located at + 90°(Figure 1.3). This
result demonstrates that the degree of spatial separation is important in determining release
from masking.

1.2.2.4. Differences in fundamental frequency
A difference in FO also improves the ease with which competing talkers can be

segregated. FOvaries considerably both within and between talkers. Along with vocal tract
I AT COEh &mn DOT OEAAO AOE A ABaktorowkki & Ovlren1899;EsAli0 & O
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Figure 1.3. From Noble and Perrett (2002). Benefi
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Shue, & Alwan, 2007; Murry & Singh, 1980)Females have higher FOs than males
(Bachorowski & Owren, 1999), shorter vocal tract lengths(Bachorowski & Owren, 1999) and
their formant frequencies are, on average, 16% higer (Peterson & Barney, 1952)

Speech intelligibility during two-talker listening is more accurate for oppositegender
talkers than for samegender talkers (Figure 1.4; Brungart et al., 2001; Brungart, 2001;
Shafiro & Gygi, 2007) Also, prticipants subjectively rate samegender talkers as more
difficult to segregatethan opposite-gender talkers (Nakai, Kato, & Matsuo, 2005) When
participants are asked to identify words spoken by a target talker, nearly all incorrect
responses consist of words spoken by the competing talkgDarwin, Brungart, & Simpson,
2003). This finding suggests that the primary benefit of presenting oppositgender talkers,
rather than samegendertalkers, is release from informational masking.

Even for samegender talkers, speech intelligibility improves with larger FO
differences (Darwin & Hukin, 2000). Although, previous findings demonstrate that
participants can utilise evensmall FO differencesto segregate talkersFor example, Assmann
and Summerfield (1994) presented participants with brief 50 ms synthetic vowelsthat
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Figure 1.4. From Brungart et al.(2001). Graph stows percentage of correct
identification of key words spoken by a target talkein three masking
conditions. The differentsex masker condiion contained either 1 (TD), 2
(TDD), or 3 (TDDD) differentsex maskers. The mixegex masker condition
contained 1 sameand 1 different-sex masker (TSD), or an additional
different-sex (TSDD) or sameex (TSSD) masker. The sansex masking
condition contained either 1 (TS), 2 (TSS), or 3 (TSSS) saisex maskers. Errol
bars show 95% confidence intervals in each condition.
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differed in FO and asked them to identify the presented voweld.isteners gaired a greater
benefit for vowel intelligibility from differences in FO when the stimulushad a longer
duration compared to a short duration. Alsowhen the difference in FO vas small (0.25-1
semitone), presenting at least twadifferent segments of the vowelproduced higher accuracy
than presenting the same segment repeatedly This result suggests that the limit on
intelligibility for short-duration stimuli is not the time taken to switch attention between the
two segments Moreover,intelligibility depended on the particular time segment of the vowel
that was presented.The researchers suggestedhat, for small differences in FOJisteners
perform a sequence of analyses of dédfent time-segments of a vowel to determine where the
formants are most clearlydefined.

1.2.2.5. Interaction between cue types
The previous sections have highlighted the advantages that can be gained from

separating concurrent talkers ineither spatial location or FO. However, these factors can also
be used in combination. Shomstein and Yanti$2006) presented two talkers through
headphones. They observed higher intelligibility if a talker and oppositgender distracter
were also presented to separate ears, rather than binaurally with the same perceived
location. This result is consistent with the idea that listeners track a combination of different
cue types(Mondor, Zatorre, & Terrio, 1998)

The finding that listeners benefit from acces to multiple cues is consistent with the
finding of enhanced sensitivity to features of a source that are not tagklevant. For example,
Maddox and ShinaCunningham (2012) presented two simultaneous digit streams, which
that matched the primer phrase in either location (left/right) or pitch (high/low) and to
ignore the taskirrelevant feature. On each trial, one digit of each simultaneous pair matched
the location of the primer phrase and one digit matched its location. On consistent trials, the
digits at the location of the primer phrase shared the pitch of the primer. On mix trials, the
task-irrelevant feature varied within each digit sequence. Overall, participants were more
likely to correctly report the digit stream on consistent trials than mix trials. This finding
demonstrates that a taskirrelevant feature can influence the accuracy of speech
intelligibility. This result is consistent with object-based attention, which sugges that
participants attend to spatial and nonspatial attributes of stimuli in combination (see Section
1.1.2.2.

When identifying words spoken during multi-talker listening in everyday life, it might
be advantageous to monitor multiple cues at once ratlmehan focusing on a single cue. The

dynamic nature of speech signals means that the factors most useful for segregating talkers
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might vary over time (Caporello Bluvas & Gentner, 2013)For example, FO fluctuations in the
speech spoken by one talker or changes in location for a talker who moves while speaking are
both factors that might cause the most useful cue for talker segregati to change over time.
Tracking both location and FO cues may also be important when a target talker cannot be
distinguished from multiple distracting talkers by either information source alone, but only

by combined knowledge of location and FO.

1.2.3. Preparato ry attention during multi  -talker

listening
Normally-hearing listeners are able to utilise information about a target talker before

he or she begins to speak to improve the intelligibility of that talker. Advantages have been
demonstrated from knowing the gspatial location (Best et al., 2009; Best, Ozmeral, & Shinn
Cunningham, 2@7; Ericson, Brungart, & Brian, 2004; Kidd, Arbogast, Mason, & Gallun, 2005)
and the identity and timing (Kitterick et al., 2010) of the target talker. In these experiments,
the stimulus composition is identical on every trial, but the participant is instructed to attend
to different talkers on different trials.

1.2.3.1. Advantages of prepang for multi -talker listening
Several experiments demonstrate improved intelligibility in multi-talker listening

xEAT DAOOEAEDPAT OO ETTx A OAIEAOSO ODbMBéesEdI
al., 2009; Best, Ozmeral, et al., 20Q7For example, Beset al. (2007) presented participants
with a sequence ofspoken digits and five maskers containingtime-reversed speech The
target and maskerswere presented simultaneously from five differentloudspeakers and
participants had to report thetarget digits in the correct order.On cued trials, a lightemitting
diode was presented above one of the loudspeakers to inform participants of the location of
the upcoming digits. Hentification accuracy was significantly higher on cued trials than
uncued trials.

Exposing participants to characteristics of the upcoming target voice also improves
intelligibility (Freyman et al., 2004; Kitterick et al., 2010)For example, Brungaret al.(2001)
found that prior experience of the target talkersignificantly reduced the number of opposite-
gender confusionscompared to when participants did not have prior experience of the target
talker. This result suggests thaknowing characteristics of atarget talker provides a release
from informational masking. In this experiment, the greatest benefit of prior experience for
the accuracy of speech intelligibility occurred in the three and four-talker listening

conditions. In the two-talker condition, acairacy was nearceiling even without the cue.
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Therefore, prior experience of a talker may be most beneficial in difficult listening situations
when intelligibility is low.

Together, the results discussed in this section show that prior knowledge of a target
OA1l EAOG6O 1TAAOCEIT TO Agobi OO0OA Oi OEA&aker O E2
listening compared to when participants do not know this information in advance. Alleet al.
(2011) also propose that intelligibility is affected by prior knowledge of themaskerlocation.
They found that participants were worse at identifying phonemes spoken by a target talker
when masking phonemes were presented from unexpected locations than expected ones. On
average, thresholds for identifying phonemes were 2.6 dB higher when maskers were
presented from unexpected locatios.

1.2.3.2. Timing of preparatory attention during multi -talker listening
Although previous research has consistently demonstrated that knowing

characteristics of an upcoming talker improves intelligibility, little is known about the time
course of preparatory atention. It is possible that participants wait until just before the
target begins to speak to prepare their attention(Liu, 2003). Thus, allowing more time to
prepare would not improve intelligibility. Alternatively, preparatory attention may unfold
over time, such that increasing the amount of preparation time progressively improves
intelligibility. Previous experiments have tended to use different cudarget intervals, ranging
between 100 ms before the targetKoch, Lawo, Fels, & Vorlander, 2011 cueing at the
beginning of each block(Brungart & Simpson, 2007; Ericson et al., 2004; Kitterick et al.,
2010). No similar experiments have systematically varied the cumrget interval within a
single experiment.

Different time intervals have been investigated in ¥periments in which participants
are asked to switch their attention from one attribute to another. It is weHestablished that
there is a switch cost that is, RTs are longer when participants have to switch attention to a
different attribute than when participants maintain attention on the same attribute (S
Monsell & Driver, 2000; Rogers & Monsell, 1995)Several experiments have demonstrated
that the switch cost is reduced when participants are given longer intervals over which to
switch their attention (Koch et al., 2011; Larson & Lee, 2013a; Meiramh@&ev, & Sapir, 2000)
For example, Larson and Leg2013a) presented participants with two simultaneous
sequences of spokenetters. The sequences were monotonised and shifted in pitch to
produce an 8.5 semitone difference. After the first three digits were spoken, there was a silent
gap where participants either had to switch to the opposite sequence or maintain their
attentonT T OEA OAT A OANOAT AA8 0OAOOEAEDAT 008 OAOE

in the attended sequence. Before the letters began, participants received an auditory preview
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first three letters, i.e., before the gap.

of the initial target talker and a cue that told them whether to stick or swch in the gap. There

were five different gap durations: 100, 200, 400, 600 and 800 ms. The results showed a
significant main effect of gap duration on accuracy. Accuracy was significantly lower for the
shorter durations (100 and 200 ms) than the longer dtations (400 and 600 ms), but
decreased when the duration was increased further to 800 ms (Figure 1.5h O3 x E O,
AOOAT OET 1)0A sikilal pAter® & Fe$ults was found for RTs (Figure 1.5BYhis result

shows that increasing the duration of a gapmproves accuracy and latencyalthough intervals

greater than 400 ms did not lead to increased accura@y latency.

The switch cost itself has sometimes been thought to reflect preparatory process
(Meiran et al., 2000) Therefore, it is possible that similar processes underlie attentional
preparation for an upcoming talker as switching attention within a gap. The key difference
between the expeiment of Larson and Lee(2013a) and experiments that provide an
instructional cue for which attention is sustained throughout the trial is that Larson and Lee
varied the duration of time provided to switch attention from one attribute to another(but
the interval between the presentation of the cue and the onset of the gap remained constant)
rather than the amount of time between the cas and the onset of the talkers. Nevertheless, if
similar processes occur during both intervals, the results of Larson and Lee suggest that
longer durations of preparation time during the cuetarget interval have the potential to
improve the accuracy of SA AAE ET OA1 1 ECEAEI EOU O1 OEl AT (

intervals decrease accuracy.
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1.2.4. Preparatory brain activity for multi  -talker

listening
Preparing for an upcoming talker in a mixture of talkers invokes brain activity in a

fronto -parietal network similar to that observed for visual and acoustical norspeech stimuli
(Hill & Miller, 2010; Lee et al., 2013) Hill and Miller (2010) measured brain activity using
fMRI. On each trial, thre simultaneous talkerswere presented,which differed in simulated
spatial location and average FO. Before thacoustical stimuli began a visual cue indicated
either the location (left/right/centre) or the FO (high/low/middle) of the target talker.
OAOOEAEDAT 008 OAOE xAO O DOAOGO A AOOOIT xE!
speech stream.Visual cues for both location and genderevoked activity in the sameleft-
hemisphere fronto-parietal network. However, the detailed pattern of actrity within the
network depended onwhether participants were preparing to select the upcoming talker by
location or FO. The dorsal precentral sulcus and superior parietal lobule displayed
significantly greater BOLD activation when participants were cuedoat location, whereas the
inferior frontal gyrus displayed significantly greater activation when participants were cued
to pitch (Figure 1.6). Thus, the results provide evidence for both domaigeneral and cue
specific brain activity, as has been observer visual and acoustical norspeech stimuli.

A similar experiment by Leeet al. (2013) measured preparatory activity using
magneto-encephalography (MEG). On each trial, two digits were spoken simultaneously,
which differed in simulated spatial location (let/right) and FO (high/low). A visual cue,
indicating either the spatial location or FO of the target talker, preceded the acoustical stimuli.
Leeet al.found greater activity in the left dorsal precentral sulcus and gyrus during attend
location trials and greater activity in the left posterior superior temporal sulcus during
attend-& 1 OOEAI O | &ECOOA p8xQs8 4EAOA OAOOI OO A0/
modulations in similar brain regions. The results are also compatible with the role of th
superior temporal sulcus in voice identification(Belin & Zatorre, 2003).

A possible shortcoming of the experiments of Hill and Miller (2010) and Leet al.
(2013) is that differences in the feature to be used for selection (e.g. location or FO) were
confounded with differences in the visual cues. Both studies used horizontal arrows to cue
location and vertical arrows to cue FO. Woldorfet al. (2004) argue that cuetriggered activity
could either arise from attentional processing of the cueor from sensory and semantic
processing necessary to interpret the cues. In the experiments of Hill and Miller and Leeal,
no control condition was implemented to establish whether the physical difference in cue

orientation contributed to the observed differences in brain activity
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Figure 1.6. Adapted from Hill and Miller (2010). (A) BOLD activity in response to a visual ct
for attention (preparatory attention). Figures showattend-FO (red) and attend-location
(green) conditions, each contrasted with a rest cue condition, and the overlap between

attend-F0 and attend-location conditions (yellow). Activations include inferior frontal gyrus

(IFG), dorsal precentral sulcus (DPreCS), inferior parietal sulcus (IPS), and superior parie
lobule (SPL; alp < 0.01 FDR). Activations are shown on the brain of a representative
participant from this experiment. GraphB shows a region of interest (ROI) analysig.he
graph illustrates BOLD activity inattend-FO0 and attend-location conditions. Eror bars show
the standard error of the difference within subjects. ROIs were defined by overlap betwee
FOand location cues greater than rest cues (the yellow regions ). All tests are twotailed
paired t-tests (*p < 0.05, uncorrected).

Neither Hill and Miller (2010) nor Lee et al. (2013) addressed the question ohow
early in time attentional preparation is manifest in neural activity. Hill and Millerd O
experiment revealed brain activity only with the low temporal resolution of fMRI.Lee et al.
did not analyse MEG data until 600 ms after the start of the visual caig(They displayed the
visual cue together with a fixation dot for 300 ms; they then extinguished the cue, leaving
only the dot for 700 ms, at which point the acoustical stimuli were presented. They analysed
MEG data in 400ms windows immediately before aml after the onset of the acoustical
stimuli. Thus, 600 ms elapsed between the onset of the visual cue and the start of the first
analysis window.) An experiment investigatingpreparation for an upcomingvisual stimulus
revealed brain activity less than 250ms after the cue was presentedYamaguchi et al., 1994)
This result from vision suggests that attention has the potential to influence preparatory
brain activity with latencies shorter than 600 ms.

30ET EOAOAT h 4ET OPAh $ AJo@@n showddbxtiatitleh spedtral A
features of the EEG signal can be used to decode the direction of attention during the-cue
target interval. They presented two male talkers simultaneously on each trial. An acoustical
cue that preceded the talkers instructed participants to attend to the left {45°) or right

(+45°) talker. They found optimal classification accuracy 40900 ms after the onset of the
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Figure 1.7. Adapted from Leeet al.(2013). Inflated surfaces of the left and right hemisphere
show statistical maps illustrating a vertexby-vertex comparison (with minimum cluster-size
threshold set to 100 vertices) in response to the visual cue (prepat@y attention).
Red/yellow areas indicate greater activation in spatial location (S) than pitch (P) trials, whil
blue/turguoise areas show the opposite contrast. Surfaces show activation left frontal eye
fields (B) and left superior temporal gyrus (C). In green, is displayed the frontal eye field
region of interest (FEF ROI) obtained from a memorguided go/no-go saccade task.

cue (approximately 75% classification accuracy). This was the latest interval thahey
analysed. The results demonstrate that attentional orientation can be decoded even before a
target talker begins to speakThe results also suggest that the orientation of attention is best
represented in the EEG response from 400 ms after the onset afh attentional cue.This
finding is consistent with the idea that participants utilise the cuetarget interval to prepare
their attention and further suggests that attention influences preparatory brain activity with
latencies shorter than 600 ms.

1.2.5. Summary and conclusions
Speech intelligibility depends on a complex interplay between the type of masker(s),

number of maskes, similarity of the target and masker(s) in spatial location and FO, and
whether participants know characteristics of the target talker in advance. There is evidence
that a fronto-parietal network controls the allocation of attentional resources in prepaation
for a target talker, similar to results for upcoming visual and acoustical neapeech stimuli
(see Section 1.1.4.).

The mechanisms that underlie preparatory attention remain unclear. One key
question is how much preparation time leads to thénighest accuracyof speech intelligibility.
There are two alternatives: (1) the time interval does not influence intelligibility until it

reaches a certain threshold for successful preparation, beyond which increasing the time
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interval does not improve intelligibility further; or (2) increasing the amount of preparation
OEi A EIi POTI OAO ET OAI 1 ECEAEI EOU bDPOT COAOOEOAT U
latter hypothesis is consistent with the idea that participants can partially prepare using
shorter intervals, but they are able to prepare more successfully when given more time.
Experiments that have provided a cue in advance of the target talker consistently find that
advance cueing benefits the accuracy of speech intelligibility during muitalker listening, but
the amount of preparation time has not been varied within a single experiment.

Similarly, the time course of brain activity during preparation is not fully understood.
Of the two experiments that have previously studied preparatory brain activig for multi-
talker listening, one experiment measured brain activity with the low temporal resolution of
fMRI (Hill & Miller, 2010) and the other did not analyse activity until 600 ms after the cue
was presented(Lee et al., 2013) If the timing of an advance cue affects the intelligibility of a
target talker, then the timing of brain activity during preparation is likely to be important for

understanding this improvement in speech intelligibility.

1.3. Multi -talker listening and hear ing loss

Converging evidence from accuracy scores and seport suggests that multitalker
listening is particularly challenging for listeners with sensorineural hearing losge.g. Dubno
et al., 1984; Helfer & Freyman, 2008)This section discusss possible consequences of this
difficulty and peripheral factors that might contribute. | also discuss the reduced speech

intelligibility benefit of cues for location or FO in hearingimpaired listeners.

1.3.1. Particular difficulty in noisy environments
Listeners with sensorineural hearing loss often complain that they find it dffcult to

understand speech in the presence of background noigBubno et al., 1984; Marrone, Mason,
& Kidd, 2008b; Salvi et al., 2002)The background noise that patients typically refer to is

other speech(Marrone et al., 2008b) The problem is not due to detection, since patients are
able to detect that a person is speaking to them, but thiesay that they are unable to

understand what that person is sayingdSalvi et al., 2002)

Accuracy scores for speech intelligibility reflect these complaints. When intelligibility
is measured in terms of percent correct, listeners with sensorineural hearing logserform
much worse than normally-hearing listeners when identifying speech masked by competing
speech (Helfer & Freyman, 2008) Furthermore, the difference in intelligibility between
listeners with normal hearing and moderate hearing loss is greater for muklialker listening

than for speech recognition in quietMarrone et al., 2008a)
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Difficulties with multi -talker listening can lead to social isolation in hearingmpaired
listeners, since communication difficulties can lead to embarrassment and frustration in
social settings (Shinn-Cunningham, 2007) Gatehouse and Nobl€2004) administered the
O3PAAAER 3PAOEAI h AT A 10ATEOCEAOC 1T &£ (AAOETC
loss,who were seeking rehabilitation from an audiology clinic, prior to acoustic hearing aid
fitting. They also administered atwelve-item handicap questionnaire, which provided a
measure of social withdrawal and discomfort. Responses showed that one of the greatest
perceived difficulties was background noise specifically, simultaneous speech streams and
listening in groups and nadse. Patients also reported that perceiving speech in these
situations was effortful. Handicap score significantly correlated with: following conversation
with multiple people talking, ignoring interfering voices, and talking in noise. Therefore,
difficulty encountered during multi-talker listening contributes strongly to perceived
handicap in hearingimpaired listeners.

1.3.1.1. Hearing loss in older adults
The majority of research that has been conducted with hearingnpaired listeners has

compared speech intelligbility for older adults (> 60 years) with hearing loss to young,
normally-hearing adults. One problem with this comparison is that ageing is associated with
a number of problems, including a decline in executive contro(Braver & West, 2008;
Huppert & Wilcock, 1997; Li, Lindenberger, & Sikstrom, 2001)which may be independent
from, but correlated with, peripheral hearing loss. Declines in executive control or working
memory, reducedspeed of processing, or peripheral hearing loss all have the potential to
impair performance on multi-talker listening tasks (Helfer & Freyman, 2008; Salthouse,
1996; ShinnCunningham & Best, 2008)Therefore, it is difficult to tease apart factors that
result from peripheral hearing loss and cognitive decline.

Some researchers have suggested that peripheral hearing loss has associated central
consequences, which might be the cause of cognitive decline in older adulBchora-Fuller,
Schneider, & Daneman, 1995; Schneider, Daneman, & Murphy, 2Q0Bevertheless, older
adults also perform poorly onvisual cognitive tasks (Kramer & Madden, 2008) suggesting
that hearing loss is not the only reason for cognitive decline. The consequences of hearing
loss and general cognitive decline in older adults might be separate factors that contribute to
accuracy onspeech intelligibility tasks. This idea is consistent with research showing a
relationship between age and the accuracy of speech intelligibility in noise, even when pure
tone audiometry shows thresholds in the normallyhearing range (Dubno et al.,, 1984)
Therefore, the reduced speech intelligibility of older adults is not necessarily due to reduced

acoustic thresholds for detecting sounds.
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It has also been reported that older adults show different neural responses to speech
stimuli compared to younger adults. For example, Harkrider, Plyler, and Hedric006)
measured EEG activity during presentation of consonafntowel stimuli in young normally-
hearing adults (2234 years), older normally-hearing adults (4373 years), and older adults
with moderate sensorineural hearing loss. The amplitude of the NXomponent was
significantly greater for both of the older adult groups than for yoang normally-hearing
listeners. However, he difference in N1 amplitude between older normallyhearing adults
and older hearingimpaired adults was not significant. This realt demonstrates that there
are differences in the neural response to speech between older and younger adults.
Differences in neural response might be one factor that underlies poorer speech intelligibility
in older adults, independent from increased audimetric thresholds that are associated with
cochlearhearing loss. This idea highlights the fact that differences in the accuracy of speech
intelligibility between young normally-hearing adults and older adults with hearing loss
might be attributable to a rumber of possible causes.

1.3.1.2. Children and the noisy classroom
Older adults, however, are not the only group who face difficulties with mukialker

listening. Children with hearing loss face the challenge of attending to a teacher when other
students are talkng (Kochkin, 2005). They may be at a particular disadvantage because they
are trying to learn language in classrooms that are typically noisy.

Lundeen(1991) estimates that more than 1 in 40 school children in the United States
have hearing loss that interferes with their education. Children with mileto-moderate
cochlearhearing loss have delayed vocabulary compared to normatlyearing children of the
same a@ (Pittman, Lewis, Hoover, & Stelmachowicz, 2005)Halliday and Bishop(2005)
administered a battery of language and literacy tests to children with mildo-moderate
hearing loss and to agenatched controls with normal hearing. All participants were between
6 and 13 years of age. Children with hearing loss scored more poorly than controls at word
reading and nonword repetition. Their scores showed significant correlations with
frequency discrimination accuracy at 1 and 6 kHz. This result suggests that even mild or
iTAAOAOA EAAOEIT C 1100 ETI OAOEAOAOG xEOE A AEE
some of the children were receiving speech and language tlaay, the results may
underestimate the effects of hearing loss on language development.

1.3.1.3. Hearing aids and multitalker listening
Most individuals with moderate or severe hearing loss are able to receive acoustic

hearing aids from the NHS. Acoustic hearingids amplify the signal that reaches the ear. They

consist of several parts. The microphone converts sounds in the environment into digital
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signals, the amplifier adjusts the level of these signals, and the receiver converts the amplified
signal into sounds that are fed into the ear canal. Implementation of these devices has been
OOAAAOGOEDOI AT A OUPEAAITT U 1T AAAOG O1 EI DOl OAT Al
detect sounds in quiet settinggMarrone et al., 2008a)

In everyday life, however, listeners often encounter speech in the presence of
background noise. Many hearingaid users complain that listening in noise is exhausting
(Edwards, 2007). Modern acoustic hearing aids implement directiorsensitivity that
suppresses sounds from dections other than straight ahead. This processing may help
listeners to detect sounds coming from directly in front of them in the presence of noise
sources that oiginate from other directions. Consistent with this idea, eoustic hearing aids
have beenshown to provide a small benefit on seffeport measures of speech intelligibility in
noisy environments (Gatehouse & Akeroyd, 2006; Noble & Gatehouse, 2006; Noble, 2Q06)
For example, Noble and Gatehous€006) administered the SSQ to patients who were
awaiting amplification and those who had been using acoustic hearing aids for 6 months.
They found that patients with hearing aids reported better intelligibility than patients
without hearing aids in a variety of conexts, including speech identification in quiet, in
groups, and in noise. Nevertheless, noisy environments still remain a problem for listeners
who use acoustic hearing aids and is a salient factor that contributes to perceived disability
(Gatehouse & Noble, 2004)

1.3.2. Encoding of sounds in the impaired ear
Sensorineural hearing loss indicates impairment of function inside the cochlea, such

as outer and inner hair cells, and atypical processing at neural structures outside of the
cochlea, such as the auditory nervgMoore, 2007). These impairments have multiple
consequences for the processing of speec To fully understand the difficulties faced by
hearing-impaired listeners in multi-talker environments, it is necessary to consider the
peripheral processes that contribute to hearing loss. The most obvious symptoms of hearing
loss are elevated threshold for detecting weak soundgMoore, 2007). In addition, hearing-
impaired listeners show impaired frequency selectivity and also, within frequency bands,
impaired representations of temporal fine structure. It is likely that all of these factors
contribute to poorer segregation of the components ofcompeting talkers and, thus,
contribute to poorer speech intelligibility than listeners with normal hearing (Festen &
Plomp, 1990) The following subsections will briefly overview these peripheral factors and

their possible consequences for speech intelligibility.
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1.3.2.1. Reduced sensitivity
Listeners with hearing loss have higheraudiometric pure-tone thresholds than

normally-hearing listeners. Loss of function of the outer and inner hair cells can contribute to
elevated thresholds by affecting some of the processes involved in transducing sounds from
the cochlea to the auditory neve (Figure 1.8). For example, damage to the outer hair cells
affects the active mechanism, which means that weak sounds have lower than normal
amplitude on the basilar membrane. Therefore, the amplitude of a sound must be larger in
order to produce detectble vibrations on the basilar membranefor hearing-impaired than
for normally -hearing listeners. The inner hair cells are responsible for converting mechanical
vibrations on the basilar membrane into neural activity at the auditory nerve. Damage to the
inner hair cells reduces the efficiency of conversion, which means that the amplitude of
basilar membrane vibrations must be larger than normal to reach threshold levels of neural
activity. Moore (2007) suggests that, although the pattern of damage varies between
individuals, moderate hearing loss results from damage mainly to the outer hair ltg
whereaspatients with severe hearing loss might also have damage to the inner hair cells.

One implication of higher detection thresholds is that hearingmpaired listeners
might not hear the weaker sounds in speech, such as the sounds produced by spoken
AT 1011 AT 00 @odd 002)0Gvarall AHe Aropbriiod of the speech spectrum that
is above threshold will be lower for hearingimpaired listeners than for normally-hearing
listeners, which leads to poorer speech intelligibility(Lee & Humes, 1993; Zurek & Dieorne,
1987). When listening in background noise, normallhearing listeners show higher accuracy
I £/ OPAAAE EIT OAI T ECEAEI EOU xEAT OEA 1 AOEETC
where the SNR is higher than at other parts of the speech sign@ooke, 2006) However,
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hearing-impaired listeners show less improvement from temporal fluctuations than
normally-hearing listeners (Bronkhorst & Plomp, 1992; Duquesnoy, 1983)The accuracy of
speech intelligibility for hearing-impaired listeners in a temporally-fluctuating masker
correlates negatively with average thresholds in quiet(Gregan, Nelson, & Oxenham, 2013t

has been suggested hO EECEAO AAOAAOQEI T OEOAOGEITIT AO 14
detected by hearingimpaired listeners might not be able to be utilised if much of the target
speech remains below thresholdGregan et al., 2013)

There is increasing evidence that, although higher detection thresholds contribute to
poorer speech intelligibility, suprathreshold discrimination abilities also affect tke accuracy
of speech intelligibility in background noise (Arbogast, Mason, & Kidd, 2005; Dreschler &
Plomp, 1985; Tyler, Summerfield, Wood, &ernandes, 1982) This evidence will be discussed
in the following sections.

1.3.2.2. Frequency selectivity
There is a wellestablished relationship between thresholds for identifying speech in

noise and measures of frequency selectivitfFesten & Plomp, 1983) Frequency selectivity is
the ability to represent fluctuations in energy in one frequency band, separate from
fluctuations in different frequency bands. In normallyhearing listeners, fluctuations in
specific frequency bands are represented at specific places along the basilar membrane and,
provided the frequency separation is sufficiently large, in different fibres of the auditory
nerve. ThisOUPA 1T £ OADPOAOAT OAGEIT EO ETiT x1 AO ODBI 4
distorts the place coding system tuning on the basilar membrane is less sharp than normal
(Gaudrain, Gimault, Healy, & Béra, 2007Moore, 2008a) One consequence of this distortion

is spectral smearirg of components of sounds: adjacent frequency components, which are
coded into separate frequency channels in the normaklfunctioning auditory system, are
represented in the same channel in a system with degraded frequency selectiviarwin,
2008).

Broad tuning predicts that greater amounts of noise will enter each auditory filter,
leading to poorer SNRs at affected frequencie@Darwin, 2008; Gaudrain et al., 2007)
Consistent with this idea, Marroneet al. (2008b) proposed that reduced frequency selectivity
leads to greater energetic masking. Indeed, Arbogast al. (2005) found greater energetic
masking in hearingimpaired listeners than normally-hearing listeners. Participants
identified speech in different types of background noise: differenband speech, different
band noise and saméand noise. The maskelevel was adjusted for each participant to
eguate sensation level. For the differenband noise masker, listeners with mildto-moderate

hearing loss showed greater SRTs than normaklyearing listeners. Listeners with hearing
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loss also displayed a greateshift from SRTs measured in quiet to thresholds measured in
different-band noise.These results are consistent with the idea of broader auditory filters in
listeners with hearing loss.

Baer and Moore(1994) processed speech by spectral smearing, aiming to simulate
one aspect of hearing losgor normally-hearing participants. They found that the level of
smearing affected the intelligibility of a sentence spoken in the presence of a competing
talker. Intelligibility for sentences presented with three-factor broadening decreased more
steeply with decreasing SNR than was found using unprocessed sentences. Whenrfaixor
broadening was used, intelligibility was low at all SNRs. These simulation results
demonstrate that spectral smearing has the potential to negatively affect intelligibility in
hearing-impaired listeners.

1.3.2.3. Encoding temporal fine structure
A waveform can be decomposed into two components: slow envelope modulations,

and rapid modulations of temporal fine structure (TFS; Moore, 208b). Hearingimpaired
listeners have problems encoding TFS information. For example, Lorenzi, Gilbert, Carn,
Garnier, and Moore (2006) processed spoken consonants using the Hilbert transform
(Hilbert, 1912), with the aim of preservingeither the speech envelope or TFS. Participants
had to identify the consonant that was presented on each trial. Normaklyearing participants
were able to identify the processed consonants with high accuracy using envelope cues or
TFS alone. Participants with mderate hearing loss were able to identify consonants with
envelope cues almost as accurately as normalhearing participants. However, they
performed very poorly at identifying consonants with only TFS information. This finding
suggests a specific deficih extracting TFS information from speech.

The underlying cause of atypical TFS encoding is unclear, although several
possibilities have been suggeste@see Moore, 2008b for a summary) One possibility is that
broader auditory filters lead to more complex TFS information, which makes it more difficult
to decode (Moore, 2008b). In more detail, broader auditory filters would lead to TFS
information, at a given frequency, that was more complex and more rapidlyarying than
TT 0 Al $SAEZEAEOO AO OEEO OOACA x1 O1I A DPOO
information, which might not be able to track sich rapid changes in frequencyMoore & Sek,
1996). Another possibility is that disruption of the waveform at the basilar membrane
interferes with the cross-correlation mechanism thought to be important for decoding TFS
information (e.g. Carney, Heinz, Evilsizer, Gilkey, & Colburn, 2002; Loeb, White, & Merzenich,
1983). Carney et al(2002) express their crosscorrelation model in terms of coincidence

detector cells that receive inputs from the auditory nerve, such as those in the anteroventral
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cochlear nucleus. The model compares temporal response patterns across auditory ver
fibres that are tuned to different frequencies and assumes that the combined output of the
nerve fibres provides information about spectretemporal properties of the stimulus (Carney
et al., 2002) This model suggests that precise phadecked firing underpins accurate
encoding of TFS. Moor€008b) suggests that changes in the relative phases of a waveform at
different points on the basilar membrane in hearingimpaired listeners could interfere with
the crosscorrelation mechanism. The crossorrelation mechanism could be distorted as a
result of broader frequency tuning in individual nerve fibres and by atypical temporal
responses at the basar membrane. It is possible that disruption of the crossorrelation
mechanism, broader auditory filters, or both of these processes might contribute to atypical
TFS encoding in hearingmpaired listeners.

TFS is thought to be important for listeninginE A OAED OGS | A (Mooré & OEE
Glasberg, 1987) When only envelope cues are psent, even normallyhearing participants
display poor intelligibility in the presence of a fluctuating background sound(Qin &

Oxenham, 2003; Zeng et al., 2005)Therefore, one reason that hearingmpaired listeners

i ECEO EET A T1EOU OEOOAOQEIT O AEAEZEAOI O EO OE,
result of reduced TFS information. Lorenzet al. (2006) found that consonant identification
Al O OOEI OITE ATTOAETEITC 111U 4&3 Ai OOAI AGAA

temporal dips of background noise when identifying unprocessed speech. Furthermore,
OAAOAAA AOAE AHKHGregénlet d,12018nkah maeAittndré difficult for hearing

Ei PAEOAA 1 EOOAT AOO O OOEI| EsedionQB.AL, BrahkhErst ROA O
Plomp, 1992; ShinaCunningham & Best, 2008)

1.3.3. Ability to use cues for segregation
Listeners with normal hearing are able to use differences in spatial location and FO

between simultaneous talkers to improve intelligibility (Bronkhorst & Plomp, 1988;
Brungart, 2001). However, hearingimpaired listeners typically show less improvement from
separating talkers in spatial location or FQArehart, King, & McLearMudgett, 1997; Marrone
et al., 2008b) There are at least two possible explanations for this finding: (1) atypical
peripheral encoding of speech, which leads to a lack of discriminability of differences in
location/FO, or (2) atypical selective attention to speech based on cues for locationdE It is
likely that both of these processes interact to produce the deficits observed in noisy
environments. However, | first consider the former possibility. This section draw on

research discussed in the previous section to explore how atypical peripha processing
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might cause difficulties discriminating location and FO differences and, consequently,

difficulties using these cues to segregate simultaneous talkers.

1.3.3.1. Ability to utilise differences in fundamental frequency
Previous studies report that heamg-impaired listeners gain smaller improvements in

intelligibility than normally -hearing listeners when two simultaneous voices are separated in
FO compared to when the talkers have the same FO. For example, Arehattal. (1997)
presented simultaneous vowel sounds to normalihhearing and hearingimpaired listeners.
FO separation was varied from 0 to 8 semitones and participants were asked to identify one
of the two vowels. SNR was manipulated in order to identify SRTs in listeners with normal
hearing and listeners with moderateto-severe sensorineural hearing loss. Hearingnpaired
listeners received a mean benefit of 4.4 dB SNR across all FO separation values compared to
when the target and masker had the same FO. However, normaligaring listeners benefited
from FO separationmore than twice as much (9.4 dB). Mackersiet al. (2011) found similar
results for spoken sentences. Listeners with moderate hearing loss showed a significant
improvement in intelligibility when talkers were separated by FOs of 6 or more semitones
compared to 0 semitones. Howear, while normally-hearing listeners received an additional
benefit from increasing FO separation to 9 semitones, hearingnpaired listeners did not
(Figure 1.9A). Additionally, hearingimpaired listeners showed no benefit from separating
talkers in vocal tract length (Figure 1.9B). Together, these findings suggest that hearing
impaired listeners are unable to take full advantage of talker and gender differences when
listening to two simultaneous talkers. These results are consistent with the finding that
hearing-impaired adults are less accurate than normallhearing adults at discriminating
between different voices, for example when asked to identify a female target talker out of
three consecutivelypresented female talkergHelfer & Freyman, 2008)

There are several reasons why discriminating talker identity might be difficult for

hearing-impaired listeners. First, differences in FO might be more difficult to detect due to
impaired frequency resolution. In normally-hearing listeners, the harmonics of speech
spoken by talkers that are separated in FO excite different positions on the basilarembrane.
In hearing-impaired listeners, because place coding is less precise than in normaligaring
listeners, the excitation patterns associated with voices that are separated in frequency may
still overlap on the basilar membrane, thus resulting in porer accuracy for talker
discrimination. Consistent with this idea, the degree of masking between two talkers that are
separated in FO increases as frequency selectivity decreag@arwin, 2006).

Another factor that might contribute to difficulty discriminating talker identity is

poorer encoding of TFSAn impaired ability to encode or interpret TFS reduces the ability to
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Figure 1.9. Adapted from Mackersieet al.(2011). GraphA shows the percentage of correct
key word identifications for participants with moderate sensorineural hearing loss (circles)
and normal hearing (squares). Percent correct is plotted as a function of fundamental
frequency (FO) difference in semitones at @B target-to-masker ratio (TCR)when the target
was thehigher-FO talker. GraphB shows the percentage of correct keword identifications
as a function of difference in vocal tract ratio (VTR) at 0 dB TCR, averaged over the hight
and lower-VTR talkers.Error bars on both graphs indicate +1 standard error.

determine the pitch of complex sound(e.g. Leek & Summers, 2001vioore, 2008b). Hence,
given that dfferences in pitch provide important cues for segregating concurrent talkers,
impaired processing of TFS will give rise to particular difficulties in multitalker listening.
Taken together, impaired frequency selectivity and encoding of TFS information it
undermine the ability of hearing-impaired listeners to use FO and pitch as cues to segregate
speech spoken by two simultaneous talkers.

1.3.3.2. Ability to utilise differences in spatial location
Similar to differences in FO, increasing the spatial separation of a target talker from

interfering talkers increases the accuracy of speech intelligibility for hearingmpaired
listeners, but not asmuch as for normally-hearing listeners (Marrone et al., 2008a, 2008b;
Neher et al., 2009) For example, Marroneet al. (2008b) presented participants with three
simultaneous sentences. The target sentence was presented from straight ahead (0° azimuth)
and the maskers were either collocated with the target or spatialhgeparated at + 90°
azimuth. Normally-hearing participants (old and young) were able to report key words from
the target sentence more accurately when maskers were spatialeparated thanwhen they
were collocated. However, listeners with mildto-moderate sensorineural hearing bss
received a smaller benefit of spatial separation than normallpearing listeners, with some
listeners showing no benefit above the spatially collocated condition. The improvement in

accuracy gained from spatial separation negatively correlated with tlesholds for identifying
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speech in quiet. The results of Marronet al. show that hearingimpaired listeners are not
able to fully utilise spatial separation to improve intelligibility.

Marrone, Mason, and Kidd(2008c) investigated the conditions in which normally
hearing listeners benefit from spatial separation in threetalker listening. They found
significant spatial release from masking when the maskers were located #t15° from the
target. This result is consistent with previous research that shows spatial release from
masking in normally-hearing listeners (e.g. Allen et al., 2008; Noble & Perrett, 2002)
However, when listeners wore an earplug and earmuff over one ear, spatial releafem
masking was nearly eliminated. This finding suggests that unilateral hearing loss might
distort, or eliminate, the binaural cues necessary to benefit from spatial separation.

The aforementioned results are consistent with the finding of impaired spial
localisation abilities in hearingimpaired listeners (Noble, Byrne, & TerHorst, 1997).
Reduced ability to extract TFS information in hearingmpaired listeners can leadto impaired
ability to encode ITDs, which are important cues for sound localisatior{(Hawkins &
Wightman, 1980; , AARA@CA3Z OA Q@ $.ABrdhkharst and Ploapd1988)
investigated the relative contributions of ITDs and ILDs to speech intelligibility in the
presence of speectshaped noise. They manipulated the noise to contain only ITD or ILD
information and simulated spatial azimuths of 0°, 30°, and 90°. Speech was presented from
the front (0°) and SNR was varied in order to measure SRTs. Listeners with symmetrical
mild-to-moderate sensorineural hearing loss showed a similar improvement in thresholds as
normally-hearing listeners when ITDs were present compared to when ITDs were not
present. The improvement in thresholds when ILDs were present varied among hearing
impaired listeners, ranging from 0 dB SNR to greater than 7 dB SNR. This variation was
partially explained by pure-tone thresholds at 4 kHz at the ear contralateral to the noise
source. Bronkhorst and Plomp propose that this finding is consistent with the explanation
that the head shadow effect at 90° is most prominent atz® kHz. This result suggests that
high-frequency hearing loss might reduce the ability to benefit from ILDs for separating
speech from broadband noise. It is likely that this factor also undermines the ability of
hearing-impaired listeners to segregate spatiallyseparated talkers during multi-talker
listening.

Consistent with the idea that the results of Marroneet al. (2008b, 2008c) do not
result from reduced audibility, acoustic hearing aids do not greatly improve the ability to
benefit from spatial separation. Marroneet al.(2008a) reported a significant but small speech
intelligibility benefit of bilateral hearing aids over no hearing aids whenthree talkers were

separated €90°, 0°, and 90°) compared to collocated (0°). Even with hearing aids, hearing
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impaired listeners showed substantially less improvement in speech intelligibility from
spatial separation than normally-hearing listeners. This finding is consistent with the fact
that acoustic hearing aids amplify sounds, rather than correcting for reduceability to extract

or encode TFS information. It has been suggested that, in some cases, acoustic hearing aids
may even decrease intelligibility compared to unaided listening because the head shadow is

reduced at the microphone of a hearing ai¢Bronkhorst, 2000).

1.3.4. Summary and conclusions
This section has highlighted the dficulties posed by multi-talker environments for

listeners with sensorineural hearing loss. These difficulties can lead to social isolation and
problems acquiring language in childhood. Even when using an acoustic hearing aid that
improves speech recognibn in quiet, there is little or no benefit of a hearing aid for
intelligibility during multi -talker listening. This outcome highlights that, to be successful,
rehabilitation not only needs to ensure that talkers are audible, but also that patients are &bl
to segregate simultaneous talkers and attendelectively to a talker of interest.

Unlike normally-hearing listeners, hearingimpaired listeners do not receive as much
speech intelligibility benefit from separating simultaneous talkers in spatial locatioror FO.
This finding might partially result from the distorted encoding of sounds at the periphery.
Several peripheral factors might contribute, including reduced sensitivity, broadening of
auditory filter bandwidths, and reduced encoding of TFS.

It is possible that central, in addition to peripheral, factors contribute to poorer
speech intelligibility by hearing-impaired listeners. However, the study of older adults with
hearing loss in many of the experimentsliscussed in this section limits our estimatio of the
extent to which the cognitive consequences of hearing loss contribute to difficulties in mudti
talker listening relative to general cognitive decline in older adults. In addition to hearing
loss, older adults experience cognitive decline that isndependent of hearing loss itself
(although may be correlated with it). This decline might involve factors such as reduced
working memory capacity (Braver & West, 2008) and reduced speed of processing
(Salthouse, 1996) Thus, it is dificult to distinguish whether difficulties with multi -talker
listening in older adults result from the peripheral and cognitive factors associated
specifically with hearing loss or an aspect of cognitive decline that is not a direct result of
hearing loss.Studying children with hearing loss could help to isolate cognitive factors that
are associated specifically with hearing loss, independent from the effects of older age on

cognition.
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The next section will consider the evidence that is available for oneognitive factor
that might be associated with hearing loss: reduced ability tattend selectively to a talker of
interest. If hearing-impaired listeners show atypical cognitive processing relative to
normally-hearing listeners, then understanding the centl consequences of hearing loss is

likely to be important for rehabilitation.

1.4. Auditory attention in hearing loss

In recent years, there has been an explosion of interest in the relative contributions of
peripheral and central factors to the difficulties fa&ed by people with hearing loss, within both
clinical and scientific communities. This idea recognises that problems at the ear might have
upstream consequences for central processing. Central processing may be particularly
important for speech intelligibility when listening in background noise, where there are
multiple concurrent sounds that need to be segregated. It has been suggested that difficulties
with attention might explain why listeners who use acoustic hearing aids find communication
in quiet relatively easy compared to multitalker listening (lhlefeld, ShinnCunningham, &
Carlyon, 2012)

There ae several reasons to believe that the attentional processing of speech might
be atypical in listeners with hearing loss. This section will start by discussing this rationale.
Although several researchers have speculated about atypical attentional procesgj there
has been little experimental evidence to support their speculations. Peripheral and central
factors that contribute to poor intelligibility are notoriously difficult to tease apart. This
section will discuss some experiments that have attemptedtexplore central factors. | will
argue that previous experiments have not been rigorous in ruling out the explanation that
differences in peripheral, rather than central, processing may explain differences between
normally-hearing and hearingimpaired listeners. At the end of this section, some possible

directions for future research will be suggested.

1.4.1. Rationale for atypical auditory attention
It is well-accepted amongst clinicians and scientists that there is wide variability in

the accuracy of speech ielligibility that is unrelated to audiometric thresholds (Grose & Hall,
1996; Neher et al., 209) and frequency selectivity(Rose & Moore, 1997)Neheret al.(2009)
also found that the ability of hearingimpaired listeners to benefit from spatial separation
varied among listeners with similar audiometric thresholds and identical acoustic hearing aid
fittings. The audiogram only provides information about the early stages of auditory input

(Kraus & Anderson, 2012) Therefore, it is possible that individual differences may result
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from suprathreshold differences in peripheral encoding or from differences in central
processing.

Shinn-Cunningham and Best(2008) assumed that atypical peripheral processing
contributes to failures in later stages of processing, such as the ability to attend selectively to
acoustical stimuli. This idea followed from thecommon conceptualisation of the auditory
system as a sequence of processing stages that build upon each otfidoore, 2007). Shinn
Cunningham(2007) assumed that there are two possile points at which selective attention
can fail. The first is the ability to segregate the target from maskers, suggesting that a failure
in object formation or, in other words the grouping of spectretemporal features, is the cause
of difficulty. Failures at this stage might arise when the spectrdemporal features of the
target are not easily distinguishable from features of the maskers. Such failures are more
likely to occur in hearing-impaired listeners than normally-hearing listeners due to reduced
spectro-temporal resolution. If spectrotemporal features are not segregated effectively, then
interference between a target and masker is more likely, thereby reducing intelligibility.

The second point at which selective attention might fail is in selectinthe correct
object to which to direct attention. This idea implies that the target might be effectively
separated from the maskers, but the listener incorrectly attends to a masker rather than the
target. Failures in object selection might also arise frorapectro-temporal similarity between
the target and maskers, in this case causing confusion about which object is the target.
Alternatively, the listener may not know to which feature to direct attention, which might
arise when higherorder cues for segregtion, such as location or pitch, are not salient or
when the listener does not have experience of selecting a particular feature. Another
potential difficulty is that the maskers might be inherently more salient than the target and
the listener cannot ovecome distraction from the masker(s). The latter might result from
increased masking in hearingmpaired listeners due to broader auditory filter bandwidths.

A visual analogy is an observer who is colour blind (Figure 1.10A). If the observer
does not have he ability to detect differences between red and green objects, then asking the
observer to pay attention to the red object may be problematic for two reasons. First, a lack of
discriminability might impair their ability to segregate the red and green obijets if the objects
are also similar on other dimensions, such as the case where they overlap in spatial location
(Figure 1.10B). Therefore, they will not be able to pay attention to the red object because they
do not perceive it as an object. Second, evénthe observer can discriminate the red and
green objects enough to segregate them, the observer might not be able to select one object
for attention because colour is not a salient cue and they may not be certain which object is
red (Figure 1.10C).
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Figure 1.10. Diagrams to visualise
the analogy of arobserver who is
colour blind. (A) A simplified
example of visual objects,
exemplified by shapes of differen
colours that overlap in spatial
location. (B) An example of
difficulties with object formation.
The red and greerobjectsfrom
panel A are perceived as a single
object. (©) An example of
difficulties with object selection.
The red and green objects from
panel A are segregated, however
based on colour information alone
it is unclear which of the two
objects should be selected for
attention.

These two hypotheses make different predictions for hearingE i PAEOAA | EO
performance on multi-talker tasks. If object formation is the problem, then incorrect
responses are likely to consist of a mixture of words spoken by the target and/or maskers. If
object formation is intact but object selection is the problem, then incorrect responses are
more likely to consist of words spoken by one of the maskers. It is possible that both of these
mechanisms are impaired in listeners with hearing loss, although théactor that is most
problematic might depend on the structure of the acoustical environment. Although
researchers have speculated that both of these processes might be impair@dg. Best et al.,

2009; Neher et al., 2009; ShimCunningham, 2008) no previous experiments have directly
investigated these hypotheses.

1.4.2. Cognitive factors correlate with performance
One line of research has investigated the relationship between cognitive factors and

thresholds for identifying speech in noise through correlation analyses. For example, Nehedr
al. (2009) measured SRTs in hearingmpaired listeners when two speech maskers were
spatially-separated to the left and right. Thresholds significantly correlated with selective
attention (Test of Everyday Attention [TEA] subtest 1), attentional switching (TEA subtest
4), and working memory (reading span test). ParberClark, Skoe, Lam, and Krau&009)
found that musicians, who show betteithan-average SRTs in noise, also have abeseerage
working memory capacity (Parbery-Clark et al., 2009) Furthermore, SRTs in musicians

correlated with working memory capacity. In addition to SRTs, working memory capacity
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covaries with the pereived effort of listening in noise in normallyhearing adults (Rudner,
Lunner, Behrens, Thorén, & Rénnberg, 2012)

Together, these results provide evidence for a link between cognitive factors, such as
attention and working memory, and SRTs and effort of listening in noise. However, the
direction of this relationship is not clear. A causal relationship cannot bes&ablished between
cognitive ability and SRTs based on these experiments. Furthermomost of Neheret ald O
(2009) participants were older adults, which means that it is difficult to distinguish between

changes in cognitive factors resulting from hearingpss and changes resulting from older age.

1.4.3. Cognitive training

If cognitive factors, such as attention, contribute to difficulty identifying speech in
noise, then training participants on aspects of cognition relevant to processing speech might
improve speech intelligibility in noise. Song, Skoe, Banai, and Kra(912) trained a group of
normally-hearing participants who displayed large individual differences in accuracyof
OPAAAE ET OAI 1 ECEAEI EOU ET 11 EOA8 40AETEITC
#1 11 01 EAAOCET 1T pwebranA (Néubotorfe] 160G 2005) including practice with
speechin-noise, speech masked by a competing talker, tim@mpressed speeh, auditory
closure, and auditory memory. Training was provided for twenty 3@minute sessions across
four weeks. The group that had undergone training showed better SRTs in noigban the
control group who had received no training. Furthermore, the improement in thresholds
was retained six months later, which demonstrates that the effects of training were sustained
rather than transient. The results of Songet al. show that training has the potential to
improve speech intelligibility in background noise.

However, there are two features of many previous training studies that limit the
conclusions that can be drawn. First, Songt al. (2012) compared training with a control
group who did not undergo any training. Therefore, it could be argued that other differences
between the groups, such as differences in motivation or familiarity with the testing
equipment, might explain differences in performance. Second, the specific tasks that improve
SRTs remain unclear, since Somg al.employed a variety of tasks. Even within a single task, it
is not clear which aspect of the task caused improvements in intelligibility. Improvement
might be the result of any aspect of familiarity with the task, which includes peripheral
acoustical processing as well as central auditory processingAmitay, Zhang, Jones, & Moore,
2014).

Furthermore, not all studies have found a significant effect of training on speech

intelligibility. For example, Burk and Humes(2007) provided training to young, normally-
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hearing listeners. During training, words that were described as lexicalhdifficult (defined as
high neighbourhood density and low frequency of usage) were spoken by a single talker in
the presence of speecishaped noise. Participants had to identify the presented word from an
alphabetical list of 75 possible words. Training was presented for between 8 and 11 hours,
spread over two-week period, and participants received orthographic feedback regarding
their responses. The test phase presented the same lexicatlifficult words and a different
set of lexicallyeasy words. In the operset condition, participants had to identify the spoken
words. The closedset condition was identical to the task during training. The accuracy of
reporting the familiar lexically-difficult words was higher after training than before training.
This improvement generalised to new lexicallyeasy words in the closeeresponse condition,
but not to lexically-easy words in the operresponse condition. Similar patterns of results
were found when training was e&tended to up to 25 hours. These results show limited
benefits of training that are restricted to the words and task presented during training.
Therefore, this type of training might be of limited use for improving the accuracy of
identifying speech in nose during everyday listening.

Overall, the possible benefits of training for speech intelligibility in noise are unclear.
This uncertainty arises from mixed findings, the implementation of ndraining comparison
groups, and the difficulty of elucidating tle causes of speech intelligibility benefits following
training. Nevertheless, the results from Songt al. suggest that training has the potential to
improve speech intelligibility in noise. One possible explanation of the results of Soegal.is

that training improved cognitive processes, such as attention.

1.4.4. Preparatory attention in hearing loss
During multi-talker listening, there is some evidence that hearingmpaired listeners

(unlike normally -hearing listeners) receive only a small benefit from advare cues that
provide information about the target talker, such as their spatial location. For example,
Gatehouse and Akeroy@2008) asked older adults with hearing losdo identify words spoken
by one talker in the presence of two competing talkers and speedhaped noise. Light
emitting diodes (LEDs) attached to the loudspeakers cued the spatial location of the target,
the time the target would start talking, or both atributes. The results showed a significant
but small (2%) improvement in the accuracy of speech identification in the cued than the no
cue condition. However, there was large individual variability. Only 16 out of the 57
participants (28%) showed an averag improvement of 5% or more in cued conditions than
the no-cue condition. This finding demonstrates that some, but not all, hearing impaired

listeners canuse advance cues to slightly improve the accuracy of speech intelligibility.
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Bestet al.(2009) showed that the intdligibility benefit of receiving advance cues was
smaller in hearingimpaired listeners than in normally-hearing listeners. Participants were
asked to report a digit sequence spoken by a target talker. On each trial, the target speech
occurred in one of fve time windows and at one of five spatial locationsMaskers, which
consisted of timereversed speech, were presented during other time windowA O OEA OAC
spatial location and at the other spatial locations during the target time window. There were
fl 00 AEEEAOAT O AGAET ¢ AT TAEOETIT0q 11 AOARh OxeE
OEA OAOCAO OPAAAE x1 Ol A 1T AAOOQh OxEAOAGE AOA
OAOCAO OPAAAE xi Ol A | AAOOQR Al AanddpeiiaDdediionAOA |
the target speech). The sensation level of the target speech was equated for normdigaring
and hearingimpaired listeners, which produced similar mean accuracy in the noue
condition across both groups of listeners. The intellidility benefit of knowing the spatial
location of the upcoming talker (calculated as the difference in percent correct between the
OxEAOAE AOA Al 1 Aue@eniition) Wds SignificBnfly sindller for hearing
impaired listeners than for normally-hearing listeners. However, hearingmpaired and
normaly-EAAOET ¢ 1 EOOAT AOO OAAAEOAA OEIEI AO CAE
compared to the necue condition. This result is consistent with the hypothesis that hearing
impaired listeners do not utilise preparatory spatial attention to improve the accuracy of
speech intelligibility to the same extent as normallyhearing listeners. However, a possible
alternative explanation, which is not addressed by Beset al, is that hearingimpaired
listeners require more time than normally-hearing listeners to effectively prepare their
attention for the location of an upcoming talker.

Little research has explored the ability of hearingmpaired listeners to use prior
ETT xI AACA T £ A OAI1 gdvoOdpeachhielighilty Orle @latédrexp&iment |
explored the effect of voice familiarity on intelligibility in older (> 60 years old) listeners
(Johnsrude et al., 2013)Participants heard two simultaneous sentences on each trial and had
to report key words spoken by a target talker. Intelligibility was significantly higher when
AEOEAO OEA OAOCAO 10 AEOOOAAOET ¢ OIEAA xAO G
unfamiliar. This finding suggests that familiarity with a voice improves speech ielligibility
for older listeners.

One question that remains is whetheroung hearing-impaired listeners also receive
AT ET OAT 1 ECEAEI EOU AATAEEO 1T &£ ETT x1 Alecdd G £
(2013) results may reflect a greater reliance on voice experience with older age. Investigating
the effects of prior knowledge is an interesting direction for future research because

differences in cognitive ability, independent from peripheral differences, cabe explored.
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1.4.5. Summary and conclusions
Overall, there are several reasons why hearingnpaired listeners might show

atypical attention to speech. Impaired peripheral processing may reduce the ability to
segregate simultaneous talkers and to receive an imprewment in the accuracy of speech
intelligibility from separating simultaneous talkers in spatial location or FO. However,
sensorineural hearing loss might also have central consequences, including the ability to
direct attention to target speech and ignoralistracting noise.

Two branches of research imply a link between cognitive processing and SRTs in
noise. First, SRTs correlate with cognitive factors, such as attention and memory. Second,
there is some evidence that SRTs in noise can be improved with maig that provides
practice identifying speech in noisy environments. However, the conclusions that can be
drawn from either of these approaches are limited by the lack of causal inference.

Cueing the location of an upcoming target talker does not improvihe accuracy of
speech intelligibility for hearing-impaired listeners as much agor normally-hearing listeners.
Little research has investigated this idea and several questions remain, such as whether

cueing gender or FO improves speech intelligibility fohearing-impaired listeners.

1.5. Overall conclusions

Speech is typically encountered in the presence of background noisecluding the
voices of other competing talkers. In these situations, normaliearing listeners benefit from
improved intelligibility wh en competing talkers are separated from the target in spatial
location or FO. Furthermore, intelligibility is improved if listeners are given time to prepare
for the location or FO of an upcoming talker than when they do not know these attributes in
advance. The time course of preparatory attention for multitalker listening is unclear. There
are two possibilities: (1) the time interval does not influence intelligibility until it reaches a
certain threshold for successful preparation, beyond which increasmthe time interval does
not improve intelligibility further; or (2) increasing the amount of preparation time improves
ET OAl 1 ECEAEI EOU bDPOT COAOOEOGAI UhRh AO 1 AAOGO AAI
time-course of preparatory attention is inportant for increasing knowledge of the factors
that can improve speech intelligibility in challenging listening environments.

In normally-hearing listeners, directing endogenous selective attention to an
acoustical stimulus activates a fronteparietal network that either overlaps with, or is the
same as, an analogous network involved in visual attention. This network controls the

allocation of attentional resources to stimuli that compete for representation in sensory
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regions. The pattern of neural activiy during multi-talker listening can be used to predict the
attentional orientation of a listener with high (> 90%) accuracy.

When participants prepare for an upcoming talker, activity is observed in a similar
fronto-parietal network as is observed duringselective attention. The balance of activity
within this network depends on whether participants know information about the spatial
location or FO of an upcoming talker. Previous experiments have revealed this network with
high spatial resolution, but thetime course of activity within these regions has not been
mapped in detail. Knowing the time course of brain activity during preparatory attention
might help improve understanding of the mechanisms that underlie the improvement in
speech intelligibility when participants have time to prepare for an upcoming talker.

Listeners with hearing loss particularly struggle in noisy environments, even when
they receive an acoustic hearing aid that improves their recognition of speech in quiet. One
possible explanation for this finding is atypical central processing of speech, although the
central consequences of hearing loss are not fully understood. Atypical peripheral processing
may contribute to failures in later stages of processing, such as the ability to attend
selectively to acoustical stimuli. Deficits may include the ability to separate a target from
i AGEET ¢ TTEOA jE8B8A8 AEAZEAOI OEAO xEOE OI AEAA
i EBA8 AEEZEAOI OEAO xEOE Otekdndisted with Ak #hdirg Ehat] 6 q 8
hearing impaired listeners report multi-talker listening to be difficult and effortful.

Experiments that have attempted to link auditory attention (by measuring
performance on cognitive tests) to SRTs in noisare unable to estimate the relative
contributions of peripheral and central processing to poorer SRTs. One explanation for the
link between cognitive factors and SRTs in noise is that atypical central processing could, by
itself, make intelligibility during speechin-noise more challenging; for example, due to
impairments in attending selectively to speech or ignoring distracting noise. Alternatively,
impairments in suprathreshold peripheral processing (which are not manifest by higher
audiometric pure-tone thresholds) may result in atypical central processing as a normal
compensatory response to a distorted input from the periphery; for example, due to a greater
perceptual load. The previous studies investigating the link between auditory attention and
SRTs in noisetherefore, are unable to reveal the consequences of sensorineural hearing loss
on auditory attention during speech intelligibility in noise.

The finding that young, hearingimpaired adults receive little improvement in
intelligibility from knowing the spatial location of the target talker before he or she begins to
speak is consistent with the idea that hearingmpaired listeners show atypical attentional

processing as a result of sensorineural hearing loss. The central consequences of hearing loss,
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including how hearingimpaired listeners direct attention to speech in noisy environments,
are not fully understood. It is important to elucidate a technique for measuring potential
difficulties with auditory attention without the effects associated with atypicd attention
being attributable to atypical peripheral transduction. Investigating the effects of prior
knowledge is an interesting direction for future research because differences in cognitive
processing can be explored without the confounding effects differences in peripheral
transduction.

There are several possible explanations for the reduced benefit of prior knowledge
for speech intelligibility in hearing-impaired listeners. One explanation is that hearing
impaired listeners need more time to prepae for an upcoming talker to produce an
equivalent improvement in speech intelligibility as normally-hearing listeners. Another
possibility is that hearing-impaired listeners do not utilise the same preparatory brain
activity as normally-hearing listeners,leading to an impaired ability to utilise advance cues to
improve intelligibility. Previous experiments have not investigated these hypotheses.

The experiments in tis thesis first investigated the time course of brain activity in
normally-hearing adults when they prepare for an upcoming talker in a twetalker (Chapter
3) and threetalker (Chapter 5) listening task. The experiments reported in Chapter 4
explored how the duration of preparation time influences the accuracy and latency of speech
intelligibil ity in normally -hearing listeners. One aim was to devise a technique for measuring
preparatory attention in normally-hearing listeners that could be applied to listeners with
hearing loss.The experiments reported inChapter 6 investigated whether the duréon of
preparation time affects intelligibility in hearing-impaired children and whether hearing
impaired children display preparatory brain activity. The overall aim of Chapter 6 was to
investigate whether hearingimpaired listeners show atypical attentonal processing of
speech during multi-talker listening, while avoiding confounds due to differences in

peripheral processing.
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Chapter 2
Measuring theTime-

course ofBrain Activity
with EEG

In 1929, Hans Bergershowed that electrical activity could be recorded from the
human brain by placing an electrode on the scalp antheasuring changes in voltage over
time. This technique is commonly known as electr@ncephalography (EEG). An explosion of
interest in cognitive neuroscience, along with the development of powerful and inexpensive
computers, led to increased popularity ofEEG research in the 1980Robust, reproducible
patterns of EEG characterise many aspects of perception and cognition, including, but not
limited to, attention, auditory processing, and brain pathologye.g. Ahmadlou & Adeli, 2011;
Naatanen, 1990; Niedermeyer & Lopes da Silva, 1999; Woods, Alain, Covarrubias, & Zaidel,
1993).

The main advantage of EEGompared to other neuroimaging techniques, such as
functional magnetic resonance imaging (fMRI)is high temporal resolution. Voltage changes
can be measured from the scalp at the sefillisecond scale. Many researchers now view EEG
as conplementary to hemodynamic measureswhich have better spatial resolution but worse
temporal resolution than EEG. Another advantage of EEG, along withritagneticcounterpart
magneta-encephalography (MEG), is the ability to measure neural activity directlgnd non
invasively, rather than through indirect blood-oxygen levetdependent (BOLD) approaches.

Over the past few decades, EH@s become increasingly informative, in part due to
the possibility of using larger and denser arrays of electrodes. Dense diexle arrays
increase sensitivity to differences in voltage across the scalpnd increasethe accuracy with
which inferences can be drawnabout the brain regions that underlie scalprecorded activity
(Ebersole, 1997; Michel et al., 2004)For example, Lantzet al., (2003) investigated the
accuracy andprecision with which a simulated focal source was identified using source

reconstruction. By conducting simulations, theyfound that accuracy andprecision improved
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as the number of electrodes increased from 25 to 100However, there wasno further
improvement past 100 electrodes. They observed similar results when using EEG to
reconstruct the sources of epileptogenic lesionin 14 patients. Lantzet al. recorded from 123
electrodes and downsampled to 31 or 63 electrodes. The spatial coespondence between
the site of epileptogenic lesion and the source reconstructioastimate improved in 9 of the
14 patients when the number of electrodes was increased froril to 63 electrodes However,
there was only minimal improvement between 63 and 123:lectrodes. These results show
that larger electrode arrays can improve the precision of sowe reconstruction, up to
approximately 100 electrodes, after which the improvement plateaus with increasing
numbers of electrodes.

In this chapter, | first discus current understanding of the neural basis of EEG signals.
The second section considers issues arising from EEG recording. Next, | discuss methods of
analysing the signals that are recorded using EEG, including common processing technigues
and methods for drawing statistical comparisons. This chapter conclude with a brief

summary of the reasons why EEG is wedluited to addressing the aims of this thesis.

2.1. Neural basis of EEG signals

2.1.1. Activity in individual neurons
Fluctuations in voltage recorded from the scalp are thought toesult primarily from

the postsynaptic activity of neurons. Postsynaptic activity refers to changes in voltage across

Dendrites

Direction of

impulse /

To next
» neuron

- NS

/ ; To next
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Figure 2.1. Diagram showing architecture of a neuron. Adapted from
http://iww.mhhe.com/socscience/intro/ibank/setl.htm [retrieved 14/08/2014].
Examples of net charges are indicated by + andymbols.
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A 1 A Oreimbr@n@& which resultsfrom the transmission of particles through ion channels
that are situated on the membrane (e.g. openingor closing of channels due to
neurotransmitter binding). These changes generate electric and magnetic fielddlunez &
Srinivasan,2006).

In more detail, if an excitatory neurotransmitter is released from a pyramidal cell, this
causes current to flow from extracellular space (i.e. outside of the neurdiinto the neuron,
which results in an overall negative polarity outside the newn. To complete the circuit,
current flows out of the cell body and basal dendrites of the neuronTogether, the positivity
inside the neuron and negativity in extracellular space create a small dipole (i.e. a pair of

positive and negative charges that & separated by distance; Figure 2.1)

2.1.2. Synchronous activity
The electrical activity ofa single neuron cannot be measured dhe scalp. One reason

is that the electrical distancé between neurons and the scalp isoo large to detect the small
currents that can be generated by a single neurorfMakeig et al., 2004) Instead, scalp
potentials are believed to arise from the ceordinated activity of populations of neurons
(Luck, 2005, Rusiniak et al., 2013)

If two neurons are oriented in parallel and fire action potentials at the same time
their activity may summate such that the voltage resulting from ceprdinated firing is twice
as large as the voltage produced by a single neuron aloflaick, 2005). If two neurons are not
oriented in parallel or fire at slightly different times, then the activity of the two neurons
might at least partially cancel each other out, producing a smaller combined signal. Complete
cancellation will occur if the neurons are oriented at 180° and fire at the same time.
Cancellation might also occur if one neuroneceives excitatory neurotransmitter and an
adjacent neuron receives inhibitory neurotransmitter.

It is thought that co-ordinated activity must occur at scales of several centimetres for
the resulting voltage to be detectable at the scalfCooper, Witer, Crow, & Walter, 1965)
Therefore, the voltages that are recorded on the scalp must arise from activity in large
numbers of neurons that are located close together with similar orientations and
co-ordinated firing (Luck, 2005; Makeig et al., 2004)Variations in the location, orientation,
number, or timing of active neurons all contribute to thedetailed pattern of activity that is
observed on the scalfAlain & Tremblay, 2007).

2 Electrical distance is a measure of the time taken for an electromagnetic wave tavel between two
locations, where greater electrical distances indicate longer durations of time.
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CURRENT

Figure 2.2. Schematic of lateal spread of activity upon reaching the scalp. From
http://psdiw.users.sourceforge.net/career/dweber_docs/eeg_scd.htmli[retrieved
14/08/2014].

The relative orientations of neuronsdepend on the curvature of the cortex, which
includes a number of cortcal folds (Luck, 2005; Nunez & Srinivasan, 2006)The net dipole
that is produced by an area of cortex is equivalent to the average of the dipoles from
constituent neurons (Luck, 2005).

2.1.3. Volume conduction
Another factor that contributes to the pattern of scalprecorded activity is volume

conduction. Volume conductbn results from the fact that the brain is a conductive medium,
which conducts electrical activity to its surfaceCurrent is confined inside the head, although
the dectrical fields extend into air surrounding the head (Nunez & Srinivasan, 2006) Since
OEA AOAET EO A1 ETETITCAT AT OO AiT1 AOAOT Oh
activity before it reaches the scalgNeuper & Klimesch, 2006) In particular, the scalp, skull,
and cerebrospinal fluid eat have different conductive properties to the brain itselfiNunez &
Srinivasan, 2006) Electricity follows the path of least resistance, which means that electrical
potentials are likely to spread laterally when they reach the highkresistant skull (Luck,
2005; Figure 2.2) To complete the circuit, return currents also flow through the surrounding
medium. In combination, these factors mean that activity generated in one brain region can
lead to voltages on areas of the scalp thaterelatively distant from the underlying source of
activity (Luck, 2005).

From the opposite perspective, scalpecorded activity at any electrode typically
reflects a combination of activity generated by different neural sources whose activity
overlapped in time. Although EEG measures voltage at discrete scalp locations, these

locations only produce, at best, dooseindication of the location of the neural generatorsof
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Figure 2.3. Schematic portraying the effect of source orientation on scalp potentialsA)
Hypothetical potentials R and B depend on the anglesr and np from a hypothetical
dipole later at the crown of a gyrus. B) Illustration of the cancellation problem when a

dipole layer occupies both walls of a sulcus. Adapted from Mountcastle (1998).

activity (Neuper & Klimesch, 2006) Estimating the location of the sources that generate
scalprecorded EEGactivity is a complex problem,which will be discussed later in this

chapter.

2.1.4. Selectivity of recorded activity
Due to the orientation of neurons in the brain and the placement of EEG electrodes,

EEG recordings are more sensitive to certain sources than othefBhe electrical distanc&
between neurons and the scalp is one factor that determines sensitivity. Areas that are
(electrically and, often, geometrially) closer to the surface of the brain will generally make

larger contributions to scalp-recorded voltages(Nunez & Srinivasan2006).

A B

Magnetic
field

Figure 2.4. Relative orientations of electric and magnetic fields in a current coily; from
http://lwww.askamathematician.com/2011/02/q -what-are-the-equations-of-
electromagnetismwhat-all-do-they-describe-to-us [retrieved 14/08/2014] ) and visualised
on a human scalp B; adapted fromhttp://www.biomag.hus.fi/tms/Thesis/dt.html [retrieved
14/08/2014] ).
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Orientation of generators is also an important factor that influences sensitivity
(Figure 2.3). Pyramidal neurons(Luck, 2005) and, more gnerally, dipole layers that are
located in the crowns of cortical gyri(Nunez & Srinivasan, 2006)are thought to make large
contributions to EEG recordings because they are aligned perpendicular to the surface of the
cortex. Due to the configuration of electrical fields, electrodes are most sensitive to sources
aligned perpendicular and less sensitive to sources aligned paralleb the scalp. It is
estimated that approximately 85% of cortical neurons are pyramidal cells oriented
perpendicular to the cortical surface(Braitenberg & Schiiz, 1991) Therefore, the selectivity
of EEG recordings makes it weluited to measuring potentials from groups of cortical
neurons.

In addition to neuronal activity, the activity of glia are thought to contribute to EEG
activity (Buzsaki, Anastassiou, & Koch, 2012)Glia have excitable membranes, which can be
depolarised as a result of nearby neuronal activity. The brain contains many more glial cells
than neurons and, therefore, synoronised membrane potential changes in glia have the
potential to contribute to scalp-recorded electrical activity (Buzséaki, Traub, & Pedley, 2003)

The voltage field and magnetic field are oriented in perpendicular directiongFigure
2.4). Thus,EEG and MEG provide complementary informatio(Luck, 2005) because they are
preferentially sensitive to activity in different sources. In contrastto EEG, MEG is
preferentially sensitive to dipoles that are oriented parallel to the surface of the skull, such as
those that sit on sulcal wallgLuck, 2005).

2.1.5. Variability of the EEG signal

Across different recording sessions, there is some variability in the EEG signal, even
from the same participant. However, withinsubject variability is relatively small compared to
between-subject variability. One factor underlying between-subject variability is different
cortical folding patterns in different individuals. In addition, there is some betweersubject
variability in the correspondencebetween specific cortical locations and functional areas.
Together, these factors hag the potential to give rise to differences in the location or
orientation of neurons from equivalent sources. In turn, these differences affect the

distribution of projected activity on the scalp(Luck, 2005; Neuper & Klimesch, 2006)
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2.2. EEGrecording

2.2.1. Electrical circuits in EEG recordings
Voltage is a measure gbotential difference between two locations. EEG measures the

voltage for current to pass between two electrodeglLuck, 2005). All EE5 recordings are
bipolar? that is, they measure thepotential difference between two electrodes, rather than
any measureat a single electrode(Nunez & Srinivasan, 2006) Although EEG signals are
commonly described as taking place at a single scalp location, all EEG recordings actually

measure thevoltage difference between the recordingelectrode and a reference electrode.

2.2.2. Signal amplification
Voltage fluctuations at the scalp are typically very small, on the order of millionths of

a volt (i.e. microvolts). Equipment for recording EEG amplifies the signal so that it can be
measured accurately. This is important because the electdtnoise that can contaminate EEG
recordings is often large compared to the small voltage fluctuations that arise from neural
activity.

EEG uses a differential amplifie(Luck, 2005), which involves three electrodes: a
recording electrode, a reference electrode, and a ground electrode. Differential amplifiers
amplify the difference between the recordingto-ground voltage and the referenceo-ground
voltage. Any electrical activity recorded at the ground site is cancelled @ by this
amplification method, while activity at the reference site contribuesto the recorded signal.

The issue of choosing an appropriate reference site will béstussed later in this chager.

2.2.3. Sampling rate

EEG amplifiers incorporate analoge-to-digital conversion, which digitises the
recorded signal at a sequence of discrete time points determined by the specified sampling
rate (defined as the number of samples per second).

When selectinga sampling rate for an EEG experiment, the Nyquist theorem must be
taken into account. The Nyquist theorem states that the information in an analog signal is
only preserved in digitisation if the sampling rate is equal to or greater thartwo times the
highest frequency in the signa{Luck, 2005; Nunez & Srinivasan, 2006)if the Nyquist limit is
violated, then aliasing may occur, meaning that higfrequency signals might be
misrepresented as lowfrequency signals. In practice, Luck2005) suggests that a sampling
rate of three times the highest frequency should be used because most filters employ gradual

rather than sharp cutoff rates.
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2.2.4. Impedance
Impedance is the effective resistance of a circuit when voltage varies as a function of

time (i.e. for alternating current sources). In EEG recordings, it is important to ensure that the
impedance between the scalp and the recording electrodes is low because electricity typically
follows the path of least resistance. Thigrocessusually involves abrading the outer layer of
dead skin cells on the scalp and ensuring a good electrical connection by applying a
conductive gel.One main advantage of low impedance is lower noise in electrode potentials
due to lower resistance(Kappenman & Luck, 2010)

Another advantage of low impedance is lowecontamination of the EEG signal by skin
potentials. Skin potentials arise when a participant sweats, WEAE AEAT CAO O
impedance andthe voltage on the scalp. Skin potentialsan also arise if an electrode moves
slightly on the scalp: the voltage changeif the skin underneath the electrode has different
impedance to the previous electrode positionSkin potentials are often large and are a source
of low-frequency noise in EEG recordings. Therefore, it is desirable to reduce their
occurrence. Ensuring low impedances for each electrode at the start of an experiment

geneally resultsin smaller changesn impedance due to sweatindPicton & Hillyard, 1972).

2.3. EEGprocessing

PreD Ol AAROOET ¢ OAEAOO OI A OAOEAQOU 1T £ OAAE
common practice to use preprocessing techniques before drawingtatistical comparisons A
range of considerations were taken into account wén processing the EEG data recorded in

the experiments reported in this thesis. The principles and main issues are described in this

section; the details are given in the methods sections of subsequent chapters.

2.3.1. Choice of reference site
Ideally, the reference electrode should be independent from the recording electrode

becauseEEG waveforms depend on activity at a reference electrodle addition to activity at
the recording electrode However, it is difficult to locate an electrically neutral referencsite.
The following two sub-sections will evaluate the theoretical justifications for the two most

commonly-used reference sites: the mastoid reference and the average reference.
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2.3.1.1. Mastoid reference
Historically, one of the most common reference positions was the mastoids. The

mastoids are conical protrusions of the skull located just behind the ears (Figure 2.5). The
mathematically-linked mastoid reference takes the average of recordings gained separately
from the left and right mastoids. The rationale for selecting the mastoids as a reference is that
they are located on the head sthey pick up some of the noise that is present in the recording
electrodes, but it is assumed that they daot pick up signals @ interest from the brain.

The assumption that the mastoids do not pick up signalsf interest from the brain,
however, has not been confirmed. For example, Srinivasan, Nunez, and Silberstgif98)
simulated 4240 dipole sources. They simulated 500 random source distributions, from which
they estimated scalp potentials for 111 electrodes, and calculated coherence values (i.e.
squared correlation coefficients) between dl possible pairs d electrodes. Using a linked
mastoids reference, approximately half of the coherence values differed by more than 0.1
from reference-free coherence estimates. For electrodes less than 15 cm apart, the mastoids
reference conflated coherence values, wheredsr electrodes separated bylonger distances,
coherence values were smaller than referenclee estimates. These results suggest that the
mastoid reference may artificially correlate datafrom some electrodes, which can lead to
inaccurate coherence estimats. These artificial correlations alsaaffect the distribution of
scalp maps(Nunez & Srinivasan, 2006) When Srinivasaret al.(1998) simulated the average
reference, however, all of the coherence values were within 0.1 of the referenfree
estimates. This result suggests that the average reference may be a better approximation of

reference-free recordings than the mastoid reference.

Mastoid bone

Mastoid bone

Figure 2.5. Diagram showing position of right mastoid @ the skull (A; adapted from
http://en.wikipedia.org/wiki/Mastoid_process [retrieved 14/08/2014] ) and on the skin
(B; adapted fromhttp://www.drugs.com/health -guide/chronic -otitis -media-
cholesteatomaand-mastoiditis.html [retrieved 14/08/2014] ).
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2.3.1.2. Average reference
The average reference uses the average voltage at all of the recording electrodes as a

reference.This method has the advantage that it less biased by potentials at single recording
sites than other references, such as the mastoids reference. Howeveonse researchers have
argued that the average reference can lead to misinterpretations when it is comied from a
small number of electrodes that do not adequately cover the hea@esmedt, Chalklin, &
Tomberg, 1990) Although, other researchers have arged that the average reference
approximates referencefree recordings when recording from dense electrode arrayge.qg.
Bertrand, Perrin, & Pernier, 1985; Dien, 1998) which is consistent with the results of
Srinivasanet al.(1998).

Performing source reconstruction with EEG data (discussed kat in this chapter)
requires the computation of a mathematical formula that is equivalent to first performing the
average reference. Therefore, if a researcher wishes to perform source reconstruction, it
would be consistent to use the average reference whenterpreting scalp-recorded EEG data
(Handy, 2009; Michel et al., 2004)For that reasonthe experiments reported in this thesis

were conducted using the average reference method.

2.3.2. Filtering

In EEG research, the data of interest is often contained within a specific frequency
band. For eventrelated potentials (ERPSs), the relevant part of the waeform typically lies
between 0.01 and 30 Hertz(Hz; Luck, 2005) Filtering the raw EEG data can be useful for
removing noise that is Ikely to occur at specific frequencies. Lowpass filters retain
frequencies lower than the specified value and higpass filters retain frequencies higher
than the specified value. Bandpass filters retain frequencies within a certain range.

High-pass filters are useful for removing direct current (DC) offset and artifacts
arising from skin potentials, which are typically lowfrequency (< 0.1 Hz). Lowpass filters
can be used to remove frequencies containing line noise caused by electrical equipment, such
asmonitors and cables (~50 Hz). Nevertheless, filtering should be applied with caution, since
unnecessary filtering can distort EEG waveforms. When considering the appropriate filters to
apply, the Nyquist theorem should be taken into account to avoid distbon in the
frequencies of interest. Luck (2005) points out several potental consequences of
inappropriately filtering ERP waveforms. Filtering may change the gprent timing of ERPs,
induce atrtificial oscillations, and make monophasic waves appear multiphasi€herefore, it is
important to consider the possible consequences of filtering and check that the filtering
technique has not altered key aspects of the waform, particularly aspects that contribute to

subsequent statistical comparisons.
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2.3.3. Creating epochs

When studying evoked responses, it is necessary to create a time window around the
event of interest, which in cognitive neuroscience experiments is typicall the time of
stimulus onset or the time at which a participant makes a behavioural response. When
OA1 AAGET ¢ A1 APT AEh EO EO EIi bi OOAT O O1 Al Ol
for each epoch, when it is assumed that the processes thaetresearcher wishes to measure

have not yet begun.

2.3.4. Artifact removal
Artifacts are not always limited to a specific frequency band. Even if they are, the

frequencies containing artifacts might overlap with the frequencies of interest, meaning that
it would not be desirable, or perhaps possible, to filter them out without distorting the
waveform substantially. Many artifacts result from muscle movements for example, eye
blinks and eye movements. These artifacts are problematic because they typicdiigve much
greater amplitudesthan scalprecorded neural activity.

One option is to remove all epochs suspected to contain eye blinks, which can be
detected by highamplitude peaks. This method is commonly referred to as artifact rejection.
However, removing all ey blinks often mears rejecting a large proportion of epochs, which
decreases the signato-noise ratio (SNR) othe resulting averaged data

Artifact correction refers to techniques designed to isolate artifactual components
and remove them from the data.nstead of removing all epochs containing artifacts, the
artifactual component is removed from every epoch. Independent component analysis (ICA)
is the most commonlyused method fordetecting artifacts. ICA aims to decompose a dataset
into separate indeperdent signals. These signals are assumed to be mixed linearly in the
dataset. The technigue outputs a set of components that arstatistically independent® from
each other(Neuper & Klimesch, 2006) Artifact correction refers to the method of inspecting
the waveforms associated with the independent components, identifying one or more
waveforms that are suspected to reflect artifactual activity, and removing these waveforms
from the EEG data. The mofied dataset consists of a linear mixture of the remaining ICA
components, which are assumed to reflect EEG activity generated by brain potentials.

ICA is commonly used to correct for eye blinks, which have a stereotyped scalp
distribution. Eye blinks generate electrical activity of opposite polarity at sites above and

below the eyes, whereas brain potentials typically have similar voltages above and below the

3 The fastICA algorithm, which is applied to the EEG data in this thesis, defines statistical independence
by maximising nonGaussianity(Hyvarinen & Oja, 2000)
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eyes(Luck, 2005). By plotting the scalp distribution of each ICA component, it is possible to
infer which component(s) are most likely associated with eye blinks. However, as with all
EEG processingechniques, ICA should be used with caution. If a participant bks in a
non-random pattern, for example at stimulus onset, then aspects of the evoked response
might be correlated with eye blinks; thus,one ICA component could contain a mixture of eye
blink signals and brain potentials. Consequentlyremoving that ICAcomponent might also
remove aspects of EEG activity that arise from neural activity. On the other hand, removing
an ICA component might undercorrect for eydlink artifacts (Keil, Mller, lhssen, & Weisz,
2012), meaning that artifacts still remain in the daa. Nonetheless,fimost of the artifactual
activity has been removed, then any remaining noise should cancel out with averaging.
Before conducting ICA, it is important to check that eye blinks are not timéocked to parts of
the epoche for statistical comparisons, timelocked artifacts might be particularly
problematic if two experimental conditions differ in the extent to which they evoke artifacs.
As a result, ICA overor under-corrections might introduce differences between the two
conditions. For this reason, epochsshould be visuallyinspected for artifacts before
proceeding with further analyses.

Apart from these cautions, several studies hee reported that ICA is able to
successfully remove eyélink and eye movement artifacts(e.g. Hoffmann & Falkenstein,
2008; Jung, Makeig, Humphries, et al., 2000; Jung, Makeig, Westerfield, et al., 20D0¢ way
in which the quality of ICA results can be improved is by using a larger number of time points
(Neuper & Klimesch, 2006) such as by using a high sampling rate. Hyvarinen a@ja(2000)
also speculate that the quality of ICA can be improved by bandpass filtering the ddtar the
EEG experiments reported in tis thesis, both of these techniques were employed.

Artifact correction can be particularly useful when analysing data from populations
whose data is likely to beheavily contaminated with eye blinks, such as childrer(Handy,
2009). In these cases, fewer trials may be able to be gained than with adult populations,
which means that the SNR will be disadvantageousyen preeding artifact analyses Artifact
rejection can decrease the SNR furtheHowever, if artifact correction rather than artifact
rejection is applied, then it is possible to remove eyblinks while largely preservingthe SNR

of participant averages.

2.3.5. Averaging

Evoked responses can be analysed by averaging across all trials for an individual
participant. The resulting waveforms are referred to a&£RPsBY definition, averaging cancels

random noise. Therefore, if large numbers of epochs are averaged, random moiwill be
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reduced in the average waveform.The amount of random noise present in an average
waveform decreases as a function of the square root of the number of trials in the average
(beim Graben, 2001; Niedermeyer & Lopes da Silva, 199%owever, signatcorrelated non-
random components remain in the average waveform. These components are assumed to
reflect the signal of interest in an experimental task (assuming that the previous pre
processing steps have been applied appropriately). As a resilt is desirable to colect a large
number of trials in EEG experimentsince this leads to better SNR for average waveforms
311 A OAOGAAOAEAOO Al 0 AOAOAGCA AAOT OO b
waveforms. The problem with this type of averaging is that it masks individuavariability
between participants. In a grand average waveform, it i®asy to see similarities between
participants, however, this waveform might not accurately reflect the pattern of results
contained in any of the data fromindividual participants (Luck, 2005). For example, if the
data from half of the participants have a monophasic peak at 50 ms and the other half at
100 ms, then this might appear in the grand avege as a biphasic peak with lower amplitude.
The grand average has the potential to be incorrectly interpreted if the individual waveforms

are ignored.

2.4. Methods of analysis

This section will discuss some methods of analysis fonaking statistical comparisons
amongevoked responses. One common method for statistically comparing ERPs is to identify
and analyse ERP components. However, | argue that there are several disadvantages to this
technique. | then argue thatQuster-based Permutation Analysis is a preferable alternative.
This is the technique that was used to analyse the scatpcorded EEG data in this thesisThe
second half of this section will consideione wayin which inferences can be drawn about the
neural generators of scalprecorded activity. An increasingly-common approach is to use an

inverse model to reconstruct the sources at manyoxels in the brain.

2.4.1. ERP components

2.4.1.1. Definition and uses
Luck (2005) defines an ERP component as a single cognitive operation that influences

scalprecorded voltages. Like most current cognitive neurosciese methods, EEG does not
provide access to individual operations, but a combination of operations that are involved in

a tak. ERP research often aims to isolate a single component from an ERP waveform and
investigate changes inthe amplitude and/or latency of that component under different

experimental conditions. ERP components are generally given names that indicate their
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polarity (positive = P; negative = N) andheir timing or position within the waveform (e.g.
P300, which peaks approximately 300 ms after stimulus onset)

ERP amplitudes are typically thought tandicate the strength of the neural response
(Luck, 20058 ! AT i DI TAT 060 1 AOGAT AU j AAZEET AA AO OE
thought to measure the amount of time from stimulus onset to the brain response. Since
electricity travels almost at the speéd of light, scalp-recorded activity reflects activity that is
happening in the brainpractically at the time of recording (Luck, 2005). Researchers typically
conduct at-test or ANOVAon amplitude or latency measures in order to test for a significant
difference between two experimental conditions.

2.4.1.2. Previousfindings
Decades of research have contributed to the identification of a large nier of ERP

components that are observed consistently across experiments. For example, the-IR1-P2
complex is thought to reflect stimulus processing in sensory cortices. These components
occur within 150 ms after stimulus onset and are affected by propemtis of the stimulus, such

as frequency, duration, intensity, and locatiof{McEvoy, Picton, Champagne, Kellett, & Kelly,
1990; Ostroff, McDonald, Schneider, & Alain, 2003; Taub & Raab, 2005; Woods et al., 1993)
Longer-latency components are thought to represent cognitive processing. For example, the
P300 has leen associated with exogenous attention to a salient stimulugFriedman,
Cycowicz, & Gaeta, 2001; Polich, 2009; Squires, Squires, & Hillyard, 1975)

2.4.1.3. Limitations of ERP component analysis
Isolating ERP components can be challenging because several components are

typically present in a single ERP waveform. Thessamponents can be temporally overlapping
and can span similar groups of scalp locations. Therefore, it can be difficult to tease apart the
explanations that an identified ERP component reflects a single cognitive operation
compared to several overlapping omponents. Previous research has identified components
that were once thought to reflect a single cognitive process, that in fact are now believed to
reflect several cognitive processesFor example, Naatanen, Gaillard, and Méantysa(@978)
proposed that the modulation of N1 previously described by Hillyardet al. (1973) could
actually be explainedby modulation of anegative component that overlapped in time with
the classic N1 component. Using a longer intestimulus interval than Hillyard et al. allowed
Naatanenet al.to tease apart the two components in time and scalp distribution.

The distinction between a single component and an overlapping set of components
becomes important whendrawing conclusions about the reasonsvhy two waveforms differ.
An apparent reduction in amplitude could be the result of several processes: (1) a reduction

in the response of one brain region thais producing a single component(2) the recruitment
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Condition 1
option 1 option 2 option 3

SN 7N

Figure 2.6. Schematic showing thre possibilities for the changein underlying
components that might result in an apparent decrease in amplitude in the waveforms
from one experimental condition (Condition 1) to another (Condition 2A). (B) One
option is a single underlying component in Condition 1 that écreases in amplitude in
Condition 2. () A second option is the addition of a component with negative polarity i
Condition 2. D) A third option is the presence of two overlapping posive components
in Condition 1,of which the higheramplitude componert disappears (dotted line) in
Condition 2.

of additional brain regions to perform different operations at a similar time but with opposite
polarity on the scalg or (3) elimination of one positive scalp component, revealing a lower
amplitude positive component underneath (Figure 2.6). Similarly, a change in multiple peaks
in an ERP waveform might reflect a change in one sustained componeather than multiple
separate modulations(Figure 2.7). The results of Hillyard et al. (1973) and N&&téanenet al.
(1978) highlight how conclusions about the effects of an experimental manipulation have the
potential to be misinterpreted when two or more components overlap in time. The effects of
an experimental manipulation may be misattributed to a component that is unaffected by the
experimental manipulation, which has the potential lead to erroneous conclusions about the

cognitive processes that underlie the experimental manipulation.
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Figure 2.7. Schematic showing two pssibilities for a difference in the amplitude of
multiple peaks between two conditions. A) A schematic of hypothetical waveforms
observed in two conditions. B) One option is that Condition 2 reflects the waveform o
Condition 1 with larger positive peakamplitudes and smaller negative amplitudes that
affect each peak separatelyd A second option is the addition of a sustained compone
that affects all peaks simultaneously.

The overlapping nature of componentsalso presents a second problem: theresi not
an obvious relationship between the peak of an averaged waveform and the peak of an ERP
component (Luck, 2005). If part of the waveform is a mixture of different underlying
components then the peak of a component does not necessarily occur at the satinge as the
peak in the waveform, which could lead to erroneougstimations of latency for a particular
cognitive process(Figure 2.8). In a similar manner, a chargin component amplitude can

result in an apparent change in latency andiice versa(Luck, 2005; Figure 2.9. Since
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Component 1
Figure 2.8. Schematic
showing a hypothetical ERP
Component 2 waveform (left) that is
comprised of four major
components (right). As a
result of Component 4, whict
,\F_ is sustained over the time
window, the latency of peaks
in the ERP waveform do not
match the latency of peaks ¢
individual components.
Arrows display the difference
in latency between the first
positive peak in the ERP
waveform and the peak of
Component 1.

ERP waveform

amplitude

$

Component 3

time

Component 4

—/—\

waveform peaks and components are not the same,dbes not make sense téocus only on
waveform peaks at the exclusiorof other parts of the waveform.

One method by which parts of the waveform are able to be segregated is by
measuringthe relative timing of sinusoidal components of different frequencied-or example,
phase delay is a measure of the time delay of tiphasesand group delay is a measure of the
time delay of the amplitude envelopes. However, although these methods are able to
decompose a waveform into a series of different components, few researchers employ these
methods when analysing ERP waveforms.

Another challenge for ERP researchers is deciding whether the component present in
one experiment is the same as a component that has been identified in previous experiments.
In particular, it should not be assumed that compnents with similar timing and polarity
reflect the same underlying sources. One classic examplepgsovided by the early sensory
components: the P1, N1, and P2 responses are observed for both visual and acoustical stimuli.
However, just because the labalig is the same does not mean that these components are

functionally similar across modalities or that they are generated by similar regions of cortex.
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Figure 2.9. Schematic showing hav adding different components to the same ERP
waveform can have different, and possibly unexpected, effects on the resulting wavefc
(right panel). (A)-(B) show how a change in component amplitude can affect the laten
of the resulting waveform. (C)-(D) show how a change in component latency can affec
the amplitude of the resulting waveform.

Therefore, similar labelling does not mean that two components reflect similar underlying
processes. A ki BT 1T AT 060 O1 I COAPEU jE8A8 EOO AEO
properties of the neural generator(s) in the brain that produced it and can be used to inform
decisions about whether two components are the same.

Finally, the interpretation of the underlying processes of ERP components mainly
depends on knowledge of the components based on previous literatur®ne consequace of

this approach is thatthe conclusions drawn from the results are only as strong as previous
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experiments that havemade inferences about theprocesses unarling these components.
Secondly,it relies on confidence that the components from the differenexperiments are,
indeed, the same functional component. Not all experiments identifying ERP components rely
on the identification of a specific component, but many do.

Given the aforementionedlimitations in identifying ERP components, this method
may na be suitable for all experiments. For examplayhen the cognitive process of interest
has not been widely studied in the EEG literaturer when there are no prior expectations

about the electodes and time points at whichexperimental conditions are expeted to differ.

2.4.2. Cluster-based Permutation Analyses
Cluster-based Permutation Aalyses can search through the data space and identify

time points where two conditions differ, irrespective of whether those time points lie at the
peak of the average waveform ionot. Advances in EEG technology mean that esrchers
commonly record from 64 or more electrodes,thereby achievinghigh spatial resolution on
the scalp. This poses a problem for traditional analyses, where the researcher typically selects
or averages amss electrodes of interestThe alternative approach of tustering in the spatial
dimension allows the researcher to enter every electrode into the@nalysis, while avoiding
multiple comparisons. By exploiting these principles, $atio-temporal Custer-based
Permutation Analysis (Maris & Oostenveld,2007) identifies clusters of electrodes, grouped
over space and time, where activity differs systematically between two conditions.

The analysis entails five steps. First, the mean amplitudes of the EEG signal in the two
conditions of interest are compred at every spaceby-time point (i.e. at each time point at
each electrode), for example, in a pairedamplest-test4. This method identifies spaceby-
time points that show significant differences in amplitude between the two conditions aa
predefined leveb. The level specified in this thesis ishe p < 0.05 (uncorrected) level.The
spaceby-time points that exceed the specified leveare retained for further analysis. At the
OAATT A OOAPh OEA OAOAET AA DI ET OO0 Aeéoccqypi OD.
neighbouring time points at the same space point, or occymeighbouring space points at the
same time point. Thus, clusters can span both spatial and temporal dimensions, but the points
that define themare always connected both spatially and teporally.

At the third step, acluster statisticis calculated for each cluster as the sum of the

t-values of the points included in the cluster. Fourth, to create a null distribution against

4 The paired-samplest-test is the method applied to the EEG data in this thesis. Althdugthe Cluster
based Permutation Analysis has the potential to be applied to the results of any test statistic.

5 This level does not affect the false alarm rate of the statistical test. However, it does affect its
sensitivity (Maris & Oostenveld, 2007) For example, weak effects that are sustained overng
durations will not be detected if a high threshold is specified.
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which to test the cluster statistic, the original data are repatedly permuted. For each
permutation, the average data for the two conditions are swapped at every spabg-time
point for a randomly selected subset of the participants (where the number of participants
whose data was swappeaantake any value between Jand the total number of participants).
The rationale behind permutation is that, under the nil hypothesis, allocating thedata into
separate conditions is arbitrary, so swapping the labels should have no effect on the size of
the clusters. Permuting thedata creates a new set of clusters and, thus, a new set of cluster
statistics. The maximum number of possible permutations is equal to\2 where N is the total
number of participants. However, with large numbers of participants, the maximum may be
impractically large and is rarely performed. Based on the results of simulations and
applications to experimental data, Marozzi(2004) suggests that 5000 permutations is
sufficient to provide reliable p-value estimates when alpha is equal to 0.09.he maximum
cluster statistics from the selected numberof permutationsé are compiled to form a non
parametric probability distribution | OAZEZAOOAA O A0 O ke fiddl §dp] 6
the cluster statistics from the observed data are compared against this digiution in a two-
tailed test. If the maximum number of permutations was not applied, therhe p-values of the
observed clusters are approximated by the Monte Carlo estimate, as the proportion of the
distribution that is larger than or equal tothe observed cluster statistic.

Spatiotemporal duster-based Permutation Analysis resolves the multiple
comparisons problem beausethe difference between conditions for each cluster is evaluated
by a single test statistie the cluster statistic? that encompasses the entire spatidemporal
array of the cluster. Multiple comparisons at each spaday-time point are replaced by a
single comparisore it is the clustersof spaceby-time points that are compared against the
null distribution, rather than individual space-by-time points. If a cluster is larger than
expected from a comparison with the null distribution, then the cluster is cosidered
significant. The comparison takes account both of the magnitude of thevalues at each point
in the cluster and of the extent of the cluster over space and time. Clusters can reach the
criterion for significance either if they display modestt-values over a large number of
neighbouring spaceby-time points, or if they display larget-values over a smaller group of
neighbouring spaceby-time points.

Other advantagesof permutation analyses are that they do not require a specific
underlying distribut ion, they incorporate noa priori assumptions about when or where an

effect is likely to occur, and they can cope with large numbers of electrodes and time points

6 The number of permutations used in the experiments in this thesis was 10000, which allowed a more
precise estimate of the-value that resulted from the permutation analysis than wittOB(permutations.

69



with no increase in the proportion of Typel errors. For these reasons, |gtio-temporal
Quster-based Permutation Analyses were used to identify differences in ERP waveforms

throughout this thesis.

2.4.3. Source reconstruction
Source reconstruction allows researchers to estimate the neural sources that underlie

scalprecorded activity. However, source reconstruction is not a straightforward
computation.

2.4.3.1. Forward model
In order to map scalprecorded activity into source space, researchers must first

develop a model that specifies how neural activity produces scalgcorded activity. The
parameters of thisi T AAT  AOA OAEAAOOAA OI AO OEA OA& Ox
model is to estimate the geometric and conductive properties of the head. These properties

are expressed in the lead field matrix, whictspecifies the relationship between activity at

each possible source location and the resulting amplitude at each electrode on the scalp. The
lead field matrix is multiplied with a matrix of source estimates to produce a forward solution
(Michel et d., 20048 4 EA OAOOT 08 AAOxAAT DOAAEAOGAA AT A
basis for localising scalprecorded potentials.

The simplest forward models are spherical models, which estimate the head using
between one and four concentric shells. Thefour-sphere model specifies different
conductivities for the brain, skull, scalp, and cerebrospinal fluid, sincthese arewhere the
most prominent differences in conductivity occur. Each shell, however, is assumed to be
homogenous, which is an oversimpli€ation of conductivity in the human head(Keil et al.,
2013).

As a result of greater computational processing ability, realistic head models are
becoming increasingly popular. One example is the boundary element method (BEM). It
models the brain as a triangular mesh with different conductivities, which is combined with a
structural MRI image to restrict the source space to likely EEG generatdisuchs, Wagner, &
Kastner, 2001) The use of complex head models thought to provide a more accurate
estimate than simple spherical modelgCuffin, 1993, 1996; Menninghaus, Litkenhéner, &
Gonzalez, 1994) For example, Cuffin(1996) recorded EEG at 16 electrode from three
epilepsy patients who were implanted with depth electrodes at known locations. Realistic
and spherical head models werapplied to attempt to reconstruct the depth electrode source.
They found that, provided the SNR was greater than®(calculated as half of the largest peak

to-peak amplitude in the experimentally recorded EEG divided by the roanheansquare
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during the pre-stimulus baseline), the realistic head model was more accuratethan the
spherical model at predicting the location of the depth electrode.The BEM model uses
geometrical information from structural MRI scans to inform the forward model. In many
AoDAOEI AT 6Oh OEA OOOCRAGKIAG --22)) GEAOATQONE AXCE BAE /
over many participants or a representative singlesubject scan. However, when individual
structural MRI scans are available for each participant in an EEG experiment, these scans can
be used to produce an indiidual head model for each participant, based on the geometrical
ET &£ Oi AGETT AT 1T OAETAA ET AAAB4Pdsdds Aratbidel O 6 C
advantage of using individual MRI scans over simpler models is thatnéstricts the source
space to locations in which EEG sources can arise for each individual, such as grey matter and
some subcortical structures.

2.4.3.2. Inverse problem

4EA OET OAOOA pPOIT AT AT 8 AOEOAO AAAAOOA OA}

directly reflect the underlying neural generators in the brain. This is an underdetermined

problem, meaning that thenumber of electrodes from which amplitudes are measureds
insufficient to uniquely identify the configuration of neural generators. This problem occurs
because the folding of the cortex means that activity in one source can be cancelled by activity
in another, leading to no detectable difference on the scalpuck, 2005). Inverse models must
specify additional constraints in order to produce a unique solution(Hamaldinen &
llImoniemi, 1984; Helmholtz, 1853) One strategy is to constrain the solution space to cortex.
This reduces the number of possild solutions, although the number of possible solutions still
remains large.

The minimum norm approach (Haméalainen & IlImoniemi, 1984) provides an
additional constraint. It minimises the sourcevariances The logic of this constraint is that
cancellation of sources means that estimated magnitudes could be very large, but cancel each
other out. Magnitudesthat are very large are biologically implausible(Luck, 2005). One
consequence of the minimum norm approach is that the solution is biased towards sources
that are close to the cortical surface, because deeper sources require greater magnitudes to
reach the scalp. To overcome this bias, deptheighting strategies have been applied to the
minimum norm approach (Lin et al., 2006) The minimum norm always provides a unique
solution because only one solution perfectly fg the scalprecorded data and also produce
the smallest overall source magnitude.

2.4.3.3. Correcting for multiple comparisons
Once aninverse model has been applied to the data, the next step is to statistically

analyse the source space estimates. This is typically carried out using an ANOVA-tast at
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each voxel of reconstructed activity. However, if the researcher wishes to seardhmetentire

source space (i.e. with n@ priori assumptions about the brain regions active; often referred

601 AO A OxEI1T A AOAET AT Al UOEOS6qh OEAT A Al O
The correction shouldcontrol for the occurrence of Typell errors. However, corrections also
reduce the statistical power which can become a problem for EEG source analysifs

reconstructed source estimates for individual participants are noisy

2.5. Application of EEG to the current project

One of the main advantags of cognitive neuroscience methods is that they can
measure neural activity during a task without requiring a behavioural response. Analysing
brain activity and manipulating the direction of attention allows researchers to investigate
the timing of different attentional processes, the functional location of these processes in the
brain, and the degree to which the neural response reflects aspects of attended and
unattended stimuli (e.g. Hill & Miller, 2010; Srinivasan et al., 2009; Woldorff &i., 1993)

The high temporal resolution of EEG is particularly relevant for the aims of this thesis.
In previous experiments, preparatory and selective attention occued within a single trial of
a multi-talker listening task (Hill & Miller, 2010; Lee et al., 2013) To investigate preparatory
and selectiveattention in normally-hearing listeners, it is important to separate brain activity
that occursbefore a talker starts to speak from activity that occurs while one or more talkers
are speaking EEG allows processes thaccur at different time points within a trial to be
separated because EEG measurements occur, for practical purposes, at the same time that
electrical activity occurred in the brain. This is one advantage of EEG over ha@dynamic
measures, such as fMRI, where the BOLD response might take seconds to manifest. While one
previous experiment has attempted to localise the brain network during preparatory
attention using fMRI (Hill & Miller, 2010), the time course of this pocess is currently
unknown. Therefore, when measuring the time course of preparatory attention in the brain,
EEG is a important complement to fMRI.

Although EEG is not ideal for localising the sources of neural activity, Michel et al.
(2004) proposed that recent technological advances have vastly improved its spatial
resolution. High-density electrode recordings, realistic forward modelsand modern inverse
solutions all contribute to this improvement. Previous studieshave been able to identify
some correspondence between source reconstruction of EEG activity and fMRI results during
equivalent tasks (Lachaux et al., 2007; Rusiniak et al., 2013fFor example, Rusiniaket al.

(2013) recorded simultaneous fMRI from eleven children. During an oddball task, the P300
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component of the EEG response was localised to similaafetal areas that showed increased
BOLD activity using fMRI.

While MEG has high temporal resolutionthe inverse solution is underdetermined,
similar to EEG EEG and MEG are preferentially sensitive to differesburce orientations.
Therefore, they provide nonredundant information and the most comprehensive
information about source location arises from combining the two techniquesA previous
experiment investigated preparatory attention using MEG(Lee et al., 2013) Therefore,
gathering additional information from EEG willimprove knowledge of this topic.

In contrast to other cognitive neuroimaging techniques (e.g. MEG and fMRI),
presenting acoustical stimuli to participants through loudspeakers is not a problem for EEG
recordings. This allows for more realistic listening environments, where different sounds are

presented from different locations in spae.

2.5.1. Child EEG

Another advantage of EEG is that it is welluited to recording brain activity from
AEEI AOAT 8 &E @&@dedrfot néel tA beAdstainell.cS€coridhctive EEG systems
can at least partially correct for head movements, which ted to occur more frequentlyin
children than adults. In addition, EEG recordings can breade while a hearing-impaired child
is wearing hearing aids.

One consideration with child EEG is increased noise. Childragenerally cannot
complete as many trials in a session as adults, whichay lead to lower SNRin the average
waveforms. Greater proportions of trials containing artifacts may also lead to noisier data
with greater variability (Coch & Gullick, 2011; Luck, 2005)f all trials containing artifacts are
removed from child EEG data (i.e. artifact rejection), then this method might further decrease
the SNR in the average waveforms. Thus, artifact correction (Section 2.3.4) is a particularly
useful technique for EEGdata obtained from children. Correcting for artifacts, rather than
discarding all trials containing artifacts, is a method that aims to remove artifactual
components without decreasing the SNR of the average waveforms. In this thesis, the
criterion level for artifact rejection was varied to maintain a similar proportion of rejected
trials for children and adults. This method removed trials that contained the highest
Al b1 EOOAARA AOOEZAAOO ET AAAE AEEI ABO %%  AAC
proportion of all trials. Since it was estimated that artifacts remained in the data, IC&as
applied to the EEG data from every chiltlo correct for remaining eyeblink artifacts, while for
adults, ICA was only applied to participants who demonstrated trial that contained eye
blinks.
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2.6. Summary and conclusions

EEG is wellsuited to the aims of this thesis. Firstly, it measures electrical activity at
the scalp that is a direct measure of underlying neural activity. Secondly, high temporal
resolution makes EEGdeal for exploring the time course of preparatory attention. Also,
sounds can be presented in the sound field, whicmore easily approximates everyday
multi -talker listening situations than simulating spatial locations through headphones.
Finally, EEG isvell-suited to measuring brain activity from adults, from children, and from
hearing-impaired children when listening with and without their hearing aids.

This thesis employed the pre-processing and analysis methods discussed irhis
chapter. Spatietemporal Quster-basedPermutation Analysis was used to analyse ERPs, since
there were no a priori assumptions about the electrodes odatencies at which significant
differenceswere expectedto occur.In one experiment where individual structural MRI scans
were available,this thesis also estimate the neural generators thatcontributed to significant
differences recorded at the scalp

The data gained from EEG recordings complementthe results of previous
experiments that have employed MEG and fMRI. One aimusing EEG throughout this thesis
was to gain more information about the time course of brain activityfor preparatory and
selective attention during multi-talker listening than has been reported in previous

experiments.
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Chapter 3
EEGActivity during Two-
talker Listening

The aim of the three experiments presented in this chapter was to measure the
temporal dynamics of brain activity during two-talker listening? in young adults and
children aged %13 years. Previous experiments with adults have shown improved speech
intelligibility from knowing the spatial location(Ericson et al. 2004; Kidd et al. 2005; Best et
al., 2007;Best et al., 2009 and the identity (Kitterick, Bailey, & Summerfield, 2010)of a
target talker before he or she begins to speak. Althoughesebehavioural advantage have
been observed consistently, the neural processes that underpin them are not fully
understood.

Two previous experiments hae studied brain activity evoked by preparatory
attention during multi -talker listening using functional magnetic resonance imagingfMRI;
Hill & Miller, 2010) and magneto-encephalography (MEG; Lee et al., 2013) Hill and Miller
(2010) presented threesimultaneous talkers which differedin simulated spatial locationand
average fundamental frequency (F0). Before the talkers begaa visual cue indicatedeither
the location (left/right/centre) or the FO (high/low/middle) of the target talker. The visual
cue evoked activity in a lefthemisphere fronto-parietal network when participants were
cued to location and FO. However, the detailed pattern of activity within the network
depended onwhether participants were preparing to select the upcoming target talker based
on location or FO. Thus, the results provide evidence for both domakgeneral and cue
specific brain activity. Lee et al. (2013) used a similar task, but presented two simultaneous
spoken digits on eachtrial . Lee et al. found greater preparatory activity in the left dorsal
precentral sulcusand gyrus during attend-location trials and in the left posterior superior
temporal sulcusduring attend-FOOOE Al 08 4EAOA OAOOI OOh lcieE A
specific brain activity during preparatory attention.

These experiments aimed to build upon the results dflill and Miller (2010) and Lee

et al.(2013) in two respects. First, neither Hill and Miller or Leeet al. addressed the question
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of how soon attentional preparation is manifest in neural activity. Second, a possible
shortcoming of the experiments of Hill and Miller and Leeet al. is that differences in the
feature to be used for selection (i.e. location or FO) were confounded with differences in the
visual cues (i.e. differences in chevron orientin). The latter was a key issue in the design of
the current experiments, in which brain activity was to be measured in children as well as
adults. The experiments sought to deploy cues across all three experiments that were less
abstract, and hence morghysically elaborate, than those used by Hill and Miller and by Lee
et al.

Against this background, the three experiments presented in this chapter measured
brain activity using electro-encephalography (EEG)in a two-talker listening task.
opposite-gender competing talker that was presented simultaneously with, but from a
contralateral spatial location as, the target talker. A visual cue wagsresented before the
talkers spoke to inform participants, on each trial, about either the spatial location of the
target talker (left/right of fixation) or their gender (male/female). The experiments aimed to
identify robust attentional activity that did not reflect differences in physical aspects(e.g.
luminance or complexity) of the visual stimuli used to cue attention. Therefore, @ontrol
condition was implemented to measurébrain activity evoked by the visual cuesn a condition
in which they did not have implications for atention.

Both similarities and differences were expected to arise between the eventlated
potentials (ERPs) evoked by adults during attentional selection for locatioeompared to
gender. Similarities were expected to reflect domaigeneral processing oflocation and
gender information, akin to the similarities in brain activity observed by Hill and Miller
(2010) when listeners attended to talkers based on cues for location arféd. Differencesin
ERPs were expected to reflect cuspecific processing. Like Hill and Mille2010) and Leeet
al. (2013), the current experiments focussed on activity thaarose in two phases of the task:
(1) following the onset of the visual cue before the acoustic stimuli started (which is referred
to AO OEA O0OADA&A @) dubhg thé& dcquétio Gtimuli (referred to as the
O03A1 AAGEOA 0EAOAG6QS

Experiments 1 and2 investigated EEG activity that was evoked by adults during two
talker listening, whereas Experiment 3 investigated whether domaigeneral and cuespecific
activity was observed in children aged 713 years. A previous experiment by Dhamani,
Leung, Carlie, and Sharma(2013) shows that, like adults, children benefit from advance
cueing in noisy listening environments. Dhamanet al. asked children aged 115 years to

identify a target syllable in a background of twetalker babble. On each trial, a cue was
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provided in advance of the target syllable to indicate the onset time of the target. Children
were more accurate at identifying the target syllable when the cue validly predicted the onset
time of the target, compared to when the target was presented earlier or later than expected.
This result demonstrates that children aged 1915 years are able to direct their attention to a
talker based on a cue that indicates the onset time of the talker. Therefore, the ERPs evoked
by children in Experiment 3 were expected to be similar to the ERPs evoked by adults in
Experiments 1 and 2. Nevertheless, children typically identify speech in noise twilower
accuracy than adults(Bonino, Leibold, & Buss, 2012; Fallon, Trehub, & Schneider, 2000;
Papso & Blood, 1989) Therefore, it was expected that dldren aged %13 years would
display weaker evidence than adults of significant EEG activity during the Preparatory and

Selective Phases.

3.1. Experiment 1

3.1.1. Methods

3.1.1.1. Participants
Participants were 16 young adults (8 male), aged 1824 years (mean [M] = 204,

standard deviation [SD] =1.5). They were self-declaredright-handed native English speakers
with no history of hearing problems.They had 5-frequency averagepure-tone hearing levels
of 20 dB HL or better tested in accordance with BS EN ISO 8283 (British Scciety of
Audiology, 2004). The study was approved by theResearch Ethics Committee of the
Department of PsychologyUniversity of York.

3.1.1.2. Apparatus

The experiment was conductedin a 5.3m x 3.7 m single-walled test room (Industrial
Acoustics Co., NYlpcated within a larger soundtreated room. Participants sat facing three
loudspeakers Plus XS.2Canton) arranged in a circular arc at a height of 1 m at 0° azimuth
(fixation) and at 30° to the left and right (Figure 3.}. A 15-inch visual display unit(VDU;NEC

AccuSync 52VNIwas positioned directly below the central loudspeaker.

3.1.1.3. Stimuli
Visual cues

Four visual cueh O1 AZO6 h O OE CE Oxere detinkdbly hitehlined dnd O A&
black background Left and right cues were leftward and rightward-pointing arrows,
respectively; male and female cues were stick figuresF{gure 3.24&D). A composite visual

stimulus consisted of thefour cues overlaid(Figure 3.2E)
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B
D

i 1.5m ‘
o e E
Figure 3.1. Layout of loudspeakes Figure 3.2. (A)-(D) Visual cues. E)
(blue squares)and visual display unit Visual composite stimuluswhich is a
(grey rectangle)relative to a combination of the four visual cues
DAOOEAEDAT 06 ( overlaid.

Acoustical test stimuli
Acoustical test stimuli were sentences from the Co-ordinate Response Measure

corpus (CRM; Moore, 1981) spoken by native Britisknglish talkers (Kitterick, Bailey, and
Summerfield, 2010). CRM sentenceshave OEA &I 01 O02AAAU T AAT I o
1 Oi AAOa@an thelsubset used in the experiment, there wereeightcallOECT O j OAO
OAAOI T16h OAEAOI EAGRh OAACi Adh OEI DPAOS8Kh OI1 AE
Ox EEddBUEnumbAOO j Opdh O¢dh Oodh O6tdqs !'1T AGAI
TTx08 3AT OAT A ké&makemdkérshand thiddfen@IE @lkers were selected from

the corpus. The sentences had an average duration of 2.5 s. The levels of the digital
recordings of the sentences were normalised to the same root mean square (RMS) power.

Acoustical control stimuli
Control stimuli were single-channel noisevocoded representations of concurrent

pairs of CRM sentences. Each control stimulus was created by summing a pair of sentences
digitally with their onsets aligned, extracting the temporal envelope of the agubination using

the Hilbert Transform (Hilbert, 1912), and using the envelope to modulate the amplitude of
random noise whose longterm spectrum matched the average spectrum of all of the pairs of

sentences.

3.1.1.4. Procedures
Test Condition
At the start of each trial, afixation cross was presentedfor 1000 ms. Nextthe visual

composite stimulus was presented. After 800ns, parts of the composite stimulus began to
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fade, leaving only the visual cue for the trial The fade lasted200 msand involved a decrease
in luminance in order to minimise the onset response to the visual cue in the EEG recording.
After the cue had been fully revealed for 1000 mgwo CRM sentences were presented
concurrently. Two different sentenceswere presented from the twoloudspeakers (left and
right) . Thesentences started simultaneouslybut contained different call signs and different
colour-number combinations. The two talkers were seleted gquasirandomly on each trial,
with the restriction that one talker was male and the other wagemale. Over the couse of the
experiment, each of the six talkers was presented equally often froeach location.

The visual cuedirected attention to the target talker and varied quasirandomly from
trial to trial . The cue remained on the screen throughout the duration ohe acoustic stimuli
so that participants did not have toretain the visual cue in memory After both sentences had
ended, participants were instructed to report the colournumber combination in the target
sentence by pressing aoloured digit on atouch saeen directly in front of their chair. The
inter-trial interval varied randomly from 1000 to 1500 ms to desynchronise anticipatory
activity for the next trial. Each grticipant completed 384 trials (96 in eachcueingcondition),
with a break every 48 trials.

The average presentation level of concurrent pairs of test sentences was set to 63
dB(A) SPL(range 61.6» 66.2 dB) measuredwith a B&K (Briiel & Kjeer, Neerum, Denmark)
Sound Level Meter (Type 2260 Investigator) and O-thch Freefield Microphone (Type 4189)

placed in the centre of the arc at the height of the loudspeakers with the participant absent.

Visual
Fixation composite Visual cue Acoustic CRM stimuli + visual cue Response Variable ITI
1000 ms 1000 ms 1000 ms 2500 ms 1000-1500 ms
l | l i | |
I | | 1 1 1
()23 e
+ % < “Ready Baron, go to green three now” 1](2])(z])a
“Ready Laker, go to white one now” A2 a0
| | | VAN~ NN = | |

| | | | A4 A\ \_/ | | |
Single channel noise vocoded pair of CRM

+ § < sentences + visual cue |

2500 ms

Figure 3.3. (A) Trial structure in the Test Condition with an example trial below. B)
Trial structure in the Control Condition
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Control Condition
The trial structure of the Control Condition was identical to the Test Condition

(Figure 3.3 with the exception that an acoustical control stimulus, presented from a single
loudspeaker at 0° azimuth, replaced the pair of acoustical test stimulihe task was to press
the picture on the touch screen corresponding to the visual cuthat was presented Each
participant completed 216 trials (54 in eachvisual stimulus condition), with a break every 36
trials. The presentation level of the control stimuli was seso that their average level matched
the average level of the pairs of test stimuli. &ticipants undertook the Control Condition
before the Test Condition; that ispefore they had learnt the association between the visual
cues and the acoustic stimuli.

The logic behind the design of the Control Condition was that the stimuli lacked the
spectral detail and temporal fine structure required for the perception of pitch(Moore,
2008b). In addition, because the stimuli were presented fromree loudspeaker, they did not
provide the interaural differences in level and timing required for their constituent voices to
be localised separately. In these ways, the acoustic cues required to segregate the sentences
by gender and by location were neutrised, while the overall energy and gross fluctuations in
amplitude of the test stimuli were preserved.

3.1.1.5. EEG recording and processing
Continuous EEG was recorded using theANT WaveGuard64 system (ANT,

Netherlands; www.ant-neuro.com) with Ag/AgCl electrodes mounted on an elasticated cap
(positions: Fpl, Fp2, AF3, AF4, AF7, AF8, F1, F2, F3, F4, F5, F6, F7, F8, FC1, FC2, FC3, FC4, FC
FCG FT7, FT8, C1, C2, C3, C4, C5, C6, T7, T8, CP1, CP2, CP3, CP4, CP5, CP6, TP7, TPS8, P1
P3, P4, P5, P6, P7, P8, PO3, PO4, PO7, PO8, 01, 02, M1, M2, Fpz, Fz, FCz, Cz, CPz, Pz, POz,
An additional electrode (AFz) was useds a ground site.The horizontal electro-oculogram

(EOG) was measured with a bipolar leadttached to the outer canthi of the left and right eyes

and the vertical EOG was measured with a bipolar lead above and below the right eyhe

EEG wasamplified and digitised with an ANT High-Speed Amplifier (24 bit resolution) at a

sampling rate of 1000 Hz per channel.

-20
Figure 3.4. Graph
showing properties of
the EEG bandpass filtel
at different frequencies.
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The continuous EEG recordings wereexported to MATLAB 7 (The MathWorks, Inc.,
Natick, MA, USA) and analysed wusing the EEGLAB toolbox (¥rsion 9;
http://sccn.ucsd.edu/eeglab/). Before sttistical analysis, the datawere band-pass filtered
between 0.25 and30 Hz using a Butterworth filter (Figure 3.4). The amplitude at each
electrode was referenced to the average amplitude of the electrode arrafpochs were
created with 4700 ms duration, including a baselineinterval of 200 ms at the end of the
fixation-cross period Epochs were rejectedfor further analysis if they contained high
amplitude artifacts (absolute amplitude in any channel greater than = 20&V) or if the
behavioural response to the trial was incorrect. hdependent component analysis(ICA) was
usedto correct for any remaining eyeblink artifacts, which were identified by a stereotyped
scalp topography and a correlation with the vertical EOG that exceeded 0.6 for >8@f¥ctrials
containing high-amplitude peaks.

3.1.1.6. Behavioural analyses
Trials were separated into Location (average left/right cues and Gender (average

male/female cueg groups, separately for the Test and Control Condition®Responses were
scored as correct ifboth the colour and number key words were reported correctly in the
Test Condition, and if the visual cue was reported correctly in the Control Condition.

3.1.1.7. Analyses of ERPs
There were no expectations about where in the array of electrodes or when in time

differences in ERPs between Test and Control conditions, or between Location and Gender
trials, would occur during the Preparatory or Selective phases. Accordingly, in seeking
significant differences, a Spatidemporal Clusterbased Permutation Analysis wagonducted
(Maris & Oostenveld, 2007; see also Section 2.4.2)

The Spatiotemporal Clusterbased Permutation Analysis was used to make two types
of comparison. Typel analyses compared amplitudesn the Test and Control Conditions,
separately for Location and Gender trials. Typé clusters found in the Preparatory Phase
could not arise from sensory or perceptual processes because the stimuli did not differ
between the conditions in this phase. Ratr, such differences were interpreted as arising
from contrasting attentional activity between the Test and Control Conditions. Typkclusters
found in the Selective Phase, in contrast, could arisgther from differences in attentional
activity or from differences between the acoustical structure of the Test and Control stimuli.

Type-ll analyses compared Location with Gender trials in the Test Condition. These
analyses identified clusters where ERPs differed significantly depending on whether
participants were receiving cues for, and directing attention towards, location or gender.

Such differences could be evokeeither by different attentional processesor by physical
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differences between the visual cues. Accordingly, we compared the average amplitude of
Location and Gender trials averaged over the spacdy-time points in the cluster? between
the Test and Control Conditions in a 2 x 2 ANOVAhe rationale was that differences in the
visual cues between Location and Gender trials were also present in the @ah Condition,
but the attentional activity evoked by the cues should be present in the Test but not the
Control Condition. A two-way interaction meant that the cluster could not be fully explained
by the influence of physical differences in the visual @s between conditions.In order to
determine whether such differences were sustained over the entire duration of a cluster or
were restricted to particular moments, the difference of the difference in Location and
Gender trials between the Test and ContraConditions was plotted,averaging only over the
spaceby-time points that fell in a 50-ms time window that was advanced in 1éms steps over

the duration of the cluster.

3.1.2. Results

3.1.2.1. Behavioural results
Conjoint accuracy in identifying the colour and number key words in the Test

Condition was high and did not differbetween Location (M = 95.3%, SD =0.05) and Gender
(M =94.8%, SD =0.05) trials, t(15) = 1.2,p = 0.26 There were also no significant diffeences
in the accuracy with which the visual cue was identified in the Control Condition between
Location (M = 994%, SD = 0.01) and GendeM = 99.1%, SD = 0.02) trialst(15) = 0.7,p =
0.51.

3.1.2.2. Eventrelated potentials
Type-l analyses: Differences between Test and Control Conditions

Location trials
Figure 35 illustrates the results of the Typel analyses on trials in which a Location

cue (left/right) was presented. The latencies of significant clusters are plotted relative to the
onset of the talkers (i.e relative to the start of the Selective Phase). The descriptions in the
following paragraphs describe the latencies of significant clusters relative to the start of the
phase in which the cluster occurred (i.e. the latencies of clusters that occurred daog the
Preparatory Phase are reported relative to the start of the Preparatory Phase)

During the 1000-ms Preparatory Phase, one significant cluster of activity (Cluster 1)

was identified (Figure 35A). It involved 25 central electrodes and spanned théme interval

7 The same logic applies to the results described throughout this chapter and for the remainder of the
thesis.
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from 27 to 691 ms, relative to the start of the phase. It showed significantly more negative
amplitude during the Test Condition than the Control Condition [cluster statistic = 16699, p =
0.001] (Figure 35B). The existence of Cluster 1 demonstrates that differences in brain
activity arise between a condition in which a visual cue has no implications for auditory
attention and a condition in which the same visual cue directs listeners to prepate select an
upcoming talker on the basis of their location. The differences in brain activity arose 227 ms
after the visual cue began to appear and 27 ms after the visual cue was fully revealed. The
polarity, location, onset time, and duration of Clusted are tabulated in the third column of
Table 3.1.

During the Selective Phase, four significant clusters of activity were identifigdrigure
3.5A). Cluster 2(Figure 35C) spanned the interval from69 to 1029 ms relative to the start of
the phase. It involed 44 central and posterior electrodes andgshowed significantly more
negative amplitude during the Test Condition than the Control Condition [cluster statistic =
48457, p = 0.002]. Cluster 3 (81 to 671 ms; Figure 3D) was complementary to Cluster 2
since the time points of these clusters overlapped. Cluster 3 involved 33 nerentral
electrodes andshowed significantly more positive amplitude during the Test Condition than
the Control Condition [cluster statistic = 13476,p = 0.041].Cluster 4 (1072 to 2200 ms;
Figure 35E) started shortly after Cluster 2had finished. It involved 30 central electrodes and
showed significantly more negative amplitude during the Test Condition than the Control
Condition [cluster statistic = 44288 p = 0.002]. Cluster 5 (1696to 2200 ms; Figure 35F)
started towards the end of the Selective Phase. It involved 20 posterior electrodes and
showed significantly more positive amplitude during the Test Condition than the Control
Condition [cluster statistic = 16619 p = 0.027].

Gerder trials

The second of the Typd analyses compared ERPs between the Test and Control
Conditions on trials in which a Gender cue (male/female) was presented. PanelgJ®f Figure
3.5 illustrate these results. No significant clusters were identified durig the Preparatory
Phase. During the Selective Phase, three significant clusters were identified (Figuré@).
Cluster 6 (108 to 1030 ms; Figure ®H) involved 36 central and anterior electrodes. It
showed significantly more negative amplitude during the €st Condition than the Control
Condition [cluster statistic = 35606 p = 0.002]. Cluster 7 (495 to 1038 ms; Figure 3l) was
complementary to Cluster 6. It involved 22 mainly posterior electrodes which showed
significantly more positive amplitude during the Test Condition than the Control Condition
[cluster statistic = 24580, p = 0.010]. Cluster 8 (1717 to 2200 ms; Figure 8J) occurred later
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during the Selective Phase. It involved 20 mainly posterior electrodes and displayed

significantly more positive amplitude during the Test Condition than the Control Condition

Table 3.2. (Continued on next page). Summary of results for the Te€bndition comparison
between Location and Gender trials (Typél analysis) across ExperimentsZ3. A tick in the

Ol x

EAAAAA O3EGCI EAEAAT O EI

#1171 001 1

#1 1 AE(

of ERPs between Location and Gender trials was sificant in the Control Condition across
the spatio-temporal points of the cluster (pvalues displayed underneath). A tick in the row
EAAAAA O3ECTI EAEAAT O 4A0OFT#11 0011
type (Location/Gender) and cordition (Test/Control) revealed a significant two-way
interaction (p-values displayed underneath).

) T OAOAAC(

Phase Properties Experiment 1  Experiment2  Experiment 3
Cluster Number 9 22 30
Cluster p-value < 0.001 0.004 0.014
Polarity Loc > Gen Loc >Gen Loc > Gen
Electrode Locations Posterior Posterior Posterior
Onset of cluster (ms) 29 53 72
Preparatory  Duration of cluster (ms) 599 342 372
Significant in Control P P P
Condition? p=0.011 p=0.017 p<0.001
Significant Test/Control U U P
Interaction? p=0.82 p=0.85 p=0.003
Cluster Number 10 23 -
Cluster p-value 0.003 0.005 -
Polarity Gen > Loc Gen > Loc -
Electrode Locations Anterior + Anterior + -
Central Central
Preparatory Onget of cluster (ms) 40 103 -
Duration of cluster (ms) 389 288 -
Significant in Control P P ]
Condition? p=0.002 p=0.014
Significant Test/Control U U i
Interaction? p=0.80 p=0.80
Cluster Number 11 - -
Cluster p-value 0.010 - -
Polarity Gen > Loc - -
Electrode Locations Central - -
Onset of cluster (ms) 484 - -
Preparatory  Duration of cluster (ms) 464 - -
Significant in Control U
Condition? p=0.15 i i
Significant Test/Control U i i
Interaction? p=0.90
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Table 3.2. (Continued from the previous page)

Cluster Number 12 24 31
Cluster p-value <0.001 0.018 0.022
Polarity Gen > Loc Gen > Loc Gen > Loc
Electrode Locations Posterior + Central Central
Central
: Onset of cluster (ms) 371 807 1069
Selective Duration of cluster (ms) 835 396 455
Significant in Control U U U
Condition? p=0.56 p=0.31 p=0.07
Significant Test/Control U P P
Interaction? p=0.08 p=0.044 p=0.001
Cluster Number 13 - -
Cluster p-value 0.049 - -
Polarity Loc > Gen - -
Electrode Locations Anterior - -
: Onset of cluster (ms) 590 - -
Selective Duration of cluster (ms) 279 - -
Significant in Control U
Condition? p=0.26 i i
Significant Test/Control P ) )
Interaction? p=0. 005

[cluster statistic = 14722, p = 0.033]. Many of theelectrodes in Cluster 8 overlapped with the

electrodes that contributed to Cluster 7.

Type-ll analyses: Differences between Location and Gender trials

Differencegduring the Preparatory Phase
During the Preparatory Phase, three clusters of electrodes werglentified that differed

significantly in the Test Condition between Location and Gender trials (Figure@h). Cluster 9
(29 ms to 628 ms; Figure &B) involved 28 mainly posterior electrodes and showed
significantly more positive amplitude during Location trials than Gender trials [cluster
statistic =21609, p <0.001]. These values are listed in thé¢hird column of Table3.2. For this
cluster, the interaction between cue type (Location/Gender) and condition (Test/Control)
was not significant [F(1,15) = 0.05,p = 0.82; Figure 37A] and the difference between Location
and Gender trials was also present in the Control Conditiop,= 0.011. When the diffeence of
the differences in Location and Gender trials between the Test and Control conditions was
examined in 50ms sliding windows, the uncorrectedp-value was less thar0.05in only seven
of the 60 50-ms time windows in the cluster (Figure 37F). The finding that ERPs in this

cluster did not differ between the Test and Control Conditions means that it is not possible to
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Figure 3.7. Experiment 1. @mparison of differences in the amplitude of ERPs between
Location and Gender trials in the Test and Control Conditions for each significant Tyfe
cluster in Experiment 1. GraphsA)-(E) plot the mean amplitude for Location and Gender

trials in the Test and Control Conditions, averaged across participants and spdime points.

Error bars show 95% within-subjects confidence intervals. Narrow brackets display the

significance level of thecomparison between Location and Gender trials in the Test and

Control Conditions. Wider brackets display the significance level of the twaay interaction
(* p< 0.050; *p< 0.010; **p < 0.001). Graphsf)-(J display the difference of the
differencesin Gender and Location trials between the Test and Control conditions in 5@s
time windows repeated every 10 ms within the cluster (right axis) and the uncorrecte@-
values resulting from a pairedsamplest-test comparing the differences (left axis)The mid-
point of each time window relative to the onset of acoustic stimuli is displayed on theaxis.
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rule out the explanation that the cluster arose from differences in the visual cues, raththan
from differences in attentional processes triggered by the cues.

Cluster 10 (Figure 3.7C) was complementary to Cluster 9 and was also likely to arise
from differences in the visual cues. Cluster 10 (40 to 429 ms) started slightly after Cluster 9,
but involved a largely complementary group of electrodes that displayed amplitudes of
opposite polarity. It involved 33 central and anterior electrode locations andshowed
significantly more negative amplitude in Location trials than Gender trial¢cluster statistic =
188274; p = 0.003). For Cluster 10, like Cluster 9 the interaction between cue type
(Location/Gender) and condition (Test/Control) was not significant [F(1,15) = 0.01,p = 0.80;
Figure 37B] and the difference between Location and Gender trials was also present in the
Control Condition, p = 0.002. In addition, the uncorrectedp-value did not fall below 0.05
during any 50-ms segment over the duration of the cluster (Figure 3G).

Cluster 11 (484 to 948 ms; Figure 36D) arose later during the Preparatory Phase. It
showed significantly more negative amplitude in Location trials than Genderrials [cluster
statistic = 120364, p = 0.010 and some of the electrodes overlapped with those identifaein
Cluster 2. The interaction between cue type (Location/Gender) and condition (Test/Control)
was not significant [F(1,15) = 2.32,p = 0.15; Figure 37C], although the difference between
Location and Gender trials was not significant in the Control Contibhn, p = 0.90. Figure 3/H
shows that the differencebetween the Test and Control Conditionseached the p < 0.001
(uncorrected) criterion in 50-ms segments centred between 650 and 680 m§he finding that
ERPs did not differ between Location and Genderidls in the Control Condition implies that
activity within this cluster might reflect differences in the attentional processes triggered by
the cues. However, the finding of no significant interaction means that it was not possible to
fully rule out the explanation that the cluster arose from differences in the visual cues.

Differences during the Selective Phase

During the Selective Phase, two clusters of activity were identified that differed
significantly between Location and Gender trials(Figure 36A). Cluster 12 (Figure 36E)
lasted from 371 to 1206 msafter the start of the acoustic stimuli. It involved 31 central and
posterior electrode locations and displayed significantly more negative amplitude in Location
trials than Gender tials [cluster statistic = 25506, p < 0.001]. The interaction between cue
type (Location/Gender) and condition (Test/Control) was not significant F(1,15) = 3.46,p =
0.08; Figure 37D], although the difference between Location and Gender trials was not
significant in the Contol Condition, p = 0.56. This pattern of amplitudes in the Control

Condition is similar to Cluster 11. However, for Cluster 12, thp-value for the difference
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between Test and Control Conditions was below 0.05 (uncorrected) in 5@s windows
throughout the cluster (Figure 371).

Cluster 13 (Figure 36F) started after Cluster 12 but overlapped it in time. Cluster 13
lasted from 590 to 869 msafter the onset of the acoustic stimuli. It involved 17 anterior
electrode locations and showed significantly more posive amplitude in Location than
Gender trials [cluster statistic = 6501,p = 0.049. There was a significant interactionbetween
cue type (Location/Gender) and condition (Test/Control) |F(1,15) = 11.07,p = 0.005; Figure
3.7E] and the difference between Loation and Gender trials was not significant in the Control
Condition, p = 0.26. The finding of a significant interaction demonstrates that Cluster 13 arose
from differences in the processes for attending selectively to a talker between Location and
Gender trials. In addition, the p-value for the difference between the Test and Control
Conditions was below 0.05 (uncorrected) in 56ms windows over most of the duration of the
cluster (Figure 37J).

3.1.3. Discussion
During the Preparatory Phase, Typé analyses denonstrated that significantly

different ERPs occurred in the Test Condition compared with the Control Condition, but only
on Location trials (Figures 35A and B) and not on Gender trials (Figure 3G). During the
Preparatory Phase, no acoustical stimuli hatieen presented and the visual stimuli did not
differ between the Test and Control Conditions. The result indicates, therefore, that listeners
evoke different brain activity when a visual cue indicates the location of the target talker than
when the same ae has no implications for auditory attention. The result is compatible with
the interpretation that the visual cue can trigger preparatory attentional activity. Moreover, it
does so with a short latency (< 30 ms) after the full reveal of the visual cue.

The Typell analysis in the Test Condition revealed significant differences between
Location and Gender trials in the Preparatory Phase, with a similar latency as Type
differences during the Location Condition (Figures 3BzC). However, a difference betwen
Location and Gender trials also occurred in the Control Condition at the same electradand
time points (Figures 37AzB). Thus, it is not possible to rule out the explanation that these
early clusters were evoked largely by physical differences betweethe visual cues for
location compared with gender, rather than by differences in preparatory attentional
processes triggered by the different cue types. The physical differences may have involved
luminance and structural complexity. A further component ofthe difference in ERPs may

have arisen from differences in the cognitive processes evoked by the representation of an
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inanimate object (a chevron) compared with a human beingCaramazza & Shelton1998;
Downing, Chan, Peelen, Dodds, & Kanwisher, 2006)

The behavioural results demonstrate that participants could correctly identify words
spoken by the target talker in both Location and Genddrials, even though there was no
evidence of preparatoy EEG activity in Gendetrials. This outcome could have arisen from a
feature our design. Whereas there were only two possible locations, there were three
possible male and three possible female talkerdAs a result, there was mor@ariation in the
evidence of gender (e.g. in averagealues of the FOand formant frequencies) than in the
evidence of location. Thus, the cues for location were more specific than the cues for gender.
Even though tre difference in specificity was not refected in differences in behavioural
accuracy, it might have influenced the patterns of brain activityghat were observed during
the Preparatory Phase. Experiment 2 tested two hypotheses: first, that gender cues evoke
preparatory brain activity when variation in the evidence of gender is minimised, and second,
that differential activity emerges between Location and Gender trials when both types of cue
are similarly specific. An additional aim was to determine whether the overall pattern of

results of Experiment 1 could be replicated with a different set of participants.

3.2. Experiment 2

To avoid differences in the specificity of the visual cueor attributes of the target
talker between Location and Gender trials, the same male and female talker were presented
for the entire experiment, rather than employing three instances of each gender as in
Experiment 1. Also, participants were familiarised with the locations and gendetsefore the

Test Condition was administered

3.2.1. Methods

3.2.1.1. Participants
Participants were 16 yowng adults (8 male),aged 1&27 (M =21.3,SD = 2.}, none of

whom had taken part in Experiment 1.All participants were self-declared right-handed
native English speakers with ndistory of hearing problems.Participants all had 5-frequency
averagepure-tone hearing levels of 20 dB HL or bettertested in accordance with BS EN ISO
8253-1 (British Society of Audiology, 2004. The study was approved by theResearchEthics
Committee of the Department of PsychologyUniversity of York.
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3.2.1.2. Stimuli and procedure
Stimuli and procedures were the same as those in Experiment 1 except that only one

of the male and one of the female talkers were used. After participants had completed the
Control Condition, but before they undertook the Test Condition, a set of trials aimed
familiarise participants with the two locations and the two talkers. Familiarisation involved
52 trials in which only one or other of the two talkers, but not both, was presented during the
Selective Phase. The trial structure was identical to the Te€bndition except that there was
no competing talker and EEG was not recorded.

3.2.1.3. EEG recording, processing, and analyses
The EEG recording, processing, ananalysis procedureswere identical to those used

in Experiment 1.

3.2.2. Results

3.2.2.1. Behavioural results
Conjoint accuracy in identifying the colour and number key words in the Test

Condition was high and did not differbetween Location (M = 96.5%, SD = 0.02 and Gender
(M =95.9%, SD = 0.02) trialst(15) = 1.0,p = 0.34. There were also no significant diffences
in the accuracy with which the visual cue was identified in the Control Condition between
Location (M = 99.6%, SD = 0.01) an@ender (M = 99.6%, SD = 0.01) trial¢(15) = 0.3,p =
0.79.

3.2.2.2. Eventrelated potentials
Type-l analyses: Differences between Test and Control Conditions

Locationtrials
Figure 38 illustrates the results of the Typel analyses. Panels 2D report analyses

that compared ERPs between the Test and Control Conditions on trials in which a Location
cue was presented. One significant w$ter of activity was identified during the Preparatory
Phase (Figure 38B) and two significant clusters were identified during the Selective Phase
(Figure 38CzD). The polarity, location, onset time, and duration of these clusters are listed in
Table 3.1.

Gendettrials

Panels BJ of Figure 3 illustrate the results of the Typel analysis that compared
ERPs between the Test and Control Conditions on trials in which a Gender cue was presented.
One significant cluster was identified during the Preparatory Pase (Figure 38F) and four
significant clusters were identified during the Selective Phase (Figure &xJ). The polarity,

location, onset time, and duration of these clusters are listed in Table 3.1.
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Figure 3.10. Experiment 2: @mparison of differences in the amplitude of ERPs between
Location and Gender trials in the Test and Control Conditions for each significant Type
cluster in Experiment 1. GraphsA4)-(CO) plot the mean amplitude for Location and Gender
trials in the Test and Control Conditions, averagf across participants and spacéme points.
Error bars show 95% within-subjects confidence intervals. Narrow brackets display the
significance level of the comparison between Location and Gender trials in the Test anc
Control Conditions. Wider brackets @play the significance level of the tweway interaction
(* p< 0.050; *p< 0.010; **p < 0.001). GraphsD)-(F) display the difference of the
differences in Gender and Location trials between the Test and Control conditions in-5s
time windows repeated every 10 ms within the cluster (right axis) and the uncorrected
p-values resulting from a pairedsamplest-test comparing the differences (left axis)The
mid-point of each time window relative to the onset of acoustic stimuli is displayed on the
X-axis.

Type-Il analyses: Differences between Location and Gender Conditions
Figure 39 illustrates the results of Typell analyses that compared ERPs between

Location and Gender triag in the Test Condition. The analysis identified two significant
clusters during the Preparatory Phase (Figure 9BzC) and one significant cluster during the
Selective Phase (Figure 8D). The polarity, location, onset time, and duration of these

clusters are listed in Table 3.2.
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The clusters identified during the Preparatory Phase (Clusters 22 and 23) showed the
same patterns of activity in the Control Condition§ ©00.017; Figure 310). For these clusters,
the interaction between cue type (Location/Gendey and condition (Test/Control) was not
significant. Therefore, it is not possible to rule out the explanation that TypH clusters
during the Preparatory Phase arose from differences in the visual cues, rather than from
differences in attentional procesestriggered by the cues When the difference between Test
and Control Conditions was examined in 50ns sliding windows, the pvalues did not fall
below the 0.05 (uncorrected) level at any time point during any of the clusters

The cluster identified during the Selective Phase (Cluster 24) did not show the same
pattern in the Control Condition ( = 0.31; Figure 3L0C). The interaction between cue type
(Location/Gender) and condition (Test/Control) was significant [F(1,15) = 4.82,p = 0.044].
This finding demanstrates that the cluster during the Selective Phase arose from differences
in the processes for attending selectively to a talker between Location and Gender trials.
Figure 310F shows that thep-values were less than the 0.05 (uncorrectedgvel at several of
the 50-ms segments over the duration of the cluster first around 900 ms, then around 1000
ms, and finally between 1060 and 1140 ms.

3.2.3. Discussion
Experiment 2 partially replicated the results of Experiment 1. Both experiments

provide evidence br activity during the Preparatory Phase of Location trials that began
earlier than 50 ms after the visual cue was fully revealed, lasted longer than 600 ms, and was
characterised by more negative amplitudes for the Test than Control Condition at central
electrodes (Figures 35B and 38B). Additionally, both experiments revealed Typdl
differences between Location and Gender trials during the Preparatory Phase that were
present both in the Test and in the Control Conditions. The findings during the Seladi
Phases are also similar. Typédifferences in Location and Gender trials occurred throughout
the Selective Phase, characterised by more negative amplitudes during the Test than Control
Condition at central electrodes and more positive amplitudes at noenentral (typically
posterior) electrodes. Typell results revealed more negative amplitudes on Location than
Gender trials at central electrodes during the Selective Phase, which were not present in the
Control Condition.

A difference between the experimats is the finding of significant activity during the
Preparatory Phase of Gender trials in Experiment 2, which was not present in Experiment 1.
One interpretation is that presenting the same male and female talker throughout the

experiment enabled particpants to engage preparatory attention in response to gender cues
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in ways that were not possible when the set of talkers was larger. However, given that other
details of the results differ between the experiments, a replication would be desirable before

firm conclusions are drawn.

3.3. Experiment 3

Experiment 3 tested whether children aged 713 years would display weaker
evidence than adults of preparatory and selective attention when they were tested on an

equivalent task.

3.3.1. Methods

3.3.1.1. Participants
Participants were 26 children (12 male), aged7z13 years (M = 10.5 SD =1.7). All

participants were declared by their parents to be righthanded native English speakers with
no history of hearing problems.All participants had 5-frequency pure-tone average hearing
threshold levels of 35 dB or bettertested in accordance with BS EN ISO 8283 (British
Society of Audiology, 2003. Two participants were excuded from the analysi® onedue to a
technical error during data collection and another due to low behavioural performare in
Location trials during the Test Condition (20.8%). It was evident that the child had forgotten
the association between the location cues and the target talker. The study was approved by
the ResearchEthics @mmittee of the Department of PsychologyUniversity of York.

3.3.1.2. Stimuli and procedure
Stimuli and procedures were the same as those in Experiment 2, except that children

completed only 96 trials in the Control Condition and between 96 and 144 trials in the Test
Condition (depending on their level of atigue). Participants received a short break every 16
trials and a longer break every 48 trials.Before undertaking the Test Condition, children
completed 16 familiarisationtrials (4 in each attention condition).

3.3.1.3. EEG recording, processing, and analyses
EEG recording, processing, and analyses procedures were the same as those in

Experiment 2, with one exception. Due to the higher rate of aféicts in EEG data from
children than adults, the artfact rejection criteria were relaxed to maintain a similar
proportion of rejected trials as in the adult EEG datg< 12.5%). Since it was estimated that
artifacts remained in the data, ICAvas applied tothe EEG data from every childo correct for

remaining eyeblink artifacts.
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3.3.2. Results

3.3.2.1. Behaviouralresults
Conjoint accuracy in identifying the colour and number key words in the Test

Condition was moderately high and did not diffetbetween Location (M = 89.4%, SD = 7.4%
and Gender(M = 88.6%, SD= 7.98) trials,t(23) = 0.7,p = 0.52. There were also @ significant
differences in the accuracywith which the visual cue was identifiedin the Control Condition
between Location (M = 97.5%,SD= 3.25) andGender (M = 98.0%,SD= 2.08) trials, t(23) =
0.8,p=0.45.

3.3.2.2. Eventrelated potentials
Type-l analyses: Differences between Test and Control Conditions

Location trials
Figure 3.11 illustrates the results of the Typel analyses. Panels ZD report the

analysis that compared ERPs between the Test and Control Conditions on trials in which a
Location cue was preseted. One significant cluster of activity was identified during the
Preparatory Phase (Figure 3.1B) and two significant clusters were identified during the
Selective Phase (Figure 31CzD; Table 3.1).

Gendettrials

Panels BEG of Figure 3.1 illustrate the results of the Typel analysis that compared
ERPs between the Test and Control Conditions on trials in which a Gender cue was presented.
No significant clusters of activity were identified during the Preparatory Phase, but two

significant clusters were dentified during the Selective Phase (Figure 31FzG; Table 3.1).

Type-ll analyses: Differences between Location and Gender trials
Figure 3.12 illustrates the results of Typell analyses that compared ERPs between

Location and Gender trials in the Test Condition. The analysis identified one significant
cluster during the Preparatory Phase (Figure 32B) and one significant cluster during the
Sekctive Phase (Figure 3.2C; Table 3.2).

The cluster identified during the Preparatory Phase (Cluster 30) showed a greater
difference between Location and Gender trials in the Control Conditiorp(< 0.001; Figure
3.13A), which was demonstrated by a signifiant interaction between cue type
(Location/Gender) and condition (Test/Control) [F(1,23) = 10.74,p = 0.003; Figure 3.13\.
Therefore, it is not possible to rule out the explanation that the cluster arose from differences
in the visual cues, rather than fom differences in attentional processes triggered by the cues.
When the difference was examined in 5@ns sliding windows, the uncorrectedp-value did

not fall below 0.05at any time point over the durdion of the cluster (Figure 3.13C).
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Figure 3.13. Experiment 3: @mparison of differences in the amplitude of ERPs between
Location and Gender trials in the Tesand Control Conditions for each significant Typé!
cluster in Experiment 1. GraphsA&)-(B) plot the mean amplitude for Location and Gender
trials in the Test and Control Conditions, averaged across participants and spdi®e points.
Error bars show 95%within -subjects confidence intervals. Narrow brackets display the
significance level of the comparison between Location and Gender trials in the Test anc
Control Conditions. Wider brackets display the significance level of the twavay interaction
(* p< 0.050; *p < 0.010; **p < 0.001). Graphs Q)-(D) display the difference of the
differences in Gender and Location trials between the Test and Control conditions in-b@s
time windows repeated every 10 ms within the cluster (right axis) and the uncorrecteg-
values resulting from a pairedsamplest-test comparing the differences (left axis)The mid-
point of each time window relative to the onset of acoustic stimuli is displayed on theaxis.

The cluster identified during the Selective Phase (Cluster 31), however, did not show
the same pattern in the Control Condition § = 0.07; Figure 3.BB). Furthermore, the
interaction between cue type (Location/Gender)and condition (Test/Control) was significant
[F(1,23) = 13.19,p = 0.001; Figure 3.BB]. This finding demonstrates that the cluster during
the Selective Phase arose from differences in the processes for attending selectively to a
talker between Location arl Gender trials. Figure 3.3D shows that thep-values remained

below the 0.01 (uncorrected) level throughout the entire cluster.

3.3.3. Discussion
Similar patterns of ERPs arose in Experiment 3 as in Experiments 1 and 2. Experiment

3 showed sigrificant activity during the Preparatory Phase of Location trials (Figure 31A).

Type-1l differences between Location and Gender trials during the Preparatory Phase were
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present both in the Test and in the Control Conditions (Figures B and 3.8BA). During the
Selective Phase, there were Typkdifferences in both Location and Gender trials (3.10A and
E, respectively). Typell clusters during the Selective Phase revealed more negative
amplitudes on Location than Gender trials at central electrodes, whiclvere not present in
the Control Condition.

However, one key differencebetween the results of Experiments 2 and 3 was the
absence of significanactivity during the Preparatory Phase forGendertrials in Experiment 3
(Figure 3.11E). Behavioural accuracy wa high and suggests that the children: (1) understood
what the cues meant; and (2) were able to select the correct talker based on the gender
information provided. Instead, the absence of a significant differencguring the Preparatory
Phase ofGender trials might have arisen from the fact that children only completed 16
familiarisation trials, due to time constraints, whereas the adults completed 52
familiarisation trials. It is possible that 16 trials were not sufficient for the children to learn
the talker characteristics of the male and female talkers, which may have led to a similar
problem as Experiment % if participants had not learnt the FO associated with the talkers
used in this experiment, then they may not have been able to make specific predicts
during the Preparatory Phase, leading to an absence of preparatory brain activié.possible
alternative explanation is that the data in Experiment 3 were noisier than in Experiments 1
and 2 and, therefore, Experiment 3 did not have sufficient poweptdetect significant clusters

during the Preparatory Phase of Gender trials.

3.4. General discussion

All three experiments revealed preparatory EEG activity when participants were cued
to the location of a target talker. This result was demonstrated by signifimt differences in
ERPs between the Test and Control Conditions (Figures53.38, and 3.11), despite the fact
that the stimuli were identical up to and including the Preparatory Phase for each trial.
Therefore, the activity could be attributed to attenticnal preparation for the upcoming task of
selecting one of the two talkersIn Experiments 1 and 2, preparatory activity for location
occurred within 50 ms of the full reveal of the visual cue (Clusters 1 and 14; Figure$B.and
3.8B) and was sustained fotonger than 600 ms during the 1008ms Preparatory Phase. This
result demonstrates that adults begin to prepare their attention early after a location cue is
revealed and utilise preparatory brain activity for a large portion of the available time.

Another consistent finding was significant differences between Location and Gender

trials during the Selective Phase of the Test Condition. It was possible to rule out the
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alternative explanation that physical aspects othe visual stimuli were responsible for trese
differences. Therefore, this differential activity is likely to reflect differences in the
mechanisms that participants use to pick out a talker based on their location or gender while
the talkers are speakingDifferential activity between Location ard Gender trials started with
latencies longer than 350 ms after the onset of acoustical stimuli and l&st up to 1500 ms
(Figures 36, 39, and 3.R). In these experiments, the first portion of the sentence did not
contain key words that participants hadto report. The key words occurred towards the end
of the sentence and the long latency of ERPs might reflect this aspect of the stimuli and task.
Accompanying these effects, some additional aspects of activity were likely to result
from differences in the visual and acoustical stimuli that were presented in different
conditions. A consistent difference between Location and Gender trials was observed early
during the Preparatory Phase of the Test ConditionHjgures 36, 39, and 3.2) and similar
amplitudes occurred in the @ntrol Condition (Figures 37, 310, and 3.B). This result likely
reflects differences in physical attributes of the visual cues between Location and Gender
trials, such as luminance, structural complexity, or differences in the cognitivprocesses
evoked by animate (human stick figures) and inanimate (chevron) cues. Another consistent
difference occurred between the Test and Control Conditions during the Selective Phase. The
acoustical stimuli in the Control Condition were designed to havthe same overall energy
and gross fluctuations in amplitude as the pairs of sentences in the Test Condition. However,
eliminating cues for location and gender meant that the acoustical stimuli differed in spectral
detail, temporal fine structure, and iner-aural differences in level and timing. The Typé
clusters observed during the Selective Phase were sustained throughout most of that phase
and were broadly similar in Location and Gender trials (Figures 3, 38, and 3.1). This
observation is consistet with the hypothesis that differences between the Test and Control

Conditions during the Selective Phase resulted from differences in the acoustical stimuli.

3.4.1. Preparation and selection by location or gender
Preparatory activity was found consistently when participants were cued to the

location of a talker, but not when participants were cued to gender. A Tydecluster can be
significant in one type of trial (Location or Gender), but not the other, for either of two
reasons. First, there may be a genuindftérence in brain activity in one type of trial but not
the other. Alternatively, there may be a difference in brain activity in both conditions but it
falls short of significance in one of the conditions. In order to test whether the cluster that
occurred during the Preparatory Phase of Location trials also occurred during Gender trials,

average amplitudes were compared directly between Location and Gender Conditions. First,
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Table 3.3. Summary of comparisons between the Typéclusters identified during the
Preparatory Phaseof Location or Gendettrials j O# 1 1T AEOEIT 1T E1 xEEAE
row) and amplitudes? averaged over the electrodes and time points that contributed to
the cluster? for the opposite condition (listed in bold font in the first row). For
Experiments 1 and 3, clusters that occurred during Locatiotrials were analysed for
Gendertrials . For Experiment 2, the cluster that occurred during Locatiotrials was
analysed for Gendetrials and the cluster that occurred during Locatiortrials was analysed
for Gendertrials8 4 EA O#1 OOOAO . 61 AAOS O x OET xO
0011 AOEOUS Oi x ET AEAAOAOG OEA AT T AEOQOEIT E
average across the electrodes and time points at which the clustecaurred for the
condition and experiment listedin the first row of the table. A tick in the column headed
O3ECT EEEAAT O AEEZAOAT AA AARAOxAAT 4 A Gamplesi-1
test revealed a significant difference in amplitude betwen the Test and Control Conditions
in the condition and listed in bold at the top row of the columng-values displayed

Ol AROT AAOEQ8 ' OEAE EIT OEA AT10i1 EAAAA?
indicates that a 2 x 2 betweersubjects ANOVAwith the factors cue type (ocation/Gender)
and condition (Test/Control) revealed a significant tweway interaction.

Experiment1l  Experiment2  Experiment2  Experiment 3

Gender Location Gender Gender
Cluster Number 1 17 14 25
Condition in which Experiment 1 Experiment 2  Experiment2  Experiment 3
the cluster . . )
Location Gender Location Location
occurred
Significant
difference between U V V V
Test/Control (p>0.99) (p=0.003) (p=0.013) (p=0.013)
Conditions?
Polarity of

difference between Control > Test Control > Test Control > Test Test > Controf
Test/Control

Significant V U U \%
interaction? (p=0.035) (p=0.26) (p=0.30) (p=0.001)

E Different direction to the condition in the first row.

the average amplitude averaged across the electrodes and time points of the significant
cluster during the Preparatory Phase of Location triats was compared between the Test and
Control Conditions in Gender trials in a paireesamples ttest. Second, the ampiudes were
compared in a 2 x 2 ANOVA with the factors cue type (Location/Gender) and condition
(Test/Contral). The results are listed in Table 3.3.

For the clusters identified during Location trials of Experiments 1 and 3, there was no
significant difference between the Test and Control Conditions for Gender trials.
Furthermore, there was a significant tweway interaction. These results demonstrate that
participants in Experiments 1 and 3 used the Preparatory Phase to prepare their attention for

the location of an upcoming talker, but not for their gender.
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In Experiment 2, significant clusters were observed during the Preparatory Phases of
Location and Gender trials. A similar analysis was used to identify whether the clusters
identified in Location and Geuwler trials were different (Table 3.3). The pattern of amplitudes
were similar for Location and Gender trials. (When the cluster that occurred during Location
trials was tested for Gender trials, there was a significant difference between the Test and
Control Conditions, andvice versain addition, the two-way interaction was not significant for
either comparison). This finding demonstrates that participants in Experiment 2 displayed
similar neural activity when they prepared for the location and gender of an upcoming talker.

Together, the results of Experiments 1 and 2 suggest that adults are able to prepare
their attention for an upcoming talker based on a cue for gender, but only if the specific talker
is known in advance. When there were several possible male and female talkersatbich the
gender cue could refer (Experiment 1), participants did not show significant preparation
before the talkers started speaking. However, presenting the same identities for the male and
female talkers in Experiment 2 might have provided participantswith the opportunity to
prepare their attention for the FO and vocal tract length of the male and female talkers. The
finding that participants prepare for a talker based on cues that indicate the identity of a male
or female talker is compatible with a pevious experimentthat showed more accurate speech
intelligibility when participants knew the identity of an upcoming target talker than when
they did not (Kitterick et al., 2010). The idea that differences in ERPs between Experiments 1
and 2 result from differences inthe specificity of evidence for gender is consistent with
previous experiments that show that the amplitude of ERPs are affected by the predictability
of a cue(e.g. Horvath, Sussman, Winkler, & Schréger, 2011; Sussman, Winkler, & Schroger,
2003).

3.4.2. Domain -general and cue-specific effects
The finding that ERPs were similar during the Preparatory Phases of Location and

Gender trials in Exeriment 2 provides evidence for domaingeneral preparatory attention.
The finding of domaingeneral activity is consistent with the fMRI results reported by Hill and
Miller (2010). They reported overlapping activity in a leffdominant fronto-parietal network
in response toa visual cue for location or FO, before three talkers started speaking.

The comparison between Location and Gender trials aimed to reveal whether there
was additional cuespecific processing, as reported by Hill and Mille2010) and Leeet al.
(2013). In Experiments 1, 2, and 3, cugpecific activity during the Preparatory Phase auld
be explained by differences in the visual cues, rather than differences in attentional

processing of the cuegTable 3.2). Although the visual cues presented by Hill and Miller and
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Leeet al.had higher similarity than the cues presented in these expignents, the experiments
of Hill and Miller and Leeet al.did not attempt to rule out the explanation that differences in
the visual cues led to differences in brain activity. Therefore, it is possible that activity
reported in the experiments of Hill andMiller and Leeet al.reflect a combination of activity
evoked by physical aspects of the visual cues and preparatory attention for location and FO.
In the current experiments, a stringent comparison was performed for cuspecific activity.
This comparisan had the potential to rule out the alternative explanation that EEG activity
was evoked by physical differences between cues for location and gender, but did so at the
expense of detecting subtle cuspecific differences in attentional processing.

During the Selective Phase, however, there was evidence for consistent -@pecific
activity that could not be explained by differences in the visual cugdable 3.2). This finding
is consistent with the results of Hill and Miller(2010) and Leeet al.(2013), who both found
significant differences in brain activity when participants seletively attended to a talker,
AAPAT AET ¢ 11T xEAOEAO DPAOOEAEDAT OO OAAARAEOAA
their FO.

3.4.3. Differences between adults and children
Overall, there are extensive similarities between the results of Experiments 2 arg]

for example, the timing of significant differences and the scalp locations at which significant
differences occurred(Table 3.1). This finding is compatible with the finding that children, like
adults, can achieve higher accuracy of speech intelligiityf from advance cueing in noisy
listening environments (Dhamani et al., 2013) The results of Experiment 3 extend the results
of Dhamaniet al. by showing that children aged 713 years utilise some of the same brain
activity as adults during multi-talker listening.

In order to check whether the results reported in Experiment 3 were consistent
throughout the age range tested, or whether significaneffects were representative of only a
sub-set of the children tested, correlations were performed betweenage and the amplitude of
ERPs within significant clusters or betweerage and accuracy. The results of the correlations
are reported in Appendix A. Tiere were no significant correlations betweenage and the
amplitude of ERPs or betweenage and accuracy. Therefore, the results reported in
Experiment 3 are likely to be consistent across the age range tested.

One main differencein the clusters observedbetween Experiment 3 and Experiments
1 and 2 was thefinding of fewer significant clusters in Experiment 3.In addition, significant
clusters in Experiment 3 tended to have shorter durations than significant clusters in

Experiments 1 and 2 (Table 3.1)This result is consistent with the hypothesis that children
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display weaker evidence of preparatory and selective attention than adults. Although, a
possible alternative explanation for fewer significant clusters in children is that ERPs
recorded from children were more variable than from adult® possibly due to increased
noise resulting from the fact that fewer trials contributed to the average waveform for each

participant.

3.4.4. Outstanding questions
Overall, there was no evidence of cuspecific activity that was likely to reflect

differences in preparatory attention based on cues for location or gender. One possible
explanation is that the experiment was too easy for normaliearing adults. Experiments 1
and 2 showed average accuracy above 90%. Therefore, it igsgible that participants would
have received no benefit from preparing their attention before the talkers started speaking.

There are two key aspects of the design that might have contributed to high accuracy.
First, when presented with two talkers who ech spoke two key words,it is likely that
participants could monitor both the target and nontarget talkers and retain all of the key
words in memory. Second, the acoustic stimuli were on average 2.5 seconds long and the key
words, whose identities partidpants had to report, occurred towards the end of each
sentence. Therefore, participants had approximately 1.5 seconds during the acoustical stimuli
to direct their attention to the target talker before the key words began. Consequently,
preparing attention during the Preparatory Phase might not have been necessary or
advantageous for the accuracy of speech intelligibility in this task.

The experiments reported in the next chapter investigated whether participants
showed higher accuracy of speech intelligility when the visual cue was presented in
advance of the acoustical stimuli (as ithe experiments reported in the current chapter)
compared to when the cue was presented at the same time as the talkers started speaking.
This manipulation addressed the gestion of whether the Preparatory Phase was necessary

for accurate speech intelligibility on this task.

3.4.5. Conclusions
In summary, Experiments 1, 2, and 3 showed consistent evidence of preparatory

brain activity when adults and children aged 713 years were cued to the location of an
upcoming talker. Preparatory activity in adults started early (< 50 ms) after a visual cue for
location was fully revealed and was sustained for longer than 600 ms. Taken together, the
results of Experiments 1 and 2 suggest thaadults display preparatory brain activity when
they know the gender of an upcoming talker, but only when the gender cue predicts the

identity of the target talker. Experiments 1, 2, and 3 also provide evidence for cispecific
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EEG activity when two talkes spoke simultaneously the amplitude of brain activity
depended on whether participants attended selectively to a talker based on information

about their location or gender.
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Chapter 4
The Effect of Preparation
Time on Speech
Intelligibility

The two experiments reported in this chapter aimed to explore the behavioural
benefit of advance cueing for speech intelligibility during multitalker listening. Although
previous research has consistently demonstrated htat knowing characteristics of an
upcoming talker improves intelligibility (e.g. Best, Ozmeral, et al., 2007; Kidd et al., 2005;
Kitterick et al., 2010), little is known about the time course of preparatory attention. When
cueing the location or identity of an upcoming talker, previas experiments have tended to
use different cuetarget intervals, ranging between 100 ms before the targe(Koch et al.,
2011) to cueing at the beginning of each block of trialBrungart & Simpson, 2007; Ericson et
al., 2004; Kitterick et al., 2010) No similar experiments have systematically varied the cue
target interval within a single experiment.

With respect to the length of the cudarget interval, there are at least two
possibilities: (1) the length of the cuetarget interval does not improve intelligibility until it
reaches a threshold, beyond which longer tervals do not improve intelligibility further; or
(2) longer cuetarget intervals improve intelligibility progressively. These experiments aimed
to distinguish between these alternatives by measuring the accuracy and latency of speech
intelligibility when the duration of the cuetarget interval was varied between 0 ms and
2000 ms. The cuetarget interval was measured as the duration of time between the
presentation of a visual cue for location or gender and the onset of two or three talkers.

Experiment 1 used a task in which two talkers spoke simultaneously. Based on the
experiments reported in Chapter 3, which found high overall accuracy in a twialker
listening task, varying the duration of the cuetarget interval in Experiment 1 was expected to
have noeffect on the accuracy or latency of speech intelligibility. Experiment 2 used a more

difficult task in which three talkers spoke simultaneously. For Experiment 2, cutarget
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intervals greater than 0 ms (i.e. when the cue was presented before the talkessarted
speaking) were expected to lead to higher accuracy and shorter latencies than them3
interval (i.e. when the cue was revealed at the same time that the talkers started speaking),
since previous experiments have shown improved speech intelligibtiy when participants
know the spatial location or identity of a talker before he or she begins to spedk.g. Best,
Marrone, & Mason, 2007; Kitterick et al., 2010) However, there were no prior expectations
about how accuracy and latency would vary between the shortest and longest ctegget

interval.

4.1. Experiment 1

4.1.1. Methods

4.1.1.1. Participants
Participants were 20 young adults (10 male), aged 1827 years (mean [M]= 20.1,

standard deviation [SD] = 2.1). They were edf-declared native English speakers with no
history of hearing problems.The study was approved by theResearchEthics Committee of
the Department of Psychologyf the University of York.

4.1.1.2. Apparatus and stimuli
Apparatus and stimuli (Figures 4.1 and 4.2) were the same as those used in the Test

Condition of Experiment 2 reported in Chapter 3.
P A B
/ . . c - D -

, 1.5m . '
,\ | | -
Figure 4.1. Layout of loudspeakes Figure 4.2.(A)-(D) Visual cues. E)
(blue squares)and visual display unit Visual composite stimuluswhich is a
(grey rectangle)relative to a combination of the four visual cues
D A OO E A E DiA ExpedirGentB.A overlaid.
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Fixation  Visual composite Visual cue Acoustic stimuli + visual cue Response Variable ITI
1000 ms 1000 - 3000 ms 0- 2000 ms 2500 ms 1000-1500 m:

l | | L 1 |
| | I | | |

“Ready Baron, go to green three now”

EIESIES

'
.
'

ww||lw

“Ready Laker, go to white one now”

o

Figure 4 .3. Trial structure of Experiment 1, with an exampletrial below.

4.1.1.3. Procedure
At the start of each trial, afixation cross was presentedor 1000 ms (Figure 4.3). Next,

the visual mmposite stimulus was presented, whichfaded to reveal the visual cue for each
trial. The fade lasted200 ms. The total amount of time between the onset of the visual
composite stimulus and the onset of the acoustical stimuli was fixed at 3000 ms. Although,
the duration of the visual cue varied quasrandomly from trial to trial. There were five
possible intervals between the fullreveal of the visual cue and the onsedf the acoustical
stimuli: 0, 250, 500, 1000,and 2000 ms. Two different sentences were presented from the
two loudspeakers (left and right). The sentences started simultaneouslybut contained
different call signs and different colour-number combinations. One talker was male and the
other was female. The two talker identities remained the same over the course of the
experiment and the male and female talkers were presented equally often froeach location.

The visualcue directed attention to the target talker and varied quasirandomly from
trial to trial . The cue remained on the screen throughout the duration of the acoustic stimuli
so that participants did not have toretain the visual cue in memory.Participants were
instructed to report the colour-number combination in the target sentence by pressing a
coloured digit on atouch screen directly in front of their chair. They were instructed to
respond as quickly and as accurately as possible. The coloured digits apped on the screen
before each trial and participants were able to respond at any point during the trial.
Participants were instructed to look at the central video screenalthough their heads were
not restrained. The inter-trial interval varied randomly from 1000 to 1500 ms. Each
participant completed 360 trials (72 for each cue duration and, within this, 18 trials for each
of the different visual cueg, with a break every40 trials.

The logic behind the design was that, on every trial, there was a fixeune interval
(3000 ms) between the onset of the visual composite stimulus and the onset of the acoustical

stimuli. This aspect ensured that any differences between different cttarget intervals must
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be explained by differences in the duration of time in Wich participants received information
about the location or gender of the upcoming talker. Any advantage for longer cterget
intervals, therefore, could not be explained by a general increase in arousal for longer eue
target intervals or by changes intie predictability of the onset time of the acoustical stimuli.

Prior to the main task, participants completed two sets of familiarisation trials. In the
first set, 12trials were presented in which either the male or female talker was presented on
each tial from the left or right loudspeaker. The aim was to familiarise participants with the
left and right locations and with the male and female talkers that would be used in the main
task. The trial structure wasthe same asthe main task butonly one or oter of the two
talkers, but not both, was presented on each trialhe second set of familiarisatiortrials were
identical to the main task. Participants completed 4 trials (1 for each visual cue). Each trial
contained both voicesDuring both sets offamiliarisation trials, th e cuetarget interval varied
randomly from trial -to-trial .

4.1.1.4. Analyses

Trials were separated into attendlocation (average left/right cueg and attend
gender (averagemale/female cueg groups, separately for each of the fiveue-target interval
conditions.

For each trial, three categories of response were recorded: (1) correct identification
i £ AT OE OEA AT 11 060 AHADITAROA ARG [jAEd MO EGE A qO#HID
talker; (2) correct identification of the colour irrespective of whether the number was
OADT OOAA Al ODAAOBGN] Owiql AODOAAO EAAT OEEEAAOD
xEAOEAO OEA AT17100 xAO QABITUBDGPSA AT OORABDO BN 1.
(RTs), measured from the onset of the acatical stimuli, were calculated on trials in which
participants correctly identified the Colour-number combination. RTs beyond two standard

deviations from the mean for each participant were excluded from thanalysis.

4.1.2. Results

4.1.2.1. Colour-number accuracy
Colour-number accuracy was high across all cu@rget intervals (Figure 4.4A). A5 x 2

repeated-measures ANOVAvas conducted with the factors cudarget interval (5 levels) and
cue type (location/gender). There wasa main effect of cuetarget interval, F(4, 76) = 3.23,p=
0.017, d,2 = 0.15. Contrasts showed that the 50@ns interval led to significantly lower
Colour-number accuracy than the éms cuetarget interval [F(1, 19) = 4.58,p = 0.046,d,2 =
0.19]. However, none of theother cuetarget intervals had ®lour-number accuracies

significantly different to the 0-ms cuetarget interval.

117



"S[eAIBUI BIUBPRUOID %G6 S1o8lgNs- ulym moys
SJleq 10413 "uoneuIqUIOd J9qWINUMO|0D 3yl palyinuapl Aloall0o suedionted yaiym ul sfell uo sy uesiy (@ (Unojod ay) Jo aAndadsa)
laguinu ay1 painuapl Apoaniod syuedionied asaym sfeln Jo abeiuadlad uesay (O *(Jaqwinu ayl Jo aAndadsalll) JINOjO 3yl paljnuapl
Apoa1109 syuedioiied alaym sjel jo abeiusalad ues|y (g 1ayel 196.1e1 ayr Ag uayods uoneuiquod JIaquinu-1nojod 3yl palnuapl
Apoaui0o syuedionied alaym sjeln jo abeiuaaiad ues|y (v T wusawiiadx3 1oy synsal (1Y) awn uondeal pue Aoeinddy 't ainbi4

(sw) swny uonesedald (sw) swny uonesedald (sw) swny uonesedald (sw) awny uonesedaly
000¢ 000T o . 000¢ 000T 0 000¢ 000T 0 000¢ 000T 0
9¢C 0s 0s 0s
= = =
® ® ®
09 § 09 § 09 §
g7 = @ @ y
o 0L 3 0L 3 0L 3
3 @ @ 0]
- ~ = =
e 5 08 O 08 O 08 O
£ B S S S
los & los & o6 &
lopusn —— - - -
uoneso] —.— X X | S 4 X
e  S——— I 00] A S ——— 0 , : ' Joot

s1Y a Adesndoy Ajup-saquinN - D Adeandoy Ajup-4nojo) q AdeandoysaquinN-1nojo) Y

118



There was no significant difference inColour-number accuracy between attend-
location and attend-gender trials (Figure 4.4A), F(1, 19) = 3.64,p = 0.07. There wasalso no
significant interaction between cuetarget interval and cue type[F(2.1, 40.8) = 0.57p = 0.58].

4.1.2.2. Colour-only accuracy
Colour-only accuracy was also high across all cutarget intervals (Figure 4.4B). Thee

was a significantmain effect of cuetarget interval, F(3.0, 56.6) = 4.75, p = 0.005, dy2 = 020.
Contrasts showed that the 500ms interval led to significantly lower Colour-only accuracy
than the O-ms cuetarget interval [F(1, 19) =6.69, p = 0.018, dx2 = 026]. However, none of the
other cue-target intervals had colouraccuracies significantly different to the 6ms cuetarget
interval.

There was no significant effect bcue type F(1, 19) = 3.66, p = 007] and no significant
interaction between cuetarget interval and cue type (2.0, 38.) =0.23,p= 0380].

4.1.2.3. Number-only accuracy

There was no significant effect of cugarget interval on Number-only accuracy
(Figure 4.4C),F(2.9, 55.7) = 0.56, p = 064. In addition, there was no significant main effect of

cue type [F(1, 19 = 3.1, p = 010] and no significantinteraction between cuetarget interval
and cue type [F(2.9,54.2) =0.40,p = 0.74].

4.1.2.4. RTs

Figure 4.4Ddisplaysthe RTs for each cugarget interval, measured from the onset of
the acoustical stimuli There was a significant main effect of cuirget interval, (2.0, 37.9) =
10.47,p < 0.001,dy2 = 0.36. Contrasts showed that 250ns [F(1, 19) = 7.00,p = 0.016,dy2 =
0.27] and 2000-ms [F(1, 19) = 17.14,p = 0.001,dy2 = 0.47] led to significantlyshorter RTs
than the O0-ms interval. The 1000-ms interval led to significantly longer RTs than the @ms
interval [F(1, 19) = 7.57,p = 0.013, dy2 = 0.29 and the 500-ms interval did not show
significantly different RTs tothe O-msinterval [F(1, 19) = 2.27p = 0.15].

There was no significant difference in RTshen participants knew the location of the
target talker (M = 294 s, SD = 0.08, compared to when they knewthe gender of the target
talker (M =295 s,SD = 0.07, F(1, 19) =3.15, p = 0.09. However, there was a significant twe
way interaction between cuetarget interval and cue type F(1.4,26.2) =11.30,p =0.001,d,2 =
0.37.

4.1.3. Discussion
Accuracy in reporting key words spoken by the target talker was high across Coleur

number, Colouronly, and Numberonly accuracy. Colowmnumber and Colour-only accuracy

showed significant main effects of cudarget interval, although this effect was drivenby
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lower accuracy for the 508ms cuetarget interval compared to the O0ms interval, which was
the opposite direction to the prediction.

The effect of cuetarget interval on RTs was unclear. There was only slight variation in
RTs across different cudarget intervals (average RTs varied only by 30 ms); although, due to
small within-subjects confidence intervals, some of the differences between the ctarget
intervals were statistically significant. Overall, there was no systematic effect of shorter
compared to longer cuetarget intervals onthe length of RTs.

One factor that might have contributed to high accuracy across all cuarget intervals
was the long duration (2.5 seconds) of the acoustic stimuli. Furthermore, the colour and
number key words, whoseidentities participants had to report, occurred towards the end of
each sentence. Therefore, participants had approximately 1.5 seconds during the acoustic
stimuli to direct their attention to the target talker before the key words began and,
consequenty, they may not have needed to utilise the cutarget interval to prepare their

attention.

4.2. Experiment 2

Experiment 2 presented a more difficult task to obtain accuracy below ceiling level.
Three maodifications were applied to the task: (1) loudspeaker posons were fixed at + 15°
AUEI OOE O OAAOAA OPAOEAI OAPAOAOGEITITN jc¢Qq
central loudspeaker (0° azimuth); and (3) the duration of the acoustical stimuliwere
shortened, such that the colour and number kewords were spoken at the beginning of each
sentence.

The first modification was intended to increase the difficulty of talker segregation,
since previous experiments report smaller spatial release from masking with smaller degrees
of spatial separation(Marrone et al., 2008c)Noble & Perrett, 2002) The second modification
was intended to increase perceptual load. Previous experiments have revealed decreased
accuracy for speech intelligibility when the number of competing talkers is increased from
one to three (Hawley, Litovsky, & Culling, 2004) In addition, Ericsonet al. (2004) found a
significant improvement in the accuracy of reporting words spoken by a target talker when
participants received information about the location the upcoming target talker, but only for
three-talker listening and not for two-talker listening. The third modification decreased the
amount of time that participants could prepare for the target talker during the acoustical
stimuli, meaning that the cuetarget interval was a more valid indicator of the amount of time

that participants could useto prepare their attention for the upcoming talker. One aim of
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Experiment 2 was to investigate whether the duration of the cugarget interval affected the
accuracy and latency of speech intelligibility during multitalker listening.

A second aim was taxplore the types of errors that participants made when they did
not correctly identify words spoken by the target talker. Previous studies have reported that
errors during multi -talker listening typically consist of words spoken by competing talker(s),
rather than words that were not spoken on that trial(Brungart & Simpson, 2002b; Darwin,
2006). During three-talker listening, it was possible to take this idea further in order to gain
insights into whether participants had correctly segregated the three talkers or notlf the
talkers had been segregated successfully, then errors would be expected to consist of key
words that were spoken by only one of the presented talkers on that trial. However, if the
talkers had not been segregateeéffectively, then errors would be & likely to consist of words
spoken by a mixture of the talkers as words spoken by only one talker.

A third aim of Experiment 2 was to explore whether participants were attending to
the location and gender of a talker in combination, or to only the cuedtdbute on each trial.
The logic of this analysis arose from the welkkstablished switch cost effect the finding that
RTs are longer when participants have to switch attention to a different attribute than when
participants maintain attention on the sameattribute (S Monsell & Driver, 2000; Rogers &
Monsell, 1995) This analysis focussed on trials in which participants received the same
visual cue on two consecutive trials and compared trials in which the neoued attribute

remained the same aslte previous trial with trials in which the non-cued attribute changed.

4.2.1. Methods

4.2.1.1. Participants
Participants were 20 young adults (10 male), aged 1824 years (M = 19.6, standard

SD =1.8). They were self-declared native English speakers with nohistory of hearing
problems. The study was approved by theResearchEthics Committee of the Department of
Psychologyof the University of York.

4.2.1.2. Apparatus

Apparatus were the same as Experiment 1 with the exception thatudspeakers (Plus
XS.2, Canton) were located at 0° (fixation) and &b° to the left and right (Figure 4.5).

4.2.1.3. Stimuli

6 EOOAI OOEI Ol E xAOA EAAT OEAAI O %@bPAOEI /

Oi A1 Aonh AT A O&AI Al Ad Qs
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Figure 4.5. Layout of

-15° | +15° loudspeakers (blue
.‘ ! squares)and visual display
‘A unit (grey rectangle)
o relative toaD A OOE A
‘. headin Experiment 2.
' L 1.5m \.
I[\ 1

The acoustical stimuli were derived from thestimuli presented in Experiment 1. The
I OECET Al OOEiI O E xAOA AAEOAA OI OEAO AAAE O
There were four coloursi OAT OA6h OOAAB8h OCOARDEhOPEEEOAGSC
AgAl b1 A EO O' ™A illdntitydokitie mhlé and f8male voices remained the same
as Experiment 1. An additional female talker was selected from the corpus, whose voice was
i ATEDPOI AGAA O1 OiI OT A 1T EEA A OAEEI A3d0Oo6 OI EAA
using Prat (Version 5.3.08; http://www.praat.org/). The average duration of the new
sentences was 1.4 sThe levds of the digital recordings of the sentences were normalised to
the same root mean square (RMS) power.

4.2.1.4. Procedure

The trial structure was the same aghat used inExperiment 1 (Figure 4.6) except that
the composition of acoustical stimuli differed. One sentence was played from each
loudspeaker (left, centre,and right) with the same onset time but adifferent colour-number
combination. 4 EA O A E Ewaé alwaysipBykdi from the central loudspeaker and was
never the target. Of the remaining two voices, @ wasalways the male and the other was

always the female and they were presented equally often at the left and right loudspeakers.

Fixation  Visual composite Visual cue Acoustic stimuli + visual cue Response Variable IT

1000 ms 1000 - 3000 ms 0-2000 ms 1400 ms 1000-1500 ms

“Green three now”
+ < “White one now”

“Red two now”

U

Figure 4 .6. Trial structure of Experiment 2, with an example trial below.
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Each prticipant completed 360 trials (72 for each cue duration and, within this, 18 trials for
each of the different visual cuel with a break every40 trials.

Prior to the main task, participants completed two sets of familiarisation trials with
the same structure as Eperiment 1. In the first set (12 trials), either the male or female talker
was presented on each trial from the left or right loudspeaker. In the second set (4 trials),
each trial contained all three voices.

4.2.1.5. Analyses

Trials were separated into attendlocation (average left/right cueg and attend
gender (@veragemale/female cues groups, separately for each of the five preparation time

conditions.

Accuracy and RTs
For each trial, three categories of response were recorded: (1) correct identification

ofbothOEA AT 1100 AT A 1O/ ADAGAQCEAAS AGEAOBHT b QOOD
talker; (2) correct identification of the colour irrespective of whether the number was
OAPT OOAA Al COAADILUN; P#iql ADDOAAO EAAT GvemEAAOD
xEAOEAO OEA AiI 11060 xAO -DRPUOQAA) RT AAABOEDUT hC
the onset of the acoustical stimuli, were calculated on trials in which participants correctly
identified the Colour-number combination. RTs beyond two standrd deviations from the

mean for each participant were excluded from thanalysis.

Errors
When participants did not correctly identify the Colournumber combination,

responses were categorised into one of four different types of error. The reported Colour
number combination could be: (1) spoken by the oppositgender talker that was presented
AOT T OEA AT T OOAT AOGAGAIA AlOid A AAGEITTOQih Ol Bl OERG AE /
OEAO xAO DPOAOAT OAA mOI i OEA AAT GoOwoids shakeh AYOE T 1
the target and a nontarget talker or a mixture of words spoken by the two nortarget talkers
i Oi Egs AOOI OQqh 10 jtq 116 AA OPIEAT AU AT U I
The percentages of the four types of errorwere assessed in relation to the
percentages expected if participants guessed randomly with a uniform distribution. The
AODAAOAA DAOAAT OACATGA* AADG ADPH OB BB OE DREE
AOOT Oh AT A t198xP OAAOAT 66 AOOIT 08
Trial -by-trial analysis
A trial-by-trial analysis was used to determine whether participants were using
Ol ABADBAG AOOAT OEIT jE8B8A8 AOOAT AET ¢ O OEA |

or location- and feature-based attention. This novel analysis was indpOAA AU OEA OO
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in performance when participants have to change their attentional focus from one feature to
another (S Monsell & Driver, 2000; Rogers & Monsell, 1995])rials were included in this
analysis only if the cue for that trialwas identical to the previous trial. Colournumber
accuracy and RTs were compared between trials in which the array of talkers had the same
compared to a different configuration to the previous (Rlth) trial. For the attend-gender
condition, trials in which the target talker was the same gender and had the same location as
the previous trial were compared with trials in which the target talker was the same gender
but had adifferent location (Figure 4.7/4B). For the attend-location condition, trials in which
the target talker was the same gender and had the same location as the previous trial were
compared with trials in which the target talker was the opposite gender but had the same
location (Figure 4.7@D).

4EA OAOEITAIT A AARAEET A OEEO 11 O0Al AbPRAODAAE
attention would be influenced by the nonrcued dimension. Based on this hypothesis, accuracy
would be lower and RTs longer when the array of talkers had a different configation to the
DOAOET 60 OOEAI OEAT xEAT OEA OAI EAOO EAA OEF

A Same location and same gender
trial n-1 trial n
n-i-@ ﬂ-i-@
O O

Figure 4.7. Schematic of triat
by-trial analysis displaying
B Different location but same gender example trials. For attend
gender trials (the example
- AEODPI AUO OEA
A0 analysis compared colour
number accuracy and

trial n-1 trial n

0LiA

1% % reaction times (RTS) in trials
where the target talker had
the same location and gende
c Same location and same gender as the PreViOUS (1-1th) trlal
; : (A) to trials where the target
trial n-1 trial n

talker had the same gender

ALLO nj;?_ 0 but adifferent location to the
- » - previous trial (B). Panels ©)-
O O (D) show the equivalent

comparison for attend
D Same location but different gender |0cati,0n’ tna\ls (th? ?Xa.njpl\e
AEODPI AUO OE!/

trial n-1 trial n
LA 2 ALLe
B "l

124




AT 666gh AOGAT OET OCE OEA OEOOAI AOA xAO EAATC

,,,,,,,

x AOA OOET-BEAORA & ADBA @IERF0OHERAJIoGation and attendgender
trials respectively, accuracy and RTs should not be affected by the configuration of talkers

when the visual cue was identical to the previous trial.

4.2.1.6. Colour-Number Accuracy
Figure 4.8A illustrates the results for Clwur-number accuracy. A 5 x 2 repeated

measures ANOVA showed a significant main effect of etarget interval, F(2.9, 54.1) = 3.50p
= 0.023,ds2 = 0.16. Contrasts showed that 500ns [F(1, 19) = 8.71,p = 0.008,dx2 = 0.31] and
2000-ms [H(1, 19) = 22.49,p < 0.001,d,2 = 0.54] intervals led to significantly higher Colouf
number accuracy than the éms cuetarget interval. Neither of the other cuetarget intervals
had Colournumber accuracies that were significantly higher than the @ns interval.

Participants achieved higher Coloumumber accuracy in the attendlocation
condition (M = 87.8%, SD= 4.7) than the attendgender condition (M = 84.2%,SD= 5.2),
F(1,19) = 13.75,p = 0.001,dx2 = 0.42. There was no significant interaction between cugarget
interval and cue type[F4, 76) = 0.24p = 0.97.

4.2.1.7. Colour-only Accuracy
The pattern for Colouronly accuracy (Figure 4.8B) was similar to the pattern

observed for Colournumber accuracy.There was a significant main effect of cutarget
interval, F(2.8, 52.9) = 3.47p = 0.025,d,2 = 0.16. Similarly, 500ms [F(1, 19) = 8.29,p = 0.010,
dp2 = 0.30] and 20068ms [F(1, 19) = 17.66,p < 0.001,dp,2 = 0.48] intervals led to significantly
higher Colaur-only accuracy than the @ms interval. Neither of the other cuetarget intervals
had colour accuracies significantly higher than the-dns interval.

Colour-only accuracy was higher in the attendocation condition (M = 88.5%,SD=
4.4) than the attendgender condition (M = 85.9%,SD= 4.6),F1, 19) = 7.87,p = 0.011,qy2 =
0.29. Thee was no significantinteraction between cuetarget interval and cue type[F(4, 76)
=0.48,p=0.75].

4.2.1.8. Number-only Accuracy
There was no significant effect of cugarget interval on Number-only accuracy

(Figure 4.8C;F4, 76) = 1.37,p = 0.25. However, Numberonly accuracy was significantly
higher in the attendlocation condition (M = 98.5%, SD = 1.7) than the attendgender
condition (M = 97.1%, SD = 2.0), K1, 19) = 15.13,p = 0.001, dy2 = 0.44. There was no
significant interaction between cuetarget interval and cue type[F(2.8, 53.8) = 0.41p = 0.74].
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4.2.1.1. RTs
RTs became shorter as the duration of the cu@arget interval increased (Figure 4.8D).

There was a main effect of cuéarget interval, F(1.4, 27.4) = 213.40p < 0.001,d,2 = 0.92.
Contrasts showed that the 256ms [F(1, 19) = 590.86,p < 0.001,dy2 = 0.97], 500ms [F(1, 19)
= 442.39,p = 0.001,d,2 = 0.96], 1000ms [F(1, 19) = 297.37,p < 0.001,d,2 = 0.94], and 2000
ms [F(1, 19) = 283.25p < 0.001,d,2 = 0.94] intervals produced significantly shorter RTs than
the O-ms interval. Bonferroni-corrected posthoc tests also showed significant differences in
RTs between all adjacent preparation timesp00.001).

RTs were significantly shorter inthe attend-location condition (M = 1.8 s,SD< 0.1)
than the atend-gender condition (M = 1.9s,SD< 0.1),K(1, 19) = 461.39,p < 0.001,dy2 = 0.96.
There was also a significant tweway interaction between cuetarget interval and cue type,
F(2.0, 38.4) = 103.13p < 0.001,d,2 = 0.84.

4.2.1.2. Errors

The largest percentagd £ AOOT 00 x A 0= 7849ESD S 9.14 Qieietbed |
reported Colour-number combination was spoken by a mixture of the presented talkers. The
OAATTA 1 AOCAOO DPAOAAT OACA M =A7260(BD0F &) whek bl OA.
colour and/or number was not spoken by any of the talkers on that trial. Participants made
Ol DPPDICREGM 06 MARDRG SDE 4.3)AT A OAE E IMA=GL.0%, SO 13 Gn §
low proportion of trialls8 4 EA DAOAAT GOCA10.33]p&£& OGiUsEdd Yr Al A
[t(19) = 15.70, p < 0.001] errors were significantly greater than their expected values,
xEAOAAO OEA DAOAAJAGACKAD= 308 p BT BBINOE @A AI9p= OAE
24.25,p < 0.001] errors were significantlysmaller than their expected values.

A 4 x 5 x 4 repeateemneasures ANOVA investigated whethethe types of errors (4
1 AOAT Oq -CAIT BBRAIOGHOAAEETI Aoh Oi Egoh AT A OAAOAT O
the different cue-target intervals (5 levels: 0, 250, 500, 1000, and 2000 ms) or between cue
types (4 levels: left, right, male, and femajeThere was a significant main effect of error type,
F(1.5, 27.61) = 367.20p < 0.001,dy2 = 0.95. Bonferronicorrected posthoc tests showed that
the percentagel £ OT BCRATOEAGD AOOTI OO AEA 11 Opehdntdg@f O OF
OAEEI| A &=ABDbutiteere were significant differences between thpercentagesof all
other error type combinations (p < 0.001).

There was nosignificant difference in the percentagesof errors made for different
cue-target intervals [error type * cue-target interval interaction: F4.5, 84.5) = 0.57p = 0.71]
and no significant difference in thepercentagesof errors made across the four different cue

types [error type * cue type interaction:F(3.1, 59.8) = 1.09p = 0.36].
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Figure 4.9. Results from the trialby-tri al analysis. A) Accuracy for reporting the colour
number combination spoken by the target talker, separated by cue type

(Location/Gender), when the acoustic configuration was either the same (i.e. the locati

and gender of the target talker was the sama)r different (i.e. the target talker varied on
the uncued dimension) to the previous trial. B) Accuracy benefit, calculated as the
difference in percent correct when the acoustic configuration was the same as the

previous trial compared to when it was diferent. (C)-(D) show equivalent plots for RTs.

Error bars display within-subjects 95% confidence intervals.

4.2.1.3. Trial-by-trial analysis
The trial-by-trial analysis revealed higher Coloumumber accuracy (Figure 4.9A) and

shorter RTs (Figure 4.9C) when the configuration of talkers was the same Hw previous
trial than when it was different. Separate 2 x 2 ANOVAs were performed on the Coleur
number accuracy and RT data, with the factors of configuration (same/different) and cue
type (location/ gender).

Colour-number accuracy was significantly higher when participants were cued to
location than gender, which is consistent with the resultseported above (Section 4.2.2.)1
F(1, 19) = 494, p =0.039, dx2 = 021. Trials with the same configuration as the previous trial
(M =91.2%, SD = 3.9) displayed significantly higher accuracy than trials with a different
configuration (M =85.4%, SD=6.1), F(1, 19) =23.4, p <0.001, d,2 = 055. There was also a
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significant two-way interaction, with gender trials leading to a larger difference in accuracy
between the same and different configuration conditions than location trials (Figure 4.9B),
F(1, 19)=4.75,p=0.042,d,2 = 020.

RTs were significantly shorter when participants were cued to location than gender,
which is consistent with the resultsreported above (Section 4.2.2% K1, 19) =22.88, p <
0.001, dx2 = 052. There was also a main effedf configuration, with sameconfiguration trials
(M =1.7 s SD=0.2) displaying significantly shorter RTs than differentconfiguration trials (M
=1.9 § SD=0.2), K1, 19) =20.58, p < 0.001, dy2 =0.52. The interaction was not significant
(Figure 4.9D;F(1, 19) = 0.32p = 0.58).

4.2.2. Results

4.2.3. Discussion
The average accuracy with which participants reported the Colounumber

combination in Experiment 2 was lower than Experiment 1. This result demonstrates that the
task used in Experiment 2 was more difficulthan used in Experiment 1.

Presenting the cue before the onset of the acoustical stimuli led to higher
Colour-number and Colouronly accuracy than presenting the cue at the onset of the
acoustical stimuli. Specifically, 50éms and 2000ms intervals led to significantly higher
accuracy than the @ms interval. There was no significant difference between accuracy at the
250-ms and @ms cuetarget intervals. It is possible, therefore, that a 250ns interval did not
provide enough time for participants to sucessfully prepare for an upcoming talker. It is
unclear why there was no significant benefit of a 1000ns interval over a @3ms interval, since
a benefit was observed at both shorter (50dms) and longer (2000ms) intervals. One
possibility is that this effect was obscured by a speedccuracy tradeoff, since RTs were
significantly shorter for the 1000-ms than the Oms interval.

RTs became significantly shorter as the cu®rget interval increased from O0ms to
2000-ms. This result is consistent with the explaation that increasing the amount of
preparation time improves performance. Rather than showing a threshold for successful
preparation, increasing the amount of preparation time progressively improved RTs each
cue-target interval led to significantly shorter RTs than the previous cudarget interval. The
progressive improvement of RTs with increasing durations of preparation time was present
in all participants (Appendix E).

The RT data showed a significant interaction between the direction of attention and
the cuetarget interval. This result shows that increasing the amount of preparation time did

not affect both cue types in the same manner. The significant interaction appears to be largely
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driven by the shortest and longest cudarget intervals. The diference in RT between 25ms
and 0-ms was greater in attendgender than attendlocation trials. This finding is consistent

with the idea that preparation provides a greater benefit when baseline RTs are longer.

4.3. General discussion

During two-talker listening (Experiment 1), participants achieved high accuracy of
speech intelligibility even when the cue was fully revealed at the same time as the talkers
started speaking. Therefore, the results did not show systematic effects of the duration of the
cue-target interval on the accuracy or latency of speech intelligibility. However, for the three
talker listening task (Experiment 2), for which average accuracy was lower, RTs
systematically shortened as the duration of the cutarget interval increased.

Previous experiments in which advance cueing was compared to no advance cueing
have demonstrated a behavioural advantage from knowinthe spatial location(Best, Gallun,
Carlile, & ShinnCunningham, 2007; Best, lhlefeld, & ShirR@unningham, 2005; Ericsoret al.,
2004; Kidd et al., 2005)or the identity (Kitterick et al., 2010) of the target talker before he or
she begins to speak. For exampl&ricsonet al.(2004) found a significant improvement in the
accuracy of reporting words spoken by a target talker when participants received
information about the location of the upcoming target talker. However, Ericsoret al. only
found this result for three-talker listening and not for two-talker listening? in their two -
talker condition, accuracy was neawceiling even when participants did not recese a cue.
Similar results have also been reported by Brungarét al. (2001). The different pattern of
results between Experiments 1 and 2 are consistent with the results of Ericsoet al. and
Brungart et al, although, since the duration of the acoustical stimuli also differed between
Experiments 1 and 2, it is possible that at least some of the differencelsserved between the
Experiments 1 and 2 could be attributable tdhis aspect

The results of Experiment 2 build upon the results of previous experiments by
showing that the duration of the cuetarget interval affects the accuracy and latency of speech
intelligibility. One previous experiment varied the interval between the onset of an
instructive cue and the onset of an acoustical target stimulugRichards & Neff, 2004»
although, in contrast to the current experiments, participants had to detect the presence or
absence of a pure tone among a masking compldone. Richards and Neff found that
thresholds for detecting pure tones were worse for a #ns cuetarget interval than for
intervals of 50, 100, 250, and 500 ms. However, there were no significant differences

between any of the other intervals. This resulsuggests that participants gain some benefit
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from having 50-ms to prepare for the target, but no further improvement between 5éms and
500-ms. The results of Experiment 2 extend these findings by showing that RTs shorten

progressively when participants rave longer than 500 ms of preparation time.

4.3.1. Colour-only and Number -only accuracy
In both experiments, accuracy for reporting the number only (irrespective of colour)

was high and did not differ significantly across cugarget intervals. In contrast, thepattern

for Colour-only accuracy was similar to the accuracy of reporting the Colourumber
combination. In combination, these findings suggest that the majority of errors were due to
incorrect identification of the colour rather than the number key word. One possible
Aobpl AT AGETT EO OEAO DPAOOEAEDPAT OO TAAA OEI A
acoustical stimuli, since the colour key word always preceded the number key word.
However, a possible alternative explanation is that the numbekey words were more
distinguishable from each other than the colour key words, irrespective of the time at which

they were spoken.

4.3.2. Incorrect responses
The possible origin of incorrect responsesvas inferred from the data in Experiment

2. The highest proportion of errors consisted ofmixtures of words spoken by different talkers
(which were either combinations of the target and nortarget talkers or combinations of the

two non-target talkers). This result is consistent with the explanation that participantsfailed

C

to segregate the talkerson incorrecttrialsj E8 A8 AEAFEAOI OEAO xEOE Ofi

4.3.3. Attention to the task -irrelevant dimension
The trial-by-trial analysis provided evidence that participants attended to both the

location andthe gender ofthe targettalkerh x EEAE EO AT 1T OEOOAARDOAEDE

attention. On trials in which the visual cue was identical to the previous trial, RTs were
shorter when the configuration of talkers remained the same as the previous trial compared
to when the configuration changed from the previous trial. For example, on consecutive trials
in which the participant was cued to the female talker, RTs were shorter when the female
talker was on the left on both trials than when the female talker was on thefteon one trial
and the right on the next trial. This finding demonstrates that a taskirrelevant attribute can
influence the accuracy of speech intelligibility, which suggests that participants attended to
spatial and nonspatial attributes of the talkerin combination during this task. The accuracy
data were consistent with the idea that the RT results could not be explained by a speed

accuracy tradeoff.
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Importantly, the same pattern of RTs were observed on attenlibcation and attend
gender trials, whichis inconsistent with the alternative explanation that participants were
either using spacebasedor feature-based attention on both types of trial. If participants were
directing spacebased attention during both attend-location and attendgender trials, then
RTs should be affected by the location of the talker on attergkender trials, but RTs should
not be affected by the gender of the talker on attentbcation trials.

One possible reason why participants may have adopted attentioim both location
and gender in this task is that the acoustical stimuli were natural speech, whicHuctuates
over time. When identifying words spoken during multitalker listening in everyday life, it
would be advantageous to monitor multiple cues at once rather than focusiran a single cue.
The dynamic nature of speech signals means that the factors most useful for segregating
talkers vary over time (Caporello Bluvas & Gentner, 2013) Within-talker FO fluctuations or
talkers who are moving whilst speaking are both factors that could contribute to differences

in the cues that are most useful at any point in time.

4.3.4. Outstanding questions
These results havamplications for the interpretation of the experiments reported in

Chapter 3, in which brain activity was measured during a twaalker listening task. The
finding that there was no systematic improvement in the accuracy or latency of speech
intelligibilit y with increasing cuetarget intervals in the two-talker task used in Experiment 1
is consistent with the idea that it was not necessary for participants to engage preparatory
attention before the talkers began. Therefore, it is possible that significantrdin activity
reported in Chapter 3 underestimates the amount of preparatory brain activity that would be
observed in a more challenging task, in which participants achieve better speech intelligibility
when they have time to prepare their attention beforea target talker starts speaking. The
three-talker task employed in Experiment 2 showed a systematic effect of increasing the
duration of the cuetarget interval on the latency of speech intelligibility. In addition,
accuracy was higher for the 200ems and500-ms cuetarget intervals than the O0ms interval.
Therefore, the threetalker task was expected to show a greater extent of preparatory EEG
activity than the results reported for the two-talker task described in Chapter 3. The
experiment reported in the next chapter measured brain activity in a thregalker task that
was the same as Experiment 2, except that the duration of the cterget interval was fixed at

2000 ms on every trial.
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4.3.5. Conclusions
In summary, these experiments provide evidence that longerdurations of

preparation time lead to higher accuracy and shorter latencies for reporting words spoken by
a target talker in theetalker listening. The results, however, do not provide evidence for a
benefit of longer preparation times in twotalker listening. In the two-talker task, accuracy
was high even when participants had no time to prepare before the talkers started speaking.
The results of Experiment 2 distinguish two alternative explanations by which
preparation time was hypothesised to influence speech intelligibility. Rather than a
OOEOAOET 1 A8 AiTO1T O T &£ OEIA EI O OOAAAOOADI
duration of preparation time progressively improved the latency with which participants

correctly reported target words.
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Chapter 5
Brain Activity during
Three-talker Listening

This experiment aimed to investigate the time course of brain activity during three
talker listening. Of the two previous experiments that have investigated brain activity in
preparation for multi-talker listening (Hill & Miller, 2010; Lee et al, 2013), only one
investigated brain activity during three-talker listening (Hill & Miller, 2010). Hill and Miller
(2010) measured brain activity using functional magnetic resonance imaging (fMRI) and
found preparatory brain activity in a left-hemisphere fronto-parietal network. In addition, the
detailed pattern of activity within the network depended onwhether participants were
preparing to select the upcoming target talker based on their spatidbcation or fundamental
frequency (FO). The current experiment measured brain activity using
electro-encephalography (EEG), with the aim of revealing preparatory brain activity with
higher temporal resolution than the previous experiment using fMRI.

This experiment also aimed to build upon the results reported in Chapter 3yhich
measured the time course of brain activity duringwo-talker listening. The results reported in
Chapter 4 imply that preparatory brain activity was not necessary or beneficial for speech
intelligibility in the two -talker task employed in Chapter 3In contrast, the threetalker task
employed in Chapter 4 showed an improvement in the accuracy and latency of speech
intelligibility when participants had time to prepare for either the location or the gender of an
upcoming talker.Based on these findingsthe current experiment (which employed a similar
three-talker listening task as that used in Chapter 4yvas expected to show a greateextent of
preparatory EEG activity than the experiments reported in Chapter 3. Nevertheless, overall
patterns of domain-general and cuespecific activity throughout the task were expected to be
similar in the current experiment as in the experiments reported in Chapter 3, since aspects
of the task design were similar.

Another aim was to estimate the likely neural generatorsof scalprecorded EEG

activity using minimum norm source reconstruction. Based on the results of Hill and Miller
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(2010), it was expected that activity within a fronteparietal network would underlie
significant differences in ERPs during the Preparatory Phase (i.between the reveal of a
visual cuefor location or genderand the onset of the talkers)and activity within a temporo-
parietal network would underlie significant differences in ERPs during the Selective Phase
(i.e. after the talkers started speaking).

5.1. Methods

5.1.1. Participants
Participants were 20 young adults (7 male), aged 281 years (mean [M]= 23.8,

standard deviation [SD] = 3.0). Theyvere self-declaredright-handed native English speakers
with no history of hearing problems. Theyhad 5-frequency averagepure-tone hearing levels
of 20 dB HL or better,tested in accordance with BS EN ISO 8283 (British Society of
Audiology, 2004). Each patrticipant had previously provided a highresolution whole-brain
structural MRI scan measured with a GE 3 Tesla HDx Exci#RI scanner at the York
Neuroimaging CentreThe study was approved by thdResearchEthics Committee of the York
Neuroimaging Centre of thdJniversity of York.

5.1.2. Apparatus

The experiment was conductedin a 5.3m x 3.7 m single-walled test room (Industrial
Acoustics Co., NYlocated within a larger soundtreated room. Participants sat facing three

loudspeakers Plus XS.2Canton) arranged in a circular arc at a height of 1 m at 0° azimuth
sAN A ®

1 1. T
,K 5m 4 E
Figure 5.1. Layout of loudspeakes Figure 5.2. (A)-(D) Visual cues. )
(blue squares)and visual display unit Visual composite stimuluswhich is a
(grey rectangle) relative to a combination of the four visual cues
DAOOEAEDAT 08¢ overlaid.
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(fixation) and at 15° to the left and right (Figure 5.}. A 15-inch visual display unit (VDU;NEC
AccuSync 52VNIwas positioned directly below the central loudspeaker.

5.1.3. Stimuli

5.1.3.1. Visual cues
The visual stimuli were identical to those used in Experiment 2 of Chapter 4 (Figure

5.2). Four usual cueht Ol AE£O6 h O OEALKIOhénd dithied by Avbite lindsToda
black background Left and right cues were leftward and rightward-pointing arrows,
respectively; male and female cues were stick figuresF{gure 5.24&D). A composite visual
stimulus consisted of thefour cues ovelaid (Figure 5.2E)

5.1.3.2. Acoustical test stimuli
The acoustical stimuli for the Test Condition were identical to those used in

Experiment 2 of Chapter 4.

5.1.3.3. Acoustical control stimuli
Control stimuli were single-channel noisevocoded representations of concurrent

triplets of CRM sentences. Each control stimulus was created by summing a triplet of
sentences digitally with their onsets aligned, extracting the temporal envelope of the
combination using the Hilbert Transform(Hilbert, 1912), and using the envelope to modulate
the amplitude of a random noise whose longerm spectrum matched the average spectrum

of all of the possible triplets of sentences.

5.1.4. Procedures

5.1.4.1. Test Condition
Figure 5.3Ashows the trial structure for the Test Condition, which waghe same as

the structure used in Experiment 2 ofChapter 4, except that the duratiorof the visual cue
was fixed at 2000 ms on every trial and theluration of the visual canposite was fixed at
1000 ms. Each participantcompleted 384 trials (96 in eachcueing condition), with a break
every 48 trials.

5.1.4.2. Control @ndition
The trial structure of the Control Gndition was the same asthe Test Condition

(Figure 5.3B with the exception that an acoustical control stimulus, presented from the
loudspeaker at 0° azimuth, replaced the triplet of acoustical test stimuliThe task was to
identify the picture that correspondedto the visual cueon each trial. Participants responded
by pressing a touchscreen monitor positioned directly in front of their chair. Each
participant completed 216 trials (54 in each visual stimulus condition), with a break every 36

trials. The presentation level of the control stimuli was set so that their average level matched
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the average level of the triplets of test stimuli. &rticipants undertook the Control Condition
before the Test Condition; that ispefore they had learnt the assoction between the visual
cues and the acoustial teststimuli.

5.1.4.3. Familiarisation trials
After participants had completed the Control Condition, but before they undertook

the Test Condition, they completed two sets of familiarisation trials, which were the s#e as
those in Experiment 2 of Chapter 4. In the first set (12 trialsgither the male or female talker
was presented on each trial from the left or right loudspeaker. In the second set (4 trials),

each trial contained all three voices. EEG activity wastrecorded during familiarisation.

5.1.5. EEGrecording and p rocessing

EEG recording and processing were identical to the experiments reported in Chapter

5.1.6. Behavioural analyses
Trials were separated into Location (average left/right cues and Gender (average

male/female cueg groups, separately for the Test and Control Condition®Responses were
scored as correct if both the colour and number key words were reported correctly in the

Test Condition, and if the visual cue was reported correctly in the Control Condition.

5.1.7. Analyses of ERPs

The same types of ERP analyses were conductesl im Chapter 3. Spatigemporal

A .
Visual

Fixation composite Visual cue Acoustic stimuli + visual cue Response Variable ITI

1000 ms 1000 ms 2000 ms 1400 ms 1000-1500 ms

| | ] L ] |
| 1 I I | 1
“Green three now”
+ % < “White one now”
“Red two now”

oAt —————

ke
~N NKN
.W w w
SIESIES

| I |
Single-channel noise-vocoded triplet
+ < of CRM sentences + visual cue
1400 ms

Figure 5.3.(A) Trial structure in the Test Condition with an example trial bdow. (B)
Trial structure in the Control Condition
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Cluster-based Permutation Analyses were used to make two types of comparison. In Tyipe
analyses, the Test and Control conditions were compared, separately for Location and Gender
trials. Type-l clusters found in the Preparaory Phase could not arise from sensory or
perceptual processes because the stimuli did not differ between the conditions in this phase.
Rather, such differences were interpreted as arising from contrasting attentional preparatory
activity between the Testand Control conditions. Typel clusters found in the Selective Phase,
in contrast, could arise either from differences in attentional activity or from differences
between the acoustical structure of the Test and Control stimuli.

In Type-ll analyses, Locabn with Gender trials were first compared within the Test
Condition. These analyses identified clusters where ERPs differed significantly depending on
whether participants were receiving cues for, and directing attention towards, location or
gender. Suchdifferences could be evokedeither by different attentional processes or by
physical differences between the visual cues. Accordingly, the average amplitude of Location
and Gender trial® averaged over the spacdy-time points in the clusterr was compared
between the Test and Control Conditions in a 2 x 2 repeatadeasures ANOVA. A twavay
interaction meant that the cluster could not be fully explained by the influence of physical
differences in the visual cues between conditionsln order to determine whether such
differences were sustained over the entire duration of a cluster or were restricted to
particular moments, the difference of the differences in Location and Gender trials between
the Test and Control Conditions was plottedaveraging only over the spaceby-time points
that fell in a 50-ms time window that was advanced in 18ms steps over the duration of the

cluster.

5.1.8. Source reconstruction
Source reconstruction aimed to indicate the location of the neural generators that

contributed to scalp-recorded ectivity. First, the scalprecorded EEG data was localised to
individual voxels in the brain using the SPM8 (Wellcome Trust Centre for Neuroimaging;
www.fil.ion.ucl.ac.uk/spm/software/spm8) toolbox for MATLAB. Individual head models
were calculated for each b AOOEAEDAT Oh xEEAE xAOA AAOEOAA
MRI scanusing voxel sizes of 2 x 2 x 2 mm. Model parameters were estimated using a
classical minimum norm model implemented in the SPM8 toolbox (Independent and
Identically Distributed error model). Averaged images (320 Hz) were created for each
participant at 50-ms intervals over the time windows in which significant clusters of ERPs
were identified in the Spatiotemporal Clusterbased Permutation AnalysisWhen analysing

the time windows of Typel clusters, his procedure was conducted separately fotocation
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Table 5.1. (Continued on next page). Summary of results for the Gender and Location

Condition comparisons (Typel analysis) between the Test and Control Conditions. The row

EAAAGuster pvAl OAS OET xO OEA -temb@adAudied-badse®E OE A

Permutation Analyses.

3

Phase Location Condition Gender Condition
Cluster Number 1 8
Cluster p-value 0.016 0.002
Polarity Test > Control Test > Control
Preparatory Electrode Locations Posterior Posterior
Onset of cluster (ms) 322 236
Duration of cluster (ms) 373 559
Cluster Number 2 9
Cluster p-value 0.032 0.016
Polarity Control > Test Control > Test
Preparatory Electrode Locations Central + Anterior Central
Onset of cluster (ms) 24 0
Duration of cluster (ms) 373 328
Cluster Number 3 10
Cluster p-value 0.022 0.003
Polarity Control > Test Control > Test
Preparatory Electrode Locations Central Central
Onset of cluster (ms) 473 360
Duration of cluster (ms) 289 500
Cluster Number 4 11
Cluster p-value 0.002 0.001
Polarity Control > Test Control > Test
Preparatory Electrode Locations Central Posterior
Onset of cluster (ms) 1015 1251
Duration of cluster (ms) 928 749
Cluster Number 5 12
Cluster p-value < 0.001 < 0.001
Polarity Test > Control Test > Control
Selective Electrode Locations Non-Central Non-Central
Onset of cluster (ms) 0 0
Duration of cluster (ms) 1200 1200
Cluster Number 6 13
Cluster p-value 0.001 < 0.001
Polarity Control > Test Control > Test
S : . : Anterior + Central +
elective Electrode Locations Central + Posterior .
Posterior
Onset of cluster (ms) 0 0
Duration of cluster (ms) 502 1200
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Table 5.1. (Continued from the previous page)

Phase Location Condition Gender Condition
Cluster Number 7 -
Cluster p-value 0.001 -
Selective Polarity _ Control _>Test -
Electrode Locations Anterior -
Onset of cluster (ms) 509 -
Duration of cluster (ms) 691 -

and Gender trials in the Test and Control Conditions. For Typk clusters, the procedure was

conducted separately for Location and Gender trials within the Test Condition

5.2. Results

5.2.1. Behavioural results
Conjoint accuracy inidentifying the colour and number key words in the Test

Condition differed significantly between Location (M = 80.6%, SD = 10.7) and Gender (M =
75.8%, SD = 11.6) trialst(19) = 4.5,p < 0.001.There were no significant differences in the
accuracy with which the visual cue was identified inhe Control Condition betweenLocation
(M =99.5%, SD = 0.76) and Gender (M = 99.2%, SD = 0.84) trigl9) = 1.5,p = 1.45.

5.2.2. Event-related p otentials

5.2.2.1. Type-l analyses: Differences between Test and Control Conditions

Location trials
Figure 54 illustrates the results of the Typel analyses on trialsin which a Location

cue (left/right) was presented. During the 2000-ms Preparatory Phase, four significant
clusters of activity were identified (Figure 54A). Cluster 1 involved 21posterior electrodes
and spamed the time interval from 322 to 695 ms, relative to the start of he phase. Cluster 1
showed significantly more positive amplitude during the Test Conditon than the Control
Condition (cluster statistic =10585, p = 0.016; Figure 54B). The polarity, location, onset time,
and duration of Cluster 1 are tabulated in the first line of the first column of Tabl&.1. Cluster
2 (Figure 54C) spannedthe interval from 24 to 397 ms It involved 34 central and anterior
electrodes and showed ignificantly more negative amplitude during the Test Condition than
the Control Condition [cluster statistic = 8197 p = 0.032].Cluster 3 (Figure 5.4D473 to 762
ms) involved a similar group of electrodes as Cluster 2 but began later in time. Cluster 3
involved 25 central and fronto-central electrodes and showed significantly more negative

amplitude during the Test Condition than the Control Condition [cluster statistic = 930(p =
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0.022].Cluster 4 (igure 54E; 1015 to 2000 ms) occurred in the second hih of the
Preparatory Phase. It involved 30 posterior electrodes and showed significantly more
negative amplitude during the Test Condition than the Control Condition [cluster statistic =
35082, p < 0.001].Clusters x4 demonstrate that differences in bran activity arise between a
condition in which a visual cue has no implications for auditory attention and aondition in
which the same visual cue directs listeners to prepare to select an upcoming talker on the
basis of their location.

During the Selectve Phase, three significant clusters of activity were identified
(Figure 54A). Cluster 5 Figure 54F) spanned the entire Selective Phase (0 to 1200 ms,
relative to the start of the phase). Cluster 5 involved 56 electrodes across almost the entire
electrode array and showed significantly more positive amplitude during the Test Condition
than the Control Condition [cluster statistic = 79846,p < 0.001]. Cluster 6 Figure 54G)
spanned the interval from 0 to 502 ms, relative to the start of the phase. It inlved 39 central
and posterior electrodes and showed significantly moranegative amplitude during the Test
Condition than the Control Condition [cluster statistic = 47070p = 0.001].Cluster 7 (Figure
5.4H; 509 to 1200 ms) occurred shortly after the offse of Cluster 6. Cluster 7 involved 27
anterior electrodes and showed significantly more negative amplitude during the Test
Condition than the Control Condition [cluster statistic = 44578p = 0.001].

Gender trials
In the second of the Typd analyses, ERPf the Test and Control Conditionsvere

comparedon trials in which a Gender cue (male/female) was presented. PanelgP of Figure
54 show these results. Four significant clusters were identified during the Preparatory
Phase Cluster 8 involved 17 posteor electrodes and spanned the time interval from 236 to
795 ms, relative to the start of the phase. Cluste8 showed significantly more positive
amplitude during the Test Condition than the Control Condition [cluster statistic = 15904 =
0.002] (Figure 5.4J. Cluster 9 Figure 54K) spanned the interval from 0 to 328 ms. It
involved 28 central electrodes and showed significantly more negative amplitude during the
Test Condition than the Control Condition [cluster statistic = 8543,p = 0.016]. Cluster10
(Figure 54L; 360 to 860 ms) involved 36 electrodes and showed significantly more negative
amplitude during the Test Condition than the Control Condition [cluster statistic = 14487 =
0.003].Cluster 11 (Figure 54M; 1251 to 2000 ms) occurred in the secad half of the
Preparatory Phase. It involved 27 posterior electrodes and showed significantly more
negative amplitude during the Test Condition than the Control Condition [cluster statistic =

20083, p = 0.001]. Clusters 811 provide evidence fordifferences in brain activity betveen a
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