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Abstract (English)

Background: Phonological deficits are among the most consistently reported impairments
in Developmental Dyslexia (DD). However, their nature and underlying factors remain debated. One
proposed explanation is reduced acoustic sensitivity to lexical stress, which could hinder
phonological encoding and phoneme access. Yet, empirical findings remain inconsistent, likely due
to methodological variability across studies. Given the frequent cognitive deficits in DD, an
alternative explanation suggests that cognitive mediation may play a central role, with phonological
impairments arising from deficient cognitive mechanisms that restrict access to otherwise spared
phonological representations. Understanding the interplay between phonological processing and
lexical stress sensitivity is crucial for clinical advancements, particularly in both diagnosis and

intervention, and provides key insights into the relationship between spoken and written language.

Objective: This thesis investigated whether lexical stress processing is impaired in DD, leading
to disruptions in segmental processing and phoneme access, or whether phonological deficits stem
from cognitive mediation deficits that restrict access to intact phonological representations. The thesis
focused on the Italian language, which is more transparent and exhibits distinct acoustic cues
underlying lexical stress compared to English—a language that has been more extensively examined
in the dyslexia literature. This contrast offered an opportunity to evaluate the cross-linguistic
generalizability of findings related to dyslexia-associated deficits in lexical stress processing and

phonological processing.

Method: To account for potential developmental compensation mechanisms and age-related changes
associated with adulthood in dyslexia, we recruited two groups differing in their proximity to
adulthood. A total of 40 adolescents with DD and 30 typically developing (TD) adolescents, along
with 28 children with DD and 29 TD children, completed a phoneme monitoring task to
assess implicit acoustic sensitivity to prominence in phoneme identification. Adolescents completed
the task first in Study 1, while children were administered a simplified version in Study 3. Lexical
stress sensitivity was further assessed in adolescents in Study 2 using a sensorimotor synchronization
task, in which participants were instructed to tap in alignment with the perceived beat of spoken
sentences. In contrast, children’s lexical stress sensitivity was evaluated in Study 4 through a
perceptual identification task that required them to distinguish between two Italian minimal pairs
differing in lexical stress along a continuum, such as papa [ 'papa] “pope” vs. papa [pa'pa] “dad”.
Both tasks were selected for their reduced metalinguistic component. Pupillometry was recorded

during phoneme identification in children, as—unlike behavioural measures—it provides an implicit,



objective index of online phonological access by being sensitive to both phonological and cognitive
processing, thereby minimizing false negatives. Despite its potential, this cutting-edge method has
rarely been applied to the study of DD. All participants underwent a cognitive assessment. Comorbid
dyscalculia was retained as an inclusion criterion due to its non-linguistic nature, though it was

controlled for throughout the analysis.

Results: Findings from Studies 1 and 3, which employed phoneme monitoring tasks, indicated
significant group-level differences in the phoneme identification performance across both cohorts,
which could not be explained by inherently fragile lexical stress representations. Conversely,
phonological identification differences between individuals with DD and their TD peers, regardless
of age, appeared to be modulated by cognitive resources. Among TD adolescents, phonological
identification rates were higher when attention-shifting ability was strong and lower when attention-
shifting scores were weak. In contrast, this relationship was not observed in individuals with DD,
whose performance remained consistently low, irrespective of attention-shifting ability. Additionally,
cognitive resources contributed to group-level variations in children's pupillometric responses during
distractor processing in the phoneme monitoring task. Studies 2 and 4 further confirmed the
comparability of lexical stress representations across cohorts. Specifically, both adolescent groups
demonstrated similar alignment to weak and strong syllables in the sensorimotor synchronization task
of Study 2. In parallel, the categorical perception curves for lexical stress observed in Study 4 were

consistent across children.

Conclusion: Overall, this research thesis confirmed that phonological and possibly lexical stress
representations remain intact in individuals with DD throughout late childhood and adolescence.
However, access to these representations appears to be compromised, likely due to an imbalance
between stronger and weaker cognitive resources—an interaction that requires further empirical
validation. Rather than reflecting comprehensive phonological and lexical stress deficits, difficulties
in DD seem to involve specific subdomains of phonological and prosodic competence, further
corroborating the multicomponential nature of these domains, with awareness being highly
interconnected with the cognitive domain. Although interconnected, segmental and prosodic domains
seem to develop independently and exhibit notable cross-language differences, reaching an adult-like
form only in late adulthood. Therefore, the potential contributing factors of language transparency
variability, along with SES and reading exposure, should be considered and incorporated into future

research to better understand their role in phonological processing in DD.



Abstract (German)

Hintergrund:

Phonologische Defizite gehoren zu den am héufigsten berichteten Beeintrachtigungen bei der Lese-
und Schreibschwiche (LSS), doch ihre genaue Natur und die zugrunde liegenden Faktoren sind
umstritten. Eine mogliche Erklarung fiir diese phonologischen Defizite ist eine Beeintrdchtigung der
Sensitivitét fiir den lexikalischen Akzent, die wiederum die phonologische Kodierung sowie den
Zugriff auf Phoneme beeintrichtigen konnte. Allerdings sind die empirischen Befunde hierzu
uneinheitlich, was vermutlich auf methodologische Unterschiede zwischen Studien zuriickzufiihren
ist. Angesichts der haufig auftretenden kognitiven Defizite bei LSS wird alternativ angenommen,
dass kognitive Vermittlungsprozesse eine zentrale Rolle spielen, indem phonologische
Beeintrachtigungen auf Defizite in kognitiven Mechanismen zuriickzufiihren sind, die den Zugriff
auf ansonsten intakte phonologische Repréisentationen einschranken. Das Verstindnis der
Wechselwirkung zwischen phonologischer Verarbeitung und Sensitivitét fiir lexikalischen Akzent ist
entscheidend fiir klinische Fortschritte, insbesondere im Hinblick auf Diagnose und Therapie von
Lese- und Schreibschwierigkeiten, und liefert wesentliche Erkenntnisse liber die Beziehung zwischen

gesprochener und geschriebener Sprache.

Zielsetzung:

Diese Dissertation hatte zum Ziel zu untersuchen, ob die Verarbeitung von lexikalischem Akzent bei
LSS beeintrachtigt ist, was zu Stdrungen in der segmentalen Verarbeitung und beim Zugriff auf
Phoneme fiihren konnte, oder ob phonologische Defizite vielmehr auf kognitive Vermittlungsdefizite
zuriickzufiihren sind, die den Zugang zu intakten phonologischen Reprisentationen einschrianken.
Die Dissertation konzentrierte sich auf die italienische Sprache, die eine hohere Transparenz aufweist
als das Englische und sich durch andere akustische Merkmale im Bereich des lexikalischen Akzents
auszeichnet. Dieser Sprachvergleich bietet die Moglichkeit, die sprachiibergreifende
Generalisierbarkeit von Befunden zu Defiziten in der lexikalischen Akzentverarbeitung und
phonologischen Verarbeitung im Zusammenhang mit LSS zu tiberpriifen. Dariiber hinaus bietet das
Italienische den methodischen Vorteil, dass quantitative Merkmale auf segmentaler sowie auf
prosodischer Ebene als Hinweise auf phonologische Verarbeitungsprozesse und mogliche Defizite
dienen konnen. Letzteres ermdglicht eine kontrollierte, parallele Untersuchung beider linguistischer

Ebenen.

Methode:



Insgesamt nahmen 40 Jugendliche mit LSS und 30 altersentsprechende typisch entwickelte (TD)
Jugendliche sowie 28 Kinder mit LSS und 29 TD-Kinder an der Studie teil. Die Untersuchungen
gliederten sich in vier Studien, die altersgruppenspezifisch durchgefiihrt wurden. In Studie 1 haben
Jugendliche Phoneme identifiziert. Anhand dieser Aufgabe wurde die implizite akustische
Sensitivitét flir Prominenz bei der Phonemidentifikation untersucht. In Studie 2 fiihrten dieselben
Jugendlichen eine sensomotorische Synchronisationsaufgabe durch, bei der sie im Takt mit dem
wahrgenommenen Rhythmus gesprochener Sétze klopfen sollten, um ihre Sensitivitét fiir prosodische
Betonung im Kontext ganzer Sétze zu erfassen. Kinder absolvierten in Studie 3 eine vereinfachte
Version der Aufgabe zur Phonemerkennung, mit der die implizite akustische Sensitivitit fiir
Prominenz erfasst werden sollte. In Studie 4 wurde ihre Sensitivitit fiir lexikalischen Akzent mittels
einer Wahrnehmungsaufgabe erfasst, in der sie zwischen zwei italienischen Minimalpaaren mit
unterschiedlicher Betonung (z. B. papa ['papa] “Papst” vs. papa [pa'pa] “Papa”) entlang eines
Kontinuums unterscheiden sollten. Beide Aufgaben wurden ausgewdhlt, weil die Durchfiihrung
wenig metalinguistisches Wissens erfordern. Wihrend der Phonemidentifikation bei Kindern wurde
zusidtzlich Pupillometrie eingesetzt, um implizit sowohl phonologische als auch kognitive Prozesse
zu erfassen. Diese Methode bietet ein objektives Mal3 fiir den Online-Zugriff auf sprachliche
Reprisentationen und reduziert das Risiko falsch-negativer Ergebnisse. Trotz ihres Potenzials wurde
sie bisher selten im Kontext von LSS eingesetzt. Alle Teilnehmenden durchliefen zudem eine
kognitive Testung. Komorbide Dyskalkulie wurde aufgrund ihres nicht-sprachlichen Charakters als

Einschlusskriterium beibehalten, jedoch in den Analysen kontrolliert.

Ergebnisse:

Die Ergebnisse zeigten signifikante Gruppenunterschiede in der Leistung bei der Phonemerkennung
in beiden Kohorten (Studie 1 und 3), die nicht durch fragile Repridsentationen des lexikalischen
Akzents erklart werden konnten. Im Gegensatz dazu schienen Unterschiede in der phonologischen
Identifikation zwischen Personen mit LSS und ihren TD-Gleichaltrigen—unabhéngig vom Alter—
durch kognitive Ressourcen beeinflusst zu werden. Bei TD-Jugendlichen (Studie 1) waren die
phonologischen Identifikationsraten hoher, wenn die Féhigkeit zum Aufmerksamkeitswechsel stark
ausgeprdagt war, und niedriger bei geringer Ausprigung. Diese Beziehung war jedoch bei
Jugendlichen mit LSS nicht erkennbar, da ihre Leistung unabhidngig von dieser Fahigkeit
durchgehend niedrig blieb. Darliber hinaus trugen kognitive Ressourcen zu den
Gruppenunterschieden in den pupillometrischen Reaktionen wihrend der Ablenkungsverarbeitung in
der Phonemerkennungsaufgabe bei Kindern (Studie 3) bei. Studie 2 und 4 bestitigten zudem die

Vergleichbarkeit der Repriasentationen lexikalischer Betonung.Beide Jugendlichengruppen zeigten



eine dhnliche Ausrichtung auf starke und schwache Silben in der Synchronisationsaufgabe (Studie
2), und auch die kategorialen Wahrnehmungskurven fiir den lexikalischen Akzent verliefen bei

Kindern (Studie 4) konsistent.

Fazit:

Insgesamt bestdtigt diese Dissertation, dass phonologische und moglicherweise auch lexikalische
Akzentreprasentationen bei Personen mit LSS bis ins spéte Kindes- und Jugendalter intakt bleiben.
Allerdings scheint der Zugriff auf diese Reprisentationen beeintrdchtigt zu sein, wahrscheinlich
aufgrund eines Ungleichgewichts zwischen stark und schwach ausgeprigten kognitiven
Ressourcen—eine Interaktion, die weiterer empirischer Untersuchung bedarf.

Anstatt eine umfassende phonologische oder prosodische Beeintrichtigung widerzuspiegeln,
scheinen Schwierigkeiten bei LSS eher bestimmte Teilbereiche der phonologischen und prosodischen
Kompetenz zu betreffen. Dies untermauert die multikomponentielle Natur dieser Doménen, wobei
insbesondere phonologisches Bewusstsein eng mit kognitiven Prozessen verkniipft ist. Trotz ihrer
Wechselbeziehung entwickeln sich segmentale und prosodische Fahigkeiten weitgehend unabhingig
voneinander und zeigen deutliche sprachspezifische Unterschiede—ein ausgereiftes Niveau wird erst
im spéten Erwachsenenalter erreicht. Zukiinftige Studien sollten daher potenzielle Einflussfaktoren
wie Sprachtransparenz, soziodkonomischen Status (SES) und Leseerfahrung systematisch
beriicksichtigen, um ihr Zusammenspiel bei der phonologischen Verarbeitung in LSS besser zu

verstehen.
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1. Introduction

1.1 Developmental Dyslexia: Key Pathways to Phenotypic Variability

Being able to read is essential for success in education, employment, accessing media, and utilizing
social services (Levin-Zamir & Bertschi, 2018; Smith-Spark et al., 2023; Tops et al., 2021). The
acquisition and development of reading is a highly complex task that requires the involvement of
various linguistic, cognitive, and sensory domains and subdomains (Al Dahhan et al., 2016; Ardila et
al., 2010; Bryant & Bradley, 1983; Chiappe et al., 2001; Cotton & Crewther, 2009). Developmental
Dyslexia (DD) is characterized by persistent difficulties in literacy acquisition and development that
cannot be attributed to intellectual disability, inadequate educational and socioeconomic exposure, or
peripheral deficits (American Psychiatric Association, 2022; Andresen & Monsrud, 2022; Cornoldi
& Tressoldi, 2014; Harrison et al., 2021; Sadusky et al., 2022). It is therefore central to understanding
the relationship between spoken and written language, as well as the pivotal domains that sustain this
link. Notably, DD diagnosis typically occurs after the first years of schooling, with its prevalence in
the population estimated to be between 3% and 10% across languages (Barbiero et al., 2019; Miles,
2004; Wagner et al., 2020).

While a growing body of research supports a neurobiological foundation for DD, its precise
etiology remains a topic of debate, especially concerning the pathways that connect its underlying
core factors to the observable behavioral manifestations (Potier Watkins et al., 2023; Wolf et al.,
2024; Ziegler et al., 2020). This connection is further complicated by the substantial variability in the
clinical phenotype of individuals with DD (Giofr¢ et al., 2019; McArthur et al., 2000; Raghuram et
al., 2018; Ramus, Pidgeon, et al., 2003). For example, Ramus et al. (2003) found that 59% of children
aged 8—12 with DD exhibited motor coordination difficulties, though not all of them were affected.
In addition, Giofr¢ et al. (2019) analyzed over 300 children with DD and identified two clearly
differentiated cognitive profiles across participants—one with a higher average IQ of around 113 and
another with a lower average 1Q of approximately 94, highlighting variability within the population.
Furthermore, McArthur et al. (2000) found that 55% of children with DD had comorbid
developmental language disorder, yet a substantial proportion did not exhibit such difficulties.
Likewise, Raghuram et al. (2018) reported that while 79% of the 23 children in their cohort with DD
exhibited deficits in one or more domains of visual function, the remaining children did not show any
such impairments. Overall, these studies indicate that deficits and comorbidities in DD are highly

frequent and span linguistic, sensory, and cognitive domains.
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Beyond individual differences, the DD phenotype appears to be influenced by both age and
language type (Carioti et al., 2021; Danelli et al., 2017; Eloranta et al., 2019; Heim et al., 2008;
Landerl et al., 2013; Martin et al., 2016; Menghini et al., 2010; Snowling, 2003; Ziegler et al., 2010).
For example, several studies suggest that reading skills and associate deficits are more frequent in
children, while a tendency toward compensation emerges in adulthood (Danelli et al., 2017; Eloranta
et al., 2019; Heim et al., 2008; Menghini et al., 2010; Snowling, 2003). Notably, this compensatory
process seems to be mediated by the degree of transparency and orthographic depth of the
environment language (Carioti et al., 2021; Landerl et al., 2013; Martin et al., 2016; Ziegler et al.,
2010), which refers to the degree of correspondence between sounds and symbols in a given language
(Landerl et al., 2013; Ziegler et al., 2010). Specifically, Carioti et al. (2021) systematically reviewed
113 studies on DD published between 2013 and 2021 and found that reading accuracy tends to
become less problematic in adulthood in orthographic systems with a more transparent sound-to-
grapheme relationship (Landerl et al., 2013; Ziegler et al., 2010). Furthermore, Martin et al. (2016)
confirmed through their meta-analysis the presence of brain abnormalities and compensatory
mechanisms that appear to vary between shallow and deep orthographies. For example, in deep
orthographies (DO), such as English, dyslexic underactivation in the left inferior frontal gyrus (pars
triangularis) may reflect greater difficulties with phonological and lexico-semantic processing due to
the reliance on whole-word or exception word reading strategies. In contrast, in shallow orthographies
(SO), like German or Italian, underactivation was more pronounced in the left frontal operculum and
IFG pars orbitalis—regions involved in sublexical phonological decoding—suggesting that dyslexic
readers in SO may struggle more with accessing phonological output representations. Additionally,
overactivation in the left precentral gyrus in SO was interpreted as a compensatory reliance on
articulatory strategies, possibly reflecting greater use of covert articulation due to more consistent
grapheme—phoneme mappings. In DO, overactivation was observed only in the left anterior insula,
which the authors linked to increased cognitive effort and error monitoring during more demanding
reading tasks.

Given the intrinsic variability of the clinical phenotype across individuals with DD, several
multifactorial models have been proposed as alternatives to single-cause explanations (Lorusso &
Toraldo, 2023; Pennington, 2006; Potier Watkins et al., 2023; van Bergen et al., 2014; Ziegler et al.,
2020). However, understanding the developmental trajectories and probabilistic interactions of the
core deficits in DD remains a central focus of research (Lorusso & Toraldo, 2023; van Bergen et al.,
2014; Ziegler et al., 2020). Notably, phonological deficits have been frequently reported in at least
50% of DD samples across studies based on alphabetic languages (Debska et al., 2022; Ramus,
Pidgeon, et al., 2003; Reid et al., 2007; Sprenger-Charolles et al., 2009). This high prevalence has led
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also to the proposal of a potential dyslexia subtype characterized by phonological impairments as a
core deficit (Potier Watkins et al., 2023). Nevertheless, its underlying etiological factors remain a
subject of debate (Ramus, Rosen, et al., 2003; Vandermosten et al., 2010; Virtala et al., 2020; Wolf
et al., 2024). The current thesis contributes to this ongoing discussion by examining the interplay
between phonological deficits and lexical stress impairments at two distinct stages of development—
specifically in children and adolescents with and without DD. By capturing differences between age
groups, the findings may help inform and orient future research on the developmental trajectory of
these impairments. The thesis focuses on Italian, a language with a shallower orthographic depth
compared to English. The fact that most research on DD has centered on English (Sprenger-Charolles

et al., 2009) compromises cross-linguistic generalizations (Share, 2008).

1.2 Phonology and Reading
The term “phonology” refers to the system of sounds in a language and how they are structured and
processed (Wagner & Torgesen, 1987). Phonological abilities encompass a broad set of functions,
ranging from basic speech perception, such as sound discrimination, to higher-level metacognitive
skills involved in manipulating sounds (Wagner & Torgesen, 1987; Welbourne et al., 2018; Wolf et
al., 2024; Ziegler & Goswami, 2005). Infants begin acquiring the speech sounds of their native
language early in life, progressively refining their ability to perceive and categorize phonemes
through exposure to their linguistic environment (Kuhl, 2010; Werker & Tees, 2005). Research
indicates that during the first 6 months of life, infants initially discriminate a wide range of speech
sounds, including those not present in their native language. However, as they gain more experience
with their language, their perceptual system adapts, enhancing sensitivity to native contrasts while
reducing sensitivity to non-native distinctions (Galle & McMurray, 2014; Kuhl et al., 2005). This
process, often referred to as perceptual narrowing (Werker & Tees, 2005), enables infants to gradually
organize speech sounds into language-specific categories between 6 and 12 months of age (Kuhl,
2010; Kuhl et al., 1992). These language-specific categories are commonly referred to as segmental
phonological representations, which are abstract units that encode phonetic and phonemic
characteristics (Fowler, 1991), helping infants differentiate speech sounds into distinct phonemes
(Sutherland & Gillon, 2007). These representations can be described acoustically, for instance in
terms of pitch, loudness, and duration, or articulatory features such as place and manner of articulation
(Goswami 2012).

At the most basic level, they involve the ability to recognize and mentally represent individual
phonemes that make up words. For example, in the word banana, this includes identifying the
sequence of sounds /b/, /o/, /n/, /&/, /n/, /o/. Although infants begin forming phonemes by the end of

between 6 and 12 months of age, the foundational mastery of phonological representations typically
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occurs between 3 and 4 years of age (Goswami, 2012; Goswami, 2019). Well-formed phonological
representations are stable, detailed, and distinct mental constructs that support accurate speech
perception, storage, and manipulation (van der Lely & Pinker, 2014; Sutherland & Gillon, 2007).

Well-formed phonological representations are a prerequisite for the ability to actively
manipulate phonemes. This ability, known as phonological awareness (Treiman & Zukowski, 1991;
Werker & Tees, 1987), involves the conscious manipulation of speech sounds and typically emerges
later in childhood, around the age of five (Carroll et al., 2003). Although the stages leading to the
development of phonological representations and, subsequently, phonological awareness are still
debated (Joseph, 2011; Sutherland & Gillon, 2007), they appear to follow a hierarchical progression
of competencies (Treiman & Zukowski, 1991), where the acquisition of the representations is
necessary for the development of the ability to actively act on them. For example, in the transition
from phonological representations to phonological awareness, children may first recognize
that cat and hat thyme—both ending in the same sound pattern. At a slightly more advanced level,
they might notice that caf and cap share the same initial sound, demonstrating awareness of
alliteration. As their skills develop further, they can blend individual sounds to form the word cat (/k/
/@/ /t/). Ultimately, at the highest level of phoneme manipulation, they might be able to replace the
initial /k/ in cat with /h/ to form hat, showing a flexible and conscious control over individual sounds
(Joseph, 2011). This means that sound mapping progresses from an initial sensitivity to larger
phonological units, such as words and syllables, to the awareness of smaller units like phonemes.
This latter stage is further reinforced by literacy acquisition, as full access to phonemes only emerges
once children are explicitly taught to read and write.

However, the relationship between phonology and literacy is not unidirectional. While literacy
can influence phonology, both basic perceptual phonological representations and phonological
awareness play a crucial role in literacy development, as they support the acquisition of phoneme—
grapheme correspondence rules (Carroll et al., 2003; Castles & Coltheart, 2004; Ehri, 2005; Milankov
et al., 2021; Share, 1995; Ziegler & Goswami, 2005). For example, a child with well-developed
phonological representations can accurately distinguish between phonemes like /p/ and /b/, while
phonological awareness enables them to understand that "bat" consists of three distinct sounds—/b/,
/e&/, and /t/—which correspond to specific letters in its written form. Although mappings underlying
those rules develop with some cross-linguistic variations (Siok & Fletcher, 2001; Ziegler & Goswami,
2005), they represent a universal critical step in achieving fluent and accurate reading skills.
Conversion rules, overall, enable readers to decode written words, facilitating the transition from print
to speech and viceversa.(Carroll et al., 2003; Castles & Coltheart, 2004; Milankov et al., 2021; Siok
& Fletcher, 2001; Stanovich, 2017; Ziegler & Goswami, 2005). Notably, neuroimaging studies have
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shown connectivity between key brain regions involved in integrating sound and grapheme
processing (Price, 2012; Vandermosten et al., 2020).

All the aforementioned studies support the view that phonological and literacy development
are closely intertwined, with phonological representations serving as a foundational basis for the
emergence and acquisition of reading skills (Carroll et al., 2003; Castles & Coltheart, 2004; Ehri,
2005; Milankov et al., 2021; Share, 1995; Stanovich, 2017; Welbourne et al., 2018). This thesis
specifically focuses on the perception of basic phonological representations—namely, phonemes—
and examined how they interact with prosody and cognitive resources in shaping literacy outcomes
in individuals with DD. In so doing, phonemes are distinguished from the representations of lexical
stress. While lexical stress can be regarded as part of phonology (Bros$ et al., 2021), the two levels
are kept distinct in this thesis to better reflect the comprehensive nature of lexical stress and to more

clearly examine its interplay with the perceptual processing of phonemes.

1.3 Phonological Deficits in DD

Given the strong connection between phonology and literacy, it is not surprising that multiple
perceptual phonological skills, specifically concerning phoneme processing, have frequently been
reported as impaired in individuals with DD (Farquharson et al., 2014; Marchetti et al., 2023;
Masterson et al., 1995; Noordenbos & Serniclaes, 2015; O'Brien et al., 2020; Snowling, 1995, 2003;
Tilanus et al., 2013; Vandermosten et al., 2010; Werker & Tees, 2005). For instance, the ability to
discriminate, identify and classify speech sounds into specific categories has been found to be weaker
in individuals with DD (Masterson et al., 1995; Noordenbos & Serniclaes, 2015; O'Brien et al., 2020;
Thomson & Goswami, 2010; Vandermosten et al., 2010; Virtala et al., 2020; Werker & Tees, 1987).
Vandermosten et al. (2010) tested 62 Dutch-speaking adults (31 with DD and 31 typically developing
readers, matched for age, gender, and education) in a phonological categorization task. Participants
were asked to discriminate between sounds based on either temporal or steady-state acoustic cues.
The contrast between /ba/ and /da/ relied on temporal cues, specifically the rapid changes in formant
transitions at the onset of the plosive consonants, which differ in timing and direction and unfold
within a very brief time window. In contrast, the /u/ vs. /y/ contrast relied on steady-state cues, as
vowels are characterized by relatively stable spectral patterns—such as consistent formant
frequencies—maintained over a longer duration. Unlike plosives, vowels do not involve abrupt
acoustic changes; instead, they differ in sustained articulatory configurations like tongue position and
lip rounding, which shape their distinct acoustic signatures over time. Results revealed that
individuals with developmental dyslexia (DD) exhibited significant deficits in categorizing sounds
defined by temporal cues, such as plosives, supporting the view that rapid auditory processing may

be impaired in this population. However, more recent evidence has suggested that even contrasts

14



involving vowels may pose challenges for individuals with DD when presented within an ecological
context (Virtala et al., 2020). In addition to difficulties in distinguishing between phoneme categories,
Serniclaes et al. (2004) observed that 18 French-speaking adults with DD also showed a reduced
ability to adjust for subtle acoustic variations within the same phoneme category, compared to their
typically developing counterparts. This evidence in DD suggests an increased sensitivity to
allophonic variations within phoneme categories, coupled with a reduced sensitivity to contrasts
between phoneme categories. This pattern appears to contribute to overall altered phonological
representations in DD.

Expanding on these findings, Ramus et al. (2013) tested a large cohort of 129 English-
speaking children aged 8—12 years, divided into groups with pure developmental language disorder
(DLD), pure DD, combined DD and DLD, and controls, and found that only a minority (33%) of
children with pure DD exhibited impairments in tasks measuring the integrity of phonological
representation abilities, such as discrimination and categorization. In contrast, the vast majority (66%)
showed significantly lower performance on tasks assessing phonological awareness and phonological
working memory. For example, in the Rhymes and Spoonerisms subtest of the Phonological
Assessment Battery (Frederickson et al., 1997), children were asked to complete tasks such as
identifying rhyming words (e.g., hat—cat) or producing spoonerisms by swapping initial sounds in
word pairs (e.g., saying 'teep cup' for 'keep tup'). Verbal short-term and working memory were
assessed using the forwards and backwards digit span task from the WISC-IIT (Wechsler, 1992), in
which children had to repeat sequences of digits either in the same or reverse order (e.g., hearing 3-
7-2 and repeating 2-7-3). However, these studies did not control for music training, which has been
suggested to enhance both acoustic sensitivity and phonological representations (Degé & Schwarzer,
2011; Kraus et al., 2014; Tierney & Kraus, 2013). Evidence indicates that individuals with dyslexia
who have received extensive music training may perform better on phonological and auditory tasks
compared to dyslexic peers without such training (Weiss et al., 2014; Zuk et al., 2018), possibly
reflecting compensatory mechanisms (Rathcke & Lin, 2021). Thus, it remains unclear to what extent
the relatively low rate of phonological representation deficits reported in some studies may have been
moderated by unmeasured variability in participants’ musical background.

Nevertheless, these findings of a perceptual predominant phonological awareness deficit align
with a number of studies reporting phonological awareness as a consistently deficient domain of
phonology in DD (Farquharson et al., 2014; Marchetti et al., 2023; Snowling, 1995, 2003; Tilanus et
al., 2013). Notably, in alphabetic languages where the relationship between sounds and letters is more
consistent (i.e., where the same sound is usually spelled the same way), children—including those

with DD—may find it somewhat easier to develop phonological and literacy skills over time. This
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suggests that orthographic consistency can, in some cases, help mitigate the impact of phonological
awareness difficulties as children grow older (Ziegler et al., 2010). However, evidence overall
indicates that phonological awareness deficits in individuals with DD remain relatively stable,
regardless of age or the transparency of the language system (Carioti et al., 2021; Ziegler et al., 2003).
In other words, even when a language has regular sound-to-spelling correspondences that support
phonological and reading development, children with DD continue to struggle with perceiving and
manipulating the sounds within words. For example, a recent study by Schwarz et al. (2024) tested
28 Spanish-speaking adults with and without DD using the PECO test (Ramos & Gordillo, 2007),
which includes phonological awareness tasks targeting both expanded representations, such as
syllables (e.g., syllable addition: adding ca to sa to form casa, house'), and basic representations,
such as individual phonemes (e.g., phoneme omission: saying asa when omitting the /k/ from casa;
or phoneme identification: selecting a picture that begins with the /s/ sound, such as sol, 'sun'). The
results consistently showed that individuals with DD had greater difficulty manipulating both syllabic
and phonemic structures compared to typically developing peers.

Therefore, the higher prevalence and growing body of studies highlighting phonological
awareness deficits over those examining phonological representations raises the question of whether
impaired phonological processing in DD, which predominantly seems to affect conscious access to

phonological representations, necessarily entails deficits in the representations themselves.

1.4 Cognitive Underpinnings of Phonological Awareness in DD

The conscious manipulation of phonemes involved in phonological awareness tasks requires
significant cognitive demand (Cardoso et al., 2013; Farrar & Ashwell, 2012; Gathercole et al., 2006;
Gathercole & Baddeley, 1995; Ortiz-Mantilla et al., 2010; Ramus & Szenkovits, 2008; Tal & Shaul,
2024; Yonchevaet al., 2014). For example, performing a spoonerism task—which involves swapping
the initial sounds of two words—requires the coordination of several cognitive operations. The
individual must first engage attentional control, the ability to selectively focus on relevant stimuli
(Ebert & Kohnert, 2011; Ortiz-Mantilla et al., 2010; Tonér et al., 2021; Valdois, 2022; Yoncheva et
al., 2010), to process both words. Then, they must identify and isolate their initial phonemes (e.g., /d/
from duna “dune” and /l/ from lama “mud”). These sounds must be held in working memory, the
capacity to temporarily store and manipulate information (Baddeley, 2003; Ramus & Szenkovits,
2008), while the rest of the word structure is also retained. Successfully swapping the sounds to
produce luna “moon” and dama “lady” involves inhibitory control, the ability to suppress the
automatic tendency to repeat the original forms (Daucourt et al., 2018; Doyle et al., 2018; Wang &
Yang, 2015), as well as cognitive flexibility, the capacity to adapt one’s thinking (McNeill et al.,
2025; Tal & Shaul, 2024) and shifting attention, as the ability to quickly reconfigure mental
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representations in order to reassemble the phonemes into new, meaningful combinations (Daucourt
et al., 2018; Gresch et al., 2024; Hari & Renvall, 2001; Luna-Rodriguez et al., 2018; Wager et al.,
2006 ).

In line with these results, Cardoso et al. (2013) analyzed 40 Portuguese-speaking children in their
first year of literacy acquisition, finding a correlation between working memory, literacy
development, and phonological awareness, assessed through tasks such as phoneme synthesis,
segmentation, and rhyme identification. Specifically, children with stronger working memory
demonstrated more advanced phonological awareness and progressed further in literacy stages, while
those with weaker working memory faced greater challenges in phonological processing and
remained in earlier literacy phases. Similarly, Yoncheva et al. (2014) reported that in proficient adult
readers, a rhyming task used to assess phonological awareness activated a left-lateralized attention-
related brain circuit, particularly in posterior and temporal regions, highlighting its role in
phonological processing. Furthermore, Tal and Shaul (2024) assessed cognitive flexibility and
emergent literacy in 1,050 Hebrew-speaking kindergarteners and found that poor phoneme awareness
by means of initial syllable identification and last phoneme identification correlated with moderate
to low cognitive flexibility, emphasizing the central role of executive functions in facilitating
conscious access to phonology. Therefore, working memory, attention skills, and executive functions
seem to be tightly tied up with phonological awareness manipulations.

Crucially, evidence suggests that these specific cognitive abilities supporting phoneme-level
manipulation are often impaired in individuals with DD (Barbosa et al., 2019; Cheng et al., 2021;
Chutko et al., 2022; Gathercole et al., 2006; Gathercole & Baddeley, 1995; Knoop-van Campen et
al., 2018; Lallier et al., 2010; Masoura et al., 2021; Menghini et al., 2011; Ramus & Szenkovits, 2008;
Valdois, 2022). For instance, a substantial body of research has identified reduced working memory
capacity in DD (Gathercole et al., 2006; Gathercole & Baddeley, 1995; Knoop-van Campen et al.,
2018; Masoura et al., 2021; Menghini et al., 2011). Similarly, studies on DD consistently report the
occurrence of attentional and executive functions deficits (Barbosa et al., 2019; Cheng et al., 2021;
Chutko et al., 2022; Valdois, 2022).

All in all, a growing body of evidence highlights the close involvement of working memory,
attentional control, and executive functions—such as inhibitory control and cognitive flexibility—in
tasks requiring conscious phoneme manipulation. Deficits in these cognitive domains have been
shown to correlate with poorer phonological awareness and literacy outcomes across both children
and adults. These findings suggest a critical inquiry into whether impairments in cognitive capacities

may interfere with conscious access to phonology. This question is particularly relevant for
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understanding the nature of phonological difficulties in DD, as it raises the possibility that such

deficits may also reflect broader cognitive constraints.

1.5 The Cognitive Mediation Hypothesis
An increasing number of studies indicate that specific cognitive deficits, particularly in working
memory, attention, and executive functions, may disrupt the precise access to phonemes (Lallier et
al., 2010; Ramus & Szenkovits, 2008). For instance, Ramus and Szenkovits (2008) tested French
adults with and without DD on various perceptual and productive phonological tasks with increasing
cognitive load (Chen et al., 2023) and observed group-level differences only in the more cognitively
demanding tasks. Participants were asked to discriminate and reproduce foreign phonological
contrasts embedded in nonwords. For example, in the single-item condition, they heard and repeated
a single CVCV nonword such as pika, while in the sequence condition, they were presented with two
or three nonwords in a row, such as pika—tugu—bada, and had to discriminate or reproduce the entire
sequence. Group-level differences emerged only in the sequence condition, which required retaining
and manipulating multiple phonological forms, thereby placing greater demands on working memory.
Consequently, Ramus and Szenkovits (2008) interpreted these findings as evidence of an impairment
in external computations governing access to phonological representations, primarily working
memory, rather than a deficit in the phonological representations themselves. In addition, Lallier et
al. (2010) tested 26 English-speaking adults, with and without DD and phonological awareness
impairments, using a stream segregation paradigm. Participants listened to auditory or visual
sequences with tempo and reported whether they perceived one or two streams. Results showed that
individuals with DD required a significantly longer tempo to perceive two successive stimuli as
separate streams rather than as a single one, regardless of sensory modality. The analysis of brain
responses in the form Event-Related Potential further supported these behavioral results, revealing
differences between groups in response to tempo variations. Based on these findings, the authors
concluded that individuals with DD and impaired phonological awareness exhibit a reduced ability
to rapidly refocus attention across fast stimuli, i.e. phonemes, thus further supporting a connection
between deficits in cognitive domains and difficulties in phonological access in individuals with DD.
However, manifestation of cognitive deficits remains highly heterogeneous in DD (Cowan et
al., 2017; Lukov et al., 2015; Menghini et al., 2010). For example, Menghini et al. (2010) found that
10 on the 60 Italian children with DD reported executive functions deficits. In addition, while testing
attentional abilities in Hebrew participants with DD, Lukov et al. (2015) identified a small subgroup
with attention scores within the normal range, in contrast to the remaining participants who did exhibit
attention deficits. In this vein, Lewandowska et al. (2014) tested the hypothesis of distinct clusters of

attention and executive function deficits in DD. Test scores from 78 Polish children identified distinct
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subgroups with specific attentional deficits: one subgroup exhibited impairments in divided attention
and cognitive flexibility, another showed deficits primarily in attentional shifting, and a third
displayed pronounced difficulties in vigilance. Following the perspective of cognitive heterogeneity
in DD, Cowan et al. (2017) investigated the memory profiles of English-speaking adolescents with
and without DD, focusing on two components: phonological working memory and serial order
memory. Phonological working memory was assessed using a nonword repetition task, where
participants repeated sequences such as mav or soptilak. To examine serial order memory, defined as
the ability to recall items in the correct sequence, they compared performance when both the items
and their order had to be correct (strict scoring) versus when only the correct items were counted,
regardless of order (lax scoring). For example, repeating the sequence dap—lin—vok in the correct
order scored higher than recalling the same items in a different order. While group differences in
phonological memory disappeared when controlling for 1Q, differences in serial order memory
persisted, suggesting a specific weakness in maintaining the correct sequence of information in
individuals with DD.

Overall, these studies suggest that the cognitive heterogeneity in DD extends beyond the mere
presence or absence of specific deficits to variations in the nature of impairments across domains as
well as in their interactions with 1Q. Given the evidence linking distinct cognitive abilities to
conscious access to phonemes in both typical and atypical populations, the hypothesis that individual
cognitive resources, whether intact or impaired, may simultaneously or interactively contribute to
phonological awareness difficulties in individuals with DD cannot be ruled out. Such variability likely
reflects individual differences in cognitive profiles across domains such as attention, working

memory, and executive functions.

1.6 Lexical Stress, Phonology, and Reading

Beyond cognitive processes, lexical stress also appears to play a crucial role in the development of
basic phonological representations such as phonemes (Bernard & Gervain, 2012; Cumming, Wilson,
& Goswami, 2015; Demuth, 2015 ; Esteve-Gibert & Prieto, 2013; Fernald, 1989; Frazier et al., 2006;
Grosjean & Gee, 1987; Hall¢ et al., 1991; James, 1988; Leong et al., 2014; Lleo & Demuth, 1999;
Mampe et al., 2009; Ramus & Ahissar, 2012; Singh et al., 2002; Snow & Balog, 2002; Zhang &
Zhang, 2019). Lexical stress is a prosodic property of syllables, but its exact nature remains subject
to ongoing debate (Andrikopoulou et al., 2021). Phonologically, it is often regarded as part of
hierarchically organized phonological representations (Bro$ et al., 2021). In this view, lexical stress
may be fully specified in the lexicon as a component of lexical representation (Bro$ et al., 2021),

making it distinct from the concept of prominence (Ladd & Arvaniti, 2023). Prominence refers to an
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acoustic feature that enables a linguistic unit to stand out from the surrounding elements in speech
(Baumann & Winter, 2018). Phonetically, stress is associated with multiple acoustic cues (Mousikou
et al., 2024; Quam & Swingley, 2014; Williams & Wood, 2012), whose variations enhance the unit's
salience (Baroni, 2014; MacLeod, 2015; Williams & Wood, 2012), thereby contributing to its
prominence (Baumann & Winter, 2018). Notably, lexical stress patterns can contribute to what is
known as speech rhythm (Leong, 2013; Poeppel & Assaneo, 2020; Rathcke & Smith, 2015), which,
phonetically, can be described as the amplitude modulations of the speech signal (Leong, 2013;
Poeppel & Assaneo, 2020; Rathcke & Smith, 2015). In this thesis, within the context of Italian as the
experimental language, we assume lexical stress to be part of the lexicon, characterized by
prominence and increased acoustic salience (Eriksson, Suni, Vainio, & Simko, 2018). Outside the
lexical context, we refer to prominence.

Prominence patterns associated with lexical stress provide a crucial input for the acquisition
and development of phonemes. (Bernard & Gervain, 2012; Cumming, Wilson, & Goswami, 2015;
Demuth, 2015 ; Esteve-Gibert & Prieto, 2013; Fernald, 1989; Frazier et al., 2006; Grosjean & Gee,
1987; Hall¢ et al., 1991; James, 1988; Leong et al., 2014; Lleo & Demuth, 1999; Mampe et al., 2009;
Ramus & Ahissar, 2012; Singh et al., 2002; Snow & Balog, 2002; Zhang & Zhang, 2019). The ability
to perceive lexical stress develops early in life (Cabrera & Gervain, 2020; Corriveau & Goswami,
2009; Corriveau et al., 2007; Fisher & Tokura, 1996; Gervain & Werker, 2013; Goswami, Fosker,
Huss, Mead, & Szucs, 2011; Huang et al., 2012; Jusczyk et al., 1992; Piazza et al., 2017; Sato et al.,
2012). Typically, infants as young as 6-9 months of age are able to distinguish lexical stress patterns
in connected speech (Abboub et al., 2016). Before the end of their first year, infants can reliably use
prosodic cues—such as intensity, pitch, and duration—that mark lexical stress salience to parse and
group speech, a process known as perceptual precategorization (Fisher & Tokura, 1996; Gervain &
Werker, 2013; Hirsh-Pasek et al., 1987; Jusczyk et al., 1992). This process facilitates the extraction
of early phonetic and phonological information, supporting the acquisition of initial basic
phonological units and the subsequent ability to effectively manipulate them (Bernard & Gervain,
2012; Gervain & Werker, 2013; Gervain et al., 2008; Jusczyk et al., 1992).

Lexical stress contrastivity continues to develop throughout childhood, with sensitivity to the
acoustic cues that mark its salience evolving progressively and reaching an adult-like state only well
after initial exposure to literacy (Arciuli & Ballard, 2017; Quam & Swingley, 2014). Notably, in the
early stages of reading and writing, lexical stress serves as a structural cue that facilitates the
perception and proper grouping of syllables into words and words into sentences (Cutler &
Butterfield, 1992; Gout et al., 2004; Mattys & Samuel, 1997; Matzinger et al., 2021). Therefore, it is

plausible that difficulties in processing lexical stress may negatively affect early segmental
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representations as well as reading skills (Bedoin et al., 2016; Colling et al., 2017; Corriveau &
Goswami, 2009; Corriveau et al., 2007; Cumming, Wilson, Leong, et al., 2015; Goswami et al., 2016;
Goswami, Fosker, Huss, Mead, & Szucs, 2011; Leong & Goswami, 2015; Richards & Goswami,
2015, 2019; Tomas et al., 2017; Tomas & Smith-Lock, 2015).

1.7 Lexical Stress Impairments in DD

The hypothesis of a lexical stress impairment in DD has found empirical support in the literature,
with several studies highlighting deficits in lexical stress perception and processing among
individuals with DD (Caccia & Lorusso, 2020; Caccia et al., 2019; Goswami, Huss, et al., 2013;
Goswami, Mead, et al., 2013; Kitzen, 2001; Leong & Goswami, 2013; Leong et al., 2011; Pasquini
et al., 2007; Tierney & Kraus, 2013). For instance, Kitzen (2001) found that participants with DD
showed significant difficulties distinguishing words based on stress patterns in a picture selection
task, indicating deficits in stress perception. Similarly, Leong et al. (2011) examined the ability of 40
English-speaking adults, with and without DD, to perceive syllable stress patterns and discriminate
acoustic cues. Participants completed tasks assessing their ability to judge whether word pairs had
the same or different stress patterns. Results indicated that individuals with DD exhibited greater
difficulty in these tasks compared to the control group, with performance significantly correlated to
their sensitivity to rise time—the variation in local amplitude between syllable onset and peak
(Pasquini et al., 2007). For example, the syllable ba has a shorter rise time because the voicing begins
almost immediately, whereas pa has a longer rise time due to the aspirated burst of air that delays the
onset of voicing. Sensitivity to this acoustic cue is important for distinguishing subtle timing-based
contrasts in speech. Subsequently, Goswami et al. (2013) replicated the same paradigm with English
children and early adolescents. To assess younger participants, the authors employed a DEEdee task,
in which participants matched words, mainly famous names (e.g., cartoon characters), to counterparts
where each original syllable was replaced by "DEE" while maintaining the original stress pattern. For
example, Lion King became DEEdeeDEE. Significant difficulties were observed in both clinical
cohorts, children and adolescents, with performance strongly linked to their ability to perceive rise
time. Therefore, overall, these studies suggest that the perceptual ability to process lexical stress is
impaired in individuals with DD due to reduced acoustic sensitivity to the underlying cues.

In addition to lexical stress, a similar pattern has been identified for prominence, the perceived
salience of a linguistic unit outside the lexical context, marked by acoustic cues that make it stand out
from its surrounding elements (Ladd & Arvaniti, 2023). Caccia et al. (2019) examined the
performance of 18 typically developing (TD) children and 15 children with DD, all native Italian
speakers, a language with relatively shallow orthography (De Simone et al., 2024; Ziegler &

Goswami, 2005), to assess their sensitivity to acoustically salient syllables. Participants listened to
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trisyllabic non-words (e.g., /dididi/, /gugugu/, /tatata/) that were systematically manipulated so that
one syllable differed from the others in either duration, intensity, or pitch. For example, in a /tatata/
trial, the second syllable might be longer or louder than the first and third. While hearing the stimulus,
participants saw a visual representation of the non-word (e.g., TATATA) on screen and were asked
to identify which syllable sounded most prominent by pressing one of three keys corresponding to
the first, second, or third syllable. The results revealed significantly lower accuracy levels in DD
participants compared to the other groups. Furthermore, a study by Caccia and Lorusso (2020) found
that children with DD exhibited slower reaction times, particularly when matching musical sequences
to corresponding non-words. For example, participants heard a trisyllabic non-word such
as tatata (with stress on the second syllable) and were then presented with two musical sequences—
each mirroring a different stress pattern—and asked to choose the one that matched the prosody of
the spoken stimulus by pressing '1' or 2' on the keyboard. This suggests that DD may also affect
speech rhythm processing.

Overall, these studies indicate that lexical stress impairments in DD may result from both a
reduced ability to process prominence—Ilikely due to decreased sensitivity to acoustic salience—and

broader deficits extending to speech rhythm processing.

1.8 The Lexical Stress Sensitivity Hypothesis
Building on the frequently reported impairments in lexical stress processing in individuals
with DD (Caccia & Lorusso, 2020; Caccia et al., 2019; Goswami, Huss, et al., 2013; Goswami, Mead,
et al., 2013; Kitzen, 2001; Leong & Goswami, 2013; Leong et al., 2011; Pasquini et al., 2007) and
considering its critical role in phonological and literacy development (Bernard & Gervain, 2012;
Cumming, Wilson, & Goswami, 2015; Demuth, 2015 ; Esteve-Gibert & Prieto, 2013; Fernald, 1989;
Frazier et al., 2006; Grosjean & Gee, 1987; Hall¢ et al., 1991; James, 1988; Leong et al., 2014; Lleo
& Demuth, 1999; Mampe et al., 2009; Ramus & Ahissar, 2012; Singh et al., 2002; Snow & Balog,
2002; Tomas & Smith-Lock, 2015; Zhang & Zhang, 2019), lexical stress impairment has been
proposed as an alternative etiological factor underlying phonological deficits in DD (Goswami,
2019). Rather than attributing these difficulties to deficits in cognitive computations related to
phonological awareness, this perspective suggests that challenges in accessing phonological
representations stem from impairments in the representations themselves. Specifically, these deficits
may result from reduced sensitivity to lexical stress (Caccia et al., 2019; Goswami, 2011; Leong et
al., 2011; Tierney & Kraus, 2013).

The hypothesis of a lexical stress impairment underlying the phonological deficit was first

introduced within the framework of the Temporal Sampling Theory (Goswami, 2011). This is a
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single-deficit account of developmental dyslexia (DD), meaning that—as introduced in Section 1.1—
it attributes the clinical condition to a single underlying impairment rather than multiple contributing
factors. Within this framework, DD is specifically proposed to arise from a misalignment between
the rise times of syllabic speech amplitude and delta neural oscillations (0.5-3 Hz) (Goswami, 2011;
Keshavarzi et al., 2022), which are responsible for encoding them (Gunasekaran et al., 2023; Poeppel,
2014). This altered mechanism disrupts the accurate encoding of the alternation between stressed and
unstressed syllables, thereby hindering the extraction of auditory information at the syllabic level,
including phonetic information crucial for phonological processing (Goswami, 2011; Goswami,
2019; Keshavarzi et al., 2022). For example, considering again the syllables pa and ba—one with a
longer and the other with a shorter rise time—individuals with DD may have difficulty tracking this
difference and accurately matching the acoustic cues to delta-band neural oscillations. This mismatch
can lead to imprecise encoding of syllable structure, making it harder to distinguish phonemes such
as /b/ and /d/. More into details, several studies (Goswami, Mead, et al., 2013; Leong et al., 2011;
Pasquini et al., 2007) have found major difficulties in individuals with DD in processing longer rise
times as acoustic correlate underlying lexical stress, particularly affecting stressed and therefore most
prominent syllables.

However, the evidence surrounding Temporal Sampling Theory is mixed (Anastasiou &
Protopapas, 2014; Barry et al., 2012; Mundy & Carroll, 2013). For instance, Barry et al. (2012)
analyzed the performance of 14 German-speaking adults with dyslexia compared to control
participants matched for age and gender on two lexical stress processing tasks. In the first task,
participants were asked to indicate the correct location of stress in existing verbs. In the second task,
they made agreement judgments regarding minimal pair verb agreement, where the verb pairs differed
based on stress location. Although group-level differences between TD and DD were observed across
both tasks, the authors attributed these differences to response pattern biases rather than genuine
deficits in stress processing based on acoustic cues. For example, the DD group could not reliably
locate stress on the stem but could correctly process it when already applied. This interpretation was
further supported by the fact that the acoustic cues underlying lexical stress in the verbs were
exaggerated to enhance their salience. Accordingly, Anastasiou and Protopapas (2014) failed to find
group-level differences in lexical stress processing among 29 Greek adolescents with and without
dyslexia, matched for age and gender, in a task requiring participants to locate stress in strings
composed of three repetitions of the same syllable. However, a significant disparity was observed
when participants were tasked with correctly placing stress diacritics. The authors interpreted these
findings as supportive of the idea that lexical stress deficits in individuals with dyslexia are more

likely linked to higher levels of stress awareness and cognitive overload, rather than deficient per se.
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Similarly, Rathcke and Lin (2021) compared the performance of English-speaking adults with and
without DD in identifying phoneme targets embedded in syllables with varying acoustic prominence.
They found that identification rates were comparable for highly prominent syllables but significantly
lower for less prominent ones. As this effect was not directly linked to acoustic saliency, the authors
argued that it could be attributed to potential compensatory mechanisms related to working memory
deficits. To this point, it is worth noting that adults with higher levels of music training showed
improved synchronization to metrically weak syllables, suggesting that musical expertise may
provide compensatory support in contexts where phonological or memory resources are taxed
(Rathcke & Lin, 2021). Notably, a recent meta-analysis conducted by Mundy and Wood (2024) on
speech prosodic processing in individuals with DD, synthesizing 124 effect sizes from 37 studies
with data from 1,771 participants (mean age = 13.7 years, range: 6—26) across various languages,
found evidence supporting a moderate-to-large prosodic impairment. However, this impairment was
specifically associated with tasks requiring reflection on and processing of speech prosody (referred
by the authors as prosodic competence cf. Wade-Woolley et al. 2022 p.166), particularly in
metacognitive tasks that demand prosodic awareness and cognitive skills. Notably, evidence
supporting inadequate lexical stress representations has been reported as less consistent, particularly
in languages with more transparent orthographies, such as Italian (Wade-Woolley et al., 2022).
Taken together, the studies reviewed above present a mixed picture: while several report
difficulties in lexical stress processing among individuals with DD, others suggest that these
differences may stem from task demands or metalinguistic awareness, rather than from a core
perceptual deficit. Therefore, this mixed picture leaves open critical questions regarding whether
lexical stress representations are inherently impaired in individuals with DD, as predicted by the
Temporal Sampling Framework, or if the deficit lies in external, possibly cognitive computations,
restricting access to segmental and possibly also prosodic levels. Furthermore, it remains uncertain
whether this condition varies depending on the orthographic depth of a language or across different
age groups, given that lexical stress sensitivity continues to develop and change throughout childhood

and adolescence until it reaches a stable state in adulthood.

1.9 Aim and Rationale

Despite extensive research, several questions remain unresolved regarding the nature and
developmental trajectories of phonological and lexical stress representations in individuals with DD,
including how these representations interact with each other—whether causally or not—and how they
relate to the ability to consciously access them. To clarify the interplay between the perception of
lexical stress and that of phonemes, the present thesis investigates acoustic sensitivity to prosodically

marked prominent syllables and acoustic salience—both considered key features of lexical stress
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sensitivity (Eriksson et al., 2018; Gussenhoven; Levis & Silpachai, 2018)—and their association with
basic segmental phonological representations and awareness in Italian-speaking children and
adolescents. By exploring these interplays at two key developmental stages—childhood and
adolescence—the thesis accounts for the possibility that some compensatory mechanisms may
emerge over time, potentially altering at least in part how phonological and prosodic deficits present
in DD group.

Furthermore, the current thesis examines the mediating role of individual cognitive profiles,
conceptualized here as the interactive effects of different cognitive resources (whether intact or
impaired), across both lexical stress and phonological abilities. In doing so, it aims to clarify whether
phonological difficulties in DD stem from impaired acoustic sensitivity to lexical stress—potentially
affecting the integrity of segmental representations—or whether they instead reflect limitations in
computations, primarily cognitive processes, that restrict access to otherwise intact phonological and
lexical stress representations. Given that musical training has been suggested to enhance phonological
processing and may therefore act as a potential confounder, participants’ levels of music training
were also assessed and considered in the present research (Degé & Schwarzer, 2011; Kraus et al.,
2014; Tierney & Kraus, 2013; Weiss et al., 2014; Zuk et al., 2018).

This thesis addresses the following guiding questions:

o Whether lexical stress representations are inherently impaired in individuals with DD, thereby
disrupting the formation of phonological representations and, consequently, hindering access
to them.

e Whether there are developmental differences between late childhood and adolescence in the
relationship between lexical stress and phonological representations.

o To what extent cognitive heterogeneity in DD influences the development of phonology and
lexical stress—specifically, whether observed impairments reflect deficits in the
representations themselves, or rather stem from external, possibly cognitive, computations
that restrict access to otherwise intact segmental and prosodic structures.

The language employed in the current thesis is Italian which has a phonological inventory of
seven vowels and 23 consonantal phonemes (Zanobini et al., 2011) and follows a largely consistent
one-to-one phoneme-to-grapheme correspondence, with only minor exceptions (Angelelli et al.,
2016). In a few cases, consonantal spellings vary depending on the following sound, such as the
phoneme /k/, which is represented as 'C' in cubo (‘cube') but as 'CH' in chela (‘claw'). Additionally,
phoneme-to-orthography conventions apply in specific instances, such as the /kw/ sound, which may

be transcribed as 'Q,' 'CQ,' or 'QQ,' depending on lexical and morphological factors (Angelelli et al.,
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2016). However, these exceptions are relatively limited!, and the relationship between phonology and
orthography in Italian is overall consistently sustained. A clear example is the treatment of geminate
consonants, which are reliably represented in spelling (e.g., pala 'shovel' vs. palla 'ball'), reflecting
the phonemic status of consonant length in the language. Therefore, Italian has a significantly lower
orthographic depth compared to English, where the relationships between orthography and
phonology are less consistent and require greater exposure for acquisition (Seymour et al., 2003;
Ziegler et al., 2010).

Some degree of consistency in Italian can also be observed at the prosodic level, particularly
in lexical stress (D'Imperio & Rosenthall, 1999). Although lexical stress in Italian is not predictable,
it follows a predominant pattern, with stress most commonly falling on the penultimate syllable
(D'ITmperio & Rosenthall, 1999). Specifically, trisyllabic words that follow a weak-strong stress
pattern—where a less prominent syllable precedes a more prominent one (e.g., ma tita)—are
dominant in Italian, whereas trisyllabic words with a strong-weak pattern (e.g., ‘gomito),
characterized by antepenultimate stress, are less frequent. Exceptions include words with
antepenultimate and final stress. The latter is the only stress pattern to be orthographically marked
with a diacritic (e.g., citta, pero). Moreover, lexical stress in Italian is contrastive, as shown by
minimal pairs such as ancora [ angkora] “anchor” vs. ancora [ay kora] “again”, or papa [ papa]
“pope” vs. papa [pa'pa] “dad” (Cornoldi et al., 2012; D'Imperio & Rosenthall, 1999).

Traditionally, duration has been considered the primary acoustic correlate of lexical stress
perception (Bertinetto, 1980; D'Imperio & Rosenthall, 1999; Ferrero, 1972). This prominence of
duration in prosodic marking is consistent with its phonemic role at the segmental level, as seen in
contrasts like pala “‘shovel” vs. palla “ball” where consonant length changes meaning. However,
recent evidence suggests that pitch also plays a primary role in enhancing the acoustic salience of
stressed syllables for listeners (Caccia et al., 2019). Although the specific acoustic cues influencing
the perception of Italian lexical stress remain a topic of debate, they appear to differ from those of
English, which has been the primary focus of research in the DD literature (Share, 2008; Sprenger-
Charolles et al., 2009).

The choice of a transparent language like Italian is motivated by the fact that findings on
lexical stress impairments in individuals with DD remain inconsistent across languages with lower
orthographic depth, along with the relatively limited number of studies conducted in Italian compared

to English (Mundy & Wood, 2024). These inconsistencies may be further influenced by the greater

! Exceptions include: digraphs and trigraphs such as gli [£], gn [n], ch/gh for hard [k]/[g] before front vowels, ci/gi for
soft [tf]/[d3], and sc before front vowels for [[]. Other irregularities involve the use of silent “h” (e.g., ha vs. a), context-
sensitive voicing of “s” and “z,” and stress marking, which is typically absent except on oxytones or to disambiguate
homographs (e.g., ancora 'anchor' vs. ancora).
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potential for compensation mechanisms in transparent orthographies (Ziegler et al., 2010). The
present study aims to bridge this cross-linguistic gap by deepening our understanding of lexical stress
processing in Italian. By focusing on a prototypical transparent language, the study contributes to
clarifying the role of orthographic transparency in shaping both the nature and detectability of stress-
related deficits in DD—thus addressing a fourth overarching research question concerning the
influence of language transparency on the manifestation of prosodic and phonological difficulties in
DD.

The current thesis tested the following hypotheses:

1. The Lexical Stress Sensitivity Hypothesis (Caccia et al., 2019; Goswami, 2011;

Leong et al., 2011; Tierney & Kraus, 2013), which posited that regardless of orthographic

depth, individuals with DD would exhibit deficits in perceiving lexical stress, reflected in

reduced sensitivity to syllabic prominence in nonwords and weakened detection of acoustic
salience underlying lexical stress in words and sentences. These deficits were expected to
mediate group-level differences in phonological processing—both in phonological
representations and awareness—from childhood through adolescence. However, it is expected
that the influence of these deficits would diminish in adolescence due to improvements in
lexical stress sensitivity.

2. The Cognitive Mediation Hypothesis (Lallier et al., 2010; Ramus &

Szenkovits, 2008) which posited that group differences in phonological processing could

instead be mediated by individual cognitive factors rather than by reduced sensitivity to

lexical stress, with phonological representations remaining intact but access to them being
primarily affected.

To test both hypotheses concerning phonological processing in DD, this thesis comprises four
empirical studies: the first two involving clinical and typically developing adolescents (Chapter 2),
and the latter two involving children with and without DD (Chapter 3). Across both age groups, the
main objective was to examine how acoustic sensitivity to syllabic prominence and lexical stress
contributes to phoneme identification, and how this relationship may be modulated by individual
cognitive profiles.

Studies 1 (Section 2.2) and 3 (Section 3.2) employed a Phoneme Monitoring Task which
required participants to identify target phonemes, assessing both the integrity and accessibility of
phonological representations (Foss & Swinney, 1973; Wade-Woolley et al., 2022). Using brief trials
of recorded nonwords (e.g., [segora minu], [bipoza viba]), this method minimized cognitive load
while offering an ecologically valid measure of stress perception without requiring explicit linguistic

processing. Unlike metalinguistic tasks, phonemes were embedded in syllables with varying
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prominence, allowing for a natural and implicit evaluation of lexical stress representations. In
addition, only in Study 3 was pupillometry recorded in children as an implicit, real-time measure of
the simultaneous processing of both phonemes and cognitive skills.

Studies 2 (Section 2.3) and 4 (Section 3.3) focused on lexical stress perception in linguistic
context. Adolescents in Study 2 completed a Sensorimotor Synchronization Task, tapping to the
perceived beat of spoken sentences to assess alignment with stress patterns. In contrast, children in
Study 4 performed a Perceptual Identification Task, judging which of two minimal pairs best matched
a target varying along a lexical stress continuum. In both tasks, complexity was tailored to the
developmental level of the participants, and tasks were chosen to minimize metalinguistic demands.
Part of the four studies presented in this thesis has been submitted for publication as four distinct
journal articles.

Finally, Chapter 4 provides a general discussion of general discussion of the findings
emerging from the four studies, while Chapter 5 presents the overall conclusions. This discussion
integrates and compares findings from both cohorts, respectively children and adolescents, explores
developmental trajectories, and assesses the role of lexical stress sensitivity in phonological
processing in DD. Additionally, it examines the broader theoretical and clinical implications of the
results. This structured approach is intended to lead the reader through the research progression—
from the formulation of broad and specific hypotheses to empirical investigation and, ultimately, a
comprehensive synthesis of the findings. In accordance with the structure of this dissertation, which
comprises four distinct studies, figures are numbered independently within each study, with

numbering restarting from Figure 1. This convention has been adopted to facilitate readability.
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2. Lexical stress and Phonology in Adolescents with and without DD

Reading deficits in DD tend to decrease and evolve throughout adulthood (Eloranta et al., 2019;
Snowling, 2003; Ziegler & Goswami, 2005). Therefore, it cannot be ruled out that these
developmental changes may reflect modifications in their etiological factors (Lorusso & Toraldo,
2023; Pennington, 2006; Potier Watkins et al., 2023; van Bergen et al., 2014; Ziegler et al., 2020).
The present two studies contribute to the current thesis by examining the interplay between
phonological and lexical stress deficits, along with skills essential for phonology, in adolescents with
and without DD. The results will then be compared with data from a child cohort to provide further
meaningful insights into the developmental pathways underlying these factors while contributing to

the broader research questions.

2.1 Experimental Cohort

Seventy adolescent volunteers were recruited at a local high school in the Greater Milan area. Forty
adolescents (29 females) had a formal diagnosis of DD that fulfilled the criteria of the Diagnostic and
Statistical Manual of Mental Disorders, Fifth Edition (American Psychiatric Association, 2022).
Twenty-four out of the forty DD participants had comorbid dyscalculia alongside DD. Dyscalculia is
a learning disorder that affects the acquisition of numerical and arithmetic processing (Harrison et
al., 2021). It is also one of the most common comorbidities of DD, with approximately 40% of
individuals with DD experiencing difficulties in arithmetic processing (Wilson et al., 2015).
Dyscalculia was retained in the inclusion criteria due to its non-linguistic nature and evidence
suggesting that individuals with and without DD share a similar linguistic profile (Vellutino et al.,
2004). However, as this co-occurrence may contribute to a more severe cognitive profile (Jordan,
2007), we initially established two distinct clinical groups to enable preliminary comparisons in
phonological performance. The clinical sample could thus be segregated into two distinct groups,
participants with mixed dyslexia (MD, 19 females) and pure dyslexia (PD, 10 females). Thirty
typically developing adolescents (TD, 23 females) took part as a control group.

None of the control participants ever had a developmental record of speech and language
difficulties or a related diagnosis, and none experienced specific difficulties with linguistic school
subjects (such as foreign language classes, cf. Bazen et al., 2023; Jarsve & Tsagari, 2022; Qianyu,
2022), which was confirmed in private conversations with school teachers. Attention was paid to
(proportionally) matching age and gender between the clinical and control groups. Descriptive

statistics of age, average school grades, and foreign language grades are compiled in Table 1.
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A series of multiple-group comparisons through Kruskal-Wallis (KW) test (Hazra & Gogtay,
2016) for small, unbalanced and non-normal distribution established that there were no significant
group-level differences in age (H(70) = 0.75, p = .68) and average school grades (H(70) =4.32,p =
.115). Gender ratios (Mtp=.26; Mpp = .60; Mmp = .30) also did not significantly vary between the
three experimental groups (H(2) =. 2, p. =.36). As shown in Table 1, foreign language grades for TD
participants were consistently higher, resulting in a significant difference compared to MD
participants (Z = 3.70, p < .001). Although not reaching statistical significance, the grades still
differed from PD participants (Z = 1.08, p =.277). All participants were Italian monolinguals without
hearing impairments or any psychological (e.g., anxiety, depression), cognitive, or developmental

comorbidities (e.g., dyspraxia, ADHD, speech and language delay or impairments).

Group Mdn M Min Max
Age

D 16 16.6 14 21

PD 16 16.2 14 18

MD 16 16.2 14 20

Average School Grade (all subjects)

D 7 7.4 6 9
PD 7.5 7.3 6 8
MD 7 6.9 5 8

Average Foreign Language Grade

TD 7 7.5 4 10
PD 6 6.4 4 9
MD 6 6.2 4 7

Table 1. >Overview of participant demographics comparing the experimental groups (typical development
TD, pure dyslexia PD, mixed dyslexia MD) of the present study.

Participants were tested individually in a quiet room located at their respective schools. A

testing session lasted approximately one hour in total. Breaks were taken whenever required. Consent

2 Figures and Tables are numbered independently within each study, restarting from Figure 1.
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forms were collected prior to testing. Each experimental session started with a questionnaire that
asked participants about their music training, knowledge of other languages, and their grades. Upon
completion of the questionnaire, participants engaged with the Phoneme Monitoring Task followed
by the Sensorimotor Synchronization with Sentences task along with a series of finger-tapping tasks
that are not considered in the current research. The session included cognitive tests in between those
tasks.

All participants and their guardians gave informed consent to their participation in the study.
The study received ethical approval from the Ethics Board of the University of Konstanz (IRB
statement 05/2021).
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2.2 Study 1: Prominence and Phonology in Adolescents: Phoneme Monitoring
The lack of integrity in phonological representations in DD has been extensively linked to difficulties
in the perceptual categorization of specific phonemes (Noordenbos & Serniclaes, 2015; Serniclaes et
al.,, 2001; Vandermosten et al., 2010; Werker & Tees, 1987) such as the ones which differ in
phonological voicing (Bogliotti et al., 2008; Chiappe et al., 2001; Masterson et al., 1995;
Zoubrinetzky et al., 2016) or in the place of articulation (Vandermosten et al., 2010). For instance,
Masterson et al. (1995) investigated the ability of monolingual English adults with DD to perceive
the phonemic contrast between /pa/ and /ba/ based on the primary acoustic cue for phonological
voicing (voice-onset time, VOT), and found that they had a weaker ability compared to the typically
developing (TD) control group. Acoustic continua consisting of speech stimuli with incrementally
manipulated VOT, the time interval between the stop release and the onset voicing (Lisker &
Abramson, 1967), have been widely used to study categorical perception of timing cues to
phonological contrasts among different groups of listeners, including individuals with DD (Bogliotti
et al., 2008; Masterson et al., 1995; Zoubrinetzky et al., 2016). Similarly, acoustic continua with
manipulated F2-transitions spanning two places of articulation have been used to study the role of the
perception of spectral cues in DD (Vandermosten et al., 2010). Especially obstruent phonemes
varying in voicing and place of articulation seem to be challenging for listeners with DD to both
identify and discriminate between (Berent et al., 2012; Maassen et al., 2001; Werker & Tees, 1987).
For example, Werker and Tees (1987) administered a discrimination task to a group of 14 English
children diagnosed with DD. The task involved listening to pairs of syllables from an eight-step
formant-transition continuum spanning /ba/ to /da/. The pairings of the stimuli varied from
acoustically identical to maximally different (i.e., representing the two ends of the continuum). The
results of the study showed that DD had a reduced discrimination ability compared to TD controls.
Similarly, Berent et al. (2012) conducted an ABX-discrimination task in which participants were
presented with two syllables A and B followed by a third stimulus X that was identical to either A or
B. The participants’ task was to indicate as quickly as possible whether X was the same stimulus as
A or B whereby A and B were taken from a 10-step VOT-continuum between /da/ and /ta/. The
responses of 24 Hebrew adults with DD were compared with a TD control group, and the findings
revealed that voicing discrimination abilities were significantly lower in the clinical group.
However, not all phonological categories are difficult for listeners with DD to identify and
discriminate between. Vandermosten et al. (2010) found that Dutch participants with DD could
correctly categorize /u/ vs. /y/ when presented with an acoustic continuum. Vowels like /u/ and /y/
are encoded by acoustic cues based on spectral properties, with F2 being crucial for distinguishing

between /u/ and /y/ (Vandermosten et al., 2010). In contrast, differences in voicing and the place of
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articulation of oral stops are carried by acoustic cues based primarily on temporal properties of sounds
(Masterson et al., 1995; Vandermosten et al., 2010). That is, the voicing contrast is determined by the
temporal difference in VOT (Masterson et al., 1995) while the contrast in the place of articulation of
oral stops is encoded by the temporal dynamics of the second formant frequency (Vandermosten et
al., 2010) and possibly VOT (Yu et al., 2014). As a result, it is plausible that individuals with DD
have a specific difficulty with processing phonological contrasts that are encoded by temporal cues
(Vandermosten et al., 2010). Timing-based contrasts are prevalent primarily among obstruents but
rarely among sonorant consonants (Lisker, 1977). This implies that listeners with DD may have a
greater difficulty with obstruent compared to sonorant phonemes while a high level of perceptual
sensitivity to frequency-based contrasts has been described as a perceptual advantage of listeners with
DD (Abrams et al., 2009; Goswami, Fosker, Huss, Mead, & Sziics, 2011). However, Virtala et al.
(2020) who used an oddball paradigm, a passive listening task in which participants are presented
with a series of repetitive standard stimuli interspersed with infrequent deviant stimuli, and
demonstrated that difficulties with sound categorization in DD are mainly driven by the acoustic
variability of phoneme realization typical of natural speech. The results of the study cast doubt on the
assumption that dyslexic difficulties are restricted to temporal cues rather than spectral or melodic
ones.

Notably, within the temporal sampling framework (Goswami, 2011), impaired phonological
representations are attributed to inadequate lexical stress representations due to reduced acoustic
sensitivity in processing rise time. This theoretical explanation was recently tested using a paradigm
based on natural speech, involving sensorimotor synchronization with English spoken sentences
(Rathcke & Lin, 2021). No evidence was found in support of an acoustic processing impairment
related to amplitude rise-time in connected speech (as opposed to isolated words studied previously,
see Leong et al. (2011). Additionally, no notable differences were observed between TD and DD
adults in synchronization with strong syllables, whereas a reduced likelihood of synchronization with
weak syllables was reported for the clinical group, hypothesized to result from reduced working
memory capacity (Rathcke & Lin, 2021). This is particularly noteworthy in light of previous findings
(see Section 1.4) showing that phonological processing is not an isolated skill, but is influenced by
broader cognitive functions. Specifically, working memory, attention, and executive functioning have
been shown to support the efficient access and manipulation of phonemes. (Cardoso et al., 2013;
Farrar & Ashwell, 2012; Gathercole et al., 2006; Gathercole & Baddeley, 1995; Ortiz-Mantilla et al.,
2010; Ramus & Szenkovits, 2008; Tal & Shaul, 2024; Yoncheva et al., 2014). Therefore, the evidence
that lexical stress representation in connected speech is not impaired per se—but that reduced

detection of weak syllables may reflect a compensatory mechanism related to working memory
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impairment—raises further questions. Specifically, it remains unclear whether reduced acoustic
sensitivity to lexical stress might explain difficulties in phonological representations in ecological
contexts or whether deficits in cognitive resources might be the key underlying factor. In this context,
musical training represents an additional factor that may modulate individual performance. Evidence
suggests that extensive music training can enhance phoneme perception, acoustic sensitivity, and
beat-based rhythm processing (Degé & Schwarzer, 2011; Kraus et al., 2014; Tierney & Kraus, 2013;
Flaugnacco et al., 2015), thus providing compensatory support for individuals with DD (Rathcke &
Lin, 2021; Weiss et al., 2014; Zuk et al., 2018). Consequently, unmeasured variability in participants’
musical background may contribute to differences in phonological and lexical stress processing,
thereby obscuring the interplay between these domains.

To enhance our understanding of the interplay between lexical stress and phonological
representations, the current study examined the influence of syllabic prominence perception on
phonological identification within spoken, rather than synthesized, nonwords in a phoneme
monitoring task, providing an ecologically valid assessment of phonological representations and
access processing (Foss & Swinney, 1973; Wade-Woolley et al., 2022). In doing so, it accounted for
acoustic sensitivity across both phonology and lexical stress. Italian was selected as the language of
study due to the prominent role of durational cues at both levels, while prior musical training was
controlled for as a confounding factor, given its potential ameliorating effects on auditory and
phonological processing (Braz et al., 2021; Degé & Schwarzer, 2011; Kraus et al., 2014; Senkal &
Mubhtar, 2021; Sofologi et al., 2022; Tierney & Kraus, 2013).The study focused on phonological
contrasts encoded by multiple acoustic cues—pitch, intensity, duration, and syllable rise-time—
which naturally co-occur and vary in connected speech. Specifically, we introduced phonological
contrasts that are both relevant and well-attested in Italian phonology. In particular, geminate—
singleton consonant contrasts were included, as they are primarily marked by segmental duration in
Italian (Di Benedetto, 2000; Di Benedetto & De Nardis, 2021; Einfeldt et al., 2019; Mairano & De
Iacovo, 2020). We also included lexical stress contrasts, which are typically cued by variations in
pitch and intensity (Caccia et al., in preparation; Bertinetto, 1980; D’Imperio & Rosenthall, 1999;
Ferrero, 1972). Additionally, obstruent—sonorant distinctions were considered, as they largely rely on
intensity differences and spectral energy distribution (Albano Leoni & Maturi, 2018). The acoustic
correlates underlying these contrasts—namely pitch, intensity, duration, and syllable rise-time—were
systematically examined in our stimuli prior to analysis, to ensure alignment with established
descriptions in the literature. To account for the alternative hypothesis that cognitive resources might
better explain phonological difficulties in DD, the role of working memory and shifting attention was

examined in parallel to acoustic sensitivity, both as potential mediators of phonological performance.
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The present study expands the overarching Lexical Stress Sensitivity Hypothesis, assuming
not only that phonological representations are impaired due to reduced sensitivity to the acoustic cues
encoding lexical stress representations, as predicted by the temporal sampling framework (Goswami,
2011), but also further hypothesizing that this reduced acoustic sensitivity extends to the segmental
level (Tallal, 1980). More specifically, we predicted that Italian participants with DD would exhibit
reduced sensitivity to the gemination contrast compared to TD participants (cf. Angelelli et al., 2016).
This reduced sensitivity is expected to be more pronounced for obstruents than for sonorants
(Vandermosten et al., 2010) and for strong syllables compared to weak ones given the more extended
rise-time in strong syllables compared to weak ones (Leong et al., 2011). If the deficit is acoustic in
nature, the performance of DD participants will be best predicted by variability in one or more
acoustic cues that encode the linguistic contrasts at hand, including duration, fundamental frequency,
intensity, and rise-time. Additionally, this hypothesis predicts that participants who have received
musical training will perform better, due to its ameliorating effects on acoustic sensitivity (Braz et
al., 2021; Degé & Schwarzer, 2011; Kraus et al., 2014; Miendlarzewska & Trost, 2014; Senkal &
Mubhtar, 2021; Sofologi et al., 2022; Tierney & Kraus, 2013). As an alternative hypothesis, further
expanding the Cognitive Mediation Hypothesis, we expected that the fewer cognitive resources
available—specifically in terms of attentional control and working memory capacity—the poorer the

phonological performance (Lallier et al., 2010; Ramus & Szenkovits, 2008)

2.2.1 Method

2.2.1.a Experimental Materials

An Italian version of the phoneme monitoring task (Bogliotti et al., 2008; Breier et al., 2001; Foss &
Gernsbacher, 1983; Foss, 1969; Foss 1973; Rathcke & Lin, 2021; Smith & Rathcke, 2017) was
created for the purposes of the present study. Eighty Italian polysyllabic nonsense strings were
designed (e.g. [segora minu], [bipoza'viba]). Thirty-two strings contained a target embedding. Target
phonemes included obstruents ([p], [t]) and sonorants ([m], [1]). They could appear either as a
singleton (16 stimuli, e.g. [bipoza'viba]) or as a geminate (16 stimuli, e.g. [brippona’fiba]). Most
target strings (90%) consisted of 5 syllables; the rest consisted of 4 syllables in total. The occurrence
of prominence was varied such that an equal number of target phonemes were placed in
prominent/strong (e.g. [segora minu]), or non-prominent/weak syllables (e.g. [zga'vobimore]). No
target occurred in the very first or the very last syllable of the nonsense strings. All target phonemes
were onsets of open syllables (CV) while syllables not containing targets were more varied in

structure and included all phonotactically permissible combinations in Italian (Vanelli, 2021). To
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avoid priming effects while also ensuring comparability of the strings containing singletons vs.
geminates, we varied syllable structures and consonants across all pairs of strings while keeping the
same pattern of vowels (e.g. [skofena pori] vs. [kar donippose]).

The total of 80 stimuli was grouped into eight blocks of 10, each comprising of 4 targets, 2
distractors and 4 fillers presented in a random order. The distractors shared some features with the
target. For example, if [no'mozevane] contained a singleton target, a possible distractor had a
geminate embedding such as [nimmozar fina]. An excerpt of the stimuli embedding the target
phonemes /p/ and /m/ is provided in Appendix A.

Each target phoneme was monitored for in two blocks. The order of testing blocks was
pseudo-randomized, prohibiting one phoneme from being the target of two consecutive blocks. The
experiment started with a practice block of 10 nonsense strings containing five /f/-targets, to explain
the experimental procedure to participants. At the start of each block, participants were instructed to
monitor for one of the target phonemes and press the space bar of a MacBook Air (Retina, 13-inch,
2018) laptop placed in front of them. The laptop was running PsychoPy (Peirce et al., 2019) - a
software that recorded participants’ responses and their timing. Accuracy scores (0 for a missed
target, 1 for a correctly identified target) were subsequently derived from participants’ responses. The
sensitivity score d’ was calculated in RStudio (RStudio, 2022) to reflect the individual ability to
correctly respond to the targets and correctly reject fillers and distractors.

To examine the role of acoustic factors in the phoneme monitoring task, we measured
duration, pitch, and intensity of the created stimuli using Praat (Boersma & Weenink, 2007).
Specifically, we measured the duration of both target consonants and preceding vowels that often
carry the key acoustic cue to the gemination contrast in Italian (Di Benedetto, 2000; Di Benedetto &
De Nardis, 2021; Einfeldt et al., 2019; Mairano & De lacovo, 2020). Compared to singletons,
geminates of Italian are typically encoded by longer duration of the consonantal gesture and shorter
duration of the preceding vocalic gesture (Di Benedetto, 2000; Di Benedetto & De Nardis, 2021).
Duration measurements of vowels and consonants were transformed into a logarithmic scale to
normalize their distribution (Baayen, 2008; Crow, 1988). Mean intensity in dB was measured for the
duration of each target consonant and the preceding vowel. The latter served as the reference point
for amplitude normalization that consisted of the mean intensity values of vowels being subtracted
from the mean intensity values of target consonants (Mori et al., 2014). This process yielded a
normalized measure of intensity with positive values indicating a higher intensity of target consonants
compared to the intensity of preceding vowels. For each target, f0-values were obtained from

midpoints of the preceding and following vowels using a standard Praat-algorithm that set a minimum
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f0 to 75 Hz and a maximum f0 to 600 Hz. The difference between the two values was transformed

into the semitone scale using the formula in (1):

foa/fob

(1) fO(st) = 12 x log (F=22),

where f0a. is the frequency of the preceding vowel and fOb the frequency of the following
vowel. The semitone conversion is commonly used in music for its logarithmic properties that
represent the way human auditory system perceives pitch (Mary Zarate et al., 2012). The procedure
resulted in the normalized metric (Mori et al., 2014) of pitch change surrounding target consonants,
with values close to 0 representing no pitch change, negative values reflecting a pitch fall, and positive
values indicating a pitch rise.

Additionally, we used Matlab (Natick, 2022) to calculate the acoustic rise-times of syllable
onsets. The calculation followed the same routines employed in previous research (Rathcke & Lin,
2021; Rathcke et al., 2021). Accordingly, amplitude envelopes were derived by the envelope function
in Matlab. The function operates on the absolute signal amplitude, smoothing it by applying a spline
interpolation with an 11 ms window. The rise-time measured the temporal distance between a local
amplitude minimum and a local maximum identified in the smoothed envelope contour round each
syllable onset (Goswami et al., 2002; Goswami & Leong, 2013). Forty percent of automatically
derived rise-times required manual corrections. Fourteen out of the 24 rise-times that required manual
correction showed a tendency toward 0 ms duration (specifically in sonorant targets); the remaining

cases displayed a dislocation of the amplitude minimum and/or maximum as illustrated in Figure 1.
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Fig. 1 °lllustration of the rise-time calculation in Matlab. Purple dots indicate local amplitude minima; yellow
dots indicate local amplitude maxima as identified by the envelope-function. Rise-time is the time spanning
the two dots. Vertical green lines indicate vowel onsets of the target syllables. M1202 shows an example that
did not require manual correction; M1201 shows an example of a syllable with a flat rise-time that was
manually set to 0; P2103 shows an example of a manually corrected minimum and maximum (the place of the
dislocation is indicated by x and y coordinates).

3 Figures and Tables are numbered independently within each study, restarting from Figure 1.
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Figure 2 shows the means and standard deviations of all acoustic measurements of the stimuli,
comparing their distribution across the three linguistic contrasts of the study (gemination, linguistic
prominence, and target type).
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Fig. 2 Overview of the acoustic differences (means and standard deviations) comparing: (A)
geminates and singletons (gemination), (B) weak and strong syllables (prominence), and (C)
obstruents and sonorants (target type). Target refers to the consonant being monitored for; vowel
refers to the nucleus of the syllable preceding the target; rise-time refers to the properties of the
amplitude envelope at the onset of the syllable containing the target. Intensity measures the average
intensity of the target consonant normalized by the average intensity of the preceding vowel. Pitch
reflects the difference between the vowels preceding and following the target.

We conducted linear regression analyses on these data in Rstudio (RStudio, 2022), testing
whether or not, and to what extent, the variance seen in the acoustics of the experimental stimuli
(plotted in Figure 2) could be predicted by the three experimental factors, including gemination of
the target consonants (geminate/singleton), prominence of the syllable containing the target
consonants (weak/strong), and consonant fype of the targets (sonorant/obstruent). These analyses

(summarized in Table 2) confirmed that the observed variability in the isolated acoustic cues was

systematic, allowing us to test the predictions of Lexical Stress Sensitivity Hypothesis

Acoustic factor B SE T p

A. GEMINATION

Vowel duration 12.84 5.46 -2.34 .02

Target duration  62.14 8.35 15.02 <.001
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Rise-time -0.15 0.23 -0.66 51
Intensity -2.02 1.08 -1.86 .06

Pitch 0.34 0.71 0.48 .62

B. PROMINENCE

Vowel duration -2443 5543 -0.44 .66
Target duration  26.80 8.35 -3.21 .002
Rise-time -0.02 0.23 -0.12 .90
Intensity 0.50 1.08 0.46 .64
Pitch -1.54 0.71 -2.16 .023

C. TARGET TYPE

Vowel duration 1801 5543 0.325 .74
Target duration  42.34 8.35 -5.07 <.001
Rise-time -0.74 0.23 -3.17 .002
Intensity 34.08 1.08 31.47 <.001
Pitch 0.55 0.71 0.71 44

Table 2. Summary of best-fit linear regressions examining the role of acoustic cues to (A) gemination
(geminate/singleton), (B) prominence (strong/weak), and (C) target type (sonorant/obstruent) in the
experimental stimuli.

As indicated, gemination (shown in Figure 2-A) was primarily expressed by the duration of
target consonants themselves (with geminates being longer) as well as the duration of preceding
vowels (with vowels preceding geminates being shorter (cf. Di Benedetto, 2000; Di Benedetto & De
Nardis, 2021). In contrast, variability in rise-time duration, intensity, and pitch did not systematically
contribute to the encoding of gemination. The key acoustic correlates of prominence (shown in Figure
2-B) included the primary duration of the consonant targets (with longer consonants in prominent
syllables (cf. (Bertinetto, 1980) and, to some extent, pitch (with a higher than average pitch in
prominent syllables (Caccia et al., 2019). In contrast, neither intensity nor variability in vowel or rise-
time duration played a role in the acoustic encoding of prominence in the materials of the present
thesis. Lastly, the duration of the target consonant and rise-time, along with intensity, were the main
acoustic correlates for target type (with obstruents being longer and having longer rise-times and

lower intensity than sonorants, see Figure 2-C). In contrast, preceding vowel duration and pitch did
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not vary systematically in encoding target type. Please note that shorter rise-times of sonorants are,
in fact, indicative of a lack of amplitude variation around the corresponding syllable onsets and are
consistently 0 ms for rise-time duration (see Figure 1). Relatedly, sonorants have a relatively high-
level of intensity, comparable to that of vowels (resulting in normalized intensity values around 0 dB,
Figure 2-C) while obstruents have a substantial intensity drop in contrast to the surrounding vowels
(resulting in negative values of normalized intensity, see Figure 2-C). Consequently, and in contrast
to the acoustic parameters of pitch and duration, present materials show little meaningful variation in
rise-time and intensity beyond the encoding of target type. To summarize, while each linguistic
contrast relies on a combination of several acoustic cues and shows great variability of the acoustic
parameters, duration plays a central role to the encoding of all contrasts under investigation while

other acoustic parameters have a relatively minor role to play.

2.2.1.b Individual Assessment
To account for the mediating role of individual cognitive profiles, we included measures of working
memory and shifting attention capacity. To assess working memory (WM) capacity, we used the
Letter-Number Sequencing (LNS) task from WISC-IV (Orsini, 2012; Wechsler, 2003) and from
WAIS-IV (Wechsler, 2008, 2013). This task requires participants to listen to a series of letters and
digits and then to reproduce the stimuli with the letters in alphabetical order and the digits in
ascending numerical order. In contrast to simple digit span tasks that test the recall of a list of either
digits or letters after a brief retention interval that measures primarily the storage aspect of working
memory, complex span tasks like WISC-IV and WAIS-IV recruit a secondary operational task
(sorting digits and letters) and assesses both the storage and the processing aspects of working
memory (Crowe, 2000). It is considered a reliable index of individual working memory capacity
(Conway et al., 2005). The final score was the number of correct responses, normed with reference
to an existing database. The WISC-IV scores were normed with reference to 14-15 year-old
adolescents (Orsini, 2012) while the WAIS I-V scores were normed with reference to 16-21 year-
olds (Wechsler, 2008).

To assess attentional capacity, we administered the NEPSY-II Response Set (RS) test (Kemp,
2007; Urgesi, 2011) which measures shifting attention—the ability to adjust focus and adapt
perceptual responses to changing environmental demands (Cohen, 2001; Wager et al., 2006 ). In this
task, participants listened to a pre-recorded list of words and were required to touch a specifically
colored circle when a designated color word was heard (e.g., “touch the yellow circle when you hear
the word red”; cf. Brandt, 1989; Green & Bavelier, 2012). This task evaluates attentional capacity in

relation to higher-order executive functions, such as cognitive shifting and inhibition (Kemp,
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2007). Scores were standardized using normative data from Urgesi (2011). Given that cognitive
resources are considered adult-like by the age of 16 (Matarazzo, 1972), older participants were
normed using reference data for 16-year-olds to ensure comparability across age groups.

Finally, questionnaire responses were used to calculate individual music scores following the
same procedure as Rathcke and Lin (2021). Accordingly, participants were scored for having music
training (0 for “none”, 1 for “some”), active and ongoing music practice (0 for “none”, 1 for “some”),
the age they took up their training (2 for an early start before the age of 10, 1 for a later start after the
age of 10), the number of years they engaged with music training (one score per year of training), and
how many instruments they played (one score for each instrument). The final music score was a sum
of all component scores, with higher numbers indicating more music training received by a
participant. The scores calculated for the present sample varied from minimally 0 to maximally 21
(M = 4), with very few participants scoring high on music training (n = 7). This result indicated that
the extent of prior music instruction was uniformly limited and consistent among the participants.

Table 3 summarizes descriptive statistics for all individual measures, comparing the three
experimental groups. Again, due to the small sample size and non-normal distribution, group-level
differences in individual measures were analyzed using the Wilcoxon-Mann-Whitney (WMW) test
(Fay & Proschan, 2010; Vierra et al., 2023) for two-group comparisons and the Kruskal-Wallis (KW)
test (Hazra & Gogtay, 2016) for multiple-group comparisons using the "stats" package in
R (RCoreTeam, 2022). If the KW test was significant, post hoc pairwise comparisons were conducted
using Dunn’s test (Dinno, 2015). Results showed that the clinical groups (PD vs. MD vs TD) did not
differ with regards to their shifting attention score (H(2) = 2.53, p = .282) whereas MD participants
showed significantly lower WM scores as compared to control participants MD and TD groups (Z =
3.37, p=.002). As far as music training is concerned, no differences were found across groups with

regards to the amount of received music training (H(2) = 2.19, p = .334).

Group Mdn M Min Max

Shifting attention scores (percentile)

TD 74 58.6 2 74
PD 43 45.8 2 74
MD 68.5 51.8 2 74

Working memory scores (percentile)

D 17.5 28.3 2 65
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PD 12.5 17.9 2 50

MD 5 10.3 2 50
Music training scores

D 4.5 5.5 0 21
PD 0 3.7 0 14
MD 0 34 0 18

Table 3. Overview of participant scores on cognitive measures and music training comparing the
experimental groups (typical development TD, pure dyslexia PD, mixed dyslexia MD) of the present
study.

2.2.1.c Experimental Procedure

At the start of the phoneme monitoring task, participants listened to the instructions explained to them
by the experimenter (the first author) and displayed by the laptop screen. Subsequently, participants
had some time to practice the procedure during a familiarization phase (monitoring for the target
phoneme /f/ that was not part of the main experiment). They could clarify any questions remaining
after the familiarization with the task phase and determined when they were ready to start the
experiment. Good quality headphones (Sennheiser HD 380) were used for the playback of stimuli,

with participants being free to adjust the volume to an individually comfortable level.

2.2.1.d Data Pre-processing and Statistical Analyses
Individual d’-values (Macmillan & Creelman, 2004) were calculated for each participant. According
to the framework of signal detection theory, d’-sensitivity serves as a measure of the ability to
distinguish between signal and noise during a detection task (Macmillan & Creelman, 2004). The d-
value is obtained by taking the difference between the z-scores of the hit rate (represented by the
proportion of correctly detected targets in relation to all targets) and the false alarm rate (represented
by the proportion of false alarms in relation to all distractor targets). A higher d’-value indicates a
superior capacity to differentiate between targets and distractors while a lower d’-value implies a
decreased target sensitivity. In order to calculate d’-values for each participant, we determined the
total number of correct responses (n-hit) versus missed responses (n-miss) and the number of false
alarms (n-fa) versus correctly rejected responses (n-cr). These values were then entered into the d’-
prime function within the Psycho R package (Makowski, 2018). Using this method, we computed
one d’-value per participant across all targets.

Linear regressions were fit to the resulting d’-values, testing for (1) a difference between the

two clinical groups (PD vs. MD) and (2) a difference between the clinical and the control group (TD
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vs. DD). Therefore, group was first entered as a predictor with three levels (PD vs. MD vs. TD) and
subsequently converted into a two-level factor (DD vs. TD) if there was no difference in the
performance of the two groups with DD. This procedure ensured that we could avoid a subdivision
of the clinical sample and related power issues if unnecessary (Alosh et al., 2017; Dmitrienko et al.,
2016).

Furthermore, we ran logistic mixed-effects regressions (estimated using ML and the
BOBY QA optimizer), examining what factors influenced accuracy in the phoneme monitoring task,
i.e., the ability to correctly identify targets embedded in the nonsense strings. All responses to a
correctly identified embedding were coded as 1, missed embeddings were coded as 0.

Predictors for both models included music score, working memory score, and shifting
attention score, whereas only the accuracy model also included gemination (singleton/geminate),
target type (obstruent/sonorant), and prominence (weak/strong). We tested for a two-way interaction
between these predictors and group.

A third logistic mixed-effects regression model was fitted to the accuracy data using
maximum likelihood estimation (ML) and the BOBY QA optimizer. This analysis examined acoustic
factors as covariates, including pitch, intensity, duration, and rise time, all of which were normalized
as described in Section 2.2, with group as a predictor.

Given some variability in gender and age of the participants across the experimental groups,
we additionally checked if age (either as a numerical covariate or as a binary factor contrasting “adult-
like”, i.e. 16 and above, and “not adult-like”, after Matarazzo (1972) alongside gender (as a binary
factor) may have influenced the results. Additionally, individual average school grade was added as
a control predictor in all models as a proxy of IQ (Borghans et al., 2016).To account for the possibility
that stimuli and participants may vary in responses, we added participant and nonsense string as
random effects. Maximal random effect structure was retained if the models converged and did not
produce singular fit (Barr et al., 2013).

The best-fit regression models were obtained in a backward-fitting procedure. All analyses
were conducted in Rstudio (RStudio, 2022) using the library packages /me4 (Bates et al., 2015),
ImerTest (Kuznetsova et al., 2017), psycho (Makowski, 2018), and Agmisc (Quene, 2022).

2.2.2 Results

2.2.2.a Analysis of d’-sensitivity
First, linear regressions were fit to d’-values calculated for participants with MD vs. PD, checking if

the two clinical groups differed significantly in their d’-sensitivity. No significant group difference
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was found (MD: M = 0.53, SD = 0.43; PD: M = 0.8, SD 0.54; F(1) = 3.03, p = .08 .). Therefore, we
ran a linear mixed-effects model comparing d’-values between the clinical and the control group
(DD/TD), examining whether or not the group-level difference was moderated by participants’ music
experience and cognitive resources. Age was fit either as a covariate or as a binary predictor, alongside
gender (a binary factor) and average school grade (a numerical covariate). The best-fitting model
(F(3,66)=11.13, p<.001; shown in Table 4A) retained an interaction of between group and shifting
attention score (1(66) = 2.78, p = .006), explaining a substantial proportion of variance in the data (R?
= 0.30). Figure 3A visualizes this interaction and shows that d’-sensitivity of participants with DD
remained constant regardless of their individual attentional scores while d’-sensitivity of the TD
participants varied linearly along with their attentional scores. The TD participants of the present
sample who measured the lowest attention scores showed a reduced ability to detect targets and reject
non-targets, exhibiting d’-values similar to those of the clinical group. Using emmeans (Lenth, 2022)
and employing the Scheffé adjustment method for multiple comparisons (Lee & Lee, 2018; Midway
etal., 2020), we compared within-group estimates of d’-sensitivity at 0 vs. 70 of the shifting attention
score, confirming that DD participants did not differ in their performance on the task (#(66) = 0.95, p
=.34) while TD participants did (z(66) = -2.8, p = .006). Participant gender (F(1) = .22, p = .64), age
(F(1) =2.40, p = .12) and average school grade (F(1) = 1.20, p=.22) also did not play a role in the
task.

2.2.2.b Analysis of Accuracy

Having examined d’-sensitivity (which can only be calculated on an aggregated dataset), we next
examined if the interaction between group and the acoustic, linguistic, and cognitive factors of
interest could explain the variance in the accuracy data, or the general tendency to correctly respond
to the consonant targets only. As the two clinical groups did not significantly differ in the overall
percentage of their accurate responses (PD: M =40.87, SD = 6.60; MD: M =37.79, SD = 7.06; x2(1)
= 1.92, p = .17), the group variable was treated as a two-level predictor (percentage of accurate
responses of TD: M =45.06, SD = 6.31; percentage of accurate responses of DD: M =39, SD = 6.9).
The best-fitting models of accuracy, whether based on linguistic or acoustic predictors, retained only
one interaction of group with the shifting attention score (x = 6.60, p = .01), similar to the best-fitting
model of d-sensitivity. The nature of the interaction is visualized in Figure 3B. Replicating the results
of d’-sensitivity, the interaction indicated that accuracy of participants with DD remained stable
irrespective of their individual attentional scores while accuracy within the TD group increased
linearly with higher attentional scores. Subsequent within-group comparisons of participants with a

shifting attention score of 0 vs. 70 were performed using emmeans (Lenth, 2022) and employing the
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Scheffé adjustment method for multiple comparisons (Lee & Lee, 2018; Midway et al., 2020). No
difference in phoneme monitoring was found within the DD group (z = 1.15, p = .45) while the

performance of the TD differed depending on their shifting attention score (z = -2.76, p = .005).
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Fig. 3 Estimates of d’-sensitivity (panel A) and accuracy (panel B) among control (TD) and clinical
(DD) participants as a function of their normalized attention score.

In addition, the best-fitting model also retained three main effects, including gemination, target type,
and prominence, suggesting a perceptual advantage for geminates (over singletons), obstruents (over
sonorants), and targets occurring in strong (rather than weak) syllables. Neither participant gender
(x2(1) = .21, p = .64), nor age (y2(1) = 1.71, p = .19) or average school grade (y2(1) = .82, p = .36)
helped to significantly improve the fit of the accuracy model. The model best fitting the accuracy data

is summarized in Table 4B. It explains a moderate proportion of variance in the data (R*>=0.21).

(A) D’-sensitivity

Factors AIC RSS D

Group * Shifting

Attention Score -94.41 16.67 .005
(B) Accuracy
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Factors AIC LRT P

Group * Shifting

Table 4.  Attention Score 3379.5 6.61 01 Summary
of the

Prominence 5390.1 17.15 <.001

Gemination 5387.2 14.32 <.001

Target Type 5379.2 6.26 .01

regression models best fitting (A) the d’-sensitivity data and (B) the accuracy data.

2.2.2.c Reliability Check

Given that some participants from the TD group performed comparatively poorly in the task, we
examine the possibility of false negatives (i.e., undiagnosed dyslexic cases in the TD group), by
conducting a normality test of d- 'values and accuracy responses of the TD group using the R function
Shapiro-test (RStudio, 2022). The results showed that indeed d’-sensitivity values were not normally
distributed (W = 0.92, p = .03) whereas accuracy responses were (W = 0.95, p = .18). We examined
the d’- distribution and identified that it was centered around 1.1 with long tail tendency toward value
2 (Max = 2.2, Min = 0.4), suggesting the likelihood of outliers solely among best performers. This
post-hoc analysis indicates that the results of the present study are unlikely to be attributable to the
TD group containing a number of clinically unidentified outliers.

To further check for an internal consistency of the task performance, we calculated Cronbach's
alpha (Cronbach, 1951; Tavakol & Dennick, 2011) for each stimulus based on accuracy data, using
the R library psych (Revelle, 2024). The Cronbach’s Alpha coefficient of internal consistency ranged
from 0.74 to 0.77 across all stimuli (Mdn = 0.75, M = 0.75). The relatively small range between the
minimum and the maximum values of the coefficient as well as the relatively high coefficient values

themselves suggest a relatively high level of internal consistency across all stimuli of the study

(Cronbach, 1951; Tavakol & Dennick, 2011).

2.2.3 Discussion

The present study aimed to extend the overarching Lexical Stress Sensitivity Hypothesis (Goswami,
2011) by investigating whether reduced sensitivity to acoustic cues extends to both prominence
(Goswami, 2011) and phonological contrasts (Tallal, 1980) in individuals with DD. Furthermore, it
examined whether this reduced sensitivity could account for group-level differences in phoneme

identification among 16 Italian adolescents with pure DD, 24 with both DD and dyscalculia, and 30
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Italian adolescents with typical development. The potential mitigating effect of music training on
these differences was also explored (Braz et al., 2021; Degé & Schwarzer, 2011; Flaugnacco et al.,
2015; Kraus et al., 2014; Miendlarzewska & Trost, 2014; Senkal & Muhtar, 2021; Sofologi et al.,
2022; Tierney & Kraus, 2013).

Alternatively, in alignment with the overarching Cognitive Mediation Hypothesis (Lallier et
al.,, 2010; Ramus & Szenkovits, 2008), the study examined whether group-level differences in
phoneme identification could be better explained by deficits in shifting attention and working
memory. Dyscalculia was included as an inclusion criterion due to its non-linguistic nature and
evidence suggesting a shared linguistic profile (Vellutino et al., 2004). However, given the potentially
more severe deficits in the presence of this comorbidity (Jordan, 2007), group-level differences
between the two clinical groups were controlled for in the analysis. To do so, we compared the
performance of the clinical and control groups on a phoneme listening task adapted for Italian, which
involved the identification of geminates versus singletons and obstruents versus sonorants, with
targets embedded in strong and weak syllables of non-words. Within the Temporal Sampling
Framework, we predicted greater phonological difficulties in phoneme identification for segmental
contrasts encoded by duration, along with a significantly reduced facilitatory effect of prominence on
target identification within the clinical population.

With regards to the primary hypothesis, the present study provided no evidence to suggest
that Italian adolescents with DD had a reduced perceptual ability to make efficient use of naturally
variable parameters of acoustic speech signals (such as duration, fundamental frequency, intensity,
or rise-time) that encode multiple linguistic functions (such as prominence, gemination, and manner
of consonant articulation). Even though the results showed that both groups of DD participants had a
lower level of phonological d-sensitivity and accuracy compared to TD participants, this group-level
difference could not be explained by an inability to process acoustic cues to phonological contrasts
as the best-fit model of accuracy did not retain any interactions of group and the acoustic cues of the
present investigation (i.e., duration, fundamental frequency, intensity, or rise-time). In addition,
lower identification rates in DD were homogeneous across prominent and non-prominent syllables,
as well as across geminates and singletons or obstruents and sonorants, regardless of the differences
underlying their acoustic cues. Notably, no significant differences were found in sensitivity (d") and
accuracy between the two clinical groups in the initial comparisons, thus supporting previous
proposals of a shared linguistic profile (Vellutino et al., 2004). As a consequence, to increase the
power and reliability of the findings, they were treated as a single clinical group.

There may be several reasons as to why the Lexical Stress Sensitivity Hypothesis (Caccia et

al., 2019; Goswami, 2011; Leong et al., 2011, Tierney & Kraus, 2013) is not supported by the present
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results. First, linguistic backgrounds of dyslexic participants (here, Italian) differ across studies, with
a majority of prior investigations focusing primarily on English (Leong et al., 2011; Tallal, 1980),
French (Casini et al., 2018; Werker & Tees, 1987), or Dutch (Vandermosten et al., 2010) speakers.
Accumulated evidence indicates that native language(s) may play a role in the phenotypic
manifestations of language-related disorders (Bortolini & Leonard, 1996; Garcia et al., 2023; Ziegler
et al., 2010). Second, disparities in methodologies employed across studies could also contribute, in
part, to the observed variability in the available findings. Some studies lean more heavily on
metacognitive tasks (Caccia et al., 2019), potentially introducing a bias stemming from an increased
cognitive load (Protopapas, 2014; Ramus & Ahissar, 2012), while others opt for stimuli which more
strongly resemble the context of natural speech, aiming at capturing phonological processing during
real-world, online perception and processing (Rathcke & Lin, 2021; Virtala et al., 2020). However,
it is also important to highlight that not many studies examine the role of cognitive factors during
linguistic tasks, though recent findings strongly suggest a crucial role of cognitive resources in DD
(Bégel et al., 2022).

With regards to the mediating role of cognitive deficits over phonological deficits, our
analyses of both accuracy and d -sensitivity consistently showed an interaction of group and shifting
attention score. Specifically, participants of the two groups (TD vs. DD) differed in how well they
could shift the attentional focus for phonological processing. While dyslexic participants with a
higher shifting attention score did not show better phoneme monitoring performance in comparison
to DD participants with a lower attention score, the group of TD participants demonstrated a strong
linear relationship between shifting attention and accuracy in identifying target embeddings. This
result suggests that phonological processing in individuals with DD might receive less support from
attentional resources and executive functions than it does in typically developing (TD) individuals.
Such dissociation of phonology and cognitive resources was not observed in TD participants whose
performance was very comparable to that of DD participants when their attentional resources were
limited.

This finding supports the Cognitive Mediation Hypothesis (Lallier et al., 2010; Ramus &
Szenkovits, 2008) of phonological deficits in DD. However, the nature of this mediation does not
fully align with previous accounts of DD that assume a moderating role of shifting attention.
Specifically, the Sluggish Attentional Shifting Hypothesis of dyslexia (Hari & Renvall, 2001)
suggests that individuals with DD may have difficulty shifting their attention from the preceding to
the following temporal event in connected speech. The key issue of this proposal in the context of the
present results is that target duration varied across our stimuli and phonological categories, with many

of them being encoded by slow rather than rapid acoustic durational changes.
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A possibly more convincing explanation may be provided by a recent proposal that DD is
linked with brain connectivity deficits which extent to the phonology domain (Habib, 2021; Lou et
al., 2019; Paulesu et al., 1996). This idea was first advanced by Paulesu et al. (1996) who examined
brain activity in well-compensated dyslexic adults during a series of phonological and short-term
memory tasks. The results revealed that DD participants differed from the TD group in that
phonological processing led to the activation of isolated brain regions but without a cross-region,
simultaneous co-activation. The authors concluded that impaired phonological abilities in DD could
be accounted for by a dissociation between anterior and posterior language areas. Recent
neuroimaging studies provided more extensive evidence in support of the hypothesis that individuals
with DD show a remarkable disconnection in local brain networks within the left hemisphere (Lou et
al., 2019; Yan et al., 2021). In light of this hypothesis, the impaired phoneme monitoring ability
observed in dyslexic participants of the present study could potentially be attributed to a reduced
ability to establish, enhance, or sustain appropriate neural connections between networks responsible
for the interaction between attention and executive function capacities and phonology.

Nevertheless, there may be a further alternative explanation to the present finding. Given that
some studies highlight the role of experiential factors in DD, especially the amount and frequency of
reading (Huettig et al., 2018; Roberts et al., 2015; Willcutt et al., 2001), it could be argued that TD
and DD participants of the present study may have differed in their individual reading experience
which had not been quantified as part of the study protocol. Extensive reading experience has been
shown to exert a positive influence on attention (Roberts et al., 2015) as well as phonology (Huettig
et al., 2018; Masonheimer et al., 1984), thus being a relevant factor to consider in the context of the
present study. However, a potential group-level difference in individual reading experience cannot
fully explain why DD participants with high shifting attention capacities would nonetheless encounter
difficulties during phoneme monitoring. At the same time, individual differences in reading
experience could potentially account for the present observation that the phoneme monitoring
performance of our control participants was as low or even lower than the performance of our
participants with DD when their shifting attention scores fell below the 10th percentile. This
observation indicates that more extensive individual measures, such as 1Q, and background
questionnaires are required to elucidate the multidimensional nature of reading disorders (Lachmann
and Bergstrom (2023).

With regards to the compensatory effect of music training (Miendlarzewska & Trost, 2014;
Mina et al., 2021; Rathcke & Lin, 2021; Weiss et al., 2014; Zuk et al., 2018), the present study did

not identify music score as a significant predictor in our models. However, future research with a
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sample that better represents variations in music training may help clarify its role, reducing the risk
of power-related biases.

In conclusion, this study provides evidence that Italian adolescents with DD are indeed
associated with issues in phonological processing and awareness (Ramus & Szenkovits, 2008;
Snowling, 2003; Tallal, 1980; Thomson & Goswami, 2010; Vellutino et al., 2004). However, these
issues cannot be attributed to difficulties associated with the decoding of acoustic cues that give rise
to prominence or segmental contrasts as previously suggested (Casini et al., 2018; Goswami, 2011;
Masterson et al., 1995; Tallal, 1980; Vandermosten et al., 2010). Instead, the results of the present
study indicate that phonological deficits in adolescents with Italian DD may be associated with an
inefficient allocation of attention and executive functions resources to the decoding of phonological
contrasts. This reduced ability of using these cognitive resources for phonological processing was
equally observed in participants with pure and mixed DD, suggesting a shared linguistic profile across
the two subtypes of dyslexia (Vellutino et al., 2004). This specific mediating role of cognitive
resources in phonological identification aligns with recent proposals suggesting a brain connectivity

deficit in DD (Cui et al., 2016; Lou et al., 2019)

2.3 Study 2: Acoustic Sensitivity to Lexical Stress in Adolescents

A growing body of research suggests that individuals with DD may experience difficulties in
perceiving lexical stress across the lifespan, likely due to reduced sensitivity to the underlying
acoustic cues (Caccia & Lorusso, 2020; Caccia et al., 2019; Goswami, 2011; Leong et al., 2011;
Muneaux et al., 2004). However, much of the supporting evidence comes from studies utilizing meta-
linguistic tasks, which place demands on working memory by requiring participants to retain the
acoustic representation of stimuli before making a judgment (Caccia & Lorusso, 2020; Caccia et al.,
2019; Cumming, Wilson, & Goswami, 2015; Cumming, Wilson, Leong, et al., 2015). Given that
deficits in working memory and other cognitive resources are frequently reported in individuals with
DD, it remains unclear to what extent these factors contribute to the observed difficulties in lexical
stress perception (Facoetti et al., 2003; Gathercole et al., 2006; Jednordg et al., 2014; Lewandowska
etal., 2014; Varvara et al., 2014).

The need to investigate the lexical stress deficit by alternative means and with more
naturalistic materials has been highlighted in previous research (Rathcke and Lin (2021). Participants'
ability to synchronize with the alternation of strong and weak syllables of natural connected speech
was evaluated by means of a finger tapping paradigm (Rathcke & Lin, 2021; Rathcke et al., 2021).
This methodological approach is underpinned by evidence suggesting that the perception of rhythm
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tends to elicit sensorimotor coupling — i.e., motor synchronization to an auditory rhythm — which can
be reliably investigated by using finger tapping (Bégel, Dalla Bella, et al., 2022; Colling et al., 2017;
Leong & Goswami, 2013; Rathcke & Lin, 2021; Rathcke et al., 2021; Taha et al., 2022). Compared
to metacognitive tasks, the sensorimotor synchronization (SMS) paradigm reduces cognitive load and
may therefore serve as a more reliable indicator of speech rhythm perception, especially in clinical
populations with a high prevalence of potential working memory deficits (Chen et al., 2023;
Protopapas, 2014; Sweller et al., 1998). Additionally, the use of non-constrained, variable stimuli,
such as natural sentences, offers a relatively high level of ecological validity compared to temporally
manipulated or otherwise rhythmically constrained or simplified stimuli used in previous research.
Previous findings collected by means of this paradigm revealed that rhythmic performance of adult
English participants with and without DD did not differ in strong syllables but diverged in weak
syllables, showing significantly lower likelihood of synchronization with weak syllable nuclei in the
dyslexic group as compared to the TD group (Rathcke & Lin, 2021). Notably, the group difference
was not predicted by any acoustic measures derived from sentence stimuli, including rise-time. Given
that the tendency toward lower SMS likelihood was also found in musically trained participants of
the study, the authors interpreted the group difference between dyslexic and typically developing
participants as a compensation strategy rather than an indicator of a lexical stress deficit. However,
existing evidence based on synchronization with strong-weak non-linguistic beats indicates that
individuals with DD tend to exhibit lower SMS accuracy and less anticipation than their typically
developing, age-matched peers (Pagliarini et al., 2020; Rossi et al., 2023; Thomson & Goswami,
2008; Wolft, 2002). For instance, Thomson and Goswami (2008) in a study on 10-year-old English-
speaking children found that those with DD demonstrated reduced consistency in their tapping
intervals when synchronizing with rates of 2 Hz or 2.5 Hz, but not with 1.5 Hz. Given that 2
Hz corresponds to the typical rate of lexical stress alternation in speech (Goswami, 2019), the authors
interpreted these findings as indicative of a lexical stress processing deficit.

These findings raise questions about whether difficulties in SMS among individuals with DD
are directly linked to reduced lexical stress sensitivity and, more broadly, the nature of this
impairment. Specifically, it remains unclear whether these difficulties stem from inefficiencies in
processing the acoustic cues that signal increased prominence or from challenges in retrieving
linguistic information in the presence of reduced acoustic salience.

To further complicate the picture, as it can be seen in Figure 1 taken by (Rossi et al., 2024),
individuals with DD exhibit a faster spontaneous motor tempo (SMT, Bégel, Dalla Bella, et al., 2022;

Rossi et al., 2024) which measures the finger tapping rate produced when individuals are asked to tap
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with the finger of their dominant hand at their most comfortable tempo without an auditory prompt

(Drake et al., 2000; McAuley et al., 2006).
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Fig. 1 “Distribution of spontaneous motor rates (SMTs) measured as average duration of inter-tap-intervals
(ITIs) in milliseconds. The dark grey distribution shows values measured in the dyslexic group (DD), the light
grey distribution shows values of the typically developing participants (TD)

Previous research has shown that individuals achieve more accurate and stable
synchronization with auditory rhythmic prompts that align with their SMT (Bégel, Demos, et al.,
2022; Kaya et al., 2023; Scheurich et al., 2018). Vice versa, participants exhibit decreased motor
stability when engaging with tempos outside of their SMT (Bégel, Demos, et al., 2022). Existing
evidence further indicates that individuals with faster SMT exhibit less adaptable synchronization
compared to those with slower SMT rates (Bégel, Dalla Bella, et al., 2022; Kaya et al., 2023).
Therefore, it remains to be determined whether a lower likelihood of synchronization in SMS reflects
reduced sensitivity to lexical stress or prominence alternation, or if it instead stems from differences
in SMT. in SMT. Notably, SMT in trained musicians tends to be slower than in non-musicians (Drake
et al., 2000; Scheurich et al., 2018), suggesting a possible role of musical training as a confounding
factor mediating the relationship between SMT and SMS.

The present study aims to further refine the Lexical Stress Sensitivity Hypothesis by
investigating whether the ability to synchronize with the beat of the sentences among adolescents
with and without DD is better predicted by impaired sensitivity to acoustic salience, a key feature of

lexical stress (Eriksson et al., 2018), or by differences in spontaneous motor tempo (SMT).

4 Figures and Tables are numbered independently within each study, restarting from Figure 1.
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Under the framework of the Lexical Stress Sensitivity Hypothesis we predicted that the ability
to synchronize with stressed or accented (i.e., prosodically strong) vs. unstressed, unaccented (i.e.,
prosodically weak) syllables will be influenced by the natural variability of acoustic cues to prosodic
salience (measured as relative FO, duration, and intensity). Accordingly, SMS of participants with
DD (measured by synchronization likelihood, accuracy, and variability) will systematically differ
from SMS of typically developing (TD) participants, reflecting lower sensitivity to prosodic
variability in natural speech.

As an alternative view, here as the Internal Oscillator Hypothesis (Drake et al., 2000; Kaya et
al., 2023; McAuley et al., 2006), we predicted that individual SMT will effectively explain the
observed variability in SMS with spoken sentences. Faster individual SMT will be linked with weaker
SMS-performance on longer timescales (e.g., inter-stress intervals) while slower individual SMT may
be linked with weaker SMS-performance on shorter timescales (e.g., inter-vocalic intervals).
According to this hypothesis, rhythmic performance in DD compared to TD participants might appear
to signify a rhythm deficit affecting specifically longer timescales such as inter-stress intervals
(Goswami, 2011; Leong & Goswami, 2013) while essentially reflecting the consequence of different
SMT rates at the group level, faster in DD and slower in TD (Rossi et al., 2024). The hypothesis
further suggests that SMT may be an individual marker of (motor) rhythm processing abilities,
potentially independent of the dyslexic deficit per se. In order to disentangle the specific role of SMT,
we also considered participants’ levels of musical training, given evidence that trained musicians tend
to exhibit slower SMTs (Kaya et al., 2023; Scheurich et al., 2018).

To test these (potentially complimentary) hypotheses, we adopted the finger-tapping paradigm
that has been previously used in DD research (Bégel, Dalla Bella, et al., 2022; Rathcke & Lin, 2021).

2.3.1 Method

2.3.1.a Experimental Materials

An Italian version of the SMS task with speech was developed (Rathcke et al., 2021; Rathcke & Lin,
2021). For this task, a corpus of 21 test sentences of variable length (from 9 to 23 syllables) and
lexico-syntactic structure was created (see Appendix B for a complete list of sentences). The
sentences were recorded in a sound-proof recording studio of the Linguistics Laboratories of the
University of Konstanz. The recordings were made by an adult female speaker in her thirties, a native
speaker of Northern Italian. The duration of the recorded sentences varied between 1.60 and 3.70
seconds, with some sentences containing pauses between major syntactic constituents (Bertinetto &
Magno-Caldognetto; Igras-Cybulska et al., 2016; Mairano et al., 2018; Romano, 2008). Following
previous studies of SMS with speech (Rathcke & Lin, 2021; Rathcke et al., 2019, 2021), syllable
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nuclei were identified as synchronization anchors, with vowel boundaries being manually annotated
by the first author and subsequently checked by the last author. Each vowel was categorized as either
strong (i.e., lexically stressed) or weak (i.e., unstressed), based on the metrical status of the syllable
that it was part of. The annotations and subsequent acoustic measurements were conducted in Praat
(Boersma & Weenink, 2007).

To examine the first hypothesis of the study, we measured total duration (in milliseconds),
average fundamental frequency (£0, in Hz), and average intensity (in dB) of each vowel. Vowel
intensity was normalized by subtracting the sentence-specific mean vowel intensity from each
individual vowel's value. Resulting values indicate relative intensity of each vowel — i.e., how many
dB above (positive values) or below (negative values) the sentence mean each individual vowel
measured. Vowel duration was normalized by dividing each vowel's duration by the sentence-specific
mean vowel duration. Resulting values indicate relative duration of each vowel — i.e., if it is shorter
(<1.0) or longer (>1.0) than the average vowel in the sentence. Normalized vowel-by-vowel
variability in /() was represented on the semitone (st) scale (Pierce, 1983), with the mean sentence-

specific FO being the reference value for the semitone conversion following the formula: FO(st) =

FOn/FOM
log2

12 * log ( ), where F0, is the average F(0 frequency of each vowel and F0Oum the sentence-

specific mean F( within the sentence. Resulting values indicate how much each vowel’s F0 deviate
from the mean, and if it lies below (negative values) or above (positive values) the mean.

The normalization ensured comparability of all acoustic measurements within and between
sentences and gave rise to the following three main acoustic predictors of interest: (1) normalized
vowel duration, (2) normalized vowel intensity (in dB), and (3) normalized vowel F0 (in st). Given
that the acoustic measurements may be strongly correlated (Black et al., 2023; Rathcke, Lin, et al.,
2024) , a factor analysis was performed using the promax rotation and Bartlett's method implemented
in the R package "psych" (Revelle, 2024). The analysis indicated that one factor was sufficient to
capture the covariance among the acoustic predictors, accounting for 32% of the total variance (SS
loadings = 0.95). The factor had the following loadings: F0 (0.72), intensity (0.57), and duration (-
0.32), with their uniquenesses being 0.48, 0.68, and 0.90, respectively. Accordingly, F0 and intensity
were positively correlated (= 0.41, #(273) = 7.42, p <.001) while F0 and duration (r =-0.24; (273)
= -3.95, p < .001), intensity and duration (r = -0.18, #(273) = -3.06, p = .002) were negatively
correlated. Therefore, only acoustic salience scores derived from the factor analysis were used in
statistical models reported below.

To test the second hypothesis of the study, durations of inter-vocalic intervals (IVIs) along
with the inter-stress intervals (ISIs) were extracted from the manual annotations of vowel onsets. /VIs

ranged from 20.09 ms to 911.39 ms (M = 185.88 ms, Mdn = 173.89 ms) whereas average ISIs within
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each sentence ranged from 122.14 ms to 1339.50 ms (M = 666.05 ms, Mdn = 629.78 ms).
Approximately 5% of IVIs and 20% of ISIs included a silent pause. The intra-sentence pauses,
demarcating a prosodic break (Bertinetto & Magno-Caldognetto; Mairano et al., 2018) occurred 12
times in total, with durations ranging from 40.93 ms to 616.50 ms (M = 211.14 ms, Mdn = 158.77
ms). Wilcoxon Rank-Sum (WRS) test for asymmetric and nonnormal distributions (Bridge &
Sawilowsky, 1999) showed that IVIs were indeed significantly shorter than ISIs (W = 424.5, p <
.001).

As indicated in Figure 2, the materials of the present study showed a high level of variability
in all acoustic measurements and their derivates, as well as in durations of ISIs and IVIs. Table 1
summarizes the results of linear regressions examining the role of these variables in expressing lexical
stress. The analyses identified that duration, 0, and acoustic salience (but not intensity) were the
main acoustic correlates of lexical stress in these materials. Accordingly, vowels in stressed syllables
showed larger deviations from the sentence mean F(O and duration as compared to vowels in
unstressed, weak syllables. Vowels in stressed syllables were longer and showed a larger magnitude
of pitch change from the sentence mean (in this case, a substantial pitch fall below the mean). These
measurements gave rise to a decrease in the derived acoustic salience values, reflecting primarily the
substantial F(-fall accompanied by an intensity drop as produced by the speaker in most accented
syllables. Overall, 67% of all pitch accents were produced as a falling pitch accent (H+L*) and only
20% were produced as a high pitch accent (H*). The remaining 13% of accented syllables showed
other types of pitch accents (analyzed as L*, L+H*, or H+L*). Lexical stress (and accompanying
phrase-level accentuation by means of a pitch accent, (Avesani & Vayra, 2005; Ladd, 2008) further
influenced the variability of IVIs which were longer when an interval contained a stressed syllable.
In addition, both 7V and ISI duration was best predicted by the presence or absence of a silent pause
within the interval, with those containing pauses being longer (/VI: #(2,251) = 14.06, p <.001; ISI:
1(2,52)=10.33, p <.001).
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Fig 2. Variability of normalized duration, intensity, FO, acoustic salience, inter-stress intervals (ISI) and
inter-vocalic intervals (IVI) measured in the Italian materials of the sensorimotor synchronization task.
Normalized measurements were taken in strong, accented (S) and weak, unaccented (W) syllables

Factor ~ lexical stress  f t df D
Duration 0.49 8.91 273 <.001
Intensity -0.12 -0.25 273 0.79
Fo -1.92 -4.57 273 <.001
Acoustic salience -0.77 -4.75 273 <.001
i 65.89 6.76 251 <.001

Table 1. Summary of linear regressions examining the influence of lexical stress on the acoustic variability
of vowel duration, intensity, F0, acoustic salience as their derivate, and inter-vocalic intervals (IVI). The
reference level is weak syllable
2.3.1.b Experimental Procedure
Following previous studies (Rathcke & Lin, 2021; Rathcke et al., 2021), the test sentences were
looped with 15 repetitions and separated by 500-ms long silent pauses. The presentation order of
sentences was randomized for each test session. Participants were asked to synchronize in time with
the beat of each sentence loop and to tap the index finger of their dominant hand on a drumming pad
placed in front of them. No specific instructions were given on when to start synchronizing or where
the beat was located. Task instructions included three sentences for practice, to allow participants to
check their understanding and to familiarize themselves with the task before the start of the
experiment. In addition, participants performed a series of unpaced tapping tasks examining their
ability to produce and maintain simple and complex rhythms (Rossi et al., 2024). For the purpose of
the present study, we measured participants' preferred motor tempo by asking them to tap regularly
at a rate that felt most comfortable and natural to them. Individual SMTs were then calculated as the
mean duration of inter-tap intervals (in ms) that participants produced in this task. All taps were
recorded on a KAT KTMP1 drum pad (KATpercussion, 2021) using Logic Pro X running on a
MacBook Air 13 2018.

Given a potential link between SMT and cognitive resources (Ladanyi et al., 2023; Rossi et
al., 2024), we additionally measured working memory capacity and shifting attention of each

participant. Working memory was assessed using the letter-number sequencing task from the WISC-
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IV (Orsini, 2012) and the WAIS-IV (Wechsler, 2008, 2013). Shifting attention was assessed by means
of the response-set subtest of the NEPSY-II battery (Brooks et al., 2009; Urgesi, 2011). Applying the
Wilcoxon rank-sum test for asymmetric and non-normal distributions (Bridge & Sawilowsky, 1999)
to the cognitive resource data, no significant group-level differences were found for the shifting
attention index (W =486, p = .133). However, the clinical group showed significantly lower working
memory scores than the control group (W =333, p =.001). SMT moderately correlated with working
memory scores (7(68) = 0.29, p = .015) but not with shifting attention scores (#(68) = —0.19, p =
.120), indicating that participants with a higher working memory capacity had slower SMT.

Prior to the experiment, participants had to fill in an Italian version of the musical training
questionnaire used in previous research (Rathcke & Lin, 2021). The questionnaire contained

n

questions about formal music education (coded as 1 for "yes" and O for "no"), ongoing music
engagement (coded as 1 for active practice, 0 for inactivity), the onset of music education (coded as
2 for the start before age 10, 1 for the start after age 10), the extent of music training (quantified by
the total years of training), and the repertoire of music instruments mastered (one point per
instrument). The questionnaire data showed that merely half of the study participants (n = 34) had
received some musical training, with the highest score of 21 for one TD participant. Over 60% of
participants in each group had music scores below 7, indicating a generally low level of prior music
training among the participants of the present study (TD: M = 5.5, Mdn = 4.5; DD: M = 3.5, Mdn =
0). Individual music scores also did not correlate with SMT (#(68) = 0.16, p =.197).

Testing was conducted on an individual basis in a quiet room of the participants’ school. The
total duration of a session averaged around 50-60 minutes and included breaks whenever necessary.
Each participant, along with their guardians, were informed about the purpose of the study and signed

a consent form before taking part. The study received ethical approval from the University of

Konstanz Ethics Board (IRB statement 05/2021).

2.3.1.c Data Pre-processing and Statistical Analyses

Timings of participants' taps were extracted using MATLAB (Natick, 2022) and adjusted for a
systematic time delay of the experimental equipment by subtracting 34 ms from each tap's timing.
Two taps within a 5 ms window were considered duplicates and the second one was eliminated. Taps
collected in the SMS task were aggregated across sentence repetitions and subjected to Gaussian
kernel density estimation using the R package “ggplot2” (Wickham, 2016). Examples of the resulting
density plots are shown in Figure 3, comparing SMS of TD and DD participants. The plots indicate
that some time points within the given sentence attracted more taps, indicating higher SMS activity
in the form of higher local density peaks (here, plotted at the group level). For each sentence and

participant, we estimated the temporal locations of the SMS peaks using previously established

57



procedures (Rathcke et al., 2021). For each sentence, we compared time points of vowel onsets and
time points of the estimated SMS peak locations and measured temporal discrepancies between SMS
peaks and adjacent vowel onsets. This approach builds on prior findings that vowel onsets tend to
serve as reliable synchronization anchors in natural speech (Rathcke & Lin, 2023; Rathcke, Smit, et
al., 2024). A syllable nucleus was considered non-synchronized if there was no SMS-peak observed
within a £120 ms interval around the vowel onset.

To measure SMS accuracy, we calculated signed asynchrony (SA, in ms), capturing how far
before or after a vowel onset an SMS peak was located, reflecting anticipatory or reactive nature of
taps with reference to a nearby syllable nucleus. Exact synchronization with vowel onsets received
the value of 0 ms, SMS peaks ahead of a vowel onset had negative values, SMS peaks following

vowel onsets had positive values. SA was then used as the dependent variable in linear mixed-effects
regressions. The standard error of SA (in ms) was calculated as SE = sd(SA)//n(SMS),by dividing

the standard deviation of SA by the square root of the total number of SMS peaks. Resulting values
were used as an index of variability in synchronization, with higher standard error (SE) reflecting
larger variability or less stable synchronization. SMS accuracy (SA) and SMS variability (SE) were
tested as dependent variables in linear mixed-effects regressions. To derive a measure of SMS rate,
we examined SMS likelihood by determining whether or not every vowel of test sentences attracted
a SMS peak. Vowel onsets without an accompanying SMS peak received 0, vowel onsets showing a
SMS-peak within the predetermined £120 ms window received 1. This binary coding gave rise to a

dependent variable to be tested in logistic mixed-effects regressions.
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Fig. 3 Aggregated SMS-densities obtained with the test sentence “Le attivita, le donne le indicano con
pazienza” (The activities, women dictate them patiently). Panel A displays the performance of the control group
(n = 30), panel B shows the performance of the dyslexic group (n = 40). The X-axis represents time (0 ms
corresponds to the onset of the sentence). Color curves represent cumulative density for each participant within
the group. Dashed vertical lines indicate vowel onsets

Adopting the same method for the tap extraction as described above, we derived the timing of
participants' taps produced during comfortable tapping. From these taps, SMT was calculated as the
average interval (in ms) between successive taps (Rossi et al., 2024).

The data were analyzed in Rstudio (Team, 2022) using the packages “lme4 ” (Douglas Bates,
2015), and “ImerTest” (Kuznetsova et al., 2017). Mixed-effects models included participant and
sentence as random effects, allowing for random slopes for main effects over participant as long as
no convergence or singular fit issues arose. The best-fit model was established using a backward-

fitting procedure ( Bates et al., 2015) and estimated using maximum likelihood (Bates et al., 2015).

2.3.2 Results

2.3.2.a Analysis of SMT and cognitive resources

We first examined group-level differences in SMT and cognitive resources. As expected, the results
of a linear regression confirmed that group significantly explained the observed variance in SMT

(F(1,68) = 12.24, p < .001), with DD participants exhibiting a significantly faster SM7T compared to
TD participants (DD, M = 532 ms, SD = 241 ms; TD, M =710 ms, SD = 245 ms, cf. [Redacted for
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Review]). Since both the cognitive data and the residuals of the related linear models violated
normality assumptions, (Working memory: distribution, W= 0.92, p <.001; residuals, W= 0.95, p =
.02- Shifting attention: distribution, W= 0.71, p < .001; residuals, W= 0.80, p < .001) we applied
the non-parametric Wilcoxon rank-sum test (Bridge & Sawilowsky, 1999) to better delineate the
cognitive performance across groups. No significant group-level differences were found for the
shifting attention index (W = 486, p = .133). However, the clinical group showed significantly lower
working memory scores than the control group (W = 333, p =.001). Individual SMT moderately
correlated with working memory scores (7(68) = 0.29, p =.015) but not with shifting attention scores
(7(68) = —0.19, p = .120), indicating that participants with a higher working memory capacity had
slower SMT. Individual music scores also did not correlate with SMT ((68) = 0.16, p = .197).

2.3.2.b Analysis of the Domain of Synchronization

Prior to conducting the main analysis, we examined if SMS activity of the participants (measured as
the total number of SMS peaks each participant produced in a given sentence) was best predicted by
the total number of syllables or the number of stressed syllables, and if the number of SMS peaks
differed between the two experimental groups (DD vs. TD) or depended on the individual SMT
(Rathcke, in preparation). Table 2 A summarizes the best-fit model for SMS peaks.

The results of a mixed-effects regression confirmed that the number of SMS peaks was best predicted
by the number of syllables (F(1,48.82) = 689.33, p <.001), but not by the number of stressed syllables
(F(1,18) = 1.63, p = .218), indicating that there was a positive, linear relationship between the overall
number of syllables and the number of SMS peaks (see Figure 4 A). Additionally, the model fit was
significantly improved by the factor group (F(1,67) = 7.49, p = .008, Figure 4 B), alongside music
training (F(1,67) = 8.53, p = .005, Figure 4 C), but not by individual SMT-rate (F(1,66) = 0.88, p =
.352). Accordingly, DD participants and musically trained participants showed a tendency toward
producing fewer SMS peaks than TD and musically untrained participants. These results suggest that
overall, the domain of synchronization was the syllable (and not an inter-stress interval, i.e., the

metrical foot) and that it was independent of the individual SMT rates.
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Fig. 4 Total number of SMS peaks as predicted by (A) the total number of syllables within a sentence, (B)
participant group, and (C) individual music score

2.3.2.c Analysis of SMS likelihood

To test the predictions underlying the Lexical Stress Sensitivity Hypothesis models of SMS likelihood
included acoustic salience in interaction with group. To test the predictions of the Internal Oscillator
Hypothesis (Drake et al., 2000; Kaya et al., 2023; McAuley et al., 2006), the models included an
interaction of the timescale of the domain of synchronization (i.e., IVIs) with group and an interaction
of IVI with individual SMT. In addition, /exical stress was fit as a predictor to account for linguistic
influences on SMS (Rathcke et al., 2021, Rathcke & Lin, 2021) and music score as a covariate to
account for music training influence on acoustic processing (Hansen et al., 2022; Intartaglia et al.,
2017; Mary Zarate et al., 2012). VI, individual SMT and music scores were scaled and centered
around the group mean. Table 2 B summarizes the best-fit model for SMS likelihood.

The best-fit model of SMS likelihood retained the interaction of IVI and individual SMT (y° = 6.87, p
= .008), but not the interaction of IV and group (° = 2.25, p = .13). Figure 5 A illustrates the
significant interaction, showing that participants with the fastest individual SMT demonstrated the
lowest likelihood of vowel synchronization when aligning with IVIs exceeding 300 ms. In the stimuli
of the present study, IVIs on timescales of 300 ms or longer were the intervals containing a pause or

a strong, accented syllable.
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Fig. 5 SMS likelihood estimates as predicted by (A) an interaction of inter-vocalic interval (IVI) duration
and individual SMT and (B) lexical stress

The interaction between group and acoustic salience was not significant (3° = 1.92, p = .16).
There was also no significant main effect of group (° = 2.73, p = .09). However, lexical stress (as a
main effect and a random slope over participant) was a significant predictor (3° = 15.84, p < .001,

see Figure 5 B).

2.3.2.d Analysis of SMS accuracy
Again, we tested for an interaction of acoustic salience and group, to examine the Lexical Stress
Sensitivity Hypothesis. We further tested for an interaction of IVI with group and IVI with individual
SMT, to examine the Internal Oscillator Hypothesis (Drake et al., 2000; Kaya et al., 2023; McAuley
et al., 2006). Lexical stress and music score were included as control factors. Table 2 C summarizes
the best-fit model of signed asynchrony as a measure of accuracy.

The best-fit model of SMS accuracy produced a main effect of lexical stress (F(1,63) =37.03,
p = <.001), showing that strong syllables were anticipated while weak syllables were not, or to a
lesser extent (Figure 5-A). Neither the interaction of /VI with individual SMT (F(1,64) =3.73, p =
.06) nor VI with group (F(1,64)=2.31, p=.13) significantly improved the model fit, though 7V was
retained as a main effect (F(1,64) = 28.83, p = <.001, see Figure 5 B). Accordingly, vowel onsets
occurring on longer timescales showed more anticipation (see Figure 5 B). The effect of group was
not present either in interaction with acoustic salience (F(1, 10859)= .50, p=.47), or as a main effect

(F(1,70) = 3.38, p = .07).
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Fig. 6 SMS accuracy estimates as predicted by (A) lexical stress and (B) inter-vocalic interval (IV])
duration.

A. SMS peaks

Sum Sq F D
Total number of 153.45 689.33 <.001
syllables
Group 1.67 7.48 .007
Music score 1.89 8.53 .004
(scaled)

2

B. SMS Likelihood 1€ x P
VI * SMT 18290 6.87 .008
Lexical stress 18298 15.89 <.001
C. SMS accuracy Sum Sq F p
Lexical stress 135339 37.07 <.001
i 105264 28.83 <.001

Table 2. Summary of best-fit mixed-effects regressions examining the role of experimental and control
factors on predicting (A) the total number of SMS peaks, (B) SMS likelihood and (C) SMS accuracy
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2.3.2.e Analysis of SMS variability

Finally, the predictions of the two hypotheses were tested with SMS variability. To test the Lexical
Stress Sensitivity Hypothesis, we fitted linear mixed-effects models to standard error of asynchrony,
which was calculated by syllable and sentence and measured synchronization stability within the
dyslexic vs. the control group (by-syllable dataset). The best-fit model retained only the effect of
group (F(1,273) =122.9, p <.001), with the TD group presenting higher variability compared to the
DD group (see Figure 7 A). Neither the interaction between acoustic salience and group (F(1,272)=
0.04, p = .84) nor acoustic salience as a main effect (F(1,272)=3.276, p = .07) were significant. To
test the Internal Oscillator Hypothesis, a linear mixed-effects model was fitted to standard error of
asynchrony, which was calculated by participant and sentence and measured synchronization stability
across syllables within each sentence (by-participant dataset). Neither the interaction of group with
SMT (F(1,64) = 0.08, p = .78) nor the main effects of either group (F(1,65) = 2.11, p = .15) or
individual SMT (F(1,65)=0.72, p =.39) were significant. Figure 7 B visualizes the overall distribution
of SE values, showing that they averaged around 18 ms, with a small confidence interval and a low

number of outliers.
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Fig. 7 (A) Estimates of standard error in the by-syllable dataset as predicted by group, and (B) distribution of
standard error values in the by-participant dataset

2.3.3 Discussion

Further exploring the Lexical Stress Sensitivity Hypothesis (Caccia et al., 2019; Goswami, 2011;
Leong et al.,, 2011; Tierney & Kraus, 2013), the present study aimed to investigate potential
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difficulties in lexical stress processing among Italian adolescents with dyslexia in natural connected
speech through sensorimotor synchronization. Within this framework, the study hypothesized that
processing acoustic salience (i.e., FO, duration, and intensity), a key feature of lexical stress, would
be particularly challenging for participants with DD.

Given mixed findings with regards to SMS difficulties in DD (Pagliarini et al., 2020; Rathcke
& Lin, 2021; Thomson & Goswami, 2008; Whalley & Hansen, 2006; Wolff, 2002) and the growing
body of research suggesting that an internal rhythmic oscillator, reflected in individual spontaneous
motor tempo (SMT), may influence SMS (Drake et al., 2000; Kaya et al., 2023; McAuley et al.,
2006; Scheurich et al., 2018) along with evidence indicating that SMT is faster in individuals with
DD, deviating from typical development (TD), (Bégel, Dalla Bella, et al., 2022; Rossi et al., 2024),
we further hypothesized that SMS performance may be driven by individual SMT. This latter
hypothesis posits that individuals with a faster SMT (which dyslexic individuals tend to produce in
spontaneous tapping tasks, (Bégel, Dalla Bella, et al., 2022; Rossi et al., 2024) would experience
challenges synchronizing to events presented at longer timescales. In order to test these hypotheses,
the study used a tapping paradigm developed in previous research (Rathcke and Lin (2021), adapting
it for Italian.

We first confirmed that Italian adolescents — just as adult English, French, and Japanese
participants of previous studies — tend to synchronize with vowel onsets following the syllabic level
of natural sentence rhythm (Rathcke et al. 2021, 2024). While we observed no strict 1-1 relationship
between the total number of syllables and the number of SMS peaks, the trend toward synchronization
with most syllables of a sentence was least pronounced for musically trained as well as for dyslexic
participants. Both findings are in line with previous research (Rathcke & Lin, 2021; Rathcke et al. in
preparation). Preliminary evidence indicates that musical training may lead to changes in rhythm
perception, with skilled musicians attending primarily to longer timescales and higher hierarchical
levels of musical rhythm structure (Drake & Penel, 2000). In this context, the observation that
dyslexic participants show SMS profiles comparable to those obtained for musically trained
participants is remarkable and aligns with the proposal of Rathcke and Lin (2021) of a compensation
strategy rather than a deficit. However, the current findings depart from Rathcke and Lin (2021), as
we did not find any group-level differences in alignment with less acoustically salient
syllables across sentences. Additionally, more acoustically salient syllables led to comparable
synchronization between DD and TD groups, further failing to support the Lexical Stress Sensitivity
Hypothesis(Caccia et al., 2019; Goswami, 2011; Leong et al., 2011; Tierney & Kraus, 2013). Cross-
linguistic replication studies with comparable participant samples are needed to shed new light on

this issue which has far-reaching implications. If rhythmic difficulties turn out to be under a strong
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influence of language environment (cf. Garcia et al., 2023), intervention programs will have to be
adjusted to address the specific challenges that an environmental language may pose for the
development and the perception of rhythm (cf. Schneider et al., 2022).

By contrast, and in alignment with the Internal Oscillator Hypothesis (Drake et al., 2000; Kaya
et al., 2023; McAuley et al., 2006), individual SMT, rather than prosodic cues, accounted for some
variance in SMS performance in natural connected speech. Specifically, participants with a faster
SMT rate were significantly less likely to synchronize with vowel onsets occurring at longer
timescales (i.e., exceeding 300 ms) than participants with a slower SMT rate. At the same time,
participants with slower SMT rates did not exhibit poorer SMS performance on shorter IVIs while
also showing a slightly reduced SMS likelihood for long inter-vocalic intervals (albeit to a lesser
extent than individuals with a faster SMT rate).

These results are only partially aligned with previous findings obtained during SMS with non-
spoken auditory prompts (Bégel, Demos, et al., 2022; Kaya et al., 2023; Scheurich et al., 2018) and
suggest a more nuanced view on the role of individual SMT in SMS. Instead of a facilitatory effect
of SMT when its rate is comparable to the timescale of the auditory prompt, the present study
documents a general benefit of a slower SMT rate for synchronization with natural speech. Given the
non-isochronous, variable nature of connected speech (Rathcke & Smith, 2015), the finding might be
related to lower synchronization adaptability previously observed in individuals with faster SMT
(Bégel, Dalla Bella, et al., 2022; Kaya et al., 2023). Results suggests that the relationship between
individual SMT and SMS abilities extend beyond a difficulty with the synchronization to the auditory
timescales that differ from one's internal tempo. Long IVIs in the present materials occurred in the
presence of a strong syllable and/or a pause, introducing further elements of rhythmic variation.
Perceptual processing of such long IVIs — particularly those containing lexically stressed syllables —
may require a perceptual estimation of relative durations, also known as beat-based timing or the
ability to measure time intervals in relation to a consistent rhythmic pattern or beat. Such timing
estimation is crucial in musical contexts, where the perception of note alternations and silences relies
on the underlying tempo or beat structure (Teki et al., 2012). Increasing evidence suggests that this
ability may interact with cognitive skills (Brown & West, 1990; Castellotti et al., 2022) and mental
imaginary (Beckova et al., 2022) while relying on different neural pathways compared to absolute
time estimation (Grube et al., 2010). Accordingly, the influence of individual SMT on SMS may be
moderated by cognitive resources (Colley et al., 2018; Kim et al., 2023; Spiech et al., 2025) — here
specifically working memory capacity — with SMT possibly indicating how efficiently cognitive
resources can be allocated to relative time estimation during SMS in the presence of rhythmic

variations. This aligns with previous studies highlighting how SMT may be influenced
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by IQ (Ladanyi et al., 2021) and reflect differences in cognitive resources (Rossi et al., 2024).
Accordingly, following previous research (Kaya et al., 2023; Scheurich et al., 2018).the finding of
lower synchronization variability in DD compared to TD participants may be a consequence of a
tendency for reduced cognitive resources, leading to decreased flexibility in sensorimotor
synchronization

Consequently, contrary to the Lexical Stress Sensitivity Hypothesis (Caccia et al., 2019;
Goswami, 2011; Leong et al., 2011; Tierney & Kraus, 2013), SMS in natural speech among
adolescents with and without DD cannot be explained by a deficit in processing acoustic
salience underlying lexical stress. Instead, individual SMT appears to be a contributing factor. Given
the potential link between SMT, time estimation and cognitive resources (Beckova et al., 2022;
Castellotti et al., 2022; Grube et al., 2010; Ladanyi et al., 2021; Rossi et al., 2024; Teki et al., 2012),
Given that a faster SMT is a tendency in DD but with overlap with TD participants, it is possible
that SMT reflects individual variability in cognitive resources, potentially serving as a marker of SMS
adaptability. Since cognitive deficits are frequently reported in DD, this condition may lead to a more
pronounced group tendency toward faster SMT compared to TD, albeit without representing a unique
marker of the disorder. Nevertheless, we cannot completely rule out potential links of SMT and
specific reading deficits as we did not test reading abilities in the present sample. As a result,
the challenges experienced by participants with DD in SMS, influenced by their SMT rather than
by reduced sensitivity to acoustic salience, further extend the Cognitive Mediation Hypothesis
(Lallier et al., 2010; Ramus & Szenkovits, 2008) to the rhythmic domain, to the rhythmic domain,
while failing to support the Lexical Stress Sensitivity Hypothesis (Caccia et al., 2019; Goswami,
2011; Leong et al., 2011; Tierney & Kraus, 2013) in DD.
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3. Lexical stress and Phonology in Children with and without DD

Acoustic sensitivity to lexical stress undergoes progressive development throughout childhood, with
lexical stress contrasts continuing to refine between ages 8 and 10 (Arciuli & Ballard, 2017; Quam
& Swingley, 2014), the age at which Italian children progressively master stress diacritics in
writing(Cornoldi et al., 2012). However, the extent to which these developmental changes influence
the commonly observed lexical stress deficits in children with DD and their potential impact on
phonological impairments remains uncertain. The present two studies contribute to the current
research by integrating this discussion and examining lexical stress deficits, their interaction with
phonological impairments, and the role of individual cognitive variability in children with and
without DD. The findings will be compared with data from an adolescent cohort to further clarify the

developmental pathways of these factors while addressing the overarching research questions.

3.1 Experimental Cohort

57 children from different schools in the Milan metropolitan and hinterland areas volunteered as
participants in our study. 28 children (including 19 males), aged 8 to 10 years, had a formal diagnosis
of DD, based on the diagnostic criteria outlined in the Diagnostic and Statistical Manual of Mental
Disorders, Fifth Edition (American Psychiatric Association, 2022). Notably, 4 of the participants had
comorbid dyscalculia. However, as DD participants with and without dyscalculia exhibit comparable
phonological profiles (Rossi & Rathcke, in preparation), we treated all participants with DD as a
single clinical group, referred to as the DD group. A separate group of 29 children (including 19
males) with typical development (TD) in speech, language, and literacy acquisition served as the
control group. Both TD and DD exhibited a comparable age (TD group, Mdn =10, M= 9.3 (0.77),
range = 8—10; DD group, Mdn = 10, M = 9.4 (0.74), range = 8—10; W =418, p = .83) as measured by
Wilcoxon Rank-Sum (Fay & Proschan, 2010; Vierra et al., 2023).

To participate in this study, participants' IQ had to fall within the normal range, assessed using
Raven’s Colored Progressive Matrices, a 36-item nonverbal reasoning task with multiple-choice
responses (Belacchi et al., 2008; Raven et al., 1998). Scores were normalized into percentile rank
according to Belacchi et al. (2008). Additional inclusion criteria required participants to be Italian
monolinguals with no developmental comorbidities (e.g., dyspraxia, ADHD, speech and language
delays or impairments).

From the resulting cohort, we derived a subset of 55 (28 DD, including 19 males, and 27 TD,
including 19 males) participants without eye pathologies, for whom pupillometry measures were

applicable and comparable (Bitirgen et al., 2019).
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Participants were individually tested at their respective schools, with each session lasting
approximately 90 minutes. Breaks were provided as needed. Consent forms were collected prior to
testing. Each session began with the phoneme monitoring task and proceeds with the categorical
perception of lexical stress task along with cognitive and other rhythmic tasks, the latter not included
in the present study. Ethical approval for the study was granted by the Ethics Board of the University
of Konstanz (IRB statement 05/2021).
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3.2 Study 3: Prominence and Phonology in Children: Phoneme Monitoring

Phonological deficits are among the most commonly reported impairments in DD (Farquharson et
al., 2014; Marchetti et al., 2023; Masterson et al., 1995; Noordenbos & Serniclaes, 2015; O'Brien et
al., 2020; Snowling, 1995, 2003; Tilanus et al., 2013; Vandermosten et al., 2010; Werker & Tees,
2005). However, the nature of these deficits remains highly debated (Fraser et al., 2010; Lallier et al.,
2010; Protopapas, 2014; Ramus & Szenkovits, 2008; Tallal, 1980; Vandermosten et al., 2010). Some
studies suggest that the impairment originates at the level of phonological representations themselves
(Fraser et al., 2010; Tallal, 1980; Vandermosten et al., 2010), while others propose that the difficulty
lies in solely accessing these representations (Lallier et al., 2010; Ramus & Szenkovits, 2008), thus
affecting mainly phonological awareness.

A deficit at the level of phonological representations has been linked to reduced acoustic
sensitivity to lexical stress (Goswami, 2011; Goswami, Mead, et al., 2013; Leong et al., 2011).
However, findings underlying this lexical stress deficit remain mixed and unclear regarding the nature
of the impairment, particularly concerning the presence of an underlying acoustic impairment and the
nature of these difficulties—whether they are more pronounced in processing stressed or unstressed
syllables and the underlying key (Goswami, 2011; Goswami et al., 2013; Mundy & Wood, 2024;
Rathcke & Lin, 2021).

Notably, the conscious access to phonemes involved in phonological awareness tasks requires
significant cognitive demand (Cardoso et al., 2013; Farrar & Ashwell, 2012; Gathercole et al., 2006;
Gathercole & Baddeley, 1995; Ortiz-Mantilla et al., 2010; Ramus & Szenkovits, 2008; Tal & Shaul,
2024; Yoncheva et al., 2014). Working memory, attention, and executive functions seem to be tightly
tied to phonological awareness manipulations. Notably, evidence suggests that these cognitive
abilities are often impaired in individuals with DD (Barbosa et al., 2019; Cheng et al., 2021; Chutko
et al., 2022; Gathercole et al., 2006; Gathercole & Baddeley, 1995; Knoop-van Campen et al., 2018;
Lallier et al., 2010; Masoura et al., 2021; Menghini et al., 2011; Ramus & Szenkovits, 2008; Valdois,
2022) and impact phoneme access in DD. However, the cognitive profile of individuals with DD is
highly heterogeneous and 1Q-dependent (Cowan et al., 2017; Lukov et al., 2015; Menghini et al.,
2010). In this sense, cognitive heterogeneity in DD extends beyond the mere presence or absence of
specific deficits, encompassing variations in the nature of impairments across cognitive domains as
well as their interactions with IQ. Given the evidence linking multiple cognitive abilities to conscious
access to phonemes in both typical and atypical populations, it cannot be ruled out that the parallel
effect of individual cognitive resources—whether intact or impaired—across different domains may

contribute to difficulties in phonological awareness in DD populations.

70



To answer those research questions, this study aimed to investigate how acoustic salience
(Eriksson et al., 2018), a key acoustic feature of lexical stress—here differentiating between
prominent and non-prominent syllables—prominence itself and individual cognitive profiles, defined
as a combined factor of working memory, shifting attention, and age-adjusted 1Q, contribute to group-
level differences in phoneme identification embedded in syllabic strings of nonwords among children
with and without DD. Targets were allocated more frequently in weak syllables rather than strong
ones to further explore difficulties in processing weak syllables. This was done to test, but also to
further expand, the Lexical Stress Sensitivity Hypothesis (Caccia et al., 2019; Goswami, 2011; Leong
et al., 2011; Tierney & Kraus, 2013) as well as the Cognitive Mediation Hypothesis (Lallier et al.,
2010; Ramus & Szenkovits, 2008) as alternative explanatory frameworks for phonological
difficulties in DD.

To achieve these aims, we examined both behavioral and pupillary responses. Behavioral
responses were obtained through a phoneme monitoring task, similar to those administered to Italian
adolescents described in Section 2.2 but adapted with reduced overall complexity to be suitable for a
younger population. This task was further implemented as it enables a direct assessment of
phonological representation integrity and accessibility while implicitly examining the role of acoustic
salience in phoneme perception.

Pupillometry measures pupillary variations (Fink et al., 2024; Hoeks & Levelt, 1993; Mathot,
2018) which, in addition to regulating light intake through the pupillary light reflex, respond to
various events (Boswijk et al., 2020; Chiossi et al., 2023; Kinzuka et al., 2020; Kolnes et al., 2024;
Liao et al., 2016; Mathot, 2018; Pichora-Fuller et al., 2016; Piquado et al., 2010; Robison &
Unsworth, 2019; Winn et al., 2015; Zarcone et al., 2016) For instance, Liao et al. (2016) found that
participants exhibited increased pupil dilation when listening to speech sounds perceived as more
salient due to their higher intensity. Similarly, Zarcone et al. (2016) reported greater pupil dilation in
response to stimuli judged to stand out due to their lower frequency. Both studies suggest a direct
association between acoustic salience and pupil size increase. Additionally, Kinzuka et al.
(2020) found that the ability to discriminate between /r/ and /I/ was associated with earlier peak
differences in pupil dilation, while Chiossi et al. (2023) observed that pupil dilation correlated
with phonological contrast detection when embedded within complex sentences. These findings
further support a link between pupil size peaks and phonological processing. Furthermore, pupil
dilation has been consistently associated with cognitive processing (Hoeks & Levelt, 1993; Kolnes
et al., 2024; Mathot, 2018; Pichora-Fuller et al., 2016; Piquado et al., 2010; Robison & Unsworth,
2019; Winn et al, 2015). Several studies have highlighted its relationship with attentional

mechanisms (Hoeks & Levelt, 1993; Kolnes et al., 2024), arousal and cognitive engagement (Pichora-
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Fuller et al., 2016; Piquado et al., 2010; Winn et al., 2015), while Robison and Unsworth (2019)
identified a link between pupil size and working memory capacity.

Consequently, pupil size variations appear to be sensitive to both acoustic salience and
cognitive abilities crucial for access to phonology in addition to phonological representations per se.
For these reasons, they allow for a simultaneous assessment of those abilities. These pupil diameter
variations tend to be smaller than those induced by light-to-dark transitions and are typically reported
within a range of 0.01 to 0.5 mm, with considerable variability in latency and peak timing depending
on the task. However, both Kinzuka et al. (2020) and Chiossi et al. (2023) reported an activation
range within 500 ms and a peak approximately around 1 second after stimulus onset.

As pupillary responses unfold over time (Fink et al., 2024; Mathot & Vilotijevi¢, 2023), this
method enables tracking the temporal dynamics of pupil changes during phoneme identification,
rather than relying solely on aggregated data, which may reduce statistical power and
obscure meaningful effects (Clark & Avery, 1976; Orcutt et al., 1968). Similar to electrophysiological
measures, pupillometry captures cognitive fluctuations before conscious perception, making it
areliable and objective tool for investigating phonological processing while minimizing the risk of
false negatives. Additionally, it is less time-consuming and more comfortable compared to cortical
measures. Notably, just few studies have examined phonological abilities in individuals with DD
using pupillometry (Egan et al., 2023).

Following the Lexical Stress Sensitivity Hypothesis (Caccia et al., 2019; Goswami, 2011;
Leongetal., 2011; Tierney & Kraus, 2013) we predicted that acoustic salience and prominence would
mediate group-level differences in phonological accuracy and d’ sensitivity, correlating with
differences in pupil size during phoneme monitoring. As an alternative hypothesis, following
Cognitive Mediation Hypothesis (Lallier et al., 2010; Ramus & Szenkovits, 2008) we posited
that group differences in accuracy and d’ sensitivity could be mediated by individual cognitive
profiles, which in turn might be linked to pupil size variations when identifying targets and
excluding non-targets in individuals with DD. Similar to our investigation with adolescents, and in
alignment with the Temporal Sampling Framework , we controlled for acoustic sensitivity at the
segmental level. In so doing, we predicted greater phonological difficulties in phoneme identification
for segmental contrasts encoded by duration, along with a significantly reduced facilitative effect of

prominence on target identification within the clinical population.

3.2.1 Method
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3.2.1.a Experimental Procedure

An Italian version of the phoneme monitoring task (Bogliotti et al., 2008; Breier et al., 2001; Foss &
Gernsbacher, 1983; Foss, 1969; Foss 1973; Rathcke & Lin, 2021; Smith & Rathcke, 2017) was
developed and simplified in both length and complexity compared to the version previously used with
Italian adolescents detailed in Section 2.2, to make it suitable for Italian children.

The task stimuli consisted of 64 polysyllabic nonwords, 50% of which contained a target
phoneme that was either an obstruent [t] or a sonorant [1], presented as either a singleton or a geminate
([se'tapodeluvi] versus [sepu marulasi]; [maka ralutani] versus [muso'laruttadi]). 25% of these target
phonemes were embedded in strong syllables, while the remaining 75% appeared in weak syllables,
varying in position relative to strong syllables (e.g., following stress: [kafeva'teleguni] versus second
syllable after stress [febu 'miruladi]). An excerpt of the stimuli embedding the target phonemes /t/ and
/I/ is provided in Appendix C.This design enabled a more detailed investigation of targets in weak
syllables, which are known to be more challenging for individuals with DD (Rathcke & Lin, 2021).
Targets were excluded from the first and last syllables. The nonwords consisted of 6 to 8 open
syllables (CV) (Vanelli, 2021). The duration of stimuli ranged between 843 and 1,322 ms, with target
onset occurring between 116 and 900 ms from the start of each item. Priming effects were controlled
by varying consonant and vowel types, strong syllable placement, and target positions. The stimuli
were presented in four blocks, each containing eight targets and eight distractors in random order
with an interstimulus interval of 1800 ms. At the start of each trial, instructions relating to the target
being monitored were provided in both written and oral format. Participants were instructed to focus
on one target type at a time.

Prior to the start of the phoneme monitoring task, to account for changes in pupil diameter
during the task, each participant was asked to wear Tobii Pro Glasses 3 and follow the system's default
built-in one-point calibration (TobiiAB, 2022a). The Tobii Pro Glasses 3 were connected to their
respective software on a Lenovo Thinkpad X1 Carbon via ethernet cable. The internal algorithm
calculated eye position and pupil size by capturing images of participants' eyes at a sampling
frequency of 50 Hz (TobiiAB, 2022a, 2022b). Efforts were made to maintain a consistent viewing
distance of approximately 0.7 meters from the monitor and to control artificial overhead lighting,
avoiding direct light sources, which would cause reflections on the computer display.

The entire phoneme monitoring task was conducted using PsychoPy (Peirce et al., 2019), a
software that recorded participants' responses in conjunction with their reaction times. This was
achieved on a separate laptop — a MacBook Air (Retina, 13-inch, 2018) — to avoid technical conflicts
with the pupillometry software. A familiarization phase, in which participants practiced monitoring

for the target phoneme /f/ (not included in the main experiment), provided an opportunity for
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participants to ask questions and indicate when they were ready to proceed. High-quality headphones
(Sennheiser HD 380) were used for stimulus playback. A tone at the start of the trial was delivered
through PsychoPy and recorded via the eye tracker’s microphone to synchronize the eye tracker and
PsychoPy data. Participants listened to all nonwords while focusing on a cross symbol in the center
of the laptop screen. They were instructed to press the space bar when they detected the target
phenome while keeping their hand on the key throughout the trial.

Participants were individually tested at their respective schools, with each session lasting
approximately 90 minutes. Breaks were provided as needed. Consent forms were collected prior to
testing. Each session began with the phoneme monitoring task and proceeds with cognitive and other
perceptive and rhythmic tasks not included in the present study. Ethical approval for the study was
granted by the Ethics Board of the University of Konstanz (IRB statement 05/2021).

3.2.1.b Individual Assessment

Accounting for the variability in the cognitive makeup of individuals with DD (Barbosa et al., 2019;
Chengetal., 2021; Chutko et al., 2022; Gathercole et al., 2006; Gathercole & Baddeley, 1995; Knoop-
van Campen et al., 2018; Lallier et al., 2010; Masoura et al., 2021; Menghini et al., 2011; Ramus &
Szenkovits, 2008; Valdois, 2022) this study examined working memory and shifting aattention along
with non-verbal reasoning. Attentional capacity was measured using the NEPSY-II Response Set
(RS) subtest (Kemp, 2007; Urgesi, 2011), where participants had to listen to a pre-recorded list of
words and touch a single colored circle when a certain matching or no-matching color was heard
(e.g. “touch the yellow circle when you hear the word red”, cf. Brandt, 1989; Green & Bavelier,
2012). This Stroop-like task assesses the ability to retain and shift attentional focus on complex
response sets while inhibiting automatic responses (Kemp, 2007). Working memory was assessed
using the Letter-Number Sequencing (LNS) subtest from the WISC-IV (Orsini, 2012; Wechsler,
2003) which involved listening to, ordering, and repeating mixed series of letters and numbers that
were presented orally. Derived scores from those subtests were transformed into standard scores (M
=10, SD = 3) based on Italian normative data from Urgesi (2011) for the RS subtest and from Orsini
(2012) for the LN subtest.

Given that the working memory capacity and shifting attention may be strongly correlated
(Gresch et al., 2024; Narhi-Martinez et al., 2023), a factor analysis was performed using the Promax
rotation and Bartlett's method implemented in the R package "psych" (Revelle, 2024). The analysis
indicated that one factor was sufficient to capture the covariance across all participants’ cognitive
measures and age, accounting for 42% of the total variance (SS loadings = 1.70). The factor had the
following loadings: age (.58), 10 (.80), shifting attention (.74) and working memory (-.40), with their

uniquenesses being .84, .66, .35 and .45, respectively. Accordingly, shifting attention and working
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memory were highly correlated (» = .61), while both were moderately correlated with 1Q (» = .43 for
shifting attention; » = .47 for working memory). Therefore, the cognitive factor score derived from
the factor analysis was used in the statistical analysis to account for a proxy of each participant
cognitive profile, where more than one cognitive measure was necessary to address the research
question.

Table 1 presents descriptive statistics for all individual measures, comparing the two experimental
groups.

Group Mdn M Min Max
10
DD vs TD: (W =168.5, p =<.001)
D 85 60.53 37 94
(19.49)
63 81.86 57 98
bb (15.11)

Shifting attention standard scores (RS)
DD vs TD: (W=127.5, p =<.001)
TD 12 11.9 (1.1) 10 14

DD 10 93(34) 3 12

Working memory standard scores (LNS)
DD vs TD: (W =151.5, p =<.001),

TD 12 125@3.2) 7 19
DD 7 8.1(3.4) 4 16
Cognitive factor

DD vs TD: (W =100, p =<.001)

TD 0.74 0.7 (0.7) -0.63 0.99
DD -0.58 0.7(1.02) -3.25 2.07

Table 1° Overview of participant scores on cognitive measures comparing the experimental groups (typical
development TD, development dyslexia DD) in the present study.

Again, due to the small sample size and non-normal distribution, group-level differences in
individual measures were analyzed using the Wilcoxon-Mann-Whitney (WMW) test (Fay &
Proschan, 2010; Vierra et al., 2023) in the R package “stats” (RCoreTeam, 2022). Overall, the DD
group exhibited significantly lower 1Q (W = 168.5, p = <.001), working memory (W =151.5, p=<

5 Figures and Tables are numbered independently within each study, restarting from Figure 1.
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.001), shifting attention capacity (W= 127.5, p =<.001) and cognitive factor values (W =100, p =<
.001). However, as shown in Figure 1, there was substantial overlap between the two groups across

all measures.
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Fig. 1 Density distribution of cognitive measures (Intelligence Quotient (IQ), Working Memory,
Shifting Attention, and Cognitive Factor) across the two participant groups. The dark grey
distribution shows values measured in the dyslexic group (DD), the light grey distribution shows
values of the typically developing participants (TD).

3.2.1.c Data Pre-processing and Statistical Analyses

a. Acoustic stimuli
To investigate the influence of acoustic factors on the participants while correctly identifying
phoneme targets, we extracted target duration (in ms) and intensity (in dB), along with the
fundamental frequency FO (in st) of the vowel target using PRAAT software (Boersma & Weenink,
2007). The extracted acoustic measurements underwent a normalization process, using the average
as a baseline (Chu & Feng, 2001). The target duration and intensity were normalized by dividing each
value by the average syllable duration and intensity within the item. Duration ratios were log-
transformed. Higher positive values indicated an increase relative to the baseline duration (ms) and

intensity (dB). The FO of target vowels was normalized using the semitone conversion formula shown

in (1):
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(2) FO(st) = 12 * log (f"lj){g ).

where f0a represents the mean frequency across all vowels in the item, and fOb corresponds
to the specific target vowel's frequency. This semitone conversion, frequently applied in music,
accounts for the logarithmic perception of pitch by the human auditory system (Mary Zarate et al.,
2012). This procedure produced a normalized pitch change metric with values near 0 indicating no
pitch change, negative values indicating a pitch decrease, and positive values indicating a pitch
increase. The normalized pitch values revealed that only 15% indicated an increase in pitch. This
proportion may align with a potential tendency toward an H+L* pitch accent exhibited by the
recorded speaker, a pattern previously identified in earlier research (Rossi & Rathcke, in preparation)
and extensively present across Italian varieties (D'Imperio, 2002). To mitigate potential bias in the
factor analysis, a single outlier corresponding to the sole sonorant characterized by an H* pitch accent
was excluded. Cross-correlation analysis confirmed a negative moderate correlation between
normalized intensity and both normalized FO and duration (intensity & FO: » = -0.36; intensity &
duration: » = -0.40). Conversely, FO and duration exhibited a poor correlation (» = 0.16).

To test acoustic processing across our participants while accounting for cross-correlations
involving acoustic measures (Black et al., 2023; Rathcke et al., 2024), we performed a factor analysis.
While normalized intensity was negatively correlated with both normalized FO and duration, a
negligible correlation index was found between the latter two. Inspection of the scree plot and
Bartlett's method from the R package “psych” (Revelle, 2024) revealed that one factor was sufficient,
accounting for 41% of the total variance (SS loadings = 1.23). The factor had the following loadings:
FO (0.95), intensity (-0.38), and duration (-0.43), with their uniqueness being 0.85, 0.10, and 0.82
respectively. This suggests that the factor accounted more for the variance in intensity compared to
the other acoustic measurements. The derived factor was implemented in the data analysis as a proxy
for the acoustic salience of the target in the stimulus. Figure 2 compares the distribution of all acoustic
measurements of the stimuli across the three linguistic contrasts in the study, i.e. strong

(accented)/weak (unaccented), obstruent/sonorant, geminate/singleton.
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Fig. 2 Overview of the acoustic measurements comparing: (A) weak and strong syllables (prominence); (B)
obstruents and sonorants (target type); (C) geminates and singletons (gemination).

To further investigate whether, and to what extent, the variance in these distributions could
be predicted by the linguistic contrasts present in our stimuli, linear regression analyses were
conducted using RStudio (RStudio Team, 2022). The results are presented in Table 2 (RStudio, 2022).
Prominence was primarily marked by the intensity of the target consonants themselves, with stronger
targets exhibiting higher intensity. Although targets in strong syllables tended to be longer compared
to those in weak syllables, this difference remained a trend rather than a statistically significant effect.
In contrast, variability in FO did not systematically contribute to the encoding of prominence. All
acoustic measurements contributed to the difference between sonorants and obstruents, with
sonorants being shorter and higher in intensity, while their associated vowels exhibited, on average,
a comparatively lower FO relative to the other vowels in the item, compared to obstruents. The key
acoustic correlate of gemination was the duration of the consonant targets, with longer consonants
being identified as geminate. As a result, sonorants and targets in strong syllables had higher values
of acoustic salience compared to obstruents and targets in weak syllables. Although geminates had
higher acoustic salience compared to singletons, this difference was not enough to reach significance.

In summary, while target type relied on a combination of acoustic cues, prominence and
gemination in this set of stimuli seemed to only be distinguished by unique correlates, respectively,
intensity and duration. The FO of the target vowel appeared to play a specific role in differentiating
between obstruent and sonorant targets without influencing the differentiation of the other contrasts.
Conversely, duration seemed to act as the most influential correlate across the considered language

contrasts.

Acoustic factor
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D. PROMINENCE

B t daf 4
Duration -0.15 -1.82 27 .078
Intensity -0.05 -3.32 27 .002
Pitch 0.23 0.35 27 72
Acoustic -0.47 -3.24 27 .003
salience

E. TARGET TYPE

B t af p
Duration -0.33 -4.61 27 <.001
Intensity 0.21 15.02 27 <.001
Pitch -1.42 -2.60 27 .014
Acoustic 1.95 15.98 27 <.001
salience

F. GEMINATION

B t df p
Duration -0.48 -6.70 27 <.001
Intensity 0.008 0.64 27 52
Pitch -0.52 -0.96 27 34
Acoustic 0.16 1.37 27 17
salience

Table 2 Summary of best-fit linear regressions examining the role of acoustic cues to: (A) prominence
(strong/weak); (B) target type (sonorant/obstruent); (C) gemination (geminate/singleton) in the experimental
stimuli.

b. Responses
The total number of correct responses (n-hit), missed responses (n-miss), false alarms (n-fa), and
correct rejections (n-cr) were extracted from the raw PsychoPy data. Correct responses were initially
treated as a proxy for participants' accuracy and coded as 1 to differentiate them from missed or
anticipated responses, which were coded as 0. Subsequently, all totals (1 and 0) were input into the
d’-prime function within the Psycho R package (Makowski, 2018) to calculate individual d’-
sensitivity for each participant (Macmillan & Creelman, 2004). d'-sensitivity is an index of a person's
ability to distinguish between signal and noise in a detection task (Macmillan & Creelman, 2004). A
higher d'-value indicates better discrimination between targets and distractors, while a lower d'-value

reflects reduced sensitivity.

c. Pupillometry
The raw pupillometry data were extracted in the form of a .csv file using Tobii Pro Lab software
(v.1.207, TobiiAB, 2022b) and contained average pupil size measurements recorded at 20 ms
intervals. The dataset was then temporally synchronized with experimental data from PsychoPy by
aligning the synchronization tone presented in PsychoPy with the corresponding recording from the

eye tracker’s microphone. Missing data were automatically excluded by the recording software before
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being saved to the device. Interpolation (Mathot & Vilotijevi¢, 2023) and the blinks labeling (Fink et
al.,, 2023) were therefore not applicable, though also unnecessary being data modeled using
generalized additive mixed models (GAMMs) (Fink et al., 2023). Only trials with no more than 30%
missing data were included in the analysis (Korn et al., 2017; Meissner et al., 2024). Following the
method described by Mathdt et al. (2018), a subtractive baseline correction of 500 ms was
applied before the onset of the target, where present, or before the onset of each nonword for control
stimuli. Before statistical testing, the data were down-sampled to intervals of 20 units. The temporal
envelope of pupil diameter was then rescaled so that target onset coincided with 0 ms; consequently,
negative temporal values corresponded to the time between nonword onset and target onset. Only
pupil data related to targets that were correctly identified were considered in the statistical analysis,
thus excluding pupil activation related to missing or incorrect targets, i.e., responses occurring before
target onsets. Accordingly, only pupil activation in response to the correct rejection of controls,
thereby removing false alarms, was included when considering the average pupil dilation while
processing control stimuli. This was done to equally compare the pupil activation of the two groups
in the process of accurately processing targets and correctly discarding non-targets. On average, the
TD group processed correctly approximately 65% of the 32 phoneme target items and 90% of the 32
control items. In contrast, participants in the DD group correctly processed 35% of the 32 phoneme
targets and 80% of the 32 control items.
d. Statistical analysis

Mixed linear regressions were applied to the d'-values to assess participants' sensitivity, while
accuracy was analyzed using a dataset restricted to correct responses. In this analysis, accuracy served
as the dependent variable in logistic mixed-effects regressions, estimated using maximum likelihood
(ML) and the BOBYQA optimizer. To investigate the effect of cognitive profile on phonological
processing, we examined the interaction between group (TD vs. DD) and the cognitive factor
comprising measures of shifting attention, working memory, and 1Q, all age-adjusted across both d'-
sensitivity and accuracy.

The unaggregated nature of the accuracy measure, calculated for each stimulus, allowed for
the additional investigation of interaction between group and the acoustic salience. The interactions
between group and gemination (singleton/geminate), target type (obstruent/sonorant),
and prominence(weak/strong) were included as control interactions to further test the hypothesis
of impaired phonological and prosodic representations.

To further examine the impact of acoustic salience and cognitive processing on phonological
processing, generalized additive mixed models (GAMMs) were applied to pupil dilation

measures for both target and control stimuli. Subsequently, we investigated
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correlations between average pupil dilation within the peak interval and acoustic salience, cognitive
resources, and d' sensitivity.

All  analyses  were  conducted using  RStudio, with the following
packages: tidyverse (Wickham et al., 2019), ImerTest (Kuznetsova et al., 2017), Ime4 (Bates et al.,
2015), mgev (Wood, 2011), and corr.test (R Core Team, 2022). To account for variability across
stimuli and participants, both were included as random effect. The maximal random effects structure,
including both random intercepts and random slopes, was retained if the regression models converged
and did not produce singular fits (Barr et al., 2013). The best-fit regression models were obtained
using a backward-fitting procedure. Initially, all interactions of interest were included, and non-
significant interactions were subsequently removed stepwise based on the likelihood-ratio test (Bates
et al., 2015). In the GAMMs, group included as both parametric and smooth terms. K values for
smooth terms were determined using the “gam.check()” function to ensure appropriate smoothing.
The best-fitting GAMMSs were identified by comparing the resulting models with a null-based
model to assess the significant contribution of group affiliation to pupil variations using
the "compareML()" function. This was further evaluated in two steps: first, by inspecting the smooth
terms using "plot_smooth()", and second, by analyzing differences in smooth shape across
groups using "plot_diff()"(following Wieling, 2018; van Rij et al., 2019; Soskuthy, 2021). Restricted
maximum likelihood (REML) estimation was then selected as the optimal method for fitting the

smooth function after comparison.

3.2.2 Results

3.2.2.a Analysis of d’-Sensitivity and Accuracy

The best-fitting model for d'-values calculated for each participant revealed a significant main effect
of group accounting for 44% of variance (F(1,55) = 42.82, p < .001). Cognitive factor was not
significant both as interaction (F(1,53) = 0.15, p = .69) and main effect (F(1,54) = 1.53, p = .22).
Similarly, the best-fitting mixed model for accuracy also reported a sole main effect of group,
explaining 31% of the variance (y2(1) = 38.54, p < .001). Neither the cognitive factor, nor acoustic
salience significantly interacted with group (group*cognitive factor: y2(1) = 1.87,p = 1.71;
group*acoustic salience: y2(1) = 0.12, p =.72) , nor did they explain variability in accuracy as main
effects (cognitive factor: y2(1) = 0.63, p = .42; acoustic salience: y2(1) =0.75, p = .38). Accordingly,
none of the addressed language contrasts, including prominence (weak/strong), significantly
explained the wvariance in the data, either as an interaction effect, or as main effect

(group*prominence: y2(1) = 0.08, p =.77); prominence: y2(1) =3.13, p =.07).
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The inspection of plots as presented in Figure 3 confirmed that both models’ outcomes were
primarily driven by the DD group exhibiting lower sensitivity and accuracy for phoneme targets as

compared to the TD group which were not mediated by acoustic salience, nor by cognitive abilities.
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Fig. 3 Estimates of d’-sensitivity (panel A) and accuracy (panel B) among clinical (DD) and control (TD)

participants.

3.2.2.b Analysis of Pupillometry

The generalized additive mixed model (GAMM), fitted to correctly identified targets with stimuli and
participants included as random effects, did not show group as a significant predictor, either as a
parametric term or as a smooth term (parametric: f = 0.025, SE = 0.032, ¢ = 0.783, p = .434; smooth
TD: F(0.03,0.04) = 0.15,p =.940) Model comparisons using maximum likelihood (ML)
demonstrated that the group-based model was not a good fit for the pupil data (AIC difference = -
0.05; p = .695) Correlation analyses using Pearson's product-moment revealed a significant
relationship between d' sensitivity and the target pupil size variations within the peak window of 927
ms for TD and 1010 ms for DD following target onset (#(53) = 0.35, p =.008). Figure 4B shows the
nature of the positive correlation, highlighting how the higher the pupil dilation, the higher the d'
sensitivity. Neither cognitive factors nor acoustic salience exhibited a significant correlation with
target pupil size variations (cognitive factor: r(53) = 1.16, p = .22; acoustic salience: r(53) = 1.22, p

= 22).
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Fig. 4 A Estimates of baseline-corrected pupil diameters restricted to correctly identified targets. The solid
line represents the normalized target end while dotted lines indicate standard deviation. B Correlation between
average for individual pupil size in the peak range and sensitivity d’ across participants.

In contrast to pupil size associated with correctly identified targets, the best-fitting
GAMM for pupil size restricted to correctly rejected controls revealed a significant main effect of
group. (parametric: f=0.038, SE=0.015,¢t=2.417, p=.015; smooth TD: F(3.914,4.357)=5.174, p
< .001). Model comparison using maximum likelihood (ML) demonstrated that the group-based
model was a good fit for the pupil data (AIC difference = 0.21; p <.008). Figure 5A shows that this
effect is due to individuals with DD exhibiting significantly reduced pupil dilation compared to TD
participants.

Again, Pearson's product-moment correlation analyses revealed a significant
correlations between d’ sensitivity and pupil size variations in response to control stimuli within
the peak window of 1140 ms (7(53) = 0.46, p < .001). Although distractors did not elicit responses,
d' reflects the ability to correctly distinguish between targets and non-targets, capturing both
responses to targets and the ability to withhold responses to distractors. Thus, pupil dilation in this
range may reflect cognitive processes linked to signal detection efficiency rather than motor
responses alone. For this reason, this analysis was included to examine the broader role of d' in
perceptual decision-making. In addition the correlation with Cognitive Factors, but not with Acoustic
Salience, was also significant (Cognitive Factor: #(53) = 0.41, p = .002); Acoustic salience: . 7(53)
= 0.007, p =.78). Figures 5b and 5c illustrate the nature of the significant correlations, highlighting
a direct proportional relationship between pupil size increase and both d' sensitivity and individual

cognitive profile.
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Overall, pupil size variations for both target and control conditions were strongly influenced
by d' sensitivity to phoneme monitoring, while pupil size variations in the control condition alone

were mediated by individual cognitive resources.
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Fig. 5 A Estimates of baseline-corrected pupil diameters restricted to correctly rejected controls among
clinical (DD) and control (TD) participants normalized for control stimuli duration (the solid line represents
the normalized target end (100% = target duration, 150% = total duration + 50%), while dotted
lines indicate standard deviation). B Correlation between average for individual pupil size in the peak range
and sensitivity d’ across participants. C Correlation between average for individual pupil size in the peak range
and cognitive factor across participants

3.2.3 Discussion

The aim of the current study was to further investigate the interplay between phonological abilities,
prominence sensitivity, and cognitive mediation in Italian children with and without DD.
Additionally, by placing more targets in less prominent syllables, the study sought to further examine
the Lexical Stress Sensitivity Hypothesis (Caccia et al., 2019; Goswami, 2011; Leong et al., 2011;
Tierney & Kraus, 2013), contributing to a deeper understanding of whether the lexical stress deficit
in DD is more related to difficulties in processing phonemes in syllables with higher or potentially
lower prominence. Notably, the parallel use of behavioral and more implicit pupillometry measures—
sensitive to both phonological and cognitive processing—was implemented to further clarify the link
between phonological processing and cognitive resources, thus providing deeper insight into the
Cognitive Mediation Hypothesis (Lallier et al., 2010; Ramus & Szenkovits, 2008).

To do so, we compared the performance of 28 children with DD and 29 typically developing peers
using a simplified phoneme monitoring task (Bogliotti et al., 2008; Breier et al., 2001; Foss &
Gernsbacher, 1983; Foss, 1969; Foss 1973; Rathcke & Lin, 2021; Smith & Rathcke, 2017), adapted
from a version previously administered to Italian adolescents described in chapater 2.2. The task
required participants to identify geminates versus singletons and obstruents versus sonorants, with
targets embedded in strong and weak syllables of non-words. This adaptation ensured comparability
with adolescent studies while also accounting for potential differences in auditory sensitivity

underlying phonological contrasts. Additionally, we considered individual cognitive profiles, defined
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as a combined measure of working memory, shifting attention, and age-adjusted 1Q, to examine their
influence on performance.

According to the Lexical Stress Sensitivity Hypothesis (Caccia et al., 2019; Goswami, 2011;
Leong et al., 2011; Tierney & Kraus, 2013), we predicted that acoustic salience would mediate group
differences in phonological accuracy and sensitivity, correlating with pupil size variations during
phoneme monitoring, regardless of orthographic depth. As an alternative explanation, based on the
Cognitive Mediation Hypothesis (Lallier et al., 2010; Ramus & Szenkovits, 2008), we hypothesized
that differences in accuracy and sensitivity could be mediated by individual cognitive profile, which
in turn might be linked to pupil size variations when identifying targets and excluding non-targets in
children with DD.

The results first demonstrated that Italian children with DD, similar to Italian adolescents,
exhibited significantly lower sensitivity and accuracy in phoneme identification compared to the TD
group. This difference was also reflected in normalized pupillometry responses, but only at the level
of correctly rejected non-targets. Specifically, when children with DD correctly identified target
phonemes, their peak pupil diameter was comparable to that of TD children. However, when correctly
detecting non-targets (i.e., withholding a response), their peak pupil diameter was significantly lower.
Notably, phoneme sensitivity significantly correlated with normalized average pupil diameter,
suggesting that pupil size serves as a reflective marker of phonological identification.

The significant differences in phoneme identification between DD and TD were not mediated
by acoustic sensitivity to prominence, as the interaction between group and acoustic salience was
non-significant within the accuracy model. Additionally, acoustic salience did not correlate with
average normalized pupil diameter, regardless of whether participants were detecting targets or
rejecting non-targets. Notably, neither acoustic salience as a significant correlate of prominence nor
prominence itself interacted with group while predicting accuracy.

Conversely, similar to the accurate performance observed in adolescents, there was a tendency
for targets in prominent syllables to be easier to identify across all participants. However, this
remained a statistical trend, likely due to reduced statistical power resulting from the imbalance
between targets in weak and strong syllables.

Furthermore, consistent with adolescent data in Section 2.2, there was no evidence of a
segmental-level sensitivity deficit, as lower accuracy was observed uniformly across all language
contrasts.

Although no behavioral measure, including cognitive factors, could fully explain the
significant differences in phoneme identification, the combined cognitive factor significantly

correlated with average normalized pupil diameter differences when participants had to ignore non-
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targets. This suggests that individual cognitive resources played a role in mediating responses to non-
targets. In this regard, children with DD primarily differed from their TD peers in their ability to filter
out non-targets. This pattern aligns with the Cognitive Mediation Hypothesis (Lallier et al., 2010;
Ramus & Szenkovits, 2008), which posits that phonological difficulties in DD are partly driven by
broader cognitive constraints.

Several explanations can be proposed for the group-level differences in pupil response while
addressing non-targets. Although still highly debated, target selection and distractor inhibition may
not simply represent two outcomes of a single attentional selection mechanism. Instead, they can be
considered independent processes, potentially relying on distinct neural substrates (Geng, 2014;
Marini et al., 2013; Marini et al., 2016; Noonan et al., 2018; Sabri et al., 2014). In particular, the
ability to detect distractors may require an additional inhibitory component (Marini et al., 2013;
Noonan et al., 2018). Crucially, inhibition has been found to be impaired in DD and has been linked
to the difficulties observed in individuals with DD in quickly refocusing their attention during trials
involving continuous stimuli (Doyle et al., 2018; Lallier et al., 2010; Wilcockson et al., 2019).
Therefore, specific cognitive impairments and underlying substrates, such as those relying on
distractor processing rather than target processing, would effectively explain changes in phoneme
access in DD.

Although this is a prominent view, it does not entirely align with the present data, where the
percentage of correctly processed distractors in the DD group was much higher than the percentage
of correctly processed targets. This means that cognitive resources differed precisely in the process
with the best performance. In this regard, Marini et al. (2013) demonstrated that a filtering mechanism
is engaged to manage impending distractions, leading to a significant behavioral cost in no-distractor
trials during a speeded tactile discrimination task. This finding highlights how the co-occurrence of
cost-related processes may interfere with target selection. Similarly, in an ERP study, Sabri et al.
(2014) demonstrated that processing irrelevant information places a substantial load on working
memory, which, as a consequence, reduces the availability of executive function and attentional
resources needed to focus on task goals. Given the multiple and heterogeneous deficits in working
memory, executive function, and attentional resources observed in DD (Barbosa et al., 2019; Cheng
et al., 2021; Chutko et al., 2022; Gathercole et al., 2006; Gathercole & Baddeley, 1995; Knoop-van
Campen et al., 2018; Lallier et al., 2010; Masoura et al., 2021; Menghini et al., 2011; Ramus &
Szenkovits, 2008; Valdois, 2022)—as also reflected in our participants—children with DD may
quickly exhaust their cognitive resources when processing distractors. This could be due to an
increased cost associated with a filtering mechanism, potentially triggered by a reduced working

memory capacity. As a result, the remaining cognitive resources in DD may be sufficient for
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identifying a limited number of targets but insufficient for processing all targets while simultaneously
managing the suppression of non-targets. This limited availability of cognitive resources, in turn,
could explain why pupil diameter was comparable between groups for the few identified targets but
significantly differed for non-targets. Therefore, the difference in distractor processing may indicate
areduced cognitive substrate available for handling the filtering system which ultimately would affect
the target identification process. This explanation is supported by pupillometry studies showing that
when cognitive resources, particularly attentional capacity, are reduced—such as in older adults
compared to younger individuals—pupil size increases in response to task demands but exhibits a
generally smaller overall dilation (Piquado et al., 2010; Tekin et al., 2018; Zhao et al., 2019).

Notably, the correlation between cognitive resources and pupil responses in our findings
aligns with previous research indicating that pupil diameter is a reliable marker of cognitive resources
availability. (Hoeks & Levelt, 1993; Kolnes et al., 2024; Mathot, 2018; Pichora-Fuller et al., 2016;
Piquado et al., 2010; Robison & Unsworth, 2019; Winn et al., 2015). Furthermore, the consistent
correlation between d' sensitivity and pupil size across both targets and non-targets reinforces the idea
that pupil size is also sensitive to phonological processing (Chiossi et al., 2023; Liao et al., 2016;
Zarcone et al., 2016). In this context, within DD research, pupil size may serve as an implicit measure
to capture the subtle interplay between phonological and cognitive processing.

Overall, the findings of the current study support the Cognitive Mediation Hypothesis (Lallier
et al., 2010; Ramus & Szenkovits, 2008) of phonological processing in DD but, once again, do not
support the Lexical Stress Sensitivity Hypothesis (Caccia et al., 2019; Goswami, 2011; Leong et al.,
2011; Tierney & Kraus, 2013), as no group-level differences were observed in processing targets as
a function of prominence. The results suggest that the interaction of multiple and parallel cognitive
domains—rather than the contribution of a single domain—is crucial for accessing phonemes in
Italian children with DD, particularly when those phonemes are embedded in an ecological context
with competing stimuli. This underscores the necessity of accounting for an individual’s cognitive

profile when assessing phoneme identification abilities in DD.
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3.3 Study 4: Acoustic Sensitivity to Lexical Stress in Children

DD is most consistently characterized by phonological speech perception deficits measurable even
before the onset of literacy (Melby-Lervdg et al.,, 2012; Snowling, 1995, 2003). Studies have
repeatedly demonstrated that, compared to typically developing listeners, dyslexic listeners have
difficulties with perceptual classification and representation of speech sounds. These difficulties
become apparent primarily in categorization and discrimination tasks, tapping the ability to process
acoustic cues encoding linguistic contrasts (Casini et al., 2018; Masterson et al., 1995; Noordenbos
& Serniclaes, 2015; Serniclaes et al., 2001; Vandermosten et al., 2010; Werker & Tees, 1987).
Phonological awareness — i.¢., the ability to consciously manipulate language sounds — also tends to
show atypical patterns in DD (Wagner & Torgesen, 1987). Notably, the acquisition and development
of phonology rely on the processing of speech prosody (Bernard & Gervain, 2012; Bonacina et al.,
2019; Demuth, 2015 ; Gervain & Werker, 2013; Lleo & Demuth, 1999; Tierney & Kraus, 2013),
which operates at the utterance level and encompasses linguistic representations of pitch, duration,
and intensity (Wagner & Watson, 2010). It is therefore not surprising that an originally prosodic
deficit may surface as a phonological impairment in DD (Goswami, 2011; Leong et al., 2011; Tierney
& Kraus, 2013).

Prosodic deficits in DD have been demonstrated in several studies, primarily focusing on
English, with some evidence also emerging from more transparent languages like Italian. A common
characteristic across these studies is the use of tasks that rely on conscious judgment, which involves
a strong metacognitive component.For example, the DEEdee task in Leong et al. (2011) required
participants to match words (mainly personal names of cartoon characters and similar items)
to DEEdee strings that replaced the original syllables while preserving the original stress pattern
(e.g., Harry Potter would be correctly matched to DEEdeeDEEdee). Similarly, Caccia et al. (2019)
presented a task in which participants had to identify the stress position in trisyllabic non-words
(e.g., /dididi/, /gugugu/, /tatata/), which were systematically manipulated to vary in the location of a
longer, louder, or higher-pitched syllable.

However, several studies have reported less clear-cut group-level differences between DD and
typically developing (TD) participants when controlling for or limiting the metalinguistic demands
of the tasks, thereby reducing the reliance on conscious access to lexical stress manipulation
(Anastasiou & Protopapas, 2014; Barry et al., 2012; Mundy & Carroll, 2013). These findings raise
questions about the predictions of the Temporal Sampling Framework (Goswami, 2011)), specifically
whether lexical stress representations are inherently impaired in DD or if previously observed
difficulties are a consequence of experimental designs that place high metalinguistic demands on

participants.
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To further address the Lexical Stress Sensitivity Hypothesis (Caccia et al., 2019; Goswami,
2011; Leong et al., 2011; Tierney & Kraus, 2013), the current study builds on previous findings on
stress perception in Italian (Caccia et al., 2019) by employing a less metalinguistically demanding
paradigm, designed to be suitable for Italian children, unlike those previously used for Italian
adolescents. In contrast to the previous study, the task we deployed here involved a forced-choice
perceptual categorization of a prosodically manipulated word by matching the perceived word to its
correct image (Bertinetto, 1980; Derawi et al., 2022; Lisker & Abramson, 1964; McMurray et al.,
2008; Vandermosten et al., 2010). This experimental approach did not necessitate explicit knowledge
or manipulation of the concept of lexical stress, thus reducing cognitive load and enabling a direct
assessment of the underlying representations of lexical stress and the associated acoustic cues rather
than relying on metacognitive tasks (Caccia et al., 2019; Goswami, Mead, et al., 2013) or correlations
across a metalinguistic and a non-linguistic task performance (Leong & Goswami, 2013; Leong et
al., 2011).

Within the framework of the Lexical Stress Sensitivity Hypothesis (Caccia et al., 2019;
Goswami, 2011; Leong et al., 2011; Tierney & Kraus, 2013), we predicted a greater level of
uncertainty in stimulus categorization, as indicated by a flatter slope of the identification curve
(Maassen et al., 2001; Vandermosten et al., 2010) and slower reaction times (Nicolson & Fawcett,
1994; Whelan, 2008). Given that listeners tend to develop categorization during a repetitive task and
show a learning effect (Benndorf et al., 2014; Mendonga et al., 2020; Thomas & Konig, 2018), we
further hypothesized a milder learning effect in listeners with DD as compared to typically developing

listeners.

3.3.1 Method

3.3.1.a Experimental Procedure
A forced-choice identification task was created for the purpose of the present study. It involved
perceptual identification of five 7-step continua which were created such that their ends represented
either a trochaic word (papa /'papa/, meaning "pope") or an iambic word (papa /pa'pa/, meaning
"dad"). The baseline stimulus and the starting point of all continua was a disyllabic non-word, formed
by repeating the accented syllable of the word papa twice. The word was produced and recorded by
anative female speaker of Italian (the first author). The FO contour of this resulting nonword was flat,
with identical duration and intensity resulting in an ambiguous stress placement. The non-word
formed the midpoint of all continua.

Four acoustic-prosodic features of the baseline stimulus were manipulated: (1) duration (in

ms), (2) intensity (in dB), (3) fundamental frequency, FO (in semitones), and (4) amplitude rise-time
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(in ms). The first three manipulations were carried out using PRAAT (Boersma, 2001) while rise-
time manipulations were performed using Audacity 2.0.0 (AudacityTeam, 2014).

The manipulations were located either in the first or in the second syllable of the baseline
stimulus. Accordingly, the duration of either the first or the second syllable was gradually reduced
by 15%, 30%, or 45% of the original duration, resulting in six duration-manipulated stimuli. The
intensity of the first or the second syllable was progressively increased by 3, 6, or 9 dB, leading to
six intensity-manipulated stimuli. The original FO-contour of either the first or the second syllable
was successively raised by 1, 2, or 3 semitones, resulting in six FO-manipulated stimuli. Finally, the
original amplitude rise-time of either the first or the second syllable was shortened by 25%, 50%, or
75%. These manipulation steps were chosen upon informal piloting with native adult speakers of
Italian, to achieve a slight but perceivable change in the acoustic-prosodic parameters at each
continuum step. In addition, one continuum implemented a combination of all four parameters with
the same magnitude and continuum steps as isolated manipulations. That is, progressively increasing
FO and intensity of the first syllable and decreasing duration and rise-time of the second syllable or
conversely, progressively decreasing FO and intensity of the first syllable while concomitantly
increasing duration and rise-time of the second syllable. This procedure created five continua in total,
with the first three steps of each continuum being more representative of the trochaic word /'papa/,
the last three steps being more representative of the iambic word /pa'pa/, and continuum step 4 being
the ambiguous baseline stimulus.

Participants listened to a total of 35 stimuli (7 steps * 5 continua), played back to them via
high-quality headphones (Sennheiser HD 380) in a random order using PsychoPy (Peirce et al., 2019).
Participants were asked to decide if the stimulus they heard sounded like papa (pope) or papa (dad)
and to click on the respective image presented on the experimental computer screen (MacBook Air
with a retina display, 13-inch, 2018) by using the touchpad of the computer. Prior to the start, the
experimenter explained the task to each participant individually, showing them the two images and
answering any questions. Participants had a chance to familiarize themselves with the task by clicking
on images of gomma (rubber) or matita (pencil) upon hearing the corresponding words.

Participants were individually tested at their respective schools, with each session lasting
approximately 90 minutes due to the inclusion of additional experimental activities not discussed
here. The task of the present study was performed within 10 minutes. Breaks were taken as necessary.
Written consent was obtained from participants’ parents or guardians prior to the experiment. The
study received ethical approval from the Ethics Board of the University of Konstanz (IRB Statement
05/2021).
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3.3.1.b Data Pre-processing and Statistical Analyses

Collected responses were extracted from PsychoPy and coded as 1 for the trochaic response papa and
0 for the iambic response papa. Missing values (10% of all responses) were not included in the
analyses. Binomial mixed-effects regressions were conducted using RStudio (2022) and the Ime4
package (Bates et al., 2015) with a logistic link function (Jaeger, 2008). The model tested for a three-
way interaction between group (DD vs. TD), continuum step (1-7), and acoustic correlate (duration,
intensity, pitch, rise-time, combined). Participant was included as a random effect. Given the higher
power requirements for detecting a three-way interaction (Cotter et al., 2023), a post-hoc power
simulation was conducted using the R-package simr (Green & MacLeod, 2016) to evaluate the ability
of the model to detect a significant effect.

Reaction times (RTs) were also extracted from PsychoPy. RTs measured the speed of a
response once a stimulus was heard. To examine group-level differences in reacting to stimuli, we
analyzed RTs by fitting a Linear Mixed-Effects Models (Bates et al., 2015) to all RTs measured
during the experiment. Again, we tested for an interaction between group (DD vs. TD) and acoustic
correlate (duration, intensity, pitch, rise-time, combined). To further determine potential learning
effects during the experiment, we fitted Generalized Additive Mixed Models (GAMMs) from the R-
package mgcv (Wood, 2011) to RTs measured from the binning until the end of the experiment. The
model included group as a parametric predictor and trial order (i.e., serial order of trails from the
first until the last trial) as a smooth term. Separate smooths were estimated for each group. Participant
was included as a random smooth to account for individual variation in response to time. The degree
of smoothness was assessed using the gam.check() function. Model fit was assessed using the
CompareML() function (Séskuthy, 2021) which performs model comparisons based on maximal
likelihood. Once the optimal model was selected, the effects were examined using the
plot difference() function (Wieling, 2018) which displays the magnitude of time-locked differences

between the smooths.

3.3.2 Results

3.3.2.a Analysis of Identification Responses

The best-fitting model of response retained a significant interaction between continuum
step and acoustic correlate (x> = 128.28, p <.001). Figure 1 illustrates the nature of this interaction,
demonstrating that participants primarily relied on combined cues, followed by pitch and duration, to

categorize "papa" (0) and "papa" (1). In contrast, rise-time and intensity did not serve as reliable
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acoustic cues to lexical stress, with participants’ categorization ability being below the chance level

(50%) and accompanied by relatively large confidence intervals.
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Fig. 1 Predicted ®probabilities of responding "papa" along the 7-step continuum of the five acoustic
correlates tested. The curves represent psychometric identification functions obtained for combined cues,
pitch-only, duration-only, intensity-only, vs. rise-time-only cues.

The predicted three-way interaction of group, continuum step and acoustic correlate did not help to
significantly improve the model fit (y° = 7.46, p = .11), indicating that the two experimental groups
did not significantly differ in their responses to the continua. As shown in Figure 2, the probability
of responding “papa” revealed comparable psychometric functions for the two groups in all

conditions.

® Figures and Tables are numbered independently within each study, restarting from Figure 1.
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Fig. 2 Predicted probabilities of "papa" responses along the 7-step continuum comparing the identification
performance of the dyslexic group (DD, black line) and the typically developing group (TD, grey line) on the
five acoustic continua of the present study (combined cues, pitch cues, duration cues, intensity cues, and rise-
time cues).

3.3.2.b Analysis of Reaction Times

The best-fitting model of reaction times retained a main effect of acoustic correlate only (F(1, 54) =
0.33, p < .001). Figure 3 illustrates this effect, showing that participants showed slightly longer
reaction times for those acoustic correlates that they found meaningful (i.e., combined cues, pitch-
and duration-only cues). In contrast, neither the interaction between acoustic correlate and group

(F(4,1698) = 1.45, p = .22) nor the main effect of group (F(1, 54) = 0.34, p = .56) helped to improve

the model fit, indicating that both groups had comparable response times to all stimuli.
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Fig. 3 Reaction time estimates for stimuli with different acoustic correlates to lexical stress
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The best-fit GAMM of RT changes throughout the experiment did not retain group as a
significant predictor, either as a parametric term (S = 0.032, SE = 0.05, ¢ = 0.59, p = .55) or as a
smooth term (F = 0.04, p =.55) while trial order, modeled as a smooth term, was a significant
predictor in the model (AIC = 0.80; F =5.01, p = .02). As illustrated in Figure 4, the effect reflects a
general tendency to respond faster to each trial as the experiment progressed, indicative of a general
learning trend during the task (Benndorf et al., 2014; Mendonga et al., 2020; Thomas & Konig, 2018).
This effect equally held for both experimental groups, suggesting that potential task learning effects

were comparable for all participants, no matter their group affiliation.
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Fig. 4 Estimated changes in reaction times across experimental trials, comparing the dyslexic group
(DD, black line) and the typically developing group (TD, grey line).

3.3.3 Discussion

The present study addressed the Lexical Stress Sensitivity Hypothesis (Caccia et al., 2019; Goswami,
2011; Leong et al., 2011; Tierney & Kraus, 2013) by examining lexical stress perception in Italian
children, both with and without a formal diagnosis of DD using a real-word identification task. This
study aimed to contribute to the ongoing debate regarding the nature of prosodic deficits in DD—

specifically, whether these difficulties arise from intrinsically impaired lexical stress representations
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or from challenges in accessing them (Anastasiou & Protopapas, 2014; Barry et al., 2012; Mundy &
Carroll, 2013).

We tested a total of 27 children with DD and 28 age-matched children with typical
development. The task involved categorizing prosodically manipulated 7-step speech continua as
either papa (meaning “pope”) or papa (meaning “dad”, cf. Bertinetto, 1980) by selecting the
corresponding image on the screen. By tasking children with matching words to their images, the
present study minimized cognitive load of maintaining an auditory impression of a polysyllabic non-
word and avoided metacognitive reflections on lexical stress, thus enabling a more direct assessment
of perceptual links between acoustic cues and underlying phonological representations. All relevant
acoustic-prosodic cues (including pitch, duration, rise time, intensity, and their combination) were
systematically manipulated and tested.

Analyses of identification responses and reaction times revealed comparable performance
across the two experimental groups, indicating that both DD and TD children were equally sensitive
to the presence of acoustic-prosodic cues marking lexical stress and could efficiently make use of
them when accessing correct phonological representations. Moreover, learning effects, reflected in
faster reaction times as the experiment progressed, were observed in both groups. These findings do
not lend support to the hypothesis of perceptual deficits in processing acoustic-prosodic cues and
related phonological impairments of representing lexical stress in DD (Caccia et al., 2019; Goswami,
2011; Leong et al., 2011; Tierney & Kraus, 2013). Specifically, the present results cast doubts on the
core idea of the Temporal Sampling Framework (Goswami, 2011) that the perception of lexical stress
crucially hinges on an adequate encoding of rise-times in amplitude envelopes of stressed vs.
unstressed syllables, given that participants performed below the chance level on those stimuli that
manipulated rise-time durations at syllable onsets. This result indicates that amplitude rise-times do
not encode lexical stress, at least not in Italian and therefore not universally the Temporal Sampling
Framework seems to suggest.

The present findings do not align with previous studies investigating the perception of lexical
stress in Italian by means of polysyllabic non-words (Caccia & Lorusso, 2020; Caccia et al., 2019).
The key point distinguishing the forced-choice identification task of the present study from the task
deployed by Caccia et al. (2019) is the involvement of a metalinguistic ability to reflect on the
phenomenon of lexical stress and to deploy the concept in an explicit perceptual judgment of non-
words. Strictly speaking, the task taps the perception of acoustic prominence rather than lexical stress
perception proper since by definition, non-words do not have a corresponding entry in the mental
lexicon (Ladd & Arvaniti, 2023). As recently discussed in a large-scale meta-analysis of prosodic

skills in DD, the metacognitive ability to reflect on the form and function of speech prosody is one
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part of prosodic competence that may develop later in life and is unrelated to the perceptual ability to
adequately use speech prosody for real-world communicative purposes (Mundy and Wood (2024).
Phonological representations of lexical stress as well as auditory perception of acoustic-prosodic cues
are likely to be intact in DD, but they cannot be not accessed by means of a metalinguistic task
(Mundy & Wood, 2024). While Mundy and Wood (2024) propose that the development of conscious,
explicit, metalinguistic access to speech prosody may result from an extensive reading experience
and that dyslexic difficulties in the metacognitive access to lexical stress arises due to a limited
exposure to reading, the cognitive accounts of phonological deficits in DD (Lallier et al., 2010; Ramus
& Szenkovits, 2008) cannot be completely discarded as a potential contributor to the previously
observed prosodic challenges in DD (Caccia & Lorusso, 2020; Caccia et al., 2019) and should be
addressed in future research.

One finding the present study converges on with the results by Caccia et al. (2019) is the main
acoustic-prosodic cue for lexical stress. In contrast to earlier research which suggested primarily
duration as the main acoustic cue encoding lexical stress in Italian (Bertinetto, 1980; Ferrero, 1972),
the present findings as well as Caccia et al.’s results identify FO as the most reliable, isolated cue of
Italian stress, followed (but not superseded) by duration. Given that Italian has little de-accentuation,
lexical stress and phrase-level accents usually coincide (Avesani & Vayra, 2005; Leben, 1998),
potentially leading to a perceptual shift in cue salience (MacLeod, 2015). Follow-up studies with
Italian adult speakers of the same varieties of Italian are needed to confirm that there is indeed a
general — rather than purely developmental and therefore potentially temporary — shift in lexical stress
encoding in Italian. Alternatively, the observed alignment between lexical stress and phrase-level
prominence may result from the use of isolated words as stimuli. Therefore, further research should
examine the perception of Italian lexical stress cues within sentence contexts to better understand
their role in natural speech processing. Acoustic-prosodic cues identified for Italian stress clearly
differ from those of English (Guo, 2022; Mousikou et al., 2024; Plag et al., 2011), highlighting the
need for more extensive cross-linguistic research into the role of language-specific acoustic-prosodic
encoding and its role in potential prosodic deficits in DD (Caccia et al., 2019; Goswami, Mead, et al.,
2013; Leong et al., 2011). The present results raise questions about the cross-linguistic applicability
of the idea that DD is linked to an impaired sensitivity to acoustic salience encoding lexical stress, no
matter the language of a dyslexic individual.

Taken together, the results of the present study do not support the Lexical Stress Sensitivity
Hypothesis (Caccia et al., 2019; Goswami, 2011; Leong et al., 2011; Tierney & Kraus, 2013) in
Italian-speaking children with DD. Instead, likewise our findings on segmental difficulties in DD, the

findings suggest that previously observed deficits (Caccia & Lorusso, 2020; Caccia etal., 2019) might
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reflect difficulties in accessing intact representations (Ramus & Szenkovits, 2008), particularly in
tasks with higher cognitive demands due to metalinguistic nature of a task (Lallier et al., 2010; Ramus
& Szenkovits, 2008). Future cross-linguistic research combining different types of prosodic
phenomena and cognitive tasks could provide further insights into the nature of these difficulties,
possibly expanding the Cognitive Mediation Hypothesis (Lallier et al., 2010; Ramus & Szenkovits,
2008) at the prosodic level. The results further highlight that empirical study of speech prosody ought

to be sensitive to the multi-component nature of prosodic competence (Wade-Woolley et al., 2021).
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4. General Discussion

4.1 Synthesis of Background, Methods, and Results

Reading is fundamental for academic success, employment, and access to essential services (Levin-
Zamir & Bertschi, 2018; Smith-Spark et al., 2023; Tops et al., 2021). The acquisition of adequate
orthographic representations depends on the integrity of various linguistic, sensory, and cognitive
domains (Al Dahhan et al., 2016; Ardila et al., 2010; Bryant & Bradley, 1983; Chiappe et al., 2001;
Cotton & Crewther, 2009). DD is a clinical condition that negatively impacts the correct acquisition
and development of these representations, making it a key factor in understanding the complex
architecture underlying the connection between spoken and written representations and their
relationship to sensory and cognitive domains (American Psychiatric Association, 2022; Andresen &
Monsrud, 2022; Cornoldi & Tressoldi, 2014; Harrison et al., 2021; Sadusky et al., 2022).The complex
heterogeneity of the DD phenotype has led to the development of multifactorial models to account
for this variability and address the debate surrounding the etiology of the disorder (Potier Watkins et
al., 2023; Wolf et al., 2024; Ziegler et al., 2020). However, the developmental trajectories and
probabilistic interactions of core deficits in DD remain highly debated, representing an important
theoretical and clinical gap.

The present thesis was specifically designed to investigate the interplay between two of those
core deficits, namely the impairments in segmental phonological representations (i.e., phonemes) ,
and in lexical stress sensitivity in both adolescents and children with and without DD under the
consideration of individually available cognitive resource. Lexical stress sensitivity was specifically
investigated through its key features, namely acoustic sensitivity to prosodically marked prominent
syllables and to acoustic salience within a lexical context. In doing so, it examined whether the ability
to process lexical stress is impaired in Italian DD, disrupting the formation of segmental
representations and hindering access to them, as predicted by the Temporal Sampling Framework
(Goswami, 2011). Alternatively, in alignment with previous proposal of Ramus and Szenkovits
(2008) and further corroborated by existing research (Lallier et al., 2010), we asked whether the
phonological deficit could primarily stem from external cognitive computations that restrict access to
otherwise intact segmental representations. Given the limited and inconsistent findings regarding
lexical stress impairments in DD across transparent languages (Mundy & Wood, 2024), and the
greater potential for DD compensation in such orthographies (Ziegler et al., 2010), two distinct age
groups—children and adolescents—were compared within Italian as the experimental language. This

was done to further examine whether, and how, language-specific properties, particularly
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orthographic transparency, shape the nature and detectability of phonological and lexical stress
deficits in individuals with DD. Additionally, Italian provided the advantage of duration cues serving
as correlates at both segmental and prosodic levels, allowing for a simultaneous and controlled
assessment of sensitivity across both linguistic levels.

Therefore, 40 adolescents with DD and 30 adolescents with typical development completed
a Phoneme Monitoring Task, as part of Study 1 presented in Section 2.2. In this task, participants
identified phonemes embedded in strong and weak syllables of trisyllabic nonwords such
as [segora 'minuj and [bipoza 'viba] (Bogliotti et al., 2008; Breier et al., 2001; Foss & Gernsbacher,
1983; Foss, 1969; Foss 1973; Rathcke & Lin, 2021; Smith & Rathcke, 2017). This was followed by
a Sensorimotor Synchronization Task, part of Study 2 presented in Section 2.3, which required
participants to tap along with what they perceived to be the beat of spoken Italian sentences (Rathcke
& Lin, 2021). In addition, 28 children with DD and 29 children without DD completed a simplified
version of the Phoneme Monitoring Task, as part of Study 3 presented in Section 3.2, before engaging
in a Categorical Perception Task, conducted in Study 4 and described in Section 3.3. In this latter
task, children judged which of two Italian minimal pairs differing in stress placement—such
as papa [ 'papa] (“pope”) and papa [pa'pa] (“dad”)—best matched a given target stimulus along a
lexical stress continuum. Within both age cohorts, the phoneme monitoring task was used to examine
how implicit acoustic sensitivity to syllabic prominence relates to phoneme identification, under the
consideration of individual cognitive profiles. The subsequent tasks were selected for their reduced
metacognitive demands to assess sensitivity to acoustic salience within lexical contexts, with task
complexity carefully adjusted to each age group to ensure developmental appropriateness. All
participants also underwent a comprehensive cognitive assessment.

Within the framework of the Lexical Stress Sensitivity Hypothesis, which posits
that phonological impairments in DD are representational in nature and originate from reduced
sensitivity to lexical stress (Caccia et al., 2019; Goswami, 2011; Leong et al., 2011; Tierney & Kraus,
2013), we predicted that individuals with DD would exhibit reduced sensitivity to syllabic
prominence in nonwords and lexical stress in words and sentences. Furthermore, the reduced acoustic
sensitivity to prominence was expected to extend to the segmental level thus impacting the adequate
processing of singleton/geminate and obstruent/sonorant contrasts (Casini et al., 2018; Masterson et
al., 1995; Tallal, 1980; Vandermosten et al., 2010). The Cognitive Mediation Hypothesis served as
the alternative hypothesis, assuming that group differences do not stem from impaired phonological
representations themselves, but rather from restricted access to them, possibly due to the inadequate

mediation of co-occurring cognitive deficits (Lallier et al., 2010; Ramus & Szenkovits, 2008).
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The analysis of the current findings primarily revealed that phonological identification in
Italian adolescents and children is considerably impaired in individuals with DD, as confirmed by the
significant group-level differences observed in both children and adolescents on the phoneme
monitoring task administered in Study 1 (Section 2.2) and Study 3 (Section 3.2). However, contrary
to the predictions of the Lexical Stress Sensitivity Hypothesis (Caccia et al., 2019; Goswami, 2011;
Leong et al., 2011; Tierney & Kraus, 2013), group-level differences in phonological identification
did not appear to stem from inherently fragile representations of lexical stress. This conclusion is
supported by evidence showing that, first, lower identification rates in phoneme monitoring were
homogenous across all phonological contrasts within the DD population, regardless of age. Secondly,
the processing of acoustic cues underlying these phonological contrasts was comparable between
individuals with DD and their age-matched counterpart across both adolescent and child cohorts.

Further challenging the Lexical Stress Sensitivity Hypothesis (Caccia et al., 2019; Goswami,
2011; Leong et al., 2011; Tierney & Kraus, 2013) acoustic sensitivity to lexical stress and prominence
was similar between DD and TD groups. This was demonstrated by comparable alignment to weak
and strong syllables in spoken sentences among adolescents, as observed in Study 2 (Section 2.3);
equivalent categorical perception curves underlying lexical stress among children, as shown in Study
4 (Section 3.3); and similar perceptual advantages of prominence in phoneme identification across
both groups, regardless of age, as found in Study 1 (Section 2.2) and Study 3 (Section 3.2).
Consequently, the current evidence confirms that acoustic sensitivity to prosodic cues underlying
prominence and lexical stress is adequate in both adolescents and children, with and without DD,
and does not explain group-level differences in phonological processing among our participants
across ages. This finding deviates from the Temporal Sampling Framework (Goswami, 2011),
which considers reduced sensitivity to lexical stress representations as a key underlying factor in
phonological deficits in DD, thus challenging rather than confirming the Lexical Stress Sensitivity
Hypothesis (Caccia et al., 2019; Goswami, 2011; Leong et al., 2011; Tierney & Kraus, 2013).
Conversely, in alignment with the Cognitive Mediation Hypothesis (Lallier et al., 2010; Ramus &
Szenkovits, 2008), phonological identification differences between DD and TD, regardless of age,
appear to be mediated by cognitive resources. This is primarily supported by evidence from Study 1
(Chapter 2.2), showing that in TD adolescents, high phonological identification rates were observed
when attention-shifting levels were high, whereas identification rates were low when attention-
shifting scores were low. However, this pattern was not apparent in DD, where performance remained
consistently low regardless of shifting attention levels. Secondly, findings from Study 3 (Section

3.2) demonstrated that cognitive abilities mediated group-level differences in pupillometry during
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distractor processing in the phoneme monitoring task. These two main findings suggest that cognitive

deficits in DD may hinder access to phonological representations that are otherwise intact.

4.2 Age-Based Analysis of Phoneme Identification Performance

The finding of group-level differences in phoneme identification among both adolescents and
children aligns with previous research identifying phonological processing as one of the most
consistent deficits in DD (Ramus et al., 2013; Snowling, 2003; Vellutino et al., 2004). In this
regard, the magnitude of phonological identification difficulties within the findings current studies
remained stable between late childhood and adolescence (M d'-prime for children = 0.64; M d'-prime
for adolescents = 0.64). This further suggests that phonological deficits in Italian DD, regardless of
its higher transparency, are less susceptible to modifications or compensatory trends as reported for
other deficits in DD (Danelli et al., 2017; Eloranta et al., 2019; Heim et al., 2008; Menghini et al.,
2010; Snowling, 2003), and in disagreement with those who proposed that the phonological
awareness deficit diminishes while learning a transparent language (Jong & Leij, 2003). This further
corroborates the more cognitive nature of the deficit, which does not seem to involve phonological
representations per se and is, for this reason, less affected by the transparency of the language. In
addition, those phonological deficits emerged as comparable between adolescents with isolated and
comorbid dyslexia, as confirmed by the absence of significant group differences between the two
clinical subgroups in the phoneme monitoring task. This further aligns with previous findings
suggesting that comorbid learning disorders share the same phonological and most probably linguistic
profile (Vellutino et al., 2004).

Although phoneme identification rates were largely comparable between clinical and non-
clinical groups in both children and adolescents, some developmental differences did emerge between
the two age groups. For instance, unlike adolescents, children aged 8 to 10 years (both TD and
DD) did not exhibit aclear processing advantage for gemination or for obstruents,
although obstruents were generally—but not significantly—easier to identify than sonorants. The
lack of a perceptual advantage for gemination suggests that Italian children still exhibit a non-adult-
like and possibly less efficient processing of gemination overall. This is also reflected in the reduced
effect of what Dmitrieva (2014) referred to as the acoustic similarity principle across child
participants—that is, the smaller the difference in sonority between geminates and the surrounding
vowels, the lower the perceptual salience of geminates. In the conducted studies. 1 and 3, this implies
that obstruent geminates should have been easier to identify than sonorant geminates, provided that
participants could accurately detect geminates and effectively distinguish them from singletons. This,

in turn, might have enhanced the significant role of obstruents over sonorants in facilitating phoneme
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identification. Since this was observed in adolescent participants but not in children, it is reasonable
to assume that the inefficient use of this acoustic similarity principle during gemination processing in
our child participants may have also led to a reduced reliance on the obstruent/sonorant contrast,
rendering it non-significant. This, in turn, would further suggest a non-adult-like ability to efficiently
use the gemination/singleton contrast to facilitate access to phoneme monitoring. This is of particular
relevance given that developmental trajectories surrounding the acquisition and manipulation of

gemination and are still poorly understood.

4.3 Age-Based Analysis of the ability to process Lexical Stress and Prominence

Beyond developmental differences observed at the segmental level, the studies of the current
thesis also confirmed differences in lexical stress processing. In particular, although all participants
in studies 1 and 3 identified phonemes more accurately when embedded in prominent syllables, this
interaction did not reach statistical significance in children. This suggests that although children can
correctly process acoustic cues encoding lexical stress contrasts, their ability to integrate this
information with segmental-level processing to enhance phonological identification remains non-
adult-like and less efficient compared to Italian adolescents. This finding aligns with Caccia et al.
(2019), who reported that the dominance of specific acoustic cues underlying Italian lexical stress is
stronger and more consistent in adults than in children. This further supports the hypothesis
that lexical stress processing undergoes progressive refinement from late childhood into adolescence
(Arciuli & Ballard, 2017; Quam & Swingley, 2014) while following an independent trajectory
compared to that of segmental contrasts (Giraud & Poeppel, 2012; Schild et al., 2014). In addition,
these findings highlight and possibly expand the notion of multicomponential prosodic competence,
distinguishing among its core abilities: acoustic sensitivity and the ability to implicitly use acoustic
sensitivity to efficiently sustain access to phonology. Furthermore, the present thesis aligns with
Caccia et al. (2019) in identifying in pitch the primary acoustic-prosodic cues for lexical stress in
Italian. While earlier research (Bertinetto, 1980; Ferrero, 1972) emphasized duration as the most
significant factor in encoding lexical stress, the current findings suggest that both pitch and duration

contribute to lexical stress perception in Italian, with pitch playing a more prominent role.

4.4 Beyond Acoustic Sensitivity in DD: Rethinking the Lexical Stress Deficit

The lack of a deficient acoustic sensitivity across both segmental and lexical stress contrasts
across the studies of the current thesis deviates from previous research supporting impaired
discrimination and categorization of phonological contrasts in DD (Casini et al., 2018; Masterson et

al., 1995; Tallal, 1980; Vandermosten et al., 2010), as well as deficits in lexical stress sensitivity
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(Caccia et al., 2019; Goswami, 2011; Leong et al., 2011; Tierney & Kraus, 2013). Several possible
explanations can be considered for this discrepancy. Regarding the segmental level, one possible way
to reconcile this discrepancy is by considering that while some deviations in processing acoustic cues
encoding segmental contrasts might be present in DD, in more ecological contexts—such as natural
speech, where multiple factors contribute to accurate encoding—these deviations have a reduced
impact on overall variance (Blomert & Mitterer, 2004; Protopapas, 2014). As a result, they fail to
account for phonological identification difficulties in spoken speech.

With regard to lexical stress, an important consideration discussed in Section 1.4 is that
evidence for reduced sensitivity to acoustic cues related to lexical stress or prominence in DD has
heavily relied on perceptual judgment tasks requiring the conscious manipulation and metalinguistic
awareness of stress. These tasks introduce a stronger metalinguistic component in their assessment
compared to the one employed in the current studies (Caccia & Lorusso, 2020). As recently discussed
by Mundy and Wood (2024) in their meta-analysis, the metacognitive ability to reflect on the form
and function of speech prosody is one part of prosodic competence that may develop later in life and
is a distinct domain compared to the one related to the adequate encoding of lexical stress
representation (Mundy & Wood, 2024). Consequently, it is conceivable that lexical stress
representation, as well as the ability to process its underlying acoustic-prosodic cues, is likely to be
intact in DD, as suggested by the findings of the current thesis. Nevertheless, in agreement with
previous research, it is conceivable that individuals with DD cannot access these representations via
a metalinguistic task (Mundy & Wood, 2024). This finding aligns once again with the notion of
prosodic competence proposed by Wade-Woolley et al. (2021), where acoustic sensitivity is a distinct
but not sole constituent of this competence, which is shared with other components, including
prosodic awareness.

In support of this view, our adolescent participants exhibited a significantly faster sustained
motor tempo SMT compared to their age-matched counterparts, and we reported how individual
differences in SMT contribute to accurate alignment with vowels embedded in weak or strong
syllables in our SMS study. Notably, previous findings have reported how SMT is sensitive to IQ
variations (Ladanyi et al., 2023) and how its rates are reflective of rates in the range of delta neural
oscillations (Gunasekaran et al., 2023; Rossi et al., 2024), which are implicated not only in the
encoding of stress (Goswami, 2011) but also in attentional resources (Harmony, 2013; Harmony et
al., 1996). Consequently, as discussed in Section 2.3, SMT could potentially serve as a marker,
possibly indicating how efficiently cognitive resources can be allocated to rhythmic estimation during
delta activity. Although this still needs to be tested empirically, it suggests that the challenges reported

in the DD literature regarding lexical stress access might indeed be mediated by cognitive resources.
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While Mundy and Wood (2024) propose that the development of conscious, explicit, metalinguistic
access to speech prosody may result from extensive reading experience—and that dyslexic difficulties
in metacognitive access to lexical stress arise due to limited exposure to reading—we speculate that
the contribution of the frequently reported cognitive deficit in DD cannot be ruled out. This would
further expand the Cognitive Mediation Hypothesis.

As an alternative or possibly complementary perspective, the finding that both our adolescent
and child participants with DD processed weak syllables similarly to TD participants—unlike
English-speaking adults in Rathcke and Lin (2021)’s study—suggests that cross-language
differences, possibly varying degrees of transparency, alongside reading experience and cognitive
resources, may influence access to lexical stress representations. More specifically, Rathcke and Lin
(2021) found that English-speaking adults with DD aligned significantly less with vowels in weak
syllables compared to those instrong syllables. Whether this reflects a compensatory
strategy remains unclear, but notably, this pattern did not emerge among Italian adolescents in the
sensorimotor task. Given the higher variability associated with lexical stress cues in
English compared to Italian (Colombo, 1992; Mousikou et al., 2024), it is possible that this variability
reduces the necessity for compensatory mechanism. Accordingly, this emphasizes the need to account

for linguistic variations when investigating lexical stress deficits in DD.

4.5 Phonological Deficits in DD: Exploring the Nature of Impaired Cognitive Mediation

While group-level differences in phonological identification were mediated by cognitive
resources in the phoneme monitoring tasks across both adolescents and children, the nature of
this mediation varied across the studies. Adolescents with DD exhibited consistently slower
phoneme identification, which did not vary in proportion to their shifting attention scores. In
contrast, TD  adolescents with high  shifting  attention demonstrated higher = phonological
identification rates, whereas those with low shifting attention performed poorly on the phoneme
monitoring task. These results can be interpreted asindicative of a potential
dissociation between phonological processing and cognitive resources in DD, in light of the brain
connectivity deficits hypothesis (Habib, 2021; Lou et al., 2019; Paulesu et al., 1996). This account
suggests that DD arises due to weaker, absent, or deviant connections in the left hemisphere,
particularly in brain areas responsible for language and cognitive processing. Within this theoretical
framework, adolescents with DD may have received less cognitive support from attentional resources
and executive functions, as a consequence of impaired neural connections between networks
responsible for the interaction between these domains. However, this disconnectivity pattern was not

replicated in children, where, instead, a significant correlation was observed between the composite
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cognitive factor—encompassing 1Q score, shifting attention score, working memory score, and age—
and pupil responses during the correct rejection of non-targets, thus suggesting an alternative
explanation for the mediating role of cognitive resources in phonological processing. Specifically,
according to the proposal by Marini et al. (2013) distractor processing involves a filtering mechanism,
which incurs a behavioral cost in no-distractor trials. This attentional cost, as suggested by Sabri et
al. (2014) places a load on working memory, thereby reducing the available resources for executive
function and attentional processes directed at target identification. Given that children with
DD exhibited a lower pupil diameter while processing distractors yet were able to process a greater
number of distractors but only a limited number of targets, and considering their lower working
memory and shifting attention scores compared to TD peers, their performance was interpreted as
a consequence of limited cognitive resources at the level of the filtering process. This limitation is
likely due tothe overloading effect of working memory on shifting attention. Within this
framework, DD performance is not driven by a deficit in a single cognitive domain but rather by the
interaction of multiple cognitive processes involved in the filtering of distractors. This interaction,
rather than an isolated impairment, provides a more comprehensive context for understanding the
performance patterns observed in children with DD. This explanation is supported by pupillometry
studies showing that when cognitive resources, particularly attentional capacity, are reduced—such
as in older adults compared to younger individuals—pupil size increases in response to task demands
but exhibits a generally smaller overall dilation (Piquado et al., 2010; Tekin et al., 2018; Zhao et al.,
2019).

Several factors may explain and potentially reconcile the different types of cognitive
mediation emerging from our results in adolescents compared to children. Notably, socioeconomic
status (SES) has been strongly linked to reading abilities, phonological and cognitive processing
(Boman, 2023; Fluss et al., 2009; Noble et al., 2006). Specifically, higher SES levels are associated
with overall higher language abilities. Accordingly, Meixner et al. (2019) demonstrated that reading
experience enhances shifting attention and executive functioning. Notably, the adolescents of studies
1 and 2 were primarily recruited from public schools, conversely, several private schools participated
in the studies 3 and 4 involving children. This distinction is particularly noteworthy because, the TD
groups, which are expected to be characterized by enhanced and more efficient reading exposure
compared to DD groups, displayed a heterogeneous profile. Adolescents generally exhibited lower
working memory scores (M adolescents = 28; M children = 70) and shifting attention scores (M
adolescents = 70; M children = 58) compared to children. Additionally, three adolescent participants
scored below the 10th percentile on the shifting attention measure, despite demonstrating average

academic performance and language proficiency in both L1 and L2, with no official diagnosis of
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cognitive or language deficits. This raises the possibility that lower SES levels in adolescents may
have contributed to a higher prevalence of less proficient readers in TD, leading to reduced
phonological and cognitive abilities. Conversely, higher SES levels in children may have mitigated
this effect by providing greater reading exposure, thereby enhancing language and cognitive
resources. Given that we did not control for reading experience, this remains a valuable point for
future research. However, while it is true thatreading experience can influence language and
cognitive abilities, the reverse relationship cannot be ruled out (Commodari & Guarnera, 2005).
Therefore, we argue that reading exposure and SES should be considered as concurrent contributors,
rather than as the sole explanatory model for the observed data.

An additional contributing factor involves the role of 1Q as a controlling variable for cognitive
variability and compensatory effects (Reis et al., 2000; van Viersen et al., 2019). In the studies 3 and
4 with children, we constructed a composite cognitive index, incorporating IQ, to obtain a more
balanced and comprehensive measure of individual cognitive profiles. This approach helped control
for potential confounding effects and allowed for a more effective assessment of cognitive-linguistic
interactions. Conversely, in adolescents, shifting attention and working memory were used
as covariates in the absence of IQ as a controlling factor. Although IQ and higher-order cognitive
functions are correlated, they are still considered independent constructs (Blair, 2006). Notably, it
is not uncommon for studies to report group-level differences that disappear after controlling for I1Q,
emphasizing its crucial role in balancing cognitive variability across groups and better accounting for
subtle compensatory abilities (Cowan et al., 2017; Ladanyi et al., 2023). Accordingly, high 1Q can
lead to compensatory strategy in DD (Reis et al., 2000; van Viersen et al., 2019). Therefore, in
the absence of 1Q as a controlling factor, it is plausible that some of our adolescents with DD who
exhibited high phonological performance may have possessed other cognitive abilities associated
with overall higher cognitive functioning, possibly driven by high IQ. These cognitive
strengths could have contributed to sustaining their linguistic outcomes, thus aligning with
an overloaded filtering cost process underlying the nature of cognitive mediation in DD.

Lastly, it is possible that adults, unlike children, tend to rely more on specific resources, such
as attention, to compensate for phonological and reading difficulties (Protopapa & Smith-Spark,
2022). This, in turn, may further highlight the disconnection between these areas, which might be less
pronounced in childhood, leading to a less refined but more comprehensive cognitive recruitment.

Therefore, although the current data cannot provide conclusive evidence on the nature of the
impairment underlying the mediating role of cognition in accessing phonemes in DD, and eventually
further research is needed to clarify this relationship, both interpretations of the present data—the

disconnection hypothesis (Paulesu et al., 1996) and the cost-filtering process based on the joint effect
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of working memory on shifting attention (Marini et al., 2013; Sabri et al., 2014)—seem to converge
on one point: that this cognitive mediation is primarily driven by an inefficient interaction between
several cognitive abilities, possibly mediated by IQ. This interpretation would not only reconcile
previous findings suggesting that deficits in specific domains, such as attention or working memory,
can prevent access to phonemes (Lallier et al., 2010; Ramus & Szenkovits, 2008) , but also align
with McNeill et al. (2025), who conducted a study on a larger cohort of pre-literacy children and
demonstrated how several cognitive functions contribute to phonological awareness and interact
differently across various developmental stages. This, in turn, aligns with the twice-
exceptionality view of how remediation works in DD (Foley Nicpon et al., 2011; van Viersen et al.,
2019) which assumes that both cognitive strengths and weaknesses play a role in shaping reading

deficits in individuals with DD.
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5. Conclusion

This thesis provides evidence that Italian DD is indeed associated with impaired phonological
processing (Ramus & Szenkovits, 2008; Snowling, 2003; Tallal, 1980; Thomson & Goswami, 2010;
Vellutino et al., 2004), which remains stable from late childhood to adolescence, despite the influence
of higher language transparency (Hengeveld & Leufkens, 2018; Landerl et al., 2013). Furthermore,
these phonological deficits appear comparable in both isolated DD and DD comorbid with
dyscalculia. = However, these impairments cannot be  attributed to reduced acoustic
sensitivity to prominence or lexical stress, as the acoustic features of lexical stress were
processed similarly across TD and DD participants, regardless of age. Likewise, they are not
driven by difficulties in decoding acoustic cues related to segmental contrasts.

However, although phonemes and lexical stress processing was comparable across clinical and non-
clinical groups, some differences emerged as a function of age. One key finding reveals that the
ability to efficiently use the gemination/singleton contrast to facilitate access to phoneme is still not
fully adult-like in Italian children aged 8 to 10. Similarly, the ability to effectively use lexical stress
for phonological processing was weaker in children compared to adolescents. Notably, in alignment
with Caccia etal. (2019), and contrary to previous studies, the primary acoustic cue underlying lexical
stress processing across our child participants was pitch.

Overall, the findings emerging from the four studies of this thesis challenge the acoustic
sensitivity hypothesis underlying lexical stress (Caccia et al., 2019; Goswami, 2011; Leong et al.,
2011; Tierney & Kraus, 2013), as they do not support the presence of fragile or impaired
representations of lexical stress in DD. If such impairments were present, they should have led to
deficits in segmental representations, which were likewise intact across our DD participants.
Conversely, the current results suggest that the core phonological deficit in children and adolescents
with Italian DD lies in accessing phonological representations. In alignment with the Cognitive
Mediation Hypothesis (Lallier et al., 2010; Ramus & Szenkovits, 2008), the thesis confirms that this
observed impairment in accessing phonological representations is mediated by cognitive resources.
Although the precise nature of this mediation remains partially unresolved, there is evidence of an
inefficient interaction between cognitive abilities, possibly modulated by IQ, in sustaining
phonological processing in Italian DD.

It is noteworthy that the present results ought to be considered preliminary, given
the relatively small sample size, differences in SES that hinder comparability, and the wide range of

participant ages included in the four studies of the present thesis. Additionally, some methodological
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constraints, such as the absence of a comprehensive assessment (e.g., standardized reading tests and
previous reading experience) and the inconsistent control of multiple cognitive resources, may have
influenced the findings. As a consequence, the applicability of the findings of the present thesis
to clinical practice relies on rigorous replication with larger participant samples and a more extensive
consideration of individual cognitive and linguistic variables (McBride-Chang et al., 1996; Vozzi et
al., 2021). Furthermore, test-retest reliability checks of the main findings (cf. Drost, 2011; Shadish et
al., 2002) would provide additional empirical support for the interpretations presented here.
Nevertheless, the present thesis has important theoretical and clinical implications and
provide valuable directions for future research.

One primary implication is that stress sensitivity successfully interacts with phoneme
identification, increasing the salience of phonemes in stressed syllables, regardless of clinical
condition and language typology. However, since the magnitude of this perceptual advantage varies
slightly between adolescence and late childhood, further research is needed to trace the detailed
developmental trajectories of this interaction in both clinical and non-clinical populations. As it
stands, this perceptual advantage provided by stress could be considered in clinical phonological
training for individuals with DD to enhance the salience of challenging phonemes. The lack of group-
level differences in stress sensitivity between DD and TD individuals observed across our studies can
be reconciled with previous research highlighting stress deficits in DD, in light of the notion of
prosodic competence proposed by Wade-Woolley et al. (2021). Within this framework, prosodic
sensitivity appears to be a distinct and independent skill compared to prosodic awareness, though
both contribute to the acquisition of comprehensive prosodic competence. Therefore, impairment in
one component does not necessarily result in impairment in the other. This means, that following the
meta-analysis by Mundy and Wood (2024) the absence of a deficit in stress sensitivity in DD does
not rule out the presence of impairments in stress awareness. These abilities may develop at different
times, following independent paths compared to segmental features, and progressively integrating in
late childhood (Arciuli & Ballard, 2017; Quam & Swingley, 2014; Schild et al., 2014). Future
research should consider comparing cognitive and metacognitive tasks within a longitudinal design
to fully assess prosodic competence in individuals with DD and its interplay with phonology.

A second implication is that the combined and simultaneous effects of multiple cognitive
resources, whether deficient or not, adjusted for age and 1Q, rather than the isolated effect of a single
cognitive component, seem to hinder access to phonemes in DD. Although the impact of cognitive
functions on phoneme awareness is not new in the literature, the current studies demonstrates that
this impact arises from complex interactions. In this regard, we align with McNeill et al. (2025), who

demonstrated the interconnected nature of phoneme awareness and cognitive skills in a great cohort
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of pre-literacy children, further emphasizing the necessity of tracing the developmental trajectories
of these interconnections.

With regard to Italian research, two key findings can be highlighted. First, in alignment with
Cacciaet al. (2019), pitch appears to be the primary correlate of stress perception in children. Second,
the lack of a perceptual advantage of geminates over singleton consonants in Italian children suggests
that this phonological contrast is still evolving and requires further investigation. This is particularly
relevant because gemination is processed differently across Italian varieties (Bertinetto & Loporcaro,
2005; Mairano & De lacovo, 2020) potentially leading to different developmental trajectories with
cascading effects on spelling ability during the emergence of literacy. In addition, given that this
perceptual immaturity is still present in late childhood, a potential hierarchy in DD phonological
remediation goals could be traced based on the present data, where training could be introduced later
in childhood, following the mastery of other phonological contrasts.

Furthermore, the current thesis acknowledges the role of language typology when
investigating phonological deficits across different linguistic backgrounds. To this point, the present
data confirm that Italian adolescents with DD, differently from their English counterparts, did not
exhibit a reduction in the alignment of weak syllables as a compensatory strategy in the same task of
sensorimotor synchronization. In addition, none of our children considered rise time a significant
correlate underlying lexical stress, thus confirming the specificity of acoustic cues behind lexical
stress (Guo, 2022; Mousikou et al., 2024; Plag et al., 2011). This further aligns with previous findings
suggesting that DD manifestations, as is the case with other language disorders, are shaped by the
linguistic environment (Landerl et al., 2013). Given that both reading exposure and socioeconomic
status (SES) might indirectly mediate phonological competence (Boman, 2023; Fluss et al., 2009;
Noble et al., 2006), we propose that these factors, along with the degree of language transparency,
should be strongly considered and retained in a multifactorial model of DD.

Overall, this thesis confirms the consistent nature of phonological challenges in Italian
individuals with DD in both late childhood and adolescence, regardless of the presence or absence of
comorbid dyslexia. These challenges manifest as impaired phonological access, possibly stemming
from an inefficient interaction between underlying cognitive factors, a phenomenon that requires
further investigation through comprehensive cognitive assessments for a clearer understanding. In
this regard, pupil responses seem to be a reliable index for capturing this interplay and should be
considered in future research. Although acoustic sensitivity to stress did not mediate these
phonological difficulties across our participants, the hypothesis of a deficit in accessing lexical stress
representations cannot be ruled out based on the current data. This further supports

the multicomponential nature of prosodic competence. Notably, pitch was confirmed as a primary
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correlate underlying the perception of lexical stress in Italian children, along with duration, but not
rise time, thus highlighting the difficulty in extending findings on lexical stress impairments in Italian
from those based on English-speaking participants. Furthermore, the ability to process lexical stress
contrasts and gemination contrasts to facilitate phoneme access was weaker in children compared to
adolescents, suggesting a non-adult-like processing pattern persisting into late childhood. This, in
turn, appears to expand the concept of prosodic competence and possibly that of phonological
competence. Longitudinal and cross-linguistic studies—including SES, comprehensive cognitive
assessments, and comparisons between metacognitive and non-metacognitive tasks—are needed to

further generalize these findings across languages.
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7. Appendices

7.1 Appendix A

Adolescents Phoneme Monitoring Stimuli embedding Targets: /p/ and /m/

Target /p/
Singleton Geminate
[skaFOnipore] [karDOnippoze]
[zaK Arapuba] [graGAnappuba]
[sfupet[iGAne] [vuppedd3iKAde]
[bipozaVIba] [bripponaFIba]
[skofenaPOri] [kordenaPPOri]
[zekoriPUbo] [gregoniPPUbo]
[sfoPEt[iguna] [voPPed3ikuda]
[bePOzuvibe] [brePPOnufibe]

Target /m/
[zgaVObimore] [garDOsimmoddze]
[saGAramuna] [kraTSAdammuna]
[zvumedd3iTSAne] [fummet/iKARde]
[nimozaVIna] [nimmozarFIna]
[zgovabuMAro] [gordasuMMAddzo]
[segoraMInu] [kretsodaMMInu]
[noMOzevane] [foMMALt[ikordi]
[zvoMAd3itsoni] [noMMOzerfane]

Note. To enhance readability, capital letters indicate target phonemes, and bold font indicates the
syllable carrying lexical stress.
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7.2 Appendix B

Sentence Stimuli for the SMS Task (Adolescent Group)

Italian sentence

Le ragazze cercano le collane.

Le sorelle raggiungono le amiche.
Le sculture ritraggono le api.

Le voci rispettano le attrici.

Le clavi le lanciano le ginnaste.

Le storie le donne le raccontano con
pazienza.

Avendo richiesto solo le frittelle, ce le
cucini oggi a merenda?

Gli gnomi mangiano gli zuccherini.

Gli stambecchi raggiungono gli

alpeggi.
Gli scoppi segnalano gli arrivi.

Gli scambi li rischiano gli azzurri.

Gli zaini li indossa I’attore.

Gli specchi gli attrezzisti li portano da
soli.

Da domani, gli occhiali me li ancori
alla corda per non perderli?

Lo psicologo raggiunge lo studio.

Lo sparo annuncia I’inizio.

Lo stagno riflette lo psichiatra.

Lo zuccotto lo compra lo spazzino.

Lo spazzolino lo dara lo zio.

Lo strutto lo scrittore lo regala a
Pasqua.

Avendo richiesto solo lo spezzatino,
ce lo cucinera oggi per cena?

English translation

The girls look for the necklaces.

The sisters reach their friends.

The sculptures portray the bees.

The voices respect the actresses.

The clubs are thrown by the gymnasts.
The stories are told patiently by the
women.

Having asked only for pancakes, will
you cook them for me today at snack
time?

The gnomes eat the little sugared
sweets.

The ibexes reach the alpine pastures.

The explosions signal the arrivals.

The exchanges are risked by the blue
team.

The backpacks are worn by the actor.
The stagehands carry the mirrors by
themselves.

Starting tomorrow, will you fasten my
glasses to the cord so I don’t lose them?
The psychologist reaches the office.
The shot announces the beginning.

The pond reflects the psychiatrist.

The sponge cake is bought by the
garbage collector.

The toothbrush will be given by the
uncle.

The lard is given as a present by the
writer at Easter.

Having asked only for the stew, will he
cook it for us today for dinner?
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7.3 Appendix C

Children Phoneme Monitoring Stimuli Embedding Targets: /t/ and /l/

Target /t/
Singleton Geminate
[seTApodeluvi] [reTTEpozenufe]
[reTAsofeduri] [meTTAsofeduri]
[suvenalLAtelumi] [rofidaRAttelufi]
[fuzaneR Atemuli] [midekaR Attemidi]
[makaRAlutani] [fekomaDAluttana]
[nogoLArutame] [musoLAruttadi]
[JemaPOsomituri] [goseKOromittudo]
[finuKOsunituzi] [fesuKOrenittudi]

Target /l/
[garadapiL.Ufe] [tamorasiLLUvo]
[davamadiL.Ure] [seranamiLLUke]
[fafinaTElekuni] [vefenuTEllerumi]
[kafevaTEleguni] [gafivaTEllegome]
[sepuMArulasi] [rekuMAdullane]
[febuMIruladi] [bufoMIsullako]
[roZAkadalufane] [suRAgodallufesi]
[reZAgadalugani] [siGAsadallugone]

Note. To enhance readability, capital letters indicate target phonemes, and bold font indicates the

syllable carrying lexical stress.
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