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The ability to analyze an “auditory scene”—that is, to selectively attend to a target source
while simultaneously segregating and ignoring distracting information—is one of the most
important and complex skills utilized by normal hearing (NH) adults. The NH adult auditory
system and brain work rather well to segregate auditory sources in adverse environments.
However, for some children and individuals with hearing loss, selectively attending to one
source in noisy environments can be extremely challenging. In a normal auditory system,
information arriving at each ear is integrated, and thus these binaural cues aid in speech

understanding in noise.

A growing number of individuals who are deaf now receive cochlear implants (Cls),
which supply hearing through electrical stimulation to the auditory nerve. In particular, bilateral
cochlear implants (BICIs) are now becoming more prevalent, especially in children. However,
because CI sound processing lacks both fine structure cues and coordination between stimulation
at the two ears, binaural cues may either be absent or inconsistent. For children with NH and
with BiCls, this difficulty in segregating sources is of particular concern because their learning

and development commonly occurs within the context of complex auditory environments.

This dissertation intends to explore and understand the ability of children with NH and

with BiClIs to function in everyday noisy environments. The goals of this work are to (1)



Investigate source segregation abilities in children with NH and with BiClIs; (2) Examine the
effect of target-interferer similarity and the benefits of source segregation for children with NH
and with BiClIs; (3) Investigate measures of executive function that may predict performance in
complex and realistic auditory tasks of source segregation for listeners with NH; and (4)

Examine source segregation abilities in NH listeners, from school-age to adults.
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Chapter 1: Background and Introduction



Auditory scene analysis is the process by which the human auditory system segregates
and groups sounds into various auditory streams based on the relationship of timing and
frequency of the incoming signals [1]. The listener must be able to differentiate between multiple
incoming signals in this complex auditory scene and ultimately determine elements to which to
attend. In addition to selecting the elements of interest and streaming them, the listener must

maintain attention as background sources change.

Selectively attending to a target source while simultaneously segregating and ignoring
distracting information is one of the most important and complex skills utilized in everyday
noisy situations; the ability to segregate sources is essential to successful communication [2-4].
The normal adult auditory system works rather well to segregate target and interfering auditory
sources; however, for some children and people with hearing loss, selectively attending to target
sound sources in noisy environments can be extremely challenging given that these populations
require a larger signal-to-noise ratio (SNR, the level of the target signal relative to the level of
the interferer) than normal hearing (NH) adults [5-9]. For children especially, source segregation
1s vital in facilitating the ability of children to learn and communicate in typical environments.
They spend a majority of their time in these spaces, including classrooms, cafeterias, and
playgrounds, and in the studies described here, some aspects of these auditory environments

were simulated.

The goals of the current paper are to: (1) Investigate source segregation abilities in
children with normal hearing (NH) and with bilateral cochlear implants (BiCls); (2) Examine the
effect of target-interferer similarity and the benefits of source segregation for children with NH

and with BiClIs; (3) Investigate measures of executive function that may predict performance in



complex and realistic auditory tasks of source segregation for listeners with NH; and (4)

Examine source segregation abilities in NH listeners, from school-age children to adults.

Spatial Release from Masking

Adults and (more often) children work, learn, and interact in auditory environments in
which there is one target talker and numerous distracting auditory sources, a situation that is
commonly referred to as the “cocktail party environment” [10]. If interferers decrease the
audibility of the target, perceptual auditory “masking” of the target source has occurred. When a
target signal is embedded in background speech and/or noise, two types of auditory masking may

occur: “energetic”’ and/or “informational.”

Energetic masking is thought to occur at the level of the peripheral auditory system when
auditory stimuli contain energy that overlaps, spectrally and temporally, within identical critical
bands at the same time [11, 12]. Auditory filter models, which describe masking at the peripheral

level, typically account for the amount of energetic masking that is observed experimentally.

Informational masking is a term that refers to multiple phenomena, and is less strictly
defined than energetic masking. It is thought to be mediated by auditory and non-auditory
mechanisms beyond the auditory periphery. Given that central auditory mechanisms are
involved, information masking contributes to a perceptual challenge when listeners attempt to
segregate target and interfering sources. For example, while both the target and interferer are
audible to the listener, they cannot be easily segregated. Informational masking is characterized
by confusability between the target and interfering stimuli, and occurs due to uncertainty in the

target stimulus and/or similarity between the target and interfering stimuli [13-17]. It has been



shown that more informational masking is observed when the target and interferer are spectrally
similar [17-19]. For example, in 2001, Brungart and colleagues conducted a study with NH
adults investigating the effect of target-interferer similarity. In his study, participants listened to
speech stimuli over headphones and had to identify the target speech amongst various interferers
(modulated noise, Gaussian noise, different sex-talker, same-sex talker, and same-talker). They
found that with the noise interferers, intelligibility of the target did not decrease until the noise
became loud enough to mask the energy in the target signal. Once the target signal was masked,
performance systematically declined as the SNR became less favorable. This masking could be
accounted for primarily by energetic masking. A different pattern of performance was
demonstrated with the speech interferers, where it was shown that performance gradually
decreased until a certain SNR and stayed stable thereafter. In addition, performance for the same
SNR with different interferers was shown to be increasingly worse as the interferer became more
similar to the target (i.e. same-talker interferer), suggesting that more informational masking is
exhibited with more similar target and interferer stimuli. Chapter three of this dissertation
explores the effect of target-interferer similarity and the benefits of source segregation in

children.

There are various cues that are useful to help alleviate masking, such as location cues
(e.g. spatial separation of the target and interfering sources), visual cues (e.g. lip-reading and
facial expressions of the target talker), individual talker characteristics (e.g. pitch of voice and
rate of speech), and transitions (e.g. knowledge of the subject matter and voice dynamics) [10].

Location cues will be the main focus of this paper and discussed in all three studies.



The amount of masking, in part, depends on the perceived spatial separation of the target
and the interferer [20, 21]. That is, in a realistic environment, the closer in proximity the
interferer is to the target source, the more difficult the target is to segregate [22]. Performance in
noisy environments often improves when sources are spatially separated. Specifically, the target
source can be correctly identified at a higher rate of percent correct, or lower SNR, when the
target and interferers are spatially separated relative to when they are co-located. This
improvement in performance due to spatial separation of sources is known as spatial release from

masking (SRM).

SRM is usually the greatest for interfering sources that have a large physical separation
from the target in a room. This dissertation describes studies that use asymmetrical placement of
target and interferers (target at 0° and interferers directed to only one ear at 90°), and the less
commonly used, symmetrically distributed interferers (target at 0° and interferers directed to
both the right and left ears at £90°). With asymmetrical placement of interferers there is an
improved SNR at the ear without interferers, and therefore listeners are able to use the monaural
head shadow cue to help segregate sources [23]. The symmetrical distribution of interferers is
meant to reduce the benefit from the monaural head shadow and challenge listeners to rely
mainly on binaural cues for source segregation. Although monaural cues are reduced in the
symmetrical condition, there may be transient glimpses in which one ear will receive a better
SNR than the other, resulting in some better ear effects [24, 25]. More SRM is demonstrated
when interferers are distributed asymmetrically rather than symmetrically due to the availability

of a more prominent head shadow cue [26, 27].



Spatial separation of sources has been shown to be advantageous, particularly in
environments in which listeners demonstrate large amounts of informational masking [21, 28].
Previous work has shown that when the target and interferers are both speech-based stimuli,
rather than when the target is speech and the interferers are noise, spatial cues are more robust
[16, 18-21, 29-32]. Furthermore, when the target and interferers are both speech-based, the

amount of SRM depends on the number of interferers [18, 29].

Arbogast et al. [16] examined the effects of energetic versus informational masking on
SRM for NH listeners, using stimuli designed to better control the type of masking. The stimuli
were divided into a limited number of frequency bands, similar to that of a cochlear implant (CI).
The target sentences were generated by using eight of the fifteen frequency bands, and the
interferer was either (1) a sentence derived from 6 different frequency bands than the target
sentence, intended to create primarily informational masking due to the minimal amount of
spectral interaction with the target; (2) noise derived from different frequency bands than the
target sentence, intended as an energetic masking control for the different-band sentences; or (3)
noise derived from the same eight frequency bands as the target sentence, intended to create
primarily energetic masking. The authors concluded that the most SRM was demonstrated with
the different-band sentence interferer, suggesting that the listeners demonstrate the most
advantage of spatially separated sources for maskers that are primarily informational in nature
than energetic. These same results were found, although to a lesser degree, for listeners with
sensori-neural hearing loss [32]. This result suggests that listeners who are hearing-impaired are

able to use cues of spatial separation to benefit speech understanding when listening in noise.

Source Segregation in Listeners with Normal Hearing



People with NH have two ears that work together to integrate auditory input from each
ear; this is referred to as binaural hearing. Using cues derived from binaural processing, in
complex auditory environments adult NH listeners are able to segregate target and interfering
sources and function relatively well. When the target and interferers are spatially separated, NH
listeners are able to benefit from both monaural head shadow and binaural squelch. As described
above, the monaural head shadow effect, also known as the “better ear effect,” occurs when the
target and interfering stimuli are spatially separated and the ear without the interferers has a more
favorable SNR due to the interference of the listener’s head. “Binaural squelch” occurs when
there is an improvement in performance when the ear with the poorer SNR is added because the
auditory system uses the differences in the timing and level of the target and interferers between
the two ears [33]. The third effect that NH listeners are able to use to enhance speech perception
in noise is “binaural summation,” an effective binaural cue when a target signal is presented from
directly in front of a listener. When the target is presented at 0° azimuth, the signal reaches both
ears at the same time and intensity and the overall signal is summed between the two ears; and
therefore amplified. A normal healthy auditory system encompasses binaural processing which
enables NH listeners to function in noisy environments, in part, due to the above-mentioned
cues. Both squelch and summation require binaural hearing. Because the monaural head shadow
effect is not a true binaural cue, it has also been shown to be beneficial to some extent to those
without binaural hearing (e.g., BiCI users) [34-37]. This will be discussed in the “Source

Segregation in Listeners with Bilateral Cochlear Implants™ section of this introduction.

NH listeners readily show improvement in speech understanding when auditory sources

are spatially separated. SRM can be as large as 12-15 dB in NH adults [38]. NH children also



8
demonstrate SRM but to a smaller and more variable extent than adults [5, 6, 8, 27, 28]. There is
evidence to suggest that when parts of the acoustic signal are manipulated over headphones,
children as young as 4 years of age are able to discriminate timing differences between the ears
to the same extent as adults [39], as well as differentiate out-of-phase tones more accurately than
in-phase tones (binaural masking level differences) [40]. In free-field spatial unmasking tasks,
NH children have also shown evidence of the ability to take advantage of spatial cues. SRM has
been observed in children ages 3-4 [41], and more recently in toddlers 2-3 years of age [42].
These new findings confirm that in general NH children as young as 2 years of age show
evidence of binaural hearing and are able to benefit from segregation of auditory sources,

although the degree of individual benefit remains variable.

Source Segregation in Listeners with Bilateral Cochlear Implants (BICls)

Listeners with CIs often have a great deal of difficulty understanding speech in noisy
environments. It has been shown that both adults and children with BICIs often outperform those
with only one CI on tasks of sound localization and speech understanding in noise [9, 43-48].
Yet, there remains a gap in performance between listeners with BiCls and with NH, even when
matched for the amount of auditory experience [27]. This gap may be due to a number of factors,
including limitations of the device (e.g., lack of binaural cues, degraded spectral cues, etc.),
demographic factors (e.g. age at implantation, age at deafness, amount of auditory experience,
etc.), and anatomical factors (e.g. intact cochlear mechanisms, auditory nerve survival, active

auditory brainstem synapses). The factors are further described in the following paragraphs.



The currently available clinical CI devices are not coordinated, and therefore BiCI users
lack the integration of cues that arrive at each ear. The lack of binaural cues available to the CI
user likely limits their ability to perform in multi-source environments. Previous research has
confirmed that CI users rely most heavily on the monaural head shadow cue, rather than binaural
cues (i.e., summation or squelch), when listening in noisy environments [34, 37, 40, 49, 50]. The
speech processing strategies are limited in that the device extracts the envelope of the signal,
ignoring fine structure, and delivers the signal to a limited number of spectral channels. The
signal that the user receives is degraded both spectrally and temporally [29]. Also, microphone
placement above the pinna, compression functions, and directional settings alter the monaural
and interaural level directional cues and therefore users cannot access the full signal. Variable
surgical placement of the electrode array may also affect performance outcomes. The ideal
placement of the array is in the scala tympani closest to the modiolus, which is proximal to the
auditory nerve dendrites. Any variability in placement may cause a mismatch of frequencies
being delivered to various frequency ranges on the basilar membrane of each ear and therefore
may limit binaural sensitivity [51]. More work is needed to verify how much variability in
performance between individual users is due to differences in electrode placement. Electrodes
may be re-inserted into the cochlea if necessary, although it is neither ideal nor standard practice

to undergo another surgery.

Peripheral and central auditory factors also likely play a role in user outcome. It has been
shown that spiral ganglion cells within the auditory system begin to degrade after a period of
auditory deprivation [52]. Previous work with animal models has also shown that the auditory

cortex begins to reorganize when no there is no auditory stimulation [53, 54].
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Electrophysiological studies in humans suggest that binaural auditory pathways may degrade and

not be able to repair themselves if bilateral stimulation is not received within a certain period of

time [55].

In recent years, researchers have begun to investigate the effects of higher-level cognition
and linguistic processing on speech understanding. There have been numerous studies
investigating auditory and cognitive processes that may have an effect on performance speech in
noise tasks for older adults with and without hearing impairments. As a whole, the studies have
concluded that there is an interaction between cognitive and peripheral mechanisms. They have
shown that the predictive factors of ability to function in complex auditory environments are
foremost accounted for by degree of hearing loss, but can secondarily be accounted for by
various measures of cognitive function [56-58]. It has also been shown that children with CIs
demonstrate a deficit in some areas of executive function (working memory, aspects of attention,
processing speed) compared to their NH peers [59-62]. Although working memory is not a direct
measure of the ability to hear speech in noise, in order to function in noisy environments
listeners must demonstrate capacity to attend to, retain, and manipulate incoming information in
challenging situations. Numerous studies have investigated variables, such as age at
implantation, age at deafness, device type, and etiologies to help explain the variability in speech
and language performance for children with CIs. Even when all of the above mentioned
demographic factors are accounted for, a significant amount of variability in performance
outcomes remains [63, 64]. A study by Figueras ef al. [65] compared 8-12 year old children with
NH and with CIs on measures of working memory, attention, and language to determine if

differences existed between the two groups. Difference in performance on some measures of
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attention and working memory were found, although the differences disappeared when language
ability was accounted for. Other studies have shown that tests of working and short-term
memory are highly correlated with language outcomes [61, 64, 66]. Deficits in executive
functioning may impact the performance on real-world auditory tasks requiring organization,

inhibition, and planning.

In summary, children with BiCls seem to perform better in noisy environments than those
who use only one CI and a hearing aid in the other ear [34, 67], but BiCI users lack comparable
performance to NH listeners. Chapters 2 and 3 of this paper compare children with NH and with
BiCls, matching according to the amount of auditory experience, in attempt to further explore the
differences between hearing types. A great deal of work is being done to improve bottom-up
signal processing as well as isolate top-down processes that are involved in speech understanding

in noise, to ultimately increase success and ease of listening for people with hearing loss.

Effect of Executive Function on Variability in Performance on Speech-in-Noise Tasks

After conducting the studies described in the second and third chapter of this dissertation,
as well as comparing with previous research in the lab, we discovered a large amount of
variability in the benefit from spatial cues within each subject group, for both children with NH
and with BiClIs [9, 27, 41, 68]. Despite this large within-group variability, individual participant
performance was confirmed to be stable throughout repeated trials [27]. This suggests that there
are integral differences between subjects, rather than within. The variability shown in our BiCI
child groups was consistent with previous research [68], and although interesting, this was not

surprising. In our work in the lab we not only discovered variability within the BiCI groups, but
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our data also revealed that children with NH showed variable performance on tasks of source
segregation. This is interesting because the peripheral system of NH listeners is intact and
functional at birth, and therefore variability cannot be attributed to any of the previously
discussed peripheral factors. Infants and children have been described as inefficient listeners
compared to adults, even though the peripheral auditory system of children is thought to
accurately represent sound at a very young age [69, 70]. Peripheral processing of intensity,
frequency and time are adult-like by six months of age, and therefore inefficiency in listening is
likely influenced by maturation of perceptual organization, as well as a variety of central factors
(e.g. memory and attention) [3, 4]. It remains unknown as to why children of different age

groups vary, and at what age performance becomes adult-like.

Auditory filter models have commonly focused on how the peripheral auditory system
organizes and filters peripheral sensory information. Models have explored explanations for
differences in the ability of children and of adults to successfully identify target stimuli in
complex listening tasks. Results have shown that the peripheral auditory system, intact at birth
[71], organizes sensory information in similar ways for both NH children and adults. Yet, it is
known why adults outperform children on identical speech-in-noise tasks. These results suggest
that some difference between child and adult listener groups originates in mechanisms beyond
the peripheral structure [7]. Previous work fosters the idea that once the sensory input is filtered,
children integrate information over a larger number of auditory filters than adults, often
including filters that do not contain the target stimuli (i.e., children include unnecessary auditory
information when extracting a target signal from background noise) [13]. Because, in general,

children include unnecessary filters when processing speech in noise, they have more difficultly
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than adults extracting the target signal [5, 6, 8, 9, 27]. When listening to speech in noise, it

remains unclear why some children include unnecessary filters and others do not.

While a number of studies have focused on peripheral factors that influence performance
outcomes, they have failed to identify any specific processes that explain why some NH children
are better able to segregate auditory sources than others, and why there is variability between
different age groups. It may be that processes beyond the periphery can help to better explain
some variability when listening to speech in noise. To better understand the underlying
variability in performance on speech-in-noise tasks, the fourth chapter in this dissertation will
investigate measures of executive function that are hypothesized to correlate with auditory
processing and source segregation. “Executive function” is an umbrella term that can refer to a
multitude of abilities, including attention, working memory, planning, and inhibition [72].
Overall, executive function encompasses the organizational abilities that are required for goal-
directed, purposeful, and non-automatic behavior. Specific components of executive function
such as working memory, short-term memory, and attention are hypothesized to be involved in
the processing of complex auditory stimuli. Some of the above-mentioned factors may help to
better understand the variability in NH listeners on tasks of source segregation, and may serve as

predictors of individual performance.

In order to process and make sense of complex and realistic auditory stimuli when
listening to speech in noise, the listener must continually monitor incoming sources and integrate
a string of individual words with prior knowledge. This process requires both working memory
and short-term memory [61, 73]. While short-term memory is an active memory for storing

incoming information, working memory encompasses the processes that are used to temporarily
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store, manipulate, and integrate incoming information [74, 75]. Working memory has been
shown to have a central role in information processing, in that it is vital in maintaining
information for further processing [76], and is critical for the development and improvement of
speech and language skills [77]. Processing of complex auditory stimuli puts high demands on
working memory capacity. When working memory capacity is exceeded, auditory processing is

slowed or errors in accurate comprehension are made [66, 73, 78].

Attention also likely plays a role in ability to function in complex auditory environments.
Selective attention is a component of executive function that helps to determine important
sounds and bring attentiveness to them. How well one is able to segregate and attend to an
auditory target will in turn determine how well distracting auditory information can be ignored
[79-81]. This skill becomes vital when trying to communicate in noisy environments. Recent
neuroimaging studies have confirmed that attention to an auditory stream changes patterns of

cortical activity (for review see Lee, Larson [81]).

Working memory and attention may work together in adverse listening conditions in
order for listeners to be able to accurately and efficiently process verbal information. These
processes allow the listener to maintain, process, and suppress information, such that target
stimuli can be attended to while simultaneously ignoring distracters [82, 83]. There have been
numerous studies investigating audibility (i.e. hearing thresholds) and performance on tasks of
executive function that may have an effect on performance speech-in-noise tasks for older adults
with and without hearing impairments. As a whole, the studies have concluded that there is an
interaction between central and peripheral processes. They have shown that the predictive factors

of ability to function in complex auditory environments are foremost accounted for by degree of
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hearing loss, but can secondarily be accounted for by various measures of executive function,
such as processing speed, reasoning, memory, intelligence, attention and fluency [56-58]. It
remains unclear how spatial hearing relates to executive function for a larger age-range of

children with normal hearing (NH). This topic is explored in chapter four.

In summary, this dissertation intends to explore and understand the ability of children
with NH and who are deaf and use BiCls to function in everyday noisy environments. The
second and third chapters aim to evaluate performance of children with NH and with BiCIs on
speech-in-noise tasks when altering factors of target-interferer similarity and interferer location.
The fourth chapter aims to isolate the variability in the group of children with NH, and
investigate how aspects of executive function may serve as predictors of performance on tasks of
source segregation. Also in Chapter 4, we will examine source segregation abilities in children
with NH that can then be used to compare to children with hearing impairments or
developmental disabilities. Predictors of performance in spatial hearing tasks may, in the future,
help to inform teachers of ideal classroom arrangements in order to enhance SNR, assist in
clinical decisions as to what devices to fit, and to help predict success and intervention needs for

children with hearing impairments.
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ABSTRACT

Spatial release from making (SRM) was measured in groups of children with bilateral cochlear
implants (BiCls), average ages 6.0 and 7.9 yrs, and with normal hearing (NH), average ages 5.0
and 7.8 yrs. Speech reception thresholds (SRTs) were measured for target speech in front (0°),
and interferers either in front, distributed asymmetrically around the head (+90°/+90°) or
distributed symmetrically around the head (+90°/-90°). In the asymmetrical condition both
monaural “better ear” and binaural cues are available. In the symmetrical condition, listeners rely
more on binaural cues to segregate sources. SRM was computed as the difference between SRTs
in the front condition and SRTs in either the asymmetrical or symmetrical conditions. Results
showed that asymmetrical SRM was smaller in BiCI users than NH children. Furthermore, NH
children showed symmetrical SRM, suggesting they are able to use binaural cues for source
segregation, whereas children with BiCls had minimal symmetrical SRM. These findings
suggest that children who receive bilateral cochlear implants can segregate speech from noise
under conditions that maximize monaural “better ear” cues. It is likely device limitations play an
important role in limiting SRM. Thus, improvement in spatial hearing abilities in children with

BiCls may require binaural processing strategies.
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I. INTRODUCTION

Cochlear implants (Cls) provide hearing to people who are deaf through electrical
stimulation to the auditory nerve. A growing number of recipients are now receiving Cls in both
ears. The use of bilateral Cls (BiCls) was clinically motivated, in part, by the fact that in normal-
hearing (NH) listeners, binaural hearing plays an important role in facilitating sound localization
and speech understanding in noise. In the BiClI literature, the emphasis to date has been primarily
on the benefit arising when two ClIs are used vs. when a single CI is used. Numerous studies to
date have shown that adult BiCI users have significantly better sound localization abilities with
BiCls vs. a single CI (e.g. [1-3]). In addition, these patients generally show better speech
recognition in noise when using BiCls vs. a single CI [1, 3, 4]. The largest benefits are not due to
coordinated stimulation in both ears; rather, they can typically be attributed to monaural “head
shadow” (better-ear effect) cues. Binaural “summation” (redundancy in information with two
ears) and the “squelch” effect, which require binaural integration of inputs to the two ears, are
generally small and inconsistent in adult BiCI users [3, 5].

Adult BiCl users vary in their etiology, hearing experience and age at onset of deafness.
Many patients studied to date will have spent years, if not decades, deprived of hearing between
the time of hearing loss onset and implantation. Unlike adult BiCI users, the majority of children
receiving Cls are being implanted at a young age, before the development of speech and
language. Most of these children are born deaf and receive no benefit from auditory input until
their CIs are activated. Although these children spend very little time deprived of hearing, most
have very little exposure to sound prior to implantation. The present study thus focused on

spatial unmasking of speech in children who use BiCls. This population, like adults, generally
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appears to show significant benefits from two vs. one CI. For example, they perform better on
measures of sound localization [6, 7] and on measures of spatial discrimination of target stimuli,
such as minimum audible angle (MAA) [8-11]. Interestingly, however, resolution of spatial
hearing in children with BiCls is significantly worse than that of children with NH, as they show
higher root-mean-square error on localization and higher MA As on discrimination. The source of
this gap in performance is not well understood.

The present study was concerned with measuring spatial unmasking in children who use
BiCls and in NH children, to determine whether a gap exists on this measure as well. All
children who use BiClIs were recruited prospectively for a larger study, and had at least 1 year of
experience with BiClIs. We focused on their bilateral listening mode, which is the natural
everyday listening mode for BiCI users, rather than comparing with an unnatural (and usually
un-preferred) unilateral listening mode. An area of focused interest in the NH literature is that of
speech understanding when target speech is either spatially co-located with interfering sources
(maskers/interferers), or spatially separated from interferers. In NH listeners, the improvement,
or benefit, due to spatial separation, is known as spatial release from masking (SRM). SRM can
be as large as 12-15 dB in NH adults and depends on numerous factors, including the: number of
sources [12, 13], type of interfering sources [13, 14], perceived spatial separation of the sources
[15, 16], and room acoustics [17, 18]. In the existing literature, one way to quantify SRM is to
add effects that are due to (1) monaural head shadow which results in a more favorable signal-to-
noise ratio (SNR) at the “better ear” and (2) binaural unmasking [13, 19]. This approach may be
reasonably suitable for environments that contain only one interfering source from a single

location. A different approach to quantifying SRM, which has been proven to be reliable for
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environments containing one interferer type that is simultaneously distributed in multiple
locations, involves additive components that arise from (1) spatial separation of the target and
interferer(s) and (2) spatial asymmetry of the interferers. This model was originally described for
noise interferers and more recently modified to successfully account for effects arising in the
presence of speech interferers similar to those used in the present study [20].

SRM is generally largest for conditions in which there are large angular separation
between target and interferers. In adults with NH, Jones and Litovsky [20] measured speech
reception thresholds (SRTs) for conditions with target at 0° (front) and two-talker interferers at
either +90/-90° (two interferers symmetrically distributed, one talker on the right and one on the
left) or +90/+90° (two interferers asymmetrically placed so that two talkers are co-located and
both are on one side of the head). On average, the total amount of SRM (difference in SRT
between spatially co-located and separated conditions) was 12 dB improvement in SRT. Of that
12 dB improvement, 8.7 dB was accounted for by spatial separation and 3.3 dB was accounted
for by the effect of asymmetry, i.e., there was greater SRM in the +/+90° than in the +/-90°
condition. The model does not provide definitive conclusions about whether the division of SRM
into separation and asymmetry components has significant parallels with the division of SRM
into better ear and binaural unmasking components. In particular, in the symmetrical condition,
having independent speech interferers at +/-90° means that there are potential opportunities for
momentary ‘glimpsing’ of information through one ear at a time so that some better ear cues
might be available in the symmetrical condition. Thus, we consider the symmetrical condition as
having reduced, but not absent better ear effects. In this condition, when better ear cues are

minimized, listeners must rely on binaural cues or other cues such as pitch voice, for source
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segregation. In the binaural domain, the role of interaural time difference (ITD) has been shown
to be more robust than the role of interaural level difference (ILD) cues in SRM [12].

Studies in children have been conducted with either one or two interferers, but with a
standard spatial configuration of target and interferers whereby the latter are positioned
asymmetrically relative to the head, i.e., interferers are located on one side of the head. SRM in
NH children can range from 5-10 dB [21-24], and at least one report has shown that SRM in
children ages 11-14 is around 13 dB [25]. Regarding children who use BiCls, relatively little is
known about spatial unmasking. Mok et al. [26] showed that children with BiCls exhibit better
speech perception in noise in spatially separated conditions than children who use a CI in one ear
and a hearing aid in the opposite ear, suggesting advantages for BiCls compared with unilateral
CIs. Litovsky et al. [10] and Chadha et al. [27] reported that children who received BiCls
sequentially showed an improvement in speech understanding when interferers were shifted
towards the side of their second CI, suggesting that children have a preference towards their first
CI. Van Deun et al. [6] reported that it was advantageous for all of the children with BiCls to
listen with both ClIs rather than one when listening to speech in noise. In the latter, as shown in
adult studies (e.g., [1, 5]), it was suggested that the majority of the benefits for children with
BiCls are perceived due to better ear cues, but there was no evidence for spatial effects arising
from binaural unmasking.

In the present study we were concerned with SRM in children with NH and in children
who are deaf and fitted with bilateral cochlear implants (BiCls). Regarding NH children, in
Litovsky [23] SRM was studied in children grouped across the range of 4-7 years, and there was

considerable variability, thus here we examined age effects by comparing younger and older
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children within a similar range. Children in the BiCI groups may vary by certain characteristics,
including age at the time of activation of the first CI, age at the time of activation of the second
CI, inter-CI gap, and in previous studies they also varied greatly by chronological age (CA). The
present study was designed with the goal of narrowing some of the participant characteristics in
these groups. Children in an older BiCI group were matched for CA with children in the older
NH group. Their average hearing-age (HA) (defined as the amount of time the child has been
exposed to sound) was 2 years younger than the average HA of the children in the younger NH
group. The younger BiCI group was matched for HA with the younger NH group, and the CA
difference was relatively small, because these children received their first CI during infancy. The
HA and CA values for each group are shown in Table I. Comparisons between children who
have NH (binaural hearing) and children who use BiCls (bilateral hearing) offers the opportunity
to ask whether SRM can be achieved to the same extent with these vastly different stimulation
and listening modes.

This study was designed to test the hypothesis that (1) SRM would be reduced with
symmetrical interferers (each at 90° but one on the right and one on the left) compared with
asymmetrical interferers (both at 90° on the same side), due to the reduction of available
monaural cues in the symmetrical distribution. In addition, we aimed to test the hypothesis that
(2) children with greater amount of listening experience (older HA) would demonstrate greater
SRM. In the NH population, for whom binaural cues are delivered to the auditory system with
fidelity, demonstration of SRM in the symmetrical condition is indicative of the ability to
segregate targets from interferers under conditions of reduced monaural cues, possibly indicative

of the ability to utilize binaural cues for source segregation. There is evidence to suggest that by
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age 4 children have similar thresholds to adults for ITD discrimination [28] and binaural masking
level differences [29]. However, it is unclear as to whether children can utilize these cues on
spatial unmasking tasks. There are some conditions under which children perform worse than
adults, possibly due to immature binaural temporal processing (e.g.,[11, 30]). Thus, the
symmetrical SRM condition serves as a good tool for evaluating the development of functional
binaural hearing abilities in children. By comparison, the asymmetrical condition, which is more
typically used in SRM studies, is useful for determining whether children benefit from target-

interferer spatial separation when multiple spatial cues are present.

II. METHODS
A. Listeners

Participants were 38 native English-speaking children (n=30) and adults (n=8), all of
whom received payment for their participation. There were two groups of children with BiCls,
two groups of children with NH, and one group of adults with NH. Hearing age (HA) in children
with BiCls was defined according to parental report and audiologist records as the amount of
time the listener had been exposed to sound (time of activation of first CI in addition to any prior
acoustic experience (i.e. progressive hearing loss)). HA of the NH groups were equivalent to
(CA). Children with BiClIs fell into one of two groups (demographic information is described in
Table I): BiCI-A (younger) with HA of 4.0-5.8 years (N=8, HA mean and standard deviation=
5.0 £0.6 yrs, CA mean and standard deviation= 6.0 £ 0.8 yrs, bilateral experience mean and
standard deviation= 2.1 + 1.1 yrs) and BiCI-B (older) with HA of 6.5-7.4 years (N=6, HA mean

and standard deviation= 6.9 £ 0.3 yrs, CA mean and standard deviation= 7.9 £ 0.8 yrs, bilateral
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experience mean and standard deviation=4.0 = 1.6 yrs). These children were recruited from
cochlear implant centers throughout the United States and traveled to Madison, WI for
participation in the research. All but one subject received their Cls sequentially (CIBB was
simultaneously implanted at 7 months of age). The first CI was activated prior to 18 months of
age in all but one subject (CIAY), who had post-lingual onset of deafness. The main mode of
communication was oral for all BiCI users, as noted by parents. None of the BiCI users had
known co-morbidities due to other identified disabilities. During all testing sessions children’s
CI programs were set to those used most often in daily listening, based on parental and
audiologist reports. A loudness balancing procedure, using subjective responses from the
participant, was conducted at the first testing session and volume control and/or sensitivity were
adjusted to equalize the loudness between the two CI devices as best as possible.

NH children were recruited from the Madison, WI area to match BiCI groups by HA, and
were divided into two groups: NH-A (younger) with HA of 4.1-6.3 years (N=8, HA mean and
standard deviation= 5.0 &+ 0.8 yrs), and NH-B (older) with HA of 6.9-8.8 years (N=8, HA mean
and standard deviation= 7.8 £ 0.6 yrs). In addition, 8 adults (ages 18-25 years) were recruited
from the student population at the University of Wisconsin-Madison to serve as a comparison
group. All NH listeners had hearing sensitivity within normal limits, as indicated by pure-tone air
conduction thresholds of 20 dB HL or less at octave frequencies between 250 and 8000 Hz.
Because middle-ear problems are common in young children, tympanometry was performed
prior to the commencement of testing. According to tympanometric results, all NH subjects
exhibited normal peak-compensated static admittance and no children were disqualified due to

middle ear anomalies.
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This research was approved by, and carried out in accordance with the University of
Wisconsin-Madison’s Human Subjects IRB regulations. Children ages 7+ yrs signed an assent
form, and parents or caregivers of children signed consent forms. NH children were paid an
hourly rate for their participation. BiCI users received per diem payments, plus the cost of travel
to Madison and all costs associated with the travel were reimbursed to the family.
B. Environment

Testing was conducted in a carpeted standard IAC sound booth (2.8x3.25 m) with
reverberation time (RTg) of 250ms. Listeners sat at a foam-covered desk in the center of a
loudspeaker array, facing a computer monitor placed at 0° azimuth. Listeners were
approximately 1.5m from surrounding loudspeakers. Stimuli were presented from three
loudspeakers (Cambridge Soundworks, Center/Surround IV) calibrated prior to each testing
session using a sound level meter mounted at the approximate position of the listener’s head. The
experimental test session lasted approximately one hour for adults and three hours for children.
Frequent breaks were given in order to maximize participant attentiveness.
C. Stimuli

Stimuli consisted both of target words and interfering sentences. Target stimuli were a
closed set of twenty-five bisyllabic spondees pre-recorded using a male talker. Target spondees
were within the vocabulary of the children and were represented by easily identifiable icons (e.g.
baseball, cupcake, etc.) [23]. The root-mean-square levels of all target words were equalized.
The interfering speech consisted of sentences from the Harvard IEEE corpus [31], which were
pre-recorded using a female talker. Sentences were filtered in order to match the long-term

average speech spectrum of the target. Two-talker interferers were created by overlaying two
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recordings of the same voice. The target stimuli described here are identical to those used in a
prior experiment with children 4-7 years old [23].
D. Design and procedure

Speech reception thresholds (SRTs) for known target words were measured in quiet and
in the presence of interfering speech fixed at 55 dB SPL. For each listener SRTs were measured
under 4 conditions: SRTqy (target 0° front, no interferers); SRTrron: (target and 2-talker
interferers both 0° front); SRT. 9090 also known as the Symmetrical condition (target 0° front, 2
interferers, one at +90° right and one at -90° left); and SRT;90/199 also known as the
Asymmetrical condition (target 0° front, 2 interferers, at 90° right or left). Note that in the latter
condition interferers were placed on the right side for the NH children and near the side of the
first CI for the children with BiCIs. When interferers occurred, the trial began with the interferer,
the target was subsequently added to the running speech, and after target offset the interferer
continued for approximately 1s. All listeners were instructed to attend to the target (male) talker
and to ignore the female voices.

Prior to testing, each listener participated in a brief familiarization session in order to
determine that he or she could accurately identify all target spondees and corresponding pictures
or icons. The task was designed to test speech intelligibility rather than vocabulary, and therefore
any of the 25 target spondees that a child was not able to recognize were not used. Out of the 38
listeners, only 8 used spondee lists of fewer than the original 25 words, with no subject using a
list of fewer than 20 words (BiCI-A: 2 listeners, BiCI-B: 2 listeners, NH-A: 3 listeners, NH-B: 1

listener). Listeners practiced on the Quiet and Front conditions in order to become familiar with
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the stimuli, as well as various aspects of the experimental task (e.g. computer controls, listener
position). Data collected during the familiarization session was not used in the analysis.

Listeners performed a 4-alternative-forced-choice task [21-24]. Each trial began with the
carrier phrase “Ready” followed by a target spondee randomly chosen from the closed set of 25.
Four of the previously familiarized visual pictures (3 randomly selected pictures and one picture
that matched the target spondee) were displayed on the computer monitor, each matching one of
the spondees. The listener was instructed to identify the picture that matched the target word.
Responses were provided by pointing to the object with a computer mouse; some children were
aided by the experimenter in manipulating the mouse after the subject verbally indicated a
response. Incorrect responses were followed by “negative” feedback consisting of a pre-recorded
phrase (e.g. “let’s try another one” or “that must have been difficult”). There was no auditory or
visual feedback following correct responses. To engage and motivate the children during testing,
a digitized “puzzle” of a child-friendly picture was revealed one piece at a time following each
response, regardless of whether the child was correct or incorrect. Additional reinforcement via
stickers and prizes was provided between testing conditions.
E. Speech reception threshold estimation

SRTs were estimated using an adaptive tracking algorithm and calculated using
Maximum Likelihood Estimation (MLE) methods for finding the point on the psychometric
function at which performance yielded 79.4% correct as described previously [21, 23, 24]. The
level of the target words varied according to a hybrid set of rules. Initially, target levels were 60
dB SPL. Levels decreased by 8 dB following each correct response. After the first incorrect

response, levels were changed using a 3-down/1-up rule such that three consecutive correct
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responses resulted in a lower target level and single incorrect responses resulted in a higher
target level. After each reversal the step size was halved, with the minimum step size limited to 2

dB. Each adaptive track ended after four reversals.

Unlike previous studies in which a single SRT measurement was obtained (e.g., [10, 21-
23]), the goal here was to estimate the repeatability of SRTs in each condition for individual
children. We thus sought to obtain three SRT measurements from each child on each of the four
conditions. In order to achieve this, the order of testing was randomized over all conditions. An
average of the SRTs obtained for each condition for every child was then inserted in the group
analysis. Due to time constraints, 7 NH listeners and 7 BiCI users were tested with fewer than
three SRTs of each condition. Conditions in which this occurred varied between subjects.
Subject CIDP (in group BiCI-A) had one SRT measurement in three of the four conditions, and
therefore was excluded from the repeated measures analysis. When time constraints occurred, an
emphasis was placed on obtaining more than one SRT measurement in the Front condition,

which was used to evaluate release from masking.

F. Spatial release from masking calculation

Spatial release from masking (SRM) was computed for each listener from the mean SRTs
in the Front and either Symmetrical or Asymmetrical conditions, such that:

(1) SRMsymmetrical = SR Teront-SR T-90/-90

(2) SRM asymmetrical = SR Teront-SR T-90/+90.
In addition, we computed the SRM due to asymmetry, independent of the spatial separation, as

follows:
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(3) SRMasymmetry = SRM asymmetrical - SRMsymmetrical
These are based on equations (3), (4) and (5) of Jones and Litovsky [20]. It is important to note
here that these values reflect the contributions of separation and asymmetry only at the locations
tested here, i.e., at 90.

III. RESULTS

A. Speech reception threshold

In Figure 1, panels A-D show each of the individual SRT values for each of the listeners,
in all four conditions (A: Quiet, B: Front, C: 90 Asymmetrical, D: 90 Symmetrical). This plot
provides a view of the individual variability observed across participants and within participant.
Within each panel, for each group the means (+=SD) are also shown (filled circles in the right-
most portion of the panels). To test whether repeated measures of SRTs resulted in similar
findings for subjects at the conditions tested, SRTs were analyzed for listeners who completed all
three repetitions for each condition (BiCI-A, N=2; BiCI-B, N=4; NH-A, N=3; NH-B, N=6;
Adult, N=7). Repeated measures ANOV As were conducted on each group with condition (Quiet,
Front, Asymmetrical, Symmetrical) by trial number (1, 2, 3) as the within-subjects factors. There
were no significant interactions in any of the groups, and there were no statistically significant
differences between the three SRTs per condition (i.e. trials) for any of the groups, suggesting

stable SRTs. Thus, averaging SRTs within conditions appears to be a reasonable approach.

Figure 2 shows group means (£SD) for all conditions, and results of statistical
comparisons are highlighted (*). SRTs were analyzed using planned t-test comparisons of either

within- or between-group differences. A Bonferroni correction for 4 comparisons was applied to
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each group. Results of the planned comparisons were as follows: (1) Younger NH children (NH-
A) had poorer SRTs than older NH children (NH-B) in the Symmetrical [t(14)=3.18, p=0.007,
two-tailed] condition, and there were no group differences in the Quiet, Front, or Asymmetrical
conditions. (2) Older NH (NH-B) children had poorer SRTs than Adults in all conditions tested:
Quiet [t(14)=3.24, p=0.006, two-tailed ], Front [t(14)=4.86, p<0.001, two-tailed], Asymmetrical
[t(14)=6.31, p<0.001, two-tailed ] and Symmetrical [t(14)=4.0, p<0.001, two-tailed]. (3) There
were no group differences in younger children with BiCls (BiCI-A) and older children with
BiCls (BiCI-B), where, for most, SRTs were very close to a SNR of 0. (4) Comparing children in
the two older groups (where CA is equivalent and HA is greater in NH than BiCI by a year),
BiCI-B had poorer SRTs than NH-B on all four conditions tested: Quiet [t(12)=7.40, p<0.001,
two-tailed], Front [t(12)=4.97, p<0.001, two-tailed], Asymmetrical [t(12)=7.42, p<0.001, two-
tailed] and Symmetrical [t(12)=10.26, p<0.001, two-tailed]. (5) Comparing children in the two
younger groups (where HA is equivalent and CA is greater in BiCI than NH by ~12 months),
BiClI users had poorer SRTs than NH children on all four conditions tested: Quiet [t(14)=9.93,
p<0.001, two-tailed], Front [t(14)=5.25, p<0.001, two-tailed], Asymmetrical [t(14)=6.58,
p<0.001, two-tailed] and Symmetrical [t(14)=4.59, p<0.001, two-tailed]. (6) To further test HA
as a critical factor, we compared the older children with BiCls (BiCI-B) with the younger NH
children (NH-A), and here the BiCI users had a HA that was greater by an average of 2 years
compared to the NH children. Results showed BiCI users had poorer SRTs than NH children on
all four conditions tested: Quiet [t(12)=6.64, p<0.001, two-tailed], Front [t(12)=4.72, p<0.001,
two-tailed], Asymmetrical [t(12)=4.92, p<0.001, two-tailed] and Symmetrical [t(12)=5.25,

p<0.001, two-tailed].
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B. Spatial release from masking

Figure 3 shows individual data points for SRMsymmmetrical s @ function of SRMasymmmetrical
for each listening group (panels A-E). Each data point represents SRM for an individual listener,
computed from their average SRTs regardless of how many SRTs they had per condition.
Positive SRM indicates that a listener performed better when the interferers were spatially
separated from the target than when they were co-located with the target. Negative SRM values
indicate that performance was worse with spatial separation of target and interferers. The
diagonal line represents equal SRM for the Asymmetrical and Symmetrical conditions. Data
points below the diagonal suggest more SRM in the Asymmetrical than the Symmetrical
condition. Data points towards the right indicate more SRM, hence a greater benefit with spatial
separation of target and interferers. Planned paired sample t-tests were thus conducted for each
group (BiCI-A, BiCI-B, NH-A, NH-B, Adult), showing that SRMagymmetrical Was greater than
SRMsymmetrical for two groups. In the BiCI-B group the mean SRM values in the Asymmetrical
and Symmetrical conditions were 2.25 dB and -1.07 dB, respectively [t(5)=2.75, p<0.05, two-
tailed]. In the adult group, SRM values in the Asymmetrical and Symmetrical conditions were
7.43 dB and 2.81 dB, respectively [t(7)=4.78, p<0.05, two-tailed]. While there is a hint of these
differences in the other three groups, there is lack of significance, which may be due to large

individual variability.

SRM data are also shown in Figure 4, grouped by condition for each subject population.
The individual differences can be seen along the y-axis and group mean (=SD) for SRM values

are plotted alongside the individual data, for Asymmetrical (Fig.4A) and Symmetrical (Fig.4B)
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conditions. Figure 4C summarizes the group means and highlights statistically significant

comparisons (*).

Group differences were analyzed separately for SRM asymmetrical and SRMsymmetrical USING
planned t-test comparisons, and the Bonferroni correction for 2 comparisons was applied. Results
of the planned comparisons were as follows: (1) Comparing children in the two older groups,
BiCI-B had less SRM than NH-B in both conditions: SRMgymmetricat [1(12)=-2.62, p=0.022, two-
tailed] and SRMsymmetricat [t(12)=1.29, p=0.004, two-tailed]. (2) Comparing children in the two
younger groups, BiCI-A had less SRM than NH-A in only the Asymmetrical condition:
SRM A symmetricat [1(14)=-4.02, p=0.001, two-tailed]. (3) Comparing the NH younger group with the
BiCl older group that had 2 years more in HA, results showed BiCI-B had less SRM than NH-A
in both the Asymmetrical and Symmetrical conditions: SRM asymmetricat [t(12)=-2.69, p=0.020,
two-tailed] and SRMsymmetrical [t(12)=-3.079, p=0.010, two-tailed] (4) Comparisons of the
younger and older NH child groups with the Adult group showed no difference for either group

in either condition.

As per Jones and Litovsky [20], the amount of SRM due to asymmetry (SRMasymmetry)
was computed for each subject as (SRMasymmetrical - SRMsymmetrical) and these values are shown
for the five participant groups in Figure 5. Figure SA show individual data points for each
listener, and Figure 5B summarizes the group means (£SD) and highlights statistically
significant comparisons (*). Visual inspection of the data suggests that adults had the largest
values, on average, and that the BiCI-A group had the smallest average values. However,

variability was quite high as can be seen from the error bars. Planned t-test comparisons were



40
conducted to test for group differences of SRMagymmetry. Older NH (NH-B) children had a
smaller effect of SRMgsymmenry than Adults [t(14)=-2.38, p=0.04, two-tailed], and no other
comparisons were significant, which is not surprising given the large within-group variation.
IV. DISCUSSION

Children spend a vast amount of time communicating and learning in complex acoustic
environments, in which multiple sound sources compete for attention and localization. The
ability to segregate target speech from competing sources in the environment is likely to yield
greater success in learning and attainment of critical communication skills. Studies in which
spatial cues differ between target and interferers are aimed at assessing the extent to which
listeners can utilize spatial cues in complex listening tasks for source segregation. Here we
investigated this ability in adults and in four groups of children, two NH that varied in age, and
two with BiCls, that varied in auditory experience (hearing age) and chronological age.

A. Speech Reception Thresholds (SRTs)

Not surprising, results of the current study suggest that, on average, speech reception
thresholds are lower for adult listeners when compared to all children groups. This may be due to
a number of factors including continued maturation of central auditory mechanisms and attention
throughout childhood (e.g., [32, 33]). Within the children groups, on average, NH listeners had
lower SRTs than children with BiCls, that is, the level of the target required for them to
understand speech at ~80% correct was lower. This is important to note in quiet, and also in the
presence of interferers, because it suggests that BiCI users need a better SNR than NH children
in order to understand the same proportion of words. Similar reports have been noted in children

who are hearing impaired and use hearing aids [34] and in adults who use BiClIs (e.g., [35]). This
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was observed regardless of the fact that the older BiCI group had been wearing two ClIs for an
average of 4 years. One of the hallmarks of research with cochlear implant users, which was also
observed in the present study, is that of individual variability. There was overlap in the SRTs of
the better-performing BiCI users and the worse-performing NH children, suggesting that some
BiClI users have attained a level of performance that is within the normal range of performance,
while other children with BiCIs have substantially poorer performance than their NH peers.

In this study we also examined, for the first time, the repeatability of SRT measurements.
In our past work we had selected to obtain SRTs, rather than to measure percent correct, as we
were ultimately interested in the effect of spatial cues on the level required for listeners to
succeed in 80% speech intelligibility. Unlike previous studies in which a single SRT
measurement was obtained for each listener per condition [21, 24, 34, 36], here we introduced a
repeated measures factor, such that listeners were tested on each condition several times during
the testing session. SRTs were averaged for each subject across the repeated runs, and a single
value consisting of the average was used in the data analysis. The findings that SRTs did not
differ across repeated measures leads us to conclude that this approach is reliable for children as
young as 4 years of age, and for children who are fitted with Cls.

When examining age effects on SRT measurements, older NH children had lower
thresholds than younger NH children, but only on the Symmetrical condition with the target and
interferers spatially separated towards both ears. This age effect was not observed in the BiCI
groups. This finding is consistent with other reports showing that spatial hearing in NH children
undergoes considerable maturation during childhood [11], and may be mediated by the continued

maturation of auditory cortical mechanisms throughout childhood [37, 38]. The lack of age
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effects in the BiCI groups is likely related to the fact that bilateral CI processors do not provide
binaural cues with fidelity; see below for further discussion.

B. Spatial Release from Masking

Previous research in NH populations has shown that, in Asymmetrical interferer
configurations, SRM occurs for children as young as 3-4 yrs [10, 21, 34, 36]. Here we add to this
literature by demonstrating that, when the interferers are placed symmetrically in the two
hemifields, children who are 4-9 yrs old can benefit from spatial separation of target and
interferers. Because monaural head shadow cues are greatly reduced in the Symmetrical
condition, the results suggest that children were able to rely on binaural cues for release from
masking. Previous work with NH adult listeners suggests that SRM is largest in conditions that
contain both monaural and binaural cues, and decreases when maskers are symmetrical so that
binaural cues are reduced [20]. Here the difference between Asymmetrical and Symmetrical
SRM values was only significant for the Adult group and one of the child groups (BiCI-B,
older), who had negative SRM in the Symmetrical condition (see Figure 3). It should be noted
that this range of SRM falls within the range considered to be within the margin of error for the
test battery used here (£2 dB; [23]). Thus, the spatial separation did not, on average, have a
meaningful effect nor did it negatively impact performance. The challenge posed by the
Symmetrical condition for BiCI users can be understood by considering the variety of factors
they contend with. First, in this condition they are unable to use monaural cues. Second, the
microphones are most likely amplifying the two interferers, thus creating a more difficult
listening situation than the condition with the co-located stimuli. Third, binaural cues are likely

to be minimal or absent.
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This last factor points to a well-known characteristic of BiCls: the lack of binaural
coordination between the CI speech processors in the two ears, which likely causes binaural cues

to be weak, absent or inconsistent [1, 30]. BiCI users are essentially fit with two monaural
systems, which are not coordinated regarding their sampling time or onset time, thus the chances
that binaural cues are preserved with fidelity is minimal [39]. In addition, speech processing
strategies in Cls which use pulsatile non-simultaneous multi-channel stimulation extract
envelopes of signals from the output band-pass filters, discarding the fine structure. Thus, low-
frequency interaural time differences, which are known to be important for source segregation
(e.g., [12]), are absent to BiCI users.

BiClI users most likely do have access to high-frequency interaural level difference cues;
however, the results in the present study suggest that those cues may not be optimal for SRM. In
general, ITDs have been shown to play a more important role than ILDs for SRM (e.g., [12]),
hence the absence of ITDs is likely to have rendered Symmetrical SRM difficult to achieve. On a
related note, as discussed above in relation to SRTs, the spectral degradation of the speech signal
in Cls is likely to reduce the dissimilarity between the target and masker, hence the BiCI users
are likely to have experienced more informational masking than the NH listeners. In a recent
study on BiCI simulation with vocoders that varied the number of spectral channels, Garadat and
Litovsky [21] demonstrated that binaural cues play a strong role in enhancing SRM when target
and interfering speech are more likely to be confused.

The small SRM in the Asymmetrical conditions for the BiCI users may be due to the
small dynamic range, and the microphone characteristics, which, even in the directional setting

have a broad range of locations that are amplified in the frontal hemifield. Thus, unlike NH
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listeners whose acoustic system renders front and side speech signals as having more
differentiated levels, CI users may receive front/side signals that are much less differentiated
from one another. The Asymmetrical and Symmetrical data are consistent with a study by
Loizou et al. [5] in adult BiCI users, whereby SRM was studied using a method that replicated
conditions for NH adult listeners in Hawley ef al. [13]. Stimuli in the Loizou ef al. [5] study
consisted of target and interferers, convolved through head related transfer functions measured in
a manikin, thus bypassing the microphone of the Cls. Stimuli were provided to listeners via
direct connect input to the auxiliary port of the CI in each ear. Results showed that SRM due to
binaural interaction was about 0 dB, in contrast with 6 dB in NH listeners. SRM due to monaural
cues was about 4 dB in both groups of listeners, suggesting that when the CI microphones are
bypassed at least the monaural head shadow cue observed in NH listeners is retained.

Recent research has suggested that children who receive BiCls simultaneously perform
better on speech in noise tasks than those who receive their Cls sequentially [27]. The current
study did not address that issue since it includes only one child who received BiCls
simultaneously (CIBB), with all the rest having been implanted sequentially. Interestingly, the
one subject who received implants sequentially did not demonstrate markedly notable SRM
(Asymmetrical: -1.09 dB, Symmetrical: -2.56 dB).

In this study, NH children were divided into two age groups in order to consider possible
effects of maturation and development of speech intelligibility and spatial hearing abilities.
While there were age effects in SRTs, these effects were only in the Symmetrical condition.
These were not powerful enough to affect significant SRM effects, presumably because SRM is

derived from comparisons of the spatially separated and front conditions. Lack of robust age
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effect on SRM may be due to the dissimilarity between the stimuli used here (male talker and

female interferers), whereby informational masking is limited [40]. Because informational

masking in children is thought to have a strong developmental component [32, 33], the different-

sex stimuli may have created a listening task that reduced the utility of spatial cues in source.

Finally, adults in this study did show SRM on the order of 7.43 dB and 2.81 dB in the

Asymmetrical and Symmetrical conditions, respectively. This is within the range of SRM
reported previously with the same target-interferer speech corpus and with target and interferers
spoken by different-sex talkers, thus easily distinguishable from one another (e.g. [22]).
However, the SRM was also smaller than that reported with the same speech corpus but for
same-sex target-interferers [20]. These differences are most likely due to the relatively easy task
(male-talker: female-interferers using a 4-AFC) and reduced or absent informational masking
[24, 41].

V. CONCLUSIONS

(1) Speech reception thresholds (SRTs) in NH children were poorer than in adults.

(2) There was overlap in the SRTs of the better-performing BiCI users and the worse-
performing NH children, suggesting that some BiCI users have attained a level of
performance that is within the normal range of performance, while other children with
BiCls have substantially poorer performance than their NH peers.

(3) SRTs were poorer in younger NH children than older NH children for conditions with
interferers separated, suggesting an age related effect of using spatial cues to hear speech
in noise, but this effect did not hold significance when SRM values were analyzed,

possibly because SRM is derived from the spatially separated and front conditions.
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(4) When SRM was compared within each group between the Asymmetrical and
Symmetrical conditions, only the BiCI-B and Adult groups showed a significant
difference between the two, with more SRM in the Asymmetrical condition. Lack of
significant difference in SRM between the two conditions in other groups may be due to
the large individual variability.

(5) When matched for chronological age (older groups) children with NH showed more SRM
than children with BiCI for conditions with interferers distributed both asymmetrically
and symmetrically.

(6) When matched for hearing age (younger groups), children with NH showed more SRM
than children with BiClIs in the Asymmetrical condition. In the Asymmetrical condition, a
combination of monaural and binaural cues are available.

(7) When comparing children with BiCls, who are chronologically older, but have 2 years
less hearing experience than the younger normal hearing children, the younger children
with NH showed more SRM in both the Asymmetrical and Symmetrical conditions. This
suggests that access to binaural cues through acoustic stimulation, whereby the cues are
preserved with fidelity, may be a key factor in determining SRM.

(8) Contribution of individual variability to performance is an important next step in these
measures, which may help to understand how the ability to use spatial cues for source

segregation changes with age and experience in children with BiCls.
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Table I: Subject Demographics

Subject Chronological Hearing Ageat first CI Age at second CI Time between first
Code Age (yr)  Age (yr) Etiology activation (yr)  activation (yr) and second CI (yr) First CI Second CI
BiCI-A CIBU 6.3 5.1 Connexin-26 1.1 5.0 39 Med-El Tempo; left ear Med-El Pulsar; right ear
(younger BiCI
users) CIcY 5.7 4.7 Unknown 1.0 4.7 3.7 Advanced Bionics HiRes90K; right ear Advanced Bionics HiRes90K; left ear
CIDN 7.0 58 Genetic 12 6.1 49 Med-El Combid0+; left ear Med-El Pulsar; right ear
CIDQ 6.6 58 Unknown 9 mo 44 34 N24C; right ear Nucleus Freedom; left ear
CIDP 49 4 Connexin-26 11 mo 2.8 1.8 Med-El Combid0+; left ear Med-El Pulsar; right ear
CICB 52 4.6 Connexin-26 10 mo 2.1 12 N24C; right ear Nucleus Freedom; left ear
CIDX 6.8 54 Connexin-26 1.5 2.7 1.1 N24C; right ear N24C; left ear
CIBW 58 4.8 Connexin-26 1.0 39 2.7 N24C; right ear Nucleus Freedom; left ear
mean=6.0 mean=5.0
BiCI-B CIAY 9.0 7.1 Progressive, unknown 52 6.0 10 mo N24C; right ear N24C; left ear
(older BiCI
users) CIAW 8.6 74  Prenatal CMV exposure 12 6.6 42 N24C; i Nucleus Freedom; left ear
CIBB 7.0 6.5 Meningitis 7 mo 7 mo simultaneous N24 N24C; left ear
CIBI 73 7.0 Mondini malformation 1.1 2.1 4mo N2 N24C; left ear
CIDQ 7.7 6.9 Unknown 9 mo 44 34 N24C; right ear Nucleus Freedom; left ear
CIEL 7.6 6.7 Unknown 12 34 22 N24C; right ear Nucleus Freedom; left ear
mean=7.9 mean=6.9
NH-A CNS 43
(younger NH) CNI 6.3
CNF 4.2
CNJ 55
CNB 53
CNK 4.1
CKX 57
CNQ 44
mean=5.0
NH-B CNH 7.6
(olderNH) CNG 8.8
CKB 7.8
CNL 8.0
CNU 74
CKG 83
CNV 6.9
CNW 7.8
mean=17.8
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FIG. 1. Speech reception thresholds (SRTs) are plotted for each group in each condition (A:

Quiet, B: Front, C: 90 Asymmetrical, D: 90 Symmetrical). Within each group individual subjects

are represented by a different symbol. For each subject individual symbols represent a single

SRT. Group means (=SD) are shown to the right of all subjects in each group by the filled

circles.
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Figure 2
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FIG. 2. Mean (£SD) SRTs are shown for each group in each condition (i.e. Quiet, Front, 90
Asymmetrical, 90 Symmetrical). Significant differences (p<0.05) are bracketed and indicated
with an asterisk (*). Solid brackets indicate differences within hearing type (i.e. A vs. B). Dashed

brackets indicate differences between hearing type (i.e. NH vs. BiCI).
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Figure 3
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FIG. 3. Spatial release from masking (SRM) values for Asymmetrical and Symmetrical
conditions are compared for each individual listener for each group. Panels A-D show groups as
follows: A: BiCI-A, B: BiCI-B, C: NH-A, D: NH-B, E: Adult. Each data point represents one
listener. The diagonal line corresponds to equivalent SRM in the Asymmetrical and Symmetrical

conditions.
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points represent individual subjects. Group means (+SD) are shown to the right of all subjects in
each group. (A) SRM Asymmetrical. (B) SRM Symmetrical. (C) Mean (=SD) SRM for both the
Asymmetrical and Symmetrical conditions are summarized for each group in each condition.

Significant differences (p<0.05) are bracketed and indicated with an asterisk (*).
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ABSTRACT
In complex auditory environments, it is often difficult to separate the target talker from
interfering speech. For normal hearing (NH) adult listeners, this difficulty increases as the target
and interfering speech become more similar. This study investigated performance of children
with NH and with bilateral cochlear implants (BiCIs) when target and interferers were same-sex
talkers (male target, male interferer) compared to when the target and interferers were different-
sex talkers (male target, female interferer). Performance was worse for both groups with the
same-sex vs. different-sex stimuli when sources were co-located in a Front condition.
Additionally, effects of spatial cues were investigated by having the interferers positioned in
azimuth either symmetrically (+/-90°) or asymmetrically (+90°). Improvement of speech
intelligibility when target speech and interferers are spatially separated, as opposed to co-located,
is an effect known as spatial release from masking (SRM). Results showed more SRM for NH
than the BiCl listeners, suggesting that NH listeners are better able than listeners who use BiCls
to make use of spatial cues to improve speech understanding in noise. When comparing SRM
within groups, there was a trend for more SRM with the same-sex vs. different-sex stimuli. Lack

of significant differences is likely due to within-group variability.
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I. INTRODUCTION

The ability to selectively attend to a target talker while ignoring interfering stimuli is a
complex skill utilized in many daily listening environments. This skill is often contemplated
within the context of Cherry’s [1] early description of the “cocktail party problem,” which
highlights the difficulty that listeners experience when extracting information from a target
speech source in a multi-talker environment. The cocktail party problem is defined in part by the
consequences that arise as a result of the target speech competing with other auditory sources in
the listening environment. The effect of this competition—described as “masking”—amounts to
a reduced ability to hear and understand the target source. Over time, the concept of masking has
been more specifically defined in the literature to help create common language around auditory
phenomena related to the cocktail party problem. The field of auditory psychophysics
differentiates between “energetic” and “informational” masking. The former occurs when target
and interfering stimuli contain energy within the same critical bands at the same time [2, 3] and
is thought to be accounted for by mechanisms in the auditory periphery. In contrast, it is
theorized that informational masking is driven by auditory and attentional mechanisms mediated
by neural levels beyond the periphery (i.e., the central auditory pathway), with confusability of
the target and interferers under conditions in which both are audible. Thus, with informational
masking, factors such as similarity or uncertainty of the sources result in the listener’s increased
difficulty in segregating them [4-6]. The inability to distinguish between target and interfering
speech can cause confusion for listeners in many daily environments, including classrooms,

social environments and work-related spaces. The questions that drive the present study are
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focused on conditions in which listeners can utilize spatial cues to segregate a target talker from

other talkers.

In normal hearing (NH) adults, an increase in similarity between the target and interferer
typically leads to an increase in masking by a larger amount than would be expected if only the
overlap in energy of the target and interferers was being accounted for (i.e. energetic masking).
Masking can be greater for speech targets when the interferers are also speech sounds, as
opposed to noise, and in particular speech sounds that bear similarity such as same-sex vs.
different-sex target and interferers, or same-talker vs. different-talker combinations [7-12].
Relevant to the current study is the finding that, in NH adults, when informational masking is
robust, spatial cues are particularly helpful for target-interferer segregation. For example, when
both the target and interferers are speech-based stimuli (i.e. speech and time-reversed speech)
listeners show more improvement due to availability of spatial cues (spatial release from
masking; SRM) than when the target is speech but the interferers are modulated noise [8-11, 13-
17]. SRM is an effect whose size has been shown to depend on numerous factors, such as room
acoustics [ 18], number of interferers [15], spatial configuration of sources [19] and perceived

spatial separation between target and interferers [9, 16].

Recent studies on this topic have also focused on target-interferer segregation in children.
The motivation behind that work is to understand developmental factors that might contribute to
source segregation abilities in young children, with possible clinical applications emerging from
this work [20-23]. For children who are deaf and use cochlear implants (CIs), the task of
segregating speech from noise provides a compelling marker for the extent to which children can

benefit from the use of bilateral cochlear implants (BiCls) vs. unilateral stimulation. Unlike the
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plethora of data in NH adults, studies investigating the cocktail party problem in children remain
small in number. Also notable is that, to date, these studies have used target-interferer stimuli
that consist of different-sex talkers under the presumption that clarity of the task for the children
(i.e., instructions to “listen to the female and ignore the male”’) would be maximized (see [21, 23-
27]. The purpose of the present study was to identify the role of target-interferer similarity for
SRM in NH children and in children who are deaf and fitted with BiCls. In the previous study on
these populations of children [23], it was likely that spectral properties of the different-sex
stimuli (i.e. lower fundamental frequency of male versus female talkers) resulted in a listening
task in which the target and interfering sources were easily distinguishable for listeners with NH.
Therefore, in some cases, the introduction of spatial cues may have provided little additional
benefit. In order to shift the focus of source segregation away from benefit possibly due to
differences in spectral cues, the current study used same-sex target and interfering speech. This
design was intended to improve our understanding of the effect of heightened similarity between
the voices, and hence uncertainty about the content of the target, which in adults with NH can

result in informational masking [5].

It was hypothesized that children with NH would demonstrate poorer speech reception
thresholds (SRTs) with the task containing same-sex target and interferers. It has been shown
that children who use BiClIs have difficulty in distinguishing target speech from interferers even
with different-sex talkers [21, 23]. This may be due to the degraded clarity of spectral cues
provided by the CI device, resulting in interferer and target voices that are perceptually similar in
the same way that same-sex voices are. Other research has suggested that gender distinction is a

challenge for CI users [28-30]. In order to test this idea we conducted further investigation with
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this population, with same-sex target and interferer, and predicted that if children with Cls
indeed perceive same-sex and different-sex talkers as similar, then performance with either
interferer in place would be similar. In other words, due to the limited number of spectral
channels in a CI, children with BiCls would likely experience more perceptual confusability with

either set of stimuli and demonstrate more masking than NH children.

A second focus of this study was the age of participants: children with NH and with
BiCls were recruited so that they would be matched either according to hearing age (HA, the
amount of time exposed to sound) or chronological age (CA). Relatively little is known about
how children who use CIs and receive auditory input through electrical stimulation to the
auditory nerve, without integration of inputs to the two ears, compare to children with NH in
these multi-source environments. We hypothesized that even when matched for HA, the BiCI
groups would perform worse on tasks of spatial hearing than the NH groups, due to the fact that
the processors for each ear are not coordinated, resulting in minimal or absent binaural cues [31,
32]. We were also interested in examining age effects within populations of children with NH or
BiCls. Although NH listeners of all ages are able to use spatial cues for source segregation,
developmental effects have been reported in free field [23] and for contralateral unmasking
headphone stimulation [33, 34]. This difference could be due to the fact that information
masking also depends on development of central auditory mechanisms and non-auditory factors

such as attention [35-37].

A third question we asked in this study regarded the effect of interferer location on SRM.
We were interested in the extent to which SRM occurs when interferers are directed toward one

ear, where monaural cues in the opposite ear may facilitate source segregation, compared to
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SRM in conditions in which interferers are placed symmetrically toward both ears, where
listeners must rely more heavily on binaural cues. In our previous study [23] we reported that in
NH children ages 5 and older, SRM occurs not only in the Asymmetrical condition, but also in
the Symmetrical condition. In that population, we are now examining the extent to which same-
sex target-interferers would result in enhanced SRM. Furthermore, in children with BiCls, who
demonstrate SRM in the Asymmetrical condition due to the availability of the monaural head
shadow cue, we are interested in understanding whether they can also benefit from spatial cues in
the Symmetrical conditions. It is reasonable to surmise that lack of coordination between the two
CIs may render the conditions with monaural cues most relevant for SRM [21, 23, 38-40]. In
fact, previous studies on the cocktail party problem in hearing impaired listeners and CI users
have quantified benefits with reference to whether one or both ears are stimulated. Commonly,
the “better ear effect” (or “monaural head shadow”) is observed and is thought to be due to a
more favorable signal-to-noise ratio (SNR) in one ear [15, 41]. However, effects due to spatial
separation are less commonly explored. The study was designed to test the hypothesis that less
spatial unmasking would occur with interferers directed toward both ears (symmetrically) than
directed only toward one ear (asymmetrically), and whether the increased informational masking

with same-sex target and interferers would render spatial cues more effective.

In summary, the first issue of focus in the current project is the effect of using same- vs.
different-sex talkers for spatial unmasking in children with NH. The second asks whether
children who are fitted with BiCls demonstrate similar effect sizes, and how that relates to HA
and CA of the children with NH. The third question explores the effect of interferer location and

whether SRM depends on the availability of the “better ear” or can also occur in children when
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interferers are distributed symmetrically around the head, and in particular when informational

masking is induced with same-sex stimuli.

II. METHODS

This study was designed such that we could compare SRTs and SRM within (young (A)
versus old (B)) and between (NH versus BiCI) groups. In addition, the design was guided by the
goal of comparing the current data, using same-sex (male target, male interferers) stimuli, to

those from Misurelli and Litovsky [23] where different-sex stimuli were used.

A. Listeners

The population of children tested consisted of 4 children with BiCls, 11 children with
NH, and 6 adults with NH who had participated in our recently published study with different-
sex stimuli [23], and who were retested for this study with same-sex target and interferers. We
recruited 9 additional children with BiCls, 5 children with NH, and 2 adults with NH all of
whom were tested with both sets of stimuli. The children whose data for the different-sex talkers
that were published in the previous study are shown in Table I with an asterisk next to the subject
code. Thirty-seven (37) native English-speaking listeners were recruited, and all received
payment for their participation. Five groups of listeners were tested: two groups of children with
NH, two groups of children with BiClIs, and one group of adults with NH. Children groups were
recruited according to hearing age (HA), defined as the amount of time the listener had been
exposed to sound (both acoustic and electric). For the groups with NH, HA was equivalent to
chronological age (CA). For the children with BiCls, HA was calculated from the time of

activation of the first CI in addition to any acoustic experience prior to CI activation (i.e. cases of
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sudden or progressive hearing loss). There were 4 listeners who had acoustic experience prior to
receiving their first CI: 3 in the younger BiCI group with varying histories (CICA-hearing loss
identified at 2 years; CIET-enlarged vestibular aqueduct syndrome (EVAS)/sudden hearing loss;
and CICF-progressive hearing loss due to meningitis) and 1 listener in the older BiCI group

(CIEK who had EVAS/progressive hearing loss).

Children with BiCIs were recruited from CI centers throughout the United States and
traveled to Madison, WI to participate. These children visited the lab for three consecutive days
and participated in a number of experiments. During all testing sessions, children’s CI processors
were set to their clinically programmed every-day listening mode, as confirmed by parent and
audiologist reports. Prior to the first testing session a subjective loudness balancing procedure
was conducted, and volume and sensitivity controls were adjusted to best equalize the loudness
between the two CI devices. These children were separated into two groups according to their
HA (see Table 1 for demographic information). In the younger group (BiCI-A) there were 7
children, with a HA of 5;0 + 0;10 (mean and standard deviation for years;months), and a CA of
6;4 = 0;9 (mean and standard deviation for years;months). This group had bilateral experience of
3;2 = 1;1 (mean and standard deviation for years;months). In the older group (BiCI-B) there were
6 children, with a HA of 7;2 + 0;10 (mean and standard deviation for years;months), and a CA
of 8;5 = 0;6 (mean and standard deviation for years;months). This group had fairly similar
amount of bilateral experience to that of the younger group (3;4 + 0;9 mean and standard
deviation for years;months). Group BiCI-A had three children who received their Cls
simultaneously (CICA, CIEH, CIET) and four children who received their Cls sequentially. In

the sequentially implanted children, the first CI was activated by 18 months of age for all but one
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child who had a late identification of hearing loss (CIDW). For group BiCI-B, all children
received their Cls sequentially. In this group, all but two listeners (i.e. CIDJ-hereditary hearing
loss and CIEK-EV AS/progressive hearing loss) had their first CI activated by 18 months of age.
For both BiCI groups, all children had at least one year of experience listening with two cochlear
implants (mean, min, max (years;months) = 3;3, 1,7, 4;5), and the main mode of communication
noted by parents was oral. No children were known to have co-morbidity factors due to

identified disabilities.

All children with NH were recruited locally from the Madison, WI area. Children with
NH were selected to match BiCl listeners for age in such a way that we were able to compare
performance based on HA or CA. NH children were recruited into two groups. In the younger
group (NH-A) there were 8 children, with a CA of 5;2 + 1;0 (mean and standard deviation for
years;months). In the older group (NH-B) there were 8 children, with a CA 8;3 + 0;11. The
younger NH group (NH-A) matched the younger BiCI group (BiCI-A) for HA, and, on average,
the BiCI-A was chronologically 1;2 older than NH-A. NH-B matched the older BiCI group
(BiCI-B) for CA and, on average, the NH-B had 1;1 more hearing experience than BiCI-B. In
addition, 8 NH adult listeners (ages 18-25 years) were recruited from the student population at
the University of Wisconsin-Madison. All NH listeners were given a hearing screening
consisting of pure-tone thresholds of 20 dB HL or less at octave frequencies between 250 and
8000 Hz. Children were also screened using tympanometry in order to rule out any middle ear
anomalies or infection on the day of testing. Tympanometric results indicated normal peak-
compensated acoustic static admittance at each testing session. No participants that were

recruited were excluded from participation due to a failed hearing screening.
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This research was approved by, and carried out in accordance with, the University of
Wisconsin-Madison Human Subjects IRB regulations. Before testing commenced, all adult
participants signed a consent form and, for children, caregivers signed a consent form. Children

with a CA of 7 years or older signed an assent form.

B. Testing environment

Testing was conducted inside a standard Industrial Acoustics Company (IAC) sound
booth (dimensions 2.8 x 3.25 m) with a reverberation time (RTg) of 250 ms. During testing,
listeners sat at a foam-covered desk in the center of a semicircular loudspeaker arc, facing a
computer monitor located at 0° azimuth. Loudspeakers (Cambridge Soundworks,
Center/Surround IV) were positioned at ear level approximately 1.5 m from the listener and were
calibrated prior to each testing session. For NH listeners, testing was completed after two visits
to the lab, with each visit lasting approximately one hour for adults and three hours for children.

Children with BiClIs completed the task within their multi-day visits.

C. Stimuli

The target stimuli were a closed-set of 25 spondees (a two-syllable word with equal stress
on both syllables) selected to be within the vocabulary of children ages 4 years and older [22],
and were pre-recorded using a male talker (all root-mean-square levels equalized). Interfering
sentences were taken from the Harvard IEEE corpus [42] and were pre-recorded separately using
a male talker (different talker than the male target talker) and a female talker. Sentences were
filtered to match the long-term average speech spectrum of the target spondees. Two-talker

interferers were created by overlaying two recordings from the same talker, either male or
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female. Figure 1 shows spectral differences between the target stimuli and the male and female

interferers.

D. Design and procedure

Speech reception thresholds (SRTs) were measured for target spondees in quiet and in the
presence of interfering speech. For each listener, SRTs were measured in quiet with no
interferers present and in 3 conditions with interferers fixed at 55 dB SPL. More specifically,
SRTs measured in the 4 conditions are denoted as: SRTquic (target 0° front, no interferers),
SRTEront (target and interferers both 0° front), SRT99e/190° (target 0° front, interferers placed in an
asymmetrical configuration at 90° to one side or another) and SRT.gge/.90c (target 0° front,
interferers placed in a symmetrical configuration with one at +90° and one at -90°). In the
asymmetrical condition, interferers were placed 90° to the right for the NH listeners and 90° to

the side of the first CI for the BiClI listeners.

SRTs for each of the conditions were obtained using both the female and male interferers
in order to perform within group comparisons. To minimize any order effects, all conditions
were randomized within interferer type. Due to time constraints, fewer than three SRTs per
condition were measured on 9 NH listeners (NH-A: 3, NH-B: 6) and 8 BiCl listeners (BiCI-A: 4,
BiCI-B: 4). Conditions in which this occurred varied between listeners. SRTs were averaged for
data analysis, resulting in one SRT per interferer for each of the four conditions. As described in
Misurelli and Litovsky [23], SRTs in children with NH and with BiCls have been shown to be
consistent between trials; therefore warranting averaging SRTs within each condition for each

listener.
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Each listener participated in a brief familiarization task before testing commenced in
order to verify accurate identification of each target spondee with the corresponding icon. The
experiment was designed with the intent of measuring SRTs in quiet and in noise, but not in
order to test vocabulary. For that reason, any target spondee that an individual listener was not
able to identify was not used in the experimental testing (similar approaches were used in our
previous studies by Litovsky and colleagues). Out of the 37 listeners, only two used a target list
less than 25 words, with no list less than 19 words (NH-A: 1 listener, BiCI-A: 1 listener).
Practice in the Quiet and Front conditions was conducted for all listeners in order to allow each
listener to become familiar with various aspects of the testing (i.e. listener position, computer
controls, stimuli). Data collected during the practice session was not included in the analysis, and
was used solely to assure each listener was comfortable with the experimental task. A trained

tester accompanied all child listeners in the booth.

The experimental test consisted of a 4-alternative-forced-choice task [20-23, 43], in
which the target spondee was identified from four possible icons. On trials with male interferers,
listeners were given experience hearing the interferer sentences and the male target; subsequently
they were instructed to ignore the “boy talkers” and to pay attention to the man’s voice (male
target). On trials with female interferers, listeners were given experience hearing the interferer
sentences and the male target; subsequently they were instructed to ignore the “lady talkers” and
to pay attention to the man’s voice (male target). Trials began with the word “ready,” followed
by one randomly chosen spondee from the list of 25. Similar to our previous studies, in
conditions with interferers, the interferers were turned on first followed by the target. Interferers

continued for approximately 1s after the target was turned off. After the target was presented
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four pictures were displayed on the computer monitor, 3 of the 4 pictures were randomly selected
from the closed-set of 25 and 1 of the 4 pictures corresponded with the target spondee. The
listener was then asked to identify the picture that corresponded to the spoken spondee. Feedback
was given only after incorrect responses. The feedback was pre-recorded phrases such as, “let’s
try another one” or “that must have been difficult”. Regardless of whether the child identified the
correct picture or not, children were reinforced after each response by a computer display of one
digitized puzzle piece. Children were also reinforced with stickers and small prizes, and

“listening breaks” were given when necessary.

E. Speech reception threshold estimation

SRTs were measured using an adaptive tracking method. Target level was initially
presented at 60 dB SPL, decreasing in intensity with correct responses and increasing in intensity
with incorrect responses. Initially levels decreased by 8 dB following correct responses.
Following the first incorrect response target levels were adjusted using a 3-down/1-up procedure,
and step size was halved with each reversal of target level. Testing was terminated after four
reversals. SRTs were calculated using Maximum Likelihood Estimation (MLE) methods [44,
45], which define threshold as the point on the psychometric function in which stimulus intensity
level corresponded to a performance level of 79.4% correct. The methods used have been

previously described [20, 22, 23, 43].

F. Spatial release from masking
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SRM was calculated for each listener by subtracting the mean SRT in either the
asymmetrical or symmetrical conditions from the mean SRT in the front condition. SRM was

defined as the difference between SR TE.on and either the SRT49g0/1900 0r SRT-900/.90°, such that:

1. SRMAsymmetrical: SR TFront - SRT+900/190°

2. SRMSymmetricalz SRTFront - SRT-+900/:90°

This approach is identical to that used by Misurelli and Litovsky [23] to measure SRTs
with female interferers. Positive SRM values indicate an improvement in identification of the
target when interferers are spatially separated versus co-located with the target. The larger the
amount of SRM, the greater the perceived benefit with the sources spatially separated. Negative
SRM indicates that a listener performed worse when the target and interferers were spatially

separated.

III. RESULTS

A. Speech reception thresholds

Mean (+SD) SRTs are shown in Figure 2 comparing data collected with the male
interferers (filled symbols) and data collected with the female interferers (open symbols). Visual
inspection of the SRT data in Figure 2 suggests that the male interferer produced higher SRTs in
general; statistical assessment of these effects was conducted within each listener group, in each
condition, using planned paired t-test comparisons. Statistically significant differences are
denoted (*) within each panel. Bonferroni corrections for 3 comparisons per planned comparison
group were applied. Results of the planned t-test comparisons as shown in Table II identified a

number of condition/group combinations in which the male (same-sex) interferers produced
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higher SRTs (worse performance) than the female (different-sex) interferer. This effect was
observed: (a) for all subject groups in the spatial configuration with both target and masker in
Front (co-located); (b) in the Symmetrical condition for the two groups of NH children; and (¢)

in the Asymmetrical condition for the older NH children and adults.

Figure 3 summarizes between-group SRT data. Results of planned t-test comparisons
with Bonferroni corrections for 4 comparisons per group were applied and are summarized in
Table III. Results showed slightly more significant differences between groups that have
differences in hearing type (NH vs BiCI) than in groups that have differences within hearing type

but differ in age (A vs B).

B. Spatial Release from Masking

Figure 4 displays individual data points for SRMsymmetrical VS. SRMasymmetrical fOr €ach
listening group with each interferer. The diagonal line represents unity for SRMasymmetrical and
SRMsymmetrical: The data points below the diagonal line denote cases in which listeners
demonstrated more SRM with interferers located in the asymmetrical condition; data points on
the diagonal indicate unity, i.e., no effect of interferer symmetry vs. asymmetry; data points
above the diagonal indicate that SRM was greater with the symmetrically distributed interferers.
Moreover, data points in the right or top portions of each panel denote greater SRM. Planned
paired t-tests were conducted within each listener group, to evaluate the effect of distributing the
interferers symmetrically vs. asymmetrically relative to the listener’s head. SRMagymmetrical Was
greater than SRMgymmetrical for all listener groups with the same-sex interferer (BiCI-A: *p=0.03,

BiCI-B: *p=0.04, NH-A: *p=0.001, NH-B: *p=0.01, Adult: *p=0.04). However, with the
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different-sex interferers the same effect of interferer location was found only for the adult group

(BiCI-A: p=0.34, BiCI-B: p=0.37, NH-A: p=0.14, NH-B: p=0.14, Adult: *p=0.004).

Figure 5 summarizes the mean (£SD) SRM data for each group in both the Asymmetrical
(4A) and Symmetrical (4B) conditions. Planned paired t-test comparisons on differences in SRM
within groups for the male vs. female interferers showed a statistically significant difference for
only the NH-B group in the asymmetrical condition [t(7)=4.35, p=0.003], and the BiCI-A group
in the symmetrical condition [t(6)=3.01, p=0.02]. Although all groups, on average, exhibited
more SRM with the male interferers, large variability within groups was a likely determining

factor in the lack of statistically significant differences in most cases.

The data in Figure 5 were re-plotted in Figure 6 in order to highlight the differences in
SRM that were observed with the two different interferer configurations with each the male
interferers (6A) and the female interferers (6B). Significant results from planned t-tests with a
Bonferroni correction for 2 comparisons are denoted (*) and listed in Table IV. Results of the
planned comparisons with the male interferers were as follows (Figure 6A): (1) No differences
were found between the older and younger child groups for either the NH or BiCI groups. (2)
Comparing children in the two older groups (matched for CA), NH-B had more SRM than BiClI-
B in both conditions: SRM asymmetrical [t((12)=4.11, p=0.001, two-tailed] and SRMsymmetrical
[t(12)=4.28, p=0.001, two-tailed]. (3) Comparing the children in the two younger groups
(matched for HA), NH-A had more SRM than BiCI-A in only the SRMasymmetrical [t(13)=4.03,
p=0.001, two-tailed]. (4) Comparing the younger NH group with the older BiCI group, NH-A

had more SRM in both conditions: SRMasymmetrical [t(12)=3.19, p=0.008, two-tailed] and
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SRMsymmetricat [1(12)=2.58, p=0.024, two-tailed]. (5) There were no differences for either

condition when comparing the younger and older NH children with the Adult group.

Results of the planned comparisons with the female interferers were as follows: (1) There
were no differences between the older and younger groups in either the NH or BiCI children
groups. (2) Comparing children in the two older groups (matched for CA), NH-B had more SRM
than BiCI-B in both conditions: SRMssymmetricat [t(12)=3.80, p=0.003, two-tailed] and
SRMsymmetricat [1(12)=3.37, p=0.006, two-tailed]. (3) Comparing the children in the two younger
groups (matched for HA), NH-A had more SRM than BiCI-A in both conditions: SRMsymmetrical
[t(13)=4.40, p=0.001, two-tailed] and SRMsymmetrical [t(13)=3.55, p=0.004, two-tailed]. (4)
Comparing the younger NH group with the older BiCI group, NH-A had more SRM in both
conditions: SRMagymmetrical [t(12)=-3.74, p=0.003, two-tailed] and SRMsymmetrical [t(12)=-2.91,
p=0.01, two-tailed]. (5) There was no difference for either condition when comparing the

younger and older NH children with the Adult group.

IV. DISCUSSION

The ability to segregate sources and attend to a target talker is particularly important for
children, for whom learning and development often occur in multi-source, generally noisy
environments. Difficulties can arise when uncertainty exists regarding the particular sources to
which they should attend, a challenge that can be exacerbated by similarity between sources
(e.g., [5, 8, 20]). Here, we compared performance on speech intelligibility in the presence of
speech interferers consisting of talkers that were either the same sex as the target talker, or a

different sex than the target talker (the latter was also tested by Misurelli and Litovsky [23]).
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Further, we investigated listener ability to take advantage of spatial cues for source segregation
when spectral cues were limited (i.e., the target and interferer were both male talkers). For this
study, we tested two groups of children with NH, two groups of children with BiCls, and one
group of adults with NH. The NH child groups were divided according to chronological age

(CA) and the BiClI child groups varied in both CA and hearing age (HA).

A. Same-Sex vs. Different-Sex Stimuli

Talker discrimination is essential to successful verbal communication. Individuals must
use a variety of cues in order to accurately identify and segregate target and interfering speech in
noisy environments. One cue that NH individuals use to achieve this is spectral differences
between sources (e.g., voice pitch). The NH literature has shown that overall, speech
understanding in noise is worse when the target and interferers are more spectrally similar for
both adults [5, 8] and children [20]. Furthermore, when NH individuals listen to processed CI
speech through a 24-channel CI simulation, they demonstrate difficulty extracting the target
speech from the noise [46], similar to that shown in BiCI users [47]. In CI users, individual talker
discrimination has been shown to be poorer than in both NH children [30, 48] and NH adults [28,
29]. Specifically, this research has shown that CI users find it more difficult to distinguish
between voices of the same sex [30, 48], but also have difficulty discriminating between voices
of different sex talkers [28, 29]. This inability to clearly discriminate between talkers in quiet
conditions is exacerbated in more realistic environments with numerous sources played
simultaneously. It is not surprising that CI users have more difficulty discriminating between
talkers and worse speech intelligibility in noise than NH listeners [23, 40, 49], given that the

current clinically available Cls deliver signals to a reduced number of frequency channels. Our
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results show that for all groups in all conditions, on average, SRTs were higher with the male
(same-sex) interferers than with the female (different-sex) interferers, and all listeners were able
to identify target speech in Quiet at a much lower SRT than when interferers were present. That
is, speech intelligibility was worse with interferers present and with more similar target-interferer
stimuli. When we compared SRTs with same vs. different-sex stimuli, statistical significance
between stimuli sets was reached for all groups in the Front condition, meaning that all groups
needed a higher SNR in order to identify the target when the stimuli was spectrally more similar.
It is likely that the lack of spectral difference between the target and the interferer with the same-
sex stimuli introduced more informational masking, and therefore contributed to the poorer
performance (i.e., higher SRTs) in these listening conditions [12, 13, 50, 51]. It is somewhat
surprising that both BiCI groups showed significantly higher thresholds with the same-sex
stimuli in the Front condition, given that spectral information is not strongly encoded in the
current CI device [52]. It may be that that the spectral differences between the two male voices
used in this study were different enough that some CI users were able to use weak envelope

spectral cues to distinguish between the target and interferer.

When we spatially separated the target and interferers, significant differences in
performance with same- vs. different-sex stimuli occurred between groups and conditions
(Asymmetrical, Symmetrical). For groups with no difference in SRTs between the two sets of
stimuli in the spatially separated conditions, no additional masking was demonstrated with the
same-sex stimuli; that is, similar amounts of masking were demonstrated with either set [53]. It
is interesting that when interferers were spatially separated, neither BiCI group showed a

significant difference in SRTs with either same- or different-sex stimuli. It may be that, for CI
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users, spatially separating the stimuli poses a more difficult listening environment, independent
of target-interferer similarity. NH listeners are able to use directional acoustic cues to
differentiate minute changes in intensities of signals arriving from front and side locations. CI
users lack this fine-tuned ability to consistently and accurately differentiate signals from various
frontal hemifields because the directional microphones used in CI processors sit above the pinna

and amplify a much more broad range of source locations.

All groups, on average, showed more SRM (asymmetrical and symmetrical) with the
same sex stimuli vs. different sex stimuli, although, statistically significant differences were only
demonstrated in the older NH (SRMsymmetricat) and the younger BiCI (SRMsymmetrical) groups (see
Fig. 5). This lack of significant differences in all groups is likely due to the within-group
variability on the speech in noise task. It is not surprising to see large amounts of variability in
the BiCl groups, given that variability on performance on auditory tasks is a consistently
demonstrated hallmark of CI research literature. Much of this variability can be accounted for by
demographic factors such as length of CI use, age at implantation, inter-CI gap, and bilateral
experience. What is of particular interest here is the large variability that is also demonstrated
within the NH child groups. It is known that auditory pathways continue to mature into
adolescence [54, 55]. Specific to this study, informational masking has been shown to have a
developmental component [33, 36]. Wightman et al. [37] tested NH populations ages 5 to 61
and showed that the most variability on a dichotic listening task involving informational masking
was observed in NH children ages 6 to 12 years of age. This finding is congruent with our
results, suggesting that the variability found in our NH children groups ages 5 to 8 years may be

due to incomplete development of central auditory pathways.
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B. Interferer Location

For this study we also sought to investigate spatial release from masking (SRM) with
interferers directed either toward one ear (Asymmetrical), where monaural head shadow cues are
available, or both ears (Symmetrical), where monaural cues are reduced and listeners must rely

more on binaural cues.

Benefits of speech understanding in noise can be attributed to three factors: monaural
head shadow, when interferers are directed to only one ear, and therefore the opposite ear has an
advantageous SNR; binaural squelch, or benefit from adding the ear with the poorer SNR; and
binaural summation, in which target and interferers occur from the same direction, and
redundancy, rather than spatial separation, provides the listener with cues to improve speech
understanding. Although NH listeners are able to use each of these cues to gain considerable
benefit when listening to speech in noise, BiCI users do not show nearly as much benefit. This is
likely because they have limited access to binaural cues, and therefore rely primarily on the
monaural head shadow cue. Adults who use BiCls generally show better speech understanding in
noise than people with only one CI [39, 40], but due to the lack of coordination between the two
CI devices, binaural-driving benefits are still reduced compared to NH listener. Speech
understanding in noise for BiCI children [56] and adults [39, 40, 49] can be largely accounted for

by monaural head shadow.

Previous work has shown that NH adults demonstrate more SRMagymmetrical than
SRMsymmetricat With same-sex [23, 57] and different-sex [23] stimuli. Although SRM is largest in

asymmetrical conditions where both monaural and binaural cues are available, we have also
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recently shown that NH children as young as 4 years of age demonstrate SRM when sources are
symmetrically distributed [23]. This result provides evidence that by age 4, NH children are able
to take advantage of binaural cues to benefit from spatial separation when interferers are directed
towards both the right and left ears [23]. The results of the current study show that significantly
less SRMsymmetrical VS. SRMagymmetrical 1S demonstrated for all groups when same-sex stimuli were
used; this same effect was only demonstrated in the adult group when using different-sex stimuli.
The larger difference in SRMasymmetrical and SRMsymmetrical With the same-sex stimuli suggests
that, when spectral cues are reduced (and therefore masking is increased), spatial cues are more
effective. It is likely that informational masking contributed to the increased difference between
the Symmetrical and Asymmetrical SRM, such that in the Symmetrical condition not only were
monaural cues reduced, but the stimuli also lacked spectral differences, creating an extremely

difficult listening environment.

In summary, our results show that BiCI groups were better able to use spatial cues with
asymmetrical vs. symmetrical interferers, and NH groups were better able than BiCI groups to
use spatial cues to segregate the target from the interferers in both the Asymmetrical and

Symmetrical conditions.

C. Age Comparisons

In conditions where spectral cues are easily distinguishable (e.g. different-sex stimuli) to
a NH listener, BiCI users demonstrate worse performance when matched to NH listeners for
either HA or CA [23]. The current results are consistent with previous findings that both BiCI

groups showed worse performance (i.e. higher SRTs) than NH groups when identifying a target
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with either interferer. Other work with children CI users shows similar results, in that the target
speech must be played at a louder level compared to the interferers in order for correct
identification of target stimuli [21, 56]. This may be attributed to poor temporal and spectral
resolution encoding, as well as the limited number of electrodes in the CI device [28, 58, 59].
When matched for HA, the younger BiCI and NH groups only differed in the Quiet and
Symmetrical conditions. This suggests that children with BiCls are able to use monaural head
shadow cues to achieve similar performance to their NH peers, when matched for HA, in only
the Asymmetrical condition. This is consistent with research showing that CI users use primarily
monaural head shadow cues to function in noisy environments [39, 40, 49, 56]. When we
matched NH and BiCI groups for CA (with the BiCI group having approximately one year less
HA), the BiCI users had significantly worse performance (i.e. higher SRTs) in all of the
conditions except the Front condition. The lack of significant difference in the Front condition
may be caused by the difficulty in segregating target and interfering speech that listeners with

NH also show when target and interferers are both co-located and spectrally similar.

When matched for either HA (NH-A and BiCI-A) or CA (NH-B and BiCI-B), the NH
groups demonstrated more SRM with either set of stimuli. Even when matching the younger NH
group with the older BiCI group, in which the BiCI group was chronologically approximately 3
years older and had approximately 2 years more auditory experience, the NH group
demonstrated significantly more SRM. This significant difference in SRM between all groups of
NH and BiClI listeners suggests that cues necessary for spatial hearing are not delivered by
current CI processor technology [14]. Additionally, the independent functionality of the current

processors likely cause binaural cues to be either absent or inconsistent in BiCI users [60].
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We also compared SRTs and SRM with the same-sex stimuli within each hearing type
(young vs. old) to investigate whether speech understanding is improved as children mature. No
significant differences in SRTs were found between younger and older NH children in the
Asymmetrical condition, suggesting that when both monaural and binaural cues are available,
even with limited spectral cues, NH children as young as 4 years of age are able to significantly
benefit from spatial separation of the target and interferers. However, consistent with our
previous findings [23], SRTs were higher for the older NH children in only the Symmetrical
condition, and all conditions with interferers were better for adults than for the older NH
children. This indicates that when monaural head shadow is reduced and listeners must rely more
heavily on binaural cues, older NH children are able to identify the target talker at a lower level
than younger NH children. Unlike in the NH children groups, no differences in SRTs in any
conditions were shown between the younger and older BiCI groups. A lack of differences in
SRTs in BiCI groups suggests that as children gain more experience with their Cls, the ability to
segregate the target source at a lower level relative to the interferer does not significantly
improve. Therefore, it is most likely the limitations of the CI device, rather than experience,
which limit access of BiCI users to cues that aid in identification of the target source in noisy

environments [60, 61].

Although age effects were shown for SRTs in the NH groups, no significant effects of
age were shown for SRM (asymmetrical or symmetrical) in either the NH or BiCI groups. There
was an overall trend in the NH listeners for older children with NH to demonstrate more SRM
than the younger NH group, but significance was not reached. Presumably, the effects of SRT

were not strong enough to affect SRM because SRM is a derived quantity from SRTs in the
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Front and spatially separated conditions. This is consistent with Misurelli and Litovsky [23],

where we used different-sex stimuli, in that no significant within hearing type age effects of

SRM were found.

V. CONCLUSIONS

(1) For all groups, speech reception thresholds (SRTs) were better when listening in Quiet than

with interferers.

(2) On average, SRTs for all groups in all conditions were poorer when both the target and the
interferers were same-sex talkers, compared to when the target was a male talker and the
interferers were female talkers. This suggests that using same-sex target and interfering stimuli

introduces more masking.

(3) When SRM aAgymmetrical and SRMsymmetrical With the same-sex stimuli are compared within each
listening group, all groups showed significantly more asymmetrical SRM. These results indicate
that with same-sex stimuli, the Symmetrical condition—where binaural cues are necessary to
segregate sources—was significantly more difficult than the Asymmetrical condition, in which

both monaural cues and binaural cues are available.

(4) Within-group comparisons showed a trend for more SRM with the same-sex than with the
different-sex stimuli, suggesting that spatial cues were more beneficial in an environment
intended to create more informational masking. Although there is a trend for more SRM with
same-sex stimuli, statistically significant results between the two interferers were often not
reached. This may be due to the large amount of within-group variability for both the NH and

BiClI listeners.
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(5) When matched for CA (older groups), HA (younger groups), and when comparing children
with BiCIs who are chronologically older but have less hearing experience than the younger NH
children, in all instances more SRM was shown in the NH groups. Because HA does not appear
to explain the difference between children with NH and children with BiCls, it may be that
spectral and temporal fine structure binaural cues accessible only to NH listeners may be the key

factor in the ability to hear target speech in the presence of interferers.
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TABLES

Table 1: Subject Demographics

Bilateral Age first CI Agesecond CI  Time between
Subject Chronological Hearing Age experience activation activation first and second
Code Age(yr;mo)  (yr;mo) (yr;mo) Etiology (yr;mo) (yr;mo) CI (yr;mo) First CI (device, ear) Second CI (device, ear)
BiCI-A  *CIBW 7:0 6;0 33 Connexin-26 1;0 3;9 29 N24C, R Freedom Contour, L
(younger .y 6:6 41 41 Unknown,lateID  2;5 25 simultancous  Med-El Pulsar, R Med-El Pulsar, L
BiClI users) ’ ?
CIEH 550 3511 3;11 Hereditary ;1 151 simultaneous Nucleus Freedom, R Nucleus Freedom, L
CIET 6;4 56 1,7 EVAS/sudden HL 4,9 4;9 simultaneous Med-EL Sonata, R Med-EL Sonata, L
CICF 6,7 6;2 4;3 Meningitis 1;6 2:4 0;10 Freedom Contour, R Freedom Contour, L
CICN 511 4,7 3;0 Connexin-26 1;4 2;11 1;6 Nucleus Freedom, R Nucleus Freedom, L
Advanced Bionics HiRes Advanced Bionics HiRes
CIDW 70 5,0 2:0 Unknown, late ID 2:3 50 2:9 90K, L 90K, R
mean= 6;4 mean=5;0
BiCI-B  CIDJ 9;0 74 3;11 Hereditary 1;8 51 3;5 N24C,R Nucleus Freedom, L
(Of:;g‘a *CIBU 83 72 33 Connexin-26 11 50 311 Med-El Tempo, L Med-EL Sonata, L
*CIDQ 8;8 711 4;5 Unknown 0;10 4;3 3;6 N24C,R Nucleus Freedom, L
4;8 Advanced Bionics HiRes Advanced Bionics HiRes
*CICY 7:11 6;11 351 Unknown 1;0 (reimplanted) 3,8 90K, R 90K, L
CIEF 8;0 69 3;2 Unknown 14 4,10 3;6 Nucleus Freedom, R Nucleus Freedom, L
EVAS/Progressive Advanced Bionics HiRes Advanced Bionics HiRes
CIEK 75 6:8 22 H Lg 49 L) 05 P Q0K R
mean=8;5 mean="7;2
NH-A *CKX 6;5
(younger NH) *CNJ 6;5
Cou 4,7
CMG 411
CPE 4,7
CKS 6;2
CPG 43
*CNS 42
mean= 5;2
NH-B  *CKB 8;7
(older NH) *CKG 8;8
*CNW 83
*CNU 711
*CNB 6;7
*CNG 9;10
*CNH 88
*CNV 7:6
mean= 8;3 * children who also particpated in Misurelli & Litovsky, 2012




Table 2

Table II. Results of planned comparisons between male and female SRTs (*significance)

Group Front Asymmetrical Symmetrical

BiCI-A *p=0.003 p=0.47 p=0.17

BiCI-B *p=0.01 p=0.13 p=0.02

NH-A *p<0.001 p=0.16 *p=0.013

NH-B *p=0.005 *p=0.01 *p=0.008

Adult *p=0.002 *p=0.008 p=0.08
Table 3

Table I11. Results of planned comparisons for between group SRTs (*significance)

Groups Quiet Front Asymmetrical Symmetrical
BiCI-A vs. BiCI-B p=0.384  p=0.385 p=0.193 p=0.71
NH-A vs. NH-B p=0.09 p=0.14 p=0.041 *p=0.007
NH-B vs. Adult p=0.02 *p<0.001 *p<0.001 *p<0.001
BiCI-A vs. NH-A (HA
equivalent and CA greater in
BiCI than NH by 1;2) *p=0.002  p=0.24 *p=0.009 p=0.09
BiCI-B vs. NH-B (CA
equivalent and HA greater in
NH than BiCI by 1;1) *p<0.001 p=.09 *p<0.001 *p<0.001
BiCI-B vs. NH-A (HA greater
in BiCl than in NH by ~2yrs)  p=0.02 p=0.68 p=0.013 *p=0.012

Table 4

Table IV. Results of planned comparisons for between group SRM (*significance)

Asymmetrical Symmetrical Asymmetrical Symmetrical
Groups (male) (male) (female) (female)
BiCI-A vs. BiCI-B p=0.76 p=0.18 p=0.96 p=0.88
NH-A vs. NH-B p=0.42 p=0.07 p=0.96 p=0.36
NH-B vs. Adult p=0.07 p=0.24 p=0.54 p=0.20
BiCI-A vs. NH-A (HA
equivalent and CA greater in
BiCI than NH by 1;2) *p=0.001 p=0.20 *p=0.001 *p=0.004
BiCI-B vs. NH-B (CA
equivalent and HA greater in
NH than BiCI by 1;1) *p=0.001 *p=0.001 *p=0.003 *p=0.006
BiCI-B vs. NH-A (HA greater
in BiCI than in NH by ~2yrs) *p=0.008 *p=0.02 *p=0.003 *p=0.01
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FIG. 1. The overall average spectrum are plotted for the target and interfering stimuli. The
dashed blue line represents the target stimuli. The solid lines represent the interfering stimuli (red

line=female interferers, blue line=male interferers).



Figure 2

Speech Recption Thresholds (SRTs): Male vs. Female Interferer
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FIG. 2. Mean (£SD) SRTs are plotted for all groups in each condition with both the male and
female interferers. The gray circles represent SRTs in the Quiet condition. Filled symbols
represent SRTs with the male interferers. Open symbols represent SRTs with the female
interferers. Within each group, each condition is represented by a different symbol (square:

Front, triangle: 90A, diamond: 90S).
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FIG. 3. Mean (£SD) SRTs are shown for each group in each condition (i.e., Quiet, Front,

Asymmetrical, Symmetrical). Significant differences (p < 0.0125) are bracketed and indicated
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with an asterisk (*). Solid brackets indicate significant differences within hearing type (i.e., A vs

B). Dashed brackets indicate differences between hearing type (i.e., NH vs BiCI).
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Figure 6
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Chapter 4: Auditory source segregation in normal hearing children and adults and the

effects of executive function
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ABSTRACT

In noisy environments, it is difficult to attend to a talker while simultaneously ignoring
background speech and noise. Compared to adults, children are less able to extract target speech
from interfering noise and demonstrate greater variability in performance on source segregation
tasks. Little is known about factors of executive function that could help account for this
variability. Four groups of normal hearing (NH) listeners were tested, ages 7-23 years, on a
complex speech-in-noise task intended to elicit mechanisms of executive function. Target
sentences were either coherent or anomalous; participants listened to target speech in the
presence of speech or noise interferers either co-located or spatially separated with the target
speech at each of four signal-to-noise ratios (SNRs). Improvement in performance due to spatial
separation of sources is known as spatial release from masking (SRM). Results showed that
SRM was largest for all groups at the negative SNRs, and that performance on the task improved
with age. Coherent semantic content was advantageous at the least favorable SNRs, especially
when spatial cues were not available. Results also showed that measures of executive function
were all predictors of SRM at the least favorable SNR when no other demographic predictors

were considered.
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I. INTRODUCTION

In complex auditory environments it is difficult to attend to one speaker while
simultaneously disregarding irrelevant background speech and noise. This ability to segregate
sources and selectively attend to a target speaker enables normal hearing (NH) adults to function
relatively well in complex auditory environments compared to children with NH. Much of the
research to date has focused on peripheral sensory processes affecting the ability to identify
closed-set sentences or one-word target speech amongst interfering speech and environmental
noise. However, with the emergence of what has come to be called “cognitive hearing science,”
more recent work has begun to examine how “bottom-up” peripheral processes interact with
“top-down” central processing in these complex listening situations [1]. It has been shown that in
these situations, both auditory and cognitive factors play a role in the ability to segregate and
focus on the signal of interest [2]. The current study investigated the ability to hear complex
speech in noise, either spatially co-located or separated, for a large age range of NH listeners (7-
23 years of age), and examined the relationship of executive function in these environments.

A. Masking

The deleterious effects of auditory masking have the potential to hinder successful
communication in noisy situations. When listening to speech in noise, two types of auditory
masking can occur: energetic or informational (either individually or in combination). Energetic
masking occurs at the level of the peripheral auditory system when the target and interfering
stimuli contain energy that overlaps in the frequency and time domain [3, 4]. This type of
masking has been described by auditory filter models. These models are based on well-studied

demonstrations that the human peripheral auditory system is essentially comprised of a series of
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overlapping band-pass filters [5, 6]. When an incoming signal reaches our ears, we identify and

attend to the filter which has the highest likelihood of containing the signal [7].

Informational masking is thought to be mediated by auditory mechanisms beyond the
periphery; stimuli in such masking experiments are characterized by similarity of the target and
interferers, or uncertainty as to the particular stimuli to which listeners should attend [3, 8, 9]. In
contrast to energetic masking, informational masking cannot be accounted for by peripheral
auditory filter models [10]. Additionally, children are more vulnerable to informational masking
than adults. That is, relative to adults, children show greater amounts of masking under these
conditions compared with the amount of masking seen with energetic masking [11, 12]. This is
problematic because children must frequently function in complex auditory environments (e.g.,
classrooms, cafeterias, playgrounds) where competing sound sources have the characteristics of

informational maskers.

B. Release from Masking

The present study focused on measuring release from masking in NH children and adults.
Listeners can use a multitude of cues, including visual cues, individual talker characteristics,
previous knowledge of the topic, and location cues to help alleviate some difficulty when
listening to speech in noise [13]. Location cues will be the focus of the work described here. A
listener with NH is able to rely on binaural cues, whereby integration of cues received at the right
and left ear occurs. Binaural hearing is especially advantageous when listening in noisy
environments in order to make use of differences in timing and level of stimuli between the two

ears. There are three acoustic cues that help with source segregation in noise: (1) “monaural head
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shadow” refers to an effect in which the target and interferer are spatially separated and the

signal-to-noise ratio (SNR; level of target relative to the level of the interfering speech) is more
favorable in the ear farthest from interferers, due to the fact that the head acts as an acoustic
shadow [14]; (2) “binaural squelch” refers to a comparison between monaural and binaural
conditions, where target and interferer are spatially separated, and improvement in performance
is demonstrated when the ear with the worse SNR is added [15]; and (3) “binaural summation”
occurs when the target signal is presented from directly in front of the listener, and the target is
easier to hear due to signal reaching both ears at the same time and intensity (and therefore is
“summed”).

Binaural hearing allows access to cues that are useful when listening to speech in noise.
The term spatial release from masking (SRM) is used to refer to the improvement in speech
understanding when the target and interfering stimuli are spatially separated as opposed to when
they are co-located. SRM in NH adult listeners can be as large as 12-15 dB [16, 17]. SRM is also
demonstrated in NH school-aged children, although it is more variable across listeners compared
with adults [18-21]. More recently, SRM has been demonstrated in children as young as 2 years
of age [22]. This work suggests that although variable, even very young NH children are able to
take advantage of spatial cues to aid in listening in noisy environments. Previous work also
suggests that both adults and children demonstrate more SRM with informational, rather than
energetic, maskers [20, 23]. In the current study, half of the participants listened to target speech
amongst either modulated speech-shaped-noise (noise) or amongst a speech interferer, the latter
of which was intended to create an environment with more informational masking. It is expected
that more masking will be shown in the younger groups, and that older groups will be better,

than younger groups, at using spatial cues to help segregate auditory sources. Effects of interferer
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type on SRM are expected to be most pronounced at the least favorable SNRs, where source

segregation is the most difficult.

Another aspect of release from masking that was investigated was the influence of
semantic content (coherent vs. anomalous) when listening to speech in noise. Previous studies
have used either single-word or closed-set stimuli to investigate the ability of children to hear
target speech in the presence of background noise. The current study uses an open-set corpus of
sentences that vary in semantic content. Individuals were either presented with sentences that
were semantically coherent or semantically anomalous. It has been shown that adults are more
accurate at identifying words in contextually meaningful sentences than words in isolation [24].
It was hypothesized that the semantically coherent sentences would be easier to identify, and that
listeners will show more SRM with coherent sentences, specifically in conditions with less
favorable SNRs. The above was hypothesized because coherent semantic content provides a cue,
in addition to spatial separation, which could aid in release from masking.

A. Auditory Development

It is known that children perform worse than adults on source segregation tasks; that is,
children need much more favorable SNRs in order to successfully segregate and comprehend
target speech [12, 21, 25-27]. For individuals with NH, the peripheral auditory system is
structurally intact and functional at birth [28]. Although the basic structures of the peripheral
auditory system are intact at birth, both peripheral and central components continue to mature
after. For example, neural connections continue to develop such that transmission of auditory
signals becomes more efficient, and auditory pathways reorganize [29]. Cognitive processing

mechanisms also continue to develop and become more refined [28, 30, 31]. Together, immature
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peripheral and central processing continues to develop and become more refined throughout

adolescence; it is likely that both contribute to the variability on auditory tasks. Thus far, no
studies have examined a continuum of NH listeners from childhood to adults using a complex
speech-in-noise task. The current study used stimuli that requires processing of complex sounds,
which was intended to enable examination of higher-order aspects of auditory processing, and
also examine variability across a large age range (i.e. 7-23 years). Measures of executive
function, such as memory and attention, which may serve as predictors of performance in
complex auditory environments and aid in explaining some sources of variability, were
investigated.
D. Executive Function

Executive function is a term that embodies a multitude of cognitive abilities which
organize information required for goal-directed, purposeful, and non-automatic behavior. These
abilities can include things such as memory, attention, planning, and inhibition [32]. For this
study the relationship of executive function and performance on a speech-in-noise task was
examined. Working memory involves the conscious storage, manipulation, and integration of
information [33-36]. In contrast, short-term memory is an active space for merely storing
incoming information. Working memory is often referred to as a mental “work bench” because it
holds information that receives immediate attention and processing. It is thought that information
held in working memory controls “top-down” cognitive processes and knowledge that aids in
modifying “bottom-up” sensory and peripheral signals [37]. When listening to speech-in-noise,
the representation of the target signal is degraded due to the interfering speech, and more
resources are needed to first recognize and segregate the signal and then encode, store, and

process the information [38]. Previous research suggests that a limited working memory span
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negatively affects ability to segregate sources in noisy environments [39]. A set of experiments

conducted by Rabbitt [40] demonstrated an increase in processing demands when stimuli was
heard in noise. In his study, Rabitt instructed listeners to repeat sentences in which the first half
of the sentence was heard in quiet and the second half of the sentence was either heard in quiet or
in noise. Results showed that when the second half of the sentences were presented in noise
listeners had a more difficult time correctly repeating the sentence, suggesting that an increase in
processing demands (i.e. with a sentence heard in noise) limited the resources available to retain
the entire sentence.

It has also been suggested that executive function skills develop over time and influence
other skills [41]. Specifically, improvement and development of working memory with age and
training has been shown to be associated with improvement in other areas, such as in
development of language skills [42-44]. Recent work has also shown that, for adults, working
memory is a better predictor of performance on speech-in-noise tasks than measures of general
cognitive ability such as 1Q [45]. Working memory capacity is hypothesized to influence
performance on our speech-in-noise task, where participants must process and verbally repeat
complex auditory stimuli in the presence of either interfering speech or noise, such that those
with better working memory, or larger working memory capacity, will also perform better on the
speech-in-noise task.

Attention is also hypothesized to influence ability to hear speech in noise, such that
individuals who are better able to inhibit interfering stimuli and shift attention should benefit
more from spatial separation of sources (i.e. SRM). Before information can be stored and
manipulated in working memory, auditory information must first be selected and attended to

[46]. Attending to an auditory target occurs simultaneously with ignoring the interfering stimuli.
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For the purposes of this study, two aspects of attention will be investigated: attention shifting and

attention inhibition. When presented with multiple stimuli, listeners must be able to quickly shift
their attention to the target of interest while concurrently inhibiting the distracting stimuli. In
general, it is hypothesized that the older groups will have higher scores on the tasks of working
memory and attention than the younger groups because it is known that executive function
continues to develop throughout adolescence.

In summary, there were two overarching goals of the present study. The first goal was to
examine source segregation abilities (i.e. SRM) in children with NH. NH listeners were recruited
into one of four groups to examine SRM over a close continuum of ages: 7-10, 11-14, 15-17, and
18-23 years of age. It was also of interest to investigate how interferer type and semantic content
influenced performance when listening to speech in noise. The second main goal of this study
was to identify measures of executive function that may serve as predictors of performance on
tasks of source segregation. For children with NH, there is a wide range in ability to selectively
attend to a target source in noisy environments, and there is evidence to suggest that variable
performance may derive from central processes.

II. METHODS

A. Participants

A total of 92 typically developing native English speakers were recruited to participate in
this study. Participants were divided into three groups of NH children between the ages of 7-17
years, and one group of NH adults ages 18-23 years. Groups were divided according to age and
school placement: elementary school (7-10 years, n=24); middle-school (11-14 years, n=24);

high-school (15-17 years, n=20); and adult (18-23 years, n=24). Prior to testing each subject
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underwent a hearing screening to screen for hearing sensitivity within normal limits. All

participants passed the hearing screening as indicated by a repeatable response at pure-tone air
conduction intensities at 20 dB HL for octave frequencies between 250-4000 Hz. Participants
completed all testing in 2-3 hours within 1-2 visits. All participants were recruited from the
Madison, WI community and University of Wisconsin-Madison undergraduate population.
B. Environment

All auditory testing was conducted in a carpeted standard IAC sound booth (2.8 x 3.25m)
with reverberation time (RTgo) of 250ms. Participants were seated at a foam-covered desk facing
a computer monitor at 0° azimuth in the center of a speaker array, approximately 1.5m from
surrounding loudspeakers. All executive function measures were administered in a quiet room
that contained a dual-monitor computer, which is required for some of the executive functioning
measures (NIH toolbox version 1.0, www.nihtoolbox.org).

C. Auditory Stimuli

Target stimuli were spoken by a male talker and included a total of 200 sentences
between 6 and 13 words in length [47]. Sentences were originally recorded using a male speaker
of British English, and were re-recorded for this study by a male speaker and a female speaker of
Standard American English. Sentences were designed to contain either semantically coherent
content (e.g., “the whole sky was full of birds”) (n=100) or semantically anomalous content (e.g.,
“the success moved to hope the milk) (n=100). Coherent and anomalous sentences were matched
for phonological, lexical, and syntactic properties, but the latter lack coherent meaning. The
sentences were recorded to be between 1-3 seconds in duration. All sentences were clearly

spoken and digitized at a sampling rate of 44.1KHz (all root-mean-square levels equalized).
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Interferers were either amplitude modulated speech-shaped noise or speech. The speech-

shaped noise was created by taking the long-term spectrum and imposing an amplitude
modulation of the coherent and anomalous sentences. The noise was first scaled to the same root-
mean-square value as the speech sentences and then the noise was segmented to match the length
of the speech competitor. The envelope of the speech interferer was then extracted and used to
modulate the noise. Two-talker interferer speech stimuli were created by overlaying two
recordings spoken by the same female talker (interfering speech was composed of the sentences
as described above).
D. Design and Procedure

I. Auditory Task

Before testing began, each participant was randomly assigned to either the noise or
speech interferer. For non-quiet conditions, the interferers were fixed at 55 dB SPL and the level
of the target was adjusted accordingly for the desired SNR for each trial. Results were calculated
based on percent correct identification of words in the target sentence. For each listener,
performance was measured in Quiet (target 0° front, no interferers). In addition, testing was
conducted with interferers in two conditions: Front (target and interferer both at 0° front) and a
90 Asymmetrical (target 0° front, interferers at 90° to the right). In each of the conditions with
interferers, testing was conducted at four signal-to-noise ratios (SNRs; -16, -8, 0 and +8 dB). In
conditions with interferers, the target speech began approximately one second after the onset of
the interferer. The interferer continued approximately one second after the offset of the target
sentence. Participants were instructed to listen to the male target speaker and ignore the
background noise or the female speech, depending on the interferer to which they had been

assigned. All participants verbally repeated the target sentences at the offset of the auditory
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stimuli, and an experimenter sat behind them and transcribed the verbal responses. Audio

recordings of verbal responses were also made and analyzed off-line to ensure that all
transcriptions were correct. No feedback was provided during testing. Breaks were given
intermittently throughout testing in order to keep the participants motivated and alert; in addition,
children were reinforced throughout testing with small prizes.

I1. Measures of Executive Function

Tests of working memory and attention were administered in order to investigate the
relationship between executive function and performance when listening to speech in noise. A
non-verbal IQ and expressive vocabulary test were also administered to rule out any extraneous
relationships due to these factors.

Two computer-based tests from the National Institutes of Health (NIH) toolbox measures
(NIH toolbox version 1.0, www.nihtoolbox.org) were used to assess attention. Participants sat in
a quiet room in front of a computer with a dual screen monitor for the following measures:
Dimensional Change Card Sort Test (DCCS) and the Flanker Inhibitory Control and Attention
Test. The DCCS is a standardized measure of cognitive flexibility. Two target pictures are
presented that vary along two dimensions (e.g., shape and color). Participants were instructed to
match a series of bivalent test pictures (e.g., yellow balls and blue trucks) to the target pictures,
first according to one dimension (e.g., color) and then, after a number of trials, according to the
other dimension (e.g., shape). Scoring is done online and based on a combination of accuracy
and reaction time. The test takes approximately 4 minutes to administer. The Flanker test is a
standardized task that measures both attention and inhibitory control by requiring the participant
to focus on a given stimulus while inhibiting attention to flanking stimuli. The participant is

presented with a series of arrows and is instructed to indicate, on a keyboard using only their
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index finger, which way the middle arrow is pointing. The middle stimulus either points in the

same direction as the “flankers” (congruent) or in the opposite direction (incongruent). Scoring is
done online and based on a combination of accuracy and reaction time. The test takes
approximately 3 minutes to administer. For analyses including the Flanker and DCCS the
unadjusted scaled scores were used. This score is calculated and given via the output from the
toolbox, and compares the score of the participant to those in the entire NIH toolbox’s nationally
represented normative sample excluding age, gender, or any other demographic variables. This
score was used in order to be able to compare across various ages.

Additionally, three non-computer based tests were administered. Subtests from the
Weschler Intelligence Scale (Weschler, 1991) were used to assess working and short-term
memory. The forward and backward digit span sub-tests were administered to all participants.
These tests were presented using live-voice in auditory mode, with an experimenter speaking at a
rate of approximately one digit per second [48]. In the forward digit span task, the participant is
instructed to repeat a list of digits in the order that they were presented (maximum amount of
digits possible=8). In the backward digit span task, the participant is instructed to repeat the list
of digits in the reverse order (maximum amount of digits possible=7). Lists begin with two items
and increase in length with correct repetition of all the digits in the presented list. Testing is
terminated when two lists, at a given length, are repeated incorrectly. Participants receive one
point for each correct trial when all digits in a given list are repeated in the correct temporal
order; no partial credit is given. Scores for the digit span forward and backward were defined,
separately, as the longest length sequence of digits that the participant could accurately repeat.
The Kaufman Brief Intelligence test, Second Edition (KBIT-2) was also administered. The

KBIT-2 is a standardized test that measures both verbal and nonverbal intelligence. The non-
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verbal intelligence quotient (IQ) was used for this study. The nonverbal score comprises one test,

Matrices, which assesses ability to perceive relationships and complete visual analogies. Lastly,
the Expressive Vocabulary Test, Second Edition (EVT-2) was administered. The EVT is a
standardized test that measures expressive vocabulary knowledge using two types of items,
Labeling and Synonyms. The participant is shown a picture, and must respond with one word
that is an acceptable label for the picture, one word that answers a specific question about the
picture, or a word that is a synonym for the pictured context. This test requires no reading or
writing. For analyses including the KBIT-2 and EVT the raw scores were used. This score was
used in order to be able to compare across various age groups.

III. RESULTS and DISCUSSIONS

A. Auditory Speech-in-Noise Task

Within age groups the following were compared: (1) difference in percent correct when
the target and interferers were co-located (i.e. Front) verses spatially separated (i.e. 90
Asymmetrical); (2) effect of SNR on SRM; (3) difference in percent correct when the target
sentence was either coherent or anomalous; (4) effect of semantic content on SRM; and (5) effect
of interferer type on SRM. Between age groups, SRM with an increase in chronological age was
examined.

Percent correct for each group at each SNR in both the Front and 90 Asymmetrical
conditions is shown in Figure 1 (A: noise interferer; B: speech interferer). A paired samples t-test
was conducted at each SNR for each group, with each interferer, to compare the percent correct
in the Front and 90 Asymmetrical conditions. Bonferroni corrections for 4 comparisons per

planned comparison group were applied. Results were the same for both interferers. All groups



111
showed a significant improvement in percent correct in the 90 Asymmetrical condition at the -16

and -8 dB SNRs (results listed in Table I). Significant differences varied between groups for the
0 dB SNR, and no significant differences were found for any of the groups at the +8 dB SNR.

SRM for each SNR was determined by subtracting the percent correct in the Front
condition from percent correct in the 90 Asymmetrical condition. Percent correct in the 90
Asymmetrical condition should be higher than percent correct in the Front condition, so a
positive SRM would be expected.

To explore within group effects of SNR on SRM, a within subjects ANOVA was
conducted for each age group with each interferer to determine if SRM was larger at lower
SNRs. There was a significant main effect of SNR for all groups for the noise (7-10 yrs:
F(3,9)=78.8, p<0.001; 11-14 yrs: F(3,9)=105.0, p<0.001; 15-17 yrs: F(3, 6)=51.6, p<0.001; 18-
23 yrs: F(3,9)=86.5, p<0.001) and the speech interferer (7-10 yrs: F(3,9)=43.0, p<0.001; 11-14
yrs: F(3,9)=95.7, p<0.001; 15-17 yrs: F(3, 4)=155.9, p<0.001; 18-23 yrs: F(3,9)=122.1,
p<0.001). Pairwise comparisons using a Bonferroni correction for 6 comparisons per group were
conducted in order to investigate within group differences of SNR (results are shown in Table II;
noise interferer= Table Ila, speech interferer= Table IIb). The results show that significantly
more SRM was demonstrated for the -16 vs. 0 dB, -16 vs. +8 dB, -8 vs. 0 dB, and -8 vs. +8 dB
SNRs within all groups, for both interferers, suggesting that for all groups spatial separation of
sources was most useful when the target speech was played at a lower level than the interferers.
Difference in SRM between the -16 vs. -8 dB SNR and the 0 vs. +8 dB SNR was not significant
for all groups, for either interferer. This suggests that the difference in benefit of spatially
separating the sources between the two least favorable and two most favorable SNRs may not

have a large perceptual effect for all groups.
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Percent correct comparisons between the coherent and anomalous sentences are shown in

Figure 2 (A: noise interferer, Front, B: noise interferer, 90 Asymmetrical, C: speech interferer,
Front, D: speech interferer, 90 Asymmetrical). A paired samples t-test was conducted, at every
SNR for each group with each interferer in both the Front and 90 Asymmetrical conditions, to
compare the percent correct with coherent sentences versus percent correct with anomalous
sentences. Bonferroni corrections for 5 comparisons per planned comparison group were applied.
(results displayed in Table Illa=Front, Table I1Ib=90 Asymmetrical). All groups demonstrated a
trend for higher percent correct for coherent versus anomalous sentences in both conditions at all
SNRs, significant differences varied between groups and conditions.

Figure 3 shows SRM for the semantically coherent and semantically anomalous
sentences separately for each group at each SNR. Panel A shows SRM for the noise interferer
and Panel B shows SRM for the speech interferer. Paired t-tests were conducted to compare
SRM with coherent vs. anomalous sentences (results shown in Table IV). Bonferroni corrections
for 4 comparisons per planned comparison group were applied. With the -16 dB SNR, all groups,
except the 7-10 year olds with the speech interferer, showed significantly more SRM with the
coherent sentences. This suggests that when the target is much lower than the interferers spatial
separation of sources and semantic content both have an effect on performance, regardless of
interferer. Lack of significance in the youngest group is most likely due to the within group
variability. For the -8, 0, and +8 dB SNRs, more significant differences in SRM were
demonstrated for the speech interferer rather than the noise interferer.

Figure 4 shows SRM within each interferer separately for each group (A: 7-10 years, B:
11-14 years, C: 15-17 years, D: 18-23 years). Independent t-tests were conducted to compare

SRM for the noise and speech interferers. Bonferroni corrections for 4 comparisons per planned
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comparison group were applied. Within the two youngest groups (7-10 yrs and 11-14 yrs) there

were no significant differences in SRM demonstrated between interferer types, suggesting equal
benefit with both. There was a trend for more SRM with the speech interferer at the most
difficult SNR, -16 dB, although only the oldest group showed significantly more (p<0.001).
Results for SRM at the -16 dB SNR suggest that, although variability exists, spatial separation of
sources in the least favorable listening conditions is most advantageous for speech interferers.
The 11-14, 15-17, and 18-23 year olds showed significantly more SRM for the noise interferer at
the -8 dB SNR (p=0.006, p=0.003, p<0.001 respectively).

Between groups, we were interested in examining SRM with an increase in chronological
age. Figure 5 (5A: noise interferers, SB: speech interferers) compares SRM between groups in
each condition. To explore between group effects, a one-way analysis of variance (ANOVA) was
conducted to compare effect of group on SRM for each SNR separately, totaling four ANOVAs
per interferer type. There was a significant main effect of group, for both interferer types, for
only the -16 dB (noise: F(3,41)=6.3, p=0.001, speech: F(3,43)=7.5, p<0.001) and the -8 dB
(noise: F(3,41)=4.0, p=0.014, speech: F(3,43)=3.7, p=0.019) SNRs. The pairwise comparisons,
with a Bonferroni correction for 4 comparisons, for the -16 dB SNR showed the following: with
the noise interferer, 7-10 year olds demonstrated significantly lower SRM (*p=0.001) than the
15-17 year olds; with the speech interferer, 7-10 year olds demonstrated significantly lower SRM
than both the 15-17 year olds (*p=0.006) and the 18-23 year olds (*p<0.001). The pairwise
comparisons for -8 dB SNR showed no significant differences between any of the groups after a
Bonferroni correction for 4 comparisons was applied. It is most likely that the within group
variability limited more significant differences. No between group main effects were shown at

the 0 or +8 dB SNR.
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B. Discussion: Auditory Speech-in-noise Task

This study was the first of its kind to examine SRM using a complex speech-in-noise
task, for a large age range of NH children and adults. Performance when listening to speech in
noise was significantly better when the target and interferer were spatially separated (i.e. 90
Asymmetrical) relative to when they were co-located (i.e. Front) in all groups, at SNRs where
the target was played at a lower level than the interferers (i.e. -16 and -8 dB). This is consistent
with previous literature showing that performance is better in spatially separated vs. co-located
conditions for both NH adults [17, 23, 49] and NH children [19-22]. Significant differences
between Front and 90 Asymmetrical percent correct varied between groups at the 0 dB SNR, and
no significant differences were found at the +8 dB SNR. This is most likely due to the fact that
when the target is played at the same level as the interferer or 8 dB louder than the interferer, the
target can be clearly heard even in the Front condition, and therefore spatial cues are not as
useful. At positive SNRs, performance in the Front and 90 Asymmetrical conditions was nearly
identical and near-perfect. Previous work has also shown that at SNR values above +9 dB,
performance is near-perfect for NH listeners [50]. The difference in performance in the Front
versus 90 Asymmetrical conditions (i.e. higher percent correct in the 90 Asymmetrical condition)
demonstrates that NH children and adults were able to take advantage of auditory cues that aid in
source segregation. Performance on the speech-in-noise task improved with age, such that
percent correct increased for each age group from 7-10 to 18-23 years, especially in the 90
Asymmetrical condition. This is consistent with the literature, suggesting that there is a

development component in ability to segregate sources [7, 51].
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When comparing within group SRM at different SNRs, SRM was largest for the least

favorable SNRs. This is consistent with the NH adult literature showing that spatial cues are
most important in the most challenging listening conditions [49, 52].

SRM between interferer types—noise vs. speech—was also compared. When comparing
within group SRM between interferer types, significant differences were only found in the 11-14,
15-17, and 18-23 year olds. This result of no effects of interferer type on SRM for the youngest
group is consistent with previous work [21]. Although there was a trend for more SRM with the
speech interferer (which was intended to introduce more informational masking) at the least
favorable SNR (-16 dB), the only significant difference was shown in the adult group. Previous
literature suggests that NH adults show more SRM with maskers that have more informational
masking [23]. At the -8 dB SNR, all but the 7-10 year olds showed more SRM with the noise
interferer. Spatial separation of sources may have been more beneficial for the noise interferer
than the speech interferer at this SNR because the spectrum of the noise does not vary over the
course of the presentation. The lack of frequency fluctuations in the noise interferer may have
rendered spatial cues more advantages relative to the speech interferer, in which, both amplitude
and frequency fluctuations occur. With the speech interferer, it is likely that participants were
able to use the brief gaps in the temporally fluctuating interferer to “glimpse” portions of the
target sentence without the interferer, which helped in segregating the target sentence [53]. It is
also possible that at the -8 dB SNR the male target and female interferers were perceptually
easier to separate due to the fact that the target and interferers were different-sex talkers. The
difference in fundamental frequency between the voices of the two talkers may have created a

task that reduced the utility of spatial cues. Because each participant was tested with either the
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noise or the speech interferer, within group variability likely exists. It would be beneficial to test

each participant on both interferer types to be able to better compare between the two interferers.
Another major finding was the trend showing that semantically coherent sentences were
easier to identify than semantically anomalous sentences for all groups. It has been shown that
listeners demonstrate better performance for sentences with coherent meaning [47, 54, 55]. In the
Front condition at -16 dB SNR and in Quiet, there was no difference in performance, with either
interferer, for any groups when presented with either the coherent or anomalous sentences. This
suggests either that when spatial cues are not available and the SNR is poor enough, or that in an
easy listening condition with no interferers present, semantic cues are negated. In the 90
Asymmetrical condition at the least favorable SNR (-16 dB), all groups except the 7-10 year olds
(with the speech interferer) showed significantly better performance with the semantically
coherent sentences. All groups showed significantly better performance with the semantically
coherent sentences at the -8 dB SNR. This demonstrates that when the target and interferers are
spatially separated semantic cues can help even at extremely poor SNRs. Together, these results
suggest that the availability of spatial cues is more important than semantic cues when the SNR
is poor (i.e., no differences in performance with coherent vs. anomalous were shown in the Front
condition at the -16 dB SNR). When spatial cues are available at poor SNRs (i.e., 90
Asymemtrical) semantic cues can also help in release from masking. When target and interferers
were played at the same level (i.e. 0 dB SNR), performance improved with coherent sentences
relative to anomalous sentences for all groups in the Front, but not the 90 Asymmetrical
conditions. This suggests that at more favorable SNRs semantic content helps with release from
masking for all groups only in more challenging conditions, such as when spatial cues are

unavailable (i.e., Front). Additional benefits of semantic content were not shown for all groups at
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the +8 dB SNR in either condition. This is most likely because the level of the target was

favorable relative to the level of the interferer, and for some groups no additional cues were

necessary to successfully segregate sources.

SRM for coherent vs. anomalous sentences was also compared, with different patterns of
performance shown between each interferer. At the least favorable SNR (i.e. -16 dB), SRM with
coherent sentences was significantly higher with both interferers for all but the 7-10 year olds
(with the speech interferer). The lack of significant difference between SRM with the coherent
and anomalous sentences in the youngest group is likely due to the within group variability. For
the -8 dB SNR, significantly more SRM with the coherent sentences was shown only with the
speech interferer. This suggests that semantic content has more of an effect for the speech vs. the
noise interferer, implying that semantic content can be useful in perceptual segregation of
sources particularly for interferers that were intended to create an environment with more
informational masking. “Glimpsing” allowed for brief moments when the listener was able to
isolate a few words in the target speech and then, with the coherent semantic cues, attempt to fill
in the gaps using context through top-down knowledge [56]. Because semantic content is thought
to elicit cognitive processes, top-down processes impacted performance on the speech-in-noise
task such that coherent sentences were easier to identify (i.e. higher percent correct and larger
SRM with coherent sentences) at the least favorable SNRs. At the 0 and +8 dB SNR there was a
trend for more SRM with the anomalous sentences, suggesting that when the SNR is favorable
spatial separation of sources is more beneficial when other cues, such as semantic content, are

not available.
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Lastly, one of the main interests was to investigate SRM across a continuum of age

groups. NH adults demonstrate as much as 12-15 dB of SRM [17, 23]. This result has not been
repeated in studies that have included both children and adults with NH [19-21], most likely
because the task that is used in the latter studies (4-alternative forced choice word identification
task) is fairly easy for the adult participants even with the target and interferers co-located. The
current study aimed to incorporate a more difficult listening task, using open-set sentences that
could be effectively used with a continuum of ages from school-aged children to adults. When
SRM was compared across age groups, different results were found for the noise and speech
interferer. For the noise interferer, there was a trend for SRM to increase from 7-17 years and
then stabilize. Differences between groups were only significant for the 7-10 and 15-17 year olds
at the -16 dB SNR. A lack of significant differences between all groups in the negative SNRs is
most likely due to the large within-group variability, suggesting that some individuals are better
able to take advantage of spatially separated sources than others even when matched for age. It is
interesting that more SRM with the noise interferer was observed at the -8 dB SNR than the -16
dB SNR. This is most likely due to the fact that at the most difficult SNR (i.e. -16 dB) even when
sources were spatially separated (i.e. 90 Asymmetrical) listening was extremely difficult. For the
speech interferer at the -16 dB SNR, a systematic increase in SRM is demonstrated from the
youngest to the oldest groups. A lack of significant differences between all groups in the -16 dB
SNR is likely due to the within group variability. Unlike with the noise interferer, where SRM
was greater for all groups at the -8 dB SNR than the -16 dB SNR, within group patterns of
performance with speech interferers show that individuals demonstrate a consistent increase in
SRM (more SRM) as SNR is worsened. The 7-10 year olds were the only group that

demonstrated no additional benefit of spatially separating sources after -8 dB SNR, whereas all
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other groups showed less SRM for the -8 dB SNR than the -16 dB, suggesting that for the older

groups the benefit of SRM may persist beyond even a -16 dB SNR.

The trend for a smaller amount of SRM demonstrated in the younger, compared to the
older groups, may be due to lack of development in regions of the brain that may help with top
down processing [37, 57]. From previous work, it is known that young children are more
susceptible to informational masking [7, 12, 25, 26, 58]. This may be due to the lack of
development of auditory attention that is necessary to segregate sources [31]. Older children and
adults have more optimal listening strategies where they are better able to use spatial cues, and in
addition have a more developed ability to selectively attend to the target [7, 11, 12].
Physiological development may also affect differences in performance between children and
adults on speech-in-noise tasks, such that adults benefit more from spatial cues than children.
Myelination connecting the right and left hemispheres of the corpus callosum, which are
important for perception of spoken language, continues to develop into adolescence [28]. There
is also evidence suggesting that neural connections become more efficient after birth [29]. All of
the above may contribute to the increased susceptibility of children to auditory masking. No
between-group effects are shown with either interferer at the more favorable SNRs, suggesting
that there are no effects of age on ability to make use of spatial cues when the target is played at

a positive SNR.

C. Relationship of Executive Function Skills and Performance on Speech Measures

Measures of attention and working memory were included to investigate the relationship
between executive function and ability to take advantage of spatial separation of sources (i.e.,

SRM).
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Table V displays the mean (+SD) and range for the measures of executive function for all

4 groups. The DCCS and Flanker tests show the unadjusted score (score not taking into account
any demographic variables). In addition, the Digit Span scores shown reflect the longest span of
digits accurately repeated. Table VI displays the mean (+SD) and range of the raw scores for the
Kbit and EVT. Measures of 1Q, expressive vocabulary, and executive function were moderately
correlated when all groups were combined (N=92) (values shown in Table VII).

Regression analyses were used to test if executive function, expressive vocabulary, or IQ
significantly predicted SRM. For the analyses described, SRM was collapsed across interferer
type (noise and speech) and semantic content (coherent and anomalous). The first analysis for
each SNR was a simple linear regression and included only the measure of executive function:
DCCS, Flanker, Longest Digit Span forward, or Longest Digit Span Backward. The second
analysis for each SNR was a three stage hierarchical multiple regression model that included
group (age), expressive vocabulary (EVT) and 1Q (Kbit), and the measures of executive function
(longest digit span forward, longest digit span backward, Flanker, and DCCS) as predictors. For
the second analysis, group was entered as stage one of the regression to control for age,
expressive vocabulary and IQ were entered at stage two, and all measures of executive function
were entered at stage three. The third analysis for each SNR was also a three stage hierarchical
multiple regression model that included group (age), expressive vocabulary (EVT) and 1Q (Kbit),
and the measures of executive function (longest digit span forward, longest digit span backward,
Flanker, and DCCS) as predictors. For the third analysis, group was entered in stage one of the
regression to control for age, and in contrast to the second analysis, all measures of executive
function were entered in stage two, and expressive vocabulary and IQ were entered in stage

three. The predictor variables for the second and third analysis were entered in reverse order for
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stage two and three of the regression models to investigate if there was an effect of executive

function over and above language or vice versa.

The first simple linear regression analysis (with only the measure of executive function as
a predictor), followed by the hierarchical multiple regression analyses (with added predictors, in
various orders) will be described below.

Simple linear regression models, with each measures of executive function as the only
predictor of SRM, are described for each SNR. Figures 6 and 7 show simple linear regressions
for each measure of executive function (Fig.6: DCCS and Flanker, Fig. 7: Longest Digit Span
Forward and Longest Digit Span Backward), with all groups combined, plotted against SRM for
the -16 dB SNR (Panels A) and -8 dB SNR (Panels B), where the most SRM was observed. The
simple linear regression equation with DCCS (1*=0.11, F (1,89)=10.92, *»=0.001) significantly
predicted SRM for the -16 dB SNR (Fig. 6A). A non-significant correlation between DCCS and
SRM was observed for the -8 dB SNR (1°=0.00, F (1,89)=0.023, p=0.88) (Fig. 6B), 0 dB SNR
(*=0.03, F (1,89)=2.5, p=0.12), and +8 dB SNR (1’=0.04, F (1,89)=4.0, p=0.051). These results
show that DCCS was only a significant predictor of SRM at the least favorable SNR when no
other variables were included in the model. Similar results were found for the Flanker. The
regression equation with Flanker (r*=0.12, F (1,89)=12.45, *p=0.001) significantly predicted
SRM for the -16 dB SNR (Fig. 6A). A non-significant correlation between Flanker and SRM
was observed for the -8 dB SNR (r*=0.005, F (1,89)=0.41, p=0.52) (Fig. 6B), 0 dB SNR
(’=0.004, F (1,89)=0.32, p=0.057), and +8 dB SNR (1’=0.014, F (1,89)=1.2, p=0.27). These
results show that Flanker was only a significant predictor of SRM at the least favorable SNR
when no other variables were included in the model. The simple linear regression equation with

Digit Span Forward (1°=0.076, F (1,89)=7.2, *»=0.009) significantly predicted SRM for the -16
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dB SNR (Fig. 7A). A non-significant correlation between Digit Span Forward and SRM was

observed for the -8 dB SNR (r*=0.00, F (1,89)=0.04, p=0.84) (Fig. 7B), 0 dB SNR (’=0.004, F
(1,89)=0.38, p=0.54), and +8 dB SNR (°=0.006, F (1,89)=0.49, p=0.48). These results show
that Digit Span Forward was only a significant predictor of SRM at the least favorable SNR
when no other variables were included in the model. The analyses with the Digit Span Backward
show similar results to the Digit Span Forward. The regression equation with Digit Span
Backward (’=0.09, F (1,89)=8.7, *»=0.004) significantly predicted SRM for the -16 dB SNR. A
non-significant correlation between Digit Span Backward and SRM was observed for the -8 dB
SNR (r°=0.002, F (1,89)=0.19, p=0.66), 0 SNR (r*=0.001, F (1,89)=0.05, p=0.82), and +8 dB
SNR (1*=0.001, F (1,89)=0.09, p=0.76). These results show that Digit Span Backward was only
a significant predictor of SRM at the least favorable SNR when no other variables were included
in the model.

A three stage hierarchical multiple regression was conducted for the second and third
analyses, at each SNR, with SRM as the dependent variable. The independent variables that were
included were group (age), expressive vocabulary and 1Q, and measures of executive function.
For both the second and third analyses group was entered in stage one to control for age. For the
second analysis, expressive vocabulary and IQ were entered in stage two, and measures of
executive function were entered in stage three. Stage two and three were reversed in the third
analyses (stage two: measures of executive function, stage three: expressive vocabulary and 1Q).
The second analysis as described in the following: the hierarchical multiple regression for SRM
at -16 dB SNR revealed that at stage one, age significantly contributed to the regression model, F'
(1,87)=21.59, *p<0.001 and accounted for 19.9% of the variation in SRM. Adding expressive

vocabulary and IQ to the regression model explained an additional 7.3% of the variation in SRM
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at -16 dB SNR and this change in R” was significant, F (1,87)=10.56, *p<0.05. Finally, the

addition of the measures of executive function in stage three of the regression model did not
significantly explain any additional variation in SRM, F' (1,87)=4.5, p=0.91.

For the third analysis, when measures of executive function were entered in stage two
and expressive vocabulary and IQ were entered in stage 3, expressive vocabulary and IQ had an
effect on SRM above the measures of executive function. The third analysis revealed that in
stage one, group (age), significantly contributed to the regression model, as shown above using
the same predictors as the second analysis (age accounted for 19.9% of variation in SRM). In
stage two, when adding measures of executive function, the regression model did not explain any
additional variance, F' (1,87)=4.6, p=0.75. Finally, in stage three, the addition of expressive
vocabulary and 1Q significantly contributed to the regression model, F' (1,87)=4.51, *p<0.05 and
accounted for an additional 6.3% of the variation in SRM. Together, all variables (age, executive
function, expressive vocabulary, and IQ) accounted for 28.1% of the variance in SRM at -16 dB
SNR.

None of the hierarchical regression models were significant at any of the stages for the -8,
0, or +8 dB SNRs. Results for the second analysis (stage 2: expressive vocabulary and 1Q, stage
3: measures of executive function) are as follows: -8 dB SNR: stage one= 1’=0.002, F
(1,87)=0.15, p=0.70, stage two=1"=0.004, F (1,87)=0.12, p=0.95, all variables=r’=0.016, F
(1,87)=0.19, p=0.99; 0 dB SNR: stage one=r’=0.008, F (1,87)=0.68, p=0.41, stage two=
1’=0.03, F (1,87)=0.89, p=0.45, all variables=r’=0.07, F (1,87)=0.87, p=0.53; +8 dB SNR,
stage one=r’=0.00, F (1,87)=0.001, p=0.97, stage two=r’=0.02, F (1,87)=0.57, p=0.64, all
variables= r’=0.107, F (1,87)=1.38, p=0.23. Results for the third analysis (stage 2: measures of

executive function, stage 3: expressive vocabulary and 1Q) are as follows: -8 dB SNR: stage
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one=1’=.002, F (1,87)=0.15, p=0.70, stage two=r"=0.012, F (1,87)=0.19, p=0.96, all

variables= r’=0.016, F (1,87)=0.19, p=0.99; 0 dB SNR: stage one=r"=0.008, F (1,87)=0.68,
p=0.41, stage two=r"=0.053, F (1,87)=0.93, p=0.47, all variables=r’=0.07, F (1,87)=0.87,
p=0.53; +8 dB SNR: stage one=1"=0.000, F (1,87)=0.001, p=0.97, stage two=r=0.094, F
(1,87)=1.7, p=0.14, all variables=r’=0.11, F (1,87)=1.38, p=0.23.

Lastly, it was of interest to examine measures of executive function in relation to SRM
for the coherent sentences and the anomalous sentences separately. SRM for only the -16 dB
SNR was analyzed, as this was the only SNR that proved significant in the analyses described
above. Figure 8 displays SRM (coherent and anomalous separated) as a function of performance
on each measure of executive function (A: DCCS, B: Flanker, C: Longest Digit Span Forward,
D: Longest Digit Span Backward). The circles (dashed line) represent the simple linear
regression for SRM with coherent sentences, and the triangles (solid line) represent simple linear
regression for SRM with anomalous sentences. Although the simple linear regression equation
comparing the relationship between each measure of executive function with SRM for the
coherent sentences showed a trend for a stronger relationship with the measures of executive
function than the SRM for the anomalous sentences, statistically significant differences between
the coherent and anomalous correlation values was not reached in any of the cases. Results are as
follows: DCCS coherent SRM (r°=0.34, F (1,88)=6.4, *p=0.001) and anomalous SRM (1°=0.24,
F (1,88)=5.2, *p=0.024), coherent vs. anomalous p=0.47; Flanker coherent SRM (1°=0.39, F
(1,88)=15.5, *p<0.001) and anomalous SRM (r*=0.22, F (1,88)=4.6, *»=0.035), coherent vs.
anomalous p=0.21; Longest Digit Span Forward coherent SRM (r*=0.28, F (1,88)=7.6,*»=0.007)

and anomalous SRM (1°=0.22, F (1,88)=3.5, p=0.06), coherent vs. anomalous p=0.67; Longest
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Digit Span Backward coherent SRM (1°=0.27, F (1,88)=7.1, *p=0.009) and anomalous SRM

(r*=0.26, F (1,88)=6.4, *p=0.013), coherent vs. anomalous p=0.94.
D. Discussion: Relationship of Executive Function Skills and Performance on Speech

Measures

In general, performance on all measures of executive function showed a trend of
improvement with age. This aligns with previous research suggesting that the areas of the brain
that are thought to control executive function continue to develop throughout adolescence [37,
57].

This study investigated why some listeners function exceptionally well in realistic
adverse environments and why others do not [2]. The current study aimed to examine specific
components of executive function that were predicted to impact SRM. This was of interest
because our previous work has shown variability in benefit of spatial cues within groups of NH
listeners (as described in Chapters 2 and 3 of this dissertation). Open-set sentences, varying in
semantic content, were used to create a listening task in which top-down processes interact with
peripheral “bottom-up” sensory processing [56]. Results showed that specific measures of
executive function (i.e. DCCS, Flanker, Digit Span Forward, and Digit Span backward) were
only predictors of SRM when no other predictors were accounted for, and at the least favorable
SNR. After adding predictor variables that account for age, expressive vocabulary, and IQ, the

significant effects of executive function disappeared.

Working memory is a component of executive function that has been found to be relevant
to the identification of target speech in noisy environments. When processing complex speech in

adverse listening environments, both short-term and working memory are necessary [59]. A
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listener must actively store incoming information (short-term memory), while at the same time

integrate and manipulate information that is continually being received (working memory). The
quantity of information that can be held in working memory is limited, and is affected by clarity
of the incoming signal [40, 60]. As a result, working memory can be negatively impacted when
listening in adverse environments relative to when listening in more favorable environments (e.g.
Quiet or favorable SNRs).

It has been shown that better working memory is associated with better performance on
word recognition tasks for children who are hearing impaired and use electronic hearing devices
such as cochlear implants [61, 62]. Similarly, growth and training of working memory has been
shown to have a relationship with improvement in language skills [42-44]. This work suggests
that those who have a larger capacity for information in working memory perform better on tasks
that involve working memory. Therefore, it was hypothesized that the listeners who had larger
spans of both short-term and working memory would be better at segregating sources at poor
SNRs because the complex auditory task used in this study was designed to incorporate
activation of these processes. With all age groups collapsed together and measures of memory
accounted for individually, both short-term and working memory were significant predictors of
SRM at only the -16 dB SNR and when no other predictors were included. The measures of
memory were significant predictors only at the least favorable SNRs tested in this experiment,
which suggests that short-term and working memory capacity is most sensitive in extremely
difficult listening situations. Our results coincide with previous findings for older adult listeners
in which memory is most affected in the most complex listening situations [63]. The significant
relationships between SRM and measures of memory disappeared after age, expressive

vocabulary, and 1Q were added as predictors. In the latter model, age, expressive vocabulary, and
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IQ predicted significant variability in SRM above and beyond executive function. This finding is

not surprising given that other studies have shown that tests of working and short-term memory

are highly correlated with language outcomes [43, 64].

Both attention shifting and inhibition are imperative when listening to speech in noise.
The listener must be able to shift and direct attention to the target while simultaneously
inhibiting other interferers. It is thought that attentional processes are key to successful
management and organization of working memory [65]. Therefore, it is suggested that attention
and working memory are interconnected. For this study, analyses of these factors were
conducted separately. It was hypothesized that listeners who were better able to shift attention
and inhibit irrelevant stimuli would be better at segregating sources at the least favorable SNRs
because they are better able to focus on the target while inhibiting the interferers. With all age
groups collapsed together, and measures of attention accounted for individually, both shifting
and inhibition were significant predictors of SRM at -16 dB SNR only when no other predictors
were included in the model. The measures of attention were significant predictors only at the
least favorable SNRs tested in this experiment, which, as discussed above in the context of
memory, may suggest that attentional skills are most engaged in the least favorable listening
environments [63]. Although, results from this study suggest that age, IQ and expressive

vocabulary impact performance on spatial hearing tasks more so than attention.

The relationship of measures of attention and memory did not significantly differ with
SRM when participants listened to coherent verses anomalous sentences, although there was a
trend for SRM with the coherent sentences to have a stronger relationship with the measures of

attention and memory. When bottom-up sensory processing is degraded (target in the presence of
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interferers), top-down processing may help to alleviate some difficulty in extracting the target

speech [66]. It was of interest to investigate if supportive semantic content cues would enhance
performance when the sensory signal was degraded. The amount of top-down and bottom-up
processing is likely different for the coherent and anomalous sentences. The coherent sentences
give the listener a chance to predict words within the sentence using cues of semantic content
and knowledge. This places more emphasis on top-down vs. bottom-up processing. Unlike with
coherent sentences, top-down processing is not as useful for the anomalous sentences, where
semantic content cues are unavailable. Other studies have demonstrated that NH adult listeners
improve on auditory tasks that incorporate additional cues in adverse conditions because they are
able to take advantage of top-down processing [67]. In the current study, the additional cue of
semantic content (coherent sentences) is helpful when examining release from masking. Results
of the current study show that ability to take advantage of spatial separation, regardless of
semantic cues, was better for the participants who performed higher on the measures of
executive function. Because the relationship between SRM and executive functioning skills is
stronger with the coherent sentences, results suggest that listeners with better executive
functioning skills are better able to employ top-down processing and make use of the semantic
content cues when available to benefit more from SRM.

VI. FUTURE DIRECTIONS

These findings have implications for both normal developing and clinical populations. In
the classroom, these results may help in the organization and design of educational settings.

Favorable SNRs are needed so that children are able to effectively listen and learn in noisy
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classroom environments. There is evidence to suggest that younger children require a more

favorable SNR than older children and adults.

These results may also have clinical implications. Predictors of performance, such as
measures of executive function, on tasks of auditory source segregation in the future may assist
in clinical decisions as to what amplification devices to fit. They may also help to predict success
and intervention needs for children with hearing impairments. In addition, these measures of
executive function could be used in a training paradigm to improve ability to listen to speech in
noise for NH and clinical populations.

The proposed measures of executive function were not sensitive enough to capture the
variability in performance on the auditory task in more favorable SNRs, above -16 dB. In future
studies, it may also be beneficial to include a processing speed measure, dual-task methods (e.g.
that demand greater cognitive load than an auditory task alone), and measure exact auditory
thresholds, all of which have been shown to partially predict performance on auditory measures
for older adults. It may also be beneficial to measure listening effort, with pupilometry or eye-
tracking movement measures, in tasks of auditory source segregation in order to isolate
conditions in which listeners exert the most effortful listening. It may be these conditions that
reveal the most significant relationships with measures of executive function. Likewise, it would
also be beneficial to compare our results to imaging studies to better elucidate which specific
mechanisms are involved when segregating sources in a complex auditory environment in order

to develop an improved measure that could be utilized in the clinical setting.



TABLES

Table 1

Table I. Results of planned comparisons: Front vs.
90 Asymmetrical % correct (*significance)

Group (years) Interferer [ -16 SNR| -8 SNR | OSNR | +8 SNR
7-10 noise *p<0.001 *p<0.001 *p=0.002 p=0.12
11-14 noise *p<0.001 *p<0.001 p=0.02 p=0.12
15-17 noise *p<0.001 *p=0.007 p=0.02 p=0.11
18-23 noise *p<0.001 *p<0.001 *p=0.003 p=0.06
7-10 speech *p<0.001 *p<0.001 p=0.03 p=0.20
11-14 speech *p<0.001 *p<0.001 *p<0.001 p=0.08
15-17 speech *p<0.001 *p<0.001 *p=0.003 p=0.09
18-23 speech *p<0.001 *p<0.001 p=0.43 p=0.014
Table 2

Table Ila. Results of within group effects of SNR on SRM noise interferer(*significance)

Group (years) |SNR comparisons
-16vs. -8 -16vs.0 | -16 vs.+8 | -8vs. 0| -8vs. +8 | O vs.+8
7-10 p=0.03 *p<0.001 #p<0.001 | *p<0.001 [ *p<0.001 p=0.19
11-14 p=0.46 *p<0.001 #p<0.001 | *p<0.001 | *p<0.001 p=0.16
15-17 p=1.0 *p=0.,001 *p=0.001 | *p=0.001 | *p=0.001 p=10
18- 23 p=0.03 *p<0.001 #p<0.001 | *p<0.001 | *p<0.001 p=0.19

Table IIb. Results of within group effects of SNR on SRM speech interferer(*significance)

Group (years) |SNR comparisons
-16 vs.-8| -16vs.0 | -16vs.+8 | -8vs. 0| -8 vs. +8 | O vs. +8
7-10 p=0.58 *p=0.003 *p<0.001 | *p<0.001 | *p<0.001 p=0.17
11-14 p=0.10 #p<0.001 #p<0.001 | *p<0.001 | *p<0.001 p=0.03
15-17 *p=0.006 | *p<0.001 *p<0.001 | *p<0.001 | *p<0.001 p=0.45
18-23 #p<0.001 #p<0.001 #p<0.001 | *p<0.001 | *p<0.001 p=1.0




Table 3

Table Illa. Results of planned comparisons: Coherent vs.

Anomalous % correct Front (*significance)

Group (years) Interferer | -16 SNR| -8 SNR 0 SNR +8 SNR Quiet
. (1)=22, | t(1)=72, | t1)=8.1, | t11)=39, | t(1)=3.1,
7-10
rowse p=0344 *p<0.001 | *p=0.001 p=0.03 p=0.08
14 e (=17, | «1)=69, | «(11)=59, | t(11)=81, | w(11)=25,
p=0.15 *p<0.001 | *p<0.001 | *p<0.001 p=0.02
. (82.02, | t(8)—48, (845, | t®=07, | t8-07,
15-17
rowse p=0.40 p=0.02 *p<0.001 | *p<0.001 p=0.83
5.3 e (1)=07, | w44 | t1)=3.1, | t1)=19, | t(11)=-15,
p=038 *p<0.001 | *p=0003 | p=0.02 p=0.04
(1)=24, | t(1)=48, | t(1)=59, | t(11)=55, | t(11)=25,
7-10 h
speec p=0.03 p=0.013 %p<0.001 p=0.03 p=0.03
.y speceh | (DL [ tan=os [an=s L [an=7 [ an=3o,
p=0.12 <0001 | *p<0.001 | *p=0.002 p=0.02
(1041, | t(10-10.03, | (1049, | t(10)=25, | t(10=42,
15-17 h
speec p=0.03 xp<0.001 | *p<0.001 | *p<0.001 p=0.04
W(1)=44 | «(1)=8.1, | t1)=71, | t1)=74, | «1)=31,
18-23 h
speec p=0013 xp<0.001 | *p<0.001 | *p<0.001 p=0.08
Table IIIb. Results of planned comparisons: Coherent vs.
Anomalous % correct 90A (*significance)
Group (years) Interferer | -16 SNR| -8 SNR 0 SNR +8 SNR
1 o (1)=53, | «(1)=59, | w(1)=43, | t(11)=34,
*p=0.003 | *p<0.001 p=0.03 p=0.03
Y e (1)=88, | t(11)-88, | t(1)=3.7, | w1143,
*p<0.001 | *p<0.001 p=0.02 *p=0.008
51 e (8)-12.6, (842, (869, | t(®)-19,
*p<0.001 | *p=0.001 | *p=0.001 =020
53 , (1)=84, | t(1)=86, | t(1)=48, | t(11)y=4s6,
- noise *p<0.001 *p<0.001 | *p=0.005 | *p=0.004
(=41, | t(1)=78, | =112, | t(11)=32,
7-10 h
“peee p=0.014 | *p<0.001 | *p=0004 | p=0011
(11)=8.0, | t(11)=65, | t1)=29, | t(11)=4.1,
11-14 h
"peee *p<0.001 | *p<0.001 | *p=0.009 | *p<0.001
(10-109, | w1048, | w1024, | t(10)=42,
15-17 h
speec *p<0.001 | *p<0.001 p=0.02 *p<0.001
W(1)=122, | «1)=92, | wi)=57, | t(11)y=48,
18-23 h
wpeee #p<0.001 | *p<0.001 | *p<0.001 | *p=0.005
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Table IV. Results of planned comparisons:coherent vs. anomalous SRM (*significance)
Group (years) Interferer | -16 SNR| -8 SNR 0 SNR +8 SNR
. t(11=4.6, | t(11)=09, | t(11)=-34, | t(11)=-0.7,
7-10 fomse *p=0.002 =030 =001 =045
14 oise t(11)=6.5, t(11=02, | t(11)=24, | t(11)=-2.6,
*5<0.001 p=0.87 p=0.03 *p=0,007
A t(6)=11.1 t(6)=-0.2, 1(6)=2.0, | t6)=27,
15-17 nose #p<0.001 p=0.82 p=0.043 p=0.02
8.3 . t(11)=83, | t1)=10, | taD=14, | t(11)=12,
- 1o1se *p<0.001 p=0.39 p=0.18 p=0.23
710 sposch t(11=2.8, | t(11)=78, | t(11)=3.04, | t(11)=0.9,
p=0.6 *5<0.001 p=0.03 p=0.35
t(1=4.1, | t(11)=65, | t(11)=6.6, | t(11)=-0.5,
1-14 speech *p=0007 | *p=0.002 | *p<0.001 p=0.61
t(10=44, | t(10)=05, | t(10=-0.8, | t(10}=-0.9,
15-17 speech *n=0.003 p=0.71 p=031 p=034
t(11=62, | t(11)=4.0, | t(11)=-0.7, | t(11)=4.1,
18-23 speech *p<0.001 p=0.02 p=0.52 *p<0.001
Table 5
Table V. Mean scores (=SD) and range for measures of executive function
DCCS Flanker Digit Span Forward Digit Span
Group (years) | (unadjusted score) | (unadjusted score) (longest) Backward (longest)
710 100.11 (8.14) 95.15 (6.81) 5.79 (1.06) 4.08 (1.06)
85.01-117.13 79.47 - 107.34 4-8 3-6
1114 108.60 (7.06) 106.01 (9.46) 6.00 (1.24) 491 (1.31)
94.54 - 124.39 91.59 - 142.11 4-8 3-7
15-17 118.64 (10.99) 122.26 (10.77) 7.05 (0.10) 4.9 (1.25)
106.05 - 143.94 | 103.40 - 142.11 5-8 3-7
18.23 124.42 (11.82) 124.98 (11.42) 7.08 (0.89) 5.46 (1.06)
109.24 - 143.94 | 101.21 - 142.11 5-8 3-7
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Table 6
Table VI. Mean scores (£SD) and range for IQ and expressive vocabulary
Kbit EVT
Group (years) | (raw scores) (raw scores)
7-10 33.33 (5.84) 131.29 (21.94)
16 - 41 75-183
11.14 36.70 (4.45) 144.70 (19.27)
28 - 43 92-171
15.17 37.70 (4.81) 156.50 (17.27)
27 - 45 131 - 196
18.23 39.75 (4.53) 168.33 (9.24)
28 - 45 148 - 187
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Table 7
Table VII. Correlations for IQ, expressive vocabulary, and all measures of executive function
Digit Span | Digit Span
Kbit EVT DCCS Flanker Forward | Backward
(raw scores) (raw scores) | (unadjusted score) | (unadjusted score) | (longest) (longest)
Kbit 7(90)=0.54, 7(90)=0.30, 7(90=0.54, | (90)=0.33,]r(90)=0.30,
(raw scores) *p<0.01 *p<0.01 *p<0.01 *p<0.01 | *p<0.01
EVT 7(90)=0.54, 7(90)=0.49, 7(90)=0.57,  |r(90)=0.49,|r(90)=0.47,
(raw scores) *p<0.01 *p<0.01 *p<0.01 *p<0.01 | *p<0.01
DS,CSt d r(90)=0.42, | r(90)=0.49, r(90)=0.80, 7(90)=0.50,| (90)=0.42,
(unadjuste *p<0.01 *p< 0.01 < 0.01 ¥p<0.01 | *p<0.01
score)
Flzl,’kir o | 0054 | 01057, 7(90)=0.80, 7(90)=0.41,|r (90)=0.34,
(unadjuste *p<0.01 *p<0.01 *9<0.01 < 0.01 | *»<0.01
score)
]?Flg‘t Sp‘:in 7(90Y=0.33, | r(90)=0.49, |  r(90)=0.50, 7(90)=0.41, 7(90)=0.55,
orwar *p<0.01 *p< 0.01 *p<0.01 < 0.01 *p<0.01
(longest)
Elg‘LSpag 7(90Y=0.30, | r(90)=0.47, |  r(90)=0.42, 7(90Y=0.34,  |r(90)=0.55,
ackwar *p<0.01 *p< 0.01 *p< 0.01 p<0.01 < 0.01
(longest)
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0 Quiet

SNR (dB)
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conditions) are plotted, at each SNR, for all groups both the coherent and anomalous sentences.

The filled circles represent SRM with the coherent sentences. The open circles represent SRM

with the anomalous sentences. Significant differences within each group between the coherent

SRM vs. anomalous SRM (p < 0.0125) are highlighted (*).
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CHAPTER 5: Conclusions
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This dissertation focuses on the ability of children with NH and with BiCls to function in
noisy environments. As described in Chapter 1, the goals of this work were to: (1) Investigate
source segregation abilities in children with NH and with BiCls for interferers spatially
distributed either asymmetrically or symmetrically; (2) Examine the effect of target interferer
similarity for these groups; (3) Explore measures of executive function and the relationship with
performance on speech-in-noise tasks for NH listeners; (4) Investigate source segregation

abilities in NH listeners, from school-age children to adults.

Chapter 2 compared the ability of children with NH and children with BiClIs to use
spatial cues in order to segregate target speech from interfering speech. Groups of children with
BiClIs or NH were matched according to either chronological age or their amount of auditory
experience (“hearing age”). Using spondaic words as target speech, speech reception thresholds
(SRTs) were measured in a “Front” condition (both target and interfering speech in front at 0
degrees), in an “Asymmetrical” condition (target in front and interferers asymmetrically
distributed toward the right ear at +90 degrees), and in a “Symmetrical” condition (target in front
and interferers symmetrically distributed toward both the right and left ears at +/- 90 degrees). In
the Asymmetrical condition, both monaural “better ear” and binaural cues are available. In the
Symmetrical condition, monaural cues are reduced and listeners must rely heavily on binaural
cues to segregate target speech. SRM was computed as the difference between SRTs in the Front
condition and either the Asymmetrical or Symmetrical conditions. Results showed that the
asymmetrical SRM was smaller in BiCI users than in NH children. Additionally, NH children

showed symmetrical SRM, suggesting they are able to use binaural cues for source segregation,
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whereas children with BiCls demonstrated minimal or absent Symmetrical SRM. Limitations in

the CI device likely also play a role in the reduced SRM.

Chapter 3 explored performance of children with NH and with BiCIs when both the
target and interferers were spoken by a talker of the same sex (both male). This contrasts with the
previously described study [1], in which the target and interferer were different-sex talkers
(target = male talker; interferers = female talker). This comparison allowed investigation of
speech intelligibility within an auditory environment that contained different amounts of
informational masking (i.e., same-sex target and interferer results in more informational
masking). SRM has been shown to be greater for NH adults in tasks that contain speech
interferers than in tasks that contain non-linguistic interferers [2]. This result suggests that when

informational masking is present, spatial cues become more important.

It has been shown that NH adult listeners demonstrate a reduction in speech intelligibility
(increase in SRTs) on tasks with same-sex target and interferer stimuli [3], and that SRM tends
to be larger in those conditions [4, 5]. We investigated this in children with NH and with BiCls.
Children with NH demonstrated an increase in SRTs with the male interferer, particularly in the
most difficult listening condition, with the target and interferers co-located. Although children
with NH showed a trend of more SRM with the same-sex interferers vs. different-sex interferers,
only the older group showed a significant difference. Lack of significant differences in SRM
with the male versus female interferer are likely due to within-group variability. All NH groups
showed more SRM than either of the BiCI groups, suggesting that listeners with NH are better
able than listeners who use BiCls to make use of spatial cues to improve speech understanding in

noise.
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Children who use BiCls have difficulty distinguishing target speech from interfering
speech, even in situations with less informational masking in which different-sex talkers are used
[1, 6]. This may be due to the fact that the CI does not provide spectral cues with clarity,
rendering performance under same-sex talker conditions similar to that with different-sex talkers.
In general, children with BiCls demonstrated more masking (higher SRTs) than NH children
with either type of stimulus, especially when the target and the interferers were spatially
separated (i.e., Asymmetrical and Symmetrical conditions). It is possible that spatially separating
the interferers poses a more difficult listening environment than when the stimuli are co-located.
This may be partially due to the microphone characteristics of the CI and also the lack of
coordination between CI devices at each ear, rendering binaural cues to be minimal or absent [7,

8].

Together, the experiments described in Chapter 2 and 3 of this dissertation showed large
amounts of variability in performance on the speech-in-noise task within and between each
subject group, for both children with NH and with BiCIs. We confirmed that individual
performance remains stable when all participants were tested on the speech-in-noise task, using a
repeated measures design (see Chapter 2). Given this, variability is likely due to integral

differences between subjects, rather than within.

It was not surprising to see variability within the BiCI groups. In fact, variability is a
hallmark of CI research and can be accounted for by a multitude of factors, including
demographics, anatomical differences, and device limitations. It was of particular interest that

NH groups showed a considerable amount of variability, given that, unlike in CI users, the
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peripheral auditory system of NH listeners is intact at birth [9]. Previous literature has suggested

that differences between NH listeners may originate in more central mechanisms [10].

In Chapter 4, we examined masking, source segregation abilities, and executive function
for a continuum of NH listeners ages 7-23 years. To investigate abilities across a large age range,
we used a more complex auditory task than in previous studies (see Chapters 2 and 3). The target
stimuli used in Chapter 4 for the speech-in-noise task (see also Davis et al. [11]) consisted of
open-set sentences that varied in semantic content, either coherent or anomalous. Previous work
has used simple tasks of one-word identification or closed-set stimuli. We hypothesized that the
auditory stimuli used in this study would better elicit mechanisms involved in executive function
due to its inherent complexity (i.e. open-set, varying in semantic content). Furthermore, we
investigated SRM with different types of maskers, either nosise or speech (the latter of which

was intended to create a more informational masker).

Our results revealed numerous findings. First, less masking was shown with an increase
in age. Additionally, more SRM was shown with an increase in age, especially at the least
favorable SNRs and in conditions that contained the speech (vs. noise) interferer. These results
coincide with previous research showing that children perform worse than adults on tasks of
auditory source segregation [12-14]. Furthermore, auditory components related to source
segregation continue to develop throughout adolescence [15]. We also showed that semantic
content has an effect when listening to speech-in-noise, such that less masking was demonstrated
with the coherent vs. anomalous sentences, suggesting that semantic content provides a cue that
can aid in release from masking. Amount of SRM with the coherent vs. anomalous sentences

varied for each SNR, especially with the speech interferer. At the least favorable SNRs, SRM
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was higher for the coherent sentences, suggesting that listeners used coherent content to aid in
segregation of sources beyond the cues that were available due to spatial separation. At the most
favorable SNRs, SRM was often higher for the anomalous sentences, particularly for younger
groups with the speech interferer. This suggests that spatial separation of sources at favorable

SNRs was most beneficial when other cues, such as semantic content, were not available.

As shown in Chapters 2 and 3, performance on the speech-in-noise task described in
Chapter 4 also varied between listeners. Because of this, in Chapter 4 we investigated measures
of executive function that were hypothesized to have a predictive relationship with performance
on the speech-in-noise task. Results showed a positive linear relationship between measures of
executive function, specifically attention and memory, and SRM for only the least favorable
SNR tested. These significant relationships disappeared when expressive vocabulary was

accounted for, as well as at the more favorable SNRs.

The results of these studies propose findings that are worthy of further examination, as
well as suggest future directions of study. First, because we found relationships between SRM
and measures of executive function when no other factors were accounted for, it would be useful
to further investigate this finding to gain a better understanding of how these relate in NH
populations. To further explore these relationships, it may be beneficial to focus on one age
group at a time, and reduce the number of variables in the study design in order to gain more
power within each group. It is possible that stronger relationships were not seen within groups
due to numerous within group variables (e.g. interferer type, semantic content). In the future, it
will be valuable to compare these results to clinical populations (e.g., BiCI users) to help predict

performance with assistive listening devices. If a set of measures that are highly predictive of
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performance on realistic tasks of auditory source segregation is found, it is possible that these
could be used as training mechanisms that aid in improved performance in noisy environments

for all populations.
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