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Purpose: The authors examined the benefits of younger cochlear implantation, longer
cochlear implant use, and greater pre-implant aided hearing to spoken language
at 3.5 and 4.5 years of age.
Method: Language samples were obtained at ages 3.5 and 4.5 years from
76 children who received an implant by their 3rd birthday. Hierarchical linear
modeling was used to identify characteristics associated with spoken language
outcomes at the 2 test ages. The Preschool Language Scale (I. L. Zimmerman,
V. G. Steiner, & R. E. Pond, 1992) was used to compare the participants’ skills
with those of hearing age-mates at age 4.5 years.
Results: Expected language scores increased with younger age at implant and lower
pre-implant thresholds, even when compared at the same duration of implant use.
Expected Preschool Language Scale scores of the children who received the implant at
the youngest ages reached those of hearing age-mates by 4.5 years, but those
children implanted after 24 months of age did not catch up with hearing peers.
Conclusion: Children who received a cochlear implant before a substantial delay in
spoken language developed (i.e., between 12 and 16 months) were more likely to
achieve age-appropriate spoken language. These results favor cochlear implantation
before 24 months of age, especially for children with aided pure-tone average
thresholds greater than 65 dB prior to surgery.
KEY WORDS: deafness, cochlear implants, pediatrics, audiology,
spoken language

T

he past decade has proved an exciting time for those involved
in efforts to facilitate the spoken language development of young
children with severe to profound hearing loss. Implementation of
universal newborn hearing screening programs and advances in the
technology available to improve the hearing experience itself has led to
an era of new possibilities. Cochlear implants (CIs), in particular, have
become widely embraced as an aid to exposing the deaf child’s auditory
system to a quality of sound experience not available with hearing aids
alone. Clinicians who provide services to children with hearing loss report
that children who in the past struggled for years with the considerable challenges of acquiring spoken language are finding that this task
has become much easier. This has been a helpful turn of events for
the families of more than 90% of deaf children who have no previous experience of deafness in the family and whose native languages
are expressed through speech. In this article, we present the results
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of a large-scale study that was designed to examine the
relationship between early cochlear implantation and
the development of age-appropriate spoken language.
The findings have implications for young children who
are preparing to enter the mainstream school setting.
In the literature review that follows, issues that bear on
decisions about the most beneficial age for cochlear implantation are presented.

Why Expect Implantation in Infancy
to Be the Most Beneficial?
Underlying mechanisms. Although it is widely assumed that neural organization and /or structure related
to speech perception is affected by auditory deprivation,
the extent and potential reversibility of changes in the
neural architecture are topics of ongoing investigation.
Notable differences in speech perception and production were initially demonstrated for children who received a CI under the age of about 5–6 years compared
with children who received implant surgery after that
age, and these differences were attributed to a period
of relative plasticity in the auditory system (Manrique
et al., 1999; Robinson, 1998). More recent work has
focused on a critical or sensitive period wholly within
the infancy/preschool-age stage of life. Sharma and colleagues (2004) found changes in neural responding within
central auditory pathways that occurred shortly after
cochlear implantation in very young children that appeared to be closely related to early communicative behaviors that develop at the same time. In addition, Ryugo,
Kretzmer, and Niparko (2005) reported the ability to restore abnormal synaptic structures in the auditory nerve
endings of deaf cats to a normal state by stimulating
their auditory nerves for 3 months with a six-channel CI.
These results lend credibility to the notion that special
opportunities may exist for preservation or restoration
of the auditory system of deaf infants and preschool-age
children that may not be available to children who are
just a few years older at time of implant surgery.
Previous studies showing effects of age at implantation surgery on outcomes related to spoken language.
Since the introduction of pediatric clinical trials of multichannel cochlear implantation in 1986, the average age
at implantation surgery has been decreasing, with generally positive results (e.g., Richter, Eissele, Laszig, &
Lohle, 2002). Studies have shown that language growth
rates of children who receive an implant before age 5
years are close to the growth rates of children with normal hearing once the deaf child has received an implant
(Kirk et al., 2002; Robbins, Koch, Osberger, ZimmermanPhillips, & Kishon-Rabin, 2004; Spencer, 2004; Svirsky,
Robbins, Kirk, Pisoni, & Miyamoto, 2000; Svirsky, Teoh,
& Neuberger, 2004). The differences in language performance between children with implants and their hearing

age-mates, therefore, are purported to be due to the existing delay in performance at the time of implantation.
From this viewpoint, implantation should ideally occur
not only early enough for normal language progress to be
achieved but also before delays are present.
Five recent studies have examined the relative rates
of language growth (or levels of language outcome) of
children who received a CI exclusively under the age of
5–6 years. In all cases, the most rapid progress and /or
highest language levels were achieved by children who
received the implant at the youngest ages (Geers, 2004;
Kirk et al., 2002; Svirsky et al., 2004; Tomblin, Barker,
Spencer, Zhang, & Gantz, 2005). In all of these studies,
the tests were administered and language credited for the
child’s preferred mode of communication, whether speech,
sign, or both. Very few studies published to date have
examined language outcomes solely in the domain of
spoken language, and one should consider this when comparing results of different studies and/or in developing
expectations for language outcomes. Because children
who use total communication and receive CIs at very young
ages are more likely to have families who also begin using
signs when their child is very young, the language advantages observed in their signed/spoken productions (over
children who receive an implant later) may result either
from earlier exposure to sign or from earlier auditory input.
In contrast, Hammes et al. (2002) reported exclusively on the spoken language development of 10 children
who underwent surgery by age 18 months and compared their progress with that of 35 children who received
their implant later, up to age 48 months. Analyses
revealed that 70% of the children implanted by age
18 months, 30% of those implanted between 19 and
30 months, <10% of those implanted between 31 and
40 months, and <5% of those implanted between 41
and 48 months had a spoken-language age within 1 year of
their chronological age. Manrique, Cervera-Paz, Huarte,
and Molina (2004) measured the spoken language of
36 children with CIs with the General Oral Expression
scale of the Reynell Developmental Language Scales—
Third Edition (Edwards, Fletcher, & Garman, 1997).
They found that children who received an implant by
age 2 years had a normal rate of growth, although
they were generally 1 year delayed, whereas children
who received an implant between ages 2 and 6 years
exhibited a slower growth rate and a lag of between
2 and 3 years below achievement levels for hearing
age-mates.

What Complicates Research on This Issue?
Confound of effects of age at surgery and duration of
use. A significant problem in the study of age at implantation effects is the confounding of the influence of
age at implantation with the influence of the duration of
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implant use. In the studies cited above, duration of
implant use and chronological age at test varied among
the different age-at-implantation groups, requiring a
cautious interpretation. As the age at implantation is
lowered, the duration of use is lengthened, given a particular test age. The children typically are grouped according to a range of implant ages, and slopes of language
scores over time can then be contrasted or entered into
statistical analysis. The outcomes of children with differing CI surgery ages are compared over the same duration
of use, leaving test age to vary. Cognitive and language
development do not proceed linearly with age; therefore,
rates of progress may be affected by developmental level
at the time of testing. A critical age for the most effective
auditory stimulation to occur that will promote ageappropriate spoken language acquisition has yet to be
verified.
Changing CI technologies. The same rapid advances
in CI technology that have led to the gains in speech perception discussed previously create a problem for studies of age-at-implantation effects that include participants
with different generations of implant devices. Recent
advances in newborn hearing screening and implant age
candidacy guidelines have resulted in a progressive reduction in the average age at implantation. Therefore,
children who were implanted at younger ages are likely
to be the recipients of newer technology. This factor
may contribute to an apparent advantage for younger implant recipients in studies that do not control for
generation of implant technology. Better outcomes
from earlier implanted children may be influenced by
their more advanced technology in addition to younger
age at implantation (Connor, Hieber, Arts, & Zwolan,
2000).
Pre-implant residual hearing. Measuring the effects
of earlier age at implantation is also complicated by the
fact that children with more pre-implant residual hearing are typically implanted at somewhat older ages. This
is due, in part, to Food and Drug Administration guidelines that set stricter standards for implant candidacy
between 12 and 23 months of age and, in part, to the
challenges of fitting hearing aids in infants. Better preimplant residual hearing is associated with superior
speech recognition with a CI (Dolan-Ash, Hodges, Butts,
& Balkany, 2000; Gantz et al., 2000; Zwolan et al., 1997).
In addition, very early use of hearing aids in children
with residual hearing may act as a bridge to provide
auditory access to language until the child receives an
implant. Therefore, their experience with hearing aids
before implantation may provide them with more advantages of early auditory stimulation than more profoundly deaf hearing aid users with a similar age at
implantation. Children with more aided residual hearing before implantation exhibited significantly better
postimplant spoken language skills, independent of age
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at implantation (Nicholas & Geers, 2006; Szagun, 2001).
Implanting children with the greatest degrees of hearing loss at the youngest ages may mask the true benefits
of earlier implantation. These children may be predisposed to slower development of speech perception skills
both prior to and following cochlear implantation than
children with more residual hearing who are implanted
somewhat later. Evidence for the interaction among
degree of hearing loss, age at implant, and spoken language was provided by Nicholas and Geers (2006). Not
only were the children with the greatest degree of hearing loss implanted at the youngest ages, but also duration of hearing aid use prior to implantation was not
significantly related to spoken language outcome. This
suggests that children without sufficient aided hearing
lost important language acquisition time without early
use of an implant.

Purposes of This Study
It is already known that cochlear implantation
under age 3 years, a longer duration of CI use, and better
pre-implant aided hearing contribute to language development. In this study, we examined the separate
contributions of each of these factors to spoken language
scores at ages 3.5 and 4.5 years. The analysis focuses on
predicting expected language scores from age at surgery and pre-implant residual hearing at the same duration of implant use. We hypothesized that children
implanted at the youngest ages will exhibit a language
advantage over children implanted somewhat later, even
when they are compared at the same duration of implant
use.
Another purpose of this study was to determine
whether it is realistic for children with severe to profound hearing loss who receive both a CI and an oral
language method of education to achieve age-appropriate
spoken language abilities during the preschool years.
If the answer is yes, how long might we expect this to
take? We hypothesized that some children with severe
to profound hearing loss who were enrolled in oral programs would achieve age-appropriate spoken language
by the typical kindergarten entrance age. We further
hypothesized that the probability of achieving this level
of spoken language success would be increased with better pre-implant hearing with hearing aids and younger
age at implantation.
There are several unique aspects of this study. In
this article, we focus on dependent variables that are
derived from conversational language samples collected
at play sessions in which the child is interacting with his
or her parent. This provides a means of extending and/or
corroborating language scores from formal tests and imparts a degree of real-life generalizability to the conclusions. Second, we focus exclusively on spoken language
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outcomes, which are of interest to a large percentage
of parents and clinicians who provide CI devices. We
measured these outcomes in a relatively large sample
of children from a relatively large number of oral or
auditory–verbal programs located across the United
States and Canada. All of the children in this study received their CI between their 1st and 3rd birthdays
(±2 months), which represents the most common age
of pediatric CI surgery at present. Finally, comparison
data from one group of children with normal hearing at
3.5 years of age and another at 4.5 years of age from a
previous study of spoken language development (Nicholas,
2000) are included as reference points for some of the
language measures reported. These children experienced
data collection procedures identical to those in the present study.

Method
Participants
Data from two groups of children are included in
this article: (a) children with severe to profound hearing
loss who had received a CI and who were tested in this
study and (b) a reference group of children with unimpaired hearing from a previous study who underwent
the same protocol. Background information on the normally hearing comparison group is presented first, followed by a complete description of the sample of children
with CIs.

Children in the Reference Group
Background information for the children with normal hearing is as follows. The mean age of the 3.5-yearold group (N = 12) was 3;5 ( years;months) and 25 days
(SD = 11.06 days), and the mean age of the 4.5-year-old
group (N = 12) was 4;5 and 20 days (SD = 15.41 days). All
children had been recruited through local birth records;
had been administered a hearing screening at 500, 1000,
and 2000 Hz; and were found to have hearing within
normal limits. All children had been administered the
Communication scale of the Vineland Adaptive Behavior Scales (Sparrow, Balla, & Chicchetti, 1984) and the
Peabody Picture Vocabulary Test—Third Edition ( Dunn
& Dunn, 1997) and were found to score within the normal range for their chronological age.

Participants in the Present Study
Participants in this study were 76 children who
had received a CI between their 1st and 3rd birthdays
(±2 months) and who had been enrolled in an oral educational program since receiving a CI. No participants
had developmental or medical conditions other than their
hearing loss that would be expected to interfere with

speech and language development. All children scored
within the average range on either a nonverbal intelligence test (e.g., Leiter International Performance
Scale—Revised [ Roid & Miller, 1997], Wechsler Preschool and Primary Scale of Intelligence [ Wechsler,
2002]) or the Daily Living Skills and Motor domains of
the Vineland Adaptive Behavior Scales (Sparrow et al.,
1984). All children came from families in which English
was the primary language or the only language spoken
to the child.
Pre-implant history. Summary statistics of preand postimplant histories are presented in Table 1.
The sample of 76 children was presumed deaf from birth,
and children were excluded from the study if there was
any evidence that the child had once had normal hearing or a progressive hearing loss. Significant associations
among the pre-implant participant characteristics were
as follows: age at diagnosis of hearing loss correlated
positively with age at amplification (r = .982, p < .01) and
negatively with duration of hearing aid use (r = –.422,
p < .01), indicating that children diagnosed at the earliest ages received hearing aids at the youngest ages and
had a longer period of hearing aid trial before receiving
a CI. Duration of hearing aid use was negatively correlated with pre-implant aided threshold (r = –.340, p < .01),
indicating that children with more aided residual hearing had longer periods of hearing aid trial before CI
surgery.
Postimplant history. Age at implant surgery was
positively correlated with age at diagnosis of deafness
(r = .687, p < .01), age at hearing aid amplification (r =
.714, p < .01), and duration of hearing aid use (r = .345,
p < .05), and was negatively correlated with pre-implant
unaided threshold (r = –.279, p < .05) and pre-implant
aided threshold (r = –.380, p < .01). These results
indicate that children who received an implant at the

Table 1. Pre- and postimplant audiological history.
Variable
Pre-implant
Age at diagnosis (months)
First aided (months)
Unaided better ear PTA at 500,
1000, and 2000 Hz
Better ear aided threshold
Length of HA use before CI
Postimplant
Age at surgery
Average CI threshold

M

SD

Range

11.17
12.33

8.13
7.96

1–30
1–31

107.36
64.62
10.83

10.84
14.57
5.96

77–120
32–80
0 –30

23.16
30.21

7.75
5.20

12–38
20 –43

Note. PTA = pure-tone average; HA = hearing aid; CI = cochlear
implant.
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youngest ages were those who had the benefit of early
identification and amplification and shorter hearing aid
trials prior to cochlear implantation. However, they had
more profound deafness and received less benefit from
hearing aids than children who received an implant at
somewhat older ages. All children received a CI between 1998 and 2003. Details of device use for the
sample of children may be found in Table 2. One child
received a second ( bilateral) implant during the course
of the study.

Procedure
Participants were recruited from 23 different U.S.
states as well as 1 Canadian province. Host sites were
14 schools for the deaf, 4 hospitals, 3 county child development centers, 4 public schools, and 7 auditory–verbal
therapy practices. Administrators at each of these locations were asked to review their rosters for all children
who met the criteria listed above. The parents of all
children who met the criteria were given a letter describing the study and a release-of-information form to
sign if they were interested in participating. A research
team member then traveled to the child’s school or
therapy location and completed the data collection in
that setting. The study was approved by the Washington
University School of Medicine Institutional Review
Board.

Language Sampling
Each participant was videotaped in a 30-min play
session with his or her own parent in a quiet room. The
session was a semistructured time in which the parent
was instructed to communicate with the child in a manner that was consistent with their everyday interactions.
Parents were specifically asked not to treat the session
as a “teaching ” session but rather to simply play with
their child. Four sets of toys, with one set introduced

every 7–8 min, were provided to the child–parent dyad
for purposes of stimulating conversation. The toy boxes
each contained a set of toys that were chosen to be age
appropriate as well as likely to elicit interest and conversation. For example, a storybook with no printed words
was included, as well as various sets of human figures and
accessories that encourage imaginative play. Language
sampling sessions were conducted twice with each child,
once when the children were 3.5 years old (±2 months) and
again 1 year later at 4.5 years of age (±2 months). Duration of implant use across the two test sessions ranged
from 7 to 45 months. The relation between age at implant and duration of implant experience at each test session is plotted in Figure 1. The sample contains children
with the same age at CI surgery but different durations of
use and children with the same duration of use but differing ages at implant surgery.

Measures Derived From the Language
Sample
An experienced teacher of deaf children transcribed
from videotape all intelligible spoken words produced by
children and parents. When a transcriber questioned
whether an utterance was an intelligible representation
of a potential target word, the following criteria were
applied: same number of syllables, match on at least one
vowel, and match on at least one consonant. A second
teacher of the deaf 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 ( MacWhinney, 2000).

Figure 1. The relation between age at cochlear implant (CI) and
duration of implant experience at each test session.

Table 2. Postimplant device use.
Percentage of sample
Device
Med-El
Cochlear Corp
Advanced Bionics
Full insertion of electrode array
No interruption of CI for >30 days
Wore HA on contralateral ear
Presurgery, one ear with clear
hearing advantage
Of those, implant placed in better ear
If no clear ear better, CI in right ear
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N

1
62
37

1
47
28

100
100
9

76
76
7

71
(44)
86

54
24/54
19/22
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A number of spoken language variables were derived from the language sample and are referred to as
language sample variables. They were counted using the
CLAN software programs provided by the Child Language Data Exchange System (MacWhinney, 2000). Total
number of words, number of different word roots, mean
length of utterance (MLU), number of bound morphemes,
and number of different bound morphemes were counted
from the transcripts of the 30-min play session. All of the
children were learning spoken language exclusively; only
spoken language was included in the dependent variable
counts, and all references, in this article, to a word refer
to a spoken word.
The five language sample variables provide for a description of several important aspects of a young child’s
emerging language skill. The total number of words provides a measure of the amount of intelligible speech
generated by the child within the confines of the 30-min
play session. The number of different word roots is a
measure of the breadth of the child’s vocabulary. In the
calculation of this variable, words that contain a single
free (root) morpheme, such as look (root of look-s, look-ed,
look-ing), are 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. The MLU (in words;
MLUw) was included as a simple measure of syntactic
development and, consistent with other researchers, it
is our practice to exclude repetitions, false starts, and
abandoned utterances in the calculation of this measure.
A bound morpheme was defined as any grammatical tag
or marker that cannot function independently and that
is attached to a free morpheme or other bound morpheme.
This definition includes inflectional suffixes, such as –s,
–es, –’s, –ing, –ed, –er (e.g., bigger); and derivational suffixes, such as –ly, –ist, –er (e.g., painter), –ness, and –ment;
as well as contractions, such as –’s (is), –’nt (not), –ll (will),
–’re (are), –’m (am), and –’us (us). The number of bound
morphemes per word provides a sense of how often a
child is using bound morphemes, and the number of different bound morphemes indicates the breadth of the
child’s mastery of bound morpheme types.
These measures (or subsets thereof ) are used with
some regularity 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
(e.g., Bellaire, Plante, & Swisher, 1994; Geers, Nicholas,
& Sedey, 2003; Klee, 1992; Nicholas & Geers, 2006; Pan,
1994; Paul, 2001).

Transcription Reliability
For the purposes of examining transcriber reliability, fifteen 30-min language samples were independently
transcribed in their entirety by the two transcribers.

Mean values for each of the language variables produced
by the two transcribers were as follows: total number of
words (564, 567), number of different word roots (47, 51),
total bound morphemes (42, 45), number of different
bound morphemes (6.2, 6.0), and MLUw (0.82, 0.85).
Correlations were calculated to determine the degree of
correspondence between the two transcribers for each
dependent variable. The mean correspondence between
transcribers was .97, and the range of correlations was
.93 (for number of different bound morphemes) to .99 (for
total number of words).

Standardized Language Testing
Formal language testing with the Preschool Language Scale—Third Edition (Zimmerman, Steiner, &
Pond, 1992) was conducted only at age 4.5 years. Only
spoken responses were credited in the scoring of the test.
Expressive language quotient scores were used to represent the rate of language progress in relation to hearing
age-mates. A quotient score of 100 reflects language that
is on par with hearing children of the same chronological
age. Quotient scores below 85 reflect development that is
more than 1 SD behind that of hearing age-mates.

Results
General Language Levels Observed
To illustrate the magnitude of language outcomes,
average spoken language variable counts from the two
language samples are presented in Table 3 for the 76 children with CIs, the 12 hearing children tested at 3.5 years,
and the 12 hearing children tested at 4.5 years. Results
for the sample of children with CIs represents change in
the same individuals over the 1-year intratest interval.
Because different hearing children were tested at 3.5 and
4.5 years of age, no comparisons are made between the CI
and normal-hearing groups in terms of growth rates. Instead, mean scores for each age group are provided for
the children with normal hearing simply as a frame of
reference for the CI group’s scores.

Separate Contributions of Pre-CI Aided
Hearing, Duration of CI Use, and Age
at Surgery
Hypothesis 1: Better Language Outcomes
and Faster Language Growth Are
Associated With Younger Age at Implant,
Better Pre-Implant Aided Thresholds,
and Longer Duration of Implant Use
Hierarchical linear modeling (HLM) was used to
examine this hypothesis at two levels. The first level
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Table 3. Mean outcome scores at 3.5 and 4.5 years of age.
Children with a CIa
Measure
Total words
Root words
Total bound morphemes
Differentbound morphemes
MLU

Hearing childrenb

CA

M

SD

Min

Max

M

SD

Min

3.5
4.5
3.5
4.5
3.5
4.5
3.5
4.5
3.5
4.5

421
588
111
151
26.98
52.96
4.88
7.18
1.82
2.34

273
293
53
55
29
37
3.3
3.2
0.67
0.75

33
65
9
30
0
0
0
0
1.00
1.06

1,316
1,477
251
287
127
153
12
12
3.83
3.88

762
850
199
225
91
104
10.75
10.67
3.02
3.06

164
237
28
40
29
34
1.71
1.50
0.36
0.35

539
405
166
159
43
44
8
7
2.48
2.64

Max
1,035
1,256
245
287
135
163
13
13
3.77
3.89

Note. CA = chronological age; Min = minimum; Max = maximum; MLU = mean length of utterance.
a

N = 76. bN = 12 at age 3.5 years and at age 4.5 years.

examined the extent to which language scores achieved
by children with implants were predicted by age at surgery and pre-implant residual hearing. HLM was used
to examine the linear relation between language outcome
and duration of implant use and to establish whether children who were implanted at younger ages exhibited a
language advantage beyond that achieved with increased
implant experience. Next, the growth functions between
3.5 and 4.5 years of age were examined for children implanted at different ages. This step examined whether
children implanted at a younger age exhibited a steeper
growth of language scores over the 1-year test interval
than children who were implanted at somewhat older
ages.
Each HLM analysis viewed the data at two levels:
(a) growth over time at the level of the individual (Level 1)
and (b) between-individual moderators of the growth parameters (Level 2). Level 1 effects are those involving the
intercept and the slope for each individual. At Level 1, the
duration of implant use at the time of each test is the
within-individual predictor, and each of the five language
measures is the outcome—for example, MLU:
MLUti ¼ p0i þ p1i Duration2ti þ e ti ;
where p0i is the intercept or level of the outcome when
duration is centered at 24 months and p1i is the linear
growth parameter. At Level 1 (the individual), the growth
rate is the difference in scores between Test Age 1 and
Test Age 2. These rates are averaged across participants, and the overall effects are represented at Level 2.
Level 2 coefficients indicate whether either the Level 1
intercept or the Level 1 slope are related to participant
characteristics (e.g. age at implant, pre-implant hearing).
They are between-subjects effects. Results of the intercept
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analysis are presented in Table 4, and results of the slope
analysis are presented in Table 5.
In the second analysis, the degrees to which the
growth parameters depend on Level 2 characteristics of
the participants were modeled. Together, these analyses
tested the extent to which the overall level of each language outcome measure, and the linear component of
growth due to duration of CI use, were influenced by the
pre-implant aided threshold and the age at which the
children were implanted:
p0i ¼ b00 þ b01 ðpreCI aided thresholdÞi
þ b02 ðage at surgeryÞi þ b03 ðage at surgeryÞ2i
p1i ¼ b10 þ b11 ðpreCI aided thresholdÞi
þ b12 ðage at surgeryÞi þ b13 ðage at surgeryÞ2i ;
where b00 is the level of the language outcome measure
when all other variables are centered as follows: aided
hearing aid threshold = 64 dB (grand mean), age at
implant = 21 months, duration of CI use = 24 months. b10
indicates the linear effect of duration of CI use on outcome score, with each of the other variables centered as
indicated.
It is important to consider both Level 1 and Level 2
effects in each of the analyses. If Level 1 were all that
mattered, then only the first term to the right of the
equality (pre-CI aided thresholds) in the above equations would matter; these are Level 2 intercepts and
represent the overall level and slope—in essence, the
average over participants of their individual Level 1
parameters. The other terms to the right of the equals
sign reveal whether individual-level parameters depend
on participant characteristics (pre-CI aided thresholds,
age at surgery). If they do, then it indicates that the
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intercepts alone cannot tell the whole story. For example,
in Table 5, a significant b12 would indicate that the
Level 1 slopes depend on age at surgery in a linear
fashion. In this case, the Level 1 slope increases as age
at implant surgery increases. A significant b13 would
mean that the Level 1 slopes change with age at surgery in a quadratic fashion. This means that the amount
of change in the dependent variable predicted by an
increase in the predictor variable(s) varies as a function
of location on the curve. For example, Level 1 slopes increase faster as age at implantation surgery decreases.
Results for the overall level of language outcome,
showing the influence of participant characteristics, are
presented in Table 4. (Note that the intercepts must be
different from zero because they are the mean performance levels when predictors are at their means.) The
mean language scores were influenced significantly by
two participant characteristics: (a) pre-implant residual
hearing and (b) age at implant. These characteristics
had a significant negative effect, indicating that a higher
language outcome was associated with a lower pure-tone
average threshold (i.e., greater pre-implant residual hearing) and a lower age at implant (i.e., younger implantation)
Table 4. Hierarchical linear modeling of Level 1 intercepts as a
function of participant characteristics.
Outcome

Fixed effect

Coefficient

Intercept (b00)
Pre-CI aided PTA (b01)
Age at implant (b02)
(Age at implant)2 (b03)

497.30
–7.82
–11.93
0.42

32.41 15.34***
1.71 1.71***
4.86 4.87**
0.50 0.84

Root words

Intercept
Pre-CI aided PTA
Age at implant
(Age at implant)2

125.56
–1.80
–2.07
0.10

5.62 22.34***
0.29 –6.10***
0.83 –2.50***
0.09 1.20

MLU

Intercept
Pre-CI aided PTA
Age at implant
(Age at implant)2

1.98
– 0.02
– 0.04
0.00

0.07 26.83***
0.00 –3.75***
0.01 –3.75***
0.00 1.92

Bound
Morphemes Intercept
Pre-CI aided PTA
Age at implant
(Age at implant)2

34.55
– 0.98
–1.58
0.09

3.72 9.29***
0.20 –4.81***
0.52 –3.03**
0.05 1.62

Different
Morphemes Intercept
Pre-CI aided PTA
Age at implant
(Age at implant)2

5.89
– 0.11
– 0.19
0.01

0.34 17.46***
0.02 –6.13***
0.05 –3.76***
0.00 1.68

Total words

SE

t (72)

Note. The t values for the intercept reflect the expected outcome that
means will be different from zero.
**p < .01. ***p < .001.

Table 5. Hierarchical linear modeling analysis of Level 1 growth as a
function of participant characteristics.
Outcome

Fixed effect

Coefficient

SE

t(72)

Total words

Intercept (b10)
Pre-CI aided PTA (b11)
Age at implant (b12)
(Age at implant)2 (b13)

12.18
–0.08
0.22
0.01

Root words

Intercept
Pre-CI aided PTA
Age at implant
(Age at implant)2

2.95
0.00
0.02
0.00

MLU

Intercept
Pre-CI aided PTA
Age at implant
(Age at implant)2

0.05
0.00
0.00
–0.00

0.00 8.23***
0.00 –1.95*
0.00 0.81
0.00 –1.07

Bound
morphemes Intercept
Pre-CI aided PTA
Age at implant
(Age at implant)2

2.52
–0.06
0.02
–0.01

0.30 8.42***
0.01 –4.02***
0.04 0.59
0.00 –2.10*

Different
morphemes Intercept
Pre-CI aided PTA
Age at implant
(Age at implant)2

0.20
–0.00
0.01
–0.00

0.02 7.60***
0.00 –0.13
0.00 2.44**
0.00 –1.12

2.66 4.57***
0.12 –0.68
0.33 0.67
0.33 0.22
0.43
0.02
0.05
0.00

6.85***
0.12
0.34
0.78

*p < .05. **p < .01. ***p < .001.

when duration of CI use was centered at 24 months. No
significant curvilinear trends were noted ([age at
implant]2).
Results relating duration of CI use to language
growth between the age 3.5 and age 4.5 test sessions are
presented in Table 5. This analysis indicates the degree
to which the growth function was significant overall (the
intercept does not equal zero) and the degree to which
growth was influenced by participant characteristics.
The intercepts in this table indicate the overall rate of
growth when the participant characteristics are at their
centered values. All of these intercepts show the expected overall increase in language scores as duration of
CI use increases. In addition, the linear increase in two
language outcomes ( MLU and number of bound morphemes) with duration of implant use was negatively
influenced by pre-implant threshold. Children with
better pre-implant residual hearing exhibited steeper
growth of language with greater implant experience
than children with less pre-implant aided hearing. For
most of these language outcomes, growth rates did not
differ for children who received implants at different
ages. An exception was growth rate in different bound
morphemes used. The linear increase in number of
different bound morphemes with greater CI use was
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negatively influenced by age at implant, indicating that
children who received an implant at younger ages showed
slower growth in variety of bound morphemes used with
greater implant experience. This finding resulted from
children who received an implant at 12 months of age
approaching a ceiling on this measure. The total bound
morphemes variable revealed a significant quadratic
trend, with the latest implanted children showing a
slower growth rate.
Language level by age at implant surgery. Results
of the HLM analyses were used to calculate expected
outcome scores for children at five different ages of implant surgery (12, 18, 24, 30, and 36 months), with preimplant hearing threshold held constant at the mean.
These expected values for five different ages at implant surgery are plotted by duration of implant use for
three of the outcome measures in Figures 2–4: (a) number of different root words, (b) MLU, and (c) number of
different bound morphemes. For comparison purposes,
the mean levels achieved by the two groups of participants with normal hearing at ages 3.5 and 4.5 years are

indicated on the far right ordinate of each graph. (Recall
that the values for children with normal hearing are
actual test scores.) These graphs illustrate expected
language outcomes for different ages at implant at
similar durations of use. The significant advantage for
earlier age at implant is apparent across all three language measures (and was observed for the other two
measures as well). In all cases, the outcome level achieved
at the same duration of implant use is higher for children who received implants under age 2 years. For
example, at approximately 31 months of device use,
children who received implants at 12 months of age
achieved an expected average of 175 different words;
the comparable expected value for those who received
implants at 24 months was 140 words. Similarly, the
expected number of different bound morphemes at
31 months of implant use is nine for children implanted at 12 months of age but less than seven for
children implanted at 24 months. Across the language
measures, children who received an implant at age
12 months exhibited language outcomes at age 3.5 years

Figure 2. Relationship between duration of implant use and number of different words use. Figures 2–4 were derived in
the following way. For a given surgery age, and assuming the grand mean for pre-implant aided threshold, a duration
slope and intercept were calculated from the hierarchical linear modeling equations (see Tables 4 and 5). These were
obtained by multiplying the appropriate Level 2 coefficients by the particular surgery age (as a deviation from the group
mean of 21 months) or its square (the pre-implant aided threshold was centered at its grand mean and so assumed a value
of zero in these calculations). The duration centering constant is 24 months, representing 2 years of use. By using these
centering constants, the Level 1 constant and slope coefficients are the expected values for a participant with a median
surgery age. The constant is, further, the expected outcome for a participant with a median surgery age and 2 years of
implant use. The resulting surgery-age–specific slope and intercept coefficients were then used to generate the predicted
outcomes for different values of duration (a range of duration values were selected that were typical for the particular
surgery age). The resulting figures thus show the expected outcome values given different surgery ages and durations of
implant use. NH = normal hearing.
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Figure 3. Relationship between duration of implant use and mean length of utterance (MLU).

that were not achieved by those who received an implant
at age 18 months until age 4.5 years. Below an implant
age of 24 months, a consistent advantage is illustrated
for younger cochlear implantation at any given duration
of implant use. Follow-up tests of significance between
expected means at any given duration of use is not

provided within the HLM analysis as it is with a standard regression approach. However, visual inspection
of the graphs suggests that children who received their
implants after about 24 months of age do not show the
same advantage in language level achieved with earlier
implantation for the same duration of use.

Figure 4. Relationship between duration of implant use and number of different bound morphemes.
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Is It Realistic to Expect Age-Appropriate
Spoken Language by 4.5 Years of Age?
Hypothesis 2: Children Who Receive a
CI Before Their 2nd Birthday Can Be
Expected to Achieve Age-Appropriate
Spoken Language by 4.5 Years of Age
Although Figures 2–4 indicate that by age 4.5 years,
some children (those who received an implant at
12 months of age) would be expected to achieve values
that approach those observed in hearing age-mates,
the measures may not fully reflect normal language
development. The levels achieved by hearing children on
some measures—for example, MLU and number of different bound morphemes—show very little change between the 3.5- and 4.5-year groups and thus may not be
sensitive to language growth at these ages. Therefore, a
standardized language test, the Preschool Language
Scale, was administered at the age 4.5 test session so
that the performance of children with CIs could be compared with a large normative sample of age-matched
hearing children. Expressive quotient scores on the Preschool Language Scale were examined using regression
analysis to establish the surgery age and amount of
auditory experience needed to achieve age-appropriate
growth rates in spoken language.
A mean quotient of 100 indicates that language
acquisition is proceeding at the expected rate for hearing
age-mates. Quotient scores within 15 points of this mean
indicate growth rates within the average range. The
regression function for quotient scores as a function of

Table 6. Regression coefficients predicting Preschool Language Scale
Expressive standardized scores.

Source

Unstandardized regression
coefficient (b)

Aided PTA
Age at CI
Age at CI2

–0.498
–6.326
0.094

t (72)

–3.406 0.001
–3.400 0.001
2.462 0.016

Partial h2
0.139
0.138
0.078

age at implant is plotted in Figure 5, with the 95%
confidence intervals indicated with error bars. Regression results, indicating significant effects of both age at
implant and pre-implant aided threshold on language
quotient scores, are summarized in Table 6. Both linear
and quadratic trends were significant for age at implantation. Below an implant surgery age of 30 months, there
was a linear increase in Preschool Language Scale quotient scores with younger cochlear implantation, indicating a language quotient score closer to age-appropriate
levels for each month’s decrease in surgery age from 30 to
12 months. The 95% confidence limits surrounding each
value indicate that the expected mean score of children
who received implants between 12 and 16 months of
age was within 1 SD of the normative sample of hearing
age-mates (i.e., a score of >85). A quadratic trend was
evident between 30 and 38 months of age at implant,
whereby the estimated quotient score remained close to
60 across the 8-month interval. For children who received an implant later than 30 months of age, the existing language delay, combined with a slower rate of

Figure 5. Regression function for PLS Expressive standard scores at Test Session 2 by age at implant.
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language development, suggests that they may not catch
up with hearing age-mates, even with longer duration of
implant use.

Discussion

Consideration of Alternative Explanations

One purpose of this study was to evaluate the role of
implantation age, duration of implant use, and aided
pre-implant hearing in predicting language growth rate
and overall language levels achieved. As expected, on
average, the predicted scores on linguistic measures
increased with longer duration of CI experience. Moreover, the age of the child at the time of CI surgery was
shown to have a significant effect on expected overall
language level over and above the effect of duration of
implant use. Expected scores of children who received an
implant at 12–18 months of age were consistently higher
than those of children who received an implant at older
ages, even with the same duration of use. However,
almost-identical expected language performance was
predicted for any given duration of use when children
received an implant at 24 months of age or later.

Possible effect of imitation on child language outcomes. Self-repetitions and imitations were included in
the language sample transcriptions. More frequent use
of these behaviors by children of a particular description
(e.g., children with better pre-implant aided hearing)
could potentially change the interpretation of our findings.
Therefore, these events were identified for the purpose
of examining their impact on the dependent variables.
At test age 3.5, the children with implants used
repetition / imitation in 14% (SD = 0.12) of their utterances, compared with 5% (SD = 2.0) for children of
the same age with normal hearing. At test age 4.5, the
corresponding percentages were 6% (SD = 0.06) for
the children with implants versus 2% (SD = 2) for the
reference group with normal hearing. Correlations of
repetition / imitation with each of the language sample
outcome variables were as follows: total number of words,
–.44; number of different words, –.50; MLUw, –.51; total bound morphemes, –.43; and different bound morphemes, –.49. These results suggest that children with
lower level language skills tended to produce more repetitions and imitations in their conversational speech.
Additionally, the correlation between age at surgery and
percentage of utterances that were repetitions/imitations
was .30, suggesting that children who received the implant early were less likely to be imitating and therefore
less likely to have language scores that had been influenced in this way.
Possible effect of volume of parent talk on child language outcomes. It is conceivable that the amount of talk
produced by the parent could influence the child language
outcome variables. For example, if some parents tended
to dominate the conversation, they might leave less time
for the child to talk, thereby artificially depressing the
child’s scores on many of the outcome variables. Furthermore, if the amount of parent talk was also related to the
child’s pre-implant hearing status, then this might affect
the interpretation of the influence of pre-CI hearing on
the outcome variables. We found these alternative explanations to have little support in our data. The correlation
between the volume of parent talk and the child’s preimplant aided hearing was –.15. Furthermore, an exploration of the possible relationship between parent talk
and child language sample measures revealed correlations ranging from .11 to .24, none of which were significant at the p < .05 level. Therefore, it does not appear that
the children’s measured language level was affected by
parent output.

What Predicts Overall Language Level
and Growth?

On the other hand, few notable differences were observed in rate of predicted language growth as a function
of age at cochlear implantation. The two exceptions to
this general finding involve growth in the use of bound
morphemes. The children who received the implant at
about 36 months of age showed a slower expected rate of
growth in the total number of bound morphemes used,
perhaps indicating that this aspect of language growth
does not improve much in the near-postimplantation period. In addition, the growth rate of the children who received an implant at around age 12 months was not as
steep for the number of different bound morphemes variable, which may reflect the fact that their use of morphemes was nearly on par with their hearing age-mates at
this time.
For most of the language sample measures, the hypothesized effect of age at implantation on outcome level
was confirmed (i.e., younger age at implant resulted in
significantly higher predicted scores). On the other hand,
the hypothesized difference in rate of language growth
was not confirmed (i.e., predicted rate of growth was the
same regardless of the age at implantation). The observed
higher level of language functioning in children who received the implant at a younger age was most likely the
result of steeper growth rates experienced before their
participation in this study. This result is in concert with
Tomblin et al.’s (2005) conclusion that cochlear implantation early in the second year of life likely results in an
early burst of language growth. Tomblin et al. reported
that this rapid rate of initial language growth is a phenomenon that is not evident in the language scores of
children who received an implant after the age of about
18 months, a finding confirmed by these data.
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One unique aspect of this approach to analysis of
age-of-implantation data was to control for the effect of
pre-implant hearing thresholds. In earlier CI studies, in
which children with implants had uniformly profound
hearing losses prior to surgery, age-at-implantation effects could be more readily observed because of smaller
amounts of variability. More recently, children with greater
residual hearing have been receiving a CI, and the resulting benefit from early amplification may contribute independently to spoken language development. When this
increase in variability is taken into account, the beneficial
effects of early cochlear implantation are even more apparent. Pre-implant data from this sample indicated
that children who received an implant at younger ages
had poorer aided residual hearing than those who received an implant somewhat later. Higher pre-implant
aided thresholds were also associated with lower language scores at 3.5 and 4.5 years of age and, in some
cases, slower growth rates. Removing the variance due
to differences in aided thresholds and equalizing expected
outcomes at the mean pure-tone average value of 65 dB
serves to enhance the predicted outcomes of those who
received an implant at the youngest ages.

Will They Catch Up?
Another purpose of this study was to determine
whether it is realistic to expect that children who both
receive a CI and enroll in a spoken-language–based
program at a young age will be able to achieve ageappropriate spoken language abilities by the end of the
preschool period. We also wanted to identify the factors
that maximize the likelihood of that accomplishment.
Although it has been reported that some school-age
children who received a CI before age 5 years are “closing the gap” with their hearing peers in terms of spoken
language production, verbal IQ, and academic achievement (Geers, 2004; Geers et al., 2003; Moog, 2002;
Stacey, Fortnum, Barton, & Summerfield, 2006), many
of these children continue to exhibit delays for many
years. Geers (2004) reported that only 43% of a nationwide sample of 8- to 9-year-old deaf children who received a CI between 24 and 35 months of age achieved
combined speech and language skills within the average
range for hearing children of that chronological age. The
results of the present study indicate that children who
receive a CI and oral education before age 24 months can
be expected to exhibit levels of spoken language that are
on par with hearing age-mates before they enter kindergarten. The likelihood of achieving normal language in
preschool decreases as age at implantation increases, so
that children who receive an implant as late as 3 years of
age may experience great difficulty catching up with
hearing age-mates. These results suggest, first, that it
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is appropriate for expectations of spoken language competence to be raised for children receiving CIs before
24 months of age and, second, that the children who receive the implant at the earliest ages will likely be able
to make a successful transition to the mainstream
educational system in time for kindergarten.
In sum, the total amount of language produced, the
breadth of vocabulary, complexity of sentences, and use
of varied morphology seem to be directly affected by both
the amount of hearing available to the child before the
implant as well as the age at which the CI surgery was
performed. Previous work (Nicholas & Geers, 2006) has
shown that the age at diagnosis of the hearing loss and
the length of time that a hearing aid was used are not
significant predictors of later spoken language outcomes
unless they lead to a child receiving a CI within this time
period. The results of this study clearly show that at
4.5 years of age, when these children were approaching
kindergarten, the expected language quotient scores of
the very young CI recipients were well within the range
documented for hearing age-mates. If the goal for a
congenitally profoundly deaf child is to achieve ageappropriate spoken language in the shortest possible
time frame, then younger cochlear implantation is clearly
justified. The added benefit to spoken language of receiving an equivalent amount of implant experience at
a very young age (e.g., 12–18 months) compared with
even a few months later (e.g., 24 months) argues strongly
in support of a critical period for auditory stimulation.
These results favor early diagnosis of profound hearing
loss, early initiation of a hearing aid trial, and cochlear
implantation by 18 months of age, especially for children with better ear-aided pure-tone average thresholds greater than 65 dB. Future research should focus
on documenting the extent to which the advantages of
very early auditory stimulation persist into elementary school and whether children who receive a CI below
12 months of age are able to achieve age-appropriate expected spoken language skills even earlier than 4.5 years
of age.
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