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Abstract

Purpose: The present study investigates the perception of vowel nasality in French-speaking
children with cochlear implants (CI group) and children with typical hearing (TH group) aged
4 1o 12 years. By investigating the vocalic nasality feature in French, the study aims to document
more broadly the effects of the acoustic limitations of cochlear implant in processing segments
characterized by acoustic cues that require optimal spectral resolution. The impact of various
factors related to children's characteristics, such as chronological/auditory age, age of
implantation, and exposure to Cued Speech, has been studied on performance, and the acoustic

characteristics of the stimuli in perceptual tasks have also been investigated.
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Method: Identification and discrimination tasks involving French nasal and oral vowels were
administered to two groups of children: 13 children with cochlear implants (CI group) and 25
children with typical hearing (TH group) divided into three age groups (4-6y., 7-9y. and 10-
12y.). French nasal vowels were paired with their oral phonological counterpart (phonological
pairing) as well as to the closest oral vowel in terms of phonetic proximity (phonetic pairing).
Post-hoc acoustic analyses of the stimuli were linked to the performance in perception.
Results: The results indicate an effect of the auditory status on the performance in the two
tasks, the CI group performing at a lower level than the TH group. However, the scores of the
children in the CI group are well above chance level, exceeding 80%. The most common errors
in identification were substitutions between nasal vowels and phonetically close oral vowels,
but also confusions between the phoneme /u/ and other oral vowels. Phonetic pairs showed
lower discrimination performance in the CI group with great variability in the results. Age
effects were observed only in TH children for nasal vowel identification, whereas in children
with Cls, a positive impact of cued speech practice and early implantation was found.
Differential links between performance and acoustic characteristics were found within our
groups, suggesting that in implanted children, selective use of certain acoustic features,
presumed to be better transmitted by the implant, leads to better perceptual performance.
Conclusion: The study's results reveal specific challenges in children with cochlear implants
when processing segments characterized by fine spectral resolution cues. However, the CI
children in our study appear to effectively compensate for these difficulties by utilizing various
acoustic cues assumed to be well transmitted by the implant, such as cues related to the temporal
resolution of stimuli.

Keywords: Cochlear implant, vocalic nasality, phonetics, perception, speech development
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1. Introduction

In recent decades, numerous studies have examined the language development of deaf
children who have received cochlear implants. These devices have proven to be highly
beneficial for acquiring or restoring functional hearing acuity and developing oral language
(Tamati et al., 2022). However, research has consistently highlighted substantial variability in
performance, particularly in speech perception skills, which often do not reach the level of
typically hearing peers. Several factors contribute to the remaining perceptual difficulties of ClI

users.

1.1. Limitations of sound transmission through the implant

The primary limiting factor is the way in which the implant transmits sound. The sound
signal passing through the implant undergoes various transformations, including bandpass
filtering, envelope extraction, and low-pass filtering within the processor (Guevara &
Macherey, 2018). These transformations reduce spectral information, particularly temporal fine
structures (TFS) (Moon & Hong, 2014). The resulting sound is then transmitted to the neurons
of the spiral ganglion through different electrodes positioned along the basilar membrane. The
arrangement of these electrodes partially recreates cochlear tonotopy, with low-frequency
information transmitted by electrodes farthest from the base (stimulating apical regions) and
high-frequency information handled by electrodes in contact with basal regions. However, the
number of electrodes capable of independently transmitting auditory information is limited due
to activation diffusion and interactions between adjacent electrodes (channel-to-channel
interactions). Moreover, the position of the electrode array within the cochlea can further

influence the quality of the transmitted signal. The depth of electrode array insertion impacts
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the covered frequency range, with low-frequency coding depending on the shallow of the array
insertion and potential misalignments in frequency mapping (Baskent & Shannon, 2005). These
factors collectively exert a notable influence on speech perception outcomes (Fan et al., 2023;
Mertens et al., 2022; Canfarotta et al., 2021). Additional sources of inter-individual variability
in sound processing quality include the presence of residual hearing in low-frequency areas, the
integrity of auditory nerve cells, anatomical and surgical abnormalities, and device-specific

characteristics, such as sound-coding strategies (for a description, see Baskent et al., 2016).

1.2. Spectral resolution and speech sound processing in cochlear implant recipients

Many studies have aimed to understand how adults and children with cochlear implants
process spectral resolution, in comparison to their typically-hearing counterparts. These
investigations typically employ perceptual paradigms using synthesized sounds, such as the
Spectral/Temporal Modulated Ripple Test (Aronoff & Landsberger, 2013), which involves
tasks like rippled noise discrimination. Research reveals that spectral resolution processing
undergoes age-related changes in typically-hearing children (Jahn et al., 2022; DiNino &
Arenberg, 2018; Horn et al., 2017). Conversely, children with cochlear implants often exhibit
lower performance in spectral resolution (Henry, 2003), and their performance doesn't
consistently correlate with age or auditory experience with the implant (Landsberger et al.,
2018; DiNino & Arenberg, 2018; Horn et al., 2017). These findings suggest that the information
provided by the implant alone may be insufficient for the development of adequate spectral
resolution skills in children. Landsberger et al. (2018) investigated spectral resolution
processing in adults and children to understand how their perceptual systems adapt to degraded
auditory signals. The results show that pediatric CI recipients have lower spectral resolution

abilities compared to post-lingually implanted adults, emphasizing the importance of prior
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auditory experience. However, unlike adults, children do not consistently link speech
perception performance with spectral resolution scores (Gifford et al., 2018), suggesting that
they can develop perceptual skills in the absence of optimal spectral processing, possibly
relying on other acoustic cues. Additionally, Landsberger et al. (2018) observed different
effects of bilateral implantation on spectral resolution skills in post-lingually implanted adults
and children with early implanted children. While adults might exhibit a detrimental effect of
spectral processing when listening through both of their implants, which could be attributed to
challenges in integrating potential frequency misalignments between the two ears, children, on
the contrary, showed improved performance in bilateral listening conditions. These findings
support the idea that early implantation helps congenitally deaf children adapt to degraded
acoustic signals by extracting relevant information for speech sound discrimination in their
language. Children may rely more on temporal information in the signal, as confirmed in a
study of Landsberger et al. (2019), where children with cochlear implants showed superior

temporal modulation detection compared to adult CI recipients.

1.3. Impact on speech processing

Acoustic limitations affecting spectral resolution impact the processing of speech by CI
user. For example, it has been demonstrated in studies examining vocal gender identification
and/or speaker discrimination based on characteristics such as vocal-tract length (VTL). Indeed,
ClI users appear to have more difficulty processing VTL-related cues precisely, presumably

because this processing relies on good spectral skills (Gaudrain & Baskent, 2018).

Moreover, the difficulties in processing certain types of acoustic information may explain

performance patterns in the processing of speech contrasts by individuals with CI. Indeed, some
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phonological features, such as the voicing feature or manner of articulation within consonants,
seem to cause fewer perceptual difficulties than the features of place of articulation or nasality
within vowels and consonants (Grandon et al., 2017; Bouton et al., 2012; Medina & Serniclaes,
2009; Pisoni et al., 1999). Some authors (Bouton et al. 2012; Peng et al., 2019; Cheng, 2020)
attribute these patterns of difficulties to the fact that different phonological features are carried
by specific acoustic information, some of which may be well transmitted by the implant (slowly
varying envelope cues) and others not (temporal fine structures cues), following the dichotomy
of the acoustic cues proposed by Rosen (1992). This dichotomy in the types of cues used by the
pediatric Cl population has been confirmed in several studies (Moon and Hong, 2014; Peng,
2019; Cheng, 2020). Although allowing access to sufficient acoustic input to acquire most
phonological contrasts, CI may not be sufficient in processing phonetic details associated with
certain phonological features. In this paper, we will focus on one of those phonological features
which phonetic implementation relies on precise spectral processing, namely the [nasal] feature

for French vowels.

1.4. Nasal vowels in French: phonology and phonetics

Vocalic nasality occurs when the velopharyngeal port opens during vowel production,
allowing coupling between the oropharyngeal and nasal tracts, thereby adding nasal resonances
and anti-resonances to the vocal tract transfer function. In many languages, vocalic nasality is
a phonetic phenomenon associated with coarticulation, whereby a nasal consonant follows
and/or precedes an oral vowel, and the nasal and oral gestures overlap. While the nasalization
that occurs in such cases isn't contrastive, it serves as a useful cue during speech perception.

However, in French, as in nearly 30% of the world languages (e.g. Portuguese, Polish or Hindi;
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Styler, 2017), vowel nasality is phonological, i.e. nasal vowels contrast with oral vowels in

minimal pairs and the [nasal] feature is a constituent of the phonological system.

The French language has four nasal vowels in its vocalic system: the open back nasal vowel
/a/; the mid-open front nasal vowel /&/; the mid-open rounded back nasal vowel /3/; and the
mid-open front nasal vowel /&/. It is noteworthy that the distinction between /&/ and /&/ is
progressively disappearing in French, in favor of the anterior variant (Fougeron & Smith, 1993;
Borel, 2015). To avoid specificities related to the regional origin of the participants, and for the
sake of simplicity, we will only focus on the nasal vowels /a/, /3/ and // in the present paper.
Within the French phonological system each of these nasal vowels contrasts with an oral
counterpart based on the sole [nasal] feature: /a/-/a/, /3/-/5/, and /g/-Ie/. This phonological
opposition supports a large array of morpho-phonological alternations in French grammar
("paysan/paysanne: /a/-/an/, "bon/bonne™: /53/-/on/, "vilain/vilaine": /&/-/en/). Thus, in cases of
difficulty in perceiving vocalic nasalization, these oral vowels may be good candidates for

substituting their corresponding nasal counterparts.

However, this phonological opposition between oral and nasal vowels, which is functionally
and historically anchored, is not necessarily consistent with empirical data regarding the
phonetic differences between nasal and oral vowels. Indeed, different authors (Carignan, 2014;
Delvaux, 2012; Montagu, 2007; Maeda, 1993) have observed that nasal vowels and their
corresponding oral phonological counterparts differ not only in terms of nasality but also in
terms of their oro-pharyngeal articulatory configuration (positioning of the lips and tongue).
This phenomenon can be explained by the chain shifts that can occur in the world's languages
and that have led, here in the French language (Fagyal et al., 2006), to modifications in the

phonetic realization of nasal vowels, which have deviated from the classical description set in
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phonology. These observations are supported by the various acoustic studies carried out around
these pairs of nasal-oral vowels. Montagu (2007), for example, isolated the first non-nasalized
portions of nasal vowels (portions corresponding to a delayed opening of the velum) produced
by French-speakers, and had them identified by listeners. The listeners identified the portion of
nasal vowel [a] as [o], [€] as [a], and [3] as [0], suggesting that the oral vowels /2, a, o/ seem to
be the closest phonetic counterparts of nasal vowels /a, €, 3/. Carignan (2014) conducted an
acoustic study of the formant patterns of nasal vowels and their corresponding oral phonological
counterparts with different French-speakers. The author observed that the acoustic productions
of nasal vowels differ from those of their oral counterparts, following modifications of labial
and/or lingual articulator configurations. Carignan proposed a revision of the phonetic notations
of French nasal vowels in the International Phonetic Alphabet (IPA) that is more faithful to the

actual acoustic realization of these vowels: [d] revised to [3], [€] to [2], and [3] to [0].

Considering only the phonetic aspects of vowel nasalization - i.e. those associated with
velopharyngeal opening independently of other articulatory adjustments - the study of the
acoustic effects of nasal resonance presents a challenge for researchers, as the acoustic coupling
of nasal cavities with pharyngeal and oral cavities generates a complex resonance system
(Delvaux, 2012). Nasal resonance involves numerous acoustic changes in the spectrum of a
vowel, resulting in multiple but subtle changes throughout the frequency range, with the most
critical for perception occurring in the low frequencies. Many authors have attempted to identify
the acoustic cues most relevant for vowel nasalization, without successfully identify a common
property, shared across different languages and little sensitive to inter-speaker variations. To
name just a few, nasal resonance has been reported to influence the frequency and intensity of
F1 (Delattre, 1958) but also an increase of F1 (and F3) bandwidth (Delvaux, 2002, 2012), with

a decrease in the overall vowel intensity (House & Stevens, 1956, Maeda, 1993). Maeda (1993)
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reports that the main cue of vowel nasality is carried by the flattening of spectral peaks around
F1 and F2, resulting in a widening of the first peak or the addition of a formant around this first
spectral peak. Based on perceptual studies using semi-synthetic stimuli, Delvaux (2002, 2004)
proposes that the Compactness of the vowel (operationalized as an increase in bandwidths of
F1 and F3 with respect to that of F2) leads to the perception of phonetic nasality. Chen (1995,
1997) identifies that nasal resonance, associated with the appearance of nasal poles and zeros,
leads to a change in the relative intensity levels between the first harmonics and the first
formant. To quantify these changes, Chen developed the measures A1-P0O and A1-P1, which
measure the relative amplitude deltas between the first formant and the first (for A1-P0) and
second (for A1-P1) nasal pole. Although not without flaws (especially for high vowels), these

measures are the most widely used nowadays to characterize phonetic vowel nasalization.

To sum up, the acoustic correlates associated with nasal resonance are complex and require
the ability to precisely process acoustic information with a certain degree of frequency
selectivity and sensitivity to amplitude variations, especially among low-frequency harmonics.
Due to a deficit in frequency selectivity related to electrode spacing on the basilar membrane,
the potential frequency compression in low frequencies and the lower spectral resolution of the
sound transmitted, the distinction between nasal and oral vowels is likely to be a source of
perceptual difficulty for cochlear implant users. To date, only a limited number of studies have

addressed this issue.

1.5. Cochlear implant and nasality perception

In 2012, Bouton et al. conducted a study to evaluate the perception abilities of different

phonetic features in French consonants and vowels, such as nasality, among children CI users.
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The study involved minimal pair identification and discrimination tasks with 25 children
between 7 and 12 years old with bilateral profound deafness and wearing unilateral CI. Twenty-
five typical hearing (TH) children were also included in the study as age-matched controls. The
results showed significantly lower scores in the CI users’ group, for both consonants and
vowels. However, the differences between the two groups were more pronounced for certain
features, such as place of articulation for consonants, but especially for nasality which caused
more errors within consonants and vowels. The authors justify the increased difficulty in
perceiving the features of nasality and place of articulation by the fact that they could be carried
by temporal fine structure (TFS cues; Rosen, 1992), unlike voicing and manner of articulation
features which would be carried by the temporal envelope of the signal (E cues; Rosen, 1992),
and therefore better transmitted by the CI. The authors suggest that children with CI exhibit
lower spectral resolution abilities, particularly in the low frequencies, which may have a greater

impact on nasal vowels, as these present additional poles and/or zeros in F1 vicinity.

Borel (2015) and Borel et al. (2019) has conducted various studies on the perception of
vowel nasality among French-speaking adult CI users. In a first study, 82 severely deaf adult
participants with unilateral (n=76) and bilateral (n=6) CI showed significantly lower
performance compared to their hearing peers in identifying nasal vowels in a phonemic
identification task, perceiving them as oral vowels, regardless of their age or their Cl use
duration. Borel (2015) continued her investigation with a discrimination task of oral and nasal
vowel pairs in 15 unilaterally CI adult and 6 typical hearing (TH) participants, involving
"phonological™ pairs based on the classical morpho-phonological opposition described above
(/al-1ad, I51-1o/, /€l-I€/), and "phonetic" pairs contrasting nasal vowels with the oral vowels that
are phonetically closest to them based on the literature and the author's clinical experience (/a/-

o/, /3l-1ol, [El-lal). The results confirm that the CI participants have significantly lower
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performance than TH subjects for both types of oral-nasal pairs, and that phonetic pairs are
significantly less recognized than phonological pairs. By examining the characteristics of the
stimuli used in the discrimination task, the author observed that the vowels in the so-called
"phonetic” nasal/oral pairs were very similar in terms of spectral peaks, the differences being
mainly differences in relative intensity between the low-frequency peaks. Considering the
limitations in spectral processing associated with the implant, phonetic pairs are therefore more
likely to cause difficulties for CI recipients than phonological pairs, leading to more difficulties

in discrimination tasks and more substitution errors during identification tasks.

1.6. Inter-subject influencing factors in sound processing

Several factors are known to be key influencers of language performance in general, and
speech perception in particular, for children with cochlear implants. Among these, the age of
implantation stands out as a critical determinant. Early implantation is essential to ensure the
optimal development of cortical areas dedicated to auditory signal processing and speech
perception during sensitive periods of development (Kral et al., 2019; Sharma et al., 2020; Gao
et al., 2021). Auditory experience also plays a crucial role, as evidenced by the positive effects
of the duration of cochlear implant use in both adults (Holder et al., 2020) and children (Park
et al., 2019), as well as the influence of chronological or auditory age (Dunn et al., 2014). The
quantity and quality of language stimulation before and after implantation are other crucial
factors in enhancing perceptual skills (Sharma et al., 2020). Some language rehabilitation tools
also have an impact on perceptual abilities. For example, Cued Speech (Cornett, 1967) is a
manual code used in addition to spoken language to supplement the lipreading, aiming to enable
visual access to all distinctive features of speech sounds. Its integration into the care and

communication of children with cochlear implants has been recognized as having positive
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effects on speech perception (Van Bogaert et al., 2023; Leybaert et al., 2016, 2010 ; Bouton et

al., 2011) and speech production (Machart, 2020).

1.7. Aims of the study

The studies by Bouton et al. (2012) and Borel (2015, 2019) highlight difficulties in
perceiving the distinction between nasal and oral vowels among French-speaking adults and
children CI recipients. However, it's worth noting that both studies focused on unilaterally
implanted recipients. In contrast, bilateral cochlear implantation has been reported as beneficial
for speech perception (Sharma et al., 2020; Caselli, 2013; Zeitler et al., 2008; Sarant et al.,
2014; Anand, 2022) even in noise (Dunn, 2010; Muller, 2002), but also in terms of spectral
resolution (Landsberger et al., 2018). Given that perceiving vowel nasality requires precise
spectral resolution, one can assume that bilateral implantation could have a positive impact on
the processing of this phonetic feature in French-speaking children. Moreover, the phonological
vs. phonetic proximity effect suggested by Borel (Borel, 2015) in adults seems very interesting
to investigate in children. It has been shown that children, even without the experience of
hearing undegraded signals, may develop enhanced skills in processing degraded auditory
signals due to early implantation (Landsberger et al., 2018). As a result, children could exhibit
different response patterns to adults because they exploit acoustic cues differently.
Additionally, we lack data regarding open-set identification of nasal vowels in children. A fuller
description of the types of error they make most often would provide a better understanding of
the processing (dis)similarities underlying their difficulties. Similarly, an analysis of perceptual
performance in relation with the acoustic characteristics of the stimuli should provide further

insight into the specific cues CI children recipients use to process vowel nasalization.
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In this context, the present study pursues several objectives:

1)

2)

Our first aim is to compare the performance of groups of French-speaking children with
bilateral cochlear implants to that of children with typical hearing in the processing of
contrastive vowel nasalization. Given the limitations of acoustic processing in cochlear
implants, we may expect poorer performance in implanted children, as observed in
previous literature. However, bilateral and early implantation could be positive factors
influencing processing skills, which might bring the performance closer to that of
children with typical hearing. Furthermore, we consider here several inter-individual
factors known to influence speech perception and spectral resolution processing. Within
the two groups, we thus formed groups based on chronological age, as well as auditory
age for implanted children. For the children with implants, we also study whether
sustained exposure to Cued Speech (CS) and early implantation (< 10 months) are
associated with better performance.

In light of the results obtained by Borel (2015) with implanted adults, we aim to
investigate the differential impact of phonological vs. phonetic proximity within pairs
of nasal and oral vowels in children with CI. We hypothesize that in identification tasks,
children may be more inclined to substitute nasal vowels with their phonetically similar
oral counterparts and may have lower performance in discriminating phonetically close
nasal/oral pairs, similar to the implanted adults in Borel's (2015) study. However, these
difficulties may be more compensated for in children whose phonological system has
developed based on linguistic input degraded by the implant, as suggested by

Landsberger (2018).

The literature suggests that children developing their phonological system through a

cochlear implant make differentiated use of the different acoustic cues available to support

certain phonological contrasts. The present study aims at exploring this possibility in the
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case of distinctive vowel nasalization, a contrast which relies on fine spectral resolution
skills, by analyzing which acoustic features of the stimuli are best related to children's
performance in our perceptual tasks. More specifically, we have measured a variety of
acoustic cues related to overall vowel intensity, fine spectral properties (formant
frequencies, bandwidths, and amplitudes; nasal poles) and temporal envelope. Children
with cochlear implants who rely more on cues better encoded by the implant (such as

temporal envelope) can be expected to perform better in perceptual tasks.

2. Method

2.1. Participants

The study was conducted with two groups of children aged between 5 and 12 years old:
a group of children with hearing loss and wearing bilateral cochlear implants (CI group) and a
control group of children with typical hearing (TH group). The CI group included 13 children
(7 girls and 6 boys), aged between 5;8 years and 11;6 years (mean: 8;7 + 2;4 years), with
prelingual bilateral profound hearing loss. All children of the CI group used bilateral cochlear
implants (implanted between 9 and 30 months, mean: 13;7 £ 6 months). Children who were
implanted before the age of 10 months were considered to be early implanted (recent studies
have shown that implantation before 10 months allows for more natural language development,
Karltopp et al., 2020), and there were 7 of them in the sample. Their vocal audiometry curve
with CI for word/pseudoword repetition ranged from 88% to 100% at 55/60 dB. All of them
received an "oralist" auditory rehabilitation, both in their rehabilitation center and in their
family context. We have taken into account the level of Cued Speech (CS) exposure: 6 of the
children are exposed occasionally (during their speech therapy sessions with an average of 3

sessions per week but not in their home environment) whereas 7 have been exposed early in

14
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their development and intensively (in their family context as well as during their speech therapy
sessions). More specifically, parents of children with early and sustained exposure have been
trained to code in CS and appreciate the importance of using it to support spoken language. CS
was used on a daily and sustained basis from an early age, but for some to a lesser extent as the
children were able to use their implants appropriately. The list of participants and their

characteristics are presented in Table 1.

The TH group consisted of 25 children (11 girls and 14 boys) aged 5 to 12 years old
(mean: 8; 6 = 2;4 years). Subjects who received or were undergoing speech therapy were
excluded during recruitment. Three age subgroups were formed: 4-6 years old, 7-9 years old,
and 10-12 years old. To compare the effect of the two kinds of grouping, the CI children were
grouped on their chronological age as well as on their auditory age (Table 2). The TH children

were grouped only on their chronological age.

2.2. Stimuli

2.2.1. Stimuli construction

The stimuli consisted of C1V1C,V2 pseudowords where C1=C,=/t/ and V1=V.=1/4q, 3, &, a, o, ¢,
u/. The phonological and phonetic correspondences for each nasal are reported in Table 3. Note
that for the nasal /3/, phonotactic rules (position law: Fougeron and Smith, 1993) prevent the
creation of stimuli with identical syllabic structure bearing the semi-open /o/ vs. semi-closed
/o/. In an open syllable, only the sequence /toto/ is possible, typically realized as [tot] in
Belgian French. Consequently, the considered phonetic correspondence for this study is the
high vowel /u/. Note that this choice is entirely congruent with the data of Carignan (2014).

Indeed, based on acoustic analyses of nasal and oral vowel productions in French, it was
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observed that the oro-pharyngeal configuration of the nasal vowel [3] corresponded more
closely to the production of the oral vowel [0] with higher tongue position (Carignan thus
proposes the phonetic notation [0]). The phoneme /u/ is the French vowel closest to this
articulatory configuration and is therefore a relevant oral phonetic counterpart. The constructed
stimuli were thus /tata/, /totd/, /tetél, /tata/, /toto/, /tete/, /tutu/. These pseudowords were
produced repeatedly by a male speaker and recorded in a soundproof room. One iteration per
item was selected as being the most neutral in terms of prosody with typical articulation. Within
the selected items, vowels were normalized in terms of durations (V1: 100 ms; V2: 150 ms)
intensity (mean value : 72 dB) and pitch (mean value : 122 Hz) using PRAAT Toolkit (Corretge,

2019).

2.2.2. Acoustic characteristics of the stimuli

Table 4 presents the acoustic characteristics of the 7 target vowels extracted from the
stimuli, in medial (vowel 1) and final (vowel 2) positions. We collected a series of acoustic
features that have been documented as being associated with the distinction between oral and
nasal vowels (for a complete review, see Styler, 2017) : 1) the frequency values of the first three
formants, 2) their bandwidths and 3) their amplitudes, 4) Al1-PO and A1-P1 values
(demonstrated to be associated with nasal resonance — Chen, 1995, 1997 ; Styler, 2017) and 5)
the overall vowel intensity. All these measures were taken in the middle of the most stable
portion of the vowel using a PRAAT script adapted from the one provided by Styler (2017).

In order to compare the acoustic characteristics of oral and nasal vowels in our stimuli,
the two groups of vowels were first compared using Mann-Whitney tests on all these measures.
It can be observed that only the bandwidth and amplitude values of F1, along with the A1-PO

values, demonstrate a significant difference between nasal and oral vowels considered as a
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group (see Table 4), which is congruent with the literature (see section 1.1). As a second step,
we calculated the difference between the acoustic values of the two members of each phonetic
and phonological pair (Table 5). For the formant values, we also computed the Euclidean
distance between the two vowels of each pair in the F1-F2 space. Since it is a parameter that
may be preferentially utilized in children with cochlear implants, the temporal envelope of the
vowel productions was compared within pairs using the "Envelope Index Difference” (Fortune
et al., 1994) with a script developed by Nambi (2023). We used the intermediate values of
envelope amplitude means to further characterize the vowels in Table 4. The Mann-Whitney
tests comparing the phonetic and phonological pairs on the various differential parameters
reported in table 5 show a significant difference only in the Euclidean distances in the F1-F2
space. This difference confirms that the phonological pairs indeed differ from the phonetic pairs
in their oro-pharyngeal configuration, as expected. Spectral representations of nasal vowels and

their phonetic and phonological correspondents are available in Appendix 1.

2.3. Experimental tasks

2.3.1. Identification

The identification task consisted of presenting a sentence in which the CVCV
pseudoword target was embedded. The sentences were naturally produced by the same male
speaker as the pseudowords. Four pairs of carrier sentences were structured so that the
pseudoword was placed in two different prosodic positions (for example: "I saw /tatd/ near the
bus" or "Near the bus, | saw /tatda/"), for a total of 56 sentences (8 carrier sentences * 7 target
pseudowords; the 7 pseudowords remained identical across the different sentences). The choice
of placing pseudowords in two positioning was made in order to generate more stimuli without

multiplying the carrier sentences to avoid overburdening the task for children. The carrier
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sentences were deliberately constructed to exclude nasal vowels and to maintain a concise

length of 7 to 8 syllables, minimizing the demand on short-term memory.

During the identification task, each pseudoword was associated with a character
represented on a card placed on the table. In a first learning phase, the experimenter taught the
child the name of the characters by associating a gesture and a supporting phrase (a phrase
containing a rhyme with the pseudoword target) to facilitate retention. This learning phase
aimed to ensure that the child was able to associate each pseudoword with the corresponding
character. The experimenter conducted this learning phase until perfect accuracy was achieved
in the identification of the various characters, providing feedback when necessary. In the actual
task, the child was instructed to select the card that matched the character mentioned in a spoken
sentence and place it next to the image that corresponded to the sentence produced. For
example, when given the sentence “I saw /t3t3/ on the ball”, the child would select the card
labeled “/t3t3/” and place it next to the image of the ball. Given that the task’s objective was to
determine whether the child correctly identifies the target pseudoword, the response was

considered correct when the child selected the correct card, regardless of where they placed it.

2.3.2. Discrimination

The discrimination task consisted of the presentation of pairs of pseudowords with an
inter-stimulus gap of 100 ms. A total of 63 pairs were presented in a random order, i.e., 9 blocks
of 7 pairs: 5 pairs of different stimuli and 2 pairs of same stimuli. The choice of an unequal
distribution between identical and different pairs was guided by the intention to enhance
participants' attention and motivation while preventing fatigue from too many identical stimuli.

This consideration was particularly important given that perceptual difficulties might have
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arisen where differences would not have been perceived. These 9 blocks aimed to assess the
perceptual distance between phonetically matched nasal and oral vowels, and between
phonologically matched nasal and oral vowels. Pairs of oral/oral control were also included
(Table 6). The discrimination task consisted in a two-alternative forced-choice procedure.
Children had to judge whether the stimuli within each pair were the same or different. Children's
responses were collected using a computer application on a touchscreen tablet (Microsoft
Surface Pro3). To facilitate the understanding of the instructions, pictograms were placed on
the response areas. A brief training phase was provided to the children, during which they were
asked to judge as identical or different 6 pairs of stimuli (3 identical, 3 different) from the
overall protocol. Feedback was provided during this training phase to help the child correctly

select what they had heard as identical or different.

2.4. Procedure

The testing involved the completion of the identification task followed by the
discrimination task, in this same order for all children. For both tasks, the auditory stimuli were
presented to the children in free field through loudspeakers (Bose Soundlink 1) which mean
sound level was controlled using a sound level meter and adjusted to 60 dB SPL (the usual

threshold for perception tests), placed 1 meter away from the participants in a very quiet room.

2.5. Data analyses

The main independent variable is the auditory status of the participants (CI group vs.
TH group). Another child-related variable was the chronological/auditory age (three subgroups

in each group, see Table 2). The age of implantation was also considered by comparing children
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in the CI group who received their first implant early (< 10 months) or later (> 10 months). The
effect of French Cued Speech (CS) exposure frequency was also studied for CI children,
comparing those with occasional exposure (CI/CS-) to those with intensive exposure (CI/CS+).
Regarding the task-related variables, we studied the effect of the type of vowel (oral/nasal) and

the type of pair (phonologically matched oral-nasal/phonetically matched oral-nasal).

For the identification task, the dependent variable was the accuracy of the response for
each target phoneme of the task (56 stimuli * 38 participants). For the discrimination task, we
calculated d' scores, obtained by subtracting normalized, centered, and reduced scores of correct
detection proportions (rejecting a different pair) from those of false alarms (rejecting an
identical pair) (MacMillan & Creelman, 1991). Extreme responses .0 and 1 were converted to
.01 and .99 to allow for the calculation of z-scores on these proportions. A d' score was

calculated for each vowel pair discriminated by each participant (9 pair types * 38 participants).

Identification responses and d’ discrimination scores were analyzed with linear
generalized mixed models using the Ime4 package (1.1-34 ; Bates et al. 2015) in the R software
(R Core Team, 2022). Models were parametrized with binomial distribution for the
identification task (binary dependent variable: correct/incorrect) and with Gaussian distribution

for the discrimination scores (continuous dependent variable: d” scores).

Different models were created, using each child-related variable (auditory status,
chronological/auditory age group, CS exposure group, implantation age group) and its
interaction with task-related variables (vowel type for identification; pair type for
discrimination). A random intercept effect (subject) was included in the models to control inter-

subject variability. The different models were compared using the AIC criterion, to determine
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the best predictor of the performance. Following a procedure described in Ditges et al. (2021),
statistical significance of the fixed effect of categorical variables with only two levels were
determined with Z-values and p-values within the model estimates. Interaction effect and fixed
effects of categorical variables with three levels were determined with Chi-squared and p-values
using the ANOVA function of the Car package (Fox & Weiseberg, 2019) applied on the model.
Power calculations have been performed on the fixed and interaction effects obtained within
the best-fitting model to quantify their reliability, using the powersim function of the SimR
package (Green & MacLeod, 2016), with N=200 Monte Carlo simulations. Pairwise
comparisons between the levels of the different independent variables were also conducted with
the emmeans package (Lenth, 2023) and reported in the result Tables below. The analyses were
conducted on participants' responses in the two tasks (2128 data point for identification, 342
data point for discrimination), allowing us to work with a sufficient number of statistical
subjects to partition the data based on our variables of interest (TH vs. CI groups; Cl exposure
among the CI group) despite the small number of subjects in the constituted subgroups. The
precautions taken in the selection of acoustic analyses to control for inter-subject variability

(random subject effects within the models) also seem pertinent in this regard.

Finally, we calculated association measures for both of our tasks using our acoustic
measurements, which were treated as an ordinal scale (7 levels for identification, corresponding
on each vowel of the stimuli, and 6 levels for discrimination, corresponding on the 6 pairs). For
the identification task using a dichotomous scale (correct/incorrect), we employed the rank
biserial correlation coefficient (effectsize package; Ben-Sachar et al., 2020), while for the
discrimination task using a metric scale (4’ scores), we used the eta-squared coefficient

(BioStatR package, Bertrand & Maumy-Bertrand, 2023).
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3. Results

In supplementary materials, all the features of the best-fitting models presented are
available, namely parameter values for the levels of fixed effects variables, along with p-values

and associated power analyses.

3.1. Identification

3.1.1. Correct identification scores

The percentages of correct answers in the identification task are presented in Table 7.
The best-fitting model includes the global identification score of the CI group (88.5%), which
is significantly lower than that of the TH group (97.8%) (p = -2.37, SE = 0.55,z =-4.28, p <
.001). Notably, 17 out of 25 children in the TH group scored 100% on this task, while the
maximum score in the CI group was 98%. Across all groups, nasal vowels showed lower
identification scores than oral vowels (oral: 96.4%, nasal: 92.2%; 3 =0.89, SE=0.21, z=4.31,
p <.001). Furthermore, an interaction between auditory status and vowel type was found (f =
2.27,SE =0.66, z = 3.42, p < .001), with the TH group showing lower scores for nasal vowels
(oral-TH: 99.6%, nasal-TH: 95.3%; B = 4.10, SE = 0.815, z = -5.036, p < .0001), while no
significant vowel type effect was found in the CI group (oral-Cl: 90.1%, nasal-CI: 86.2%; =
-0.404, SE = 0.240, z = -1.685, p = 0.09). Examining the vowels affected by these differences
between our groups, we observed lower scores for the three nasal vowels /a/ (p = .008), /3/ (p

=.01), /&/ (p = .002), and for the oral vowel /a/ (p = .0006).

Given the different child-related variables, the best-fitting model for analyzing the

identification response includes auditory status, auditory age group, and vowel type. A

22



549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

chronological age effect was found only in the TH group, with scores increasing significantly
from ages 4-6 to 7-8 (B =2.052, SE =1.0366, z=1.98, p = 0.0478) and from ages 4-6 to 10-12
(B=3.3185, SE =1.459, z=2.275, p = 0.0229) for nasal vowels but not significantly for oral
vowels. In the CI group, no effect of chronological age or auditory age was found for the two

vowel types.

In the CI group, the best-fitting model includes a significant effect of CS exposure
grouping, without an interaction with vowel type: children with more supported exposure to
Cued Speech (CI/CS+) show significantly higher scores than children with occasional exposure
(CI/ICS-) (83% vs. 93.1%; p = 1.02, SE = 0.307, z = 3.342, p < .001) for both oral (f =-1.15,
SE =0.401, z = -2.857, p = .004) and nasal vowels (p =-0.904, SE =0.388, z = -2.33, p = .01).
This effect is observed for the phonemes /&/ (p = .04) and /u/ (p < .001) and marginally for /5/
(x2(1)=2.9; p=.08). However, the scores of the CI group with frequent Cued Speech exposure
remained overall significantly lower than those of the TH group (93.1% vs. 97.8%; = 2.05,
SE =0.788, z =-2.6, p = .009), with significant differences for the phoneme /a/ (§ = -2.885, SE
= 0.956, z = -3.016, p = .007) (see Figure 1). The model including the effect of early
implantation (without interaction with vowel type) was the second best-fitting model for the CI
group (Table 8). The results show a marginal advantage of early cochlear implantation (< 10
months) on correct identification scores (B = -0.65, SE = 0.37, z = -1.767, p = .07). This
difference was significant only in nasal vowels (f = 0.904, SE = 0.459, z = 1.992, p = .04),
particularly for nasal vowels /a/ (p = .07), with no significant differences found for oral vowels.
However, the scores of early CI children remained lower than those of the TH children (92 vs.

97.5%; B =2.29, SE=0.883,z=2.589, p =.009).

3.1.2. ldentification errors analysis
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The confusion matrix (Table 9) provides information about the substitutions made by
the two groups. In the TH group, the main error was substitutions of the phonemes /a/ by /3/
(10% of the stimuli), other substitutions being negligible (occurring with 2% or less of the total).
In the CI group, the most frequent error was also confusions between /a/ and /3/, with a greater
proportion (/a/ - /3/: 24%, but also conversely /3/ - /a/: 5.8%). Substitutions of the oral vowel
/ul was also frequent, with 15.4% of substitutions by /o/ and 6.7% by /¢/. The other main
substitution is a confusion between nasal and oral vowels of the phonetic pair /&/-/a/:

substitutions /&/ - /a/ and /a/-> /€/ each occurred with a proportion of 9.6%.

To observe whether a phonetic/phonological proximity effect is observed, errors were classified
on this substitution types: substitutions between nasal and oral vowels (or vice versa) that are
phonologically related and substitutions between nasal and oral vowels (or vice versa) that are
phonetically related (Table 10). Children in the CI group substitute more nasal vowels with
phonetically related orals than TH children (¥2 (1) = 27.2 ; p<.001). On the other hand, there
were no significant differences of substitutions between phonologically matched oral and nasal
vowels between the two groups (32 (1) = 0.638 ; p =.424).

3.2. Discrimination

In the discrimination task, we analyzed the d' scores, which ranged from 0 to 4.65 (see
Table 11). The best-fitting model included the subject random effect and the group effect,
without interaction with the pair type (phonetic or phonological). Notably, the average d' score
of the TH group (4.41) was significantly higher than that of the CI group (4.06) (B = 0.3427,
SE =0.1667, t = 2.055, p =.04). The two groups differed significantly only in their performance

on phonological pairs (f =-0.41, SE = 0.18, t = -2.19, p = .03), while there was no significant
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difference for phonetic pairs (f = -0.27, SE = 0.18, t = -1.5, p = .14). We found no effects of
the child-related variables, including chronological/auditory age for both groups, age of
implantation and CS exposure in the CI group, regardless of the type of pairs studied (Table

12).

It's noteworthy that 15 out of 25 (60%) of the typically hearing children and 4 out of 13
(30%) of the CI children achieved the maximum d' score. No effects of the child-related
variables (chronological/auditory age for both groups, CS exposure, age of implantation for the
ClI group) were found to influence the distribution of children between those with and without
this ceiling effect. Regarding the pairs investigated, 275 out of the 342 pairs studied obtained
the maximum d' score. There were proportionally fewer TH children (13.3%) obtaining the
maximum score for phonological pairs than CI children (33.3%) (2 = 6.3; p =.012). However,
this proportion was statistically equivalent for phonetic pairs (TH = 17.3%, CI = 28.2%; 2 =
1.8; p = .177). Among the d’ values of the 67 pairs that didn't obtain the maximum scores, a
differential effect of auditory status on pair type was observed. While no significant group effect
was found for phonological pairs (TH = 3.04; CI =2.77; = 0.268, SE = 0.253,t=1.059, p =
.302), a significant difference in favor of TH children was observed for phonetic pairs (TH =

3.05; CI=2.69; $ =0.359, SE=0.17,t=2.114, p = .04), as shown in Figure 2.

Additionally, a Pearson correlation test revealed a moderate positive correlation

between the scores obtained in the discrimination and identification tasks (r = 0.39; p = 0.015).

3.4. Performance in relation to the acoustical properties of the stimuli
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The measures of association between scores on perceptual tasks and various acoustic
characteristics (rank biserial correlation values for identification task, eta-squared values for

discrimination task) of the stimuli are available in Tables 1 and 2 in the appendices.

In the identification task, moderate to strong links are observed between the TH group
performance and various categories of acoustic cues. These include formant frequency (F1, F2),
bandwidth (F1, F3), amplitude (F1, F2, F3), as well as the A1-P0 and A1-P1 values. A moderate
link is also found with vowel intensity. In the CI group, only weak to moderate links are
observed between performance and the acoustic features of the stimuli. Links greater than 0.3
are found for formant amplitude (F1, F3) and A1-P1 values. Upon closer examination of these
same associations within the CI/CS- and CI/CS+ groups, slightly different profiles emerge.
Indeed, within the CI/CS- group, additional moderate links are found with the bandwidth of F1,

A1-PO0 values as well as the intensity and amplitude of the temporal envelope of the vowel.

In the discrimination task, children in the TH group exhibit weak correlations between
their performance and within-pair differences in F2 frequency, as well as the temporal envelope
of the entire pseudoword. Similarly in the CI group, there are only weak associations between
performance and acoustic cues, including the bandwidth of F3, formant amplitudes (F1, F2),
and A1-P1 values. A closer look at the CS- and CS+ groups reveal slightly different profiles.
Specifically, in the CS+ group, there is a moderate correlation between discrimination
performance and the index of temporal envelope difference computed on the first vowel (0.04),
and a stronger correlation when envelope difference index is on the second vowel (0.06). In
contrast, in the CS- group there are associations between discrimination scores and differences
in formant frequencies (F2, F3, and the Euclidean distance F1/F2), as well as in the bandwidths

of F1 and F2 and in the amplitude of F3.
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4. Discussion

This research aimed to assess the perception skills of French oral and nasal vowels in
children with typical hearing (TH) and children with cochlear implants (Cl) aged between 5
and 11 years. The vocalic nasality in French seems to be of significant interest to investigate,
given its reliance on spectral resolution skills that can indeed pose challenges for cochlear
implant (CI) recipients. The investigation comprised two tasks: an identification task involving
pseudowords containing oral or nasal vowels in a sentence context and a discrimination task
featuring pairs of the same pseudowords. The discrimination task was designed to contrast nasal
vowels with their phonological and phonetic oral counterparts, following a methodology
inspired by Borel's research (2015). Our research had three main objectives: 1) to compare the
performance of children with cochlear implants to that of children with typical hearing, with a
specific focus on various factors that could potentially yield more favorable results
(chronological/auditory age, exposure to Cued Speech, and early implantation); 2) to explore
the potential impact of phonological vs. phonetic proximity between nasal and oral vowels; and
3) to investigate how different types of acoustic cues (related to spectral vs. temporal resolution)

in the stimuli used in perceptual tasks might affect children's performance.

An effect of auditory status was found in both tasks, with children in the CI group
showing lower scores than their TH peers in the identification and discrimination of oral and
nasal vowels. In the identification task, difficulties specifically with nasal vowels were
expected. However, children in the CI group also showed difficulties in identifying oral vowels,
particularly for the phoneme /u/ which had the lowest identification rate after the phoneme /d/.

Although this pattern of performance was unexpected, it seems to confirm our hypothesis of
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processing difficulties related to the mode of sound signal transmission through the cochlear
implant, making certain phonemes, including nasal vowels, more vulnerable. Due to the relative
lack of spectral information transmitted by the implant, particularly in low frequencies, and
lower frequency selectivity due to the distribution of electrodes in the cochlea, spectral
information related to nasal sounds may be perceived with less efficiency and result in
confusion for certain types of segments. The distinction between nasal and oral vowels is, as
explained in section 1.1, based on subtle acoustic cues, particularly intensity ratios between
low-frequency harmonics (and thus, formant bandwidth) that are modified compared to their
oral counterparts. Some oral vowels, having very close F1 and F2 values in the low frequencies,
such as /u/, may also be vulnerable for similar reasons. Hawks et al. (1997) demonstrated
increased difficulties in identifying phonemes with synthetically widened F1 bandwidths and
suggested that this widening, causing activation to spread to adjacent electrodes corresponding
to the formant frequency center, may be responsible for the lower identification performance.
Furthermore, CI devices may be less efficient in encoding low-frequency components of the
sound signal, possibly due to a lesser coverage by the implant of the apical regions of the

cochlea.

Considering this, the difficulties of CI users would not concern specific phonemes, but
rather the ability to distinguish them from counterparts with comparable and better-preserved
acoustic properties. This hypothesis is supported by the error patterns of the CI children in our
study: while TH children make only confusions between nasal vowels, implanted children make
confusions between nasal and oral vowels that are close in their oro-pharyngeal articulatory
configuration (F1 and F2 formants), similar to the error patterns presented by Borel which
motivated the decision to include “phonetic pairs” in our discrimination tasks. The error patterns

observed in the identification of the /u/ phoneme also support this proposition: the /o/ phoneme,
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which has similar spectral values, is a good candidate for substitution. Additionally, /u/ and /o/
have a similar articulatory configuration, at least on the most visible dimension, namely lip
rounding. The acoustic cues related to oro-pharyngeal configuration appear to have a double
advantage for the cochlear implanted population: they are carried by frequency information
that, as long as they are not too close (as, for example, /u/), can be relatively well perceived,
and they are also accompanied by articulatory gestures that are partially visually accessible (like
anterior segments : anteriority effect on phonetic production being shown in CI children by

Grandon, 2016).

The fact that CI children also substitute oral vowels with close nasal vowels in terms of
F1/F2 supports the idea that their difficulties do not concern a particular class of phonemes, but
rather certain characteristics of the sound signal, affecting in particular nasal vowels, and
therefore not allowing them to be effectively discriminated from phonetic close segments. Note
that to perceive the differences between nasal and oral vowels, implanted children, in natural
language situations, can rely on their perception of typical formant patterns of these vowels.
They can also rely on temporal parameters, which are reported to be well transmitted by the
implant. Since French nasal vowels segments are generally longer than their oral counterparts
(Delvaux, 2012; Delattre, 1968), the characteristic lengthening of these segments can be an
effectively exploitable clue not degraded by the cochlear implant to distinguish nasal and oral
segments. The stimuli in our study were controlled in terms of their segmental length, forcing
the children to rely solely on the processing of spectral information, and thus explaining the
confusions between close nasal and oral vowels on their F1-F2 configurations. Moreover, the
most frequent error in the identification task within the CI group was on the nasal phoneme /a/
confused with another nasal /3/. This confusion can also be explained by the phonetic proximity

on their F1/F2 patterns, as these two phonemes have a close oro-pharyngeal configuration.
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However, this confusion, also present in the group of hearing children, does not seem to indicate

specific difficulties for children with cochlear implants.

Furthermore, in line with our hypotheses, the results of the present work contrast with
the studies previously cited on one major aspect. Indeed, the performance, reaching almost 90%
for the identification task and 95% for the discrimination task, are very high compared to those
obtained by Bouton et al. (2012) and Borel (2015, Borel et al. 2019). These high scores can first
be explained by the fact that, unlike the participants in the studies by Borel and Bouton, in
which adults and children were mostly unilaterally implanted, all children in our experimental
group were bilaterally implanted. The advantage of bilateral cochlear implantation has been
demonstrated for speech perception, both in noise (Dunn, 2010; Mdller, 2002), and in
experimental situations (Caselli, 2013; Zeitler et al., 2008; Sarant et al., 2014; Anand, 2022).
Furthermore, a positive impact of bilateral hearing has been demonstrated by Landsberger et
al. (2018) in spectral resolution processing and by DiNino et al. (2020) in the better utilization
of salient acoustic cues (cue-trading, developed below). The present results appear to support
the findings of these different authors. It could be hypothesized that, in the case of nasality
perception, which relies on the perception of fine spectral cues, bilateral implantation may
maximize the chances for the electrodes in both ears to improve spectral resolution and cover
critical frequencies for the perception of speech sounds. Sarant (2014) mentioned a benefit of
bilateral implantation, particularly the "binaural redundancy effect,” which means that speech
perception could be improved because the brain is presented with two opportunities to process
the same signal, which is entirely congruent with this idea. This performance can also be related
to the early age of implantation in our sample, with the CI children in the study mostly being
implanted before the age of 2 (9 to 30 months), whereas the average age of implantation was

higher in Bouton et al.'s study (22 to 42 months). Many studies document the beneficial impact
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of early implantation on language performance and linguistic abilities (Tamati, 2022, Karltopp,

2020; Dettman, 2016).

The present results support the use of CS to enhance speech sound perception: indeed,
children who are exposed more intensively to CS present significantly higher performance than
those who are exposed occasionally (83 vs. 93% in identification), even if the perceptual tasks
here were only based on acoustic information. It should be noted that the use of CS may explain
some surprising substitutions made by children in the CI group: the vowels /u/, /o/ but also /¢/
- which are also confused with /u/ in identification tasks - are coded in the same manual position
in the CS code, as the system does not anticipate confusion on these phonemes based on
lipreading. It is possible that children with cochlear implants (Cls) who have been exposed to
Cued Speech (CS) have internalized a representation of this manual code and may use it in
cases of perceptual ambiguity. This could potentially lead to confusion between these phonemes
when one of them is ambiguously perceived, and lipreading is not available to disambiguate
them. Bayard et al. (2014), which have tested the McGurk effect through the presentation of
stimuli in audio, visual, and audiovisual conditions with CS manual codes, supported the
beneficial contribution of CS coding for visual and audiovisual speech perception and showed
similar substitution patterns. Indeed, when stimuli containing incongruent auditory and visual
information were presented, the use of CS manual codes led to responses consistent with the
CS manual code, demonstrating integration of the CS code and its privileged use in cases of
perceptual conflict. This could also partly account for confusions between /a/ and /3/, which are

also coded in the same location in the CS system.

An effect of chronological age in children with typical hearing was found in the

identification task: children aged 4 to 6 have lower scores than those aged 7 to 9 and 10 to 12.
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These results are in line with various studies that have shown a positive correlation between
chronological age and spectral resolution performance in typically hearing children, while this
link with age (chronological or auditory) was not found in the CI population (Jahn et al., 2022
: DiNino et al., 2018 ; Horn et al. 2017). Vocalic nasality perception, involving the perception
of various fine acoustic cues, can thus be particularly linked to the maturation of spectral
resolution skills in typically hearing children, explaining this performance profile. Moreover,
improvement within the typically hearing (TH) group starts at the age of 7, which may reflect,
in addition to maturation effects, the positive impact of the introduction of written language in
the school environment on perceptual performance. Indeed, it is commonly accepted that high-
quality phonological representations are essential for optimal acquisition of written language,
but conversely, the acquisition of written language can help stabilize or even clarify certain
phonological contrasts, as demonstrated with foreign language learners (Chadee, 2013; Detey,
2005). The orthographic code, which has the advantage of being available visually, could, once
correctly encoded in long-term memory, facilitate the phonological processing of certain
contrasts. However, this age effect is not found in implanted children, in accordance with the
literature on spectral resolution. In this population, the acoustic limitations of the transmitted
signal led to perceptual adaptations that have already been discussed, which do not appear to

be related to maturation effects, at least not within the age range covered by this present study.

The hypotheses elaborating on Borel's study (2015), which suggested greater difficulties
for CI children in discriminating phonetically paired (vs. phonologically paired) oral and nasal
vowels, were partially confirmed here, even if the discrimination scores were rather complex
to study due to some ceiling effects. More than half of the TH children obtained a ceiling score
on all pairs on this task, compared to one third of the CI children. The lowest scores in the CI

group were for the two oral-nasal pairs containing the phoneme /3/, the oral-nasal pair /e/-/€/
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and the oral-oral pair /u/-/o/. Taking all participants' results into account, the differences
between groups did not reach the level of significance, most probably due to large variability
in the CI group. However, by studying only the scores not reaching the ceiling we found more
discrimination errors for phonetic pairs in the CI group, as did Borel, confirming the hypothesis
of an increased vulnerability of these nasal/oral pairs in the implanted population and
supporting the explanatory leads formulated previously. Borel (2015) reported scores below or
just at chance level (26% to 42% within 4 months or less post-implantation; 43% to 69% within
12 months or more post-implantation) on a nasal vowel identification task in postlingually deaf
adults. The children in our study, who have congenital deafness and were implanted very early,
exhibited superior performance. As suggested by Landsberger (2018), young children
developing their perceptual system around the acoustic signal transmitted by the implant may
process this signal more efficiently than an adult who has developed their auditory system based
on a more complete auditory signal. Indeed, babies with cochlear implants, with the support
and assistance of early auditory rehabilitation during their sensitive periods of linguistic
development, could develop sufficient discrimination abilities by exploiting the acoustic cues
best transmitted by their cochlear implants. The implanted adults, who always had access to
auditory information until the onset of deafness, would still tend to rely on spectral cues that
are later absent or too imprecisely transmitted to allow them to identify certain speech units,
such as nasal vowels. Brain plasticity can explain some differences between postlingually
deafened adults and prelingually deafened children language outcomes: it is well established
that adult brains retain some degree of plasticity, but it tends to be more limited compared to
children which are highly adaptable and flexible (Ismail et al., 2017). This could also explain
why the phonetic proximity of nasal/oral pairs had a lower impact on the performance of the

children in this study, compared to the adult participants in Borel's study.
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The analysis of potential links between performance in both tasks and the acoustic
properties of the stimuli allows us to explore certain explanations for how the different groups
of children process acoustic features. Firstly, let's highlight that the two tasks involve different
perceptual mechanisms, which can lead to a different exploitation of perceived acoustic cues.
In the case of identification, the participants must necessarily consider relevant cues to identify
the target phoneme in reference to their phonological representations stored in memory.
However, when discriminating between two pseudowords, the participants may not necessarily
rely on their phonological representations but can solely rely on their perceptual system to
identify even minor differences based on the accessible acoustic features. Furthermore, the
performance between the two tasks is only moderately correlated (r=0.4), indicating that the
perceptual mechanisms are not strictly identical. Indeed, the types of indices primarily
associated with performance differed between the two tasks. In the identification task, children
in the TH group had their performance linked to various types of acoustic cues: frequencies,
bandwidths, formant amplitudes, as well as indices related to the detection of nasal poles (Al-
PO, A1-P1), and more global (vowel intensity) and temporal (amplitude of the temporal
envelope) indices. Conversely, children in the CI group exhibited performance associations
only with formant amplitude indices and the detection of the second nasal pole (Al-P1).
Different profiles emerged based on exposure to Cued Speech (CS): children in the CS- group
also showed links with the utilization of F1 bandwidth, vowel intensity, and the amplitude of
the temporal envelope. In discrimination, the utilization of acoustic cues was more limited for
both groups of children. For children in the TH group, performance was solely associated with
differences between pairs involving F2 frequency and the temporal envelope of vowels.
Children in the CI group again primarily had their performance associated with differences
related to formant amplitude and differences linked to the second nasal pole (A1-P1 values).

Once again, differences were observed among children in the Cl group based on their exposure

34



848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

to CS. CS- children had their performance linked to differences in F1 bandwidth, while CS+
children benefited from differences related to the temporal envelope of the vowels. Considering
that the CS+ group significantly outperforms in both tasks, it is interesting to examine these
different relationships between performance and acoustic features. Overall, CS- group relies on
a greater number of acoustic cues (similar to the TH group), while CS+ children primarily rely
on formant amplitude cues for identification and temporal envelope differences for
discrimination. This strategy proves to be successful in terms of performance. This more
efficient use of a more limited number of acoustic cues could be linked to the study by DiNino
et al. (2020), which demonstrated that children with implants who had the best phonetic
perception were also those capable of prioritizing the acoustic cues that were presumably salient
to them (i.e. they were better at “cue-trading”). Regular and early practice of CS, which is
recognized for leading to better phonological representations (Van Bogaert et al., 2023;
Leybaert et al., 2016, 2010; Bouton et al., 2011), could therefore lead to a more efficient use of
the acoustic cues that are better perceived through the implant, ultimately resulting in better
speech perception performance. However, these different observations should be treated with
caution. Acoustic characteristics were established a posteriori, i.e. once the construction of
stimuli based on natural productions had been completed; they therefore do not vary linearly
along the seven target stimuli studied. Additionally, due to the relatively high performance of
our children’s groups, we have limited variability in the scores, which ultimately revealed only
weak to moderate links. Future studies could explore the use of natural or synthetic sound
manipulation methods on these different acoustic parameters to induce more linear variations
and observe their impact on phoneme perception, similar to the study about nasality perception
conducted by Delvaux et al. (2012) on typically-hearing adults. This could involve more precise
phonetic cue-weighting pattern comparisons about nasality perception, as seen in the work of

DiNino et al. (2020).
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This study presents certain limitations, the most important being the sample size of the
ClI group. As previously stated, the linguistic performance of children with cochlear implants
varies greatly, and it would have been interesting to observe the results of our experimental
tasks on a larger group with more diverse characteristics. However, the analyses conducted,
considering inter-individual variability, revealed main effects (effect of auditory status,
status*type of vowel interaction, effect of CS practice) with a statistical power exceeding 80%
for the identification task. Effects with lower statistical power were related to age; therefore, it
would be of great interest to validate the findings by better balancing the groups in terms of
chronological/auditory age. In addition, the very high scores in the discrimination task led to
more moderate effects. It would be interesting to replicate this type of study (discrimination of
phonological vs. phonetic nasal/oral pairs) by varying the size of the stimuli. Bouton et al.
(2012) and Borel (2015) used monosyllabic stimuli in their paradigms; our bisyllabic stimuli
may have made the discrimination task easier. Furthermore, the average pitch of our male
speaker was low, i.e., 122 Hz, and the perceptual performance of CI children may have been
different with other speakers having a higher intrinsic FO. Finally, it would seem particularly
interesting to include, in future studies assessing vocalic nasality contrast, non-linguistic tasks
related to spectral resolution processing. Indeed, understanding to what extent these scores can
explain the ease of processing vowel nasality from a developmental perspective in children with
cochlear implants and typically hearing peers would help deepen our knowledge of the adaptive
mechanisms by which implanted children build a phonological system based on a degraded

auditory signal.

5. Conclusion
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The results of this study confirm an increased difficulty for children with cochlear in
identification and discrimination of speech sounds whose spectral characteristics differ in the
low frequency zones and/or include close F1/F2 values, as is the case with French nasal vowels
and certain oral vowels like /u/. These results, although specific to French sounds, are of great
interest for understanding the specificities of the cochlear implant signal processing, and for
inferring potential difficulties in other languages of the world that include sounds with these
characteristics. Furthermore, it is worth noting that the performance, while remaining
significantly lower than those of typically hearing peers, are relatively high (80% and above).
This contrasts with previous studies that investigated nasal vowel perception in unilaterally
implanted adults and children. This suggests a potential advantage of bilateral implantation for
the perception of nasal/oral distinctions. Moreover, the associations between performance and
the acoustic characteristics of the stimuli appear to indicate that a selective and prioritized
utilization of acoustic cues (cue-trading) that are presumed to be better coded by the implant,
such as the temporal envelope, can lead to improved perceptual skills. Finally, these results
support the literature regarding the importance of early implantation in the development of
phonological perception skills, as well as the interest in using visual support for speech
perception, such as Cued Speech, to enhance better perceptual skills development in children

with cochlear implants.

6. Data availability statement

The datasets are available from the corresponding author on reasonable request.

37



923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

945

7. References

Anand, A.K., Suri, N., Ganesh, J. et al. (2002). Comparison of Outcomes in Unilateral
and Bilateral Pediatric Cochlear Implants: Our Experience. Indian J Otolaryngol Head

Neck Surg 74(1), 707-713. https://doi.org/10.1007/s12070-021-02458-3

Aronoff, J. M., & Landsberger, D. M. (2013). The development of a modified spectral
ripple test. The Journal of the Acoustical Society of America, 134(2), 217-222.
https://doi.org/10.1121/1.4813802

Aronoff, J. M., Padilla, M., Stelmach, J., & Landsberger, D. M. (2016). Clinically paired
electrodes are often not perceived as pitch matched. Trends in Hearing, 20, 1-9.
https://doi.org/10.1177/2331216516668302

Baskent, D., & Shannon, R. V. (2005). Interactions between cochlear implant electrode
insertion depth and frequency-place mapping. The Journal of the Acoustical Society of
America, 117(3), 1405-1416. https://doi.org/10.1121/1.1856273

Baskent, D., Gaudrain, E., Tamati, T. N., & Wagner, A. (2016). Perception and
psychoacoustics of speech in cochlear implant users. Scientific foundations of
audiology: Perspectives from physics, biology, modeling, and medicine, 285-3109.
Bates D., Maechler M., Bolker B., & Walker S. (2015). Fitting Linear Mixed-Effects
Models Using Imed4. Journal of Statistical Software, 67(1), 1-48.
https://doi.org/10.18637/jss.v067.i01

Bayard C., Colin C., & Leybaert J. (2014). How is the McGurk effect modulated by
Cued Speech in deaf and hearing adults? Frontiers in psychology 5(416), 1-10.

https://doi.org/10.3389/fpsyq.2014.00416

38


https://doi.org/10.1007/s12070-021-02458-3
https://doi.org/10.3389/fpsyg.2014.00416

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

964

965

966

967

968

969

970

Ben-Shachar M.S., Liidecke D., & Makowski D. (2020). “effectsize: Estimation of
Effect Size Indices and Standardized Parameters.”. Journal of Open Source Software,
5(56), 2815. https://doi.org/10.21105/joss.02815.

Bertrand F., & Maumy-Bertrand M. (2023). Initiation a La Statistique Avec R. R
package version 4.0.1, http://www-irma.u-strasbg.fr/~fbertran/BioStatR.

Boersma, P. & Weenink, D. (2019). Praat: doing phonetics by computer [Computer

program]. Version 6.0.56, retrieved 13 March 2019 from http://www.praat.org/

Borel, S. (2015). Perception auditive, visuelle et audiovisuelle des voyelles nasales par
les adultes devenus sourds. Lecture labiale, implant cochléaire, implant du tronc
cérébral (Doctoral dissertation). Université de Sorbonne Nouvelle.

Borel, S., Serniclaes, W., Sterkers, O., & Vaissiére, J. (2019). Identification of nasal
consonants and nasal vowels by French adults cochlear implant listeners. Audiology
Direct, 3(1), 1-7. https://doi.org/10.1051/audiodir/201903001

Bouton, S., Bertoncini, J., Serniclaes, W., & Colé, P. (2011). Reading and reading-
related skills in children using cochlear implants: Prospects for the influence of cued
speech. Journal of deaf studies and deaf education, 16(4), 458-473.
https://doi.org/10.1093/deafed/enr014

Bouton, S., Serniclaes, W., Bertoncini, J., & Colé, P. (2012). Perception of speech
features by French-speaking children with cochlear implants. Journal of Speech,

Language, and Hearing Research 55, 139-153. https://doi.org/10.1044/1092-

4388(2011/10-0330)

Canfarotta, M. W., Dillon, M. T., Buchman, C. A., Buss, E., O'Connell, B. P., Rooth,

M. A., & Brown, K. D. (2021). Long-term influence of electrode array length on speech
recognition in cochlear implant users. The Laryngoscope, 131(4), 892-897.

https://doi.org/10.1002/lary.28949

39


http://www.praat.org/
https://doi.org/10.1044/1092-4388(2011/10-0330)
https://doi.org/10.1044/1092-4388(2011/10-0330)

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

986

987

988

989

990

991

992

993

994

995

Carignan, C. (2014). An acoustic and articulatory examination of the “oral” in “nasal”
: The oral articulations of French nasal vowels are not arbitrary. Journal of phonetics,
46, 23-33. http://dx.doi.org/10.1016/j.wocn.2014.05.001

Caselli, M. C., Rinaldi, P., Varuzza, C., Giuliani, A., & Burdo, S. (2012). Cochlear
implant in the second year of life: Lexical and grammatical outcomes. Journal of
Speech, Language, and Hearing Research 55, 382-394. https://doi.org/10.1044/1092-
4388(2011/10-0248)

Chadee, T. (2013). Influences de I'écrit sur la perception auditive : le cas de locuteurs
hindiphones apprenant le francais. Doctoral dissertation, Université Toulouse le Mirail-
Toulouse I1.

Chen, M. Y. (1995). Acoustic parameters of nasalized vowels in hearing-impaired and
normal-hearing speakers. The Journal of the Acoustical Society of America, 98(5),
2443-2453.

Chen, M. Y. (1997). Acoustic correlates of English and French nasalized vowels. The
Journal of the Acoustical Society of America, 102(4), 2360-2370.

Cheng, K., & Chen, X. (2020). The Effects of Intrinsic Acoustic Cues on Categorical
Perception in Children with Cochlear Implants. International Journal of English
Linguistics, 10(5), 110-124. http://dx.doi.org/10.5539/ijel.v10n5p110

Cornett R. O. (1967). Cued Speech. American Annals of the Deaf, 112(1), 3-13.

Corretge, R. (2019). Praat VVocal Toolkit. http://www.praatvocaltoolkit.com

Delattre, P. (1958). Les indices acoustiques de la parole: Premier rapport. Phonetica,
2(1-2), 108-118.

Delattre, P., & Monnot, M. (1968). The role of duration in the identification of French
nasal vowels. IRAL-International Review of Applied Linguistics in Language Teaching,

6(1-4), 267-288.

40


http://www.praatvocaltoolkit.com/

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

Delvaux, V., Metens, T., & Soquet, A. (2002). Propriétés acoustiques et articulatoires
des voyelles nasales du francais. XXIVemes Journées d’étude sur la parole, Nancy, 348-
352.

Delvaux, V., Demolin, D., Soquet, A., & Kingston, J. (2004). La perception des voyelles
nasales du francais. Actes des XXVémes JEP, 157-160.

Delvaux, V. (2012). Les voyelles nasales du francais. Aérodynamique, articulation,
acoustique et perception. Peter Lang, Editions Scientifiques Internationales.

Detey, S. (2005). Interphonologie et représentations orthographiques. Du réle de I'écrit
dans I'enseignement / apprentissage du francais oral chez des étudiants japonais. Thése
de doctorat. Université Toulouse le Mirail - Toulouse 1.

Dettman, S. J., Dowell, R. C., Choo, D., Arnott, W., Abrahams, Y., Davis, A., ... &
Briggs, R. J. (2016). Long-term communication outcomes for children receiving
cochlear implants younger than 12 months: A multicenter study. Otology &

Neurotology, 37(2), e82-e95. https://doi.org/10.1080/14992027.2016.1174890

DiNino, M., & Arenberg, J. G. (2018). Age-related performance on vowel identification
and the spectral-temporally modulated ripple test in children with normal hearing and
with cochlear implants. Trends in hearing, 22, 1-20.

https://doi.org/10.1177/2331216518770959.

DiNino, M., Arenberg, J. G., Duchen, A. L., & Winn, M. B. (2020). Effects of age and
cochlear implantation on spectrally cued speech categorization. Journal of Speech,
Language, and Hearing Research, 63(7), 2425-2440.
https://doi.org/10.1044/2020_JSLHR-19-00127

Ditges, R., Barbieri, E., Thompson, C. K., Weintraub, S., Weiller, C., Mesulam, M. M.,

Kummeren D., Schréter N., & Musso, M. (2021). German Language Adaptation of the

41


https://doi.org/10.1080/14992027.2016.1174890
https://doi.org/10.1177/2331216518770959

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

NAVS (NAVS-G) and of the NAT (NAT-G): Testing Grammar in Aphasia. Brain
Sciences, 11(4), 474. https://doi.org/10.3390/brainsci11040474

Dunn CC, Noble W, Tyler RS, Kordus M, Gantz BJ, Ji H. (2010). Bilateral and
unilateral cochlear implant users compared on speech perception in noise. Ear Hear

31(2), 296-298. https://doi.org/10.1097/AUD.0b013e3181¢c12383

Dunn, C. C., Walker, E. A., Oleson, J., Kenworthy, M., Van Voorst, T., Tomblin, J. B.,
Ji, H., Kirk, K. I., McMurray, B., Hanson, M., & Gantz, B. J. (2014). Longitudinal
speech perception and language performance in pediatric cochlear implant users: the
effect of age at implantation. Ear and hearing, 35(2), 148-160.
https://doi.org/10.1097/AUD.0b013e3182a4a8f0

Fan, X., Yang, T., Fan, Y., Song, W., Gu, W, Lu, X,, ... & Chen, X. (2023). Hearing
outcomes following cochlear implantation with anatomic or default frequency mapping
in postlingual deafness adults. European Archives of Oto-Rhino-Laryngology, 1-11.

https://doi.org/10.1007/s00405-023-08151-1

Fagyal, Z., Kibbee, D., & Jenkins, F. (2006). French: A linguistic introduction.
Cambridge University Press.

Fortune T.W., Woodruff B.D., & Preves D.A. (1994). A new technique for quantifying
temporal envelope contrasts. Ear and Hearing 15, 93-99

Fougeron, C. & Smith, C. L. (1993). Illustrations of the IPA: French. Journal of the
International Phonetic Association, 23, 73-76. doi: 10.1017/S0025100300004874

Fox J., & Weisberg S. (2019). An R Companion to Applied Regression, Third edition.
Sage, Thousand Oaks CA. https://socialsciences.mcmaster.ca/jfox/Books/Companion/.
Gao, Q., Wong, L. L., & Chen, F. (2021). A review of speech perception of Mandarin-
speaking children with cochlear implantation. Frontiers in Neuroscience, 15, 773694.

https://doi.org/10.3389/fnins.2021.773694

42


https://doi.org/10.1097/AUD.0b013e3181c12383
https://doi.org/10.1007/s00405-023-08151-1
https://doi.org/10.3389/fnins.2021.773694

1045

1046

1047

1048

1049

1050

1051

1052

1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

Gaudrain, E., & Bagkent, D. (2018). Discrimination of voice pitch and vocal-tract length
in cochlear implant users. Ear and hearing, 39(2), 226.

Gifford, R. H., Noble, J. H., Camarata, S. M., Sunderhaus, L. W., Dwyer, R. T., Dawant,
B. M., Dietric M.S., & Labadie, R. F. (2018). The relationship between spectral
modulation detection and speech recognition: Adult versus pediatric cochlear implant
recipients. Trends in Hearing, 22, 1-14. https://doi.org/10.1177/2331216518771176
Grandon, B. (2016). Développement typique et atypique de la production de parole :
caractéristiques segmentales et intelligibilit¢é de la parole d’enfants porteurs d’un
implant cochléaire et d’enfants normo-entendants de 5 a 11 ans (Doctoral dissertation,
Université Grenoble Alpes).

Grandon, B., Vilain, A., Leevenbruck, H., Schmerber, S., & Truy, E. (2017). Realisation
of voicing by French-speaking CI children after long-term implant use: An acoustic
study. Clinical Linguistics & Phonetics, 31(7-9), 598-611.
https://doi.org/10.1080/02699206.2017.1302511

Green P, MacLeod CJ (2016). “simr: an R package for power analysis of generalised
linear mixed models by simulation.” Methods in Ecology and Evolution, 7(4), 493—-498.
doi:10.1111/2041-210X.12504, https://CRAN.R-project.org/package=simr.

Guevara, N. & Macherey, O. (2018). Traitement du signal. In Truy, E., Lescanne, E.,
Loundon, N., & Roman, S. Surdités: actualités, innovations et espoirs. Elsevier Health
Sciences.

Hawks, J. W., Fourakis, M. S., Skinner, M. W., Holden, T. A., & Holden, L. K. (1997).
Effects of formant bandwidth on the identification of synthetic vowels by cochlear

implant recipients. Ear and hearing, 18(6), 479-487.

43



1068

1069

1070

1071

1072

1073

1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

Henry, B. A., & Turner, C. W. (2003). The resolution of complex spectral patterns by
cochlear implant and normal-hearing listeners. The Journal of the Acoustical Society
of America, 113(5), 2861-2873. https://doi.org/10.1121/1.1561900

Holder, J. T., Dwyer, N. C., & Gifford, R. H. (2020). Duration of Processor Use Per
Day Is Significantly Correlated with Speech Recognition Abilities in Adults with
Cochlear Implants. Otology & neurotology: official publication of the American
Otological Society, American Neurotology Society [and] European Academy of Otology

and Neurotology, 41(2), e227—€231. https://doi.org/10.1097/MAO.0000000000002477

Horn, D. L., Dudley, D. J., Dedhia, K., Nie, K., Drennan, W. R., Won, J. H., Rubinstein
J.T., & Werner, L. A. (2017). Effects of age and hearing mechanism on spectral
resolution in normal hearing and cochlear-implanted listeners. The Journal of the
Acoustical Society of America, 141(1), 613-623. https://doi.org/10.1121/1.4974203
House, A. S., & Stevens, K. N. (1956). Analog studies of the nasalization of vowels.
Journal of Speech and Hearing Disorders, 21(2), 218-232.

Ismail, F. Y., Fatemi, A., & Johnston, M. V. (2017). Cerebral plasticity: Windows of
opportunity in the developing brain. European journal of paediatric neurology, 21(1),

23-48. https://doi.org/10.1016/j.ejpn.2016.07.007

Jahn, K. N., Arenberg, J. G., & Horn, D. L. (2022). Spectral resolution development in
children with normal hearing and with cochlear implants: A review of behavioral
studies. Journal of Speech, Language, and Hearing Research, 65(4), 1646-1658.
https://doi.org/10.1044/2021_JSLHR-21-00307

Karltorp, E., EkIof, M., Ostlund, E., Asp, F., Tideholm, B., & Lofkvist, U. (2020).
Cochlear implants before 9 months of age led to more natural spoken language
development without increased surgical risks. Acta Paediatrica, 109(2), 332-341.

https://doi.org/10.1111/apa.14954

44


https://doi.org/10.1097/MAO.0000000000002477
https://doi.org/10.1016/j.ejpn.2016.07.007

1093

1094

1095

1096

1097

1098

1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

Kral, A., Dorman, M. F., & Wilson, B. S. (2019). Neuronal development of hearing and
language: cochlear implants and critical periods. Annu. Rev. Neurosci, 42(47), 47-65.

https://doi.org/10.1146/annurev-neuro-080317-061513

Landsberger, D. M., Padilla, M., Martinez, A. S., & Eisenberg, L. S. (2018). Spectral-
temporal modulated ripple discrimination by children with cochlear implants. Ear and
Hearing, 39(1), 60. https://doi.org/10.1097/AUD.0000000000000463

Landsberger, D. M., Stupak, N., Green, J., Tona, K., Padilla, M., Martinez, A. S., ... &
Waltzman, S. (2019). Temporal modulation detection in children and adults with
cochlear implants: Initial results. Otology & Neurotology, 40(3), e311-e315.
https://doi.org/10.1097/mao0.0000000000002122

Lenth R (2023). _emmeans: bjk . R package version 1.8.6, <https://CRAN.R-
project.org/package=emmeans>

Leybaert J, LaSasso CJ. (2010). Cued Speech for Enhancing Speech Perception and
First Language Development of Children With Cochlear Implants. Trends in

Amplification 14(2):96-112. https://doi.org/10.1177/1084713810375567

Leybaert, J., Bayard, C., Colin, C., & LaSasso, C. (2016). Cued speech and cochlear
implants: A powerful combination for natural spoken language acquisition and the
development of reading. The Oxford handbook of deaf studies in language, 359-376.
Machart, L., Vilain, A., Loevenbruck, H., Ménard, L., Meloni, G., & Puissant, C. (2020,
August). Influence of French Cued Speech on speech production in children with
cochlear implants. In Workshop “Perspectives on Language in Children with Hearing
Loss”.

Macmillan, N. A., & Creelman, C. D. (1991). Detection theory: A user's guide.
Cambridge University Press. New York.

Maeda, S., (1993). Acoustics of vowel nasalization and articulatory shifts in french nasal

45


https://doi.org/10.1146/annurev-neuro-080317-061513
https://doi.org/10.1177/1084713810375567

1118

1119

1120

1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

vowels. Phonetics and phonology, 5, 174-167.

Medina, V., & Serniclaes, W. (2009). Development of voicing categorization in deaf
children with cochlear implant. In Tenth Annual Conference of the International Speech
Communication Association.

Mertens, G., Van de Heyning, P., Vanderveken, O., Topsakal, V., & Van Rompaey, V.
(2022). The smaller the frequency-to-place mismatch the better the hearing outcomes in
cochlear implant recipients?. European Archives of Oto-Rhino-Laryngology, 279(4),
1875-1883. https://doi.org/10.1007/s00405-021-06899-y

Montagu, J. (2007). Analyse acoustique et perceptive des voyelles nasales et nasalisées
du francais parisien. Doctoral dissertation, Paris 3.

Moon, I. J.,, & Hong, S. H. (2014). What is temporal fine structure and why is it
important?. Korean journal of audiology, 18(1), 173-180.
https://doi.org/10.3109/00016489.2013.850175

Miller J., Schén F., & Helms J. (2002). Speech understanding in quiet and noise in
bilateral users of the MED-EL COMBI 40/40+ cochlear implant system. Ear Hear

23(3), 198-206. https://doi.org/10.1097/00003446-200206000-00004

Nambi A. (2023). EnvelopeAnalysis
(https://github.com/arivudainambi84/EnvelopeAnalysis), GitHub. Retrieved
September 14, 2023.

Park, L. R., Gagnon, E. B., Thompson, E., & Brown, K. D. (2019). Age at Full-Time
Use Predicts Language Outcomes Better Than Age of Surgery in Children Who Use
Cochlear Implants. American journal of audiology, 28(4), 986-992.
https://doi.org/10.1044/2019_AJA-19-0073

Peng, Z. E., Hess, C., Saffran, J. R., Edwards, J. R., & Litovsky, R. Y. (2019). Assessing

fine-grained speech discrimination in young children with bilateral cochlear implants.

46


https://doi.org/10.1097/00003446-200206000-00004

1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

Otology & neurotology: official publication of the American Otological Society,
American Neurotology Society [and] European Academy of Otology and Neurotology,
40(3), e191. https://doi.org/10.1016/j.healun.2018.10.008

Pisoni, D. B., Cleary, M., Geers, A. E., & Tobey, E. A. (1999). Individual differences
in effectiveness of cochlear implants in children who are prelingually deaf: New process
measures of performance. The Volta Review, 101(3), 111.

https://doi.org/10.1098/rsth.1992.0070

R Core Team (2022). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria. URL https://www.R-
project.org/

Rosen, S. (1992). Temporal information in speech: acoustic, auditory and linguistic
aspects. Philosophical Transactions of the Royal Society of London. Series B:
Biological Sciences, 336(1278), 367-373.

Sarant, J., Harris, D., Bennet, L., & Bant, S. (2014). Bilateral versus unilateral cochlear
implants in children: a study of spoken language outcomes. Ear and hearing, 35(4),
396. https://doi.org/10.1097%2FAUD.0000000000000022

Sharma, S. D., Cushing, S. L., Papsin, B. C., & Gordon, K. A. (2020). Hearing and
speech benefits of cochlear implantation in children: A review of the literature.
International  journal of pediatric  otorhinolaryngology 133, 109984.

https://doi.org/10.1016/j.ijporl.2020.109984

Styler, W. (2017). On the acoustical features of vowel nasality in English and French.
The Journal of the Acoustical Society of America, 142(4), 2469-2482.

https://doi.org/10.1121/1.5008854

47


https://doi.org/10.1098/rstb.1992.0070
https://doi.org/10.1016/j.ijporl.2020.109984

1166

1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182
1183

1184

1185

1186

1187

1188

1189

1190

1191

Tamati, T. N., Pisoni, D. B., & Moberly, A. C. (2022). Speech and Language Outcomes
in Adults and Children with Cochlear Implants. Annual Review of Linguistics, 8, 299-
319. https://doi.org/10.1146/annurev-linguistics-031220-011554

Van Bogaert, L., Machart, L., Gerber, S., Leevenbruck, H., Vilain, A., & Consortium
EULALIES. (2023). Speech rehabilitation in children with cochlear implants using a
multisensory (French Cued Speech) or a hearing-focused (Auditory Verbal Therapy)
approach. Frontiers in Human Neuroscience, 17, 165.
https://doi.org/10.3389/fnhum.2023.1152516

Xu, K., Willis, S., Gopen, Q., & Fu, Q. J. (2020). Effects of spectral resolution and
frequency mismatch on speech understanding and spatial release from masking in
simulated bilateral cochlear implants. Ear and hearing, 41(5), 1362.

https://doi.org/10.1097/AUD.0000000000000865

Zeitler, D. M., Kessler, M. A., Terushkin, V., Roland Jr, J. T., Svirsky, M. A., Lalwani,
A. K., & Waltzman, S. B. (2008). Speech perception benefits of sequential bilateral
cochlear implantation in children and adults: a retrospective analysis. Otology &

Neurotology, 29(3), 314-325. https://doi.org/10.1097/MAO.0b013e3181662ch5

48


https://doi.org/10.1097/AUD.0000000000000865

1192
1193
1194

1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

1208

1209

1210

8. Tables and figures

. Chronologlc_al Chronological  Auditory . Age at Implantation  Cued speech
Subject Sex age (years ; age arou g€ arou implantation age arou eXDOSUre
months) ge group ge group (months) ge group P

Cl1 M 5;11 4-6y. 4-6y. 12 > 10 m. Occasionnal
Ci2 M 5;10 4-6y. 4-6y. 9 <10 m. Early & frequent
CI3 M 6;8 4-6y. 4-6y. 10 <10 m. Early & frequent
Cl4 F 6;10 4-6y. 4-6y. 13 >10m. Early & frequent
CI5 M 6;11 4-6y. 4-6y. 10 <10 m. Early & frequent
Cl6 F 8,6 8-9y. 4-6y. 19 > 10 m. Occasionnal
Cl7 F 8;8 8-9y. 8-9y. 12 > 10 m. Early & frequent
CI8 M 9;7 8-9y. 8-9y. 9 <10 m. Occasionnal
CI9 F 10;8 10-12Yy. 8-9y. 19 >10m. Occasionnal
Cl10 M 10;8 10-12y. 8-9y. 10 <10 m. Occasionnal
Cl11 M 10;11 10-12y. 10-12y. 10 <10 m. Occasionnal
Cl12 F 11,5 10-12Yy. 10-12Yy. 12 >10m. Early & frequent
CI13 F 116 10-12y. 10-12 . 30 >10m. Early & frequent

Table 1: Characteristics of the CI children.

49



Number of Mean age (years ;
Group participants months) Chronological age subgroups Auditory age subgroups

4-6 years (3), 7-9 years (6), 10- 1-2 years (7), 3-4 years (3),

Cl group 13 8;7 12 years (4) 5-6 years (3)

4-6 years (9), 7-9 years (8), 10-

TH group 25 8,6 12 years (8)

N/A (typical hearing)

1211 Table 2: Age characteristics of main groups (Cl and TH) and subgroups based on
1212 chronological or auditory age.
1213
1214
1215
1216
1217
1218
1219
1220
1221
1222
1223
1224
1225
1226
1227
1228
1229
1230
1231
1232
1233
1234
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1235
1236

1237

1238

Nasal target

Oral phonological

Oral phonetic

correspondent correspondent
lal lal /a/
1&l /el lal
15/ /a/ u/

Table 3: Nasal targets and their corresponding oral phonological and phonetic counterparts.
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1239
1240
1241
1242
1243
1244
1245
1246
1247
1248
1249
1250
1251
1252

F1 bF1 aF1l F2 bF2 aF2 F3 bF3 aF3 Al-PO Al-P1 Intensity ENV

Vowel | (Hz) (Hz) (dB) (Hz) (H2) (dB) (Hz) (Hz) (dB) (dB) (dB) (dB) (dB)
Vowel 1 lal 448 239 40,3 964 395 28,9 2520 631 9,2 -1,69 14,75 0,057 307,00
&l 457 232 41,2 1445 204 26,4 2604 731 15,5 -2,00 19,10 0,076 377,00
15/ 336 174 41,7 1285 851 7,9 2783 269 9,6 -2,27 33,29 0,088 398,00
fa/ 560 41 44,6 1440 161 28,5 2676 510 19,3 5,18 24,01 0,089 479,00
o/ 379 64 45,4 1162 550 19,7 2584 405 12,8 4,01 28,27 0,079 272,00
ful 345 131 42,6 1171 1891 8,7 2136 375 11,4 0,33 27,59 0,069 193,00
e/ 310 36 45,4 1846 241 22,0 2575 477 18,0 2,88 35,86 0,101 477,00
Vowel 2 /al 444 232 41,0 1072 422 24,5 2554 664 7.1 -3,07 22,31 0,066 542,00
[él 379 371 40,2 1430 300 25,7 2639 2667 11,7 -3,22 16,44 0,053 459,00
15/ 340 158 43,4 1183 1405 13,0 2245 550 7,2 -1,88 31,99 0,081 461,00
fal 551 54 47,8 1332 166 28,9 2678 267 21,9 4,83 20,09 0,088 811,00
o/ 358 81 45,6 1026 436 22,7 2641 504 7,3 2,18 27,27 0,075 601,00
ful 329 194 449 1153 592 11,2 2034 652 45 -2,29 31,79 0,068 498,00
/e/ 336 31 47,1 1829 309 22,7 2501 730 17,0 4,27 36,29 0,091 775,00

Nasal-
Oral NS .003 .001 NS NS NS NS NS NS .008 NS NS NS

Table 4: Acoustic characteristics of target vowels in both syllable positions (medial and final). Last line indicates the level of significance of a

Mann-Whitney test conducted between nasal and oral vowels.
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A A A A A A A A A D.E. A A A
Pair type Pair F1 DbFl1 aFl F2 bF2 aF2 F3 bF3  aF3 F1/F2 Al-PO Al1-P1 Intensity EDI

Phonological /al-la/l -112 198 -43  -476 235 04 -155 121  -10,1 489 -6,87  -9,27 -0,031 0,11
51>/ -43 110 -38 483 300 -11,7 199  -137 -3,3 130 6,28 5,02 0,009 0,06
Vowel I&-le/ 146 196 -42  -401 -37 4,4 29 254  -25 427 -4,89  -16,77  -0,025 0,04
1 Phonetic lal-ly 69 175 -51 -198  -155 93  -64 226 -36 209 5,70  -1353  -0,022 0,13
/3/-lul 125 42 09 339 -1040 -08 615 -106 -19 114 259 570 0,019 0,06
/&-lal  -103 191  -34 4 44 21 72 222 -38 103 7,18 -4,92 -0,012 0,07
Phonological /al-/a/ -108 178 -68 -260 256  -45 -123 397  -147 281 7,90 2,22 -0,022 0,09
151-lo/ -18 78 23 157 969  -97 -39 45 -0,1 158 -4,06 4,72 0,006 0,08
Vowel I&-le/ 43 340 69  -398 -10 30 138 1937 -53 401 -749 -1985  -0,038 0,12
2 Phonetic lal-I> 86 152 -47 46 -14 1,8  -86 160  -0,1 97 525  -4,96 -0,009 0,13
/5/-lu/ 95  -36 -1,5 -577 813 1,8 560 -102 2,7 32 0,41 0,20 0,013 0,07
&-lal  -172 317 75 99 133 -33  -38 2400 -10,2 199 -8,05  -3,65 -0,035 0,05
Phonological-
Phonetic NS NS NS NS NS NS NS NS NS .026 NS NS NS NS
1253
1254 Table 5: Distances between the various acoustic indices among the members of different pairs in the discrimination task. Last line indicates the
1255 level of significance of a Mann-Whitney test conducted between phonological and phonetic pairs.
1256
1257
1258
1259
1260
1261
1262
1263
1264
1265
1266
1267
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1268

a
Pairs

€
Pairs

k)
Pairs

Pphonological
pairing

Different :/tata/ — /tata/
Same : /tata/ — /tatd/
Same : /tata/ — /tata/

Different : /tétg/ — /tete/
Same : /t€te/ — /tEte/
Same : /tete/ — /tete/

Different : /t3t3/ — /toto/
Same : /t3t3/ — /tdt3/
Same : /toto/ — /toto/

Pphonetic
pairing

Different : /tata/ — /toto/
Same : /tatd/ — /tatd/
Same : /toto/ — /toto/

Different : /t€tg/ — /tata/
Same : /tete/ - /t€tE/
Same : /tata/ — /tata/

Different : /t3t3/ — /tutu/
Same : /t3t3/ — /t3t3/
Same : /tutu/ — /tutu/

Oral/oral
control

Different: /tata/ — /toto/
Same: /tata/ — /tata/
Same: /toto/ - /tota/

N e N A R Y V-

1

Different : /tete/ — /tata/
Same : /tete/ — /tete/
Same : /tata/ - /tata/

N
5
1
1
5
1
1
5
1
1

Different : /tutu/ — /toto/
Same: /tutu/ — /tutu/
Same: /toto/ - /toto/

i Y R L Y Y (7

1269

Table 6 : Pairs of stimuli in the discrimination task.
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1270

1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285

1286

TH Cl Sig.
Total 97,8 (0,003) 88,5 (0,011) <.001
Vowel a 95,6 (0,017) 79,2 (0,07) .004
5 99,1 (0,005) 94,2 (0,029) .01
é 99,5 (0,003) 92,6 (0,035) .001
a 99,5 (0,003) 90,1 (0,04) <.001
€ 99,9 (0) 98,6 (0,011) NS
u 100 (0) 80,1 (0,072) NS
0 100 (0) 98,6 (0,011) NS
sig. <.001 <.001
Vowel type Nasal 98 (0,009) 88,7 (0,04) .001
Oral 99,8 (0,001) 92,1 (0,03) <.001
sig. <.001 NS
Chronological age 4-6y. 95,3(0,03) 91,8 (0,025) NS
7-9y. 99,7 (0,002) 87,4 (0,045) <.001
10-12y. 99,8 (0,002) 88,8 (0,031) <.001
sig. .008 NS
Auditory age 4-6y. 95,3 (0,03) 89,2 (0,03) .04
7-9y. 99,7 (0,002) 89,9 (0,02) <.001
10-12y. 99,8 (0,002) 90,7 (0,04) <.001
sig. .008 NS

Table 7: Correct identification scores (marginal means and standard deviations calculated
with the EMMEANS package) (in %) for TH and CI groups and the different inter- and intra-

subject variables, with associated significance levels.
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1287

1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299
1300
1301
1302
1303
1304
1305
1306
1307
1308
1309
1310
1311
1312
1313
1314
1315
1316
1317
1318
1319
1320
1321
1322
1323
1324
1325
1326
1327
1328

Cl group
Implantation <10m. 92,6 (0,019)
>10m. 86,6 (0,028)
sig. .07
Cued speech exposure Occasional 83,5 (0,03)
Frequent 93,4 (0,014)
sig. <.001

Table 8: CI group correct identification scores (marginal means and standard deviations) (in
%) for the inter-subject variables "Implantation™ and "Cued speech exposure™, with
associated significance levels.
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1329
1330

1331

1332

1333

1334

1335

1336

1337

1338

1339

1340

1341

1342

1343

1344

1345

1346

1347

Stimulus

Response
a 3 £ a h) £

. TH:90% |[TH:10% |[TH:/ TH:/ TH:/ TH:/ TH:/

¢ Cl:76% Cl:221% |Cl:0,9% |CI:/ Cl:1% Cl:/ Cl:/

5 TH:/ TH:975% | TH :/ TH:/ TH : 2% TH:05% |TH:/
Cl:58% |Cl:92,3% |CI:1% Cl:/ Cl: 1% Cl:/ Cl:/

: TH:/ TH:/ TH:985% |TH:15% |[TH:/ TH:/ TH:/
Cl:/ Cl:/ Cl:90,4% |Cl:96% |Cl:/ Cl:/ Cl:/

a TH:05% [TH:/ TH : 1% TH:985% | TH :/ TH:/ TH:/
Cl:19% |Cl:/ Cl:96% |Cl:875% |Cl:/ Cl:/ Cl: 1%
TH:/ TH:/ TH:/ TH:/ TH:100% (TH:/ TH:/

? Cl:/ Cl:19% |CI:/ cl:/ Cl1:981% |CI:/ Cl:/

y TH:/ TH:/ TH:/ TH:/ TH:/ TH:100% [TH:/
Cl:/ Cl: 1% Cl:/ Cl:/ Cl:154% |Cl:76,9% |Cl:6,7%

. TH:/ TH:/ TH:/ TH:/ TH:/ TH:/ TH : 100%
Cl:/ Cl:/ Cl:/ Cl:/ Cl:19% |CI:/ Cl:98,1%

Table 9: Confusion matrix for each target phoneme, for TH and CI groups.
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1348

1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391

Substitution type TH Cl ¥2 ; p-value
Nasal |
asal ¢ Oral 5 (0,4%) 4 (05%) 2 (1) = 0,638 : p =.424
- phonological pairing
Nasal <> Oral 6 (0,4%) 22 (3%) 2 (1) = 27.2 ; p<.001%**

- phonetic pairing

Table 10: Number of substitutions (and % of total number of responses) for each substitution
type in TH and CI groups, with associated statistical test.
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1392
1393

1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422

TH Cl Sig.
Total 4,41 (0,09) 4,12 (0,13) .04
Pair lal-lal 4,41 (0,15) 4,11 (0,21) NS
151-15/ 4,34 (0,15) 3,86 (0,2) .04
[&]-le/ 4,56 (0,15) 4,15(0,2) NS
[&l-1al 4,34 (0,15) 4,04 (0,2) NS
lal-Is/ 4,31 (0,15) 4,26 (0,21) NS
151-1ul 4,48 (0,15) 4(0,2 .06

sig. NS NS
Pair type Phonological 4,44 (0,1) 4,03 (0,152) .03
Phonetic 4,38 (0,1) 4,1(0,152) NS

sig. NS NS
Chronological age 4-6y. 4,2 (0,2) 4,18 (0,22) NS
7-9y. 4,47 (0,15)  3,73(0,29) .02
10-12y. 4,48 (0,16) 4,15 (0,22) NS

sig. NS NS
Auditory age 4-6y. 4,2 (0,2) 3,99 (0,2) NS
7-9y. 4,47 (0,15)  4,22(0,25) NS
10-12y. 4,48 (0,16) 4 (0,29) NS

Sig. NS NS

Table 11: Pairwise d’ scores for each group (marginal mean and standard deviation), for the

different inter- and intra-subject variables, with significance level of statistical tests.
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1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446
1447
1448
1449
1450
1451
1452
1453
1454
1455

1456

1457

1458

1459

1460

Cl group

Implantation <10m. 4,06 (0,27)
>10m. 4,07 (0,25)

sig. NS
Cued speech exposure Occasional 3,9 (0,27)
Frequent 4,21 (0,25)

sig. NS

Table 12: CI group d’ score marginal means (and standard deviations) for the inter-subject
variables "Implantation” and "Cued Speech exposure™ with associated significance level.
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1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
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Figure 1: Correct identification ratio (mean and 95% CI) for each target phoneme, for the

CI/CS- subgroup (dot), CI/CS+ subgroup (triangle) and TH group (square). Significant
differences between groups are indicated with * (p<.05), ** (p<.005) or *** (p<.001).
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Figure 2: d' scores distribution (mean and 95% CL) for both groups (Cl and TH) and pair

type (phonological vs phonetic).
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