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Objectives: The vocabulary of children with cochlear implants is often
smaller than that of their peers with typical hearing, but there is uncer-
tainty regarding the extent of the differences and potential risks and
protective factors. Some studies indicate that their receptive vocabu-
lary develops well at first, but that they fail to keep up with their typical
hearing peers, causing many Cl users to enter school with a recep-
tive vocabulary that is not age-appropriate. To better understand the
receptive vocabulary abilities of children with cochlear implants this
study explored age-related differences to matched children with typi-
cal hearing and associations between vocabulary skills and child-level
characteristics.

Design: A retrospective cross-sectional study with matched controls
was conducted at the Norwegian national cochlear implant center at Oslo
University Hospital. Eighty-eight children (mean age 8.7 years; range 3.2
to 15.9; 43 girls, 45 boys) who had received bilateral cochlear implants
before 3 years of age were compared with two groups of children with
typical hearing. One group was matched for maternal education, sex,
and chronological age, the other group was matched for maternal educa-
tion, sex, and hearing age. Receptive vocabulary performance was mea-
sured with the British Picture Vocabulary Scale.

Results: Cochlear implant users’ receptive vocabulary was poorer
than that of age-matched children with typical hearing (M = 84.6 stan-
dard points, SD = 21.1; children with typical hearing: M= 102.1 stan-
dard points, SD = 15.8; mean difference -17.5 standard points, 95%
Cl [-23.0 to -12.0], p < 0.001; Hedges’s g = -0.94, 95% Cl [-1.24 to
-0.62]), and children with cochlear implants were significantly more
likely to perform below the normative range (risk ratio = 2.2, 95% Cl
[1.42 to 3.83]). However, there was a significant nonlinear U-shaped
effect of age on the scores of cochlear implant users, with the differ-
ence to the matched typical hearing children being largest (23.9 stan-
dard points, on average) around 8.7 years of age and smaller toward
the beginning and end of the age range. There was no significant dif-
ference compared with children with typical hearing when differences
in auditory experience were accounted for. Variability was not signifi-
cantly different between the groups. Further analysis with a random
forest revealed that, in addition to chronological age and hearing age,
simultaneous versus sequential implantation, communication mode
at school, and social integration were predictors of cochlear implant
users’ receptive vocabulary.

Conclusions: On average, the receptive vocabulary of children with
cochlear implants was smaller than that of their typical hearing peers.
The magnitude of the difference was changing with age and was the

'Department of Special Needs Education, University of Oslo, Oslo,
Norway; *Centre for Educational Measurement, University of Oslo, Oslo,
Norway; and *Department of Otolaryngology, Oslo University Hospital,
Oslo, Norway.

Copyright © 2022 The Authors. Ear & Hearing is published on behalf of
the American Auditory Society, by Wolters Kluwer Health, Inc. This is an
open-access article distributed under the terms of the Creative Commons
Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-NC-ND),
where it is permissible to download and share the work provided it is prop-
erly cited. The work cannot be changed in any way or used commercially
without permission from the journal.

largest for children in early primary school. The nonlinear effect of age
might explain some of the ambiguity in previous research findings and
could indicate that better intervention is required around school entry.
The results emphasize that continuous monitoring and support are cru-
cial to avoid far-reaching negative effects on the children’s development
and well-being.
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Cochlear implants (CI) allow profoundly deaf children to
access their sound environment and acquire spoken language,
but the language skills of children with CI are often not on
par with those of their peers with typical hearing (TH; Ruben
2018; van Wieringen & Wouters 2015). One area in which such
deficits exist is receptive vocabulary (Lund 2016; Nittrouer &
Caldwell-Tarr 2016): In a meta-analysis of 16 studies that have
compared the receptive vocabulary of children with CI to that of
age-peers with TH, Lund (2016) found that children with CI in
all studies had significantly poorer receptive vocabulary skills,
with effect sizes (d) between 0.46 and 2.00. Across the studies,
there was wide variation in the CI users’ mean chronological
age (range, 4.1 to 10.1 years) and mean age of CI activation
(range, 16 to 46.5 months). However, a meta-regression found
no significant associations between either of these variables and
the size of the vocabulary deficit, as well as no effect of time
since implantation. Lund (2016) concluded that children with
CI enter school with vocabulary knowledge that is poorer than
that of their peers and that even children who receive CI early
cannot be expected to catch up quickly. If this is true, it might
indicate that current rehabilitation programs do not sufficiently
support children throughout this period of their language devel-
opment. To further investigate this issue, the present cross-sec-
tional study assesses the vocabulary performance of children
with CI who are between 3 and 16 years of age—covering the
period from preschool to the end of compulsory education.

IMPACT OF CHILD-LEVEL CHARACTERISTICS
ON RECEPTIVE VOCABULARY OF CHILDREN
WITH CI

Although Lund (2016)’s meta-regression did not find an
effect of implantation age on vocabulary development, individ-
ual studies have shown that earlier age at implantation facilitates
spoken language development. Especially children who receive
a CI in the first year of their life often perform comparably to
TH children on measures of receptive vocabulary at school entry
(Dettman et al. 2016; Karltorp et al. 2020; Wenrich et al. 2019).
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A beneficial effect of implantation in the first year of life is also in
line with neurodevelopmental theories that emphasize the impor-
tance of early auditory experience for the development of the
brain networks that underly language learning. Thus, the benefit
of cochlear implantation for congenitally deaf children is largest
during early development, when the brain is most sensitive to
spoken language input (Bruijnzeel et al. 2016; Kral et al. 2019;
Werker & Hensch 2015). However, the positive effect of early
implantation may later be obscured to some extent by variation
in developmental trajectories: as children become older, some
early-implanted children fall behind, while some late-implanted
children catch up (Dunn et al. 2014). Thus, the effect of age at
implantation might depend on the range of age and implantation
age under investigation (Geers et al. 2007).

Vocabulary development is also associated with age and
time since implantation, most likely because these are proxies
for auditory experience. Compared with their TH peers, chil-
dren with CI have a deficit in auditory experience and more
auditory experience gives them more time to catch up with their
TH peers. However, to catch up, their vocabulary needs to grow
at a faster-than-normal rate, and it is unclear whether this is the
case. Some studies found that the vocabulary of children with
CIs grew slower than that of their TH peers, causing the gap to
widen over time. For example, Blamey et al. (2001) found that
the receptive vocabulary of children with CI was increasingly
falling behind the norm between 4 and 13 years of age. At 13
years of age, it was predicted to be roughly equivalent to that
of 8-year-old children with TH. However, the onset of hearing
loss for the children in this study was up to 3.4 years of age and
they were implanted, on average, at 3.5 years of age. Connor
et al. (2000) found an age-equivalent improvement in receptive
vocabulary scores of only 3.3 years in the 8 years after implanta-
tion. Again, the age at implantation in this study was high, with
an average of 5.6 years. Similarly, El-Hakim et al. (2001) found
that the receptive vocabulary of children who were implanted at
an average of 5.8 years of age was growing at half the rate of that
of TH children over the 9 years after implantation. Moreover,
the growth rate was decreasing over time. In all of these stud-
ies, children were implanted relatively late. Nowadays, children
typically receive their implants substantially earlier. In more
recent samples, one might therefore expect higher vocabulary
growth rates. Indeed, Hayes et al. (2009) found faster than nor-
mal vocabulary growth in the 6 years following the implanta-
tion for children who were implanted before 2 years of age,
indicating that these CI users caught up with their TH peers as
their implant experience increased. However, toward the end of
the age range, the vocabulary growth decelerated. In a study of
children who had received bilateral CI no later than 18 months
of'age, Wie et al. (2020) found that the gap in receptive vocabu-
lary was closing at first but then widened again 4 to 5 years after
the implantation, around the time that children entered school.
Thus, it appears that at different ages, vocabulary grows at dif-
ferent rates and that promising vocabulary growth in the first
years after the implantation is no guarantee that the children
will maintain age-appropriate vocabulary performance as they
grow older. Wie et al. (2020) speculated that the widening gap
might be the consequence of an increasingly difficult-to-acquire
vocabulary or that it might be caused by changes in the edu-
cational environment: mainstream primary school classrooms
could be less conducive to vocabulary acquisition of children
with CI than to that of children with TH.

Many other factors influence language development after
cochlear implantation and their interplay is complex (Cosetti
& Waltzman 2012). It is often difficult to determine whether
something is a cause or an effect of differences in developmental
trajectories. For example, better cognitive abilities, such as work-
ing memory and inhibition-concentration, benefit vocabulary
acquisition (Dettman et al. 2016; Wenrich et al. 2019), possibly
because they can facilitate speech understanding in acoustically
or cognitively demanding situations such as classrooms and
other noisy everyday listening situations (Pichora-Fuller et al.
2016). This might be particularly useful for vocabulary acquisi-
tion, as better speech perception promotes incidental learning
of new vocabulary (Davidson et al. 2014). At the same time,
cognitive development can be hampered by auditory depriva-
tion and language delays (Kral et al. 2016). Similarly, language
development and social development are intertwined in such
a way that if a hearing impairment disrupts social interactions
this can set into motion a vicious circle of psychosocial and
language problems (Boerrigter et al. 2019; Hoffman et al. 2015;
Wong et al. 2018). In line with this explanation, Haukedal et al.
(2018) report small to moderate associations between the lan-
guage skills of children with CI and their quality of life.

Many child-related characteristics that are associated with
language outcomes concern the child’s daily environment. For
example, children in mainstream educational settings tend
to perform better on measures of spoken language (Boons et
al. 2013a; Busch et al. 2020; Geers et al. 2007). Likely, this
is because the educational setting is chosen based on the chil-
dren’s language performance. However, it is also conceivable
that mainstream classrooms provide a richer spoken language
learning environment. On a related note, differences in language
outcomes are associated with the communication mode that
children use at home and school: In a sample of 97 children
who had received a CI before 22 months of age (mean age at
CI activation 10.6 months), Geers et al. (2017) found that expo-
sure to sign language or sign-based communication systems
(e.g., Cued Speech) in the first three years after implantation
was negatively associated with measures of spoken language
at late elementary school age, even after controlling for other
characteristics. Children who were exposed to signing were less
likely to achieve age-appropriate spoken language outcomes
compared to children who were not exposed to signing. Thomas
and Zwolan (2019) found that children who had received their
CI before 5 years of age and were in auditory-verbal interven-
tion programs (which focus on listening) outperformed their
peers in oral communication programs (which encourages the
use of lipreading to supplement listening) and total communi-
cation programs (which encourages the use of gestures in com-
munication) on measures of spoken language up to 7 years after
the implantation.

Other beneficial properties of the home environment include
more language input, higher parental sensitivity and more
parental engagement in the rehabilitation (Boons et al. (2012a);
Cosetti & Waltzman 2012; Niparko et al. 2010; Quittner et al.
2013; Sarant et al. 2015). A higher family socioeconomic status
is also associated with better language outcomes after cochlear
implantation (Niparko et al. 2010; Szagun & Stumper 2012),
perhaps because of its impact on many characteristics of the
child’s daily language learning environment.

In their meta-analysis, Lund (2016) found that the difference
in receptive vocabulary was larger in studies where children
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with CI were compared with children with TH who were
matched for child-level characteristics like socioeconomic sta-
tus and cognitive abilities. Such matched comparisons arguably
paint a clearer picture of the impact of hearing loss and show the
importance of child-level characteristics for vocabulary devel-
opment (Lund 2016).

THE NORWEGIAN CONTEXT

Norway provides an interesting context for developmen-
tal research: It is a strong redistributive welfare state with a
relatively egalitarian society, low income inequality, and high
rates of inter-generational mobility. High-quality health care
is provided to all residents and education is publicly financed,
free, and highly standardized, with very little variation in
school quality (Hermansen et al. 2019; Isungset et al. 2021).
As a result, the relation between maternal education and child
vocabulary is less evident in Norway than in other countries
(Frank et al. 2021). Compared with, for instance, the United
States, where social inequalities are higher and education and
health care are less standardized, children in Norway receive
more equal opportunities, and those opportunities are to a lesser
degree determined by their family background (Isungset et al.
2021). This also applies to access to early bilateral implanta-
tion and high-quality clinical care: Deaf children in Norway are
eligible to receive bilateral cochlear implants in the first year
of life, free of charge. There is also only one pediatric cochlear
implant center in the country so that all children undergo the
same clinical procedures. Consequently, one might expect dif-
ferences between Norwegian samples of children with CI and
samples from other more heterogeneous contexts. In particular,
children with CI in Norway may be less affected by their fam-
ily’s socioeconomic status and similar background characteris-
tics. Yet, despite universal access to early bilateral implantation,
a good standard of clinical care, and high-quality education,
Wie et al. (2020) found a decline in vocabulary performance of
Norwegian children with CIs some years after the implantation,
which poses the question of which other factors are responsible.

Is the Variation in the Receptive Vocabulary Abilities
of Children With CI Larger Than Normal?

Variation in language outcomes after cochlear implantation
is notoriously large (e.g., van Wieringen & Wouters 2015). Even
in relatively homogenous samples of children with bilateral
early implantation, language performance tends to vary more
widely than that of their TH peers (Wie et al. 2020). However,
many studies do not explicitly test whether the difference in
variability is significant. Higher-than-normal variability would
mean that the group’s average performance is less representa-
tive of individual children’s experiences, even if it is within the
normative range. Moreover, wide variation might be caused by
children in the fringes of the distribution who require special
attention and perhaps different kinds of intervention for suc-
cessful rehabilitation. Therefore, a closer look at the extent of
variation in the vocabulary skills of CI children is called for.

Current Study

In the literature, there is uncertainty regarding the size of
the gap in receptive vocabulary between children with CI and
children with TH as well as its trajectory. There is evidence for

a non-linear effect of age on vocabulary growth as well as an
influence of child-level characteristics such as age at implanta-
tion and contextual factors like educational setting. Thus, the
primary goal of this study was to compare the vocabulary skills
of children with CI to those of their TH peers across a wide age
range, covering the period from preschool to the end of compul-
sory education. As much as possible, the sample was selected
to be representative of current clinical practices and optimal
developmental conditions, only containing children with rela-
tively early bilateral implantation and no additional disabilities
affecting language. All participants were treated by the same
clinical team to a high standard of care. Moreover, the egali-
tarian educational system and strong social welfare system in
Norway provided a context, in which the contributions of socio-
economic inequalities and similar factors on child development
were expected to be relatively small.

The control groups of children with TH in this study were
matched for maternal education (as an indicator of socio-
economic status), sex, and age to more clearly determine the
impact of the hearing impairment on vocabulary development.
In a second analysis, we controlled for the CI user’s hearing age
(i.e., implant duration) to test whether differences in vocabu-
lary can be explained by differences in auditory experience, that
is, whether children with CI perform similar to children with
TH who are younger but have had a similar amount of auditory
experience.

Furthermore, we explored inter-individual variation in
the receptive vocabulary skills of children with CI. First, we
assessed whether the variation in the receptive vocabulary of
CI users is larger than the variation among their TH peers. As
discussed above, this provides additional context for interpret-
ing the group’s performance and might have implications for
clinical practice. Finally, we investigated which child-level
characteristics explain inter-individual variation in CI users’
vocabulary development, including aspects of the home and
educational environment, age at implantation, speech percep-
tion, and nonverbal abilities.

Similar to previous studies, we expected to find a deficit in
CI users’ vocabulary scores and a potentially non-linear effect
of age on the size of the vocabulary gap. We also expected that
child-level characteristics such as age at implantation and com-
munication mode would explain some of the inter-individual
variability in vocabulary skills. Regarding the effect of age
on vocabulary, we were interested in whether the difference
between CI users and children with TH would be larger around
the time that the children enter school, and what would hap-
pen in the years after that. If it is true that children with CI fall
behind their TH peers when they enter school, this would be an
important consideration for language intervention around this
age. If vocabulary growth looks promising in the years leading
up to school entry, this might lead clinicians or caregivers to
believe that the child is well on track and prematurely reduce
support. Finally, understanding the amount of inter-individual
variation and how it’s related to child-level characteristics can
help to understand the scope of the problem, identify children
who are at risk, and highlight possible avenues for intervention.

METHODS

In this cross-sectional retrospective study, we compared the
receptive vocabulary of 88 young CI users to matched children
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with TH and explored the influence of child-level characteris-
tics on between-group and interindividual variation.

Group of Children With CI

The sample of children with CI was part of a larger cross-
sectional data collection to which all Norwegian CI users were
invited who had received a CI between 1988 and 2015 and
before 18 years of age. Of the eligible Norwegian CI users, 82%
(496/606) had participated. For the present study, we selected
all 88 participants who were 3 to 16 years old, had severe to pro-
found bilateral hearing loss (i.e., a pure tone average above 80
dB HL) at birth or before 6 months of age, received a CI before
age 3, had at least 75 standard points on a measure of nonverbal
abilities and no diagnosed developmental disability, and had a
primary caregiver using Norwegian spoken or sign language as
their first language. The data were collected between 2013 and
2016. Tests were administered at Oslo University Hospital by
trained research assistants and additional information was gath-
ered from questionnaires and medical records. Permission for
the data collection was granted by the parents and the Regional
Committee for Medical and Health Research Ethics.

Child-Level Characteristics of CI Users
Background Information ¢« We collected information about
whether children were born prematurely, age at cochlear implan-
tation, type of implantation (simultaneous bilateral or sequen-
tial bilateral), etiology of deafness, whether their mother, father,
or siblings had a hearing loss, and educational placement.
Maternal education was registered as less than high school,
high school, or higher education, based on the mother’s self-
reported highest level of completed education. Because there
was only one mother in each group that had the lowest level of
education (no high school education), we used two categories
of maternal education for all analyses except the matching, that
is, high school or less (“low”) and higher education (“high”).
Furthermore, hearing age (time since implantation) was
calculated for each participant as an indicator of their auditory
experience. We used the date of the children’s first cochlear
implantation as the reference point because information on
audibility and amplification before the CI was often not avail-
able and for most participants, the benefit that they would have
had from using a hearing aid before cochlear implantation was
unclear and likely minimal.
Mode of Communication and Speech Intelligibility ¢« Based
on parent reports, we coded the children’s communication
mode at home and school into four categories: only spoken
language, spoken with sign support, spoken language and sign
language, and only sign language. We also asked the parents to
rate the intelligibility of their child’s speech using the Speech
Intelligibility Rating scale from Allen et al. (2001).
Social Integration ¢ Parents answered two questions about
social interactions on a scale from 0 (never) to 10 (always):
‘How often does your child avoid social settings due to difficul-
ties with hearing?’ and ‘How often is your child excluded from
social settings because of difficulties with hearing?’.
Speech Perception * As a direct measure of speech percep-
tion, children were asked to repeat 50 pre-recorded phonetically
balanced monosyllabic Norwegian words (@ygarden 2009)
presented in an anechoic chamber at 65 dB SPL, and the per-
centage of correct repetitions was recorded. This test was not

done with 13 children. All of these children were younger than
5 years of age (mean age 3.9 years, SD = 0.54, range 3.2 to 4.8
years), and the test was likely considered too difficult for them
by the test administrator. Notably, 9 children in this age range
(range 3.5 to 4.8 years) did complete the speech perception test.
As an indirect measure of speech perception, parents
answered four questions from the Speech, Spatial, and Qualities
of Hearing Scale (SSQ; Gatehouse & Noble 2004), rating their
children’s ability to understand speech in individual and group
conversation in silent and noisy rooms. Answers were provided
on a 10-point scale and averaged. Other questions from the SSQ
were not included, because they were not applicable (e.g., “Can
the child understand speech when it is driving a car?”) or con-
sidered too difficult to answer (e.g., “Does the child perceive
music and voice as separate objects?”).
Nonverbal Abilities « Depending on their age, the children’s
nonverbal cognitive abilities were assessed with the Block
Design subtest of the Wechsler Preschool and Primary Scale of
Intelligence-I1I (3 to 4 years; Wechsler 2002), Raven’s Coloured
Progressive Matrices (4 to 9 years; Raven 2004), or Raven’s
Standard Progressive Matrices Plus (9 to 16 years; Raven &
Court 2003). Two children were instead tested with the Leiter
International Performance Scale-Revised (Roid & Miller 1997)
and the Wechsler Intelligence Scale for Children, 4™ edition
(Wechsler 2003).

Matched Groups of Children With TH

Two groups of children with TH were selected from the
Norwegian norm sample of the British Picture Vocabulary
Scale, 2nd edition (BPVS-II; Dunn et al. 1997; Lyster et al.
2010) and matched to the CI group with propensity score
matching (Ho et al. 2007). The BPVS-II norm sample con-
tains 1,012 typically developing Norwegian children (age 2.3
to 16.3 years; see Table 1). The first TH group was matched
on sex, maternal education, and chronological age. The second
TH group was matched on sex, maternal education, and hearing
age (i.e., they were younger than the CI users but had a similar
amount of auditory experience; Table 1). Children with TH that
were included in the first matched group were excluded from
the matching procedure for the second group. For two children
with CI, information about maternal education was missing and
was imputed with predictive mean matching based on their age
and BPVS-II standard score (they were assigned to the high
school and higher education categories, respectively). Children
with TH for which information about maternal education was
missing (261/1,011, 26%) and one child with TH who had an
extremely low BPVS-II score were not used in the matching.

Outcome Measure: Receptive Vocabulary Knowledge
(BPVS-II)

As a measure of receptive vocabulary, we used the
Norwegian version of the BPVS-II. The test was conducted in
spoken Norwegian. For the presentation of the instructions, sign
language support was offered to the CI users but none of them
requested it. We obtained age-referenced standard scores for all
children. In addition, we obtained hearing-age-referenced stan-
dard scores for the CI users, that is, scores that take into account
the children’s lack of auditory experience. These were based on
the years since the implantation of the first CI instead of the
children’s chronological age.
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TABLE 1. Age, sex, parental education and receptive vocabulary scores measured with the BPVS-Il by group

Cl TH, Matched by Age TH, Matched by Hearing Age BPVS-Il Norm Sample*

n 88 88 88 1,011
Age

Mean (SD), mo 104.8 (45.8) 105.0 (47.4) 96.0 (37.8) 104.9 (43.8)

Range, mo 38-191 40-192 31-158 27-196
Sex, n (%)

Female 43 (49%) 43 (49%) 38 (43%) 510 (50%)

Male 45 (51%) 54 (51%) 50 (57%) 501 (50%)
Education mother, n (%)

Missing 2 - - 261
Less than high school 1 (1%) 1 (1%) 1 (1%) 31 (4%)
High school 26 (30%) 27 (31%) 20 (23%) 442 (59%)
Higher education 59 (69%) 60 (68%) 67 (76%) 277 (37%)

BPVS-II standard scores

Mean (SD) 84.6 (21.1) 102.1 (15.8) — 100.4 (15.1)

Range 0-125.8 67.1-140.1 — 58.6-152.4

>1 SD below norm, n (%) 40 (45%) 18 (20%) — 177 (17%)

>2 SD below norm, n (%) 23 (26%) 2 (2%) — 22 (2%)

Residual SD model 1 20.1 15.4 - -

BPVS-II standard scores, hearing age referenced

Mean (SD) 102.8 (22.2) - 100.8 (16.7) -

Range 29.6-174.6 — 63.6-142.2 —

>1 SD below norm, n (%) 20 (23%) — 17 (19%) -

>2 SD below norm, n (%) 5 (6%) - 4 (5%) -

Residual SD model 2 19.3 - 16.8 -

Note. Percentages exclude incomplete data and may not add up to 100% due to rounding.

*Raw data from Lyster et al. (2010).
BPVS-II, British Picture Vocabulary Scale, 2nd edition.

Recalculation of BPVS-II Standard Scores ¢ The official
Norwegian norm tables of the BPVS-II (Lyster et al. 2010) only
provide scaled scores that are age-corrected but not normalized,
and there were no corresponding scores for the extremely low
raw scores of 16 children with CI (18%; mean age 10.3 years;
range 3.6 to 14.8 years). To avoid working with left-censored
data and norm scores with an unknown distribution, we used the
raw data from the original Norwegian BPVS-II norm sample
(n = 1,011; one outlier was excluded) to estimate age-related
quantiles of the BPVS-II raw scores and calculate standard
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BPVS-II raw score
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(b) TH, matched for chronological age,
sex, and maternal education

scores for all participants of our study. We used the method for
centile estimation described in Stasinopoulos et al. (2020, ch. 13)
to select and fit a model with age-dependent parameters for
the location, scale, and shape of the distribution of raw scores
(specifically, a Box-Cox power exponential distribution; Rigby
& Stasinopoulos 2004). The quantiles from this model are dis-
played as gray lines in Figure 1. This is a rather flexible model
but to obtain unbiased quantiles and calculate valid standard
scores we found it crucial to accurately capture the distribution
of raw scores. Model comparisons based on the Generalized

(c) TH, Norwegian BPVS-Il norm sample

4 ]

8 10 12 14

Chronological age, years

Fig. 1. Raw scores of Cl users (n = 88), children with TH, matched for age, sex, and maternal education (n = 88), and the Norwegian norm sample (n = 1,012)
on the British Picture Vocabulary Scale, 2" edition (BPVS-II) receptive vocabulary test (Lyster et al. 2010). The blue line and ribbon show predicted raw scores
and 95% confidence intervals from a general additive model (Table 2 Model 3). Gray lines in the background indicate the corresponding modeled standard
scores based on the norm sample of children with TH (i.e., mean 100, SD 15) from 55 (-3 SD) to 145 (+3 SD) standard points in 5-point intervals. One outlier
in the norm sample was excluded from the analyses. Cl indicates cochlear implant; TH, typical hearing.
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TABLE 2. Generalized additive models predicting scores on the BPVS-Il receptive vocabulary test

Parametric Coefficients Estimate Standard Error t P
Model 1. BPVS-Il standard scores, Cl vs TH matched for sex,
parental education, and age
(Intercept) 102.03 3.04 33.53 <0.001
Group, Cl vs. TH -17.33 2.74 -6.33 <0.001
Sex, female vs. male -5.20 2.76 -1.88 0.06
Maternal education, high vs. low 3.83 2.96 -1.29 0.20
Smooth terms Estimated df Reference df F P
Age in group CI 217 29 0.28 0.015
Age in group TH 0.003 29 <0.001 0.41
2 " 22.2%
Model 2. BPVS-Il standard scores, Cl vs TH matched for sex,
parental education, and hearing age
(Intercept) 97.36 3.24 33.01 <0.001
Group, Cl vs TH 1.10 2.79 0.39 0.70
Sex, female vs. male -1.17 2.82 -0.42 0.68
Maternal education, high vs. low 5.21 3.14 1.66 0.10
Smooth terms Estimated df Reference df F p
Hearing age in Cl group 2.69 29 0.93 <0.001
Hearing age in TH group <0.001 29 <0.001 0.70
2 g 12.8%
Model 3. BPVS-Il raw scores, Cl vs. TH matched for sex,
parental education, and age
(Intercept) 87.43 1.41 62.18 <0.001
Group, Cl vs. TH -12.5 1.98 -6.32 <0.001
Smooth terms Estimated df Reference df F p
Age in Cl group 1.80 9 52.7 <0.001
Age in TH group 3.17 9 44.2 <0.001

R2

adj

83.9%

Note. Models 1 and 4 predict BPVS-II standard scores referenced by age; Model 2 predicts scores referenced by hearing age. Age and hearing age were mean centered. Models were fitted
using restricted maximum likelihood. Smooth terms use thin plate regression splines (tprs) with additional penalization of the null space, nonlinear interactions use tprs tensor products.
Nonlinear age effects were modeled independently per group. df = degrees of freedom. Estimated df reflect the complexity of the smooth terms. Roughly, 0 indicates horizontal line, that is,

no association, 1 indicates a linear trend, 2 a quadratic trend, 3 a cubic trend.

BPVS-II, British Picture Vocabulary Scale, 2nd edition; Cl, cochlear implant; TH, typical hearing.

Akaike Information Criterion and visual diagnostics indicated
that this model did so better than simpler models. The recalcu-
lated standard scores are on an age-referenced normalized scale
that has a mean of 100 and a standard deviation of 15 in the
norm group of Norwegian children with TH.

Group Differences in Receptive Vocabulary

We performed two group comparisons of receptive vocab-
ulary performance: CI users were compared to children with
TH using matching and standard scores based on (1) their
chronological age and (2) their hearing age. The group’s mean
BPVS-II standard scores were compared with two-sided Welch
t-tests for unequal variances. Effect sizes were assessed with
Hedges’s g. Risk ratios were used to compare proportions of
children performing below the normative range, that is, chil-
dren with a standard score below 85, which corresponds to 1 SD
below the age-referenced normative mean. Group differences
in variability were assessed with bootstrapped 95% confidence
intervals (95% ClIs) of SD ratios.

To control for the effects of the matching variables (age/
hearing age, sex, and maternal education) on receptive vocabu-
lary and analyze age trends in the BPVS-II raw scores, we used
generalized additive models. This type of model was chosen
because, based on the previous literature, we expected a non-
linear effect of age on the group difference. For the two CI users
for which maternal education was missing, the imputed values
from the matching procedure were used. Our predetermined
significance level for all of these statistical analyses was 0.05.

Effect of Child-Level Characteristics on CI Users’
Vocabulary

In an additional analysis that included only the CI users, we
investigated associations between child-level characteristics and
receptive vocabulary with random forests (Strobl et al. 2009).
This nonparametric model does not predetermine relations
between variables. It can capture nonlinear and unexpected
associations and is robust against multicollinearity. Random
forests group similar observations using decision trees, which
recursively split the sample along one of the predictor variables
into two increasingly homogenous branches. The outcome for a
given observation can be predicted by averaging the outcomes of
all observations in the same branch (see Fig. 4 for an example).
To make the results more robust, the random forest averages
predictions from multiple trees, whereby each tree is based on
slightly perturbed data and a random selection of predictors at
each split. The importance of predictors can be determined by
how often they act as a decisive splitting variable across all trees
in the random forest. When a random permutation of a predic-
tor’s values improves the predictions, the predictor’s importance
can become negative, meaning that it is not associated with the
outcome.

We used a random forest with 3,000 trees, a random selec-
tion of 6 predictors to be considered at each split, a minimum
sum of weights of 5 required for a node to be split further, and
no restrictions on the depth of the tree. These hyperparameters
were chosen through 5-fold bootstrap cross-validation with resa-
mples stratified for age. However, the final model was trained
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Fig. 2. Standard scores of children with Cls and age-matched children with TH on the British Picture Vocabulary Scale, 2" edition (BPVS-II) receptive vocabulary
test. The blue line and ribbon show the predicted marginal mean and 95% confidence interval (Table 2 Models 1 and 2). The gray ribbon shows the normative
mean + 1 SD. BPVS-Il scores by sex and maternal education were not significantly different and are not shown. Hearing age = time since implantation for CI
group, chronological age for TH group. Cl indicates cochlear implant; TH, typical hearing.

and evaluated on the entire sample because the small dataset did
not allow train-test-validation of the random forest model.

The predictors that were used in the random forest were: chron-
ological age, hearing age, age at implantation, sex, premature birth
(yes/no), family history of hearing loss (yes/no), implantation type
(sequential or simultaneous), speech perception (word repetition
and parent-reported), nonverbal cognitive abilities, social integra-
tion (two questions), maternal education (low versus high), and
communication mode at home and school (both with 4 levels). If
a participants’ data for a predictor was missing at any given split,
they were assigned to the majority branch.

Statistical Software

All analyses were performed with R 4.0.3 (R Core Team,
2020), using the package mice (van Buuren & Groothuis-
Oudshoorn 2011) for imputations with predictive mean match-
ing, matchit (Ho et al. 2011) for propensity score matching of
children with TH to the CI users, gamlss (Rigby & Stasinopoulos
2005) to estimate quantiles of the BPVS-II raw scores in the TH
norm sample and calculate standard scores, mgcv (Wood 2017)
to fit generalized additive models for the group comparisons, and
partykit (Hothorn & Zeileis 2015) for the random forest analysis.

RESULTS

Sample Characteristics

The sample included 88 children with CIs and 2 matched
groups of children with TH. Of the 88 CI users, 82 (93%) had
bilateral severe to profound hearing loss at birth, and 6 (7%) had
become deaf before 6 months of age—three due to Meningitis,
one due to auditory neuropathy disorder, and for two the cause
of deafness was unknown. For the largest group of the CI users
(n =32, 37%), the etiology of deafness was unclear. The other
children had a hearing loss due to Connexin 26 mutation
(n = 27, 30%), CMV infection (n = 6, 7%), meningitis
(n =3, 3%), auditory neuropathy (n = 2, 2%, birth injury (n =5,
6%), Jervell-Lange-Nielsen-Syndrome (n =5, 6%), or other syn-
dromes such as Pendred and Waardenburg (n = 8, 9%). Fourteen
of the CI users were born prematurely — two of them very prema-
turely, before 28 and 32 weeks of gestational age, respectively.

All children with CIs had bilateral implants, but one child
used only one CI because they did not get any speech percep-
tion benefit from their second CI, which was implanted rela-
tively late, at 7 years of age. The average age at implantation
of the first CI was 17.8 months (SD = 8.57, range 5 to 36
months) and the average hearing age was 7.1 years (SD = 3.5;
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Fig. 3. Standard scores on the British Picture Vocabulary Scale, 2" edition (BPVS-II) receptive vocabulary test as a function of child-level characteristics of
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branch of the tree. The labels on the branches indicate the value of the predictor variable that a participant must have to be sorted into the respective branch.
Participants with missing data for a given predictor are sorted into the majority branch. Cl indicates cochlear implant.

median = 7,5, I[OR = 6.6; range 1.8 to 13.2 years). Thirty
children (34%) had sequential CI surgeries, with an average
inter-implant interval of 32 months (SD = 18, range 2 to 61
months). Due to this study’s age range and cross-sectional
design, all selected participants had received their CI between
2000 and 2014. Fifty-eight children were born before univer-
sal neonatal hearing screening was introduced in Norway in
2008. Their median age at diagnosis of deafness was 10 months
(IQR = 11.3; range 0 to 30 months; 4 missing).

According to their parents, 85 children (97%) used their
ClIs during all waking hours and 2 (2%) used them for most
waking hours with some breaks (1 missing). On the Speech
Intelligibility Rating (Allen et al. 2001), 77 children (88%)
were rated by their parents as easily intelligible, 4 (5%) were
rated as intelligible to concentrated listeners who lip read, and
5 (6%) as unintelligible (2 missing). Seventy-nine children
(90%) were in mainstream education, with 4 (5%) of them
additionally attending special schools or groups for children
with hearing loss. Seven children (8%) exclusively attended
special education, and two 3-year olds were not in any educa-
tional program.

The CI users and the two groups of matched children with
TH were very similar concerning the matching variables, that is,
age (respectively hearing age), sex, and maternal education (see
Table 1). For additional details on child-level characteristics,
see Table 1 and Figures 2, 3.

Comparisons to Children With TH Matched
by Chronological Age

We compared differences in receptive vocabulary using
the children’s age-referenced standard scores of the BPVS-II.
Overall, the CI users’ receptive vocabulary was significantly
poorer than that of children with TH who were matched for
chronological age, sex, and maternal education (CI users:
M = 84.6 standard points, SD = 21.1; TH: M = 102.1 standard
points, SD = 15.8; mean difference —17.5 standard points, 95%
CI [-23.0 to —12.0], p < 0.001; Hedgess g = 0.94, 95% CI
[-0.62 to 1.24]), and their risk of performing more than 1 SD
below the normative mean was 2.2 times higher (95% CI [1.42
to 3.83]; Table 1, Fig. 2A).

However, when modeling the effects of chronological age, sex,
and maternal education on receptive vocabulary with a generalized
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additive model, we found a significant nonlinear effect of age in
the CI group. This effect was U-shaped, such that the CI users’
average score was relatively high and within the normative range
at the start and end of the age range (3 and 16 years, respectively)
but more than 1 SD below the normative mean between 5.0 and
12.3 years of age. The lowest scores were predicted around 8.7
years of age, with a predicted average of 78.2 standard points and
a difference to the TH group of —23.9 standard points. In the TH
group, there was no significant age effect and the average score
was near the normative mean across the age range. As a result, the
groups had different mean BPVS-II standard scores at some ages
but not at other ages (Fig. 2A, Table 2 Model 1).

Notably, from around 13 years of age until the end of the age
range (i.e., 16 years; Fig. 1C), the average BPVS-II raw score in
the TH group was plateauing. Sixteen is also the end of the age
range for which the BPVS-II has been adapted to Norwegian,
thus, this plateau might be a ceiling effect caused by a lack of
more difficult items. In contrast, the average raw scores of the
CI group increased linearly, with no clear evidence of a flatten-
ing of the slope (Fig. 1A, Table 2 Model 3).

The variability of receptive vocabulary performance was not
significantly different between the groups, neither for the uncondi-
tional scores (SD ratio 1.34, 95% CI[0.98 to 1.63]), nor when age,
sex, and maternal education were accounted for by the generalized
additive model (residual SD ratio 1.29 (95% CI [0.91 to 1.61]).

Comparison to Children With TH Matched by
Hearing Age

Next, we compared receptive vocabulary performance tak-
ing into account the CI group’s limited auditory experience.
That is, the BPVS-II standard scores were based on hearing
age (i.e., time since implantation) instead of chronological age.
Moreover, the matched group of children with TH were younger
but had similar amounts of auditory experience.

Overall, CI users did not perform significantly different from
hearing-age matched children with TH (CI users: M = 102.8
standard points, SD = 22.2; TH: M = 100.8 standard points,
SD = 16.7; mean difference 2.0 standard points, 95% CI [-7.8
to 3.9], p = 0.505) and did not have a significantly higher risk of
performing 1 SD or more below the normative mean (risk ratio
1.18,95% CI[0.64 to 2.18]; Table 1, Fig. 2C). As with the age-ref-
erenced scores, the generalized additive model indicated a signifi-
cant U-shaped effect of hearing age in the CI group. The predicted
mean hearing-age-referenced standard scores of the CI group
were lowest around 7.6 years of hearing age, with a predicted
mean score of 91.9 standard points. Even at the lowest point, the
predicted mean of the CI group was within the normative range
and it was above the normative mean at the low end of the age
range. Again, the TH group performed close to the normative
mean across the age range. As a result, the groups had different
means at some ages but not at others (Fig. 2C, Table 2 Model 2).

The variability in BPVS-II scores was not significantly dif-
ferent between groups, neither for the unconditional scores (SD
ratio 1.33, 95% CI [0.97 to 1.62]) nor when the three covariates
were accounted for by the model (residual SD ratio 1.15, 95%
CI[0.85 to 1.40]).

Effects of Child-Level Characteristics on CI Users’
Receptive Vocabulary Scores

We used a non-parametric random forest model to detect
associations between child-level characteristics and receptive

vocabulary of children with CI. Figure 3 shows the 12 predic-
tors that were entered into this analysis in addition to chrono-
logical age and hearing age (see Fig. 2).

Overall, the random forest explained 26% of the variance
in CI users’ BPVS-II standard scores. However, it should be
noted that the random forest model is relatively flexible and was
trained and tested on the full sample, thus it may be prone to
overfitting. That is, the variance that this model would explain
in unseen data would certainly be smaller.

Five variables were found to be important predictors of
the children’s receptive vocabulary skills, that is, they consis-
tently helped to improve predictions of the children’s recep-
tive vocabulary performance across the trees in the random
forest. Ordered from most to least important, these were type
of implantation (i.e., whether the child had simultaneous or
sequential bilateral implantation), communication mode at
school, the parent-reported frequency with which the child
avoids social situations because of their hearing loss, chrono-
logical age, and hearing age. Other child-level characteris-
tics were not found to be important predictors in the random
forest, that is, they did not consistently help to improve pre-
dictions. Notably, a sensitivity analysis with different hyper-
parameters (i.e., different rules for the constructions of the
trees in the random forest) showed that there were differences
in the consistency with which the predictors were found to be
important. Specifically, type of implantation, communication
mode at school, and social integration were usually among the
important predictors, while the others were not and some of
the other predictors (e.g., nonverbal cognitive abilities and age
at implantation) did appear to be important when other model
configurations were used, which may be a sign of collinear-
ity between them or indicate that these child-level character-
istics affect receptive vocabulary mainly through interactions
with other factors. The predictions from the random forest are
robust against collinearity like this, but it makes it difficult to
interpret the roles of the individual predictors.

Descriptively, children in our sample who had received
CI sequentially scored higher (M = 91.4, SD = 21.4) than
children who had received their implants simultaneously
(M = 81.1, SD = 20.2). Children who, according to their
parents, exclusively used spoken language at school per-
formed better on the BPVS-II (M = 86.3, SD = 19.2) than
those who used spoken language with sign support (M = 82.3,
SD = 16.1) or spoken language and sign language (M = 66.1,
SD = 36.1). There was only one child who exclusively used
sign language. Interestingly, they scored exceptionally well
(BPVS-II standard score 126). The parent-reported frequency
with which the children avoid social situations because of
their hearing loss was negatively associated with their vocab-
ulary scores. That is, children who more often avoided social
situations tended to have lower scores (Kendall’s 7 —0.10).
The nonlinear effects of chronological age and hearing age
on receptive vocabulary scores have already been described
above. Notably, these cannot be disentangled from the effects
of implantation type and age at implantation because, perhaps
because of changes in clinical practice, younger children had
received their Cls at a significantly earlier age (Kendall’s 7
0.40, 95% CI [.28, 51]) and children with simultaneous Cls
were significantly younger (mean age, 7.3 years, SD = 2.77)
than children with sequential CIs (mean age 11.6 years, SD =
4.0), Welch t-test, mean difference 4.4 years, 95% CI [2.7 to
6.0], p <0.001.
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DISCUSSION

This study investigated the receptive vocabulary of children
with bilateral CI who were 3 to 16 years old. First, the children
were compared with matched children with TH. Then, the influ-
ence of child-level characteristics on interindividual variability
was explored.

Age-Related Differences in Receptive Vocabulary

In line with previous reports (Lund 2016; Vilimaa et al.
2018), the receptive vocabulary of children with CIs was overall
poorer than that of matched children with TH, and the majority
scored below the normative range. However, the size of the gap
between children with CI and children with TH varied strongly
with age. This was caused by a nonlinear effect of age on vocab-
ulary scores of CI users. Specifically, the gap in vocabulary
knowledge increased from 12.0 standard points at 3 years of
age, to 23.9 standard points at 8.7 years of age and then nar-
rowed again to 4.1 standard points at 16 years of age. The strong
nonlinear effect of age on the vocabulary gap might explain the
discord in the literature regarding age-appropriateness, trajec-
tory, and variability of CI users’ vocabulary skills because it
suggests that these depend on the age range under investigation.

Interestingly, CI users performed comparably to TH children
matched by hearing age, showing the effect of delayed audi-
tory input on the language development of children with CIs.
Although hearing age might be a fairer grounds for comparison,
large developmental delays (in our sample, the average age at
implantation was 17.8 months) put children at risk for long-
term problems with, for instance, psychosocial development
and educational attainment (Forrest et al., 2018; Johnson et al.,
2010; Wong et al., 2018). It should be noted that the effect of
auditory experience is also mediated by the children’s daily CI
use, which varies substantially between children (Busch et al.,
2017; Busch et al., 2020). All families in this study reported
full-time CI use. However, parents often over-report their chil-
dren’s CI use. A more reliable measure, such as data logs, might
provide further insights (Walker et al., 2013).

Why Was the Age-Effect U-Shaped?

It is unclear why the gap between children with CI and chil-
dren with TH was larger at 8.7 years of age than at the start and
end of the age range (3 and 16 years, respectively). Perhaps, the
gap grows in the years after implantation because it becomes
more difficult for CI users to acquire new vocabulary. This might
be due to increasing abstractness and decreasing frequency of
advanced vocabulary (Hansen, 2017). For example, when words
occur less frequently, a stable phonemic representation must be
acquired through fewer encounters. As a result, the CI users’
poor access to acoustical information becomes increasingly dis-
advantageous. It is also possible that the school environment—
which children enter around six years of age in Norway—is
more challenging for children with hearing impairments than
for children with TH (Chute & Nevins 2003; Vermeulen et al.
2012). Settling in new educational environments is challenging
for children with disabilities (Ravenscroft et al. 2017). Children
with hearing impairments struggle with classroom acoustics
(Iglehart 2016; Neuman et al. 2012), social integration (Bat-
Chava & Deignan 2001; Fitzpatrick & Olds 2015), and literacy
development (Johnson & Goswami 2010). Moreover, CI users
who are placed in special education classrooms might receive

different, potentially poorer, spoken language stimulation than
their mainstreamed peers.

Our cross-sectional sample cannot reveal the causal origins
of the increasing gap between children with CI and children
with TH. However, our results match those of a longitudi-
nal study from our group, in which the receptive vocabulary
of early-implanted children with CIs equaled that of their TH
peers at first, but began to fall behind 4 to 6 years after implan-
tation (Wie et al. 2020), which is around the same time where
we observed the largest vocabulary deficit in the current study.

Notably, the vocabulary gap in the current study narrowed
again toward 16 years of age. Perhaps, CI users eventually gain
a foothold when they settle in appropriate educational environ-
ments, or their language problems are noticed and addressed—
both would underline the importance and potential benefit of
early identification and intervention. U-shaped effects are a
common phenomenon in child development, and it has been
hypothesized that they indicate a shift toward more systematic
processing strategies that cause a temporary loss in processing
efficiency (Pauls et al. 2013). Age-related differences in lexi-
cal processing strategies between children with CI and children
with TH have been reported before (Lofkvist et al. 2012). Thus,
it is conceivable that the increasing vocabulary gap we observed
is the result of the CI users going through such a shift at a later
time than the TH children and that the successful acquisition of
the new lexical processing strategies eventually allows the CI
users to catch up with their TH peers, thus closing the gap. It
is also conceivable that between-group differences in nonverbal
abilities contributed to the differences in language development.
While all children were within the normative range on a stan-
dard test of nonverbal cognitive abilities, detailed information
on nonverbal abilities was not available for the children with TH
so that it was not possible to match the groups on this variable.

A very different explanation for the closing vocabulary gap
is that the Norwegian BPVS-II evaluates the receptive vocabu-
lary skills of teenagers with CI too optimistically because chil-
dren with TH reach ceiling-level performance toward the end
of the age range. A comparison of the raw scores suggests this:
The modeled mean of TH children’s raw scores begins to pla-
teau around 13 years of age and deceleration of the increase in
raw scores is visible even before that, in both the matched group
and the full TH norm sample (Figs. 1B, C). In contrast, the aver-
age raw score of the children with CI increases linearly, with no
sign of a plateau (Fig. 1A).

Perhaps, a vocabulary test that better discriminates between
high-performing children in that age range would reveal that chil-
dren with CIs keep lagging behind their TH peers. Furthermore,
a test that covers different aspects of lexical development, such
as lexical breadth or lexical processing strategies (Lofkvist et al.
2012; Nation 2014), might show differences that the BPVS-II
is not sensitive enough to detect. The language problems of
older children with CI might also be more prominent in tests
of higher-level language abilities (Boons et al. 2013b). More
generally, one language measure alone may not represent the
language abilities of children with CI well. Although children’s
development in different aspects of language is usually highly
correlated (Tomblin 2019; Tomblin & Zhang 2006), using mul-
tiple measures of a hypothetical construct is always preferable.
Moreover, there is evidence for subgroups of children with
CI whose performance shows discrepancies across language
domains (de Hoog et al. 2016; Duchesne et al. 2009).
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Regardless of the aspect of language that they assess, stan-
dardized language tests might overestimate CI users’ perfor-
mance under realistic listening conditions, which often pose
additional acoustical, cognitive, and social challenges (Chute
& Nevins 2003; Punch & Hyde 2011; Zaltz et al. 2020).
The uncertainty around the interpretation of the BPVS-II scores
shows the importance of choosing the right assessment material
in research and practice and highlights a limitation of our study,
namely the use of just a single language measure. Unfortunately,
the BPVS-II was the only test where a large sample of matched
TH controls was available to us.

Impact of Child-Level Characteristics on Interindividual
Variation

The interindividual variability in CI users’ language abilities
is often said to be wide (e.g., van Wieringen & Wouters 2015).
In our sample, the variability in the receptive vocabulary skills
of CI users exceeded the variability in the TH group by about a
third, but this difference was not statistically significant. Notably,
this was despite the relatively wide range of implantation ages in
our sample, which is known to contribute substantially to vari-
ability in outcomes (Dettman et al. 2016; Karltorp et al. 2020).

Some child-level characteristics explained inter-individ-
ual variation in CI users’ receptive vocabulary performance.
Besides the effects of age and hearing age discussed above, we
found associations with implantation type (simultaneous versus
sequential), communication mode at school, and one parent-
reported measure of social integration (“How often does the
child avoid social situations due to their hearing loss?”).

Surprisingly, children in our sample who had received their
CIs sequentially performed better than those who had received
them simultaneously. In previous studies, longer inter-implant
periods have been found to affect outcomes negatively (Boons
et al. 2012b; Gordon & Papsin 2009). Thus, one might expect
a negative effect of sequential implantation. However, likely
due to changes in clinical practice, sequentially implanted chil-
dren in our sample were significantly older than simultaneously
implanted children and might therefore have benefitted from the
ceiling effect in the TH group’s test scores or the environmen-
tal changes discussed above. Unfortunately, our cross-sectional
sample does not allow us to disentangle the effects of age and
implantation type. Another explanation for the better perfor-
mance of sequentially implanted children could be that children
with severe bilateral hearing loss typically receive Cls simultane-
ously, whereas children with sequential implantations might have
had a relatively good residual hearing in the other ear and thus
more access to auditory input even before the implantation. The
negative effect of longer inter-implant intervals could have been
further mitigated through bimodal stimulation, that is, by using
a hearing aid with the non-implanted ear between implantations.
Under some circumstances, this might even improve outcomes
(Davidson et al. 2019; Wenrich et al. 2019). Unfortunately, reli-
able information on residual hearing and amplification before or
between implantations was not available.

Communication mode at school was associated with recep-
tive vocabulary while communication mode at home was not.
Children in our sample who exclusively used spoken language
at school performed better than children who used spoken lan-
guage with sign support or spoken language and sign language
in conjunction. One explanation for the association between

communication mode at school and receptive vocabulary is that
it reflects the type of educational setting that the child is in,
which is often chosen based on the children’s language abili-
ties. Thus, increased use of sign support or sign language in
a child’s school might indicate that they receive some form of
special needs education and might therefore reflect existing
problems with spoken language development rather than be a
cause of such problems. The lack of an effect of communica-
tion mode at home might be related to the relatively small num-
ber of children who used non-verbal communication modes:
Most children were exclusively using spoken language at home
(n = 66, 74%) and school (n = 60, 67%), and no child exclu-
sively used sign language in both contexts. Overall, around 90%
of the sample used spoken language or spoken language with
sign support. In addition, communication mode was reported
by the parents and may therefore not be completely accurate.
We also found an association of vocabulary skills with social
integration, particularly, with the frequency with which children
avoid social situations due to their hearing loss. In our sample,
children who did so less had a larger receptive vocabulary. It is
unclear whether the children avoided social situations because
they struggled with language or whether their avoidance of
social situations caused language problems to aggravate.
However, previous studies have argued that language and psy-
chosocial problems in children with hearing loss are intercon-
nected (Boerrigter et al. 2019; Hoffman et al. 2015; Wong et al.
2018). Notably, social integration was assessed through parent
reports. Depending on the parents’ relationship with the child
and their own expectations and worries, they may not always
evaluate the child’s social integration realistically. Previous
studies have found differences between the perspectives of chil-
dren with Cls and their parents regarding aspects of the chil-
dren’s quality of life (Haukedal et al. 2020). Nevertheless, the
question appears to reflect something about the children’s social
behavior that is associated with their vocabulary development.
Interestingly, we found no evidence for an effect of nonver-
bal abilities or speech perception on the receptive vocabulary
of CI users. These factors were associated with vocabulary
skills in other studies (Geers et al. 2017; Niparko et al. 2010;
Thomas & Zwolan 2019). There is also no doubt that nonverbal
abilities and speech perception play a role in vocabulary devel-
opment (Cejas et al. 2018; Davidson et al. 2014; Zaltz et al.
2020). Better speech perception increases opportunities to pick
up language (Boderé & Jaspaert 2017; Davidson et al. 2014)
and, conversely, a robust vocabulary and good cognitive abili-
ties facilitate speech perception (Klein et al. 2017; McCreery et
al. 2019). An explanation for the lack of an effect in our study
might be that all children had nonverbal abilities within the nor-
mative range and overall speech perception performance was
high. Moreover, speech perception was only measured through
parent reports, which may not be accurate enough, and with a
monosyllable speech perception test in quiet, which was not
performed with most of the younger children. This might have
further masked an association between speech perception and
vocabulary development. It is also possible that these factors
influence vocabulary development mainly in interactions with
other variables so that their direct effect is less prominent.
Maternal education (as a proxy for socioeconomic status)
was also not predictive of vocabulary skills, perhaps because of
the low variability in this variable, or because in the Norwegian
context, children’s access to high-quality education and
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healthcare is relatively independent of their family background
(Isungset et al. 2021).

Limitations

It seems likely that the relevance of some child-level char-
acteristics for vocabulary development was obscured by the
homogeneity and small size of our sample. To some extent, this
was inevitable given the population under study—children with
CIs in Norway. With a participation rate of 82% in the original
data collection, our sample arguably represents this population
well. However, some selection effects might be present and
information about the CI users who refused to participate was
not available. Generalizability is also limited by the cross-sec-
tional nature of the study, which resulted in strong associations
between many of the predictors and limits the interpretability of
the age-related differences in vocabulary performance between
children with CI and children with TH.

While our findings might not generalize to countries with
very different health care and educational systems, it provides
an insight into children’s vocabulary development in a context
where socioeconomic factors are less relevant. Furthermore,
children who receive early bilateral CIs, a focus on oral com-
munication, and mainstream education — like the ones in our
sample — make up an ever-growing part of the population of
children with CI worldwide.

CONCLUSIONS

We found that deficits in receptive vocabulary were common
among children with CIs. The deficits were particularly large
in the first years of primary school. Therefore, supporting and
monitoring the language development of children with CI is vital,
especially around the time when they enter school, which is when
they seem to fall behind their peers with TH. Age-appropriate
vocabulary in the first years after implantation does not guarantee
continuously good performance. Fortunately, some predictors of
vocabulary skills might be susceptible to intervention, including
communication mode (Costa et al. 2019; Kaipa & Danser 2016)
and social integration (Nicastri et al., 2021). Understanding the
vocabulary development of CI users, risks and protective factors
can help decide when and which support is needed.

ACKNOWLEDGMENTS

This research was funded by the Norwegian Directorate of Health, the University
of Oslo, and Oslo University Hospital. The funder did not participate in the work.

Data Sharing Statement: Deidentified individual participant data will not
be made available.

The authors have no conflicts of interest relevant to this article to disclose.

Address for correspondence: Tobias Busch, Department of Special Needs
Education, University of Oslo, Oslo, Norway, Box 1140, Blindern, 0318
Oslo, Norway. E-mail: tobias.busch@isp.uio.no

Received May 1, 2021; accepted February 16, 2022; published online ahead
of print April 15, 2022.

REFERENCES

Allen, C., Nikolopoulos, T. P, Dyar, D., O’Donoghue, G. M. (2001).
Reliability of a rating scale for measuring speech intelligibility after
pediatric cochlear implantation. Otol Neurotol, 22, 631-633.

Allen, C., Nikolopoulos, T. P, Dyar, D., O’Donoghue, G. M. (2001).
Reliability of a rating scale for measuring speech intelligibility after
pediatric cochlear implantation. Otol Neurotol, 22, 631-633.

Bat-Chava, Y., & Deignan, E. (2001). Peer relationships of children with
cochlear implants. J Deaf Stud Deaf Educ, 6, 186—199.

Blamey, P. ], Sarant, J. Z., Paatsch, L. E., Barry, J. G., Bow, C. P,, Wales, R.
J., Wright, M., Psarros, C., Rattigan, K., Tooher, R. (2001). Relationships
among speech perception, production, language, hearing loss, and age in
children with impaired hearing. J Speech Lang Hear Res, 44, 264-285.

Boder¢, A., & Jaspaert, K. (2017). Six-year-olds’ learning of novel words
through addressed and overheard speech. J Child Lang, 44, 1163—1191.

Boerrigter, M., Vermeulen, A., Marres, H., Mylanus, E., Langereis, M.
(2019). Frequencies of behavioral problems reported by parents and
teachers of hearing-impaired children with cochlear implants. Front
Psychol, 10, 1591.

Boons, T., Brokx, J. P, Dhooge, 1., Frijns, J. H., Peeraer, L., Vermeulen, A.,
Wouters, J., van Wieringen, A. (2012a). Predictors of spoken language
development following pediatric cochlear implantation. Ear Hear, 33,
617-639.

Boons, T., Brokx, J. P, Frijns, J. H., Peeraer, L., Philips, B., Vermeulen,
A., Wouters, J., van Wieringen, A. (2012b). Effect of pediatric bilateral
cochlear implantation on language development. Arch Pediatr Adolesc
Med, 166, 28-34.

Boons, T., De Raeve, L., Langereis, M., Peeraer, L., Wouters, J., van
Wieringen, A. (2013a). Expressive vocabulary, morphology, syntax and
narrative skills in profoundly deaf children after early cochlear implanta-
tion. Research in Developmental Disabilities, 34, 2008-2022.

Boons, T., De Raeve, L., Langereis, M., Peeraer, L., Wouters, J., van
Wieringen, A. (2013b). Narrative spoken language skills in severely
hearing impaired school-aged children with cochlear implants. Res Dev
Disabil, 34, 3833-3846.

Bruijnzeel, H., Ziylan, F., Stegeman, 1., Topsakal, V., Grolman, W. (2016). A
systematic review to define the speech and language benefit of early (<12
Months) pediatric cochlear implantation. Audiol Neurootol, 21, 113—126.

Busch, T., Vanpoucke, F., van Wieringen, A. (2017). Auditory environment
across the life span of cochlear implant users: Insights from data logging.
J Speech Lang Hear Res, 60, 1362—1377.

Busch, T., Vermeulen, A., Langereis, M., Vanpoucke, F., van Wieringen, A.
(2020). Cochlear implant data logs predict children’s receptive vocabu-
lary. Ear Hear, 41, 733-746.

Cejas, 1., Mitchell, C. M., Hoffman, M., Quittner, A. L.; CDaCl Investigative
Team. (2018). Comparisons of IQ in children with and without cochlear
implants: Longitudinal findings and associations with language. Ear
Hear, 39, 1187-1198.

Chute, P. M., & Nevins, M. E. (2003). Educational challenges for children
with cochlear implants. Top Lang Disord, 23, 57-67.

Connor, C. M., Hieber, S., Arts, H. A., Zwolan, T. A. (2000). Speech, vocab-
ulary, and the education of children using cochlear implants: Oral or total
communication? J Speech Lang Hear Res, 43, 1185-1204.

Cosetti, M. K., & Waltzman, S. B. (2012). Outcomes in cochlear implanta-
tion: Variables affecting performance in adults and children. Otolaryngol
Clin North Am, 45, 155-171.

Costa, E. A., Day, L., Caverly, C., Mellon, N., Ouellette, M., Wilson Ottley,
S. (2019). Parent-Child interaction therapy as a behavior and spoken lan-
guage intervention for young children with hearing loss. Lang Speech
Hear Serv Sch, 50, 34-52.

Davidson, L. S., Geers, A. E., Nicholas, J. G. (2014). The effects of audibil-
ity and novel word learning ability on vocabulary level in children with
cochlear implants. Cochlear Implants Int, 15,211-221.

Davidson, L. S., Geers, A. E., Uchanski, R. M., Firszt, J. B. (2019). Effects
of early acoustic hearing on speech perception and language for pediatric
cochlear implant recipients. J Speech Lang Hear Res, 62,3620-3637.

de Hoog, B. E., Langereis, M. C., van Weerdenburg, M., Knoors, H. E.,
Verhoeven, L. (2016). Linguistic profiles of children with CI as com-
pared with children with hearing or specific language impairment. /nt J
Lang Commun Disord, 51, 518-530.

Dettman, S. J., Dowell, R. C., Choo, D., Arnott, W., Abrahams, Y., Davis,
A., Dornan, D., Leigh, J., Constantinescu, G., Cowan, R., Briggs, R.
J. (2016). Long-term communication outcomes for children receiving
cochlear implants younger than 12 months: A multicenter study. Otol
Neurotol, 37, e82—95.

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


mailto:tobias.busch@isp.uio.no

BUSCH ET AL./EAR & HEARING, VOL. 43, NO. 6, 1866—1880 1879

Dunn, C. C., Walker, E. A., Oleson, J., Kenworthy, M., Van Voorst, T.,
Tomblin, J. B., Ji, H., Kirk, K. I., McMurray, B., Hanson, M., Gantz, B.
J. (2014). Longitudinal speech perception and language performance in
pediatric cochlear implant users: The effect of age at implantation. Ear
Hear, 35, 148-160.

Dunn, L., Dunn, L., Whetton, C., Burley, J. (1997). British Picture
Vocabulary Scale (2nd ed.). GL Assessment.

El-Hakim, H., Papsin, B., Mount, R. J., Levasseur, J., Panesar, J., Stevens,
D., Harrison, R. V. (2001). Vocabulary acquisition rate after pediatric
cochlear implantation and the impact of age at implantation. /nt J Pediatr
Otorhinolaryngol, 59, 187-194.

Fitzpatrick, E. M., & Olds, J. (2015). Practitioners’ perspectives on the
functioning of school-age children with cochlear implants. Cochlear
Implants Int, 16, 9-23.

Forrest, C. L., Gibson, J. L., Halligan, S. L., St Clair, M. C. (2018). A lon-
gitudinal analysis of early language difficulty and peer problems on later
emotional difficulties in adolescence: Evidence from the Millennium
Cobhort Study. Autism Dev Lang Impair, 3, 1-15.

Frank, M. C., Braginsky, M., Yurovsky, D., Marchman, V. A. (2021).
Variability and Consistency in Early Language Learning: The Wordbank
Project. MIT Press.

Gatehouse, S., & Noble, W. (2004). The speech, spatial and qualities of
hearing scale (SSQ). Int J Audiol, 43, 85-99.

Geers, A. E., Mitchell, C. M., Warner-Czyz, A., Wang, N.-Y., Eisenberg, L.
S.; the CDaCl Investigative Team. (2017). Early sign language exposure
and cochlear implantation benefits. Pediatrics, 140, €20163489.

Geers, A. E., Nicholas, J. G., Moog, J. S. (2007). Estimating the influence
of cochlear implantation on language development in children. Audiol
Med, 5,262-273.

Gordon, K. A., & Papsin, B. C. (2009). Benefits of short interimplant delays
in children receiving bilateral cochlear implants. Otol Neurotol, 30,
319-331.

Hansen, P. (2017). What makes a word easy to acquire? The effects of word
class, frequency, imageability and phonological neighbourhood density
on lexical development. First Lang, 37, 205-225.

Haukedal, C. L., Lyxell, B., Wie, O. B. (2020). Health-related quality of
life with cochlear implants: The children’s perspective. Ear Hear, 41,
330-343.

Haukedal, C. L., von Koss Torkildsen, J., Lyxell, B., Wie, O. B. (2018).
Parents’ perception of health-related quality of life in children with
cochlear implants: The impact of language skills and hearing. J Speech
Lang Hear Res, 61,2084-2098.

Hayes, H., Geers, A. E., Treiman, R., Moog, J. S. (2009). Receptive vocabu-
lary development in deaf children with cochlear implants: Achievement
in an intensive auditory-oral educational setting. Ear Hear, 30, 128—135.

Hermansen, A. S., Borgen, N. T., Mastekaasa, A. (2019). Long-term trends
in adult socio-economic resemblance between former schoolmates and
neighbouring children. Eur Sociological Rev, 36, 366-380.

Ho, D., Imai, K., King, G., Stuart, E. A. (2011). Matchlt: Nonparametric
preprocessing for parametric causal inference. J Stat Softw, 42, 1-28.
Ho, D. E., Imai, K., King, G., Stuart, E. A. (2007). Matching as nonparamet-
ric preprocessing for reducing model dependence in parametric causal

inference. Polit Anal, 15, 199-236.

Hoffman, M. E, Quittner, A. L., Cejas, 1. (2015). Comparisons of social
competence in young children with and without hearing loss: A dynamic
systems framework. J Deaf Stud Deaf Educ, 20, 115-124.

Hothorn, T., & Zeileis, A. (2015). partykit: A modular toolkit for recursive
partytioning in R. J Mach Learn Res, 16, 3905-3909.

Iglehart, F. (2016). Speech perception in classroom acoustics by chil-
dren with cochlear implants and with typical hearing. Am J Audiol, 25,
100-109.

Isungset, M. A., Conley, D., Zachrisson, H. D., Ystrem, E., Havdahl, A.,
Njoelstad, P. R., Lyngstad, T. H. (2021). Social and genetic effects on edu-
cational performance in early adolescence. National Bureau of Economic
Research Working Paper Series, No. 28498.

Johnson, C., & Goswami, U. (2010). Phonological awareness, vocabulary,
and reading in deaf children with cochlear implants. J Speech Lang Hear
Res, 53,237-261.

Johnson, C. J., Beitchman, J. H., Brownlie, E. B. (2010). Twenty-year
follow-up of children with and without speech-language impairments:
Family, educational, occupational, and quality of life outcomes. 4m J
Speech Lang Pathol, 19, 51-65.

Kaipa, R., & Danser, M. L. (2016). Efficacy of auditory-verbal therapy in
children with hearing impairment: A systematic review from 1993 to
2015. Int J Pediatr Otorhinolaryngol, 86, 124—134.

Karltorp, E., Eklof, M., Ostlund, E., Asp, E, Tideholm, B., Lofkvist, U.
(2020). Cochlear implants before 9 months of age led to more natural
spoken language development without increased surgical risks. Acta
Paediatr, 109, 332-341.

Klein, K. E., Walker, E. A., Kirby, B., McCreery, R. W. (2017). Vocabulary
facilitates speech perception in children with hearing aids. J Speech Lang
Hear Res, 60, 2281-2296.

Kral, A., Dorman, M. E, Wilson, B. S. (2019). Neuronal development of
hearing and language: Cochlear implants and critical periods. Annu Rev
Neurosci, 42, 47-65.

Kral, A., Kronenberger, W. G., Pisoni, D. B., O’Donoghue, G. M. (2016).
Neurocognitive factors in sensory restoration of early deafness: A con-
nectome model. Lancet Neurol, 15, 610-621.

Lofkvist, U., Almkvist, O., Lyxell, B., Tallberg, I. M. (2012). Word fluency
performance and strategies in children with cochlear implants: Age-
dependent effects? Scand J Psychol, 53, 467-474.

Lund, E. (2016). Vocabulary knowledge of children with cochlear implants:
A meta-analysis. J Deaf Stud Deaf Educ, 21, 107-121.

Lyster, S.-A. H., Horn, E., Rygvold, A. L. (2010). Ordforrad of ordforrad-
sutvikling hos norske barn og unge [Vocabulary and vocabulary devel-
opment in Norwegian children and youth: Results from the testing of
BPVS-11]. Spesialpedagogikk, 74, 35-43.

McCreery, R. W., Walker, E. A., Spratford, M., Lewis, D., Brennan, M.
(2019). Auditory, cognitive, and linguistic factors predict speech rec-
ognition in adverse listening conditions for children with hearing loss.
Front Neurosci, 13, 1093.

Nation, K. (2014). Lexical learning and lexical processing in children with
developmental language impairments. Philos Trans R Soc Lond B Biol
Sci, 369,20120387.

Neuman, A. C., Wroblewski, M., Hajicek, J., Rubinstein, A. (2012).
Measuring speech recognition in children with cochlear implants in a
virtual classroom. J Speech Lang Hear Res, 55, 532-540.

Nicastri, M., Giallini, I., Ruoppolo, G., Prosperini, L., de Vincentiis, M.,
Lauriello, M., Rea, M., Traisci, G., Mancini, P. (2021). Parent training
and communication empowerment of children with cochlear implant. J
Early Interv, 43, 117-134.

Niparko, J. K., Tobey, E. A., Thal, D. J., Eisenberg, L. S., Wang, N. Y.,
Quittner, A. L., Fink, N. E.; CDaClI Investigative Team. (2010). Spoken
language development in children following cochlear implantation.
JAMA, 303, 1498-1506.

Nittrouer, S., & Caldwell-Tarr, A. (2016). Language and Literacy Skills in
Children with Cochlear Implants: Past and Present Findings. In N. M.
Young & K. Iler Kirk (Eds.), Pediatric Cochlear Implantation: Learning
and the Brain (pp. 177-197). Springer.

Qygarden, J. (2009). Norwegian Speech Audiometry [PhD thesis, Norwegian
University of Science and Technology]. Trondheim. http://hdl.handle.
net/11250/243984

Pauls, F., Macha, T., Petermann, F. (2013). U-shaped development: An old
but unsolved problem. Front Psychol, 4, 301.

Pichora-Fuller, M. K., Kramer, S. E., Eckert, M. A., Edwards, B., Hornsby,
B. W, Humes, L. E., Lemke, U., Lunner, T., Matthen, M., Mackersie, C.
L., Naylor, G., Phillips, N. A., Richter, M., Rudner, M., Sommers, M. S.,
Tremblay, K. L., Wingfield, A. (2016). Hearing impairment and cognitive
energy: The framework for Understanding Effortful Listening (FUEL).
Ear Hear, 37(suppl 1), 55-278S.

Punch, R., & Hyde, M. (2011). Social participation of children and adoles-
cents with cochlear implants: A qualitative analysis of parent, teacher,
and child interviews. J Deaf Stud Deaf Educ, 16, 474-493.

Quittner, A. L., Cruz, L., Barker, D. H., Tobey, E., Eisenberg, L. S., Niparko,
J. K.; Childhood Development after Cochlear Implantation Investigative
Team. (2013). Effects of maternal sensitivity and cognitive and linguistic
stimulation on cochlear implant users’ language development over four
years. J Pediatr, 162, 343-8.¢3.

R Core Team. (2020). R: A Language and Environment for Statistical
Computing. In R Foundation for Statistical Computing.

Raven, J. (2004). Coloured Progressive Matrices and Crichton Vocabulary
Scale. Pearson.

Raven, J., & Court, J. (2003). Manual for Raven's progressive matrices and
vocabulary scales. Harcourt Assessment.

Ravenscroft, J., Wazny, K., Davis, J. M. (2017). Factors associated with
successful transition among children with disabilities in eight European
countries. PLoS One, 12, €0179904.

Rigby, R. A., & Stasinopoulos, D. M. (2004). Smooth centile curves for
skew and kurtotic data modelled using the Box-Cox power exponential
distribution. Stat Med, 23, 3053-3076.


http://hdl.handle.net/11250/243984
http://hdl.handle.net/11250/243984

1880 BUSCH ET AL./ EAR & HEARING, VOL. 43, NO. 6, 1866—1880

Rigby, R. A., & Stasinopoulos, D. M. (2005). Generalized additive mod-
els for location, scale and shape. J Royal Stat Soc Series C (Applied
Statistics), 54, 507-554.

Roid, G., & Miller, L. (1997). Leiter international performance scale-
Revised. Stoelting.

Ruben, R. J. (2018). Language development in the pediatric cochlear
implant patient. Laryngoscope Investig Otolaryngol, 3,209-213.

Sarant, J. Z., Harris, D. C., Bennet, L. A. (2015). Academic outcomes for
school-aged children with severe-profound hearing loss and early unilateral
and bilateral cochlear implants. J Speech Lang Hear Res, 58, 1017-1032.

Stasinopoulos, M. D., Rigby, R. A., Heller, G. Z., Voudouris, V., Bastiani,
F. D. (2020). Flexible Regression and Smoothing: Using GAMLSS in R.
Chapman and Hall/CRC.

Strobl, C., Malley, J., Tutz, G. (2009). An introduction to recursive parti-
tioning: Rationale, application, and characteristics of classification and
regression trees, bagging, and random forests. Psychol Methods, 14,
323-348.

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

Thomas, E. S., & Zwolan, T. A. (2019). Communication mode and speech
and language outcomes of young cochlear implant recipients: A compar-
ison of auditory-verbal, oral communication, and total communication.
Otol Neurotol, 40, ¢975-€983.

Tomblin, J. B. (2019). Developmental Language Disorder. In J. S. Horst, J.

von Koss Torkildsen, J. B. Tomblin (Eds.), International Handbook of

Language Acquisition (1 ed., pp. 341-361). Routledge.
Tomblin, J. B., & Zhang, X. (2006). The dimensionality of language ability
in school-age children. J Speech Lang Hear Res, 49, 1193—1208.
Vilimaa, T., Kunnari, S., Laukkanen-Nevala, P., Lonka, E.; National Clinical
Research Team. (2018). Early vocabulary development in children with
bilateral cochlear implants. /nt J Lang Commun Disord, 53, 3—15.

van Buuren, S., & Groothuis-Oudshoorn, K. (2011). mice: Multivariate
imputation by chained equations in R. J Stat Softw, 45, 1-67.

van Wieringen, A., & Wouters, J. (2015). What can we expect of normally-
developing children implanted at a young age with respect to their audi-
tory, linguistic and cognitive skills? Hear Res, 322, 171-179.

Vermeulen, A., De Raeve, L., Langereis, M., Snik, A. (2012). Changing
realities in the classroom for hearing-impaired children with cochlear
implant. Deafness Educ Int, 14, 36-47.

Walker, E. A., Spratford, M., Moeller, M. P.,, Oleson, J., Ou, H., Roush, P,
Jacobs, S. (2013). Predictors of hearing aid use time in children with
mild-to-severe hearing loss. Lang Speech Hear Serv Sch, 44, 73—88.

Wechsler, D. (2002). Wechsler Preschool and Primary Scale of Intelligence.
Psychological Corporation.

Wechsler, D. (2003). Wechsler Intelligence Scale for Children, Psychological
Corporation.

Wenrich, K. A., Davidson, L. S., Uchanski, R. M. (2019). The effect of
cochlear implant interval on spoken language skills of pediatric bilateral
cochlear implant users. Otol Neurotol, 40, ¢600—e605.

Werker, J. F.,, & Hensch, T. K. (2015). Critical periods in speech perception:
New directions. Annu Rev Psychol, 66, 173—196.

Wie, O. B., Torkildsen, J. V. K., Schauber, S., Busch, T., Litovsky, R. (2020).
Long-term language development in children with early simultaneous
bilateral cochlear implants. Ear Hear, 41, 1294-1305.

Wong, C. L., Ching, T. Y., Leigh, G., Cupples, L., Button, L., Marnane, V.,
Whitfield, J., Gunnourie, M., Martin, L. (2018). Psychosocial develop-
ment of 5-year-old children with hearing loss: Risks and protective fac-
tors. Int J Audiol, 57(suppl 2), S81-S92.

Wood, S. N. (2017). Generalized Additive Models: An Introduction with R
(2nd ed.). Chapman and Hall / CRC.

Zaltz, Y., Bugannim, Y., Zechoval, D., Kishon-Rabin, L., Perez, R. (2020).
Listening in noise remains a significant challenge for cochlear implant
users: Evidence from early deafened and those with progressive hearing
loss compared to peers with normal hearing. J Clin Med, 9, E1381.



