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Introduction: Significant variability in the language performance of children with cochlear implant (CI) is widely recognized in the literature, particularly concerning morphosyntactic (MS) skills. The perceptual limitations of the CI, which can lead to phonological difficulties, may be responsible for this increased vulnerability in grammatical abilities. In this context, the present study focuses on the morphophonemic processing of items distinguished by nasal and oral vowels in the French language – the feature of vowel nasality being known as challenging for the CI population. Links between these performances with chronological/auditory ages and phonological and grammatical production skills will also be explored.

Method: Nineteen children with CIs and 47 children with typical hearing (TH) were assessed for phonological skills through a picture-naming task, perceptual skills through a task involving the sentence/word-picture matching task with word target containing nasal vs. oral vowels, and morphosyntactic production skills through narrative productions. Various measures of linguistic complexity [Mean Length of Utterance (MLU), verbs/utterances (V/U)] and lexical diversity (D index) were evaluated among our groups and linked to perceptual and productive phonological performances. Chronological and auditory ages as well as phonological accuracy and vocabulary levels as been studied as covariates.

Results: Children with CIs displayed significantly lower morphosyntactic (MS) performance compared to peers with TH of the same chronological age, particularly in measures such as MLU in morphemes, complexity of function words, and processing of morphemes carried by nasal and oral vowels. However, when controlling for auditory age or phonological/lexical levels, these differences were no longer significant, suggesting a potential for compensation when similar auditory or linguistic experiences are achieved. Despite this, CI users showed distinct patterns of function word use, with fewer complex forms and more frequent errors, likely reflecting the perceptual challenges linked to CI. Additionally, a specific strong relationship between MS skills and phonological accuracy was observed in the CI group, potentially accounting for the marked inter-individual variability in MS development.

Conclusion: The perceptual limitations of the CI have a significant impact on the linguistic development of children with CI and contribute to the widely documented variability in performance.
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1 Introduction

The development of language in prelingually deaf children with unilateral or bilateral cochlear implants (CIs) has been the subject of numerous investigations in recent decades. One element is widely agreed upon among researchers: the performance of children with CIs is extremely variable. Some children reach the level of their typically hearing (TH) peers, while others display delayed or even atypical profiles. This variability in performance is not equally distributed across language components: difficulties are most frequently reported in the phonological (Bouton et al., 2012; Nittrouer et al., 2018; David et al., 2021) and morphosyntactic (MS) components (Caselli et al., 2012; Duchesne et al., 2009; Le Normand and Thai-Van, 2023; Rinaldi et al., 2013). Indeed, despite the undeniable benefits of cochlear implantation in auditory perception and in promoting the emergence of spoken language, the CI does not transmit the sound signal with the same precision as typical hearing (TH) (Moon and Hong, 2014). The sound transmitted by the implant is particularly limited in its spectral resolution (Horn et al., 2017; Jahn et al., 2022) and can be imprecise in high- (Reidy et al., 2017; Grandon and Vilain, 2020) and low-frequency ranges (Hochmair et al., 2015; Dincer et al., 2019), impacting the processing of some segmental (Bouton et al., 2012; Romano et al., 2021; Fagniart et al., 2024b), and suprasegmental aspects of speech (Gaudrain and Başkent, 2018; Richter and Chatterjee, 2021; Chatterjee et al., 2023; Frosolini et al., 2023). Furthermore, the period of auditory deprivation before implantation can lead to a lack of stimulation of the auditory pathways during sensitive periods of the development of auditory brain areas (Kral et al., 2016; Karltorp et al., 2020; Sharma et al., 2020). These factors can affect certain language components more severely. The aim of the present study is to examine the MS skills of French-speaking children with CIs compared to their TH peers, as well as the relationships between these skill levels and their lexical and phonological development. Furthermore, this study will also focus on vowel nasality, a distinctive feature of the French phonological system that supports several grammatical markers and has been recognized in the literature as being vulnerable to perception difficulties in both adults and children with CIs (Borel et al., 2019; Fagniart et al., 2024a,2025). The ability to process grammatical markers and lexical minimal pairs, whose morphophonological opposition is carried by nasal vowels, will thus be investigated and linked to MS production skills.

Despite the undeniable benefits of cochlear implantation on the linguistic development of deaf children, MS development remains an area of language subject to persistent difficulties in this population. Indeed, lower performances are reported in formal tests evaluating perceptive and productive skills (Young and Killen, 2002; Schorr et al., 2005; Duchesne et al., 2009; Caselli et al., 2012; Bourdin et al., 2016). Linguistic corpus analyses have shown lower values in linguistic development cues such as MLU (Mean Length of Utterance) and/or difficulties in the use of free and bound grammatical morphemes (Szagun, 2001; Hansson et al., 2017; Nittrouer et al., 2018; Majorano et al., 2024) as well as challenges in verbal morphology (Delcenserie et al., 2024). The emergence of function words in the early development of grammar (2–3 years) does not follow the same course as in typically hearing children, with greater difficulties in producing complex, less salient, unstressed function words such as pronouns (subject, object, and relative), possessive, and modal verbs or prepositions (Le Normand, 2004; Le Normand and Thai-Van, 2023). It is suggested that CI users tend to store lexical representations more than phonological ones (Le Normand and Moreno-Torres, 2014), facilitating the acquisition of content words such as nouns or main verbs over function words (Le Normand, 2004; Le Normand and Thai-Van, 2023). Studies that have jointly examined lexical and morphosyntactic components in the same children with CI have shown disparities in performance levels. Indeed, lexical development often appears to be more equivalent to that of peers with TH (Duchesne et al., 2009; Caselli et al., 2012; Rinaldi et al., 2013), with some authors observing a 1-year gap between lexical and morphosyntactic development (Le Normand and Moreno-Torres, 2014). This gap is suggested to be due to the greater prominence of lexical elements in spoken language compared to grammatical words. Moreover, morphological and syntactic variations are more complex to teach/learn formally than vocabulary words (Hage, 2005).

While these difficulties are evident when children with CIs are studied as a group, the study of individual profiles shows substantial variability. Indeed, some studies report performances equivalent to those of typically hearing peers for about 50% of the children matched by chronological age (Geers et al., 2003), auditory age (Guo and Spencer, 2017), or vocabulary size (Jung and Ertmer, 2018). Different inter-individual variability factors can contribute to a certain degree of variability in performance. The effect of auditory age, defined as the age from exposure to auditory stimulation through a CI, has been regularly tested on linguistic components, with contrasting findings depending on the studies. While various authors observe significantly improved linguistic performances with advancing auditory age (Szagun, 2004; Nicholas and Geers, 2007; Wie, 2010; Caselli et al., 2012; Flipsen and Kangas, 2014), others do not report any influence of auditory age (Duchesne et al., 2009; Rinaldi et al., 2013; Hess et al., 2014). It should be noted that numerous individual characteristics of children can also influence their language outcomes, such as the family environment (e.g., family SES, siblings, etc.; Geers et al., 2009; Szagun and Stumper, 2012; Le Normand and Moreno-Torres, 2014) and the level of linguistic stimulation (e.g., input during early life; Holzinger et al., 2020), quality of input (Arjmandi et al., 2022) or methods of language rehabilitation (Van Bogaert et al., 2023). These individual and environmental characteristics, among others, have been identified as potential sources of variability. However, none can fully explain the disparities in performance or predict whether a child with a CI will achieve outcomes equivalent to those of their hearing peers.

Part of this variability could be attributed to perceptual limitations related to sound encoding by the CIs. Indeed, despite the constant evolution of sound coding devices, CIs are still incapable of completely coding and transmitting the auditory signal, as the fine acoustic details are often too complex to be processed by even the most recent devices (for a description of the sources of degraded performance in speech sound coding via the implant, see Başkent et al., 2016). Moreover, these device limitations are associated with the variability linked to the individual settings of the CI and the adequacy of the MAPping (Lee et al., 2012; Mittal et al., 2015; Kocabay et al., 2022), as well as the daily use of the device (Glaubitz et al., 2021; Wiseman et al., 2021), which can influence children’s auditory experience and language outcomes. This limitation impacts the quality of the phonological representations in prelingually deaf children, which directly affects their phonological skills as well as their overall linguistic skills, particularly their grammatical skills. The increased vulnerability of morphosyntactic skills in cases of perceptual and/or phonological limitations has been explained by various models developed to explain SLI, where these skills are most severely affected (Parisse and Maillart, 2007). For instance, the surface hypothesis (Leonard et al., 1992) suggests that grammatical morphemes are more vulnerable due to their typical final positions and placement in unstressed syllables. The cognitive operation of attributing a grammatical mark is also complex, making these morphemes more likely to be processed imprecisely, impacting grammatical development in both perception and production. Joanisse and Seidenberg (1998) propose a theoretical model that also emphasizes the lack of perceptual salience of morphological markers, adding that the root cause of difficulties lies initially in perceptual issues. This leads to difficulties in perceiving and categorizing phonological contrasts of the language and results in underspecified phonological representations. Since morphosyntactic markers primarily rely on contrasts between morphophonological forms, they are likely to be problematic in this context. The mapping hypothesis (Chiat, 2001) complements these propositions by postulating that developmental language disorders are related to a deficit in mapping between a phonological form and its concept/referent, which can then affect lexical and morphosyntactic development. However, lexical and morphosyntactic items do not hold the same value in terms of conceptual representation: concepts associated with lexical item are more frequently linked to visual, social, or emotional cues, unlike grammatical marks which rely solely on phonological cues from the spoken chain. In the case of children with hearing loss, the limitation and/or degradation of auditory input, causing a perceptual deficit, will be even more pronounced on less salient and more abstract elements of the language, such as grammatical morphemes. This could explain why the morphosyntactic level is most often deficient compared to the lexical level in this population (Caselli et al., 2012; Duchesne et al., 2009; Le Normand and Moreno-Torres, 2014; Rinaldi et al., 2013), with lexical items benefiting from greater salience and concreteness effects. This could be corroborated by the study of Hansson et al. (2017) which found a strong link between the level of phonological development, assessed through a non-word repetition task, and skills in sentence comprehension as well as grammatical accuracy, evaluated through narrative production in children with CIs aged 5–9 years. The authors attributed these difficulties to imprecise phonological representations due to degraded auditory input, impacting the processing of grammatical morphemes both in processing and morphosyntactic production.

The difficulties in the processing of speech sounds by CI users affect more severely certain phonological features carried by acoustic cues less precisely coded by the CI (Bouton et al., 2012; Cheng et al., 2021; Moon and Hong, 2014; Peng et al., 2019). This is particularly the case for the nasality feature in French vowels. In French, as in approximately 20% of the world’s languages (Borel, 2015), nasality is a distinctive feature of the vocalic system. The [nasal] vs. [oral] specification allows for the distinction of minimal pairs at the lexical level, but also morphophonological oppositions that serve as grammatical markers, such as grammatical number in /il va/ (“he goes”) vs. /il vÞ/ (“they go”). However, vowel nasality is carried by fine acoustic cues that require optimal spectral resolution processing skills, which is precisely problematic in the processing of the sound signal by the CI. Various experimental studies have thus shown difficulties in the identification and discrimination of nasal and oral vowels in both children and adults with CI(s) (Bouton et al., 2012; Borel, 2015; Borel et al., 2019; Fagniart et al., 2024a). CI users tend to have difficulty distinguishing a nasal vowel from a close oral counterpart in terms of oropharyngeal configuration. Their perceptual difficulties, mainly concerning the processing of the nasal quality of the vowel, so that the identification/discrimination of nasal and oral vowels is primarily carried out through the exploitation of cues better coded by the CI, such as formant frequencies. These perceptual difficulties manifest in specific productive profiles. Indeed, children with CIs judged to be the most intelligible are those who distinguish nasal and oral vowels using acoustic cues related to oropharyngeal configuration (formant frequencies) rather than presence or absence of nasal resonance (Fagniart et al., 2025).

In this context, we have chosen to study morphosyntactic production skills as well as the processing skills of different morphemic oppositions in grammatical and lexical contexts among groups of children with CIs and their TH peers. Morphosyntactic production will be studied through narrative production tasks, allowing the collection of various developmental cues, the inventorying of function word types, verb moods, and tenses produced, as well as the errors made by the children. Additionally, a customized comprehension task designed to study morphophonological processing will be introduced. The inclusion of different types of morphophonological oppositions, some of which based on vowel nasality, will allow us to assess the impact of perceptual difficulties on morphological processing skills in various grammatical (e.g., gender and number marking) and lexical (e.g., minimal pairs) contexts. Morphemic oppositions involving vowel nasality have been targeted because, as indicated in previous literature (Borel et al., 2019; Fagniart et al., 2024a,2025), the nasal vowel feature is poorly perceived among the CI population, leading to difficulties in discrimination and peculiarities in production, but with possible compensation strategies.

Furthermore, given the significant inter-individual variability reported in the literature regarding the linguistic development of TH children, and even more so in populations with CI(s), it was decided to conduct various types of comparisons. Indeed, comparisons based on chronological age between TH and CI groups is the most common comparison used in literature. However, this type of comparison does not account for the period of auditory deprivation before implantation, which may have delayed access to full auditory input. Comparisons based on auditory age may be relevant to address this, enabling the comparison of children with more similar auditory experiences (Duchesne et al., 2009; Caselli et al., 2012). However, this type of comparison involves comparing CI children to younger TH children, who therefore have a less mature cognitive level, which may also affect the comparability of results (Faes and Gillis, 2016; Jung and Ertmer, 2018). In this regard, various authors recommend including comparisons based on linguistic level, through comparisons in terms of vocabulary size (Duchesne et al., 2009; Faes and Gillis, 2016; Jung and Ertmer, 2018). In this study, these different types of comparisons will be included, allowing the positioning of TH and CI groups relative to their chronological age, auditory experience (auditory age), and linguistic level (vocabulary size and phonological precision). Although vocabulary and phonological development levels have been deemed commensurate in children (Stoel-Gammon, 2011; Sosa and Stoel-Gammon, 2012), these two variables will be measured separately in this study to specifically assess their respective roles in MS development. Indeed, if phonological theories of MS development explain specific difficulties in children with CI, a greater involvement of phonological development compared to lexical development might be observed. In this sense, comparisons will be made between these covariates to identify which ones best predict the data. Finally, the various scores obtained from this comprehension task will also be linked to different morphosyntactic production scores obtained through narrative production, to study the connections between potential morphological processing difficulties and grammatical skills within the two groups of children.

Several objectives are pursued:


1.Measures of phonological and lexical development are collected and compared between the TH and CI groups to use them as covariates in group comparisons. Greater difficulties are expected in the phonological domain than in the lexical domain among CI children, as the latter is more frequently reported in the literature as relatively preserved (Duchesne et al., 2009; Caselli et al., 2012; Rinaldi et al., 2013), whereas phonology is often identified as the most affected component (Nittrouer et al., 2014, 2018).

2.Grammatical production skills are documented through narrative analysis. Similar studies conducted in French with younger children (Le Normand, 2004; Le Normand and Thai-Van, 2023) have highlighted an atypical acquisition trajectory of function words among young CI users compared to children with TH. The focus of the present study is on older age groups to document performance in morphosyntactic production, including the production of various function words, verb moods, and tenses, as well as different types of grammatical errors among the groups of children.

3.Morphological processing skills in grammatical and lexical contexts are documented. Greater difficulties are hypothesized for syntagms distinguished by nasal vowel features among CI users.

4.The role of different variables contributing to morphosyntactic development and the variability in performance observed among CI users is compared. Maturation effects reported in the literature suggest more comparable language performance when auditory experience is accounted for by comparing auditory ages (Caselli et al., 2012; Guo and Spencer, 2017). Group effects are analyzed by considering both chronological and auditory ages. Phonological and lexical developmental levels are also used to control group effects. This approach examines whether performance differences persist at equivalent lexical or phonological levels while assessing the predictive value of these linguistic levels on performance. A stronger predictive value of phonological developmental levels could provide support for phonological theories of morphosyntactic development disorders (Leonard et al., 1992; Joanisse and Seidenberg, 1998; Chiat, 2001).

5.Finally, links between productive skills and morphemic processing skills, particularly in the context of morphophonological opposition between nasal and oral vowels, are studied to determine whether the processing of morphemes conveyed by fine spectral cues is associated with better performance in MS production.





2 Materials and methods


2.1 Participants

A group of children with typical hearing (TH group) and a group of children with cochlear implants (CI group) participated in the study. The TH group consisted of 47 French-speaking children with an average age of 56 ± 7 months, who did not exhibit any learning delays or auditory disorders. The CI group consisted of 19 French-speaking children (mean chronological age: 64 ± 2 months) with congenital bilateral profound hearing loss. Among them, 18 had bilateral implants, and 1 child had a unilateral implant without a contralateral hearing aid, with an average age of first implantation of 17.2 ± 8.7 months. All CI participants received oralist auditory rehabilitation, both at their rehabilitation center and in their family environment. Approximately half (11/19) of the children were also exposed to sign language in addition to spoken language, although the preferred mode of communication remained oral. The list of CI participants and their characteristics is presented in Table 1.


TABLE 1 Characteristics of the children with CIs.
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2.2 Tasks


2.2.1 Naming task

The children first completed a picture-naming task. The target words (n = 48) for this task were selected by the authors to include all French phonemes in initial, medial, and final syllable positions. The target words were also chosen for their early age of acquisition (referring to Chalard et al., 2003) to facilitate retrieval by the children (for more information, see Philippart De Foy et al., 2018).

The target word pictures were presented to the child one at a time via a booklet, and the child was asked to orally name each picture. If the child did not respond or if the produced word did not match the target (e.g., semantic paraphasia or a random response), different prompts were provided. First, semantic cues related to the target word were given (e.g., “you can use it when it rains” for /paʁaplɥi/ – umbrella). If the target word was still not produced, a phonological cue was offered by providing the initial phoneme (e.g., “it starts with /s/” for /suri/ – mouse). If these two cues were insufficient for the child to retrieve the target word, the experimenter would say the word and ask the child to repeat it.



2.2.2 Narrative production tasks

Two narrative production tasks were proposed to the children: an induced narrative task and a free narrative task.

The first narrative task was the induced narrative. In the initial phase, a story with images was presented to the children. An animated story was shown on a tablet, with the animations illustrating the story to provide visual support, while a filmed narrator told the story. In order to prevent the child from focusing solely on the narrator or the animations, thereby missing information, the phases of narration by the speaker and the animation phases alternated without overlapping, allowing the child to shift from one to the other. Afterward, the child was asked to retell the story using the animations previously shown as visual support. The purpose of the induction phase was to present a story containing various twists and turns that would introduce past, future, and conditional tenses/modes, as well as gender and number markers. The goal was to encourage varied productions of grammatical markers and verb tenses from the children.

The free narrative task involved presenting the wordless picture book “Frog, Where Are You?” (Mayer, 1969). The child was shown the book and asked to tell the story.



2.2.3 Sentence/word-picture matching task scores

The comprehension task consisted in a sentence/word-picture matching task. A word or a short sentence was presented auditorily to the children, and they were asked to point to the corresponding picture in a pair of images. The task included a total of 28 items. The differences between the target words/sentences and their distractors involved : 13 number markings [e.g., “il va” – /il va/ (he goes) vs. “ils vont” – /il v[image: image]/ (they go)], 7 gender markings [e.g., “boulanger” – /bul[image: image]ʒe/ (baker – male) vs. “boulangère” – /bulãʒε[image: image]/ (baker – female)] and 8 lexical minimal pairs [e.g., “bain” – /b[image: image]/ (bath) vs. “banc” – /bã/ (bench)]. These different grammatical and lexical distinctions were based on various phonological contrasts: oral/nasal (n = 10), oral/oral (n = 3), or nasal/nasal (n = 3) vowel substitutions, as well as phonemic additions (n = 12).

The children were presented with two images (the target image and the distractor) on a tablet. They listened to the target word or sentence through an audio recording played via loudspeakers (Bose Soundlike). The sound level was controlled to reach an average level of 60 dB. The children were then asked to point to the corresponding target image among the two images. Five practice items were provided before the task to ensure the children understood the instructions and to adjust the sound volume for optimal listening of the stimuli.




2.3 Procedure

The children completed the four tasks in a quiet environment, in the presence of the experimenter and, in some cases, their speech therapist. The tasks were administered in the following order: first, the picture-naming task, followed by the induced narrative production task, the comprehension task, and finally, the free narrative production task. The total testing time ranged between 35 and 60 min. Breaks were proposed to the children between tasks. All of the children’s productions were recorded using an H5 Zoom portable audio recorder.



2.4 Measures


2.4.1 Phonological score

The children’s productions in the naming task were annotated by an initial examiner and subsequently verified by the first author using the Phon 3.1 software (Hedlung and Rose, 2020). The software, by comparing the target phonological form with the actual production as annotated through a narrow transcription, was able to extract various phonological accuracy scores. In this study, we will focus solely on a global score of percentage of correct phonemes. A more comprehensive description of the children’s phonological as well as acoustic analyses of the productions are available in a previous study (Fagniart et al., 2024a).



2.4.2 Grammatical production scores and lexical score

The children’s productions from the audio recordings of the narratives were transcribed using PHON (Hedlung and Rose, 2020) and then exported to the Computerized Language Analysis (CLAN) software (MacWhinney, 2000) for the purpose of conducting a morphosyntactic annotation of the words in the narratives using the MOR and POST functions (Parisse and Le Normand, 2000). The KidEval program was used to extract various cues of morphosyntactic development, while also classifying the different function words produced and the verb tenses used.

For the study, we focused on the following cues for analysis, known to be indicators of morphosyntactic development or linked to morphosyntactic complexity:


1.Mean Length of Utterance (MLU) in morphemes (MLUm)

2.The verb/utterance ratio: determining the number of utterances containing a main verb

3.The number of the following function and content words: prepositions, pronouns, demonstrative pronouns, reflexive pronouns, object pronouns, subject pronouns, adjectives, adverbs, articles, possessive determiners, conjunctions, number of regular verbs, copula verbs, modal verbs, auxiliary verbs, and possessive verbs. The raw counts of these different grammatical words were divided by the total number of words produced by the child, in order to obtain a relative measure that is not influenced by sample size.

4.Verb forms related to variations in tenses and moods: present, past simple (judged as equivalent to the “imparfait” in French), past perfect (judged as equivalent to the “participe passé” in French), conditional, and future. The raw counts of these different verb forms were divided by the total number of verbs produced by the child.



The annotated narratives were also reviewed by the first author to identify different types of errors, which will be analyzed. The errors observed included:


-Noun agreement errors in number [“les cheval” – /le∫əval/ – i.e., “the (plural) horse (singular)” instead of “les chevaux” – /le∫əvo/ – i.e., “the (plural) horses (plural)”] and gender [“la boulanger” – /labulãʒe/ – i.e., “the baker (male)” instead of “la boulangère” – /labulãəɛʁ/ – i.e., “the baker (female)”]

-Verb agreement errors in number (“les amis vient” – /lezamivj[image: image]/ – i.e., “the friends is coming” instead of “les amis viennent” – /lezamivjεn/ – i.e., “the friends are coming”)

-Verb form errors: auxiliary (“il a parti” – /ilapaʁti/ instead of “il est parti” – /ilεpaʁti/), form (“ils se marier” – /ilsəmaʁje/ instead of “ils se mariaient” – /ilsəmaʁjε/), overgeneralization (“il parta” – /ilpaʁta/ instead of “il partit” – /ilpaʁti/)

-Substitution of function words: preposition (“il tombe sur la fenêtre” – /ilt[image: image]bsyʁlafənϵtʁ/ instead of “il tombe par la fenêtre” – /ilt[image: image]bpaʁlafənϵtʁ/), contracted article (“de le cheval” – /dələ∫əval/, instead of “du cheval” – /dy∫əval/), clitic pronoun (“il le regarde (mention to a female character” – /illəʁəgaʁd/, instead of “il la regarde” – /illaʁəgaʁd/), others

-Deletion of function words: determiners (“chien” – /∫əval/, instead of “le chien” – /lə∫j[image: image]/), prepositions (“il tombe la fenêtre” – /il t[image: image]b la fənεt/ instead of “il tombe par la fenêtre” – /ilt[image: image]bpaʁlafənεtʁ/)

-Addition of function words (“il vend en ses produits” – /il vãã sε pʁodyi/ instead of “il vend ses produits” – /il vã sε pʁodyi/)



In order to also obtain an indicator related to the level of lexical development, the lexical diversity index D, derived from the VOCD procedure in KidEval (Duran et al., 2004), was computed. This index was created to avoid being influenced by sample size, unlike the Type/Token Ratio (TTR) index, which increases with the size of the corpus. The index is calculated based on a mathematical model of the probability that a new word will be introduced as the corpus lengthens. This mathematical model is compared to the actual produced corpus to obtain the D index. This index has proven to be more reliable for evaluating corpora of different sizes and has demonstrated its ability to discriminate between different types of speakers (Duran et al., 2004).

All these measures were conducted on both narratives (induced and free), analyzed jointly.



2.4.3 Sentence/word-picture matching task scores

For the comprehension task, d′ scores were calculated for all scores related to a specific category. First, scores were computed for each type of grammatical marker involved in the comprehension task (gender and number), as well as for all the items including minimal pairs. Second, specific d′ scores were calculated for each of the phonological contrasts conveying the distinction between the target and the distractor: contrasts between nasal and oral vowels, oral and oral vowels, nasal and nasal vowels, or the phonological process of phonemic addition. d′ scores were obtained by subtracting the normalized, centered, and standardized values of hit (correct detection) and false alarm (incorrect detection) rates, according to the signal detection theory (MacMillan and Creelman, 1991). Extreme scores of 0 and 1 were converted to 0.01 and 0.99, respectively, to allow for Z-score conversion.




2.5 Statistical analysis

Linear generalized mixed models, implemented using the lme4 package (version 1.1-34; Bates et al., 2015) within the R software environment (R Core Team, 2022), were used to compare groups across various measures of the children’s speech productions. The models included two fixed effects: the variable classifying children according to their auditory status (CI vs. TH) and one of the covariates under study, namely chronological age, auditory age (as measured by the age from the first implantation in the CI group), vocabulary level (as measured by the lexical diversity index D from narrative productions), or phonological accuracy (percentage of correct phonemes obtained in the picture-naming task). Interactions between auditory status and each of the covariates were also tested. A random intercept effect for each subject was included in the models. The statistical significance of fixed effects for auditory status was assessed using t values and p values derived from the model estimates. For interaction effects, Chi-square statistics and p values were calculated using the ANOVA function from the car package (Fox and Weisberg, 2018). Model comparisons were performed using the Akaike information criterion (AIC) to identify the best predictor of performance. Pearson correlation coefficients were calculated between the various measures.




3 Results


3.1 Vocabulary and phonological accuracy level

Vocabulary and phonological precision levels were assessed respectively through lexical diversity scores during the production of two narratives and the percentages of correct phonemes in a picture-naming task. Figure 1 illustrates these measures as a function of chronological and auditory age across the CI and TH groups. When controlling for chronological age as a covariate, higher scores were observed in the TH group for both lexical diversity scores (CI: 31.0; TH: 42.7; β = 11.7, SD = 2.8, t(63) = 4.2, p < 0.001) and percentages of correct phonemes (CI: 76.0; TH: 91.4; β = 15.4, SD = 2.7, t(63) = 5.7, p < 0.001). Using auditory age as a covariate yielded similar results: while children in the CI group demonstrated higher scores compared to their chronological age, their performance remained significantly lower than the TH group for both lexical diversity scores (CI: 34.0; TH: 41.5; β = 7.5, SD = 2.8, t(63) = 2.6, p = 0.01) and percentages of correct phonemes (CI: 78.0; TH: 90.6; β = 12.6, SD = 2.7, t(63) = 4.6, p < 0.001). Notably, significant variability was observed in the performance of children in both groups, as illustrated by the number of data points falling outside the confidence intervals of the regression lines, particularly for the percentage of correct phonemes in the CI group (auditory age: 31.6% of subjects below the confidence interval vs. 19.1% in the TH group). A larger difference can be observed between the two groups in the percentages of correct phonemes compared to lexical diversity scores.
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FIGURE 1
Scatterplots of percentage scores of correct phonemes (PCP – top) and lexical diversity index (D – bottom) as a function of chronological age (left) and auditory age (right) in months, for CI (red) and TH (blue) groups. Regression lines with 95% prediction intervals, based on the tested mixed models, are included.




3.2 Results of narrative productions


3.2.1 Developmental cues

Figure 2 presents the mean values of MLUm and the V/U ratio as a function of chronological and auditory ages, as well as vocabulary and phonological levels, across the CI and TH groups. Higher values are observed for MLUm (CI: 4.52; TH: 5.86; β = 1.33, SD = 0.38, t(63) = 3.4, p = 0.001) and the V/U ratios (CI: 0.64; TH: 0.86; β = 0.22, SD = 0.06, t(63) = 3.4, p = 0.001) in the TH group, with a faster progression evident when data is analyzed as a function of chronological age. However, these group differences disappear when the data are analyzed as a function of auditory age, vocabulary levels, or phonological precision. Significant effects of all covariates are observed for both indices: chronological age (MLUm: β = 0.05, SD = 0.01, t(63) = 3.7, p < 0.001; V/U ratio: β = 0.009, SD = 0.002, t(63) = 4.4, p < 0.001), auditory age (MLUm: β = 0.05, SD = 0.01, t(63) = 4.4, p < 0.001; V/U ratio: β = 0.01, SD = 0.002, t(63) = 5.2, p < 0.001), vocabulary level (MLUm: β = 0.05, SD = 0.02, t(63) = 3.2, p = 0.001; V/U ratio: β = 0.01, SD = 0.002, t(63) = 4.3, p < 0.001), and phonological precision (MLUm: β = 0.09, SD = 0.02, t(63) = 5.6, p < 0.001; V/U ratio: β = 0.02, SD = 0.003, t(63) = 5.3, p < 0.001). Notably, models that include phonological precision as a covariate show the lowest AIC values, suggesting that phonological precision is a key factor in explaining variations in MLUm and V/U ratios.
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FIGURE 2
Scatterplots of percentage scores for Mean Length of Utterances in morphemes (MLUm – left panels) and the verbs/utterances ratio (right panels) as a function of chronological age (top left), auditory age (top right) in months, vocabulary (bottom left), and phonological level (bottom right) for CI (red) and TH (blue) groups. Regression lines with 95% prediction intervals, based on the tested mixed models, are included.




3.2.2 Function words

Table 2 displays the significance of the tests for group and covariate effects across the different covariates related to the function word of interest, as well as the best covariate model based on AIC values. The figures representing these values as a function of the different covariates, by group and by function word, are available in Supplementary Appendix 1.


TABLE 2 Summary of group effects (CI vs. TH), target covariate effects (chronological age – CA, auditory age – AA, vocabulary level – VL, and phonological level – PL), and their interactions for the various function words studied.
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Different trends between the groups are observed depending on the function words studied. Some function words, such as possessive determiners, are observed with greater prevalence in the TH group regardless of the covariate type (chronological age: β = 0.88, SD = 0.27, t(63) = 3.3, p = 0.001; auditory age: β = 0.72, SD = 0.28, t(63) = 2.6, p = 0.01; vocabulary level: β = 0.58, SD = 0.28, t(63) = 2.1, p = 0.04; and phonological level: β = 0.87, SD = 0.32, t(63) = 2.7, p = 0.008). Similar patterns are found for prepositions (chronological age: β = 2.83, SD = 0.69, t(63) = 4.1, p < 0.001; auditory age: β = 2.2, SD = 0.71, t(63) = 3.1, p = 0.002; vocabulary level: β = 1.76, SD = 0.7, t(63) = 2.5, p = 0.01; and phonological level: β = 1.55, SD = 5.8, t(63) = 3.1, p = 0.003) and reflexive pronouns (chronological age: β = 0.78, SD = 0.2, t(63) = 3.7, p < 0.001; auditory age: β = 0.5, SD = 0.2, t(63) = 2.4, p = 0.01; vocabulary level: β = 0.43, SD = 0.2, t(63) = 1.99, p = 0.05; and phonological level: β = 0.63, SD = 0.2, t(63) = 2.5, p = 0.01). Articles are also observed in higher proportions in the TH group when vocabulary level is used as a covariate (β = 2.4, SD = 0.95, t(63) = 2.5, p = 0.01), as are object pronouns when the data are analyzed as a function of chronological age (β = 0.3, SD = 0.1, t(63) = 2.6, p = 0.01) and vocabulary level (β = −0.72, SD = 0.34, t(63) = −2.1, p = 0.04). Adjectives, on the other hand, show significant group differences when chronological age (β = 2.99, SD = 1.4, t(63) = 2.2, p = 0.03) and phonological level (β = −6.7, SD = 2.5, t(63) = −2.6, p = 0.01) are used as covariates. Conversely, conjunctions are observed in greater numbers in the CI group (chronological age: β = −1.17, SD = 0.57, t(63) = −2, p = 0.04; auditory age: β = −1.6, SD = 0.6, t(63) = −2.7, p = 0.009; vocabulary level: β = −4.2, SD = 2, t(63) = −2, p = 0.04; and phonological level: β = −1.7, SD = 0.7, t(63) = −2.5, p = 0.01).

An interaction effect is observed for adjectives with chronological age (χ2(1) = 4.78, p = 0.03) and phonological level (χ2(1) = 7.5, p = 0.005) as covariates. Specifically, values increase with chronological age in the CI group but decrease slightly in the TH group, while the opposite trend is observed for phonological level. Similarly, an interaction effect is noted for subject pronouns between the group and the covariates chronological age (χ2(1) = 4, p = 0.04): CI children’s values decrease with age, whereas those of TH children increase. Further interaction effects include object pronouns (χ2(1) = 5.9, p = 0.01), where TH children’s values increase with vocabulary level while CI children remain stable. Finally, the prevalence of adverbs shows no significant association with group effects, regardless of the covariate.



3.2.3 Verbal morphology

Table 3 displays the significance of the tests for group and covariate effects across the different covariates related to the various verbal forms observed in the narrative tasks, as well as the best covariate model based on AIC values. Figures representing these values as a function of the different covariates, by group and by function word, are available in Supplementary Appendix 2.


TABLE 3 Summary of group effects (CI vs. TH), target covariate effects (chronological age – CA, auditory age – AA, vocabulary level – VL, and phonological level – PL), and their interactions for the various verb moods and tenses studied.
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With chronological age as a covariate, a greater number of indicative future (β = 0.91, SD = 0.35, t(63) = 2.6, p = 0.01), conditional (β = 1.7, SD = 0.6, t(63) = 2.8, p = 0.007), and past simple (β = 10.9, SD = 2.9, t(63) = 3.7, p < 0.001) forms are observed in the TH group. However, this effect is not observed when auditory age, vocabulary, or phonological levels are used as covariates. The use of the indicative present is observed in greater numbers in the CI group when chronological age is used as a covariate, but no group differences are found when auditory age, vocabulary, or phonological levels are considered. Regarding the past perfect, a greater prevalence is observed in the CI group across all covariates (chronological age: β = −9.76, SD = 3.3, t(63) = −3, p = 0.004; auditory age: β = −10.4, SD = 3.4, t(63) = −3.1, p = 0.003; vocabulary level: β = −10.9, SD = 3.5, t(63) = −3.6, p < 0.001; and phonological level: β = −8.9, SD = 3.4, t(63) = −1.96, p = 0.05), along with an interaction effect with vocabulary (χ2(1) = 10.7, p = 0.001). Specifically, the prevalence of the past perfect decreases as D index values increase.



3.2.4 Errors

Table 4 displays the significance of the tests for group and covariate effects across the different covariates related to the various error types observed in the narrative tasks, as well as the best covariate model based on AIC values. Figures representing these values as a function of the different covariates, by group and by function word, are available in Supplementary Appendix 3.


TABLE 4 Summary of group effects (CI vs. TH), target covariate effects (chronological age – CA, auditory age – AA, vocabulary level – VL, and phonological level – PL), and their interactions for the various grammatical errors studied.
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No significant group differences were observed for nominal agreement in number. However, for nominal agreement in gender, CI children made more errors, approaching significance with chronological age (β = −0.18, SD = 0.2, t(63) = −1.7, p = 0.08) and auditory age (β = −0.2, SD = 0.1, t(63) = −1.85, p = 0.06) as covariates. When focusing specifically on errors within determiner-noun syntagms, significantly more errors were observed in the CI group across three covariates: chronological age (β = −0.28, SD = 0.1, t(63) = −3.2, p = 0.002), auditory age (β = −0.25, SD = 0.1, t(63) = −2.8, p = 0.006), and vocabulary level (β = −0.25, SD = 0.1, t(63) = −2.7, p = 0.008). For verbal agreement in number, CI children made significantly more errors when auditory age was used as a covariate (β = −0.08, SD = 0.04, t(63) = −2.3, p = 0.02).

A greater number of verb morphology errors was also observed in the CI group. Regarding verb tense errors, children in the CI group showed a higher frequency of auxiliary misuse across all the covariates: chronological age (β = −0.45, SD = 0.1, t(63) = −3.1, p = 0.002), auditory age (β = −0.3, SD = 0.2, t(63) = −2.6, p = 0.01), vocabulary level (β = −0.22, SD = 0.1, t(63) = −2.1, p = 0.04), and phonological level (β = −0.82, SD = 0.27, t(63) = −3.1, p = 0.003). Interaction effects between group and covariates were found for chronological age (χ2(1) = 8.3, p = 0.003) and auditory age (χ2(1) = 5.4, p = 0.02), with a decrease in the prevalence of these errors with age advancement in the TH group, while errors remained stable in the CI group. The opposite trend was observed for phonological level (χ2(1) = 10.3, p = 0.001). Errors involving verb forms were more frequent in the CI group with chronological age (β = −0.12, SD = 0.06, t(63) = −1.88, p = 0.05) and vocabulary level (β = −0.49, SD = 0.2, t(63) = −2.3, p = 0.02). An interaction effect between group and vocabulary level was noted, with errors decreasing as vocabulary increased in the CI group, while remaining stable in the TH group.

Children in the CI group make also more omissions of function words than children in the TH group. More specifically, CI children made significantly more determiner omissions across three covariates: chronological age (β = −3.2, SD = 0.96, t(63) = −3.4, p = 0.001), auditory age (β = −2.73, SD = 0.98, t(63) = −2.8, p = 0.007), and vocabulary level (β = −2.83, SD = 1, t(63) = −2.8, p = 0.007), and a significant negative correlation between error numbers and phonological level was observed. For preposition omissions, CI children made significantly more errors with auditory age (β = −0.05, SD = 0.02, t(63) = −2.2, p = 0.03) and phonological level (β = −0.07, SD = 0.02, t(63) = −2.4, p = 0.02) as covariates. Similarly, pronoun omissions were more frequent in the CI group with chronological age (β = −0.4, SD = 0.17, t(63) = −2.1, p = 0.04) as covariate, with a negative correlation observed between error numbers and phonological level. Finally, CI children made more errors involving diverse additions with chronological age (β = −0.07, SD = 0.03, t(63) = −1.9, p = 0.05), auditory age (β = −0.8, SD = 0.3, t(63) = −2.2, p = 0.03), vocabulary level (β = −0.8, SD = 0.4, t(63) = −2.2, p = 0.03), and phonological level (β = −0.1, SD = 0.04, t(63) = −2.5, p = 0.01).




3.3 Sentence/word-picture matching task

The scores obtained in the sentence/word-picture matching task were also compared between the CI and TH groups, with chronological and auditory ages, vocabulary levels, and phonological precision included as covariates. Table 5 summarizes the significance levels of the different subscores based on the covariates studied. Since no interaction effects were identified, they are not represented in Table 5.


TABLE 5 Summary of group effects (CI vs. TH) and target covariate effects (chronological age – CA, auditory age – AA, vocabulary level – VL, and phonological level – PL) for sentence/word-picture matching task subscores.
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A group effect favoring the TH group was observed for lexical minimal pairs (3.01 vs. 2.06; β = 0.95, SE = 0.46, t(63) = 2.1, p = 0.04) as well as for the nasal-oral opposition subscore (2.58 vs. 1.29; β = 1.3, SE = 0.4, t(63) = 3.2, p = 0.002) with chronological age as a covariate. However, this difference is no longer significant when controlling for the other covariates. Notably, phonological precision is strongly associated with each subscore, and models using this covariate exhibit the lowest AIC values.



3.4 Links between productive and receptive tasks with lexical and phonological scores

The specific links between the different subscores and levels of phonological precision and vocabulary were finally compared between the two groups. Figure 3 represents the different correlation coefficients for the CI and TH groups between the phonological development score (percentages of correct phonemes) on one hand, and the averaged lexical diversity index of the two narratives (D scores) on the other hand, with the morphosyntactic development indices MLUm and the verb/utterances ratio, as well as with the number of nouns, prepositions and conjunctions as well as determiner omissions. This choice of verbal tense, function word, and error was made by selecting those that showed significant differences in terms of auditory status in the previous analyses of this study (see section “3.3 Sentence/word-picture matching task”).
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FIGURE 3
Pearson coefficients and associated significance levels between phonological scores (percentages of correct phonemes – PCP), lexical diversity scores (D index), and various grammatical measures. Solid arrows refer to the CI group, while dashed arrows refer to the TH group. Significant correlations are indicated with *p < 0.05, **p < 0.005, or ***p < 0.001).


The MLUm and V/U ratios both exhibited strong and significant correlations with the phonological score among children in the CI group and moderate correlations in the TH group. MLUm and V/U ratios showed moderate to strong correlations with the lexical diversity scores, but only within the TH group. For nouns and conjunctions, which were observed in greater numbers among the CI group, different trends were identified. The number of nouns was strongly negatively correlated with phonological scores in the CI group, while this same negative correlation was only observed with the lexical diversity scores in the TH group. Regarding conjunctions, children in the CI group exhibited moderate negative correlations between their conjunction scores and the lexical diversity scores. In contrast, prepositions, which were observed in significantly greater numbers in the narratives of TH group children, were strongly and positively correlated with phonological scores in the CI group and showed slight to moderate correlations with the lexical diversity scores in both groups. Additionally, phonological scores were strongly negatively correlated with the presence of determiner deletions in both groups and moderately negatively correlated with the lexical diversity scores in the TH group.

Figure 4 represented the different correlation scores for the CI and TH groups between the phonological development score, on one hand, and the averaged lexical diversity scores of the two narratives on the other hand, with the different sub-scores of the sentence/word-picture matching tasks.
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FIGURE 4
Pearson coefficients and associated significance levels between phonological scores (percentages of correct phonemes – PCP), lexical diversity scores (D index), and the various scores on the pointing task. Solid arrows refer to the CI group, while dashed arrows refer to the TH group. Significant correlations are indicated with *p < 0.05, **p < 0.005.


Regarding the type of opposition, the phonological score was significantly and strongly correlated with the scores of number markers and the scores on minimal pairs and moderately correlated with the scores of gender markers among children in the CI group. Lexical diversity scores were moderately correlated with number marks score. Among children in the TH group, a moderate and significant link was observed between the percentages of correct phonemes and the score on minimal pairs, as well as between the lexical diversity scores and gender markers. Concerning scores according to the type of phonological mechanism, strong and significant links were observed between the phonological scores and the sub-scores related to the nasal-oral distinction and phonemic additions in the CI group. The sub-score related to phonemic additions was also moderately correlated with the phonological and lexical diversity scores. A moderate and significant link was observed between the phonological score and the sentence/word-picture matching task scores related to the distinction between nasal and oral vowels in the TH group.

Figure 5 presented the different subscores of the sentence/word-picture matching task with the morphosyntactic development index MLUm.
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FIGURE 5
Pearson coefficients and associated significance levels between sentence/word-picture matching task scores and MLUm values. Solid arrows refer to the CI group, while dashed arrows refer to the TH group. Significant correlations are indicated with *p < 0.05, **p < 0.005, or ***p < 0.001.


Moderate to strong significant positive associations were observed between number markers and minimal pairs with MLUm in both groups. Regarding phonological mechanisms, a strong and significant association was observed between the MLUm score and the subscore related to distinctions between nasal and oral vowels in children from the CI group, while this association was moderate in the TH group. A moderate association was also observed between MLUm and the subscore related to distinctions between nasal vowels in the CI group, as well as between MLUm and phonemic additions in the TH group. Note that similar relationships are generally observed between these different scores and the verb/utterance ratios (not presented in the figures), with the exception of the presence of additional strong (CI) and moderate (TH) correlations with gender marking (CI: 0.64; p = 0.003 – TH: 0.38; p = 0.008) and with the score implying distinction between two nasal vowels (CI: 0.38; p = 0.1 – TH: 0.36; p = 0.2). It is also interesting to note a moderate negative correlation between the omission of determiners and the sub-score related to distinctions between nasal and oral vowels in both groups (CI: −0.46; p = 0.04 – TH: −0.31; p = 0.03), while this same sub-score shows a significant negative correlation with the omission of determiners only in the TH group (CI: −0.33; p = 0.2 – TH: −0.37; p = 0.009).




4 Discussion

The present study aimed to investigate grammatical production skills through narrative production and morphophonological reception skills targeting grammatical markers and minimal pairs based on the distinction between French nasal and oral vowels in a group of children with CIs and their TH peers. Group comparisons were conducted while controlling for chronological and auditory ages, phonological skills (assessed through a picture-naming task), and lexical skills (measured using the lexical diversity index obtained from the narratives). The study also examined the specific relationships within the two groups between these skills and lexical/phonological levels, as well as the relationships between productive and receptive MS tasks.


4.1 Phonological and lexical skills

Lexical and phonological skills were first assessed within the two groups, taking into account both the chronological age of the children and their hearing age. Both types of comparisons led to the same conclusion: the performance of children with CI is lower than that of their TH peers of the same chronological and hearing age. Thus, children with CI exhibit phonological and lexical performance below what might be expected for children of the same age, even when considering their level of auditory experience.

Regarding the level of phonological development, this result is not surprising and supports the impact of perceptual limitations on the development of precise phonological representations. This finding aligns with the literature, which highlights increased difficulties in this component of language (Nittrouer et al., 2014, 2018; David et al., 2021; Romano et al., 2021). However, it was not expected to observe lower performance in terms of lexical diversity. Indeed, this finding might seem contradictory to the literature that suggests a preservation of lexical skills (Duchesne et al., 2009; Caselli et al., 2012; Rinaldi et al., 2013) justified by the perceptually and conceptually more salient nature of lexical elements in language (Joanisse and Seidenberg, 1998; Chiat, 2001). The results should also be contrasted with the study by Warner-Czyz et al. (2024), which showed that expressive vocabulary size, as assessed through parental reports in young children aged 17–30 months, exhibited a chronological delay relative to expected scores based on chronological age when compared to their peers with TH. However, this gap was compensated for when considering listening experience. It therefore appears that, unlike the early development of a lexicon, lexical diversity—when assessed through a narrative task—remains more challenging for children with CIs compared to their TH peers, even when auditory experience is equivalent. However, it should be noted that a similar result was obtained in narrative productions by Le Normand and Thai-Van (2023). Methodological differences could explain this discrepancy between studies, as those reporting a selective grammatical deficit typically used formal language assessment tests, which mainly involved tasks such as naming or picture identification to assess receptive and/or productive lexical levels. In contrast, the language mechanisms involved in narrative production are more complex and closer to an ecological language production situation. Our present data corroborate Le Normand and Thai-Van’s findings, suggesting that lexical development might also pose long-term challenges for children with CI.

It is worth highlighting that both groups showed improved performance with increasing chronological and hearing age, indicating a maturation effect on these performances regardless of auditory status. Furthermore, the gap between the two groups is more pronounced for phonological scores, possibly indicating a greater vulnerability for this language component among children in the CI group.



4.2 Narrative productions skills

The analysis of narrative productions revealed significantly lower scores in developmental cues in CI children, specifically lower MLU a lower V/U ratio, when controlling for chronological ages. Lower MLU values in CI groups compared to chronological age-matched peers have already been reported in the literature (Szagun, 2001; Hansson et al., 2017; Nittrouer et al., 2018; Majorano et al., 2024), which has led to conclusions about increased vulnerability in MS skills among CI children in production. The V/U ratio highlights the number of complete sentences, meaning those that include a main verb. The ratio for the CI group is significantly lower than that of the TH group, indicating a higher proportion of verbless utterances. These results have also been observed in a study of Italian-speaking children (Majorano et al., 2024), and further supports the observation of grammatical difficulties in these children. This advantage of the TH group children, however, disappears once the children are compared while accounting for their hearing ages and linguistic levels, as no statistically significant differences were observed when using hearing age and vocabulary and phonological levels as covariates. It therefore seems that, with an equivalent experience of auditory stimulation (at least through the activation of the first CI), the children produce utterances containing as many grammatical morphemes (MLU) and generate as many utterances with a conjugated verb (V/U ratios). Similar findings were made regarding hearing age (Caselli et al., 2012) and vocabulary level (Jung and Ertmer, 2018) in relation to MLU values. With respect to the matching in terms of phonological precision, to our knowledge, these are the first data on this subject, supporting the idea that better phonological performance is associated with increased MS performance and performance as strong as that of TH peers with similar phonological levels. These findings suggest a global positive linguistic effect linked to exposure to oral linguistic input, where greater auditory experience is associated with more opportunities to enhance phonological and lexical skills, thus leading to better MS performance. This assumption aligns with the literature proposing a commensurate development of lexical and phonological components (Stoel-Gammon, 2011; Sosa and Stoel-Gammon, 2012). It should be noted, however, that the models involving the level of phonological precision were the most predictive of the MLU and V/U ratios, indicating a predominant role of this language component in MS performance, as will be discussed below.

However, despite equivalent MLU values during pairings based on hearing ages and linguistic levels, the analysis of function words revealed differences between our groups in the distribution of certain function words. Specifically, a higher percentage of prepositions, reflexive pronouns, and possessive determiners was observed in the productions of the TH group, even when accounting for chronological age, hearing age, and vocabulary and phonological levels. A higher prevalence of object pronouns and article determiners was also noted when controlling vocabulary level. In contrast, subject pronouns, as well as adjectives and adverbs, were produced similarly in both groups. However, conjunctions were observed in greater proportions in the CI group when controlling for all four covariates. This differentiated effect of auditory status on the acquisition of function words echoes findings observed in French in younger children (Le Normand, 2004; Le Normand and Thai-Van, 2023), which had been attributed to the more or less lexicalizable and/or accented status of certain function words, giving them a perceptual advantage. In the same vein, within the early lexicon of young children, Warner-Czyz et al. (2024) found a significantly higher proportion of nouns compared to verbs among children with hearing loss using hearing aids or CIs. The authors suggested a facilitative effect in noun acquisition, which could be attributed to the greater ease with which nouns can be explicitly labeled. The study of verb tenses and moods produced by the children revealed a higher usage of the conditional, past simple, and future tenses in the TH group when controlling for chronological age. However, this advantage was no longer significant when controlling for hearing age and phonological and lexical levels. In contrast, the children in the CI group showed a higher prevalence in the use of the past perfect tense, regardless of the covariate. Children in the CI group, therefore, exhibited less variety in the use of tenses and moods compared to peers of the same chronological age but demonstrated equivalence to peers with the same hearing age and phonological/lexical levels. Auditory experience and linguistic levels again appear to be associated with better mastery of verbal morphology. However, it is worth noting the higher use of the past perfect: the use of an auxiliary may be more perceptually salient in the past perfect tense, with a past participle that is phonologically stable. The fact that, despite controlling for age effects (chronological and hearing) and linguistic levels (both phonological and lexical), these differences in the distribution of function words and verb tenses/moods persist suggests that they may be linked to a specific atypical development in children with CIs. This could be attributed to the perceptual limitations of the CI.

This observation is supported by the fact that the analysis of errors revealed more errors in nominal agreement (within the determiner + noun relationship) in CI children, as well as more deletions of determiners and prepositions, along with a greater variety of additions and errors in verbal tense forms, even when controlling for all covariates. Morphological errors related to gender marking have also been previously observed in children with CI in French (Le Normand and Thai-Van, 2023) as well as in other languages (Szagun, 2004; Moreno-Torres and Torres, 2008), with difficulties in grammatical morphology manifesting as morpheme substitutions. These errors in verbal or nominal agreement, manifested through substitutions, suggest a potential grammatical deficit and/or specific processing difficulties. In our sample, the children also made a number of omissions of function words, particularly prepositions and determiners. Determiner omissions have been suggested as a sign of perceptual difficulties (Moreno-Torres and Torres, 2008) and/or prosodic difficulties (Le Normand and Moreno-Torres, 2014; Le Normand and Thai-Van, 2023).

An integrative explanatory approach for these various findings is provided by Moreno-Torres and Moruno-López (2014). In that study, the authors observed different error profiles in suprasegmental aspects compared to hearing peers, which may suggest a tendency of CI children to reproduce correct syllabic sequences of the language without accessing the complete prosodic structure (perception of prosodic variations related to F0). The authors integrate their various findings into theoretical models of speech motor control (Hickok, 2012), proposing that the segmental elements of speech rely on both auditory-motor and somatosensory-motor cues. While the former cues are the first to be employed in development due to early guidance by auditory feedback, the latter cues are used later during the initial stages of speech production (babbling, first words). The literature suggests to Moreno-Torres and Moruno-López (2014) that children with CIs are more efficient in using auditory-motor cues, allowing them to quickly acquire a certain number of segments and the syllabic structure of their language after implantation. However, they face difficulties arising from their perceptual limitations, explaining the challenges in mastering certain phonological features. In contrast, they find it harder to rely on somatosensory-motor cues, which are more closely associated with phonemic units and implicit learning, possibly explaining the increased difficulty in perceiving consonantal and prosodic units. In this context, the authors propose a deficit in the use of the dorsal stream of the brain, based on the dual-stream processing model (Hickok and Poeppel, 2004; Friederici, 2012). According to this theory, the dorsal stream is associated with auditory-motor motor integration responsible for segmental-level processing, while the ventral stream, associated with auditory-motor conceptual integration, is used for semantic-lexical access. This hypothesis also highlights difficulties in implicit learning associated with the dorsal stream deficit, which may explain the increased dependence on explicit teaching and the significant inter-individual variability characteristic of this population. This explanatory framework is fully consistent with the observations of the present study: children with CIs struggle more to acquire function words, whose conceptual representation is less prominent and less easily accessible through explicit teaching. This leads to difficulties such as substitutions and omissions of morphemes, also due to incomplete perception of the prosodic elements of the language.



4.3 Processing grammatical and lexical morphemes in nasal-oral vowel morphophonological opposition

In the morpheme identification task, an effect of auditory status was observed only for the lexical minimal pairs and the score that included items where the morphemic opposition was carried by nasal vs. oral vowels when controlling for chronological age. This finding supports the hypothesis of increased difficulty in processing certain phonological features, specifically vowel nasality, which significantly impacts morphemic processing. These results align with previously observed difficulties in the identification and discrimination of nasal and oral vowels in children with CIs (Fagniart et al., 2024a). Given that the minimal pairs primarily involved oppositions between nasal and oral vowels, it is unsurprising that the score associated with minimal pairs was generally lower for children with CIs compared to TH children. However, as observed with MLU and V/U ratios, the performances of the CI group were no longer statistically inferior when controlling for hearing age and phonological and lexical levels. With equivalent auditory experience and linguistic levels, it seems that the specific perceptual difficulties associated with vowel nasality have less impact on morphemic processing skills.

One way to explain these results would be that the perceptual difficulties related to vowel nasality have diminished, allowing for better discrimination of nasal-oral vowel segments. It is worth recalling that the nasal timbre of nasal vowels, as opposed to the oral timbre of oral vowels in French, is particularly reliant on acoustic information that requires optimal spectral resolution skills. While these spectral resolution skills develop progressively from childhood to adolescence in TH children (Jahn et al., 2022), numerous studies report significant difficulties in children with CIs, with little improvement as they age, reflecting characteristic perceptual limitations (Horn et al., 2017; Gifford et al., 2018; Landsberger et al., 2018). This is consistent with lower performance in the identification and discrimination of nasal-oral vowels in children aged 5–12 years (Fagniart et al., 2025), with no significant effect of chronological or hearing age on performance. However, a recent study highlighted a moderate link between spectral modulation detection thresholds and chronological age in a group of children aged 5–13 years, despite significantly lower performance compared to their TH peers (DeFreese et al., 2024). The effects of maturation on these fine spectral processing skills remain inconclusive in the literature and warrant further investigation to determine their developmental trajectory in children with CIs. The data from this study could support the notion that these skills may evolve with auditory and linguistic experience. It is important to emphasize that the linguistic material used in this study consisted of real words and syntagms, which offers various perceptual advantages compared to studies on spectral resolution or discrimination/identification of nasal-oral vowels using synthetic sounds, isolated vowels, or pseudowords. While these latter approaches are controlled to require isolated processing of the target vowel/sound, real words benefit from stored phonological representations in memory and include an associated phonetic context. This context provides coarticulatory effects and supplementary acoustic information that are potentially more accessible through CI coding, such as formant transitions with adjacent consonants and differences in amplitude or segmental duration. It is thus possible that, with auditory and linguistic experience, children in the CI group developed greater compensatory strategies for their initial perceptual difficulties, enabling them to rely more effectively on perceptual cues better encoded by the CI to refine their phonological representations of challenging sounds. This observation has been reported in studies investigating the perception and production of nasal-oral vowels, where the most proficient children appeared to rely more on temporal cues in perception (Fagniart et al., 2024a) and visual mechanisms in production (Fagniart et al., 2025).



4.4 Is there a link between lexical, phonological, and grammatical abilities?

The relationships between the phonological, morphosyntactic, and lexical components of language among our groups of children showed different profiles consistent with specific difficulties encountered by CI children. Indeed, the two groups appear to exhibit differentiated relationships between the various components and MS scores: while children in the TH group tend to have their scores evolve more jointly (associations between phonological, lexical, and MS production performance), reflecting concurrent global improvements in linguistic performance, children in the CI group with higher developmental MS scores and greater prevalence of MS complexity markers (use of prepositions, appropriate presence of determiners) are more strongly, or even exclusively, associated with phonological scores compared to lexical scores. These specific links among CI children between their phonological and morphosyntactic abilities are consistent with phonological theories of MS difficulties proposed to explain the language disorders encountered by children with SLI (Leonard et al., 1992; Joanisse and Seidenberg, 1998; Chiat, 2001; Parisse and Maillart, 2008). The phonological difficulties presented here by children with CI, stemming from the perceptual limitations of the CI, more severely affect MS development due to the lack of perceptual and conceptual prominence of grammatical elements in the linguistic input.

Regarding the task of processing grammatical and lexical morphemes, a specific link between the subscores and phonological skills was also observed in the CI group, indicating a specific relationship between phonological and morphophonological processing levels, not mediated by differences in overall language development. These observations corroborate the links previously observed between syntactic comprehension and phonological scores among Swedish children (Hansson et al., 2017). However, links were found between the lexical diversity index and gender markings in TH children, as well as number markings in CI children, which may reflect effects related to differences in general linguistic level for these scores. The correlation between the phonemic addition score and both phonological and lexical scores in the CI group further supports this.

The study of the relationships between the various subscores of the morphemic processing task and MS production scores also highlighted stronger links between the scores associated with the processing of nasal vowels (nasal-oral and nasal-nasal) and the MLUm and V/U ratios in the CI group. Children who are proficient at discriminating grammatical and lexical items distinguished by nasal vowels, either from each other or from oral vowels, also tend to have higher MLUm values and more complete sentences (containing a verb). Additionally, a link is observed between the processing of nasal and oral vowels and a reduction in the number of determiner in both groups. This is not surprising either: both skills can be attributed to better perceptual processing at both the segmental level (discrimination of nasal and oral vowels—fine spectral processing) and the suprasegmental level (adequate presence of determiners) in line with Moreno-Torres and Moruno-López (2014). These various results seem to support the hypothesis of variability in MS performance that can be explained by different degrees of perceptual processing in children with CIs.



4.5 Limitations

Although this study has allowed for the formulation of numerous findings in connection with the literature, it suffers from various limitations that are important to put into perspective. The first potential bias of the study is the limited sample size, which is characteristic of studies involving CI users. It is indeed complex to recruit a relatively homogeneous sample and to control all the key variables (rehabilitation methods, implantation age, etc.). The inter-individual variability characteristic of the CI population complicates the interpretation of the various observed effects, especially given the small sample sizes. Moreover, it would be interesting to replicate this type of study to investigate different language components jointly but in a longitudinal manner, to obtain more reliable developmental data. Different environmental variables could be controlled in studies of this type, such as parental involvement or parenting practices known to have a positive impact on language development.




5 Conclusion

This study examined the connections between phonological and morphosyntactic components in children with CI, focusing on their processing skills related to the phonological feature of vowel nasality in French.

Several findings emerged:


-Children in the CI group exhibited significantly lower performance compared to their peers with TH of equivalent chronological age. This was evident in their MS production (e.g., shorter MLUm, more non-verbal utterances, less complex function words, and verbal morphology) and in their processing of grammatical and lexical morphemes carried by nasal and oral vowels.

-When accounting for auditory age or phonological/lexical levels, differences in MS indices (e.g., MLUm and V/U) and morphosyntactic processing scores were no longer statistically significant between groups. With similar auditory experience or phonological/lexical levels, the effect of auditory status disappears, suggesting a capacity to compensate for the initial perceptual limitations associated with CI.

-A distinct pattern in the use of function words was observed, with fewer complex function words and verb tenses, alongside more frequent errors (e.g., addition/omission of function words and misuse errors). These findings reflect specific difficulties likely attributable to the perceptual limitations of CI.

-A specific link was found between MS skills (both in production and morphemic processing) and phonological accuracy within the CI group. This stronger interdependence between levels could partially explain the significant inter-individual variability observed in MS development among children with CI, as their MS development is highly dependent on phonological skills, which are particularly at risk in this population.



These findings underscore the importance of early efforts to establish a stable and complete phonological system by employing targeted rehabilitation methods tailored to the perceptual limitations of children with CI. Indeed, under-specified phonological representations, coupled with a processing approach more focused on salient lexical elements, can potentially lead to substantial long-term linguistic challenges.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

Ethical approval was not required for the study involving human samples in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants’ legal guardians/next of kin. Written informed consent was obtained from the minor(s)’ legal guardian/next of kin for the publication of any potentially identifiable images or data included in this article.



Author contributions

SF: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Project administration, Software, Visualization, Writing – original draft, Writing – review & editing. BC: Conceptualization, Methodology, Resources, Supervision, Validation, Writing – review & editing. VD: Conceptualization, Methodology, Supervision, Validation, Writing – review & editing. BH: Conceptualization, Methodology, Resources, Writing – review & editing. AH: Methodology, Project administration, Resources, Writing – review & editing. MP: Conceptualization, Methodology, Supervision, Validation, Writing – review & editing. KH: Conceptualization, Methodology, Project administration, Resources, Supervision, Validation, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research, authorship, and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Generative AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnhum.2025.1528388/full#supplementary-material



References

Arjmandi, M. K., Jahn, K. N., and Arenberg, J. G. (2022). Single-channel focused thresholds relate to vowel identification in pediatric and adult cochlear implant listeners. Trends Hear. 26. doi: 10.1177/23312165221095364

Başkent, D., Gaudrain, E., Tamati, T. N., Wagner, A., Cacace, A. T., Kleine, E., et al. (2016). “Perception and psychoacoustics of speech in cochlear implant users,” in Scientific Foundations of Audiology Perspectives from Physics, Biology, Modeling, and Medicine, eds AT Cacace, E Kleine, and AG Holt, (San Diego: Plural Publishing), 285–319.

Bates, D., Mächler, M., Bolker, B., and Walker, S. (2015). Fitting linear mixed-effects models using lme4. J. Stat. Soft. 67, 1–48. doi: 10.18637/jss.v067.i01

Borel, S. (2015). Perception Auditive, Visuelle et Audiovisuelle des Voyelles Nasales par les Adultes Devenus Sourds. Lecture Labiale, Implant Cochléaire, Implant du Tronc Cérébral. France: Université Sorbonne Paris Cité.

Borel, S., Serniclaes, W., Sterkers, O., and Vaissière, J. (2019). L’identification des consonnes et voyelles nasales par les adultes implantés cochléaires francophones. Audiol. Direct. 3:1. doi: 10.1051/audiodir/201903001

Bourdin, B., Ibernon, L., Le Driant, B., Levrez, C., and Vandromme, L. (2016). Troubles morphosyntaxiques chez l’enfant sourd et chez l’enfant dysphasique: Similarités et spécificités. Rev. Neuropsychol. 8, 161–172. doi: 10.1684/nrp.2016.0386

Bouton, S., Serniclaes, W., Bertoncini, J., and Colé, P. (2012). Perception of speech features by french-speaking children with cochlear implants. J. Speech Lang. Hear. Res. 55, 139–153. doi: 10.1044/1092-4388(2011/10-0330)

Caselli, M. C., Rinaldi, P., Varuzza, C., Giuliani, A., and Burdo, S. (2012). Cochlear implant in the second year of life: Lexical and grammatical outcomes. J. Speech Lang. Hear. Res. 55, 382–394. doi: 10.1044/1092-4388(2011/10-0248)

Chalard, M., Bonin, P., Méot, A., Boyer, B., and Fayol, M. (2003). Objective age-of-acquisition (AoA) norms for a set of 230 object names in French: Relationships with psycholinguistic variables, the English data from Morrison et al. (1997), and naming latencies. Eur. J. Cogn. Psychol. 15, 209–245. doi: 10.1080/09541440244000076

Chatterjee, M., Feller, A., Kulkarni, A. M., and Galvin, J. J. (2023). Emotional prosody perception and production are linked in prelingually deaf children with cochlear implants. JASA Express Lett. 3:127601. doi: 10.1121/10.0023996

Cheng, H.-S., Niziolek, C. A., Buchwald, A., and McAllister, T. (2021). Examining the relationship between speech perception, production distinctness, and production variability. Front. Hum. Neurosci. 15:660948. doi: 10.3389/fnhum.2021.660948

Chiat, S. (2001). Mapping theories of developmental language impairment: Premises, predictions and evidence. Lang. Cogn. Process. 16, 113–142. doi: 10.1080/01690960042000012

David, C., Tuller, L., Schweitzer, E., Lescanne, E., Bonnet, F., Gomot, M., et al. (2021). Does phonological complexity provide a good index of language disorder in children with cochlear implants? J. Speech Lang. Hear. Res. 64, 4271–4286. doi: 10.1044/2021_JSLHR-20-00642

DeFreese, A., Camarata, S., Sunderhaus, L., Holder, J., Berg, K., Lighterink, M., et al. (2024). The impact of spectral and temporal processing on speech recognition in children with cochlear implants. Sci. Rep. 14:14094. doi: 10.1038/s41598-024-63932-w

Delcenserie, A., Genesee, F., and Champoux, F. (2024). Exposure to sign language prior and after cochlear implantation increases language and cognitive skills in deaf children. Dev. Sci. 27, 1–16. doi: 10.1111/desc.13481

Dincer, D., Alessandro, H., and Mancini, P. (2019). Perception of lexical stress cued by low-frequency pitch and insights into speech perception in noise for cochlear implant users and normal hearing adults. Eur. Arch. Otorhinolaryngol. 276, 2673–2680. doi: 10.1007/s00405-019-05502-9

Duchesne, L., Sutton, A., and Bergeron, F. (2009). Language achievement in children who received cochlear implants between 1 and 2 years of age: Group trends and individual patterns. J. Deaf Stud. Deaf Educ. 14, 465–485. doi: 10.1093/deafed/enp010

Duran, P., Malvern, D., Richards, B., and Chipere, N. (2004). Developmental trends in lexical diversity. Appl. Linguist. 25, 220–242. doi: 10.1093/applin/25.2.220

Faes, J., and Gillis, S. (2016). Word initial fricative production in children with cochlear implants and their normally hearing peers matched on lexicon size. Clin. Linguist. Phon. 30, 959–982. doi: 10.1080/02699206.2016.1213882

Fagniart, S., Charlier, B., Delvaux, V., Harmegnies, B., Huberlant, A., Piccaluga, M., et al. (2024b). Consonant and vowel production in children with cochlear implants: Acoustic measures and multiple factor analysis. Front. Audiol. Otol. 2:1425959. doi: 10.3389/fauot.2024.1425959

Fagniart, S., Delvaux, V., Harmegnies, B., Huberlant, A., Huet, K., Piccaluga, M., et al. (2025). 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. 68, 301–322. doi: 10.1044/2024_JSLHR-24-00083

Fagniart, S., Delvaux, V., Harmegnies, B., Huberlant, A., Huet, K., Piccaluga, M., et al. (2024a). Nasal/oral vowel perception in french-speaking children with cochlear implants and children with typical hearing. J. Speech Lang. Hear. Res. 67, 1243–1267. doi: 10.1044/2024_JSLHR-23-00274

Flipsen, P. J., and Kangas, K. (2014). Mean length of utterance (MLU) in children with cochlear implants. TVR 114, 135–155. doi: 10.17955/tvr.114.2.744

Fox, J., and Weisberg, S. (2018). An R Companion to Applied Regression. Thousand Oaks CA: SAGE Publications, Inc.

Friederici, A. D. (2012). Language development and the ontogeny of the dorsal pathway. Front. Evol. Neurosci. 4:3. doi: 10.3389/fnevo.2012.00003

Frosolini, A., Fantin, F., Tundo, I., Pessot, N., Badin, G., Bartolotta, P., et al. (2023). Voice parameters in children with cochlear implants: A systematic review and meta-analysis. J. Voice S0892-1997:00021-8. doi: 10.1016/j.jvoice.2023.01.022

Gaudrain, E., and Başkent, D. (2018). Discrimination of voice pitch and vocal-tract length in cochlear implant users. Ear Hear. 39, 226–237. doi: 10.1097/AUD.0000000000000480

Geers, A. E., Moog, J. S., Biedenstein, J., Brenner, C., and Hayes, H. (2009). Spoken language scores of children using cochlear implants compared to hearing age-mates at school entry. J. Deaf Stud. Deaf Educ. 14, 371–385. doi: 10.1093/deafed/enn046

Geers, A. E., Nicholas, J. G., and Sedey, A. L. (2003). Language skills of children with early cochlear implantation. Ear Hear. 24, 46–58. doi: 10.1097/01.AUD.0000051689.57380.1B

Gifford, R. H., Noble, J. H., Camarata, S. M., Sunderhaus, L. W., Dwyer, R. T., Dawant, B. M., et al. (2018). The relationship between spectral modulation detection and speech recognition: Adult versus pediatric cochlear implant recipients. Trends Hear. 22, 1–14. doi: 10.1177/2331216518771176

Glaubitz, C., Liebscher, T., and Hoppe, U. (2021). Age-related language performance and device use in children with very early bilateral cochlear implantation. Int. J. Pediatric Otorhinolaryngol. 147:110780. doi: 10.1016/j.ijporl.2021.110780

Grandon, B., and Vilain, A. (2020). Development of fricative production in French-speaking school-aged children using cochlear implants and children with normal hearing. J. Commun. Disord. 86, 1–12. doi: 10.1016/j.jcomdis.2020.105996

Guo, L.-Y., and Spencer, L. J. (2017). Development of grammatical accuracy in english-speaking children with cochlear implants: A longitudinal study. J. Speech Lang. Hear. Res. 60, 1062–1075. doi: 10.1044/2016_JSLHR-H-16-0182

Hage, C. (2005). “De la communication au langage: Développement du langage oral chez l’enfant atteint de déficience auditive profonde,” in L’acquisition du Langage par L’enfant Sourd: Les Signes, l’oral et l’écrit, eds J. Gombert, J. Leybaert, and C. Transler (Marseille: Solal), 121–146.

Hansson, K., Ibertsson, T., Asker-Árnason, L., and Sahlén, B. (2017). Phonological processing, grammar and sentence comprehension in older and younger generations of Swedish children with cochlear implants. Autism Dev. Lang. Impairments 2, 1–14. doi: 10.1177/2396941517692809

Hedlung, G., and Rose, Y. (2020). Phon. Available online at: https://phon.ca. (accessed April 04, 2022).

Hess, C., Zettler-Greeley, C., Godar, S. P., Ellis-Weismer, S., and Litovsky, R. Y. (2014). The effect of differential listening experience on the development of expressive and receptive language in children with bilateral cochlear implants. Ear Hear. 35, 387–395. doi: 10.1097/AUD.0000000000000023

Hickok, G. (2012). Computational neuroanatomy of speech production. Nat. Rev. Neurosci. 13, 135–145. doi: 10.1038/nrn3158

Hickok, G., and Poeppel, D. (2004). Dorsal and ventral streams: A framework for understanding aspects of the functional anatomy of language. Cognition 92, 67–99. doi: 10.1016/j.cognition.2003.10.011

Hochmair, I., Hochmair, E., Nopp, P., Waller, M., and Jolly, C. (2015). Deep electrode insertion and sound coding in cochlear implants. Hear. Res. 322, 14–23. doi: 10.1016/j.heares.2014.10.006

Holzinger, D., Dall, M., Sanduvete-Chaves, S., Saldaña, D., Chacón-Moscoso, S., and Fellinger, J. (2020). The impact of family environment on language development of children with cochlear implants: A systematic review and meta-analysis. Ear Hear. 41, 1077–1091. doi: 10.1097/AUD.0000000000000852

Horn, D. L., Dudley, D. J., Dedhia, K., Nie, K., Drennan, W. R., Won, J. H., et al. (2017). Effects of age and hearing mechanism on spectral resolution in normal hearing and cochlear-implanted listeners. J. Acoust. Soc. Am. 141, 613–623. doi: 10.1121/1.4974203

Jahn, K. N., Arenberg, J. G., and Horn, D. L. (2022). Spectral resolution development in children with normal hearing and with cochlear implants: A review of behavioral studies. J. Speech Lang. Hear. Res. 65, 1646–1658. doi: 10.1044/2021_JSLHR-21-00307

Joanisse, M. F., and Seidenberg, M. S. (1998). Specific language impairment: A deficit in grammar or processing? Trends Cogn. Sci. 2, 240–247. doi: 10.1016/S1364-6613(98)01186-3

Jung, J., and Ertmer, D. J. (2018). Grammatical abilities in young cochlear implant recipients and children with normal hearing matched by vocabulary size. Am. J. Speech Lang. Pathol. 27, 751–764. doi: 10.1044/2018_AJSLP-16-0164

Karltorp, E., Eklöf, M., Östlund, E., Asp, F., Tideholm, B., and Löfkvist, U. (2020). Cochlear implants before 9 months of age led to more natural spoken language development without increased surgical risks. Acta Paediatrica 109, 332–341. doi: 10.1111/apa.14954

Kocabay, A. P., Cinar, B. C., Batuk, M. O., Yarali, M., and Sennaroglu, G. (2022). Pediatric cochlear implant fitting parameters in inner ear malformation: Is it same with normal cochlea? Int. J. Pediatric Otorhinolaryngol. 155:111084. doi: 10.1016/j.ijporl.2022.111084

Kral, A., Kronenberger, W. G., Pisoni, D. B., and O’Donoghue, G. M. (2016). Neurocognitive factors in sensory restoration of early deafness: A connectome model. Lancet Neurol. 15, 610–621. doi: 10.1016/S1474-4422(16)00034-X

Landsberger, D. M., Padilla, M., Martinez, A. S., and Eisenberg, L. S. (2018). Spectral-temporal modulated ripple discrimination by children with cochlear implants. Ear Hear. 39, 60–68. doi: 10.1097/AUD.0000000000000463

Le Normand, M. T., and Moreno-Torres, I. (2014). The role of linguistic and environmental factors on grammatical development in French children with cochlear implants. Lingua 139, 26–38. doi: 10.1016/j.lingua.2013.02.012

Le Normand, M.-T. L. (2004). Evaluation du lexique de production chez des enfants sourds profonds munis d’un implant cochléaire sur un suivi de trois ans. Rééduction Orthophonique 217, 127–142.

Le Normand, M.-T., and Thai-Van, H. (2023). Early grammar-building in French-speaking deaf children with cochlear implants: A follow-up corpus study. Int. J. Lang. Commun. Disord. 58, 1204–1022. doi: 10.1111/1460-6984.12854

Lee, Y., Jeong, S.-W., and Kim, L.-S. (2012). MAP optimization as a predictor of cochlear implant outcomes in children with narrow internal auditory canal. Int. J. Pediatric Otorhinolaryngol. 76, 1591–1597. doi: 10.1016/j.ijporl.2012.07.021

Leonard, L. B., McGregor, K. K., and Allen, G. D. (1992). Grammatical morphology and speech perception in children with specific language impairment. J. Speech Lang. Hear. Res. 35, 1076–1085. doi: 10.1044/jshr.3505.1076

MacMillan, N. A., and Creelman, C. D. (1991). Detection Theory: A User’s Guide. Cambridge: Cambridge University Press.

MacWhinney, B. (2000). The Childes Project: Tools for Analyzing Talk, Third Edn. Milton Park: Taylor & Francis Group.

Majorano, M., Persici, V., Santangelo, M., Ferrari, R., Bertelli, B., Florit, E., et al. (2024). Narrative skills and language comprehension in preschool children with cochlear implants: A comparison with children with Developmental Language Disorder or typical development. J. Commun. Disord. 109:106424. doi: 10.1016/j.jcomdis.2024.106424

Mayer, M. (1969). Frog, Where Are You?. New York: Dial Press.

Mittal, R., Ramesh, A., Panwar, S., Nilkanthan, A., Sinha, V., Nair, S., et al. (2015). Mapping of pediatric cochlear implant recipients using electrical auditory brainstem responses as a tool. Indian J. Otol. 21:14. doi: 10.4103/0971-7749.152852

Moon, I. J., and Hong, S. H. (2014). What is temporal fine structure and why is it important? Korean J. Audiol. 18:1. doi: 10.7874/kja.2014.18.1.1

Moreno-Torres, I., and Moruno-López, E. (2014). Segmental and suprasegmental errors in Spanish learning cochlear implant users: Neurolinguistic interpretation. J. Neurolinguist. 31, 1–16. doi: 10.1016/j.jneuroling.2014.04.002

Moreno-Torres, I., and Torres, S. (2008). From 1-word to 2-words with cochlear implant and cued speech: A case study. Clin. Ling. Phonetics 22, 491–508. doi: 10.1080/02699200801899145

Nicholas, J. G., and Geers, A. E. (2007). Will they catch up? The role of age at cochlear implantation in the spoken language development of children with severe to profound hearing loss. J. Speech Lang. Hear. Res. 50, 1048–1062. doi: 10.1044/1092-4388(2007/073)

Nittrouer, S., Muir, M., Tietgens, K., Moberly, A. C., and Lowenstein, J. H. (2018). Development of phonological, lexical, and syntactic abilities in children with cochlear implants across the elementary grades. J. Speech Lang. Hear. Res. 61, 2561–2577. doi: 10.1044/2018_JSLHR-H-18-0047

Nittrouer, S., Sansom, E., Low, K., Rice, C., and Caldwell-Tarr, A. (2014). Language structures used by kindergartners with cochlear implants: Relationship to phonological awareness, lexical knowledge and hearing loss. Ear Hear. 35, 506–518. doi: 10.1097/AUD.0000000000000051

Parisse, C., and Le Normand, M. L. (2000). Automatic disambiguation of morphosyntax in spoken language corpora. Behav. Res. Methods Instruments Comput. 32, 468–481. doi: 10.3758/BF03200818

Parisse, C., and Maillart, C. (2007). Phonology and syntax in French children with SLI: A longitudinal study. Clin. Ling. Phonetics 21, 945–951. doi: 10.1080/02699200701610634

Parisse, C., and Maillart, C. (2008). Interplay between phonology and syntax in French-speaking children with specific language impairment. Int. J. Lang. Commun. Disord. 43, 448–472. doi: 10.1080/13682820701608209

Peng, Z. E., Hess, C., Saffran, J. R., Edwards, J. R., and Litovsky, R. Y. (2019). Assessing fine-grained speech discrimination in young children with bilateral cochlear implants. Otol. Neurotol. 40, 191–197. doi: 10.1097/MAO.0000000000002115

Philippart De Foy, M., Delvaux, V., Huet, K., Monnier, M., Piccaluga, M., and Harmegnies, B. (2018). Un Protocole de Recueil de Productions Orales chez l’enfant Préscolaire: Une étude Préliminaire Auprès D’enfants Bilingues., (Aix-en-Provence, France). Available online at: https://orbi.umons.ac.be/handle/20.500.12907/4749 (accessed April 29, 2024).

R Core Team (2022). R: A Language and Environment for Statistical Computing. Available online at: https://www.R-project.org/ (accessed October 11, 2023)

Reidy, P. F., Kristensen, K., Winn, M. B., Litovsky, R. Y., and Edwards, J. R. (2017). The acoustics of word-initial fricatives and their effect on word-level intelligibility in children with bilateral cochlear implants. Ear Hear. 38, 42–56. doi: 10.1097/AUD.0000000000000349

Richter, M. E., and Chatterjee, M. (2021). Weighting of prosodic and lexical-semantic cues for emotion identification in spectrally degraded speech and with cochlear implants. Ear Hear. 42, 1727–1740. doi: 10.1097/AUD.0000000000001057

Rinaldi, P., Baruffaldi, F., Burdo, S., and Caselli, M. C. (2013). Linguistic and pragmatic skills in toddlers with cochlear implant. Int. J. Lang. Commun. Disord. 48, 715–725. doi: 10.1111/1460-6984.12046

Romano, D. R., Kronenberger, W. G., Henning, S. C., Montgomery, C. J., Ditmars, A. M., Johnson, C. A., et al. (2021). Verbal working memory error patterns and speech-language outcomes in youth with cochlear implants. J. Speech Lang. Hear. Res. 64, 4949–4963. doi: 10.1044/2021_JSLHR-21-00114

Schorr, E. A., Fox, N. A., van Wassenhove, V., and Knudsen, E. I. (2005). Auditory-visual fusion in speech perception in children with cochlear implants. Proc. Natl. Acad. Sci. 102, 18748–18750. doi: 10.1073/pnas.0508862102

Sharma, S. D., Cushing, S. L., Papsin, B. C., and Gordon, K. A. (2020). Hearing and speech benefits of cochlear implantation in children: A review of the literature. Int. J. Pediatric Otorhinolaryngol. 133:109984. doi: 10.1016/j.ijporl.2020.109984

Sosa, A. V., and Stoel-Gammon, C. (2012). Lexical and phonological effects in early word production. J. Speech Lang. Hear. Res. 55, 596–608. doi: 10.1044/1092-4388(2011/10-0113)

Stoel-Gammon, C. (2011). Relationships between lexical and phonological development in young children*. J. Child Lang. 38, 1–34. doi: 10.1017/S0305000910000425

Szagun, G. (2001). Language acquisition in young german- speaking children with cochlear implants: Individual differences and implications for conceptions of a ‘sensitive phase.’. Audiol. Neurotol. 6, 288–297. doi: 10.1159/000046134

Szagun, G. (2004). Individual differences in language acquisition by young children with cochlear implants and implications for a concept of ‘sensitive phase.’. Int. Cong. Ser. 1273, 308–311. doi: 10.1016/j.ics.2004.08.016

Szagun, G., and Stumper, B. (2012). Age or experience? The influence of age at implantation and social and linguistic environment on language development in children with cochlear implants. J. Speech Lang. Hear. Res. 55, 1640–1654. doi: 10.1044/1092-4388(2012/11-0119)

Van Bogaert, L., Machart, L., Gerber, S., Lævenbruck, H., Vilain, A., and Consortium, E. (2023). Speech rehabilitation in children with cochlear implants using a multisensory (French Cued Speech) or a hearing-focused (Auditory Verbal Therapy) approach. Front. Hum. Neurosci. 17:1152516. doi: 10.3389/fnhum.2023.1152516

Warner-Czyz, A. D., Anderson, S. R., Graham, S., and Uhler, K. (2024). Expressive vocabulary word categories of children who are deaf and hard-of-hearing. J. Deaf Stud. Deaf Educ. 29, 362–376. doi: 10.1093/deafed/enad066

Wie, O. B. (2010). Language development in children after receiving bilateral cochlear implants between 5 and 18 months. Int. J. Pediatric Otorhinolaryngol. 74, 1258–1266. doi: 10.1016/j.ijporl.2010.07.026

Wiseman, K. B., Warner-Czyz, A. D., Kwon, S., Fiorentino, K., and Sweeney, M. (2021). Relationships between daily device use and early communication outcomes in young children with cochlear implants. Ear Hear. 42:1042. doi: 10.1097/AUD.0000000000000999

Young, G. A., and Killen, D. H. (2002). Receptive and expressive language skills of children with five years of experience using a cochlear implant. Ann. Otol. Rhinol. Laryngol. 111, 802–810. doi: 10.1177/000348940211100908


Copyright
 © 2025 Fagniart, Charlier, Delvaux, Harmegnies, Huberlant, Piccaluga and Huet. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fnhum-19-1528388-i001.jpg





OPS/images/fnhum-19-1528388-g001.jpg
100

80

PCP

60

40

60

50

20

40

40

50

50

60
Chronological age

60
Chronological age

70

70

Groupe -+ Cl —= TH

80

80

100

60

40
30

30

40

40

50
Auditory age

50
Auditory age

60

60

70

70

80

80





OPS/images/fnhum-19-1528388-g002.jpg
Groupe -+ Cl —= TH

M.L.U m Verbs/utterances
Chronological age Auditory age Chronological age Auditory age

1.0 1.0
5
0.5 0.5
3
(] o
(0] - (6] -
(e} o (s} o) ® d& ° Qo
40 50 60 70 80 30 40 50 60 70 80 40 50 60 70 80 30 40 50 60 70 80
Vocabulary level Phonological level Vocabulary level Phonological level
o
7 1.0
5
0.5
3
0.0

10 20 30 40 50 60 40 60 80 100 140 20 30 40 50 60 40 60 80 100





OPS/images/fnhum-19-1528388-i003.jpg





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Morphosyntactic production and processing skills in relation to age effects and lexical-phonological levels among children with cochlear implants and typically hearing peers: a focus on vowel nasality



		1 Introduction



		2 Materials and methods



		2.1 Participants



		2.2 Tasks



		2.2.1 Naming task



		2.2.2 Narrative production tasks



		2.2.3 Sentence/word-picture matching task scores







		2.3 Procedure



		2.4 Measures



		2.4.1 Phonological score



		2.4.2 Grammatical production scores and lexical score



		2.4.3 Sentence/word-picture matching task scores







		2.5 Statistical analysis







		3 Results



		3.1 Vocabulary and phonological accuracy level



		3.2 Results of narrative productions



		3.2.1 Developmental cues



		3.2.2 Function words



		3.2.3 Verbal morphology



		3.2.4 Errors







		3.3 Sentence/word-picture matching task



		3.4 Links between productive and receptive tasks with lexical and phonological scores







		4 Discussion



		4.1 Phonological and lexical skills



		4.2 Narrative productions skills



		4.3 Processing grammatical and lexical morphemes in nasal-oral vowel morphophonological opposition



		4.4 Is there a link between lexical, phonological, and grammatical abilities?



		4.5 Limitations







		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary Material



		References

















OPS/images/fnhum-19-1528388-t002.jpg
Chronological age comparison Auditory age comparison Vocabulary level (VL) comparison | Phonological level (PL) comparison

Group CA Group Group AA Group Group VL Group x Group PL Group x PL

effect effect x CA effect effect x AA effect effect VL effect effect
Adjective * * * * * * ok VL
Adverb * * ook S5 VL
Conjunction * * ok * * * CA
Article * e VL
determiner
Possessive iy * * * * VL
determiner
Preposition 0k ot * * ok ot ok * PL
Demonstrative i il Rk
pronoun
Object pronoun & * o * VL
Reflexive % * * * ot % VL
pronoun
Subject pronoun * * ok PL

Significant effects are indicated with *p < 0.05, **p < 0.005, or ***p < 0.001. The model with the lowest AIC (best model) is listed on the right.





OPS/images/cover.jpg
, frontiers ‘ Frontiers in Human Neuroscience

Morphosyntactic production
and processing skills in relation
to age effects
and lexical-phonological levels
among children with cochlear
Implants and typically hearing
peers: a focus on vowel nasality





OPS/images/fnhum-19-1528388-t003.jpg
Chronological age comparison Auditory age comparison

Vocabulary level (VL) comparison

Phonological level (PL) comparison Best

model

Group CA Group Group AA Group Group VL Group x Group PL Group x PL

effect effect x CA effect effect x AA effect effect VL effect effect
Present ok ok ok ok okk * CA
Future & * * * VL
Conditional ok * * bk VL
Past simple otk ok ok - Ar
Subjunctive * PL
Past perfect o ot ok ot * VL
Infinitive * CA

Significant effects are indicated with *p < 0.05, **p < 0.005, or ***p < 0.001. The model with the lowest AIC (best model) is listed on the right.






OPS/images/fnhum-19-1528388-t001.jpg
Subject Chronological age Age at first Implantation type

(years; months) implantation (months)
CI1 M 4;6 9 Bilateral
CI2 M 65 39 Bilateral
CI3 F 510 15 Bilateral
Cl4 F 6;7 7 Bilateral
CI5 F 6;6 31 Bilateral
CI6 F 47 7 Unilateral
CI7 F 7;3 13 Bilateral
CI8 M 4;7 13 Bilateral
CI9 M 49 13 Bilateral
CI10 M 4;6 12 Bilateral
CI11 E 456 18 Bilateral
Cl12 F 69 20 Bilateral
Cl13 M 60 23 Bilateral
Cl14 F 39 12 Bilateral
CI15 F 50 32 Bilateral
CI16 F 38 11 Bilateral
CI17 M 411 17 Bilateral
CI18 F 6;7 13 Bilateral
CI19 F 50 21 Bilateral









OPS/images/fnhum-19-1528388-t004.jpg
Chronological age comparison Auditory age comparison Vocabulary level (VL) Phonological level (PL)
comparison comparison
Gr CA Gr x CA Gr AA Gr x AA Gr Gr PL

Nominal Number PIL
agreement

Gender 0.08 0.06 PL

i.e.’ % % % * PL

determiner +

noun
Verbal Number * AA
agreement
Verbal Auxiliary % % % * * * * % *k PL
tense

Over- VL

generalization

Form * * * VL
Omission Determiners ek > il ok PL

Preposition Bx ot ot bk AA

Pronoun * ook PL
Addition * * * * * PL

Significant effects are indicated with *p < 0.05, **p < 0.005, or ***p < 0.001. The model with the lowest AIC (best model) is listed on the right.







OPS/images/fnhum-19-1528388-t005.jpg
Chronological age comparison Auditory age comparison  Vocabulary level (VL) Phonological level (PL) Best

comparison comparison compari-
son
model
Group effect CA effect Group effect AA Group VL Group PL effect
effect effect effect effect
Grammatical opposition Number * * * i PL
type marking
Gender marking * ot PL
Lexical minimal * v PL
pairs
Phonological opposition Nasal-oral e o e et PL
type
Oral-oral * ot PL
Nasal-nasal ot PL
Addition & o PL

Significant effects are indicated with *p < 0.05, **p < 0.005, or ***p < 0.001. The model with the lowest AIC (best model) is listed on the right.







OPS/images/logo.jpg
’ frontiers | Frontiers in Human Neuroscience







OPS/images/cross.jpg
©

|





OPS/images/fnhum-19-1528388-g003.jpg
‘ Grammatical scores \

Phonological
score
- PCP

Prepositions

Determiner
omissions

Lexical
score
=5

| Grammatical errors






OPS/images/fnhum-19-1528388-g004.jpg
Sentence/word —picture matching task scores

I Opposition type |
Gender

mark
Number
mark
Minimal
S Lexical
score
Phonological : Nasal- : =D
score
- PCP

L

| Phonological mechanism |






OPS/images/fnhum-19-1528388-g005.jpg
- Sentence/word —picture
e matching task scores Phonological mechanism
Gender Number Minimal Nasal- Oral- Nasal-
pairs oral oral nasal l Addition ‘
\ : *

| 063+ ||

e el ca

—_

Grammatical score





