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Abstract

Oral communication is at the center of human interaction, and when the audi-
tory scene becomes challenging, listening effort, defined as the “deliberate allo-
cation of mental resources to overcome obstacles in goal pursuit when carrying
out a task” (Pichora-Fuller et al., 2016), varies across individuals. In this project,
we investigated listening in effortful auditory environments using both behavioral
and electrophysiological approaches. Three experimental phases were conducted:
(1) behavioral assessment of speech intelligibility and listening effort in native and
non-native speech-in-noise and speech-in-speech conditions (N=51); (2) exploration
of the relationship between executive functions and speech listening in challenging
conditions, along with investigation of EEG alpha dynamics during effortful listen-
ing (N=30); and (3) cognitive training targeting inhibition to improve intelligibility
and reduce listening effort, and evaluation of its effects on alpha dynamics (N=60).
Behavioral results showed that using a native language enhances intelligibility and
reduces listening effort, inhibitory control correlates with performance in the most
adverse condition, and cognitive training improves speech perception while decreas-
ing effort. EEG analyses confirmed the involvement of alpha oscillations with di-
verse neural generators during effortful listening. These findings emphasize the
multidimensional nature of listening effort and its critical role in communication.
Furthermore, they support the potential of cognitive interventions to mitigate listen-
ing challenges, with implications for clinical populations such as individuals with
hidden hearing loss.
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Introduction






Oral communication is at the heart of human interaction, yet it can easily be
affected by interferences that degrade its quality. Whether these disruptions come
from the listener, the acoustic environment, or the speaker, they can create diffi-
culties in understanding speech that vary from one individual to another. In the
same situation, two people with similar hearing abilities may not need to invest the
same amount of effort to understand a speaker. This specific effort, called listening
effort, is the key concept of this PhD project. Although it is widely studied and de-
scribed, listening effort remains difficult to measure, which makes its investigation
challenging.

Hidden hearing loss, for example, affects people whose audiometric results ap-
pear normal but still experience auditory difficulties such as tinnitus, hyperacusis,
or difficulty in understanding speech in noisy environments. Thus, listening effort
varies between individuals and can sometimes become a burden, leading to social
withdrawal. Therefore, studies aiming at defining, measuring and possibly mitigat-
ing this effort could have an impact on future clinical interventions.

Listening effort can be assessed in different ways, notably using self-reports
or physiological measures. Using self-assessment methods, interpretations can
vary from one individual to another, resulting in a subjective measure of listen-
ing effort, while physiological recordings may provide more objective data. Among
the various physiological measurement tools, electroencephalography offers a non-
invasive, high temporal resolution approach to measuring brain activity during lis-
tening. However, there is still no consensus on specific neural markers of listening
effort, and each study contributes a new insight into this topic.

In this project, we chose to use electroencephalography to explore the neural
correlates that may underlie listening in complex auditory environments. Different
patterns of neural activity have been identified as potential indices of listening effort,
such as alpha oscillations. The dynamics of these oscillations could be related
to listening effort, and this project aimed to deepen our understanding of these
mechanisms.

Therefore, we investigated listening effort from both behavioral and electrophys-
iological perspectives. First, an examination of the existing literature, exploring the
auditory scene and how listening effort is defined (Chapter 1), is followed by an ex-
ploration of the neural pathways involved in listening (Chapter 2). Then, we explorer
higher-level cognitive functions associated with speech understanding (Chapter 3),
and finally we investigated cognitive training and its potential transfer effects to
listening in complex auditory situations (Chapter 4).

The main objective of this project was to better understand different aspects
of listening in effortful situations, particularly in relation to inhibition, a high-level
cognitive function described as a key mechanism for the suppression of irrelevant or
competing information. Inhibition may play an important role in complex auditory
environments, especially when multiple speakers are present. We also investigated
the possibility of mitigating listening effort with cognitive training, aiming to observe
how such an intervention could affect challenging speech perception.

Based on these considerations, the following research questions and hypotheses
were defined:

<



Questions and Hypotheses

Q1: Does the language used for a speech corpus influence listening in complex
situations?

H1: The use of a native language would positively influence SI and LE, partic-
ularly in adverse situations.

Q2: Is there a relationship between listening in complex situations and in-
hibitory control?

H2: Executive functions performances (especially inhibition) would be corre-
lated with speech intelligibility and with listening effort.

Q3: What are the neural correlates of listening in complex situations?

H3: Alpha oscillations dynamics would be impacted by the difficulty of the
auditory scene.

Q4: Is it possible to improve listening in complex situations by training asso-
ciated cognitive functions?

H4: A cognitive training of inhibition would improve SI and LE in multi-talker
situations

Q5: What are the effects of cognitive training on the potential neural correlates
of LE?

H5: Cognitive training would impact alpha dynamics differently depending on
the trained cognitive process.

To address these hypotheses, three experimental phases were conducted:
Experimental phases

Language Behavioral measures of speech intelligibility and listening effort in
native and non-native versions of the same corpus in speech-in-noise
and speech-in-speech conditions. (N=51)

Executive Functions Investigation of the relationship between listening in ef-
fortful conditions and executive functioning. Exploration of alpha dy-
namics during effortful listening with an electrophysiological approach.
(N=30)

Cognitive Training Implementation of cognitive training to mitigate listen-
ing effort in speech-in-speech conditions, using different training tasks.
(N=60)

This thesis aims to investigate various aspects of listening in complex auditory
environments, with a particular focus on its relation with inhibitory control, its
mitigation, and the electrophysiological markers associated with these processes.
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Complex Auditory

Situations

Description of the Chapter

Auditory perception is a fundamental cognitive function that enables us to
navigate and interact within complex acoustic environments. Listening in such
environments can present challenges that depend on various factors related to
the listener, the sound sources, and the environment itself. In this chapter, the
auditory scene and the parameters contributing to its complexity are explored.
Listening effort, which lies at the center of this project, is defined, and different
approaches to its measurement are presented. Finally, the chapter addresses
the importance of studying listening effort for real-life issues such as hidden
hearing losses.
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1 Complex auditory scene

1.1 The auditory scene

Like in a theater, a complex auditory situation can be imagined as a stage with
different actors. This stage is the auditory scene. At the center of it is the main
character: the listener, trying to gather and sort information from multiple sound
sources (see Figure 1.1). To do so, the listener forms auditory objects by grouping
and segregating sound streams. This process is highly complex, and although hu-
mans are remarkably good at extracting meaning from mixed signals entering their
ears, the exact mechanisms behind this ability remain difficult to explain (Middle-
brooks et al., 2017).

AUDITORY SCENE

A
v {

D Auditory Object 1

(] Auaitory object 2
. Sound Sources

‘SJ Listener

. n|||n||||l|-llu|

>0
o i - il —— 9
® kil i s> O

segregation
Figure 1.1: The auditory scene and auditory objects.

According to Middlebrooks et al. (2017), auditory objects refer to the mental rep-
resentations of sound sources. The formation of an auditory object requires two
key processes: grouping and segregating. Grouping brings together elements that
likely originate from the same source, based on factors such as frequency, timing,
harmonicity, or spatial location. Segregation, on the other hand, separates com-
ponents from different sources. This can depend on differences in pitch, timbre,
onset times, or spatial cues. Linguistic features, familiarity with voices, and even
accents also influence how we segregate sounds (Johnsrude et al., 2013). Listeners
analyze auditory objects based on knowledge and contextual information, engaging
top-down cognitive processes (Davis and Johnsrude, 2007; see Box 1.5). According
to Mattys et al. (2005), lexical and semantic cues derived from prior knowledge play
a critical role in driving speech perception, showing the importance of top-down
processes in interpreting complex auditory input. At any moment, the listener usu-
ally focuses its attention on a single auditory object, allowing selective perception
within a complex auditory scene (Shinn-Cunningham et al., 2017).
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Speech Chain

The speech chain, introduced by Denes and Pinson (1993), describes the
flow of communication from the speaker’s thoughts to sound production,
transmission as sound waves, and perception by the listener. In the present
manuscript, we briefly outline the physical properties of the sound wave as
input to brain processes involved in speech perception (see Box 4. Speech
chain impacts the acoustic challenge of a given auditory scene (Peelle, 2018).

1.2 Cocktail Party

In everyday life, we are frequently exposed to noisy and complex auditory environ-
ments, such as restaurants, supermarkets, train stations, or offices, where multiple
sound sources compete for attention. The ability to separate auditory information is
thus crucial and is widely studied. In 1953, Cherry described what has been called
the “cocktail party effect” in a simple experiment with two simultaneous talkers.
In multi-talker situations, this effect refers to the listener’s ability to focus on the
talker of interest to understand their message while ignoring others. This classic
example of a complex auditory environment has since been widely studied in re-
search on speech perception. The cocktail party problem occurs when competing
sound sources are present in an auditory scene in which a listener tries to focus
their attention on one stream of information.

Also, the cocktail party situation represents a dynamic environment with mul-
tiple overlapping conversations, often accompanied by non-speech noises such as
music, construction sounds, or traffic. Despite the constant complexity of such
auditory scenes, listeners continuously engage cognitive processes to maintain au-
ditory focus, sometimes without conscious effort. However, when the complexity
exceeds a certain level, comprehension difficulties arise. At some point, as audi-
tory challenge increases, so do the engaged cognitive resources; this specific effort
is called listening effort (LE) and is the topic of the next section.

2 Listening Effort

2.1 Description and definition

We tend to forget that our auditory system is constantly active, allowing us to hear
and listen without conscious effort. However, the auditory scene can become more
complex, making it difficult to understand speech. In such situations, the lis-
tener must adapt the exerted effort to the challenge. In addition, this LE has been
shown to depend on several factors such as the environment (e.g. number of sound
sources, background noise), the speech signal (e.g. sound degradation, unfamiliar
talker, accent), and the listener’s individual characteristics (e.g. auditory acuity,
language proficiency) (Peelle, 2018). These factors make LE challenging to define,
measure, and study. Although research on the topic is extensive and multiple au-
thors suggest definitions according to their framework or gaze on the subject, there
is currently no clear and consensual definition of it. Nonetheless, the set of existing
definitions allows us to outline a conceptual framework.
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Depending on the authors, LE may be defined from different perspectives. For
instance, McGarrigle et al. (2014) described it as the "mental exertion required to
attend to, and understand an auditory message”. This definition, however, does not
explicitly include concepts such as available cognitive resources, fatigue, or motiva-
tion. To address these limitations, Johnsrude and Rodd (2016) emphasize the inter-
action between the acoustic challenge and the cognitive resources available to the
listener, highlighting that LE depends on multiple factors inherent to the listener,
the speech specificity, and the environment. Considering that LE can be both ex-
erted and perceived, Van Hedger and Johnsrude (2022) suggest a multidimensional
view of LE as an "interaction between the demands imposed by the listening situa-
tion and the unique constellation of cognitive abilities an individual listener brings
to bear.” In their review, Francis and Love (2020) introduced an "economic” view of
LE, focusing on physiological markers, such as consumption of metabolites (e.g.,
glucose). They also distinguish between traditional active listening models and the
FUEL model (Framework for Understanding Effortful Listening), which is one of the
most widely cited and adopted definition of LE Pichora-Fuller et al. (2016). In this
model, LE is described as a "deliberate allocation of mental resources to overcome
obstacles in goal pursuit when carrying out a task.”

Peelle (2018) pointed out the distinction between cognitive (or listening) demand,
the challenges associated with the auditory scene and LE, and the resources actu-
ally used to meet the cognitive demand (see Figure 1.4). By stressing this difference,
he underscored the influence of both external and internal factors on listening de-
mand and suggested that it is, to some extent, a conscious choice made by the
listener to exert LE. When the acoustic environment becomes more challenging,
cognitive demand increases, leading to a greater LE that is modulated by the lis-
tener’s motivation.

B. Herrmann and Johnsrude (2020) suggested the use of the term “listening
engagement” that would include LE as a subjective experience. They argued that
LE and engagement are two different processes.

Frameworks and definitions such as those of Peelle (2018), Pichora-Fuller et al.
(2016), and Van Hedger and Johnsrude (2022) emphasize the multidimensionality
of LE and the role of both internal and external factors. In each of these definitions,
LE is viewed as a conscious allocation of resources by the listener.

Listening Effort

In the FUEL model, Pichora-Fuller et al. (2016) describe listening effort as
“deliberate allocation of mental resources to overcome obstacles in goal pursuit
when carrying out a task.”

2.2 Motivation, engagement, and effort

Listening effort is a multidimensional and dynamic concept influenced by both ex-
ternal and internal factors. Among internal factors, motivation is regularly high-
lighted in LE studies. Indeed, in complex auditory environments, a lack of motiva-
tion to attentively listen to a target talker can lead to disengagement and the absence
of effective perception. Conversely, in situations with no auditory challenge, the per-
ception and interpretation of speech occur automatically and effortlessly. According
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to the motivation intensity theory (Brehm and Self, 1989), the individual’s capacity
and the perceived success value determine the relationship between task demands
and effort. When listeners perceive that the costs of listening outweigh the bene-
fits, their motivation decreases, often resulting in reduced intelligibility (Matthen,
2016). This decrease in motivation can even lead to disengagement, where the lis-
tener ceases to exert effort to understand the speech signal.

To consider these factors, the FUEL (Pichora-Fuller et al., 2016) incorporates
motivation within its model, applying motivation intensity theory to LE and high-
lighting motivation as a critical component.

OEMANDS

Figure 1.2: Framework for Understanding Effortful Listening Model (FUEL), illus-
trating effort variation as a function of the demands for capacity required for per-
formance, and the motivation - adapted from Pichora-Fuller et al., 2016

B. Herrmann and Johnsrude (2020) further refine this understanding through
their model of listening engagement (MolE, see Figure 1.3), which conceptualizes lis-
tening engagement as the recruitment of executive and cognitive resources, whether
automatic or deliberate, to achieve a valued understanding goal. This model sug-
gests that motivation, engagement, and listening experiences are deeply interre-
lated, and that research should target these interactions to better understand LE.
Moreover, it assumes that listeners possess a variable (flexible) pool of cognitive re-
sources that can be adapted to meet the demands of their listening environment,
underscoring the active and conscious role of listeners in managing effort.
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Figure 1.3: Model of listening engagement (MolE), illustrating the relation between

engagement, motivation, and experiences - adapted from B. Herrmann and John-
srude, 2020

Listening effort is often described as the amount of engagement a listener ap-
plies to the task; when task demands increase, greater effort is required, leading to
increased effort investment (Richter, 2016). This distinction between listening de-
mand (task difficulty) and LE (amount of mobilized cognitive resources) underscores
that motivation plays a central role. The very use of terms such as "investment”,
“cost”, or "benefits” reflects the idea that motivation is an important underlying
factor that affects both LE and speech intelligibility.

By distinguishing between the subjective experience of listening difficulty and
the cognitive processes involved in effortful listening, the MoLE helps clarify some
confusion regarding the various definitions of LE in the literature. Although some
authors define LE as the subjective perception of difficulty (Johnsrude and Rodd,
2016; Krueger, Schulte, Zokoll, et al., 2017), others view it as the mental act of
investing effort (McGarrigle et al., 2014; Peelle, 2018; Pichora-Fuller et al., 2016).
The MoLE model shows how both conscious and automatic aspects of engagement
help achieve intelligibility goals.

Furthermore, disengagement in speech perception remains understudied (B.
Herrmann and Johnsrude, 2020); nevertheless, it is common to observe patterns
in experimental data that suggest that participants disengaged when listening con-
ditions get too challenging.

Therefore, it is important to consider the motivational context when designing
and interpreting LE studies (Carolan et al., 2022).

For more details on the relationship between LE and motivation, a very detailed
review by Carolan et al. (2022) outlines five categories of motivation in experimental
LE research: financial reward, evaluative threat, perceived competence, feedback,
and individual traits.

2.3 Speech Intelligibility

Conceptually intertwined with LE, speech intelligibility (SI) refers to the objective
measure of how accurately a listener can understand a target speech. It is widely



used to evaluate speech perception, particularly in complex auditory environments.
Unlike LE, which can be self-reported, Sl is typically assessed through performance-
based tasks, often quantified as the percentage of correct responses.

It has been shown that SI performances and LE are not always related and can be
independent (Strauss and Francis, 2017; Winn and Teece, 2021). Thus, the amount
of cognitive effort a listener allocates does not necessarily predict their intelligibility.
In some conditions, speech may be highly intelligible with minimal effort; in others,
even intense effort may not yield an accurate understanding of the speech. This
exposes the importance and challenge of studying both constructs in parallel.

According to Winn and Teece (2021), using intelligibility scores as a proxy for
LE is "tempting and intuitive” but oversimplifies the complexity of cognitive load in
speech perception. Individuals with poorer intelligibility scores are not necessarily
experiencing greater LE and laboratory material and methods may not reflect the
full demands of natural language processing. Strauss and Francis (2017) emphasize
that LE should be investigated as a distinct construct from SI.

@ speaker
. Environment

@ Listener

MEASURES
@ subjective

@ Physiological

@ Bchavioral

Figure 1.4: Actors influencing cognitive demand in the auditory scene - adapted
from Peelle, 2018

2.4 Individual differences

Considering the aforementioned factors, individual differences may also result in
different LE. For instance, listeners with similar hearing thresholds may exert dif-
ferent levels of LE to achieve comparable intelligibility. This inter-individual vari-
ability lies at the core of this thesis project. As a consequence, the main question to
address this issue could be stated as follows: why do some individuals cope better
than others in the same auditory conditions?

Hearing impairments are known to increase LE and reduce SI (Peelle, 2018;
Strand et al., 2018), even in auditory scenes comparable to those experienced by
individuals with normal hearing (Bess and Hornsby, 2014). Hearing devices such
as hearing aids can help reduce this effort in certain conditions, depending on the
type and severity of the impairment (Holman et al., 2021). However, LE and SI

o
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still vary significantly among listeners in adverse conditions, regardless of hearing
status.

Therefore, pure tone audiometry is not sufficient to represent or describe the
human hearing abilities on its own, and some authors Akeroyd (2008) and Peelle
(2018) suggest that cognitive abilities have a role in individual differences of SI and
LE in complex auditory situations. In other words, the cognitive demand required
in a given auditory situation depends on a range of internal and external factors
that are not fully captured by pure tone audiometry.

One question arises from these observations: What are the reasons for these
differences? In a review of 20 studies, Akeroyd (2008) showed that the impact of
hearing loss on SI was more important than the cognitive abilities. However, this
does not announce that the link is the same between LE and cognitive abilities.

Inter-individual differences in LE may also be explained by brain mechanism
processes. Francis et al. (2021) proposed that physiological measures may reflect
how effectively listeners engage cognitive systems, and that individual differences
in these capacities could help explain the variability in LE.

Studies often emphasize the need for objective and reliable markers of LE. Such
indices would enable more personalized diagnostics, improved care, and better clin-
ical support for individuals struggling in complex auditory environments. An in-
creasingly challenging condition may lead to more cognitive load and, with it, the
increase of inter-individual differences. Understanding the underlying cognitive and
neural factors driving these differences is therefore useful.

Top-down and Bottom-up Processes

Perception can be influenced by two distinct processing approaches: bottom-
up and top-down. The bottom-up approach is data-driven, meaning percep-
tion directs cognition. It relies on raw sensory input without the influence
of prior knowledge or expectations, guiding decision-making and behavior
based solely on external stimuli. In contrast, the top-down approach involves
conceptually-driven processing, where conditions shape perception. Here,
prior knowledge, experience, and expectations influence how sensory infor-
mation is interpreted, meaning that perception and behavior are largely deter-
mined by cognitive frameworks and conceptual understanding.

BOTTOM UP TOP DOWN

perception perception is
directs constructed
cognition by cognition

‘ Stimulus

Figure 1.5: Top-down and Bottom-up processes




3 Measures of Listening Effort

As mentioned earlier, LE is a multidimensional concept. The complexity of its def-
inition and the variety of perspectives in the literature highlight the need to align
the measurement approach with the chosen definition. Of course, the measure of
LE depends on the definition we decide to keep. When studying such cognitive pro-
cesses, providing a clear definition of the concept is a step that will strongly impact
the discussions around the results.

Furthermore, different types of measures do not capture LE in the same manner,
and studies have shown that they rarely correlate (Alhanbali et al., 2019; B. Her-
rmann and Johnsrude, 2020; Miles et al., 2017; Pichora-Fuller et al., 2016; Strand
et al., 2018). This problem can be explained by the multidimensional nature of LE
and the variety of cognitive processes it encompasses (Pichora-Fuller et al., 2016);
each type of measure is influenced differently by different aspects of LE.

Overall, it has been shown that LE can be measured through different methods
such as self-reports, behavioral, and physiological measures (see Table 1.1 for a
summary). However, there is currently no consensus on the right way to measure
LE. In this section, we will describe the most commonly used measuring methods
in the literature.

As Peelle, 2018 mentioned, LE is, in certain aspects, such as the related cogni-
tion, measurable. This measure depends on the acoustic challenge that occurs in
the auditory scene, such as those discussed in the section 4.

3.1 Behavioral measures

Measures of SI in complex auditory situations are often considered alongside LE as-
sessments. However, it is important to clarify that behavioral tasks report objective
performance in SI and do not directly assess LE. These tasks can be investigated in
parallel with self-reported LE ratings and physiological measures, but do not pro-
vide direct insight into the cognitive resources allocated during listening. In the
context of LE research, various approaches exist to measure SI.

Generally, SI is assessed in controlled environments simulating noisy or multi-
talker situations. These experimental conditions can be manipulated using a range
of acoustic parameters, including noise type, source degradation, source localiza-
tion, level differences between target and masker or number and type of talkers.

Some studies use a dual-task paradigm to increase cognitive load and related
LE. However, based on the definition of LE adopted in the present project, such
methods are not directly aligned with our objectives. For a detailed review on dual-
task paradigm for the study of LE, please refer to Gagné et al. (2017).

SI can be assessed through several metrics, such as response time, percentage
of correct responses, or speech reception thresholds. In natural language and ev-
eryday conversation, intelligibility is difficult to measure due to the variability of
listener interpretations, among other factors. To address this matter, standardized
speech corpora are often employed in experimental settings. They help minimize se-
mantic ambiguity, focus solely on acoustic perception, and improve reproducibility
across experimental protocols.

Among the very large pool of tests used in speech research, a few commonly used
corpora in SI and LE studies are described below. To reduce semantic predictability
and memorization effects, many studies use structured corpora such as matrix sen-
tence tests with fixed syntactic patterns and semantically unpredictable context (see

v
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Kollmeier et al., 2015 for a review). Examples include the Oldenburg Sentence Test
(OLSA) in German (Wagener et al., 1999; e.g., used by Hall et al., 2019), the Russian
Matrix corpus (Warzybok, Zokoll, et al., 2015) or the Danish Dantale II data base
(Wagener et al., 2003; e.g., used by Mohammadi et al., 2023). More natural sen-
tence corpora, such as the Hearing in Noise Test (HINT; Nilsson et al., 1994), TIMIT
(Zue et al., 1990; e.g., used by Horton et al., 2013) or the Bamford-Kowald-Brench
(BKB; e.g., McMahon et al., 2016; Miles et al., 2017), are also commonly employed.
Additionally, some corpora are based on principles of military communication, such
as the Modified Rhyme Test(MRT; House et al., 1963) or the Coordinate Response
Measure (CRM; Bolia et al., 2000, adapted from T. J. Moore, 1981), which has been
used by Lanzilotti et al. (2022), Brungart (2001b),Brungart (2001b), Wisniewski et
al. (2021), Hamery et al. (2023)or Hambrook and Tata (2019) among others.

SI tasks are widely used to assess hearing disorders and, more generally, audi-
tory abilities of participants in challenging listening situations (DiNino et al., 2022).
Comparative analyses across experimental and application contexts rely on tasks
that are configurable, particularly with respect to participant characteristics and
task parameters (e.g., language, spatial distribution of attention), as well as the type
of masking (e.g., energetic or informational). Among the tools used to study speech
intelligibility, the Coordinate Response Measure (CRM) corpus (Bolia et al., 2000),
adapted from T. J. Moore (1981), is widely used, due to its simplicity and adaptabil-
ity (Brungart, 2001b; Mesgarani and Chang, 2012; Wisniewski et al., 2021). Like
other intelligibility tasks, it enables researchers to assess speech comprehension in
different complex auditory scenarios.

Among existing tools, an advantage of using a context-free corpus such as the
CRM corpus lies in the possibility of isolating acoustic and perceptual processing
by removing semantic cues. This helps ensure that the observed changes in per-
formance are due to experimental conditions rather than top-down linguistic pre-
dictions (Bolia et al., 2000). Indeed, when all sentences follow the same pattern
and structure, this facilitates the creation of controlled energetic and informational
masking conditions.

Many of these corpora have been adapted in various languages; for example, the
HINT has been translated into Cantonese by Wong and Soli (2005) and Swedish
by Héllgren et al. (2006), the MRT in French (Zimpfer et al. (2020)) or the CRM in
French by Isnard et al. (2024).
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Figure 1.6: Listening effort measures representing its multidimensionality - adapted
from Shields et al., 2022. SRT: speech reception threshold. SI: speech intelligibility

3.2 Subjective measures of LE

No standardized objective behavioral task for measuring LE currently exists. Con-
sequently, behavioral assessments often rely on subjective scales or questionnaires.
However, studies tend to show that LE can be objectively assessed with physiological
measures (see in Section 3.3).

Based on a subjective scale used by Luts et al. (2010), Rennies et al. (2014)
introduced the Effort Scaling Categorical Units (ESCU) for the self-report of LE.
This scale is composed of 13 levels, including 7 categories labeled from "no effort” to
“extreme effort” and 6 non-labeled intermediate categories. A fourteenth additional
category, "only noise” (or "I cannot understand the target talker at all” in Krueger,
Schulte, Brand, and Holube, 2017; Rennies et al., 2019), is often provided for the
case in which listeners cannot understand anything, helping to adapt the parameter
range.

An adapted version of this method, the Adaptive Categorical Listening Effort
Scaling (ACALES; Krueger, Schulte, Brand, and Holube, 2017) was developed to
reduce bias caused by random stimulus presentation and individual differences.
ACALES controls each response based on previous ratings; depending on the lis-
tener’s personal experiences and expectations, individual differences could affect
the results (McGarrigle et al., 2014).

Other questionnaires, such as the Speech, Spatial and Qualities of hearing scale
(SSQ; Gatehouse and Noble, 2004) are used to assess LE in complex auditory sit-
uations. Originally designed for the measure of hearing impairments, the SSQ
contains questions to evaluate difficulties in hearing and listening across various
realistic acoustic environments. Besides, some studies use the NASA Task Load
Index (NASA-TLX;Hart and Staveland, 1988), which was developed to measure task
load and is used with slight modifications for LE assessment.
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As noted by T. M. Moore and Picou (2018), subjective ratings of LE are less pre-
cise than physiological or behavioral measures. Also, directing listeners’ attention
to their own internal states may modulate their representation of the task, poten-
tially reflecting how effortful they believe the task should be rather than how effort-
ful it actually was (Francis and Love, 2020). This makes it complex to distinguish
whether the listeners are reporting exerted or expected LE. Francis et al. (2021) fur-
ther support this idea, suggesting that when listeners are asked to evaluate their
exerted effort, they may actually be reporting a different aspect of their LE experi-
ence. Nevertheless, subjective ratings provide valuable insights into the listener’s
personal experience of effort during the task.

3.3 Physiological measures of LE

Objective assessment of LE often relies on physiological measures, which aim to
identify neural and autonomic markers associated with effortful listening. These
measures can reflect activity from both the central and peripheral nervous systems.

Neuroimaging techniques such as functional Near-Infrared Spectroscopy ({NIRS),
Positron Emission Tomography scan (PET), functional Magnetic Resonance Imag-
ing (fMRI), magnetoencephalography (MEG) and electroencephalography (EEG) al-
low observation of brain activity during listening tasks in complex auditory envi-
ronments. Analyses of these signals provide insights into the neural mechanisms
underlying auditory processing under challenging conditions.

In addition to these central measures, peripheral physiological responses, such
as pupil dilation, skin conductance, and cardiac activity, also offer indirect insight
into the cognitive demand of listening. These measures are believed to reflect mod-
ulation by central nervous system activity and are frequently used in combination
with neuroimaging of behavioral data to provide a more comprehensive assessment
of LE.

fMRI

fMRI studies have revealed key neural networks activated during LE situations. For
instance, Eckert et al., 2016 conducted a meta-analysis showing consistent involve-
ment of the cingulo-opercular network, including bilateral dorsal cingulates, inferior
frontal and anterior insular cortices, during challenging but intelligible conditions.
This network appears to play a critical role in top-down control and maintaining
task engagement under degraded listening scenarios (Francis and Love, 2020).

Electrophysiology

Speech perception in adverse conditions is widely studied in EEG. However, the
associated LE is not always explicitly examined. Given the conceptual distinction
between SI and LE, their respective neural correlates are likely to differ. Neverthe-
less, it is sometimes unclear whether authors are referring to SI, LE or both.

EEG provides a flexible and sensitive tool for investigating the brain’s response
to complex auditory scenes and appears well-suited to assess the neural corre-
lates of LE. Commonly used analytical methods include frequency, time, and time-
frequency domains. Other approaches include microstate analysis, component
analysis, and more advanced methods such as source localization, neural or cortical
tracking, clustering, and deep learning techniques.



There are multiple ways to use EEG signals for analysis. Regarding speech per-
ception, these methods can be applied in the time domain with ERP (Bertoli and
Bodmer, 2014; Billings et al., 2009; Obleser and Kotz, 2011; O’Sullivan et al., 2015;
Power et al., 2012; Wisniewski, 2017) or more precisely auditory ERP (Billings et al.,
2009; Choi et al., 2013; Lewald and Getzmann, 2015; Papesh et al., 2017; Power
et al., 2012; Wisniewski et al., 2023). Also, analysis can be conducted in the fre-
quency domain (Giraud and Poeppel, 2012; Hall et al., 2019; Hambrook and Tata,
2019; Hunter, 2020; Obleser et al., 2012; Paul et al., 2021, or in the time-frequency
domain with ERPS (Alhanbali et al., 2019; Nourski et al., 2009; Wisniewski et al.,
2015, 2017). And in addition, microstates (Eqlimi et al., 2023; Roushan et al.,
2023), components analysis (Jenson, Bowers, et al., 2014; Wisniewski et al., 2015,
2017, 2021, 2024, source localization (Wisniewski et al., 2024) or more complex
concepts such as neural or cortical tracking (Ershaid et al., 2024; Hambrook and
Tata, 2019; Horton et al., 2014; Hunter, 2020; O’Sullivan et al., 2015) or other
classifier and deep learning procedures (Ding and Simon, 2012, 2014; Mesgarani
and Chang, 2012; Puffay et al., 2024; Tian et al., 2018) can be used to analyze EEG
data.

Concerning spectral activity, LE has been associated with modulations in alpha
(8-12 Hz) and theta (4-8 Hz) power. Alpha rhythms, oscillating between 8 and 12
Hz, have received significant attention due to their involvement in various cognitive
processes. Alpha synchronization has been linked to the suppression of irrelevant
noise or sound, while desynchronization may reflect increased attentional focus on
speech signals (Dimitrijevic et al., 2017; Obleser and Kotz, 2011; Strauf et al.,
2014; Wilsch et al., 2015; more details in the next Chapter 2). Both increases and
decreases in alpha power can co-occur in separate brain areas, potentially reflecting
different aspects of LE (Paul et al., 2021).

Some evidence for alpha as a neural marker for LE shows that its power in-
creases with greater acoustic degradation during speech listening tasks (Obleser et
al., 2012; Wilsch et al., 2015). These enhancements are often stronger over tempo-
ral and occipital regions and may reflect the suppression of irrelevant or distracting
information. Alpha power increases have also been noted in the primary auditory
cortex, suggesting a role in inhibiting the formation of competing auditory objects
(Leske et al., 2014; Weisz and Obleser, 2014). Some of these findings have been
observed in non-speech tasks, suggesting that they may not be directly related to
speech-specific processes (Wisniewski, 2017). While these studies suggest an in-
crease in alpha power in relation to listening in complex environments, the role of
alpha waves in speech intelligibility remains unclear, with various authors offering
different interpretations.

Alpha waves have been extensively explored in the context of speech intelligi-
bility and listening effort. However, there is still no clear consensus on the exact
relationship between alpha activity and these factors. Alpha power desynchroniza-
tion, meaning reduction of alpha amplitude, has been associated with increasing
listening effort in complex auditory situations (Ala et al., 2023; Dimitrijevic et al.,
2017; Hall et al., 2019. This desynchronization may reflect greater neural engage-
ment and attentional resource allocation.

Wisniewski and Zakrzewski, 2023 investigated how alpha power varies during
speech perception in a complex auditory environment, specifically in a multi-talker
situation. They found that increased LE was associated with both alpha enhance-
ment and suppression, depending on the subsequent alpha generator involved.

i
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Specifically, left somatomotor mu rhythms showed enhancements, while left tempo-
ral tau rhythms exhibited suppressions, suggesting that different cortical sources
contribute differently to listening effort. This dual modulation could explain incon-
sistencies in earlier studies that reported either increased or decreased alpha power
during effortful listening.

These findings underscore the complexity of neural mechanisms underlying LE
and highlight the importance of considering multiple brain regions and their in-
teractions when interpreting EEG data in auditory tasks. In addition, Wisniewski
and Zakrzewski, 2023 EEG analysis methods use more complex EEG activation
patterns than simple spectral or time analyses. The component analysis procedure
will be introduced in a later section and subsequently applied to our data.

In parallel to alpha waves, theta oscillations, especially the frontal midline theta,
observed in the frontal regions, are often associated with cognitive effort (Francis
and Love, 2020). Frontal midline theta power increases have been interpreted as
markers of cognitive control and working memory engagement during effortful lis-
tening (2015, 2017). WisniewsKki et al. (2017) demonstrated increases in both alpha
and theta power bands relative to increased difficulty and decreases when the task
becomes too difficult.

Despite these advances, the interpretation of electrophysiological markers re-
mains complex. Some indicators (e.g., alpha power, tau components) may reflect
different or even opposite mechanisms depending on the task or cognitive demand.
Further research, with source localization, for example, is needed to disentangle
these processes and define reliable neural indices of LE (Francis and Love, 2020).

Pupillometry

Among peripheral measures of LE, pupillometry is one of the most widely used
methods (Zekveld et al., 2018). It involves measuring changes in pupil diameter in
response to task-related events, such as auditory stimuli.

Indeed, as shown in several studies, pupil dilation is considered a reliable index
of LE (McGarrigle et al., 2014; Zekveld et al., 2018). Most of them have shown that
pupil size increases with higher LE or under conditions of greater sound degradation
Koelewijn et al., 2012; Kramer et al., 2016; Miles et al., 2017; Zekveld et al., 2010,
2018.

In a review on pupil dilation response to auditory stimuli, Zekveld et al. (2011)
noted that, in accordance with the FUEL model (Pichora-Fuller et al., 2016), pupil
dilation is influenced by several factors, including the characteristics of the sound,
the type of degradation, and individual listener differences. They concluded that
pupillometry provides a robust and replicable measure of LE. However, because LE
is a multidimensional construct, pupil dilation may reflect only certain of its under-
lying components (Strand et al., 2018). As such, it is often recommended to com-
bine pupillometry with performance-based and/or other physiological measures for
a more comprehensive assessment of LE.

Other physiological measures

In addition to neuroimaging and pupillometry, other peripheral physiological mea-
sures have been explored to assess LE, although findings across studies remain
mixed. Among these peripheral indicators, skin conductance, or electrodermal ac-
tivity, reflects autonomic nervous system arousal, specifically sympathetic activa-
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tion. It tends to increase under cognitively or emotionally demanding conditions,

making it a candidate marker for LE during challenging listening tasks (Alhanbali

et al., 2019; Mackersie and Cones, 2011). However, it is also highly sensitive to

emotional states, which can introduce variability and reduce its specificity for LE

(Alhanbali et al., 2019; Hogervorst et al., 2014). In addition to skin conductance,

cardiac measures have also been investigated. Some studies suggest they may re-

flect cognitive effort during listening, but results remain inconsistent (Francis and

Love, 2020; Mackersie and Cones, 2011; Mackersie et al., 2015; Winn et al., 2018).
Finally, neurochemical measures, such as changes in cortisol, aldosterone, epinephrine,

and norepinephrine levels, have been proposed as potential indicators of LE via ac-

tivation of the hypothalamic-pituitary-adrenal and sympathetic-adrenal medullary

axes (Francis and Love, 2020). However, these approaches are more invasive and

fall outside the scope of the present project.

Measure

Advantage

Limitations

Self-assessment

Quick and easy to
administer captures
listeners’ perception of LE;
can be tailored for
momentary (e.g.,
trial-by-trial) or global
ratings

Subjective, influenced by
individual interpretations,
expectations, personality
wide inter-listener variability

Behavioral:
Single task

Direct measure of task
performance. Easy to
implement

Not a LE effort measure, is
useful in parallel with other
measures

Behavioral: Sensitive to extra processing | May not reflect natural
Dual-task load can reveal hidden costs | listening
paradigms not seen in primary task
performance
Pupillometry Good temporal resolution. Sensitive to individual’s
Reproducible effects state, large inter-individual
variability
EEG Millisecond temporal Poor spatial resolution.
resolution. Sensitive to Multiple analysis
neural dynamics (e.g., approaches. Susceptible to
alpha/theta modulations) muscle and eye artifacts
linked to LE. Relatively
inexpensive and portable
fMRI High spatial resolution. Noisy, expensive low
Maps cortical/subcortical temporal resolution. All
networks involved in LE implicated networks have
multiple functions
fNIRS Portable Easy to install and | Lower spatial resolution

handle. Good spatial
resolution

than fMRI Signals sensitive
to scalp blood flow changes

Table 1.1: Summary of listening effort measures with advantages and limitations
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3.4 Inconsistency across measures and Reliability

The multidimensional nature of LE makes it both accessible and challenging to
assess. It is accessible because various aspects of LE can be measured using a wide
range of tools and methodologies. However, it is also complex due to the diversity
of these aspects and the many ways results can be interpreted.

Inconsistencies and lack of reproducibility are frequently reported in studies in-
vestigating listening in complex environments (Alhanbali et al., 2019; Keur-Huizinga
et al., 2024; Lau et al., 2019; Strand et al., 2018). These inconsistencies may arise
from individual differences in physiological reactivity or from methodological vari-
ations across studies. Research protocols may differ in terms of task type (e.g.,
sentence matrices, word corpora, digits in noise, audio books), listening condi-
tions (e.g., speech-in-speech, speech-in-noise, non-speech stimuli, babble, noise
type, spatial configuration, or source degradation), population (e.g., young healthy-
hearing, hearing impaired, older adults, or non-native listeners), or even in the
signal processing techniques used.

Furthermore, different LE measures do not always produce consistent results.
For example, physiological indicators of LE often show weak or no significant cor-
relations with each other or with subjective reports (Lau et al., 2019; Strand et al.,
2018). As highlighted by Alhanbali et al. (2019), inconsistencies occur not only be-
tween measures but also between participants, groups, and studies using the same
measures but different stimuli.

There are several other explanations for this variability. Some measures may
lack sufficient reliability, making it unlikely for them to correlate with one another.
In other cases, correlations might only appear when studies involve the same listen-
ing tasks, suggesting that methodological consistency plays a crucial role (Alhan-
bali et al., 2019). Additionally, subjective, behavioral, and physiological measures
may each reflect distinct underlying constructs related to LE (Pichora-Fuller et al.,
2016). This highlights the multidimensional nature of LE and suggests that no
single method can capture all aspects of it.

In conclusion, the complexity of LE requires the use of multiple complementary
assessment methods to account for its different aspects and underlying processes.

4 Adverse conditions

In real-world settings, the auditory scene often gets challenging for listeners, and
conditions for understanding speech are far from optimal. Factors that decrease
SI are referred to as adverse conditions (Andéol et al., 2017; Lanzilotti et al., 2022;
Mattys et al., 2012). In addition, these conditions generally do not arise from a
single cause. Instead, they often originate from different causes related to the three
actors of the auditory scene: the speaker, the environment, and the listener.
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Figure 1.7: Adverse conditions causes.

These various sources of degradation can be categorized based on their origin
(see Figure 1.7). One important type of degradation involves speaker-related ad-
verse conditions (source degradation), which refer to characteristics of the talker
that reduce intelligibility. This includes unclear articulation, speaking rate, accent,
speech disorder or simply unfamiliarity (Johnsrude et al., 2013; Mattys et al., 2012;
Van Hedger and Johnsrude, 2022).

Environmental conditions, causing transmission degradation, involve external
factors that interfere with the speech signal. The transmission can be affected
by factors such as the distance and orientation between the speaker and listener,
acoustic distortions, reverberations, or competing sounds in the environment (Mat-
tys et al., 2012). Competing signals result in energetic masking, informational
masking, or both (see Section 4.1 for details).

Finally, listener-related factors, due to the receiver’s limitations, can also impact
speech perception. For instance, hearing impairments, neurological disorders, cog-
nitive load, or incomplete language knowledge will affect intelligibility.

Also, these different types of adverse conditions can combine. In most real-world
situations, listeners do not face just one challenge but rather a complex mixture of
several. For instance, a person might try to understand speech in a second language
in a noisy environment while also being distracted or tired. As explained by Van
Hedger and Johnsrude (2022), different types of adverse conditions place different
demands on cognitive resources, and their interaction can significantly increase the
LE required.

o

Complex Auditory Situations |



| Adverse conditions
g

Sound physics

Sound is a mechanical wave caused by the movement of air molecules, gen-
erated by the vibration of an object. The resulting pressure variations cause
the molecules to move back and forth from their resting position. A sound
wave is characterized by two key features: frequency and amplitude. The fre-
quency, defined as the number of cycles occurring per second, is measured
in hertz (Hz) and determines the pitch of the sound. The human ear can per-
ceive frequencies ranging from 20 to 20 000 Hz. The amplitude refers to the
intensity or loudness of the sound; it corresponds to the maximum movement
of the molecules. When illustrated as in Figure 1.8, the amplitude of a sound
corresponds to its pressure, expressed in Newtons per square meter (N/m?3).
The decibel (dB) scale, used to describe sound intensity, is logarithmic, mean-
ing that for every increase of 10 dB, the sound intensity becomes ten times

greater.
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Figure 1.8: Pure and complex sounds physics.
Pure sounds, such as illustrated in Figure 1.8, rarely occur in natural condi-
tions. Most of the sounds we hear in everyday life are complex, consisting of
multiple frequencies and composed of alternating compression and rarefaction
phases, corresponding to changes in air pressure caused by the air molecules’
movements. The sound propagates in three dimensions, meaning it travels in
all directions from its source.

4.1 Energetic and Informational Masking

Masking occurs when the perception of one sound is impacted by the presence of
another. The masking effect can operate at different levels. First, energetic mask-
ing (EM) occurs when a competing sound interferes with the target one in time
and frequency (Bronkhorst, 2015; Kidd and Colburn, 2017). The masking of the
stream of interest is due to the mix of energy of the two streams at the periphery
of the auditory system (Durlach et al., 2003). Second, informational masking (IM)
is considered the result of the masking signal once the effects of energetic masking
have been compensated for (Cooke et al., 2008). IM engages higher-level cognitive



resources and occurs at the central level of auditory processing, where competing
speech-like signals overlap with the target in the speech spectrum and semanti-
cally interfere with its interpretation (Bregman, 1990; Brungart, 2001a; Culling
and Stone, 2017).

Masking factors not related to EM are considered IM, for example, when other
speech signals interfere with the target speech (Kidd and Colburn, 2017). In a
cocktail party, masking makes it harder for the listener to extract auditory objects
from the auditory scene. To overcome this masking, the listener employs release
strategies; the process by which the target signal (in our case, speech) is separated
from the competing sounds, thereby improving SI.

Research studies often manipulate masking conditions to investigate LE and SI.
However, in speech-in-speech (SIS) situations, it is difficult to completely separate
EM and IM since both the masker and the target are speech signals. In contrast,
speech-in-noise (SIN) scenarios are often used to isolate EM, as the noise maskers
do not contain semantic information. Determining the proportion of EM and IM in
SIS is challenging. An experimental approach to studying IM while minimizing this
bias is to keep EM constant (Kidd and Colburn, 2017).

The difference in production between EM and IM is also represented at different
processing levels in the brain. EM is mainly handled by a lower, peripheral level of
the auditory system, where the target signal is physically blocked by a masker that
contains no semantic content (Bronkhorst, 2015). The auditory system, however, is
capable of using various strategies to overcome such masking and extract relevant
information (Culling and Stone, 2017).

4.2 Masking release strategies

Masking, whether energetic, informational, or both, can be released through various
strategies. These strategies, implemented by the listener, may operate at different
levels of awareness and involve more or less LE. In fact, we constantly and auto-
matically inhibit irrelevant sounds in our environment. These strategies can be
automatic or deliberate and effortful, depending on how demanding the situation
is. In everyday environments, we often suppress irrelevant auditory information
without noticing. It is only when the auditory scene becomes challenging and ef-
fort is required that we become aware of this release process (Pichora-Fuller et al.,
2016).

Several cues, characterized by the sound sources, can be used by the listener to
release from masking in order to increase SI and decrease LE (see Box 4.2).

"
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Masking release strategies

* Location of the talkers, spatial separation between the target and the
maskers (Rennies et al., 2019)

¢ Pitch difference, such as variation in fundamental frequency (FO, see Box
4.2) of the talker(s) voice(s)

¢ Talker familiarity, a familiar voice is easily segregated from other voices
in cocktail party (Johnsrude et al., 2013)

* Temporal modulation and roughness
¢ Talkers gender (Brungart, 2001a)

¢ Languages of the talkers (see Section 4.2) (Cooke et al., 2008; Van Engen
and Bradlow, 2007)

* Loudness differences

For more details, Culling and Stone (2017) provides explanations of the differ-
ent types of EM release, including spatial separation, envelope, fluctuations,
and differences in FO.

Fundamental Frequency

Fundamental Frequency (FO) of a sound is the lowest frequency of a complex
sound wave (for example speech). It determines the periodicity in the acoustic
waveform of voice and thus the perceived pitch of the sound. The human voice
FO is generally located between 70 and 280 Hz.

Speech in speech - TMR

In multi-talker condition studies, also called speech-in-speech (SIS), it is common
to get the participants to pay attention to one talker in particular (with different
types of cues depending on the corpus and the focus of the study). The difference
in sound level between the target talker and the masker(s) is called the target-to-
masker (TMR) ratio (in dB, see Figure 1.9). This ratio is positive when the target has
a higher sound level than the masker, negative when the target has a lower sound
level than the masker, and neutral when the target and the masker have an equal
sound level.

In a single masker SIS condition, intelligibility is influenced, among other factors,
by the similarity between the target and masker voices. The closer the voices in
their acoustic characteristics, the more challenging the segregation of the target
speech, resulting in poorer performance (Brungart, 2001b). SI also improves when
the target and masker differ in gender. The most detrimental condition occurs when
the target and masker are produced by the same talker. This is consistent with the
concept of IM: the more acoustically and perceptually similar the competing voices,
the harder the separation, thus increasing LE. In SIS, it is complex to dissociate
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EM from IM. Additional talkers not only introduce IM through the concurrent and
competing speech information but also contribute to EM due to the added acoustic
energy of their voices. However, using SIS is a common approach to investigate IM
specifically (Brungart, 2001Db).

)

-18dB -15dB -12dB -9dB -6dB -3dB 0dB 3dB 6 dB

[] Target [] Mask

Figure 1.9: Visual representation of TMR and SNR with the Target (talker) in green
and the Mask (talker or noise) in orange.

Speech in Noise - SNR

For the study of the impact of EM on SI and LE, speech-in-noise (SIN) scenarios are
often used. In these cases, noise is added to the target talker stream. This noise can
be of diverse origins, such as white noise or spectrum-shaped noise, or stationary
noise (considered as pure EM). The sound level difference between the target talker
and the noise is called signal-to-noise ratio (SNR).

Nomenclature Clarification

In this project, we refer to the ratio in SIN situations as the signal-to-noise ratio
(SNR), and in SIS situations as the target-to-masker ratio (TMR). The concept
is the same (see Figure 1.9): the difference in sound level between the target
talker and a masker (noise or another talker). We chose this nomenclature for
clarity.

Spatial release of masking

In real-life situations, the spatial location of talkers is an important factor contribut-
ing to masking release. Listeners can use spatial cues to segregate the target sound
from competing sounds (Andéol et al., 2017; Middlebrooks et al., 2017). These cues
depend not on the sound itself, but rather on where the sound source is located
within the auditory scene. Therefore, spatial localization has a direct impact on SI
and LE (Andéol et al., 2017; Darwin, 2008). Moreover, when sound sources remain
in fixed positions, streams are easier to segregate, allowing the listeners to rely on
spatial cues for effective masking release (Brungart and Simpson, 2007).
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Spatial localization of sound

The human auditory system, with two ears separated by the head, enables
spatial hearing through interaural differences. A sound will reach one ear
slightly earlier (interaural time difference) or louder (interaural level difference)
than the other, depending on the source’s position. These interaural cues are
crucial for localizing sounds and play a key role in auditory scene analysis
(Middlebroogs, 2015).

Figure 1.10: Example of source localization with in green: the auditory source,
in orange: the listener, ITD: interaural time difference, ILD: interaural level
difference

Many studies investigating EM and IM incorporate spatial cues in their experi-
mental designs. For example, dichotic listening tasks or spatially separated sound
sources are frequently used to examine the effects of stream localization on SI or
LE.

Although spatial localization of sound is an essential and widely studied mech-
anism in natural listening, it is not the focus of the present work. For in-depth
reviews on spatial stream segregation and spatial hearing mechanisms, please refer
to Darwin, 2008; Middlebrooks, 2017.

Listeners’ knowledge of the language and voice familiarity

In a complex auditory scene, the listener’s familiarity with the language spoken and
the identity of the talkers can influence both SI and LE. Talkers (target or masker)
may not all speak the same language or may use an unknown or non-native lan-
guage for the listener. The similarity between target and masker voices plays a role
in SI. As noted by Rhebergen et al. (2005), the more similar the voices, the greater
the confusion or the distraction, leading to poorer comprehension.

In SIN conditions, native listeners tend to perform better when the target speech
is in their native language than when it is in a non-native one (Lecumberri and
Cooke, 2006; Lecumberri et al., 2010; Rogers et al., 2006). Non-native listeners,
however, suffer from increased EM in SIN conditions (Cooke et al., 2008), as their



ability to segregate speech is more affected by the noise.

In SIS conditions, several language configurations are possible. The target and
masker may both speak the listener’s native language, both may speak a non-native
or unknown language, or each may use a different language. Indeed, when the
target talker speaks the listener’s native language and the masker speaks a non-
native one, it becomes easier for the listener to segregate the speech streams, thus
improving SI. Additionally, masking in a familiar language can increase IM compared
to when the masker speaks a non-native language (Lecumberri and Cooke, 2006;
Rhebergen et al., 2005; Van Engen and Bradlow, 2007).

Beyond language, voice familiarity also contributes to improved speech compre-
hension. Listeners understand speech more easily when the target voice is familiar,
particularly in SIS scenarios (Johnsrude et al., 2013). This effect occurs both when
the familiar voice is the target or the masker, suggesting that familiarity helps the
formation of auditory objects and the segregation of speech sound sources.

Conceptual Clarification

In this project, we refer to adverse conditions as situations in which listen-
ing difficulty is expected to increase, whereas favorable conditions correspond
to situations in which difficulty supposedly decreases. Mattys et al. (2012)
defines adverse condition as "any factor leading to a decrease in speech intelli-
gibility on a given task relative to the level of intelligibility when the same task
is performed in optimal listening situations”.

5 Why studying listening effort

Hearing loss affects over 5% of the world population. According to the World Re-
port on Audition (Organization, 2021), nearly 2.5 billion people will experience some
form of hearing loss by 2050, meaning that one in ten individuals will be affected
during their lifetime. These numbers underline the growing importance of address-
ing hearing-related issues and their broader consequences on health and quality of
life.

In daily life, oral communication plays a central role in social interactions. Dif-
ficulty understanding speech, especially in complex auditory environments, can
make it harder to engage in conversations. Over time, this can lead to social with-
drawal, increased isolation, or even mental health difficulties (Pichora-Fuller et al.,
2016).

Hearing difficulties are often thought to result solely from frequency deficit and
can be quantified with audiometry. However, a significant and often overlooked is-
sue involves people who report auditory difficulties despite having normal hearing
thresholds on tonal audiometric tests. This issue, known as hidden hearing loss
(HHL), is difficult to detect with conventional tools but can significantly affect every-
day communication and well-being. People affected by HHL often have difficulties
following conversations in groups or in noisy environments, increased sound sen-
sitivity, tinnitus, or hyperacusis.

HHLSs are related to a general decrease of SI and an increase in LE as soon as the
auditory scene becomes complex. A constant high-exertion in LE to compensate for
these challenges can result in chronic stress and a deterioration in overall well-being

o
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Conclusion on the chapter

(Mattys et al., 2012; Pichora-Fuller et al., 2016).

Furthermore, although HHL is more frequently observed in older adults, it in-
creasingly affects younger populations, particularly those exposed to loud noise
environments (headphones, parties; Zheng and Guan, 2018). Also, people working
or living with frequent exposure to noise, such as teachers, construction workers,
military personnel, plane pilots, or employees in open-plan offices, are particularly
at risk. Studies show that 5 to 12% of people with normal audiometric thresholds
still report difficulty understanding speech, especially in challenging listening situ-
ations (Tremblay et al., 2015). Known contributing factors include noise exposure,
use of ototoxic medication, viral infections, and certain genetic mutations (Zheng
and Guan, 2018).

Hearing loss is often associated with damage or degeneration of hair cells in the
cochlea. However, a recent hypothesis for the cause of HHLs is cochlear synap-
topathy leading to damage to synapses located between the inner hair cells of the
cochlea and the auditory nerve fibers (Liberman and Kujawa, 2017; Zheng and
Guan, 2018). These synapses are crucial for transmitting acoustic information to
the brain (see Chapter 2). Even in the absence of hair cell damage, the degrada-
tion of these connections can happen and disrupt auditory processing and remain
hidden from audiometric tests (Liberman and Kujawa, 2017; Liberman et al., 2016;
Organization, 2021). Nevertheless, at low intensity of cochlear damage, a small
increase in sound level can compensate, making it at first difficult to distinguish
(Liberman and Kujawa, 2017). For a detailed explanation of mechanisms of the
cochlear synaptopathy, please refer to Liberman and Kujawa (2017).

Thus, since most cases of HHLs are acquired rather than congenital, preventive
strategies are both important and possible. Despite the clinical relevance, standard
diagnostic tools are still missing. Zheng and Guan (2018) emphasize the need for a
diagnostic test battery that could improve accuracy and help differentiate between
types of hearing impairment. Some studies on neuroplasticity in humans and ani-
mals suggest that auditory training may help improve hearing perception associated
with HHL (Whitton et al., 2014).

Studying LE is thus essential in this context. A better understanding of mech-
anisms and reliable brain measures of LE would support early diagnosis, better
rehabilitation, and improve clinical care (McGarrigle et al., 2014).

6 Conclusion on the chapter

The auditory scene is often complex, requiring listeners to deploy strategies to re-
lease both energetic and informational masking. The associated listening effort,
closely linked to speech intelligibility, varies between individuals and remains diffi-
cult to objectively quantify. Although several physiological and behavioral methods
exist to measure listening effort under experimental conditions, none fully capture
the related cognitive mechanisms, and its definition is still discussed in the litera-
ture.

Because listening effort and speech intelligibility are cognitive constructs, a
deeper understanding requires considering the neural mechanisms that support
them. Therefore, in the next chapter, we introduce the brain pathways underlying
speech comprehension processing, with a particular focus on how they relate to
listening effort.
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Summary of the chapter

¢ The auditory scene is often complex, and listeners experience listening
effort differently.

¢ Listening effort is a multidimensional concept that varies between sub-
jects.

* Physiological measures of LE exist, notably electroencephalography or
pupillometry.

* Self-assessment measures allow a subjective measure of LE.

* Research on LE is essential for a better understanding of the concept,
allowing for better diagnosis procedures and clinical care.






The Auditory Brain

Description of the Chapter

Once the auditory scene and listening effort are described, the question of
how the brain is involved arises. Brain research explores the neural basis of
human cognition, investigating how different brain regions and networks sup-
port a wide range of functions, including speech processing. In this chapter,
we introduce the brain pathways related to speech understanding and, more
precisely, to listening effort. Additionally, to prepare for the later scientific
contribution using electroencephalography as a physiological measure of lis-
tening effort, the technique is briefly explained, along with different analysis
methods.
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1 Speech and audition perception

Why is speech a specific sound?

The human auditory system continuously receives complex sound waves that
represent the entire auditory scene surrounding the listener. All incoming
sounds arrive as a single, combined signal in the auditory system. Further-
more, speech is a specific type of sound.

Speech stands out due to its unique combination of acoustic, linguistic, and
communicative characteristics, allowing us to distinguish and interpret it dif-
ferently from other types of sounds (Bronkhorst, 2015). For a detailed review
on how the physics of speech, including frequency selectivity, timbre percep-
tion, pitch perception, and temporal analysis, is specific in hearing, please
refer to B. C. Moore (2008).

When processing speech, the brain recruits specific neural pathways that dif-
fer from those used for general sound perception. While many aspects of
speech processing overlap with other sounds, there are unique brain mech-
anisms specialized for speech (Bronkhorst, 2015). Also, top-down processes
enable the brain to automatically extract meaning from speech signals (Davis
and Johnsrude, 2007, see Box 1.5).

Speech is unique due to the distinctive way the brain interacts with it (D. R.
Moore, 2000).
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Figure 2.1: Human ear anatomy with the outer, middle, and inner ear.

1.1 The Ear Sound perception
Periphery: Outer, middle, and inner ear

The human ear consists of three main parts: the outer ear, the middle ear, and
the inner ear (see Figure 2.1). As sound enters the outer ear, it travels through the



auditory canal, where it is amplified until it reaches the tympanic membrane. The
tympanic membrane is in direct contact with the malleus, one of the three ossicles of
the middle ear, diffusing the vibration to the incus and stapes. The stapes transmits
the sound to the cochlea in the inner ear through the oval window.

The cochlea is composed of three distinct chambers (see Figure 2.3): the scala
vestibuli, (upper chamber), the scala media (cochlear duct), and the scala tympani
(lower chamber). The scala vestibuli and scala tympani are filled with perilymph,
while the scala media contains endolymph, a potassium-rich fluid crucial for hair
cell activation.

Cochlea

The cochlea is the structure in which sound waves are transformed into elec-
trical signals. This snail-shaped organ plays a crucial role in hearing, and
damage to it is often irreversible, making it a common source of hearing dis-
orders. The cochlea is organized in a tonotopic manner, meaning that the
sound frequencies are spatially coded along the cochlea, from high frequen-
cies to low frequencies. Each cochlea contains approximately 15,000 hair cells
and 40,000 nerve fibers. These cells lack regenerative capacity; thus, once
damaged or lost, their function cannot be restored, resulting in irreversible
auditory impairment.
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Figure 2.2: Inner ear and cranial nerve VIII.

A movement of endolymph in the scala vestibuli is initiated by vibration of the
ossicles via the oval window and travels along the cochlea. It leads to movements
of hair cells located in the organ of Corti, conducting to the depolarization of hair
cells. These hair cells are responsible for frequency perception (Box 1.1). They
convert mechanical movement into neural signals, which are then sent to the brain
stem and brain through the auditory nerve.

Cochlea to Cortex

The hair cell activation creates a signal transmitted through the cochlear nerve (part
of cranial nerve VIII). This nerve exits the cochlea in the direction of the brainstem,
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Figure 2.3: Cochlea section representing the scala vestibule, scala media, and scala

tympani.

projecting to the cochlear nuclei. These nuclei are the first processing step in the
brain’s processing of sound through the primary auditory pathway (see Figure 2.7).
The signal is sent both ipsilaterally and contralaterally to the superior olivary com-
plex, which plays a key role in sound localization. From there, the sound moves
through the lateral lemniscus, reaching the inferior colliculus and then the medial
geniculate body in the thalamus (Figure 2.4).

Figure 2.4: Brain stem with Thalamus.

Finally, the signal reaches the primary auditory cortex (Box 1.1) in the superior
temporal gyrus of the brain. This is where the sound signal will be translated in
order of frequencies and redirected to different cortical areas for processing and
interpretation.
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Inferior frontal gyrus

The inferior frontal gyrus (IFG), situated in the frontal cortex between the in-
ferior frontal sulcus and the superior temporal sulcus, is anatomically divided
into three subregions: the pars orbitalis, pars triangularis, and pars opercu-
laris. The left IFG, often referred to as Broca’s area, is critically involved in both
language perception and production. The left IFG includes both language-
selective and domain-general areas (Fedorenko et al., 2012). Beyond its lin-
guistic functions, the IFG also contributes to executive processes, reflecting
its integration within broader cognitive control networks.

Sueerior Feowma Gyrus
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Figure 2.5: Inferior frontal gyrus
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Auditory Cortex

The auditory cortex, located in the superior temporal gyrus, is hierarchi-
cally organized: the core (including primary auditory cortex) processes simple
acoustic features; the belt region processes more complex spectrotemporal
patterns; and the parabelt integrates information with other modalities and
cognitive processes (Chandrasekaran et al., 2022).

Like the cochlea, the primary auditory cortex is organized in a tonotopic man-
ner, meaning that it spatially maps the cochlear frequencies (Purves et al.,
2001) as shown in the following Figure.

N\

Figure 2.6: Primary and secondary auditory cortices

1.2 After the Ear: the Brain Speech Perception
Cortical Pathways

As explained above (Box 1), speech is a specific sound. Therefore, the neural path-
ways involved in speech perception exhibit some specificity compared to those pro-
cessing non-speech sounds. Nevertheless, it is important to note that speech and
non-speech sound perception interact and share overlapping brain pathways (Holt
et al., 2022). In contrast, inner-ear activity does not differ according to whether the
sound contains speech or not.

Broca and Wernicke were among the first to propose the localization of language
functions in the brain. Now identified as Wernicke’s area (superior temporal gyrus)
as essential for language comprehension and Broca’s area (inferior frontal gyrus) as
crucial for language production. While these areas were initially identified based on
the effects of brain lesions, later evidence showed that damage to these regions does
not always result in language deficits, suggesting a more distributed organization.
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Figure 2.7: Primary auditory pathways. Coronal section of the brain and brain
stem.

Modern neuroimaging techniques such as fMRI, PET, MEG, {NIRS, or EEG have
enabled the exploration of the neural pathways underlying speech perception. De-
spite significant progress and years of brain research, a fully detailed and unified
model of the neural organization supporting speech perception has not been es-
tablished yet (Adank, 2012; “Brain Mechanisms of Auditory Scene Analysis”, 2020;
Hickok and Poeppel, 2007).

In the cortex (Figure 2.8), speech is processed within a bilateral core language
network, supplemented by additional areas depending on task demands and pro-
cessing level (Hertrich et al., 2020; Peelle, 2018). Cortical activity is responsible for
the transformation of lower-level auditory features into higher-level representations,
which are fundamental to understanding speech (Chandrasekaran et al., 2022).

Commonly identified cortical regions implicated in speech perception include the
auditory cortex, the inferior frontal gyrus (IFG), Broca’s area, the superior temporal
gyrus (STG), Wernicke’s area, the superior temporal sulcus (STS), and the middle
temporal gyrus (MTQG) (Friederici, 2011; Friederici and Gierhan, 2013).

However, the pathways connecting these areas are task dependent (Hickok and
Poeppel, 2007). Similarly to vision brain networks, a common model describes two
major processing streams, a dorsal and a ventral pathway (Friederici and Gierhan,
2013; Hickok and Poeppel, 2007.

Dorsal pathway The dorsal pathway is mainly associated with speech perception
(Friederici and Gierhan, 2013) and is involved in auditory-motor integration (Chang
et al., 2015; Hickok and Poeppel, 2004). It sends projections from the STG towards
the parietal lobe and then to frontal regions such as the IFG (Box 2.5; Friederici,
2011; Hickok and Poeppel, 2007).

Ventral pathway The ventral pathway is responsible for speech recognition, par-
ticularly semantic processing of speech, by mapping sound onto meaning (Friederici

The Auditory Brain ()
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Figure 2.8: Brain Lobes. Cortical areas of the brain.

and Gierhan, 2013; Hickok and Poeppel, 2007) and projecting to the anterior and
middle temporal lobes (Chang et al., 2015).

Although the dorsal-ventral model is widely adopted, it likely captures only part
of the complex network underlying speech perception.

The precise correlates of language perception in the brain remain difficult to de-
fine. While many studies aim to describe a consistent language network, findings
suggest that language processing might rely on multiple overlapping and dynamic
networks. These may vary depending on the specific process, the listening condi-
tion, task demands, and broader context. It might be that language is related to
multiple networks, depending on the process, task, context, or auditory situation.
For a more detailed overview of cortical language networks and their roles in speech
perception, please refer to Hertrich et al. (2020) or Arnal et al. (2016).

1.3 The speech network in complex auditory situations

During degraded speech perception, brain activity changes to compensate for re-
duced intelligibility (Peelle, 2022). These changes may help identify neural markers
of listening effort related to increased difficulty and decreased speech intelligibility.

Functional neuroimaging studies consistently show increased brain activity in
complex auditory situations, in the speech-related areas especially (Alain et al.,
2018). Activity in core speech regions, such as the STG and the STS, tends to in-
crease linearly as speech becomes less intelligible. In contrast, non-linear activation
patterns have been observed in other regions, such as the IFG, particularly the left
IFG (Alain et al., 2018; Binder et al., 2004; Lanzilotti et al., 2022; Lawrence et al.,
2018; Peelle, 2022; Wild et al., 2012; Zekveld et al., 2006). For instance,Wild et al.
(2012) report that left IFG activation peaks at intermediate level of intelligibility,
forming an inverted U-shaped response, also observed in pupillometry measures in
complex auditory conditions (Zekveld et al., 2014). The authors suggest that the
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Figure 2.9: Cortical areas associated with different aspects of speech perception
in complex auditory situations. Orange: brain areas more activated by SIN than
SIS. Green: brain areas more activated by SIS than SIN. Blue: brain areas which
increase in activity as the SNR of SIN decreases. - adapted from Scott and McGet-
tigan, 2013.

left IFG activation pattern could be a neural marker of listening effort. In a very de-
tailed review on neural processing of masked speech, Scott and McGettigan (2013)
describe different activation patterns in SIS and SIN situations, illustrating that
some areas in particular, such as the dorsolateral temporal lobes, are differently
activated depending on the masking type (see Figure 2.9).

In more adverse listening conditions, additional brain regions are recruited, in-
cluding the cingulo-opercular network (CON), which is commonly associated with
domain-general cognitive control and task engagement (Peelle, 2022).

Most fMRI or fNIRS studies focus on conditions in which target speech is masked
by background noise (SIN). Some authors (Evans et al., 2016) suggest that SIS,
with two concurrent streams, should show the same activation pattern as the SIN
scenario. However, Lanzilotti et al., 2022 showed that, in opposition to SIN studies
and previous results, the left IFG activity decreased in adverse conditions when
individuals are trained. This relationship between left IFG activity and listening in
effortful situations could suggest the left IFG as a potential neural index of LE, and
thus as a potential objective marker of it.

2 Electroencephalography

Several tools are available to measure brain activity, each capturing different as-
pects of neural function. Electroencephalography (EEG) specifically provides non-
invasive recordings of electrical fluctuations generated by neuronal activity. First
described by Hans Berger in 1929 (Berger, 1929), EEG has become a widely used
technique in applied and clinical neuroscience, as well as for clinical research and
diagnosis.

Today, EEG is a standard method in cognitive neuroscience, mainly due to its
high temporal resolution (on the order of milliseconds) and relatively low cost com-
pared to imaging techniques such as {MRI, PET-scan or MEG. Its ease of installa-
tion, portability, and non-invasiveness make it particularly well-suited for clinical
applications and experimental protocols that require rapid setup and flexible use
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in laboratory or more ecological environments.

As illustrated in Figure 2.10, EEG provides good temporal resolution, as it di-
rectly captures neuronal electrical activity from scalp electrodes, but suffers from
limited spatial resolution — at least from the raw signal — due to the volume conduc-
tion and filtering effects of the skull and other tissues.

The number and configuration of electrodes play a critical role in determining
the localization of current source generators (or electrical dipoles) and the types of
analyses that can be performed. Standardized systems, such as the 10-20 or 10-10
international systems, facilitate reproducibility and compatibility between studies.
Given its long-standing use and broad adoption in various disciplines, EEG bene-
fits from a rich ecosystem of analysis tools, methodological guidelines, and dense
documentation, supporting a wide variety of research applications. Recent devel-
opments in signal processing and machine learning further enhance the utility of
EEG, with significant impact expected in the coming years (Mushtaq et al., 2024).

Seatial ResowTion

TeneoraL ResoLuTion

Figure 2.10: Brain Imaging methods. Temporal and spatial resolutions of different
brain imaging types. EEG: electroencephalography, MEG: magnetoencephalogra-
phy, fNIRS: functional near-infrared spectroscopy, fMRI: functional magnetic reso-
nance imaging, SPECT: single-photon emission computed tomography.

2.1 Physiological aspects

In the brain, neurons exhibit a wide variety of sizes, shapes, and purposes. A typ-
ical neuron, such as a pyramidal neuron (see Figure 2.11), consists of a soma, ax-
ons, dendrites, and synapses. Neuronal communication is primarily driven by the
movement of sodium (Na+) and potassium (K+) ions across the axon membrane,
producing an action potential that propagates along the axon (see Figure 2.12). At
rest, neurons maintain a membrane potential of approximately -70 mV, due to ion
concentration gradients outside and inside the axon membrane. When neurotrans-
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mitters bind to the membrane receptors, a cascade of events is initiated that alter
the local ion concentrations. If the change in membrane potential reaches a certain
threshold, voltage-gated ion channels open, resulting in a rapid depolarization: the
neuron fires, and an action potential travels down the axon to the synapses.
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Figure 2.11: Coronal section of the cortex and representation of cortical pyramidal
neurons with the electrical field they create.

EEG does not directly measure action potentials, but rather the summed post-
synaptic potential across large populations of neurons. These excitatory or in-
hibitory potentials generate measurable electric dipoles in the brain.

Post synaptic potentials

In the synaptic area, neurotransmission leads to chemo-dependent or voltage-
dependent gated channels opening, which permits the generation of an elec-
trical potential in the post-synaptic area. These potentials will stimulate or
inhibit the neuron (see Figure 2.12).

* Excitatory post-synaptic potential: Sodium ions (positively charged)
(Na+) flow into the cell, making the intracellular area more positive and
the extracellular area more negative near the synapse. This shift causes
the distant extracellular space to become relatively more positive, form-
ing a dipole. If the Excitatory postsynaptic potential (EPSP), or a sum of
EPSPs, generates a strong enough potential, an action potential will be
generated.

* Inhibitory post-synaptic potential: in opposition, the post-synaptic area
hyperpolarized, reducing the likelihood of firing and creating an inverse
dipole configuration.
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Figure 2.12: Typical action potential waveform of a neuron showing membrane volt-
age (mV) over time (ms). EPSP: Excitatory postsynaptic potential. IPSP: Inhibitory
postsynaptic potential.

The cerebral cortex is folded into gyri and structured in well-defined layers.
Among cortical neurons, pyramidal neurons in layers III and V are of particular
importance for EEG signal recording. These neurons are perpendicularly aligned
to the cortical surface and oriented in parallel, enabling the spatial summation
of local field potentials generated by synchronized local field potentials. This syn-
chronized activity allows for the recording of summed electric fields strong enough
to be recorded at the scalp. Active electrodes displayed on the scalp detect these
electrical fluctuations, which can then be amplified, processed, and analyzed for
interpretation.

The electroencephalogram reflects the activity of cortical neurons, while deeper
brain structures contribute indirectly, as discussed in the Section 2.4.

The EEG recording is performed by placing a predefined number of electrodes
on the scalp, following the international 10-20 system (see Box 2.1). This system
facilitates the standardization of electrode locations at regular intervals on the scalp.
The number of electrodes has a large impact on the resolution of the recording. The
more electrodes are displayed, the higher the spatial resolution.
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Figure 2.13: EEG system. Left: installation of a 64-electrode EEG cap using con-
ductive gel. Right: Biosemi Active II amplifier.

10 20 System

The 10-20 system, or international 10-20 system, is widely used in electroen-
cephalography. This system is a standardized method for the electrodes’ place-
ment on the scalp, which was proposed by Jasper and Andrew (1938). The
system provides precise electrode positions at 10% or 20% of the distance be-
tween the inion and the nasion, as well as between the preauricular points.
Each electrode is labeled according to its position (F: frontal, C: central, T:
temporal, P: parietal, z: midline), with odd numbers referring to electrodes on
the left hemisphere and even numbers to those on the right hemisphere. In
the current project, the use of a 64-electrode EEG device implies using the
10-10 system (10% distance in each direction).

Figure 2.14: 10 20 System

J

In addition to placement, different types of electrodes can be used. They can be
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"dry” (direct contact with the scalp) or "wet” (with a conductive gel), pre-amplified
or not pre-amplified.

2.2 Brain Oscillations

The EEG signal is characterized by a continuous voltage recorded at the scalp that
varies in amplitude and frequency over time. In healthy conditions, the human
brain oscillates at frequencies between 0.05 and 500 Hz (Buzsaki and Draguhn,
2004) with amplitudes between 20 to 100 pV. The brain oscillates constantly un-
der different rhythms, which are usually classified according to their frequency.
Although often presented as distinct bands, actual EEG signals are a mixture of
overlapping rhythms, reflecting the simultaneous activity of multiple neural pro-
cesses.

Brain oscillations are commonly divided into five main frequency bands (Figure
2.15): delta (<4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (13-30 Hz) and gamma (¢,30
Hz) bands. These bands are associated with different functional states of the brain
and are often related to different sleep and wakefulness stages. High-frequency
oscillations tend to arise from more localized neuronal populations, while lower
ones recruit larger brain networks (Buzsaki and Draguhn, 2004). Because ampli-
tudes decrease as frequency increases, high-frequency oscillations were only iden-
tified later in EEG research, and it is now known that oscillations to 600 Hz can
be observed (Curio et al., 1994; C. S. Herrmann and Demiralp, 2005). As given
frequency bands can occur at different brain states and anatomical regions, Hari
and Puce (2023) suggest that both frequency and anatomical location should be
reported when describing brain rhythms.

delta 0 (<4 Hz) First described by Walter (1936), delta oscillations are most promi-
nent during deep sleep and are thought to originate from the medial frontal cortical
regions (Knyazev, 2012).

theta 0 (4-8 Hz) Also described by Walter (1936), theta oscillations are initiated in
the hippocampus (Buzsaki and Draguhn, 2004; Lu et al., 2020) and are linked to
cognitive control, working memory, and spatial navigation. They are also involved in
memory processing for visual (Moreau et al., 2020) and auditory (Teng and Poeppel,
2020) information. Frontal midline theta (Fm#, 4-8 Hz) generated by medial frontal
sources (Ishii et al., 1999) is associated with attention, memory, and task difficulty
(Onton et al., 2005; Wisniewski et al., 2015) and is also used as a neural index of
LE (Mohammadi et al., 2024; WisniewsKki et al., 2015).

alpha o (8-12 Hz) Observed by Berger (1929), alpha rhythms were the first de-
scribed oscillations and are among the most studied. They are especially visible
during relaxed, eye-closed resting states, particularly over occipital regions. Alpha
activity decreases with attention and alertness and is linked to thalamo-cortical
synchronization (Beppi et al., 2021). These oscillations are related to multiple sen-
sory domains, including audition (Weisz et al., 2011). Changes in alpha power have
also been associated with listening effort (Wisniewski et al., 2017). Subtypes in-
clude mu rhythms (9-11 Hz), related to motor activity, and tau rhythms (8-13 Hz),
which are associated with auditory processes (see Chapter 1, Section 3.3). Tau
rhythms are not easily visible in raw EEG data and are sometimes better captured
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Figure 2.15: Brain oscillations across different frequency bands: delta (<4 Hz),

theta (4-8 Hz), alpha (8-12 Hz), beta (12-30 Hz), and gamma (> Hz).

with MEG, although EEG-based approaches have also been developed (Wisniewski

et al., 2024).

Tau rhythms

Tau rhythms are a subtype of alpha oscillations, typically ranging from 8 to
13 Hz, and are particularly associated with auditory processing and speech
listening, especially in adverse listening conditions (Lehtela et al., 1997). Tau
activity has been localized to the parieto-temporal regions and is often con-
sidered a potential electrophysiological correlate of SI and LE.

However, due to their subtle and overlapping nature, tau rhythms remain chal-
lenging to isolate and are more elusive in EEG data than other sub-alpha
rhythms such as mu oscillations, making them one of the less-explored sub-
types of alpha oscillations in electrophysiological research.

Unlike occipital or sensorimotor alpha rhythms, tau oscillations are more elu-
sive in scalp EEG recordings (Wisniewski and Zakrzewski, 2023). This is
mainly because stronger alpha sources from occipital and parietal cortices
tend to mask them (Weisz et al., 2011). As highlighted by Wisniewski et al.
(2024), tau rhythms are more easily observed with MEG or fMRI, while EEG
detection often requires advanced signal decomposition methods.

-
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beta $ (13-30 Hz) Also described by Berger (1929), beta rhythms are observed
in motor, somatosensory, visual, and olfactory cortical areas (Beppi et al., 2021).
They are believed to originate in the basal ganglia and project to the cortex via the
thalamus, and also occur in deeper structures (Liu et al., 2020).

gamma v (>30 Hz) Reported by Jasper and Andrew (1938), gamma oscillations
occur in frontal, parietal and occipital lobes and are thought to play a role in integra-
tive brain functions (C. S. Herrmann et al., 2004). They are challenging to analyze
with EEG because they are easily contaminated by eye and muscle movements.

ERD, ERS and Inhibition Theory

Event-related desynchronization (ERD) and event-related synchronization
(ERS) are fundamental concepts for interpreting oscillatory brain activity.
They describe, respectively, a decrease or an increase in rhythmic synchro-
nization of neuronal populations in response to a stimulus or task.
Alpha-band activity, in particular, has been closely linked to these mecha-
nisms. As explained by Klimesch et al. (2007), "Alpha ERS plays an active role
in inhibitory control and timing of cortical processing, whereas ERD reflects
the gradual release of inhibition associated with the emergence of complex
spreading activation processes.”

In other words, alpha ERS is thought to reflect increased neural inhibition of
the cortical regions, whereas alpha ERD reflects a decrease of neural inhibi-
tion, indicating active processing in the relevant cortical areas.

These dynamics are not limited to the alpha band but are observed across dif-
ferent frequency ranges, depending on the cognitive process and brain region
involved.

Conceptual Clarification

In this project, we refer to cognitive inhibitory control, an executive function,
and neural inhibition, reflected by alpha event-related synchronization (ERS).
Although these concepts share similar terminology, they represent distinct
mechanisms. Cognitive inhibitory control is detailed in Section 1.1 of Chapter
3 and the inhibition hypothesis in Box 2.2 of Chapter 2.

2.3 Interferences and preprocessing

Interferences

As with other physiological signals (ECG, EOG), EEG recordings result from the
activity of an extensive number of sources. These sources are responsible for the
amplitude, shape, and frequency observed during task or resting-state activities.
Currently, it is not possible to precisely isolate and identify all the sources con-
tributing to the global recorded signal. In addition to brain activity, some non-
neural signals can interfere with EEG recordings. Common sources of interference
include eye movements, cardiac activity, and muscle contractions. For instance,
ocular motor activity alters the eye’s electric field, which diffuses across the body.
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Due to the proximity of the eyes to the prefrontal cortex, these fields will impact
the signal, particularly in prefrontal electrodes. Blink-related peaks and saccade-
related deflections (squared-shaped artifacts) appear in specific electrode locations
(see figure interference.

Motor activities, especially maxillofacial movements, can introduce large and
complex artifacts. These are often more difficult to manage than eye movement
artifacts, as they tend to be irregular, non-repetitive, and non-periodic (see figure
interference). Other forms of interference may arise from environmental sources,
such as power line noise. In Europe, for example, line noise occurs at 50 Hz and can
strongly affect the signal in that frequency band. However, this type of interference
can be easily removed using a notch filter (see Box 2.16).

Preprocessing

Due to the presence of interferences and noises, raw EEG data must be prepro-
cessed prior to analysis. Preprocessing is an essential step for cleaning the data
and being able to extract information from it. However, excessive preprocessing can
distort the signal and bias results (Delorme, 2023). A major challenge in EEG pre-
processing is the need for visual inspection of the data; some portions of the data
often need to be manually removed.

A typical preprocessing pipeline includes the following steps: re-referencing (based
on a specific channel or the average signal), filtering to remove very low or high fre-
quencies and exclude unwanted bands, resampling to reduce data size, and adjust-
ing the sampling rate. Often, a channel localization is required to ensure that each
channel is correctly mapped to its corresponding scalp electrode.

In order to remove residual or irrelevant signal components, a common approach
is to use independent component analysis (ICA) during preprocessing to isolate and
remove artifactual components. After basic preprocessing, it is normally possible
to observe basic EEG results, such as for example the alpha oscillations when an
individual closes his or her eyes.

High Pass Low Pass Pass band Notch

y
Vv
y
4

7
Frequency (Hz) Frequency (Hz) Frequency (Hz) 4 Frequency (Hz)

Figure 2.16: Filter types. Filtered data are represented in color for each filter
type.

Independent Component Analysis

Consequently, the recorded EEG data is the result of electrical activity generated
by unmeasurable sources within the brain and body, resulting in a mixture of com-
ponents. The number of EEG electrodes (n), placed at different scalp locations,
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may vary depending on the desired spatial resolution. Each electrode records a
projection of the same global brain activity from a different position on the scalp.

Independent component analysis (ICA) is a computational method used to sep-
arate this mixed signal into statistically independent components. Applying ICA
to EEG data produces n components, each represented by a topographical activity
map. These components can be classified based on their similarity to known EEG
patterns.

The extracted components are often visualized as potential scalp maps and can
be ordered by the global explained variance, for example. One of the main purposes
of ICA is to distinguish components originating from brain activity from those gener-
ated by non-neural sources, such as eye movements, muscle activity, and electrical
noise (e.g., line noise). The number of extracted components corresponds to the
number of recording channels.

Once unwanted components are identified, they can be removed, and the EEG
signal can be reconstructed using the remaining components. This results in a
cleaned, albeit reduced, signal, with major interferences excluded. However, visual
inspection is still recommended to ensure signal quality.

Cocktail party problem - Independent Component Analysis

A simple example of cocktail party effect. In a room, multiple people are having
conversations, we will call them spealkers. A microphone is installed in the
center of the room and records conversations. The signal recorded by this
microphone is a single sound waves indicating the results of all sound inputs
originating from the different speakers, and the environmental sounds and
noises. By listening at the microphone output only, the human brain is able
to isolate one of the speakers in order to listen to his or her statements only.
Recorded Signal
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Figure 2.17: Cocktail party problem and independent sources extraction.

2.4 Analyses

Once the EEG signal is recorded and preprocessed, different types of analysis are
possible, depending on the experimental design and hypothesis. In this section, we
briefly describe the most common analysis methods as well as some more special-
ized one, such as microstates analysis or components analysis.



Time domain

The high temporal resolution of EEG allows analysis of neural activity at the mil-
lisecond scale. Event-related potentials (ERPs) reflect a stereotypical brain response
to a given stimulus. This kind of analysis represents one of the most commonly
used approaches in the time domain and is widely documented (Luck, 2014; Sur
and Sinha, 2009). ERPs are locked to a stimulus onset (either exogenous or en-
dogenous). Because one stereotypic response has a low SNR (1 to 10 or 1 to 100),
repeated presentations of the same stimulus are needed to obtain an averaged neu-
ral response with a better SNR, all other activities unsynchronized with this onset
will be statistically subtracted.

However, while ERP analysis is informative for short auditory or visual stimuli,
its application to continuous speech is more challenging. Speech occurs on the
scale of seconds, whereas ERPs capture activity on the millisecond scale. Although
ERPs can still be applied in speech research, alternative approaches such as time-
frequency or component analyses may be more adapted for the study of speech
perception.

Frequency domain

Spectral analysis of the EEG signal is a simple and accessible analysis type that
quantifies the power of specific frequency bands. It relies on the assumption that
the signal is stationary within short time windows, meaning that the mean and
variance are not time-dependent.

To convert EEG data from time to frequency domain, a Fast Fourier Transform
(FFT, see Box 2.18), among other tools, can be applied. The signal is decomposed
into its oscillatory components, represented by an infinite sum of sinusoids with
different amplitudes and phases. The resulting power spectrum reflects the distri-
bution of power across frequencies and can then be interpreted according to the
experimental conditions.

The Auditory Brain (- )
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Fourier Transform

Fourier transforms convert a signal from the time domain to the frequency
domain. It breaks down a signal (e.g., EEG signal) into sinusoidal components
defined by their frequency, amplitude, and phase. The sum of all extracted
sinusoids permits the recovery of the original time domain signal, with an
inverse Fourier transform.
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Figure 2.18: Time-to-frequency domain conversion using Fourier transform.

Time-frequency domain

Time or frequency domain analyses consider only one dimension at a time, either
temporal or spectral. Time-frequency methods combine both, allowing the observa-
tion of oscillatory activity through time.

Event-related spectral perturbations (ERSPs) represent changes in spectral power
over time relative to a reference period. To extract ERSPs, the EEG signal is decom-
posed into frequencies within successive time windows, using Morlet wavelet or FFT.
As explained by Makeig (1993) ERSP "measures the average time course of relative
changes in the spontaneous EEG amplitude spectrum induced by a set of similar
experimental events.”

Spectral changes over time can be quantified as either absolute power (event-
related synchronization, ERS) or relative power (ERSP); the difference stands in
baseline corrections. For ERSP, the average power before the stimulus is computed
and subtracted or divided from all time windows. This allows a better visualization
and highlights the stimulus-related modulations of the spectral activity.

However, interpreting ERSPs is not always straightforward. A single peak may
reflect the combined influence of several neural processes and sources projecting
to the recording electrodes, making the outcome complex and difficult to interpret.
Makeig et al. (2004) describe this concern well when they report: “a single peak
or valley in an ERSP image might index the combined effects of multiple processes
modulating the activities of several EEG sources that project to the recording elec-
trode.”

Components analyses

In another approach to EEG analysis, aspects beyond the time and frequency do-
mains can be examined. For example, ICA (see Section 2.3) can be used to determine



characterized components of the signal.

Time and frequency analyses, such as ERP and ERSP, may not fully capture the
cortical dynamics present in the EEG data. These measures overlook two important
issues: the spatial mixing of multiple cortical sources and the role of phase reset-
ting (Makeig et al., 2004). The recorded activity is the combination of signals from
multiple sources in which positive and negative potentials occur. Linear decom-
position methods, particularly ICA, address these limitations by separating EEG
into independent components, allowing the application of source-specific analysis.
This approach provides physiologically more plausible oscillatory dynamics, more
direct links to behavior (Makeig et al., 2004), and enables trial-by-trial and group
analyses.

During the study of electrophysiological indices related to speech and complex
auditory processing, ICA can be used not only for preprocessing purposes but also
for deeper analysis beyond the time-frequency domain.

In a group study, the individual ICA components can be compared across partic-
ipants to identify common patterns of brain activity depending on the experimental
conditions. To do so, components from all participants are clustered (using a k-
means algorithm, for example) into a given number of clusters (k). Each cluster is
represented by a mean map and includes a set of components across subjects. The
cluster centroids can then be identified based on other component analysis.

For example, if for N subjects, which data were recorded with a 64-electrode-
EEG, 64 x N components are computed. The 64 x N components can be clus-
tered into k groups. Clusters that include components from a large number of
participants are generally of greatest interest, as they may reflect more consistent,
population-level brain activities. Certain clusters in particular may be associated
with specific known brain activity, such as tau rhythms, for example. Furthermore,
each component is associated with an estimated source of activity. The location
can be visualized as the centroids of the clusters, offering further insight into the
anatomical organization of brain activity.

Source localization - The inverse problem

Solving the inverse problem (see Box 2.19) in EEG is a major challenge, as many
different source configurations can produce similar electrical fields. To reduce this
ambiguity, assumptions are made about the spatial and temporal distribution of
neural activity (Michel and Brunet, 2019). In many cases, an assumption about
the number of sources is made to decomplexify the inverse problem, suggesting
that only a small number of sources (often one) is the origin of the generated signal
of interest. Although such constraints make the problem more tractable, they can
bias source localization by overlooking sources or generating unrealistic sources.
Another limitation is the anatomical variations of the head. The electrical prop-
erties of brain tissue and the skull thickness are not homogeneous (Michel and
Brunet, 2019), and along with the head shape, they influence the signal propa-
gation. Therefore, structural MRI can be used for better estimation of the head
geometry and electrode positions, as the accuracy of the lead field determines the
precision of source localization (Michel and He, 2019).

The Auditory Brain (- )
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The inverse problem

In EEG signal processing, source localization relies on two complementary
problems: the forward and the inverse problem. The forward problem as-
sumes that the neural sources are known and aims to compute the resulting
electrical potentials at the scalp sensors. This problem has a unique solution,
as it describes how activity propagates from the brain to the electrodes (He
and Lian, 2005).

In contrast, the inverse problem consists of estimating the neural sources that
generated the recorded scalp potentials. For a given scalp distribution, there is
an infinite number of possible source configurations (in terms of number, size,
orientation, and power of dipoles). Because there are infinite configurations,
the inverse problem is a major mathematical and physiological challenge, re-
quiring anatomical and spatial constraints to achieve plausible solutions (He
and Lian, 2005).

Forward problem

)

Recorded
signal

~—

Inverse problem

Figure 2.19: Inverse and forward problems.

Multiple algorithms and methods are available; one widely used method in EEG
signal processing is the low resolution electromagnetic tomography (LORETA, Pascual-
Marqui et al., 1994), which assumes that neighboring neurons have a simultaneous
and synchronous activity (Pascual-Marqui et al., 1994). For more details on the dif-
ferent methods for source localization, please refer to Grech et al. (2008), He and
Lian (2005), He et al. (2018), and Michel et al. (2004)

Microstates

The brain is continuously active, even in the absence of external stimulation. Resting-
state activity is organized into spatiotemporal networks that generate intrinsic dy-
namics described by Deco et al. (2011) as a constant inner state of exploration. This
ongoing activity provides insights into the global patterns of the brain and can be
considered as an indicator of mental state, complementary to the other methods
mentioned previously.

The brain at rest can be observed through different neuroimaging methods. fMRI
has revealed intrinsic resting-state brain properties, but its low temporal resolu-
tion makes it less suitable for capturing the rapid changes of mental activity. With
its high temporal resolution, EEG is more adapted for the study of fast-changing
resting-state dynamics (Michel and Koenig, 2018).

The spontaneous topographic activity recorded by EEG is dynamic. EEG mi-
crostates, first described by Lehmann et al. (1987), are brief periods during which
the scalp potential topography remains (pseudo) stable. At rest, these consecutive
states last between 60 and 120 ms (Michel and Koenig, 2018). Microstates are tran-
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sient activation maps that spontaneously switch from one configuration to another.
These maps reflect the global coordination of neuronal activity over time, meaning
that their change indicates a reorganization of brain networks (Michel and Koenig,
2018). Because they fluctuate between reproducible and organized patterns, mi-
crostates provide a framework for analyzing brain activity at rest, and possibly, al-
though more challenging, during tasks.

Microstates Definition

Michel and Koenig (2018) define the microstates as ”global patterns of scalp
potential topographies recorded using multichannel EEG arrays that dynam-
ically vary over time in an organized manner”.

Those activation maps are consistent across healthy individuals. At rest, any
EEG signal can be classified into common prototypical maps. Microstates activity
is continuous: at every moment, the topographical activity of the scalp can be as-
sociated with one of these maps. This reproducibility allows microstate analysis at
both the individual and group levels. Group-based studies, in particular, have pro-
vided insights into the general networks associated with specific tasks or cognitive
functions.

The prototypical maps that can be extracted from group analyses can also be
applied to individual data, making it possible to classify and compare microstate
metrics across subjects or experimental conditions. The activation pattern of mi-
crostates is relatively stable across participants, ensuring good intra-subject repro-
ducibility.

Microstates Metrics

Microstates can be quantified using several metrics. The most common ones
include:

Coverage proportion of time a given microstate is present within a time win-
dow.

Duration length of time each microstate stays stable in a time window.

occurrence frequency of appearance of a microstate in a time window.

Canonical Microstates For many years, four microstates were commonly described
as the canonical microstates. The canonical microstates (see Figure 2.20) were used
as reference for classification and labeling of the prototypical maps in the microstate
analysis pipeline (see Section 3.2 in Chapter 5). These were associated with differ-
ent resting-state networks including auditory (microstate A), visual (microstate B),
executive control (microstate C), and attentional (microstate D) systems (Michel and
Koenig, 2018). However, more recent research has questioned this fixed classifi-
cation, suggesting that restricting analysis to four canonical microstates may limit
interpretation (Tarailis et al., 2024). Instead, methodological approaches such as
the global explained variance (GEV) are recommended to estimate the optimal num-
ber of prototypical microstates for a given dataset.
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Figure 2.20: Canonical Microstates (k=4).

3 Chapter conclusion

Speech perception involves multiple levels of processing, from auditory encoding in
the ear to integration in the auditory cortex and higher cortical areas. Listening
effort, in particular, is reflected in cortical activity, notably in the IFG.

In complex auditory situations, speech perception is multimodal and relies on
the interaction of several cognitive functions. While research on LE and SI often
focuses on specific aspects of this process, adopting a broader, domain-general per-
spective provides a more comprehensive understanding. Executive functions, as
high-level cognitive mechanisms, play a role in extracting relevant information from
complex auditory scenes. These functions, and their relation to LE, will be defined
and explained in the next chapter.

Summary of the chapter

* Sound is transferred to the brain by being transduced into neural signals
in the inner ear.

* Primary auditory pathways carry these signals from the cochlear nuclei
to the auditory cortex.

¢ Cortical pathways integrate auditory information and enable higher-level
processing.

¢ The IFG, particularly the left IFG, plays a key role in both speech pro-
cessing, especially under adverse conditions.

¢ EEG provides a non-invasive physiological measure that is used to inves-
tigate indices of LE.

¢ Alpha and theta oscillations in EEG may be associated with listening
effort.

® Advanced analyses, including ICA and microstate analyses, allow ex-
ploration of neural correlates of listening effort beyond the standard
time—frequency domain.










Executive Functions

Description of the Chapter

After exploring the brain pathways involved in speech understanding, we turn
to the higher-order cognitive processes that guide how we perceive and respond
to our environment. Executive functions enable listeners to focus attention,
manage competing information, and adapt their strategies when faced with
challenging listening situations. In this chapter, we describe the main models
of executive functions proposed in the literature and detail the selection of the
model used for this project. Additionally, the brain regions and networks that
support them, as well as their relationship with listening effort, are presented
in this chapter.



Executive functions

1 Executive functions

Executive functions (EFs) refer to a set of interrelated high-level cognitive processes
that support goal-directed behavior and adaptive functioning in daily life. Although
the concept remains difficult to define, EFs include processes such as planning,
problem-solving, attentional control, working memory, and decision making (Cristo-
fori et al., 2019; Diamond, 2013).

Historically, EFs have been associated with frontal lobe activity, particularly fol-
lowing the well-known case of Phineas Gage, who suffered from strong behavioral
and personality changes after important frontal lobe damage in 1848 (see Box 1.2).
Following neuropsychological research confirmed the involvement of the frontal cor-
tex in executive functioning. More recent findings, however, suggest that EFs brain
activity is not exclusively related to frontal activity but also involves subcortical
networks. This complexity underscores the need for clarity and precision in the
definitions and terminology used when discussing EF.

The term EFs has evolved over time. Pribram (1973) referred to the “executive”
role of the frontal cortex in the organization of behavior, while Lezak (1982) first
talked about processes responsible for regulation, control, and execution of goal-
directed actions using the term “executive functions”. Lezak also emphasized the
distinction between executive and cognitive functions, the latter referring to the ex-
tent of an individual’s knowledge or intellectual abilities. Chan et al. (2008) further
described EF as an "umbrella term” encompassing multiple processes, including in-
hibition, planning, working memory, cognitive flexibility, initiation, and monitoring.
This last notion is often used in the literature to describe EFs. Various theoretical
models have been proposed to describe EF from neuroanatomical, psychological,
and statistical perspectives. Among the most widely accepted contemporary mod-
els (Diamond, 2013; Miyake et al., 2000), EFs are typically characterized by core
components: updating of working memory, cognitive flexibility, and inhibition. The
following section outlines these models in greater detail. In this thesis research, we
were particularly interested in inhibition and its relation to listening effort.

1.1 Executive function models
Luria (1966)

A first neuroanatomical model of EF was proposed by (Luria (1966)), which de-
scribed how some brain structures interact to support complex cognitive tasks.
Through observations of patients with frontal lobe damage, Luria (1966) identified
a relationship between frontal lobe activity and behaviors now associated with EF.
These patients often exhibited dysexecutive symptoms, such as difficulties adapting
their behavior based on environmental feedback, highlighting the role of the frontal
lobes in goal-directed regulation and cognitive control.

Baddeley & Hitch (1974)

Revised in 2000 (A. Baddeley, 2000), the working memory model is composed of four
subsystems: the phonological loop, the visuospatial sketchpad, the episodic buffer,
and the central executive. This model proposes a separation between visual and
auditory encoding in short-term (or working) memory, represented by the two sub-
systems: phonological loop and visuospatial sketchpad (see Figure 3.1). The central
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Figure 3.1: Executive function model - adapted from A. D. Baddeley and Hitch
(1974).

executive supervises these subsystems, coordinating their activities and allocating
attention. The episodic buffer acts as a temporary store that integrates informa-
tion from the phonological loop, visuospatial sketchpad, and long-term memory,
facilitating the creation of coherent episodes or experiences. Although the central
executive is not anatomically localized in this model, it is conceptually linked to core
executive functions such as inhibition, task switching, and updating, processes that
are central to goal-directed behavior and cognitive flexibility.

Norman & Shallice (1986)
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Figure 3.2: Executive function model - adapted from Norman and Shallice (1986).

Norman and Shallice (1986) model of executive functioning distinguishes be-
tween known and unknown situations to explain how cognitive control operates in
the selection and regulation of behavior. In familiar context, the sensory-perceptual
system processes incoming environmental information, such as visual or audi-
tory stimuli, and rapidly activates known responses by selecting appropriate action
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schema. These schemas are stored in the trigger database, which contains struc-
tured knowledge about sequences of actions that have been previously learned and
automatized. However, when facing unfamiliar or complex situations that cannot
be resolved through automatic responses, the supervisory attentional system (SAS)
is engaged. It is responsible for deliberate control processes, including the formula-
tion of new strategies, the inhibition of inappropriate responses, and the planning
of novel sequences of action. The contention scheduling mechanism is an inter-
mediary system to avoid conflicts between competing automatic schemas. It regu-
lates behavior by suppressing irrelevant or conflicting responses and can recruit the
SAS if necessary. Motor actions are selected and initiated according to the selected
schema and output of the contention scheduling system.

Stuss & Benson (1984)

The executive function model proposed by Stuss and Beson (1984) is based on clin-
ical observations of patients with brain damage. It conceptualized executive func-
tions as emerging from a hierarchically organized system, composed of three levels:
a lower cognitive function system responsible for basic processing, an intermedi-
ate supervisory system involved in the coordination of tasks and responses, and
a metacognitive system, which enables self-awareness, goal setting, and strategic
regulation. This model also distinguishes between the ”"cold” aspects of EF, logical
and abstract processing, and the "warm” aspects, which include affective and social
components.

In later work, Stuss and Alexander(2011) emphasized the limitations of attribut-
ing EF strictly to the frontal lobes, noting that early research often relied on patients
with imprecise or diffuse lesions. He argued that EFs can also arise from damage
outside the frontal cortex, reflecting the distributed and multifaceted nature of ex-
ecutive processing.

Miyake (2000)
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Figure 3.3: Executive function model - adapted from Miyake et al., 2000.

Miyake et al. (2000) aimed to investigate executive functions using a factorial
analysis approach, in contrast to earlier models, often based on neuropsycholog-



ical issues. Their goal was to observe the independence among the three mainly
described EFs: shifting, updating, and inhibition. According to their model, these
functions contribute differentially to higher-order executive tasks.

Shifting (also referred to as switching) refers to the ability to disengage attention
from one task or mental set and transition to another. This process incurs a
measurable cognitive cost, often reflected in slower reaction times or increased
errors during task switching.

Updating involves monitoring and encoding of information in short-term memory,
closely related to working memory.

Inhibition is the capacity to suppress automatic or dominant responses to a stim-
ulus, allowing for goal-directed behavior. This relates to the ability to control
a response directly related to a stimulus and overcome the automatization. A
classical example, central to this project, is the cocktail party effect, in which
one must inhibit irrelevant auditory input to attend to a specific voice in a
noisy environment (Cherry, 1953).

To validate this theoretical model, Miyake et al., 2000 conducted a series of tasks
designed to assess nine behavioral indicators related to the three core EF. Using la-
tent variable analysis, they modeled inhibition, shifting, and updating as distinct
but correlated constructs. Using these data, they extracted correlation coefficients
to determine the degree of distinction among the three processes, and demonstrated
that each EF contributes specifically to complex task performance while also shar-
ing common cognitive resources.

Diamond (2013)

Diamond (2013) model builds upon earlier theoretical frameworks by refining core
concepts such as working memory and inhibitory control. In addition, it introduces
new components grouped under the umbrella of higher-level executive functions,
including reasoning, problem-solving, and planning, related to fluid intelligence. A
key feature of this model is cognitive flexibility, defined as the capacity to change
perspectives or adopt new approaches when faced with changing task demands.
This ability is particularly relevant when a problem requires abandoning an initial
strategy in favor of a novel one. Such flexibility depends on the effective coordi-
nation of inhibitory control to suppress the previously dominant perspective and
working memory, to maintain and manipulate alternative solutions. Diamond em-
phasizes that although these components are functionally distinct, they operate in
a coordinated and hierarchical manner to support complex cognition and adaptive
behavior.

1.2 Assessment of executive functions

Once executive functions are defined, the next step is to measure variables related to
each sub-process to address specific scientific questions concerning EF. Regardless
of the theoretical model considered, one major challenge lies in accurately measur-
ing the variables related to each sub-process to address specific scientific questions
concerning EF. These questions might directly involve EF, the processes they un-
dergo, their variation throughout the lifespan, and environmental changes, other
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Figure 3.4: Executive function model - adapted from Diamond, 2013.

related cognitive functions, etc. The core problem remains the following: How do
we measure EFs? Do we measure executive functions as a global process, using a
single overall score derived from multiple sub-tests, similar to how IQ is assessed
with the Wechsler Adult Intelligence Scale? Or do we independently measure each
sub-process?

The complexity of measuring EF can be slightly reduced by selecting a single EF
model and relying on the authors’ descriptions of the tasks used for assessment.
For example, following Miyake and Friedman’s approach, we focused on three core
processes (updating, switching, and inhibition), which, according to the authors,
can be assessed by nine specific, validated, and documented tasks.

Miyake et al. (2000), through their model, choose to focus on three EFs that
are regularly described in the literature, each assessed by three specific tasks with
corresponding dependent variables. For updating tasks, the number of correct
responses or recalled items was measured. For switching, the shift cost, calculated
as the difference in reaction time between switch and non-switch trials, was used.
For inhibition, performance was typically represented by the proportion of correct
responses or the inhibitory cost, defined as the difference in reaction time between
conditions.

However, laboratory measures may lack ecological validity. Performing tasks in
a controlled, stimulus-free environment does not fully represent the complexities
of everyday life. Yet, this control is intentional: the goal is to minimize unexpected
variables to better understand what we are measuring. Although absolute certainty
about the exact processes we observe is impossible, scientific rigor and determina-
tion allow us to gain meaningful insights into executive functioning.
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Phineas Gage

In 1848, Phineas Gage, a young railroad worker, sus-
tained extensive frontal lobe damage when an iron bar
was accidentally driven through his skull (Kandell et
al., 2000). This case, later studied in detail by Harlow
(1869) and subsequently re-examined by Damasio et
al. (1994), became one of the earliest and most cited ex-
amples linking frontal lobe integrity to personality and
executive functioning. Following the injury, Gage re-
portedly underwent profound behavioral and psycho-
logical changes, becoming emotionally unstable, im-
pulsive, and socially inappropriate. His case laid the
foundation for the understanding of the frontal lobe’s
role in executive control and social behavior.

1.3 Choice of the model

After reviewing the range of existing models, it becomes evident that EFs are difficult
to define in a unified manner. Over time, research has led to the diversification of EF
models, each emphasizing different processes, levels of analysis (neuroanatomical,
cognitive, statistical), or practical applications. To provide clarity and consistency
for this project, we chose to adopt the framework proposed by Miyake et al., 2000.
This model identifies three core components: updating, shifting, and inhibition,
which are among the most empirically supported and frequently cited in the litera-
ture (Baggetta and Alexander, 2016). It was acknowledged that Miyake’s model may
not fully account for more complex executive functions such as reasoning or co-
ordinating multiple control processes, suggesting that the model is not exhaustive
but rather a foundational framework. As noted by Baggetta and Alexander 2016
in their systematic review, there is no single, universally accepted definition of ex-
ecutive functions in the literature, and authors often rely on multiple frameworks
to clarify their approach to EFs. To avoid confusion arising from differing concep-
tualizations, we base our approach on Miyake and Friedman’s model, adopting a
domain-general perspective in line with our aim to examine the role of EFs, partic-
ularly inhibition, in listening effort.

2 Brain regions and networks involved in EF

EFs are a neuropsychological concept describing human behaviors and actions.
These constructs have effective related brain activity that researchers have been
trying to describe since they started to look at the brain as a coordinator for human
behavior and decision-making. In this section, we describe the brain structures
that were described as related to executive functions, and then the relative brain
network activity.

¢
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2.1 Frontal lobe

The frontal lobe, and more specifically the prefrontal cortex, has historically been
central to the understanding of EF. Clinical observations of patients with frontal
cortex damage have played a crucial role in identifying executive dysfunction, of-
ten referred to as "dysexecutive syndrome” (Stuss and Beson, 1984). These indi-
viduals typically retain intact perceptual and motor abilities but exhibit specific
impairments in planning, regulation of behavior, and emotional stability. Conse-
quently, the prefrontal cortex is now recognized as a key structure in cognitive con-
trol, decision-making, and the flexible coordination of behavior.

Unlike bottom-up processes, driven automatically by the nature of sensory stim-
uli (see Box 1.5), the prefrontal cortex supports top-down processing (see Box 1.5),
allowing cognition to guide actions in novel or complex situations (Miller and Cohen,
2001).

Although the diversity of executive processes suggests no single brain area can
account for all aspects of EF (Kandell et al., 2000), the prefrontal cortex is con-
sistently implicated across sub-processes described by Miyake et al. (2000) such
as updating, closely related to working memory (Rottschy et al., 2012), inhibition
(Zhang et al., 2017), and switching (Wager et al., 2004). More broadly, neuroimag-
ing meta-analyses confirm that the prefrontal cortex is involved in a wide range of
executive control processes (Zink et al., 2021). Nevertheless, linking anatomical
regions to complex neuropsychological constructs like EF remains challenging due
to issues of circularity in interpretation (Duffy and Campbell III, 2001; Duke and
Kaszniak, 2000).

2.2 Network-based understanding of EFs

Early studies on brain activity related to EFs mainly focused on single structures,
especially the prefrontal cortex. However, the brain is an organ that works as an
ensemble and whose structures cannot operate independently. Therefore, studying
EFs by isolating individual brain areas risks shortcuts and oversimplifications of
the complex neural activity underlying these functions.

Regarding EFs specifically, the diverse processes involved in cognitive control
tasks suggest that multiple brain regions contribute to it, forming a complex net-
work (Kandell et al., 2000). While the prefrontal cortex plays a central role, it does
not act alone. Numerous studies have identified networks and brain regions as-
sociated with EFs, notably the right ventrolateral prefrontal cortex, the anterior
cingulate cortex, and basal ganglia (Zink et al., 2021). These structures interact
within spatially distributed networks that include additional brain areas (Zink et
al., 2021).

Is it common in neuroimaging studies to isolate a cognitive process, trying to
associate it with a single brain area. Nevertheless, the modern tendency highlights
that networks involved in EFs are more complex, encompassing more structures
than early clinical literature suggested. Indeed, the size of a lesion does not reli-
ably predict cognitive deficits, and EF dysfunctions do not automatically arise from
a brain lesion. Zink et al. (2021) emphasizes that EFs are not controlled only by
top-down signals or specific brain areas. Instead, they emerge from communica-
tion across many brain regions working together as a network to manage different
aspects of EFs. Using the example of bird flock dynamics, they illustrate how a dis-
tributed control system, operating through simple rules and fast communication



between items of the system, can function effectively without a central top-down
controller.

Overall, the evidence supports a shift from strict localization toward understand-
ing EFs as arising from connectivity and integration within broad neural networks.

To explore this view in detail, several meta-analyses have been conducted on the
executive functions described by Miyake et al. (2000) (updating, shifting, inhibition),
each highlighting distinct but overlapping neural networks associated with these
processes.

Updating

Updating, often studied through the lens of working memory, refers to the storing
of limited but accessible information for a short period of time. It involves keeping
track of new information that is important for the current task and regularly up-
dating outdated or irrelevant information with more useful content. Largely shaped
by A. D. Baddeley and Hitch (1974) theoretical framework, working memory is un-
derstood as a short-term system responsible for holding limited but accessible in-
formation for brief periods. According to the meta-analysis of Rottschy et al. (2012),
working memory consistently involves a bilateral fronto-parietal network across dif-
ferent task types and stimuli, revealing a robust and generalizable core network.
Notably, no single brain area is solely responsible for the "central executive” func-
tion of working memory. Within the dorsolateral prefrontal cortex, a functional
distinction is observed; the anterior portion is more involved in task-set control,
while the posterior portion is sensitive to memory load. Task-set effects are mainly
seen in the left hemisphere, involving areas such as the frontal part of the lateral
prefrontal cortex, the superior parietal lobule, the intraparietal sulcus, and the an-
terior insula. In contrast, load effects are linked to activity in both sides of the
inferior frontal regions. Furthermore, specific activation patterns vary with the na-
ture of the working memory task: verbal working memory tasks more consistently
activate the left Broca’s area, while non-verbal tasks tend to recruit dorsal and me-
dial premotor regions. Memory for stimulus identity engages the posterior inferior
frontal gyrus, whereas memory for spatial location involves the posterior superior
frontal gyrus.

Shifting

Shifting, also referred to as cognitive flexibility, is the ability to switch between tasks,
mental sets, or strategies, and is one of the core EF identified by Miyake et al. (2000).
It is closely interrelated with other executive processes, particularly inhibition and
updating. Like inhibition, shifting is not a unitary process but occurs in various
forms depending on the cognitive demands. As reviewed by Wager et al. (2004) in
a meta-analysis of attention-shifting studies, several cortical regions were reliably
activated across diverse types of shifting, including posterior areas and frontal re-
gions. Common activation patterns emerged in the parietal, premotor, and medial
prefrontal areas, regardless of the specific type of shifting. However, subregions
within the right premotor cortex and the anterior and posterior intraparietal sulcus
were found to respond differentially depending on the specific type of shifting. This
suggests that while a core shifting network exists, distinct types of shifting may rely
on partially separable neural mechanisms.

P
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Inhibition

Inhibition, as defined by Miyake et al. (2000), refers to the ability to deliberately
suppress dominant, automatic, or prepotent responses when necessary. Itis a mul-
tifaceted EF that can be subdivided into distinct strategies and behavioral compo-
nents, such as interference resolution, action withholding, and action cancellation.
As highlighted by Zhang et al. (2017) in their meta-analysis, inhibition consistently
engages a right-lateralized network of brain regions, including the IFG, the insula,
as well as the median and paracingulate gyri. Moreover, the frontoparietal and ven-
tral attention networks emerge as core systems involved across various inhibitory
processes. Specifically, interference resolution (that can be illustrated by Stroop
tasks (Stroop, 1935 for example) is associated with strong activation within the
ventral attention network. Response inhibition is not a unidimensional construct,
but comprises multiple subcomponents that engage both shared and distinct neural
systems, depending on the specific cognitive demands involved.

3 Relationship between EF, LE and SI

EFs are often described as a crucial component of speech perception (Rudner and
Signoret, 2016). Speech intelligibility and listening effort are multidimensional con-
cepts that, in addition to sound perception processing, require higher-order cogni-
tive functions. In complex auditory situations, different processes are involved,
including the core EFs described by the model of Miyake et al. (2000). Among these
mechanisms, updating of working memory plays a central role, as listeners must
temporarily maintain speech information in order to integrate it into meaningful
sentences. Shifting enables listeners to redirect their attention among competing
conversations and segregate talkers. Finally, inhibition supports the listener to ig-
nore irrelevant or distracting auditory input, such as masking talkers or noise.

Speech perception in complex auditory situations therefore, engages both audi-
tory and non-auditory mechanisms (Eckert et al., 2016). Consistent with this view,
stronger global cognitive abilities have been associated with better speech intelli-
gibility and reduced effort (Strand et al., 2018). The specific links between each
individual EF and LE could provide a better understanding of LE processes. Identi-
fying precise links between EF and LE may ultimately provide valuable insights for
predicting and assessing LE (Francis and Love, 2020).
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3.1 Updating

Conceptual Clarification

Updating is a core executive function closely related to working memory, de-
scribed by Miyake et al. (2000) as the "monitoring of working memory repre-
sentation”. It is therefore often studied within the scope of working memory.
Although these two constructs are not identical, they are strongly intertwined.
This distinction is not always made explicit in the literature, and it is important
to note that findings attributed to working memory sometimes rely on exper-
imental protocols that use tasks also employed to assess updating capacity.
Also, updating has been characterized as one primary mechanism through
which working memory contributes to psychological functioning (Carretti et
al., 2005).

Working memory is the EF most frequently cited in research linking higher-level
cognitive processes with listening effort and speech intelligibility in complex audi-
tory environments. It has been shown to contribute to speech intelligibility (Besser
et al., 2013; Francis and Love, 2020; Ingvalson et al., 2015 and may also reflect the
associated listening effort (Rudner and Signoret, 2016), with a decrease of subjec-
tive LE with greater working memory (Stenbéck et al., 2021).

The Ease of Language Understanding model (ELU, Rénnberg, 2003; Rénnberg et
al., 2013) has been proposed to explain the relationship between working memory
and speech listening. It points out the importance of predictive processes during
speech comprehension, which rely on working memory to integrate and anticipate
linguistic input (Fedorenko, 2014; Lunner, 2003).

Physiological evidence also links working memory to speech comprehension (Fran-
cis and Love, 2020). For example, Wisniewski et al. (2017) frontal midline theta
activity, especially power enhancement (Wisniewski et al., 2018), known to be as-
sociated with working memory (Onton et al., 2005), may also reflect how working
memory is involved during effortful listening.

In addition to behavioral and neuroanatomical insights, it has been shown that
training of working memory can significantly impact SIN intelligibility (Ingvalson
et al., 2015).

3.2 Shifting

Shifting has been less extensively studied in relation to listening effort and speech
understanding in complex auditory environments. Nonetheless, switching abilities
play a role in speech comprehension (Perrone-Bertolotti et al., 2017), particularly in
multi-talker situations, where the listener must repeatedly redirect their attention
between talkers and reorient to the target talker (Lin and Carlile, 2015). Such shifts
can occur either voluntarily or involuntarily (Koch et al., 2011), and contribute to
the perceived LE (Brannstrom et al., 2018) by increasing the cognitive load (Best
et al., 2008; Lin and Carlile, 2015).

3.3 Inhibition

In SIS or SIN situations, listeners must focus on a target talker to extract mean-
ingful information. This requires the inhibition of masking talkers or background
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noise. Inhibition is at the core of this project, and its relationship with listening
effort is not often discussed in the literature in comparison to working memory.
However, it was shown that cortical activation patterns during inhibitory activity
involves areas that also appear in LE-related activity. The IFG, especially the left
one, shows modulated activity during both inhibitory control (Lanzilotti et al., 2022)
and listening in complex auditory situations, especially in adverse conditions (see
Section 1.2). Moreover, alpha power, often associated with LE, has been proposed
as a marker related to inhibition (Klimesch et al., 2007; Wisniewski et al., 2017).
Although overlap in activation does not imply identical processing, it may partially
explain the observed links between inhibition and LE and could be considered as a
potential explanation of their relationship.

In multi-talker situations, suppressing irrelevant speech streams allows the lis-
tener to better understand the target talker. Lower inhibition abilities may increase
LE by making the listener try to process both target and masker streams simulta-
neously (Perrone-Bertolotti et al., 2017), whereas stronger inhibition capacities are
generally associated with better speech intelligibility (Stenback et al., 2016). This
suggests that better inhibition supports masking release and reduces LE. However,
Brannstrom et al. (2018) reported contradictory results, showing that listeners with
greater inhibitory control reported higher LE under both quiet and noise conditions.
Besides the fact that this information is counterintuitive, such findings reflect the
interest and need for further investigation of the inhibitory control and LE rela-
tionship. Additionally, Lanzilotti et al. (2022) suggest that some listeners rely on
sound level differences as a segregation strategy and that this strategy is based on
inhibitory control. This could explain individual differences in performance. Dis-
engagement could also contribute to such variability (see Section 2.2 and 2.4).

3.4 General domain

The brain operates as a highly interconnected system in which complex pathways
and large-scale networks interact to support cognition. When studying specific cog-
nitive abilities, such as inhibition or listening in challenging environments, specific
brain regions and their interactions with broader networks are often analyzed. In
language processing, particularly under adverse conditions, the recruited networks
are not exclusive to language but overlap with some involved in other cognitive abili-
ties (e.g., the involvement of the IFG in both inhibition and speech processing). This
suggests that listening effort and speech intelligibility rely partly on domain-general
mechanisms (MacGregor et al., 2022; Rodd et al., 2010). MacGregor et al. (2022)
points out that there is a direct link between general domain and language com-
prehension in complex auditory situations. Thus, while bottom-up processes may
be sufficient for speech comprehension, top-down and domain-general mechanisms
may enhance their effectiveness (Fedorenko, 2014).

The executive control network, also called the multiple demand (MD) network
(Duncan and Owen, 2000; Duncan et al., 2020; Fedorenko, 2014; MacGregor et
al., 2022, see Figure 3.5) encompasses fronto-parietal regions engaged in executive
control and EFs. Its contribution and necessity to language comprehension are
still unclear (MacGregor et al., 2022). According to Fedorenko and Shain (2021),
language-specific networks may work together with the general-domain MD net-
works, but may also be self-sufficient. In addition, MacGregor et al. (2022) explains
different points of view regarding the relation between the MD network and speech
comprehension and suggests that the whole MD network is not necessary, as some
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Figure 3.5: Language and multiple demand networks - adapted from Fedorenko and
Shain (2021)

language comprehension is possible without some components of the MD.

Domain-general processes appear to be engaged when speech comprehension
becomes effortful and cognitive demand increases. Thus, activity in the IFG, es-
pecially the left IFG, that plays a role in both language processing and inhibitory
control, illustrates the overlap of neural resources across mechanisms (Rodd et al.,
2010). This overlap shows how brain networks may be involved in different as-
pects of cognition, possibly interacting even if they are functionally distinct. Find-
ings showing left IFG activation during complex sentence processing (Ye and Zhou,
2009) further support its role as a key region in the domain-general aspects of
speech comprehension (Novick et al., 2010).

Overall, listening effort and speech intelligibility rely on both specific and general-
domain networks. This overlap shows the relevance of investigating how LE and SI
are related to EF and how they can be explored.

4 Chapter Conclusion

EFs are high-level cognitive processes that enable goal-directed and adaptive be-
havior. These processes have been described in the literature using various models,
notably the one by Miyake et al. (2000), which identifies three core EFs: updating,
shifting, and inhibition.

These high-level processes play a role in general cognition, but also in speech
perception. In particular, the relation between listening in complex auditory situ-
ations and working memory is often explored in the literature. Although the rela-
tionship with inhibition is less frequently discussed, it shares common neural and
behavioral mechanisms with listening effort (Lanzilotti et al., 2022; Stenbéack et al.,
2016).

Understanding these relationships sets the stage for the next chapter, which ex-
plores cognitive training interventions targeting EFs such as inhibition, to potential
enhancements of related cognitive functions.
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Summary of the chapter

¢ Executive functions’ model of Miyake describes three main core func-
tions: updating, shifting, and inhibition.

¢ The prefrontal cortex is empirically related to cognitive control and exec-
utive functions.

¢ Different brain networks are associated with EF, notably ventrolateral
prefrontal cortex, anterior cingulate cortex and basal ganglia.

¢ Inhibition and listening effort share overlapping behavioral and neural
mechanisms.




Cognitive Training

Description of the Chapter

Building on our understanding of executive functions and their role in lis-
tening effort, this chapter explores cognitive training. We examine various
approaches to training of executive functions, with a particular focus on in-
hibition, which is thought to play a key role in filtering irrelevant information
in complex auditory environments. The chapter reviews different aspects of
cognitive training, such as the control group, the placebo effect, and transfer
effects.
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1 Cognitive Training

Cognitive training refers to experimental designs that aim to enhance general or
specific cognitive abilities through training (Gobet and Sala, 2023). Protocols may
assess improvements in trained or untrained abilities, the latter assumed to be
related to the trained ones via transfer learning (see Section 1.1).

The theoretical basis of cognitive training lies in neural and cognitive plastic-
ity, which allows the adaptation of behavior, especially in complex environments
(Strobach and Karbach, 2021; Taatgen, 2021). Training interventions exploit this
plasticity by repeatedly engaging cognitive processes, with studies showing dynamic
changes in brain activity (e.g., Eisner et al., 2010; Lanzilotti, 2021; Qi et al., 2019).
Additionally, the Cognitive routine framework (Gathercole et al., 2016; Karbach and
Kray, 2021) suggests that training leads to the development of new, automated cog-
nitive paths when existing mechanisms are insufficient. However, despite these
promising mechanisms, Taatgen (2021) explains that the analogy of cognitive train-
ing with physical training is inadequate: the brain is not a muscle, and there is
evidence for both successful and unsuccessful cognitive training.

Cognitive training is appealing for the enhancement of performance and clin-
ical applications, but its benefits remain debated and criticized (Gobet and Sala,
2023). These benefits seem to depend strongly on the type of training, the cognitive
functions targeted, and the experimental protocols used (Jaeggi et al., 2017).

As explained in the Chapter 2, cognitive function studies are often related to
neuroanatomical measures. Thus, one way to assess cognitive training effects is to
use neuroimaging techniques to measure how brain activity evolves. Regarding the
IFG in particular, and speech intelligibility training, some studies showed decreased
activity after training (Lanzilotti et al., 2022; Qi et al., 2019) while others showed
increased activity (Eisner et al., 2010). These apparently contradictory findings can
be interpreted within the framework of neural efficiency (Neubauer and Fink, 2009)
and learning dynamics (Dehais et al., 2020). During the initial stages of training,
greater cortical recruitment reflects the effortful engagement of cognitive resources.
As performance improves and processing becomes more automatic, neural activity
tends to decrease, indicating more efficient brain functioning.

Cognitive training has grown in popularity over the last decade, driven by tech-
nical advances and more sophisticated analyses of longitudinal data (Strobach and
Karbach, 2021). Interest has also been fueled by the fact that cognitive and neu-
ronal plasticity occur throughout the lifespan and by the concept of transfer learning
(Strobach and Karbach, 2021), which is discussed in the next section.

1.1 Transfer learning

Many cognitive training studies rely on the idea that practicing a specific task can
enhance untrained cognitive abilities, a concept called transfer learning.

Transfer Learning

Strobach and Karbach (2021) defines transfer learning as "the improvement
of specific cognitive abilities by the transfer of training of another cognitive
ability.”




Transfer can occur in two main forms: near transfer and far transfer (Taatgen,
2021). The distinction lies in the proximity between the trained function and the
acquired skill. Near transfer refers to improvements across closely related domains,
for example, studying arithmetic to improve in geometry. In contrast, far transfer
involves training where the transferred skills are slightly or even not related, for
example, training arithmetic to improve in Spanish (Gobet and Sala, 2023).

A main difference between these two types of transfer lies in the evidence sup-
porting their effects. Several studies and meta-analyses report no evidence of bene-
ficial far transfer from cognitive training (Melby-Lervag et al., 2016; Sala and Gobet,
2017; Sala et al., 2019, while others show possible near transfer effects (Melby-
Lervag et al., 2016; Sala and Gobet, 2017). Following this, Harris et al. (2023)
suggested exploring mid-transfer effects and their potential benefits for the opti-
mization of human performance.

Overall, the effects of cognitive training are widely debated, and some studies
reveal general transfer effects, particularly when training targets processing func-
tions, such as executive functions (Strobach and Karbach, 2021).

1.2 Executive functions training

EFs are often the target of cognitive training. They may be the direct focus of the
training task or the expected domain to benefit from transfer. As described in Chap-
ter 3, EFs consist of distinct but interrelated sub-functions, and improvement in one
does not necessarily imply improvement in another (Karbach and Kray, 2021). How-
ever, transfer is more likely to happen when the trained and untrained functions
are in closer order of processing.

Inhibition Training

Training targeting inhibition specifically is rare and less common than training fo-
cused on the global EFs (Chavan et al., 2015). Moreover, inhibition is often indirectly
influenced by working memory training, as its underlying cognitive processes are
intertwined (Karbach and Kray, 2021). Evidence for transfer effects of inhibition
is, as in general for cognitive training effects, heterogeneous. Some studies report
transfer effects from trained inhibitory tasks on food control (Houben, 2011), al-
cohol consumption (Houben et al., 2011, 2012), or gambling behavior (Verbruggen
et al., 2012). In contrast, other studies did not find evidence for transfer learning
effects of inhibitory training (Enge et al., 2014; Thorell et al., 2009). In addition,
Zhao et al. (2018) showed that inhibition training transferred to children’s executive
functions but not to those of young adults.

There is a lack of information regarding the behavioral and neuroanatomical ef-
fects of inhibitory control training (Chavan et al., 2015), especially compared to other
executive functions such as WM. However, since impaired inhibitory control is im-
plicated in several clinical disorders, such as addiction (Bechara, 2005), compulsive
disorder (Bannon et al., 2002), or attention deficit hyperactivity disorder (Barkley,
1997), the potential clinical interest of training this specific executive function is
considerable.
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1.3 The control group

Using a control group and defining it precisely is essential for designing an experi-
mental protocol. The control group consists of randomly selected participants who,
depending on the study’s ethical criteria, may not be informed of their group as-
signment. In double-blind studies, even the investigator remains unaware of each
participant’s assigned group. A well-designed experimental protocol should include
such a group with as many participants as in the other groups. Participants in the
control group may still exhibit changes due to expectations or engagement, known
as the placebo effect (Foroughi et al., 2016) or the Hawthorne effect (Adair, n.d.).

Placebo Effect

The placebo effect is well documented in clinical and drug research, although
its underlying mechanisms remain unclear. In the domain of cognitive train-
ing, its role has not yet been evaluated, raising additional questions about the
validity of reported benefits (Foroughi et al., 2016). As a result, caution is ad-
vised when interpreting findings, and claims from the brain training industry
should be considered with care (Foroughi et al., 2016).

In addition, the Hawthorne effect refers to a change in participants’ behavior
that occurs when they become aware that they are being observed(Adair, n.d.).

J

The control group can take different forms depending on the experimental de-
sign. A main characteristic is whether the control group is active or passive during
the training period. A passive control group does not undergo any type of train-
ing and has as little interaction with the researcher as possible during the training
phase. These participants only complete pre- and post-training sessions. Although
this approach minimizes external influence, it does not control for placebo effects,
motivation, or engagement differences between groups.

In contrast, an active control performs an alternative task, not related to the
cognitive abilities of interest (Au et al., 2020). This design helps to account for
non-specific factors such as task engagement or researcher interaction, but can be
challenging to implement, as the control activity must be sufficiently distinct from
the training task while still comparable in terms of cognitive demand (Gobet and
Sala, 2023; Simons et al., 2016). This means that using a totally unrelated task,
for example, replacing an arithmetic training task with a completely unrelated cre-
ative activity, is considered by Simons et al. (2016) as an insufficient active control
condition.
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Good practice for cognitive training

Several criteria have been suggested to reduce biases and increase chances of
training success (Karbach and Kray, 2021; Zhao et al., 2018):

* Focus on higher-order cognitive functions rather than task-specific.

* Aim for near transfer effects by using training and transfer tasks that are
closely related.

* Ensure tasks are sufficiently challenging, to avoid boredom or disengage-
ment, which would lead to limited improvement.

¢ Employ adaptive training that gradually increases in difficulty or varies
along the sessions.

® Conduct training across multiple sessions to allow consolidation and
lasting effects.

¢ Use an active control group if possible.

2 Chapter Conclusion

Cognitive training explores how practicing specific tasks can modulate cognitive
abilities and potentially produce broader benefits. It has faced considerable criti-
cism, making a well-structured experimental design essential to ensure valid and
reliable results.

In this project, our objective is to examine how inhibition training might affect
listening effort and speech intelligibility performances. The question of near and
far transfer is particularly relevant for this project, especially regarding how closely
inhibitory control is related to LE. Listening in complex auditory situations involves
diverse cognitive processes, with inhibition suggested as a key component (Lanzilotti
et al., 2022; Stenbéick et al., 2016). In particular, in multi-talkers situations, where,
after segregating the auditory streams, the listener must ignore the masker’s stream
to focus on the target talker, probably using inhibitory control mechanisms.

Summary of the chapter

* Cognitive training is an experimental design aiming to improve targeted
cognitive abilities

¢ Transfer learning refers to the improvements in untrained tasks
¢ Executive functions are often the focus of cognitive training

¢ Inhibition is rarely the center of cognitive training and deserves further
exploration

* The control group and the choice of the control task are crucial for en-
suring the validity of the findings
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General Methods

Description of the Chapter

In this chapter, we describe the general methodology used across the three
scientific contributions of this project. Specific methods related to each study
or contribution are detailed in their respective sections.

In parallel, methodological adaptations and analysis pipelines developed as
part of the project are presented in this chapter. These adaptations consti-
tute methodological contributions in themselves, providing tailored tools and
processing strategies to address the specific requirements of the projects. In
particular, the EEG analysis pipelines are flexible and can be applied to other
experimental designs beyond the present project.
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1 Behavior

1.1 Speech Intelligibility - Coordinate Response Measure Corpus

The Coordinate Response Measure (CRM) corpus was used in this project to create
different listening conditions. The CRM is composed of recorded sentences deriving
from a model with 3 parameters: a call sign, a color, and a digit. The prototypical
sentence is always the following: "Ready [Call Sign], go to [Color] [Digit], now”. The
Call Sign can be extracted from one out of eight possible (e.g., Arrow, Barron, Char-
lie, Eagle, Hopper, Laker, Rigo, Tiger), the color can be blue, red, white, or green
and the digit a number selected from 1 to 8 (see Table 5.1 and Figure 5.1).

The French language version of the CRM has been designed to mirror, as closely
as possible, the English language version (Isnard et al., 2024). The sentence struc-
ture remains almost identical: “Prét [call sign], va au point [color] [number] go” with
equivalent lexical variables (see Table 5.1). In the French version, the color white
(blanc) was replaced with yellow (jaune) due to the phonetic similarity between the
words "bleu” and "blanc” in French.

Ready [call sign], go to [color][number], now!
Prét [call sign], va au point [color][number], go!

1 2 3 4 5 6 7 8

1 2 3 4 5 6 7 8

Figure 5.1: CRM typical sentences in French and in English with the interfaces.
In English, the color of the second row is yellow, and it is white in French. The
sentence does not appear on the screen.

The CRM corpus has been used in both energetic and informational masking
paradigms (Brungart, 2001a). These phenomena are described using two simulta-
neous audio streams that may interfere with each other. The masking effect occurs
on at least two levels. First, EM happens when two competing streams of interest
overlap in the periphery of the auditory system (Durlach et al., 2003). Second, IM
refers to the residual interference that remains after accounting for EM (Cooke et al.,
2008). This form of masking interacts with EM, and is worsened when the streams
are semantically similar, as this creates interference that increases the listener’s
cognitive load during processing (Johnsrude and Rodd, 2016).

SI was quantified as the proportion of correct responses (in %). A trial was scored
as correct when both the color and the digit were accurately retrieved. The resulting
percentages were transformed to Rational Arcsin Units (RAU).

The CRM task was programmed in MATLAB and executed on a computer equipped



English French
Call signs Arrow, Baron, Charlie, Alpha, Delta, Charlie,
Eagle, Hopper, Laker, Echo, Kilo, Oscar,
Ringo, Tiger Tango, Whisky
Colors Blue, Green, Red, White Bleu, Rouge, Vert,
Jaune
Digits One, Two, Three, Four, Un, Deux, Trois, Quatre,
Five, Six, Seven, Eight Cing, Six, Sept, Huit
Sentences “Ready [call sign], go to “Prét [call sign], va au
[color] [digit] now.” point [color] [digit] go.”

Table 5.1: The CRM variables in the English and French versions of the corpus.

with an RME FireFace UCX sound card! to maintain precise control over the audi-
tory parameters.

CRM Words onsets

The onsets of call sign, colors, and digits in the CRM corpus were extracted using a
word onset detection script implemented in Python using the free OpenAl Whisper?
speech recognition model (Radford et al., 2022) in combination with the Whisper
timestamp library>.

1.2 Listening Effort - ESCU

Subjective LE was assessed using the Categorical Listening Effort Scaling method
(Luts et al., 2010), which quantifies perceived effort in Effort Scale Categorical Units
(ESCU) (Rennies et al., 2014). This scale is composed of seven primary listening
effort levels, and six intermediate levels, making a total of 13 possible answers
ranging from “No effort” (score = 1) to “Extreme effort” (score = 13). An additional
level “Only noise” (score = 14) was also included. The scale was presented in French
to the participants in all studies, using a French translation adapted from Lanzilotti
et al. (2022) (Figure 5.2).

1.3 Audiometry

Participants’ hearing levels were measured using pure-tone audiometry with an
Elios® clinical audiometer (Echodia, Le Mazet-Saint-Voy, France; see Figure 5.3).
Thresholds were measured at the following frequencies: 0.25, 0.5, 1, 2, 4, 6, 8 and
12.5 kHz, first in the left ear, then in the right. For inclusion, the mean auditory
threshold across frequencies was considered. Participants with a mean auditory
threshold above 20 dB were excluded from the studies.

Thttps://www.rme-audio.de/fireface-ucx.html
2https://github.com/openai/whisper
3https: //github.com/linto-ai/whisper-timestamped

General Methods ( )
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| Only noise - Que du bruit ‘

| Extreme effort - Effort extréme |

| Very much effort - Beaucoup d‘effort |
| Considerable effort - Effort considérable |
| Moderate effort - Effort modéré |

| Little effort - Peu d‘effort |

| Very little effort - Trés peu d’effort ‘

| No effort - Pas d’effort ‘

Figure 5.2: Subjective listening effort scale (ESCU) in its French and English ver-
sions.

1.4 Speech to text - Stroop task

In this project, the Stroop task relied on recorded verbal responses. Given the high
number of trials and sessions, automated transcription was necessary. Therefore,
we used the OpenAl Whisper* speech recognition model (Radford et al., 2022) to
extract the verbal responses of each trial, as well as the response time needed to
compute inhibitory cost.

1.5 Resting-State

The resting-state EEG activity was recorded at the start of all EEG sessions of this
project. During this 5-minute rest, participants were instructed to alternate be-
tween 30 seconds with open eyes and 30 seconds with closed eyes, and to let their
thoughts flow while avoiding falling asleep. After the five minutes, they answered
the Amsterdam Resting-State Question (ArsQ, see Appendix (ArsQ, Diaz et al., 2013)
to report their feelings and experiences during the resting-state.

2 Participants recruitment

Recruiting participants is a complex, but essential, step in behavioral and cogni-
tive studies, as data cannot be collected without them. For this project, a total
of 141 different participants were recruited across the three studies. Recruitment

4https: //github.com/openai/whisper



Figure 5.3: Echodia Elios device with answer button and headset.

employed multiple strategies, including posters, email newsletters, radio, journals,
and television interventions. This broad recruitment approach aimed to minimize
bias associated with recruiting participants solely from the nearby environment,
an aeronautic engineering school, which would likely result in a participant pool
predominantly composed of men around 20 years old and introduce potential ex-
periment bias. Overall, the final samples achieved a balanced distribution of men
and women across all three studies.

3 Electroencephalography

For this project, the same 64-electrode EEG montage was used across all studies.
This quantity of electrode configuration provides sufficient spatial resolution for
analyses such as MSs (Section 2.4 in Chapter 2) and source localization (Section
2.4 in Chapter 2).

Different types of EEG analyses can be applied depending on the research ques-
tion. Here, we describe the pipelines for the approach used in this project for the
interpretation of EEG signals in complex auditory situations.

EEG preprocessing, processing, and statistics were performed using Matlab and
the EEGlab toolbox (Delorme and Makeig, 2004). EEG analyses focused on the SI
task, as this project concerns the neural markers of SI and LE. However, EEG data
from the EF tasks could be analyzed in future work. Microstates (MS) analyses were
conducted on resting-state recordings acquired at the start of each session, as MS
are typically studied during resting-state.

3.1 Frequency, time-Frequency and component Analysis
Preprocessing

The raw EEG data for frequency, time-frequency, and component analyses were pre-
processed following the pipeline shown in Figure 5.4. First, channels were selected
and relocated, and an average re-reference was computed. Low- and high-pass fil-
ters (4-15 Hz; see Box 2.16) were applied, and the data were resampled at 512 Hz.
Bad channels were then removed and interpolated to clean the data. For the SI task
using the CRM corpus, word onsets (see Section 1.1) were added as EEG triggers
for each trial.

General Methods ( )



yo

\} Electroencephalography

4

Raw EEG Data

Chanloc
Average rereference
Filter —@4-25Hz

Resample —— @512 Hz
remove bad channels
Clean channels
interpolate channels
Split data per condition

mAmica

ICLabel ICA on all data
Articfact flaging

Stimulus

[-12.5]

Epoching

BESA MNI Head model
DIPFIT

Component dipole autofit
reject RV <15 %

Statistics &
Vizualisation
Alpha 8-12 Hz

Spectrum
Theta 4-8 Hz

Topography .
Time Frequency
ERSP

Components

o

Figure 5.4: EEG preprocessing pipeline for the frequency and time-frequency do-
main analyses

After this first step of preprocessing, each dataset was split into new datasets
corresponding to each condition (SNR or TMR). For each condition dataset, a mul-
timodal ICA was applied using three models (mAMICA®) for artifact rejection and
subsequent component analyses.

Following preprocessing, the EEG signal was segmented into epochs around each
CRM stimulus, using a time window of -1.5 to 2 seconds; each epoch correspond-
ing to a single trial. In addition, the potential EEG sources of components were
estimated using the Dipfit EEGlab plugin®. For analyses, the sources were located
using the Loreta-key Software (Pascual-Marqui et al., 1994).

The filters and mAmica algorithm were chosen based on recommendations of
Wisniewski et al. (2024) for the time-frequency and component analyses.

5https: //github.com/sccn/amica
Shttps://github.com/scen/dipfit
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EEG Study Analyses and Statistics

The preprocessed datasets were used to create studies for visualization and statis-
tical analyses. Independent studies were created for SIS and SIN, containing all
TMR or SNR, as illustrated in Figure 5.5. Figures were exported from EEGlab and
refined using custom scripts. Statistical analyses were performed using the EEGlab
statistics, using permutation, with FDR correction and significance threshold set
at 0.05. To improve perceptual accuracy, the parula colormap was used instead of
the default jet colormap.

Source Localization

The Loreta-Key software was used to compute the activation sources of the data set
extracted from EEGlab.
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Figure 5.5: Summary of the EEG analysis pipelines for EEG studies of this project.

3.2 Microstates Analysis

MSs are defined in the Section 2.4. Here, we describe the classical analysis pipeline
and the additions proposed for this project.

Preprocessing

Each 5-minute resting-state was extracted from each participant’s raw EEG data.
A re-referencing is applied using the Cz electrode. Using the Automagic toolbox
(Pedroni et al., 2019), bad channels were then removed, high-pass (1 Hz) and notch
(50 Hz) filters were applied, as well as an average re-reference. ICA and interpolation,
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using the default Automagic parameters, were then applied to remove components
related to eye movements, muscle activity, and cardiac artifacts.

After preprocessing (see Figure 5.6), only the closed-eyes segments (half of the
resting-state recording) were retained. The data were then epoched into 2-second
segments, and epochs with amplitudes exceeding a 90 nV threshold were rejected.

Preprocessing
Microstate Pipeline

Raw EEG Data
Resting State

Cz Reference

l Automagic
\I/ Bad Channel Removal
High Pass N
1Hz .\ ) Filtering
Notche— |
50 Hz EL) Artifact Removal
\IJ ICA

) Bad Channel Interpolation

@ Preprocessing Microstates

High Pass ,l . .
2tz *— ) Filtering
Low Pass T
20 Hz 1/ Average Reference

{J Extract Closed Eyes

Amplitude @) Epoching 2 seconds
Threshold

>90 pv
Preprocessed EEG Data
Closed Eyes Resting State

Figure 5.6: Microstates preprocessing pipeline.

Microstates classic pipeline

The classical pipeline is illustrated in Figure 5.7. After data preprocessing, topo-
graphical maps of each GFP peak are extracted for each data set. These maps are
then clustered using the k-means algorithm (see Box 3.2).
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Figure 5.7: Microstates Analysis Pipeline

K-mean Clustering

K-means clustering is an unsupervised machine learning algorithm that
uses the concept of nearest neighbors to create clusters in single or multi-
dimensional data. The user specifies the desired number of clusters (k) as
input. At first, k cluster centroids are randomly selected. Each data point is
then assigned to the nearest centroid based on distance calculation. Then, the
mean position of each cluster is computed and set as the new centroid. This
process is iteratively repeated for a predefined amount of times or until the
clusters stabilize. Since the initial centroids are randomly selected, the entire
clustering loop is repeated multiple times to minimize variability. The best
clustering fit of all iterations is then retained as the final clustering results.
For the MSs analysis, the mean map of each cluster serves as the prototypical
map used for backfitting.

J

The number of clusters (k) is predefined based on literature or the global ex-
plained variance (GEV). Canonically, four clusters are used; however, the methodol-
ogy may vary depending on the authors. The number of clusters can be determined
by analyzing the reduction in variation relative to k, often visualized with an elbow
plot. In MSs analysis, the number of clusters corresponds to the number of MSs in
the prototypical maps. While computing clusters, multiple k values can be tested,
and their Global Explained Variance (GEV) can be compared to select the optimal
number of MSs.

The K-means clustering produces k prototypical maps representing the group.
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These group-representative maps, called prototypical MSs, are labeled according to
the standard nomenclature using the Latin alphabet. The backfitting is performed,
during which each GFP peak map is labeled according to the less distant proto-
typical group maps. This procedure results in a sequence of labeled MSs (Figure
5.8). Metrics such as occurrence, duration, coverage, and global explained variance
(GEV) of each MS (see Section 2.4) can then be extracted from this sequence.

Figure 5.8: Example of microstate output (k=4)

Addition to the classic pipeline

In the literature, MSs analysis is often applied following the classical pipeline, where
prototypical maps are computed across the entire dataset, as a group. This ap-
proach is sufficient for simple experimental protocols involving a single session or
a single group. However, for more complex studies or for clinical design, it may be
advantageous to extend the MS analysis pipeline.

For protocols with multiple sessions per participant, computing group-level pro-
totypical MS maps and backfitting is informative but overlooks the contributions of
individual subjects and sessions. While MSs are highly reproducible both within
and between individuals, their metrics also exhibit variability.

The original pipeline was extended to compute MS at the session, participant,
and group levels, increasing the granularity of information.

To implement this, we developed a modified MS analysis pipeline (see Figure
5.9) that can be adapted depending on protocol-specific, such as repeated mea-
sures (multiple sessions) or the need for group-level analyses. This pipeline was
implemented not only for the present project but also for other studies, including
clinical applications (Lebely et al., 2024).

In a multi-session experimental design with S sessions and P participants, the
pipeline can follow a session-participant-group structure (see Figure 5.9). The clas-
sical pipeline is first applied at the session level, where k-means clustering is per-
formed on each GFP peak, producing S x P prototypical maps (for each session of
each participant). Next, clustering is applied at the participant level on the MS
of the previous level (the session level), resulting in P prototypical maps (for each
participant). At last, clustering is performed at the group level on the MS of the
previous level (the participant level), resulting in one set of prototypical maps. Each
set of prototypical maps is composed of k cluster centroids.

Backfitting is performed according to user-defined parameters, either at all levels
or selected levels. Users may also skip levels; for example, concatenating session
or participant datasets allows the pipeline to run in a participant-group or group-
only design. As in the classical pipeline, the user can select the desired number of
clusters k.
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Figure 5.9: Adapted MS pipeline for session, participant, and group levels MS anal-
yses.

The scripts for the Matlab GUI and MSs analysis can be found on the following
repository: https://github.com/neuroergolSAE /EEGMicrostates.git.
Publication

The toolbox implemented in Matlab was presented in a poster at the Mi-
crostates Conference in 2024 in Geneva (see Appendix ??).

4 Data

4.1 Data recording

Electrophysiological and behavioral data were recorded simultaneously and syn-
chronized using Lab Streaming Layer’ (LSL). EEG data were saved in .xdf format
for each session independently. All data were organized according to BIDS stan-
dards to improve usability.

4.2 Data size

Working with large numbers of participants and multiple sessions results in rapidly
increasing data volumes. EEG signals were resampled at 512 Hz before saving to
reduce file size. In addition, parallel computing was employed to decrease process-
ing time, using the MATLAB Parallel Computing Toolbox for EEG analyses and the
Python multiprocessing package for speech-to-text processing.

7https ://github.com/sccn/labstreaminglayer


https://github.com/neuroergoISAE/EEGMicrostates.git

4.3 Repository and Data availability

Data are available on demand. All scripts used for the experimental procedure
and analyses are available on GitHub repositories as detailed in the following
list.

Microstates https://github.com/neuroergolSAE/EEGMicrostates.git
Resting State https://github.com/neuroergolSAE /RestingState.git
First study https://github.com/ipiup/CRMFREN.git

Second study https://github.com/ipiup/CRMEF.git

Third study https://github.com/ipiup/CRMEF Training.git



https://github.com/neuroergoISAE/EEGMicrostates.git
https://github.com/neuroergoISAE/RestingState.git
https://github.com/ipiup/CRMFREN.git
https://github.com/ipiup/CRMEF.git
https://github.com/ipiup/CRMEF_Training.git







Language

Description of the Chapter

The demographics of participants included in studies largely depend on the
population surrounding the laboratory. In universities, many young adults
usually have access to information about participant recruitment, whereas
hospitals tend to involve older populations. The language spoken and un-
derstood by participants also depends on the laboratory’s location. Despite
English being the primary language of scientific communication, many re-
search facilities are located in non-English-speaking countries. Therefore,
participants performing experimental tasks may not be fluent in English, and
tasks must be adapted accordingly, especially in speech research. This chap-
ter presents the first study of the project, which aimed to assess differences
in speech understanding in complex auditory conditions of native French lis-
teners using the Coordinate Response Measure in its original English version
and in its French version.



Hypothesis 1

The use of a native language influences the intelligibility and LE, particularly
in adverse situations.

Main Results

SI improved and LE decreased with increasing SNR/TMR with both native
and non-native language corpora.

Non-native language affected SI and LE differently than the native language
corpus.

Energetic masking affected SI and LE strongly in a non-native language.

Informational masking affected SI and strongly in a non-native language,
especially in adverse conditions.

A native-language version of the corpus is recommended for further studies.



1 Research Goal

A listener’s capacity to understand speech in complex auditory environment de-
pends not only on their sensory acuity, but also on cognitive factors such as se-
lective attention to a target talker or foreign language proficiency. These factors
interact and require the listener to allocate mental resources to understand the
target speaker, a demand that has been described in the literature as LE (Peelle,
2018; Pichora-Fuller et al., 2016). Furthermore, in complex auditory situations,
it becomes even more challenging to understand a second language compared to
one’s native language (Cooke et al., 2008; Rogers et al., 2006; Warzybok, Brand,
et al., 2015). While this phenomenon can be investigated experimentally, using
second-language stimuli to assess SI may introduce measurable and avoidable bi-
ases. In particular, the original English language version of the CRM corpus is
predominantly used to assess both native and non-native English listeners. This
population heterogeneity can result in a wide variation in comprehension abilities,
potentially introducing performance bias and undermining reproducibility. For in-
stance, research has reported that a noisy environment affects non-native listeners
more (Mattys et al., 2012) and increases their LE in SIS tasks (Cooke et al., 2008). In
addition, interference between two English audio streams may impair SI differently
compared to interference between streams in the listeners’ native language.

In this first study, we hypothesized that the cognitive load associated with SI
increases when listening in a second language, thereby increasing the LE exerted
by the listener. The aim was to quantify the impact of using non-native language
stimuli in order to assess bias in experiments designed to evaluate multi-talker
listening situations.

The CRM corpus enables the measurement of a dependent variable, specifically
the percentage of correct responses, which is influenced by independent variables
such as TMR or SNR. When a non-native language corpus is used, language profi-
ciency is another co-factor. Several versions of the CRM corpus have been developed
in languages such as Spanish (Lelo de Larrea-Mancera et al., 2023), Dutch (Nagels
et al., 2021), Persian (Amiri et al., 2020), British English (Kitterick et al., 2010; Se-
meraro et al., 2017), Kannada (Rachana and Neelamegarajan, 2024) and Mandarin
(Wang et al., 2019). A French version was also recently developed by Isnard et al.
(2024).

These localized language versions of the CRM corpus make it possible to elimi-
nate language as a confounding factor and enable a more accurate comparison of
the core independent variables. Alternatively, language can be included as an ex-
perimental variable in assessments of the additional LE associated with processing
speech in a non-native language. Therefore, this first study aims to determine the
impact of using English and French versions of the CRM corpus on SI and LE in
native French speakers in both SIN and SIS conditions.

This first study seeks to address the first hypothesis of the project and to guide
the choice of language for the CRM for the next stages of the project.

Hypothesis 1

The use of a native language influences the intelligibility and LE, particularly
in adverse situations.
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Material and Methods

2 Material and Methods

2.1 Participants

Fifty-one participants were recruited for this experiment (29 women, 1 other, mean
age of 26.4 + 5.4 years). All had normal hearing, as confirmed by pure-tone au-
diometry using an Elios® clinical audiometer (Echodia, Le Mazet-Saint-Voy, France).
Hearing thresholds were assessed at the following frequencies: .25, .5, 1, 2, 4, 6, 8
kHz and 12.5 kHz (hearing level < 20 dB HL; mean hearing level -.3 + 8.3 dB HL,
details in Appendix 10.1).

To be eligible, participants had to meet the following criteria: no known hearing
impairments, aged between 18 and 40 years, native speaker of French, no uncor-
rected visual impairments, and adequate English comprehension, subjectively self-
assessed using the Language Experience and Proficiency Questionnaire (LEAP-Q;
Marian et al., 2007) (see Table 6.1). Participants received €30 in financial compen-
sation for their involvement in the study.

Measure Mean SD

Oral production 6.45 1.65
Oral comprehension 7.04 1.70
Reading 7.51 1.46
LEAP-Q Mean 7.01 1.49

Table 6.1: Mean and standard deviation (SD) for subjective assessment of English
Proficiency. Oral production, Oral comprehension and Reading were assessed on a
scale of 1 to 10. LEAP-Q mean represents the mean of the three subjective values.

2.2 Ethics Approval

This study was approved by the local ethics committee (IRB Number 2023 647). All
participants provided written informed consent prior to data collection.

2.3 Stimuli

Stimuli were retrieved from both English and French versions of the CRM corpus.
In the original English form, a typical sentence follows a fixed structure: "Ready
[call sign], go to [color] [digit] now”, where call sign, color, and digit are selected
from a predefined word list (Bolia et al., 2000) (Table 5.1). The corpus includes
eight call signs, four colors, and eight digits, resulting in 256 combinations. These
were recorded by eight talkers (four men and four women), making a total of 2048
English-language stimuli. The French language version of the CRM has been de-
signed to mirror, as closely as possible, the English language version (Isnard et al.,
2024). The sentence structure remains almost identical: "Prét [call sign], va au
point [color] [number] go” with equivalent lexical variables (see Table 5.1 in Chap-
ter 5). As with the English language version, eight French talkers (four men and
four women) recorded the 256 sentence combinations, resulting in 2048 French-
language stimuli. In both languages, the recorded sentences range in duration
from 2 to 3 seconds.

In this study, the two versions of the CRM corpus were used in three distinct
experimental conditions:



SIN condition: In this condition, a single target talker was presented along-
side background noise. The SNR corresponded to the ratio of the sound level
of the target talker (signal) to the background (noise). The noise was generated
as Gaussian noise, spectrally shaped using a finite impulse response (FIR) fil-
ter to match the spectral profile of sentences in the CRM corpus, as described
in Brungart (2001Db).

SIS condition: Two talkers were presented simultaneously, with the TMR cor-
responding to the difference between the sound level of the target and the
masker. Talker pairings consisted of either 1 woman and 1 man, 2 women,
2 men, or the same talker. The two simultaneous sentences always featured
different call signs and different color/digit combinations.

Control condition: A target talker was presented without any masking signal
(i.e., in silence), in both languages, to confirm that the participant was able to
understand speech clearly in the absence of interference.

2.4 Apparatus

Participants were seated in a quiet experimental room, facing a screen that dis-
played the response button options used in the experimental tasks. Graphical user
interfaces were developed in MATLAB R2021a (MathWorks). First, a matrix of 32
buttons was displayed. Buttons were organized into four rows (one for each color)
and eight columns (one for each digit) for the SI task (Figure 5.2). Second, subjec-
tive LE was rated using the Categorical LE Scaling method (Luts et al., 2010), as
described in Section 1.2 in Chapter 5

Auditory stimuli were presented diotically via Beyerdynamic DT-770 headphones,
connected to an RME Fireface UCX sound card. Stimuli were delivered at approxi-
mately 55 dB SPL, with a sampling rate of 44.1 kHz.

2.5 Procedure

After providing informed consent, participants completed pure-tone audiometry.
They then completed a demographic questionnaire and the LEAP-Q (Marian et al.,
2007). The LEAP-Q enabled us to assess each participant’s English comprehension
based on measures of language exposure, experience, and proficiency (see Table
6.1). Participants subjectively rated their English proficiency on a scale ranging
from 1 to 10 for oral, listening, and reading skills. The average of these three rat-
ings was used as a measure of their subjective proficiency.

Participants then completed the SI task. In each experimental block, they were
asked to indicate the color and digit associated with the call sign "Baron” (in English
sentences) or "Delta” (in French sentences), by clicking the corresponding button.
There was no time limit for responses. The order of presentation of the experimental
conditions was counterbalanced, using either the English or French version of the
CRM, and either the SIN or the SIS masking condition, according to a predefined
Latin square design. For the SIN condition, nine SNR levels were tested (ranging
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Results

from -18 dB to +6 dB, in 3 dB steps). For the SIS condition, nine TMR levels were
used (ranging from -12 dB to +12 dB, also in 3 dB steps).

For each masking level, participants completed 32 trials, representing all possi-
ble combinations of 4 colors z 8 digits, selected from recordings by the 8 different
talkers. In each trial, the talker(s) were randomly chosen to minimize talker-specific
effects.

Finally, after each block, participants were asked to rate their subjective LE. A
control block, consisting of 32 trials, was presented after both SIS and SIN con-
ditions, in both French and English versions. Here, the aim was to ensure that
participants clearly understood the stimuli under neutral (no masker) conditions.
Each participant completed a total of 38 blocks, each containing 32 trials: 18 SIS
blocks (32 trials x 9 TMR levels x 2 languages) + 18 SIN blocks (32 trials x 9 SNR
levels x 2 languages) + 2 control blocks (32 unmasked trials x 2 languages). Each
experimental block lasted approximately 2 to 3 minutes, and participants were al-
lowed to take short breaks between blocks. The full experimental session lasted
approximately 2 hours.

2.6 Data analyses

The percentage of correct responses was calculated as the number of trials in which
both the color and digit were correctly identified, divided by the total number of tri-
als in that experimental condition (32 trials in each block). Following current rec-
ommendations for speech analyses, scores were normalized using the Rationalized
Arcsine Unit (RAU) transform in each condition (Studebaker, 1985).

Statistical analyses were carried out using MATLAB and R (version 4.0.3). For
both SIN and SIS conditions, a two-way analysis of variance (ANOVA) with Green-
house-Geisser correction for sphericity was conducted to examine the main effect
of CRM language (English vs. French) and masking level (9 SNRs or 9 TMRs), as
well as their interaction. The significance threshold was set at p ; .05. Tukey’'s HSD
(Honestly Significant Difference) post-hoc test was applied for pairwise comparisons
when the effect was significant.

3 Results

For the sake of clarity, SI results in plots are presented as the percentage of correct
responses; however, all statistical analyses were conducted on RAU-transformed
data.

3.1 Speech-in-Noise
SI

In the SIN condition, the ANOVA showed a significant main effect of SNR (F'(8,400) =
2747.81,p < .001,n? = .982; see Figure 6.1 and Table 6.2). A significant main effect of
CRM language was also observed (F(1,50) = 1199.77,p < .001,7? = .960), with better
intelligibility in French compared to English. Additionally, a significant interaction
between language and SNR level was found (F(8,400) = 115.77,p < .001,7? = .698).
Tukey’s HSD post-hoc test showed that participants performed significantly better
in French than in English for negative and neutral SNR levels (i.e., when the masker
level was equal to or higher than the target level), except at the lowest SNR (-18 dB).
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Figure 6.1: Mean SI (percentage correct) in SIN condition, for each SNR level (-18 dB
to +6 dB SNR; in 3 dB steps). Vertical bars indicate the confidence interval at 95%.
Violin plots represent response distribution density. Statistical comparisons were
performed on RAU-transformed data. Post hoc significance: *: p < .05, **: p < .01,
#*%: p < .001, ns: not significant.

Subjective LE

An analysis of ESCU responses after each of the 9 SIN blocks showed a signifi-
cant main effect of language (F(1,50) = 262.81,p < .001,7> = .840; see Figure 6.2
and Table 6.2), with participants reporting greater subjective LE in English than in
French. Additionally, there was a significant main effect of SNR level on subjective
LE (F(8,400) = 844.52,p < .001,7% = .944); specifically, subjective effort increased as
SNR decreased. Furthermore, a significant interaction was observed between lan-
guage and SNR level (F(8,400) = 22.33,p < .001,7% = .309). Tukey’s HSD post-hoc test
showed that participants reported significantly greater LE in English compared to
French across all SNR levels, except in the two most adverse conditions (-18 dB and
-15 dB SNR).
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Figure 6.2: Mean LE (ESCU) in SIN condition, for each SNR level (-18 dB to +6 dB
SNR; in 3 dB steps). Vertical bars indicate the confidence interval at 95%. Statistical

comparisons were performed on RAU-transformed data. Post hoc significance: *:
p < .05, ¥*: p < .01, ***: p < .001, ns: not significant.

SI LE

Df F n2  p-value Df F ne  p-value

SNR 8 2600.42 981 < .001 8§ 84452 944 < .001

SIN Language 1 104825 .954 < .001 1 26281 .840 < .001
Language:SNR 8 91.66 647 < .001 8 2233 309 <.001

TMR 8 293.17 .854 < .001 8 259.58 .838 < .001

SIS Language 1 24690 .832 < .001 1 2571 340 < .001
Language:TMR 8 23.98 324 < .001 8 8.13 .140 < .001

Df: degrees of freedom, F: F-test value, n>: effect size

Table 6.2: Main ANOVA results for SI (CRM) and LE (ESCU) in SIS and SIN condi-
tions.

3.2 Speech-in-Speech
SI

In the SIS condition, the two-way ANOVA showed a significant main effect of TMR
level (F(8,210) = 268.173,p < .001,n> = .843; see Figure 6.3 and Table 6.2). Fur-
thermore, a significant main effect of language was observed (F(1,50) = 270.717,p <
.001,7%> == .844), with better intelligibility in French compared to English. A sig-
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nificant interaction between language and TMR level was also found (F(8,400)n? =
29.531,p < .001,= .371). Post-hoc tests revealed that this interaction was due to par-
ticipants performing better in French than in English at negative and neutral TMR
levels (i.e., when the masker was equal to or louder than the target signal).

*kk *kk *kk *kk *kk ns ns ns ns
1 1 1 1 1 1 1 1 1
100+ w
. 1
8\0, I
> 75 }/{\K
E
-
= 1
£ 50
S |
b}
& !
25+
e English
A French
0.
-12 -9 -6 -3 0 3 6 9 12

Target-to—Masker Ratio (relative dB)

Figure 6.3: Mean SI (percentage correct) in SIS condition, for each TMR level (-18
dB to +6 dB SNR; in 3 dB steps). Vertical bars indicate the confidence interval at
95%. Violin plots represent response distribution density. Statistical comparisons
were performed on RAU-transformed data. Post hoc significance: *: p < .05, **:
p < .01, ¥**: p < .001, ns: not significant.

Subjective LE

A two-way ANOVA of ESCU ratings after each of the 9 SIS blocks showed a significant
main effect of language (F(1,50) = 25.71,p < .001,7% = .340; see Figure 6.4 and Table
6.2), with participants reporting greater subjective effort in English compared to
French. Additionally, a significant main effect of TMR level on subjective LE was
observed (F(8,400) = 259.58,p < .001,7> = .838). A significant interaction between
CRM language and TMR level was found (F(8,400) = 8.13,p < .001,n? = .140). Tukey’s
HSD post-hoc test showed that participants reported significantly greater LE in
English compared to French across nearly all TMR levels, except in the two most
adverse conditions (-12 dB and -6 dB TMR).
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Figure 6.4: Mean LE (ESCU) in SIS condition, for each SNR level (-18 dB to +6 dB
TMR; in 3 dB steps). Vertical bars indicate the confidence interval at 95%. Statisti-

cal comparisons were performed on RAU-transformed data. Post hoc significance:
*1p < .05, **: p < .01, ***: p < .001, ns: not significant.

3.3 Post-hoc and supplementary figures

The Figure 6.5 shows the post-hoc results between each SNR in SIN and each TMR
in SIS.
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Figure 6.5: Speech intelligibility comparison between SIN and SIS. Tukey’s HSD p-
values in SIN condition, for each SNR. b. Tukey’s HSD p-values in SIS condition, for
each TMR. Post hoc tests were performed on RAU-transformed data. Significance
levels: * :p < .05, **: p < .01, ***:p < .001, ns: not significant.
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Figure 6.7: Performance of individual participants. SI (%) at each TMR level in the
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greater than, or similar to their performance at 0 dB TMR. Right panel: Participants
whose performance at -12 dB TMR was lower compared to O dB TMR.

3.4 Type of response

To investigate whether incorrect responses in the SIS condition were more influ-
enced by masker interference than random guessing, we analyzed participants’ re-
sponses with respect to digit- and color-related errors. In the majority of incorrect
trials, participants preferentially chose information corresponding to the masker
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rather than making a random decision. This was observed for the color, the digit
only, or both. The distribution of response types is illustrated in Figure 6.8.
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Figure 6.8: Mean percentage of response type for English and French CRM in SIS
condition. Correct responses, masker responses, or other responses for color, digit,
or both, for each TMR level.

3.5 English proficiency

Subjective English proficiency was assessed using the LEAP-Q. Three variables were
selected: oral production, oral comprehension, and reading. Each variable was
rated on a scale from 1 to 10, with 10 representing perfect proficiency. The mean
of these three ratings was used as the overall proficiency score. The mean LEAP-Q
score across participants was 7.0 £ 1.5 (SD). Results are shown in Table 6.1.

This measure confirmed a minimum level of English proficiency in the same way
that audiometric testing ensured that participants had no hearing loss.

4 Discussion

The goal of the present study was to evaluate the effects of language (native vs.
non-native) on SI and LE.



Hypothesis 1

The use of a native language influences the intelligibility and LE, particularly
in adverse situations.

English and French versions of the CRM corpus were used with native French
listeners under two conditions: (1) SIN, in which a single talker was masked by
stationary speech-shaped noise; and (2) SIS, involving two simultaneous talkers.
LE was assessed in each condition using the Categorical LE Scale method (Luts
et al., 2010; Rennies et al., 2014).

4.1 Speech-in-Noise

As expected, in the SIN condition, intelligibility gradually declined as SNR decreased.
This main effect of SNR is aligned with previous findings reported in the literature
(Brungart, 2001a, 2001b). We also found that intelligibility in the presence of back-
ground noise was influenced by the language. As expected, French participants
performed better when listening in French compared to English. This suggests that
the louder the relative masking noise, the more difficult it is for the listener to sep-
arate the target from the noise, and that this challenge is greater when the speech
is in a non-native language.

These intuitive results provide useful reference values for SIN tests. With the
exception of the most adverse condition (-18 dB SNR), where a floor effect was ob-
served, and the most favorable conditions (+3 and +6 dB SNR), where intelligibility
reached its maximum, participants consistently performed better in French than
in English. This pattern suggests a language-related effect that interacts with the
level of energetic masking.

The significant interaction between language and SNR, however, is of particular
interest. Our results suggest that energetic masking influences speech processing
differently in native and non-native languages. In French, intelligibility differed
significantly between the two most adverse SNR levels (-18 and -15 dB SNR; see
Figure 6.5a for Tukey’s post-hoc results), while this was not the case in English. In
addition, a ceiling effect appeared at lower SNR levels in French compared to English
(no significant difference between -3 and O dB SNR; see Figure 6.5a), showing that
participants were able to cope better with louder background noise in their native
language.

The absence of a language effect in the most adverse condition can be explained
by the high level of masking noise. In this condition, whatever the language, mask-
ing noise was loud enough to prevent any understanding of the target speech,
demonstrated by very low intelligibility scores. ESCU ratings for this SNR level
provide further support for the disengagement or withdrawal of participants during
this block; most participants selected the "only noise” level.

4.2 Speech-in-Speech

In the SIS condition, the results confirmed our first hypothesis regarding a signifi-
cant effect of task difficulty (i.e., manipulated by TMR levels) on SI (see Figure 6.3).
Intelligibility was better at positive TMRs, where the target voice was louder than
the masker. This main effect, which is consistent with previous studies (Brungart,
2001b; Thompson et al., 2015), shows that intelligibility decreases as the masker
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becomes louder relative to the target. Earlier work has shown that informational
masking in competing speech streams interferes with speech processing and makes
segregation more difficult (Johnsrude and Rodd, 2016).

In SIS tasks, masking is both energetic and informational. Evidence for infor-
mational masking can be found in the nature of participants’ errors. A closer ex-
amination of response types highlighted that incorrect answers were predominantly
biased toward the competing talker. It is known that the more similar the competing
voices, the more difficult it is to segregate them (Brouwer et al., 2012). Thus, the
errors made by participants could be related to both the TMR and/or the acoustic
characteristics of the voices (Brungart, 2001b). In addition, as in the SIN condition,
the auditory stream from the masker talker introduces a degree of energetic mask-
ing. However, the result reported here, namely that errors align with the masker
talker, strongly suggests that the dominant form of interference was informational
in the SIS condition.

The effect of task difficulty on intelligibility was observed both in French and
English versions of the CRM corpus. However, as in the SIN condition, the effect was
more pronounced in English. Participants were better able to segregate the target
talker when listening in French compared to English. This is probably because they
were all native French listeners. Earlier work has demonstrated that knowledge,
familiarity, and expertise minimize informational masking in multi-talker scenarios
(Johnsrude et al., 2013). This significant primary effect of language is underlined
by large effect sizes in both conditions (SIN: = .982; SIS: = .843).

Overall, mean intelligibility scores for English and French ranged from 2 to 28
RAU, with higher scores in French. In addition, performance in the French language
tended to stabilize around 70 RAU for the adverse condition, whereas it rapidly
decreased in the English language, reaching a minimum of 40 RAU at -12 dB TMR.
This marked drop shows how, in a non-native language, informational masking
not only affects intelligibility at a lower TMR, but also that the effect is stronger
compared to a native language.

Since the energetic masking produced by the competing talker is similar in both
languages, the difference in performance is most likely to be driven by increased
informational masking in the non-native language. This finding supports the idea
that informational masking has a stronger impact when listeners process speech
in a non-native language, particularly at the lowest TMRs (Lecumberri et al., 2010;
Van Engen and Bradlow, 2007).

The primary outcome of this study, however, reveals an interaction between the
CRM language and the TMR level in the SIS condition. Under adverse conditions
(i.e., when the target talker was at the same or lower auditory level than the masker),
French listeners were better at segregating the target talker in French compared
to English, while intelligibility did not significantly differ in favorable conditions.
French listeners performed better in the French SIS condition in the range +3 to
-12 dB TMR, and their subjective LE was rated as significantly higher in English
compared to French (see Figure 6.4 and 6.5b).

While, in general, the effects of energetic masking decrease monotonically with
increasing SNR (Brungart, 2001a; Thompson et al., 2015), the presence of informa-
tional masking introduces additional variability and engages more complex cogni-
tive processes (Mattys et al., 2012). Examination of individual intelligibility curves
revealed distinct performance patterns, suggesting that participants may have dif-
ferent segregation and inhibition strategies. Some showed a monotonic relation



between TMR and intelligibility (i.e., the lower the TMR, the lower the intelligibility,
as observed in SIN condition), while for others, intelligibility was minimal at O dB
TMR, and performance was equal or better for the most adverse TMRs.

The results showed that 30 participants performed equally well or better in the
range -12 to 0 dB TMR in the French condition (see Figure 6.7), whereas this pattern
was only observed in 12 participants in the English condition (see Figure 6.6). As
reported by other authors (Andeol et al., 2011; Lanzilotti et al., 2022; Thompson
et al., 2015), these results can be explained by the listener’s ability to use the cue
of a softer voice to segregate the target talker from the masker. While both native
and non-native listeners tend to adopt similar strategies when actively listening in
complex situations, beyond a certain level, non-native listeners are more adversely
affected by environmental distortion and complexity (Bradlow and Alexander, 2007;
Brouwer et al., 2012). In our study, we argue that an additional layer of complexity
emerged: listeners seemed to be more adept at leveraging these negative level cues’
in their native language.

It is also important to note that performance significantly improved between -
12 dB and -9 dB TMR in English, whereas no such improvement was observed in
French. In this TMR range, the psychometric function displayed floor and ceiling
effects, demonstrated by the absence of significant differences in adjacent levels
(from -12 to O dB, and from +6 to +12 dB). Similarly, we observed significant differ-
ences between O and +3 dB TMR and between +3 and +6 dB TMR in English. The
floor effect, however, appeared to persist beyond the initial decline, as intelligibility
remained significantly different between -9 and -12 dB TMR (see Figure 6.5b).

We suggest that this result may be due to listener disengagement under the
most adverse conditions in English. Previous research has shown that disengage-
ment can occur when task difficulty is thought to be beyond a perceived level of
achievability (Hopstaken et al., 2015). This result also illustrates the fall in intel-
ligibility in a non-native language compared to a native one. We suggest that the
same effect could have been observed in French if we had tested more adverse TMR
levels (see Figure 6.5b).

4.3 The effect of language on energetic and informational masking

In SIN and SIS conditions, masking affects intelligibility at two distinct, but simul-
taneous processing levels. In SIN conditions, pure energetic interference disturbs
speech processing at the peripheral level. In SIS conditions, complementary seman-
tic interference makes segregation and comprehension processes more difficult.

Nevertheless, our results demonstrate that intelligibility under adverse condi-
tions becomes more challenging when speech is presented in a non-native language
compared to a native language, whatever the type of interference. Moreover, our
findings suggest that processing speech stimuli presented in a non-native language
under adverse conditions increases cognitive load. This cost is observable both in
terms of SI degradation and subjective LE.

Segregation between the target and masker was shown to be easier for native
French listeners when the speech was presented in French rather than in English.
Naturally, native listeners are experts, both at semantic and linguistic levels, as
they are more exposed to this language. They may also be more likely to associate
French voices with familiar characteristics (Johnsrude et al., 2013), compared to
English voices.
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Lecumberri et al. (2010) noted that non-native listeners face the dual challenge
of an imperfect signal and imperfect knowledge. Similarly, in SIN scenarios, non-
native listeners have consistently shown greater difficulty with intelligibility than
native listeners, due to energetic masking (Lecumberri and Cooke, 2006; Mattys
et al., 2012; Rogers et al., 2006).

In the present study, our participants knew some English (mean LEAP-Q score
7.01/10) but were not native speakers. Other studies have used unfamiliar lan-
guage to assess the influence of language on intelligibility in complex auditory en-
vironments (Brouwer et al., 2012; Lecumberri and Cooke, 2006; Van Engen and
Bradlow, 2007). For example, Brouwer et al. (2012) showed that an unfamiliar lan-
guage mask had a relatively small impact on intelligibility compared to a familiar or
native language.

The intelligibility differences we observed between languages in adverse condi-
tions are corroborated by our results for subjective LE. In both SIS and SIN condi-
tions, participants reported that tasks that used the English version of the CRM cor-
pus were more effortful than those that used the French corpus. The interaction be-
tween language, energetic and informational masking supports the idea that speech
segregation requires more cognitive resources in a non-native language—even for
simple words. In our study, intelligibility in adverse conditions (e.g., -9 dB SNR or
TMR) was, on average, similar in SIN and SIS conditions in French. However, this
was not the case for the English corpus. Here, the percentage of correct responses
decreased to 20% in the SIS condition, while it stabilized at around 50% in the SIN
condition. This difference may be due to additional informational processing in the
SIS condition. As Van Hedger and Johnsrude (2022) noted in their review of speech
perception in adverse conditions, "different adverse conditions place different de-
mands on cognitive resources.”

Based on the results presented here, we suggest that the "knowledge-driven” pro-
cesses described by Mattys et al. (2012), which listeners rely on to perceive speech
in complex auditory situations, are more fragile when operating in a non-native lan-
guage, and come with a higher cognitive cost (Golestani et al., 2009; Lecumberri
and Cooke, 2006). This difference is clearly illustrated by the better intelligibility
of the French version of the CRM corpus compared to the English version in the
most adverse conditions. Finally, we suggest that the difference described above
is mainly due to the increased cognitive demands involved in comprehending and
retrieving information when processing speech in a non-native language in complex
conditions.

Furthermore, the observation that intelligibility differences between the two lan-
guages are inhomogeneous across masking levels suggests that using a foreign lan-
guage to assess SIN and SIS processing may be less reliable than using participants’
native language. If the observed differences between French and English had been
significant and homogeneous across all masking levels, the impact would be more
predictable—using an English rather than a native-language corpus would sim-
ply be associated with lower average performance and increased LE. However, the
present results indicate that the impact of the use of an English corpus on intel-
ligibility and LE is most pronounced under adverse conditions, particularly those
involving high levels of masking. This results in heterogeneous costs across TMR
and SNR levels. Consequently, we argue that the loss of intelligibility in a non-native
language is related to increased LE, but this is highly dependent on the complexity
of the auditory environment.



4.4 Language proficiency

The purpose of this study was to evaluate the impact of using an English-language
compared to a French-language CRM corpus on SI and LE in a sample of native
French listeners. English proficiency was subjectively assessed to ensure that par-
ticipants understood the stimuli. Although we made no hypotheses about English
proficiency levels, it is important to acknowledge that language proficiency signifi-
cantly affects intelligibility in non-native listeners, especially under complex audi-
tory conditions (Cooke and Lecumberri, 2012; Lecumberri and Cooke, 2006; Rhe-
bergen et al., 2005; Rogers et al., 2006; Warzybok, Zokoll, et al., 2015).

For example, Smiljani¢ and Bradlow (2011) showed that language proficiency af-
fects intelligibility, and noted that more experienced non-native listeners are better
able to cope with background noise than less experienced ones. Similarly, Warzy-
bok, Brand, et al. (2015)demonstrated that both language proficiency and the type
of speech task have a strong influence on intelligibility. However, given the restricted
set of response alternatives and the simplicity of the corpus language, the CRM task
used in our study may be less sensitive to differences in proficiency.

4.5 Limits and Perspectives

This study could have been strengthened by including an objective assessment of
English proficiency, based on more robust tests. Including language proficiency as
an additional factor in our analyses would have provided a more nuanced interpre-
tation of the results. For instance, standardized English tests such as the TOEFL
(Educational Testing Service, 2024) or IELTS (British Council, IDP: IELTS Australia
& Cambridge Assessment English, 2024) could have been used.

Further studies could extend this work by investigating other foreign language
pairs, as this would help to assess the reliability of the findings presented here and
explore whether effects may differ depending on the corpus language.

5 Conclusion

This study investigated the influence of native (French) and non-native (English) lan-
guages under conditions of energetic and informational masking. The main result
is that differences in SI and LE between the two languages are not homogeneous
across task difficulty but rather depend on the relative masking level.

These results are of interest for the design of the next studies of this project, as
well as further studies. They could be used to investigate LE in complex auditory
situations, particularly when incorporating objective electrophysiological measures,
as we do in the next steps. The observed decline in intelligibility in English, com-
pared to French, under the most adverse conditions, supports the hypothesis H1
that using a non-native language may lead to information loss for non-native listen-
ers, even with simple auditory stimuli.
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| Conclusion

Publication

This contribution led to an article currently in press at Ear and Hear-
ing and a Poster (see Appendix ??) presented at the "Journées Perception
Sonore”(2023, Paris) Conference. Data are available on the following OSF
repository: https://osf.io/ye4f7/overview
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Executive Functions &

Challenging Listening

Description of the Chapter

In a second study, the role of EFs and neural mechanisms in listening in chal-
lenging environments was explored. It first examined how high-level cognitive
processes, such as updating and inhibition, interact with SI and LE across
varying levels of environmental difficulty. We then investigated potential neu-
ral correlates of LE, with a focus on alpha oscillations measured by EEG, high-
lighting how difficulty levels in SIN and SIS conditions could modulate these
dynamics. This chapter aims to provide a comprehensive view of the cognitive
and neural mechanisms underlying listening in challenging auditory environ-
ments.



Hypothesis 2

Executive functioning (especially inhibition) would be correlated with speech
intelligibility and with listening effort.

Hypothesis 3

EEG alpha oscillation dynamics would be impacted by the complexity of the
auditory scene.

Main Results

In SIN, no relation was observed between SI and EF performances, nor be-
tween subjective LE and EF performance.

In SIS, participants with better scores in the updating dual N-back task had
better SI in all SIS conditions.

In SIS, participants with better performances in the inhibition Stroop task
had better SI in the most adverse SIS condition.

In the time-frequency domain, alpha power increased in the left temporo-
parietal region in both SIN and SIS conditions.

This alpha power change was associated with different independent compo-
nents.

These components showed either desynchronization or synchronization, con-
firming the existence of different alpha generators in challenging listen-
ing.



1 Research goal

Understanding speech in a complex auditory environment involves both auditory
and non-auditory mechanisms (Eckert et al., 2016). High-level cognitive functions
such as EFs are also involved in this process, and their relationship with SI and
LE is valuable to understand the general mechanisms underlying listening (Francis
and Love, 2020). Thus, in this study, the core EFs described in the literature by
Miyake et al. (2000), including updating, shifting, and inhibition, were investigated
in relation to LE and SI.

LE is a multidimensional concept that, beyond auditory perception, relies on
higher-order cognitive mechanisms. When an auditory scene becomes complex,
listeners implement strategies to extract the relevant information from the audi-
tory streams. They analyze the auditory scene and segregate the different auditory
streams using various cues such as, for example, differences in sound level between
talkers, spatial localization, or gender of the talkers. Once the streams are segre-
gated, listeners must select the stream of interest while ignoring the others. Here,
inhibition is hypothesized to play a key role. Strong inhibition abilities have been
associated with better SI, while lower inhibition has been associated with increased
LE (Perrone-Bertolotti et al., 2017; Stenbéack et al., 2016). By inhibiting the masker
talkers or the noise, the listener can better select the target stream and access to
semantic content of the speech. Furthermore, the variety of strategies that listen-
ers can implement during listening in complex environments suggests that different
cognitive processes are involved. In particular, in multi-talker situations, using dif-
ferences in target and masker sound levels as a cue for stream segregation may
rely on inhibitory control (Lanzilotti et al., 2022; Stenback et al., 2016). Moreover,
working memory, which is closely related to updating, has been associated with LE
(Rudner et al., 2011) and SI (Besser et al., 2013; Ingvalson et al., 2017) in complex
auditory situations, suggesting that better capabilities to maintain auditory ele-
ments in working memory may help improving SI and reducing LE in challenging
auditory environments.

In this study, our objective was to assess these relationships by comparing SI
and subjective LE with EF performances. In particular, we investigated whether
this relation varies depending on the difficulty level of SIN and SIS conditions. We
selected nine EF tasks commonly used in the literature Chenot et al., 2024; Miyake
et al., 2000 to measure the EF performances regarding Miyake et al. (2000)’s model.

This study aims to address the second hypothesis of this project:

Hypothesis 2

Executive functioning (especially inhibition) would be correlated with speech
intelligibility and with listening effort.

This hypothesis can be investigated through the following complementary hy-
potheses:

g
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Complementary Hypotheses - Behavior

H2.1a : Reproduction of study 1 and literature: SI and LE would be impacted
by the masking level in both SIN and SIS.

H2.1b : In comparison to SIN, the presence of IM would reduce SI and increase
LE in SIS.

H2.2a : Performance in executive functions, especially inhibition, would be
correlated with SI in SIN and SIS scenarios.

H2.2b : Performance in executive functions, especially inhibition, would be
correlated with LE in SIN and SIS scenarios.

In addition to this first goal, we also explored complementary neural correlates
of listening in effortful auditory situations, focusing specifically on alpha dynamics.
The search for an objective way to measure LE remains a central question in speech
research. When assessing LE with subjective questionnaires, self-reported results
can be influenced by factors such as participants’ motivation, experience with the
task, or perception of their own performance. Consequently, subjective LE is dif-
ficult to interpret and can vary widely between participants. This is why objective
measures of LE could provide new insight into the underlying mechanisms. Many
methods are used to investigate objective measures of LE, including pupillometry,
INIRS, fMRI, MEG, or EEG.

Within the scope of this project, EEG was chosen as the tool to investigate po-
tential neural correlates of LE. Alpha oscillations have been described in relation
to listening in complex environments in a priori contradictory ways. Some stud-
ies report increases in alpha power during effortful listening (Obleser et al., 2012;
Wilsch et al., 2015), while others describe a decrease in alpha power (Dimitrijevic
et al., 2017). One explanation for these inconsistencies seems to rely on the pres-
ence of multiple alpha generators in the brain (Wisniewski, 2017). In this study,
we investigated alpha oscillations across different difficulty levels in both SIN and
SIS conditions. The goal of this investigation was to address the third hypothesis
of this project:

Hypothesis 3

EEG alpha oscillation dynamics would be impacted by the complexity of the
auditory scene.

Spectral and time-frequency analyses were conducted to assess cortical responses
across different levels of auditory difficulty. As reported in the literature Wisniewski
and Zakrzewski, 2023; Wisniewski et al., 2024, interpreting alpha oscillations in
the time-frequency domain is challenging. Therefore, analyses were extended by
extracting independent components of the EEG signal to determine whether the
observed alpha dynamics corresponded to different components of the EEG signal.
To further characterize these components, exploratory source localizations were
performed.



2 Material and Methods

2.1 Participants

30 native French participants were recruited for this experiment (15 women, 15
men, mean age 25.9 + 3.4 years old). Their audition was controlled by pure-tone au-
diometry using an Elios® clinical audiometer (Echodia, Le Mazet-Saint-Voy, France),
for the following frequencies: .25, .5, 1, 2, 4, 6, 8, and 12.5 kHz (hearing level < 20
dB; mean hearing level .9 + 8.3 dB HL, details in Appendix 10.1). To be included
in the experiment, participants had to meet the following criteria: aged between 18
and 40 years, native French speakers, no known vision or hearing impairments,
no medication targeting the central nervous system, no neurological or psychiatric
conditions, and no known brain lesions. Participants could not be included if they
had participated in the previous studies. They received €25 as financial compensa-
tion for their participation. This study was approved by the local ethics committee
of Toulouse (IRB Number 2024-817). All participants provided written informed
consent prior to data collection.

Sample Size calculation

28 participants from the previous study (see Chapter 6) had also participated in
another study conducted in the laboratory (Chenot et al., 2024), which (among
other tasks) included the same EF evaluation tasks. Their data were merged to
compare SI and EF performances for the estimation of the sample size required for
this second study. A significant Pearson correlation was found between the global
EF Z-score and mean performance in adverse SIS conditions (below O dB TMR), with
r = .52 and p = .0065 (see Figure 10.1 in Appendix).

Based on this correlation, a power analysis was conducted using the pwr R pack-
age, with parameters set to » = .05, = .05, and power = .8. The results indicated
that a minimum of 28 participants would be required to achieve sufficient statistical
power for the study. The participants used for the sample size calculation were not
included in the present study.

2.2 Stimuli
Speech perception

As suggested by the first study (Chapter 6), the Coordinate Response Measure (CRM)
corpus was used in its French version (Isnard et al., 2024). The advantage of using
a corpus in the native language of the participants was previously described using
this exact version of the CRM. The original corpus used in the first experiment
included digits from 1 to 8. The present study restricted the corpus to sentences
including digits from 1 to 4, to balance with the four available colors, ensuring equal
statistical probabilities for colors and digits. The 128 resulting combinations (8 call
signs x 4 colors x 4 digits) led to a total of 1024 stimuli (8 call signs x 4 colors x 4
digits x 8 speakers).

Similarly to the previous experiment, the CRM was used in SIS and SIN con-
ditions and a control condition with a single target talker was presented without
any masking signal (i.e., target alone), to confirm that participants were able to
understand speech clearly in the absence of interference.

—
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Material and Methods

Executive Functions

EFs were assessed using 9 different tasks, as described below. The tasks were
displayed on a screen in front of the participant. The Inquisit software! was used
to present the EF tasks.

Updating:

Letter Memory (Friedman et al., 2008): A series of 5, 7, or 9 letters appears
on the screen one at a time, which the participant must progressively mem-
orize while saying them out loud. At the end of the series, the participant is
required to click on the last three letters they memorized.

Dual N-back (Jaeggi et al., 2010): A blue square appears on the screen in
one of 8 possible locations, simultaneously with one of 8 possible letters. For
N = 0O, the participant must determine whether both the location of the square
matches the target (press “A”) and the displayed letter matches the target letter
(press “L”). For N = 1, the participant must determine if the location and the
letter match those from the previous trial. For N = 2, the same instructions
apply as for N = 1, but the participant compares the stimuli to those presented
two trials earlier.

Keep Track (Friedman et al., 2008): Words belonging to one of six possible
categories (e.g., animal, color, etc.) appear on the screen one at a time. The
participant is asked to track 2 to 4 target categories among the displayed words
and progressively remember the last word from each category, typing it out on
the keyboard.

Shifting/Switching:

Category Switch (Friedman et al., 2008): Words are presented on the
screen. The participant must determine whether the word refers to a living
or non-living object, or whether it is smaller or larger than a basketball by
clicking on the corresponding category with the mouse. From one trial to the
next, the task can either be the same or different. A "switch” refers to trials
where the dimension changes from one to the other.

Color-Shape (Miyake et al., 2004): A shape (triangle or circle) appears on the
screen on a red or green background. The participant must identify the color
or shape of the stimulus by pressing the A and P keys on the keyboard. Either
the instruction remains the same for an entire block, or it changes randomly
from one trial to the next.

Number-Letter (Miyake etal., 2004): A 2x2 matrix is displayed on the screen.
A pair of characters consisting of a number and a letter appears in each cell,
one after the other, in a clockwise direction. When the stimulus appears at
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the top, the participant must determine whether the letter is a consonant
or a vowel. When the stimulus appears at the bottom, the participant must
determine whether the number is even or odd by pressing the A and P keys on
the keyboard. As the presentation of characters is predictable, the trials are
of the switch type for all odd-numbered trials.

Inhibition:

Antisaccade (Friedman et al., 2008): The participant fixates on a cross at
the center of the screen. A quick flash appears to the right or left of the cross,
followed by a target stimulus on the opposite side. The target is an arrow
pointing to the right, left, or up. The participant is instructed to press the key
corresponding to the target that appeared on the screen.

Stop Signal (Verbruggen et al., 2004) A fixation cross is displayed at the
center of the screen. When an arrow appears to the right or left of the cross,
the participant must press the corresponding key. However, if a sound signal
appears, the participant is instructed not to press any key.

Stroop (Stroop, 1935): Color names, written in color, appear one by one
on the screen. The participant must say aloud the color in which the word is
written as quickly as possible. The participants’ voices will be recorded using a
microphone. Congruent trials present a color name written in the same color
as the word. Incongruent trials present a color name written in a different
color. For control trials, a colored rectangle appears.

2.3 Apparatus
Audio and voice recording

Auditory stimuli were presented through ER-3C earplugs (Etymotic Research; see
Figure 7.1), designed to minimize electromagnetic fields around the head, to avoid
EEG interference, at a sound level of 55 dB SPL, ensuring clear perception without
participant’s discomfort. In addition, this system provides better sound isolation
from possible surrounding noise that may occur in the lab’s vicinity.

Electrophysiology

EEG data were recorded using a 64-active electrode system with a ®Biosemi Active
I amplifier. Electrodes were installed using conductive gel (Signa gel) and placed
according to the 10-20 international system.

2.4 Procedure

After providing informed consent, participants completed pure-tone audiometry.
Then, the EEG cap was installed on the participant’s head.

w
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Figure 7.1: ER-3C headphones.

Resting State

After the EEG installation, participants completed a 5-minute resting state (RS),
during which they alternated between 30 seconds with eyes open and 30 seconds
with eyes closed, following on-screen and auditory instructions. During RS, partic-
ipants were instructed to let their thoughts flow freely while avoiding falling asleep.
At the end of the RS, they answered the Amsterdam Resting-State Questionnaire
(ArsQ) to report their feelings and experiences during the RS.

Speech Intelligibility

Participants then completed the speech intelligibility task, using the CRM corpus
(Section 1.1 in Chapter 5). In each experimental block, they were asked to indi-
cate the color and digit they heard associated with the call sign "Delta” (in French
sentences), by clicking the corresponding button on the virtual response box (see
Figure 7.2).

Prét [call sign], va au point [color][number], go!

1 2 3 4

1 2 3 4
Figure 7.2: Coordinate Response Measure matrix answer presented on the screen.
The control condition with a single talker (one block of 16 trials) was always

presented first to ensure the participants were able to do the task, followed by the
SIN or SIS conditions, in a counterbalanced order. For both SIN and SIS conditions,



3 SNR or TMR levels were tested in three different blocks of 16 trials each (-9 dB
SNR/TMR, -3 dB SNR/TMR and 3 dB SNR/TMR). In each trial, the talker(s) were
randomly chosen to minimize talker-specific effects.

After each block, participants were asked to rate their subjective listening effort
with the ESCU scale, rated from O (no effort) to 14 (only noise) (Section 1.2 in
Chapter 5).

Each participant completed a total of 7 blocks, each containing 16 trials: 1
control block (16 unmasked trials) + 3 SIS blocks (16 trials x 3 TMR levels) + 3 SIN
blocks (16 trials x 3 SNR levels). Each experimental block lasted approximately 1
to 2 minutes, and participants were allowed to take short breaks between blocks.
The CRM tasks lasted for approximately 12 minutes in total.

Executive Functions

Following the speech intelligibility task, participants completed the 9 executive func-
tion tasks described in Section 2.2 in the following fixed order: Antisaccade, Letter
Memory, Color-Shape, Number-Letter, Stroop, Keep Track, Dual N-back, Category
Switch, and Stop Signal. In total, the EF tasks lasted approximately 1.5 hours.

Speech intelligibility &

Listening Effort Executive Functions

@ Letter Memory

® -9dB TMR @ Dual N-back
@ ® -3dB TMR @ Keep Track
® 3dBTMR
@ Category Switch
@ Color-Shape
® -9dB TMR
@ ® -3dB TMR
® 3dBTMR

Audiometry

Resting @® Number-Letter
State
@ Antisaccade

@ Stop Signal
@ Stroop

W\

Figure 7.3: Schematic summary of the experimental procedure.

After EF tasks, the EEG cap was removed, and participants were given feedback
on the study. The study lasted 2 hours in total.
2.5 Data analyses

The behavioral and electrophysiological data were analyzed using R 4.3.0 (statistics
and behavioral plots), Matlab 2021a (EEG analyses), and Python 3.11.7 (speech-to-
text Stroop extraction) and Loreta V20240713 (EEG source localization).
Behavioral Analyses

SI and LE

—
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EF The Inquisit software provided a .igdat file for each EF task of each participant,
from where the EF metrics were extracted. The dependent variables of each EF are
presented in Table 7.1.

EF Task Dependent variable Metric
Letter Memory  CR of recalled letters
Updating Dual N-back CR
Keep Track CR of recalled words
Category Switch A RT Switching cost
Switching Color-Shape RT
Number-Letter A RT Switching cost
Antisaccade RT
Inhibition Stop Signal RT
Stroop A RT Inhibitory cost

Table 7.1: Dependent variables of each EF task. RT: Reaction time. CR: Propor-
tion of correct response. A RT: difference of reaction time between congruent and
incongruent trials (Inhibitory cost) or between switching and non-switching trials
(Switching cost).

The performances of EF tasks were transformed to conform to normal distri-
butions using Z-scores transformation with the scale() function in R and arcsine
transformation on accuracy metrics (Keep Track, Letter Memory, Dual N-back). Re-
action time Z-scores (Stroop, Antisaccade, Color Shape, Stop signal, and Number
Letter) were inverted so that higher Z-scores corresponded to better performance.
For example, in the Stroop task, lower Z-scores corresponded to higher inhibitory
cost, indicating worse performance.

Stroop The Stroop task vocal responses were recorded with a RODE (NT-USB Mini)
microphone and saved as .wav files. The Inquisit software does not allow for auto-
matic detection and transcription of the voice in French. To address this, we used
the whisper speech-to-text model (OpenAl) implemented in Python, as described in
Section 1.4 in the Chapter 5.

CRM The percentage of correct responses was calculated as the number of tri-
als in which both the color and digit were correctly identified, divided by the total
number of trials in that experimental condition (16 trials in each block). Following
current recommendations for speech analyses, scores were normalized using the
Rationalized Arcsine Unit (RAU) transform in each condition (Studebaker, 1985).

Statistics For both SI and LE variables, a two-way ANOVA was carried out with
within-subject factors Mask type (SIN vs. SIS) and Masker level ( -9 dB vs. -3 dB
vs. 3 dB SNR/TMR).

For SIN and SIS conditions, a one-way analysis of variance (ANOVA) with Green-
house-Geisser correction for sphericity was conducted to examine the effect of
masking level on SI and LE. The significance threshold was set at p < .05. Tukey’s
HSD (Honestly Significant Difference) post-hoc tests were applied for pairwise com-
parisons when appropriate.



ANOVAs were computed using the aov_ez() R function from the afex package.
Pearson correlations using the cor_test() and FDR corrections were applied to com-
pare EF performances with SI and LE. The significance threshold for all analyses
was set at p < .05.

Electroencephalography Analyses

Preprocessing EEG data for spectral, time-frequency, and component analysis
were preprocessed and processed as follows.

EEG data recorded during the CRM were extracted from the raw EEG files. Then
they were average re-referenced, filtered on 4-25 Hz, and resampled at 512 Hz. Bad
channels were removed and interpolated. Then, EEG data were split into data sets
for each SIN and SIS condition, resulting in 9 data sets per participant. After that,
mAMICA was applied to each condition data set, followed by independent component
labeling with ICLabel. Eyes, muscles, and artifact components were flagged in order
to be excluded from the signal. Data were epoched on a window of -1000 ms to 2000
ms around the CRM sentences onset. More details on EEG pre-processing methods
in Section 3.1 of Chapter 5.

Time Frequency For the time frequency analysis (see Section 2.4 in Chapter),
one-way ANOVAs with permutations and FDR correction were applied in SIN (SNR)
and SIS (TMR) conditions using the EEGlab study statistics.

Y
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Independent Component analysis Component analysis allows additional exploratory

observations of the EEG signal of the brain under SIS and SIN conditions. In this
project, we aimed to reproduce the pipelines proposed in other studies (Jenson et
al., 2015; Wisniewski et al., 2017, 2024). The component analysis (see Section
2.4) was performed on the component extracted with the mAmica algorithm, us-
ing the EEGlab study tool. For SIS and SIN separately, the component measures
were precomputed, then a k-means clustering (with k = 13 and outlier clusters for
IC clusters distant from more than 3 SDs from the centroid) was applied using
time-based information (spectra and ERSPs) and location-based information (scalp
maps). This clustering resulted in 13 components, which were analyzed per TMR
or SNR condition, using one-way ANOVAs with permutation and FDR correction.

Source localization From the mAmica results, the source localization (see Section
2.4) of components of interest, revealed with the independent component analysis,
were extracted using the LORETA software (v20240713). One-tailed sample t-tests
(zero mean test A=0) were carried out on log-transformed sLORETA files.

Microstates Microstates (see Section 2.4) metrics of each participant were com-
puted using the tool described in Section 3.2 in Chapter 5. Resting state EEG
recordings were extracted from the raw EEG files. Then a re-reference was applied
on Cz, high-pass (1 Hz), notch (50 Hz) filters, and resampling at 512 Hz. Then the
MS pipeline was applied on participant and group levels (details in general meth-
ods). For clustering, k=7 clusters were selected, following Tarailis et al., 2024 rec-
ommendations. For the microstate analysis, one participant was excluded due to
poor data quality of the resting state recording. Microstates results are presented
in the Appendix 2.3.
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3 Behavioral Results

3.1 Speech Intelligibility

For the sake of clarity, SI results in plots are presented as the percentage of correct
responses; however, all statistical analyses were conducted on RAU-transformed
data.

H2.1a - Behavior

Reproduction of study 1 and literature: SI and LE would be impacted by the
masking level in both SIN and SIS.

a. SIN b. SIS
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Figure 7.4: Mean speech intelligibility (in % of correct response) and confidence
interval at 95% for each masking level of the SIN (a) and SIS (b) conditions.

Df: degrees of freedom, F: F-test value, 72: partial eta squared
bold p — values are significant

Df F p
Level 2 106.6 .79 <.001
Mask 1 90.0 .76 <.001

Level:Mask 2 67.2 .70 <.001

Table 7.2: Two-way ANOVA for SI (RAU) in SIS and SIN conditions, with Level (-9
dB, -3 dB, and 3 dB) dB) and Mask (SNR, TMR) as factors.

The results of the two-way ANOVA, including Masking type (SIN vs. SIS) and
Mask level (-9 dB vs. -3 dB vs. 3 dB SNR/TMR) are detailed in Figure 7.4 and
Table 7.2. A significant interaction between Masking type and Mask level was found
(F(2,50) = 67.2, p < .001, n? = .70). Looking at the masking level effect within each
mask type, the same analysis revealed higher SI complementary results. In SIN
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condition, SI was higher for 3 dB SNR than -9 dB SNR and higher for -3 dB SNR
than -9 dB SNR. In SIS condition, SI was higher for 3 dB TMR than -3 dB TMR and
for 3 dB TMR than -9 dB TMR.

H2.1b - Behavior

In comparison to SIN, the presence of IM would reduce SI and increase LE in
SIS.

Post-hoc tests also showed that the Mask level effect was different between SIS
and SIN with higher SI in SIN for -3 and 3 dB SNR/TMR levels, but not for -9 dB
SNR/TMR.

*kkk

p <.001

3dB TMR-

*kkk

-3dB TMR-

p <.001

*kkk

p <.001

Target-to—Masker Ratio (dB)

-9 dB TMR-

—9dBSNR -3dBSNR  3dBSNR
Signal-to—Noise Ratio (dB)

Figure 7.5: Post-hoc Tukey’s HSD comparisons of SI (RAU) between SIS and SIN
levels. Orange indicates non-significant differences; green indicates significant dif-
ferences.

3.2 Subjective Listening Effort

H2.1a - Behavior

Reproduction of study 1 and literature: SI and LE would be impacted by the
masking level in both SIN and SIS.
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Figure 7.6: Mean subjective listening effort (ESCU) and confidence interval at 95%
for each masking level of the SIN (a) and SIS (b) conditions

Df: degrees of freedom, F: F-test value, 72: partial eta squared
bold p — values are significant

Df F p
Level 2 106.4 .79 <.001
Mask 1 102.2 .78 <.001

LevellMask 2 62,5 .68 <.001

Table 7.3: Two-way ANOVA for subjective listening effort (ESCU) in SIS and SIN
conditions, with Level (-9 dB, -3 dB, and 3 dB) dB) and Mask (SNR, TMR) as factors.

The results of the two-way ANOVA including Masking type (SIN vs. SIS) and
Mask level (-9 dB vs. -3 dB vs. 3 dB SNR/TMR) are detailed in Figure 7.6 and
Table 7.3. A significant interaction between Masking type and Mask level was found
(F(2,50) = 62.5, p < .001, n® = .68). Looking at the masking level effect within each
mask type, the same analysis revealed higher LE complementary results. In SIN
condition, LE was lower for 3 dB SNR than -9 dB SNR and lower for -3 dB SNR than
-9 dB SNR. In SIS condition, LE was lower for 3 dB TMR than -9 dB TMR.

H2.1b - Behavior

In comparison to SIN, the presence of IM would reduce SI and increase LE in
SIS.

Post-hoc tests also showed that the Mask level effect was different between SIS

and SIN with lower LE in SIN for -3 and 3 dB SNR/TMR levels but not for -9 dB
SNR/TMR.
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Figure 7.7: Post-hoc Tukey’s HSD comparisons of LE (ESCU) between SIS and SIN
levels. Orange indicates non-significant differences; green indicates significant dif-
ferences.

3.3 Executive Functions and Speech Intelligibility

H2.2a - Behavior

Performance in executive functions, especially inhibition, would be correlated
with SI in SIN and SIS scenarios.

Speech in Noise

The Pearson correlations between EF performances and SI for each SNR are pre-
sented in Figure 7.8, with the p-value and the r reported for each correlation. There
were no significant correlations between any of the EF performances and the SNR
(Figure 7.8).
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Figure 7.8: Pearson correlations between executive function task scores (Z-scores)
and speech intelligibility in SIN. Significant correlations are shown in red and bold.
p: p-value; r: correlation coefficient.

Speech in Speech

The Pearson correlations between EF performances and SI for each TMR are pre-
sented in Figure 7.9, with the p-value and the r reported for each correlation. This
correlation indicates that Sl increases as the Stroop Z-score increases, meaning the
inhibitory cost decreases; consequently, the SI at -9 dB TMR also increases.
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Figure 7.9: Pearson correlations between executive function task scores (Z-scores)

and speech intelligibility in SIS. Significant correlations are shown in red and bold.
p: p-value; r: correlation coefficient.

For updating, significant correlations were observed between the Dual N-back
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task score and SI at all three TMR levels (-9 dB TMR: p < .01,r = .54, -3 dB TMR:
p=.05,r=.47,3dB TMR: p < .01,r = .54) and between the Letter Memory task score
and SI at +3 dB TMR (p = .02, r = .44). A significant correlation between the shifting
category switch cost and SI at -9 dB TMR was also observed (p = .03,r = .39).

For inhibitory tasks, a significant correlation was also observed between the
Stroop score and SI at -9 dB TMR (p < .01, = .50). This correlation is illustrated in
Figure 7.10 in orange.

o

Speech Intelligibility (Zscores)

TMR (relative dB)
r=0.5,p=0.0045 ¢ _ggB
r=0.19,p=0.33 A -3dB
B3] r=025p=019 m 3dB

-3 -2 -1 0 1
Stroop (Zscores)

Figure 7.10: Pearson correlations between the Stroop inhibitory costs (Z-scores) and
speech intelligibility in SIS (Z-scores RAU). p: p-value; r: correlation coefficient.

3.4 Executive Functions and Subjective Listening Effort

H2.2b - Behavior

Performance in executive functions, especially inhibition, would be correlated
with LE in SIN and SIS scenarios.

Speech in Noise

The Pearson correlations between EF scores and subjective LE for each SNR are
presented in Figure 7.11, with the p-value and the r reported for each correlation.

A significant negative correlation was observed between the updating Keep Track
task and LE at -3 dB SNR (p < .01,r = —.47). No other significant correlations were
observed.
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Figure 7.11: Pearson correlations between executive function task scores (Z-scores)
and subjective listening effort (ESCU) intelligibility in SIN. Significant correlations
are shown in red and bold. p: p-value; r: correlation coefficient.

Speech in Speech

The Pearson correlations between EF tasks and LE for each TMR are presented in
Figure 7.12, with the p-value and the r reported for each correlation.
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Figure 7.12: Pearson correlations between executive function task scores (Z-scores)
and subjective listening effort in SIS. Significant correlations are shown in red and
bold. p: p-value; r: correlation coefficient.

Significant negative correlations were observed between the updating Dual N-
back task and LE at 3 dB TMR (p < .01,r = —.52). Additionally, a significant negative
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correlation was found between the Shifting Color Shape task and LE at 3 dB TMR
(p = .04, = —.38). No other significant correlations were observed.

4 Electroencephalography Results

4.1 EEG Spectrum

Alpha band

The mean alpha power (8-12 Hz) was computed for each SIN and SIS level. In SIN,
significant differences in alpha power were identified around 12 Hz, with a higher
alpha power at -9 dB SNR (see Figure 7.13a). In SIS, no significant differences in
alpha power were observed between TMR levels (see Figure 7.13b).
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Figure 7.13: Mean alpha power across all participants for each SIN and SIS con-
dition. Statistical significance assessed using FDR-corrected permutation tests
(p < .05).

Theta

The mean theta power (4-8 Hz) was computed for each SIN and SIS level. In SIN, no
significant differences in theta power were observed between SNR levels (see Figure
7.14a). In SIS, no significant differences in theta power were observed between TMR
levels (see Figure 7.14b).
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Figure 7.14: Mean theta power across all participants for each SIN and SIS con-
dition. Statistical significance assessed using FDR-corrected permutation tests
(p < .05).

4.2 Time Frequency
Speech in Noise

Alpha power topographic activity The Figure 7.15 illustrates the alpha activity
(8-12 Hz) during the speech signal (0-2000 ms). Permutation test revealed a sig-
nificant difference in alpha activity in the left temporo-parietal area between the
different SNRs.

-9dB SNR -3dB SNR 3dB SNR o Permutations L
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Figure 7.15: Topographical maps of mean alpha power (8-12 Hz; baseline-corrected)
over the 0-2000 ms time window (0 = CRM sentence onset) in the SIN condition.
The right panel shows the p-value map indicating significant differences between
conditions.

Event-related spectral perturbation Based on previous topographic alpha activ-
ity showing a significant difference in the left temporo-parietal area, we selected T7,
C5, C3, P7, P5, P3, TP7, CP5 and CP3 as a region of interest (ROI; see Figure 7.17),
for subsequent analysis. Therefore, ERSPs were computed on this ROI for each SNR
(see Figure 7.16). Permutation tests revealed significant differences between SNRs.
More precisely, a significant difference between SNRs was found in the alpha activ-
ity and slightly above (8-13 Hz), starting around 1000 ms post-stimulus onset. This
increase in alpha power appeared to be larger as the SNR decreased.
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Figure 7.16: Time-frequency representations (ERSPs) for the left temporo-parietal
ROI (T7, C5, C3, P7, P5, P3, TP7, CP5, CP3), showing spectral activity over time
for each SNR level in the SIN condition, along with significance results (800 per-
mutations; p < .05, FDR-corrected). Positive ERSP values indicate event-related
synchronization (ERS), whereas negative ERSP values indicate event-related desyn-
chronization (ERD). For illustration purposes, a generic CRM sentence spectrum is

superimposed on the statistical time window (bottom).

Figure 7.17: Left temporo-parietal region of interest (ROI) including electrodes T7,

C5, C3, P7, P5, P3, TP7, CP5, and CP3.
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Speech in Speech

Alpha power topographic activity The Figure 7.18 illustrates the alpha activity
(8-12 Hz) during the speech signal (0-2000 ms). Permutations revealed a significant
difference in alpha activity in the left temporo-parietal area between the different
TMRs.

-9dB TMR -3dB TMR 3dB TMR 22 Permutations
n2. 1

0.1

10.01

0.7 ©0.001

Figure 7.18: Topographical maps of mean alpha power (8-12 Hz; baseline-corrected)
over the 0-2000 ms time window (0 = CRM sentence onset) in the SIS condition.
The right panel shows the p-value map indicating significant differences between
conditions.

Event-related spectral perturbation Like for the SIN analyses, we selected T7,
C5, C3, P7, P5, P3, TP7, CP5 and CP3 as a region of interest (ROI; see Figure
7.17) corresponding to the left temporo-parietal region, for subsequent analysis.
Therefore, ERSPs were computed on this ROI for each TMR (see Figure 7.19), and
permutation tests revealed significant differences between TMRs. More precisely,
a significant difference between TMRs was found in the alpha activity and slightly
above (8-13 Hz), starting around 1000 ms post-stimulus onset with higher values
for more adverse TMRs.



Executive Functions & Challenging Listening CD

TMR -9 dB TMR -3 dB TMR 3 dB d839

R
Ul N ©

=
w

1.9

=
©

Frequency (Hz)
~

(9]

-3.9

3 ‘
0 500 1000 1500 0 500 1000 1500 0 500 1000 1500
Time (ms) Time (ms) Time (ms)

Permutations (p<0.05)

Frequency (H
~

0 500 1000 1500
Time (ms)

Figure 7.19: Time-frequency representations (ERSPs) for the left temporo-parietal
ROI (T7, C5, C3, P7, P5, P3, TP7, CP5, CP3), showing spectral activity over time
for each TMR level in the SIS condition, along with significance results (800 per-
mutations; p < .05, FDR-corrected). Positive ERSP values indicate event-related
synchronization (ERS), whereas negative ERSP values indicate event-related desyn-
chronization (ERD). For illustration purposes, a generic CRM sentence spectrum is
superimposed on the statistical time window (bottom).

4.3 Independent Component Analysis
Speech in Noise

Temporal Cluster In SIN, among the ICA clustering results, we found two com-
ponents showing temporal distribution (see Figure 7.20). 141 components of 30
subjects were included in the left temporal IC cluster, and 185 components of 30
subjects were included in the right temporal IC cluster (see Table 7.4). In addition,
the right and left temporal IC cluster associated ERSPs shows that a decrease in
alpha activity during the speech processing was present. The right panel of Figure
7.20 also shows that a significant difference in alpha power around 11 Hz between
SNRs for the left temporal IC cluster was present (that is, a higher value for -9
dB). For the right temporal IC cluster, no significant difference in alpha power was
observed between SNRs. The sLoreta source localization showed a main source
around the right Brodmann area 22 and 40 (Superior Temporal Gyrus and parietal
lobe) for the left temporal IC cluster and around the left Brodmann area 2, 3 and 4
(Somatosensory and motor cortices) for the right temporal IC cluster.
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Figure 7.20: Average scalp maps of left and right temporal independent component
clusters in the SIN condition. Left: average IC cluster scalp maps. Middle: ERSPs
averaged across all SNR conditions. Right: alpha power for each SNR condition.
Bottom: sLORETA source localization results. ERSPs for each SNR condition with
corresponding statistical significance are provided in the Appendix 10.2).

Temporo-parietal Cluster In SIN, other components showed temporo-parietal (see
Figure 7.21) activation. 182 components of 30 subjects were included in the left
temporo-parietal IC cluster, and 140 components of 30 subjects were included in
the right temporo-parietal IC cluster (see Table 7.4). The ERSP associated with the
left temporo-parietal IC cluster showed an increase of alpha activity along the speech
signal. The ERSP associated with right temporo-parietal IC cluster showed first a
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decrease, then an increase of alpha activity along the speech signal. No significant
differences in alpha power were observed between SNRs for both temporo-parietal
IC clusters. The sLoreta source localization shows a source in the right Brodmann
area 42 and 22 (auditory cortex and Superior Temporal Gyrus) for the left temporo-
parietal IC cluster and around the right Brodmann areas 2 and 3 (somatosensory
cortex) for the right temporal IC cluster.

Speech-in-Noise

Left
Temporo-parietal

——-9dB SNR
———-3dB SNR
——3dBSNR

8 10 12
Time (ms) Frequency (Hz)

L vH ) | B ZIET B0 mm] (1 44E ) 21 sLORETA

W w

45 | [a P L R
(2] [Z)

i} +5 +5

5 B dem (% (Y] 45 0 5 ADem 5 0 +Sem [X)

w
N
o

@
IS

Right
Temporo-parietal

=4

——-9dB SNR
——-3dB SNR
——3dB SNR

Log Power 10*Iog10(;LV2)
4
(%,

@
2.
o

é 10 12
0 500 1000 1500
Time (ms) Frequency (Hz)

L R (v) |BYZ)=(E0.30.45)mm] . [1.56E+1) ;1 SLORETA

b b
45 | [a P L R
(2) [Z)

i} b +5 b +5

-0 5 5

= i mem (% (Y] 45 0 5 A0em 5 0 +Eem [¥)

Figure 7.21: Average scalp maps of left and right temporo-parietal independent
component clusters in the SIN condition. Left: average IC cluster scalp maps. Mid-
dle: ERSPs averaged across all SNR conditions. Right: alpha power for each SNR
condition. Bottom: sLORETA source localization results. ERSPs for each SNR con-
dition with corresponding statistical significance are provided in the Appendix 10.3).
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Figure 7.22: Average scalp maps of left temporal and temporo-parietal indepen-
dent component clusters in the SIN condition. Left: average IC cluster scalp maps.
Middle: ERSPs averaged across all TMR conditions. Right: alpha power for each
TMR condition. Bottom: sLORETA source localization results. ERSPs for each TMR
condition with corresponding statistical significance are provided in the Appendix
10.4).

In SIS, one IC cluster corresponded to left temporal activity and another to left
temporo-parietal activity (see Figure 7.22). 140 components of 30 subjects were
included in this left temporal IC cluster, and 158 components of 30 subjects were



included in the right temporo-parietal IC cluster (see Table 7.4). The ERSP of the left
temporal IC showed a low alpha activity during the speech signal, while the ERSP of
the left temporo-parietal IC cluster showed increased alpha activity during speech
processing. No significant differences were observed between TMRs. The sLoreta
source localization showed a main source around the right Brodmann area 9 and 10
(Superior Frontal Gyrus) for the left temporal IC cluster and around the Brodmann
area 24 and 33 (Limbic Lobe, Anterior Cingulate cortex) for the left temporo-parietal
IC cluster.

Clusters composition

Cluster Hemi | Subjects | ICs | Main sources
temporal left 30 141 | right BA 22/40
_ right 30 185 | left BA2/3/4
SIN (n=30) temporo-parietal left 30 182 | right BA 42/22
right 30 140 left BA2/3
SIS (n=30) temporal . left 30 140 | right BA9/10
temporo-parietal left 30 158 BA 24/33

Table 7.4: IC Cluster compositions with number of subjects, number of included
ICs and main cortical sources. BA: Brodmann area.

5 Discussion

The outcomes of this study provide several key insights. Here, we discuss the main
results, first at the behavioral level, then at the electrophysiological level. A first
goal of this study was to investigate the relationship between EFs and SI and LE, to
address the following hypothesis:

Hypothesis 2

Executive functions performances (especially inhibition) would be correlated
with speech intelligibility and with listening effort.

Additionally, this study aimed to answer the question of the possibility of finding
LE markers with EEG. We addressed this with the following hypothesis:

Hypothesis 3

EEG alpha oscillation dynamics would be impacted by the complexity of the
auditory scene.
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5.1 The CRM corpus for speech intelligibility and listening effort as-
sessments

H2.1a - Behavior

Reproduction of study 1 and literature: SI and LE would be impacted by the
masking level in both SIN and SIS.

H2.1b - Behavior

In comparison to SIN, the presence of IM would reduce SI and increase LE in
SIS.

First, we reproduced (Isnard et al., 2024) and our previous study (Chapter 6)
results, validating the effectiveness of the CRM French version. Indeed, using this
version, we replicated well-established findings with the CRM corpus in SIS and SIN
conditions (Brungart and Simpson, 2007). As expected, participants demonstrated
greater SI under favorable conditions compared to more adverse ones.

Looking more closely at the SIS condition, the difference in SI was significant,
particularly between the less difficult condition (+3 dB TMR) and the two others,
but not between the two more adverse conditions (-6 dB TMR and -3 dB TMR).
Looking at other studies using the CRM in SIS with two simultaneous talkers (see
Brungart, 2001a and according to our previous study results, see Chapter 6), the SI
at -9 dB and -3 dB are in agreement with the current ones, showing a mean correct
response stabilizing around 60%. Studies with even more TMR levels (Andéol et
al., 2017; Brungart, 2001a; Lanzilotti et al., 2022, 6) show that this stabilization
occurs at negative levels. This dynamic can be related to differences in listening
strategies between participants (Andéol et al., 2017; Lanzilotti et al., 2022). In fact,
in SIS adverse conditions, when the masker talker speaks louder than the target,
some participants are able to use the sound level difference as a cue to segregate
the streams, while others are not. This difference in strategy can explain how the
mean performances of negative TMR do not show the same degradation as in SIS.
Some participants perform in the same way in SIS and SIN, while others show an
increase of SI for negative TMRs in SIS. Thus, in SIN, the presence of a single talker
makes it impossible to rely on this type of strategy.

In parallel to SI, we collected subjective LE for each TMR and SNR. Similarly to
SI and as expected, in both SIN and SIS scenarios, LE was related to task difficulty,
increasing as the TMR or SNR became more defavorable (-9 dB SNR or TMR). To-
gether with previous work (Krueger, Schulte, Zokoll, et al., 2017; Lanzilotti, 2021;
Rennies et al., 2019), we can confirm that subjective LE in SIS and SIN is affected
by the relative sound intensity between the target and the mask in a French version
of the CRM. However, we observed that subjective LE varied differently in SIN and
SIS scenarios. In SIN condition, LE was significantly different between all levels:
the worse the SNR, the higher the subjective LE. In contrast, in SIS condition, a sig-
nificant difference was observed only between the most extreme TMR (-9 dB and +3
dB TMR). We argue that this difference could be partly explained by distinct types
of masking. In the SIS scenario, IM adds to EM, while in SIN, only EM is present.
It is important to note that the order of tasks was counterbalanced through the
experiment to ensure that the observed differences were not attributed to an order



Executive Functions & Challenging Listening ( )

effect. As noted by Brungart (2001b), when using speech-shaped noise, masking is
mainly energetic, while in SIS condition, the additional IM tends to have a dominant
effect. This difference in masking affects not only SI, as discussed previously, but
also the subjective LE, as supported by the data of this study.

Self-reported LE is, however, subjective (by definition) and therefore does not
necessarily represent the same aspects of cognitive processing as objective LE mea-
sures (Zekveld et al., 2010). This distinction highlights the importance of investi-
gating physiological correlates of both performance and effort, such as EEG neural
markers. Furthermore, as introduced in Chapter 2.3 and stated by Winn and Teece
(2021): "LE is not the same as SI”. The ability of a participant to provide correct
responses in complex auditory scenarios does not necessarily reflect the amount of
LE exerted. Although both measures tend to vary with task difficulty, they represent
distinct aspects of auditory processing. Our results further support this concept.

Altogether, these results validate hypotheses H2.1a and H2.1b.

5.2 The relationship between EFs and SI/LE

In a second part of our investigation, we examined the relationship between EF
capabilities and SI and LE.

H2.2a - Behavior

Performance in executive functioning, especially inhibition, would be corre-
lated with SI in SIN and SIS scenarios.

H2.2b - Behavior

Performance in executive functions, especially inhibition, would be correlated
with LE in SIN and SIS scenarios.

Updating
Conceptual Clarification

Updating is a core executive function closely related to working memory, de-
scribed by Miyake et al. (2000) as the "monitoring of working memory repre-
sentation”. It is therefore often studied within the scope of working memory.
Although these two constructs are not identical, they are strongly intertwined.
This distinction is not always made explicit in the literature, and it is important
to note that findings attributed to working memory sometimes rely on exper-
imental protocols that use tasks also employed to assess updating capacity.
Also, updating has been characterized as one primary mechanism through
which working memory contributes to psychological functioning (Carretti et
al., 2005).

In SIN, we did not find the expected results showing a positive effect of high
updating capabilities on SI and LE. In SIS however, SI positively correlated with
updating performance, specifically the dual N-back task, for all TMRs. In other
words, better performance in updating in the N-back task was associated with better
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SI in SIS condition. A positive correlation between letter memory and SI at 3 dB
TMR, showed a similar relation, but only in the most favorable condition, adding
another argument in favor of such a link.

Using the Reading Span test to assess working memory and high and low se-
mantic corpus for the listening task, Stenbidck et al. (2021) showed that higher
working memory capacity is beneficial to achieve good speech understanding and
reduced LE in SIN and SIS situations. Many studies investigating the relationship
between working memory and listening in complex environments use the Reading
Span (RSpan) test to assess working memory capacity (Fillgrabe and Rosen, 2016;
Stenback et al., 2016). Such methodological differences with our work could partly
explain differences between our findings (absence of correlation between the updat-
ing tasks performance and SI in SIS condition) and those reported in the literature
regarding working memory, closely intertwined with updating. In a meta-analysis,
Fullgrabe and Rosen (2016) suggested that, contrary to common assumptions, the
RSpan test may not always be a reliable predictor of SI in complex environment
performance for the type of population we studied in this project (young listeners
with normal hearing). Instead, tasks that specifically target high-level cognitive
processes such as inhibition, shifting, updating, or other domain-general mecha-
nisms like processing speed may provide more accurate predictions of individual
differences in SNR understanding. This interpretation aligns with our hypotheses,
suggesting that examining specific EF, such as inhibition, in the current project
could offer more insight into listening in complex environments.

Inhibition

In addition to updating, a significant correlation between SI and inhibition perfor-
mance in the Stroop task was found, but only in the most adverse SIS condition (-9
dB TMR). A lower inhibitory cost in the Stroop task was associated with better SI. At
other TMR levels, like in all SIN conditions, no correlations were found between SI
and Stroop performance. Altogether, these results describe an interesting pattern
across SIS and SIN. They show that participants with smaller inhibitory costs in
the Stroop task, reflecting stronger inhibitory control, achieve better SI in adverse
listening conditions when some IM is involved.

This result is not particularly surprising since inhibitory cost has already been
shown to relate to listening in adverse conditions (Stenback et al., 2016), illustrat-
ing the role of inhibitory control as auditory scene complexity increases. However,
these results were not consistently replicated in another study using EM and IM
while measuring LE with the ESCU scale. Despite the proposed role of inhibition in
speech understanding under difficult listening conditions, they found no relation-
ship with subjective LE (Stenbéck et al., 2021). In these studies, inhibitory cost
was measured using the Swedish version of the Hayling Task (Burgess and Shal-
lice, 1996). In this task, participants complete highly predictable sentences, and
inhibitory control is assessed in conditions where they must produce an unrelated
word instead of the expected one. The Stroop task, however, remains debated as a
measure of inhibitory control (Aron et al., 2014; M. J. Moore et al., 2024). In fact,
inhibitory control occurs when a response reading to be said or given is stopped. In
this context, inhibition involves suppressing an automatic reading response while
reporting a vocal response. However, participants may adopt alternative strategies,
such as focusing on a single letter or looking slightly above the word, to minimize
interference. To limit this, participants in our study were explicitly instructed to



look directly at the word presented. Nevertheless, we cannot exclude the possibility
of varied strategies during the Stroop task.

The observed relationship between Stroop performance and SI illustrates the
relevance of studying inhibition in speech processing in SIS. We thus argue that
inhibition, as elicited in our Stroop task, is partly involved in SIS to help segregate
the talkers. Indeed, in SIN, the process of stream segregation requires increas-
ing cognitive resources as the SNR decreases ( Pichora-Fuller et al., 2016). In a
multi-talker situation, the mechanisms involved are even more complex. Auditory
stream segregation involves first separating the concurrent talkers, then selecting
the target talker among the competing voices. As suggested by Lanzilotti et al. (2022)
and Stenback et al. (2016), this selection process likely recruits inhibitory control.
Moreover, since the correlation emerged only in the most adverse SIS condition, it
is plausible that inhibition becomes particularly critical when the SIS conditions
become more challenging.

The close interaction between updating of working memory and inhibition may
also indicate their joint contribution to LE and SI. Inhibitory control may become
increasingly important as listening conditions deteriorate, when updating alone is
no longer sufficient to support complex speech understanding. Moreover, inhibitory
control may operate at different levels: at an external level, by suppressing masking
talkers or background noise, and at an internal level, by inhibiting irrelevant or in-
correct predictions automatically generated during speech processing (Rénnberg et
al., 2013). The emergence of inhibitory control as a factor that influences SI in more
complex conditions suggests that this relationship is not linear. These findings may
provide valuable insights into performance in complex auditory situations, in con-
trast to updating, which is generally related to speech understanding in a broader
way, regardless of the environment’'s complexity.

However, correlations between EF performance and subjective LE did not mirror
those observed for SI. In adverse conditions, the observed higher LE ratings may
reflect task difficulty reported by the participants without necessarily engaging gen-
eral EFs. As mentioned earlier, this subjective assessment may lack some sensitiv-
ity. To investigate the relationship between inhibition and LE, which is central to
this project, objective physiological measures are likely to be more informative.

SIN and SIS differences

The observed correlations with EFs differed between SIN and SIS. Specifically, ex-
pected correlations between updating, inhibition capabilities and SI in SIN were not
replicated (Ellis and Roénnberg, 2014; Stenback et al., 2016). Here again, the cogni-
tive demands associated with the masking type could explain the difference between
SIN and SIS in their relationship with EFs. In SIS, the presence of both EM and IM
may generally require higher-level cognitive functions than in SIN. For instance, it
could also be proposed that SIS engages more domain-general cognitive resources.
To complete this explanation, Stenback et al., 2021 explained that the relationship
between working memory and subjective LE is especially illustrated within the pres-
ence of IM in comparison with EM only. Our data support the idea that conditions
with pure EM are not related in the same way as conditions combining EM and IM.

We suggest that in SIS, both segregation and selection processes are strongly
engaged. Updating is generally recruited when listening, as soon as the situation
becomes slightly complex. However, when the task difficulty increases further, in-
hibition is additionally required to ensure the correct selection of the target talker
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while inhibiting the masker talker. Compared to SIN with speech-shaped noise, SIS
requires more nuanced inhibitory control to distinguish between similar voices. In
other words, in the presence of IM, cognitive processes are increasingly recruited
as the listening situation becomes more challenging.

Regarding our data, we cannot confirm hypothesis H2.2a and say that EFs are
beneficial for speech understanding in SIS and SIN. Nonetheless, the observed re-
lationships between SI in SIS, updating dual N-back task, and Stroop performance
under adverse conditions illustrate the relevance of studying inhibition in speech
processing in SIS. In addition, these findings support the use of the Stroop task as
a measure of inhibitory control for the next step of the project.

5.3 EEG correlates of LE - alpha rhythms
Time frequency results

The EEG results of this study suggest that spectral analyses alone may be in-
sufficient to fully capture the mechanisms underlying speech processing. When
examining alpha and theta activities throughout the speech signal, we observed
differences in alpha power between SIN conditions. While interesting, this global
difference does not provide sufficient information on its own. Because the speech
signal extends over several seconds, averaging band power across all electrodes and
a second-scaled window may hide meaningful spatial or temporal effects.

Therefore, in a second step of the EEG analysis, we examined the topographic
distributions of alpha oscillatory activities. We focused specifically on the alpha
band to address the complementary hypothesis H3:

H3

EEG alpha oscillation dynamics would be impacted by the difficulty of the
auditory scene.

The time dimension is particularly important when considering speech compre-
hension, and time-frequency analyses may be more suitable to study alpha evolu-
tion along a speech signal in a more interesting way than spectral illustration.

Time-frequency analyses of our data revealed increased alpha oscillatory activity
in the left temporal region during speech listening for both SIN and SIS conditions.
These differences allowed us to select a region of interest in the left temporo-parietal
area, consisting of electrodes T7, C5, C3, P7, P5, P3, TP7, CP5, and CP3, for the
subsequent ERSP computation. Furthermore, ERSPs showed that alpha differ-
ences between difficulty levels peaked around 1200 ms after stimulus onset in both
SIN and SIS scenarios. Based on this observation, it could be suggested that an
increase in alpha power band is associated with task difficulty in complex auditory
situations.

However, this interpretation does not align with a common one that stipulates
that an increase in alpha power reflects idling activity of underlying brain areas.

Several explanations can be considered. First, as the task may be very difficult
in some conditions and for some participants, this counterintuitive result might
represent a disengagement effect of some of them. However, this interpretation can
also be opposed, considering behavioral results showing Sl fairly above the chance
level in the most adverse conditions.



Second, the observed effect could reflect different sub-alpha components. Mu
and tau rhythms for instance (see 2.2, Wisniewski et al., 2017) have been identified
in the 8-12 Hz EEG band. It has been suggested that tau rhythms are sub-alpha
temporo-parietal rhythms related to auditory processing, which could partly align
with our findings. For this component, increasing alpha power might indicate syn-
chronization rather than desynchronization. Consequently, and has already sug-
gested (Jenson et al., 2015), the increase in alpha power could reflect inhibition of
the distractor, which is discussed in the next section.

The diversity of alpha origins

Conceptual Clarification

In this project, we distinctly refer to cognitive inhibitory control as an EF on one
hand, and neural inhibition, reflected by alpha event-related synchronization
(ERS) on the other hand. Although these concepts share similar terminology,
they represent distinct mechanisms. Cognitive inhibitory control is detailed in
Section 1.1 of Chapter 3 and the inhibition hypothesis in Box 2.2 of Chapter
2.

The alpha activity is complex and results from various brain activities, making
it difficult to define and interpret. It involves event-related synchronization (ERS)
and event-related desynchronization (ERD) in task-related brain areas (Jensen and
Mazaheri, 2010). The alpha power inhibition theory (see Intro Box ERS/ERD;
Klimesch et al., 2007) hypothesizes that the augmentation of alpha, resulting from
more synchronization of the oscillations in a region (ERS), is associated with neural
inhibition. Conversely, a decrease in alpha power, resulting from desynchronization,
is interpreted as increased neural activation. Based on this theory, it is commonly
proposed that EEG alpha power can provide objective information about LE (Al-
hanbali et al., 2019). Furthermore, speech perception-related regions such as the
IFG or the auditory cortex are considered potential sources of these alpha power
changes. Also, the auditory-related alpha temporo-parietal sub-rhythms, known
as tau rhythms (see Box 2.2 in Chapter 2) are thought to be particularly represen-
tative of listening processes in complex auditory situations (Lehteld et al., 1997;
Weisz et al., 2011; Wisniewski et al., 2024).

However, there is currently no clear consensus regarding the dynamics of alpha
activity during complex listening, nor about its relationship with LE. In other words,
there seems to be an agreement that no consensus exists (Alhanbali et al., 2019;
Paul et al., 2021; Wisniewski and Zakrzewski, 2023). Hence, some studies report
that alpha power increases as listening conditions become more difficult, whereas
others observe the opposite pattern.

For instance, Obleser et al. (2012) found increased alpha power when partic-
ipants listened in more adverse conditions. Similarly, Hall et al. (2019) reported
that mean alpha power at the centro-parietal electrode CPz increased as the SNR
decreased. Dimitrijevic et al. (2017) showed that attentive listening produced alpha
ERS activity in some listeners, while passive listening showed almost no induced
alpha oscillatory response. In the same line, Alhanbali et al., 2019 observed an
increase in alpha activity in SIN. These findings are consistent with the view that
alpha ERS reflects neural inhibition, whereas alpha ERD indicates neural activation
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(Jenson, Thornton, et al., 2014).

In contrast, other studies have reported that alpha power decreases as listen-
ing becomes more complex or degraded. McMahon et al. (2016) observed greater
alpha power when sentence intelligibility improved, suggesting that alpha suppres-
sion follows more difficult listening. Hunter (2020) found stronger alpha ERD, that
is, a decrease in alpha power, during degraded and unpredictable sentences com-
pared with predictable ones. Similarly, Seifi Ala et al. (2020) proposed that alpha
ERS/ERD dynamics may better reflect speech performance than LE itself. They
also reported a transition from ERD to ERS over prolonged listening, potentially
indicating difficulty during speech understanding. Also, Wisniewski et al. (2021)
showed stronger alpha suppression in parietal and occipital EEG data components
extracted with ICA during filtered speech, corresponding to more difficult listening
conditions.

Inconsistencies in alpha findings are common, and the literature remains un-
clear regarding the effect of speech complexity on alpha power. For example, Paul et
al. (2021) and Dimitrijevic et al., 2017 reported different results concerning the re-
lationship between alpha oscillations and effort ratings in left IFGs, although their
experimental protocols were similar. Such inconsistent results do not necessarily
indicate errors or bad experimental design, but rather emphasize that, especially in
physiological and EEG research, factors such as data processing pipelines and an-
alytical approaches can strongly influence the outcomes. Moreover, Alhanbali et al.
(2019) suggested that inconsistencies across studies may also arise from differences
in speech materials or noise types. In general, studies using different experimental
protocols can show apparently opposing but potentially complementary results.

Furthermore, one major explanation could stand in the fact that multiple neural
sources contribute to alpha activity (Klimesch et al., 2007; Wisniewski and Za-
krzewski, 2023. Opposing behaviors of these sources during complex listening
tasks may underlie the variability observed between studies. Such source differ-
ences can hide results and cause one particular rhythm to mask another when
analyses are based solely on scalp topographies or time-frequency representations
(Weisz et al., 2011), as we did in a first approach in this study. Therefore, authors
suggest that the use of component-based analyses, combined with source local-
ization, are essential for identifying the specific neural generators of alpha activity
related to listening (Makeig et al., 1995; Wisniewski and Zakrzewski, 2023; Wis-
niewski et al., 2024).

Component analysis of EEG signal during listening showed different types of al-
pha activities. Wisniewski and Zakrzewski (2023) demonstrated that alpha power
increased in some components while decreasing in others, and that this was re-
lated to different sources. In a left temporal cluster associated with a tau com-
ponent, alpha oscillations decreased (reflecting stronger alpha suppression) dur-
ing listening, while the mu-rhythm-associated cluster showed increased mu (sub-
alpha rhythm) activity. Consequently, component-based analyses should comple-
ment time-frequency approaches, as certain effects visible at the component level
may not be detectable in the overall time-frequency domain.

Thus, left temporo-parietal alpha increase revealed in our data during speech
listening in SIN and SIS was refined with independent component analyses to in-
vestigate how independent components of these alpha dynamics are expressed de-
pending on the difficulty level.



Independent Component Analyses

Consequently, the analyses were extended to better understand the time-frequency
findings and determine whether they could reflect a mixture of different alpha
sources. We performed ICA clustering analyses, following the recommendations
of Wisniewski et al. (2024). For both SIS and SIN scenarios, we identified tempo-
ral and temporo-parietal IC clusters within the resulting clusters (see Figures 7.21,
7.20, and 7.22). The temporal IC clusters were similar to those described in the lit-
erature (Wisniewski and Zakrzewski, 2023), and their corresponding ERSPs showed
alpha desynchronization, meaning a decreasing alpha over the speech signal. This
suggests that these temporal IC clusters may correspond to tau rhythms. Similarly,
the temporo-parietal IC clusters showed an increase of alpha activity across the
speech signal (Figure 10.3 in Appendices), which could be related to mu rhythms.
Taking into account the inhibition theory, this increase of alpha related to the mu
IC clusters could be related to the diminution of somatomotor processing during
listening (Ross et al., 2022; Wisniewski and Zakrzewski, 2023).

Our component analysis results help explain the apparent contradictions ob-
served in the time-frequency domain. Thus, the increase in overall alpha power
likely reflects a mixture of distinct alpha activities occurring during speech process-
ing. Moreover, the left and right temporal IC clusters extracted from the SIS and SIN
conditions, both showing alpha suppression, support the proposal by Wisniewski
and Zakrzewski (2023) that alpha enhancement and suppression can co-occur dur-
ing complex listening. These results also highlight that contradictory results in the
literature concerning alpha during listening are, in fact, not contradictory, but com-
plementary.

To further investigate and possibly confirm the tau and mu rhythms in our data,
we computed exploratory source localization analyses of these IC clusters using
Loreta software. The localized sources appeared to partially confirm the existing
literature. Although we did not reveal significant contributions of the left IFG (see
2.5) some components appeared to have generators in the left temporal cortex (au-
ditory) and in the left primary somatosensory and motor cortices. This is a sup-
plementary argument in favor of possible tau (auditory) and mu (motor) sub-alpha
contributions to SI in complex auditory situations. As these results only concern
the SIN task, additional work will be necessary to clarify these findings.

5.4 Limits and Perspectives

This study has several limitations. First, concerning behavioral design, the Stroop
task, used to measure inhibitory control, remains debated in the literature (M. J.
Moore et al., 2024), and further studies could provide additional information con-
cerning LE and inhibition by testing other inhibitory control tasks, such as the
go/no-go or the Hayling tasks, for example. Also, only three SIN and SIS levels
were tested, which limits the scope of the results. Future work should include a
broader range of difficulty levels. Regarding the EEG data, the use of ICA anal-
ysis revealed interesting results regarding the potential use of alpha dynamics as
an index for LE. However, source localization of the IC clusters should be analyzed
again using different parameters (such as the number of ICs used for each cluster)
to correspond to what is done in the literature.

Further analyses could extend the current findings in several directions. Con-
sidering the relationship observed in this study between Stroop performance and
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Discussion

speech intelligibility in adverse SIS conditions, further analysis could investigate
how this relation depends on the strategies listeners use in SIS. Specifically, exam-
ining whether the use of the auditory level difference between the target and masker
talkers in negative TMRs could provide additional insights on how inhibitory control
contributes to speech understanding in multi-talker, adverse listening situations.

Considering the EEG data, future analyses could extend the current findings in
several directions, especially considering the density of EEG signal. Frontal midline
theta oscillations, which reflect focused attention and have been suggested as po-
tential indices of LE, could provide complementary insights into its modulation in
complex auditory environments (Ishii et al., 1999; Onton et al., 2005). Considering
the already existing results, more precise source localization of IC clusters would
refine our understanding of the neural origins of the components identified in this
study, and allow for the confirmation of if temporal IC clusters can be considered
as tau-related IC clusters and temporo-parietal and mu-related IC clusters.

Additionally, a detailed comparison of tau and mu component alpha activation
in relation to behavioral measures of SI and LE could clarify their respective contri-
butions to auditory processing. Also, linking EF with IC clusters could allow for an
integrated view connecting cognitive and neural measures in relation to LE and SI.

Many additional analyses are possible with the collected dataset, which remains
available upon request, offering opportunities to further investigation of listening in
complex auditory environments.

5.5 Conclusion

The behavioral results of this study report a relationship between the dual N-back
updating task and SI in SIS conditions, and between the Stroop inhibition task and
SI in the most adverse SIS condition. These results support the idea that updating
and inhibition are both engaged in multi-talker situations. The absence of findings
concerning the SIN conditions could be explained by methodological differences
from the literature and the absence of IM which adds an additional dimension to
the complexity of the auditory situation. These outcomes encouraged us to employ
the Stroop task to train inhibitory control in the next phase of the research (see
Chapter 8).

Concerning the electrophysiological results, we observed enhancement of time-
frequency alpha dynamics in the left temporo-parietal region in both SIN and SIS
conditions. Alpha-band EEG activity may reflects greater neural inhibition (Klimesch
et al., 2007), which could indicate a change in listening processes during the task.
This modulation seems linked to task difficulty and may also relate to LE. By re-
fining these results by extracting independent components related to alpha activity
described in the literature, we confirmed that alpha power observed in the time-
frequency domain is the result of different independent components, and that both
enhancement and suppression of alpha can be observed during listening in SIN and
SIS.

It is also important to note that, in this study and others, the relationship with
LE is not always explicitly addressed. Here, we examined how alpha dynamics
evolve across conditions in SIN and SIS scenarios, which do not directly represent
LE. In our data, alpha power increased under the most difficult listening condi-
tion of SIN scenario (-9 dB SNR, see Figure 7.13a), where behavioral results also
indicated higher LE (Figure 7.6a). Although this does not establish a direct rela-
tionship between alpha power and LE, it suggests that such an association could



be investigated in future work using the appropriate methodological rigor.

To demonstrate a direct relationship with LE, comparisons between subjective
and objective measures would be required. However, as discussed previously (see
Section 3.4), subjective and objective measures of LE rarely correlate, which com-
pletes the identification of its neural correlates. Inconsistencies across studies con-
tribute to this challenge (McGarrigle et al., 2014). Nevertheless, this diversity also
enriches the field, offering multiple perspectives and analytical approaches to ad-
dress this complex concept. As often discussed (Alhanbali et al., 2019; Moham-
madi et al., 2023; Paul et al., 2021), the question of whether alpha oscillations can
serve as an objective measure of LE remains open. However, by continuing to refine
analyses, particularly through independent component-based approaches, future
research will help clarify this question.

Overall, these findings contribute to a better understanding of the neural mech-
anisms underlying listening in complex environments and highlight the need to
disentangle the different alpha sub-components to interpret EEG results meaning-
fully.
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Cognitive Training

Description of the Chapter

In a third study, the possibility of enhancing speech understanding in complex
auditory environments through cognitive training is investigated. Building on
previous findings that linked inhibitory control to speech intelligibility in ad-
verse conditions, this study examines whether targeted inhibition training can
lead to transfer effects on SI and LE in multi-talker situations. Additionally, we
investigated the potential neural markers of LE related to alpha activity using
EEG time-frequency and IC clustering analyses, to assess training-induced
changes in these neural dynamics. This chapter aims to evaluate the transfer
effects of cognitive training on speech understanding and how it may impact
listening performance and its neural correlates.



Hypothesis 4

A cognitive training of inhibition would improve speech intelligibility and de-
crease listening effort in multi-talker situations.

Hypothesis 5

Cognitive training would impact alpha dynamics differently depending on the
trained cognitive process.

Main Results

Inhibition-trained participants did not benefit from the inhibition cognitive
training.

Therefore, no transfer effect of inhibition on CRM was possible.

Aligned to the previous study, alpha dynamics are resulting of multiple alpha
components, including temporal and temporo-parietal components.

The left temporal component changed significantly pre- and post-training for
the CRM-trained group.



1 Research Goal

In this study, we examined the effect of cognitive training on three different tasks on
SI and subjective LE in SIS conditions. Three training groups were trained either on
a Sl task (CRM talker and masker), inhibition task (Stroop), or an active control task
(CRM talker only). The goal of this study was to assess the following hypothesis:

Hypothesis 4

A cognitive training in inhibition improves speech intelligibility and decreases
listening effort in multi-talker situations.

This hypothesis was based on the idea of transfer learning (see 1), and the results
of the previous study (see Chapter 7) showing a correlation between SI and Stroop
inhibitory task performance in adverse SIS conditions. More precisely, we hypothe-
sized that inhibition control would be involved in SIS task to reduce masker interfer-
ence. In multi-talker situations, suppressing irrelevant speech streams could allow
the listener to better understand the target talker. Lower inhibition abilities may
increase LE by making the listener try to process both target and masker streams
simultaneously (Perrone-Bertolotti et al., 2017), whereas stronger inhibition capaci-
ties are generally associated with better speech intelligibility (Stenbéck et al., 2016).
This suggests that better inhibition supports masking release and reduces LE. Ad-
ditionally, the conclusions of previous work in our laboratory (Lanzilotti et al., 2022)
suggest that some listeners rely on sound level differences as a segregation strategy
and that this strategy may be based on inhibitory control.

Inhibition training

Previous research has explored inhibition training and its neural correlates. They
reported diverse results and used different experimental protocols. Most of the stud-
ies trained inhibitory control using the stop-signal or the go/no-go tasks (Berkman
et al., 2014; Chavan et al., 2015; Enge et al., 2014; Hartmann et al., 2016; Lenar-
towicz et al., 2011; Manuel et al., 2013). For instance, Chavan et al. (2015) trained
participants in a go/no-go task over two weeks and observed changes in IFG ac-
tivity, suggesting modulation of top-down inhibitory processes. Similarly, Berkman
et al. (2014) used a stop-signal task over 20 days and found decreased IFG acti-
vation during inhibition execution but increased activity during the preparatory
phase, suggesting a functional reorganization of inhibitory control networks. Fur-
thermore, Lenartowicz et al. (2011) reported increased right IFG activation after two
days of training with a visual stop-signal task. Complementary evidence from EEG
work (Manuel et al., 2013) showed that one hour of auditory stop-signal training
could modulate event-related potentials associated with IFG activity.

In our previous study, however, the only inhibitory task that significantly cor-
related with SI was the Stroop task. More precisely, a significant correlation was
found between Stroop inhibitory cost and SI in adverse SIS condition. In addition,
some other studies have also succeeded in training inhibition using the Stroop task
(Davidson et al., 2003; Dotson et al., 2013).

As a consequence, we choose the Stroop task to train inhibition control, a moti-
vation based on both our results (Chapter 7 , section 3.3 ) and the aforementioned
literature.
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Research Goal

Transfer effect

In addition to direct evaluation of inhibition control, the Stroop task has also been
used to evaluate near or far transfer effects following inhibitory control or working
memory (Enge et al., 2014; Karbach and Kray, 2009; Klingberg et al., 2005). Differ-
ences in training duration and consolidation time may also account for the variabil-
ity in results across studies. For example, Enge et al. (2014) trained participants
three times per week over three weeks, whereas Manuel et al. (2013) conducted
only a single one-hour session, and Berkman et al. (2014) implemented a 20-day
training protocol over three weeks. Such temporal differences could partly explain
the discrepancies in outcomes, as the consolidation of learning inherently depends
on the time factor.

Many inhibition training studies measure training outcomes without consider-
ing possible near or far transfer effects. Often, the training is considered effective
when performance on the trained task itself improves, sometimes supported by
neuroimaging evidence. Although this is informative, transfer effects of training
have been demonstrated for other executive functions or working memory (Gath-
ercole et al., 2016; Ingvalson et al., 2015). Concerning inhibition training transfer
effects, Enge et al. (2014) compared adaptive training with active and passive con-
trol groups over three weeks of go/no-go and stop-signal training. Their goal was
to show a near transfer effect of the training on the Stroop task and a far transfer
effect on fluid intelligence. Although they observed a near transfer effect when com-
paring the trained group with the passive control, the absence of difference in the
near transfer task (in this case, the Stroop task) between the trained group and the
active control made them conclude that the improvement in the trained inhibition
tasks could not be attributed to effective training of inhibitory control.

These results show the importance of the control group. Indeed, when com-
paring results between an active and a passive control, Enge et al. (2014) showed
that the results differed; had they used a passive control only, the study’s con-
clusion might have been different. Some studies do not use a control group at all
(e.g., Lenartowicz et al., 2011), making it possible for the presented results to be
due to general cognitive training more than task-specific training or even to placebo
(Foroughi et al., 2016; see Box 1.3) or Hawthorne (Adair, n.d.) effects.

To address this main hypothesis, some other questions concerning the behav-
ioral effects of the training were first addressed:

Complementary Hypotheses - Behavioral

H4.0: Training effect of inhibition: the inhibition-trained group would improve
their performance in the inhibition tasks.

H4.1: Training would affect SI differently depending on the group and the
TMR. Transfer effects would have a greater impact on SI in adverse con-
ditions than in favorable ones.

H4.2: Training would affect the subjective LE depending on the group and
the TMR. Transfer effects would have a greater impact on LE in adverse
conditions than in favorable ones.

Finally, in the previous study, we observed an increase in alpha activity in the
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left temporal area, which may reflect an increase in LE. In the present study, we
investigated how these hypothesized markers of LE would evolve during cognitive
training. More precisely, we wanted to assess whether they could attest effects of
different types of cognitive training at the brain activity level, addressing hypothesis
5 of the project :

Hypothesis 5

Cognitive training would impact alpha dynamics differently depending on the
trained cognitive process.

As a consequence, we investigated the relationship between EEG activity and
cognitive training by testing the following complementary hypotheses:

Complementary Hypothesis - EEG

H5.1: Reproduction of study 2: There is a difference in left temporo-parietal
alpha activity between TMR in the pre-training session (regardless of the
Group).

H5.2: Behavioral group training effects (H4.1 and H4.2) would be attested by
alpha activity.

2 Material and Methods

2.1 Participants

Sixty participants were recruited for this experiment (19 women, 41 men, mean
age 24.8 + 5.02 years old). They all had normal hearing, as confirmed by pure-
tone audiometry with an Elios® clinical audiometer (Echodia, Le Mazet-Saint-Voy,
France), for the following frequencies: .25, .5, 1, 2, 4, 6, 8 and 12.5 kHz (hearing
level < 20 dB; mean hearing level 1.5 + 10.5 dB HL, details in Appendix 10.1).
Furthermore, participants had to meet the following eligibility criteria: no known
hearing impairment, aged between 18 and 40 years old, native French language, no
uncorrected visual impairment, no medication targeting the central nervous system,
no neurological or psychiatric conditions, no known brain lesions, and no previous
participation in a CRM task. They received €60 as financial compensation for their
participation.

The participants were assigned to a group using a Latin square design to coun-
terbalance order effects. They were unaware of the existence of multiple groups
until the end of the experiment. This study was approved by the local ethics com-
mittee (IRB Number 2024 817). All participants provided written informed consent
prior to data collection.

Sample Size calculation and recruitment

A power analysis using the wp.rmanova function from the WebPower package in R
indicated that, for three groups and two repeated measures (pre- and post-training
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sessions), with a desired power of 90% and an effect size of .4, a total of 82 par-
ticipants would be necessary. To account for an expected 10% data loss, we first
planned to recruit 90 participants. Given the extensive protocol of this experiment,
60 participants were eventually recruited over a period of 10 months, corresponding
to 300 experimental sessions.

2.2 Stimuli
Speech perception task

The SIS material from our French CRM corpus was used as the speech perception
task. The task consisted of 2x5 TMR blocks of 16 trials each (-15, -12, -6, 0, and
6 dB TMR), presented in random order, along with an initial single-talker block. In
each trial, the talker(s) were randomly chosen to minimize talker-specific effects.
After each block, participants were asked to rate their subjective listening effort
using the ESCU scale (see in Section 1.2 of the Chapter 5).

Inhibition task

An inhibition score was measured with a classic Stroop task and with an arrow
"Stroop-like” task. The inhibition task included four blocks (Stroop, Arrow-Stroop,
Stroop, Arrow-Stroop), each comprising 82 trials.

Arrow Stroop : Direction names ("right”, "left”, "top”, "bottom”), written in French
("droite”, gauche”, "haut”, "bas”), appeared one by one on the screen along with an
arrow pointing to one of these directions (or a square as a neutral control condi-
tion). Participants were asked to indicate which direction was written in text while
ignoring the arrow direction. Congruent trials presented an arrow pointing in the
same direction as the text. Incongruent trials presented an arrow pointing in the
opposite direction of the text (see Figure 8.1). For control trials, a square appeared
instead of an arrow. This task was adapted from the arrow analog Stroop task from
Shilling et al. (2002).

Incongruent Congruent Control
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Figure 8.1: Example trials of congruent, incongruent, and control conditions for
the Stroop and Arrow Stroop tasks. French task labels are translated as follows:
“Gauche” = left, "Bas” = bottom, "bleu” = blue, and "vert” = green.



The Inquisit software used to present EF tasks in the previous study (see Chapter
7) does not support the inclusion of EEG triggers, which were essential for testing
our electrophysiological hypotheses. Therefore, inhibition tasks were implemented
in Python using the PsychoPy toolbox (Peirce, 2007) to allow precise synchronization
with EEG recordings.

Control task

The control task aimed to reproduce the dependent variable task, in our case the
CRM, without the associated difficulty regarding the measured cognitive ability (in
our case Sl and LE). Thus, we proposed a control task based on the CRM in a
simple auditory situation, without noise or concurrent talkers. In order to keep the
participants active, we asked the participants to indicate for each trial if a target
call sign indicated at the start of a block was present for each trial.

2.3 Apparatus
Audiometry

The audition thresholds were measured with an Elios® clinical audiometer as de-
scribed in the Section 1.3 of Chapter 5.

Audio and voice recording

As in the previous study, auditory stimuli were presented through ER-2 headphones
(Etymotic Research), designed to minimize electromagnetic fields at the scalp, to
avoid interference in EEG signal, at a sound level of 55 dB SPL, ensuring clear
perception without discomfort.

For the Stroop task, the participant’s verbal responses were recorded using a
RODE (NT-USB Mini) microphone.

Electrophysiology

As in the previous study, EEG data were recorded using a 64-channel active system
with a Biosemi Active II amplifier. Electrodes were installed using conductive gel
(Signa gel) and placed according to the international 10-20 system.

2.4 Procedure

The cognitive training experimental protocol was conducted on 5 consecutive days.
All participants began the first session on a Monday to ensure a regular interval
between sessions.

The protocol consisted of a pre-training session on Day 1, followed by three train-
ing sessions on Days 2 to 4, and a post-training session on Day 5.

Participants were assigned to one of the three groups, each corresponding to
a different type of training. They were not informed of the existence of the other
groups. Participants performed the same tasks in the pre-training and post-training
sessions. In the training session, they completed only the tasks specific to their
group. The groups were defined as follows:
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CRM-trained Group: Training on the speech perception task, using the CRM
corpus in SIS condition.

Inhibition-trained Group: Training on the inhibition tasks.

Active control Group: Sham training, presented as a genuine training, using
the control task.

At the beginning of each session, participants were equipped with an EEG cap
and resting state activity was recorded following the same procedure as in the pre-
vious study (see Chapter 7).

Pre-training session (1h30) After providing informed consent, participants com-
pleted pure-tone audiometry. The general procedure of the experiment was then
explained, without details about the cognitive training design. Then, the EEG cap
was installed on the participant’s head.

All participants, regardless of their group assignment, completed the same set
of tasks. First, a 5-minute resting state was recorded. Participants then performed
the speech intelligibility task (CRM). Finally, participants completed the inhibition
tasks, with two repetitions of the Stroop and the Arrow-Stroop tasks.

Training sessions The training constituted of three sessions (one per day) of 45
min each. At the start of each training session, participants were equipped with
the 64-electrode EEG cap, and a 5-minute resting-state was recorded. Then they
performed the task according to their group:

Speech Intelligibility Group: Speech intelligibility task (CRM) in SIS condi-
tion. Single talker block (16 trials) + 2 x 5 TMR blocks (16 trials; -15, -12, -6,
0, 6 dB TMR in random order). Subjective LE assessed with the ESCU scale
after each block.

Inhibition Group: Stroop and Arrow-Stroop task. 4 x 82 trials (Stroop, Arrow-
Stroop, Stroop, Arrow-Stroop).

Control Group: CRM single-taker: 10 x 16 trials.

For all groups, each training session lasted between 30 and 45 minutes, depend-
ing on the participant’s pace in completing the tasks and the time required to install
the EEG cap.

Post-training session (1h30) The post-training session followed the same struc-
ture and order as the pre-training session: a 5-minute resting state, the speech
intelligibility task, and the inhibition task. At the end of the experiment, the par-
ticipants were informed about the study design and their group assignment and
provided with a brief feedback upon request.
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Figure 8.2: Cognitive training procedure over five consecutive days, from pre-
training (S1) to post-training (S5) session.

2.5 Data analyses

The behavioral and electrophysiological data were analyzed using R 4.3.0 (statistics
and behavioral plots), Matlab 2021a (EEG analyses), and Python 3.11.7 (speech-to-
text Stroop extraction) and Loreta V20240713 (EEG source localization).

Behavioral analyses

Stroop The Stroop vocal responses were recorded with a microphone (RODE NTUSB
mini) and saved as .waw files. The voice records were transcribed using the whisper
speech-to-text model (OpenAl) implemented in Python, as described in Section 1.4
in the Chapter 5. The reaction time of each Stroop condition (congruent, incongru-
ent, and control) were used for analyses.

CRM The percentage of correct responses was calculated as the number of tri-
als in which both the color and digit were correctly identified, divided by the total
number of trials in that experimental condition (16 trials in each block). Following
current recommendations for speech analyses, scores were normalized using the
Rationalized Arcsine Unit (RAU) transform in each condition (Studebaker, 1985).

Statistics Statistical analyses were carried out using MATLAB 2021a and R (ver-
sion 4.3). A three-way analysis of variance (ANOVA) was conducted to examine the
effect of TMR on SI and LE during training sessions.
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Electroencephalography analyses

Outliers Participants P35 (group Inhibition), P36 (group Control), P53 (group In-
hibition) were excluded for EEG data analysis due to poor data quality. In the time-
frequency and ICs EEG analyses using the EEGLAB toolbox, if one session of a
participant is unusable, the entire dataset for that participant must be removed
to ensure consistent preprocessing and analysis across all sessions. In addition,
to maintain balanced sample sizes between groups, three participants (P60 (group
Control), P28 (Inhibition-trained group), and P31 (CRM-trained group)) were ran-
domly excluded.

Preprocessing EEG data for spectral, time-frequency, and component analysis
were preprocessed and processed as follows.

EEG data recorded during the CRM were extracted from the raw EEG files. Then
they were average re-referenced, filtered on 4-25 Hz, and resampled at 512 Hz. Bad
channels were removed and interpolated. Then, EEG data were split into data sets
for each SIN and SIS condition, resulting in 9 data sets per participant. After that,
mAMICA was applied on each condition data set, followed by independent compo-
nent labeling with ICLabel. Eyes, muscles and artifact components were flagged in
order to be excluded from the signal. Data were epoched on a window of -1000 ms
to 2000 ms around the CRM sentences onset. More details on EEG pre-processing
methods in Section 3.1 of Chapter 5.

Time Frequency For the time frequency analysis (see Section 2.4 in Chapter),
one-way ANOVAs with permutations and FDR correction were applied in SIS (SNR)
and SIS (TMR) conditions using the EEGlab STUDY statistics.

Independent Component analysis Component analysis allows additional exploratory
observations of the EEG signal of the brain under SIS and SIN conditions. In this
project, we aimed to reproduce the pipelines proposed in other studies (Jenson et
al., 2015; Wisniewski et al., 2017, 2024). The component analysis (see Section
2.4) was performed on the component extracted with the mAmica algorithm, using
the EEGIlab study tool. For SIS and SIN separately, the component measures were
precomputed, then a k-means clustering (with k = 13 and outlier clusters for ICs
distant from more than 3 SDs from the centroid) was applied using time-based in-
formation (spectra and ERSPs) and location-based information (scalp maps). This
clustering resulted in 13 components, which were analyzed per TMR or SNR condi-
tion, using one-way ANOVAs with permutation and FDR correction. Outliers were
excluded from statistical analyses. However, they were included in the components
and clustering computations.

Source localization From the mAmica results, the source localization (see Sec-
tion 2.4) of all ICs of clusters of interest, revealed with the independent component
analysis, were estimated using the Loreta software.

Microstates Microstates (see Section 2.4) metrics of each participant were com-
puted using the tool described in Section 3.2 in Chapter 5. Resting state EEG
recordings were extracted from the raw EEG files. Then a re-reference was applied
on Cz, high-pass (1 Hz), notch (50 Hz) filters, and resampling at 512 Hz. Then the
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MS pipeline was applied on participant and group levels (details in general methods).
For clustering, k=7 clusters were selected, following Tarailis et al., 2024 recommen-
dations. Microstates results are presented in the Appendix 3.5.

3 Behavioral Results

3.1 Inhibition Training

H4.0 - Behavior

Training effect of inhibition: the inhibition-trained group would improve their
performance in the inhibition tasks.

In a first stage, results concerning within task inhibition training are presented
to determine whether the inhibitory control training was effective on the Stroop
performance. For this reason, only the data from the Inhibition and Control groups
are included in this analysis.

Stroop

The three-way ANOVA results on Stroop conditions with Group (Inhibition-trained
vs. control) x Session (pre vs. post-training) x Condition (congruent vs. incongru-
ent vs. control) are presented on Table 8.1. No significant group x session x condition
interaction has been found. In addition, there is an absence of significant interac-
tion group x session. These results show that reaction times in the Stroop task were
not significantly impacted by the training differently between groups (see Figure
8.3).

Df: degrees of freedom; F: F-test value; 72: partial eta squared
Bold p-values are significant

Df F 1. p-ualue
Group 11.02 .23 .002
Session 9.95 .21 .003

1

1
Group:Session 1 3.60 .09 .0657
Condition 2 205.60 .85 <.001
Group:Condition 2 6.47 .15 .005
Session:Condition 2 8.41 .19 .001
Group:Session:Condition 2 .b8 .02 .54

Table 8.1: Three-way ANOVA on reaction times, with Stroop Condition (congru-
ent, incongruent, control), Session (pre- vs. post-training), and Group (inhibition-
trained vs. control), as factors.
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Figure 8.3: Mean Stroop reaction times (s) with 95% confidence intervals for
each Stroop condition (congruent, incongruent, control), in control and inhibition-
trained groups, across pre- and post-training sessions.

Arrow Stroop

The three-way ANOVA results on Arrow Stroop conditions with Group (Inhibition-
trained vs. control) x Session (pre vs. post-training) x Condition (congruent vs.
incongruent vs. control) are presented on Table 8.2. No significant group x session x
condition interaction has been found. However, the group x session significant in-
teraction F(1,38) = 6.69 p = .014, n?> = .81) shows that the inhibition-trained and
the control group were not affected similarly by the training. Tukey’s HSD post-hoc
tests on this interaction revealed a significant difference between the pre- and post-
training sessions for both the control (p < .01) and the inhibition-trained (p = .011)
groups. Both groups increased their performance in Arrow Stroop after training
(see Figure 8.4).
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Df: degrees of freedom; F: F-test value; nf): partial eta squared
Bold p-values are significant

Df F 1. p-ualue
Group 1 2.26 .06 .14
Session 1 65.13 .63 <.001
Group:Session 1 6.69 .15 014
Condition 2 165.82 .81 <.001
Group:Condition 2 32 .01 .67
Ses:Condition 2 4.39 .10 .018
Group:Session:Condition 2 .06 .00 .93

Table 8.2: Three-way ANOVA on reaction times, with Arrow Stroop Condition
(congruent, incongruent, control), Session (pre- vs. post-training), and Group
(inhibition-trained vs. control), as factors.
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Figure 8.4: Mean Arrow Stroop reaction times (s) with 95% confidence intervals
for each Arrow Stroop condition (congruent, incongruent, control), in control and
inhibition-trained groups, across pre- and post-training sessions.

3.2 Transfer learning on CRM task
Speech Intelligibility

In the following figures, results are presented as the percentage of correct responses
for clarity; however, all statistical analyses were conducted on RAU-transformed
data.
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Behavioral Results

H4.1: Behavior

Training would affect SI differently depending on the group and the TMR.
Transfer effects would have a greater impact on SI in adverse conditions than
in favorable ones.

The figure 8.5 presents the SI in SIS in % of correct responses of each TMR
(-15, -12, -6, 0, 6) and all groups (SI, Inhibition, and Control) for the pre- and post-
training sessions. The Figure 10.10 in the appendices presents the training results
regarding each session and each TMRs for the three groups.
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Figure 8.5: Mean speech intelligibility (% correct responses) with 95% confidence
intervals for the three training groups (Control: blue; Inhibition: green; CRM: or-
ange) across each TMR in the pre- and post-training sessions.

A three-way ANOVA on SI showed a main effect of TMR (F'(4,131) = 136.7, p <
.001, n? = .71) and Session (F(1,57) = 88, p < .001, n? = .61) corresponding to better
scores for favorable TMRs and after the training. Significant interactions between
Group and Session (F(2,57) = 7.34, p = .0015, n?> = .20) and between TMR and
Session (F'(4,220) = 14, p < .001, n? = .20) showed that not all three groups benefited
from the training. Tukey’s HSD post-hoc tests revealed that this interaction was due
to a significant positive training effect for both the CRM-trained and the control
groups, but not for the inhibition-trained group. Furthermore, the CRM-trained
group seemed to have benefited more than the control group from the training.
Finally, no significant interaction between Group and TMR (F'(8,132) = .31, p =
.90, n? = .01) nor between Group, TMR and Session (F(8,220) = .78, p = .62, 7% = .003)
were found. The statistical results are detailed in Table 8.3 and Figure 8.6.
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Df: degrees of freedom; F: F-test value; nf): partial eta squared
bold p-values are significant

Df F 1} p-value
TMR 4 136.7 .71 <.001
Group 2 226 .07 11
Group: TMR 8 31 .01 .90
Session 1 88 .61 <.001
Group:Session 2 7.34 .20 .0015
TMR:Session 4 14.00 .20 <.001
Group:TMR:Session 8 .78 .03 .62

Table 8.3: Three-way ANOVA on Speech Intelligibility (RAU) with Group (CRM, inhi-
bition and control), TMR, and Session (pre- and post-training), as factors.
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Figure 8.6: Mean speech intelligibility (% correct responses) with 95% confidence

interval, across all TMRs in the pre- and post-training sessions, with p-values from
Tukey’s HSD tests (FDR-corrected) for the Session x Group interaction.

Listening Effort

H4.2: Behavior

Training would affect the subjective LE depending on the group and the TMR.
Transfer effects would have a greater impact on LE in adverse conditions than
in favorable ones.

The three-way ANOVA on LE is detailed in Table 8.4. The figure 8.7 presents
the training effect on LE as assessed by ESCU scale for each TMR and each group.
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Unlike the SI results (contribution 3.2), the three-way ANOVA showed a significant
Group x TMR x Session interaction on LE (F(8,216) = 2.20, p = .03, n? = .07) was
observed. Tukey’s HSD tests on this interaction showed that for the CRM-trained
group a significant decrease of LE between was observed between pre- and post-
training sessions at levels of -15, -12 and - 6 dB, while this was true only at -6 dB
for the inhibition-trained group, and only at -15 dB for the control group (see Figure
8.8).

Df: degrees of freedom, F: F-test value, 72: partial eta squared
Bold p-values are significant.

Df F 9 p
TMR 4 137 .71 <.001
Group 2 .06 .002 94
Group:TMR 8 .65 .02 .65
Ses 1 16 .22 <.001
Group:Ses 2 324 .10 .047
TMR:Ses 4 749 .12 <.001
Group:TMR:Ses 8 2.20 .07 .031

Table 8.4: Three-way ANOVA on subjective listening effort (ESCU), with Group
(CRM, inhibi- tion and control), TMR, and Session (pre- and post-training), as fac-
tors.
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Figure 8.7: Mean subjective listening effort (ESCU) with 95% confidence intervals
for the three training groups (Control: blue; Inhibition: green; CRM: orange) across
each TMR in the pre- and post-training sessions.
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Figure 8.8: Tukey’s HSD test results for training effects (pre- vs. post-training) on
LE, shown for each group and TMR.

4 Electrophysiological Results

Hypothesis 4

Cognitive training would impact alpha dynamics differently depending on the
trained cognitive process.

Complementary Hypothesis - EEG

H5.3: Reproduction of study 2: a difference in left temporo-parietal alpha
activity between TMRs in the pre-training session would be observed (re-
gardless of the Group).

H5.4: Behavioral group training effects (H4.1 and H4.2) would be attested by
alpha activity.

4.1 Time Frequency

Because behavioral results indicated a training effect in both the control and the
CRM-trained groups only, and that the inhibition group did not improve in trained
tasks (i.e., Stroop), EEG analyses were restricted to the CRM-trained and control
groups.

Alpha power topographic activity

Pre-training Alpha activity before training was investigated to answer the following
complementary hypothesis:
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H5.3 - EEG

Reproduction of study 2: a difference in left temporo-parietal alpha activity
between TMRs in the pre-training session would be observed (regardless of
the Group).

Figure 8.9 illustrates the alpha-band activity (8-12 Hz) during the speech signal
(0-2000 ms) in each TMRs of all participants in the pre-training session. FDR-
corrected permutation tests revealed a significant difference in alpha activity in the
left temporo-parietal area between the different TMRs. This difference corresponds
to an increase in alpha power in a large part of the scalp as the TMR decreases. The
details of topographic maps for each TMR of each group can be found in Appendices
10.12.

-15dB TMR -12dB TMR -6 dB TMR 0dB TMR 6dB TMR 26 Permutations (p-valuef

19
11
0.4

-0.3 0.001

Figure 8.9: Topographical maps of mean alpha power (8-12 Hz; baseline-corrected)
over the 0-2000 ms time window (0 = CRM sentence onset) in pre-training session.
The right panel shows the p-value map indicating significant differences between
TMRs. The topographies of each group can be found in Appendix 10.12

H5.4 - EEG

Behavioral group training effects (H4.1 and H4.2) would be attested by alpha
activity.

The Figure 8.10 illustrates the alpha activity (8-12 Hz) during the speech sig-
nal (0-2000 ms) in pre- and post-training sessions for the CRM-trained and control
groups, regardless of TMR levels. FDR-corrected permutation tests revealed a train-
ing effect on the alpha power of the control group corresponding to higher values in
centro-parietal areas, whereas no significant difference was observed for the CRM-
trained group. In addition, no group effect was observed.
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Figure 8.10: Topographical maps of mean alpha power (8-12 Hz; baseline-corrected)
over the 0-2000 ms time window (0 = CRM sentence onset), showing the Session x
Group (Control, CRM) interaction. The right and bottom panels display the p-value
map of statistically significant differences, FDR-corrected.

Event-related spectral perturbation

The differences in topographic maps between TMR for the pre-training session show
a significant difference in the majority of electrodes (see Figure 8.11). Thus, based
on visual observation of the topographies and previous results (see Chapter 7),
showing a significant difference on the left-temporal electrodes specifically, we se-
lected the same electrodes T7, C5, C3, P7, P5, P3, TP7, CP5, and CP3, as a region of
interest (ROI; see Figure 7.17) corresponding to the left temporo-parietal region, for
subsequent ERSPs analysis. ERSPs were then computed on this ROI to compare
the training effect between the CRM-trained and the control groups, regardless of
the TMRs. The permutations tests revealed a significant group difference for theta
band (4-8 Hz) and no difference at all between the sessions nor interaction between
the group and the session.
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Figure 8.11: Time—frequency representations (ERSPs) showing the Session x Group
(Control, CRM) interaction in the ROI (T7, C5, C3, P7, P5, P3, TP7, CP5, and CP3).
The right and bottom panels display the p-value map of statistically significant dif-
ferences, FDR-corrected.

Independent Component Analysis

H4.2b - EEG

Behavioral group training effects would be attested by alpha activity.

Left Temporal The left temporal IC cluster resulting from the IC analysis is pre-
sented in Figure 8.12. 379 components of 58 subjects were included in this IC
cluster. On this Figure, the ERSPs associated with the left temporal component
are represented for the pre- and post-training sessions of the CRM-trained and the
control group. A significant increase in the alpha band was observed after training
around 1500 ms after stimulus onset only for the CRML-trained group. In addition,
a one-tailed t-test computed with sLoreta source localization software suggests that
a main dipole generator is located in Brodmann area 6 (Frontal Lobe, Precentral
Gyrus) for this left temporal IC cluster.
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Figure 8.12: Average scalp maps of left temporal independent component clusters
in the SIN condition. Left: average IC cluster scalp maps. Top-right: sLORETA
source localization results. Bottom: ERSPs averaged for each pre- and post-training
session of the control and CRM-trained groups.

Left temporo-parietal The left temporo-parietal IC cluster resulting from the IC
clustering analysis is presented in Figure 8.13. 283 components of 59 subjects were
included in this IC cluster (see Table 8.5). In this Figure, the ERSPs associated with
the left temporal component are represented for the pre- and post-training sessions
of the CRM-trained and the control group. In opposite to the previous component,
no significant effect of training was observed in any investigated EEG frequencies.
According to a one-tailed t-test, a main source of this component seems to be located
in Brodmann area 3 (Parietal Lobe, Postcentral Gyrus).
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Figure 8.13: Average scalp maps of left temporo-parietal independent component
clusters in the SIN condition. Left: average IC cluster scalp maps. Top-right:
sLORETA source localization results. Bottom: ERSPs averaged for each pre- and
post-training session of the control and CRM-trained groups.

Clusters composition

| Cluster | Subjects ICs
temporal left 58 379
temporo-parietal left 59 283

TMR (n=60)

Table 8.5: IC Cluster compositions with number of subjects, number of included
ICs, and main cortical sources. BA: Brodmann area.

5 Discussion

Previous studies on inhibition have demonstrated training effect (Chavan et al.,
2015; Davidson et al., 2003) as well as transfer effects to other cognitive tasks (Enge
et al., 2014; Karbach and Kray, 2009). Moreover, inhibitory control is thought to
play a key role in listening in complex auditory situations, especially in multi-talker
situations (Lanzilotti et al., 2022; Stenbéck et al., 2016).

In multi-talker situations, we hypothesized that the level difference between the
target and the masker talker serves as a cue for auditory stream segregation and
separation and that inhibition of the irrelevant stream is essential for successful



performance in adverse conditions (see previous study in the Chapter 7).

Building on these ideas, we asked whether inhibitory control could be trained
to produce transfer effects on SI and LE in SIS conditions, as addressed by the
following hypothesis:

Hypothesis 4

A cognitive training of inhibition would improve speech intelligibility and de-
crease listening effort in multi-talker situations.

Furthermore, considering that inhibitory control and speech understanding in
complex environments share common brain areas within their neural pathways
(such as the IFG, Lanzilotti et al., 2022; Zhang et al., 2017), and that alpha dynam-
ics are described as a potential index for listening during effortful listening, we in-
vestigated the possibility of training-related changes in these dynamics, potentially
varying depending on the trained task. Regarding this question, we addressed the
following hypothesis:

Hypothesis 5

Cognitive training would impact alpha dynamics differently depending on the
trained cognitive process.

5.1 The cognitive training of Inhibition
Absence of training effect in the Stroop tasks

In the present study, the comparison of the training effect between the inhibition
and control groups did not lead to any interaction effect (see Table 8.4). More specit-
ically, for the classical Stroop task, a group effect was present while no session effect
was observed, suggesting a group inhomogeneity at pre-training session (see Table
8.1). This difference, however, was not present in the Arrow Stroop task (see Ta-
ble 8.2). Instead, we found a main session effect, indicating improvements in both
groups, which suggests an effect of familiarization with the task, as early as the
second test session, rather than a specific effect of training in inhibition. The con-
clusion is that our training in the Stroop task and the Arrow Stroop task did not
lead to conclusive improvement in inhibition.

This was surprising since previous studies have reported improvements in the
Stroop task performance with practice (Davidson et al., 2003; Dotson et al., 2013).
An important distinction lies in the training protocol: while our participants per-
formed the inhibition task over five consecutive days, in two blocks of 82 trials each,
participants in Davidson et al. (2003) completed only two sessions, but with a much
denser design of twelve blocks of 128 trials per session, which may have resulted in
larger training effects.

Taken together, these variations in the design and analysis of the experiment
highlight that the metrics and protocols used to assess cognitive performance, in
this case on the Stroop task, have a strong influence on the observed effects. Based
on our analysis of inhibitory cost and the absence of interaction when comparing
the inhibition-trained group with the control group throughout the sessions, our
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participants did not appear to benefit from the inhibitory control training regarding
the Stroop task.

The absence of a larger improvement in the inhibition group suggests that Stroop
tasks, as used in our training protocol, may not be optimal for training inhibition,
as discussed earlier (see Discussion of Chapter 7). This limitation could partly
explain the lack of transfer effect observed in both the SI and the subjective LE
that we will discuss later. Despite our correlation results in the previous study and
the results in the recent literature suggesting that Stroop tasks may be suitable
for such a paradigm, it could be suggested that training effects on the selected
inhibition task should be assessed prior to the experimental campaign, with a pilot
study, for instance.

The Stroop task involves conflicts at both the stimulus and response levels (van
Veen et al., 2001). At the stimulus level, participants must inhibit the dominant
word-reading dimension to focus on the color-naming task. At the response level,
they must suppress the prepotent verbal response associated with reading the word
to produce the correct color response. This conflict, occurring at both levels, was an
additional reason why Stroop was a candidate for the training of inhibitory control
for an expected transfer on the CMR task.

Furthermore, Enge et al. (2014) also questioned whether inhibitory control can
be effectively trained. In their study, although reaction times decreased in the
trained task, the error rate increased, raising concerns about both the effectiveness
of training and the level of participants’ engagement. Due to time constraints, error
rate analyses are planned for subsequent work. Compared with updating (or work-
ing memory) training, inhibition training appears more difficult to assess, in part
because of potential changes in participants’ strategies during the sessions. Sim-
ilar strategy shifts have been reported in multi-talker listening training (Lanzilotti
et al., 2022), where participants modified their approach to the task over sessions.
This makes an additional similarity between inhibitory control and listening in SIS
situations mechanisms.

Such changes in strategy raise the question whether the same cognitive pro-
cesses are being engaged throughout training. It is possible that, by adopting new
strategies, participants rely on different and complementary cognitive mechanisms
than those used in the initial pre-training session, making it difficult to assess the
targeted process.

5.2 Cognitive training in this study

H4.1: Behavior

Training would affect SI differently depending on the group and the TMR.
Transfer effects would have a greater impact on SI in adverse conditions than
in favorable ones.

In this study, our main hypothesis was that inhibition training would provide the
participants with a better ability to segregate the masker from the talker. Indeed,
according to Lanzilotti et al. (2022) and Stenbdéck et al. (2016), it was hypothesized
that inhibition would play an important role in SIS because of the need to isolate
talkers and select the target talker’s auditory stream. To test this hypothesis on SI or
subjective LE, three-way ANOVAs were conducted, including group (CRM-trained vs.



Inhibition-trained vs. Control), TMR, and session (pre- vs. post-training) as factors.
A main effect of Session indicated that, overall, participants improved performance
in SI after training. The TM R x Session first-order interaction further revealed that
this improvement varied across TMR levels, meaning that performance gains were
not uniform across difficulty levels. More precisely, and consistent with previous
findings in SIS (Chapter 6), a ceiling effect was observed in the most favorable con-
dition (6 dB TMR), making further improvement at this level less possible than at
more adverse levels. For the more adverse TMR, and as previously discussed (see
Discussion in Chapter 6, Andeol et al., 2011; Lanzilotti, 2021), participants may
adopt different strategies considering the SIS scenario differently. Some are im-
mediately able to segregate the louder masker in negative TMRs, whereas others
are not. Furthermore, Lanzilotti et al. (2022) showed that participants who were
initially unable to apply such a segregation strategy during their first exposure to
two-talker CRM stimuli could, after training, reach performance levels comparable
to those who had used the strategy from the beginning, and that this difference
was not significantly different between participants who received prior information
about this strategy and participants who did not receive additional information.
Lanzilotti et al. (2022) suggest that this strategy development may be based on in-
hibitory control. They explain that when the TMR decreases and the masker talker
gets louder in comparison to the target talker, the segregation process can get eas-
ier for some participants, and that the ability to inhibit the masker may allow the
participant to achieve proper intelligibility.

Concerning expected transfer learning on SI (H4.1), the absence of second-order
interaction between the three factors suggests that the main effects of TMR and
Session on SI did not differ between groups. Thus, the training type did not affect
the performance variation across TMRs after the training. The absence of inhibition
training effects discussed before and detailed in Section 3.1 may partly explain this
non-significant second-order interaction. Indeed, as the inhibition was not trained,
we cannot expect a transfer.

That being said, another interesting first-order interaction of Groupx Session (Fig-
ure 8.6) showed that training type did influence the global SI. Tukey’s HSD post-hoc
tests revealed that both the CRM-trained and the control groups did significantly im-
prove SI after training, while the inhibition-trained group did not. However, it seems
that the improvement for the CRM-trained group (mean progression of 12.0%) was
larger than the one for the control group (mean progression of 7.3%). These re-
sults confirm that the training was more effective for the CRM-trained group, but
that the transfer effect expected on SI after inhibition training did not occur, which
obviously accounted for a lack of improvement in the trained Stroop tasks.

H4.2: Behavior

Training would affect the subjective LE depending on the group and the TMR.
Transfer effects would have a greater impact on LE in adverse conditions than
in favorable ones.

Regarding subjective LE, the release of subjective LE reported by the participants
was not the same through TMR levels and groups, as shown by the significant
second-order interaction of TM R x Group x session (see Table 8.4).

The post-hoc results of training effect (see Figure 8.8) for each TMR revealed
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that the CRM-trained group reported significant training effects on subjective LE
for negative TMRs. Meanwhile, the control group showed significant training effects
only at the most adverse level (-15 dB TMR), and the inhibition-trained group only
at -6 dB TMR. These results support the idea that subjective LE ratings may lack
some sensitivity to accurately represent the exerted LE during SIS tasks. It is sug-
gested that large variations in SI, like the one observed for the CRM-trained group,
may be associated with changes in subjective feelings, but smaller effects, like those
observed in SI for the control group, may not. In addition, we suggest that subjec-
tive responses, like those provided in the ESCU, can vary through sessions due to
external or internal factors such as fatigue, environment, experience, or mood.

The control task

Looking at the factors that may have contributed to some improvements in the con-
trol group, we can argue that some of them may be related to the design of the
control training. Our control task was designed following the recommendations
outlined in 8, which specify that an active control task should use the same struc-
ture as the main task, but exclude the cognitive process of interest. In this study,
we implemented a task based on the same speech corpus used to assess SI and
subjective LE, the CRM corpus, with the target talker only.

To maintain participant engagement in this active control task, we asked them
to identify the presence of a specific call sign for each trial. Although this task
does not to segregate between talkers, a potential limitation is that memorizing the
target call sign may have involved — and trained — working memory processes. We
attempted to minimize this by displaying the target call sign on the screen through-
out the task, but any tasks involving a response will recruit some working memory.
This remains a valid concern since improvements in working memory related to the
CRM material may explain some improvements in the two-talker CRM we assessed
Gathercole et al., 2016; Ingvalson et al., 2015. Similarly, participants were repeat-
edly exposed to the same eight talkers across the three training sessions as those
used in the pre-and post-training measures. This repetition may have introduced
a familiarity bias. As explained by Johnsrude et al. (2013), familiarity with target
and masker voices strongly influences SI in complex auditory environments such
as multi-talker situations. Moreover, given that the CRM corpus contains highly
constrained and predictable sentences, the limited vocabulary may have further
reinforced this familiarity effect.

Thus, as described above, the control group did improve in SI after the active
one-talker CRM task training. A possible experimental improvement would be to use
a different speech corpus, or at least a version recorded by different talkers than
those used in pre-and post-training sessions. Alternatively, the English version of
the CRM corpus could have been used, providing both new voices and a change in
language, which could have decrease familiarity and knowledge of the corpus on
these two different aspects.

Although behavioral interpretations of training and transfer effects are crucial,
exploring the neuroanatomical responses to these trainings may provide deeper
insights into their underlying mechanisms. More precisely, it is important to inves-
tigate whether EEG metrics could explain, at least partly, the behavioral results to
dispose of a more objective assessment than the subjective LE.



5.3 Electrophysiological correlates of cognitive training

Complementary Hypothesis - EEG

H5.1: Reproduction of study 2: There is a difference in left temporo-parietal
alpha activity between TMR in the pre-training session (regardless of the
Group).

H5.2: Behavioral group training effects (H4.1and H4.2) would be attested by
alpha activity.

Previous studies showing neuro-physiological changes after inhibition training
(Chavan et al., 2015; Manuel et al., 2013) or SI training using the CRM (Lanzilotti
et al., 2022) suggest that cognitive training may impact the neural processes un-
derlying these functions.

In the present study, the behavioral results indicated that inhibitory control
training did not lead to observable training nor transfer effect, likely due to the
experimental design choices discussed earlier. However, the training of the CRM-
trained group was assessed and discussed, and reproduced previous results show-
ing improvement of the CRM task (Lanzilotti et al., 2022), with the addition of a
control group, consolidating these results. In the latter study, modification of the
IFG activity as assessed by functional near infrared spectroscopy, was correlated
with the improvement in SI in the CRM task. In an exploratory and descriptive
perspective, and based on the EEG results of the previous study in Chapter 7), we
chose to present the EEG results to provide an overview of possible neural dynamics
associated with training in speech listening in SIS conditions.

First, an analysis was performed across the different TMRs of the pre-training
session to assess replication of results of the previous study showing an increase
in alpha power in the temporo-parietal region as TMR becomes more defavorable.
Although similar patterns were observed, the statistical significance across the ma-
jority of electrodes did not allow us to confirm whether the difference was specifically
localized in the temporo-parietal region for these data. Consistent with the findings
of the previous study and according to the present results, the same ROI (see Figure
7.17 in Chapter 7) as in the previous study was therefore selected.

Thus, following the first-order interaction effect Group x Session (see behavioral
results in Section 3.2), which revealed an overall increase in SI and a decrease in LE
for the CRM-trained group when considering all TMRs, the EEG data were analyzed
by combining all TMR conditions.

Given the results of the previous study showing an increase in temporo-parietal
alpha activity with decreasing TMR in SIS, a decrease in alpha power was expected
after training, with a stronger effect for the CRM-trained group compared to the
control group. However, a difference between the pre- and post-training sessions
was observed only for the control group. There was no significant interaction of
Group x Session, no session effect for the CRM-trained group, and no group effects.

Time frequency A complementary approach using time-frequency representation
(ERSPs) on the selected left temporo-parietal ROI showed an increase of alpha activ-
ity starting 1000 ms after the stimulus onset in the pre- and post-training sessions
for both groups. However, the statistical analyses did not reveal any significant
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interaction between Group and Session nor a session effect, meaning that this met-
ric was not sensitive to the observed behavioral effects. As discussed before (see
Discussion of Chapter 7), time-frequency alpha activity is probably the result of
a mixture of alpha from different sources that could explain this lack of sensitiv-
ity. To further investigate possible multiple contributions of alpha sources, we then
expanded the analyses to ICs of the EEG signal.

ICs In the resulting clusters of this study, we found a left temporal cluster (Fig-
ure 8.12, which could be considered as left tau sub-alpha rhythm as previously
suggested (Wisniewski and Zakrzewski, 2023). In addition, a left temporo-parietal
cluster was observed (Figure 8.13) that could be considered as alpha activity related
to mu sub-alpha rhythms. As discussed in the previous study (Chapter 7) and in
accordance with the literature, alpha activity observed in the time-frequency do-
main may be related to multiple sources. In addition, tau rhythm characteristics
are still elusive in EEG recordings (Wisniewski and Zakrzewski, 2023).

Nevertheless, examining training effects on the ERSPs of the hypothesized tau
component of the CRM-trained and control groups revealed a significant difference
in the 6 and 12 Hz EEG band for the CRM-trained group only, covering low alpha
frequency around 1500 ms after speech onset (see Figure 8.12). These results sug-
gest that the left temporal tau IC cluster may reflect a training-related effect specific
to the CRM task. Furthermore, the difference observed shows that alpha activity
in the post-training session is higher than in the pre-training one for the CRM-
trained group. As discussed in Section 2.2 Chapter 2, the decrease in alpha power
is associated with an increase in neural inhibition of cognitive processes, while an
increase is more likely a release of neural inhibition. This means that higher re-
cruitment of the related brain region occurred and, consequently, the associated
cognitive process.

In the present study, we observed an increase in event-related synchronization of
alpha rhythms in the post-training session associated with left temporal IC clusters
of the CM-trained group. Along with behavioral results showing an improvement
in SI and a decrease in LE, this electrophysiological result could correspond to a
marker of the benefits of the CRM training. In other words, it is hypothesized that
participants’ improvements would be attested by increased event-related synchro-
nizations of tau rhythms.

Regarding other component analyses, no significant training effect was observed
for the left mu IC cluster. Despite a slight increase in alpha activity in the post-
training session of the control group, this difference was not statistically supported
and cannot be confirmed; probably due to some outliers in this group. Since mu
rhythms are primarily associated with sensorimotor activity (Pfurtscheller et al.,
1997), training a cognitive function such as SI may not influence these mechanisms
and consequently the associated alpha rhythm. However, it should be noted that
the ERSPs associated with the left mu IC cluster in the present study do not show
the same ERS pattern starting around 1000 ms as observed in the previous study
(see Discussion in Chapter 7), which had supported its identification as a mu sub-
alpha rhythm. Moreover, it is possible that this component does not correspond to
the left mu rhythm, but rather represents a different neural source or a potential
false positive.



6 Limits

6.1 Sample size

It is well known that the sample size impacts the robustness of training and trans-
fer effect results. Studies showing no transfer effect, like Teng and Poeppel (2020)
work, tested more than 100 participants, while Berkman et al., 2014 included 60
and Lenartowicz et al., 2011 26 participants. In the present study, an a priori sam-
ple size calculation revealed that 90 participants would be necessary to obtain a
sufficient statistical power to test our hypotheses. Unfortunately, only 60 partici-
pants (20 per group) have been acquired so far due to a lack of time in this project.
One could argue that the completion of the 90 participants would have changed
some results. Regarding the data distribution of the training effect in the Stroop
task, however, it is unlikely that this effect would become significant with 10 extra
participants in each group. Future studies could investigate whether training with
other inhibition-related tasks, such as the stop-signal or go/no-go tasks, produces
different or stronger transfer effects despite the absence of initial correlation be-
tween them and SI in our previous study. Inclusion of control groups within exper-
imental protocols increases the required sample size. Training programs extending
over several weeks or months are particularly challenging to implement due to po-
tential participant dropout, changes in experimenters, and scheduling constraints.
In particular, recruiting a representative sample of the general population can be
difficult, as working adults are often less available for multiple training sessions
within a week compared to students.

6.2 Inhibition Training

As discussed, because the inhibition training did not produce the expected improve-
ment in Stroop performance, we cannot observe a transfer effect to the CRM task.
Without effective training on the targeted executive function, the theoretical gain in
inhibitory control could not occur. This means that no measurable transfer to LE
or SI in SIS conditions could be observed.

Also, it is important to note that the control group in this study was active,
but only with respect to the speech intelligibility task. Therefore, when comparing
the inhibition-trained group with the control group, we cannot conclude that the
control group functioned as an active control in the context of the inhibitory control
training protocol. Nevertheless, even though the control task was not specifically
designed to train inhibition, it is likely that by the second session, participants had
already made some progress. This is supported by the absence of a Group x Session
interaction when comparing post-training session of the control group with session
2 of the inhibition-trained group. The session effect shows overall improvement,
but no significant difference between the two groups. These supplementary results
can be found in Appendix 3.1.

6.3 ICs

The IC analysis was computed on the whole data set, meaning that the inhibitory-
trained group data recordings were included. We computed the mAmica and the
clustering before concluding on the behavioral results, and thus decided to present

PN
w

Cognitive Training |



o

N .
| Perspective

4

the results as they are now, considering that the statistical and ERSPs representa-
tion include only the CRM-trained and control groups.

Also, the IC analysis provides centroids (for instance, the tau component) rep-
resenting the center of one of the clusters, composed of ICs from individual partic-
ipants. However, each cluster is made up of a different number of ICs originating
from different participants, leading to an unequal contribution of subjects and so
groups within each cluster. With the current analysis tools we used (EEGLAB), it is
not possible to statistically compare ERSPs or computed from the same cluster but
containing different numbers of ICs.

To address this limitation, as Wisniewski et al. (2024) suggested, it could be a
solution to use a single or a defined number of representative IC(s) per participant,
selected according to a reliability criterion such as their GEV.

In the context of this project, the IC analyses are exploratory. Future work with
more advanced expertise could focus on inter-group differences, particularly con-
cerning the tau component, to determine whether its temporal or spectral charac-
teristics evolve differently across groups following training.

6.4 Software

For the EEG analyses in this study, we used the MATLAB toolbox EEGLAB. A STUDY
structure was create,d including Session, Group, and TMR as factors. However, the
EEGLAB study plugin has a limitation regarding the number of factors that can
be implemented for statistical analyses. Specifically, three-way ANOVAs cannot be
performed directly within the basic study framework, and the use of the LIMO EEG
plugin (C. Pernet et al., 2016; C. R. Pernet et al., 2019) is required for such analyses.
In this study, due to time constraints, we were unable to implement these analyses.
Nonetheless, conducting them in future work would be highly valuable to provide a
more detailed understanding of the differences in IC cluster ERD and ERS across
TMR levels, sessions, and groups.

6.5 Data size

For future studies involving large EEG datasets, we would recommend using com-
puters with sufficient memory, RAM, and processing power. When computing multi-
run mAMICA decompositions, the use of parallel processing toolboxes is essential,
as the scripts may take several days to complete. It is also important to consider
the amount of data generated when working with a large number of participants, as
storage requirements can easily reach hundreds of gigabytes. Proper data manage-
ment and storage solutions are therefore necessary, and sharing such large datasets
may only be feasible through dedicated platforms that support high-capacity data
transfer.

7 Perspective

Several perspectives could be explored to build on these present findings.

First, considering the methodology of cognitive training of inhibition, future
studies could employ different inhibitory control tasks, such as the go/no-go of
the stop-signal tasks, for example. Combining these paradigms could also allow
researchers to observe behavioral differences throughout training and to identify
distinct patterns of transfer effects of inhibition training.



As the goal of this training was to observe transfer effects on speech understand-
ing, the use of an auditory Stroop task (Knight and Heinrich, 2017, 2019) could also
be the center of a cognitive training.

As the main objective of this project was to assess transfer effects on speech
understanding, future work could also use an auditory Stroop task (Knight and
Heinrich, 2017, 2019), which may provide a more ecologically valid framework for
investigating the relationship between inhibition and speech perception in complex
auditory environments.

Further analyses could also be carried out to deepen these findings. For in-
stance, calculating error rates in the Stroop task would allow the assessment of
performance changes in inhibitory control after training.

Regarding EEG results, exploring the correlation between subjective LE and al-
pha dynamics, in particular within specific IC clusters, could provide new insights
into the extent to which these neural measures reflect listening processes in effort-
ful situations. The present findings suggest that this direction of research deserves
further investigation.

Furthermore, the EEG data were recorded on the whole signal of all sessions:
there is still a lot to explore concerning EF activity and CRM. Triggers of the Stroop
and Arrow Stroop are available in the signal, meaning EEG data regarding inhibition
tasks could also be explored.

Moreover, as EEG data were recorded across the full duration of all sessions,
there remains considerable potential for exploring additional aspects of EF activ-
ity and CRM performances. Since triggers from both the Stroop and Arrow-Stroop
tasks are available in the dataset, EEG activity related specifically to inhibitory
control could also be examined. Finally, the analysis pipeline developed for this
cognitive training study could be reused and refined in future experiments, par-
ticularly those designed to address the methodological limitations identified in the
current work.

8 Conclusion

This study investigated the possibility of mitigating listening effort using transfer ef-
fects of a cognitive training targeting inhibition. Unexpectedly, the inhibition train-
ing did not lead to improved inhibition performances, making it impossible to ob-
serve any transfer effects to LE of SI. However, we did observe training effects of
speech-related training, with increased SI and decreased LE. These behavioral re-
sults demonstrated that it is possible to mitigate LE under the conditions and with
the corpus used in this study. Future studies could explore this further with im-
proved experiment designs, for example, by including other inhibitory control tasks
such as go/no-go or stop-signal tasks, to better assess potential transfer effects of
inhibition training.

Regarding electroencephalography measures during listening, we observed mod-
ifications of the left temporal alpha-related component, with an increase of ERS af-
ter training for the group that received complex speech-related training. This result
suggests that independent components, in this case alpha-related ICs, may provide
patterns to track and investigate neural indices of LE.
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1 Summary and main results

This thesis project aimed to investigate listening effort using both behavioral and
electrophysiological approaches. In addition, it explored the possibility of mitigat-
ing LE and understanding how such changes could affect the underlying neural
correlates.

To do so, we followed a structured path. The first step was to define listening
effort and the elements surrounding it in the auditory scene (Chapter 1), followed
by an exploration of the neuroscientific aspects of complex listening environments
(Chapter 2). Also, to make connections between the different cognitive processes
engaged in such situations, we examined high-level cognitive processes that are
executive functions (Chapter 3). Finally, to investigate the potential reduction of LE
and improvement of listening abilities in complex auditory scenes, we focused on
cognitive training and possible transfer effects (Chapter 4).

Along this path, several key questions were raised, leading to the formulation of
hypotheses at each step.

Questions and Hypotheses

Q1: Does the language used for a speech corpus influence listening in complex
situations?

H1: The use of a native language would positively influence SI and LE, partic-
ularly in adverse situations.

Q2: Is there a relationship between listening in complex situations and in-
hibitory control?

H2: Executive functions performances (especially inhibition) would be corre-
lated with speech intelligibility and with listening effort.

Q@3: What are the neural correlates of listening in complex situations?

H3: Alpha oscillations dynamics would be impacted by the difficulty of the
auditory scene.

Q4: Is it possible to improve listening in complex situations by training asso-
ciated cognitive functions?

H4: A cognitive training of inhibition would improve SI and LE in multi-talker
situations

Q5: What are the effects of cognitive training on the potential neural correlates
of LE?

H5: Cognitive training would impact alpha dynamics differently depending on
the trained cognitive process.

To validate these hypotheses and answer the research questions, three experi-
mental phases were implemented.

In the first phase (Chapter 6), we evaluated the behavioral performance of 50
participants in both SIN and SIS environments, with different levels of difficulty.
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This first step allowed us to validate hypothesis H1 and answer question @1, con-
firming that the use of a corpus in the participant’s native language, in this case
French, had a positive impact on LE and SI in both adverse SIN and SIS conditions.

In a second phase (Chapter 7), the behavioral performance of 30 participants
in SIN and SIS environments was compared with their abilities on nine EF tasks.
The results of this second study allowed us to answer the question @2 and partly
validate the hypothesis H2, showing that certain updating tasks and SI positively
correlated at different difficulty levels in SIS. Additionally, a positive correlation was
observed between SI in the most SIS adverse condition and inhibitory cost measured
with the Stroop task. Participants showing better inhibition performances also had
better SI in adverse SIS.

Furthermore, this second study allowed the investigation of the electrophysiolog-
ical correlates associated with different levels of difficulty in SIN and SIS, addressing
question @3. Using various analyses of EEG signals, we explored the hypothesis H3
and concluded that alpha oscillations showing increased activity during listening in
complex environments, particularly in the left temporo-parietal region, were associ-
ated with multiple sources of alpha activity, probably corresponding to sub-alpha’s
tau and mu rhythms.

Finally, a cognitive training (Chapter 8) was conducted with 60 participants di-
vided into three groups corresponding to different training types: inhibition control
using the Stroop task, listening in SIS conditions, and an active control group. This
third study showed no transfer of inhibitory control training to listening in SIS, but
the listening training itself improved SI while reducing LE. While failing to support
the hypothesis H4, it partially answered the question @4, indicating that improve-
ment of SI in SIS and decrease of subjective LE is possible. Nevertheless, potential
directions were identified for future investigations.

Focusing on the effect of SIS training to answer the question @5, the results
also complemented previous findings related to question @3, confirming that al-
pha activity in the left temporo-parietal region results from multiple components
associated with alpha oscillations. Additionally, addressing the hypothesis H5, the
investigation of a left temporal IC cluster, supposed to be associated with the alpha
sound-specific tau rhythms, showed increased event-related synchronizations after
training for the group that received a complex listening-focused training.

Across these three experimental phases, numerous questions and points of in-
terest arose. The following discussion will address the main aspects observed, out-
line study limitations, suggest possible improvements and extensions, propose po-
tential future directions, and conclude with the key findings of this thesis.

2 Defining and Studying LE

When Studying LE, it is important to consider the auditory scene as a whole, since
multiple factors can influence — and are associated with — LE (see Chapter 1). How-
ever, when addressing specific research questions, including too many factors mod-
ifying the auditory scene could dilute the information and hide the main questions.
Therefore, it may be useful to narrow down the scope by controlling variables that
are not central to the research question. Of course, controlling these parameters
reduces the ecological validity of the situation and, consequently, its resemblance to
real-world listening environments. Various methods exist to simulate and measure
effortful listening situations, and they can reflect distinct aspects of LE.



2.1 Ecological validity of complex auditory scene

Listening situations in the laboratory differ from those encountered in real life for
several reasons. In the laboratory, the auditory levels of the target and the masker
are strictly controlled, whereas in everyday life, sound levels constantly fluctuate.
Moreover, the experimental designs of this project included only one masker, in SIS
or SIN separately, while real environments often contain both background noise and
multiple concurrent talkers, localized from diverse sources. In addition, although
binaural listening is maintained, the conditions did not reproduce realistic spatial
environments in which talkers are physically located in space, providing essential
localization cues that support speech intelligibility. Furthermore, in certain SIS
conditions, the same voice was used as both target and masker, a configuration
that rarely occurs in real life and was perceived as particularly difficult, especially
at 0 dB TMR. Without spatial or intensity cues, segregating two identical voices
is very difficult, particularly with a corpus composed of rhythmically similar sen-
tences. Moreover, the CRM corpus, used as the speech material for all studies, is
simple and non-predictive, limiting the use of contextual and semantic cues that
play a major role in natural speech comprehension. Listening through headphones
also alters the listening experience by removing the multi-modal aspect of speech
perception, as listeners cannot see the talker’s face or gestures. As a consequence,
it is important to keep these experimental choices in mind while interpreting our
findings.

Some other factors are not related to the concept of experimental research, like
the Hawthorne effect, for instance (see 1.3): participants are aware that they are be-
ing observed and that their performance will be analyzed. In training studies, even
when participants are told that improvement is not expected, they may consciously
or unconsciously aim to perform better or answer differently across sessions. Fi-
nally, participants were financially compensated for their participation, which in-
troduces an external motivation rarely present in everyday listening situations.

Potential biases arising from laboratory conditions must be taken into account
when interpreting results and reporting key findings in the literature. Although it
remains challenging with current tools to fully reproduce real-world ecological en-
vironments in research designs, it is not impossible (Dehais et al., 2019; Scannella
et al., 2018).

In this project, a first experimental phase was developed in order to control for
potential bias regarding the population. Thus, the outcomes of this study confirmed
the hypothesis H1, and validated the fact that, for better scientific validity, the use
of a native-language corpus is recommended.

2.2 Hearing impairment

In this thesis, the inclusion criteria strictly required participants to have no hearing
impairment. All participants were tested using pure-tone audiometry to ensure
hearing thresholds were below 20 dB HL. This makes our sample unrepresentative
of the general population, as discussed in 5, a substantial proportion of people
experience some degree of hearing impairment during their lifetime. Moreover, the
restriction to participants under 40 years old further limits the representativeness of
our sample. Therefore, the conclusions drawn from this work should be interpreted
in the context of this specific population, although they remain relevant for clinical
applications or comparative studies focusing on similar groups.

PN
=

Discussion {



o

\} Defining and Studying LE

4

Also, as detailed in 5, hidden hearing loss (HHL) is often reflected by an increase
in LE in complex auditory situations, and remains difficult to diagnose. Interven-
tions aiming to reduce LE could therefore be of particular value for this population.

Based on the findings of study 3 (Chapter 8), it appears possible to reduce LE
through training involving complex SIS situations. However, we were not able to
demonstrate a similar effect using inhibition control training, despite the observed
relation between inhibition and SI in SIS condition in study 2 (Chapter 7). These
results, showing a lack of induced correlation between LE and inhibition, may have
suggested that inhibition is more directly related to SI than to LE, and therefore,
inhibition training might not induce transfer effects on LE. Yet, given the absence
of a clear inhibitory training effect in our data, no clear conclusions can be drawn,
and further investigations are required to clarify this point.

It could also be proposed to design auditory training protocols for individuals
with HHL based on SIS paradigms. However, the long-term effects of such inter-
ventions were not evaluated. These interventions could concern individuals using
or not using hearing devices and should therefore rely on precise diagnostic assess-
ments. By combining physiological measures such as pupillometry and functional
brain imaging in large-scale studies, it might become possible to establish objec-
tive indicators of LE and define a LE threshold, such as for audiometric measures,
which could serve as a clinical reference.

2.3 The subjectiveness of self-reported LE

LE can be assessed using various tools, as described in Sections 3.1 and 3.3. In
the three studies conducted in this thesis project, the same self-report rating scale
(ESCU) was used. This scale is simple to administer and allows for a rapid and
intuitive evaluation of perceived effort. Accordingly, participants were asked at each
TMR or SNR level to report their perceived LE using this scale.

However, using such a scale has limits and can lead to unexpected and unex-
plained results. For example, in our third study, regarding the second-order in-
teraction of LE in Group x Session x TMR, we observed a significant post-hoc ef-
fect between pre- and post-training sessions’ subjective LE at -6 dB TMR for the
inhibitory-trained group. The surrounding difficulty levels (-9 dB TMR and -3 dB
TMR) showed no significant results. This could be explained by the fact that the
ESCU scale is not continuous and highly subjective in interpretation. The diffi-
culty levels were presented in random order, but participants who had started with
the most difficult level may have answered differently to the ESCU than partici-
pants have started with one of the easier level, adding some variance in the group
results. Such analyses could be interesting for understanding how subjective LE
evolves with dynamics changes of auditory environmental conditions. For example,
a slight increase in noise may be perceived as highly effortful when it follows a pe-
riod of silence, whereas the same level of noise might be rated as less effortful after
exposure to a very noisy environment

2.4 Disengagement and Motivation

LE corresponds to the listener’s deliberate allocation of mental resources (Pichora-
Fuller et al., 2016, see Section 1.2), meaning that the listener actively decides to
listen to a specific target. Importantly, effort does not necessarily involve perfor-
mance; a listener may exert high effort without achieving better understanding,



and good understanding is not always associated with high LE.

The FUEL model (Pichora-Fuller et al., 2016) considers motivation as a key factor.
However, it was not measured in our studies. Motivation is a complex construct to
assess, for similar reasons as LE, it is subjective and internally driven (Shields et
al., 2022). Disengagement (see 2.2) may also occur in the most adverse conditions
of listening in SIS or SIN conditions. Nevertheless, the average performance in
our study groups was fairly higher than the chance level, suggesting that, overall,
participants remained engaged even in the most challenging TMR or SNR conditions.

3 Alpha dynamics in SIS and SIN

When analyzing EEG results from designs including multiple factors, there are var-
ious possible approaches. In the present project, several difficulty levels, repre-
sented by TMRs and SNRs, were included in the listening tasks. This allowed the
EEG recording to be examined either as a function of TMR/SNR levels or indepen-
dently of them. Considering the EEG signal from a global perspective, by averaging
across all conditions, provides a general overview of the neural dynamics involved
in complex listening. However, this approach risks diluting condition-specific in-
formation that might reveal finer differences in how the brain adapts to varying
difficulty levels. In the third study (Chapter 8), an additional factor was introduced
with the multiple sessions. For simplicity, only pre- and post-training activities were
analyzed in this report, although the full dataset from all sessions is available for
future analysis.

To test or refine hypothesis H3, it was important to compare alpha activity across
different TMRs and SNRs.

First, regarding the time-frequency domain, both studies 2 and 3 showed that
alpha dynamics in temporo-parietal regions depended on the difficulty level (see
Results 4.2 and 4.1). These statistical differences alone cannot explain how al-
pha oscillations are involved in LE or SI in complex auditory situations. However,
the two studies reproducing similar results, with a larger amount of TMRs in the
second study, resulted in the conclusion that in 90 different participants, alpha ac-
tivity in the temporo-parietal region was significantly impacted by the TMR, starting
around 1000 ms after the CRM onset. As discussed in the Chapter 7, as alpha is
related to neural inhibition of the associated area (Klimesch et al., 2007), we would
have expected to observe more desynchronization of alpha, meaning a decrease
of power, with increasing difficulty. However, the time-frequency results in both
studies showed opposite results, with increase of alpha power in difficult listening
situations.

Independent Components

In both studies, we followed Makeig (1993) and Wisniewski and Zakrzewski (2023),
suggesting the use of IC analysis to look at the data from a different angle. The
results confirmed that alpha-band dynamics arise from multiple neural sources.
In particular, temporal and parieto-temporal IC clusters were identified, potentially
corresponding to tau and mu subtypes of alpha activity within the motor and audi-
tory cortices. In addition, when examining the ERSPs associated with these compo-
nents, distinct patterns of alpha power modulation were observed in both studies,
supporting the idea that these sub-alpha sources may reflect different cognitive or
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sensory processes engaged during complex listening.

We provide here another evidence that IC clusters that showed topographic left
or right temporal activation and associated ERSP with desynchronization of alpha
oscillations (i.e., a decrease of alpha power) could be related to tau rhythms de-
scribed in the literature. Similarly, IC clusters that showed topographic left or right
temporo-parietal activation and which associated ERSPs showed increased synchro-
nization of alpha oscillations, represented by an increase of alpha power, could be
related to mu rhythms described in the literature.

When observing these temporo-parietal and temporal IC clusters across the dif-
ferent SNR or TMR levels (see 4.3), we saw that there are some significant differences
across difficulty levels. Regarding the literature, we would have expected that the
temporal IC clusters, supposed to be related to tau rhythms, would have shown an
increase of ERD, meaning a decrease of alpha power, with increasing difficulty, and
in opposition, the temporo-parietal, supposed to be related to mu rhythms, would
have shown an increase of ERS with increasing difficulty.

In the SIN scenario, small but significant differences were observed between
the ERSPs of temporal and temporo-parietal IC clusters across SNRs (see Figure
10.3). Similar to the ERSP results associated with the time-frequency dynamics
(see Figure 10.2), these differences occurred around 1000 ms after CRM onset and
were localized in the alpha frequency band.

In the SIS scenario, a significant difference of power between TMRs was ob-
served for the left temporal IC cluster only (see Figure 10.4), and surprisingly, these
ERSPs showed an increase of alpha power activation, suggesting we might have
over-interpreted this IC cluster as tau-related.

Concerning the training effects, pre-post comparisons across all TMRs showed
us that a significant difference was present regarding the ERSPs associated with
the left temporal IC cluster. This significant difference was present for the CRM-
trained group but not for the control group. We could suggest that the repetition
of an auditory task may have increased the supposed auditory-alpha activity in the
brain area related to this IC cluster. No such difference was observed for the left
temporo-parietal IC cluster. As we supposed, this last IC cluster was associated
with mu somatomotor activity, the absence of difference is not surprising and even
consolidates the suggestion we made considering the left temporal IC cluster.

Methods Following Wisniewski et al. (2024) recommendations, tau-like temporal
and mu-like temporo-parietal IC clusters were identified in 98.5% of participants
in our studies. However, regarding the associated localized sources, they note that
"ICs of the tau type are localized along or near the superior temporal plane”, which
was not the case with all of our results of the source localization approach. Despite
this, we observed the characteristic alpha-suppression during sound presentation
for some IC clusters, such as the left temporal IC cluster in study 2 (Chapter 7), for
example. This suggests we may have overlooked some important processing details.

Outliers were included in the ICA and clustering computations, which is not an
optimal practice and should have been done differently. Outliers should be excluded
before computing any processing or analysis. However, they were excluded from the
statistical analyses.

Still, some differences remained in our pipeline. We did not perform dipole local-
ization using dipfit, as we had planned to use Loreta for source localization.Additionally,
for the clustering and ERSPs computing, we included all ICs, rather than selecting



the single IC per subject with the lowest variance rank as suggested. These differ-
ences may have impacted the results. However, sources were extracted using one
component per subject for each cluster. Future analyses will be improved using the
suggested adaptation, with the goals of achieving results more consistent with the
literature, particularly regarding source localization.

Although it cannot be confirmed that tau and mu rhythms were observed, the
left temporo-parietal alpha power increase seen in both studies (see Figures 7.20
and 8.12), which varied significantly across difficulty levels, likely originates from
multiple alpha generators (Lehteld et al., 1997). These sources should be further
investigated in future work. As suggested by previous research (Jenson et al., 2015;
Wisniewski et al., 2024), IC decomposition and the corresponding ERSP analyses
provide valuable insights into auditory alpha rhythms, revealing ERS and ERD pat-
terns during speech listening.

Source Localization

In this project, we attempt to localize the source of IC clusters that we supposed were
related to temporo-parietal and temporal alpha activity. In the second study, genera-
tors in the Brodmann areas 22 and 42 were found for respectively the left temporal
and the left temporo-parietal IC clusters. These sources, located in the superior
temporal gyrus, are well characterized as part of the auditory cortical pathways in-
volved in speech perception and phonological retrieval. They are often referred to
as Wernicke’s area, although their exact functional role remains a matter of debate
(Binder, 2015, 2017). However, in both studies, other located sources were unre-
lated to the expected left auditory cortex or even left IFG potential sources. These
analyses were exploratory, and we suppose we could improve the methodology. Fur-
thermore, the interpretation of source localization is uncertain for auditory alpha
ICs, as discussed by Jenson et al. (2015).

3.1 Microstates

In this project, resting-state activity was recorded at the start of each EEG ses-
sion. This means that in total, we recorded 330 5-minute resting-states, which will
be included in a larger laboratory-wide database that already contains data from
more than 500 participants. The goal of this database is to analyze the microstate
dynamics at rest.

Regarding this project, we had no hypotheses on the relation between resting
dynamics and listening in effortful situations. However, in exploratory analyses, we
extracted and analyzed the microstates’ topographic maps and metrics for the sec-
ond and third studies. The spatio-temporal dynamics of microstates at rest showed
no interesting relationship with LE and SI, nor modification after cognitive training.

The absence of correlation between MS metrics and SI or LE results in both stud-
ies suggests that resting state spatio-temporal dynamics of functional networks may
not directly reflect these behavioral measures. Further analyses could explore the
temporal sequences or even MS during listening tasks. No specific hypotheses were
made regarding MS; the results were presented primarily to illustrate the potential
of this approach and to suggest alternatives to traditional time- and time-frequency
analyses.

Finally, on more fundamental and methodological aspects, we observed that mi-
crostate topographic prototypes are stable across healthy participants (Michel and
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Koenig, 2018), a result that is consistent with the literature. This robust method
deserves further attention for its potential to predict cognitive performance. In par-
ticular, microstate A is often described as the “auditory” microstate, and additional
data and statistical analyses focusing on it could provide further confirmation or
raise critical insights on this topic. Moreover, microstates and IC analyses share
common methods, with the clustering of maps of interest (ICs of GFPs), and their
relation could be a very interesting methodological discussion.

4 Multidimensionality of Listening effort

4.1 IM and EM imply different release strategies

In this project, SIN and SIS complex listening situations were considered, always
involving two streams: a target one and a masker one. In SIN, the masking, con-
sisting of speech-shaped noise, was purely energetic, whereas in SIS, the addition
of a second talker resulted in a combination of energetic and informational mask-
ings. This distinction is important in interpreting the results of our study. It is now
well known that different speech masking types influence speech processing (Peelle,
2022)

In SIN, as the SNR decreases, SI declines and LE increases. In other words, as
the situation becomes more complex, performance drops and effort rises. In SIS,
however, the SI curves show a floor effect at negative TMRs, when the masker talker
is louder than the target. In contrast, subjective LE increases progressively, similar
to SIN, as TMR decreases.

This difference between SIN and SIS can be explained by the nature of the mask-
ing. The presence of additional IM in SIS is mainly responsible for this difference,
and we repeatedly confirmed in this project that SI followed different patterns in SIN
and SIS (Brungart, 2001a). In SIN, decreasing SNR increases the EM progressively.
In SIS however, decreasing TMR creates a situation where listeners can adopt dif-
ferent strategies and can use clues to their advantage in the presence of IM. Some
listeners have similar performance patterns in SIN and SIS, showing a decrease in
SI as TMR decreases. Others seem to use the relative level difference between the
target and the masker voices as a cue. At negative TMRs, when the masker is louder
than the target, these listeners can use this level difference to segregate the speech
streams and select the quieter voice to focus on. Using this strategy, SI can actu-
ally increase at negative TMRs. In contrast, at 0 dB TMR (when target and masker
voices are equally loud) this strategy is no longer available, making this condition
the most difficult one.

Considering these two strategies explains the floor effect observed in SI curves,
particularly in study 1 (see Figure 6.3) and study 3 (see Figure 8.5), where more neg-
ative TMR levels were tested. The study 1 results on individual SIin SIS (see Figures
6.6 and 6.7) illustrate this difference: some participants naturally discovered and
used the level-based strategy, while others did not.

These differences in strategies and effects of EM and IM illustrate how experi-
mental conditions influence performances, and why it is essential to clearly define
the methods used to address hypotheses regarding listening in effortful conditions.

In several ways, it is evident that listening in SIN and SIS conditions is not the
same. It can be assumed that a combination of the two would reveal additional
differences across the various components of complex listening, such as LE and SI,



and their associated neural correlates.

4.2 SI and subjective LE are not the same

In complex auditory situations, the intelligibility of the targeted auditory stream
may require varying degrees of effortful listening depending on the environment,
the talkers, and the listeners’ abilities. This distinction between LE and SI was
consistently observed throughout this project. Whether considering speech under-
standing in SIN or SIS conditions, or the relationships with EFs, SI and subjective
LE tend to show different patterns. Differences were even found in their relations
with Microstates (see 2.3 and 2.3 in Appendix). Moreover, conclusive results of-
ten centered on SI. The high variability of reported LE, combined with the use of
restricted scales (as discussed previously), may partly explain the limited conclu-
sions regarding subjective LE and further support the need for objective assessment
tools to measure LE.

4.3 General Domain

LE is a multidimensional construct; no single measure can fully capture it, and
different complementary methods should be used Alhanbali et al., 2019. High-level
cognitive functions, particularly EFs, play a crucial role in speech processing under
challenging conditions (Rudner and Signoret, 2016). In complex auditory environ-
ments, such as multi-talker scenarios, inhibitory control allows listeners to sup-
press irrelevant auditory streams and focus on the target talker. In this project this
relation was explored in order to propose further interventions aiming to decrease
LE in multi-talker situations.

The Stroop task, often used to index inhibition, reflects conflicts at both the
stimulus and response levels van Veen et al., 2001, similar to the dual demands
placed on listeners during speech-in-speech situations. Also, neuroimaging evi-
dence highlights the left IFG as a key region supporting domain-general cognitive
control processes that resolve conflicts in both language and executive tasks, sug-
gesting overlapping mechanisms between LE and inhibitory control or EFs Novick
et al., 2010.

Furthermore, behavioral and neural measures of LE, including EEG alpha dy-
namics, provide complementary insights, as alpha synchronization and desynchro-
nization have been associated with inhibitory processes and effortful listening. Taken
together, these findings indicate that variations in EF, particularly inhibition and
updating, may partly explain individual differences in LE and SI, emphasizing the
interdependence of cognitive control and auditory perception in challenging listen-
ing conditions.

5 Electroencephalography

5.1 The EEG data

EEG data can be analyzed in many ways, leading to various ways to look at the
data. Itis crucial to choose analysis methods that align with the cognitive processes
being studied. In our studies, participants listened to speech presented for a few
seconds. For this reason, we focused on time-frequency analyses and, based on
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recent studies and suggestions (Wisniewski and Zakrzewski, 2023), employed ICA
to separate meaningful components of the signal.

Research using EEG often faces challenges related to the comparison of analysis
pipelines. From one study to another, methodological differences can be substan-
tial, and even slight variations may lead to large discrepancies in results and in their
interpretation. In 2024, EEG celebrated its 100th anniversary as a tool for measur-
ing electrical brain activity. On this occasion, Mushtaq et al. (2024) surveyed EEG
researchers about current practices and future needs. One of the requests con-
cerned the standardization of preprocessing and analysis pipelines, showing the
need for more consistency and reproducibility in EEG research.

In this project, we decided to focus our interest on alpha oscillations, knowing
that other frequency bands are described as potentially related to LE and SI and
would be the center of further investigations. For example, frontal midline theta
is associated with working memory during listening in complex auditory situations
(Wisniewski et al., 2018). Additionally, other techniques such as event-related com-
ponents P300 and N100 (Obleser and Kotz, 2011) or neural tracking, illustrating
the relation between the EEG signal and the speech envelope (Ershaid et al., 2024;
Muncke et al., 2022), have shown some sensitivity to listening effort.

6 Limits

Across the studies of this project, several limitations emerge that should be consid-
ered when interpreting the results and planning future work.

6.1 Participants

In total, 141 participants were included in this project (63 women, 77 men, 1 other,
mean age = 25.7 + 4.5 years). Regarding age, the sample is not representative of the
general population. A key inclusion criterion required participants to be younger
than 40 years old. This restriction considerably reduced the eligible population
but was necessary to prevent potential decreases in hearing sensitivity related to
natural aging of the auditory system.

Sample size and participant characteristics can influence the robustness of the
findings. In particular, study 3 included fewer participants (60) than initially planned
(90), which limited the statistical power to detect potential transfer effects of inhi-
bition training.

Another limitation concerns the potential inclusion of participants with HHL. In
this project, individuals were included in the studies based on standard audiometric
criteria (auditory threshold < 20 dB), which do not detect HHL. Consequently, some
participants with undiagnosed HHL may have been included, which could influence
behavioral and electrophysiological measures in complex auditory situations. In-
dividuals with HHL might exert greater effort in less challenging conditions com-
pared to non-HHL participants, and may disengage more quickly in highly adverse
situations. This limitation is partly unavoidable, reflecting real-world population
variability, but future studies could benefit from incorporating diagnostic tools for
HHL to better characterize participants or create specific subgroups depending on
the research questions.



6.2 Cognitive Training

In this project, we tested the effects of cognitive training on the short term, and
longer-term assessments could provide more generalizable conclusions with poten-
tial practical applications. It is also important to note that training focused on a
single target task does not necessarily generalize to the broader cognitive function
it aims to enhance. Also, individual differences further complicate outcomes, as
participants vary in baseline cognitive abilities, strategies, and responsiveness to
training, which can influence whether training effects are observed (Katz et al.,
2021.

Furthermore, the effectiveness of cognitive training remains debated in the lit-
erature (Gobet and Sala, 2023; Simons et al., 2016) and should be interpreted with
caution and scientific rigor. It is important to adhere to scientific conclusions, as
misinterpretation or overgeneralization of results can lead to misunderstanding and
inappropriate applications.

6.3 EEG data quality

EEG is challenging to analyze for a non-exhaustive list of reasons. Interferences are
sources of problems regarding the recorded signal: participants can move, yawn,
clench their jaws when concentrating, or scratch their faces. Electrode issues can
also occur, such as broken connections or poor contact with the scalp, which some-
times produce unusable recordings. Unexpectedly, some sessions may have nearly
perfect data, while others resemble recordings during a magnitude 7 earthquake.
Furthermore, participants differ in head size, shape, hair type, and sensitivity to
the gel syringe, making it essential to allocate sufficient time to cap installation.
Subtle aspects of EEG setup, including gel type and temperature, cap sizes, how
experienced the experimenter is, or even electrode cleaning techniques, are rarely
reported or discussed in research articles, yet they can substantially influence data
quality.

6.4 Methodological choices

In this project, several methodological aspects of the experimental designs were
informed by the findings of previous studies of the project. The use of a French
corpus for studies 2 and 3 was validated by the results of study 1, and the choice of
the Stroop task as an inhibition training paradigm in study 3 was based on study
2. However, this approach was not without its limitations. The cognitive training
based on the Stroop task did not produce the expected training effect, which would
have allowed us to confirm or challenge hypothesis H4 and answer question @4 of
this project.

This supports that, beyond methodological validation, a thorough literature re-
view is essential when designing experimental paradigms. As discussed in study
3, inhibitory control can be trained using tasks such as the stop-signal or go/no-
go paradigms, while the use of the Stroop task has produced more controversial
results.

EEG analyses across studies were also constrained. While ICA decomposition
and time-frequency analyses revealed promising insights, limitations in IC clus-
tering, unequal IC contributions across participants, and the inability to perform
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full three-way ANOVAs with the EEGLAB study plugin restricted statistical compar-
isons.

7 Perspectives

Future studies and analyses could address these limitations in several ways.

First, several additional analyses could be conducted using the data already
collected in this project, particularly from the training sessions of study 3. In both
study 2 and study 3, the Stroop task error rate could be analyzed to provide more
qualitative insight into participants’ inhibitory control performance.

EEG data also provide a wide range of unexplored possibilities, such as investi-
gating EF electrophysiological activity and its relation to the potential neural corre-
lates of LE.

Further analyses of resting-state, and why not in-task, microstates could be
made, using more advance analysis types or using the The ArsQ results (see section
1.5 in Chapter 5).

More precise source localization, examination of tau and mu components, and
advanced statistical analyses (e.g., LIMO EEG for multi-factor ANOVAs) could refine
understanding of the neural mechanisms already explored in this project. Further
analyses regarding ERSPs between TMRs or SNRs could also reveal interaction be-
tween alpha dynamics and difficulty in SIN and SIS.

Moreover, exploring correlations between the EEG results and behavioral data
would be crucial for the exploration of effortful speech understanding. The relation
between subjective LE and alpha dynamics, especially regarding the ICs results,
would help clarify how this frequency band is related to speech understanding in
effortful conditions. Interaction between alpha vs. subjective LE TMR/SNR or alpha
vs. subjective LE training sessions would add great insights to this project.

Beyond the current dataset, future experimental protocols could expand the
range of SIN and SIS levels (with a larger TMR/SNR range) to provide a more com-
prehensive understanding of how EFs, especially inhibition, support speech under-
standing in adverse listening conditions. The use of different noise types, more than
two simultaneous talkers, or other corpora could also show complementary results
to this project. Cognitive training design could also be refined by using alternative
or combined inhibitory control tasks (e.g., go/no-go, stop-signal, or auditory Stroop
tasks), which may enhance training efficacy and enable more reliable transfer ef-
fects on speech intelligibility and listening effort.

Finally, the analysis pipeline developed during this project provides a foundation
that could be reused and improved in future work, supporting both replication and
methodological advances in the study of speech understanding in effortful environ-
ments.
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Conclusion

This manuscript presents a behavioral and electrophysiological investigation of speech
listening in effortful situations. Three studies in this project addressed questions
about listening in complex auditory environments, the impact of using a native lan-
guage corpus, its relationship with executive functioning, and the possibility of im-
proving it through cognitive training. A central aim of this project was to investigate
EEG alpha brain dynamics during listening in such situations.

Behavioral analyses of speech perception in noise or multi-talker situations al-
lowed us to answer the scientific questions asked at the start of this project. We val-
idated the hypothesis that using a native language positively influences speech in-
telligibility and listening effort, particularly under adverse conditions. Additionally,
we observed a positive correlation between speech understanding and inhibitory
control, as measured by the Stroop task, in adverse conditions. And finally, the
cognitive training of speech understanding task induced increased intelligibility and
decreased listening effort.

Regarding electrophysiological activity, we confirmed that alpha-related processes
are involved in listening in effortful situations and that multiple neural generators
contribute to this activity.

In conclusion, listening effort constitutes a critical factor in oral communica-
tion and should be explicitly considered when investigating speech perception and
understanding. By investigating and measuring it through both objective and sub-
jective methods, we can better capture its multidimensional nature. Furthermore,
speech research on such topics and their related applications in clinical settings
has the potential to improve the understanding and quality of life of individuals
with hidden hearing loss or other misdiagnosed auditory impairments.
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Appendix

1 Audiometry of each Study

Study | All Frequencies < 2500 Hz 2500 Hz

First Study (n=51) -3+£82 -1.1+6.8 4.9+3.6
Second Study (=30) -9+83 -1.9+£6.7 6.3%13.7
Third Study (n=60) 1.5+ 10.6 1.0+£99 4.7+124

Table 10.1: Audiometric measure for each study. Mean * sd hearing level for all
frequencies (.25, .5, 1, 2, 4, 6, 8 kHz and 12.5 kHz ), medium frequencies (< 2500
Hz) and high frequencies (2500 Hz)

2 Second Study

2.1 Power Calculation for the second study

Spearman Correlation : R =0.52, p = 0.0065

28)

0.5

0.0

Executive Functions Z-Score (n

-1.0

50 60 70 80 90
Mean score for adverse situation (TMR) (RAU)

Figure 10.1: Correlation between EF Z-scores and scores and intelligibility in ad-
verse situation (TMR). Calculated on 28 participants from the first study that per-
formed the EF tasks in an independent external study?
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2.2 IC clusters ERSPs per TMR/SNR
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Figure 10.2: ERSPs for each SNR condition for the left and right temporal indepen-

dent component clusters in the SIN condition.
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Figure 10.3: ERSPs for each SNR condition for the left and right parieto-temporal

independent component clusters in the SIN condition.
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Figure 10.4: ERSPs for each SNR condition for the left parieto-temporal and left
and right temporal independent component clusters in the SIS condition.
2.3 Executive Functions and Microstates in SIN and SIS

Microstates

Microstates with 4 to 7 clusters (k) were extracted using the microstates pipeline
described in Section 3.2 in the Chapter 5, the prototypical maps are presented in
Figure 10.5.

90666049

Figure 10.5: Microstates topographical group maps for k =7.

Metrics

The microstates metrics for closed eyes resting state and k=7 are presented on the
Table 10.2.
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L

MS  Coverage Duration Occurrence
A 1.78 £ .49 60.19 £5.79 .11 £.03
B 244+ .6 67.86=*10.53 17 £ .07
C 3.22+ .45 78.11 +12.99 .25+ .07
D 2.36 + .67 64.38 £ 7.1 .16 £ .06
E 231+.7 65.34 + 9 .15+ .06
F 1.22 £ .51 54.63 +4.29 .07 £.03
G 1.53 + .42 58.21 + 3.69 .09 £ .02

Table 10.2: Microstates (MS) mean and standard deviation of metrics for k = 7

Correlations with Speech Intelligibility

Coverage The Pearson correlations between microstates coverage and SI for each
SIN and SIS level level are presented in Figure 10.6, with the p-value and the r
reported for each correlation.

Significant correlations were observed between SI in SIN condition at -3 dB SNR
and coverage of microstates C (p < .01, = —.55) and G (p = .04, = .39). No other
significant correlations were observed.
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Figure 10.6: Pearson correlations between Microstates (k=7) coverage and SI (RAU)
in SIN and SIS. In white, the significant correlations.

Occurrence The Pearson correlations between microstates occurrences and SI for
each SIN and SIS level are presented in Figure 10.7, with the p-value and the r
reported for each correlation.

Significant correlations were observed between SI in SIN condition at 3 dB SNR
and occurrence of microstates C (p < .01, = —.55) and F (p = .04,r = .38). No other



significant correlations were observed.
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Figure 10.7: Pearson correlations between Microstates (k=7) occurrence and SI
(RAU) in SIN and SIS. In white, the significant correlations.

Duration The Pearson correlations between microstates durations and SI for each
SIN and SIS level are presented in Figure 10.8, with the p-value and the r reported

for each correlation.

A significant correlation was observed between SI in SIN condition at 3 dB SNR
and duration of microstates C (p = .04, = —.38) and microstates D (p = .04, = .38).
At -9dB SNR, a significant correlation was observed with the microstates D (p =
.01, = .46) and the microstates G(p = .04, = .39). No other significant correlations

were observed.
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Figure 10.8: Pearson correlations between Microstates (k=7) duration and SI (RAU)
in SIN and SIS. In white, the significant correlations.

Correlations with Listening Effort

The Pearson correlations between microstates metrics at k=7 and LE for SIS and
SIN showed significant results between the coverage of microstates A and LE at - 9
dB TMR (p = .04, r = —.38), and between the duration of microstates A and LE at - 9
dB SNR (p = .04,r = —.39) as well as 3 dB TMR (p = .04, = —.38). No other significant
results were observed.

3 Third Study

3.1 Inhibition Training

Comparison of Arrow Stroop performances after one repetition of the task between
the control and the inhibition-trained group. To do so, we compared the time reac-
tions of the conditions (congruent, incongruent, and control) using the first session
performances of both groups and the post-training session for the control group and
the first training session for the inhibition-trained group. The three-way ANOVA (see
Table 10.3) revealed no interaction between group x session x condition. A group
x session interaction was observed and is represented in Figure 10.9 with post-hoc
results.



Appendix ()

Arrow Stroop Session e First ® Second

0.641 T

0.62 ®

o
o
e
I
I

Reaction Time (s)
2

0.561

0.541

Control Inhibition-trained

Group

Figure 10.9: Mean Arrow Stroop reaction times (s) with 95% confidence intervals
for all Arrow Stroop condition (congruent, incongruent, control), in control and
inhibition-trained groups, across the first and the second session of the Arrow
Stroop. For the control group, the second session corresponds to the post-training
session, for the inhibition-trained group, to the first training session (Day 3).

Df F 77% p — value
Group 1 44 .01 .b127
Ses 1 393 .51 < .001
Group:Ses 1 .06 .00 .8019
Condition 2 141.6 .79 < .001
Group:Condition 2 .22 .01 .76
Ses:Condition 2 29 .07 .0640
Group:Ses:Condition 2 .08 .00 .92

Table 10.3: Three-way ANOVA on reaction times, with Arrow Stroop Condition (con-
gruent, incongruent, control), Session (first vs. second Arrow Stroop session), and
Group (inhibition-trained vs. control), as factors.
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3.2 Training - Speech Intelligibility
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Figure 10.10: Mean speech intelligibility (% correct responses) with 95% confidence
intervals for the three training groups (Control: blue; Inhibition: green; CRM: or-
ange) across each session.

3.3 Training - Subjective Listening Effort

Listening Effort (ESCU)
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Figure 10.11: Mean subjective listening effort (ESCU) with 95% confidence intervals
for the three training groups (Control: blue; Inhibition: green; CRM: orange) across
each session.
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3.4 Cognitive Training Time Frequency Analyses
Pre-Training Topographies and ERSPs per TMR per Group
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Figure 10.12: Topographical maps of mean alpha power (8-12 Hz; baseline-
corrected) over the 0-2000 ms time window (0 = CRM sentence onset) in pre-training
session, for each group. The right panels show the p-value map indicating signifi-
cant differences between TMRs.
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Figure 10.13: Time-frequency representations (ERSPs) showing the Session Xx

Group (Control, CRM) interaction in the ROI (T7, C5, C3, P7, P5, P3, TP7, CP5,
and CP3) in the pre-training session, for each group. The right panels show the

p-value map indicating significant differences between TMRs

3.5 Microstates

Maps

Microstates prototypical maps, on the session level, for closed eyes resting state with
7 clusters (k) were extracted using the microstates pipeline described in (METHOD)
on the session and group levels. The prototypical maps of the study are presented

in Figure 10.14.

Metrics

The microstates metrics for closed eyes resting state and k=7 are presented on the
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Figure 10.14: Prototypical maps (k=7) MS for the whole Study

Tables 10.4 and 10.5.



MS Occurrence Duration Coverage
A 1.79 + .51 63.5+7.4 11 +.04
B 236+.59 69.98+13.17 .17 +.06
C 319+ .48 87.61+19.81 .28+.08
D 1.86 + .67 63.18+8.98 .12+ .06
E 216+x.59 6853+11.47 .15%.06
F 1.25 + .42 57.1 £5.63 .07 +.03
G 1.52 + .52 60.7£7.48 .09+ .04

Table 10.4: Microstates metrics of Pre-training Session (mean * SD) for k =7

MS Occurrence Duration Coverage
A 1.82+.49 63.58+7.71 .12+ .04
B 2.25+.53 68.64+10.92 .16+ .05
C 317+x.49 86.1+18.62 .28+.08
D 1.97 £ .62 64.25+853 .13+.05
E 218+x.62 6894+11.75 .15+.06
F 1.37+ .48 5878+7.39 .08+.03
G 1.46 + .53 59.25+6.96 .09+ .04

Table 10.5: Microstates metrics of Post-training Session (mean + SD) for k = 7

No first-order group x session interactions were observed when computing three-
way ANOVA for each metric (Coverage, Duration and Occurrence). The ANOVA tables
can be found in Annexes.
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Cognitive Training Microstates ANOVA Table

Coverage

Df: degrees of freedom, F: F-test value, 72: partial eta squared

DF F 772% P

Session 4 0 0 1

Microstates 6 439 .6 <.001

Group 2 6 0 1

Session:Microstates 24 .351 .004 .99
Session:Group 8 .17 0 1
Microstates:Group 12 1.07 .01 .381
Session:Microstates:Group 48 .217 .01 1

Table 10.6: Three-way ANOVA for MS (k=7) on Coverage for Session x Group x
Microstates

Occurrence
Df: degrees of freedom, F: F-test value, 72: partial eta squared
DF F 771% P
Session 4 .15 .0003 .96
Microstates 6 364.21 B3 <.001
Group 2 6 .01 .003
Session:Microstates 24 .37 .01 1
Session:Group 8 .17 0 .99
Microstates:Group 12 1.11 .01 .34
Session:Microstates:Group 48 .20 .01 1

Table 10.7: Three-way ANOVA for MS (k=7) on Occurrence for Session x Group x
Microstates

Duration

Df: degrees of freedom, F: F-test value, 72: partial eta squared

DF F n p

Session 4 .21 .0003 .0004
Microstates 6 199.5 .38 < .001
Group 2 9.89 .01 <.001

Session:Microstates 24 .24 .003 1
Session:Group 8 287 .001 .97
Microstates:Group 12 .98  .006 .46
Session:Microstates:Group 48 .004 .01 1

Table 10.8: Three-way ANOVA for MS (k=7) on Duration for Session x Group x
Microstates









Investigation and mitigation
of listening effort:

an electrophysiological
and behavioral approach.

Oral communication is at the center of human interaction, and when the au-
ditory scene becomes challenging, listening effort, defined as the "deliberate allo-
cation of mental resources to overcome obstacles in goal pursuit when carrying
out a task” (Pichora-Fuller et al., 2016), varies across individuals. In this project,
we investigated listening in effortful auditory environments using both behavioral
and electrophysiological approaches. Three experimental phases were conducted:
(1) behavioral assessment of speech intelligibility and listening effort in native and
non-native speech-in-noise and speech-in-speech conditions (N=51); (2) exploration
of the relationship between executive functions and speech listening in challenging
conditions, along with investigation of EEG alpha dynamics during effortful listen-
ing (N=30); and (3) cognitive training targeting inhibition to improve intelligibility
and reduce listening effort, and evaluation of its effects on alpha dynamics (N=60).
Behavioral results showed that using a native language enhances intelligibility and
reduces listening effort, inhibitory control correlates with performance in the most
adverse condition, and cognitive training improves speech perception while decreas-
ing effort. EEG analyses confirmed the involvement of alpha oscillations with di-
verse neural generators during effortful listening. These findings emphasize the
multidimensional nature of listening effort and its critical role in communication.
Furthermore, they support the potential of cognitive interventions to mitigate listen-
ing challenges, with implications for clinical populations such as individuals with
hidden hearing loss.
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