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Introduction: The acoustic limitations of cochlear implants (Cls) can lead
to perceptual limitations and consequently to imprecise phonological
representations and production difficulties. The aim of the study is to document
the phonological and phonetic skills of children with Cls and their typically
hearing peers. Phonetically, three types of segments were targeted, each
characterized by contrasting acoustic information: nasal/oral vowels, fricative
segments, and voiced/voiceless stops.

Methods: Forty-seven typically hearing children (TH) and 23 children with
Cls performed a picture-naming task. Productions were analyzed to obtain
phonological measures (percentages of correct phonemes, types of errors), and
various acoustic measures were collected to characterize the productions on the
three types of segments investigated. Multiple factor analyses were conducted to
study productive profiles on the various acoustic measures, and the dimensions
were correlated with phonological measures.

Results: The results showed lower performance in lexical (target word
retrieval) and phonological (percentages of correct phonemes) skills among
children with Cls (CI group), although with better performances among children
exposed to CS. Acoustically, children in the Cl group exhibited productions
significantly different from those of the TH group in terms of the distinction
of fricative consonants, marking nasalization through nasal resonance cues,
and in the production of voiceless stops. However, the Cl group demonstrated
compensatory strategies (lengthening of VOT for voiced stops, marking of
nasalization through oropharyngeal configuration cues).

Conclusions: The results indicate that children with Cls are at risk of
experiencing difficulties in both phonetic and phonological domains. However,
there are opportunities for compensation through the exploitation of acoustic
cues better coded by the Cl and/or through perceptual means (utilization of
visual cues).

KEYWORDS

cochlear implant, speech, acoustic, nasal vowels, fricative consonants, stop consonants,
multiple factor analysis
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1 Introduction

Cochlear implantation is now commonly provided to people
with severe to profound deafness, and has been shown to effectively
restore hearing function and promote oral language development
in children (Sharma et al., 2020; Tamati et al., 2022). However,
numerous studies on speech sound production by children with
cochlear implants have shown specificities compared to age-
matched peers with typical hearing, as well as significant variability
in performance. Difficulties in production can be explained
primarily by delayed access to oral language associated with a
lack of oral language stimulation during sensitive periods in
the development of the auditory areas associated with language.
Another explanatory factor is related to perceptual difficulties that
may arise from processing speech through a cochlear implant,
as productive skills require precise support from acoustically and
phonologically specified representations (Stackhouse and Wells,
1993). The cochlear implant degrades the spectral structure
of sound before transmitting it to the auditory nerve. This
degradation is related to the limited number of electrodes
capable of independently coding the frequency information of
the original sound without activation diffusion or interactions
between adjacent electrodes (channel-to-channel interactions).
Furthermore, frequency ranges perceived via the implant may be
limited in both high and low frequencies. The coding of low
frequencies depends on the shallowness of the array insertion
and potential mismatches in frequency mapping (Baskent and
Shannon, 2005; Bagkent et al., 2016). Frequencies above ~8,000 Hz
reach the limits of the processor in current implants (Loizou, 2006;
Reidy et al., 2017), meaning that speech sounds with acoustic cues
relying on high frequencies are more likely to be perceived and
encoded imprecisely by individuals with cochlear implants. The
present study aims to investigate how French-speaking children
with cochlear implants produce three types of speech segments:
nasal and oral vowels, where the distinction is primarily carried
by low-frequency information; fricative consonants, where acoustic
cues are mainly carried by high-frequency information; and
voiced/unvoiced plosive consonants, where the voicing contrast
is supported by temporal acoustic cues, presumed to be better
encoded by the cochlear implant than spectral cues.

In French, the production of contrastive nasal vowels involves
nasal resonance and a specific vowel quality associated with
a characteristic oropharyngeal configuration (lip, tongue, and
larynx positioning). The acoustic coupling of nasopharyngeal
and oropharyngeal cavities results in various acoustic changes
compared to oral vowels, including shifts in frequency, intensity,
and bandwidth of the first formant (Delattre, 1954; House and
Stevens, 1956; Delattre and Monnot, 1968; Maeda, 1993), as
well as changes in intensity ratios between the first harmonics
and among different formants (Chen, 1995, 1997; Delvaux, 2002;
Delvaux et al., 2002). These acoustic differences between vowels
contrasting for nasalization necessitate the precise processing
of acoustic information with a sufficient degree of frequency
selectivity and sensitivity to amplitude variations, particularly
among low-frequency harmonics, which may pose challenges for
cochlear implant recipients. The study of nasal and oral vowels
in CI users has been the subject of a limited number of studies,
possibly due to the non-contrastive nature of vowel nasalization
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in many languages worldwide. However, Bouton et al. (2012)
highlighted difficulties in discriminating minimal pairs based
on nasal and oral vowels among French-speaking children with
cochlear implants, attributing the challenges to insufficient spectral
resolution and difficulty in coding low-frequency information.
Borel (2015) and Borel et al. (2019) noticed challenges in identifying
nasal vowels among adult French speakers with cochlear implants,
particularly when these vowels were phonetically similar in
oropharyngeal configuration to other oral vowels in the French
system. This observation led to the development of a discrimination
task involving phonologically contrasting nasal and oral vowels
(according to the nasal-oral distinction in the French phonological
system: /a/-/al, /3/-/2/, /€/-/¢/) as well as phonetically divergent
pairs in which the oral and nasal vowels were close in terms
of oropharyngeal configuration (/a/-/o/, /3/-/o/, /€/-/a/). A recent
study (Fagniart et al., 2024) confirmed these findings in children CI
recipients, who have greater difficulty discriminating phonetically
matched nasal-oral pairs. Intensive exposure to Cued Speech led to
a better utilization of temporal acoustic cues, resulting in improved
performance in these children. Subsequent analyses of nasal and
oral vowel productions from the same children revealed reduced
differentiation based on acoustic cues related to nasal resonance,
but increased differentiation based on formant frequencies (i.e.,
oropharyngeal configuration) and segmental length.* These results
support the hypothesis of increased difficulty in detecting nasal
anti-resonances and other acoustic cues related with phonetic
nasality, although this can be compensated for by exploiting more
accessible cues conveying the oral-nasal contrast such as formant
values or temporal differences.

The production of fricative consonants involves a constriction
in the vocal tract generating turbulent airflow. The resulting
aperiodic signal (noise source) covers a wide frequency range with
significant energy in the high frequencies. It is then filtered by the
vocal tract, resulting in a concentration of energy in the mid to high
frequencies depending on the location of the constriction (place
of articulation). Due to limitations in processing high frequencies
by the implant processor, these segments are prone to causing
perceptual and productive difficulties in CI recipients. Identifying
and discriminating the places of articulation is more challenging
for children with CIs (Lane et al., 2001; Mildner and Liker, 2008;
Bouton et al, 2012), especially for the phonemes /s/ and /[/
(Giezen et al., 2010; Hedrick et al., 2011). On the production side,
late and imprecise emergence of fricative consonants has been
observed in the phonemic repertoires of children with implants,
although performance improves with age and duration of CI
use (Warner-Czyz and Davis, 2008). Concerning phonological
accuracy, some authors (Kim and Chin, 2008) identified typical
error patterns in CI children, which are associated with fortition
errors (e.g., cessation of fricatives, devoicing). These errors match
those observed in the early stages of phonological development
in typically hearing children (Jakobson, 1968), suggesting delayed

1 Fagniart, S., Delvaux, V., Harmegnies, B., Huberlant, A., Huet, K., Piccaluga,
M., et al. (under review). Producing nasal vowels without nasalization?
Perceptual judgments and acoustic measurements of nasal/oral vowels
produced by children with cochlear implants and typically hearing peers. J.

Speech Lang. Hear. Res.

frontiersin.org


https://doi.org/10.3389/fauot.2024.1425959
https://www.frontiersin.org/journals/audiology-and-otology
https://www.frontiersin.org

Fagniart et al.

acquisition patterns that are not unique to CI children. In the same
vein, Faes and Gillis (2016) have shown that phonological accuracy
in fricative consonants is delayed when comparing CI and typically
hearing children based on age, but not when matched in terms
of vocabulary size. Several acoustic studies have also documented
difficulties related to the production of fricatives segments in
children with CI compared to their age-matched typically hearing
peers, such as: diminished differentiation in the /s/-/[/ contrast
(Mildner and Liker, 2008; Todd et al., 2011; Reidy et al., 2017),
specific patterns in implementing the /f/-/s/ contrasts in French
(Grandon and Vilain, 2020), and overall lower spectral values (Yang
and Xu, 2023).

The production of stop consonants involves the active and
complete closure of the vocal tract by movements of the articulators
toward each other, followed by a quick opening that releases a
burst of acoustic energy. In voiced stops, vocal cord vibration
accompanies the closing phase, contributing to the addition of a
periodic sound source voiced. Voice Onset Time (VOT) serves as
the acoustic marker for the voicing contrast in stop consonants.
VOT represents the duration of the period of time between the
release of the oral closure and the onset of vocal cord vibration
(Lisker and Abramson, 1964). Since the voicing contrast in stop
consonants is carried by temporal cues, one could presume that
it is appropriately encoded by CI. This was suggested by Bouton
et al. (2012), who noted better performance in children with CIs
in discriminating minimal pairs opposing stop consonants on
the basis of the voicing feature, compared to other distinctive
features. However, this finding has not been consistently verified.
For instance, Peng et al. (2019) reported lower performance
in discriminating minimal pairs involving voiced vs. voiceless
stops among young cochlear implant recipients compared to their
hearing peers. Studies using categorical perception paradigms have
also yielded contradictory results regarding the performance of
children with CIs, with some studies showing lower categorical
perception (Giezen et al., 2010), while others did not find any
difference when compared to typically hearing children (Medina
et al,, 2004) for the voicing contrast. Few studies have examined
VOT measurements to objectively assess how voiced and voiceless
stops are distinguished in the speech productions of children
with CI. Uchanski and Geers (2003) and Horga and Liker (2006)
observed shorter VOT values for voiceless stops, leading to a
reduced voiced-voiceless distinction compared to typical-hearing
peers. Grandon et al. (2017) observed shorter VOT values for
voiceless stops in French-speaking CI children, but only for the
velar consonant/k/. Despite the voicing feature of stop consonants
being indicated by temporal cues, studies on the perception and
production of this distinctive feature show contrasting results,
warranting including them in our study of the speech productions
of French-speaking children with CI.

As most studies have focused on a single distinguishing feature
in isolation, the main purpose of the present study is to document
the productive skills of different types of distinction with the
same children, to jointly observe their productive profiles based on
phonological and phonetic analysis. To this purpose, we focused
on three types of segments: nasal/oral vowels, fricative consonants,
and stop consonants, to examine whether there are common
production profiles across different types of targeted phonetic
features. Productions will be collected through a picture-naming
task, to study the phonological representations stored in the
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children’s memory. Taking the literature into account, it can be
expected that, children with a cochlear implant (CI):

A) May have difficulty finding the precise phonological form of
target words considering their perceptual limitations. These
difficulties may manifest in lower naming performance (less
retrieval of the target word in the first instance) and/or in more
phonemic substitution when producing the target word;

B) May distinct nasal and oral vowels relying more on
better-encoded cues, like formant frequencies related to
oropharyngeal configuration rather than nasal resonance cues
(see text footnote 1);

C) May produce fricative consonants with less distinction of place
of articulation (Mildner and Liker, 2008; Todd et al.,, 2011;
Reidy et al., 2017; Grandon and Vilain, 2020);

D) May produce voiceless stops with shorter values (Uchanski and
Geers, 2003; Horga and Liker, 2006; Grandon et al., 2017).

The originality of the study lies in jointly examining these
different segments, aiming to identify distinct profiles of common
difficulties and/or compensatory strategies that may be observed
among the children. In addition to studying these different
hypotheses through comparisons between CI children and typical
hearing peers, different variables likely to have an impact on
performance will also be studied, namely chronological age as well
as hearing age, age of implantation and exposure to Cued Speech
among CI children.

2 Materials and method

2.1 Participants

Two groups of children were recruited: a group of children
with typical hearing (TH group) and a group of children with
cochlear implants (CI group). The TH group comprises 47 French-
speaking children with typical hearing, with an average age of 56
=+ 13 months, who do not exhibit any learning delays or auditory
disorders. The CI group consisted of 23 French-speaking children
(mean age: 67 £ 15m.) with congenital bilateral profound hearing
loss, 22 of whom had bilateral implants, and one child with a
unilateral implant. All CI participants received “oralist” auditory
rehabilitation, both at their rehabilitation center and in their family
environment. This group was divided based on their exposure to
Cued Speech: eight of the children were not exposed to CS (CS0),
while 15 were exposed to CS during their speech therapy sessions
(two at three sessions per week) and/or in their family context
(CS1). Implantation age groups were also created, with children
who received their first implant before 16 months considered as
early implantations (CI/EL, n = 12), and those implanted after
16 months considered as late implantations (CI/LI, n = 11). The
age of 16 months was chosen to be in line with various studies
showing a significant benefit from implantation before 18 months
(Sharma et al.,, 2020). Given the distribution of implantation ages,
we lowered the threshold to 16 months, enabling us to create
equivalent groups. The list of participants and their characteristics
are presented in Table 1.

Both groups were divided into three/four chronological age
groups: 2;6-3;6 years (only for TH group), 3;7-4;6 years, 4;7-5;6
years, and 5;6-7 years (see Table 2). For children in the CI group,
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TABLE 1 Characteristics of the Cl children.

Subject

Chronological age

(years; months)

Chronological
age group

Age at first
implantation
(months)

Implantation age
group: early

Auditory age

group

Implantation

type

CS exposure
group

CIl M 46 3;7-456 y. 9 2;6-36y. Bilateral CSo
CI2 M 6;5 5;7-7'y. 39 2;6-3;6 y. Bilateral CSo
CI3 F 5;10 47-56'y. 15 3;7-46 y. Bilateral CSo
Cl4 F 6;7 5;7-7y. 7 3;7-4,6 y. Bilateral CSo0
CI5 F 6;6 4;7-5:6y. 31 3;7-4,6y. Bilateral CS1
CI6 F 4;7 47-56'y. 7 3;7-4;6'y. Unilateral CS1
CI7 F 7;3 5;7-7y. 13 47-5:6 y. Bilateral CS1
CI8 M 47 47-56y. 13 2;6-3;6y. Bilateral CS1
CI9 M 4;9 47-56'y. 13 2;6-3;6 y. Bilateral CS1
CI10 M 4;6 3;7-4;6 . 12 2;6-3;6'y. Bilateral CS1
CI11 F 4;6 3;7-4;6y. 18 2;6-3;6y. Bilateral CS1
CI12 M 5;6 4;7-5:6y. 9 2;6-356 y. Bilateral CSo
CI13 F 7;3 5;7-7y. 24 47-5:6'y. Bilateral CS1
CI14 G 7;10 57-7y. 26 4;7-5:6y. Bilateral CS1
C15 G 6;11 5;7-7y. 23 47-56'y. Bilateral CS1
Cl16 F 6;9 57-7y. 20 4;7-5:6y. Bilateral CS1
C17 M 6;0 57-7y. 20 3,7-4,6y. Bilateral CSo
CI18 F 39 3;7-456y. 23 3;7-4:6y. Bilateral CS0
CI19 F 50 47-5:6y. 12 2;6-3;6 y. Bilateral CS1
CI20 F 38 3;7-4;6y. 32 2;6-3;6y. Bilateral CS1
CI21 M 411 47-56'y. 11 2;6-3;6 y. Bilateral CSo0
CI22 F 6;7 57-7y. 17 2;6-3;6y. Bilateral CS1
CI23 F 5;0 4;7-5:6y. 13 3,7-4,6y. Bilateral CS1

e 3@ pejubeq

65652 T'¥202'I0Ne}/68¢5°0T


https://doi.org/10.3389/fauot.2024.1425959
https://www.frontiersin.org/journals/audiology-and-otology
https://www.frontiersin.org

Fagniart et al.

TABLE 2 Groups and age subgroups distribution.

Chronological age Auditory age
subgroups years; subgroups years;
months (N) months (N)

I 3;7-46y. (5) 26-36y. (11)
4;7-5:6y. (9) 3;7-4;6'y. (7)
57-7y. (9) 47-56y. (5)

TH 26-3:6 y. (9) N/A (typical hearing)
3;7-456'y. (10)
4;7-5:6y. (17)
57-7y. (1)

auditory age groups were also formed, considering their age from
the time of their first implantation.

2.2 Data collection and treatment

2.2.1 Procedure

Children’s speech samples were collected using a picture
naming activity (Philippart De Foy et al., 2018). Target words were
carefully chosen by the authors to include all French phonemes
in initial, medial, or final syllabic position. In addition, these
words were selected for their high lexical frequency and early age
of acquisition, to facilitate their retrieval by young children. In
terms of target segments, the target words contained 25 fricative
consonants, 13 nasal vowels and 69 oral vowels, as well as 42
stop consonants.

The target word pictures were presented to the child one at
a time via a booklet, and he or she was asked to orally name
each picture. Different prompts were provided if the child did
not respond or if the produced word did not match the target
(semantic paraphasia or random response). First, semantic cues
related to the target word were provided (e.g., for example: “you
can use it when it rains” for “umbrella”). If the target word was
still not produced, a phonological cue was offered by presenting
its initial phoneme (e.g., “it starts with/s/” for “/suri/”—mouse).
If these two cues were not sufficient for the child to retrieve the
target word, the experimenter would produce the target word and
ask the child to repeat it. Thus, each target word could be elicited
through four types of elicitation: spontaneous naming, naming
after semantic prompt, naming after semantic and phonological
prompts, or simple repetition. Production based on naming and on
repetition can imply different mechanisms: while naming requires
retrieval of a phonological form stored in memory, repetition
relies on auditory skills while allowing direct imitation of the
stimulus. Based on this principle, the effect of the type of elicitation
(direct naming or prompt vs. repetition) will also be studied within
productions. The children’s productions were recorded using a H5
Zoom portable recorder.

2.2.2 Phonological analysis

All the audio files were annotated by an initial examiner and
subsequently verified by the first author using the Phon 3.1 software
(Hedlung and Rose, 2020). By comparing them with the canonical
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phonological content of the target words, these annotations made
it possible to the extraction of the Percentage of Correct Phonemes
(PCP), Correct Fricatives (PCF), Correct Nasal vowels (PCN),
Correct Stops (PCS), and to identify the various types of production
errors made by the children such as substitution based on place or
manner of articulation or voicing.

2.2.3 Acoustic analysis

The annotations performed in Phon were subsequently
exported to Praat (Boersma and Weenink, 2023). Phoneme
alignments were manually corrected to enable the use of semi-
automated scripts for extracting acoustic measures on the segments
of interest.

2.2.3.1 Nasal vowels

The acoustic description of vowels aimed to study the two
main aspects of nasal/oral vowel production: the adoption of
an articulatory configuration specific to the vowel quality, on
one hand, and the resonance with the nasal cavities (only for
nasal vowels) on the other hand. To investigate the acoustic
characteristics associated with oropharyngeal configuration,
formant values were examined. For the study of nasal resonance,
Nasalization from Acoustic Features (NAF) values (Carignan et al.,
2023) were generated. A total of 6,605 vowels were analyzed.

Formant measurements were obtained using a semi-automated
procedure. For F1, F2, and F3, the formant value used is the
median value of the series of values obtained every 5ms in the
interval between 25 and 75% of the total vowel duration. Given the
sensitivity of formant value detection to spectrogram parameters,
particularly in children, several precautions and verifications
were implemented to avoid errors in formant detection. Initially,
formant detection parameters were adjusted individually for each
vowel and child. After extracting the formant values based on
these parameters, a visualization of the productions in the F1/F2
space was utilized to identify any aberrant values. Aberrant values
were identified by checking if F1, F2, or F3 values fell beyond
plus or minus three standard deviations from the mean formant
values of the subject. All outliers were manually verified, with
spectrograms examined to correct formant values or exclude vowels
with unreadable or unclear signals (with a negligible number of
occurrences, around 1%).

To assess the degree of nasality in the vowel productions,
a procedure largely inspired by the NAF (Nasalization from
Acoustic Features) method (Carignan, 2021; Carignan et al., 2023)
was employed. First, a large array of measures was collected
through semi-automated procedures to extract acoustic indices
at 11 time points within the vowels. These measures included
overall amplitude, formant bandwidths for F1, F2, and F3, as
well as relative amplitude deltas between formants and poles: Al-
PO, A1-P1, A3-PO (measured using the “Nasality Automeasure
Praat” script by Styler, 2017) and various indices proposed by
Carignan (spectral moments and nasal murmur). Note that some
acoustic indices used in Carignan’s initial method, such as formant
frequency values and Mel-frequency spectral coefficients (MFCC),
were not included here since effects pertaining to oropharyngeal
configuration alterations were measured separately with formant
values. Secondly, a model was built to reduce the various acoustic
cues linked to vowel nasality to a value that would characterize the
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oral-nasal dimension. Indeed, it is currently complicated to isolate
a single acoustic metric to reflect the degree of nasal resonance
(Carignan, 2021). Based on this principle, we drew inspiration
from the NAF method to build a machine learning model that
predicts a metric value quantifying the oral/nasal character of
children’s productions based on the series of acoustic cues collected.
A supervised machine learning technique was employed: the
gradient-boosted decision tree model. This technique necessitates
training the model on a portion of the data, requiring a training
and test sample. For this purpose, part of the time points over which
acoustic measurements were collected within each vowel were used
for training, the other for testing. To avoid capturing the effects
of pre- and post-vocalic phonetic context, we excluded the time
points corresponding to the 0, 10, 90, and 100% portions of the
vowel, leaving 7 time points. Next, we partitioned the dataset by
extracting the time points at 20, 40, 60, and 80% of the duration
of each vowel from the children in the TH group to form the
training sample. We chose to include these time points because
they represent a relatively stable portion of the vowel that is most
likely to carry information related to vowel nasality. The training
sample was made up of children from the TH group only, so that
the model could be trained on supposedly typical productions.
Within the training sample, productions were labeled as oral (0) or
nasal (1) based on the target vowel to be produced. Subsequently, a
gradient-boosting decision tree model (XGBoost R Package, Chen
and Guestrin, 2016) was trained on the scaled selected acoustic
features with multiple iterations to optimize hyperparameters and
minimize cross-validation errors. Finally, the trained model was
used to predict nasality responses on the testing sample. The model
was defined with minimized linear regression error, to permit the
obtention of values on a scale from 0 to 1 on an oral-nasal mapping
dimension. The resulting NAF values ranged numerically from 0
to 1, with higher values indicating a higher predicted degree of
nasality, and intermediate values corresponding to those that are
halfway to the acoustic characteristics of nasal and oral vowels.

To examine strategies employed in the phonetic
implementation of the phonological contrast between nasal
and oral vowels, paired comparison analyses were conducted,
considering the phonetic (/a/-/o/, /3/-/0/, /€/-/a/) and phonological
(/a/-1al, I5/-151, [&]-/¢]) proximity (Borel, 2015) of oral-nasal pairs
in French. We also included the pairs/a/-/o/, as the distinction
between /o/ and /o/ is sometimes subtle in children’s productions,
and /3/-/u/, as these segments are also very close phonetically
(Fagniart et al., 2024). For each child, each produced nasal vowel
was paired with all orally produced vowels that were phonetically
or phonologically similar, resulting in a listing of all oral/nasal
pairs produced. A total of 30,402 pairs were formed, allowing for
comparisons of acoustic cues within each nasal-oral pair. Euclidean
distances in the F1-F2-F3 (Bark) planes (as described in Calabrino,
2006) and differences between NAF values were examined for
each pair.

2.2.3.2 Fricative consonants

The acoustic characterization of fricative consonants was
conducted using recently developed measures (Shadle et al., 2023),
allowing for the examination of both the place of articulation, i.e.,
the location of airflow obstruction, and the quality of the frication
noise generated by analyzing intensity ratios across low, mid, and
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high-frequency bands. These measurements were conducted within
spectra generated by the Multitaper Method (MTPS; Blacklock,
2004), which averages a series of periodograms obtained through
the collection of mutually orthogonal windows (tapers). The MTPS
method is renowned for its minimized errors and enhanced
temporal precision (Sfakianaki et al., 2024).

A total of 1917 fricatives were analyzed. A R script adapted
from the script developed and provided by Reidy et al. (2017)2
generated a MTPS using eight tapers at the temporal midpoint
of the phoneme. Three acoustic measures were then collected
from the generated spectra: spectral peak, levelD, and ampDift
for each target sibilant/s,z,[,3/or ampRange for each target non-
sibilant/f-v/. The spectral peak was obtained by extracting the
frequency of the amplitude peak in the mid frequencies, levelD
was obtained by calculating the difference in acoustic power
between mid and high frequencies, and ampDiff represented the
amplitude difference between low and mid frequencies. It is worth
noting that the indices levelD and ampDiff quantify the energy
ratios in low, mid, and high frequencies. A good frication noise
source should have a significant portion of acoustic energy in
mid and, particularly, high frequencies. Therefore, a good noise
source should result in high ampDift values (as mid frequencies
are reinforced compared to lows) and low levelD values (indicating
a large proportion of energy in high frequencies). These three
measures required the definition of ranges for low, mid, and high
frequencies within the spectrum. Since there were no references
available for young children, these ranges were established through
a meticulous analysis of the spectra, employing trial-and-error
to identify parameters that most accurately represented our data.
Finally, the values proposed by Shadle for adult females (Shadle
et al., 2023) with slight modifications were adopted. Notably, the
maximum threshold for the mid-frequency range in the detection
of spectral peaks for /s, z/ was adjusted to 10,000 Hz instead of
8,000 Hz, and to 8,000 Hz instead of 4,000 Hz for /[, 3/.

2.2.3.3 Stop consonants

A total of 3,012 stops were analyzed. To calculate VOT, stop
consonants were manually annotated on Praat by identifying the
consonant burst, which represents the moment of stop release, and
the onset of voicing, which could precede the burst in the case of
voiced consonants or follow it in the case of voiceless consonants.
Subsequently, a Praat script was used to extract the VOT of all the
annotated stops.

2.3 Statistical analysis

Linear generalized mixed models, employing the Ime4 package
(version 1.1-34; Bates et al,, 2015) within the R software (R
Core Team, 2020), were used to compare groups among the
various acoustic measures on the children’s speech productions.
These models were constructed by including subject and stimulus
characteristics (the variables and their levels are specified in
Table 3) and the interaction among these variables. It is worth
noting that it was the expected segments relative to the target

2 Freely at: https://github.com/MontrealCorpusTools/SPADE/blob/main/
jss_sibilant_revised_jm_0618.R.
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TABLE 3 Variables related to subject and stimulus characteristics and
their levels.

LGM variables Variables and their levels

Subject characteristics Auditory status: cochlear implant children

(CI) - typical hearing children (TH)

CS exposure: CI/CS0 = no CS exposure -
CI/CS1 = CS exposure - TH

Chronological age group:
2;6-3;6/3;7-4;6/4;7-5;6/5;7-7

Auditory age group:
2;6-3;6/3;7-4;6/4;7-5;6/5;7-7

Implantation age group: CI/EI = early
(<16 m.) - CI/LI = late (>16 m.) - TH

Stimulus characteristics Segment identity:

- Nasal/oral pair:/a/-/a/, /a/-/o/, /al-/ol,
131-151, I51-10l, 15/-1ul, 1E/-/€, [€]-1al

- Fricative consonants: /{/-/s/-/[/-/v/-1z/-3/

- Stop consonants: /p/-/t/-/k/-/b/-/d/-/g/

Voicing type: voiced - voiceless (for fricative
and stop consonants)

Elicitation type: naming - repetition

word that allowed for labeling the identity of the productions.
For example, the /a/ in “pantalon” (/patal5/- “pants”) was labeled
as/a/regardless of the actual production of the segment, ie.,
even if it was denasalized. To address inter-subject variability, a
random intercept effect for the subject was integrated into the
model. Significance assessment of fixed effects were examined
using Chi-squared tests and corresponding p-values, conducted
via the ANOVA function of the Car package (Fox and Weisberg,
2018) applied to the model. Additionally, post-hoc analysis were
conducted using the emmeans package (Lenth et al., 2024).

Multiple factor analyses were conducted using the FactoMineR
package (Le et al, 2008), and graphical representations were
created using Factoextra (Kassambara and Mundt, 2020). They
were performed on a dataset consisting of subject-wise averages of
various acoustic measures aggregated as means, namely:

- Euclidean distance values of F1-F2-F3 and NAF for all nasal-oral
pairs, where higher average values indicate a greater distinction
between nasal and oral configurations in terms of oropharyngeal
configuration and nasal resonance.

- Spectral peak values by place of articulation, averaged levelD and
ampDiff for fricatives, where one would expect to observe better
articulation places marked by higher and well-distinguished
spectral peak values, lower values for levelD, and higher values
for ampDiff, representing a reinforcement of high-frequency
acoustic energy associated with a good frication source (Shadle
etal., 2023);

- Mean differences between VOT values of voiceless and voiced
stops, where higher values indicate a greater distinction in
voicing between voiced and voiceless stops.

The subjects’ characteristics (hearing status, age groups,
and CS exposure) were added as supplementary variables not
actively involved in constructing the dimensions. This addition
allows for observing the distribution of different subgroups
based on the constructed dimensions. The description of the
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generated dimensions along with their constituent variables and
the additional variables was performed using the dimdesc function
(package FactoMineR). Finally, to determine whether a relationship
exists between children’s phonological performance and their
acoustic profiles, we conducted Pearson correlations between the
dimensions of the multiple factorial analysis and the various
phonological accuracy scores obtained.

3 Results

3.1 Naming task performance

As explained in Section 2.2.1, children produced all target
words of the naming task but may have done so using different
types of elicitation: spontaneous naming or after semantic
prompt, after semantic and phonological prompts, or through
simple repetition. The percentages of the first type of elicitation,
spontaneous naming, are significantly higher in the TH group
(84.4%) than in the CI group [77.4%; x*1) = 4.96; p = 0.02].
No group effect is observed for the second type of elicitation, i.e.,
naming on semantic cue [TH: 2.79%; CIL: 1.96%; Xz(l) = 1.26; p
= 0.26], while the third, based on phonological priming, is found
significantly more frequently in the TH group [6.22%; CI: 2.03%;
x*(1y = 10.05; p = 0.001]. Production based on repetition of the
target word, the fourth type of elicitation, is significantly more
common among children in the CI group [18.38%; TH: 5.95%;
x*(1y = 17.06; p < 0.001]. An effect of CS exposure is observed
on the percentage of spontaneous naming (elicitation 1): only
children in the CI/CSO group differ significantly from the TH group
[70.8%; t(6;) = —13.65; p = 0.02], with the CI/CS1 group showing
similar performance [80.3%; t;) = —4.15; p = 0.47]. No effect
of chronological or auditory age or age of implantation group
was observed.

3.2 Phonological analysis

The percentages of correct phonemes are analyzed to document
phonological accuracy. Children in the CI group have significantly
lower percentages of correct total phonemes [CI: 77.5%—TH:
91.1%; )(2(1) = 31.87; p < 0.001], correct nasal vowels [CI: 74%—
TH: 91.5%; )(2(1) = 35.43; p < 0.001], correct fricative consonants
[CI: 74.3%-TH: 90.4%; Xz(l) = 36.67; p < 0.001] and correct
stop consonants [CI: 76.9%-TH: 90.7%; )(2(1) = 29.07; p <
0.001]. Table 4 presents the percentages of different error types on
the target segments. The most frequently observed error type is
denasalization of nasal vowels with significantly higher rate than
TH children [x?%y) = 27.07; p < 0.001]. Fricativization [x*) =
10.19; p = 0.001] and stopping [x*1) = 10.8; p = 0.001] errors
are also retrieved at a significantly higher rate in the CI group as
well as voicing of voiceless stops [Xz(l) = 25.96; p < 0.001], these
errors being negligible in the TH group (<1%). Devoicing errors
are retrieved in the two groups, with a marginally higher rate in the
CI group [x*1y) = 3.04; p = 0.08] while nasalization of oral vowels
is negligible in the two groups.

CS exposure displays a significant effect on the correct
percentages of nasal vowels [Xz(z) = 43.14; p < 0.001], with the
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TABLE 4 Percentage correct phonemes among the cochlear implant (Cl) and typically hearing (TH) groups.

Group performances (%)

Measure Cl/CS0 Cl/CS1

Significance of group comparison tests

CI/TH Cl/Cs0- Cl/CS0- Cl/CS1-
Cl/Cs1 TH TH

TH

% correct phonemes 77.5 72.5 79.6 91.1 ek ok ok
(PCP)

% correct nasal 74.0 65.7 77.6 91.5 ok ® sk ok
vowel (PCN)

% correct fricatives 74.3 69.4 76.5 90.4 o ok ok
(PCF)

% correct stops 76.9 71.7 79.2 90.7 ook sk .
(PCS)

% vowel nasalization 0.53 1.28 0.2 0.16 o o

9% vowel 15.25 2323 11.76 2.65 ok * ok -
denasalization

% voicing errors 2.94 3.33 2.77 0.41 ok . ok
% devoicing errors 5.14 3.33 5.93 3.72 *
% stopping errors 3.37 3.33 3.38 0.56 o *
% fricativization 1.29 2.26 0.87 0.31 o * o

errors

ns, *p < 0.05, *p < 0.01, ***p < 0.001.

CI/CS1 group showing significantly higher score than the CI/CSO
group [77.6 vs. 65.7; t(s7) = —11.8; p = 0.05] but lower than the TH
group [t7) = —13.9; p < 0.001]. As for the different error types, the
CS/CS0 group also shows higher percentages of nasalization of oral
vowels and of fricativization of stops than the two other groups.
For nasal vowels denasalization, the CI/CS1 group show lower
error percentages than the CI/CS0 group but the percentage remain
higher than the TH group. Devoicing of voiced stops was observed
at a higher percentage in the CI/CS1 group compared to the two
others. No effect of chronological or auditory age was observed, nor
were there any effects of the age group at implantation.

3.3 Acoustic analysis

Table 5 presents the means, as well as the significance of
the associated group comparison tests, for the various acoustic
measurements carried out on the studied segments, grouped
according to auditory status (TH vs. CI) and exposure to CS (CS0O
vs. CS1).

3.3.1 Nasal/oral vowels

This section will focus on the analysis of acoustic differences
within pairs of nasal-oral vowels. Formant and NAF values
averaged per target phoneme and per child group, as well as the
p-values associated with group difference tests, are available in
the appendices. Considering nasal-oral pairwise comparisons in
terms of Euclidean distances in the F1/F2/F3 plane, an auditory
group*pair interaction is observed [x*) = 201.6; p < 0.001]. The
CI group exhibits higher values for 5 out of 8 pairs, indicating a
greater differentiation in terms of oropharyngeal configuration for
these pairs, namely/a/-/o/, /3/-/0/, /5/-/5/, [5/-/u/, and /&/-/a/pairs
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(see Figure 1). An interaction between elicitation type (naming vs.
repetition), pair, and group is observed [ x*21y = 330.6; p < 0.001].
Indeed, the CI group show higher Euclidean distances between oral
and nasal vowels in the repetition condition for all pairs except
/a/-/a/ and /&/-/a/, while the TH group shows higher values in
the repetition condition for /a/-/a/, /5/-/o/, [€/-/al, and [€/-]e]. A
significant CS exposure group*pair interaction is also found [ x?(14)
= 309.55; p < 0.001], with the TH group showing lower values
than the CI/CS0 and CI/CS1 groups for /3/-/o/ and /5/-/u/, while
the CI/CSO group shows the highest values compared to other
groups for /3/-/o/ and the lowest for /g/-/¢/. An interaction between
elicitation type (naming vs. repetition), pair, and CS exposure group
is also observed [x*;s) = 466.1; p < 0.001]. While the CI/CS1
group showed higher values in the repetition condition for all the
pairs except/e/-/a/, the CI/CSO group is characterized by higher
values only for /5/-/u/ and /&/-/a/, with, conversely, lower values
in the repetition condition for /&/-/e/ and /a/-/a/. An interaction
between chronological/auditory age group, auditory status group,
and pair is observed. Indeed, an auditory age group effect is only
observed in the /5/-/u/pair, with decreasing values for age groups
following 3;7-4;6. In the TH group, a chronological age group effect
was observed in /a/-/a/, /a/-/5/, and /a/-/o/, with decreasing values
in older age groups. When comparing the groups based on age
of implantation, there’s an observed interaction effect between the
age of implantation groups and pair [x*q4) = 299.1; p < 0.001].
Specifically, the group of children with later implantation (CI/LI)
shows significantly higher values than the group of children with
early implantation (CI/EI) for the pair /5/-/o/.

The statistical analysis of nasal/oral differences in terms of NAF
values revealed an interaction between auditory status group and
pair [x*) = 201.5; p < 0.001], with significantly higher values
in the TH group for the /a/-/o/, /53/-/0/, [3/-15/, /5/-/u/ and /&/-
/a/ pairs. An interaction between elicitation type, group, and pair
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TABLE 5 Acoustic analysis according to auditory status and exposure to Cued Speech (CS).

Segment type  Measure Target vowel Group means Significance of group comparison tests
Cl/Cso Cl/Cs1 Cl/Cs0—Cl/Cs1 Cl/CS0—TH Cl/CS1—TH

Vowel ED.F1-F2-F3 (brk) | /a/-/a/ 441 4.39 442 4.6
Jal-Io] 3.62 334 3.72 3.49
Jal-1o/ 3.45 3.97 328 3.06 * * o
131-I5/ 4.01 3.5 4.19 3.68 * * :
/5/-1o/ 3.42 347 3.42 2.74 * -
13/-1u/ 332 3.52 327 2.84 # * *
I8]-1el 3.97 337 4.17 4.01 * *
JE1-1al 3.14 3.11 3.16 2.86 0.06

delta NAF Jal-al 0.114 0.08 0.13 0.17 > *

1al-/o] 0.019 0.002 0.027 0.06 *
Jal-1o/ 0.071 0.034 0.087 0.127 - > *
131-1>/ 0.052 0.05 0.05 0.11 o *
/31-lol 0.109 0.097 0.114 0.178 -
/3/-Iu/ 0.051 0.062 0.045 0.08 * *
J&1-le! 0.076 0.05 0.08 0.113 *
[&1-1a/ 0.08 0.06 0.09 0.124 * - *

Fricatives Spectral peak (Hz) [t/ 6,689 6,009 6,990 7,611 o * o *
Is/ 6,085 5,749 6,232 6,702 - *
1§/ 4,720 4,207 4,943 5,014 0.08 *
vl 6,421 5,948 6,620 6,618
Izl 5,775 5284 5,981 6,925 o *
13/ 4,921 4,302 5,198 4,587

levelD (dB) 1t 6 7.81 521 3.93 * w

Is/ 6.98 8.89 6.17 272 -
1§ 8.27 104 7.34 7.29 0.07 *
vl 5.19 5.13 5.17 526
/2l 6.99 7.96 6.57 1.89
13/ 8.46 10.23 7.67 9.23

(Continued)
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TABLE 5 (Continued)
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[x*@1) = 155.9; p < 0.001] was also observed. Indeed, while TH
children benefited from repetition which results in an increase in
nasal-oral differences in terms of NAF for the pairs /a/-/a/, /a/-/o/,
/3/-15/ and /5/-/u/, for children in the CI group this is only the
case for the pairs /g/-/¢/ and /&/-/a/. On the contrary, children in
the CI group showed a decrease in NAF values in the repetition
condition for the pairs /a/-/a/, /a/-/o/, /3/-/o/, [3/-/5/ and /[o/-/ul.
Considering CS exposure, an interaction between CS exposure and
pair is observed [x*n4) = 131.6; p < 0.001]. Indeed, the CI/CSO
group had lower values compared to the two other groups for the
/3/-1o/ pair and lower compared to the TH group for the /a/-/o/
pair. The TH group shows the highest values compared to the
other groups for the /&/-/a/ pair. An interaction between elicitation
type and CS exposure group [x’p) = 62; p < 0.001], as well as
between elicitation type, CS group, and pair [x?;3s) = 280.9; p <
0.001], was observed. Indeed, while children in the TH and CI/CS0
groups benefited from the repetition condition by seeing their
nasal/oral difference values in terms of NAF increase, children in
the CI/CS1 group see their overall values decrease. The increase
in values in the repetition condition was found significant in the
TH group for the /a/-/a/pairs, /a/-/5/, /5/-/5/, /5/-/u/ and in the CSO
group for the pairs /a/-/o/, /5/-/u/, /€/-/¢/ and /&/-/a/. In the CS1
group, values were significantly lower in the repetition condition
for the pairs /a/-/o/, /5/-/5/, /5/-/u/. Again, an interaction between
chronological/auditory age group, auditory status group, and pair
is observed [x%@sz) = 323.2; p < 0.001]. Indeed, a chronological
age effect was observed for /a/-o/, /5/-0/, /€/-¢/ and /€/-/a/ in the
TH group with no increasing chronological/auditory age effect on
values in the CI group. In comparing the groups formed on the
basis of age of implantation, an interaction effect between age of
implantation and the pair is observed [x?4) = 108.1; p < 0.001].
Specifically, the group of children with early implantation (CI/EI)
exhibited significantly higher values than the group of children with
later implantation (CI/LI) for the pair /5/-/2/.

3.3.2 Fricative consonants

Concerning spectral peak values, an auditory status group effect
is observed, indicating lower values in the CI group [ Xz(l) =94;p
= 0.002]. A significant interaction effect is observed between group
and phoneme type [ x*s) = 23.9; p < 0.001], with significant group
differences noted for the phonemes /f/, /s/, and /z/, suggesting a
more posterior place of articulation for these segments in the CI
group (see Figure 2). This spectral peak decreased values have an
impact on the distinction of the different places of articulation:
the CI group shows no significant differences between places of
articulation among the voiceless /f/-/s/, /s/-/[/ and the voiced
fricatives /v/-/z/ and /z/-/3/, while this phonemes are significantly
distinguished in the TH group (/f-s/: z = 5.8; p < 0.001 -/v-z/:
z =11.2; p < 0.001 -/z/-/3/: z = 10.8; p < 0.001]. An elicitation
type*auditory status group interaction effect is observed [x*is) =
506.6; p = 0.05]. Indeed, while the repetition condition led to
increasing spectral peak values in the TH group, it led to decreased
values in the CI group. This effect is significant in the TH group
for /f/ [naming: 7,566 Hz—repetition: 9,342 Hz; t1,890) = —2.5;
p = 0.01] and marginal in the CI group for /v/ [naming: 6,538
Hz-repetition: 4,641 Hz; £(; go0y = 1.8; p = 0.07]. An interaction
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FIGURE 1
Means and 95% confidence intervals of the Euclidean distances and delta NAF values for the different nasal/oral pairs among the CS exposure groups
(TH, CI/CSO0, and CI/CS1). Significance levels for pairwise comparison tests are shown when the difference is significant at 0.05 (*), 0.001 (**), or
< 0.001 (***).

between chronological/auditory age group, auditory status group
and phoneme effect is observed [x*3s5) = 66.0; p = 0.001]: while
no chronological/auditory group effect appears in the CI group,
an effect of chronological age is observed in the TH group, with
spectral peak values decreasing with age for /f/ and /s/, resulting
in improved distinction of articulation places among voiceless
fricatives /f/, /s/, /[/. A CS exposure grouping effect [x>) = 14.7;
p < 0.001] as well as an interaction between CS grouping and
phoneme [x?*0) = 28.4; p = 0.001] are obtained: spectral peak
values are significantly lower in the CI/CS0 group compared to the
TH group (z = —3.5; p = 0.001) and marginally to the CI/CS1

Frontiersin Audiology and Otology

groups (z = —2.1; p = 0.09), while the TH and the CI/CS1 group
had similar mean values. Regarding phoneme type, CI/CSO had
significantly lower values for /f/ compared to TH (z = —4.4; p <
0.001) and CI/CS1 group (z = —2.7; p = 0.02), as well as marginally
lower values than TH group for /[/ (z = —2.1; p = 0.08) and /v/
(z = —2.2; p = 0.08). For /s/ and /z/, TH group has significantly
higher spectral peak values than the other two groups. An effect
of age of implantation group [ x*) = 10.1; p = 0.006] as well as an
interaction between age of implantation group and phoneme type is
observed [ x*(19) = 30.5; p < 0.001]. Specifically, values are generally
lower in the late implantation group compared to the TH group (z
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+

= —2.9; p = 0.008), with this difference being significant for the
phoneme/z/ (z = —3.6; p < 0.001).

AmpDiff values, which reflects amplitude differences between
mid- and low-frequency ranges within the fricative spectrum,
exhibited an auditory status group effect [x*q) = 3.5; p = 0.05],
with lower values in the TH group, as well as a group*phoneme
interaction effect [x*5) = 13.5; p = 0.02] with significantly lower
values in the TH group for /s/ (z = 2.8; p = 0.004) and /z/(z =
2.9; p = 0.003). The higher values observed in the CI group may
indicate greater reinforcement of mid-frequency areas compared
to TH children. No elicitation type effect was observed. A voicing
type effect is observed [x %) = 71.6; p < 0.001], with a significant
decrease of the voiced fricatives ampDiff values in the TH (z = 7.4;
p < 0.001) and the CI group (z = 4.3; p < 0.001), as expected.
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An interaction between chronological/auditory age group, auditory
status group and phoneme are obtained [x 15y = 56.7; p < 0.001]:
ampDiff values increase with chronological age in the TH group
for all phonemes except/f/, while CI group displays a decrease of
the values in the older auditory age group for /s/. An interaction
between CS exposure and phoneme is observed [x*) = 34.4;
p < 0.001], with significantly higher values in the CI/CS1 group
compared to the CI/CSO (z = —2.3; p = 0.06) and TH groups
(z = 3.5; p = 0.001) whereas the CI/CS0 group had significantly
higher AmpDiff values for /s/ compared with the TH group (z =
2.9; p = 0.01). No effect of implantation group is observed on the
ampDiff values.

Regarding the levelD values, which reflects sound level
differences between the mid- and high frequency ranges, a
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significant group effect was observed, with significantly higher
values in the CI group [x*q) = 5.6; p = 0.01] as well as a
group*phoneme interaction effect [x*s) = 98.6; p < 0.001], with
values significantly higher for /f/, /s/ and /z/ in the CI group.
The higher values of the levelD values in the CI group indicate
less reinforcement of high frequencies compared to children in
the TH group. An interaction between elicitation type and group
was observed [Xz(s) = 47.4; p < 0.001], with repetition condition
leading to higher levelID values in the CI group only [naming: 6.7
dB—repetition: 8.9 dB; £(;,891) = —2.4; p = 0.01]. This trend was
significant for /v/ in the CI group [naming: 4.8 dB—repetition: 10.3
dB; t(1,869) = —1.9; p = 0.04], while in the TH group the repetition
condition led to significantly decreased values for /f/ [naming: 3.9
dB—repetition: 0.2 dB; #(; g3y = 2.1; p = 0.03] and marginally so
for /[/ [naming: 7.3 dB—repetition: 3.4 dB; £(; 335y = 1.9; p = 0.06].
Considering voicing, a marginal group*voicing interaction effect
was observed [ Xz(l) = 2.7; p = 0.09], with a significant decrease
of levelD values for the voiced fricatives only in the TH group (z =
—2.6; p = 0.007). An interaction between chronological/auditory
age group, auditory status and phoneme was observed [x*qs) =
25.4; p = 0.04], with no chronological/auditory age group effect
in the CI group, compared to decreased values in older children
of the TH group for /f/, /s/, /[/ and /z/. A CS exposure grouping
effect [x%2) = 7.3; p = 0.02] as well as an interaction between CS
grouping and phoneme were observed [x*10) = 106.9; p < 0.001].
Indeed, levelD values were significantly lower in general in the
CI/CS0 group compared to the TH group, but significantly lower
values in the TH group for the phoneme /s/ and /z/, compared
to the other two groups. An elicitation type*CS exposure group
interaction effect was also retrieved | )(2(2) = 10.1; p = 0.006], with
higher values for CI/CSO0 group for /f/ compared to CI/CS1 [x?*(157)
= 2.3; p = 0.06] and TH group [x*@10) = 1.9; p < 0.001], with
significantly lower values for /z. CI/CS1 had lower values than the
CI/CS0 group for /[/ in the repetition condition [x*p31) = 2.6; p
= 0.02]. An effect of age of implantation [x*) = 6.1; p = 0.04]
in interaction between group and phoneme type [x*10) = 55.7; p
< 0.001] was observed. Specifically, the later implanted children
showed significantly higher values than the TH children (z = 2.45;
p = 0.04) for the phonemes /f/ and /s/.

3.3.3 Stop consonants

An interaction between auditory status group and voicing
type (voiced vs. voiceless) was observed on the VOT of the stop
consonants [Xz(l) = 30.58; p < 0.001], with higher VOT for
voiceless stops and lower for voiced stops in the TH group when
compared to the CI group. Phoneme*group pairwise comparisons
shown that this group effect was significant for the voiceless stop /t/
and the voiced /b/ and /d/ (see Figure 3).

An elicitation type effect [x*) = 6.4; p = 0.01] as well as
an interaction between elicitation type, auditory status group and
voicing type [x*3) = 39.6; p < 0.001] is observed. Indeed, VOT
values are overall higher in the repetition condition, particularly for
the voiceless stops, in the TH group (naming: 39.9 ms—repetition:
469ms; z = 7-6.95 p = 0.02), and to a greater extent in the
CI group (naming: 33.2 ms—repetition: 43.8 ms; z = —10.6; p =
0.001), allowing them to reach similar mean values than in the TH
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group. An interaction between chronological/auditory age group
and auditory status group is observed [x*(10) = 48.4; p < 0.001].
Indeed, in the TH group, an increase of the mean values from
younger to older age groups is observed for voiced and voiceless
stops, while no (chronological or auditory) age effect is observed
in the CI group. A CS exposure grouping*voicing type interaction
is observed [x%p) = 10.92; p = 0.004], with the CI/CSO group
showing higher VOT values for voiced stops compared to the
CI/CS1 [teg) = —0.015; p = 0.08] and TH groups [¢(gsy = —0.021; p
= 0.002], whereas the CI/CS1 group shows the lowest VOT values
for the voiceless stops [teg) = —0.011; p = 0.003]. Phoneme*CS
grouping pairwise analysis reveals that the higher values in the
CI/CS0 group is significant for voiced /b/ and /g/ compared to the
other groups, while CI/CS1 children shows higher values for /d/
compared to TH children. The CI/CS1 group shows lower values
than the TH group for voiceless /t/ and /k/. An interaction between
CS exposure grouping, voicing type and elicitation type is also
observed [X2(7) = 40.9; p < 0.001], with a significant increase of
the voiceless stops VOT in the repetition condition in the CI/CS1
group (naming: 32 ms—repetition: 42.3 ms; z = —2.6; p = 0.007),
this increase being only marginal in the CI/CSO group (naming:
36 ms—repetition: 46 ms; z = —1.7; p = 0.08). An interaction
effect is observed between age of implantation and voicing type
in plosives [x%n) = 34.5; p < 0.001]. Specifically, children in
the late implantation group showed significantly longer negative
VOT values than children in the TH group (z = 2.7; p = 0.02).
An interaction effect appears between age of implantation and
phoneme type [x*10) = 47.5; p < 0.001], with the lengthening of
negative VOTs in the late implantation group being significant for
the phonemes /b/ and /d/.

3.3.4 Multiple factor analysis of acoustic measures

A multiple factor analysis was conducted, integrating subject-
averaged values of NAF and Euclidean distances in F1-F2-F3 plane
between each nasal vowel and the averaged values of the associated
oral vowels, the differences between positive and negative VOT
values, as well as spectral peak values by location (/f/-/v/-/s/-/z/-
/f/-/3/) and ampDift and levelD mean values. These variables were
grouped according to the type of segment characterized (fricative,
stop, nasal/oral vowels) but also the production mechanism
associated (place vs. frication noise for fricatives, formant vs.
NAF values for vowels). Among the 8 dimensions generated, the
first three will be analyzed, capturing 61.84% of the explained
variance. The first dimension, contributing to explaining 28.5%
of the total variance, is more correlated with groups of variables
associated with fricative consonants (place = 0.79; frication =
0.62) and with spectral peak variables (SP/s/-/z/= 0.79; SP/f/-
/v/=0.78), while variables associated with frication quality are
negatively correlated (levelD = —0.8, ampDiff = —0.44). In
other words, positive values on the first dimension indicate high
values of spectral peaks as well as lower values of levelD and
ampDiff (indicating more reinforcement of high frequencies
in the frication), while negative values indicate lower spectral
peaks and higher values of levelD and ampDiftf (enhancement
of mid-range frequencies in the frication). The correlations
between additional categorical variables and dimension 1 show
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Means and 95% confidence intervals of the VOT values of the different voiced/voiceless stops among the Cl and TH groups. Significance levels for
pairwise comparison tests are shown when the difference is significant at 0.05 (*), 0.001 (**), or < 0.001 (***)
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that children in the CI group are negatively associated with
the dimension (—0.63), whereas children in the TH group are
positively associated with the dimension (0.93). The second
dimension, contributing 21.5% of the total variance, is associated
with the variable related to nasal/oral differences in terms of
NAF values (0.47), with positive correlations associated with the
NAF values mean differences (0.69), as well as with the variable
associated with VOT values (0.54) and negatively with spectral
peak of the posterior fricatives/[/-/3/(—0.63). Positive values are
then associated with greater nasal/oral distinction based on NAF
values and greater voiced/voiceless VOT values distinction. An
association is observed with categorical supplementary variables
of chronological/auditory age group, with the older age group
positively correlated with the dimension (0.66) and younger
negatively correlated (—0.69). The third dimension, contributing
16.8% of the total variance, is associated with the variable related
to nasal/oral differences in terms of F1-F2-F3 E.D (0.63) with
positive correlations associated with the of the F1-F2-F3 E.D.
mean differences (0.79), but negatively with the variable associated
with VOT values (—0.54). A link with chronological/auditory
age group is observed, with the dimension being negatively
correlated  with  the
group (—0.47).

Figure 4 illustrates the distribution of children from the CI
and TH groups along dimensions 1 and 2 (left) and 1 and 3

older  chronological/auditory  age

(right), along with ellipses representing 95% confidence intervals
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around the group means. The ellipses of the two groups are
primarily distinguished on dimension 1, with children from the
TH group located on the positive side and CI on the negative side.
This is consistent with the analyses on fricatives, showing a clear
effect of auditory status on productions, with children in the CI
group exhibiting lower spectral values, as well as higher levelD
values indicating less utilization of high frequencies in their noise
frication. On dimension 2, the group mean tends more toward
positive values for the TH group and negative values for the CI
group, while on dimension 3, both groups are close to 0. It is
important to note the large variability around the ellipses. Note
the contrasting situation between the two groups in the dimension
1/dimension2 plan: only children from the TH group are situated
in the extreme right-hand quadrant (values >1 in dimensions 1
and 2) and only children from the CI group in the extreme left-
hand quadrant (values <-1 in dimensions 1 and 2), testifying to
contrasting profiles.

Considering the other group variables, different trends between
the CI/CSO and CI/CS1 groups for dimensions 2 and 3 can
be observed in Figure5 (top graphs). Indeed, on dimension
2, the ellipse of CI/CS1 children tends more toward negative
values, while the CSO group leans toward around zero, with
more variability. The CI/CS1 group tends to distinguish less
nasal/oral vowels based on the NAF values. For dimension 3,
the CI/CS1 group has average values toward positive values,
showing less nasal/oral distinction based on F1-F2-F3 E.D. values,
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FIGURE 4

Scatter plot of statistical individuals based on dimensions 1 and 2 (left) and 1 and 3 (right) of the multiple factor analysis. Ellipses represent

whereas the CI/CSO group is situated in negative values with
again a large variability. Considering the chronological age groups
(middle graphs), we can see a trend for younger children to be
positioned more to the right on dimension 1, in negative values
on dimension 1, and positive on dimension 2. It seems that
younger chronological age group 2;6-3;6 (age group represented
only by children from the TH group) produce their fricatives with
high spectral peaks with frication noise rich in high frequencies,
while they mark the nasal/oral distinction more based on the
oropharyngeal configuration (F1-F2-F3 E.D.) and less on nasal
resonance. This effect is attenuated when considering auditory
age, thus including children from the CI group within the 2;6-
3;6 age group. When considering implantation age groups on
dimension 1, early implanted children (CI/EI) have their average
values intermediate between those of the late implantation group
and (CI/LI) the TH group. It can also be seen that the CI/EI group
is situated toward negative values on dimension 2, while the group
with later implantation seems to be more situated toward positive
values for dimension 3.

3.4 Link between phonological
performance and acoustic dimensions

The study of correlations between various phonological scores
and error types with the three dimensions of multiple factor
analysis has revealed moderate and significant correlations between
dimension 2, related to the marking of nasal/oral distinctions
by NAF values, and various phonological scores among the CI
and TH groups (see Table 6). In this regard, high values on
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the dimension, indicating a better nasal/oral distinction in terms
of NAF as well as a better marking of the distinction between
voiced and voiceless stops, are associated with better phonological
performance. Among children in the TH group, it is also observed
that dimension 2 is negatively correlated with the occurrence of
errors in oral vowel nasalization and nasal vowel denasalization. A
negative correlation between dimension 1 values and the number
of voiced errors is observed in the CI group, while a positive
correlation is observed in the TH group with the number of
voiceless errors.

4 Discussion

The present study investigates the phonological and phonetic
skills of a group of 23 children with cochlear implants (CI)
and 47 children with typical hearing (TH) through the analysis
of productions obtained with a naming task. Phonological
skills are examined by assessing correct phoneme scores,
while phonetic skills are studied through acoustic analysis
of three types of segments: nasal and oral vowels, fricative
consonants, and stop consonants. These segments have been
chosen because each is primarily supported by rather contrasting
acoustic cues, namely low-frequency cues, high-frequency
cues, and temporal information, respectively. The effect of
auditory status, as well as the effects of chronological/auditory
age, exposure to Cued Speech, and age at implantation, are
studied. Factor analyses were conducted on all acoustic
variables, and the resulting dimensions were correlated with

phonological scores.
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FIGURE 5

Individuals plot representing ellipses around the mean values of the groups based on exposure to CS (top graphs), chronological age (middle-top
graph), auditory age (middle-bottom graphs), age of implantation (bottom graphs), according to dimensions 1 and 2 (left side), and dimensions 1
and 3 (right side).

4.1 Phonological form retrieval of the lexically (target word retrieval) and phonologically (accuracy of
target words the retrieved phonological form). At the lexical level, children
in the TH group demonstrated greater ease in retrieving target

It was hypothesized that, given the perceptual limitations of ~ words, as evidenced by their significantly higher percentage of
children with CI, their ability to retrieve the phonological form  spontaneous naming (84%), as well as their higher percentage
of their target words could be impacted, with repercussions both ~ of retrieval based on phonological cueing. Children in the CI
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TABLE 6 Correlations between phonology and acoustic analysis.
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group showed lower percentages in spontaneous naming (77%) and
relied more on repetition (18%). Semantic and phonological cueing
provided little assistance in target retrieval, suggesting differences
in lexical storage rather than access difficulties compared to
their typically hearing peers, who benefited to a greater extent
from phonological prompts. A considerable number of studies
investigating lexical production in children with cochlear implants
have shown comparable performances to typically hearing peers of
the same chronological age (Caselli et al., 2012; Luckhurst et al.,
2013) or when matched for auditory age (Duchesne et al., 2010) or
in early implanted children (Manrique et al., 2004; Connor et al.,
2006; Maner-Idrissi et al., 2009; Rinaldi et al., 2013). Other studies
show more moderate lexical performances (Young and Killen,
2002; Nittrouer et al., 2018) or with clear difficulties identified
(Cambra et al,, 2021). Our results seem to align more with these
studies, with significantly lower performance than those of children
with typical hearing, without a positive effect of chronological,
auditory age, or age of implantation. However, a beneficial effect
of exposure to Cued Speech is observed, with performances among
children exposed to Cued Speech reaching those of the TH group.
These findings support literature that has highlighted a positive
impact of Cued Speech on children with CIs, both for perceptual
skills (Leybaert and LaSasso, 2010; Van Bogaert et al., 2023)
and productive abilities (Machart et al., 2021). Studies have also
shown a positive impact on early lexical development (Moreno-
Torres and Torres, 2008; Rees and Bladel, 2013). Cued Speech,
providing complete visual access to all distinctive features of speech
sounds, may enable the child to develop more precise phonological
representations and thus be more efficient in the storage and
retrieval of lexical targets.

On the phonological level, lower performances are also
observed in children in the CI group for all types of targeted
phonemes: fricatives, nasals, and stops. Certain types of errors
were predominantly found in children in the CI group, such
as voicing errors, denasalization of nasal vowels, stopping,
or fricativization. While stopping errors have been previously
reported in children with moderate (Teveny and Yamaguchi,
2023) and profound deafness (Baudonck et al, 2010), and
can be classified, along with denasalization errors, as typical
errors in development according to Jakobson’s markedness theory
(Jakobson, 1968), voicing and fricativization errors suggest a more
atypical developmental profile. Furthermore, we did not find
any effects of chronological/auditory age or age of implantation
on phonological scores and error patterns, suggesting more an
effect of auditory status than developmental delay. These results
support the notion of phonological development constrained by
the limitations of the CI described previously, which may lead
to underspecified phonological representations and consequently
result in production errors. Within this study, this proposition
is supported by the observation of a positive effect of exposure
to Cued Speech on performances, although scores of CS1 group
do not reach the levels of typically hearing children. The
group exposed to CS also made fewer errors of oral vowels
nasalization, which is consistent with previous studies on vowel
nasality perception (Fagniart et al., 2024) and production (see text
footnote 1), as well as fewer errors of fricativization, indicating
greater stability of phonological representations regarding manner
of articulation.
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4.2 Nasal-oral vowels distinction

The acoustic analyses characterizing the distinction between
nasal and oral vowels reveal an increased marking of the nasal/oral
contrast based on indices related to oropharyngeal configuration
(formant values) in the CI group compared to TH group. This
result is consistent with previous findings obtained in a pseudo-
word repetition task and supports the hypothesis that CI children
may be more inclined to employ perceptually salient acoustic cues
both in perception and production (Fagniart et al., 2024; see text
footnote 1). However, the results showed lower values of NAF
representing the degree of nasalization predicted based on a series
of acoustic indices related to nasal resonance, suggesting a lesser
exploitation of nasal resonance through velopharyngeal opening
to distinguish nasal and oral vowels. As described in Section
1, indices related to nasal resonance, primarily carried by low-
frequency information associated with fine spectral resolution, are
more likely to be poorly transmitted by the CI. This could explain
the difficulties observed in phonological production [percentage of
correct nasals and (de)nasalization errors], as already noted in the
literature on nasal/oral vowel perception (Bouton et al., 2012; Borel,
2015; Borel et al., 2019; Fagniart et al.,, 2024). These perceptual
difficulties may therefore lead to atypically specified phonological
representations (marking related more to visually accessible cues
such as information related to oropharyngeal configuration), thus
resulting in these atypical productions compared to hearing peers.
Children exposed to CS exhibit the lowest values in terms of NAF,
suggesting a productive profile even more reliant on a phonological
system constructed around the most salient cues to access the
distinctive features of their oral language. Specifically, in the case
of nasal vowels, this relies more on oropharyngeal configurations
at the expense of cues related to nasal resonance. The comparison
of productions according to the type of elicitation (spontaneous
naming or repetition of the target word) supports these findings.
Indeed, while children in the TH group improve the marking
of nasal-oral distinction in repetition condition for both types
of cues as well as NAF values, children in the CI group see
their values increase only for the F1-F2-F3 E.D. cue, and on the
contrary, their NAF values decrease. In perception, they thus seem
to be able to correctly exploit visually accessible information (lip
rounding, mouth opening) but not the information related to
velopharyngeal opening.

4.3 Fricatives production

Regarding the acoustic study of fricatives, the results confirmed
various findings already reported in the literature. Indeed, lower
acoustic values had been observed for the center of gravity of
fricatives in children with CI (Yang and Xu, 2023), as well as in
French-speaking children (Grandon and Vilain, 2020). However,
these studies had been limited to the investigation of fricatives
/s/-/z] or all voiceless fricatives in French (/f/, /s/, /[/), and this
observation is here extended to voiced segments. The differences
between groups were significantly observed for the phonemes /f/,
/s/, and /z/, whose spectral peaks are on average higher than those
of segments /[/ and /3/, characterized by lower values. This is
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entirely consistent with the acoustic limitations in high frequencies
mentioned previously. These lowered thresholds also result in a
lack of distinction among the three places of articulation among
children in the CI group, as the peaks of the segments /f, v/, /s,
z/, and /[, 3/ are not significantly different. An effect of CS is
observed to produce /f/ and marginally for /[/, with values for
the CI/CS1 group approaching those of the TH group. However,
it is noteworthy that the distinction between the three places
of articulation is still not significant in this group. Unlike the
productive skills of nasal vowels, the contribution of CS is only
moderate for the distinct production of the places of articulation
of fricatives. The use of manual cues to provide visual support
during the perception of fricative segments may not be enough
to develop sufficiently specified representations. It is possible that
the acoustic limitations for this distinction are too significant
to be compensated for using CS, or that these segments, being
among the last to be acquired in the development of children with
typical hearing, may be even more challenging for children with
CIs. To our knowledge, there is no study documenting fricative
productions in terms of frication noise among CI users. The results
of the present study show a clear tendency in the CI group to
express frication by exploiting energy in mid-range frequencies
and less in high frequencies, unlike children with typical hearing.
This trend could also directly result from the perceptual limitations
of the implant, restricting the perception of frequency ranges
above ~8,000 Hz. Indeed, the quality of fricative noise can only
be perceived auditorily, with no visual/temporal cues supporting
this type of production. This is supported by the study of values
in the repetition condition: while TH children see improvements
in their productions during repetition (increased spectral peaks,
increased energy in high frequency resulting in decreased levelD
values), children with CIs, on the contrary, experience slight
deterioration in their productions (lower spectral peaks, increased
levelD values). The perceptual limitations of CIs do not allow them
to access the acoustic information related to the characteristics
of fricative segments, thus preventing them from benefiting from
repetition for these segments. Possible difficulties in adequately
perceiving characteristics related to fricative sound could explain
the higher occurrence of errors in articulation mode for stopping
or fricativization errors observed in the study, and more broadly
in the literature among individuals with moderate (Teveny and
Yamaguchi, 2023) or severe deafness (Baudonck et al., 2010).
However, an effect of the age of implantation on levelD values
was observed, with higher values (and thus less reinforcement in
high frequencies) in children with late implantation. It is therefore
possible that early implantation allows, to some extent, better
exploitation of high-frequency information, despite the technical
limitations of the implant, due to the stimulation provided during
the sensitive periods of the development of auditory cortical areas.

4.4 Voiced/voiceless stops production

Regarding the production of the voicing feature of stop
consonants, a differentiated group effect is observed depending on
the type of segments. Indeed, for voiceless consonants, there is a
shortening of VOT values in the CI group compared to the TH
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group, which is congruent with the literature (Uchanski and Geers,
2003; Horga and Liker, 2006; Grandon et al., 2017). However, in
Grandon et al’s (2017) study on French-speaking children, only
the phoneme/k/showed a significant shortening in the CI group,
whereas in the present study, it is precisely the phonemes /p/ and
/t/ that are significantly shorter in terms of VOT. Grandon had
suggested that obtaining a difference only on the phoneme/k/could
be attributed to a difficulty in coordinating the articulatory
gesture, as/k/has the longest positive VOT in canonical production.
However, it is noteworthy that the children in Grandon’s study
were in a higher age range (6;6-10;6). This difference may explain
why, within the TH group, the productions were not sufficiently
differentiated between the places of articulation of the voiceless
segments, as the average positive VOT of/k/(45 ms) differed little
from/t/(44 ms). As a result, the results did not show differences
between the CI and TH groups for this phoneme, but rather for the
more anterior phonemes /p/ and /t/, whose values were significantly
lower in the CI group. Children in the CI group seem to have
difficulty coordinating the articulatory gestures associated with the
production of voiced stops in a picture naming task. However,
when these segments are to be produced in repetition, children in
the CI group produce the segments with elongation, allowing them
to reach values similar to those of children in the TH group: thus,
they are capable of effectively exploiting the acoustic information
related to VOT to adjust their productions. On the other hand, for
voiced segments, it is the TH group that exhibits a shortening of
VOT values, for the phonemes /b/ and /d/. The study of the effects
of exposure to CS showed that it mainly involves an elongation
of VOT values found among children in the CI/CSI group. It is
possible that relying on temporal cues is a more prevalent strategy
in the CI/CS0 group.

4.5 Acoustic profiles

The factorial analyses revealed two distinct trends in the
productive profiles of the three investigated segments. Firstly,
Dimension 1, which discriminates children well according to their
auditory status, consisted of variables related to the quality of
fricative production, both in terms of spectral peak and in terms
of the utilization of high-frequency energy in frication. It was
observed that children in the TH group were predominantly
situated on the positive values on the dimension 1, indicating
fricatives with high average spectral peak values, and frication noise
containing a higher concentration of high frequencies. Dimension
2, on the other hand, was mainly associated with marking the
nasal/oral distinction in terms of NAF values, but also, to a lesser
extent, with the distinction between voiced and voiceless stop
consonants. It is quite interesting to note that among children
in both groups, positive correlations are observed between the
values on this dimension and various phonological scores. Better
marking of the nasal/oral distinction in terms of nasal resonance
thus seems to be associated with better phonological performances,
both among TH and CI children. Therefore, despite significantly
lower NAF values among CI children, there seems to be some
variability in the exploitation of nasal resonance cues, which
may contribute to part of the variability in linguistic outcomes.
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In this regard, it is more surprising to see that Dimension
3, more associated with marking vowel nasality through cues
related to oropharyngeal configuration (E.D. F1-F2-F3), is not
positively correlated with phonological scores in the CI group.
One might have expected that this marking strategy, reflecting a
greater reliance on information assumed to be better coded by
the CI, would be beneficial phonologically overall. In the study
by Fagniart et al. (see text footnote 1) the use of this strategy was
associated with better intelligibility of nasal and oral segments.
This study seems to indicate that this improvement in segment
production is not necessarily associated with better phonological
performances overall. These findings support the notion that while
the perception-production of fricatives remains critical among the
CI population, despite aids such as CS, the perception/production
of nasal/oral vowels and stops entails significant variability, which
may indicate possible compensations of the perceptual system in
children with CIs. These findings are important to consider in
the management and evaluation of language skills in children
with CIs, to refine auditory stimulation techniques more based on
perceptual skills accessible through the CI for critical segments,
such as nasal vowels, and to quickly diagnose difficulties that may
manifest subclinically.

The various findings of this study must be viewed considering
certain limitations. Indeed, it is challenging to assemble a sizable
sample with homogeneous characteristics among children with CIs,
which complicates the generalization of results. Nevertheless, the
results presented here are largely supported by existing literature
and can therefore be taken seriously. Regarding the acoustic
analyses, it should be noted that the target words were selected to
create a list with frequent words, easily imaginable, and with low
age of acquisition. These constraints did not allow for controlling
various elements, such as phonemic neighborhood or overall
syllabic context. Protocols targeting specific segments, with better
control over parameters influencing the acoustic characteristics
of productions, could be developed to address this bias in
future investigations.

5 Conclusion

This study aimed to investigate and correlate phonological
and phonetic skills through the analysis of picture naming tasks
among children with CIs and their hearing peers. The following
observations can be highlighted:

1) Children in the CI group exhibit more difficulties in lexical
and phonological domains, which may be compensated for by
exposure to Cued Speech.

2) CI users can exploit visually accessible information (such as
oropharyngeal configuration) or information better coded by
the CI to compensate for their perceptual difficulties, as noted
in the production of nasal/oral vowels or voiced/voiceless
stops, particularly among children using CS.

3) Distinctive features relying on information not accessible
through the implant and less compensable visually and/or
temporally, such as the distinction of fricative consonants, are
critical among CI children.
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4) Adequate nasal  resonance  in

distinguishing nasal/oral vowels is associated with better

exploitation  of
phonological performances.

These findings emphasize the perceptual system’s ability to
adapt and compensate for the limitations of CIs, a phenomenon
that should be prioritized in children’s management. Segments
most at risk, such as fricative consonants, warrant particular
attention to avoid significant phonological underspecification and
associated linguistic delays.
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