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Abstract
Auditory brainstem implantation (ABI) is a relative recent development in paediatric hearing
restoration. Consequently, young-implanted children’s productive language has not received
much attention. This study investigated speech intelligibility of children with ABI (N=3) in
comparison to children with cochlear implants (CI) and children with typical hearing (TH).
Spontaneous speech samples were recorded from children representing the three groups
matched on cumulative vocabulary level. Untrained listeners (N=101) rated the intelligibility
of one-word utterances on a continuous scale and transcribed each utterance. The rating task
yielded a numerical score between 0 and 100, and similarities and differences between the
listeners’ transcriptions were captured by a relative entropy score. The speech intelligibility of
children with CI and children with TH was similar. Speech intelligibility of children with ABI
was well below that of the children with CI and TH. But whereas one child with ABI’s
intelligibility approached that of the control groups with increasing lexicon size, the
intelligibility of the two other children with ABI did not develop in a similar direction.
Overall, speech intelligibility was only moderate within all groups of children, with quite low
rating scores and considerable differences in the listeners’ transcription, resulting in high

relative entropy scores.

Introduction
Pediatric hearing restoration of severe-to-profound hearing loss has long been restricted to
sensorineural hearing deficits situated within the cochlea. With a cochlear implant (CI) an
electrode array is inserted into the cochlea bypassing absent or malformed hair cells of the
cochlea and directly stimulating the auditory nerve. Since 2001, also other inner ear
pathologies causing pediatric severe-to-profound hearing loss became treatable by extending

the use of an auditory brainstem implant (ABI) from adults to children (Colletti et al., 2001).



An ABI is appropriate when the hearing loss results from, for instance, the absence of the
auditory nerves, cochlear ossification, or cochlear malformation, in which cases a CI cannot
be implanted. An ABI is also used as an alternative option when children’s speech and
language with CI is not developing as expected (Batuk et al., 2020). An ABI directly
stimulates the cochlear nucleus of the brainstem, bypassing the cochlea and the auditory nerve
(Puram & Lee, 2015). In that sense, there is an important difference between auditory
stimulation by a CI versus an ABI. Whereas the CI stimulates the spiral ganglion — known to
be highly tonotopically organized -, the ABI stimulates the neural pathways of the brainstem,
which are identified as unpredictable and of which the tonotopic organization is as yet
unknown (Wong et al., 2019).

Pediatric ABI implantation is a relatively recent development compared to the pediatric CI.
For children, the first CIs were implanted in the early 1980s, whereas the first ABIs was only
implanted at the beginning of this century. Even though fewer children are eligible for an ABI
than for a CI (Kaplan et al., 2015), a growing number of children is receiving ABIs
worldwide, especially in Europe and the US (amongst many others: Colletti et al., 2014;
Sennaroglu, Colletti, et al., 2016; Wilkinson et al., 2017). Consequently, the literature on
children with ABI is still rather limited and concerns small cohorts of participants. Moreover,
scientific reports mainly focus on children’s evolving speech perception skills but far less is

known about their spontaneous speech production and communication skills.

Children with ABI

Research has shown that the ABI provides sound awareness for congenitally severe-to-
profoundly deaf children. Aided hearing levels (PTA, pure tone average) with the implant can
be expected between 30 and 60 dB HL (decibel hearing level) (Sennaroglu, Colletti, et al.,

2016; e.g. Teagle et al., 2018; Wilkinson et al., 2017; Yucel et al., 2015). Functionally



speaking, children with ABI are expected to be able to discriminate and identify sounds and
phonetic contrasts. Speech perception (and therefore also speech production skills) are more
developed in children with lower hearing thresholds with ABI (Sennaroglu, Sennaroglu, et al.,
2016; Yucel et al., 2015), who were implanted earlier (Aslan et al., 2020), and without
additional disabilities (Colletti et al., 2014; van der Straaten et al., 2019). Children with ABI
meeting these criteria are in the best position to develop open set speech perception. Most of
them can reach CAP scores of at least five on a seven-point scale (Categories of Auditory
Performance, Archbold et al. (1995)), indicating that they are able to understand simple
sentences without lip-reading (Colletti et al., 2014; Sennaroglu, Colletti, et al., 2016).
However, also a considerable amount of individual variation has been reported (van der
Straaten et al., 2019).

ABI also appears to have a beneficial effect on children’s speech production skills,
although the development is very slow (Aslan et al., 2020; Eisenberg et al., 2018; Faes &
Gillis, 2019a, 2019b, 2020; Fernandes et al., 2020; Teagle et al., 2018; van der Straaten et al.,
2019). The best results appear in children with ABI with the same characteristics as for
speech perception: no additional disabilities, low hearing thresholds after implantation and
early implantation (van der Straaten et al., 2019). With extended device use, these children
with ABI start vocalizing, babble and — later on — produce words and sentences (Bayazit et
al., 2014; Faes et al., 2019; Faes & Gillis, 2019a, 2020; Puram & Lee, 2015). They clearly
expand their lexicon sizes with increasing hearing experience (Faes & Gillis, 2019b), start to
use basic word patterns (Eisenberg et al., 2018; Faes & Gillis, 2020), and produce mono- and
disyllabic words and language ambient phonemes after two to three years of device use
(Eisenberg et al., 2018; Faes & Gillis, 2020, 2021; Teagle et al., 2018). However, the
accuracy of their speech production is fairly limited at the phoneme level (Eisenberg et al.,

2018; Faes & Gillis, 2021; Teagle et al., 2018) and at the word level (Faes & Gillis, 2020).



From the available studies, it can safely be concluded that ABI implantation has a clear
effect on children’s spoken language development, especially for early implanted children
without additional disabilities and with low aided hearing thresholds. However, progress is
slow and stays well below the expected progress in children with CI and children with typical
hearing (TH). The better performing children with ABI have expressive language skills that
can be situated between these of children with CI with additional disabilities and children
with CI without additional disabilities, even after five or six years of device use (van der
Straaten et al., 2019). Also for lexical development, children with ABI’s vocabulary sizes lie
well below those of children with CI and children with TH without additional disabilities and
with the same amount of hearing experience (Faes & Gillis, 2019b). The same holds for
phonological complexity in production and for word production accuracy: children with
ABI’s performance can sometimes be situated in the lower ranges of the 95% intervals of
these control groups, but more often outside of these confidence intervals, even after several
years of device use and even when vocabulary sizes were matched (Faes & Gillis, 2020).

The literature suggests that speech production development is very slow in children with
ABI. Their language and speech are less advanced as compared to children with CI and
children with TH with the same chronological age or hearing age (device experience). It
appears to take several years of device use for these children to produce ambient language
phonemes and first words. Hence, the overarching question turns up how their intelligibility
develops. Speech intelligibility offers a general view of children’s speech production skills
since intelligible speech production involves the incorporation of all linguistic skills at once
when speaking. According to Yucel et al. (2015), children with ABI’s speech intelligibility is
a weakness. Reaching intelligibility is an even more protracted process in comparison with

children with typical hearing and children with a cochlear implant. The aim of the present



paper is to compare intelligibility in three cases with ABI matched with those two other

groups at specific linguistic levels.

Speech intelligibility and its metrics

In the present study, speech intelligibility is conceptualised as the extent to which a listener
can correctly recover particular elements (e.g., phonemes, words) in an acoustic signal
generated by a speaker (V. Freeman, D. B. Pisoni, et al., 2017; van Heuven, 2008; Whitehill
& Ciocca, 2000). As such intelligibility can be distinguished from comprehensibility. The
latter refers to the process on the side of the listener of reconstructing the intended meaning or
the message conveyed by the speaker’s acoustic signal. In order to elucidate the difference
between intelligibility and comprehensibility, suppose that the perfectly grammatical sentence
“Colorless green ideas sleep furiously” (Chomsky, 1957) is read to a group of speakers of
English. When asked to transcribe the sentence, i.e., to literally write down the sentence, they
will probably be able to write down the words comprising the sentence. That is, the sentence
is intelligible. However, the meaning of that sentence, the intended message of the speaker, is
at least quite opaque, not to say that the sentence is incomprehensible.

Speech intelligibility is an important yardstick in speech language development, as
becoming intelligible to others is seen as an important objective in child language
development. A child who is intelligible for unfamiliar listeners is believed to have acquired
all aspects of linguistic and cognitive skills, speech perception and speech production required
for successful communication (S. Freeman et al., 2017). By extension, children’s level of
speech intelligibility is often used as a clinical tool: it is used to measure the progress of
therapy and a good indicator for directing children to speech and language therapy if
intelligibility is considered to be too low relative to age norms (Chin et al., 2012; Gordon-

Brannan & Hodson, 2000). Typically developing children’s speech is intelligible for



unfamiliar listeners approximately by the age of four (Baudonck et al., 2009; Chin et al.,
2003; Flipsen & Colvard, 2006; Hustad et al., 2020). Children with CI typically score lower
in intelligibility tests as compared to hearing age-mates (Chin et al., 2003; S. Freeman et al.,
2017). Even after approximately seven years of device use they do not reach the same
intelligibility scores as normally hearing children in a sentence imitation task (Chin & Kuhns,
2014).

Speech intelligibility is often measured using the Speech Intelligibility Ratings or SIR (Cox
& McDaniel, 1989), used by e.g. Calmels et al. (2004), De Raeve (2010), Lejeune and
Demanez (2006) and Toe and Paatsch (2013) in children with CI. This ordinal scale ranges
from the child using only prerecognizable words in spoken language (level 1 on the SIR
scale) to the highest level (level 5), meaning that the child’s connected speech is intelligible to
all listeners in everyday contexts. One disadvantage of the SIR is that its ordinally ranked
categories are fairly coarse. As a net result, early implanted children with CI reach the upper
limit of the SIR already after three years of device use (De Raeve, 2010), even though there
are still unintelligible parts in their speech (Miller, 2013). Other numeric ratings scales have
been used in the literature thus far (e.g. AlSanosi & Hassan, 2014; Habib et al., 2010; Tseng
et al., 2011). For instance, a seven-point scale with only the first and the last position on the
scale identified as being completely unintelligible and completely intelligible (Habib et al.,
2010; Peng et al., 2004). These rating scales can be used with various types of speech
productions, including imitated speech and spontaneous speech.

In addition to rating scales, also so-called objective ratings (Hustad et al., 2020) have been
used in the literature, mostly operationalized as transcription tasks. In other words, listeners
transcribe children’s utterances (henceforth stimuli) orthographically or phonetically. When
the stimuli are derived from a predefined set of words or sentences (e.g., in an imitation task,

in a picture-naming task, in a reading task), a comparison between the listener’s transcription



and the target can straightforwardly be made, resulting in a number of correctly identified
targets and an overall percentage of intelligibility. But when the stimuli originate from
children’s spontaneous speech productions, a comparison with the target is difficult, if not
impossible, since only the child knows what the actual target was. Hence, when the
intelligibility of spontaneous speech is assessed, a transcription can only be compared with an
unknown target and consequently a straightforward correct/wrong evaluation is impossible.
For transcription tasks without a predetermined target, several alternatives for calculating
intelligibility have been proposed. One option is to calculate the number of (un)intelligible
syllables or words identified by the listeners as an index of intelligibility (Flipsen & Colvard,
2006; Lagerberg et al., 2014; Strombergsson et al., 2020). Another option is to use multiple
transcriptions of the same sample of spontaneous speech and to calculate the relative entropy
of the listener’s transcriptions. The underlying assumption is that the more diverse listener’s
transcripts, the higher the relative entropy and thus the lower the child’s intelligibility.
Relative entropy was, for instance, used in linguistic studies on the mutual intelligibility of
related languages, such as Swedish and Danish (Frinsel et al., 2015; Moberg et al., 2007).
Using this relative entropy metric, Boonen (2020) showed that children with CI’s speech

intelligibility is significantly lower than that of children with TH at seven years of age.

Speech intelligibility in children with ABI

Most children with ABI reach level 1 on the SIR after approximately one year of device use,
meaning that they produce prelexical vocalizations or, in SIR’s terminology, prerecognizable
words and used their voice as an attention getting device (van der Straaten et al., 2019). The
children with the highest speech intelligibility reach level 3 or 4, i.e., their speech is
intelligible for an experienced listener with or without lip-reading (Aslan et al., 2020;

Sennaroglu, Sennaroglu, et al., 2016; van der Straaten et al., 2019). These children are



implanted before their fifth birthday, have relatively low aided hearing thresholds and no
additional disabilities, but it takes them five to six years to reach these intelligibility scores.

However, in the literature on speech intelligibility of children with ABI, the procedures for
obtaining speech intelligibility scores are not always well articulated and remain rather vague.
For instance, Aslan et al. (2020) judged speech intelligibility using the SIR based on
children’s connected speech, but it is not indicated which amount of connected speech was
evaluated and only one clinician evaluated the children’s speech. Sennaroglu, Sennaroglu, et
al. (2016) and van der Straaten et al. (2019) also assessed speech intelligibility of ABI
children with the SIR, but they do not mention how many judges were involved, nor on how
many words or if the speech was produced spontaneously or not. In the present study, one
hundred untrained listeners judged spontaneous isolated word productions of children with
ABI in a rating task and in a transcription task.

In the present study, the speech intelligibility of children with ABI was assessed in
comparison with children with CI and children with TH. In principle, there were several
options for matching the various study groups. They could be matched on their chronological
age, on their hearing age, or on a language related measure such as mean length of utterance
(Brown, 1973) or vocabulary size (see e.g. Faes & Gillis, 2016 for a more elaborated
discussion). Using chronological age as a yardstick for comparing children's intelligibility
across different hearing conditions was discarded since it would have led to a comparison of
children's spoken language performance at vastly different ages. More specifically, children
with ABI are typically implanted after the age of two, while children with CI are commonly
implanted before their first birthday. This means that comparing the children at the age of
four, for instance, implies that the children with TH have four years of hearing experience, as
compared to approximately three years for the children with CI and only two years for the

children with ABI. Hence, the differences between their hearing experiences may have led to



differences in their speech and language development and different intelligibility. In order to
take into account the prolonged period of auditory deprivation of children with CI and ABI,
hearing age — i.e. the length of device use —, has often been used as an alternative in the CI
literature, in order to compare these children to children with TH (e.g. Caselli et al., 2012;
Ertmer & Goffman, 2011; Schramm et al., 2010). But hearing age is also a time-based
measure, and, hence, also subject to chronological age-related differences in children’s speech
motor control (see e.g. Faes & Gillis, 2016). Therefore, the use of more language intrinsic
measures has been advocated in the literature (Faes & Gillis, 2016; Santos & Sosa, 2015).
One of the measures related to linguistic maturation or “language age”, is vocabulary size.
Research has shown that lexical development and phonological development are closely
related in children with TH (among others: Sosa & Stoel-Gammon, 2006; Stoel-Gammon,
2011; van den Berg, 2012) and children with CI (Faes & Gillis, 2016; Nicholson et al., 2015;
Reidy et al., 2015). Since speech intelligibility is also, but not solely, linked to children’s
speech production accuracy and thus phonological development (Ingram, 2002), matching the
groups of children with ABI, with CI and with typical hearing on their level of lexical

development was also adopted in the present study.

Research aims

The research question addressed in the present study is as follows: How intelligible are the
spontaneous speech productions of children with ABI in comparison to children with TH and
children with CI matched on lexical age? For this purpose, a longitudinal triple-case report of
three children with ABI is presented— in comparison to peers with CI and TH. Nagels et al.
(2020) highlighted the importance of tracking individual patterns of language development
for heterogeneous clinical groups, such as children with CI. As can be derived from the

literature study above, children with ABI are a highly diversified group as well. Therefore, the
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adopted case-study approach allows a fine-grained study of individual patterns in the three
children with ABI in this study.

Isolated single words were selected from spontaneous speech samples for the speech
intelligibility measurements. One hundred individuals not familiar with the children rated
each speech sample on a continuous scale and also transcribed each word. The ratings and the
transcriptions of the samples of the children with ABI, TH and CI were analyzed. For the
latter, relative entropy was used to investigate the amount of consistency in the judges’
transcriptions. Each child with ABI was matched to peers with TH and peers with CI with

similar levels of lexical development.

Method

This study reports on a listener experiment aimed to investigate the speech intelligibility of
three children with ABI in comparison to children with CI and children with TH with similar
vocabulary levels. Three consecutive steps were taken in setting up the experiment, which
will be described in the present section:

(1) Longitudinal data collection of participants with ABI and their matching peers

with CI and TH;

(2) Experimental setup: selection of suitable stimuli from the data collected in (1);

(3) Actual experiment: procedure and participants.
After the description of these three steps, the procedures of data processing and statistical

analyses will be elaborated on.

Longitudinal data collection
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Three children with ABI participated in this study and two control groups comprising children
with cochlear implants (CI) and children with typical hearing (TH) were included. This study

was approved by the Ethical Committee for Social and Human Sciences of the XXX.

Children with ABI

The pool of children with ABI implanted before the age of five is still very limited in
Belgium. According to statistics of the RIZIV (the Belgian national institute for Health and
Disability Insurance), only eight children received an ABI before their fifth birthday between
2015 and the end of 2019. Two criteria restricted the number of children eligible for
participation in the present study. First, only Dutch-speaking children were included into the
study. Since Belgium has three regions, each with its own official language, only children
living in the northern, Dutch-speaking part of Belgium (Flanders) were eligible. Second, also
children with reported developmental or health problems were excluded from the data
collection. These criteria restricted the number of participants to three cases, henceforth
referred to as ABI1, ABI2 and ABI3.

ABII and ABI2 were born with a sensorineural profound hearing loss as a result of the
absence of the auditory nerves. They received an ABI at age 2;00 (years;months) and 2;01
respectively. Their Pure Tone Average (PTA) hearing thresholds improved from respectively
120 dB HL and 116 dB HL before implantation to 37.5 dB HL and 43 dB HL two years after
surgery, according to their medical records. In both children, 9 out of 12 electrodes were
activated approximately one month after the surgery. ABII received a second ABI at age
4;09. ABI3 was first implanted with a CI (at age 0;08), after a diagnosis of auditory
neuropathy. Even though the child’s PTA improved from 95 dB HL (in the better ear) to 33

dB HL after CI implantation, there was only a limited effect on speech and language
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development. Therefore, the child received a contralateral ABI at age 4;00. The implant was
fitted two months after the surgery and all electrodes were activated.

The children with ABI were raised orally in Dutch, with support of Flemish Sign
Language. The children, data were collected longitudinally and monthly as part of a larger
research project on their speech and language development. Data collection started one year
after implantation for ABI1, two years after implantation for ABI2 and immediately after
implantation for ABI3 and went on for about two years in all three cases.

Please insert Table 1 over here.

Control groups
A first control group consisted of nine children with CI. These children received a CI (mean
age 1;00, SD = 0;05) because of a congenital profound deafness with a mean PTA of 112.56
dB HL before implantation. The mean PTA improved to 32.22 dB HL (SD = 7.11) at the
children’s second birthday. Six children received a second CI later on (see Table 2). All
children were raised in oral Dutch, with a limited number of lexical signs. Data collection
started immediately after implantation, with a monthly follow-up up to 30 months after
implantation. In Table 2, individual data for the children with CI are presented.

A second control group consisted of children with typical hearing (TH). As part of a larger
research project, 30 children were followed longitudinally and monthly between ages 0;06
and 2;00.

Please insert Table 2 over here.

Experimental setup: selection of suitable stimuli

Matching of children with ABI and control groups
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The material from which the stimuli for the current study were selected consisted of
longitudinal monthly video recordings of the children with ABI, CI and TH. The recordings
were made as part of larger longitudinal research projects on spontaneous language and
speech development of the three groups of children. They comprised everyday spontaneous
interactions between the child and his/her caregiver(s) captured at the children’s homes. Each
recording lasted on average approximately one hour. All children’s utterances were
transcribed orthographically in CLAN according to the CHAT conventions (MacWhinney,
2000).

In order to compare the three children with ABI to the children with CI and TH relative to
their cumulative vocabulary, a cumulative vocabulary count was computed for each
individual child in the three groups of children. This means that the number of unique word
types in the first recording was incremented each time with the new word forms in the
following monthly recordings. In this way the increase of each child's vocabulary was
tabulated (Faes & Gillis, 2019b).

Given the vocabulary counts, the next step in the selection process of the experimental
stimuli consisted of matching the levels of vocabulary development of the three groups of
children as closely as possible. Since the data collection was longitudinal, no preset level of
vocabulary could be used. For each of the participants (ABI, CI and TH), a graph was drawn
with the cumulative vocabulary relative to the child’s hearing age (in months). An overview is
given in Figure S1 in the appendix.

First, the three cases with ABI were inspected. As can be derived from Figure S1, there is a
substantial amount of difference in the three children with ABI. On the one hand, this
variation is inherent to interindividual differences in children acquiring language (Kidd &
Donnelly, 2020), but on the other hand, also inherent to the schedules of the present data

collection (e.g., for the ABI children data collection started immediately after implantation in
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one case, one year or two years after ABI implantation). Five levels of lexical development
were selected as a function of data availability. The five levels of lexical development were:
(1) less than 50 word types, (2) ca. 100 word types, (3) ca. 200 word types, (4) ca. 350 word
types, and (5) more than 500 word types. Henceforth, we will label these levels as level (1) to
level (5). Three data points were chosen for ABI1 and ABI2 and two data points for ABI3.
So, a total of 8 ABI recordings were selected for this study. In Table 1, the different data
recordings of all children are presented, with their corresponding ages, hearing ages and
cumulative vocabulary sizes. For ABI1, recordings were selected at lexical level (1) less than
50 word types, level (2) ca. 100 word types, and level (4) ca. 350 word types. For ABI2,
recordings were selected for lexical level (3) ca. 200 word types, level (4) ca. 350 word types,
and level (5) more than 500 word types. For ABI3, recordings were selected for lexical level
(2) ca. 100 word types and level (4) ca. 350 word types.

Second, the matching with the control groups was performed based on these five levels of
lexical development. Since the discrepancy between the number of children with ABI (three
cases) and the number of CI and TH participants (N=9 and N=30 respectively), a random
selection of available data in the control groups was made. For each level of lexical
development, three recordings of children with TH and three recordings of children with CI
were matched. This matching was random, but again as a function of data availability. The
individual cumulative vocabulary counts of all children, as presented in Figure S1, were used.

For children with CI, recordings were available for all five levels of lexical development.
At level (4) ca. 350 word types, five instead of three CI recordings were selected in function
of data availability. In total, 17 CI recordings were selected. For children with TH, no data
were available at the highest level of lexical development, i.e., level (5) more than 500 word

types. This resulted in a total of 12 TH recordings: three recordings for level (1) less than 50
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word types, three recordings for level (2) ca. 100 word types, three recordings for level (3) ca.

200 word types, and three recordings for level (4) ca. 350 word types.

Selection of suitable stimuli

Of all selected recordings, only one-word utterances with no background noise, crosstalk, and
the like were eligible for further use. Of this subset, the monosyllabic and disyllabic words
were filtered out. From these, 10 utterances per recording were randomly chosen. This
resulted in a total of 370 utterances, with 80 ABI utterances (8 ABI recording x 10
utterances), 170 CI utterances (17 CI recording x 10 utterances) and 120 TH utterances (12
TH recording x 10 utterances). For two children with CI, there were too little one-word
utterances. In those cases, a two-word utterance was chosen, with the first word being an

article. This was the case in only 5 out of the 370 stimuli used in the present study.

The actual experiment: procedure and participants

The 370 selected stimuli were divided into five experimental series of utterances, each
containing 74 stimuli. The process of compiling the five series was basically random with the
constraint that each series comprised a proportional number of ABI, CI and TH samples: two
of the 10 selected stimuli of the recording of each child were randomly selected, resulting in 2
x 8 ABI stimuli, 2 x 12 TH stimuli and 2 x 17 CI stimuli.

All stimuli were entered into Qualtrics © (Qualtrics, Provo, UT). A total of 101 untrained
listeners participated in the study, with a minimum of 20 listeners for each series. Listeners
were randomly selected through snowball sampling starting from the personal acquaintances
of the authors of the present paper. They were all native speakers of Belgian Dutch (mean age
= 37 years, SD = 13 years), with no self-reported history of hearing loss and varying degrees

of experience with children’s language, but no experience with the speech of hearing-
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impaired children. A non-parametric Wilcoxon test revealed no significant impact of the
listeners’ experience with child language on the outcomes of the rating scale and transcription
task.

The participating listeners completed the experimental tasks at their own convenience in
their home environments. They were instructed to wear earphones or headphones. Before the
actual experiment started, instructions were presented on screen, and examples were given of
the experimental tasks in order to ensure that the participant understood the instructions. Each
participating listener completed one of the series of stimuli, which was randomly assigned. In
addition, the order of the 74 stimuli was randomized upon each presentation, so that in
principle each listener heard the stimuli comprising a series in a different order.

For each stimulus, listeners performed two tasks, represented in Figure 1: (1) indicate the
intelligibility of the utterance, and (2) transcribe the utterance. For the first task, listeners
judged the utterances’ intelligibility by moving a slider on a 100-point scale, going from
entirely unintelligible to entirely intelligible. Since the listeners were untrained, the SIR was
not used in order not to complicate their task. For the transcription task, listeners were
instructed to write down existing standard Dutch words, i.e., words that they thought the child
produced or was trying to produce. If they could not figure out which word the child intended,
they were instructed to write the character ‘x’.

Please insert Figure I over here.

Data analyses

The experiment resulted in a rating score (between 0 and 100) and a transcription for each of
the stimuli. For the transcription task, the position of the slider was transformed into a natural
number between 0 and 100 by Qualtrics, which was entered into the statistical analyses. The

data of the transcription task consisted of the transcriptions of the participants. Relative
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entropy was used as a measure of the consistency of the transcriptions between the
participants. The underlying assumption was that if all the transcribers agreed on a particular
transcription, then the child's word must have been very intelligible. But if all transcribers
disagreed and/or used the symbol 'x' for denoting an unidentifiable word, then the child must
have been very unintelligible. Relative entropy quantifies the degree of agreement between
the transcribers. More specifically, entropy is a measure of chaos or disorganization in data,
often used in information theory and also sporadically used in linguistic research to measure,
for instance, the mutual intelligibility of languages (Frinsel et al., 2015; Moberg et al., 2007)
or the intelligibility of children's language (Boonen, 2020).

Relative entropy was calculated per stimulus and indicates the degree of agreement
between the listeners. Relative entropy is calculated according to the equation in (1), using

Shannon’s original entropy (Shannon, 1948) divided by the maximum entropy:

(1)
—ZiLo(pi In (p))
In(N)
with pi = the probability of each transcription’s occurrence; n = the total number of occurrences;

Entropy =

and N = the number of listeners

A relative entropy score of 0 indicates complete correspondence over all transcriptions, thus
indicating that all listeners agree on the transcription and hence indicating high intelligibility.
A relative entropy score of 1 designates the opposite: none of the listeners gave the same
transcription, thus indicating complete disagreement between the listeners and hence low
intelligibility.

For the calculation of the relative entropy, the answer ‘x’, i.e. when a listener had no idea
which word a child produced, was considered as a unique answer. Thus, for instance, when
the transcriptions of three listeners were ‘x’, these were entered into the computation of
entropy as ‘Xi’, ‘X2, and ‘x3’. The correlation of calculating the relative entropy with answer

‘x” as unique answers and the relative entropy with all answers ‘X’ as one single answer was
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0.94 (p<0.001). The correlation between the relative entropy and the mean rating scores
equaled -0.82 (p<0.001). In other words, both measures are similarly sensible to the children’s
speech intelligibility. This observation was already made in the literature as well (e.g. Habib

et al., 2010; Peng et al., 2004).

Statistical analyses

Given the design of the study, the resulting observations cannot be seen as independent
observations. The rating scores for a certain stimulus are, on the one hand, nested within
children and, on the other hand, nested within raters. In other words, a rating score depends on
the rater and on the child heard by the rater. For the entropy measures the structure in the data
is less complex, but still hierarchical: entropy scores are nested within individuals. To account
for this complexity in the data multilevel models were used. These models consist of two
parts: a random part that takes into account the variation and nesting of the data as described
above, and a fixed part that models the predicted variables (Baayen, 2008).

The dependent variable was either the rating score or the relative entropy. Rating scores
were converted to z-scores for the entire sample in order to catch the distribution of the scale.
In this way, different rating behaviors between raters is controlled for. In order to normalize
the skewed distribution, also relative entropy was log-transformed (In) (Baayen, 2008).

The children with TH were the reference category (i.e. intercept). The different grouping
point categories (see paragraph stimuli and Table 1) were added as dummy variables in the
model. Next dummy variables for the different children with ABI at these different grouping
points, and a dummy variable for the CI data in interaction with the grouping point categories
were added to the model as well. Random effects were child ID for the models estimating the
relative entropy, and child ID, listener ID and stimulus ID for the models estimating the rating

SCOICS.
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All statistical analyses were performed in R (R Core Team, 2013) with the package /me4
(Bates et al., 2015). The predicted values of each model were used to resample the data by
using the predictinterval function in R in the merTools package (Knowles & Frederick,
2020). This allowed creating a prediction interval around the fitted values of the model
including the variation of children with CI and TH captured by the model. This resampling
was done because there was no variation in the model for the children with ABI. The
prediction interval was set at 90% and 10,000 resamples were taken. The distribution of the
data resulting from this resampling procedure was plotted in the Result section. For the sake
of comvenience, the rating z-scores and the log-transformed relative entropy were reversed to

their original scale in all figures.

Results
Intelligibility according to the rating scale
In Figure 2, the predicted median rating score (with 90% confidence intervals), scoring the
intelligibility of the utterances produced by the three children with ABI in comparison with
their peers with CI and TH, are plotted relative to lexical age, i.e., the cumulative number of
word types. Comparisons of children with ABI with children with CI and TH were based on
the number of cumulative word types in their lexicon: level (1) less than 50 word types
(ABI1), level (2) ca. 100 word types (ABI1, ABI3), level (3) ca. 200 word types (ABI2), level
(4) ca. 350 word types (ABI1, ABI2 and ABI3) and level (5) more than 500 word types
(ABI2).

In the relevant (lexical age) time frame, the median rating scores of children with CI’s and
TH’s utterances increased from approximately 40 to 65 on a 100-point scale. Thus, these

children’s intelligibility increased with lexical expansion.
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With a small lexicon of less than 50 word types (level (1)), ABI1’s utterances were rated at
the same level as the utterances of children with CI and TH: the predicted median was slightly
lower for ABII (score 37), but there was an overlap of the confidence intervals. With lexical
expansion to level (2) ca. 100 and level (4) ca. 350 words, ABII’s utterances were rated
systematically lower than these of children with CI and TH. ABI1’s ratings remained between
30 and 40 on the 100-scale, whereas children with CI and TH showed an increase in the
ratings scores to approximately 60.

ABI2’s utterances, in contrast, were rated only slightly lower than these of children with
CI and TH. At all lexicon sizes from ca. 200 to more than 500 word types (levels (3), (4) and
5)), ABI2 was approximating the control groups with matched cumulative vocabulary sizes.
This child also showed increasing ratings with increasing lexical age.

With a vocabulary size of ca. 100 words (level (2)), ABI3’s utterances are rated well below
these of children with CI and TH, similar to ABI1’s whose values were also rated below these
of children with CI and TH, but the confidence intervals of ABI3 did not overlap with those
of the CI and the TH children. As for ABI1, the lexical expansion to ca. 350 word types (level
(4)) in ABI3 did not result in a considerable increase of the rating scores, so that the
difference with children with CI and TH was maintained.

Please insert Figure 2 over here.

Intelligibility according to the transcription task: relative entropy

In Figure 3, relative entropy (predicted median and 90% confidence interval) for the three
children with ABI, and the children with CI and TH, was plotted as a function of lexical age
(number of word types). Relative entropy is a measure of uniformity or the lack of it in the
transcriptions of the listeners in the transcription task. It is assumed that lower entropy scores

are an index of more intelligible utterances. A relative entropy score of 0 indicates that all
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listeners transcribed the utterance as the exact same Dutch word and, hence, it is assumed to
be a completely intelligible utterance. A relative entropy score of 1 indicates the opposite: a
complete unintelligible utterance, with different transcriptions from each listener.

For children with CI and TH, the predicted median relative entropy scores of their
utterances progressed from approximately 0.70 with a lexicon size of less than 50 word types
(level (1)) to approximately 0.60 with lexical expansion to 100 word types and more (levels
(2) to (5)), so that their utterances can be assumed to become more intelligible with increasing
lexicon size.

With a small cumulative vocabulary size of less than 50 word types (level (1)), ABII’s
utterances had similar predicted median relative entropy scores than these of the children with
CI and TH. However, with lexical expansion, the relative entropy of ABII hardly changed
(ca. 0.72 in the entire period), so that the difference with children with CI and TH became
apparent at lexicon sizes of 100 and 350 word types (levels (2) and (4)).

For ABI2, the predicted median relative entropy was only slightly higher than that of
children with CI and TH at a cumulative vocabulary size of ca. 200 word types (level (3)).
With lexical expansion to level (4) ca. 350 word types, ABI2’s relative entropy estimates
remained about the same (0.68), whereas there already was a decrease of the relative entropy
for children with CI and TH. At a lexicon size of more than 500 words (level (5)), ABI2 also
showed this decrease, resulting in similar relative entropy values at this point (0.65 for ABI2
and 0.63 for children with CI).

Finally, ABI3’s utterances had predicted median relative entropy scores of 0.72 at lexicon
sizes of ca. 100 (level (2)) and ca. 350 word types (level (4)). This was considerably higher
than the values of children with CI and TH with a comparable lexicon size. Moreover, ABI3’s
confidence intervals did not overlap at all with children with TH, and only in part with

children with CI at a lexicon size of ca. 350 word types (level (4)).
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Please insert Figure 3 over here.

Discussion
This study investigated the speech intelligibility of three children with ABI in comparison to
children with CI and children with TH matched on lexicon size. Speech intelligibility is
postulated to be the most encompassing spoken language skill to develop for children with
ABI (Aslan et al., 2020). Overall, the results of our large-scale listener experiment revealed
that the speech intelligibility of children with CI was similar to that of children with TH, even
though a slight advantage for the children with TH in median ratings and relative entropy
scores appeared with increasing vocabulary sizes. This is in line with the literature on CI and
TH speech intelligibility (Chin et al., 2012; Flipsen & Colvard, 2006; Grandon et al., 2020).
For the three children with ABI, speech intelligibility is lower in comparison to their peers
with CI and TH matched on lexicon size. Moreover, the triple-case study indicated
interindividual differences between the children with ABI. Whereas ABI2 appeared to
approach similar levels of intelligibility as children with CI and TH when matched on lexicon
size, the other two children with ABI did not (ABI1 and ABI3).

Within the acquisition of the first 50 word types, ABI1 was as intelligible as children with
CI and TH. It is well known that children’s early words are often produced quite accurately in
TH populations (Ferguson & Farwell, 1975). With lexical expansion, production accuracy
drops but eventually their accuracy rises again. This is the so-called u-shaped learning curve
(Ferguson & Farwell, 1975). Faes and Gillis (2020) found that ABI1’s first word productions
are indeed more accurate than later acquired words. However, inspection of the rating scale
and transcription task results seemed to indicate that this did not result in intelligible speech
for unfamiliar listeners. For children with CI and TH, the early words were indeed judged to

be the most intelligible, and therefore presumably also the most accurately produced. So, the
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children with CI and TH seem to follow the suggested u-shaped learning postulated by
Ferguson and Farwell (1975). As lexicon size increased, the difference between the children
with ABI and the control groups enlarged. Speech intelligibility performance of ABI1 and
ABI3 was well below that of children with CI and TH with lexical expansion. But, in contrast,
speech intelligibility performance of ABI2 approached that of children with CI and TH,

especially with increasing lexicon size to more than 500 word types.

Moderate levels of speech intelligibility in all groups

With lexical development, speech intelligibility slightly increased for the children with CI,
the children with TH and ABI2, though their performance was still fairly modest. For ABI1
and ABI3, however, little to no change was observed with lexical expansion. So, overall, also
for children with CI and TH, speech intelligibility seemed only moderate. Different factors
may account for this result. A first important factor is the expertise of the listener or
transcriber with child language in general. For instance Munson et al. (2012) showed that
listeners benefit from the experience with specific types of speech, and Hustad and Cabhill
(2003) showed increased intelligibility of dysarthric speech when listeners were familiarized
with it through different trials. The listeners in our study were unfamiliar with the speech of
children with hearing problems. Yet, the familiarity with child speech in general did not affect
the outcomes in the present study (see method section). Similarly, also for instance Boonen et
al. (2019) did not find an effect of listener’s background (e.g. speech and language therapist
as compared to primary school teachers and inexperienced listeners) on their ability to
identify children with CI and children with TH.

Secondly, listeners were unfamiliar to the specific children in the present study. Since each
child’s speech has its own characteristics, the task is assumed to be more difficult for

unfamiliar listeners than for listeners familiar with the child (Cox & McDaniel, 1989).
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Therefore, the overall intelligibility judgements may be also fairly modest in children with TH
and CI in this experiment. For children with ABI, it has been shown that the best performing
children reach intelligible speech only for familiar, experienced listeners (Aslan et al., 2020;
Sennaroglu, Sennaroglu, et al., 2016; van der Straaten et al., 2019). So, listening to the
children with ABI must have been very challenging for our (inexperienced) listeners
unfamiliar with the children in this study.

Thirdly, the stimuli in this experiment have been presented to the listeners without any
kind of contextual information, which complicates the task tremendously. Different
contextual facets were blinded to the listeners. For instance, the listeners had only access to
audio files. Studies showed that speech intelligibility of different clinical groups of speakers
increased when stimuli were presented in an audiovisual mode rather than an audio-only
mode (Hubbard & Kushner, 1980; Keintz et al., 2007). Moreover, speech intelligibility in this
study was judged based on single-word productions. Research suggests that more
contextualized utterances (e.g. sentences or short conversations) are judged to be more
intelligible than utterances with less contextual information, such as the one-word utterances
in the present study (Baudonck et al., 2010; Boonen, 2020; Montag et al., 2014). In sentences,
other understood words may hint to the general subject of the sentence, which makes the
utterance more intelligible overall (Hustad et al., 2020). In conversations, listeners may find
support in the interaction with adults and other children, improving the intelligibility
judgements as well. In this experiment, the condition was isolated words, with no aid of any
context whatsoever, which may also explain the moderate intelligibility scores in the entire
experiment. Yet, Baudonck et al. (2010) advocated that testing intelligibility at the word level
is more sensitive to subtle differences in children’s speech intelligible, precisely because of
the lack of contextual information. It can thus be considered a stricter measure of speech

intelligibility.
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Finally, the stimuli of children with ABI in this study came from children using their
device between one and four years, with chronological ages between three and six years. A
typically developing child (with TH) is only entirely intelligible by four years of age (Hustad
et al., 2020). For children with CI, it takes even longer (Chin & Kuhns, 2014), even though in
SIR’s terminology, they could reach ceiling scores earlier on (De Raeve, 2010). For the better
performing children with ABI, ceiling scores have not been observed even after five to six
years of device use (Aslan et al., 2020; Sennaroglu, Sennaroglu, et al., 2016; van der Straaten
et al., 2019). Rather, they can reach a score of 3 or 4 on the SIR (i.e. being intelligible to
familiar listeners with or without lip-reading) by that time. So, listening to children with ABI
with only one to four years of device use in this study has inevitably been very challenging
for the untrained, unfamiliar listeners, since not even children with TH are completely

intelligible at these early hearing ages.

Implications

Good speech intelligibility skills have been repeatedly related to better psychosocial
functioning of children with TH and CI (V. Freeman, D. Pisoni, et al., 2017; Most et al.,
2012; Preisler et al., 2002; Wong et al., 2016). Even though not studied yet, it seems
reasonable that speech intelligibility and psychosocial well-being are linked in the ABI group
as well. The early intelligibility results of our children with ABI (and the differences between
the children) can be highly informative for their future development. In another clinical
population, i.e. children with cerebral palsy, Hustad et al. (2019) showed that the early speech
intelligibility scores at three years of age predicted the speech intelligibility outcomes at eight
years of age. The chronological age of the children with ABI in this study was three to four
years of age for the early data points (up to 100 word types) and five to six years of age from

ca. 350 word types onwards (see Table 1). Since there was little to no development in the
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children with ABI’s speech intelligibility, except for ABI2, this may not be a good indication
for these children’s future development and, consequently, also their psychosocial well-being.
In addition, the literature showed that a child with TH is intelligible for an unfamiliar listeners
by four years of age (Hustad et al., 2020). The children with ABI in this study did not reach
this level, even when they were two years older at the end of the study.

Even though it seems, e.g. for ABI2, that the difference with children with CI and children
with TH is quite acceptable, this must be seen in the light of the measure of comparison used.
All groups were matched on their lexical age, for reasons such as the close link between
phonology and lexicon (e.g. Stoel-Gammon, 2011) and intelligibility and phonology (Ingram,
2002). However, as a result, a two-year old child with TH was matched to, for instance, five-
year old children with ABI (see Table 1). The same holds for hearing age and children with
CI. Children with CI are implanted at least one year earlier than the children with ABI and
thus have at least one year of device use more than the children with ABI at similar
chronological ages. These age and hearing age differences skew the comparisons
considerably. As stated in the introduction, there are different options to match the groups, but
none of the options will ever be optimal. Importantly, it should be kept in mind that even
though ABI2 scores somewhat similar to the children with TH and CI, this child is
considerably older at that time. By the end of the data collection, this six-year-old child with
ABI was performing more or less similar to a two-year old child with TH and a three to four-
year-old child with CI. So, in terms of chronological age, this child is still lagging behind age-
mates with TH and CI. A similar picture holds for ABI1 and ABI3, of course, who are lagging
behind even more. This is also confirmed by studies using hearing age as a measure of
comparison. For instance in Faes and Gillis (2020), it is shown that the same children with

ABI produced their words significantly less accurately than TH and CI peers matched on
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hearing age. Hearing ages of the children with TH and CI in this study were at least one year

lower in the group matching, which may thus heavily impact the results.

Interindividual variation
There was a considerable difference in the judged intelligibility of the three children with
ABI, with ABI2 outperforming the other two children. One aspect that may have contributed
to this difference is the children’s length of device use and chronological age differences
between the children with ABI. At ca. 350 word types, for instance, ABI3 used his ABI
device one year less than the other two children (with equal length of device use though, see
Table 1). This may have caused lower intelligibility scores for ABI3 as compared to ABI2,
but does not explain the difference between ABI1 and ABI2. Still, ABI3 had a similar lexicon
size than ABI1 and ABI2 with this shorter ABI hearing time, which may have resulted from
the child’s CI use before ABI implantation. So, in terms of lexical development, ABI3 may be
benefitting from the period with CI use, and possibly also from the combination of the ABI
and the CI as suggested by Friedman et al. (2018) and Batuk et al. (2020). Nevertheless, this
did not result in spoken intelligibility performance similar to that of children with CI and TH.
ABI2 outperformed the other children with ABI in speech intelligibility performance, but
also in lexicon expansion. For instance, after two years of hearing age, ABI1 had ca. 100
word types, and ABI2 ca. 200 word types. Thus far, it is unclear which factors contribute to
these individual differences. ABI1 and ABI2, for instance, were implanted at approximately
the same chronological age, had an equal number of activated electrodes, and relatively
similar hearing thresholds after implantation. As in other clinical populations, such as children
with CI (e.g. Duchesne et al., 2009; Svirsky et al., 2000; Szagun, 2002; Wie, 2010), it may be
the case that the interindividual variation is larger in the ABI population than in typically

developing children, in which individual variation is also present though (e.g. Hustad et al.,
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2020 for speech intelligibility). In this respect, Nagels et al. (2020) advocated for the
investigation of individual patterns in “heterogeneous clinical populations such as CI users”
(p. 286) to improve speech and language therapy. Similarly, also Pisoni et al. (2017)
highlighted the importance of individual variation in CI research. Our results seem to confirm
the importance of individual analyses in the ABI population as well, given the differences

found between the three children.

Concluding remarks
In this study, scarce data of individual cases of a specific subpopulation (the three children
with ABI and their utterances) were used and a larger sample of control subjects assumed to
represent a population of control subjects (utterances of children with CI and children with
TH at particular points in their lexical development). The statistical analyses took advantage
of the richer dataset of control subjects to estimate population averages and accompanying
variance estimates, combined with the data of the three cases of children with ABI. This
enabled modeling how the individual cases were positioned in comparison with population
estimates. The analyses were not presented as estimates of population level characteristics for
all children with ABI. Rather the individual ABI estimates were presented as explorative
case-level data, giving the analyses a more explorative character, but still making use of the
statistical power of the control group data to put individual data into perspective. This method
deemed fruitful in our study and we suggest that scholars who also study very specific
phenomena for which it is difficult to gather broad sample data but rather unique case data to
consider this method if valuable sample data are available to use as a point of comparison.

To conclude, our results suggest that speech intelligibility of children with ABI is
susceptible to considerable individual variation. Whereas one child with ABI seemed to

approach the CI and TH levels of speech intelligibility, the other two children with ABI
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remained well below the control groups matched on lexicon size. Overall, speech
intelligibility was only moderate in all groups of children, with quite low rating scores on the

100-point scale and large differences in the listeners’ transcriptions.
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Tables

Table 1. Grouping of the ABI data according to the different measures of comparison.

Cumulative
Data point Chronological age Hearing age with ABI
Grouping point Child ID vocabulary size
(Number per child) (years;months) (years;months)
(word types)
1. <50 word types ABI1 1 3;05 1;05 16
2. ca. 100 word ABI1 2 4;04 2;03 78
types ABI3 1 4;03 0;03 90
3. ca. 200 word
ABI2 1 4;04 2;03 183
types
ABI1 3 5;03 3;03 324
4. ca. 350 word
ABI2 2 5;03 3;02 394
types
ABI3 2 5;04 1;04 315
5. >500 word types ABI2 3 6;03 4;02 611
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Table 2. Individual data of the children with CI

PTA unaided PTA CI (dB HL) Age CI Age

ID Gender
(dB HL) (age 2;00) implantation second CI

CI1 F 120 48 1;01 6:03
CI2 F 120 30 0;07 4;08
CI3 F 115 33 0;10 5;10
Cl4 M 113 48 1,06 -
CI5 M 93 38 1;05 6;04
CI6 M 120 53 0;09 -
Cl7 F 117 42 0;05 1;03
CI8 F 112 38 1,07 -
CI9 F 103 28 0;08 1;11

dB HL = decibel Hearing Level
Ages are presented in years;months

-=no0 second CI
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Figures.
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Figure 1. Example of the listeners’ task in Qualtrics
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Figure 2. Intelligibility rating score relative to lexical age — predicted intervals

46



Lexical age (cumulative vocabulary)

1 007 < 50 word types ca. 100 word types ca. 200 word types ca. 350 word types ca. 500 word types
0,80
2 | i l ] ] { ! ] {
© 0,60- {
=
()
()
=
3 0,40
(1
0,20
0,00 . — = = =
WU = I~ ®OnI I yNOs5I o
om © Z m o Z m © ZmmmM © Z m e
< < < < << < <

Figure 3. Relative entropy (transcription task) relative to lexical age — predicted intervals
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Figure captions.

Figure 1. Example of the listeners’ task in Qualtrics

Figure 2. Intelligibility rating score relative to lexical age — predicted intervals

Figure 3. Relative entropy (transcription task) relative to lexical age — predicted intervals
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Supplementary materials.

Table S1. Precise matching of children with ABI with children with CI.

Mean
Cumulative
Number of CI Mean cumulative | chronological
vocabulary size Child IDs
files matched vocabulary size (SD) |age (SD)
ABI group
(years;months)
Cl4 1
1. < 50 word types 3 CIs 1 10.75 (10.31) 1;11 (0;01)
CI8 1
Cl4 2
2. ca. 100 word types 3 Cle 1 83.33 (17.56) 2.03 (0;07)
CI7 1
CIl1 1
3. ca. 200 word types 3 Cl4 3 168.67 (16.07) 2;08 (0;07)
CI5 2
CI1 2
CI2 1
4. ca. 350 word types 5 Cl4 4 352.40 (69.76) 2;11 (0;07)
CI8 2
CIo 1
CI3 1
5. > 500 word types 3 CI8 3 571.33 (43.32) 3;00 (0;09)
CI9 2
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Table S2.

Precise matching of children with ABI with children with NH.

Mean
Cumulative
Number of CI Mean cumulative | chronological
vocabulary size Child IDs
files matched vocabulary size (SD) |age (SD)
ABI group
(years;months)
NHI1 1
1;04
1. < 50 word types 3 NH2 1 41.33 (8.32)
(0;01)
NH3 1
NH4 1
2;00
2. ca. 100 word types 3 NHS5 1 95.67 (25.38)
(0;00)
NH6 1
NH7 1
2;00
3. ca. 200 word types 3 NHS8 1 181.33 (22.31)
(0;00)
NH3 2
NH1 2
2;00
4. ca. 350 word types 3 NH2 2 341.00 (14.18)
(0;00)
NHO9 1
5. > 500 word types N.A. N.A. N.A. N.A.

Chronological age and hearing age are similar in children with NH
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