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Abstract

Objectives: To determine whether relative delays among domains exist in the conversational use 

of vocabulary, syntax and morphology by children with cochlear implants (CIs) and whether these 

were differentially affected by age of implantation (AOI) and the audibility of speech.

Methods: Participants in this short-term longitudinal study were 126 children with AOI 6–38 

months and a matched group of 30 children without hearing loss. Language samples of the same 

children at ages 3.5 and 4.5 were analyzed for breadth of vocabulary and bound morphemes used, 

and sentence length.

Results: At both test ages, expressive language domains were delayed equally. Higher 

performance across domains was independently associated with younger AOI and better pre-

implant aided thresholds. No domain was affected differently by very early implantation, but 

bound morpheme breadth was associated with better CI-aided thresholds. Between 63%−78% of 

children with 6–11 months AOI scored close to hearing age-mates by 4.5, a level achieved by 

fewer than 25% of those with AOI of 19–24 months or later ages.

Discussion: Previous studies indicated greater language delays in the areas of morphology and 

syntax than vocabulary, with the earliest ages of implantation conferring the greatest benefit to 

those domains. The current design addressed inconsistency across studies in modes of 

communication used, presence/absence of other disabilities, and differences in language domains 

chosen as outcome measures.

Conclusions: Linguistic domains benefitted equally from early implantation, regardless of 

duration of auditory stimulation. Better pre-CI aided hearing often compensated for later AOI. 

Bound morpheme use benefitted from better CI-aided thresholds.
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The surgical placement of one or more cochlear implants (CIs) in a young child with severe-

profound hearing loss has now become a widespread practice in many countries. Early 

access to this higher-quality auditory input usually provides very significant benefit, though 

variability in outcomes across children remains. Further, while most children with CIs make 

good progress over time in language, it’s unclear whether this development occurs in a 

uniform fashion across different linguistic domains or whether sub-optimal auditory input 

affects some domains more than others. In this study, we investigate whether measures of 

expressive vocabulary, morphology, and syntax show relative strengths and weaknesses in 

children using CIs compared to their age-mates without hearing loss. We explore the 

interplay between surgery age, duration of use, audibility of input, and whether these 

variables affect development of specific language domains.

Development of linguistic domains in different populations

Normally-hearing, typically-developing children.

An extensive literature exists showing that in typically-developing children there is a very 

strong and stable association between the lexical and morpho-syntactic domains of language 

in early development. Bates, Dale, and Thal (1995) reviewed data from the norming study of 

the MacArthur Communicative Development Inventories (Fenson et al., 1993) involving 

more than 1,800 children. These data consistently showed close lexical-grammatical 

correspondence in the developmentally-important period between 16–30 months of age. 

This finding was supported by Dale, Dionne, Eley, and Plomin (2000) who used behavioral 

genetic techniques to examine evidence for asynchronies in development among domains in 

2,898 pairs of typically-developing 2-year-olds. They conclude: “there is little evidence 

either genetically or phenotypically for a dissociation between vocabulary and grammar 

within language”. This relationship is also found in studies of other languages (Mariscal & 

Gallego, 2012) and of lexically-precocious toddlers (McGregor, Sheng, & Smith, 2005). 

Tomblin and Zhang (2006) approached the same question by administering comprehensive 

language test batteries to children (longitudinally) at kindergarten, second, fourth, and eighth 

grades. Participants included both typically-developing children with a wide range of skill 

levels and children with a diagnosis of language disorder. When individual items from all 

tests were subjected to a form of exploratory factor analysis the results indicated that a 

single-dimension (domain) model fit the data equally well as a 2-dimensional model in the 

younger grades, with the 2-dimensional model (vocabulary-sentences) fitting data better 

only at the eighth grade test point. Thus, the authors conclude “there is good evidence that 

these are not independent traits and that the correlation between these aspects of language is 

high” (p. 1206), suggesting that at least in early childhood the domains develop in tandem.
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Children using CIs.

Examination of developmental patterns among domains in children with CIs is important for 

both theoretical and practical reasons. Determining whether they mirror those of normally-

hearing children or are fundamentally different will inform our understanding of the effects 

of auditory deprivation and subsequent late exposure to spoken language input. From a 

practical point of view, advance knowledge of relative differences in domain outcomes and 

the underlying skills supporting them can be helpful in guiding assessments and planning 

intervention in clinical and educational settings (Houston, Stewart, Moberly, Hollich, & 

Miyamoto, 2012).

Within the literature on language-learning by deaf children, the findings regarding relative 

domain strengths and weaknesses have been decidedly mixed, perhaps due to 

methodological issues. For example, some studies do not clearly separate receptive and 

expressive modalities when making domain comparisons. Both Duchesne, Sutton, and 

Bergeron (2009) and Schorr, Roth, and Fox (2008) report no significant differences in 

linguistic domains of children with CIs, but in each of these expressive vocabulary appears 

to be compared with a measure of receptive morpho-syntax or a combination of expressive 

and receptive.

One approach to comparing expressive domains uses different standardized tests and scores 

are compared to either a matched normally-hearing (NH) comparison group or to test norms 

(Boons et al., 2013; Caselli, Rinaldi, Varuzza, Giuliani, & Burdo, 2012; Geers, Moog, 

Biedenstein, Brenner, & Hayes, 2009; Szagun, 2001). These studies generally find that a 

larger percentage of children score ‘within normal limits’ (at least 1 SD below the mean or 
better) on expressive vocabulary than on expressive morphology or syntax but have the 

limitation that the tests used are based on different normative samples and statistical 

comparisons across domains were not made. Using language quotients, Boons et al. (2013) 

made direct comparisons among domains and found no significant differences. A second 

approach is to use a comprehensive language test and make comparisons among domain 

sub-scale scores, which allows for comparisons involving the same normative sample. Using 

this method, Spencer (2004) found no domain differences on expressive vocabulary, 

morphology, and syntax as measured on the CELF-P (Wiig, Secord & Semel, 1992) in a 

sample of 4–8 year old children implanted between 14–38 months of age. Even with this 

approach, however, there is a limitation of comparisons in that the subtests present distinctly 

different task demands, thereby possibly introducing extraneous variability in the spoken 

language produced. Furthermore, the Spencer study included children with a simultaneous 

speech and sign communication background, which may complicate interpretations of 

delays

Ideally studies will compare linguistic domains on a single measure with no interacting task 

demands. One way to do this is to collect language samples from interactions between 

familiar conversational partners for analysis of constituent linguistic competencies. Nittrouer 

(2014) sampled conversations of 21 children using CIs compared to NH age-mates and 

expressed domain differences between CI and NH children in terms of effect sizes, which in 

turn may be compared across domains. The effect sizes for vocabulary (1.08) and syntax 

(1.12) were greater than for bound morpheme use (0.83). Without direct comparisons among 
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domains on a common metric, however, questions remain about domain competency 

congruence.

Predictors of Language Ability

Across domains, the acquisition of spoken language in severely-profoundly deaf children is 

affected by the amount and quality of auditory input provided by hearing aids or cochlear 

implants, the age at which this input is provided (i.e., sensitive period) and the duration of 

auditory input. These factors do not operate independently and the degree to which language 

domains are differentially affected by these variables is not completely understood.

Audibility of speech.

Children who receive auditory benefit from a hearing aid prior to cochlear implantation 

exhibit an advantage in early language development (Dettman et al., 2004; Nicholas & 

Geers, 2007) and word learning ability (Houston et al., 2012). After CI surgery occurs 

children differ in their ability to detect and discriminate speech sounds with the device 

(Geers, Brenner & Davidson, 2003). The ability to detect soft speech sounds is important for 

perceiving word endings (morphology) and sentences (syntax) as well as vocabulary, 

especially when language is acquired incidentally, as is often the case in infancy and early 

childhood (e.g., Davidson, Geers, & Nicholas, 2014),. Audibility through hearing aids has 

been shown to affect morphological development more than lexical development in children 

with mild-severe losses (Tomblin et al., 2015). However, the extent to which syntax and 

morphology are sensitive to differences in the audibility of speech is still an open question 

for children using CIs.

Age at cochlear implantation.

Children with CIs experience auditory deprivation during a developmental period that is 

known to be sensitive to auditory input. Therefore, a well-established predictor of language 

outcome is a child’s precise age of implantation (AOI), which is shown to affect outcomes in 

the years immediately following implantation (Bruijnzeel, Ziylan, Stegeman, Topsakal, & 

Grolman, 2016; Colletti, Mandala, Zoccante, Shannon, & Colletti, 2011; Leigh, Dettman, & 

Dowell, 2016; May-Mederake, 2012; Nicholas & Geers, 2006, 2007, 2013; Nittrouer et al. 

2014; Tobey et al., 2013). This result appears to also hold in most long-term follow-up 

studies (Castellanos et al., 2014; Geers & Nicholas, 2013; Uziel et al., 2007), though this 

conclusion is not universal (Dunn et al., 2014). In most of these studies, CI surgery below 

18–24 months of age provides a reliably better benefit than surgery after this age.

The first year of life is a particularly sensitive period for language learning (Levine et al, 

2016) and several recent reports show an additional advantage for exceptionally early 

surgery (i.e., < 12 months) on a range of outcome measures. For example, Dettman et al. 

(2016) reported results from a study of 403 children using CIs who were tested at the 

beginning and end of the primary school years. Those receiving a CI before 12 months of 

age scored significantly higher on measures of vocabulary, receptive and expressive 

language, and speech production than those implanted at 13–18 months or older (see also 

Nicholas & Geers, 2013).

Nicholas and Geers Page 4

Cochlear Implants Int. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



That very early cochlear implantation might provide special benefit for spoken language 

development is not surprising but the reasons for this are open to interpretation. Some 

attribute AOI effects to the existence of sensitive periods while others point out that children 

who receive a CI in infancy simply have a smaller language delay to overcome at the point 

of surgery. On the first point, documentation of sensitive periods for auditory input in NH 

infants is fairly abundant (Kuhl et al., 2006; Rivera-Gaxiola, Silvia-Pereyra, & Kuhl, 2005; 

Werker & Tees, 1984). These studies suggest that the brains of all infants may be 

differentially receptive to auditory input at different points in early development and their 

subsequent ability to organize that input in the efficient learning of spoken language has 

potential to be compromised (see Teoh, Pisoni, & Miyamoto, 2004). A recent review of the 

mechanisms underlying all critical/sensitive periods suggests that both maturation of 

underlying neural circuitry and sufficient sensory input are necessary for initiating the period 

onset or opening. Molecular “brakes” are being identified which serve to limit plasticity and 

maintain changes at the close of this period of special receptivity and growth (Werker and 

Hensch, 2015). These neural activities very likely influence separate, though overlapping 

and highly related language domain timelines (Harrison, Gordon & Mount, 2005; Knudsen, 

2004). Therefore the introduction of better-quality auditory input to deaf children during 

these special periods of receptivity in infancy and early childhood will be important across 

all domains in the language system. Optimal timing may be different across language 

domains or it may be that a domain such as phonology, which appears to be most sensitive 

from 6 months of fetal life through 12 months after birth, provides the foundational 

underpinning for subsequent lexical, morphological, and grammatical development to follow 

and is therefore most determining (Dettman & Dowell, 2010).

Duration of CI use.

Studies examining AOI effects must contend with the confounding fact that as the age is 

lowered, the duration of use is lengthened, given a particular test age. It is important to 

distinguish the effects of age at implantation, age at test, and duration of CI experience if 

possible and several of the studies cited above have this limitation. Spoken language has 

been shown to improve with increased CI experience on a variety of clinical measures and 

across a number of different age ranges (Geers & Nicholas, 2013; Nicholas & Geers, 2007; 

Svirsky, Teoh, & Neuburger, 2004; Tobey et al., 2013; Tomblin, Barker, Spencer, Zhang, & 

Gantz, 2005). A number of studies suggest that performance is related to years of CI 

experience rather than chronological age per se (Nicholas & Geers, 2006; Tomblin, Spencer, 

Flock, Tyler, & Gantz, 1999).

Problems inherent in comparing language progress in young deaf children using CIs include 

inconsistency across studies in modes of communication used, presence/absence of other 

disabilities, and differences in language domains chosen as outcome measures. Primarily 

because of the labor intensity involved in the analysis of language samples, most studies to 

date have not used these methods. We address the issues of interest in this study by holding 

several sources of variability constant through sample selection (communication method, 

early intervention, additional diagnoses, and AOI range) to answer our questions with 

measures derived from relatively lengthy parent-child conversations.
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Questions Addressed in the Present Study

1. Are there relative strengths and weaknesses among expressive language domains and 
are they differently sensitive to age of implantation?

Based on the limited number of studies in children using CIs to date, we predicted the delays 

would be greater in the areas of morphology and syntax and that the earliest ages of 

implantation would confer the greatest benefit to those domains.

2. Which demographic and device-related factors predict the magnitude of language 
delay present at 4.5 years of age?

Given set test ages, we will first attempt to separate the effects of AOI from duration of use 

in our analyses. We expect younger AOI will predict better language outcomes in all 

domains, even when duration of device use is similar. We expect very early placement of the 

first CI (e.g., before 12 months) to differentially reduce delays in all domains, with greater 

benefit to morpho-syntax than to vocabulary. Previous reports suggest an added advantage 

might be seen for good hearing through a hearing aid before receipt of a CI and we will 

examine that but also determine further benefit provided by differences in post-surgery 

hearing through the implant. In line with results from hearing children we expected that 

higher mother’s education level would also predict better language skill.

Methods

Study Design

This was a longitudinal study with testing of children at Age 3.5 years (± 2 months) and 

follow-up testing one year later, at Age 4.5 years (± 2 months).

Participants

Participants were 126 children with severe-profound hearing loss who used CIs and 30 

children with no hearing loss. Inclusion criteria included: severe-profound hearing loss from 

birth, first CI between ages of 6–38 months, from a primarily English-speaking home, 

listening and spoken language intervention since time of CI surgery, no conditions other than 

hearing loss known to affect communication, and no loss of CI use for more than 30 days.

Children with cochlear implants.—Child-parent pairs were recruited for participation 

from 25+ locations across North America. Letters describing the study were distributed to 

parents of children enrolled at schools for deaf children and speech-language therapy 

practices who met the inclusion criteria. A research team member then traveled to perform 

the data collection at the school or therapist’s office. Child, family, and audiological 

characteristics of all children are presented in Table 1.

Children without hearing loss.—Children were recruited for the NH comparison group 

from the local community (Midwestern US city). An attempt was made to roughly match 

this group on age, gender and maternal education to the children with CIs. There were no 

significant differences between the deaf and hearing children (or between the different AOI 

groups) on proportions of boys and girls or chronological age at test. All children in the NH 
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comparison group passed a hearing screening and none scored below the normal range on 

the Peabody Picture Vocabulary Test-III (Dunn & Dunn, 1997).

Data Collection/Language Sampling

Each participant was videotaped in a 30-minute play session with his or her own parent in a 

quiet room once at Age 3.5 and again at Age 4.5. These sessions took place in the child’s 

school, therapist’s office, or cochlear implant center. The parent was instructed to 

communicate with the child as they would in everyday interactions and to simply play with 

their child. Four sets of toys, one set introduced by the examiner approximately every 7–8 

minutes, were provided for purposes of stimulating conversation. As described in the 

following section, one measure was derived from the full 30-minute sessions and two 

measures from the first 100 utterances of the sessions.

Study Variables

Independent variables.—Demographic characteristics were collected through a 

questionnaire and included maternal education level, gender and age at first CI surgery. 

Audiological characteristics were collected from the child’s audiologist and included pre- 

and post-implantation aided thresholds and whether or not the child had 1 or 2 CIs.

Dependent variables.—Three measures of spoken language were derived from the 

language sample and were used to represent three different linguistic domains. They were 

counted using the CLAN software programs provided by the CHILDES project 

(MacWhinney, 2000). Number of Different Root Words (NDRW), Mean Length of 

Utterance in Words (MLU-w), and Number of Different Bound Morphemes (NDBM) were 

counted from the transcripts to represent lexical, syntactic, and morphological performance, 

respectively. The NDRW is a measure of the breadth of the child’s vocabulary. The Mean 

Length of Utterance (in words; MLU-w) is included as a broad estimate of syntactic 

development. The Number of Different Bound Morphemes indicates the breadth of the 

child’s mastery of bound morpheme types. These measures are commonly used in the 

analysis of language samples in the field of language disorders and in the analysis of spoken 

language samples of children with hearing loss (Dollaghan et al., 1999; Geers, Nicholas, & 

Sedey, 2003; Klee, 1992; Nittrouer et al., 2014; Pan, 1994; Paul, 2001; Watkins, Kelly, 

Harbers, & Hollis, 1995). All of the children were learning spoken language exclusively; 

only spoken language was included in the dependent variable counts, and all references to a 

word in this report refer to a spoken word.

Transcript Preparation and Reliability

Transcription procedures.—Experienced teachers of deaf children were trained to 

transcribe all intelligible spoken words produced by children and parents from high-quality 

video-recordings. When a transcriber questioned whether an utterance was an intelligible 

representation of a potential target word, the following criteria were required: same number 

of syllables, match on at least one vowel, and match on at least one consonant. A second 

transcriber reviewed each of the videotapes with its transcript and made any necessary 

corrections due to omission or error. The transcription procedures follow the CHAT format 

of the Child Language Data Exchange System (CHILDES; MacWhinney, 2000) and follow 
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the same procedures as previous studies in our laboratory (Nicholas & Geers, 2007). 

Utterance segmentation was determined by syntactic cues, prosodic cues (intonation 

contour), pauses of 2–3 seconds and changes in conversational turn. More than 2 

independent clauses joined by conjunctions led to an utterance division before the third 

independent clause to avoid artificial lengthening by run-on clausal chaining. Total number 

of utterances for the children using CIs ranged from 36 to 466 at Age 3.5 and from 78 to 502 

at Age 4.5. For the NH children, total number of utterances ranged from 154 to 411 at Age 

3.5 and from 105 to 411 at 4.5.

In the calculation of NDRW, words that contain a single free (root) morpheme, such as look 

(root of look-s, look-ed, look-ing) were counted as a single vocabulary word, thereby 

decreasing the possibility of over- or underestimating the breadth of the child’s base lexicon 

on the basis of high or low usage of bound morphemes. In order to control for possible 

effects of overall productivity of the language sample, this measure was computed only from 

the child’s first 100 utterances.2 There were 5 children in this sample who did not produce 

100 utterances in one or another of their language samples. Their total utterances in those 

samples were 36, 77, and 96 (in the 3.5 samples) and 78 and 99 (in the Age 4.5 samples). 

The decision was made to exclude from analysis those children who produced fewer than 95 

utterances in either sample and to retain those who produced 96 and 99. Therefore 126 

children with CIs were included in the analyses.

In the calculation of MLU-w, it is our practice to exclude repetitions, false starts, and 

abandoned utterances in the calculation of this measure, consistent with other researchers. 

Parker and Brorson (2005) showed MLU-w and MLU-m (in morphemes) to be nearly 

perfectly correlated (r = .998) in 40 preschool language samples of 100 utterances. Similarly, 

Rice et al. (2010) found an MLU-w/MLU-m correlation of .994 and noted “…the MLU in 

words or morphemes yields reliable and age-validated estimates of children’s language 

growth”. MLU-w was chosen for the present study for efficiency and greater reliability of 

transcription. It was calculated from the entire 30-minute language transcript. When 

transcribing bound morphemes, we included word-final inflectional suffixes, such as –s, –es, 

–’s, –ing, –ed, --er (e.g., bigger)- as well as contractions, such as –’s (is), –’nt (not), –ll 

(will), –’re (are), –’m (am), and –’us (us). This count was taken from the child’s first 100 

utterances in the language sample, repeating the exclusion of the 3 children mentioned above 

who produced fewer than 96 utterances.

Transcription reliability.—We employ extensive and detailed training procedures to 

establish good inter-transcriber reliability in our studies (Nicholas & Geers, 2006). A single 

person was utilized as the primary transcriber for all language samples in this study, with 3 

different persons serving as verifiers. For the purposes of examining transcriber reliability, 

fifteen 30-minute language samples were independently transcribed in their entirety by the 

primary transcriber and a verifier. Mean values for each of the language variables produced 

were as follows: Number of Different Root Words (47, 51), Number of Different Bound 

Morphemes (6.2, 6.0), and MLU-w (0.82, 0.85). Correlations were calculated to determine 

2It should be noted here that our measure of vocabulary diversity is fairly conservative in that we focus on ‘root words’, so caution 
should be exercised when raw score counts are compared across studies.
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the degree of correspondence between the two transcribers for each dependent variable and 

the mean correlation was .97.

Converting Raw Scores into Z-Scores

For the initial analyses that follow, we utilize raw scores, which are based on counts within 

the language transcripts. However, as the analyses proceed to questions that involve 

comparison of performance within language domains a common metric is required. For this 

reason, z-scores scores were created for each variable based on the values obtained from the 

normally-hearing comparison group (at the same test age). A value of “0” in this metric 

represents the mean value of the NH group at that test age and a value of “1.0” represents 

one standard deviation in the NH group. These scores will be referred to as “NHz scores” to 

reflect the idea that they operate like z-scores but were derived in this case from the NH 

sample. Use of these scores will allow direct comparison among the different linguistic 

domain variables based on the extent of language delay relative to NH age-mates.

Statistical analysis

Standard descriptive statistics were used to describe the children’s characteristics in each of 

the groups, the distribution of scores for the dependent variables, and the NHz scores. 

Histograms and Kolmogorov–Smirnof tests were used to test the assumption of normality 

for all continuous variables. A linear mixed-model analysis with within- and between- 

subjects factors (using the Proc Mixed procedure in SAS v. 9.4) was employed to explore the 

change in the scores for each of the dependent variables at the 2 test ages (time points) and 

also as separate analyses at each of the two test ages. Further, we compared changes (or 

outcome levels in the separate analyses) between groups and between the three domains. 

Estimated marginal means were used to explore the estimated differences and evaluate their 

clinical importance. All statistical tests were 2-tailed and evaluated at the alpha level of 0.05.

Human Subjects (IRB) Approval

The study protocol was approved by the Human Research Protection Office of the first 

author’s university.

Results

First, we will confirm whether our sample of children with CIs exhibits language delays 

across domains in comparison with NH age-mates, a finding that has been very consistent in 

the literature. Based on published studies we expect the magnitude of any delays found to 

decrease over the one-year period between our test ages. Next we will address the questions 

that are the focus of this study:

Performance in Children with CIs relative to NH age-mates

Table 2 shows the raw score means, SDs, and ranges for both groups. The mixed-model 

analysis of NDBM and MLU data showed that independent of hearing-status group the 

children’s NDBM scores were 1.25 higher (greater number of different bound morphemes; 

95% confidence interval: 0.84–1.66) and MLU scores were 0.52 higher (more words/

utterance; 95% confidence interval: 0.42–0.62) at 4.5 as compared to scores at 3.5 years of 
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age. Independent of the age of testing, NH children had significantly higher scores on 

NDBM by 2.87 points (95% confidence interval: 1.94 −3.79) and MLU by 1.04 points (95% 

confidence interval: 0.76–1.31) than the scores of children with CIs. For these two measures, 

the pattern of change in scores was not significantly different between the 2 groups (no 

statistically significant interaction effects). There was a significant interaction effect between 

test age and hearing status group for the NDRW, indicating that the increase in NDRW from 

age 3.5 to age 4.5 was significantly larger in the group of CI children (74.2 to 95.1) as 

compared to the group of NH children (111.7 to 124.5) with the NH children having higher 

scores overall.

Primary study questions:

1. Are there relative strengths and weaknesses among expressive language 
domains and are they differently sensitive to age at implantation?—Pearson 

correlations were computed among domain raw scores at both test ages. Strong, positive 

correlations at both test ages suggest that these linguistic skills developed in tandem in 

children with CIs (.82 – .89 at Age 3.5; .78 – .89 at Age 4.5).

Standardized scores were used to allow for comparison of the three outcome measures. 

There was no significant difference in the estimated marginal means of the three domains at 

either 3.5 or 4.5 years of age. As expected, at both assessments the standardized scores of 

the CI children were lower than the standardized scores of NH children. The mean NHz-

scores at both test ages were at least 1.7 below those for the NH comparison group in all 

domains.

We further explored the differences between the three domains (within the group of CI 

children) after controlling for the impact of age at CI. Age at CI was categorized into 5 

groups as described in Table 1. The mixed-model analysis showed that, independent of test 

age, there was no statistically significant difference between the 3 domains after controlling 

for the effect of age at CI. Age at CI was significantly associated with the domain scores at 

both test ages. The younger the age of implantation, the smaller the delay reflected in the 

standardized domain scores, i.e., the closer to the NH children’s scores (see Fig. 1). There 

was no significant interaction effect, indicating that very early cochlear implantation did not 

differentially benefit any one linguistic domain over another. The same pattern of results 

were obtained when the model was configured to consider change in scores as when 

considering each test age separately.

The percentages of CI children in the 5 AOI groups performing within normal limits (WNL; 

NHz-score > −1.0) relative to NH age-mates at each test age are displayed in Table 3. A 

much larger proportion of the group with AOI 6–11 months scored WNL than in all other 

AOI groups in all domains. By age 4.5 the proportion scoring WNL in the 6–11 month AOI 

group is 30–40% higher than for those implanted just a few months later (12–18 months). 

Between 63% and 78% of children in this very early-implanted group scored WNL by the 

age of 4.5. By age 4.5 normal language levels were achieved by only about one-third of 

those implanted between 12–18 months and fewer than one-quarter of those implanted in the 

19–24 month range. For those implanted between 25–38 months the percentages of the 

groups performing WNL remains very low at both test ages (ranging from 0–20%), with 
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performance on the syntax measure having the smallest percentages (< 10%) at both test 

ages.

2. Which demographic or device-related factors predict the magnitude of 
language delay present at 4.5 years of age?—In the following analyses we begin by 

addressing the potential multicollinearity issue between AOI and duration of CI use. 

Because we have two different test ages, we also have the opportunity to compare 

performance of children with different ages of implantation but same durations of use. Table 

3 shows that between 44% and 59% of those implanted between 6–11 months of age scored 

on par with hearing age-mates after 33 months of device use (age 3.5), while only 13% to 

21% of those with AOI between 19–24 months did so after 34 months of use (age 4.5). 

Similarly, after an average of 28 months of CI experience, scores reached the normal range 

for 32% to 56% of children implanted at 12–18 months of age, but only 0% to 14% of those 

implanted at 25–30 months of age reached the NH range after 27 months of CI experience. 

The advantage declined at older ages of implantation. Fewer than 20% of children implanted 

after 18 months of age scored WNL at 22 months of use, regardless of AOI.

Figure 2 shows mean standardized scores for the three different paired-groups of children 

who have used a CI for the same amount of time but who have different ages of 

implantation. Note that the standardized scores used in these comparisons are already 

corrected for chronological age, since the NHz-score is based on an age-specific 

comparison/reference group. Also note that within these comparison sets the children tested 

at younger chronological age (the younger AOI in each comparison pair) would be at the 

cognitive maturational disadvantage, if one exists. In the top panel, domain scores of 3.5-

year-olds who received a first CI between 6–11 months of age are compared with scores of 

4.5-year-olds who received their first CI more than a year later (older), at the age of 19–24 

months (mean duration of use 33–34 months). Children implanted before their first birthday 

reached language levels much closer to NH age-mates (within 1 SD) than children implanted 

a year later in all domains, given the same duration of CI. The middle panel of Figure 2 

compares NHz scores for children implanted at 12–18 months with those implanted at 25–30 

months with 27–28 months of CI use. Similar to the contrast above, those in the younger-

implanted group were closer to NH levels than those implanted later with the same durations 

of use. The final comparison (bottom panel of Figure 2) was for groups with 21–22 months 

of CI experience. This comparison resulted in the smallest differences between younger and 

older AOI groups, but still showed an advantage for those implanted at the somewhat 

younger age. To examine the effect size of the mean NHz-score differences, Cohen’s d was 

calculated (with pooled SD) and is presented in Table 4. Very large effect sizes obtained 

from contrasts at younger surgery ages, indicating substantial benefit from earlier 

implantation despite same length of CI experience. Effect sizes diminished when surgery age 

exceeded about 18 months.

Correlations among candidate characteristics and outcome scores were calculated for the 

sample of children with CIs. Performance in all three domains was most highly correlated 

with age at implantation and duration of CI use (absolute value of correlations range from .

55 −.61). Age of implantation and duration of CI use were almost perfectly correlated in this 

sample due to predetermined test ages. Modest though significant correlations were also 
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obtained with mother’s education level (.22 – .25) and use of bilateral implants (r = .26 – .

33). Two direct measures of audibility were related to single domain scores: CI-aided 

thresholds were related to MLU-w (−.18) and Pre-CI aided PTA was related to vocabulary 

(−.18). Gender was unrelated to domain outcomes. Several predictor variables were 

significantly inter-related. Children with younger age at implantation were more likely to 

have bilateral CIs (−.39) and had more highly educated mothers (−.27), poorer pre-CI aided 

thresholds (−.29), and better CI-aided thresholds post surgery (.26).

Multiple regression analysis was used to examine the proportion of independent variance in 

language outcomes at age 4.5 accounted for by selected characteristics. We included AOI, 

Pre-CI aided PTA, post-CI aided PTA and mothers’ education level1. The outcome variables 

were entered into the model as z-scores. Table 5 summarizes the results of multiple linear 

regression, exploring factors associated with each of the dependent variables. Beta 

coefficients reflect the strength of the relationship. 95% confidence intervals around the beta 

coefficients indicate that only Pre-CI better-ear PTA and Age at 1st CI are associated with 

better outcomes for vocabulary and sentence length. The same characteristics, plus CI-PTA 

at Age 3.5, predict better outcomes for the morphology measure.

Discussion

This study had two primary study questions. The first sought information about whether any 

linguistic domains showed larger deficits than others, potentially requiring earlier or more 

focused intervention. As an ancillary question related to this issue, we examined the relative 

benefits of younger AOI and longer duration of device experience. For the second of the 

primary study questions we compared demographic and audiological characteristics of 

performance in each domain (gender, maternal education, pre-implant aided thresholds, age 

at first CI, and CI-aided thresholds) for their effect on the various domain outcomes in the 

preschool years. Results of the present study inform our thinking about sensitive periods for 

development in different domains and the effects of audibility of speech both before and 

after cochlear implantation.

In all three expressive domains that we considered, children using CIs showed significant 

delays compared to NH age-mates when assessed from samples of casual conversation at 3.5 

and 4.5 years of age. This finding complements the existing literature analyzing scores on 

standardized language tests. It extends our knowledge by revealing that these delays persist 

through preschool for the majority of children in all but the very youngest AOI group (6–11 

months). Significant growth in these domain skills was seen over the year between test ages, 

for both the children using CIs and their NH counterparts. Improvement rates were similar 

for sentence length and bound morpheme use, indicating that both NH children and those 

using CIs continue to improve during this developmental period. In the expansion of 

vocabulary, children with CIs grew at a faster rate than their NH age-mates. The initial 

question of this investigation was whether domains differed in extent of relative delay 

compared to NH age-mates. We examined this by scaling scores on a common metric to 

1The Number of CIs was significantly correlated with CI-aided thresholds. Separate regression analyses were conducted with each of 
these post-CI audibility variables included in the models, but the model with Number of CIs is not included here as that variable did 
not predict significant independent variance.
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allow for direct comparisons. This methodological aspect of our study appears to be unique 

among studies using language sampling. Previous reports of domain differences that utilized 

formal language testing and focused more heavily on receptive language hinted at relative 

grammatical delays. Our analyses revealed no relative delays in any particular domain but 

rather a fairly even pattern of substantial delay at both test ages. Nevertheless, about 1/3 of 

children in the combined CI group had scores that were similar to their hearing counterparts 

by age 4.5.

Next we looked a little deeper into age at implantation effects. Given results from previous 

studies our expectation was that we would find earlier AOI to be predictive of language 

outcomes, but it was unclear whether effects would differ across language domains. We 

found, in fact, that they did not. While there was a steady and dramatic effect for earlier 

implantation (see Figure 1 and Table 3), this effect appeared equally across all expressive 

linguistic domains measured. The one domain that appears to show a trend toward 

differential sensitivity (see Figure 1) is bound morpheme use by those implanted at 6–11 

months. The Pearson correlations showed that children implanted at younger ages achieved 

significantly better post-CI aided thresholds. One might speculate that an improved ability to 

hear less audible word endings during a period of special receptivity might lead to a 

differentially better result a few years later in the use of these morphemes in spontaneous 

speech. Focused study with multiple methodologies might be required to fully investigate 

this possibility.

Another goal was to identify the relative importance of several predictors of outcome at age 

4.5. The significant correlations between language scores and age at first implant, mother’s 

education, bilateral CI use, and CI-aided thresholds are consistent with findings from studies 

that use formal language testing. When the strongest of these were considered 

simultaneously using regression analysis, significant independent variance across all 

domains was predicted by age at CI surgery. Surprisingly, pre-implant aided hearing, which 

did not exhibit a significant correlation with two out of three language outcomes, predicted 

significant added variance in all three domains when combined with surgery age in a 

regression analysis. This result reveals that children who experience better audibility through 

hearing aids can tolerate somewhat later ages at implantation and still achieve language 

outcomes that are comparable to those with more profound hearing loss who receive their CI 

at younger ages. This is consistent with the findings of Houston et al. (2012) and others for 

foundational word-learning abilities in a similar population. Maternal education level did not 

account for significant added variance once age at implant surgery and pre-implant hearing 

were included in the regression. CI-aided thresholds accounted for significant added 

variance only for bound morphemes, where audibility of soft sounds is most critical. This 

result is consistent with reports that audibility through hearing aids affects morphological 

development more than lexical development in children with mild-severe losses (Tomblin et 

al., 2015). Very few studies of language outcomes have included post-surgery CI-aided 

hearing thresholds as a predictor but recognition of its importance is emerging (Davidson et 

al., 2014). Achieving the lowest possible thresholds in CI programming may help to raise the 

audibility of unstressed word endings that characterize bound morphemes.
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Contrasting the effects of AOI and duration of CI use is possible to some degree in this 

longitudinal study. With this study design we were able to compare groups with the same 

duration of use and different surgery ages. Of course, this meant that the third variable of the 

time relationship (chronological age at test) would differ. In this case the child’s 

chronological test age was always older for the group that had the later/older AOIs. 

Therefore, if any benefit of older chronological age would be conferred (a developmental 

cognitive advantage, for instance) it would go to the group with later AOIs. Despite this 

possible disadvantage for earlier-implanted groups, we found that in all three of these 

contrasts (see Figure 2), they in fact had notably smaller delays relative to NH age-mates. In 

other words, children implanted at younger ages approached normal levels of language 

production more rapidly than those who received their device just one year later even when 

equated for duration of CI use. Language level is not just a function of “hearing age” as 

determined by how long a child has received improved access to the auditory speech signal. 

Rather, children appear to receive more language benefit from auditory stimulation if it 

occurs earlier rather than later in development. The younger the age at initial stimulation, the 

smaller the initial language delay, and the stronger the positive influence on future language 

acquisition.

These results add to our understanding of development in the expressive language domain in 

several ways. We have seen that significant language delays exist in spontaneous 

conversations between children with CIs and their parents, even for those with the very 

youngest CI surgery ages. The relative delays were similar across domains, a finding that is 

consistent with the finding of our previous reports on older children (ages 9–12), in which 

we’d found no differences or only slight vocabulary advantages in the expressive language 

domain on standardized tests (Geers & Nicholas, 2013).

One of the strengths of this study is the ability to focus directly on variables of interest by 

reducing the effects of confounding influences through sample selection. While this allows 

for greater precision in making the comparisons of interest, it also necessarily reduces the 

generalizability of the findings. These conclusions are relevant for those children who 

receive a CI by the age of 38 months, who take a listening and spoken-language approach to 

early intervention, and who do not have other conditions which are known to interfere with 

communication. We believe, however, that these characteristics apply to the majority of 

children in this country who are receiving cochlear implant today as an intervention for 

severe-profound hearing loss.

Clearly there is a clinical need to intensify intervention for children implanted after their 

second birthday. Relatively small language changes between 3.5 and 4.5 years of age were 

observed for later-implanted children with profound pre-implant thresholds, suggesting they 

may not catch up with hearing age-mates without extended intervention. Given the recent 

finding that early expressive language skills in this population predict language, executive 

functioning, and academic skills up to 16 years later (Castellanos, Pisoni, Kronenberger, & 

Beer, 2016), future research should focus on identifying parent and child characteristics that 

protect later-implanted children from long-term language delay and early intervention 

characteristics that accelerate the rate of language development and promote successful 

educational integration with hearing age-mates.
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Figure 1. 
Magnitude of domain delays by age of implantation group, measured in z-scores derived 

from the NH comparison group. Higher points on the ordinate (smaller NHz-score values) 

represent smaller delays.
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Figure 2. 
Delays experienced by subsets of children with the same mean durations of CI use but 

different ages of implantation. Note: The smaller the value of the NHz-score, the better the 

outcome (closer to NH performance).
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Table 1.

Child, family, and audiological characteristics of all children with cochlear implants.

Mean SD Range N

Age 1st CI surgery (months) 19.23 8.51 6 – 38 126

6–11 mos N=27

12–18 mos N=42

19–24 mos N=24

25–30 mos N=14

31–38 mos N=22

Duration of CI Use at Age 4.5 (months) 35.54 8.47 18 – 48 126

Pre-CI aided thresholds 65.54 15.23 32 – 98 123

CI-aided thresholds 24.80 6.18 10 – 38 123

Mother’s Educ (years) 15.74 2.24 11 – 20 125

% Bilateral CIs 33.3% 42/126

% Female 47.6% 60/126

% Male 52.3% 66/126
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Table 2.

Means, SDs, and ranges of raw scores for mean Number of Different Root Words (NDRW), Number of 

Different Bound Morphemes (NDBM) and Mean Length of Utterance in Words (MLUw) at both test ages. 

The number of children with CIs is 126 and with normal hearing (NH) is 30.

CI NH

Age at Testing (in years) Mean (SD) Mean (SD)

NDRW*

3.5 74.16 (25.49) 111.67 (17.13)

4.5 95.08 (27.08) 124.53 (15.76)

NDBM*

3.5 4.38 (2.66) 7.63 (1.67)

4.5 6.02 (2.73) 8.50 (1.43)

MLUw +

3.5 2.04 (.70) 3.15 (.54)

4.5 2.63 (.83) 3.60 (.58)

*
calculated on 100-utterances

+
calculated on entire 30-minute language sample
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Table 4.

Effect size of mean differences in NHz-scores for Number of Different Root Words (NDRW), Number of 

Different Bound Morphemes (NDBM), and Mean Length of Utterance in Words (MLU-w), between children 

with different ages of implantation and similar durations of CI use. A Cohen’s D value of greater than 0.8 is 

considered a large effect size.

Cohen’s d of Mean Difference

Age of implantation (in months) N Duration of CI use in months NDRW MLU-w NDBM

6–11 27 33 1.02 0.88 0.92

19–24 24 34

12–18 41 28 0.87 1.04 1.40

25–30 14 27

19–24 24 22 0.31 0.32 .48

31–38 20 21
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Table 5.

Beta weights and their 95% confidence intervals for NHz-scores (at Age 4.5) for three language domains: 

Number of Different Root Words, Mean Length of Utterance in Words, and Number of Different Bound 

Morphemes. Statistically significant beta weights are bolded and are detected by confidence intervals that do 

not include “0” (the null value).

Number of Different Root Words MLU-words Number of Different Bound 
Morphemes

B Lw 95% 
Conf Int

Up 95% 
Conf Int

B Lw 95% 
Conf Int

Up 95% 
Conf Int

B Lw 95% 
Conf Int

Up 95% 
Conf Int

(Constant) 1.813 −1.11 4.74 0.72 −1.76 3.20 .796 −2.377 3.968

Mother’s Education .062 −0.06 0.18 0.06 −0.05 0.16 .104 −.028 .237

Pre-CI Better Ear PTA −.044 −0.06 −0.03 −0.02 −0.04 −0.01 −.041 −.059 −.023

Age at 1st CI −.138 −0.17 −0.11 −0.11 −0.14 −0.08 −.156 −.191 −.122

CI PTA at Age 3.5 .033 −0.01 0.07 0.02 −0.02 0.05 .055 .012 .098

Note: PTA = Pure-tone average, CI = Cochlear implant

Lw = Lower Up = Upper, Conf Int = Confidence Interval
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