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Abstract

Phonemic accuracy of children with cochlear im@gi@l) is often reported to be lower in comparison
with normally hearing (NH) age-matched children.this study, we compare phonemic accuracy
development in the spontaneous speech of Dutchdspeahildren with CI and NH age-matched
peers. A dynamic cost model of Levenshtein distasagsed to compute the accuracy of each word
token. We set up a longitudinal design with monttidya for comparisons up to age two and a cross-
sectional design with yearly data between three farel years of age. The main finding is that
phonemic accuracy steadily increases throughoupéhmiod studied. Children with CI's accuracy is
lower than that of their NH age mates, but thisedénce is not statistically significant in the lgsat
stages of lexical development. But accuracy ofdehit with CI initially improves significantly less
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steeply than that of NH peers. Furthermore, the bermof syllables in the target word and target
word’s complexity influence children’s accuracy, laager and more complex target words are less
accurately produced. Up to age four, children v@thare significantly less accurate than NH children
with increasing word length and word complexityisTHifference has disappeared at age five. Finally,
hearing age is shown to influence accuracy devetoprof children with Cl, while age of implant

activation is not.

Keywords: Phonemic accuracy; children with Cl; Levenshteistatice; target word complexity;

target word syllable length
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Introduction

This study describes the development of phonemitracy of children with a cochlear implant
(henceforth, CI) acquiring Dutch as their nativagaage. As speech production depends on speech
perception (Altvater-Mackensen & Fikkert, 2010; clyk, 1992; Stoel-Gammon, 2011; Stoel-
Gammon & Sosa, 2007), spoken language developmenildren with Cl is a topic that has received
considerable attention in the literature. The utienquestion is whether the spoken first language
proficiency of children with Cl eventually reachaslevel comparable to that of normally hearing
(henceforth, NH) age mates. In this respect Nichaled Geers (2007) published an aptly titled paper:
“Will they catch up?” in which they investigated &ther children with a Cl, after an initial delay in
comparison to NH children, eventually close the gag achieve age appropriate spoken language
levels in terms of vocabulary, sentence complesitgt morphology. In this paper, we elaborate on this
question by investigating speech production of dtkih with CI and more specifically phonemic
accuracy. Phonemic accuracy is based on phoneraitsdriptions instead of narrow phonetic
transcriptions. In other words, we focus on broaodpction accuracy of phonemes, regardless of
phonetic variance. Speech production accuracy igoitant since it affects children’s speech
intelligibility (Ingram, 2002) and, consequenthetr communicative effectiveness. The development
of phonemic accuracy is traced in a group of chkildwith Cl and a control group of NH children,
using Levenshtein distance, a measure that isivellatnew in language acquisition research. We
study three research questions: (1) How does phicnarouracy develop immediately after cochlear
implantation up to age 2;0? (2) How does it develdih prolonged linguistic experience, i.e., up to
five years of age? And (3) Are there effects ofgtenof implant use and age at implantation in
accuracy development of children with CI. In whatldws, we first discuss various measures of
phonemic accuracy used in the literature and thenglaborate on the main findings of phonemic
accuracy development in the literature.

Measures of phonemic accuracy

In the literature two methods are frequently usedexpress phonemic accuradyercentage of
Consonants Correct (PCC, Shriberg, Austin, Lewis, McSweeny, & Wilsoh997; Shriberg &
Kwiatkowski, 1982) andphonological mean length of utterance (pMLU, Ingram, 2002). Both
measures increase when production accuracy imp(ovéer & Lewis, 2005).

Shriberg and Kwiatkowski (1982) developed the fipstonological yardstick, PCC. This metric
indicates the percentage of correctly produced amuensts. The procedure is fairly simple: A child’s
rendition of a particular adult target word is kihep with a transcription of the actual target, #mel
number of overlapping consonants is counted. Fsiairte, if a child utters tk/ for the adult target
Dutch word /lhks/ ‘fight’, two out of three consonants are cotlecendered. This procedure is
repeated for all the words in a speech samplelanérid result is the percentage of correctly preduc

consonants.
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Although PCC is frequently used in child languagelies, this metric faces three problems. First of
all, only consonants are taken into consideratidm|e vowels are not considered, which means that
the measure only partly reflects the child’s accyrd his problem can easily be dealt with by the
Percentage of Phonemes Correct (PPC, Shriberg et al., 1997), which considers aoasts as well as
vowels. Secondly, in both PCC and PPC, a renditiioa particular target word may differ from the
intended target in various ways. It may involveetiehs, insertions and/or substitutions. In Tahle 1
the target word /bks/ ‘fight’ is compared with (example) renditionavolving a deletion, a
substitution and two examples of insertions. Defgtine consonant (as in‘/ks/) or substituting one
(as in /pks/) leads to a PCC accuracy score of 66%. Thigltres expected in the sense that both
renditions do not equal the adult target, and hamcaccuracy score of 100% should not be expected.
Inserting a consonant or a vowel (as inkbs/ and /briks/) leads to a higher PCC accuracy score. In
fact, in the case of solely insertions, the PCC08%, which implies that the child’s rendition etpua
the adult target, but it does not. So the secontllpm with PCC is that substitutions and deletiares
“penalized” as errors or deviations from the adafget, while insertions are not. In fact, this mea
that implicitly there is a weighting of the errasdeviations. Some errors have a more heavy weight
than others. In the case of PCC insertions donflitence the value of PCC at all, while substitnsio
and deletions have an equal influence on the vafueCC. Nevertheless, such errors have varying
effects on speech accuracy and speech intelligibifihirdly, the phonemic accuracy of less complex
words, such as monosyllabic words or words witlglgiton consonants, is expected to be higher than
the accuracy of more complex words, such as miéilsg words or words with consonant clusters.
For instance, Gathercole, Willis, Emslie, and Baell€1991) pointed out that accuracy decreases
with increasing target syllable length. Includingpré length may have an added value, but in

computing PPC word length is not taken into account

Table 1. Examples of PCC calculations

PCC child PCC Accuracy rate
Target /IbrIkg fight 3
Replica 1) Deletion /bk/ 2 66%
2) Substitution IplIks/ 2 66%
3) Insertion /b kas/ 3 100%
Ibriks/ 3 100%
Table 2. Examples of pMLU calculations
pMLU child pMLU PWP
Target /b Ik fight 7
Replica 1) Deletion bk/ 5 0.71 (71%)

2
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2) Qubstitution IpLIks/ 6 0.86 (86%)
3) Insertion /b kas/ 7 1.00 (100%)

In 2002, Ingram proposed phonological mean lengthuterance (pMLU) as an alternative
phonological measure. pMLU combines word lengtthviRCC. pMLU is calculated by counting the
number of phonemes of each word production, regasdbf their accuracy. This means for instance
that if the adult target contains three segmemtst(/ ‘cat’) and the child produces three segments
then the child’s rendition is credited with thre®lldJ points. An additional point is added to the
pMLU score for each correctly produced consonangrédm, 2002). To measure the degree of
accuracy, Ingram (2002) developed the proportionwdfole-word proximity (PWP). PWP is
calculated by dividing the child’'s pMLU by the tatglanguage’'s pMLU. If the child’s rendition
equals the adult target, PWP equals 1: What istadgand what is actually produced are identical.
Therefore, PWP is “an indirect measure of the &hildtelligibility” (Ingram, 2002, p. 718). In Tabl

2, the pMLU and PWP scores of three child rendgianh the target word /bks/ are given as an
example. Both deleting and substituting a consoteed to an imperfect PWP score (lower than
1.00). However, the insertion o#//in /bl kas/, as shown in example (3), is not penalized,has t
child’s pMLU score equals the target pMLU. Consetdlye a maximum PWP score of 1.00 is
reached.

pMLU faces three problems. First of all, pMLU refie not only phonological but also morphological
development (Taelman, Durieux, & Gillis, 2005). laast for Dutch, pMLU is higher when inflected
words, like nouns plurals, finite verb forms etare included in the corpus (Taelman et al., 2005).
Secondly, since pMLU is dependent on word lengthgliages with inherently longer words will have
higher pMLU rates. This was illustrated by Saarid&din, Savinainen-Makkonen, and Kunnari
(2006), who report higher pMLU rates for FinnislathEnglish, with the former having longer words
than the latter. This does not only make crossdistic comparison of children's pMLU highly
problematic, it also has the pernicious effecthef $ame error being weighted differently accordong
language. If a child deletes a phoneme in a larguweth longer words, the pMLU and associated
PWP will be higher than if a deletion had occuried language with shorter words. Therefore, the
same error incurs a higher penalty in the secomgulage. Thirdly, as for PCC, an implicit weighting
of speech errors is present, as Table 2 indic&tsle deletions and substitutions are penalized as
errors, insertions are not. The insertion @fith /bl1kas/ is not penalized and has no influence on the
accuracy rate (100%). Moreover, the pMLU metric gizes deletions more heavily than
substitutions. Nevertheless, a more explicit andirdble weighting in terms of frequency and
complexity of errors is absent. The same is truePl@C/PPC. Speech errors differ from one another
both in frequency and severity. Firstly, some errare more common in children than other ones.

Secondly, some speech errors are more severeyasittuence intelligibility more than other speech
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errors. Therefore, it might be advisable to perdlizquent and less severe errors less than irdrequ
and severe errors. These are integrated into thenisbtein distance measure.

In this paper, Levenshtein distance (LD) is usedraslternative to track production accuracy aad it
development. LD is a commonly used technique tosomesthe difference between character strings in
various scientific fields such as computer scietoa,informatics, and dialectology. LD between two
character strings expresses their difference. Alsiistance between two strings indicates that they
are very similar, and a large distance means kiegt are dissimilar. In the present context LD isdus
to compute the distance between the phonemic tigtisa of an adult target word and the phonemic
transcription of a child’s rendition of that targebrd. It can be expected that the distance between
adult target and the child’s rendition is relativilrge when a child starts uttering conventionatds.
And over time, the distance is expected to diminrsleaning that the child’s productions become
more and more adult like. Without going into thehisical details of LD (see Method section), LD is
determined by counting the number of edit operatioeeded to transform one string of characters into
another one (Heeringa, 2004; Nerbonne & HeerinQap2Wieling, Margaretha, & Nerbonne, 2011).
Three edit operations are assumed: Substitutiaglsfions and insertions. The more edit operations
that are needed to transform one string (i.c. ait &arget word) into another (i.c. the child’s déion

of that word), the more distant these two strings. Moreover each edit operation has a cost
associated with it and the number of edit operatioeeded determines the LD between the two
character strings. For example, suppose the cosadi edit operation is 1, consider the difference
between /bit/ and /b1/. The difference between these two charactergsria the deletion of /t/, so
LD equals 1, because the other characters araddent

LD can not only be used to measure the distancgeeet two character strings, DNA sequences or
dialectal variants, but also to measure the distdretween a word spoken by a child and the adult
pronunciation of that word. Only a few studies u$é3l to measure phonemic accuracy. Riches,
Loucas, Baird, Charman, and Simonoff (2011) shotleat LD error rates of adolescents with Specific
Language Impairment are higher than adolescent siitism plus Language Impairments. Sanders
and Chin (2009) showed that the distance betweed prmductions of children with CI and the adult
targets measured by LD correlates with intelligipijudgments of naive listeners. The larger the
distance the less intelligible the children’s spee@s judged. In this paper phonemic accuracy, as
measured by LD, is studied in a group of childreéth Wl and a group of NH children. The use of this
measure is relatively new in studies on languageiaition and has some important advantages. First
of all, insertions are taken into account in the ir@asure, in contrast to PCC and pMLU. In other
words, all edit operations are considered in LD,levlthis is not the case in PCC and pMLU.
Moreover, in the current paper, a dynamic algoritomLD is used. This means that the LD
computations are based on a model of adult spakegubge and not on a priori defined weights. In
adult language, some phonemes typically appear nfreguently than others, some phonemic
variations are frequent in spontaneous speech {eegdeletion of /n/ after schwa at the end ofdsor
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as in /et/ instead of /ein/ ‘eat’). These frequency differences are takea &ctcount when computing
the distance between the adult model and the ehilghdition. Infrequent speech errors as well as
severe speech errors are penalized more heavily fileguent and less severe ones, due to the
algorithm’s way of working (this is fully explained the method section (2.3.).

Phonemic accuracy in NH and children with CI

In this paper, we study the phonemic accuracy délidn with Cl immediately after implantation up
to the age of 2;0 (years;months) and with prolonlijeguistic experience (i.e. up to age 5;0) and
compare these to NH peers. In NH children phonematiracy reaches ceiling percentages around the
age of 3;0 (English: Dodd, Holm, Hua, & Crosbie020Irwin & Wong, 1983; Finnish: Saaristo-
Helin, 2009). For English, Warner-Czyz (2005) hheven that production accuracy in spontaneous
speech is higher in NH children as compared todofil with CI up to six months after meaningful
word onset. In spontaneous speech, the accuradytoh speaking NH children is found to be higher
in comparison to children with CIl. Between ages &yt 2;6 pMLU and PWP reach median scores
that are significantly higher in NH children (pMLQa. 6.3, PWP: Ca. 0.8) than in children with ClI
(pPMLU: Ca. 4.5, PWP: Ca. 0.7) (Schauwers, Taelnihis, & Govaerts, 2008). At age 2;0, median
proportions of phonemic accuracy at the word lerel significantly higher for NH children (0.66)
than for age-matched children with ClI (0.58) (VaendBerg, 2012). Age at implantation of the
participants with CI reported in Schauwers, Taeleral. (2008) and in Van den Berg (2012) was
1;0 (SD = 0;5). In the present article, the samiéddn with ClI as in Schauwers, Taelman, et al.
(2008) and Van den Berg (2012) were studied. Weardtheir research in two ways. Firstly, the
children with CI are studied up age 5;0, and selyprad more fine-grained accuracy measure, viz.
Levenshtein distance, is used. Therefore we expecthildren with Cl to be less accurate than NH
peers at age 2;0.

Nicholas and Geers (2007) report that English spgathildren with Cl implanted at around age 2;6
are more likely to catch up with age-matched NHrpeg age 4,6 than later implanted children with
ClI. Their conclusion holds for several linguistizndains, namely morphology, syntax and vocabulary.
In the present article, we investigate whether bliah & Geers’ finding can be replicated in another
linguistic domain, viz. the phonemic accuracy depeatent of early implanted children with Cl. As
children grow older their renditions of words cam dxpected to approximate the adult target forms.
We investigate whether in the age span studiettreimi with Cl reach a comparable level of accuracy
as NH children.

Studies of phonemic accuracy of children with Gjuddng Dutch as compared to their NH peers are
restricted to very young children (under age 2;@&amauwers, Taelman, et al. (2008), Van den Berg
(2012)). In children acquiring English, productiaccuracy at older ages is shown to be significantly
higher in NH children than in children with CI. Hewer, these results should be considered with care
when generalizing them to Dutch. Approximatelyge &;6, PPC is 83% for NH children and 53% for
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children with CI (Ertmer, Kloiber, Jung, Kirleis, &radford, 2012). At age 4.0, the same trend
emerges in the PCC of word initial consonants shart sentence repetition task. For NH childreh, al
initial consonants except fricatives and affrica(@6% accuracy) reach ceiling accuracy, while for
children with ClI initial consonant accuracy is 08%% (Ertmer & Goffman, 2011). At ages 3;0, 4,0
and 5;0, a Goldman-Fristoe Words and Sounds Tegtrtidulation (GFTA-2 Words and Sounds)
score of 108.05 in NH children and only 90 in hegrimpaired children is reported by Eriks-Brophy,
Gibson, and Tucker (2013). This difference is statally significant. However, 72% of the hearing
impaired children reached average scores at agéEsiks-Brophy et al., 2013) and thus caught up
with their NH peers. Note, however, that in Erikophy et al. (2013) and in Ertmer et al. (2012)
mean age at implantation was 2;0 (SD = 1;1) and&[® = 0;6) respectively, whereas in our study,
children with Cl were implanted much earlier, réisig in a mean age at implantation of 1;0 (SD =
0;5). Moreover, the hearing impaired participargparted on in Eriks-Brophy et al. (2013) were
children with cochlear implants as well as childwith hearing aids. All hearing impaired children
were compared as a group to NH children. In coptves compare NH children with children with CI
only. Moreover, we follow Dutch-speaking childrerittwCIl and NH children up to the age of five.
Unlike Ertmer and Goffman (2011), Ertmer et al. 2P and Eriks-Brophy et al. (2013), who use
standardized tests, we study spontaneous speechildfen with CI and NH children to compare
accuracy development.

Numerous factors affect phonemic accuracy, inclydarget word length and target word complexity.
The number of syllables in the target word as aelthe complexity of the target, determined by i.a.
the presence of consonant clusters, influence relmlgl accuracy. This influence is attested in wasio
studies reported in literature using nonword rejoetitasks. For instance Gathercole et al. (1991)
reported decreasing phonemic accuracy in typicdiyeloping children with increasing target
nonword syllable length. In a repetition task, tlvegre less accurate when target nonword syllable
length increased from two to four syllables. Burkleo-Juhasz, Levi, Dillon, and Pisoni (2007) and
Von Mentzer et al. (2015) found similar results @drildren with CI and Nittrouer, Caldwell-Tarr,
Sansom, Twersky, and Lowensthein (2014) found aimmisults for both NH children and children
with CI. Carter, Dillon, and Pisoni (2002) indicdtehat syllable length in the target nonword
influences accurate repetition of suprasegmenéglfes in a nonword repetition task in childrenhwit
Cl. The reproduction of the correct number of $yks and the reproduction of the correct primary
stress decreases when the target nonword has pilatges (Carter et al., 2002). Next, while Caeer
al. (2002) did not find an effect of nonword comyiie on suprasegmental accuracy in children with
Cl, nonword complexity influences phonemic, andstisegmental, accuracy in typically developing
children (Macrae, 2013) and in children with ClI ¢(VMentzer et al., 2015). Macrae (2013) found
lower consonant accuracy scores in nonwords withdaveloping sounds like fricatives, liquids and
affricates and nonwords with consonant clustersy Wentzer et al. (2015) found more consonant
omissions and substitutions when consonant clusters present in the target nonword. Thus, in NH

6
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children and children with CI, consonant accuraegrdases with increasing phonological complexity.
Furthermore, frequent phonological processes itddanguage emphasize the influence of target
word length and target word complexity on accurdegr instance, reduplication, weak syllable
deletion and cluster reduction occur frequentlycirild language (Johnson & Reimers, 2010):
Monosyllabic, but mainly multisyllabic words arargilified by reduplicating the first syllable or by
deleting weak unstressed syllables. In words withsonant clusters, clusters are simplified and only
one consonant usually remains (Johnson & Reim@d);2Jongstra, 2003). Due to these phonological
processes, children’s accuracy decreases consiglefiie effects of target word complexity and
target word syllable length were shown in nonwapletitions tasks for both NH children and children
with CI. In the present paper, however, the infeeenf both factors on the phonemic accuracy of NH
children and children with CI's spontaneous speg@xamined.

For children with CI, two factors have been showratfect language development, namely age of
implantation and length of implant use, i.e. ‘hegrexperience’. Numerous studies have pointed out
the benefit of early implantation on language depeient (e.g. Nicholas & Geers, 2007; Schauwers,
Gillis, & Govaerts, 2008), but only a few studiesmined its effect on phonemic accuracy (Connor,
Craig, Raudenbush, Heavner, & Zwolan, 2006; Schesjweaelman, et al.,, 2008; Van den Berg,
2012). For Dutch, Van den Berg (2012) found loweauaacy scores in later implanted children (range
5 — 20 months) and Schauwers, Taelman, et al. j26@&d lower pMLU scores in children
implanted in the second year of life as comparedhitdren implanted in the first year of life. For
English, Connor et al. (2006) concluded that ceitdimplanted before age 2;6 have better consonant
production accuracy than later implanted age-matesugh age of implantation is a major factor,
length of implant use has also been indicated tlmance language development (e.g. Szagun &
Stumper, 2012). Szagun and Stumper (2012) everrtrépat age of implantation does not affect
language development of children with CI implantéthin the sensitive period, i.e. before age 4,0, i
contrast to length of implant use. For English-&p&ga children, accuracy is reported to increasd wit
longer implant use (Blamey et al., 2001; Eriks-Brpget al., 2013; Gantz, Tyler, Woodworth, Tye-
Murray, & Fryauf-Bertschy, 1994; Tobey, Geers, Bren Altuna, & Gabbert, 2003; Tomblin,
Spencer, & Lu, 2008; Tye-Murray, Spencer, & Woodwpil995). After four years of implant use,
overall phonemic accuracy is 62.9% (Tomblin et 2008). Accuracy increases after six years of
implant use to 76.28% according to Tomblin et a008) and approximately 86% according to
Blamey et al. (2001). In Blamey et al. (2001), mege at implantation was 3;9 (SD = 0;11) and in
Tomblin et al. (2008), mean age at implantation w&s(SD = 2;1). In the present paper, we compare
long-term accuracy development of NH children ahitticen with Cl up to age 5,0, and at that age the
children with CI have up to 4;6 years of device. isethe best of our knowledge, long-term accuracy
development of Dutch children with CI has not betried yet.

The present paper studies the impact of implantatidhe first two years of life after early defeat

As mean age at implantation in Blamey et al. (2G01J Tomblin et al. (2008) were above three years
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of age, the researchers were unable to investibaténfluence of early implantation. In our study,
phonemic accuracy of children with CI implanted aatmuch younger age (before age 1;8) is
investigated, allowing us to study the impact oflyedmplantation on accuracy. We expect the
children with CI to benefit from their early implation, eventually resulting in children with CI

catching up with their NH peers by age 5;0. Additily, the impact of length of implant use on

accuracy is examined.

Method

Participants

Nine children with CI were studied longitudinallyoin the moment their device was activated
(median = 1,0, range 0;6 — 1;9) up to age 5;0. drikelren were followed monthly from the moment
of implant activation up to 2;6 years after actiwat Additionally, yearly data were collected betne
ages 3;0 and 5;0. Here, the data will be analymad the appearance of first spoken words (median =
1;6, range 1;3 — 1;11).

All children were monolingual Dutch and had a cantgly profound hearing loss with a mean
unaided Pure Tone Average (PTA) of 112.56 dB HL £®12) in the better ear before implantation.
No other patent health or developmental problenre weported at the time of testing. All participant
received a Nucleus-24 implant before age 1;8. Teamimplant age was 1;0 (SD = 0;5) and the mean
age of ClI activation was 1;1 (SD = 0;5). After implation, the mean PTA improved to 32.33 dB HL
(SD = 7.11) at age 5;0. All children used oral camination with only a limited amount of sign
language. Six out of 9 children with CI receivederond CI within the period studied. Detailed
information can be found in Table 3.

A control group of 30 NH children was followed mblytand longitudinally between ages 0;6 and 2;0
as part of a larger study of speech and languagelai@ment in the first two years of life. Here, the
data will be examined from the appearance of tts¢ ipoken words (median = 1;2, range 1;2 — 1,5).
In addition, a cross-sectional design was set-upNta children between ages 3;0 and 5;0. A total of
32 NH children participated: 9 three year olds (mea3;0, SD = 0;1), 12 four year olds (mean = 4,0
months, SD = 0;1), 11 five year olds (mean = 5D, §0;1). Thus, these 3-, 4- and 5-year-old
children were recorded only once at home, intemgctivith (predominantly) their mothers. The
participants were all native speakers of Dutch. &Nohthe NH children had patent hearing problems,
as checked with an auto-acoustic emission te#libg& Gezin, the Flemish infant welfare center. This
hearing screening took place approximately threekeefter birth, as part of a nation wide neonatal

screening after birth (Desloovere, Verhaert, Vanskleaver, & Debruyne, 2013).

Table 3. Characteristics of the children with CI

Gen- Cause of PTA PTA Age 1% Age Age2™ Age Length
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der deafness unaided Cl Cl activation Cl first implant

1°ClI word use
(Age
5;0)
S1 F MCG 26 120 35 11 1;3 6;3 1,8 3;9
S2 F MCG 26 120 27 0;6 0:;8 4,8 1,4 4,4
S3 F Cmv 115 25 0;10 1;0 5;10 1;8 4,0
S4 M MCG 26 113 42 1,6 1,7 - 1,8 3,5
S5 M MCG 26 93 32 1,5 1,6 6;4 1,6 3;6
S6 M MCG 26 120 37 0;9 0;10 - 1;4 4;2
S7 F Genetic 117 23 0;5 0;6 1:3 1;3 4.6
S8 F Unknown 112 42 1;7 1.9 - 1;11 3;3
S9 F MCG 31 103 28 0;9 0;10 1;11 1;3 4;2
Mean 112.56 32.33 1;0 1;1 44 1;6 311
SD 9.12 711 0;5 0;5 2,3 0;3 0;5

MCG = mutation in connexion-gene, CMV = Cytomegalos
PTA = Pure Tone Average (in dB HL = decibel heategl)
Ages are represented in years;months

- =no second CI

Procedure

The data used in the current paper are gatheradpast of a larger corpus, namely the CLiPS Child
Language Corpus (CCLC). This corpus consists of awerage one-hour video recordings of
spontaneous, unstructured parent-child interactainthe children’s homes. These video recordings
started at age 0;6 for the NH children and fromrimth of implant activation for the children with
Cl. Video recordings were made on a monthly bagisouage 2;0 for the NH children and up to 2;6
years after implantation for the children with @dditional video recordings were made at ages 3;0,
4:;0 and 5;0 for both children with Cl and (otherijl Ighildren. In the present paper, only samples in
which lexical items appeared were analyzed. In roterds, prelexical vocalizations were not
analyzed in the current paper.

Approximately 20 minutes of each complete recordivap selected for transcription and analyses.
Immediately after a recording session the episadegich the child was most voluble were selected.
This data reduction step was taken in order to kieegranscription time within reasonable limits1 O
average, the transcription process lasted 14 héors, the video recording at the child’s home up to
the complete transcription of each 20 minute selecfMolemans, Van den Berg, Van Severen, &
Gillis, 2012; Schauwers, 2006; Van den Berg, 20@n Severen et al., 2013). Those 20 minute
selections were transcribed in the software packaAN according to the CHAT conventions
(MacWhinney, 2000). For the identification of wordbe procedure articulated by Vihman and

McCune (1994) was used. More specifically, in ortebe counted as a word, a child’s production
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has to meet a number of criteria relative to itapgh its context of use, and its relation to other
vocalizations. The criteria based on vocalizatibapg comprise for instance an exact match of the
vocalization with the target form, or a child’s fioithat deviates from the target following one o th
frequent phonological processes attested in DiBelers, 1995; Gillis & Schaerlaekens, 2000). Next,
the criteria based on context involve for instanmernal identification, i.e. the identification thfe
vocalization as a word by the mother judging froen keply to the child. Finally, the criteria bassu

the relation to other vocalizations cover for ims& the absence of inappropriate use, i.e. the
vocalization is only used in plausible contexts.

For the transcription of the children’s productipheth an orthographic and a phonemic transcription
was made based on the video recordings. A phon@amscription of the target words was added
automatically to the children’s productions fromethexical database Fonilex, which is ‘a
pronunciation database containing the phonetistrgption of the most frequent word forms of Dutch
as spoken in Flanders’ (Mertens, 2001). After takgerds were added, the child’s utterances were
aligned with the target forms at the phoneme IeVke phonetic characters of the transcription pairs
were automatically aligned with a computer progiamplementing a dynamic alignment algorithm
(based on ADAPT (Elffers, Van Bael, & Strik, 2005Jhe alignments were verified manually and
corrected if needed. For the transcription of ttieltss productions, an orthographic transcriptioasw
made based on the video recordings. The phonenaigsdription was retrieved and added
automatically from the Fonilex database (Merter¥)13. This phonemic transcription was verified
manually and specific attention was given to phesmmanof spontaneous Dutch such as the deletion of
final /n/ in Dutch. For the adult transcriptionayget words were also added and aligned with the
adult’s production, using the exact same procedsiier the children.

For the children with ClI, a total of 58,686 wordeas, with a median of 5,606 per child (range: ,07
—10,520) were available. Up to age 2,0, 3,406 wwokeéns were available, with a median of 320 word
tokens per child (range 16 — 1140). Between agesafd 5;0, a total of 29,326 word tokens were
available, with a median of 2,944 per child (radg#?7 — 5,002). For the longitudinal analysis dfyon
children with Cl, all 58,686 word tokens were usEdr the NH children, a total of 59,019 word
tokens were available. For the NH children up te 8¢, data consisted of a total of 42,535 word
tokens, with a median of 1438.5 word tokens peldcfreange 455 — 2,889). For the NH children
between ages 3;0 and 5;0 a total of 16,484 wordrn®kvere available, with a median of 525.5 word
tokens per child (range 178 — 965). Reliabilityptfonemic transcriptions was computed on 10% of
the corpus. With respect to percentage of agreenm@strater reliability was 63.69% and intrarater
reliability 81.51% for NH speech samples. For thlepas of children with CI, only interrater
reliability was checked and equals 81.63%. In liwvih Cucchiarini (1996) also Kappa scores were
calculated in order to consider the possible infageof chance. Kappa scores were 0.60 for interrate
reliability in the NH speech samples and 0.80 fdrarater reliability in the NH speech samples.
These scores are on the edge of “moderate” to taotial” and on the edge of “substantial” to
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“almost perfect” respectively (Landis & Koch, 197The Kappa score for intrarater reliability of the
Cl speech samples equals 0.87 and is interpretéarasst perfect” (Landis & Koch, 1977). Further
and more detailed information on participants, datéection and reduction and data transcriptiom ca
be found in Molemans et al. (2012), Schauwers (p@66f Van den Berg (2012).

Levenshtein distance (LD)

Conceptually, computing Levenshtein distance amsotmtcomparing word after word a phonemic
transcription of a child’s own word productions lithe adult equivalent of those words. If both
transcriptions are identical, then their distarséni principle zero and the child’s production dsn
said to be adult-like. If that is not the case, m@asures the distance between the adult targahend
child’s rendition of that target. LD is a way to aseire that distance by computing the minimal edit
distance between the two transcriptions: How camtoenscription be transformed into the other by a
(minimal) set of edit operations (deletions, iners, substitutions)? Given that set of operatieash
operation is given a weight or “cost”. Wieling, Ri@ and Nerbonne (2009) proposed a procedure for
inducing those weights automatically from a corpiisranscribed speech, instead of (arbitrarily)
assigning a weight to each edit operation a pritheir proposal is essentially the following: Suppo

a target word contains /e/ and that segment isereddasd/, then that rendition is closer to the target
than when /e/ would have been substituted by fv.ifistance, in Dutch vowel reductions — such as
rendering /e/ as/ — are frequent in spontaneous adult speech (Swédots, Gillis, & De Schutter,
2003). Hence such substitutions are expected tarofrequently when comparing a standard
transcription deriving from a phonemic lexicon wah(broad) transcription of spontaneous speech,
while the substitution of /e/ by /u/ is very infregnt. Hence the distance between /e/ ahid Smaller
than that between /e/ and /u/. In other words;'¢best” for transforming /e/ intas/ should be smaller
than the “cost” for transforming /e/ into /u/. Thiest model is dynamically derived from the corpus,
and frequency information is crucial in computitg tmodel: The “cost” for transforming a segment
into another one is smaller if this pairing occrgkatively frequently. Note in bypassing that Wgjj
Margaretha, and Nerbonne (2012) found strong saamif correlations between the induced distances
(or costs) and the acoustic distances they measured

How is LD computed in the present study? The balgjorithm is taken from Wieling et al. (2012);
Wieling et al. (2009): LD is computed using a dyi@cost model. In what follows the algorithm will
be described and exemplified first. After the dgdimn of the basic algorithm, the adjustments that
were made to fit the purposes of the current stwdybe dwelled upon. Computing the distance
between an adult target and a child’s renditiothaf target, is not exactly the same as computiag t
distance between two adult dialects as was the fcas&/ieling et al. (2009). Moreover, the corpus
analyzed in the present study is a longitudinal, avieich requires some additional measures to be

taken.
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The first phase in computing LD consists of aligntwo strings of segments, such as an adult target
word and a child’s rendition of that target. Fostance, the pair of transcriptions in (1) represeat

target word /spel (the Dutch word foto play) and a child’s rendition of that word as /pe/:

Q) Adult target Sped
Child’s rendition pe

In principle there are many different possible mligents, but the algorithm incorporates a binary

same-different strategy, trying to line up matchesveen segments and avoiding mismatches, and
trying to maximize the number of matches. Moreowibg algorithm uses a VC-sensitive strategy

allowing only vowels to be lined up with vowels andnsonants with consonants (Wieling et al.,

2009). Practically speaking the algorithm is impéeted using a dynamic programming algorithm

(Wagner & Fisher, 1974) that seeks the minimal diditance. Applying these principles to example

(1), the net result will be (2).

(2) Adult target Sp el
Child’s rendition .pe..

Note that both the target and the rendition in #2¢ of equal length since *filler characters”
(represented by a dot) have been inserted in tbeeshcharacter string, which stand for an empty
position or “zero segment”. The /p/ and /e/ argradd with the matching segments in the target and
the rendition, /s/ in the target has been deletata child’s rendition (introducing a dot), /l/can/ are
deleted as well as.

The second step consists of determining the costnofnsertion, substitution or deletion. This is
accomplished by implementing a dynamic cost modégling et al., 2012; Wieling et al., 2009). For
this purpose the program runs through a transoripind considers each target — rendition pair and
computes the Pointwise Mutual Information (PMI) edch segment. For instance, given the initial
alignment represented in (2), the probability aé tyairings (/s/ - 1./), (/p/ - Ip/), (lel - leliceare
computed. The PMI of all these pairs is calculatsicig equation (3):

. plx, v)
@) PMI(x,y} = Iag,p(x}p(}:}

where p(Xx,y) denotes the probability of encoungprihe pair (x,y) in the alignment, p(x) the
probability of encountering segment /x/, and pf® probability of segment /y/. Take the pair (/6/)-
in example (2), the PMI of that pair is the proligbof /s/ in the target being lined up with thegty
character /./ in the child’s rendition, divided thye product of the probability of /s/ in the adedirpus
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and the probability of /./ in the child corpus. Mtis mutandis, the PMI of the pair (/p/ - /p/) et
probability of /p/ in the target paired with /p/tine rendition, divided by the probability of /py the
adult corpus and its probability in the child casp@The division is actually meant to normalize the
probability of the pairing p(x,y) in (3), or theasistical dependence of segments /x/ and /y/, with
respect to the probability of /x/ and /y/ beindistecally independent (Wieling et al., 2012).

This basic procedure is repeated for the consexutivild utterances and their targets in a
transcription. Evidently, the PMI value for eachirpaf segments will change as more words are
processed. For instance, in addition to the paififpg - /p/) in (2), alternative pairings may be
encountered such as (/p/ - /b/) or (/p/ - 1./}, M may encounter examples of /p/ being substitbiy

/bl, or /p/ being deleted. After processing anrentianscription, the net result is a first aligmmef
both transcriptions, and a list of segment paieshewith a PMI value. The PMI value of a pair is
converted into a cost (or a distance, for that enptty subtracting it from the maximum PMI value.
The rationale is that if the PMI value is very higheaning that a particular pairing of segmentsirc
very frequently in the data, the resulting cosst@hce) should be small. In this way, frequently co
occurring segments will have a much smaller costgdce) than segments that do not co-occur very
often.

As an example of how LD is computed, consider the thild renditions of the adult word /spkl
(Eng.:to play) in (4):

4) Adult target Sp el
Child’s rendition 1 .pe..
Child’s rendition 2 .ped

In order to calculate the LD of the 2 child renaliis (/pe/ and /pel), the proportions of each segment
and each pair of segments in the alignment habe twomputed first. Take the pair /s/-/./: suppbse t
proportion of /s/ in the transcription of the adidtgets equals 0.075 and the proportion of /the
child’s renditions equals 0.05, and in the aligtraghscriptions the proportion of the pair /s/ -efuals
0.004, meaning that in 0,4% of the cases the a®létes /s/. Inserting these figures in equatign (3
results in the PMI: log(0.004 / 0.075 * 0.05) = 0.09. By way of exampiepportions are given for
the relevant segments and pairs in (4), and thed¥Mdach pair is calculated using the formula in (3

The result is shown in (5):

(5) Pair P(x,y) P(x) P(y) PMI
a. Isl - 1.1 0.0040 0.0750 0.0500 0.09
b. Ipl - Ipl 0.9900 0.0005 0.0005 21.92
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C. lel - lel 0.3500 0.2500 0.2500 2.49
d. n-n 0.3000 0.0900 0.0900 5.21
e. n-1.1 0.0100 0.0900 0.0500 1.15
f. 1ol - ol 0.6000 0.1500 0.1500 4.74
g. bl -1.1 0.0200 0.1500 0.0500 1.42

In order to calculate the LD for /pe/ and fethe maximum PMI in the alignments is determined.
example (5) the maximum PMI equals 21.92. Subsetyutire relevant pairings are subtracted from
the maximal PMI and the resulting values are sumrfed /pe/, this results in subtracting the values
in rows a, b, c, e and g in example (5) from th&imam PMI and adding up the resulting values. For
Ipeb/, this results in adding lines a, b, ¢, d and fexample (5) after subtracting them from the
maximal PMI. This results in a LD of 82.53 for /@#id 75.15 for /pel. This example shows that a
word that is has a more identical alignment @fetas a smaller LD. Moreover, intuitively, /pels
closer to the target than /pe/.

After the first pass through the transcript, thegedure is repeated. The Levenshtein algorithmses u

to generate a new alignment, but this time witlal@rnative weighting scheme, viz. the dynamically
computed cost model. In the first pass, matchimggnaats received a “cost” of 0 and non-matching
segments (insertions, substitutions or deletion&yost” of 1. From the second pass onwards, the
segment distances computed during the previousgrasssed in constructing a new alignment. This
iterative process of aligning targets and rend#iand computing segment distances, is stopped once
two consecutive alignments are identical, and, @eomnvergence is reached.

When the final cost model is computed, the LD betwan adult target and a child’s rendition is the
sum of distances between the individual segmentssiBce LD is relative to a word’s length, the LD
score was normalized for word length by computhgdverage cost score per word (Heeringa, 2004).
Applying this to the examples in (4) and (5), thi®ans dividing the resulting LD of both child
renditions by 5, i.e. the word length in phonenidss eventually results in 16.51 for /pe/ and 15.03
for /peb/. The rationale for this normalization is a follewl he score of a perfect match is most likely
a non-zero distance. Consequently a short incéyrpobduced word possibly receives a smaller LD
value than a long perfectly produced word solelgaoise the latter is longer. This undesirable effect
of word length is prevented as far as possibledbgutating the average LD.

Applying LD to transcriptions of children’s speeguires two more adaptations of the procedure for
computing LD with a dynamic cost model. The firgtaptation concerns the very first step in
constructing the cost model dynamically. In cording the cost model in the first pass, the cost
model takes O for a segmental match and 1 for anatsh, and subsequently PMI is computed. But
suppose a child systematically deletes a partickdgment in the renditions of adult targets. Irt tha
case the pairing of that segment with an empty segmwill be highly frequent, and hence will be
preferred to even the correct pairing. In ordecitoumvent this undesirable situation, the procedur
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was extended to a two-phase procedure. In thalighiase, a cost model of the adult language was
constructed. For this purpose the transcriptiorthef actual adult speech was aligned with a target
transcription derived from the Fonilex databasee Mésulting cost model was computed for the entire
corpus of adult speech and was considered to beod gstimate of adults’ speech patterns.
Subsequently, in the second phase, the childree'sch was aligned with the adult targets. In tre fi
pass the cost model derived from the adult trapBoris was used, so that situations such as aatelet
being less costly than the adult model were avoi@ed an implication of this restructuring of the
procedure was that particular pairs of segmentewgriered in lining up child and adult transcrip8on
were not represented in the initial (adult) costieloFor instance, substitution of a closed fraowel

by an open back vowel is hardly expected in adulgliage. Hence the pairing of /i/ with /a/ is not
expected in the adult cost model, so its probghbiiés to be estimated in some way. For this purpose
the second adaptation of the procedure consista@utrolucing Katz Smoothing (Chen & Goodman,
1998; Katz, 1987) before calculating the PMI. Thylokatz Smoothing unobserved pairs of segments
are assigned an estimated probability. They recaiv@mall probability and thus a large cost (or
distance) in the dynamic cost model.

Summing up, given the corpus of dyadic interactiohs adults’ speech of the entire corpus was first
used in order to construct a cost model that refle characteristics of adult spoken Dutch. Neet,
Levenshtein distance was computed for each tratgmmi of each individual child at the various ages

under consideration.

Data analyses

Dynamic Levenshtein distance (LD) of each phonetrg@oscription of a word token was computed
automatically after excluding substandard wordsafbich there was no standard pronunciation in the
Fonilex database. Phonemic accuracy developmetgrins of LD was investigated longitudinally
between ages 1;2 and 2;0 for the NH children amden word onset after implantation up to age 2;0
for the children with CIPhonemic accuracy was investigated cross-seclyoaabges 3;0, 4,0 and
5;0. Age ranges were 2;10 — 3;4 for analyses at3a@e3;9 — 4,3 for analyses at age 4;0 and 4;11 —
5,3 for analyses at age 5;0. Outliers were detexcthby the interquartile rule and omitted from ferth
analyses. All statistical analyses were done in@\#Po 11 by means of multilevel modeling (MLM).
Multilevel models, also called hierarchical lineaodels, were used for the longitudinal analyses and
fixed occasion multilevel models for the cross-gattl comparisons. The data of the present stugly ar
structured hierarchically into three levels: Indival words, various observations at consecutive age
and different children. These levels are nestedrd#/@re nested within the different consecutive
observations, which are nested within individualdrien. In other words, there is some variation in
the present dataset resulting from the nestingadfibles at different levels: At various ages, atiéht
words may be used and those may differ betweenrehil In contrast to for instance ANOVA's,
MLM takes this variation into account (Baayen, 2008oltman, Feldstain, MacKay, & Rocchi,
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2012). Thus, MLM captures for instance the variaiio the amount of word tokens and the variation
in the sample sizes (i.e. different number of aigifdin each group).

For the first research goal the phonemic accur&éytbchildren and children with Cl was examined
longitudinally up age 2;0. The fixed effects weree tchildren’s hearing status (henceforth,
HearingStatus), their ages in months (henceforthe)Athe length of the adult target words in
syllables (henceforth, UtteranceSyllableLength) #re ratio of utterance length in phonemes of the
target words over the utterance length in syllabfethe target words (henceforth, WordComplexity).
This last variable comprises the complexity of theyet words: The ratio is higher in more complex
words. Random intercepts and slopes were introdiecatbdel the variation between children.

For the second research goal, cross-sectional asopa between NH children and children with CI
at ages 3;0, 4;0 and 5;0 were made. Fixed effeete WearingStatus, UtteranceSyllableLength and
WordComplexity. At each age a random effect ofdkhs included.

For the third research goal, the impact of agengflant activation and length of implant use was
examined. Therefore, all available data of childvdth Cl were used, i.e. also the monthly speech
samples up to 2;6 years after implantation. Fixeffecess were UtteranceSyllableLength,
WordComplexity, length of implant use in monthsr(beforth, HearingAge) and age of ClI activation
in months (henceforth, Clactivation) as well adrtimeraction. Random intercepts and slopes were
introduced to model inter-subject variation. Inaillyses a significance level of p<0.05 was set.

Results

Phonemic accuracy development up to age 2;0

Analyses in this section discuss the longitudireraiopment of LD from word onset up to age 2;0 for
NH children and children with CI. Table 4 displaye results of fitting the mixed effect model. The
predicted values of the model are plotted in Figurds Figure 1 demonstrates, LD of children with
Cl is higher than LD of NH children. This meanstttiee accuracy of children with CI is lower than
the accuracy of NH age-mates. However, no significmain effect of HearingStatus is found,
meaning that although children with CI's accurasyower than that of NH children, and hence their
LD is higher, this difference does not reach diatissignificance. In addition, Figure 1 showsreear
decrease of LD with age, and as can be inferrenh ffable 4 the effect of Age is significant (p =
0.0007). No interaction effect between HearingStaand Age is found, indicating that the
development depicted in Figure 1 is highly simftarboth groups of children.
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Figure 1. Development of Levenshtein distance of NH children and children with CI (Predicted
values).

Table 4 shows main effect results and the parametémates of UtteranceSyllableLength and
WordComplexity. First of all, UtteranceSyllableLehds found to influence LD significantly. LD is
higher with increasing UtteranceSyllableLength,stlaccuracy is lower in longer words. Secondly,
WordComplexity is found to influence LD as well: Libcreases with increasing WordComplexity,
which means that accuracy is lower in more complesds.

Importantly, some interaction effects of Utterand&®leLength and WordComplexity with Age and
HearingStatus are found. First of all, Table 4 shoan interaction between both Age and
UtteranceSyllableLength and Age and WordComplexifyhis means that the influence of
UtteranceSyllableLength and WordComplexity on LIzréases with time, or, in other words, that the
increase of LD with increasing syllable length amord complexity becomes less steep as children
grow older. Secondly, Table 4 shows that whereasrethis no interaction between
UtteranceSyllableLength and HearingStatus, thereansinteraction between HearingStatus and
WordComplexity. The predicted values of the model plotted in Figure 2. It appears that the
influence of UtteranceSyllableLength is the samebfoth groups of children, but WordComplexity
influences LD differently in both groups of childreNordComplexity is found to influence LD more
severely in children with CI than in NH children:hd increase of LD with increasing

WordComplexity is steeper in children with CI thiarNH children.
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Table 4. Fixed effect resultsand parameter estimates of the fixed effectsup to age 2;0

df Estimate SE F ratio p
Intercept 1 18.0992 0.6072 / <0.0001
Age 1 -0.0992 0.0283 12.27 0.0007
HearingStatus 1 0.9297 0.4860 3.66 0.0636
HearingStatus x Age 1 -0.0429 0.0226 3.59 0.0653
UtteranceSyllableLength 1 2.1255 0.1764 145.22 6@10
UtteranceSyllableLength x HearingStatus 1 -0.0462 0.0345 1.79 0.1806
UtteranceSyllableLength x Age 1 -0.0524 0.0080 42.9 <0.0001
WordComplexity 1 1.2746 0.1447 77.57 <0.0001
WordComplexity x HearingStatus 1 0.0912 0.0269 521. 0.0007
WordComplexity x Age 1 -0.0232 0.0066 12.24 0.0005

df = degrees of freedom
SE = Standard error

NH is the reference category

Hearing status
—ClI
-=NH

23,5

Levenshtein distance LD

17,5

00 1,0 2,0 3,0 4,0 50 10 1,6 22 28 34 40 46 52 58
Utterance syllable length Word complexity

Figure 2. Interaction effect of HearingStatus with UtteranceSyllablel ength (left pane) and
WordComplexity (right pane) between ages 1;2 and 2;0 (Predicted values)

Phonemic accuracy devel opment from ages 3;0to 5;0
The analyses in this section pertain to the lomigital samples of the children with Cl and to the
cross-sectional samples of the NH children. Theesfthe results will be discussed for each age

separately.
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At age 3;0, all main effects except HearingStatusrewsignificant, as indicated in Table 5.
UtteranceSyllableLength as well as WordComplexitffluence LD significantly: LD increases with
increasing UtteranceSyllableLength and with indrep$VordComplexity. Furthermore, the estimated
LD is higher in children with Cl as compared to NiHildren, but this effect is not statistically
significant. Note however that significant intefians of HearingStatus with UtteranceSyllableLength
and WordComplexity are found. Consequently, the rease of LD with increasing
UtteranceSyllableLength and increasing WordCompleisi steeper in children with Cl as compared
to NH children. These effects are plotted in Figdire

Table 5. Fixed effect resultsand parameter estimates of the fixed effectsat age 3;0

df Estimate SE Fratio p
Intercept 1 1 15.7047 0.1535 / <0.0001
HearingStatus 1 0.0898 0.1535 0.34 0.5620
UtteranceSyllableLength 1 0.4069 0.0358 129.27 06mL
UtteranceSyllableLength x HearingStatus 1 0.2058 0.0358 33.06 <0.0001
WordComplexity 1 0.3157 0.0330 91.76 <0.0001
WordComplexity x HearingStatus 1 0.1043 0.0330 .010 0.0016

df = degrees of freedom
SE = Standard error

NH is the reference category
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Figure 3. Interaction effects of HearingStatus with UtteranceSyllablelLength and
WordComplexity on LD (age 3;0, predicted values)

At age 4,0, the same trends emerge as at age &e B presents the fixed effect results and the
estimates of the fixed effect results. All effeat® similar. No significant effect of HearingStatsas
found. Furthermore, LD increases with increasingtetdinceSyllableLength and increasing
WordComplexity. as was observed at age 3;0, therease of LD with increasing
UtteranceSyllableLength and increasing WordCompyeis higher in children with CI than in NH
children. In Figure 4 the predicted LD values & thodel are plotted.

Table 6. Fixed effect resultsand parameter estimates of the fixed effectsat age 4;0

df Estimate SE F ratio p
Intercept 1 15.4432 0.0537 / <0.0001
HearingStatus ClI 1 0.0427 0. 0537 0.63 0.4281
UtteranceSyllableLength 1 0.1798 0.0160 125.68 061
UtteranceSyllableLength x HearingStatus ClI 1 04075 0. 0160 22.11 <0.0001
WordComplexity 1 0.1643 0.0143 131.44 <0.0001
WordComplexity x HearingStatus ClI 1 0.0502 0.0143 12.29 0.0005
df = degrees of freedom
SE = Standard error
NH is the reference category
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Figure 4. Interaction effects of HearingStatus with UtteranceSyllableLength and
WordComplexity on LD (age 4,0, predicted values)

Fixed effect results and the estimates of the fie#elct results at age 5;0 are presented in Tall\o7

effect of HearingStatus is found, but Utterancesh#Length as well as WordComplexity influence
LD significantly. These effects are shown in Figérdn addition, no significant interaction between
HearingStatus and UtteranceSyllableLength and hetwdearingStatus and WordComplexity are
found. This means that WordComplexity and Utter&ytlableLength influence LD in a comparative

way in both groups of children.

Table 7. Fixed effect resultsand parameter estimates of the fixed effectsat age 5;0

df Estimate SE Fratio p
Intercept 1 15.3585 0.0337 / <0.0001
HearingStatus 1 -0.0381 0.0337 1.27 0.2612
UtteranceSyllableLength 1 0.0682 0.0110 38.70 6@10
UtteranceSyllableLength x HearingStatus 1 0.0122 0.0110 1.23 0.2675
WordComplexity 1 0.0381 0.0097 15.39 <0.0001
WordComplexity x HearingStatus 1 -0.0053 0.0097 .300 0.5864

df = degrees of freedom
SE = Standard error

NH is the reference category
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Figure 5. Interaction effects of HearingStatus with UtteranceSyllableLength and
WordComplexity on LD (age 5;0, predicted values)

Influence of length of implant use and age at Cl activation

In order to study the influence of age at implattivation and length of implant use the (longitiad)n
data of the children with CI were analyzed sepdyateith HearingAge and age at Clactivation as
predictors in the model (Table 8). LD is plottedatiwe to HearingAge in Figure 6. There is a
guadratic, but overall decreasing effect of Heakipgg on LD. Next, LD is higher in later implanted
children, but this difference is not statisticakygnificant, indicating that the effect of age at
Clactivation on LD can safely be attributed to shngp error. No interaction effect between
HearingAge and Clactivation is found, indicatingatththe decrease of LD in children with CI
implanted at a later age is not significantly diéfiet from the decrease of LD in earlier implanted
children.

UtteranceSyllableLength and WordComplexity sigmifitty affect LD: LD increases with increasing
UtteranceSyllableLength and increasing WordCompjexas presented in Figure 7. For both
variables, interactions with Cl activation and HegAge are found. The increase of LD with
increasing WordComplexity is less steep in childreith later Clactivation. The interaction of
WordComplexity and Clactivation is significant, Wwhthe interaction of UtteranceSyllableLength and
Clactivation is not. Next, the impact of both UtteceSyllableLength and WordComplexity on LD

decreases significantly with HearingAge.
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Table 8. Fixed effect resultsand parameter estimates of the fixed effectsfor children with ClI

df Estimate SE F ratio p
Intercept 1 16.4720 0.7527 / <0.0001
HearingAge 1 -0.0535 0.0131 16.69 0.0039
HearingAgée 1 0.0010 0.0001 1267.55 <0.0001
Clactivation 1 0.0154 0.0531 0.08 0.7797
Clactivation x HearingAge 1 -0.0007 0.0009 0.68 363
UtteranceSyllableLength 1 0.9946 0.0402 611.17 G@0
UtteranceSyllableLength x HearingAge 1 -0.0171 000 640.03 <0.0001
UtteranceSyllableLength x Clactivation 1 -0.0031 o4 1.75 0.1860
WordComplexity 1 0.9502 0.0359 699.47 <0.0001
WordComplexity x HearingAge 1 -0.0203 0.0006 1389.4 <0.0001
WordComplexity x Clactivation 1 -0.0043 0.0020 4.42 0.0354

df = degrees of freedom
SE = Standard error
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18,5

18,0

17,5
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Levenshtein distance LD

16,5
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Figure 6. LD development of children with Cl with HearingAge up to age 5;0 (Predicted values)
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Figure 7. Effects of UtteranceSyllablelL ength and WordComplexity on LD (children with CI)
(Predicted values)

Discussion

The aim of this study was to examine phonemic amyuiof Dutch-speaking children with CI in
comparison to NH age-mates in order to determinghdnemic accuracy of children with ClI is age
appropriate. Accuracy development of early impldnthildren with ClI was examined immediately
after cochlear implantation up to age 2;0 and &t longer term evolution up to age 5;0 were
scrutinized. Phonemic accuracy was operationalizedthe dynamic Levenshtein distance (LD)
between the child’s spontaneous word productiouistiaa attempted target words. In addition, for the
children with CI the effect of length of implanteugor hearing age) and age of ClI activation on LD
were studied.

Devel opment of accuracy in NH children and children with Cl

How does phonemic accuracy develop in children Within comparison to NH children? The main
result of our study, based on naturalistic longitatl data, is that at the onset of word production,
children with CI's renditions of adult words arensistently less accurate than those of NH age mates
but this difference is statistically not significaiThis finding contrasts with reports in the lagarre:
The phonemic accuracy of young children with Cl haen shown to be significantly lower than the
accuracy of NH children (Schauwers, Taelman, et 2008; Van den Berg, 2012; Warner-Czyz,
2005). Note that Warner-Czyz (2005) compared NHtebin and children with Cl on their lexical age,
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i.e. up to six months after the onset of meaningfutech, while we compared NH children and
children with Cl on chronological age. A second méinding of the present study relates to the
development of phonemic accuracy. At later agesvettd prolonged device use production accuracy
has been found to be lower in children with Clasipared to NH children (Eriks-Brophy et al., 2013;
Ertmer & Goffman, 2011; Ertmer et al., 2012). Uslithese findings, no main effect of hearing status
was found in the cross-sectional data analyzetigrptesent study at ages 3;0, 4;0 and 5;0, indgrati
that there is no statistically significant diffecenin phonemic accuracy of children with CI and-age
matched NH children. Thus the outcomes of the ptestedy agree with previous reports in the sense
that phonemic accuracy is found to be lower indreih with Cl in comparison to NH age mates. But
our findings are conflicting with the current ligdure in the sense that the difference in accusogt
found to be statistically significant in the presstudy.

How can this discrepancy be explained? Obvioustyethare quite a few factors that influence the
outcome of speech and language development aftkatge cochlear implantation, including child
related factors (e.g., gender, the etiology of desd, additional disabilities), audiological fast¢e.g.,
bilateral auditory stimulation, either with a sedd@l or contralateral hearing aid) and environmienta
factors (e.g., communication mode, parental involeet in the rehabilitation), in addition to the
variability among children that is intrinsic in tispeech and language development process (Boons et
al., 2013).

The difference between our results up to age 5¢0tlam results of Eriks-Brophy et al. (2013), Ertmer
and Goffman (2011) and Ertmer et al. (2012) maygbe to a difference in mean age at implantation
of the children with Cl. Whereas the mean age glantation was 2;0 (SD = 1;1) in Eriks-Brophy et
al. (2013) and 1;6 (SD = 0;6) in Ertmer and Goffnj2011) and Ertmer et al. (2012), the mean age at
implantation is considerably lower in the presetitke (1,0, SD = 0;5). Furthermore, Eriks-Brophy e
al. (2013) compared NH children to a group of bdtiidren with CI and children with hearing aids.
These methodological differences possibly explaimy viEriks-Brophy et al. (2013), Ertmer and
Goffman (2011) and Ertmer et al. (2012) found amedfect of hearing status up to age 5;0 and we
did not. However, as the same participants withv@&le studied in Schauwers, Taelman, et al. (2008),
Van den Berg (2012) and the present paper, agepdmtation cannot explain the discrepant findings.
There are however several other important methgilzdd differences between the present study and
the studies reported in the literature. First d¢f tde speech samples analyzed in order to edtablis
phonemic accuracy vary from rigidly elicited speéclcompletely unrestrained spontaneous speech.
In the present study, spontaneous speech is usiéa-Etophy et al. (2013), Ertmer and Goffman
(2011) and Ertmer et al. (2012) studied elicitedesih using standardized tests. It is unclear wigat t
exact impact of the speech sampling context ispfanemic accuracy in young children, be it NH
children or children with CI. Our study revealsttimspontaneous speech samples, the children with
Cl are less accurate than their NH age-mates, hevtbe difference is statistically not significamd
hence may be due to “sampling error”. However thdiss of Ertmer and colleagues seem to indicate
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that in elicited speech (in a clinical context)ldrén with Cl are outperformed by NH children. This
apparent opposition is in need of further clarifica.

The most important methodological difference betweer results and the results of Eriks-Brophy et
al. (2013), Ertmer and Goffman (2011), Ertmer e{2012), Schauwers, Taelman, et al. (2008), Van
den Berg (2012) and Warner-Czyz (2005) is the applneasure of accuracy. In most cases a
standardized accuracy measure was used. Eriks-Brephl. (2013) used the GFTA-2. Ertmer and
Goffman (2011) as well as Ertmer et al. (2012)daled PCC, and Schauwers, Taelman, et al. (2008)
applied pMLU. As indicated in the introduction P@ad pMLU are no optimal measures of accuracy
for several reasons. Warner-Czyz (2005) evaluatedanants based on their agreement in manner
and place, but not in voice and evaluated accuodeypwels based on their agreement in height and
backness. Van den Berg (2012) used a restrictigaracy measure: A word was considered to be
incorrect even if only one phoneme deviated frore thrget. Hence her measure was overly
conservative in computing phonemic accuracy. Intre@h, in the present study Levenshtein distance
is used, a much more fine-grained measure: Unlikey and PCC, LD penalizes all types of speech
errors, including insertions. In addition, LD cahetis the frequency of speech errors or deviations.
Therefore, frequent and less severe speech em®reaalized less than infrequent and severe speech
errors. The use of this more refined measure dfiracy arguably influences the accuracy results of
children with Cl and NH children.

To recapitulate, even though the same patrticipaitts Cl were studied in Schauwers, Taelman, et al.
(2008), Van den Berg (2012) and the present stdiferent results in accuracy up to age 2;0 are
found. In addition, our results up to age 5;0 algter from Eriks-Brophy et al. (2013), Ertmer and
Goffman (2011) and Ertmer et al. (2012). In all n@med studies, differences between NH children
and children with CI are found, while in our stugyy main effect of hearing status is found. This
discrepancy can be explained by methodologicakddfices, including the language studied, the type
of speech studied, age at implantation of childsgh CI, statistical methods used to map variation,
the number of NH children in the control groups dne period studied and the applied measure of
accuracy.

Our results have to be considered with some careglatively limited speech samples were available
for a relatively limited number of children with (Even though the use of multilevel modeling takes
into account variation in the data, such as thequalenumber of children in each group and the
unequal amount of word tokens. Obviously, more wikiens and more children with Cl would
increase the accuracy of the estimates. In addiiophonemic broad transcription is applied in the
present paper. Our results indicate that at thexgrnéc level children with Cl become as accurate as
children with normal hearing. But a broad phonemnanscription does not take into account fine
phonetic variation and articulatory distortionsclsuas lisps. Adding such phonetic detail to the
transcriptions to the computation of the LD measuvoglld add a phonetic layer to the present study,
which was not the current aim. A narrow phonetanscription could fine-tune the LD calculations.
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But, a narrow transcription is evidently much méme consuming than a broad transcription. This
implies that in the same amount of transcriptiometi a lower number of productions can be
transcribed, which in turn would reduce the precisof the estimates in the statistical analyses.
Hitting the balance between time investment andwuarnof material to be analyzed is a delicate matter
in this respect. In the present study broad phon¢ranscriptions were used, leaving the unexplored

phonetic variation on our research agenda.

Effect of target word length and target word complexity

Our results suggest effects of both target wordpderity and target word syllable length in the NH
children and children with CI. Target word comptgxand target word syllable length influence
accuracy significantly: Phonemic accuracy decreastsincreasing target word syllable length and
increasing target word complexity. Thus, the maojéables in the target word, the less accurate the
child’s rendition, and, the more complex the targetrd, for instance caused by the presence of
consonant clusters, the less accurate the chaddition of that word. This is in line with theditature

on children’s repetitions of nonwords, both in NIdren and in children with CI (Burkholder-Juhasz
et al., 2007; Gathercole et al., 1991; Macrae, 20ldtrouer et al., 2014; Von Mentzer et al., 2015)
showing that accuracy decreases with increasinigtsgl length and with increasing phonological
complexity of the target nonwords. In contrasthese studies, our results are not based on nonword
repetition but on spontaneous speech. Neverthedessesults are highly similar. The length of the
target word is decisive, as phonemic accuracy dsesewith increasing number of syllables in the
target word. The same is true for target word cexipl: Accuracy decreases when word complexity
increases. Our results show that the impact oktasgrd complexity and target word syllable length
decreases in NH children. A longitudinal analydistdldren with Cl showed comparable results. The
impact of target word complexity and target wordlable length decreases when children with ClI
have more hearing experience. Thus, initially, éargord complexity and target word syllable length
have a significant, negative influence on accur&wen though this influence is still significantaaje
5;0, our results suggest that the influence dirhiggs

Interestingly, the syllable length of target wosd their complexity influence phonemic accuracy
more dramatically in children with CI as comparedNH children. Consequently, the phonemic
accuracy of children with ClI is lower than the papric accuracy of NH children when producing
longer and more complex words. Thus children witha@ found to be less accurate than NH
children. However, our results suggest that thffedince is subtler than a main effect of hearing
status as reported in Eriks-Brophy et al. (2013)mEr et al. (2012), Schauwers, Taelman, et al.
(2008) and Van den Berg (2012). Our analyses itelithat not hearing status as such, but the
interaction between hearing status and target wondplexity and target word length is fundamental

to understand the difference between NH childresh @rildren with Cl. The difference between the
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two groups is to be found in the production of lengnd more complex words and not so much in
short and simple words.

Between ages 1;2 and 2,0, the decrease of phoreuigacy with increasing word complexity is
more outspoken in children with Cl as compared td ¢thildren. This complements the findings of
Schauwers, Taelman, et al. (2008) that childreih Wit target less complex words than NH children:
The pMLU of the target words is significantly lower children with CI. In a similar vein, Van den
Berg (2012) showed that children with Cl use rekdti more monosyllabic words than NH children in
their second year of life. Thus they acquire reidsi more simple and less complex words, and with
increasing complexity their accuracy is signifidgmdwer than the accuracy of NH children.

At ages 3;0 and 4,0, the interactions between hgasiatus and target word length and complexity
remain. Phonemic accuracy decreases more dranhatinathildren with Cl as compared to NH
children with increasing target word complexity amgcreasing target word syllable length
respectively. Phonological processing of more cexplords is thus more difficult for children with
Cl up to age 4;0. However the difference betweentto groups has disappeared by age 5;0. By that
age children with Cl appear to have caught up #idir NH peers. This striking conclusion holds for
phonemic accuracy and is highly similar to Nichodasl Geers (2007) who concluded that children
with CI have caught up with their NH peers at agefér varying measures for vocabulary, sentence

complexity and morphology. For Dutch children wih this is also true for phonemic accuracy.

Effect of length of implant use and age at implantation

Speech and language development of children withisGiften reported to depend on the age at
implantation (Nicholas & Geers, 2007; Schauwersglan, et al., 2008; Van den Berg, 2012) and
length of device use (Blamey et al., 2001; Tomlgliral., 2008). Our results suggest that the age at
implant activation has no significant effect on pamic accuracy. This might be due to the fact that
all participants in this study were implanted ateay young age, namely before age 1;8. This finding
is in line with Szagun and Stumper (2012) who codet that language development of children with
Cl implanted before the end of what they call “Hemsitive period” is not significantly affected the

age of implantation. In contrast, length of implargte influences language development in early
implanted children with CI (Szagun & Stumper, 201B) agreement with Szagun and Stumper
(2012), our results suggest that length of implasé influences the development of phonemic
accuracy significantly. This is also in line withetfocus on length of implant use in other longrter
effect studies (Blamey et al., 2001; Tomblin et 2008), even though the participants in theseiesud
were implanted after the age of 2;0. Thus, for ypumplanted children with CI, accuracy is
susceptible to the length of implant use and natnsch to the age of implant activation. But in the
group of children with CI investigated in the pmesstudy (age at activation between ages 0;6 and

1,8), the influence of word complexity is smallerchildren with CI with later implant activation.
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Conclusion: clinical and theoretical implications

Our results suggest that for children with Cl tleeusate production of more complex and longer
words are especially problematic in comparison whir NH age-mates up to age 4;0. Children with
ClI are still found to be delayed with respect te ghonemic accuracy of long and complex words.
Their accuracy is comparable to NH peers but onlywords of restricted length. This suggests a
focus for speech and language therapy: with moeeirg experience, children with Cl appear to
master shorter words well at a segmental levelldnder, more complex words remain problematic.
Hence, clinical intervention might take up thisdimg and integrate more material varying in length
and complexity, provided that is not the case Rethabilitation programs should also focus on the
underlying factors accounting for the observatioat phonemic accuracy deteriorates with increasing
word length and complexity. In the literature sopessible causes have been suggested which may be
an additional focus of rehabilitation programsstwof all, Houston and Bergeson (2014) showed that
children with CI are less attentive to speech seundthe ambient language. Moreover they have a
delay in integrating audiovisual information (Howstet al. 2012). As a result, they are found teehav
poorer phonological awareness and less preciseoptginal representations (Lund, Werfel, &
Schuele, 2015). Consequently, children with CI hagefit from an enhancement of their attention to
speech and to speech related information, includirdjovisual correlates, as this may result indvett
phonological awareness and representations. Sgcafdldren with CI are typically found to have
poorer phonological short-term working memory, whiesults in poorer performances in more
complex tasks, such as the repetition of an ingrgasumber of digits (Kronenberger, Beer,
Castellanos, Pisoni, & Miyamoto, 2014; Pisoni & &l 2004; Pisoni, Kronenberger, Roman, &
Geers, 2010). A similar effect is found in the praspaper. Children with ClI produce longer and more
complex words less accurately. In other words, eaing the phonological working memory skills of
children with Cl as part of their rehabilitation ynhe beneficial for their processing of longer and
more complex words.

To conclude, the present study has shown thatdteracy of children with CI is lower as compared
to NH peers, but only in interaction with targetradbl@omplexity and target word syllable length. This
reveals the importance of including explanatoryaldes when comparing both groups of children. In
other words, it seems relevant to compare NH olicand children with CI not only as such, but it
seems also relevant to include interactions witleovariables. Moreover, target word complexity and
target word length are also shown to influence eyuof NH children. This suggests that similar
factors influence accuracy in NH children and dfgid with CI, even though the effect is more
outspoken in children with CI. Thus, target worangdexity and syllable length of the target word are
decisive factors in accurate producing words. Lassplex and shorter words are produced more
accurately than more complex and longer words. Thig line with other literature on factors
influencing accuracy. As shown, those factors ifice the accuracy of children with ClI more
severely as compared to NH peers. Furthermoretesulits showed that accuracy is more susceptible
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to hearing age than to age of implant activatioeany implanted children with CI. Thus, length of

implant use can be seen as a good predictor varadtaccuracy development in children with CI.
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L ear ning outcomes

This article informs the reader about phonemic emudevelopment in children. The reader will be

able to (a) discuss different metrics to measumphic accuracy development, (b) discuss phonemic

accuracy of children with CI up to five years okaand compare them with NH children, (c) discuss

the influence of target word’s complexity and targerd’s syllable length on phonemic accuracy, (d)

discuss the influence of hearing experience andagaplantation on phonemic accuracy of children

with ClI.

Highlights

Levenshtein distance is a new measure of accunaciyilid language research.

Target word complexity and syllable length affelsbpemic accuracy.

Complexity and syllable length influence cochleaplanted children more severely.

Cochlear implanted children catch up on their ndiyr@earing peers by age five.

Length of implant use influences accuracy of caghimplanted children.
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