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ABSTRACT 

 

Spatial selective auditory attention plays a crucial role in listening in a mixture 

of competing speech sounds. Previous neuroimaging studies have reported alpha band 

neural activity modulated by auditory attention, along with the alpha lateralization 

corresponding to attentional focus. A greater cortical representation of the attended 

speech envelope compared to the ignored speech envelope was also found, a 

phenomenon known as 'neural speech tracking’. However, little is known about the 

neural activities when attentional focus is directed on speech sounds from behind the 

listener, even though understanding speech from behind is a common and essential 

aspect of daily life. The objectives of this study are to investigate the impact of four 

distinct target positions (left, right, front, and particularly, behind) on spatial selective 

auditory attention by concurrently assessing 1) spatial selective speech identification, 

2) oscillatory alpha-band power, and 3) neural speech tracking.  

 

Fifteen young adults with normal hearing (NH) were enrolled in this study (M 

= 21.40, ages 18-29; 10 females). The selective speech identification task indicated 

that the target position presented at back was the most challenging condition, 

followed by the front condition, with the lateral condition being the least demanding. 

The normalized alpha power was modulated by target position and the power was 

significantly lateralized to either the left or right side, not the front and back. The 

parieto-occipital alpha power in front-back configuration was significantly lower than 

the results for left-right listening configuration and the normalized alpha power in the 

back condition was significantly higher than in the front condition. The speech 

tracking function of to-be-attended speech envelope was affected by the direction of 



 

 

ix 

 

target stream. The behavioral outcome (selective speech identification) was correlated 

with parieto-occipital alpha power and neural speech tracking correlation coefficient 

as neural correlates of auditory attention, but there was no significant correlation 

between alpha power and neural speech tracking.  

 

The results suggest that in addition to existing mechanism theories, it might be 

necessary to consider how our brain responds depending on the location of the sound 

in order to interpret the neural correlates and behavioral consequences in a meaningful 

way as well as a potential application of neural speech tracking in studies on spatial 

selective hearing. 
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1. INTRODUCTION 

 

 One of the most challenging circumstances in communication is to spatially 

and selectively listen to speech of interest when surrounded by multiple people 

conversing simultaneously. This situation is popularly referred to as the 'cocktail party 

problem' (Cherry, 1953), a prevalent and crucial conundrum in everyday life. Two 

prime factors affect speech intelligibility and comprehension - 'Informational 

Masking', resulting from the semantic similarity between competing verbal sounds, 

and 'Energetic Masking', resulting from the overlap of frequency energy bands that 

these speech sounds similarly possess (Brungart, 2001). Additionally, the rapid and 

constant topic changes and turn-taking in multi-speaker dialogues often cause 

listeners to lose track of some information from a newly attended stream after 

switching focus (Shinn-Cunningham & Best, 2008). As indicated by Kidd et al. 

(2005), even individuals with normal hearing exhibited variable listening capabilities 

in the presence of multiple speakers, with the accuracy ranging from 67% to above 

90%, depending on the level of certainty about the target location. 

 

The cocktail party problem worsens in elderly listeners (Singh et al., 2008), 

hearing-impaired groups, and pediatric populations due to degraded and immature 

peripheral auditory representation (Shinn-Cunningham & Best, 2008). Individuals 

with hearing loss often rely on hearing aids to improve their audibility and speech 

intelligibility. However, a recent hearing aid usage survey report, ‘MarkeTrak 10’ 

revealed that nearly one-third of respondents expressed dissatisfaction with their 

hearing aid’s performance in a large group conversation (Picou, 2020). This finding 

implies that the latest technologies have not yet succeeded in substantively addressing 
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the cocktail party problem. This issue might stem from inherent limitation: currently, 

no hearing aids are capable of discerning the wearer’s desired auditory object 

selection (Geirnaert et al., 2021; Kidd, 2017; Marrone et al., 2008; Schwartz & Shinn-

Cunningham, 2013). 

 

Spatially selective auditory attention is crucial in navigating the challenges of 

cocktail-party listening. Auditory attention is known to modulate the neural 

representation of the auditory scene, boosting the representation of a target sound 

while suppressing distractors. This modulation facilitates effective auditory stream 

segregation and the retention of pertinent information (Shinn-Cunningham & Best, 

2008, 2015). The well-formation of auditory objects is vital to selective attention, as 

these perceptual objects serve as the fundamental units of attention. The efficiency of 

auditory object formation and streaming is intimately linked to auditory selection. For 

instance, a slowdown in selective auditory processing due to indistinct object 

formation may result in a listener overlooking portions of a sound source of interest, 

especially in dynamic conversations where attention rapidly switches between objects. 

Conversely, while hazy object formation may disrupt effective auditory selective 

attention, the resulting ambiguity can draw more auditory attention to enhance stream 

formation, improve the within-stream event processing, refine scene analysis, and 

promote task goals (Sussman, 2017). 

 

The selective focus of auditory attention can be driven by conscious and 

volitional direction to a set of stimulus attributes (top-down attention), and by 

stimulus salience (stimulus-driven attention) which may be determined by aspects like 

sound intensity, familiarity, emergency, contextual or social relevance and so on 
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(Larson & Lee, 2013). Moreover, a listener's prior auditory experiences (experience-

driven auditory attention) also play a part in shaping auditory selective attention, 

aiding in the effective allocation of attention to specific time points or frequencies 

aligned with the listener's interests (Addleman & Jiang, 2019). These factors are 

always in competition with each other during auditory object selection. For example, 

if the stimulus salience is too strong, it can become more difficult to intentionally 

switch away from it. To enable top-down attention to prevail over the inherent 

salience of competing sounds and to select a desired target, the listener employs 

higher-order perceptual features (e.g., spatial location, pitch, timbre, and semantic and 

lexical structures) that set the target apart from its competitors. The location of the 

perceived target, more so than fundamental spatial cues such as interaural time 

differences, greatly influences our ability to connect short-term auditory objects into a 

comprehensive stream (Darwin & Hukin, 2000; Sach & Bailey, 2004). 

 

Numerous neurological studies employing various methodologies have been 

conducted in an attempt to decode the mechanisms of spatial selective auditory 

attention, alongside behavioral and perceptual approaches. Notably, oscillatory alpha-

band (8-13Hz) activity, primarily elicited in the parietal and occipital lobes, has been 

identified as a neural correlate of auditory attention (Banerjee et al., 2011; Deng, 

Reinhart, et al., 2019; Kerlin et al., 2010; Strauss et al., 2014; Wostmann et al., 2019). 

A prior study has demonstrated that alpha power is more activated during attentive 

listening compared to passive listening (Dimitrijevic et al., 2019). However, the 

relationship between the level of alpha power and listening difficulty appears to be 

equivocal. While some studies indicate a direct relationship, with increased difficulty 

leading to increased alpha power (Obleser et al., 2012; Wisniewski et al., 2017; 
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Wostmann et al., 2015; Wostmann et al., 2017), others suggest an inverse 

relationship, where increased listening difficulty results in attenuated alpha power 

(Hjortkjaer et al., 2020; Miles et al., 2017; Seifi Ala et al., 2020). Furthermore, 

Petersen et al. (2015) showed an inverted U-shape form of alpha power, implying 

listeners tend to “give up” under increasingly demanding situations. In addition to 

variation in alpha power magnitude modulated by auditory attention, hemispheric 

lateralization of alpha power occurs according to the direction of their auditory 

attention (Bonacci et al., 2020; Bonacci et al., 2019; Deng et al., 2020; Deng, Choi, et 

al., 2019; Deng, Reinhart, et al., 2019; Ikkai et al., 2016; Klatt et al., 2018; Mehraei et 

al., 2018). This lateralization involves an increase in alpha power in the hemisphere 

ipsilateral to the direction of attention and dynamically shifts with the direction of 

attentional focus (Deng et al., 2020). Given that left and right auditory cortices 

predominantly receive input from the contralateral ear (Tervaniemi & Hugdahl, 

2003), it could be logically inferred that higher alpha power in one hemisphere might 

serve to suppress processing of the contralateral ear's input, while lower alpha power 

could enhance such processing (Poch et al., 2017; Wostmann et al., 2021). Lateralized 

alpha power has largely been interpreted as the result of the distractor suppression 

mechanism, more so than the amplification of the neural representation of attended 

signals (Banerjee et al., 2011; Foxe & Snyder, 2011; Jensen & Mazaheri, 2010; 

Wostmann et al., 2017). However, research by Wostmann et al. (2019) found alpha 

lateralization traced the target location independent of the distractor, suggesting that 

both mechanisms independently induce lateralization of alpha power.  

 

Neuroimaging literature also found an increase in cortical representation for an 

attended speech envelope versus an ignored one, a phenomenon known as 'neural 
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speech tracking' (Aiken & Picton, 2008; Brodbeck et al., 2020; Brodbeck & Simon, 

2020; Kurthen et al., 2021; Petersen et al., 2017; Reetzke et al., 2021; Vanthornhout et 

al., 2019). The speech envelope refers to the slow variations in the amplitude of the 

incoming speech signal over time, recognized as a crucial auditory cue for 

understanding speech (Rosen, 1992; Shannon et al., 1995). When humans listen to 

spoken language, it leads to neural entrainment, a rhythmic brain activity, which 

consistently follows the attended speech envelope with low-frequency cortical 

activities (Obleser & Kayser, 2019; Reetzke et al., 2021). This entrainment, 

synonymous with 'neural speech tracking', can be quantified through a straightforward 

cross-correlation between the extracted speech envelope and the filtered EEG 

response (Aiken & Picton, 2008; Holtze et al., 2021; Jaeger et al., 2020; Petersen et 

al., 2017), or through modeling techniques such as a backward model (reconstructing 

speech from actual EEG) and a forward model (predicting EEG from the speech 

envelope) (Brodbeck & Simon, 2020; Crosse et al., 2016; Vanthornhout et al., 2019; 

Zion Golumbic et al., 2013). Importantly, it has been found that the extent of neural 

speech tracking correlates with behaviorally measured speech intelligibility in noisy 

conditions with varying signal-to-noise ratios (SNR)(Ding & Simon, 2012; Lesenfants 

et al., 2019; Petersen et al., 2017; Vanthornhout et al., 2018), as well as the extent of 

spectral speech degradation (Kong et al., 2015). 

 

Communication is largely facilitated using a front-azimuthal angle, however, 

understanding speech presented behind listeners is also essential in our real-life such 

as vehicle conversations and sports activities. Despite this, research regarding the 

neural activities associated with attention specifically directed towards the rear(back)-

azimuth of an auditory scene is limited, as most prior studies focus on frontal azimuth 
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target sounds. It is plausible that listener performance deteriorates when attending to a 

target speech from the rear in the presence of a distractor at the front due to an 

unfavorable signal-to-noise ratio of approximately 5 dB for frequencies between 2 

and 8 kHz (Blauert, 1996; Kuk et al., 2013), and front-back confusion (Carette et al., 

2014; Wightman & Kistler, 1999). In addition to the energetic masking from the 

unfavorable SNR, the front-back confusion may exacerbate the informational masking 

effect as it can create an illusion of irrelevant information appearing in the perceived 

target location or of the target sound presenting in an irrelevant location. Furthermore, 

research suggest we have better ability to explore auditory spatial representation in 

frontal space than back space (Aggius-Vella et al., 2018; 2020). Consequently, it can 

be speculated that auditory attention processing may function differently in front-back 

spatial hearing compared to left-right lateral hearing. Thus, the research question 

under investigation is: How do neural activities change when listeners attend to 

sounds originating from behind them? To address this, the objective of this study is to 

examine through an EEG test the directional effect of four different target positions 

(left, right, front, and especially behind/back) on spatial selective auditory attention. 

This examination will simultaneously assess 1) behavioral performance in spatially 

selective hearing, 2) scalp topography of alpha power, and 3) neural speech tracking.  

 

Specifically, the first aim is to compare the hit response rates for target words 

within speech sentences originating from four different positions (front, back, left, and 

right). We anticipate that the front-back spatial conditions would yield lower hit rates 

than the left-right lateral conditions and the hit rate would be lowest in the back 

condition, which is considered the most demanding situation. The second aim is to 

identify the scalp-topographic distribution of alpha power when attending to four 
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different target positions. According to the suppression mechanism of to-be-ignored 

information, we hypothesize that under the front-back spatial hearing condition, alpha 

power would either be more enhanced or attenuated in both hemispheres than in the 

lateral hearing condition. This would indicate no alpha lateralization because the 

target signal and distractor are routed to the listener in a bilaterally symmetrical 

manner. The third aim is to examine the differences in amplitude of neural speech 

tracking for the to-be-attended speech envelope across the four different target 

positions. Our working hypothesis is that neural speech tracking would be more 

robust for attended target streams in the left and right hemifield, while being weakest 

in the back position. The final aim is to examine the correlation between the 

behavioral test outcomes, neural speech tracking, and alpha power. We also expect 

that the intelligibility of target speech in the presence of a competing distractor would 

correlate with both neural speech tracking and alpha power. This study explores 

neural signatures of spatial selective auditory attention, not only focusing on lateral 

aspects but also on front-back auditory scenes, with the aim of deepening our 

understanding of auditory attention functions in spatial hearing. 
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2. REVIEW OF LITERATURE 

 

2.1. Front-back spatial hearing 

 Compared to other attentional directions, spatially selective hearing can be 

more challenging when the target sound is projected directly from behind a listener. In 

addition to disadvantages like the absence of visual cues such as lip-reading and 

gestures common in real-life listening scenarios, the pinna shadow effect might be a 

factor. The pinna primarily helps us distinguish monoaural cues we use as a spectral 

cue for front-back hearing. Specifically, the spectral variations influenced by the 

pinnae enable highly accurate front/back and up/down localization of sound. 

Nevertheless, to effectively utilize these cues provided by the pinnae, the sound must 

possess energy that spans across a diverse range of frequencies within the region of 4 

to 12 kHz. In situations where acoustic energy exceeding 4 kHz is missing, one can 

anticipate localization inaccuracies which are consistent with the principles of a cone 

of confusion (Perrett & Noble, 1997). However, while making spectral cues, our 

pinna also physically impedes the transmission of acoustic energy coming from 

behind by about 5 dB especially for frequencies between 2 kHz and 8 kHz, resulting 

in adverse/unfavorable SNR (Blauert, 1996; Kuk et al., 2013).  

 

  A cone of confusion refers to a set of points from which a sound source is 

perceived as being in the same direction due to the ambiguity of certain spatial cues. 

This is because, for sound sources located anywhere along a particular cone-shaped 

space emanating from the listener's ear (the apex of the cone being at the ear), the 

interaural level differences (ILDs) and interaural time differences (ITDs) are the 

same. As a result, without the aid of other cues, these sounds are all perceived as 
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coming from the same direction, creating a 'confusion' about their exact location. For 

example, an azimuth angle of 60° to the left would imply a 'cone of confusion' along 

which a sound source could potentially be located at any point - not just directly to the 

left, but also above, below, in front, or behind - and still produce the same interaural 

cues. This is one of the reasons why humans have difficulty accurately perceiving the 

elevation of a sound source, and its forward or rearward direction, especially in the 

absence of visual or other additional cues.  

 

Interaural cues are crucial for sound localization, which take the form of time 

differences for low-frequency acoustic energy and level differences for high-

frequency energy. At lower frequencies, there is a slight difference in the time it takes 

for a sound to reach one ear compared to the other due to the distance between our 

ears. Our brain uses this interaural time difference (ITD) to discern the direction of 

the sound. Conversely, at higher frequencies, our head acts as a barrier and blocks the 

level of sound reaching one ear depending on the direction of the sound. This creates 

a difference in the intensity of sound, interaural level differences (ILD), heard in one 

ear compared to the other, which our brain uses to determine the direction of the 

sound (Perrett & Noble, 1997). Because binaural cues such as ITD and ILD are often 

indistinct in front-back spatial hearing, the spatial ambiguity often occurs in the 

presence of competing sounds at the opposite site to the target sound (Carette et al., 

2014; Wightman & Kistler, 1999). However, Head movements significantly affect our 

auditory spatial perception, particularly in resolving front-back confusions or 

ambiguities. When we move our heads, the dynamic changes in the sounds reaching 

our ears provide additional, valuable information that can help disambiguate these 

confusions. Essentially, head movements change the position of our ears relative to 
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the sound source, and thus change the way the sound interacts with our head and ears. 

The head movement results in changes in the ITDs and ILDs over time and space, 

which our auditory system can interpret to better infer the sound's location. (Brimijoin 

& Akeroyd, 2012) showed that head movements improve localization accuracy and 

are crucial in resolving front-back ambiguities, and this was particularly significant in 

complex listening environments. When listeners were encouraged to move their 

heads, they made fewer mistakes in telling if sounds were coming from the front or 

back. In another experiment, listeners weren't allowed to move their heads, but the 

sound source was moved either by the person conducting the experiment or the 

listener. Interestingly, only when the listener moved the sound source themselves 

were they able to correctly tell if the sound was coming from the front or back 

(Wightman & Kistler, 1999).  Furthermore, front-back confusion did not happen with 

a 0.5-second signal if a slight movement, as minimal as 5 degrees, was made before 

the signal ended. While the minimal degree of rotation appeared to be adequate to 

circumvent confusion between front and back (Perrett & Noble, 1997), head 

movements of a reasonable extent (specifically, spanning approximately 32 degrees of 

azimuth) may be necessary to ensure that spatial information is delivered with a high 

degree of accuracy (McAnally & Martin, 2014). 

 

Prior studies also revealed that auditory spatial bisection, a measure of 

auditory spatial representation exploration, performs better in the frontal space than in 

the back space (Aggius-Vella et al., 2018; 2020). Auditory spatial bisection refers to a 

process where a listener attempts to determine the middle point between two sounds 

in space. This concept is often used in experiments studying spatial hearing and sound 

localization. The bisection task involves presenting two sounds from different 
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locations (say, from one’s extreme left and extreme right) and then presenting a third 

sound. The listener's task is to determine whether the third sound is closer to the first 

or the second sound to bisect the auditory space. Interestingly, a prior study 

demonstrated that audiovisual training significantly improved sound localization 

accuracy and decreased front-back confusion in a virtual acoustic environment, using 

non-individualized HRTF. These enhancements, which extended to untrained 

locations, were tied to alterations in ERP components, suggesting they are the result 

of advanced cognitive learning during multiple late processing stages (Cai et al., 

2018). 

  

2.2. Auditory scene analysis: an attention perspective 

 The auditory system possesses an essential skill known as auditory scene 

analysis, which allows us to perceive and identify the various sound events within our 

surroundings. In this process, auditory selective attention plays a crucial role. It is 

noteworthy that auditory attention is not necessary for auditory scene analysis until 

there's an establishment of an attentional control setting, such as the initial segregation 

of sounds into different streams. Upon receiving input signals, this initial stream 

segregation automatically happens based on the bottom-up spectro-temporal attributes 

of the input, indicating a stimulus-driven process (bottom-up) that happens 

independently of attentional manipulation. In other words, stream segregation 

precedes, and within-stream events are subsequently established on the already 

divided streams (Sussman, 2005, 2017). Auditory attention can then be utilized to 

concentrate on and refine the process of stream formation and within-stream events to 

bolster scene analysis and achieve task goals (Sussman, 2017). In essence, attention is 
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object-oriented, but it also influences object formation, implying that both automatic 

and attention-driven procedures can affect stream formation. 

 

The formation of objects depends on various factors, from basic stimulus 

attributes to aspects like familiarity and expectations. Sound elements that possess 

common spectro-temporal regularities tend to be perceived as one stream, a process 

facilitated by the bottom-up process. However, sounds emanating from a single 

stream, like speech, often have temporal variations, discontinuities, and transient 

silences. The concept of ‘streaming’ is applied when grouping temporally disjoint 

sound elements over time (Shinn-Cunningham & Best, 2008). To decide which 

sounds should be grouped together amid spectro-temporal discontinuities, listeners 

may utilize numerous higher-order perceptual features, including perceived location, 

pitch, intensity, timbre, rhythm, and even the structure of the signal as learned through 

experience, such as the phonetic, semantic, and lexical structure of speech and 

language. Nonetheless, a definitive list of sound attributes or statistics that can be 

used for focusing auditory attention remains elusive (Alain et al., 2001; Sussman, 

2017). 

 

In the context of auditory attention, time is a crucial factor for establishing and 

refining object formation as it continuously interacts with stimulus-driven processes. 

An extended time for object formation and attention direction may result in the 

slowing of selective processing, potentially causing listeners to miss out on parts of a 

sound source of interest. This omission is likely to be particularly significant when 

attention is required to quickly alternate between objects, as is common in dynamic 

and engaging conversations. Each attention shift requires a resetting of object 
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formation, which in turn lows down object selection (Shinn-Cunningham & Best, 

2008, 2015). 

 

2.3. Obstructive factors to auditory attention   

The struggle with auditory object formation and selection can lead to failures 

of selective auditory attention. Since object selection is based on object formation, the 

quality of the formation of auditory objects is inevitably tied to selection with 

attention. In other words, imprecise object formation would result in imprecise object 

selection.  Internal and external factors can influence auditory object formation 

(perception). First, a compromised or immature peripheral processing in the auditory 

system can result in ambiguous and indistinct formation, even when given additional 

processing time (Hopkins & Moore, 2011; Shinn-Cunningham & Best, 2008). 

Consequently, individuals with impaired hearing may experience a decline in the 

ability to rapidly direct and switch attention or may require greater effort to achieve 

performance comparable to those with normal hearing. Moreover, aging is undeniably 

associated with broad changes in many cognitive processes, including a decline in 

executive function and an increased difficulty in filtering out unwanted distractions, 

along with a gradual deterioration in spectro-temporal processing (Decruy et al., 

2019; Mesik et al., 2021; Singh et al., 2008).  

 

Additionally, when competing sounds are too numerous, greater energetic 

masking is likely to occur, causing the target to become blurred and obscured amidst 

the acoustic mixture. Even when the target and masker are perceptually separated into 

distinct entities, their acoustic, syntactic, and semantic similarities can disrupt the 

selection of the correct object within the auditory scene. These similarities may cause 
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the target and masker to be perceived as elements of a larger, unified perceptual 

object, diminishing sensitivity to the target's content. High-reverberation conditions 

can cause reverberant energy to distort spatial and pitch cues reaching the ears, 

leading to disturbances in object formation and selection, and consequently interfering 

with selective attention (Ruggles & Shinn-Cunningham, 2011). In addition, target 

sounds occurring at unexpected times or in unpredictable locations are poorly 

detected. This uncertainty contributes to suboptimal selective attention. For example, 

a serial auditory search may be triggered when the listener can't identify a feature 

distinguishing the object from competing sources, and each additional interfering 

object present in the scene during such a search can further impair performance 

(Shinn-Cunningham & Best, 2015). 

 

The often rapid and frequent exchanges in multi-speaker conversations can 

lead to the omission of some information in a newly attended stream, as the process of 

shifting attention requires about 100-200 ms, and sensory memory degrades over 

time. Such a situation can reduce performance due to the direct costs associated with 

attention switching. However, any missing sections from a desired stream can be 

compensated for by employing expectations formed from the phonetic, semantic, and 

linguistic content of the gathered fragments, as well as knowledge about the signal's 

spectro-temporal continuity. This process of automatic filling-in is referred to as 

"phonemic restoration"(Shinn-Cunningham & Best, 2008). Moreover, the selection of 

a particular auditory object may fail when a competing object is inherently more 

prominent (e.g., considerably louder) or unique/special (e.g., your name being called 

out during a conversation or in an emergency). In such cases, the top-down bias of 
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attention might not be enough to override the bottom-up salience, resulting in a loss in 

the competition for attention.  

 

 On the surface, hearing aids seem to provide an effective solution for hearing-

impaired individuals by enhancing audibility through dynamic range compression and 

subsequently facilitating stimulus-driven processing. However, this approach is not 

without its drawbacks. Independent binaural compression, when applied separately to 

each ear, can disrupt interaural level differences (ILDs) and interaural time 

differences (ITDs). Additionally, the noise reduction and directional beam-forming 

algorithms of hearing aids often prove ineffective during multi-person conversations, 

in which disturbances are nonstationary, unpredictable, and similar to the target 

speech. Above all, existing hearing aids lack the capacity to discern the user's 

intentions regarding auditory object selection (Geirnaert et al., 2021; Kidd, 2017; 

Marrone et al., 2008; Schwartz & Shinn-Cunningham, 2013). 

 

2.4. Neural source location of auditory selective attention 

The specific cortical regions involved in auditory selective attention are not 

clearly defined, yet it is known that it spans multiple and broad areas. Attention to a 

specific location provokes changes in neural activity throughout several brain regions. 

A substantial body of evidence suggests that a network of frontal and parietal regions 

is in control of attention, with the prefrontal cortex primarily linked to attentional 

control and selection. Studies utilizing functional magnetic resonance imaging (fMRI) 

have found that segments of the prefrontal cortex (PFC) and the posterior parietal 

cortex (PPC) participate in controlling spatial attention, in both the visual and 

auditory fields (Deng, Reinhart, et al., 2019; Jerde et al., 2012). Specifically, greater 
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activation was observed in the dorsal prefrontal cortex when attention was paid to 

voice location, whereas more considerable activation was noted in the ventral 

prefrontal cortex when the focus was on voice identity (Baars & Gage, 2010). 

 

Besides the prefrontal cortex, a majority of functional imaging studies have 

identified a marked increase in auditory cortex activity due to selective attention to 

sound (Fritz et al., 2007). This finding is further bolstered by MEG, fMRI, and PET 

data demonstrating an increase in early cortical responses in the contralateral temporal 

lobe when focusing on tones and speech, and this occurs within both primary and 

secondary auditory areas (Caporello Bluvas & Gentner, 2013). Additionally, selective 

auditory attention seems to modulate neural activity in subcortical sensory areas like 

the inferior colliculus and possibly the dorsal cochlear nucleus, presumably through 

corticofugal projections descending from the auditory cortex. While the existence of 

selective attention effects in the medial olivocochlear bundle remains a point of 

contention, recent investigations have confirmed the presence of attention-dependent 

changes in the amplitude of evoked otoacoustic emissions (Caporello Bluvas & 

Gentner, 2013; de Boer & Thornton, 2007; Maison et al., 2001). Therefore, it's 

reasonable to conclude that most components of the central auditory system can be 

modulated by auditory attention. 

 

Significantly, the brain regions that are activated can vary depending on 

whether the attention processing is volitional or driven by stimulus features. The 'top-

down' attention process appears to originate in the left frontal lobes, while the 

'bottom-up' attention process might be activated by the sensory and parietal regions 

(Baars & Gage, 2010). When attention is directed toward locations, there's an increase 
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in activity in brain areas associated with spatial processing, like the posterior temporal 

cortex and posterior parietal regions (Deng et al., 2020). In contrast, when attention is 

focused on the spectral features of speech, there is an increase in activity in regions 

related to auditory and speech, such as the anterior and superior temporal cortex (Hill 

& Miller, 2010).  

 

 Recent research on spatial attention using high-density 

electroencephalography revealed alpha band activity (8-12 Hz) from posterior parietal 

regions when pinpointing an attended speech source amidst two distracters (Kerlin et 

al., 2010). Similar activation of the superior parietal cortex was observed in fMRI data 

during attentional switching in visual tasks, suggesting an important role for the 

parietal cortex in spatial attention across different modalities. Additionally, different 

cortical networks have been suggested by other studies. The dorsal frontoparietal 

network, which includes the bilateral intraparietal sulcus (IPS) and frontal eye fields 

(FEF), is engaged in voluntary (endogenous) switching of auditory spatial attention 

(Ptak, 2012).  Meanwhile, a right-lateralized ventral network encompassing the right-

FEF and right temporo-parietal junction (RTPJ) is involved in stimulus-driven 

(exogenous) switching (Corbetta & Shulman, 2002; Larson & Lee, 2013).  

 

When attention is directed toward speech, as opposed to non-linguistic stimuli, 

it activates areas like the superior temporal sulcus and gyri, which are recognized for 

their role in language processing, often more predominantly within the left 

hemisphere. As such, the modulation of different brain regions by auditory attention 

may depend on specific stimuli, task requirements, and the structure of the 

experiment. Conversely, other studies have identified consistent attention-dependent 
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modulation of identical regions, regardless of task parameters, including the superior 

parietal cortex, dorsolateral frontal cortex, pre-central sulcus, and middle and superior 

temporal cortex (Caporello Bluvas & Gentner, 2013). Several fMRI studies have 

indicated that various areas of the cortex are engaged in both visual and auditory 

tasks. This suggests that the control of attention could be overseen by a network that 

transcends individual sensory modalities (Larson & Lee, 2013; Shomstein & Yantis, 

2006; Wu et al., 2007). In sum, one term, “attention”, may operate at a global network 

level across multiple regions of the brain to modulate the modality-specific or 

modality-general processing capabilities. 

 

2.5. Auditory attention measurement  

While sensory processes such as visual clarity and hearing sensitivity are well-

defined, the concept of attention presents a more intangible variable that has yet to be 

directly measured (Sussman, 2017). This presents a challenge in determining the 

degree to which both attended and unattended sounds are processed. For the reliable 

measurement, it is necessary to consider the impact of various cognitive factors like 

motivation, arousal, reward anticipation, working memory, and motor controls on 

spatial hearing and selective listening. Separating the influence of auditory attention 

from these variables can be tricky because auditory attention doesn't operate in 

isolation. Nonetheless, task complexity, as indicated by behavioral measures like 

accuracy percentage or error rates, is frequently used as an indication that attention is 

necessary for task completion. Additionally, it has been observed that the effects 

associated with attention escalate with increased difficulty. If participants are unable 

to accurately account for the distracter stream but can for the target stream, we can 

infer they are selectively paying attention to the target (Caporello Bluvas & Gentner, 
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2013). Importantly, several studies have identified significant individual variations in 

auditory selective attention capacity. This suggests that listeners with audiometrically 

normal pure tone thresholds could vary in their capacity to control the direction of 

their attention within auditory dimensions (Holt et al., 2018; Laffere et al., 2020; 

Ruggles & Shinn-Cunningham, 2011). 

 

2.5a. Behavioral and perceptual approaches  

The capabilities of individual auditory selective attention have been 

extrapolated using behavioral measures. These measures quantify and compare the 

effects of attention versus inattention on behavioral performance (such as reaction 

time and sensitivities) in auditory attention tasks, even if they do not directly measure 

attention processing. To investigate the cognitive mechanisms underlying selective 

auditory attention, the dichotic listening paradigm has been a long-standing tradition. 

In dichotic listening, participants are instructed to attend to information presented to 

one ear while disregarding information presented to the other ear. The task entails 

selectively listening and immediately repeating the speech presented to one ear while 

ignoring task-irrelevant speech presented to the other ear. Traditionally, the dichotic-

listening paradigm requires maintaining selective attention to the specified source, 

and the research question revolves around how much of the nominally unattended 

information is processed. Additionally, a task-cuing paradigm presents a cue before 

the stimulus onset, indicating the upcoming task (such as target source or target 

location) and the moment to switch attention (Lawo & Koch, 2014). The task-

switching paradigm integrates the dichotic-listening and task-cuing approaches to 

gauge the cost of switching compared to task repetition (Koch et al., 2011).  
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In these paradigms, participants are asked to recall the last few words of each 

sentence (a speech recall task) or answer multiple-choice questions pertaining to the 

target material (a speech comprehension task) (Lin & Carlile, 2015). Throughout 

these tasks, reaction time (RT) and accuracy have been used as indirect measures of 

auditory attention (Koch et al., 2011). Several studies have found that spatial attention 

influences reaction times and sensitivities in spatial discrimination tasks, but it does 

not affect reaction times in detection tasks (Buchtel & Butter, 1988; Scharf et al., 

1987). Rhodes (1987) pointed out that the auditory detection tasks performed by the 

previous studies could be carried out via non-spatial representation at initial stages of 

the auditory system, leading to a performance that remains uninfluenced by auditory 

spatial attention. However, despite the extensive use of reaction time to investigate the 

impact of auditory spatial attention, it may not necessarily be an appropriate measure 

due to the involvement of motor response processing as well (Kanai et al., 2007). 

 

2.5b. Broad-scale neural correlates of auditory attention 

Event-related brain potentials (ERPs) are synchronized with specific stimulus 

events and can be extracted from the ongoing electroencephalography (EEG) record. 

They provide a direct and measurable representation of brain activity reacting to both 

attended and unattended information during spatial selective listening. When coupled 

with behavioral measures, ERPs act as a potent tool in evaluating the impact of 

human attention on auditory scene perception. Early research on dichotic listening 

uncovered that selective attention could alter auditory ERPs. Specifically, the N1 

negative component (occurring 80-110 ms after sound onset), the P2 component (150-

200 ms after onset), and the P3 component (250-450 ms after onset) of the ERP 

waveform expanded when auditory stimuli were attended to rather than ignored 
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(Hillyard et al., 1973). The N1 component is believed to partially originate within the 

primary auditory cortex, whereas the P2 component is considered to initiate in 

secondary cortices anterior to the primary auditory cortex. The P3 component, on the 

other hand, is thought to originate in parietal regions and is associated with modality-

general decision-making, arousal, or motor response (Caporello Bluvas & Gentner, 

2013). Interestingly, a subject's own name has been found to elicit a negative 

deflection approximately 170–220 ms after stimulus onset, referred to as the subject's 

own negativity (SON) (Wetzel & Schro¨ger, 2018). 

 

 Mismatch negativity (MMN), a distinct ERP component, is exceptionally 

valuable in assessing processes associated with auditory scene analysis. MMN is 

induced by the identification of sound anomalies. The repeated occurrence of a sound 

or sequence of sounds establishes the foundation for the detection of sound deviance. 

Any sound input breaking this repetitive pattern elicits an MMN. This process of 

identifying deviance hinges on the standard representation retained in auditory 

memory. It can be conceptualized as the disparity between the ERPs evoked by the 

standard sound and those elicited by the deviating sounds. The utilization of MMN as 

an investigatory tool for sound trace offers numerous advantages. With the use of 

MMN, we could delve into how disregarded sounds are processed, represented, and 

arranged in auditory memory, and compare this understanding with the impact of 

attention given to identical sounds (Sussman, 2017). 

 

2.5c. Neural speech tracking  

Speech envelope refers to the slow fluctuations in the amplitude of the 

incoming speech signal over time, a factor known to be a critical acoustic cue for 
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speech comprehension (Rosen, 1992; Shannon et al., 1995). When people engage in 

listening to spoken words, it triggers neural entrainment—or rhythmic brain 

activity—with the low-frequency cortical activity consistently mirroring the speech 

envelope (Obleser & Kayser, 2019; Reetzke et al., 2021). Indeed, the low-frequency 

neural activity in the delta (2-3 Hz), theta (4-7 Hz), alpha band (8-12 Hz), and beta 

band (13-20 Hz) appears to have a strong correlation with the slow (2-20 Hz) acoustic 

envelope of speech (Aiken & Picton, 2008). This neural entrainment is alternatively 

termed 'neural speech tracking', which can be garnered from a simple cross-

correlation between the speech envelope and the filtered EEG response, or through 

modeling techniques such as a backward model (reconstructing speech from actual 

EEG) and a forward model (predicting EEG from speech envelope) (Brodbeck & 

Simon, 2020; Crosse et al., 2016; Vanthornhout et al., 2019; Zion Golumbic et al., 

2013). To be specific, forward modeling seeks to predict EEG data from a given set of 

stimulus features by adjusting a specific set of weights. These weights, known as the 

Temporal Response Function (TRF), have biological interpretability, comparable to a 

standard event-related potential (ERP). On the other hand, backward modeling adjusts 

a set of weights, identified as a decoder, in the opposite direction with the goal of 

reconstructing a set of stimulus features using EEG data. Although these coefficients 

provide important information, their neurophysiological interpretability is not 

equivalent to that of a TRF. (Crosse et al., 2021). 

 

Past studies have uncovered that when the speech stream is being attended to, 

low-frequency delta and theta bands exhibit greater speech-EEG coherence than when 

it is overlooked. Additionally, a strong association has also been identified between 

the degree of neural speech tracking and behaviorally gauged speech intelligibility, 
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such as significant speech reception threshold (SRT) predictions derived from a 

forward model (Lesenfants et al., 2019; Vanthornhout et al., 2018), and the stimulus 

signal-to-noise ratio (SNR) (Petersen et al., 2017; Vanthornhout et al., 2019). Cortical 

tracking in the theta frequency band is primarily correlated with clarity, while the 

delta band contributes to speech comprehension (Etard & Reichenbach, 2019). An 

increased number of background talkers has been shown to decrease performance and 

attenuate EEG tracking of target speech (Hambrook & Tata, 2019). 

 

2.5d. Oscillatory alpha-band power  

Oscillatory alpha band power refers to the amplitude or strength of alpha band 

waves in the brain's electrical activity, which typically oscillate between 8 to 14 Hz. 

Alpha waves are associated with a state of relaxation, and they tend to be dominant 

when a person is calm, relaxed, and alert but not actively processing information. In 

the context of neuroscience, oscillatory alpha band power is thought to play a crucial 

role in a range of cognitive processes, particularly those involving attention and 

perception. Numerous studies have indicated that alpha oscillations might play a 

significant role in inhibitory control and the regulation of sensory information 

processing, thus effectively controlling the allocation of attentional resources 

(Klimesch, 2012). 

 

The power of induced alpha-oscillations is modulated by the degree of 

auditory selective attention to a target sound (Wostmann et al., 2016). Nevertheless, 

the association between the peak of alpha power and listening difficulty appears to be 

ambiguous. For instance, Dimitrijevic et al. (2017) reported a negative correlation 

between alpha power and digit-in-noise (DIN) performance. Furthermore, alpha 
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power decreased with the increase in acoustic details (temporal fine structure) and 

predictiveness (Wostmann et al., 2015). On the contrary, Miles et al. (2017) observed 

a reduction in alpha power in demanding listening circumstances, where they 

manipulated the spectral content of the signal using noise vocoding and assessed 

speech intelligibility. Also, Seifi Ala et al. (2020) showed a decrease in EEG alpha 

power in the parietal lobe under conditions with a lower signal-to-noise ratio (SNR). 

 

 The scalp-topography of parietal alpha activity changes with the location of 

attention. Specifically, parietal alpha power lateralization signifies a topographically 

biased power toward the direction of attention. When focusing on each of five 

different target locations (approximately corresponding to angles of -60°, -25°, 0°, 

25°, and 60°) amid distracting noise, parietal alpha power increased over the 

hemisphere ipsilateral to the corresponding attentional focus relative to the 

contralateral hemisphere. Furthermore, this changed systematically as the direction of 

attention shifted from far left to far right (Deng et al., 2020). Lateralized alpha power 

has largely been interpreted as the result of the distractor suppression mechanism, 

more so than the amplification of the neural representation of attended signals 

(Banerjee et al., 2011; Foxe & Snyder, 2011; Jensen & Mazaheri, 2010; Wostmann et 

al., 2017). This mechanism of selective attention, often referred to as "gating by 

inhibition," implies that an increase in alpha power in a specific brain region signifies 

the inhibition of that area, diverting attention away from potentially distracting 

information (Jensen & Mazaheri, 2010). On the other hand, a decrease in alpha 

power, referred to as event-related desynchronization (ERD), indicates the active 

processing or engagement of that particular region. In the realm of auditory attention, 

oscillatory alpha band power is highly pertinent. Research has found that top-down 
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modulation of alpha power can help regulate the processing of auditory stimuli (Foxe 

& Snyder, 2011). For instance, when a listener is trying to attend to a sound source in 

a noisy environment, alpha power might increase in auditory areas processing 

distracting or irrelevant sounds, effectively "turning down the volume" of these 

distractions. Conversely, areas processing the attended sound source might exhibit 

decreased alpha power, representing enhanced processing of the relevant auditory 

stimulus (Klimesch et al., 2007).  

 

However, research by Wostmann et al. (2019) found that alpha lateralization 

traced the target location independent of the distractor, suggesting that both 

mechanisms independently induce lateralization of alpha power. The right hemisphere 

typically exhibits more alpha power activity during spatial attention. Notably, 

auditory attention to nonspatial features such as pitch and timbre does not produce 

this lateralization and signature of attentional focus in the parietal cortex (Bonacci et 

al., 2020). The alpha lateralization is quantified by an attentional modulation index of 

alpha power, defined as the difference in alpha power between the attended left and 

attended right trials divided by the overall alpha power (Wostmann et al., 2016). 

 

2.6. Influential variables to neural correlates of auditory attention 

In hearing-impaired (HI) listeners, alpha power did not exhibit lateralization 

across parietal sensors, indicating a reduced capability to employ spatial features for 

selective attention (Bonacci et al., 2019). Attentional modulation of the N1 

component was less pronounced in HI listeners than in those with normal hearing 

(NH) (Dai et al., 2018). However, on the contrary, the neural tracking of attended 

speech versus ignored speech was robust in both HI and NH listeners. This suggests 
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that adults with hearing impairment may exhibit an enhanced sensitivity to envelope 

modulations or require a greater differential in neural tracking of target versus 

competing talker to segregate speech from noise (Decruy, Vanthornhout, et al., 2020; 

Fuglsang et al., 2020). Perceptual discontinuity of the talker by switching disrupted 

attentional modulation of cortical responses, reducing Alpha oscillations’ power. 

(Mehraei et al., 2018). Furthermore, concerning the aging effect, older adults typically 

display a more potent neural speech tracking response than younger adults on average 

(Decruy et al., 2019; Presacco et al., 2016). 

 

Neural tracking of attended speech deteriorates with an increase in background 

noise (from 4 to -4 dB signal-to-noise ratio) (Petersen et al., 2017). Considering 

intrusion errors—responses where listeners incorrectly report numbers from a 

distractor stream—it is evident that informational masking significantly influences the 

outcome of speech envelope tracking. (Hambrook & Tata, 2019; Kurthen et al., 

2021). Moreover, the listener's familiarity with the language of the stimulus affects 

the quality of speech tracking amidst noise; cortical tracking of English (the listener's 

native language) was significantly higher than that of Dutch (a non-native language) 

in the delta band in the presence of background noise (Etard & Reichenbach, 2019). 

On the other hand, in a prior comparative study between native and non-native 

speakers, the non-native group demonstrated increased neural tracking of the speech 

envelope. This finding implies that those with limited command of the language being 

listened to often depend more on acoustic cues. Moreover, several studies have 

discovered substantial individual variances in auditory selective attention capacity. 

These findings indicate that even listeners with audiometrically normal pure tone 

thresholds demonstrate differences in their capacity to regulate their focus within 
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auditory dimensions (Holt et al., 2018; Laffere et al., 2020; Ruggles & Shinn-

Cunningham, 2011).  

 

2.7. The training effect of auditory attention  

Laffere et al. (2020) focused on individual differences in auditory selective 

attention, demonstrating variability in individuals' ability to control their attentional 

direction. These differences have been noted across studies, yet their understanding 

remains limited. A part of this variability was found to be explained by the degree of 

musical training, suggesting an 'experience-driven auditory attention' link between 

long-term auditory experience and auditory selective attention. This aligns with 

previous studies comparing musicians and non-musicians, where musicians typically 

performed better on selective attention tasks. Furthermore, the study showed that 

short-term training has the potential to enhance attention specifically directed toward 

spatial information and the understanding of speech amid background noise. 

Consequently, long-term experience may shape attentional control and top-down 

adjustments of the mean neural phase angle, both of which are likely capable of rapid 

short-term enhancements. 
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3. METHODS 

 

3.1. Participants  

 Fifteen young adults with normal hearing (NH) were enrolled in this study (M 

= 21.40 yrs, SD = 2.97 yrs, 18-29 ages; 10 Females). A power analysis conducted 

using the G-power software program (version 3.1.9.7) determined this sample size, 

assuming a medium effect size (Cohen’s f statistic = 0.40) for repeated measures 

ANOVA, an alpha level of 0.05, and a power of 0.95. All participants were right-

handed native speakers of American English, with one exception of a left-handed 

female. Audiometric assessments, including pure-tone and speech audiometry, 

revealed that all participants had pure-tone thresholds equal to or better than 25 dB 

HL at octave frequencies between 250 and 8000 Hz. Moreover, word recognition 

scores from a monosyllabic word test using the Northwestern University Auditory 

Test No.6 (NU-6) word list exceeded 95% at 40 dBSL relative to the individual Pure 

Tone Average (PTA). The subjects reported no history of audiological or neurological 

pathologies, cognitive complaints, or current prescription medication for seizures, 

attention, memory, or mood disorders. The tests were conducted in a double-walled, 

sound-attenuated booth, under protocols reviewed and approved by the IRB of James 

Madison University, protocol#22-3348. All participants provided written informed 

consent prior to participation and were compensated at a rate of $12 per hour. The 

entire test battery took approximately three hours to complete. 

 

3.2. Materials and Stimulus 

 The behavioral auditory listening task involved the presentation of speech 

sentences spoken by two different male speakers from the Coordinate Response 
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Measure (CRM) corpus devised by Bolia et al. (2000). The rationale for using talkers 

of the same gender was to minimize the chance that participants could rely on 

nonspatial features such as variations in fundamental frequency (F0) to track the 

target stream, rather than relying on spatial cues while facilitating informational 

masking (Allen et al., 2008; Bonacci et al., 2020). The CRM corpus is widely 

recognized and used as a valuable tool for studying speech comprehension amidst 

competing background sounds, proving particularly beneficial in research about 

informational masking. The CRM corpus is beneficial because it has a limited range 

of language use, low predictability due to context, and a small vocabulary size. Its 

closed-set format makes it easy to use and score. Moreover, if the same sentences 

come up again in the test, previous memory of those words doesn't significantly affect 

the results. Among the two speakers, one of these was a target speech, and the other 

acted as a distractor (competing speech) (Eddins & Liu, 2012). The CRM corpus 

comprises predictably structured sentences: “Ready [8 call signs, e.g., Charlie] go to 

[4 colors] [8 numbers] now” (Bolia et al., 2000; Eddins & Liu, 2012). Each speaker 

has 256 sentences from the possible combination. Both the color and number in the 

to-be-attended target stream were the target words that participants were asked to 

listen to and identify.   

 

These stimuli had an approximate duration of 1.72 seconds (Min = 1.58, Max 

= 1.86, SD = 0.05 sec) on average. Due to the semantic and syntactic similarity 

between target and competing speech, CRM can induce substantial informational 

masking (Eddins & Liu, 2012). These materials were already used in a prior study to 

examine the effect of distractor set size on neural tracking of attended speech 

(Hambrook & Tata, 2019). Previous studies utilized either transient stimuli such as 
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tones (Choi et al., 2013) and syllables (Deng, Choi, et al., 2019) or long narrative 

stories to elicit the ERPs or the neural entrainment to the attended speech (Fuglsang et 

al., 2020; Holtze et al., 2021; Jaeger et al., 2020; 2021; Reetzke et al., 2021). 

However, the utilization of sentence materials in this study allows for a more 

comprehensive speech intelligibility test.  

 

3.3. Experimental Design and Procedures 

The experiment setup comprised four distinct target positions (front, back, left, 

and right), paired into two listening configurations: front-back and left-right. In the 

sound-treated booth, four loudspeakers (FXi5, Polkaudio, CA) were positioned 1.4 

meters from listener's center, with azimuths of ± 90⁰ for the lateral condition and 0⁰ 

and 180⁰ for the front-back condition (See Fig. 1-A). Participants comfortably 

occupied a chair in the center that did not obstruct sound transmission from the rear 

side. The loudspeakers were set at a height aligned with the individual's pinna. During 

the listening task, the distractor was consistently located opposite the target position 

(180 degrees away). Both speech sounds were presented at the same level of 60 dBA, 

leading to a 0 dB target-to-masker broadband energy ratio (TMR). The level of TMR 

was selected because the difference in intensity between the target and the masker 

might provide listeners with a clue for distinguishing the target other than a spatial 

cue (Ihlefeld & Shinn-Cunningham, 2008). Call signs, colors, and numbers were kept 

distinct in both to-be-attended and to-be-ignored speech streams, and these elements 

randomly varied across trials. The target position also pseudo-randomly shifted across 

trials within the left-right or front-back configuration and it was counter-balanced. 

EEG data were concurrently collected during the auditory attention listening task. 

Both EEG and behavioral tests were managed and controlled through a custom GUI-
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based MATLAB (Mathworks, Natick, MA) system, facilitating sound generation, 

triggering, feedback response, data recording, and more. A monitor, mounted on the 

frontal loudspeaker, facilitated interaction with participants. 

 

 Table 1 illustrates the experimental trial timeline. First, a fixation cross mark 

appears at the center of the screen to instruct listeners to fix their gaze, minimizing 

potential eye movement artifacts. Prior to stimulus onset, the upcoming target position 

was indicated by the target talker's spoken word 'ready,' which lasted for a total of 600 

ms (260 ms, plus zero padding of 300 ms) from one of four spatial locations, chosen 

pseudo-randomly for each trial. A pause (preparatory) period of 1 second took place 

between the auditory cue offset and stimulus onset. Following the stimulus 

presentation period with EEG triggering inserted at the onset, a response screen 

appeared, prompting the listener for their response. Participants indicated the given 

target words by clicking with a computer mouse. The experiment proceeded to the 

next trial after a response time of 3.5 seconds, irrespective of whether an individual 

response had been made. Instant feedback was provided on each trial, with a green 

light indicating 'correct' and a red light for 'incorrect changing from a gray light,' as 

shown in Fig. 1-B. A single trial spanned 9 seconds, therefore, a session lasted 15 

minutes, containing 100 trials. Every configuration condition included two sessions of 

100 trials each, making a total of 400 trials for the entire experiment (2 configurations 

x 2 sessions x 100 trials = total 400 trials). Before the start of each configuration, a 

practice session was conducted. To mitigate the test order effect, the order of each 

configuration was alternated for each participant. 

 



32 

 

 

 

 

Fig. 1. (A) Schematic illustration of the experimental setup for the front-back and left-

right spatial hearing configurations. (B) MATLAB-based Graphical User Interface for 

the behavioral test. The colored circles serve as feedback indicators (green signifies 

'correct', while red denotes 'incorrect'). 

 

Table 1. Experimental trial timeline.  

 

 

3.4. EEG measurement  

EEG data were recorded using a Neuroscan system (Compumedics Neuroscan, 

Victoria, Australia) with 64 scalp electrodes at a sampling rate of 1000 Hz while the 

subjects were performing the spatial selective listening task. The light in the test room 

was dimmed slightly. Impedances were maintained below 5 KΩ and online filtering 

(0.1 – 100 Hz) was applied. Scalp electrode positions were arranged following the 

international 10–20 system, with the reference electrode placed between the Cz and 

CPz electrodes. Event triggers generated by MATLAB interfaced with a USB parallel 

 Step #1 Step #2 Step #3 Step #4 Step #5 Total 

Sequence 

Eye 

Fixation  

(+) 

Cue 

“Ready” 

(+) 

Pause  

(+) 

Stimulus 

 & 

 Trigger 

Response  

& 

Feedback  

#1+2+3+4+5 

Duration 2.0 sec  0.6 sec  1.0 sec 1.9 sec 3.5 sec 9 sec 
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24-bit trigger I/O interface, SD-MS-TCPUA (Cortech Solutions, Wilmington, NC) 

were systematically sent to the recording computer. The stimulus and trigger timing 

were controlled by the custom MATLAB coding. During the task, subjects were 

instructed to keep their eyes naturally open and to fixate on the cross mark on the test 

monitor. 

 

The EEG data were processed and analyzed using the EEGLAB toolbox in 

MATLAB (Delorme & Makeig, 2004).  The raw EEG data were first filtered between 

1 to 41 Hz cutoff frequency using a Hamming windowed sinc FIR band-pass filter, 

and unwanted electrode channels such as electromyography (EMG), 

electrocardiogram (EKG), mastoid (M1 & M2), two cerebellar electrodes (CB1 & 

CB2), and electrooculogram (EOG1 & EOG2) were removed. Channels of poor 

quality were visually inspected for the exclusion before the data were down-sampled 

to 256 Hz. Artifact rejection was carried out using independent component analysis 

(ICA) with the logistic infomax algorithm to remove components related to eye 

movements, blinks, cardiac signals, and muscle artifacts. On average, 15.87 

components (SD = 4.18, range = 5-23) were excluded based on their topographical 

and spectral representations. The EEG data were then re-referenced from Cz to an 

average reference of all electrodes and epoched from -3.6 to 5 sec relative to the onset 

of the target speech sound for further analysis. 

 

3.5. Data Analysis  

3.5a. Behavioral spatial selective auditory attention task  

 Individual performance in the behavioral spatial selective listening task was 

gauged by ‘hit rates (%)’ that refer to the percentage of correctly identified target 
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words of color and number, respectively, out of 100 trials. Considering the possible 

numbers of each target word in the test, the chance level for color is 25% and for 

number is 12.5%. This test encountered three types of errors. When listeners reported 

color or number from an interfering stream, these responses were classified as 

‘intrusion errors’. On the other hand, when listeners reported words not present in any 

of the streams, these responses were identified as ‘insertion errors’. 'Omission errors' 

were noted when the subject did not report within the given response time. Each error 

type's underlying causes differ markedly: intrusion errors arise from the intrusion of 

distractor stream information on target perception, whereas insertion errors typically 

transpire when the listener is bereft of information and resorts to guessing from the 

limited pool of potential number words (Hambrook & Tata, 2019). This study mainly 

analyzed the hit rate, assuming a lower hit rate indicates a more demanding and 

effortful condition. 

 

3.5b. Oscillatory Alpha-band Power    

The induced alpha power during the stimulus period (from the onset, 0 to 1.8 

sec) was computed in the decibel (dB) scale using the EEGLAB toolbox. This was 

accomplished through Welch's Power Spectral Density estimate method (Seifi Ala et 

al., 2020; Welch, 1967), which offers a measure of how the energy of a signal is 

distributed in the frequency domain. Welch's method breaks the signal in the time 

domain into smaller segments, computing the Fast Fourier Transform (FFT) for each. 

The final spectral estimate is then obtained by averaging these individual spectra. The 

advantage of Welch's method lies in its ability to reduce noise in the power spectrum 

estimation by averaging the individual periodograms, albeit at the cost of a reduced 

frequency resolution. Here, a fixed, predefined frequency range (8–13 Hz) of alpha 
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activity was considered, rather than the individual alpha peak frequency (IAF) 

(Bonacci et al., 2020; Deng et al., 2020). This approach was chosen as alpha power 

can exhibit multiple peak amplitudes at different frequencies between participants 

(Seifi Ala et al., 2020). 

 

The absolute alpha power for each trial was computed and subsequently 

averaged across trials to yield the individual mean alpha power for each electrode 

across target positions. The EEG alpha power data were then normalized using a z-

score transformation, achieved by subtracting the mean alpha power (averaged across 

all electrodes for all conditions) from each data point and dividing the result by the 

standard deviation of the sample. Z-scores, which measure a value's relationship to 

the mean of a group of values, are expressed in terms of standard deviations from the 

mean. For instance, a z-score of 1 indicates that a data point is one standard deviation 

above the mean, while a z-score of -1 implies that a data point is one standard 

deviation below the mean. Z-scores are beneficial for standardizing data and for 

comparing scores between different groups or variables. Consequently, the 

normalized alpha power values (or 'spatial z-scores of alpha powers') for each channel 

help illustrate the relative strength of alpha oscillations on the scalp (the 'relative 

topographical distribution of alpha power'). The steps involved in this post-processing 

procedure are depicted in Fig. 2. 
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Fig. 2. A schematic illustration of the EEG post-processing analysis procedure. (A) 

Individual average alpha power spectral density over the stimulus period (0 – 1800 ms) 

across all trials. Each colored line represents an individual electrode channel. The boxed 

region highlights the predefined alpha frequency range from 8 to 13 Hz. EEG data at 

red points within alpha band frequencies are averaged to yield averaged alpha power 

across trials for a single electrode. (B) Topography of alpha power, showing how 

absolute alpha power for each channel is distributed on the scalp. (3) The formula used 

for calculating a z-score. (4) Topography of the normalized alpha power (spatial alpha 

z-scores). 

 

For the cluster analysis aimed at comparing alpha power magnitude across 

four distinct target positions, we selected two clusters: parieto-occipital and frontal 

electrodes for further investigation. This selection was influenced by neuroimaging 

studies that highlight the frontoparietal attention network (Baars & Gage, 2010; 

Larson & Lee, 2013; Misselhorn et al., 2019), coupled with our own observations of 
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neural alpha band activities within the frontal cortex and the parieto-occipital cortex, 

despite the parietal region being the major focus of many studies. The individual 

mean alpha power was computed across each cluster: 19 parieto-occipital electrodes 

(P7, P5, P3, P1, PZ, P2, P4, P6, P8, PO7, PO5, PO3, POZ, PO4, PO6, PO8, O1, OZ, 

and O2) and 14 frontal electrodes (FP1, FPZ, FP2, AF3, AF4, F7, F5, F3, F1, FZ, F2, 

F4, F6, and F8). Grand averages for frontal clusters and parieto-occipital clusters were 

obtained for each condition by averaging the normalized alpha power (spatial z-

scores) across subjects. The resulting grand mean was subsequently compared across 

four different target positions. 

 

Moreover, the study employed the Attentional Modulation Index (AMI) to 

ascertain whether hemispheric lateralization of alpha power was present in both front-

back and left-right conditions. To achieve this, the normalized alpha power for each 

electrode when the participant directed their attention to the right (or back) target 

position was subtracted from the alpha power when attention was focused on the left 

target (or front) position, according to the formula [AMI = Xa -Xb], where X denotes 

the normalized alpha power, 'a' is attention directed to the left (or front), and 'b' is 

attention directed to the right (or back). A positive AMI suggests more pronounced 

neural responses for Xa, and a negative AMI indicates more substantial responses for 

Xb. In contrast, a zero AMI implies no discernible difference between the conditions 

(Bonacci et al., 2020; Deng et al., 2020; Seifi Ala et al., 2020; Wostmann et al., 

2016). Subsequently, the averaged AMI across 11 left-hemispheric parieto-occipital 

electrodes (TP7, CP5, CP3, CP1, P7, P5, P3, P1, PO7, PO3, and O1) was compared 

with the averaged AMI across 11 right-hemispheric parieto-occipital electrodes (CP2, 
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CP4, CP6, TP8, P2, P4, P6, P8, PO4, PO8, O2) to evaluate the presence of alpha 

lateralization (Wostmann et al., 2019).  

 

3.5c. Neural speech tracking  

For the analysis of neural speech tracking, the duration of each sentence was 

standardized to precisely 1.8 seconds, ensuring a uniform length across all sentence 

groups. Any sentence longer than 1.8 seconds was truncated, while those that fell 

short were extended with trailing silence. The acoustic envelopes of both the target 

and distractor speech stimuli were extracted by applying the absolute value of the 

Hilbert transform. This transform was subsequently low-pass filtered at 25 Hz using a 

finite impulse response (FIR) filter, and the first derivative was computed before half-

wave rectification and down-sampling to a sampling frequency of 128 Hz (Jaeger et 

al., 2020; Mirkovic et al., 2019; Petersen et al., 2017). By computing the first 

derivative of the speech envelope (referred to as the speech onset envelope), salient 

changes in the speech signal were accentuated, particularly at the commencement of 

syllables. In practice, using the first derivative of the speech envelope eliminates 

potential drift in the correlation between EEG and speech envelope (Petersen et al., 

2017). The process of speech signal processing for the neural speech tracking analysis 

is illustrated in Fig. 3. 

 

The preprocessed EEG underwent a bandpass filter between 2 and 25 Hz and 

was subsequently down-sampled to align with the sample rate of the speech envelope 

(128 Hz). Each channel's filtered EEG was cross-correlated with the envelopes of the 

to-be-attended and to-be-ignored speech (See Fig 4), generating a cross-correlation 

function that depicts activity phase-locked to the acoustic dynamics of each speech 
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stream. The output coefficients range from -1 to +1, with a value of +1 (or -1) 

denoting a completely positive (or negative) linear relationship between the two time 

series. The neural speech tracking response, averaged on central clusters (FC1, FCZ, 

FC2, C1, CZ, C2, CP1, CPZ, and CP2) around the Cz electrode, was selected for 

further analysis (Jaeger et al., 2020; Mirkovic et al., 2019). The effect of auditory 

attention on neural speech tracking can be quantified by the cross-correlation 

coefficient of only the to-be-attended speech, or by comparing the to-be-attended 

speech with the to-be-ignored speech for each participant and target position 

condition  (Petersen et al., 2017). The time course of the cross-correlation function 

revealed the varying coefficients over the time lag. In this study, the peak correlation 

coefficients of the first negative (N1), second positive (P2), second negative (N2), and 

third positive (P3) deflections were compared across target positions.  

 

 

 

 

 

 

 

 

 

 

 

 

 



40 

 

 

 

 

Fig. 3. The process of speech signal processing for the neural speech tracking analysis. 

(A) Waveform of the CRM speech sentence (‘Ready Charlie go to red four now’). (B) 

The low-pass-filtered speech envelope obtained via Hilbert transform. (C) The first 

derivative of the filtered envelope. (D) The half-wave rectification of the processed 

signal. € The resampled speech envelope at 128 Hz. 

 

 

Fig. 4. Normalized waveforms of the filtered EEG response and the to-be-attended 

speech envelope, both rescaled within a 0 - 1 interval. Red indicates the time course of 

the speech envelope, while blue represents the neural activity response recorded at the 

Cz channel from subject #22, captured while the subject listened to the speech. 
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3.5d. Statistical analysis  

Data analysis was conducted using SPSS, version 28.0 (IBM SPSS Statistics 

for Windows, Armonk, New York). When the data satisfied the normality assumption 

(p > 0.05), parametric tests were deployed. However, in cases where the data deviated 

from this assumption, appropriate non-parametric tests were used instead. Mauchly's 

sphericity test was applied to all repeated-measures ANOVA models. Should there be 

any significant sphericity violations (p < 0.05), the Huynh-Feldt correction was 

introduced. The threshold for significance was set at an alpha level of 0.05. 

 

To contrast the behavioral listening task outcomes (hit response rates for target 

words of given speech sentences) among the four different target positions, a two-way 

repeated measures ANOVA was utilized with within-factors comprising target 

positions (front, back, left, and right) and target words (colors and numbers), 

performed on the hit rates (%). This was also succeeded by a post-hoc test using a 

Bonferroni adjustment for pairwise comparison of hit rates for each target word across 

target positions, and of hit rates for each target position across target words. The 

interaction between the two factors was tested. 

 

To contrast the normalized alpha power (spatial alpha z-scores) in both frontal 

and parieto-occipital clusters among different target positions, a one-way repeated 

measures ANOVA was employed with a within-factor of target positions. This was 

performed on the normalized alpha power for both clusters respectively, and it was 

followed by a post-hoc analysis using Bonferroni's adjustment for pairwise 

comparison between target positions. Additionally, a simple paired t-test was 

conducted to compare alpha power between the front-back and left-right 



42 

 

 

 

configurations. In order to assess alpha lateralization in front-back and left-right 

conditions, paired-sample t-tests were conducted to compare the left hemispheric 

AMI and right hemispheric AMI for both conditions, respectively. 

 

To examine the main effect of target position on neural speech tracking, a one-

way repeated measures ANOVA was conducted on the four peak coefficient 

components (N1, P2, N2, and P3), respectively. Following this, post-hoc analysis with 

Bonferroni's adjustment was used for pairwise comparison between target positions. 

Additionally, we employed a two-way repeated measures ANOVA with stimuli (to-

be-attended and to-be-ignored) and target position as within-subject factors to 

evaluate the principal impact of the stimulus, followed by post-hoc analysis for 

pairwise comparison. We also assessed the interaction between these two factors. To 

determine a correlation between the outcomes of the behavioral test and the neural 

correlates of auditory attention, as well as between the normalized alpha power and 

cross-correlation coefficients, we implemented Pearson's correlation analysis. 
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4. RESULTS 

 

4.1. Spatial selective auditory attention task results  

In a two-way repeated measures ANOVA with two within-factors of target 

position and target words, all variables satisfied the normality assumption except for 

the hit rate for the target number in the right condition. Despite this, ANOVA was 

carried out, disregarding non-normality, as ANOVA is robust against violations of the 

normality assumption, only one variable failed to meet the assumption and the within-

group analysis has an equal number of data points. Due to the violation of sphericity 

(X2(5) = 39.16, p < 0.001), the Huynh-Feldt correction was applied. A two-way 

ANOVA demonstrated a statistically significant main effect of target position (F(1.33, 

18.68) = 22.98, p < 0.001, 𝜂𝑝2 = 0.62), but not of target words (p > 0.05), indicating 

hit rates varied with target positions. The post hoc analysis, which collapsed across 

the factor of target words, showed that the hit rate was the lowest in the back 

condition compared to other conditions (all p < 0.01), and the results for the front 

condition were significantly less than those for the left and right conditions (all p < 

0.01), but no difference in the hit rate was observed between the left and right 

conditions, as seen in Fig 5. The pairwise comparison indicates each hit rate for target 

words significantly followed the same pattern: [Left = Right > Front > Back 

condition]. Furthermore, no significant interaction was found between the target word 

and the target position. Notably, approximately 96% and 93% of the errors made for 

the color and number over all trials, respectively, were identified as intrusion errors. 

Table 2 outlines the results of the behavioral spatial selective listening task. These 

results demonstrate a distinct listening difficulty as a function of the target position. 

These findings align perfectly with our first hypothesis, where the front-back spatial 
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conditions would yield lower hit rates than the left-right lateral conditions and the hit 

rate would be lowest in the back condition, which is considered the most demanding 

situation. 

 

 

Fig. 5. Grand average hit response rate (%) for target colors (represented by the color 

green) and target numbers (shown in purple) across the four different target positions. 

The light green and purple lines depict individual data. Error bars indicate ±1 SE. n.s. 

= not significant, *p < .05, **p < .01.  
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Table 2. Behavioral spatial selective listening task results.  

  Behavioral response (%): Mean (SD) 

Words Direction Hit rate  Intrusion error Insertion error Omission error 

Color 

Front  90.67 (6.65) 9.07 (6.47) 0.20 (0.41) 0.07 (0.26) 

Back 78.13 (13.37) 21.07 (13.47) 0.80 (1.15) 0.00 (0.00) 

Left 96.60 (3.22) 3.33 (3.04) 0.07 (0.26) 0.00 (0.00) 

Right  95.73 (3.43) 3.87 (2.97) 0.27 (0.59) 0.13 (0.52) 

Total  90.28 (6.67) 9.33 (6.49) 0.33 (0.60) 0.05 (0.19) 

Number 

Front  89.47 (7.47) 9.93 (7.51) 0.40 (0.63) 0.20 (0.56) 

Back 79.00 (16.96) 19.47 (16.50) 0.67 (0.90) 0.87 (0.99) 

Left 97.60 (2.32) 2.07 (2.37) 0.27 (0.80) 0.07 (0.26) 

Right  97.13 (3.62) 2.60 (3.33) 0.20 (0.41) 0.07 (0.26) 

Total 90.80 (7.60) 8.52 (7.43) 0.38 (0.69) 0.30 (0.52) 

 

 

4.2. Magnitude and topography of alpha power  

Alpha frequency power spectra over the stimulus period implied that alpha 

power appeared to be successfully induced during the behavioral listening task as 

evidenced by the inverted U-shape curved responses identified within the predefined 

alpha frequency range (8 – 13 Hz). Moreover, every individual alpha peak frequency 

was identifiable (See Fig. 6), even though some individual activity seemed weak. The 

absolute alpha power in decibels was normally distributed, with a mean of 3.26 dB 

(SD = 3.88). The 95% confidence interval for the mean was [1.12, 5.42]. The 

Individual Alpha Peak Frequency (IAF) was not normally distributed, with a mean of 

9.93 Hz (SD = 1.33, CI = [9.19, 10.67]). 
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Fig. 6. The Individual Alpha Frequency (IAF) power spectra during the stimulus period 

(0 – 1800 ms). The orange line represents the averaged alpha power spectra across all 

subjects and all electrodes, whereas the gray lines denote the response spectra of each 

participant. The gray triangle marks indicate the individual alpha peak frequency. 

 

Regarding the topographical distribution of normalized alpha power across 

different target positions as illustrated in Fig. 7, alpha power was remarkably induced 

and intensively distributed in parieto-occipital electrodes in all conditions. There also 

appeared to be slight alpha activity in the frontal lobe. However, there were no visible 

changes in the topographical distribution of alpha power across the target position 

based on the grand average data. Upon detailed observation, we noticed a relatively 

weaker alpha power in the frontal target scenario compared to others, and a slight 

enhancement of alpha activity in the left hemisphere under the left target scenario, 

relative to other target positions.  

 



47 

 

 

 

 

Fig. 7. Grand average topographies of alpha power spatial z-scores (normalized alpha 

power) for the four different target positions. The spatial z-score of ‘0’ refers to the 

grand mean alpha power over all conditions, which is presented with a green color in 

this topography. A z-score of 1 corresponds to a data point that is one standard deviation 

greater than the mean, while a z-score of -1 points to a data point that is one standard 

deviation less than the mean. As the values increase positively, they are displayed in a 

deeper red, and as they increase negatively, they are shown in a deeper blue on the scalp 

topography. 

 

A one-way repeated measures ANOVA was conducted on the normalized 

alpha in both parieto-occipital (PO) and frontal electrode clusters. While all normality 

assumptions were met, the sphericity assumption was not satisfied according to 

Mauchly's test (X2(5) = 29.72, p < 0.001); hence, degrees of freedom were corrected 

using the Huynh-Feldt method. This showed a marginal yet significant main effect of 

target position in the parieto-occipital cluster (F(1.73, 24.21) = 3.573, p = 0.0495, 𝜂𝑝2 

= 0.203), suggesting that the target position significantly influenced the amplitude of 

normalized alpha power. However, the post hoc analysis using a Bonferroni 

adjustment didn't spot any significant differences in normalized alpha power (spatial 

alpha power z-score) between target positions (See Fig. 8). Notwithstanding, the 

individual data trend in Fig. 8-(B) hinted that the averaged alpha power was 

attenuated in the front condition compared to other conditions. Indeed, when 

excluding the left and right target conditions, a simple direct comparison between the 

front and back conditions using a paired t-test revealed the significantly greater 
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normalized alpha power when attending to the back than to the front (t(14) = -2.17, p 

< 0.05,  d = -0.56). The study also revealed that the data obtained from the front-back 

configuration was significantly lower than the results from the left-right configuration 

(t(29) = -2.38, p < 0.05, d = -0.43). There was no significant main effect of target 

position on averaged alpha power in the frontal lobe (p = 0.20). These findings are 

partially consistent with our second hypothesis, which posited that alpha power in the 

front-back conditions would differ from the power in the left-right condition. 

 

 

Fig. 8. Cluster analysis of normalized alpha power on (A) frontal electrodes (shown in 

cyan) and (B) parieto-occipital electrodes (shown in orange) across different target 

positions. Cyan and orange bars represent spatial alpha z-scores for both clusters. Thin-

dashed color lines illustrate individual data sets. Error bars indicate ±1 standard error 

(SE). 
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4.3. Alpha power modulation indices  

  

Fig. 9. Topographic maps of the attentional modulation index (AMI) for (A) front-back 

and (B) left-right conditions over the speech stimulus period. The green color on the 

scalp topography refers to a zero difference in normalized alpha power between two 

AMI topographies. The bar graphs in (B) depict the mean AMI across the parieto-

occipital (PO) sensors on the left hemisphere (LH) and right hemisphere (RH). Thin-

dashed color lines represent individual data trends. Error bars represent ±1 standard 

error (SE). n.s. = not significant, *p < .05. 

 

For alpha power contrast analysis using AMI within the parieto-occipital lobe, 

with the normality assumption being non-significant for all variables (all p > 0.05), a 

paired samples t-test showed that the average left-hemispheric AMI for the left-right 

configuration (M = 0.10, SD = 0.22) was significantly greater than the right-

hemispheric AMI (M = -0.02, SD = 0.24) (t(14) = 1.970, p = 0.034, one-tailed, d = 

0.51). This indicated the presence of hemispheric alpha lateralization in the lateral 
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listening condition (See Fig. 9). In contrast, the t-test revealed no significant difference 

in AMI for the front-back configuration between both hemispheres (p > 0.05), 

suggesting no alpha lateralization in the front-back condition. This finding aligns with 

our hypothesis, which proposed no observable alpha lateralization in the case of front-

back spatial hearing. 

 

4.4. Neural speech tracking functions  

4.4.a. Time course of grand average neural speech tracking function 

 The time course of the grand average cross-correlation (neural speech 

tracking) for the to-be-attended speech for the four different target positions, as 

depicted in Fig. 10-(A), displayed the first negative deflections (N1), second positive 

deflections (P2), second negative deflections (N2), and third positive deflections (P3) 

at approximate time lags of 301 ms (range: 280 – 310), 386 ms (range: 360 – 400), 

563 ms (range: 560 – 570), and 656 ms (range: 650 – 670) respectively (refer to Table 

3). Although negative peaks appeared to emerge prior to the current N1, we chose to 

designate the most pronounced peak as the first negative peak (N1) due to its 

significant amplitude in the following response. Similarly, the large N2 and P3 

components were considered for this study. In the morphology of the grand average 

cross-correlation function, N2-P3 peaks for the to-be-attended envelope appeared 

more robust than N1-P2. Subsequently, the N2-P3 coefficients for the lateral 

condition were apparently stronger than the coefficients for the front-back condition. 
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Fig. 10. Time course of the grand average neural speech tracking (cross-correlation) 

functions for (A) the to-be-attended speech envelope and (B) the to-be-ignored speech 

across target positions: front target position (blue line), back position (orange line), left 

position (yellow line), and right position (purple line). The blue and red transparent 

windows represent the ranges in which negative and positive peak correlation 

coefficients were identified, respectively. 
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Table 3. Mean values and standard deviations (SDs) of latencies for neural speech 

tracking cross-correlation components. 

Stimulus Position 

Latency of Cross-correlation components (ms) 

N1 P2 N2 P3 

Mean (SD) Mean (SD) Mean (SD) Mean (SD) 

To-be-

attended 

Front 284.38 (58.30) 369.27 (55.12) 561.98 (33.34) 649.48 (28.46) 

Back 318.23 (69.03) 398.44 (56.10) 560.94 (55.10) 650.00 (39.75) 

Left 296.88 (64.76) 385.42 (50.43) 565.63 (44.67) 660.94 (26.71) 

Right 306.25 (41.26) 393.75 (47.50) 567.19 (36.02) 665.10 (31.92) 

Total 301.43 (58.34) 386.72 (52.29) 563.93 (42.28) 656.38 (31.71) 

To-be-

ignored 

Front 261.46 (64.01) 361.46 (68.77) 519.27 (45.64) 616.67 (28.85) 

Back 266.67 (73.93) 360.42 (80.32) 533.85 (57.99) 619.79 (44.36) 

Left 269.27 (59.12) 359.38 (42.59) 528.13 (41.63) 632.29 (37.64) 

Right 269.27 (43.68) 360.42 (60.43) 526.56 (50.53) 629.17 (34.67) 

Total 266.67 (60.19) 360.42 (63.03) 526.95 (48.95) 624.48 (36.38) 

 

 

Table 4. Mean values and standard deviations (SDs) of amplitudes for neural speech 

tracking cross-correlation components. 

Stimulus Position 

Amplitude of Cross-correlation components (Coefficients) 

N1 P2 N2 P3 

Mean (SD) Mean (SD) Mean (SD) Mean (SD) 

To-be-

attended 

Front -0.013 (0.009) 0.012 (0.008) -0.016 (0.009) 0.009 (0.008) 

Back -0.012 (0.011) 0.011 (0.012) -0.016 (0.010) 0.008 (0.011) 

Left -0.014 (0.013) 0.017 (0.015) -0.022 (0.013) 0.018 (0.011) 

Right -0.012 (0.010) 0.016 (0.012) -0.021 (0.010) 0.017 (0.012) 

Total -0.013 (0.011) 0.014 (0.011) -0.019 (0.011) 0.013 (0.011) 

To-be-

ignored 

Front -0.008 (0.008) 0.014 (0.009) -0.015 (0.010) 0.008 (0.007) 

Back -0.008 (0.007) 0.008 (0.007) -0.013 (0.010) 0.009 (0.009) 

Left -0.009 (0.012) 0.013 (0.011) -0.021 (0.015) 0.016 (0.007) 

Right -0.008 (0.009) 0.016 (0.009) -0.020 (0.011) 0.013 (0.011) 

Total -0.008 (0.009) 0.013 (0.009) -0.017 (0.011) 0.011 (0.009) 
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4.4.b. N1-P2 components of speech tracking function  

For a one-way as well as two-way ANOVA analysis, N1 and P2 coefficient 

data for both to-be-attended and to-be-ignored speech were found to be normally 

distributed, and the sphericity assumptions were satisfied. A one-way repeated 

measures ANOVA revealed no significant main effect of target position on N1 and P2 

peak coefficients of to-be-attended speech envelope, respectively (both p > 0.05). A 

two-way repeated measure ANOVA with two factors (target position and stimuli) 

revealed a significant main effect of stimuli (to-be-attended versus to-be-ignored) on 

N1 coefficient (F(1, 14) = 7.06, p = 0. 05, 𝜂𝑝2 = 0.335), not on P2 coefficient (p = 

0.37). Even though Fig. 11 illustrated an apparently stronger speech tracking response 

(N1) to the to-be-attended speech versus to-be-ignored speech envelope, the post hoc 

analysis using Bonferroni correction indicated that this difference was significant only 

in the front target condition. Here, the N1 coefficient for the to-be-attended speech 

envelope was significantly more pronounced than its to-be-ignored counterpart (p < 

0.05). Furthermore, there was no significant interaction between target position and 

stimulus in both N1 and P2 component (both p > 0.05) (See Fig.12). Table 4 presents 

the means and standard deviations (SDs) of the amplitudes for the cross-correlation 

components of neural speech tracking. 
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Fig. 11. Cross-correlation coefficients of neural speech tracking across target positions 

for N1 and P2 components. (A) Negative peak (N1) coefficient of neural speech 

tracking response to the to-be-attended speech envelope (blue bar) and to-be-ignored 

speech envelope (gray bar) across target positions. (B) Individual N1 coefficients of 

neural speech tracking response to the to-be-attended speech. (C) P2 coefficient for the 

to-be-attended and to-be-ignored speech. (D) Individual P2 coefficients. Thick solid 

blue and red lines in (B) and (D) denote the group means of N1 and P2. The Error bars 

denote ±1 SE. The asterisks indicate significant differences: * P < 0.05. 
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Fig. 12. Cross-correlation coefficient gap of neural speech tracking between the to-be-

attended speech and to-be-ignored speech across target positions for the N1 and P2 

components. (A) Negative peak (N1) coefficient gap (sky-blue bar) across different 

target positions. (B) Individual gap measurements of N1 coefficients between attended 

and ignored speech. (C) P2 coefficients for the to-be-attended speech in comparison to 

the to-be-ignored speech (reddish bar). (D) Individual data for the P2 coefficient gap. 

Error bars denote ±1 SE. 
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4.4.c. N2-P3 components of speech tracking function 

Although 3 out of the 32 variables (4 components x 4 target positions x 2 

stimuli) used for the analysis did not adhere to the normality assumption, one-way and 

two-way ANOVA were still executed. This could be permissible because ANOVA is 

robust to violations of the normality assumption. Additionally, only a minor fraction 

of the variables (3 out of 32) violated the assumption, and the number of data points 

in the within-group analysis was balanced. Sphericity was confirmed using Mauchly’s 

test. A one-way repeated measures ANOVA revealed a significant main effect of 

target position on N2 (F(3, 42) = 3.30, p < 0. 029, 𝜂𝑝2 = 0.191), and P3 peak 

coefficients of to-be-attended speech envelope (F(3, 42) = 5.34, p = 0. 003, 𝜂𝑝2 = 

0.276). The post hoc analysis using Bonferroni adjustment showed stronger N2 peak 

coefficients for the left condition than the back condition (p = 0.048, one-tailed), and 

lower P3 peak coefficients for front and back conditions than the left condition (p = 

0.47 and 0.34, both one-tailed). The P3 for the back was slightly lower than the front 

but the difference was not significant. 

 

 A two-way ANOVA with two factors (target position and stimuli) revealed a 

significant main effect of stimuli (to-be-attended versus to-be-ignored) on P3 

coefficient (F(1, 14) = 5.22, p < 0. 05, 𝜂𝑝2 = 0.335), but not on N2 coefficient (p = 

0.27). The post hoc analysis using Bonferroni correction did not find any significant 

pairwise comparisons for P3 coefficients between the to-be-attended speech and to-

be-ignored speech across four different target positions (all p > 0.05). Furthermore, no 

significant interactions between target position and stimulus were found in both N2 

and P3 components (both p > 0.05) (See Fig.2). With the main effect of target 

position, the trend of P3 coefficient across target positions aligns closely with the 



57 

 

 

 

behavioral test outcome and individual data for the P3 showed a more distinct pattern 

compared to other components (See Fig. 13-D). Fig. 14 shows the coefficient gap 

across target positions, and notably, the gap for the P3 resembles the hit rate outcome 

pattern. The gap seems to be larger in the easier right condition, but in the back - the 

most challenging condition, it showed negative scores indicating ‘reverse’. However, 

in the end, this trend didn't quite reach statistical significance, indicating no 

significant interaction between stimulus and target position. Although it did not show 

a statistically significant lowest correlation coefficient in the back condition, the P3 

coefficient results partially support our third hypothesis.  
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Fig. 13. Cross-correlation coefficients of neural speech tracking across target positions 

for N2 and P3 components. (A) The negative peak (N2) coefficient of the neural speech 

tracking response to the to-be-attended speech envelope (blue bar) and to-be-ignored 

speech envelope (gray bar) across target positions. (B) Individual N2 coefficients of the 

neural speech tracking response to the to-be-attended speech. (C) P3 coefficient for the 

to-be-attended and to-be-ignored speech. (D) Individual P3 coefficients. Thick solid 

blue and red lines in (B) and (D) denote the group means of N2 and P3. The Error bars 

denote ±1 SE. The asterisks indicate significant differences: * P < 0.05. 
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Fig. 14. Cross-correlation coefficient gap of neural speech tracking between the to-be-

attended speech and to-be-ignored speech across target positions for the N2 and P3 

components. (A) Negative peak (N2) coefficient gap (sky-blue bar) across different 

target positions. (B) Individual gap measurements of N2 coefficients between attended 

and ignored speech. (C) P3 coefficients for the to-be-attended speech in comparison to 

the to-be-ignored speech (reddish bar). (D) Individual data for the P3 coefficient gap. 

Error bars denote ±1 SE. 
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4.5. Correlation between behavioral and EEG data  

 When collapsing the factor of target position, the relationship between the 

measured behavioral data and neural activity in all conditions was examined. The 

total number of data points each variable could have is 60 samples, calculated by 

multiplying the number of participants (15) by the number of target conditions (4). 

Although the behavioral data violated the assumption of normality, Pearson's 

correlation analysis was conducted since it is acceptable to perform if at least one of 

the variables to be tested is normally distributed. Only the correlation between 

behavioral results and N2 coefficients was tested using Spearman's rank correlation. 

 

Behavioral hit responses to the target color and number were positively 

correlated with normalized parieto-occipital alpha power (Pearson’s r(60) = 0.27 and 

0.30 respectively, both p < 0.05) and with P3 cross-correlation coefficients (Pearson’s 

r(60) = 0.23 and 0.24, both p < 0.05, one-tailed). However, there was no significant 

correlation between alpha power and the neural speech tracking response (p > 0.05). 

A significant correlation was identified between frontal alpha activity and parieto-

occipital alpha energies (Pearson’s r(60) = 0.27, p < 0.05). The relationship between 

neural speech tracking components was not the focus of this study. Table 5 describes 

the correlation statistics. Additional correlation analyses were conducted to 

investigate if the measured neural correlates of auditory attention could account for 

variance in the hit rates for the front (n = 15), back (n = 15), and both conditions 

combined (n = 30). However, these analyses yielded no significant correlations (p > 

0.05). A simple linear regression analysis was conducted to predict the hit rates for 

both words, based on normalized alpha power and the P3 coefficient. When 

considering alpha power, the regression equations for the target color and number 
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depicted in Fig. 13-(A) & (B) were found to be statistically significant (F(1, 58) = 

4.57 and F(1,58) = 5.84, respectively, both p < 0.05), with an R-squared of 0.073 and 

0.091. Likewise, the regression equations incorporating the P3 coefficient (See Fig. 

15) were also statistically significant (F(1, 58) = 3.19 and F(1,58) = 3.613, 

respectively, both p < 0.05, one-tailed), with an R-squared of 0.073 and 0.091. These 

findings are consistent with our hypothesis where selective speech identification 

results would correlate with alpha power and neural speech tracking.  

 

 

Fig. 15. Scatter plots of the neural correlates (normalized alpha power and P3 

correlation coefficient) and auditory attention task results. The pink lines indicate a 

simple linear regression.  
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Table 5. Correlation between hit response rates and neural correlates of spatial selective 

auditory attention.  

Variables 
Hit_ 

Col 

Hit_ 

Num 

PSD_ 

PO 

PSD_ 

FT 

NST_ 

N1 

NST_ 

P2 

NST_ 

N2 

NST 

_P3 

HIt_ 

Col 

r 1 .945** .270* 0.048 -0.009 0.112 -0.171 0.228 

p  0.000 0.037 0.715 0.945 0.394 0.193 0.080 

Hit_ 

Num 

r  1 .302* 0.120 -0.078 0.141 -0.184 0.242 

p   0.019 0.362 0.556 0.282 0.159 0.062 

PSD_ 

PO 

r   1 .273* 0.093 0.106 -0.120 0.140 

p    0.035 0.478 0.422 0.362 0.287 

PSD_ 

FT 

r    1 -0.050 -0.240 0.222 -.260* 

p     0.706 0.064 0.088 0.045 

NST_ 

N1 

r     1 -0.155 .504** -0.003 

p      0.237 0.000 0.981 

NST_ 

P2 

r      1 -.629** .503** 

p       0.000 0.000 

NST_ 

N2 

r

s 
      1 -.347** 

p        0.007 

NST_ 

P3 

r        1 

p         

**. Correlation is significant at the 0.01 level (2-tailed). 

*. Correlation is significant at the 0.05 level (2-tailed). 

Hit_Col: Hit rate response to target color, Hit_Num: Hit rate response to target. 

number, PSD_PO: Parieto-occipital alpha power, PSD_FT: Frontal alpha power, 

NST_N1(P2,N2,P3): Neural speech tracking N1(P2, N2, P3) coefficient.  
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5. DISCUSSION 

 

5.1. Behavioral measure: Selective speech identification task  

Our behavioral results clearly demonstrated the impact of spatial listening 

configurations on listeners' ability to selectively identify target words in a target 

speech stream in the presence of competing speech. The significant finding that hit 

response rates were lowest when target speech originated from behind the listener, 

compared to other directions, and hit rates for the front condition were significantly 

lower than results for the left and right conditions aligns with our working 

assumption. In this context, a masker can diminish target intelligibility both by 

interfering with the target's peripheral representation (termed "energetic masking") 

and/or by causing more central interference (referred to as "informational masking"). 

An analysis of response errors can distinguish between effects caused by energetic 

and informational masking (Brungart & Simpson, 2007; Hambrook & Tata, 2019; 

Ihlefeld & Shinn-Cunningham, 2008). In selective speech identification tasks 

dominated by informational masking, subjects frequently report words from the 

masker instead of the target messages. Conversely, for selective-listening tasks 

primarily affected by energetic masking, errors tend to be more randomly distributed.  

 

The current study revealed that approximately 95% of the errors that occurred 

were of the 'intrusion' type. This suggests that the selective identification of speech 

was predominantly hindered by informational masking. Typically, intelligibility, the 

clarity or comprehensibility of speech, improves as the spatial separation between two 

sources increases (Allen et al., 2008; Ihlefeld & Shinn-Cunningham, 2008). Pertaining 

to the spatial release from masking (SRM), our experiment employed both front-back 
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and left-right configurations. In these configurations, the target and the masker were 

positioned at the same spatial separation of 180 degrees in terms of spatial angle. 

Despite this similar spatial separation, the ratio of intrusion errors significantly 

increased for the front-back condition in comparison to left-right configurations. 

Specifically, for the back condition, there was approximately a sixfold increase in 

intrusion errors in terms of target color and a 7.5-fold increase in the target number 

relative to lateral conditions. 

 

 One plausible explanation for this observation is the occurrence of front-back 

confusion. Front-back confusion is a perceptual phenomenon where a listener 

misidentifies a sound source as coming from the front when it is actually originating 

from the back, or vice versa (Brimijoin & Akeroyd, 2012; Perrett & Noble, 1997). 

This issue can interfere with the listener's ability to accurately identify and 

differentiate sounds in an environment, leading to an increased rate of intrusion errors. 

Therefore, our results seem to highlight the significant impact that front-back 

confusion can have on degraded discrimination of auditory stimuli. Additionally, the 

higher intrusion errors might explain the absence of differences in hit response rates 

for target color and number. Given the potential number of choices for both targets, 

the chance level for color is higher than for number. However, participants seemed to 

consider only the two words from the target and distracting stream regardless of the 

potential number of choices during the test.  

 

 On the other hand, despite the similarities between the two stimuli in terms of 

sentence structure, semantics, speech timing, and talker gender, these factors did not 

influence speech identification at 0 dB TMR when listeners had spatial certainty about 
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the target location, as evidenced by the ceiling effect in the left and right conditions 

(See Table 2). This suggests that informational masking occurred due to failures in the 

top-down spatial selection of the target, rather than due to issues with the across-time 

linkage of target segment streaming. 

 

 In addition, the front result was significantly better than the back but worse 

than the lateral condition. There are a few possible explanations for why better 

performance might be observed when the target is located at the front rather than the 

back in a front-back confusion scenario. Humans typically have better auditory acuity 

for sounds originating from the front. This is because our ears, specifically the shape 

of the pinna, and auditory processing systems have evolved primarily to localize 

sounds in the forward-facing direction. The asymmetry in our ear shape can create 

acoustic cues that help us better determine the elevation and direction of sounds 

coming from the front (Ihlefeld & Shinn-Cunningham, 2008; Perrett & Noble, 1997; 

Wightman & Kistler, 1999). Furthermore, most of our daily activities occur in front of 

us. As a result, we are more accustomed to identifying sounds originating from the 

front as a sort of learning effect. This expectation or cognitive bias might contribute to 

better performance when the target sound is in front. In addition, our pinnae also 

physically impede the transmission of acoustic energy coming from behind by about 5 

dB especially for frequencies between 2 kHz and 8 kHz, leading to a more favorable 

listening condition than the target back condition (Blauert, 1996; Kuk et al., 2013). 

Lastly, auditory spatial bisection, a measure of auditory spatial representation 

exploration, performs better in the frontal space than in the back space (Aggius-Vella 

et al., 2018; 2020). Auditory spatial bisection refers to a process where a listener 

attempts to determine the middle point between two sounds in space. 
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 There was greater inter-subject variability in the back condition. The 

difference between the maximum and minimum hit rates for the target color and 

number was 40 (99 minus 59) and 47 (99 minus 52), respectively, showing a 

significant normal distribution. This variability could be attributed to some 

participants' head movements since it is known that front-back confusion can be 

resolved by such movements (Brimijoin & Akeroyd, 2012; Perrett & Noble, 1997; 

Wightman & Kistler, 1999). This ambiguity arises mainly because the interaural level 

differences (ILDs) and interaural time differences (ITDs) are identical for sound 

sources in front of and behind the listener. However, head movements can alleviate 

this confusion as they cause ILDs and ITDs to vary differently depending on whether 

the sound source is in front of or behind the listener. Essentially, by moving our 

heads, we alter the relative position of our ears to the sound source, which changes the 

sound's arrival time and level at each ear, aiding in a more accurate location 

discernment. 

 

 To prevent the head movement effect during the test, our experimental 

protocol required participants to fix their gaze on the central cross mark while 

performing the selective speech identification task. Although previous studies suggest 

that a small amount of head movement (5-35 degrees) would be sufficient to offset 

front-back ambiguity, it is unlikely in our case since participants' performance and 

activity were visually and electrophysiologically monitored. Notably, out of all the 

participants, 6 had hit rates above 90, and 4 of these were male participants, while the 

total number of male participants was 5. Therefore, any factor altering binaural and 

monaural cues, including head size, body size, etc., could potentially affect front-back 
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confusion. Moreover, the alignment of the pinna height with the center of the 

loudspeaker could also influence results. For example, because of a non-adjustable 

chair used in this experiment, the position of participants’ pinna might not be 

accurately aligned with the center of the loudspeaker. 

 

5.2. Neural correlates of auditory attention: Alpha-band power 

5.2.a. Reliable alpha peak frequency  

 The currently designed listening task allowed participants to direct their spatial 

selective attention to a given target position, eliciting the oscillatory alpha band 

activity with an averaged alpha peak frequency of 9.93 Hz as seen in Fig. 6. The 

grand average alpha frequency is very consistent with 10 Hz, known as the 

approximate mean of alpha frequency in neuroscience studies (Klimesch, 2012). Like 

the alpha peak frequency range from 9.32 to 11.19 Hz observed by Deng et al. (2020), 

it showed individual variances (95% CI: 9.19 – 10.67) in the peak alpha frequency, 

but all peaks from listeners were within the predefined alpha frequency range (8 – 

13Hz).  

 

Some prior studies used peak alpha frequency with ± 1 Hz for further analysis 

to avoid a skew estimate of alpha power (Bonacci et al., 2020; Deng et al., 2020), but 

we used the fixed alpha range to avoid inclusion of energy out of the alpha band if the 

peak frequency is at the edges of the band range as well as multiple peaks issue. 

Various frequency bands exhibit unique task-linked reactivity and topographical 

patterns. The lower alpha ERD, typically in the 7–10 Hz range, is diffusely distributed 

across the scalp. Although its functional interpretation, potentially associated with 

broad attentional demands, remains somewhat nebulous. In contrast, the upper alpha 
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ERD, within approximately 10 – 13.5 Hz, demonstrates a more localized distribution 

and a discernible relationship with semantic processing demands (Klimesch et al., 

2007). Additionally, rises in the alpha peak frequency have been associated with 

cognitive burden (Haegens et al., 2014) and the functioning of working memory 

(Klimesch, 2012). Among the participants, all 11 exhibited a peak alpha frequency 

exceeding 10 Hz, which appears to be a consequence of executing the semantic 

processing demand, including the informational masking effect, while performing the 

selective speech identification task. 

 

5.2.b. Topographical distribution of alpha band power across target position 

 The topographical map in Fig.7 showed robust alpha power distribution over 

parieto-occipital cortex across target positions. These enhanced alpha power with 

attentional focus has been considered a neural correlate of auditory attention by 

previous studies (Bonacci et al., 2020; Deng et al., 2020; Deng, Choi, et al., 2019; 

Dimitrijevic et al., 2019; Klatt et al., 2018; Wostmann et al., 2019).  The present 

distribution of alpha power in the parietal area likely stems from the parietal cortex, 

part of what is known as the "dorsal attention network (Wostmann et al., 2015). It also 

may reflect the role of the frontoparietal attentional control network (also known as 

the frontoparietal control network or FPCN), a cognitive system within the brain that 

is involved in high-level cognitive functions, including attention regulation, decision-

making, and integrating information from different sources. The dorsal surface of the 

human frontal and parietal lobes forms a network that plays a vital role in the 

selection of sensory content through attention (Ptak, 2012). In addition to the parieto-

occipital lobe, we detected minor alpha activities around the frontal cortex. 

Consequently, we also included this cortex in our analysis, given its role as part of the 
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attentional network. Misselhorn et al. (2019) contended that alpha oscillations in the 

frontal region denote the source of top-down control that modulates perceptual gains, 

while fluctuations in parietal alpha oscillations are linked with the shifting of sensory 

focus among different senses. Although it was expected that, contingent on the 

specific task demands, we might observe alpha suppression in the frontal brain 

regions, especially during the processing of semantic information (Klimesch et al., 

2007), there was no significant difference in the frontal normalized alpha power 

between target positions. The pattern of the individual frontal alpha power is too 

complex to interpret. Given that Deng et al. (2020) discovered that the lateralization 

of parietal alpha monotonically varies with shifts in the focus of auditory spatial 

attention, we too expected a noticeable change in the topographical distribution of 

alpha power across four different target positions. However, only minor variations 

were observed within a similar pattern.  

  

5.2.c. Parieto-occipital alpha power modulation.  

Based on the results of our behavioral tests, the level of listening difficulty 

varied across different target positions. The target position at the back was found to be 

the most challenging condition, followed by the front condition, with the lateral 

condition being the least demanding. Our EEG test revealed that parieto-occipital 

alpha power was significantly modulated by target position even though it did not 

reach the statistical significance of the pairwise comparison. However, our alpha 

power modulation appeared not to vary with the listening difficulty across the target 

position, but to show mixed and contradictory results. It was not surprising there was 

no difference in PO alpha between the left target and the right target condition, 

aligning with the behavioral results. However, there was a contradiction where the 
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alpha power for the front-back condition which was considered a more effortful 

condition than the lateral listening condition was lower than the power for the lateral 

condition while the alpha activities were more enhanced in the back condition 

regarded as the most challenging condition compared to the front condition. This 

implies that listening difficulty alone can't fully explain the changes in alpha power 

across target positions. 

 

When it comes to the relationship between alpha oscillation power and 

listening difficulty, results have been equivocal since previous studies have shown 

contradictory outcomes with varying listening demand. Dimitrijevic et al. (2017) 

reported a negative correlation between alpha power and digit-in-noise (DIN) 

performance. Furthermore, alpha power decreased with the increase in acoustic details 

(temporal fine structure) and predictiveness (Wostmann et al., 2015). On the contrary, 

Miles et al. (2017) observed a reduction in alpha power in demanding listening 

circumstances, where they manipulated the spectral content of the signal using noise 

vocoding and assessed speech intelligibility. Also, Seifi Ala et al. (2020) showed a 

decrease in EEG alpha power in the parietal lobe under conditions with a lower 

signal-to-noise ratio (SNR). Furthermore, some studies have found an "inverted U-

shaped" pattern in the alpha band, which has been linked with listeners' tendency to 

"give up" as situations become progressively more challenging. (Decruy, Lesenfants, 

et al., 2020; Petersen et al., 2015). These inconsistent observations accentuate the 

complexities to account for variations in alpha power while listening. 

 

Several theories have been proposed to explain alpha power activity. The idea 

that large amplitudes of synchronized alpha activity reflect a brain state of reduced 



71 

 

 

 

information processing is consistent with the concepts of 'idling' or 'nil working' 

(Klimesch, 2012; Klimesch et al., 2007). Synchronized alpha activity reflects a 

specific type of inhibition that can be described in terms of 'top-down control.' Alpha 

power increases in the brain regions responsible for processing distractors to suppress 

them. On the other hand, alpha power decreases in the brain areas dealing with 

relevant information, thereby facilitating their enhancement. This dual mechanism has 

been well supported by the hemispheric lateralization of alpha power in a dichotic 

listening task (Klatt et al., 2020; Poch et al., 2017). Furthermore, a comprehensive 

understanding of alpha modulation has been suggested, based on anatomically 

separate alpha oscillation (Schneider et al., 2022).  

 

Based on this, in our front-back listening scenario, both the target and 

distracting signals reach and then go through the brain in the same way. So, there is 

likely to be an overlap between target enhancement and distractor suppression in 

similar brain regions. If so, which one ends up being dominant? Our data seemed to 

depend on what sound is being presented in the frontal azimuth, suggesting a 

dominant effect of auditory frontal space. Specifically, when the target signal was 

presented in front of listeners, it yielded decreases in alpha for the enhancement. On 

the other hand, when the distractor comes from the front, there's an increase in alpha 

power for suppression. The concept of the directional effect is different from the idea 

suggested by Wostmann et al. (2019) that both mechanisms independently induce 

lateralization of alpha power. Moreover, the cortical processes involved can vary 

depending on the nature of the speech material or the manner in which it is presented, 

and how a task is performed (Seifi Ala et al., 2020). The distinct patterns of alpha 

activity could be attributed to our cognitive and auditory systems responding 
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differently to both informational masking and uncertainty about spatial target 

location, caused by front/back confusion. Taken together, in addition to existing 

mechanism theories, it might be necessary to consider how our brain responds 

depending on the location of the sound to interpret the neural correlates and 

behavioral consequences in a meaningful way. 

 

5.2.d. Lateralization of Alpha power  

 This study detected a minor yet significant lateralized alpha power in the 

lateral listening condition. Differences in scalp topography for both the left and right 

target positions can be observed, referred to as AMI, unveiling disparities in positive 

and negative normalized alpha power between the two hemispheres in parieto-

occipital electrode clusters. When calculating the AMI, prior studies subtract the 

values of two conditions and then divide by the overall alpha power (Deng, Choi, et 

al., 2019; Wostmann et al., 2019; Wostmann et al., 2016) . However, in this study, we 

simply calculated the difference using individual data already standardized as spatial 

z-scores. This approach aligns with the methodology employed in a research by Deng 

et al. (2020). Based on prior research demonstrating that parietal alpha power 

typically decreases in the hemisphere contralateral to the attended stimuli and/or 

increases in the ipsilateral hemisphere (Lim et al., 2015; Wostmann et al., 2016), the 

significance of a one-tailed test can be affirmed. Even though the lateralized response 

appears slight, individual data largely supported it with a similar pattern. This parietal 

alpha lateralization is presumed to represent the suppression of irrelevant information 

in the parietal lobe contralateral to the direction of distractor as well as the 

enhancement of relevant information in the lobe contralateral to the direction of 

attention (Ikkai et al., 2016; Schneider et al., 2022). 
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 In contrast, the AMI did not exhibit hemispheric alpha lateralization in the 

parieto-occipital (PO) cluster for the front-back condition, showing considerable 

variance instead. This result aligns with one aspect of our hypothesis, where we 

posited the absence of hemispheric lateralization due to the symmetrically binaural 

stimulation routed from the front and back. The design of this study aimed to 

determine whether alpha power would rise to suppress noise or exhibit event-related 

desynchronization (ERD) to amplify the processed target signal when the target 

speech and distractor are concurrently presented from the front and back or vice versa. 

The observed results indicated that higher alpha power was induced when 

participants' attention was oriented towards the target sound emitted from the rear 

than the front, as depicted by the predominantly blue color on the topographical map 

without alpha lateralization (See Fig. 9).   

 

Previous studies have reported a diminishing effect of aging on alpha 

lateralization (Dahl et al., 2019; Hong et al., 2015; Leenders et al., 2018). 

Furthermore, alpha was not lateralized across parietal sensors in the hearing-impaired 

group (Bonacci et al., 2019). Our participants who were young with normal hearing 

should be independent of these effects. Additionally, without a rear loudspeaker, 

Wostmann et al. (2019) utilized an experimental paradigm: 1) target selection in the 

front while ignoring a lateral distractor and 2) target selection in the left or right while 

ignoring a distractor in the front. They discovered that both inhibition of the 

underlying cortical tissue and the release of inhibition independently result in alpha 

power lateralization. While our experiment design shares similarities in the 

presentation of both target and distractor from the front, the involvement of the lateral 
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side in their study ultimately induced alpha lateralization. As a result, our findings 

suggest that the front-back listening configuration does not lead to alpha 

lateralization. 

 

5.3. Neural Correlates of Auditory Attention: Neural Speech Tracking 

5.3.a. Time Course Analysis of Neural Speech Tracking Function 

We obtained the neural speech tracking function through cross-correlation 

between the filtered EEG data and the first derivatives of the speech envelope. This 

function reflects activity that is phase-locked to acoustic transients in the attended 

speech stream, with the selectivity or strength of this tracking process being 

modulated by selective attention. Figure 10 depicts the time course of the grand 

average neural speech tracking, indicating both positive and negative deflections. The 

peak correlation coefficient represents the level of similarities between both variables.  

 

When compared with peak latencies from previous studies: N1-P2 at 124 - 208 

ms (Aiken & Picton, 2008), 150 – 250 ms (Petersen et al., 2017), and 136 – 240 ms 

(Mirkovic et al., 2019), our components’ peak latencies on the time lag appeared to be 

delayed. Such a difference might result from experimental protocol discrepancies 

between studies. We utilized short sentences from the coordinate response measure 

corpus as stimuli, but ongoing narratives have been largely used in prior research on 

speech tracking. Indeed, there were minor peaks prior to the latencies of the defined 

peaks, but we chose the most prominent component peaks for the ultimate purpose of 

cross-correlation analysis. Our determined latency of N1-P2 corresponding to the to-

be-attended speech envelope is 301 – 386 ms. In addition to N1-P2, the subsequent 

robust N2-P3 component was included for analysis. At the N1-P2-N2-P3 latency, 
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peak components for the four different conditions occurred with similar temporal 

characteristics. Despite the predefined latencies ranges from the time course of the 

grand average neural speech tracking, it was complex to find individual component 

peaks because of individual peak variances. As alternatives, some studies used the 

mean of peak coefficients within a pre-defined range (Holtze et al., 2021), and another 

took an evoked spectral power from the cross-correlation function (Hambrook & Tata, 

2019).  

 

5.3.b. Neural speech tracking for to-be-attended speech envelope 

It turns out that the P3 coefficient for the left target condition was significantly 

greater than P3 for both the front and back conditions, at least on a one-tailed test. The 

P3 for the back is slightly lower than the one for the front but the difference is not 

significant. With significant main effects of target position and stimuli as well as 

consistent individual data, we found that the trend of the P3 coefficient most closely 

reflected the behavioral test outcome among the peak components. In comparison 

with the P3 component, N1 and P2 did not show any significant main effect of target 

position, and N2 showed significant but smaller differences on average in cross-

correlation coefficients between the front-back configuration and left-right 

configuration.  

 

Our study indicated that the level of neural speech tracking (neural 

entrainment) varied with the target positions associated with listening difficulty. 

However, it revealed that there was no difference in neural speech tracking 

coefficients between the front and back conditions even though the behavioral 

listening task outcome showed a significant difference between them. When the target 



76 

 

 

 

speech and distractor were presented at 0 dB TMR in our experiment, the front 

condition was expected to have a positive TMR while the back condition was 

assumed to have a negative TMR due to the pinna shadow effect. Petersen et al. 

(2017) showed significantly lower speech tracking at – 4 dB SNR of speech reception 

threshold (SRT) at 80% compared to 0 dB SRT80 and +4 dB SRT80. Hjortkjaer et al. 

(2020) also found that an increase in background noise from 10 dB SNR to 0 dB SNR 

decreased cortical speech envelope entrainment. In regard to the SNR, our data in 

front and back condition are not consistent with previous studies.  

 

5.3.c. Neural speech tracking for to-be-attended versus to-be-ignored envelope 

The influence of attention on neural speech tracking was quantified by 

computing the difference in the cross-correlation coefficient between the to-be-

attended and to-be-ignored speech envelope (i.e., attended - ignored) for each 

participant and target condition (Petersen et al., 2017). We expected that the 

coefficient gap would reflect listening difficulties and intrusion errors across different 

target positions. However, the current speech tracking experiment revealed no 

significant difference in peak coefficients between the target speech and the distractor, 

resulting in a non-significant interaction (target position * stimulus) for all 

components. Nonetheless, the coefficient gaps for the P3 across four different target 

positions appeared to have a pattern similar to the hit rates outcome pattern (See Fig. 

14-C). Particularly, the negative coefficient gap for the P3 in the back condition might 

reflect an increased number of intrusion errors compared to other conditions. This 

implies a potential applicability of the coefficient gap to studies on front-back spatial 

hearing, but further study is needed for the validity and reliability of the analysis.  
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 The lack of difference in the coefficient gap between the target speech and 

distractor could stem from the similarity between them. The Coordinate Response 

Measure (CRM) corpus materials we used share the same sentence structure, temporal 

onset timing, speech rate, and number of syllables (Bolia et al., 2000; Eddins & Liu, 

2012). This similarity is in fact why we employed CRM sentences, intending to 

effectively induce information masking in the task. However, their CRM speech 

envelopes are likely too similar to allow for any significant distinction in neural 

speech tracking analysis, irrespective of auditory attention and listening conditions. 

 

5.4. Correlation between behavioral and EEG data  

 In this study, we examined the relationship between behavioral responses and 

EEG neural activity in a variety of conditions. The results highlighted some intriguing 

connections, demonstrating that the number of behavioral hit responses to target color 

and number were positively correlated with normalized parieto-occipital alpha power 

and with the P3 cross-correlation coefficients. This suggests that these specific EEG 

neural activities may reflect spatial auditory attention processing.  Despite the 

relatively small coefficients of determination, regression analyses further illustrated 

the potential influence of normalized alpha power and the P3 coefficient on hit rates. 

Both these variables were significant predictors for hit rates related to both words, 

lending credence to the role of these specific EEG activities in cognitive hearing 

performance. However, given the low coefficients of determination and the lack of 

correlation in the front, back, and front plus back conditions, apart from the overall 

collapsed condition, we need to exercise caution to avoid overinterpreting these 

significant correlations.  
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Note that there was no significant correlation between alpha power and neural 

speech tracking responses, suggesting that these two cognitive phenomena might 

operate independently. Alpha power is modulated by auditory attention for the 

purpose of either enhancement or suppression over some relevant brain area whereas 

speech tracking acts as an entrainment to a sound of interest. Instead, a prior study 

proposed that the combination of neural tracking and alpha power lateralization may 

provide a benefit for auditory attention detection in cocktail party scenarios (Drgas et 

al., 2021). An intriguing observation was the significant correlation between frontal 

alpha activity and parieto-occipital alpha energies, which might implicate a concerted 

interplay between frontal and parieto-occipital regions during these tasks (Keitel et 

al., 2017; Ptak, 2012). In conclusion, these findings extend our understanding of the 

link between behavioral and EEG data, offering a foundation for subsequent 

investigations, particularly to understand the role of alpha power and neural speech 

tracking coefficients in the spatial selective speech identification task. 

 

5.5. Limitation 

As previously mentioned, the Coordinate Response Measure (CRM) sentences 

have a high degree of structural and informational similarity, which could make the 

distinction between target speech from the competing speech in neural speech 

tracking analysis challenging. While the similarity to the target amplifies 

informational masking and front-back confusion, the CRM sentences may not be 

suitable as a tool for speech tracking tests if they cannot result in dynamics between 

coefficients due to auditory attention. The second limitation pertains to the 

experimental protocol, in which sentences were randomly presented from a pool of 

256 sentences for each talker during the tests. While this doesn't impact the alpha 
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analysis, it introduces variance in the time lag latency of each trial's peak point in the 

cross-correlation analysis of neural speech tracking. In our study, we used short 

structured sentences instead of narratives, meaning that the averaging process was 

applied over multiple short trials, resulting in the generation of multiple peaks and 

making clear observation difficult. If all participants were to go through the same 

sentence trial set, responses could be more consistent, which would ease comparison. 

The third limitation is whether we were able to match precisely our pinna height with 

the center of the loudspeaker. As we used non-adjustable chairs for the experiment, 

we can't guarantee exact alignment to every participant. We attempted to adjust as 

much as possible, such as adjusting sitting postures, but there's a high probability that 

participants, especially taller males, were positioned differently than the ideal straight-

line alignment. In the future, the exact alignment needs to be controlled. Lastly, for 

our alpha analysis, this study focused on topographical alpha power distribution. 

However, the EEG measurement has a relatively lower spatial resolution as compared 

to an MEG test while it is good at temporal resolution. There might be a limitation to 

examining the topographic map of alpha power and the distribution change.  

 

5.6. Future direction  

 Understanding the underlying mechanism of spatial selective auditory 

attention through a single listening scenario is challenging. We could benefit from 

introducing more conditions necessary for a front-back configuration comparison. For 

instance, the inclusion of conditions where the target and distractor coexist at the front 

and the back, as well as conditions where only the target talker is presented, could 

provide deeper insights into the attentional modulation of auditory processing in the 

front-back spatial hearing by analyzing and comparing neural activities under each 
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circumstance. Second, we could investigate the inter-subject variability in front-back 

listening. We could identify a neural signature such as anatomically-specific alpha 

oscillation in high performers compared to low performers in the front-back spatial 

hearing test. Conversely, we could study the significance of variance in neural 

correlates of auditory attention within ranges of behaviorally similar performance. 

Next, the subject group could be expanded to include musically trained individuals 

and clinical populations, such as the elderly and individuals with hearing 

impairments. Taken together, these measures would enhance our understanding of 

how auditory attention functions in spatial selective hearing including the rear space 

of auditory scene. Additionally, it could provide a foundational reference for 

developing neuro-steered hearing aids and cognitive hearing interventions.  
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6. CONCLUSION 

 

This study addressed the inconsistent or contradictory alpha power modulation 

across the four different target positions in perspective of listening difficulty. We 

observed an increase in alpha power in both the most demanding (back condition) and 

the least demanding conditions (left and right). These findings cannot be simply 

interpreted using existing suppression and enhancement mechanism theories. Thus, in 

addition to existing mechanism theories, it might be necessary to consider how our 

brain responds depending on the location of the sound of interest in order to interpret 

the neural correlates and behavioral consequences in a meaningful way. This study 

also suggests the potential applicability of neural speech tracking in studies on spatial 

selective hearing and the need for more comprehensive experimental designs that are 

capable of capturing the full scope of brain processes involved in spatial selective 

hearing. In conclusion, while our findings may raise more questions than answers, 

they are instrumental in driving the discourse in the field forward. By redefining the 

framework of spatial selective hearing, we open a multitude of possibilities for further 

investigation and discovery. 
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