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SD: 8.0; and range: 10-34) and one language-matched (G-NHL; n = 20; mean age
at the first session: 11.2 months; SD: 0.4; and range: 11-12). The spontaneous
interactions between children and their mothers during free-play were transcribed.
Preverbal babbling production and first words were considered for each child. Data
analysis showed significant differences in babbling and word production between
groups, with a lower production of words in children with Cls compared to the G-NHA
group and a higher production of babbling compared to the G-NHL children. Word
production 1 year after activation was significantly lower for the children with Cls
than for language-matched children only when maternal education was controlled for.
Furthermore, latent class growth analysis showed that children with Cls belonged mainly
to classes that exhibited a low level of initial production but also progressive increases
over time. Babbling production had a statistically significant effect on lexical growth but
not on class membership, and only for groups showing slower and constant increases.
Results highlight the importance of preverbal vocal patterns for later lexical development
and may support families and speech therapists in the early identification of risk and
protective factors for language delay in children with Cls.
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INTRODUCTION

Several studies have shown that early language emerges from the
interaction of several components, such as phono-articulatory
skills and perceptual abilities, and that its development involves
both common patterns and individual trajectories (Kuhl and
Meltzoft, 1982; Hoff, 2013; Kuhl et al., 2014; Vihman, 2014).
In fact, despite a certain degree of variability in onset time
and characteristics across children (Keren-Portnoy et al., 2009),
observational studies have shown that most children follow
the same pattern of early vocal development, going from
vocalizations (around 1-4 months) to babbling (around 5-
10 months) and, finally, to producing first words around
10 months of age (Menyuk et al., 1986; Stoel-Gammon, 1989,
2011; Whitehurst et al., 1991; Ferguson et al, 1992; Kuhl
et al., 2008). It has been suggested that preverbal vocal patterns
have an important developmental function: they are thought to
allow children to develop a link between articulatory settings
and auditory consequences, and to lay the foundations for the
development of a phonetic inventory and for adapting language
output to environmental input (Westermann and Miranda, 2004;
Vihman, 2014).

According to several authors (Stoel-Gammon, 2011; Vihman,
2014), babbling (whether canonical - when containing one
consonant and one vowel - or variegated - when containing
different vocalic and consonantal elements; Vihman, 2014) is
especially important for the construction of the early lexicon
for two main reasons. First, it allows children to construct
“sensorimotor representations” (Davis and MacNeilage, 2000;
Lindblom, 2000; Locke, 2001) with the support of an “auditory
feedback loop” (Fry, 1966, p. 189) based on implicit or
procedural learning (Squire and Zola, 1996). Second, a child’s
babble contains recognizable linguistic sounds (McGillion et al.,
2017): this makes the caregiver more responsive to the child’s
initiatives than to other types of simple vocal production,
thus creating more opportunities for interactions that resemble
“proto-conversations” (Bloom et al,, 1987; Gros-Louis et al,
2006) and more opportunities for the child to learn the
phonological patterns of the adult target words (Goldstein and
Schwade, 2008). By virtue of their greater articulatory experience
(Majorano et al., 2014) and adult speech exposure, children
who are at a more advanced stage of preverbal production
should show more advanced lexical development later on. In line
with this idea, observational studies have found an association
between preverbal production (in particular babbling) and early
words-production in children with typical development (Oller
et al., 1999; Majorano et al, 2014; McGillion et al, 2017)
and in children with language delay (Rescorla et al, 2000;
Keren-Portnoy et al., 2009).

The link between preverbal and verbal production is likely
to cause a set of negative consequences for the spoken lexical
development of children with hearing loss, who are deprived
of early auditory experiences. A study by Kishon-Rabin and
colleagues (2005), conducted on 24 children with unilateral
hearing loss by means of a self-report parenting questionnaire,
has shown that children with hearing loss do show delayed onset
of preverbal vocalizations relative to their normally-hearing (NH)

peers. This delay suggests that onset of babbling production is not
only constrained by anatomical and physiological factors, but also
by auditory perception and phono-articulatory experience.

To successfully develop communication abilities, children
with hearing loss have two possibilities. One alternative is
for children to acquire sign language, a fully-fledged, natural
language with a similar developmental trajectory to that of
spoken language, with acquisition of manual babbling taking
place between 6 and 12 months and first word emergence
occurring around 10 months of age (see Mayberry and Squires,
2006). The other alternative is for them to gain access to
spoken language input through medical devices such as cochlear
implants (ClIs). Cls are devices that can be surgically implanted
and that are able to provide access to auditory information
to children with severe to profound deafness by electrically
stimulating their auditory nerve; despite having some surgery-
related risks, cochlear implantation is mostly regarded as
beneficial to children with hearing loss and considered as a
relevant alternative to sign language acquisition, as it constitutes
a viable option for oral language development despite the
absence of early exposure to speech sounds (Geers, 2006).
Observational studies have shown that, after the activation of
the implant, both vocalization, and canonical babbling emerge
(Walker and Bass-Ringdahl, 2008; Schramm et al., 2010). As
shown by Lofkvist et al. (2019) in a pilot study with a small
sample of children with CIs and hearing aids, the activation
of the implant appears to cause a “trigger effect” on canonical
babbling onset. According to Schauwers and colleagues (2004),
children who are implanted between 6 and 18 months of
age begin babbling within 4 months of language exposure,
similarly to age-matched peers. However, the reduced early
phono-articulatory experience and their limited opportunities
for matching phonological patterns to speech input may still
cause negative effects on their preverbal production. In fact,
their limited phonetic inventory before implantation is thought
to reduce their sound combination possibilities in variegated
babbling (McDaniel and Gifford, 2020). In addition, it is unclear
whether babbling production in this population follows the
same developmental pattern as in NH children (Moore and
Bass-Ringdahl, 2002; Schramm et al, 2010). The preverbal
competences of children with Cls appear to have a significant
degree of within-group variability in their growth rate (Ertmer
and Mellon, 2001; Ertmer et al., 2002): some children with CIs
catch up and reach the babbling levels of NH children, while
others show a slower evolution of preverbal skills (Schramm
etal., 2010). As shown in a recent systematic review by McDaniel
and Gifford (2020), most studies investigating prelinguistic
vocal development of children with cochlear implants (with an
average sample size of eight participants and mostly focusing
on canonical babbling) have reported a lower production of
preverbal utterances before CI activation, but also a higher
growth of syllable production after cochlear implantation
with respect to NH children with the same hearing age but
lower chronological age. The older chronological age of the
children with CIs compared, and consequently, the greater
physical, cognitive, and social maturity associated with it, could
explain their rapidity in babbling growth compared to younger
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normally hearing children that are matched for hearing age
(Ertmer and Inniger, 2009).

Understanding preverbal developmental patterns in this
population is important, because deficits in preverbal production
can have repercussions on the children’s lexical development
as well. In fact, connections between preverbal and verbal
development have also been found in children with hearing loss
and CIs (Oller and Eilers, 1988; Schauwers et al., 2004; Kishon-
Rabin et al., 2005; Walker and Bass-Ringdahl, 2008). In a recent
study, Jung and Houston (2020) showed that children with Cls
also show associations between preverbal and verbal production,
and, more specifically, between onset timing of babbling and
speech recognition and vocabulary size 24 months after implant
activation. In line with other authors, they interpreted their
findings by claiming that onset time of babbling production
is relevant because children develop perceptual skills not only
by listening to others, but also by listening to their own
verbal production. Given the association between onset time of
preverbal production and lexical development, the time delay
shown by the children with CIs (especially relative to utterances
containing consonant sounds) with respect to their age-matched
peers is likely to cause an additional, negative effect on their
language development, on top of the issues related to their
inability to hear speech input.

In line with this idea, research has shown that the early lexical
production of children with CIs appears to be delayed (Svirsky
etal., 2000). However, results are not completely consistent across
studies, also due to high variability in sample characteristics
and individual profiles (Spencer, 2004), including at what age
children were diagnosed (Apuzzo and Yoshinaga-Itano, 1995)
and implanted (Dettman et al., 2007; Nicholas and Geers, 2007;
Nott et al., 2009a,b) and whether or not children were exposed
to sign language before implantation (see Davidson et al., 2014,
and Geers et al.,, 2017). Early language differences also seem to
play a role: for example, in a longitudinal study, Szagun and
Schramm (2016) have shown that the variability in the language
development of children with CIs between 24 and 30 months
after Cl activation was predicted by individual differences in early
vocabulary growth (an early indicator of individual differences in
the children’s ability to learn). Attention should also be paid to
factors not depending directly on the child, like socio-economic
status and maternal education, which have been shown to affect
maternal language input and, as a consequence, child language
development as well (Hoff, 2006; DesJardin et al., 2014).

In sum, neither the trajectories of preverbal and lexical
development, from before implantation to after CI activation,
nor the contribution of early preverbal expressive skills to
later language outcomes in children with CIs are clear. It
is also unclear whether and how these differ between CI
and NH children. According to observational studies, babbling
production in children with CIs may be an expression of
the emerging connection between their developing receptive
abilities and their articulatory (a connection aimed at building
phonological representations), and its practice may particularly
support language acquisition in this group.

The present study aims to investigate the trajectories of
preverbal production and first words and the role of preverbal

production in affecting lexical growth by looking at three groups
of children, one of children with CIs and two of NH children, one
matched for chronological age (G-NHA) and the other matched
for language level (G-NHL), in interaction with their mothers.
The study adopts a longitudinal approach that starts before CI
activation and includes assessments at 3, 6, and 12 months after it.
An additional value of the present study is that it provides data on
these aspects in a language other than English, which is important
for understanding whether findings are language-specific or
generalizable; moreover, no study, to the best of our knowledge,
has reported longitudinal comparisons between children with
CIs and normally hearing children acquiring Italian. The specific
aims are:

1. To compare the development of babbling production in
CI children (younger than 3 years) with that of both age-
matched and language-matched children, before surgery
and in the first year after CI activation (Stoel-Gammon,
2011). In accordance with previous studies (McDaniel
and Gifford, 2020), we expected that: (i) the group of
CI children would have slower preverbal development as
compared to the G-NHA group, and similar development
to the G-NHL children; (ii) the children with CIs would
recover the delay within 6 months after CI activation,
albeit with individual differences.

2. To compare the lexical trajectories of the group of
children with CIs (G-CI) with those of the G-NHA and
G-NHL children, before surgery (T1) and at three (T2),
six (T3), and 12 (T4) months after CI activation. We
expected that the G-CI children would display a delay
in lexical development. Specifically, the hypotheses were
that: (i) the lexical skills of the G-CI children would
improve significantly after activation, (ii) the language
development of the G-CI children would be slower than
that of the G-NHA children but similar to that of the
G-NHL children; and (iii) the delay of the CI children
would reduce between the first and the third session
after CI activation.

3. To compare children with CIs with children with
NH with regard to the relationship between babbling
production and lexical development. We expect babbling
to affect lexical growth, especially in children with less
steep growth rate curves.

MATERIALS AND METHODS

Participants

Twenty dyads of hearing mothers and children with hearing loss
(11 males and 9 females) were recruited from the “Guglielmo da
Saliceto” hospital (G-CI); forty dyads of mothers and children
with NH were recruited from early education centers in the
north of Italy. Fathers were not recruited, because most of them
claimed to be unavailable for the play sessions prior to the start
of the study. All participants spoke — or were in the process of
acquiring - Italian only.
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The 20 children in the G-NHA group (10 males and 10
females) were individually matched with the G-CI children
according to their chronological age at T1 (mean age in the G-CI
group = 17.5 months; SD = 8.3; range = 10-35; mean age in
the G-NHA group = 17.4; SD = 8.0; and range = 10-34), while
the 20 children (9 males and 11 females) in the G-NHL group
(mean age = 11.2 months; SD = 0.4; and range = 11-12) were
individually matched with the G-CI children according to their
linguistic level (lexical production) at T2. Lexical production
for matching the children was measured using the “Words and
Gestures” of the MacArthur-Bates Communicative Development
Inventory (MB-CDI; Italian version by Caselli et al., 2015).
T-tests showed that the children of the G-CI and G-NHL groups
did not differ as regards production scores [t(38) = 0.162,
p=0.872].

To be enrolled in the study each child with hearing loss
had to meet all of the following criteria: (1) diagnosis of
severe to profound (>71 dB, following the ASHA classification
system; Clark, 1981) bilateral sensorineural hearing loss before
36 months; (2) CI surgery before 36 months; (3) no presence
of sensorimotor or developmental disorders; (4) no presence
of cognitive disability (IQ > 85); (5) exposure to an oral
communication program before and after implantation; (6)
normal-hearing parents; and (7) absence of exposure to any
other language, including sign language. The last two criteria
were chosen to limit within-group variability due to the effect
of exposure to another language (for studies on sign language
exposure, see for example Davidson et al., 2014; Geers et al,
2017). Children with normal hearing were included in the study
if they met the following requirements: bilateral normal hearing,
absence of neurodevelopmental disorders (e.g., autism spectrum
disorder, neurological pathologies), exposure to Italian only.

Demographic information on the participants and their
parents was collected using the background information form
included in the MB-CDI test. All the children and mothers
tested were Italian monolingual speakers and were of Italian
nationality. The Italian MB-CDI background information
form does not include questions about the participants’
belonging to specific racial or ethnic groups; therefore,
this information was not collected. Maternal education (to
use as proxy for socio-economic status) was significantly
different between groups, as revealed by an ANOVA [F(2,
54) = 4.355, p = 0.018]. Post-hoc tests with the Tukey
correction only showed a significant difference between the
G-CI and G-NHL groups, with mean maternal education being
significantly lower in the former than in the latter (t = —2.943,
p = 0.013). See Table 1 for mother and child participants’
characteristics.

Each family signed an informed consent form, and the data
were treated in accordance with the current personal data
protection code (Legislative Decree no. 196/2003). The protocol
for the study was approved by the institutional local ethical
committee (protocol number 2017/46268).

Procedure
Twenty min of each child’s spontaneous language production
were observed in the laboratory and video-recorded during

mother-child semi-structured play. The observations were
conducted using the ALB protocol (Assessing Linguistic
Behavior; Olswang et al, 1987). Two different sets of toys
were used to elicit spontaneous language production and to
keep a high level of engagement, differentiated according
to the children’s ages and phases of development. Those
given to the children under 15 months were sensory toys,
stuffed animals, soft plastic machines and tractors, and
soft building blocks; those for children over 15 months
were food toys, plastic fruits and vegetables, dishes and
cutlery, farm toys, toy cars and tractors, “nurturing” toys, and
dolls with beds.

Interactions were video recorded for approximately 20 min,
adapting the ALB protocol. Recorded interactions were preceded
by a few minutes of warm-up activities to make mother and child
feel comfortable. Despite this, one G-CI child from the initial
cohort cried during the recordings and had to be excluded from
the final sample (1 = 20). To elicit children’s language production,
mothers were instructed to play with their children as they usually
do at home, using all toys. All observations were recorded using
the same video camera with a built-in 5.1-channel surround
microphone. The researcher verified the quality of the recordings
after each session.

Coding
All video-observations were transcribed and codified using
CHILDES (the Childs Language Data Exchange System:
MacWhinney, 2000). Utterances judged to be unintelligible after
four listenings were excluded. Specifically, babbling production
was considered adapting the categories developed by Paul and
Jennings (1992) and including production with one consonant
or a repetition of the same consonant type (e.g., [da], [tata]) and
production with two or more different consonants (e.g., [tadi]).
Verbal language production was also considered. Specifically,
tokens (the total number of words) and types (the number
of different words) were considered (Majorano and Lavelli,
2014; Majorano et al,, 2018). In line with other studies, the
number of tokens was regarded as an index of speech amount,
while the number of types was assumed to be an index of the
variability of the language. Two experts transcribed and coded
the video-observations; tokens and types were automatically
calculated using CLAN (MacWhinney, 2000) and then checked
by the two experts. The inter-rater agreement (Cohen’s k) based
on the 20% of the material was 0.86 for transcriptions and
0.84 for coding.

RESULTS

Children’s preverbal and lexical production per minute were
considered for the three groups. In order to test whether our
outcome variables were representative of the child’s language
development, Spearman correlations were run between the MB-
CDI production scores and our tokens and types measures.
Results showed that the two measures were moderately correlated
with the MB-CDI scores at T1 [tokens: r() = 0.47, p < 0.001;
types: r(s) = 0.45, p < 0.001] and strongly correlated at T2 [tokens:
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TABLE 1 | Participants’ characteristics in the three groups.

G-Cl G-NHA G-NHL

M SD M SD M SD
Age at diagnosis (months) 7.8 9.18
PTA (dB/HL) 101.25 5.59 / / / /
Age at T1 17.47 8.33 17.42 7.97 11.24 0.42
Age at T2 22.30 8.27 21.91 8.39 15.25 0.31
Age at T3 25.32 8.37 25.67 8.84 19.27 2.24
Age at T4 30.89 8.17 32.02 9.37 24.91 2.71
Vocabulary size at T2 5.40 8.64 34.75 37.71 5.85 6.58
Maternal education (years of study) 13.90 5.10 15.40 3.23 17.70 2.93

Note. T1 = first session, for children with hearing loss the day before Cl surgery; T2 = second session, for children with hearing loss 3 months after Cl activation; T3 = third
session, for children with hearing loss 6 months after Cl activation; and T4 = fourth session, for children with hearing loss 12 months after Cl activation. PTA, Pure Tone
Average (250-500-1000-2000-4000 Hz); expressive vocabulary size was measured using the Italian version of the MB-CDI (Caselli et al., 2015).

r(s) = 0.84, p < 0.001; types: r(s) = 0.83, p < 0.001], at T3 [tokens:
rs) = 0.79, p < 0.001; types: r(5) = 0.80, p < 0.001], and at T4
[tokens: r() = 0.67, p < 0.001; types: r(s) = 0.74, p < 0.001].
Preliminary analysis also showed that the level of tokens and
types produced at T4 was not related to the children’s age at the
end of the study [tokens: r(s) = 0.14, p = 0.270; types: r(s) = 0.15,
p=0.266).

In order to investigate possible differences between groups and
sessions in preverbal production, a series of Linear Mixed-Effects
Models (LMMs) with Group (with three levels) and Session (with
four levels) as fixed effects, Maternal education as covariate,
and Subject as random effect were run in R (R Core Team,
2018; “Imer” function in the “Ime4” package, Bates et al., 2015).
Pairwise comparisons after significant interactions were run with
the Holm correction (“testInteractions” function in the “phia”
package; De Rosario-Martinez, 2015). The same was carried out
for tokens and types; in the latter case, pairwise comparisons after
main effects were run with the Tukey correction (“emmeans”
function in the “emmeans” package; Lenth et al., 2020).

As regards preverbal production, results showed a significant
main effect of Session [F(3,162) = 5.227, p = 0.002] and
a significant Group x Session interaction [F(6,162) = 5.628,
p < 0.001]. Post-hoc analysis revealed a significant difference
between the G-CI and the G-NHL groups at T4, with the G-CI
group producing a significantly higher proportion of babbling
12 months after CI activation [xz(l) =14.844, p =0.001]. No other
significant differences were found between groups (all ps > 0.05).
Furthermore, post-hoc tests indicated that the G-CI group was the
only one to have significantly increased proportions of babbling
at T3 and T4 as compared to T1 and T2 [T1 vs. T3: x?(1) = 12.492,
p = 0.006; T1 vs. T4: x?1) = 27.322, p < 0.001; T2 vs. T3:
X2y = 10.214, p = 0.021; T2 vs. T4: (1) = 23.897, p < 0.001],
while the other two groups maintained more similar proportions
throughout the four sessions (all ps > 0.05).

Data analysis on tokens production showed significant main
effects of Group [F(2, 53) = 12.817, p < 0.001] and Session
[F(3, 162) = 85.374, p < 0.001], and a significant Group and
Session interaction [F(6, 162) = 2.903, p = 0.010]. Post-hoc tests
showed significant differences between the G-CI and G-NHA

groups at T2 [x*q) = 9.774; p = 0.016], T3 [x%q) = 14.762,
p =0.001], and T4 [x2(1) = 27.324, p < 0.001], with the G-NHA
group producing a significantly higher proportion of tokens. No
difference between these groups was found at T1 (p = 0.234),
possibly because of not enough variance in the number of tokens
produced per minute by the children (mean at T1 = 0.69,
SD = 1.95). Post-hoc tests also showed significant differences
between the two normally hearing groups at T1 [x?(;) = 8.822,
p =0.021], T2 [x*q) = 14.091, p = 0.002], T3 [x*1) = 9.494,
p = 0.016], and T4 [x*() = 7.772, p = 0.032], with a higher
production of tokens for the G-NHA group. Post-hoc tests also
showed significantly higher proportions at T4 than at any of the
previous sessions for the G-CI group [T1 vs. T4: x?(1) = 32.781,
p < 0.001; T2 vs. T4: x2(1y = 23.951, p < 0.001; and T3 vs. T4:
X2y = 13.500, p = 0.002], and significantly higher proportions
at T3 as compared to T1 [xz(l) = 22.701, p < 0.001] and
at T4 as compared to T1 [x?() = 107.444, p < 0.001], T2
[x%a) = 61.097, p < 0.001], and T3 [%?(1) = 31.371, p < 0.001]
for the G-NHA group. Finally, the G-NHL groups showed
significant differences between T1 and T3 [xz(l) = 18.001,
p < 0.001], between T1 and T4 [xz(l) = 96.094, p < 0.001],
between T2 and T3 [xz(l) = 8.707, p = 0.022], between T2
and T4 [xz(l) = 72.433, p < 0.001], and between T3 and T4
(X% =30.914, p < 0.001].

As for types, data analysis showed again main effects of Group
[F(2, 53) = 7.964, p = 0.001] and of Session [F(3, 162) = 66.854,
p < 0.001]. Post-hoc tests with the Tukey correction showed
significantly lower proportions of types for the G-CI group
(t = —3.407, p = 0.004) and for the G-NHL group (t = —3.320,
p = 0.005) than for the G-NHA group. Finally, significantly
higher production was found at the later sessions as compared
to the previous ones (T1 vs. T2: t = 2.779, p = 0.031; T1 vs. T3:
t=—6.638, p < 0.001; T1 vs. T4: t = —13.341, p < 0.001; T2 vs.
T3;t=—3.859, p < 0.001; T2 vs. T4: t = —10.562, p < 0.001; and
T3 vs. T4:t = —6.703, p < 0.001). See Figure 1.

To investigate whether age at diagnosis was associated with the
level of lexical development reached at T4 by our CI group, we
ran Spearman correlations between age at diagnosis and tokens
and types at T4. These showed that both tokens [r() = —0.46,
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FIGURE 1 | Adjusted group and session means and standard error estimates of the fitted models on babbling (A), tokens (B), and types (C). G-Cl: black solid line;
G-NHA: red dotted line; and G-NHL: green dashed line.

p = 0.044] and types [r) = —0.58, p = 0.007] were inversely
correlated with age of diagnosis.

The Study of Trajectories Using Latent

Class Growth Analysis

We conducted latent class growth analysis (LCGA) as a means
of identifying growth latent trajectories of preverbal production,
tokens, and types, over four time points, using maximum-
likelihood estimation to estimate class parameters (Muthén, 2004;

Muthén and Muthén, 2006). Then, we used preverbal production
at T1 as predictor of the trajectories and of the membership
in the classes identified for tokens and types. LCGA was
performed in Mplus using the guidelines of Jung and Wickrama
(2008). The analysis was conducted in three steps: first, we
identified the best baseline model for each outcome measure;
then, we explored the latent class growth models without
covariates (unconditional models); finally, we analyzed the
model including preverbal production at T1 as covariate
(conditional model).
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Identification of the Best Baseline Model

A single class latent growth curve model was run to define the
best baseline model for each outcome measure. Two growth
curves were compared: a first curve with the measures repeated
on the four time points as indicators and with the intercept
and linear slope as higher order latent factors, and a second
one adding a quadratic parameter. As shown in Table 2, for
all measures the model including the quadratic factors had
better fit indices (a higher Comparative Fit Index, a lower Root
Mean Square Error of Approximation, and a lower Standardized
Root Mean Square Residual) and a lower Bayesian Information
Criterion (BIC) than the model with the intercept and slope,
which indicates that the model including the quadratic parameter
provided a better fit to the data. The estimates of variance
related to the intercept and slope were significant for all
measures: this suggests the presence of more than one trajectory
with different growth trends, which justifies an examination
of interindividual differences across measures over time; the
variance of the quadratic factor was only statistically significant
for tokens and types.

Exploration of the Latent Class Growth Models
Without Covariates (Unconditional Models)

As a second step, we specified a latent class growth model without
covariates (unconditional). We assessed the best fitting model on
the basis of the number of latent classes and of the best fitting
parameters (linear vs. linear and quadratic). In order to choose
the best models, we considered the fit indices and information
criteria. We used the BIC and the Bootstrap Likelihood Ratio Test
(B-LRT). In addition, we followed the recommendations from the
literature (e.g., Nylund et al., 2007), considering interpretability
and parsimony as discriminating criteria. We also evaluated
entropy values, to assess the degree of separation among the
classes in the models, where scores closer to 1 highlight better
fit of the data; the proportions for the latent classes (not less
than 1% of total count in a class); and the posterior latent class
probabilities (near to 1.00). For all the measures we compared
progressive unconditional models from one to four classes
examining them on the basis of different elements.

For preverbal production the best solution was a model with
intercept and slope factors and three classes. As shown in Table 3,
the BIC was lower in the linear and quadratic models with
three classes than in the models with two classes, and lowest
in the linear model with three classes; despite the entropy of
the linear model with three classes was lower than that of
the model including the quadratic factor, the former had more
homogeneous latent class proportions.

The selected model for preverbal production had three
classes, that is, three clusters of individuals that follow the same
developmental pattern over time (see Figure 2). Class 1 had an
increasing curve and involved 68% of our participants (n = 41):
of these, 14 belonged to the G-CI group, 14 belonged to the G-
NHA group, and 13 belonged to the G- NHL group. Class 2 had
a decreasing trend and was composed of 13 participants (21%
of the sample): two from the G-CI group, five from the G-NHA
group, and six from the G-NHL group. Class 3, constituted by six
participants (11%; four children from the G-CI group, one child

TABLE 2 | Fit indexes, means, and variances of the parameters for the growth models (GM).

Variance

Mean

RMSEA SRMR BIC

CFI

x2 (df)

Model

Quadratic Intercept Slope Quadratic

Slope

Intercept

Preverbal production

0.83 0.33 0.25 2119.58 8.40** 8.68"** / 550.35"** 57.50"**

45.909 (6)

Model with intercept and slope
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TABLE 3 | Information criteria and fit indexes for the unconditional LCGM models.

Linear unconditional model (no covariates)

Number of Classes Parameters* BIC B-LRT p-value Entropy Number of subjects Posterior probability
(%) in each class estimate of class
membership
Preverbal Linear C2 9 630.80 <0.001 0.89 13 (21%), 47 (79%) 0.94, 0.97
Quadratic C2 11 637.30 <0.001 0.91 10 (17%), 50 (83%) 0.89, 0.99
Linear C3 12 625.62 <0.001 0.87 41 (68%), 13 (22%), 6 0.96, 0.92, 0.88
(10%)
Quadratic C3 15 629.90 <0.001 0.91 44 (73%), 12 (20%), 4 0.97,0.94, 0.87
(7%)
Tokens Linear C2 9 980.23 <0.001 1.00 4 (7%), 56 (93%) 1.00, 1.00
Quadratic C2 11 974.03 <0.001 1.00 56 (93%), 4 (7%) 1.00, 1.00
Linear C3 13 927.78 <0.001 0.92 10 (17%), 4 (7%), 46 0.90, 1.00, 0.97
(76%)
Quadratic C3 15 930.45 <0.001 0.97 47 (78%), 9 (15%), 4 0.99, 0.96, 1.00
(7%)
Types Linear C2 9 722.06 <0.001 1.00 56 (93%), 4 (7%) 1.00, 1.00
Quadratic C2 11 696.62 <0.001 1.00 56 (93%), 4 (7%) 1.00, 1.00
Linear C3 12 662.37 <0.001 1.00 56 (93%), 1 (2%), 3 1.00, 1.00, 1.00
(5%)
Quadratic C3 15 655.24 <0.001 1.00 3 (5%), 56 (93%), 1 1.00, 1.00, 1.00
(2%)

Note. BIC, Bayesian Information Criterion; B-LRT, Bootstrap Likelihood Ratio Test. C2, two classes; C3, three classes.

*Intercept and slope variance fixed to zero in some cases.

from the G-NHA group, and one child from the G-NHL group)
had a steeper increasing curve (see Figure 2).

The analysis for tokens revealed that the best solution was
a model with intercept, slope and quadratic factors and three
classes (see Table 3). Even though the four-class model was the
best according to the B-LRT (p < 0.001) and to the fact that
its BIC was slightly lower (875.65), its latent class proportions
were inadequate; for these reasons, the four-class model was
rejected in favor of the three-class model. The exploration of
the trajectories confirmed the goodness of the three-class model,
showing two trajectories with an increasing trend and one
trajectory with a more stable pattern of tokens production over
time (see Figure 2). Class 1 (showing an increasing trend) was
constituted by 18 children from the G-CI group, 11 children from
the G- NHA group, and 18 children from the G-NHL group.
Class 2 (with a steeper increasing curve) included two children
from the G-CI group, five children from the G-NHA group,
and two children from the G-NHL group. Only four children
(all from the G-NHA group) had a more stable trajectory and
were in class 3.

Analysis showed that the best model to describe the
trajectories for types was the one with linear and quadratic
factors and two latent classes. In fact, even though the model
with a quadratic factor and three classes showed a slightly lower
BIC, the distribution of the participants in the classes and the
parsimony criterion suggested that the model to be preferred
was the one with two latent classes (see Table 3). However, this
solution seemed not to adequately discriminate differences in
the trajectories over time: class 1 was constituted by 93% of our
sample and showed a slowly increasing curve: in this class there

were 20 children from the G-CI group, 16 children from the
G-NHA, and 20 children from the G-NHL group; class 2 (with
a curve that was steep between T1 and T2 and then almost flat)
was constituted by only four children from the G-NHA group,
and one child from the G-NHL group) had a steeper increasing
curve (see Figure 2).

Analysis of the Conditional Model

Next, we added into our (previously unconditional) models on
tokens and types preverbal production at time 1 as covariate
(thus creating a conditional model); due to sample size, it was
not possible to add maternal education as additional covariate.
Table 4 shows the parameters’ estimates for the unconditional
and conditional models for tokens.

The best conditional model for tokens had linear and
quadratic factors and three latent classes, thus confirming the
solution found while analyzing the unconditional model. Five
participants (8% of our total sample) showed a high and stable
production of tokens over time (class 1; “Constant high”): of
these, one child was from the G-CI group, while the other
four children were from the G-NHA group; forty children
(67%) showed a slower increasing curve (class 2; “Slower
increasing”): of these, 15 children were from the G-CI group,
15 children were from the G-NHA group, and 10 children
were from the G-NHL group; finally, the remaining fifteen
children (25%) showed a steep curve with rapid increases in
tokens production over time (class 3; “Steeper increasing”): of
these, four children were from the G-CI group, five children
from the G-NHA group, and six children from the G-NHL
group (see Figure 3).
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FIGURE 2 | Babbling (A), tokens (B), and types (C) by class and session. Each panel shows (i) the trajectories of the classes identified by the unconditional models
(observed means; class 1: solid line; class 2: dashed line; class 3: dotted line), (ii) the distribution of the G-ClI children across classes (bottom left), and (jii) the
composition of each class (bottom right). Note. Preverbal class distributions: 14 G-Cl children, 14, G-NHA children, and 13 G-NHL children in class 1; two G-Cl
children, five G-NHA children, and six G-NHL children in class 2; four G-Cl children, one G-NHA child, and one G-NHL child in class 3. Tokens class distributions: 18
G-Cl children, 11 G-NHA children, and 18 G-NHL children in class 1; two G-ClI children, five G-NHA children, and two G-NHL children in class 2; four G-NHA
children in class 3. Types class distributions: 20 G-CI children, 16 G-NHA children, 20 G-NHL children in class 1; four G-NHA children in class 2.

Results showed that preverbal production had a negative effect
on the intercept for the Constant High tokens class and a positive
effect on the quadratic factor for the Slower Increasing tokens
class; no effect was found for the Steeper Increasing tokens
class. The effect of preverbal production on class membership
was studied by designating the Slower Increasing tokens class
(comprising the largest number of participants: n = 40) as
the reference class, and by using logistic regressions to assess
the degree to which the probability of being in that class
was associated with the covariate. Tests showed no statistically
significant effect of preverbal production on class membership.
In short, the level of preverbal production at T1 did not affect
class membership and the lexical growth profile of the children;
however, how much children babbled at T1 had different effects
on tokens production across classes: for the children with a more
stable trajectory of lexical development, initial lower preverbal
production was associated with higher tokens production; for

the children who slowly increased their tokens production over
time, higher preverbal production was nonlinearly associated
with higher tokens production, especially later in time (see
Figure 3).

Based on the BIC, B-LRT, and entropy values, as well as on
the posterior probability estimates, the best conditional model on
types included a linear and a quadratic factor with three classes
(see Table 3). However, this solution resulted unstable concerning
class membership and was not retained.

DISCUSSION

The aim of the study was to assess the preverbal and lexical
development of children with ClIs before surgery and at three
and 6 months after CI activation, and to compare their results
with those of two groups of NH children, one chronologically
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TABLE 4 | Parameters’ estimates, information criteria, and fit indexes for the unconditional and conditional models.

Trajectories of tokens over time

Unconditional LCGM

Conditional LCGM'

Slower Steeper Constant high Constant high Slower Steeper
increasing increasing increasing increasing

Mean intercept 0.14* 0.65° 7.54* 7.54* 0.07 0.25
Mean slope —0.22° 2.55"* 1.13 1.06 -0.27 0.55
Mean quadratic 0.51** 0.04 -0.38 -0.25 0.35* 0.53
Intercept on preverbal — — — —1.83"* — —
Slope on preverbal - - — - - -
Quadratic on preverbal - - — - 0.18* -
Number of subjects (%) in each class 47 (78) 9(15) 4(7) 5(8) 40 (67) 15 (25)
Posterior probability of class membership 0.99 0.96 1.00 1.00 0.97 0.93
Estimated parameters 15 32
BIC 930.45 916.99
B-LRT p-value <0.001 <0.001
Entropy 0.97 0.92

Note. BIC, Bayesian Information Criterion; B-LRT, Bootstrap Likelihood Ratio Test.

" The conditional model included preverbal production at T1 as covariate. Its effect was estimated only when it was statistically significant.
*n < 0.05, *p < 0.01, **p < 0.001, and °p < 0.10.
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FIGURE 3 | The three trajectories (class 1: solid line; class 2: dashed line; class 3: dotted line) of tokens production over time, as identified by the model including
preverbal production at T1 as covariate (observed means). The plot on the bottom left shows the distribution of the G-CI children across classes; the plot on the
bottom right shows the composition of each class. Note. Tokens class distribution: one G-Cl child, four G-NHA children in class 1; 15 G-CI children, 15 G-NHA
children, and 10 G-NHL children in class 2; four G-ClI children, five G-NHA children, and six G-NHL children in class 3.
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age matched (G-NHA) and one matched for level of lexical
production (G-NHA). Furthermore, we aimed at assessing
the possible role of babbling in affecting lexical growth in
the three groups.

As regards the children’s preverbal trajectories, data showed
significant increases in babbling production between sessions
for the children with CIs; as we expected, at 12 months
after implantation the amount produced by this group was
comparable to that of the age-matched group and significantly
higher than that of the children with a similar lexical
level (G-NHL). This finding is in line with other studies
showing a higher increase of babbling in children after CI
activation, but similar proportions of babbling in children
with CIs and in age-matched peers (Moore and Bass-Ringdahl,
2002; Schramm et al, 2010) and higher proportions in
children with CIs as compared to children with similar
language skills (Ertmer and Inniger, 2009). The fact that
children with ClIs significantly increase their production of
babbling between 3 and 6 months after implantation, and
produce a higher proportion of babbling as compared to
children with similar language development at 12 months
may indicate two things: first, that the ability to hear now
offers these children the possibility to practice their speech
motor routines; second, that CI children may continue to
babble even after having acquired new words, probably due
to their need to establish a stable connection between word
auditory processing and phono-articulatory skills. CIs allow
children to have feedback on their own production; this
may lead them to increase their use of babbling both as
articulatory exercise and to have a match between articulatory
information and (the newly-established) auditory feedback.
This process has the effect to facilitate the formation of
stable auditory-motor representations of speech sounds (Bruner,
1964; Thelen, 1981; Lickliter and Bahrick, 2004; Fagan, 2015;
see Kuhl et al, 2014 for neuroimaging data supporting this
point). In contrast, the absence of increases in babbling
production between sessions for the children with the same
chronological age (G-NHA) may be due to their increasing
lexical productions or the age at which they were tested (the
time period with the most robust increases in babbling may
have passed). The children matched for linguistic level also
displayed stable babbling production over time; their lower
proportions as compared to the G-CI group may be due to
their less advanced physical, cognitive, and social maturity
(Ertmer and Inniger, 2009).

In line with our hypotheses regarding the children’s lexical
trajectories, results showed that all participants displayed a
significant increase in word production over time; however,
the children with CIs produced a significantly lower number
of tokens as compared to the G-NHA children at any session
after CI activation, and a comparable number of tokens as the
G-NHL group at 12 months after CI activation. Interestingly,
preliminary analysis excluding maternal education as covariate
had shown a significant difference between the G-CI and
G-NHL groups at T4, with the former producing fewer
tokens. The finding that differences in word production levels
disappear when maternal education is accounted for confirms

previous research studies showing significant effects of socio-
economic status and maternal education on child language
(Hoff, 2006) and suggests that delays in lexical production may
be worsened by an unfavorable home linguistic environment
(Szagun and Schramm, 2016). As for types, we only found
main group and session differences; more specifically, lower
lexical diversity was found in the G-CI and G-NHL groups
as compared to the G-NHA group, and at each session as
compared to all of the previous ones. The fact that types
production is lower for CI children than for their age-matched
peers, but not as compared to their language-matched peers,
suggests a lexical delay for the G-CI group. Nonetheless, results
indicated significant improvements between sessions in types
production in general; moreover, although we did not find
significant group and session interactions, Figure 1 seems to
show a similar - but slower - positive trend for the G-CI
group, which suggests that children with CIs may eventually
catch-up with their peers a few months later, as shown in
other studies relative to vocabulary size (Miyamoto et al,
1997; Kirk et al.,, 2002; Svirsky et al., 2004; Tomblin et al,
2005; Duchesne et al.,, 2009), possibly thanks to their early
CI activation (before 36 months of age). In line with this
idea, we found that earlier diagnosis was associated with a
higher level of tokens and types produced at T4, and thus
with a higher level of lexical development one year after
CI activation. In sum, the G-NHA and G-NHL children
presented a level of language development that is in line
with their chronological age (the second half of the first
year; Menyuk et al,, 1986; Whitehurst et al., 1991; Ferguson
et al., 1992; Vihman, 1996, 2014; Kuhl et al., 2008), while
the children with CIs showed linguistic (Oller et al., 1999;
Kishon-Rabin et al., 2005).

As reported in previous studies, at around 14-19 months
(corresponding to T1 for the G-NHA and G-CI children and
to T2 for the G-NHL group) children tend to extend their
lexical and phonological skills by increasing their vocabulary
size and by using more complex phonological patters, usually
exercised in preverbal utterances. The lexical delay of the
G-CI children may depend on their more limited practice
with matching self-produced syllables with patterns perceived
in the input (Keren-Portnoy et al., 2009; Majorano et al,
2014). Only after CI activation would children with hearing loss
be able to considerably increase their sounds production and
phonetic inventory in preverbal and lexical production, and,
as a consequence, extend their vocabulary (Schauwers et al,
2004; Walker and Bass-Ringdahl, 2008; Schramm et al., 2010;
McDaniel and Gifford, 2020). To investigate the relationship
between preverbal skills and lexical development in the three
groups, we analyzed the children’s growth latent trajectories
of preverbal production, as well as of tokens and types, over
four time points, while taking into account the effect of
preverbal production. First, it should be noted that preliminary
latent growth analysis of the trajectories for babbling and
tokens revealed different trajectories within the CI group. As
a matter of fact, tests showed that, despite most children
had an increasing curve for babbling, four of them showed
larger increases between sessions as compared to the other
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peers (especially after implantation), while two others decreased
their preverbal production over time, possibly because they
were in the process of expanding their lexical repertoire in
the meantime. Different within-group trajectories were also
found with respect to tokens production: all children showed
increasing word production over time, but two children showed
a steeper growth trajectory. Interestingly, these two children
had a similar profile, as they had both been diagnosed at
2 months of age and implanted at 13 months (earlier with
respect to the group mean, see Table 1) and had mothers
with a higher level of education (mean = 21 years; group
13.9). Moreover, in line with the idea that lower
levels of babbling production may also indicate a more
advanced lexical development, one of the two children in this
tokens class belonged to the class with a decreasing babbling
curve; the other child in the decreasing babbling class also
showed a positive tokens trend. These results are in line
with previous studies showing that children with Cls display
great variability in their babbling and lexical developmental
profiles after CI activation (McDaniel and Gifford, 2020).
Moreover, comparison with the other groups shows similar
tokens class distributions for the children with CIs and their
language-matched peers, with eighteen children showing an
increasing curve, two children showing an even steeper curve,
and no child showing a decreasing or stable trend within
each group. It should also be noted that the class with the
steeper growth curve is constituted by more children from the
age-matched group than from the other two groups, which
suggests that more rapid and significant advances in lexical
production are more common for the normal hearing group
over the second year of life. The present findings suggest
that within the first year after CI activation most children
with hearing loss show preverbal characteristics in their vocal
productions, probably because their basic phonetic inventory and
phonological skills are still fragile and cannot support a more
advanced vocabulary expansion.

As regards the role of babbling in supporting vocabulary
production, our data showed differences relating to the
children’s lexical trajectories. In fact, while babbling production
at Tl did not have a statistically significant effect on
class membership, it did have effects on tokens production
for groups with slower increasing and stable trajectories.
Interestingly, these effects were opposite in the two groups:
higher levels of babbling production at T1 (which signal a
lower level of early lexical development) were associated with
lower tokens production in children with a high and stable
lexical production trajectory (mostly, the age-matched NH
children), while they seemed to support lexical advancements
in children who were developing their language skills more
slowly. Given that most of the children with CIs are in
the “slower” group, it can be concluded that babbling
production has a significant role in supporting the lexical
development of children with hearing loss. As reported in
previous studies, a delay in canonical babbling is associated
with subsequent fragility in language areas such as lexical
production (Oller and Eilers, 1988; Stoel-Gammon, 1988),
phonological articulation (Moeller et al,, 2007), and literacy

mean =

acquisition (Lieu, 2013). This delay, and the lost opportunities
to practice their early phono-articulatory skills as well as to
create sensorimotor representations connecting environmental
input and output, may be even more detrimental for children
with hearing loss.

It should be pointed out that the sample included in the
present study may not be large enough for subtle differences
across children to appear. Despite being larger than that of
the majority of the previous studies in the field (McDaniel
and Gifford, 2020), our sample size did not allow the
addition of multiple covariates to our models to account
for effects of factors such as maternal education, and only
allowed the use of latent class growth models, which -
despite providing a clear identification of classes without a
high computational burden - assume no within-class variance
on the growth factors. More refined tests, such as growth
mixture models, may be of great benefit to the analysis of
children’s lexical trajectories, especially for categories such as
types. Matching the groups on socio-economic status prior
to the start of the study may also partly solve the issue.
Moreover, despite good correspondence between vocabulary
scores and tokens/types measures in our data, the 20-min
time limit of the recordings may not provide a comprehensive
assessment of the children’s language abilities. Longer recordings,
possibly collected using the Language Environment Analysis
(LENA) software, may increase the reliability of our results.
Of interest for future studies would also be the analysis
of father-child interactions (which are just as important
for children’s development, see Volling et al, 2019) and
the addition of an observation at 24 months, so as to
investigate whether children with CIs have caught up with
their peers by 2 years after CI activation; future research
should also ideally aim to include a narrower age range to
obtain a clearer picture of how language is developed in
this population.

Nonetheless, the study provides important empirical support
in favor of the connection between babbling and early lexical
development, showing both common patterns and individual
differences in the CI children’s developmental trajectories.
The results relating to the relationship between preverbal
and lexical development, in particular, offer insights into the
language development process of children with CIs, and may
have important implications for future clinical observational
assessment and language rehabilitation programs before and after
Cl activation. Our findings suggest that professionals and families
should focus more attention on preverbal speech characteristics;
if the link between babbling and later verbal production
were corroborated by substantial experimental findings in
the future, preverbal production might become an important
risk factor for the early identification of language delay in
children with ClIs.
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