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Children equipped with cochlear implant (CI) do not achieve similar levels of word recognition as typical hearing (TH)
children, but it is unclear whether the reading deficit results from less accurate phonological representations, atypical
reading procedures, or both. Phonological representations are crucial for reading acquisition in an alphabetic writing
system, but CI users learn to read without having achieved the same level of speech perception as TH children. In this
behavioural study, we addressed whether word reading in children using a CI (n = 25) is as strongly anchored in
phonological operations as in TH children, matched for both chronological age (n = 25) and reading experience (n = 25).
Using auditory phoneme perception tasks, we confirmed that children with a CI performed less accurately than TH children.
When further tested for visual word recognition, CI users applied the same basic reading procedure as TH children, i.e.,
they read pseudowords through phonological decoding and irregular words through orthographic coding. Finally, using a
visual lexical task where subjects had to decide whether pseudowords were or not real words, we observed that CI users
rejected word homophones as accurately as TH children, but performed less well than TH controls for rejecting non-
homophones pseudowords. Preserved performance for homophones but not for non-homophones relative to controls
suggests that children using a CI compensate for defective phonological processing by relying on lexical representations.
Altogether, this series of studies allows us to propose that the reading operations in children with a CI are similar in nature

as in TH children, yet constrained by less reliable phonological representations.
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The mapping of graphemes, i.e., sub-lexical written units,
to corresponding phonemes, i.e., sub-lexical speech units,
is an essential process of reading acquisition. It strongly
relies on the quality of the learner’s speech perception
(Burnham, 2003; Chiappe, Chiappe, & Siegel, 2001;
Hoonhorst et al., 2011) and more generally on phonolo-
gical processing (Banai et al., 2009; Bogliotti, 2003;
Dillon, de Jong, & Pisoni, 2012; Hornickel, Anderson,
Skoe, Yi, & Kraus, 2012; Ramus, 2003; Snowling, 2000;
Vellutino, Fletcher, Snowling, & Scanlon, 2004; Wible,
Nicol, & Kraus, 2004). While typical hearing (TH)
children learn to read once they already master oral
language, congenitally deaf children with cochlear
implants (CI) start reading with a lower level of language
proficiency and poorer phonemic representations (Bouton,
Serniclaes, Bertoncini, & Colé, 2011, 2012; Geers,
Brenner, & Davidson, 2003; Goldsworthy, Delhorne,
Braida, & Reed, 2013; Havy, Nazzi, & Bertoncini, 2013;
Medina & Serniclaes, 2009; Tye-Murray, Spencer, &
Gilbert-Bedia, 1995).

There are two potential reasons for atypical speech
perception in children who use CI. First, they receive the

implant after a variable period of hearing deprivation,
which delays language acquisition, and likely results in
weakened connections between primary and association
cortices (Sharma, Campbell, & Cordon, 2014). Sec-
ond, implants deliver imperfect acoustic input (Dorman,
Loizou, Spahr, & Maloff, 2002; Shannon, Zeng, Kamath,
Wygonski, & Ekelid, 1995; Xu & Zheng, 2007). Even in
the ideal case, where all electrodes are activated after
surgery, Cls encode less acoustic details than a physiolo-
gical cochlea (Loizou, 1998, 2006). There is a drastic
decrease in spectral resolution, as about 3000 inner hair
cells are replaced by about 20 electrodes, of which often
only a few are simultaneously activate. Even though
temporal information (Friesen, Shannon, & Cruz, 2005)
is rather well transmitted, degraded acoustic cues
impacts speech recognition in CI users (Friesen, Shannon,
Baskent, & Wang, 2001; Gnansia et al., 2014).

In typical developmental conditions, speech perception
requires the perceptual mapping of continuous acoustic
signals to discrete linguistic representations, e.g., pho-
nemes, syllables, words. To each one of these building
blocks, e.g., a phoneme, may correspond a variety of
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acoustic realisations depending on various factors such as
the speaker, co-articulation, etc. The acoustic-to-linguistic
mapping hence implies that speech sounds that can
perceptually be discriminated may be assigned to the
same or to different speech phonemic representational
category/ies, which are subsequently used for phoneme/
grapheme mapping when learning to read. In TH children,
phonemic categories emerge early in life (Burnham,
Earnshaw, & Clark, 1991; Hazan & Barrett, 2000;
Hoonhorst et al., 2011) and continue refining during the
first six years of life (Bernstein, 1983; Hazan & Barrett,
2000; Nittrouer, 1992, 1996, 2002; Nittrouer & Miller,
1997; Slawinski & Fitzgerald, 1998), with flexible
boundaries up to the beginning of adolescence (Burnham
et al., 1991; Hazan & Barrett, 2000; Medina, Hoonhorst,
Bogliotti, & Serniclaes, 2010).

In congenitally deaf children using a CI, however,
phonemic representations likely develop with a different
dynamics. Speech perception could suffer from delays in
building the relevant phonemic representations, or from
difficulties in stabilising their boundaries (Bouton et al.,
2012), and this could in turn affect the reading trajectory
of children using a CI (Berent, Lennertz, & Balaban,
2012; Bogliotti, Serniclaes, Messaoud-Galusi, & Sprenger-
Charolles, 2008; Noordenbos, Segers, Serniclaes, Mitterer,
& Verhoeven, 2012; Serniclaes, Van Heghe, Mousty, Carré,
& Sprenger-Charolles, 2004; Vandermosten et al., 2011).
Accordingly, both a higher dispersion in reading ability and
an absence of consistent pattern of reading acquisition are
observed (Archbold et al., 2008; Dillon et al., 2012; Dunn
et al., 2014; Fagan, Pisoni, Horn, & Dillon, 2007; Geers,
2003; Harris & Terlektsi, 2011; Spencer & Tomblin, 2009;
Vermeulen, Van Bon, Schreuder, Knoors, & Snik, 2007).

To address whether the origin of delays and variability
in reading trajectory in children with a CI is limited to
difficulties in phonological processing, or whether it also
reflects abnormal reading procedures, we carried out
three experiments in a population of 100 French-speaking
children, including subjects with a CI and three groups of
control children matched for age, duration hearing expos-
ure or reading experience. In the first experiment, we
addressed the status of phonological representations in
children using a CI (Bouton et al., 2012), by exploring the
ability to identify a given speech sound and to discrimin-
ate between speech sounds. The second experiment
involved reading aloud pseudo- and irregular words to
explore phonological decoding and orthographic coding,
respectively (Harm & Seidenberg, 2004; Ziegler, Perry, &
Zorzi, 2014). Typically, pseudowords are read more
slowly than irregular words, indicating a grapheme-to-
phoneme phonological decoding procedure to decipher
pseudowords and a more direct access to orthographic
representations when reading irregular words (Sprenger-
Charolles, Colé, Béchennec, & Kipffer-Piquard, 2005;
Sprenger-Charolles, Colé, & Serniclaes, 2006). The third

experiment used the pseudohomophone effect to investig-
ate the automaticity of phonological access during a
lexico-orthographic decision (Ziegler, Jacobs, & Kliippel,
2001; Ziegler, Van Orden, & Jacobs, 1997). Pseudoho-
mophones are pseudowords sounding like real words, e.g.,
chokolate. They are typically harder to reject in a lexical
decision task than other pseudowords, e.g., chopolate.
Because they are phonologically identical to real words,
e.g., chocolate, pseudohomophones activate a lexical
entry, slowing down the rejection process. This delay
reflects the conflict between the pseudoword’s phonology
that is consistent with a real word, and its orthography
signalling that no such word exists (Goswami, Ziegler,
Dalton, & Schneider, 2001; Sprenger-Charolles, Siegel,
Béchennec, & Serniclaes, 2003).

Using these three experiments (Figure 1) we expect to
be able to (1) confirm a reading disorder in children with a
CI, and (2) distinguish whether the reading disorder only
reflects a selective deficit of phonological representations
(Experiment 1) or is associated with atypical reading
routines, e.g., atypical access to phonological information
(Experiment 2), or atypical interactions between phonolo-
gical and orthographic procedures (Experiment 3).

Methods
Participants

Twenty-five children using a CI (11 boys and 14 girls, age
7;11 to 11;6 years;months) were recruited from grades 2
to 4. These children also participated in a previously
published study (Bouton et al., 2012). Parents gave
informed consent to the child’s participation in the study.
All children had bilateral congenital profound deafness,
and had been using a CI since the age of 22—42 months
(mean: 31 months) for at least five years. Only one child
had deaf parents. Three implant types were included:
Clarion (Advanced Bionics), Nucleus 24 device (Cochlear
Corporation) and Digisonic (Neurelec). Before implanta-
tion, all children used conventional hearing aids and were
still using them (sometimes only occasionally) in their
non-implanted ear. The number of active electrodes
ranged between 12 and 24, representing 71-100% of
active electrodes (relative to the total number of contacts
that varies with the CI brand). Fourteen of the 25 children
used cued speech, and 11 of the remaining children relied
solely on speech to communicate. Nineteen of the
25 children were enrolled in mainstream classes and 6
children were in a spoken language classroom in a deaf
school (i.e., special education with oral instruction).
Clinical and demographic data are summarised in Table 1.

Seventy-five TH children (33 boys and 52 girls) were
recruited from five kindergarten and elementary schools.
They all met the following criteria: (1) native French
speakers, (2) no history of auditory, language or reading
disorders and (3) reading score within the normal range.
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Figure 1. Summary of procedures involved in typical reading. Experiment 1 tests for the integrity of phonological representations.
Experiment 2 separately explores the use of phonological decoding and orthographic coding in reading. Experiment 3 investigates how
phonological representations influence orthographic coding during reading. The central hypothesis is that phonological representations
are impaired, and three hypotheses are further tested here: (1) the phonological/orthographic routes of reading are involved in a typical
way; and (2) the use of phonological/orthographic routes is atypical: orthographic coding is dominant for reading in children using CI.

Reading scores were obtained from the Alouette test
(Lefavrais, 1967), a French reading test standardised to
measure decoding skills in children aged 5-14 years. This
test is routinely used in computerised test batteries such as
EVALEC (Sprenger-Charolles et al., 2005) and BELEC
(Mousty & Leybaert, 1999). Participants are invited to
read aloud a meaningless text with unrelated sentences.
A reading score called ‘reading age’ is calculated by
adding the time taken to read (in seconds) to the number
of errors. This composite score hence takes into account
both accuracy and speed of word recognition, but not
reading comprehension.

The TH subjects formed three control groups. One
control group was used in the first experiment, and the
two others served as a double control in the two other
experiments. In the first experiment exploring phonolo-
gical perception, the control group comprised 25 children
matched with the 25 children with a CI for duration of
hearing exposure. Since CI children present an auditory
deprivation period, these control children were hence
overall younger than the CI users (see Table 2). In the
second and third experiments that investigated reading

procedures, there were two control groups, each made of
25 children matched with the CI kids for chronological
age and reading age (see Table 2). All parents gave
informed consent to the child’s participation in the study.

Experiment 1: phoneme perception

We assessed the level of phoneme perception using two
tasks: a discrimination task and an identification task. In
both cases, the stimuli were auditory words taken from
the Manulex database (Lété, Sprenger-Charolles, & Colé,
2004). All stimuli were recorded in a soundproof room,
while an adult female read aloud a list of words with a
2-s pause between each word. The speaker was instructed
to speak clearly, calmly and with the same prosodic
structure for each word. Stimuli were natural realisations
of words with cross-syllable co-articulation. Productions
were digitised at a resolution of 32 bits and a sampling
rate of 44.1 kHz. Acoustic analyses were performed
using the Praat speech analysis software (Boersma &
Weenink, 2000), and a custom script was used to identify
word boundaries on the basis of intensity thresholds



Table 1. Clinical and demographic characteristics of children with Cls.

Implantation Listening Reading Type of Percentage of active

Age™? age® age® age™® Grade school Language Device electrodes
9:;3 3;5 5;10 6;9 2 SE 0. N. 100
9;2 2;1 7;1 6;9 2 Mainst. 0.+ CS N. 100
8;1 2:6 5,7 7.9 2 Mainst. 0.+ CS N. 79
9:;9 2 7;9 6,7 2 SE 0.+ CS N. 71

8 3 5 6,7 2 Mainst. 0. N. 79
11;6 3;6 8 7;5 4 SE 0. N. 87.5
8;1 1;6 6;7 8;5 2 Mainst. 0.+ CS N. 100
7,6 2 5;6 7;1 2 Mainst. 0. N. 92
9:3 3:4 5;11 7.9 3 Mainst. 0.+ CS N. 92
9:8 1;1 8;7 8;3 4 Mainst. 0.+ CS D. 83
8;6 3,6 5 7.9 2 Mainst. 0. +CS N. 96
8:6 32 5:4 8;5 2 Special 0.+ CS N. 79
711 2;1 5;10 8 2 Mainst. 0.+ CS N. 92
8;2 1;1 7;1 7.4 2 Mainst. 0.+ CS C. 100
9;7 3 6;7 8 4 SE 0. N. 96
10 4:6 5;6 7;6 4 Mainst. 0.+ CS N. 87.5
8;9 3 59 6:9 2 Mainst. 0. N. 92
9:1 3:6 5,7 7.3 2 Mainst. 0.+ CS N. 87.5
9;2 2;6 6;8 7;11 3 Mainst. 0. N. 79
9:9 2:10 6;11 9:4 4 Mainst. 0. C. 83
11 2;10 8;1 6;9 2 SE 0. N. 100
8;11 2:5 6;6 7,10 3 Mainst. 0.+ CS N. 83
9:6 3.5 6;1 10;2 4 Mainst. 0. N. 96
8;6 3;2 5;4 7;11 2 Mainst. 0.+ CS N. 96
8;7 2 6;7 7;11 3 Mainst. 0. N. 100

CS, cued speech; AB, Advanced Bionics; SE, special education; Mainst., mainstream; N., Nucleus (cochlear); C., Clarion (AB); D., Digisonic (Neurelec);

0., Oral.

“Chronological age; bAges are presented as years;months; Listening age. Time since the child received Cls; “Reading age.

(Green, Beukelman, & Ball, 2004). We then verified and
manually adjusted the boundaries. Individual sound files
starting and ending by a silent pause of 50 ms were created
for each word and used for the experiment. The stimuli were
presented through headphones (Beyerdynamic DT290),
covering the ear and the microphone. Prior to the test
sessions, we ensured that children were able to hear and
repeat speech stimuli. We presented them with lists of 10
very frequent words (e.g. cat, leg, little, house, child, rat,
bear, red, bike, snow) at low but comfortable level and
asked them to repeat each word. We considered that the
hearing level was comfortable if the children could repeat at
least 80% of the words. When they repeated less than 80%,
another list was presented and the hearing level was
increased by 5dB. The stimuli were presented in a quiet
room at 70 dB Sound Pressure Levels (SPL) in 9 children,
75 dB SPL in 35 children and 80 dB SPL in 6 children.

In the discrimination and identification tasks, the
stimuli were 68 consonant-vowel (CV) or CVC word
pairs (AX format) comprising all the consonant features of
French: voicing, nasality, manner and place of articulation.
Minimal pairs of words only differed in one consonant
feature (place of articulation, voicing, manner and nasal-
ity). Pairs were divided into 34 different-word pairs (e.g.,

for the /b/-/p/ contrast, peach-beach), and 34 same-word
pairs (beach-beach), presented with a 100-ms interval
between each item. For the same-word pairs, the same
exemplar of the word was repeated twice. In the discrim-
ination task, we used a two-alternative forced choice, in
which the subjects had to indicate whether the stimuli
were identical or different. In the identification task, one
word was presented on each trial, and children had to
indicate whether a picture shown on the computer screen
corresponded to the spoken word. Pictures were easy-
to-recognise black and white line drawing illustrations. In
a pre-test session, 100% of pictures were correctly named
by TH children of five years of age. The list of items is
provided in Appendix 1.1.

The two tasks were performed in random order and all
pairs were presented only once, each in random order. The
discrimination and identification responses were converted
into d' scores, reflecting the sensitivity to phonemic
categories (Macmillan & Creelman, 2005). For the
discrimination task, we calculated d’ in the usual way
through a subtraction of hits (correct ‘yes, the two sounds
are different’ responses) minus false alarms (incorrect ‘no,
the two sounds are not different’ responses). For the
identification task, hits are correct ‘yes, sound and picture



Table 2. Means (standard deviations) in CI and TH participants’ hearing age, reading age and chronological age.

CI Hearing age controls Reading age controls Age-matched controls
Age (chronological) 9;1 (1;1) 6;4 (1;2) 7;6 (0;6) 9;1 (0;9)
Hearing age 6;6 (1;1) 6;4 (1;2) 7;6 (0;6) 9;1 (0;9)
Reading age 7;6 (0;8) 6;4 (1;6) 7,6 (0;9) 9;1 (1)

Note: Ages are presented as years;months.

match’ responses, and false alarms are incorrect ‘no,
sound and picture do no match’ responses. According to
the detection theory, discrimination estimates the category
for each stimulus and then allows for comparing category
estimates (Macmillan & Creelman, 2005), whereas identi-
fication assesses perceptual distances between stimuli, and
their location relative to category boundaries (Iverson &
Kuhl, 1996; Macmillan & Creelman, 1991).

Experiment 2: phonological vs. orthographic reading
procedure

In the second experiment, we assessed how phonological
and orthographic codes were involved during reading,
using irregular word and pseudoword reading. Pseudo-
word reading, e.g., tagle, pectil, tests for the use of
phonological decoding, and irregular word reading, e.g.,
sew, yacht, for the use of the orthographic coding (see
Figure 1). French contains many irregular words that read
different from the way they are spelled, e.g., femme,
oignon, etc. We used lists of French regular and irregular
words consisting of 36 items matched for length and
bigram frequency (Content & Radeau, 1988). The mean
length was 5.6 letters (SD = 1.6), 4.4 phonemes (SD =
1.8), 1.7 syllables (SD = 0.5) for pseudowords and
5.7 letters (SD = 1.7), 4.1 phonemes (SD = 1.6), 1.6
syllables (SD = 0.6) for irregular words (¢ < 1 for all).
Mean bigram frequency was 37 (SD = 11.6) and 36 (SD =
13.3) for pseudowords and irregular words, respectively
(¢ < 1). To optimise the measurement of reaction times, the
items of each list were matched on initial grapheme/
phoneme (list of items in Appendix 1.2). The children
were instructed to read aloud the item displayed in the
centre of the screen as accurately and quickly as possible.
We used a sound card to record the children’s vocal
responses, and measured response accuracy and reading
onset latencies (stimulus onset to response onset). Correct
responses were coded by 10 listeners, who had no daily
contact with the CI users. After listening to each produc-
tion, they noted the response without knowing the target
word. Later, the experimenter compared targets and
responses to calculate the percentage of correct responses
for each child. Responses were rated correct when more
than half of the judges quoted them as correct. Overall
there was a good agreement among the judges (K = .78).

As Experiment 2 involved reading aloud, we controlled
for a possible influence of speech production difficulties
in word recognition performance, by incorporating speech
production scores (see Table in Appendix 2) as a covariate
in the ANCOVA that tested for group differences in
pseudoword and irregular word recognition (see Results
section). Speech production was assessed using a picture-
naming task where subjects were asked to name 40
pictures presented one at a time on a computer screen.
The pictures/names were chosen to be familiar to the
participants and frequent (1.5%, corresponding to a
standard frequency index of 85 in MANULEX, Lété et al.,
2004). Vocal responses were recorded, and independent
judges determined response quality following the same
procedure as for word reading.

Experiment 3: interaction of phonological and
orthographic procedures

Finally, we assessed the automatic involvement of phono-
logical decoding in reading, using a lexical decision task
performed on misspelled written words. We examined the
homophony effect, which assesses whether word decod-
ing is influenced by phonological representations. We
manipulated word misspelling to compare responses to
pseudowords that are homophones of real words, e.g.,
wisard, with responses to control pseudowords that are not
homophones of a real word, e.g., wilard. We selected 30
regular French words: 15 words were fillers and 15 words
were used to build matched homophone and non-homo-
phone pseudowords (items are listed in the Appendix 1.3).
All source words were familiar to young children (spelled
correctly by first graders at least 80% of the time,
according to the standardised scale EOLE, Echelle
d’acquisition en orthographe lexicale, Pothier & Pothier,
2004). The words were frequent (1.5%, with a standard
frequency effect of 85, Manulex, Lété et al., 2004).
Homophones were created by changing one vowel, or
one consonant in the middle of the basis word (e.g.,
wizard/wisard), and the same procedure was applied to
create non-homophones (e.g., wizard/wilard). The items
were matched between conditions for orthographic fre-
quency (frequency of bigrams, Content & Radeau, 1988).
Their mean length was 5.2 letters (SD = 0.6), 4.1
phonemes (SD = 0.7) and 1.8 syllables (SD = 0.5) for
homophones, and 5.0 letters (SD = 0.6), 4.1 phonemes



(SD = 0.7) and 1.8 syllables (SD = 0.6) for non-
homophones (¢ < 1 for all). To facilitate the detection of
response latency, the items were balanced for initial
grapheme/phoneme. The children were instructed to read
silently the item displayed in the centre of the computer
screen and indicate whether the item was a real word or
not by pressing one of two differently coloured keys on
the keyboard as accurately and quickly as possible.

Data analyses

We analysed the data using parametric statistics. We
performed ANOVAs (details in Results section) followed
by planned comparisons when applicable, and used
Bonferroni corrections to correct for multiple comparisons
(statistics toolbox, MATLAB, the Mathworks).

Results
Phoneme perception

We used a 2 x 2 repeated-measures ANOVAs on d'
sensitivity scores with group (CI vs. hearing age controls)
and task (discrimination vs. identification) as within-
subjects factors. We found a main effect of task
[F(1, 96) = 13.11, p < .001] and group [(F(1, 96) =
106.70, p < .001] (Figure 2). Both identification and
discrimination accuracy was reduced in children with a CI
as they overall performed less well than TH children on
each task (significant group effect, p < .001, red vs. grey
bars on Figure 2). Importantly, there was no group x task
interaction (F < 1), showing that the relation between
identification and discrimination was preserved in the CI
users group (dark vs. light bars on Figure 2). Joint
alteration of discrimination and identification suggests
that the difficulty in identification reflects a deficit at the
sensory rather than category access/formation level.
Overall children using CI acquired the ability to categorise
phonemes, but made more phonemic confusions, and
hence present with a deficit in identification and discrim-
ination accuracy.

Phonological vs. orthographic procedures

Correct response rates (CRs) and response times (RTs)
were analysed independently using 2 x 3 repeated-
measures ANCOVAs with group (CI vs. age-matched
controls vs. reading age controls) and lexicality (pseudo-
words vs. irregular words) as factors. We controlled for
group differences in speech production by using word
naming scores as a covariate of no-interest in the ANOVA
(group effect for accuracy: F(13, 143) = 6.85,
p <.001 and reaction times F(13, 143) = 7.03, p <.001).

For CRs, we found a significant main effect of group
[F(2, 143) = 19.04, p < .001] and lexicality [F(1, 143) =
35.03, p <.001], and no significant interaction [F(2, 143) =

1.87, p > .10]. Figure 3A shows the mean reading scores
for irregular words and pseudowords for each group.
CRs were overall lower in children with a CI relative to
controls (p < .05 for irregular words and p < .001 for
pseudowords), but critically, this difference was due to
lower performance to correctly decode pseudowords,
while irregular words were accurately read. Although
each group exhibited a lexicality effect (p < .001 for all
groups), the accuracy difference between pseudo- and
irregular words was similar in children with a CI and
age-matched controls. Expectedly, this difference was
larger in younger reading age controls (Figure 3B).

Figure 3C shows the mean latency for reading irregular
and pseudowords. The ANOVA indicated a main effect of
group and lexicality [F(2, 143)=8.47, p<.001; F(1, 143) =
7.19, p < .001, respectively] and no interaction (¥ < 1).
The group effect was due to enhanced reading speed in
age-matched controls relative to the younger reading age
controls (p < .01). The children who used a CI had
intermediate latencies between the two control groups
(no significant difference to either group, p = .20).
Critically, the lexicality effect, showing that irregular
words were read more rapidly than pseudowords, was
present in all three groups (CL: p < .01; age-matched: p <
.05; reading age-matched: p < .05), yet was significantly
enhanced in CI users (Figure 3D). This effect was due to
prolonged decoding of pseudowords in these children,
whereas irregular words were read at normal speed.

The reading task indicates that all groups applied the
same basic procedures: pseudowords were read through
phonological decoding, and irregular words through
orthographic coding (normal lexicality effect). Neverthe-
less, across tasks, children with a CI made more errors
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Figure 2. Experiment 1. Phoneme perception: mean CRs (d’) in
discrimination and identification tasks in CI and hearing age
controls. Hearing age controls performed better than CI users on
both tasks (grey vs. red bars). Identification scores were lower
than discrimination scores in both groups (dark vs. light bars),
and there was no group X task interaction. All error bars indicate
SEM. *p < .001.



than TH children in pseudoword reading and read pseudo-
words more slowly.

Interaction of phonological and orthographic
procedures

The next experiment used the homophony effect to
address the influence of phonology on orthographic
coding. CRs and RTs were analysed independently using
2 x 3 repeated-measures ANOVAs with group (CI vs. age-
matched controls vs. reading age controls) and homo-
phony (homophones vs. non-homophones). We observed
significant effects of group [F(2, 144) = 4.2, p < .05] and
homophony [F(1, 144) = 55.29, p < .001] in the correct
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response scores and a significant interaction between the
two factors [F(2, 144) = 4.02, p < .05]. Figure 4A shows
the mean correct rejection of pseudowords for each group.
Children who use a CI had similar lexical decision scores
as reading age controls (¢ < 1) but lower than age-matched
children (p < .01). Each group exhibited the homophony
effect (CI users: p < .01; age-matched controls: p < .001;
reading age controls: p < .001). However, the difference
between homophones and non-homophones was larger
in control than children with a CI (reading age-matched
p < .001; age-matched p < .01, respectively; Figure 4B).
CI and TH children had similar (normal for 4th grade)
scores for decoding homophone pseudowords. Critically,
the reduced homophony effect in CI users was accounted
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Figure 3. Experiment 2. Irregular words and pseudowords reading. Data are presented in children using CI, TH controls matched for
age, and for reading age. Left panels: correct responses (%); right panels: response time (s). Top panels: raw values for each condition
and each group; bottom panels: delta values between conditions — pseudowords minus irregular words — for each group. All error bars
indicate SEM. *p < .05; **p < .01; ***p < .001. (A and C) Each group exhibited a lexicality effect. (B) CI users showed a similar
lexicality effect as age-matched controls on accuracy. (D) CI users showed a bigger lexicality effect than TH children on reaction times

(they were slower for decoding pseudowords).



120 . - Pseudo homophone
—_ - Control pseudoword
<
100 _k* *k% * k%
z
S 80
—
3
= 60
s
g 407
5
8 20
0
ClI children Age-matched Reading age
controls controls
9:1 9:1 7:6
B 100
80 * %
*k Kk >.20

Correct rejections (%)
& &

20 |
0
Clchildren Age-matched Reading age
controls controls
9:1 9:1 7:6

C
2571 I Pscudo homophone
Bl Control pseudoword |
OVA
et * % * %%k *
° % *h*% _*
8 15|
Q
7
o
o
5
o 0.5¢

CI children

Age-matched Reading age

controls controls
9:1 9:1 7.6

Figure 4. Experiment 3. Performance in a lexical decision task using homophone and non-homophone pseudowords. Data are presented
for children using CI and TH children matched for chronological age, and for reading age. Left panels: correct responses (%); right
panels: response time (s). Top panels: raw values for each condition and each group; bottom panels: delta values between conditions —
non-homophone pseudowords minus homophones — for each group. All error bars indicate SEM. *p < .05; **p < .01; ***p < .001. (A
and C) All groups exhibited a homophony effect. (B) Children with a CI showed a lower homophony effect than TH children on

accuracy.

for by lower scores for non-homophones (p < .001),
indicating that children with a CI used phonological
representations less automatically than TH controls when
reading words (as shown in Experiment 2). Despite a
reduced performance with non-homophone pseudowords,
children with Cls displayed a normal-range performance
on homophone pseudowords, suggesting a stronger-than-
normal reliance on orthographic representations when
performing this task. Figure 4C illustrates the mean
reaction times (in seconds) for non-homophones and
homophones for each group. There was no group effect
[F(2, 144) = 1.24, p > .10], but a significant homophony
effect [F(1, 144) = 8.29, p < .01, indicating that all groups

categorised non-homophones more rapidly than homo-
phones (p < .05, for children with a CI; p < .01, for age-
matched; p < .001, for reading age-matched) (Figure 3D).
There was no homophony % group interaction (¥ < 1) in
reaction times.

Discussion

The current findings globally confirm a moderate word
recognition deficit in deaf children who use a CI. They
made more errors than their TH peers on both phonemic
identification and discrimination (Figure 5), while pre-
serving the same relationship between identification and
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Figure 5. Summary of results. Experiment 1 showed that phonemic categories are formed but less accurate in deaf children with CI
relative to TH hearing subjects of identical hearing age. Experiment 2 showed that children with CI used orthographic coding to read
irregular words as efficiently as controls, but used less well than TH controls matched for age and reading age the phonological decoding
procedure to read pseudowords. Experiment 3 shows a weaker homophony effect in children with CI than in TH controls. This effect was
accounted for by a reduced correct rejection rate in deaf children, reflecting a less efficient use of phonological representations when
categorising non-homophone pseudowords. Given the reduced rejection rate for non-homophone pseudowords, the normal-range
rejection rate for homophone pseudowords likely reflects orthographic compensation.

discrimination as those TH children who had equivalent
hearing experience. Similar results are observed in adults
CI wusers, who classify phoneme with less category
discrimination and identification accuracy (Iverson,
2003; Lane et al., 2007). The current study shows that
children CI users have a global deficit in phoneme
perception, but that their ability to categorise phonemes
given their phonemic discrimination capacity is intact.
Presumably, lower identification performance follows
from their reduced ability to discriminate speech sounds.
Atypical phonological representations in children using
Cls are expected because phonological processing is
limited by the quality of the input coming for the implant,

which only imperfectly transmits the spectro-temporal
cues. Poorer phonemic perception accuracy might also to
some extent result from insufficient exposure to speech in
the first year of life. The children enrolled in this study
received their CI between 1.5 and 3.5 years, and as
phonemic categories develop from birth in typically
developing children (Hoonhorst et al., 2009), their central
auditory system may already have reorganised in a way
that limits an optimal benefit from the implant (Kral &
Sharma, 2012; Sharma, Dorman, & Kral, 2005). Alter-
natively, it might be that the early auditory deficit cannot
fully be compensated for within the timeframe during
which the phonological system remains plastic (Medina



et al., 2010). Overall, poorer phonological processing in
children who use a CI presumably reflects a combination
of hearing deprivation and degraded auditory input
(Dorman et al., 2002; Shannon et al., 1995; Xu & Zheng,
2007), and this might place some constrains on the way
the children learn to read (Kraus & Anderson, 2013). As
this is also the case for the phonological deficit in dyslexia
(Ahissar, 2007; Ramus & Szenkovits, 2008; Boets et al.,
2013), it remains unclear whether the difficulties experi-
enced by children using Cls are limited to degraded
phonological representations or whether the ability to
access them is also impaired.

Irrespective of whether phonological representations
and/or access are affected, weaker phonological proces-
sing could, as in dyslexia, be accompanied by ortho-
graphic difficulties (Hasko, Groth, Bruder, Bartling, &
Schulte-Ko6rne, 2013), or on the contrary, be compensated
for by orthographic knowledge if the latter normally
develops. Connectionist models of reading (as those
developed by Perry, Ziegler, & Zorzi, 2007, 2010; Harm
& Seidenberg, 1999, 2004) posit that finely tuned
phonological representations are necessary for effici-
ent phonological decoding, and that this process in turn
shapes word-specific orthographic representations used for
orthographic coding (Share, 1995, 1999; Sprenger-Char-
olles et al., 2003). Once reading is acquired the two
pathways could flexibly be used for reading depending on
context. Typically, frequent words are read without
phonological decoding, while new words require explicit
grapheme/phoneme conversion and phonological analysis
(Ripamonti et al., 2014). Experiments 2 and 3 explore the
interaction between phonological decoding and ortho-
graphic coding during reading. In particular, they allow
for testing whether phonological decoding constitutes a
bottleneck that prevents correct orthographic processing in
children who use Cls, or whether orthographic processing
can correctly be achieved and even supplement deficient
phonological processing.

The results of Experiment 2 indicate that both CI and
TH children rely on the same reading procedures: irregular
words are read more quickly, i.e., via direct orthographic
coding, than pseudowords, i.e., via indirect phonological
decoding. However, although children with CI had nor-
mal-range performance for irregular words, they read
pseudowords less accurately and quickly than TH con-
trols. In summary, the procedures deaf children with CI
employ to read words appear qualitatively similar to those
used by TH children, but when reading is unconstrained
by orthography and lexical representations (pseudoword
reading), the performance deteriorates. This very specific
deficit likely reflects the difficulty CI users experience in
phonological processing, rather than difficulties with
orthography.

The reading models depicted by Harm and Seidenberg
(2004) and more recently by Ziegler et al. (2014) assume

that phonological decoding and orthographic coding are
not independent. In Experiment 3, we assessed their
interplay in children with and without CI using the
pseudo-homophone effect, which quantifies the amount
of phonological influence occurring during a lexical task
performed on written words. To correctly perform the
word/mon-word lexical task, children must achieve correct
phonological decoding of written pseudowords and evalu-
ate the correspondence between the read item and the
orthographic representations activated in their lexicon.
Because the way words sound interfere with the ortho-
graphic procedure when reading, homophone pseudo-
words constructed by altering the orthography of real
words are in principle harder to reject as existing words
than regular pseudowords.

Experiment 3 confirmed that homophones generated
more errors and were rejected more slowly than non-
homophones by children of all three groups. However, the
homophony effect was reduced in deaf children with CI
relative to both control groups. This effect is unlikely to
be due to less developed orthographic knowledge among
CI users, because we derived homophones from words
that could correctly be spelled by 80% of first graders. As
the mean reading level of the participants who use a CI
ranged from second to fourth grade, we can consider
orthographic representations for the selected words firmly
established. Moreover, deaf children with CI had similar
homophone scores as TH controls of the same age, whose
mean reading level corresponds to fourth grade. Impor-
tantly, the smaller homophone effect in CI users was due
to a lower performance on non-homophone pseudowords,
which cannot be accounted for by a lexical memory effect.

Interestingly, the reduced homophony sensitivity in CI
users was accounted for by enhanced difficulties to decide
whether non-homophone pseudowords were words, which
presumably reflects their difficulties at the phonological
level (Figure 5, Experiment 2). By comparison, the
normal-like performance they exhibited on pseudowords
that sound like real words (Figure 5, Experiment 3 black
arrow) suggests a stronger-than-normal reliance on ortho-
graphic representations to decide when written items are
real words. The underlying hypothesis of Experiment 3 is
that participants attempt to find a correspondence between
the pattern activated in their phonological lexicon and an
existing word memorised in their orthographic lexicon.
The results suggest that such a compensation is used for
homophone pseudowords by children with a CI (Figure 5,
Experiment 3, red dotted arrow). We hence propose that in
CI wusers, phonological decoding difficulties are partly
compensated for by direct access to meaning from visuo-
orthographic input. This hypothesis is also supported by
functional neuroimaging studies showing that adults CI
users can by-pass classical phonological steps when
performing linguistic tasks from written material (Lazard,
Lee, Truy, & Giraud, 2013).



Altogether, the current findings indicate that speech
perception in children implanted before the age of 3.5
years affords normal development of reading. They further
show that deaf children with ClIs globally apply phonolo-
gical and orthographic processing in word recognition. If,
as suggested by the current data, there is an active
interplay between phonology and orthography during
reading, one could expect that phonological representa-
tions might continue to refine during reading acquisition
in CI users. As reading experience increases, more and
more precise information about grapho-phonemic corres-
pondence should become available, and the bootstrapping
mechanism that takes place between phonological decod-
ing and orthographic coding in TH children should further
strengthen phonological representations. One prediction of
the current results would hence be that phonological
perception should improve along with reading perform-
ance over time.

The current results also reconcile seemingly inconsist-
ent findings. That children with CI exhibited both a deficit
in auditory phonemic categorization and an orthographic
compensation when reading could explain why a word
recognition deficit is in principle hard to establish in these
children (Archbold et al., 2008; Dillon et al., 2012; Fagan
et al., 2007; Geers, 2003; Harris & Terlektsi, 2011;
Spencer & Tomblin, 2009). In-homogenous reading tra-
jectories in children who use a CI might reflect cumulated
inter-individual variability in the primary phoneme per-
ception deficit and in the way they achieve the secondary
orthographic compensation.

While shedding some light on inconsistent findings
about speech and reading in children with a CI, the current
findings also offer practical implications. If the reading
deficit in deaf children who use a CI is primarily related to
less accurate phonological representations, one way of
improving reading could be to foster the development of
unambiguous phonological units in their lexicon by for
instance using cued speech in the initial auditory recovery
phase. Early exposure to audio-visual speech is critical to
develop balanced speech perception multi-modal brain
networks (Schorr, Fox, van Wassenhove, & Knudsen,
2005). Accordingly, we and others previously showed that
early and intensive exposure to cued speech enhances
speech perception (Leybaert & LaSasso, 2010), phonemic
awareness and reading skills in children with a CI (Bouton
et al, 2011; Colin et al, 2010). Once phonological
representations become sufficiently accurate, children
could progressively switch to purely auditory speech
learning. Despite promising first results, more research is
required to confirm the benefit cued speech might provide
in the development of primary linguistic competence of CI
users, and whether the speech perception level attained
could have a positive impact on reading acquisition.
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Appendix 1. Items of the experimental tasks

Appendix 1.1. Items of minimal pairs for discrimination and identification tasks

Place of articulation voicing nasality manner
bus / buche seau / zoo main / nain cou / choux
case / cage choux / joue majeur / nageur bol / vol

gant / banc poisson / poison pleurs / fleurs
tarte / carte douche / touche sable / table

bois / doigt

fer / verre

bouche / mouche

Appendix 1.2. Items of pseudoword and irregular

word reading task

Pseudowords Irregular words
cande compte
matore million
pirche paon
sinope sept
atouse album
pogide piscine
simade sixiéme
bogir baptéme
chaful short
paillou poéle
orcine orchestre
affobe aquarelle
atrul automne
corpi choeur
ogibe oignon
ampide ennui
supon seconde
moube monsieur
danepi dix
pitode pied
frante fils
mocile maximum
duche deuxiéme
pidre pays
vacide ville
quive chorale
fuchi femme
cuifle clown
ocipre oeil
adrile accident
égibe aiguille
sotar six
énoure écho
onfre aout
furpe faon
cirate scie




Appendix 1.3. Items of lexical decision task

Control words Homophone pseudowords Non-homophone pseudowords

dose déphi déchi

chaise chace chisse

soupe sinje sinpe

ride rouje roupe

fiche fove faume

vide vélau vépo

mere menche manphe

malin mersi morci

feuille phoc phobe

loupe linje linte

filet fuzée fulée

pile pegne peime

larme leine laipe

plume plaje plade

rouge raine reile
Appendix 2. Scores on picture-naming task
Children who use CI Age-matched controls Reading age controls
80.38% (20.62) 100% (0) 100% (0)

Note: Performance for picture naming task. Data are presented in children using cochlear implants (CI), normal-hearing controls matched for
chronological age, and normal-hearing controls matched for reading level, as correct responses (%) and standard deviation in brackets.
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