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ABSTRACT

Recent studies indicate children who are deaf and hard of hearing who use cochlear implants or hearing aids know fewer spoken
words than their peers with typical hearing, and often those vocabularies differ in composition. To date, however, the interaction
of a child’s auditory profile with the lexical characteristics of words he or she knows has been minimally explored. The purpose of
the present study is to evaluate how audiological history, phonological memory, and overall vocabulary knowledge interact with
growth in types of spoken words known by children who are deaf and hard of hearing compared to children with typical hearing.
Children with cochlear implants (n = 36) and hearing aids (n = 39) were compared to children with typical hearing (n = 47) at
ages 4 and 6. Children participated in measures of phonological memory and vocabulary knowledge, inclusive of an experimental
measure with words of varying phonotactic probability and neighborhood density. Results indicate that children with hearing
aids and with cochlear implants tend to know fewer words across all lexical conditions than children with typical hearing. For
children with cochlear implants, overall vocabulary knowledge was the best predictor of a mis-matched probability and density
condition, whereas it was the best predictor of matched condition for children with hearing aids. Children with cochlear implants
and children with hearing aids, then, appear to have different underlying skills that interact with the lexical characteristics of

words to support vocabulary growth.

1 | Introduction

More than 90% of children who are deaf and hard of hearing
(DHH) are born to at least one parent who uses spoken language
to communicate, and the incidence of children receiving a
cochlear implant has increased in the last 10 years (Mitchell and

Karchmer 2004; Nassiri et al. 2023). Cochlear implants provide
access to sound to children who have a severe-to-profound
sensorineural loss bilaterally (per FDA recommendations, Tan
et al. 2024), whereas hearing aids are typically recommended for
children whose hearing loss falls in a lower range (e.g., mild
to moderate-severe). The development of the auditory system,
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Summary

* Children who use hearing aids and cochlear implatns tend
to know fewer words than children with typical hearing
across all lexical conditions.

* Children across groups were more likely to know low-
density rather than high-density words, and low phono-
tactic probability rather than high phonotactic probability
words.

* Overall expressive vocabulary knowledge predicted
knowledge of low-density, low-probability words for
children with hearing aids and typical hearing, but not
children with cochlear implants.

* Expressive vocabulary knowledge predicted knowledge
of low-density, high-probability words for children with
cochlear implants, which may indicate children with
cochlear implants use lexical characteristics in a different
way to support learning than children with typical hearing
or hearing aids.

however, begins in utero and many children with a hearing loss
diagnosis are not identified or aided until a later time (Moore and
Linthicum Jr. 2007; Walker et al. 2017). Although some children
who are DHH are born to parents who use sign language, many
are not and their access to linguistic input is delayed (Hall et al.
2017). Studying the vocabulary development of children who are
DHH who go on to learn spoken language, then, presents an
opportunity to explore the impact of sound access and experience
on spoken vocabulary development.

For children who are DHH who use spoken language via cochlear
implants or hearing aids, vocabulary outcomes are not equivalent
to those of children with typical hearing (CTH). DHH children
not only tend to know fewer words than peers matched for age
(Lund 2016; Yoshinaga-Itano et al. 2017, Walker et al. 2019), but
they may struggle to learn specific types of words (e.g., concept
vocabulary; Lund et al. 2020) and to make connections between
words (Rush et al. 2023; Walker et al. 2019). It is not enough,
then, to know that DHH children tend to know fewer words;
researchers must ask why DHH children know fewer words than
CTH and which words they know. Research must explore how
the auditory profile of a child who will learn spoken language
interacts with the lexical characteristics of words, which provides
insight into word-learning processes, to yield vocabularies that
vary between children who are DHH and CTH. The purpose of the
present study is to evaluate how use of a hearing aid or cochlear
implant, age, length of device use, phonological memory, and
overall vocabulary knowledge interact with growth in the types
of words, differentiated by word-level lexical characteristics, that
DHH children know as compared to CTH.

1.1 | Child-Level Influences on Vocabulary in
DHH Children

An obvious answer to why children who are DHH and learning
spoken language know fewer words than CTH is auditory: when
it is difficult to hear words, it stands to reason that fewer words

are acquired and maintained in one’s lexicon. Even when children
use devices to gain access to sound, that access does not perfectly
mirror the sound access available to CTH (e.g., Sharma et al.
2020; Stiles et al. 2012). Cochlear implants give children access to
duration and timing cues in words, but spectral processing is less
well-conveyed through an electrical signal (Nittrouer et al. 2021).
Hearing aids provide acoustic access to sound that is more like
the access of CTH, but can still be limited (Stiles et al. 2012). If a
child who is DHH has less clearly defined access to sound when
learning new words in the environment, learning new words may
be more difficult.

Other auditory factors like age at amplification, time using a
listening device, and degree of hearing loss also affect variability
in vocabulary outcomes for children who are DHH (e.g., Duch-
esne and Marschark 2019). These auditory factors also tend to
be highly related to one another: age at amplification clearly
relates to a child’s time using a listening device, and children
with more severe degrees of hearing loss tend to be identified
earlier than children with less severe configurations (Walker et al.
2017). Children with more severe degrees of hearing loss are
also more likely to meet criteria for cochlear implantation (e.g.,
Cochlear 2021). Children with higher ages of amplification and
less experience with a listening device tend to know fewer words
than children amplified early (e.g., Ching et al. 2013). However,
children with more severe degrees of hearing loss (who are often
earlier identified) also struggle more to learn new words than do
children with milder hearing loss (e.g., Tomblin et al. 2015). Thus,
achild’s type of device, current age, and age at amplification must
all be considered to determine how an auditory profile might be
influencing vocabulary acquisition.

Children who are DHH and listening through devices also
demonstrate difficulties with working memory outcomes, par-
ticularly phonological working memory. For example, Davidson,
Geers, Hale et al. (2019) evaluated the working memory of
children with cochlear implants as compared to CTH and found
that children with cochlear implants had a lower performance,
particularly for phonological working memory. Similarly, Nakeva
von Mentzer et al. (2020) documented that children using hearing
aids and children with cochlear implants performed more poorly
than CTH on a working memory task, even following phonics
training. Working memory also influences word learning, and
consequently, vocabulary size and composition. In CTH, working
memory predicts word learning above and beyond expressive
vocabulary size and nonverbal intelligence, likely because phono-
logical memory influences retention of new words (Gray et al.
2022). Children who are DHH may be doubly disadvantaged: as
early as Pisoni and Geers 2000 identified correlations between
working memory and spoken word recognition in children
with cochlear implants. More recently, AuBuchon et al. (2015)
confirmed that deficits in working memory for children with
cochlear implants are not due to audibility and instead likely
related to lower efficiency creating and sustaining phonological
representations. Children who are DHH may be doubly disadvan-
taged: McCreery et al. (2019) determined that working memory
performance of children who were DHH influenced speech recog-
nition in noise and reverberation. If children who are DHH are
likely to struggle with working memory, they may consequently
have difficulty with speech recognition as a necessary first step in
learning and then also with retaining new words.
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Additionally, the existing vocabulary knowledge of an individual
likely influences ability to recognize and retain words (e.g., Gray
et al. 2022). CTH who have a large vocabulary tend to learn
words more quickly than children with a smaller vocabulary,
and scholars speculate that this relationship is not unidirectional:
having a larger vocabulary may make it easier to learn and
organize new words (Adlof and Patten 2017), and children who
are skilled word learners are likely to have larger vocabularies
than children who are not (Rajan et al. 2019). Lederberg et al.
(2000) documented that word learning in children who are DHH
is related to vocabulary size. Thus, there are many possible and
interrelated child-level factors that influence how many and what
vocabulary words children who are DHH know. Children may
have imperfect access to a new word form through their device,
have limited experience learning from audition and may struggle
with phonological memory. These factors may influence a child’s
vocabulary size, which then goes on to influence which new
words a child learns.

1.2 | Influence of Lexical Characteristics on
Vocabulary in DHH Children

In CTH, research has explored how lexical characteristics of
words themselves, such as phonotactic probability and neighbor-
hood density, also contribute to child vocabulary knowledge and
provide insight into word-learning processes of those children.
Phonotactic probability refers to the likelihood that a set of sounds
will occur in a particular language. In English, for example, the
word car has high phonotactic probability because the sounds in
that word are likely to occur, in that order, in English words. The
word merge, on the other hand, has low phonotactic probability
(Storkel 2013). Neighborhood density refers to how much a word
is like other words in a language; that is, a high-neighborhood
density word is one where one phoneme can be changed to
make many other words. For example, the word cat is high-
density and a neighbor of bat, sat, cot, cap, cash, and many others.
The word orange is low density—you cannot create another
English word by changing only one phoneme. These two types of
lexical characteristics tend to be positively correlated: it is likely
that high-density words are also high-phonotactic probability.
However, it is possible to have words that are high-probability and
low density, or low probability and high density.

Phonotactic probability and neighborhood density appear to
influence word learning and word retention in children. Phono-
tactic probability supports the process of triggering. Triggering is
an early stage of word learning wherein a child must recognize
that a word is novel and needs to be attached to a referent (i.e.,
learned; Storkel et al. 2006). Rare sequence (low probability)
words trigger rapid word learning more easily than common-
sequence words in adults and in children (Hoover et al. 2010;
Storkel et al. 2006). Neighborhood density, on the other hand,
is thought to support the word learning stages of configuration
and engagement. Configuration involves building a phonological,
lexical and semantic representation of a word and engagement
involves integration of that word into one’s lexicon (Leach and
Samuel 2007). Words that are high density appear easier to retain
when phonotactic probability is held constant (Storkel and Lee
2011); that is, it is easier to retain new words that sound like
words that already exist in the lexicon. When the two lexical

characteristics are considered together, it seems children are best
situated to learn new words when characteristics are matched:
words with low phonotactic probability and low neighborhood
density trigger learning and words with high probability and high
density help with configuration and engagement (Hoover et al.
2010). Age also appears to influence the effects of phonotactic
probability and neighborhood density on word knowledge in
CTH (e.g., Jones 2019). Jones (2019) found that children’s word
productions were more accurate for high density words for
children in the older end of the tested age range (near 4 years old),
but not for the lower end of the age range (1 year old).

The influence of lexical characteristics of words on vocabulary
composition of children who are DHH is less well understood.
Children who are DHH are more likely to recognize words with
low neighborhood density than words with high neighborhood
density during speech perception tasks, whereas CTH appear to
take advantage of high-density cues in recognition tasks (Dirks
et al. 2001; Eisenberg et al. 2002; Kirk et al. 1995). Retrospec-
tive analyses of the vocabulary of DHH children confirm the
influence of high neighborhood density on vocabulary knowledge
of children who are DHH but cannot differentiate the effects
of neighborhood density and phonotactic probability as they
varied freely in target words assessed (Guo et al. 2015; Han et al.
2015). Lund (2019) built on this finding by using a vocabulary
probe to distinguish the effects of phonotactic probability versus
neighborhood density on the vocabulary knowledge of children
with cochlear implants at one time point in a group of children
between the ages of 6 and 8 years. Findings indicated that
children with cochlear implants tended to know words with
matched characteristics, similar to CTH (e.g., high density/high
probability). However, children with cochlear implants tended
to know more high density than low density words, whereas
age matched CTH peers tended to know more low than high
density words. Patterns of word knowledge for children with
cochlear implants more closely mirrored younger CTH, matched
for overall vocabulary size, in the study.

The limited work addressing the effects of lexical characteristics
on word knowledge of children who are DHH presents oppor-
tunities to better delineate interactions between development
over time, child-level characteristics, particularly audiological
profiles, and lexical characteristics on vocabulary knowledge
outcomes. Understanding which children who are DHH are likely
to learn different words from CTH provides a basis for developing
hypotheses about why learning might look different in this
population. The purpose of the present study is to extend the Lund
(2019) findings to evaluate how use of a hearing aid or cochlear
implant, length of device use, age, phonological memory, and
overall vocabulary interact with the lexical characteristics of
words known by children who are DHH and CTH. Additionally,
this study seeks to extend findings to a younger age group: the
Lund (2019) sample was between the ages of 6 and 8, so a next
logical step in this line of inquiry is to determine how differences
emerge in a younger age range. The following research questions
guided this study:

a. Do trajectories of growth in vocabulary knowledge from
ages 4 to 6 differ for children who wear cochlear implants,
children who wear hearing aids, and CTH differ when lexical
characteristics are accounted for?
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b. Is there an effect of lexical characteristics (neighborhood
density and phonotactic probability) on word knowledge and
does that effect vary for children with cochlear implants,
children with hearing aids, and CTH?

c. Do length of device use, phonological memory, or vocabulary
knowledge at age 4 predict word knowledge outcomes for
varying lexical characteristics at age 6 for children with
cochlear implants, with hearing aids, and CTH?

2 | Method

The University of South Carolina (Institutional Review Board
of record) and Texas Christian University Institutional Review
Boards approved procedures for this study. Participants were
part of the longitudinal study of a national sample of children
who are DHH (NIH/NIDCD R01DC017173 to Werfel and Lund).
Children with typical hearing, children who wear hearing aids,
and children who wear cochlear implants and are developing
spoken language were invited to participate in the study.

Within the longitudinal study, children were tested at 4 years old
and then at subsequent 6-month intervals until age 6. Children
were invited to participate if they were developing spoken lan-
guage as a mode of communication; consequently, this study did
not include children who were only using a signed language (e.g.,
American Sign Language). Children could not have additional
diagnosed disabilities that typically affect cognitive or language
development at the time of enrollment (e.g., Down syndrome).

The present study included a total of 123 children: 47 children
with typical hearing (TH) and 75 children who are DHH. Of those
children who are DHH, 39 wore hearing aids (HA) and 36 wore
cochlear implants (CI). Children completed the experimental
probe task that provided information about word knowledge at
age 4 and again at age 6, however, not all children completed all
time points. For the group with TH, 39 children completed the
task at age 4 and 45 completed the task at age 6 (one completed
only age 4 and seven completed only age 6). For the group with
HA, 30 children completed the task at age 4 and 34 completed the
task at age 6 (six completed only age 4 and eight completed only
age 6). For children with CI, 32 children completed the task at age
4 and 31 completed the task at age 6 (six completed only age 4 and
five completed only age 6).

A description of years of maternal education (used as a proxy
for socioeconomic status and known to influence vocabulary
size; e.g., Harding et al. 2015) and ratio of males to females (sex
assigned at birth) can be found in Table 1. The are proportion-
ately fewer females in the group of children with HA at both
time points, and at both time points, maternal education level
reported for the children with HA is significantly lower than
for children with TH (p = 0.02) but not children with CI (p =
0.13). However, years of maternal education is reported as years
post-Kindergarten, and 16 years of maternal education represents
the equivalent of an undergraduate post-secondary degree. The
average parent education level of all three groups is at least that
of a college graduate. Parents were asked to disclose the race
and ethnicity of their children if they felt comfortable doing so
and they could indicate more than one racial background. In
the CI group, 1 child was identified as Hispanic/Latino (and 2

preferred not to disclose ethnicity), 2 as Asian, 1 as Black/African
American, and 37 as White. In the HA group, 5 children were
identified as Hispanic/Latino (2 did not disclose), 4 as Asian, 1
as Native Hawaiian/Pacific Islander, 2 Black, and 30 White. In
the TH group, 5 children were identified as Hispanic (1 did not
disclose), 1 as Asian, 4 as Black, and 42 as White.

Table 1 also presents auditory characteristics of the DHH children.
Children with CI had a hearing loss identified significantly earlier
than children with HA (p < 0.001), consistent with prior literature
(Walker et al. 2017). Children in the CI group also tended to have
more severe degrees of hearing loss than children with HA and
were fitted HA earlier than the children who wore HA but not
CI. When time spent listening, defined as time post-hearing aid
for the HA group and time post-cochlear implant for the CI group
are compared, there is no significant difference between groups
(CI M at age 6 = 50.28 months, SD =14.29; HA M at age 6 = 52.22,
SD = 16.24).

2.1 | Measures

In the ELLA longitudinal study, children participated in a variety
of language and literacy assessments. Testing took place all
over the United States in a location convenient to participants;
testers traveled to assess participants. Participants’ states included
Alabama, Arizona, Arkansas, California, Colorado, Connecticut,
Florida, Georgia, Idaho, Illinois, Iowa, Kansas, Kentucky, Maine,
Maryland, Massachusetts, Michigan, Mississippi, Missouri, Mon-
tana, New Jersey, New York, North Carolina, North Dakota, Okla-
homa, Pennsylvania, South Carolina, Tennessee, Texas, Utah,
Vermont, Virginia, and Washington. At age 4, approximately one-
third of each group (TH, CIL. and HA) lived in an area eligible for
a rural health grant (Lund et al. 2022). They were assessed by a
trained examiner in a quiet room, either in university laboratory,
local public library, their school, or a quiet room in their home.
Examiners were certified speech-language pathologists, who
verified that listening devices were working at the onset of the
session. All sessions were video recorded to ensure procedural
fidelity of administration and to calculate scoring reliability.

2.1.1 | Phonological Memory

Phonological memory at age 4 was assessed using adaptations
of Gathercole and Adam’s (1993) Nonword Repetition and Digit
Span tasks, as reported in Werfel et al. (2023). The Nonword
Repetition task asks a child to repeat 15 non-words. Words have
one, two, or three syllables each, and must be repeated correctly in
their entirety to be scored as correct. The Digit Span task requires
achild to repeat strings of digits. Starting with two digits, a child is
asked to repeat two strings of digits of increasing lengths. Testing
is discontinued when a child cannot repeat two strings of digits of
a particular length.

2.1.2 | Overall Vocabulary Knowledge

To assess omnibus vocabulary knowledge at age 4, a norm-
referenced measure, Expressive One Word Picture Vocabulary Test,
Fourth Edition (EOWPVT-4; Martin and Brownell 2011), was
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administered. On this measure, participants view a color picture
representing a particular vocabulary target and they are asked to
respond with a word naming that target. The measure includes
practice items, and the assessment was administered according
to manualized rules about repetition and prompting and scored
according to the manual.

2.1.3 | Lexical Characteristics Probe

At ages 4 and 6 years old, children participated in the probe task
developed for Lund (2019). The vocabulary probe included 40
words divided across four categories: high neighborhood density
and high phonotactic probability, low neighborhood density and
low phonotactic probability, high neighborhood density and low
phonotactic probability, and low neighborhood density and high
phonotactic probability. High- and low-neighborhood density
and phonotactic probability were defined as words that fall in the
highest and lowest quartiles of a child corpus (Storkel and Hoover
2010). The 40 words on the final probe had an age of acquisition
rating of less than 7 years old (Kuperman et al. 2012), and age
of acquisition did not differ across lists (list means ranged from
5.08 and 5.36 years). Children were shown a picture (validated
in Lund 2019) representing each of the words and, as in the
EOWPVT-4, asked to identify those words. If the child produced
a response that was close to the target (e.g., noise for loud), the
child was re-prompted with “yes,” but can you think of another
words for this picture?). Responses were phonetically transcribed
and marked as correct or incorrect. Children were not penalized
for articulation errors consistent with errors made during other
articulation testing (e.g., wabbit for rabbit).

All scores and score entry were verified by a second scorer (an
SLP masters student trained by the first author). The second
scorer’s data were compared with the original examiner’s score
to compute point-by-point reliability. Point-by-point agreement
was above 95%, so the original scorer’s responses were used for
all analyses.

2.2 | Analysis

To answer the first and second research question, linear mixed
growth curve models were used to analyze change between ages
4 and 6, and to capture the effects of device use (CI, HA, or TH)
and lexical characteristics (high vs. low neighborhood density,
and high vs. low phonotactic probability) on that growth. Missing
data was estimated using full information maximum likelihood
(providing unbiased estimation consistent with common miss-
ingness management). Time was centered at age 4 and individual
intercepts were treated as random effects. The effects of time,
group membership and neighborhood density and phonotactic
probability were treated as fixed effects. Group was coded as
a dummy variable, with the TH group used as the reference
group. Neighborhood density and phonotactic probability were
also coded dichotomously, with high-quartile values represented
as “1” and low-quartile values as “0.” Beyond main effects present
in the model, specific interaction analyses were planned. To
answer the first research question, interactions between device
type and age were conducted. To answer the second question,

interactions between density, probability, and device type were
conducted.

To answer the third research question, four regression models
were built for each of the three groups: CI, HA, and TH. For
all groups, the dependent variable for each of the four models
was one of the lexical characteristic outcomes from age 6 testing
(high density-high probability, low density-low probability, low
density-high probability, or high density-low probability word
knowledge). Predictors for models included time with listening
device (except for in models for TH), Digit Span task performance,
Nonword Repetition task performance, and EOWPVT-4 standard
score. All assessment scores used as predictors were age 4 scores.

Because the regressions within each group used the same predic-
tors for different dependent variables (separated item responses
for each of the four categories of lexical characteristics), a
Bonferroni correction was applied to account for the comparisons
run across four models. Consistent with recommendations for
comparisons across models, within the single regression, predic-
tors were not considered as four separate comparisons (which
would be 16 within each group) because the predictors are tested
simultaneously in the same model and consider shared variance
(e.g., Anderson 2023). The cut-off level for significant findings
was adjusted to p < 0.0125 (which is 0.05 divided by four models
within each population group).

3 | Results

The first research question asked about vocabulary knowledge
differences in growth across children with CI, HA, and TH,
and the second question asked about the effects of lexical
characteristics on word knowledge of children across device
types. Linear mixed growth models yielded a variance of residuals
within subjects across time (at the first level of the model)
estimated at 1.41 (p < 0.001) and variance of residuals between
subjects (at the second level of the model) was estimated at 1.24
(p < 0.001). The results of the full model (presented in Table 2)
indicate a significant main effect of age (8 = 0.74, p < 0.001), of
neighborhood density (8 = -2.25, p < 0.001), and of phonotactic
probability (8 = -1.47, p < 0.001). Additionally, both the CI versus
TH and HA versus CI contrast terms were significant (8 = -1.98,
p <0.001 and B = -1.49, p < 0.001).

The first question considered vocabulary knowledge levels and
growth across groups. Figure 1 illustrates the influence of device
type on performance over time according to lexical characteristics
of words probed. The intercept term in the model indicates that
the expected average performance for all participants, across all
lexical categories at age 4 is 6.41 words, and children grow, on
average, by 1.13 words per year. Children with HA and with CI
knew fewer words than children with TH as indicated by the
main effect of device type and negative coefficient. Additionally,
the CI (referenced to TH) by age term was significant, as was
the HA (referenced to TH) by age interaction term. These
positive, significant interactions indicate that children with CIs
and children with HAs grow in word knowledge at a faster
rate between ages 4 and 6 than children with TH when lexical
characteristics are controlled.
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TABLE 2 | Linear mixed growth model parameters.

95% Confidence Interval

Parameter Estimate t LL UL p
Intercept 6.34 30.43 593 6.75 <0.001
Age 0.74 10.77 0.61 0.88 <0.001
Device type

Cochlear implant® -1.98 —6.72 —2.56 —-1.40 <0.001

Hearing aid® -1.49 —5.07 —2.08 -0.91 <0.001
Device type X Age

Cochlear implant x 0.42 3.94 0.21 0.63 <0.001

Age

Hearing aid x Age 0.46 4.25 0.25 0.67 <0.001
Neighborhood density -2.25 —19.06 —2.48 -2.02 <0.001
Phonotactic probability —1.47 —12.48 -1.70 -1.24 <0.001
Density X Probability 2.68 13.09 2.28 3.08 <0.001
Device type X Density X
Probability

Cochlear implant® x 0.26 111 2.7 -0.20 0.27

Density X Probability

Hearing aid* X Density 0.07 0.31 0.76 —-0.38 0.53

X Probability

4Dummy-coded reference group is a typical hearing group.
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FIGURE 1 | Knowledge of words according to lexical characteristics by amplification group.
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The second question asked about the effects of neighborhood den-
sity and phonotactic probability on word knowledge, and whether
the effect varies for children by device type. The significant main
effects of neighborhood density and of phonotactic probability
and their negative coefficients indicate that children tend to know
more low density words (when probability and device type are
controlled) and low probability words (when density and device
type are controlled). Additionally, the significant interaction
effect with a positive coefficient indicates that children tend to
know matched density and probability types (e.g., high density
and high probability) rather than unmatched types (e.g., high
density and low probability). However, an evaluation of contrast
interactions of density, probability and the device types did not
indicate significant effects (p = 0.27 for children with CI and
p = 0.53 for children with HA). Thus, children with CI and
children with HA do not appear to learn words with differing
lexical characteristics than children with TH over time.

The third question asked if length of device use, omnibus
vocabulary knowledge or phonological memory predict word
knowledge outcomes across the different combinations of lexical
characteristics for the three groups. To answer this question,
regression models were constructed for each group with those
predictors (length of device use at age 6 in months, EOWPVT-
4 standard score at age 4, Digit Span performance at age 4, and
Nonword Repetition performance at age 4). A descriptive evalu-
ation and comparison of the assessments included as predictors
in a one-way analysis of variance reveals that groups significantly
differed in performance. For Digit Span, completed at age 4 by 91
participants (38 with TH, 26 with CI, 27 with HA; F(2, 90) = 3.42,
p = 0.037)), children with CI performed significantly lower than
children with TH (p = 0.034) but not children with HA (p = 0.771)
and children with HA did not perform differently than children
with TH (p = 0.518). For Nonword Repetition, completed at age
4 by 89 participants (37 with TH, 26 with CI, 26 with HA; F(2,
88) = 13.99, p < 0.001)), children with CI and children with HA
performed more poorly than children with TH (p < 0.001 for both
comparisons) but did not perform differently from each other (p
=1.00). A correlation was run to evaluate the strength of relation
between the two phonological memory measures and indicated a
correlation of 0.66 (p < 0.01), but the strength of the correlation
did not indicate that the two variables were equivalent. For
EOWPVT-4 scores, completed at age 4 by 117 participants (47 with
TH, 34 with CI, and 36 with TH; F(2, 116) = 11.523, p < 0.001),
children with CI and children with HA performed lower than
children with TH (p < 0.001 and p = 0.002, respectively) but did
not perform differently from each other (p =1.00).

Results of the regression models are displayed in Table 3.

In models predicting performance on low density- low probability
words, the only significant predictor was EOWPVT-4 for children
with HA and children with TH, and none of the predictors were
significant for children with CI. In models predicting perfor-
mance on high density—high probability words, no predictors
were significant across groups. For low density—high probability
words, none of the predictors were significant for children
with HA or TH, and the EOWPVT-4 predicted performance for
children with CI. For high density—low probability words, none
of the predictors were significant for children across groups.

4 | Discussion

The overall purpose of the present study was to evaluate how
auditory device, age, time listening with a device, phonological
memory and omnibus vocabulary knowledge interact with the
lexical characteristics of neighborhood density and phonotactic
probability to influence of vocabulary knowledge for children
who are DHH. Broadly, and consistent with prior literature (Lund
2016; Yoshinaga-Itano et al. 2017; Walker et al. 2019), children with
CI and with HA knew fewer words than CTH. Additionally, both
phonotactic probability and neighborhood density influenced
which words children were likely to know at ages 4 and 6;
however, phonotactic probability and neighborhood density did
not differentially influence children who were DHH as compared
to CTH. These findings extend prior findings related to the
influence of lexical characteristics on word knowledge in DHH
children to the 4- to 6-year-age range.

The first research question addressed whether level of vocabulary
knowledge and growth trajectories differed for children by device
type, controlling for the effects of lexical characteristics on words.
Analysis revealed a main effect of device type on knowledge: both
children with CI and children with HA knew fewer words than
children with TH across lexical categories after controlling for
the effects of age. Additionally, the significant interaction effect
between age and device type indicated that children who are
DHH were growing in vocabulary knowledge faster than their
peers with TH, who served as a reference in those effects. A faster
growth rate for children who are DHH may indicate that children
are beginning to close gaps in word knowledge between ages 4
and 6. However, the overall main effect and primarily medium-
to-large effect sizes (overall effect size difference between CI
and TH groups of 0.81 and between HA and TH groups of
0.48 at age 6) would indicate that, by age 6, children who are
DHH and using HA and CI still know, on average, fewer words
than peers with TH. This finding is consistent with prior work
identifying gaps in vocabulary knowledge between children who
are DHH and their peers with TH at school entry (e.g., Lund
2016; Werfel et al. 2022). That vocabulary growth is rapid in the
preschool/early elementary school years between ages 4 and 6
is promising, and future work should explore the influences of
academic instruction on that growth beyond age 6.

The second research question asked whether there is an effect of
the lexical characteristic probability on vocabulary knowledge,
and whether those effects differ by device. The main effect of
neighborhood density indicated that children were, between ages
4 and 6, more likely to know words with low density than
high density when the effects of phonotactic probability are
controlled. The main effect of phonotactic probability similarly
indicated that children were more likely to know words with
low phonotactic probability (i.e., rare sequences of words) than
with high probability when the effects of neighborhood density
are controlled. The interaction effect between neighborhood
density and phonotactic probability matched the findings from
Lund (2019): children were more likely to know words with
matched density and probability than with mismatched density
and probability. In other words, children were more likely to
know low density, low probability words than low density, high
probability words.
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TABLE 3 | Results of regression models for each amplification group according to lexical characteristics.

Lexical Standard
Group characteristic Parameter Estimate error t P
Cochlear implant Low density-low Intercept 4.436 2.685 1.652 0.127
probability
Time with device in 0.008 0.015 0.524 0.61
months
Digit span —0.333 0.362 —-0.921 0.377
Nonword repetition 0.202 0.13 1.554 0.148
EOWPVT-4 0.023 0.026 0.901 0.387
High density-high Intercept -3.33 3.444 —0.967 0.354
probability
Time with device in —0.008 0.019 —0.437 0.67
months
Digit span 0.137 0.464 0.296 0.773
Nonword repetition 0.039 0.166 0.233 0.82
EOWPVT-4 0.089 0.033 2.71 0.02
Low density-high Intercept —12.683 4.99 —2.542 0.027
probability
Time with device in —0.012 0.028 —0.435 0.672
months
Digit span 0.457 0.672 0.679 0.511
Nonword repetition -0.241 0.241 —0.999 0.339
EOWPVT-4 0.177 0.048 3.71 0.003
High density-low Intercept —5.008 4.124 -1.214 0.25
probability
Time with device in —-0.011 0.023 —-0.47 0.647
months
Digit span 0.262 0.555 0.472 0.646
Nonword repetition —0.456 0.199 —2.287 0.043
EOWPVT-4 0.105 0.039 2.673 0.022
Hearing aid Low density-low Intercept —1.486 2.174 —0.684 0.505
probability
Time with device in —0.002 0.017 —-0.113 0.911
months
Digit span -0.11 0.208 —0.527 0.606
Nonword repetition 0.002 0.078 0.026 0.979
EOWPVT-4 0.089 0.023 3.932 0.001
High density-high Intercept 3.012 1.798 1.675 0.115
probability
Time with device in 0.018 0.014 1.264 0.226
months
Digit span 0.409 0.172 2.374 0.031
Nonword repetition 0.012 0.064 0.187 0.854
EOWPVT-4 0.006 0.019 0.312 0.759
Low density-high Intercept 2.616 3.499 0.747 0.466
probability
(Continues)
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TABLE 3 | (Continued)

Lexical Standard
Group characteristic Parameter Estimate error t P
Time with device in —0.016 0.027 —0.607 0.553
months

Digit span 0.24 0.335 0.716 0.485

Nonword repetition —0.033 0.125 —0.266 0.794

EOWPVT-4 0.036 0.036 0.988 0.339

High density-low Intercept 2.419 2.137 1132 0.275
probability

Time with device in —0.017 0.016 -1.016 0.326

months

Digit span 0.399 0.205 1.951 0.07

Nonword repetition 0.142 0.076 1.859 0.083

EOWPVT-4 0.01 0.022 0.437 0.668

Typical hearing Low density-low Intercept 4.187 1.303 3.214 0.003
probability

Digit span 0.131 0.236 0.557 0.582

Nonword repetition —0.043 0.04 -1.071 0.292

EOWPVT-4 0.033 0.012 2.693 0.011

High density-high Intercept 1.551 1.908 0.813 0.422
probability

Digit span 0.109 0.345 0.316 0.754

Nonword repetition 0.021 0.059 0.359 0.722

EOWPVT-4 0.039 0.018 2.162 0.038

Low density-high Intercept 1.826 2.275 0.803 0.428
probability

Digit span -0.227 0.412 —0.552 0.585

Nonword repetition 0.063 0.07 0.9 0.375

EOWPVT-4 0.039 0.021 1.833 0.076

High density-low Intercept 2.643 1.882 1.404 0.17
probability

Digit span 0.041 0.341 0.121 0.905

Nonword repetition —-0.015 0.058 —0.258 0.798

EOWPVT-4 0.02 0.018 1.149 0.259

The effects of density and probability in this study did not differ by
device type; that is, children who are DHH did not know different
patterns of words, based on lexical characteristics, than CTH.
However, this may be related to the age ranges studied in the
present work. The Lund (2019) study evaluated word knowledge
for children between the ages of six and eight years old, and
children with CI were more likely to know words with low
neighborhood density than high neighborhood density, whereas
CTH were more likely to know words with high, rather than
low density. That study included a vocabulary-matched, younger,
group of CTH, who also tended to know more low-density
words (like children with CI). The present study evaluated the
knowledge of children at ages 4 and 6, and all groups of children
were more likely to know low density rather than high density
words. Thus, these results may not be contradictory; rather, they

may indicate that CTH take advantage of high-density cues to
increase high-density word knowledge after age 6 in a way that
children with CI (and possibly hearing aids) do not after age 6.

Recall that phonotactic probability and neighborhood density are
thought to support word learning in different ways. Phonotactic
probability likely supports triggering of word learning; that is,
low probability words help children to recognize that a word
is different and needs to be acquired. In the present study,
that children tend to know more words with low phonotactic
probability may indicate that they take advantage of this cue. That
the interaction effect indicates that children also tend to know
more words with matched lexical characteristics also suggests
that low-probability, low-density words are most likely to be
known (as is the case, see Figure 1). This is consistent with
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prior work (Lund 2019; Hoover et al. 2010) that these words
may be the easiest to acquire. Neighborhood density, on the
other hand, is likely to support configuration and engagement
of new words. That is, it may be easier to learn a word that
sounds like lots of words that a child already knows because
the sequence of phonemes in the word is already close to words
stored in phonological memory (and thus, are easy to access). It
is possible that children begin to take advantage of density cues
more as they age. Additionally, as children build their overall
vocabularies as they age, it is also possible that they are better
able to build dense networks: if children have more words in their
lexicon, high density words may have more neighbors to continue
supporting engagement and configuration during word learning.
Future work should continue to explore whether differences in
ability to access the support of high neighborhood density in
learning might change, according to device type, after age 6.

The third research question, then, asked whether length of device
use, phonological memory, and omnibus vocabulary knowledge
predicted word knowledge across the different combinations of
lexical characteristics according to device type. For low density,
low probability words, none of these predictors were significant
for the word knowledge of children with CI. However, for
children with HA and children with TH, overall knowledge as
measured by the EOWPVT test at age 4 influenced words known
at age 6. For high density, high probability words and high
density, low probability words, no predictors were significant
across groups. For low density, high probability words, EOWPVT
score was a significant predictor for children with CI, but not for
children with HA or children with TH.

Vocabulary knowledge, as indexed by score on the EOWPVT at
age 4, was the only factor predicted word knowledge across lexical
categories at age 6, predicting one set of lexical characteristics
for children with CI, and another for children with TH and
HA. At the level of vocabulary acquisition, omnibus existing
vocabulary knowledge likely contributes to multiple parts of
the word learning process. During the triggering stage, existing
vocabulary knowledge must (subconsciously) be compared to the
word to be learned; the new word can only be recognized as
novel relative to words that are already in the lexicon. During the
configuration stage, existing vocabulary knowledge can support
retention of new words, as words that sound like known words
may be easier to hold in memory. During the engagement stage,
existing vocabulary knowledge can be used to integrate the new
word into an existing lexical-semantic network for efficient,
later retrieval. For children with TH and with HA, none of
the other factors explored significantly predicted knowledge,
and vocabulary size only predicted knowledge of matched low-
density, low probability words. It is possible that, for children
with TH and HA (in the case of low density, low probability
words), existing vocabulary knowledge has the most influence
on learning in lexical conditions ideal for learning new words
(Hoover et al. 2010). For children with CI, general vocabulary
size predicted learning in low density, high probability words
(unmatched probabilities). Thus, children with CI may be relying
on lexical characteristics in a different way than children with TH
or HA.

This study included two measures of phonological memory:
the Digit Span and Nonword Repetition tasks. Both measures

are thought to measure short-term phonological memory (Gray
2003). Digit span tasks, theoretically, allow children to rely on
their knowledge of number names to complete the task (and thus,
tap already-established lexical knowledge; Gathercole et al. 1997).
Nonword repetition does not directly rely on already-established
knowledge of particular words; however, it may also interact with
lexical knowledge because nonwords that resemble words in a
child’s lexicon are easier to repeat (e.g., Dollaghan et al. 1995).
In the present study, the tasks were analyzed separately because
their correlation, though significant, was 0.66, indicating the two
variables may have different predictive values. Both have been
used in prior studies of children with language disorders and with
diagnoses like hearing loss (e.g., Werfel et al. 2023). None of these
measures were significant predictors of performance across word

types.

Interestingly, time listening was not a significant factor predicting
words known by either children with HA or children with CI.
Although time listening, or “listening age” has been examined in
the literature as a predictor of outcomes (e.g., Davidson, Geers,
Uchanski et al. 2019), it does not appear to have substantial
impact above and beyond other important predictors in this study.
As demonstrated in Table 1, children generally received their
listening devices (hearing aids or cochlear implants) prior to age
3. Even though previous work has demonstrated an effect of age
at implant or age at hearing aid fitting, it is possible that the
influence of those variables (as part of experience with listening)
have diminishing returns: that is, after a certain point, a 6 month
difference in listening experience is less influential in vocabulary
outcomes than other variables, particularly if children received
access to sound at a relatively young age.

Children with CIs, then, may have different underlying skills
that are interacting with the lexical characteristics of words
to produce word knowledge. Omnibus vocabulary knowledge
appears to be the strongest predictor of vocabulary outcomes
for children with Cis, but for different types of words than for
children with HA and TH. It is possible that this contributes to
our understanding of how children with different devices may
process words differently. Nittrouer et al. (2022) have suggested
that children with CIs have poorer sensitivity to the phonological
structure of language than CTH and that they may approach
processing of words more holistically or based on lexicosemantic
(vocabulary) knowledge than children with typical hearing. The
2022 study did not include children with HA, but for children
with CI, it would make sense that in the present study, existing
vocabulary knowledge influenced the words children knew,
rather than phonological memory. Differences in processing and
later learning in children with CI and HA must be further
explored.

Overall, there appears to be an effect of hearing loss and device
use on learning of words with varying lexical characteristics:
both children with CIs and with HAs did not know as many
words as CTH. The third research question from this study
leads to a next question: Is it possible that children with CI
and children with HA fall behind their typical peers for dif-
ferent reasons? Both may have delayed knowledge, but their
strategies for acquiring new words, if different, may set up
children listening acoustically versus electronically for different
outcomes.
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4.1 | Limitations and Future Directions

Limitations of the work provide avenues for future directions.
First, this study evaluated the influence lexical characteristics on
word knowledge. However, much of the literature that predicts
lexical characteristic influence focuses on the process of word
learning, rather than on a more distal outcome. A logical next
step in this line of inquiry is to study how lexical characteristics
influence learning novel words for DHH children, particularly in
ecologically valid scenarios. Word-learning work would provide
additional basis for future recommendations for learning for
children who listen through HA or CIL

The role of existing expressive vocabulary knowledge and of
phonological memory in word knowledge were observed, but
these roles must further explored with particular emphasis on
how the predictors may relate to incremental versus whole-word
processing and how that process influences the word-learning
process. From a clinical perspective: if these predictors are likely
to tell us which words kids are likely to know, then a next
step is to ask if there are ways to supplement or overcome a
child’s particular struggle. For example, if a child struggles with
phonological memory, is there a way to supplement that memory
to lead to word retention?

The present study was also limited in the age range it explored.
Future work may consider tracing children beyond age 6, partic-
ularly given some of the contradictory results in patterns of words
known between children in this study and in the Lund (2019)
study. It is possible that patterns of learning shift with age, and
that this shift was not captured in the age range selected for this
study.

Finally, this study looked only at specific, single-word knowledge
outcomes. To extend the contributions of the work, another
logical next step is to evaluate how knowing specific types of
words (e.g., high density words) is likely to influence other
linguistic outcomes. The relation between word knowledge and
other linguistic activities is clearly bi-directional. It is possible
that as children build more dense networks of words, for example,
that they also become better at manipulating those words at the
phoneme level (which is influential in the development of later
skills like reading). Future works can build on this model to better
indicate how hearing loss and listening through a device is likely
to influence word learning, which is then likely to influence other
outcomes as well.
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