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Abstract

Oral communication is at the center of human interaction, and when the audi-
tory scene becomes challenging, listening e [arit, 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 e Landtful auditory environments using both behavioral
and electrophysiological approaches. Three experimental phases were conducted:
(1) behavioral assessment of speech intelligibility and listening e Lorit 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 e Laritful listen-
ing (N=30); and (3) cognitive training targeting inhibition to improve intelligibility
and reduce listening e Lart, and evaluation of its e [edts on alpha dynamics (N=60).
Behavioral results showed that using a native language enhances intelligibility and
reduces listening e Lark, inhibitory control correlates with performance in the most
adverse condition, and cognitive training improves speech perception while decreas-
ing e Larit. EEG analyses confirmed the involvement of alpha oscillations with di-
verse neural generators during e Lorkful listening. These findings emphasize the
multidimensional nature of listening e Lart 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
a ected by interferences that degrade its quality. Whether these disruptions come
from the listener, the acoustic environment, or the speaker, they can create di -
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 e ort to understand a speaker. This speci c e ort, called listening
e ort, is the key concept of this PhD project. Although it is widely studied and de-
scribed, listening e ort remains di cult to measure, which makes its investigation
challenging.

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

Listening e ort can be assessed in di erent 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 e ort, while physiological recordings may provide more objective data. Among
the various physiological measurement tools, electroencephalography o ers a non-
invasive, high temporal resolution approach to measuring brain activity during lis-
tening. However, there is still no consensus on speci ¢ neural markers of listening
e ort, 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. Di erent
patterns of neural activity have been identi ed as potential indices of listening e ort,
such as alpha oscillations. The dynamics of these oscillations could be related
to listening e ort, and this project aimed to deepen our understanding of these
mechanisms.

Therefore, we investigated listening e ort from both behavioral and electrophys-
iological perspectives. First, an examination of the existing literature, exploring the
auditory scene and how listening e ort is de ned (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 nally we investigated cognitive training and its potential transfer e ects to
listening in complex auditory situations (Chapter 4).

The main objective of this project was to better understand di erent aspects
of listening in e ortful 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 e ort with cognitive training, aiming to observe
how such an intervention could a ect challenging speech perception.

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



Questions and Hypotheses

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

H1: The use of a native language would positively in uence Sl 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 e ort.

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

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

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

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

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

H5: Cognitive training would impact alpha dynamics di erently 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 e ort 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 e ortful listening with an electrophysiological approach.

(N=30)

Cognitive Training Implementation of cognitive training to mitigate listen-
ing e ort in speech-in-speech conditions, using di erent 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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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 e ort, which lies at the center of this project, is de ned, and di erent
approaches to its measurement are presented. Finally, the chapter addresses
the importance of studying listening e ort for real-life issues such as hidden
hearing losses.



Complex auditory scene

1 Complex auditory scene

1.1 The auditory scene

Like in a theater, a complex auditory situation can be imagined as a stage with
di erent 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 di cult to explain (Middle-
brooks et al., 2017).

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 di erent sources. This can depend on di erences in pitch, timbre,
onset times, or spatial cues. Linguistic features, familiarity with voices, and even
accents also in uence 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
ow of communication from the speaker's thoughts to sound production,
transmission as sound waves, and perception by the listener. In the present
manuscript, we brie y 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 o ces, 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 e ect" in a simple experiment with two simultaneous talkers.
In multi-talker situations, this e ect 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 trac. Despite the constant complexity of such
auditory scenes, listeners continuously engage cognitive processes to maintain au-
ditory focus, sometimes without conscious e ort. However, when the complexity
exceeds a certain level, comprehension di culties arise. At some point, as audi-
tory challenge increases, so do the engaged cognitive resources; this speci c e ort
is called listening e ort (LE) and is the topic of the next section.

2 Listening E ort

2.1 Description and de nition

We tend to forget that our auditory system is constantly active, allowing us to hear
and listen without conscious e ort. However, the auditory scene can become more
complex, making it dicult to understand speech. In such situations, the lis-
tener must adapt the exerted e ort 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 pro ciency) (Peelle, 2018). These factors make LE challenging to de ne,
measure, and study. Although research on the topic is extensive and multiple au-
thors suggest de nitions according to their framework or gaze on the subject, there
is currently no clear and consensual de nition of it. Nonetheless, the set of existing
de nitions allows us to outline a conceptual framework.
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Depending on the authors, LE may be de ned from di erent perspectives. For
instance, McGarrigle et al. (2014) described it as the "mental exertion required to
attend to, and understand an auditory message". This de nition, 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 speci city, 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 unigue 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 E ortful Listening), which is one of the
most widely cited and adopted de nition 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 di erence,
he underscored the in uence 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 di erent processes.

Frameworks and de nitions 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 de nitions,
LE is viewed as a conscious allocation of resources by the listener.

Listening E ort

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

2.2 Motivation, engagement, and e ort

Listening e ort is a multidimensional and dynamic concept in uenced 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 e ective perception. Conversely, in situations with no auditory challenge, the per-
ception and interpretation of speech occur automatically and e ortlessly. 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 e ort. When listeners perceive that the costs of listening outweigh the bene-
ts, 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 e ort 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.

Figure 1.2: Framework for Understanding E ortful Listening Model (FUEL), illus-
trating e ort 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 re ne 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 ( exible) 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 e ort.
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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 e ort is often described as the amount of engagement a listener ap-
plies to the task; when task demands increase, greater e ort is required, leading to
increased e ort investment (Richter, 2016). This distinction between listening de-
mand (task di culty) and LE (amount of mobilized cognitive resources) underscores
that motivation plays a central role. The very use of terms such as "investment",
"cost”, or "bene ts" re ects the idea that motivation is an important underlying
factor that a ects both LE and speech intelligibility.

By distinguishing between the subjective experience of listening di culty and
the cognitive processes involved in e ortful listening, the MoLE helps clarify some
confusion regarding the various de nitions of LE in the literature. Although some
authors de ne LE as the subjective perception of di culty (Johnsrude and Rodd,
2016; Krueger, Schulte, Zokoll, et al., 2017), others view it as the mental act of
investing e ort (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 ve categories of motivation in experimental
LE research: nancial 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
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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 quanti ed as the percentage of correct responses.

It has been shown that S| performances and LE are not always related and can be
independent (Strauss and Francis, 2017; Winn and Teece, 2021). Thus, the amount
of cognitive e ort a listener allocates does not necessarily predict their intelligibility.

In some conditions, speech may be highly intelligible with minimal e ort; in others,
even intense e ort 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 oversimpli es 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 re ect the
full demands of natural language processing. Strauss and Francis (2017) emphasize
that LE should be investigated as a distinct construct from Sl.

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

2.4 Individual di erences

Considering the aforementioned factors, individual di erences may also result in
di erent 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 Sl (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 e ort in certain conditions, depending on the
type and severity of the impairment (Holman et al., 2021). However, LE and SI
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still vary signi cantly among listeners in adverse conditions, regardless of hearing
status.

Therefore, pure tone audiometry is not su cient 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 di erences of Sl 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
di erences? In a review of 20 studies, Akeroyd (2008) showed that the impact of
hearing loss on Sl 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 di erences in LE may also be explained by brain mechanism
processes. Francis et al. (2021) proposed that physiological measures may re ect
how e ectively listeners engage cognitive systems, and that individual di erences
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 di erences. Understanding the underlying cognitive and
neural factors driving these di erences is therefore useful.

Top-down and Bottom-up Processes

Perception can be in uenced 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 in uence
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 in uence how sensory infor-
mation is interpreted, meaning that perception and behavior are largely deter-
mined by cognitive frameworks and conceptual understanding.

Figure 1.5: Top-down and Bottom-up processes
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3 Measures of Listening E ort

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 de nition. Of course, the measure of
LE depends on the de nition we decide to keep. When studying such cognitive pro-
cesses, providing a clear de nition of the concept is a step that will strongly impact

the discussions around the results.

Furthermore, di erent 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 in uenced di erently by di erent aspects of LE.

Overall, it has been shown that LE can be measured through di erent 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 Sl in complex auditory situations are often considered alongside LE as-
sessments. However, it is important to clarify that behavioral tasks report objective
performance in Sl 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 Sl.

Generally, Sl 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 di erences 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 de nition 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 Gagn e et al. (2017).

Sl 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 di cult 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 Sl and LE studies are described below. To reduce semantic predictability
and memorization e ects, many studies use structured corpora such as matrix sen-
tence tests with xed syntactic patterns and semantically unpredictable context (see
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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 Il 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 Modi ed 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.

Sl 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 con gurable, 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
di erent 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 Hallgren 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 e ort measures representing its multidimensionality - adapted
from Shields et al., 2022. SRT: speech reception threshold. Sl: 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 E ort Scaling Categorical Units (ESCU) for the self-report of LE.
This scale is composed of 13 levels, including 7 categories labeled from "no e ort" to
"extreme e ort" and 6 non-labeled intermediate categories. A fourteenth additional
category, "only noise" (or "l 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 E ort
Scaling (ACALES; Krueger, Schulte, Brand, and Holube, 2017) was developed to
reduce bias caused by random stimulus presentation and individual di erences.
ACALES controls each response based on previous ratings; depending on the lis-
tener's personal experiences and expectations, individual di erences could a ect
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 di culties 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 modi cations for LE assessment.



Measures of Listening E ort

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 re ecting how e ortful they believe the task should be rather than how e ort-
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 e ort, they may actually be reporting a di erent aspect of their LE experi-
ence. Nevertheless, subjective ratings provide valuable insights into the listener's
personal experience of e ort 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 e ortful listening. These
measures can re ect activity from both the central and peripheral nervous systems.

Neuroimaging techniques such as functional Near-Infrared Spectroscopy (fNIRS),
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 o er indirect insight
into the cognitive demand of listening. These measures are believed to re ect 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 Sl and LE, their respective neural correlates are likely to di er. Neverthe-
less, it is sometimes unclear whether authors are referring to Sl, LE or both.

EEG provides a exible 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 technigues.
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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-
guency 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 (Eqglimi 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
classi er and deep learning procedures (Ding and Simon, 2012, 2014; Mesgarani
and Chang, 2012; Pu ay 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 signi cant 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 re ect increased attentional focus on
speech signals (Dimitrijevic et al., 2017; Obleser and Kotz, 2011; Strau 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 re ecting
di erent 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 re ect 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 ndings have been
observed in non-speech tasks, suggesting that they may not be directly related to
speech-speci c 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 o ering
di erent interpretations.

Alpha waves have been extensively explored in the context of speech intelligi-
bility and listening e ort. 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 e ort in complex auditory situations (Ala et al., 2023; Dimitrijevic et al.,
2017; Hall et al., 2019. This desynchronization may re ect 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, speci cally 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.
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Speci cally, left somatomotor mu rhythms showed enhancements, while left tempo-
ral tau rhythms exhibited suppressions, suggesting that di erent cortical sources
contribute di erently to listening e ort. This dual modulation could explain incon-
sistencies in earlier studies that reported either increased or decreased alpha power
during e ortful listening.

These ndings 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 e ort (Francis
and Love, 2020). Frontal midline theta power increases have been interpreted as
markers of cognitive control and working memory engagement during e ortful lis-
tening (2015, 2017). Wisniewski et al. (2017) demonstrated increases in both alpha
and theta power bands relative to increased di culty and decreases when the task
becomes too di cult.

Despite these advances, the interpretation of electrophysiological markers re-
mains complex. Some indicators (e.g., alpha power, tau components) may re ect
di erent 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 de ne 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 in uenced by several factors, including the characteristics of the sound,
the type of degradation, and individual listener di erences. They concluded that
pupillometry provides a robust and replicable measure of LE. However, because LE
is a multidimensional construct, pupil dilation may re ect 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 ndings across studies remain
mixed. Among these peripheral indicators, skin conductance, or electrodermal ac-
tivity, re ects autonomic nervous system arousal, speci cally sympathetic activa-



Complex Auditory Situations

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 speci city 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-
ect cognitive e ort 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 Subjective, in uenced by
administer captures individual interpretations,
listeners' perception of LE; expectations, personality
can be tailored for wide inter-listener variability
momentary (e.g.,
trial-by-trial) or global
ratings

Behavioral: Direct measure of task Not a LE e ort measure, is

Single task performance. Easy to useful in parallel with other
implement measures

Behavioral: Sensitive to extra processing May not re ect 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 e ects 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 than fMRI Signals sensitive
resolution to scalp blood ow changes

Table 1.1: Summary of listening e ort 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. Itis 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 di erences in physiological reactivity or from methodological vari-
ations across studies. Research protocols may dier 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 con guration, 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, di erent LE measures do not always produce consistent results.
For example, physiological indicators of LE often show weak or no signi cant 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 di erent stimuli.

There are several other explanations for this variability. Some measures may
lack su cient 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 re ect 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 di erent 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

Sl are referred to as adverse conditions (And  eol 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 di erent 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 a ected
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 a ect intelligibility.

Also, these di erent 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), di erent types of adverse conditions place di erent
demands on cognitive resources, and their interaction can signi cantly increase the
LE required.
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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-
guency, de ned 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 2),
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.

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 e ect can operate at di erent 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 e ects of energetic masking
have been compensated for (Cooke et al., 2008). IM engages higher-level cognitive
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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 SlI.

Research studies often manipulate masking conditions to investigate LE and SI.
However, in speech-in-speech (SIS) situations, it is di cult 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 di erence in production between EM and IM is also represented at di erent
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 di erent
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 e ortful, 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 Sl 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 di erence, 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 di erences

For more details, Culling and Stone (2017) provides explanations of the di er-
ent types of EM release, including spatial separation, envelope, uctuations,
and di erences 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 di erent
types of cues depending on the corpus and the focus of the study). The di erence
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 in uenced, 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). Sl also improves when
the target and masker di er 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
speci cally (Brungart, 2001b).

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 Sl 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 di erence between the target talker
and the noise is called signal-to-noise ratio (SNR).

Nomenclature Clari cation

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 di erence 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 (And eol 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 Sl
and LE (And eol et al., 2017; Darwin, 2008). Moreover, when sound sources remain
in xed positions, streams are easier to segregate, allowing the listeners to rely on
spatial cues for e ective 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 di erences. A sound will reach one ear
slightly earlier (interaural time di erence) or louder (interaural level di erence)
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
(Middlebrooks, 2015).

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

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 e ects of stream localization on Sl 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 in uence both Sl 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 Sl. 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, su er from increased EM in SIN conditions (Cooke et al., 2008), as their
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ability to segregate speech is more a ected by the noise.

In SIS conditions, several language con gurations 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 di erent 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 Sl. 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 e ect 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 Clari cation

In this project, we refer to adverse conditions as situations in which listen-
ing di culty is expected to increase, whereas favorable conditions correspond
to situations in which di culty supposedly decreases. Mattys et al. (2012)
de nes 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 e ort

Hearing loss a ects 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 a ected
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-
culty 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 di culties (Pichora-Fuller et al.,
2016).

Hearing di culties are often thought to result solely from frequency de cit and
can be quanti ed with audiometry. However, a signi cant and often overlooked is-
sue involves people who report auditory di culties despite having normal hearing
thresholds on tonal audiometric tests. This issue, known as hidden hearing loss
(HHL), is di cult to detect with conventional tools but can signi cantly a ect every-
day communication and well-being. People a ected by HHL often have di culties
following conversations in groups or in noisy environments, increased sound sen-
sitivity, tinnitus, or hyperacusis.

HHLs are related to a general decrease of Sl 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
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(Mattys et al., 2012; Pichora-Fuller et al., 2016).

Furthermore, although HHL is more frequently observed in older adults, it in-
creasingly a ects 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 o ces, are patrticularly
at risk. Studies show that 5 to 12% of people with normal audiometric thresholds
still report di culty 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 bers (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 rst di cult 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 di erentiate 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 e ort,
closely linked to speech intelligibility, varies between individuals and remains di -
cult to objectively quantify. Although several physiological and behavioral methods
exist to measure listening e ort under experimental conditions, none fully capture
the related cognitive mechanisms, and its de nition is still discussed in the litera-
ture.

Because listening e ort 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 e ort.
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Summary of the chapter

~

The auditory scene is often complex, and listeners experience listening
e ort di erently.

Listening e ort 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 e ort are described, the question of
how the brain is involved arises. Brain research explores the neural basis of
human cognition, investigating how di erent 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 e ort. Additionally, to prepare for the later scientic
contribution using electroencephalography as a physiological measure of lis-
tening e ort, the technique is brie y explained, along with di erent analysis
methods.



Speech and audition perception

1 Speech and audition perception

Why is speech a speci c 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 speci ¢ 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 specic in hearing, please
refer to B. C. Moore (2008).

When processing speech, the brain recruits speci ¢ neural pathways that dif-
fer from those used for general sound perception. While many aspects of
speech processing overlap with other sounds, there are unigue 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).

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
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auditory canal, where it is ampli ed 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, di using 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 lled with perilymph,
while the scala media contains endolymph, a potassium-rich uid crucial for hair
cell activation.

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 bers. These cells lack regenerative capacity; thus, once
damaged or lost, their function cannot be restored, resulting in irreversible

auditory impairment.

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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