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Abstract

Objectives—Few studies have examined the long-term effect of age at implantation on
outcomes using multiple data points in children with cochlear implants. The goal of this study was
to determine if age at implantation has a significant, lasting impact on speech perception,
language, and reading performance for children with prelingual hearing loss.

Design—A linear mixed model framework was utilized to determine the effect of age at
implantation on speech perception, language, and reading abilities in 83 children with prelingual
hearing loss who received cochlear implants by age 4. The children were divided into two groups
based on their age at implantation: 1) under 2 years of age and 2) between 2 and 3.9 years of age.
Differences in model specified mean scores between groups were compared at annual intervals
from 5 to 13 years of age for speech perception, and 7 to 11 years of age for language and reading.

Results—After controlling for communication mode, device configuration, and pre-operative
pure-tone average, there was no significant effect of age at implantation for receptive language by
8 years of age, expressive language by 10 years of age, reading by 7 years of age. In terms of
speech perception outcomes, significance varied between 7 and 13 years of age, with no
significant difference in speech perception scores between groups at ages 7, 11 and 13 years.
Children who utilized oral communication (OC) demonstrated significantly higher speech
perception scores than children who used total communication (TC). OC users tended to have
higher expressive language scores than TC users, although this did not reach significance. There
was no significant difference between OC and TC users for receptive language or reading scores.

Conclusions—Speech perception, language, and reading performance continue to improve over
time for children implanted before 4 years of age. The current results indicate that the effect of age
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at implantation diminishes with time, particularly for higher-order skills such as language and
reading. Some children who receive Cls after the age of 2 years have the capacity to approximate
the language and reading skills of their earlier-implanted peers, suggesting that additional factors
may moderate the influence of age at implantation on outcomes over time.

Introduction

It is well established that hearing loss in early childhood affects the development of speech
perception, language, and reading skills. For children with profound hearing loss, the
auditory access provided by hearing aids is not sufficient, resulting in delayed spoken
language development. An alternative for children who receive limited benefit from hearing
aids is a cochlear implant (CI). Research on the efficacy of CIs in children shows
improvements over time in speech perception (Davidson et al., 2011; Uhler et al., 2011),
speech production (Tomblin et al., 2008), and language and reading skills (Archbold et al.,
2008; Ching et al., 2009). Moreover, children with CIs reach levels of performance that
surpass those of their non-implanted peers who use hearing aids (Spencer et al., 1998;
Yoshinaga-Itano et al., 2010). This technology enables many children with congenital
deafness to be educated in regular-education school settings alongside their hearing peers.

Within the group of children with CIs, however, language and listening outcomes are quite
variable. Some factors that influence outcomes include age at onset of deafness, duration of
profound deafness, communication mode, pre-operative residual hearing, and nonverbal
cognition (Cowan et al., 1997; Dowell et al., 2002; Fryauf-Bertschy et al., 1997; Moog &
Geers, 2003; Sarant et al., 2001). Most of these factors are not malleable (i.e., under
clinician control). However, the age at which children receive their implants garners much
interest, and earlier implantation has been generally shown to yield better outcomes (Connor
et al., 2006; Duchesne et al., 2009; Manrique et al., 2004; Nicholas & Geers, 2007).
Evidence for the influence of age at implantation has changed clinical practice, with a steady
decrease in the age at which children received CIs (Tomblin et al., 2007; Valencia et al.,
2008; Wie, 2010).

Children who are implanted earlier tend to show speech perception outcomes that are
significantly better than children who are implanted later (Manrique, Cervera-Paz, Huarte, &
Molina, 2004). Manrique and colleagues found that children implanted between O to 3 years
of age outperformed children implanted between 4 to 6 years of age on open-set speech
perception measures. In addition, among children with at least five years of CI experience,
those who received Cls prior to age 2 years achieved higher speech perception scores than
children implanted after age 2 years. Svirsky et al. (2004) explored the effects of age at
implantation on speech perception outcomes for children who received CIs at 1, 2, or 3 years
of age. They found a significant improvement in speech perception for children who
received ClIs prior to age 2 years.

Age at implantation also may influence language and reading outcomes. Kirk et al. (2000)
reported that children who received Cls before 2 years of age showed faster growth in
receptive vocabulary and language compared to children who received Cls at later ages.
Tomblin et al. (2005) examined expressive language outcomes in 29 children. Children who
received Cls prior to 20 months of age demonstrated more rapid growth in expressive
language than children who received Cls after 20 months. Furthermore, Niparko et al.
(2010) showed that age at implantation influenced language comprehension and expression,
with significantly steeper increases over time for children implanted younger than 18
months compared to children implanted after 18 months. Holt and Svirsky (2008)
investigated children implanted before the age of 12 months and at ages 1, 2, or 3 years. For
expressive language and speech perception outcomes, there were no differences between
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children implanted prior to 12 months and children implanted between 1 and 2 years of age,
although the earliest implanted group was significantly different from the children implanted
after 2 years of age. In contrast, for receptive language skills there was a significant
advantage for implantation before 12 months of age, compared to implantation between 1
and 2 years. Thus, while there are clear benefits to earlier implantation, the evidence
favoring implantation before 12 months of age compared to 1 to 2 years of age remains
mixed.

With respect to reading outcomes, there are fewer published reports, but most results show
an advantage for earlier implantation (Archbold, Harris, O'Donoghue, Nikolopoulos, White,
& Richmond, 2008; Connor & Zwolan, 2004; Johnson & Goswami, 2010; Marschark et al.,
2007). Johnson and Goswami (2010) divided children with CIs into two groups based on age
at implantation (prior to 39 months or after 43 months) and found a significant difference in
reading quotient scores in favor of the younger-implanted group. Archbold, Harris,
O'Donoghue, Nikolopoulos, White, and Richmond (2008) assessed reading and writing
skills for 105 children at 5 and 7 years post-implantation. Children were separated into an
early-implantation group (before 42 months of age) and a late-implantation group (between
43 and 84 months of age). There was a strong association between reading outcomes and
age at implantation. In both Johnson and Goswami (2010) and Archbold, Harris,
O'Donoghue, Nikolopoulos, White, and Richmond (2008), the division between early and
late implantation (around 3.5 years of age in both studies) is quite late, by current clinical
standards. There is a need for more fine-grained examinations of the effect of age at
implantation on reading, in order to determine if the age at CI receipt has a long-term impact
on reading outcomes.

As we have described, a large number of studies have shown that age at implantation
influences outcomes for children who are congenitally deaf. The vast majority of these
studies have only examined children in the first few years of CI use, however. There are a
few studies that address long-term outcomes of cochlear implantation, but most of those
were either cross-sectional studies or studies that only examined one specific area of
development (e.g., speech perception or receptive language). For example, Peng et al.
(2004) reported on children with seven years of CI experience (age at implantation between
31 and 133 months of age), but focused solely on speech intelligibility outcomes at one test
interval. Using linear regression modeling, they noted that there was a significant
relationship between age at implantation and speech intelligibility. For every one year
decrease in the age at implantation, there was a 5.5% increase in speech intelligibility scores
(as measured by naive listeners transcribing recorded speech samples). Geers and Nicholas
(2012) examined vocabulary and receptive and expressive language skills with 60 children
who were approximately 10.5 years of age and had received CIs between 12 and 38 months
of age. They found that three factors — age at implantation, nonverbal cognitive skills, and
pre-implant residual hearing — were significantly associated with better language skills.
Finally, Geers et al. (2008) presented data on a large number of children (n=85) between 15
and 18 years of age, with an average of 13 years of CI experience (mean age at implantation
= 3.5 years, SD = 0.8). Multiple regression analyses indicated that earlier implantation was
moderately correlated with better language and reading outcomes (though this was only
marginally significant for language), but not speech perception. While all these studies
contribute to our knowledge regarding outcomes for older children with CIs, each paper uses
a cross-sectional approach in analyzing the data. This approach only allows for testing and
comparisons at a single point in time. The present study utilizes longitudinal data, in
contrast, which allows us to follow the same children over their developmental growth
period to compare groups at multiple ages and determine if the effect is shrinking as the
children mature.
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Based on this review of the literature, the long-term influence of age at implantation on
speech perception, language, and reading is not yet clear. As Wie (2007) points out, the
influence of early implantation is likely strongest in the years immediately following CI
receipt. Geers et al. (2003) and Geers and Nicholas (2012) both note that most of the studies
examining age at implantation effects only tested children up to 6 years old, or in the first 1
to 3 years of CI use, and it is possible that the influence of age at implantation may not be as
strong in later childhood. In other words, studies may be observing an effect on the
immediate performance, but the ultimate developmental potential of children could be less
robustly related to age of implantation. As children grow older, other factors such as general
cognitive development and educational environment have greater effects on outcomes, while
the effects of age at implantation may diminish. Thus, if the goal is to expand evidence-
based knowledge regarding language development in CI users over the long-term, it is
important to investigate the long-term outcomes of children with CIs. Such investigations
will allow researchers to assess whether differences in age at implantation functionally
matter for outcomes. Assessing long-term outcomes can help determine whether
performance of children implanted at very young ages continues to exceed that of children
implanted at older ages, or if the older group catches up to their younger-implanted peers.

The goal of this study was to determine the longitudinal effect(s) of age at implantation on
speech perception, language, and reading performance in a cohort of 83 children with
prelingual deafness, in order to determine if the age at which children receive a CI has a
long-term impact on outcomes in these areas. In the present study, children were separated
into two groups: those who received their CI before 2 years of age and those who received
their CI between 2 and 3.9 years. The rationale for the boundaries of these age groups was
two-fold: 1) the two groups had a relatively equal number of subjects, and 2) general clinical
consensus advocates for implantation prior to 2 years of age in children with prelingual
deafness.

We conducted a retrospective analysis of the Iowa Cochlear Implant Clinical Research
Center’s longitudinal database of speech perception, language, and reading outcome
measures.

As of March, 2010, there were 105 children participating in a long-term research project
who were implanted at the University of Iowa under the age of four years. After excluding
children with severe cognitive, visual, or motor disabilities and children who did not use
English as their primary spoken language, we examined the longitudinal data for 83 children
with prelingual deafness. A team of audiologists and speech and language scientists
collected data annually with this population since 1990. Seventy-five children received a
Nucleus device and eight children received an Advanced Bionics (Clarion) device. The
speech processing strategies are not specified, as it changed for most of the children over
time due to advances in technology.

Participants were divided into two groups based on age at implantation. The first group
(henceforth designated “earlier-implanted group”) included 38 children implanted under 2
years of age (mean age = 1.38 years; SD = 0.27; birth year 1995 to 2005) with an average of
7.8 years of CI experience at the time the data were extracted (SD = 2.71; range = 3.0 years
to 12.8 years), although children were examined longitudinally. The second group
(designated “later-implanted group”) included 45 children implanted between the ages of 2
to 3.9 years of age (mean age = 2.99 years; SD = 0.55; birth year 1983 to 2003) with an
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average of 12.2 years of CI experience at the time the data were extracted (SD = 5.04; range
= 3.2 years to 22.4 years).

We compared the two groups on a number of measures that could affect language and
reading outcomes. We first examined hearing and demographic variables. There was no
significant difference in pre-operative residual hearing between the two groups (t[78] = —.
795, p = .43; earlier-implanted group average = 110 dB HL[SD=11]; later-implanted group
average = 108 dB HL [SD=11.54]). There was a significant difference in initial age of
hearing aid use between the groups (1[77] = -5.4, p <.05; earlier-implanted group average =
6.8 months [SD=4.86]; later-implanted group average = 14.7 months [SD=7.39]) with the
earlier-implanted group utilizing hearing aids at a younger age. A Chi-square test indicated
that there was no significant difference in maternal education level (coded as six categorical
levels) between the two groups (32 [5] = 3.53, p = 0.61; earlier-implanted group average =
14.8 years [SD=2.33]; later-implanted group average = 14.5 years [SD=2.03]). We also
examined nonverbal cognitive skills using the parent-report Minnesota Child Development
Inventory — Situation-Comprehension subscale (MCDI) (Ireton & Thwing, 1974), which
was available for a subset of participants (earlier-implanted group: n = 25; later-implanted
group: n = 20) between 3 and 4 years of age. Seventeen out of the 20 children in the later-
implanted group had received their CIs at the time they were administered the MCDI. There
was no significant difference in raw scores for nonverbal cognitive ability (t[43] = .153, p

= .88; earlier-implanted group average = 33.2 [SD=5.85]; later-implanted group average =
33.5 [SD=4.94]). Nonverbal cognition was not consistently assessed during the school-age
years, which prevented the comparison of nonverbal cognition with standardized assessment
measures between the groups at later ages.

The quantity and quality of early service provision and aural habilitation can have a strong
impact on later outcomes. Therefore, we also sought to determine if there were differences
in the amount of service provision per week at two points: preoperatively, and at a post-
operative visit between 7 years, 9 months and 8 years, 9 months. The latter visit was selected
because data were available for the largest number of participants in both groups during this
time period. Amount of service provision was assessed by parent report of the number of
minutes per week of services from a speech-language pathologist, teacher of the deaf/hard of
hearing, and/or early childhood development specialist. These data were available for 67%
of the earlier-implanted group and 82% of the later-implanted group preoperatively; 86%
and 53% respectively, postoperatively. There were no significant differences between the
two groups in pre-operative (t[47] = —1.014, p = .32) or post-operative ({[35] =—-.991, p=.
33) minutes of service provision. We acknowledge that there may have been qualitative
differences in the type of intervention, but did not have access to that retrospective
information.

The number of children in this study who reported using oral communication (OC) versus
total communication (TC) as their primary communication modality did not vary based on
age at implantation (x2 [2] = 2.92, p =.23). At the most recent report, for the earlier-
implanted group, 69% reported using OC, 29% reported using TC, and 3% reported using
Signing Exact English (SEE). For the later-implanted group, 50% reported using OC, 48%
used TC, and 2% used SEE.

Additional demographic information for each child is included in Table 1.

Procedures and Test Measures

Speech Perception—Speech perception tests were recorded and presented in sound field
in a double-walled sound booth. Speech materials were always presented from 0°-azimuth at
70 dB SPL. Speech perception was measured in quiet using pre-recorded Consonant-
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Nucleus-Consonant (CNC) monosyllabic words (Tillman & Carhart, 1966) and Phonetically
Balanced-Kindergarten (PB-K) (Haskins, 1949) words. Due to the influence of vocabulary
on the speech perception word lists, PB-K lists were administered to children as young as 4
or 5 years of age while CNC words were administered to children between the ages of 6—8
years or older. Both the CNC and PB-K scoring was based on percent-correct performance
at the word level. One or two 50-word lists of CNC words were presented to each child per
visit, depending upon the child’s attention span. All lists were randomized between children
and no child received two of the same lists during the same visit. Two of the PB-K 50-word
lists were used (list 1 and 2). Each child received one PB-K list per visit.

The CNC and PB-K scores were combined to create longitudinal speech perception scores
for each child over time. In cases where examiners administered both the CNC and the PB-
K to a particular child during one visit, the scores were averaged to create one score at that
visit. If there was only one score available from either the CNC or PB-K tests, that score was
included in the analysis. To verify that the scores were measuring the same underlying
construct, we computed the concordance correlation coefficient (CCC) of Lin (Lin, 1989).
The CCC measures the agreement between two variables and evaluates the degree to which
the pairs of observations fall on the 45° line through the origin. That is, we measured not
only the correlation between CNC and PB-K, but to what extent they gave the same percent
correct value when both were administered at the same visit. For those children that
completed both the CNC test and the PB-K test during the same visit, the CCC between the
two measures was 83%, suggesting that the two scores were highly reliable measures of the
same underlying construct.

Language—The Clinical Evaluation of Language Fundamentals-3rd edition (CELF-3)
(Semel et al., 1995) was used to measure global receptive and expressive language skills.
There are a number of subtests within the test battery; for the purposes of the current study
we examined longitudinal data for one receptive language subtest, Concepts and Directions,
and one expressive language subtest, Formulated Sentences, because both could be
administered starting at age 6 and continuing through adulthood. In the Concepts and
Directions subtest, an examiner presented pictures of black and white geometric shapes and
asked the child to follow directions (e.g., “Point to the black circle, then the white square”).
Items increased in length and linguistic complexity. In the Formulated Sentences subtest, the
examiner presented a target word and a stimulus picture to the child. The child generated a
novel sentence that referred to the picture and included the target word. Target words varied
in syntactic category, and included nouns, verbs, adjectives, and conjunctions. Both subtests
were administered using spoken language for children who relied on oral language for
communication and in simultaneous sign and speech for children who utilized total
communication or Signing Exact English (SEE). Standard scores were available for data
analysis but because such scores control for chronological age, they did not allow for the
examination of growth over time. As a result, we used raw scores for statistical analyses
involving the CELF-3 subtests.

Reading—One subtest from the Woodcock Reading Mastery Test-Revised (WRMT-R)
(Woodcock, 1987) was used to measure reading ability, starting at age 6. The Passage
Comprehension subtest evaluates the ability of an individual to understand a short written
passage. Each item consists of one or more sentences with one missing keyword. The child
read the sentences and identified the missing word. Passages are designed so that it is
difficult to identify the target word without reading the entire selection. Raw scores were
transformed into W scores, which are transforms of the raw score into an equal-interval
scale based on the difficulty of the item. W scores reflect the child’s ability in a domain and
range from 338 to 608, with a score of 500 indicating fifth-grade achievement. They were
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utilized instead of raw or standard scores because they allowed growth at any point in the
scale to be measured on the same scale; thus, they were well suited for growth analysis.

Data Analysis—The primary focus of this analysis was to compare children implanted
under the age of two years to children implanted between two and four years of age. We
made that comparison within a Linear Mixed Model (LMM) framework. The LMM assumes
a normal distribution for the dependent variables (speech perception, CELF-3 Formulated
Sentences and Concepts and Directionsraw scores and WRMT-R Passage Comprehension
W scores) and can be used to investigate the relationship of the dependent variable with each
of the independent predictor variables. The LMM accounted for the correlation between data
points collected over time, including a random intercept and random slope for time. A
random intercept represented the individual influence each child had on repeated
observations not captured by the other covariates. Akaike Information Criterion (AIC) was
used to select the variables used in the model and the final covariance structure for the
LMMs. Through the LMM we achieved a model-specified mean score for each group
allowing that mean to vary by age at testing. A two-sample t-test was then used to compare
the two group means at differing values of age at testing. One benefit of the model-specified
mean score is that it permits use of all the available information for data that were collected
at irregular intervals. For example, with the speech perception measures, four children were
measured only one time and five more only had two measurements. On the other hand, five
children had ten measurements and eight had eleven measurements. Half of the children had
between three and eight measurements. It was because of these sporadic visit times that the
longitudinal model is particularly appropriate. It allows for analysis of means at any testing
age, as well as use of the model standard error in the hypothesis tests. Therefore, the present
analysis is less impacted by subject attrition rates over time than traditional t-tests between
groups. We did not adjust the alpha level for multiple comparisons because that would
inflate the Type II error and we did not wish to artificially conclude that the two groups were
equal if they were, in fact, not equal. The modeling was performed using Proc Mixed in SAS
v9.3.

Age at testing, our primary dependent measure, was modeled as a continuous variable due,
in part, to the irregular follow-up time periods across children. Growth over time did not
follow a strictly linear pattern. As a result we adopted two approaches. For the language and
reading measures, a quadratic effect of time was also included in the model to create the
curvature seen in Figures 2, 3, and 4B. However, the speech perception performance showed
a much more non-linear function. A sixth or seventh order polynomial may have been able
to be fit to the speech perception curve but we felt other statistical approaches may be better
suited to answer our research questions. Thus, we used spline regression of time, which is a
semi-parametric regression model. Knot points were chosen to be every other year at ages 7,
9, and 11. Furthermore, because dependent measures are correlated over time, a compound
symmetry correlation function was used to account for the correlated responses for all three
measures. The compound symmetry formulation assumed that the correlations between all
time points were equal and was selected over other correlation structures because it yielded
the lowest AIC.

Independent variables included communication mode, unilateral versus bilateral CI use, pre-
operative PTA, time (age at testing), age at implantation (age group), and time (either
quadratic or spline). All pairwise interaction terms were tested to be included in each model
and the interaction between time and age-group was the only one that reduced AIC in all
three models. The inclusion of the interaction between time and age-group was important
because it allowed comparison of the effect of early versus late implantation on the growth
of the dependent variable over time. Thus, as previously alluded to, we could determine if
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the difference between the groups was changing over time and how quickly it changed after
adjusting for important covariates.

Device configuration (unilateral versus bilateral CI use) and pre-operative PTA did not
contribute a significant amount of variance to any of the outcome variables and were
removed from the final model. Communication mode influenced some, but not all of the
outcome variables, as described in the results section. Residuals were analyzed in all models
but yielded no evidence of violating model assumptions.

Speech perception

Language

Figure 1A shows all of the individual trajectories with dots representing children implanted
at under 2 years of age, and stars representing children implanted between 2 and 3.9 years of
age (Figures 2A, 3A, and 4A show similar individual trajectories for language and reading
data). Data from 67 children were used in this analysis (28 children in group 1 and 39
children in group 2). Figure 1B shows the mean predicted response curve along with 95%
confidence intervals for each group generated by the statistical model. The thick solid curve
is the model-predicted mean of the younger-implanted group with the thin solid curves
representing the 95% confidence interval. The dotted curves are for the older age group. The
curves represent where the average child would start for each group and the trajectory if that
child was measured each subsequent year (Figures 2B—4B depict the same visual
representations for language and reading data). As expected, speech perception scores in
both groups generally increased over time.

Our primary research question focused on the difference in performance between the
younger-implanted and the older-implanted group at specific testing ages. The younger-
implanted group had higher speech perception scores at 5 years of age, compared to the
older-implanted group (p < 0.001). From Figure 1B we see the gap between the two groups
narrows at age 7 (p = 0.16). After age 7, there was much slower growth for both groups and
the two appeared to have fairly similar trends in performance. Significance varied between 8§
and 13 years of age with scores significantly different between the two groups at 8, 9, 10,
and 12 years (p < 0.05). There was no significant difference at ages 11 and 13 years. Finally,
communication mode was the only other factor in the model that had a significant effect on
speech perception scores (p < 0.0001), with children using OC obtaining scores that were
33.8% higher than children using TC, on average.

Figure 2A shows the raw longitudinal data for receptive language skills, as measured by the
CELF-3 Concepts and Directions subtest. Data from 38 children were used in this analysis
(13 children in group 1 and 25 children in group 2). In general, language scores increased
for nearly all of the individuals in the study. One individual stood out as unique in terms of
trajectory (scoring a 14 at age 7 years, 0 at age 9 years, and 28 at 10 years of age). That
person was removed from the group analysis. Figure 2B shows the mean predicted response
curve for CELF-3 Concepts and Directions along with 95% confidence intervals for each
group generated by the statistical model and a gray dashed line representing average raw
scores for children with NH based on CELF-3 normative data at each age interval as a
reference. Regarding the primary research question — the difference between older- and
younger-implanted groups — at age 7, the younger-implanted group achieved receptive
language scores that were 7 points higher than the older-implanted group, on average, which
was a significant difference (p = 0.04). By age 8, there was no statistical difference between
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the two groups (p = 0.09), a trend that continued across all older ages (see Table 3). Finally,
communication mode did not have a significant impact on receptive language (p = 0.26).

Figure 3A shows the raw scores for expressive language skills, as measured by the CELF-3
Formulated Sentences subtest. Data from 39 children were used in this analysis (13 children
in group 1 and 26 children in group 2). Overall, there was a general increase in scores over
time for most of the children. Several children did not show increases over time, but were
left in the analysis. Figure 3B shows the mean predicted response curve for CELF-3
Formulated Sentences along with 95% confidence intervals for each group generated by the
statistical model and a gray dashed line representing average raw scores for children with
NH at each age interval as a reference. The comparison between groups indicated that at age
7, the younger-implanted group achieved scores that were 12 points higher than the older
implanted group, on average. This difference was significant (p = 0.01). Both groups
showed trends of scores increasing over time, with the means narrowing and confidence
intervals widening. By age 10, there was no significant difference between the two groups (p
=0.07), a trend that continued at age 11 as well (p = 0.20). Communication mode
approached significance for expressive language scores (p = 0.06), with higher scores for
OC users than TC users.

Figure 4A shows the raw scores for WRMT-R Passage Comprehension test. Data from 49
children were used in this analysis (16 children in group 1 and 33 children in group 2).
Overall, there was a general increasing trend by almost all of the children regardless of
baseline value. In Figure 4B we see the mean predicted response curve for WRMT-R
Passage Comprehension along with 95% confidence intervals for each group generated by
the statistical model and a gray dashed line representing average W scores for children with
NH at each age interval as a reference. It is important to note that in Figure 4B, it appears
that the younger-implanted group demonstrated better scores on the reading measure than
the average W scores for NH children. This is a consequence of the minimal scoring
demands for younger ages on the WRMT-R Passage Comprehension measure. Children
only need to get a few items correct to achieve a score in the average to above-average range
at ages 6 or 7, resulting in a compression of scores in this age range. This is true only at that
younger age of testing. The comparison between groups indicated that at age 7, the younger-
implanted group achieved scores that were almost 15 points higher than the older-implanted
group, on average. However, this difference at the baseline interval just missed significance
(p=0.054). Both groups demonstrated similar growth rates across the tested age ranges for
WRMT-R Passage Comprehension scores. Thus, there was no statistically significant
difference between the two groups at any of the test intervals. Communication mode did not
have a significant impact on reading scores (p = 0.13).

Discussion

The University of Iowa has a large population of children with CIs who have been engaged
in clinical research and were followed incrementally over time for up to 23 years. Because
the acceptable age at implantation has expanded to implanting younger children in recent
years, we evaluated the long-term effects of age at implantation while controlling for
confounds including communication mode, pre-implant residual hearing, and unilateral
versus bilateral CI use.

Age at Implantation

Our results demonstrated that age at implantation initially influenced speech perception in
children with CIs. When both groups were tested at 5 and 6 years of age, the younger-
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implanted group performed significantly better than the older-implanted group. Many
previous studies showed similar results, with children implanted at younger ages displaying
better speech perception skills than children implanted at older ages, particularly in the
immediate years following implantation (Geers, Tobey, Moog, & Brenner, 2008; Kaplan &
Puterman, 2010; Manrique, Cervera-Paz, Huarte, & Molina, 2004; McConkey Robbins et
al., 2004; Zwolan et al., 2004). The significant difference early in development is at least
partially explained by duration of CI experience; the children implanted under 2 had more
experience (around 3—4 years) with their CI before initial testing at 5 years of age, while
children in the other group had less experience with their CI at the initial testing intervals.

Our results also showed that the impact of age at implantation on speech perception
gradually weakened over time with the older group narrowing the gap quickly once they
gained experience with their device. At age 7, statistical analysis indicated no significant
difference between the two groups on speech perception scores. However, between ages 8
and 13 years, the growth in performance for both groups slowed down and statistical
analyses indicated the two groups were not significantly different at 11 and 13 years of age.
Thus, at 8, 9, 10, and 12 years of age, there was a significant difference in scores between
the two groups. It is difficult to determine if these results are due to the fact that the
younger-implanted group was starting to reach a ceiling level in performance. Perhaps if a
more demanding speech perception measure (e.g., listening in noise or with multiple talkers)
had been available for analysis, we would have seen a stronger effect of age at implantation
on long-term outcomes. Additional research is needed to determine the effects of age at
implantation on speech perception in complex listening situations.

Age at implantation also initially influenced language scores in children with CIs. These
results are consistent with the speech perception findings and are due in part to an advantage
of longer duration of CI experience for children implanted under 2 years. Both expressive
and receptive language scores showed a consistent pattern in which there was no significant
difference between the earlier- and later-implanted groups at later ages. Specifically,
statistical analyses indicated that the older- and younger-implanted groups no longer had
significantly different scores by age 8 for receptive language and age 10 for expressive
language. These results may suggest that some children, who are implanted after age 2
years, but before age 4, are able to show similar growth trends as their younger-implanted
peers, once they have attained several years of CI experience. We express caution, however,
in interpreting these findings as a clear indication that the older-implanted group “caught
up” to the younger-implanted group, given the widening variance at older ages for both
groups.

In many regards, the lack of strong effects of age-at-implantation for language skills is quite
surprising. Previous studies are fairly consistent with regards to the relationship between age
at implantation and expressive language (Holt & Svirsky, 2008) (Holt & Svirsky, 2008;
Nicholas & Geers, 2007; Niparko et al., 2010; Tomblin, Barker, Spencer, Zhang, & Gantz,
2005) with clear benefits of early implantation being seen across studies. The majority of
previous studies also suggest that younger age at implantation is related to positive outcomes
in receptive language performance (Holt & Svirsky, 2008; Niparko, Tobey, Thal, Eisenberg,
Wang, Quittner, & Fink, 2010). It is important to note, however, that in these previous
studies, children were not tested past age 8 and for the most part, the children only had 1 to 3
years of CI experience. In the present study, children in the younger-implanted group
performed significantly better on both receptive and expressive language tests at age 7,
which is consistent with previous findings. As chronological age increased, however, the
differences in language scores between groups decreased, resulting in no significant
difference by age 8 for receptive language and age 10 for expressive language. Geers,
Nicholas, and Sedey (2003) also found no effect of age at implantation in a group of
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children who were implanted between 2 and 5 years of age, and tested at 8 and 9 years of
age. On the other hand, Geers and Sedey (2011) found that duration of deafness prior to
implantation (a proxy measure for age at implantation) accounted for a significant
proportion of variance in receptive and expressive language when the children were re-
tested at 15 to 18 years of age. Geers and Nicholas (2012) reported similar findings in 10-
year-olds with CIs. It should be acknowledged that both studies utilized different statistical
techniques in their research (i.e., hierarchical multiple linear regression) compared to the
present study (i.e., linear mixed modeling). We expect that if we had employed regression
analysis for the whole group, we would have reached similar findings as Geers and Sedey
(2011) and Geers and Nicholas (2012) in that age at implantation would have accounted for
a significant proportion of the variance in language skills. Nevertheless, the current results
offer an expanded view of long-term language outcomes for children implanted after age 2.
Some of these later-implanted children are capable of performing within the same range of
earlier-implanted children. Although the two groups demonstrated no significant differences
in maternal education level, preschool-age nonverbal cognition, pre-operative residual
hearing, and quantity of pre- and post-operative service provision, it is likely that other
variables are supporting language development in these children. Possibilities include
quality of parental linguistic input and service provision, school-age nonverbal cognitive
skills, and frequency of daily CI use. A goal of future prospective research should be to
further investigate alternative factors that ameliorate the negative effects of later
implantation, such as early intervention, home environment, or consistency of device use
(Szagun & Stumper, 2012).

The present data also revealed that age at implantation did not have a strong impact on
reading skills in the early elementary years. Children implanted before age 2 years showed
an initial, but non-significant, advantage over children implanted between 2 and 3.9 years of
age. These initial reading results at age 6 should be interpreted with caution, because of the
likelihood of compressed variance and floor effects. Reading performance indicated no
significant difference between groups over time, and effect sizes decreased with increases in
chronological age. These findings are inconsistent with previous research on reading
outcomes and age at implantation. James et al. (2008) and Johnson and Goswami (2010)
reported that age at implantation had a significant effect on reading scores, but it should be
noted that the cut-off for younger- vs. older-implanted groups was around 4 to 5 years of
age. If the present study had included a group of children implanted after age 4, we predict
that there may have been stronger effects for age at implantation in reading. Another study
by Geers and Hayes (2011) investigated children with 10 or more years of CI experience.
They found that duration of deafness accounted for a significant proportion of the variance
in high-school reading performance. Again, we acknowledge that different statistical
methods were utilized in the current study, and it is possible that we would have found that
age at implantation would account for variance in the whole group. At the same time, the
present dataset demonstrated small effect sizes for reading over time (Table 3), indicating
that the contribution of age at implantation was minimal, especially as children grew older.
These conflicting findings lead us to concur with the position elucidated by Marschark,
Rhoten, and Fabich (2007): more longitudinal research on reading and academic skills for
children with CIs is needed, in order to effectively demonstrate that age at implantation has
a lasting impact on reading outcomes.

When viewed altogether, what might explain the unexpected findings of the current study?
An important motivation for earlier implantation derives from literature on the auditory
development of hearing infants, showing that speech perception develops quite early and is
largely tuned to the native language by 12 months of age (Eimas et al., 1971; Kuhl, 1979;
Werker & Tees, 1984). This implies that infants need auditory input early, during this
critical plastic period. However, more recent work suggests considerable plasticity after
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infancy (Davis et al., 2005; Kraljic & Samuel, 2005; Lively et al., 1993; Norris et al., 2003).
For example, Sharma et al. (2002) used P1 cortical auditory evoked potentials in children
with ClIs to demonstrate that maximum plasticity for central auditory development exists up
to 3.5 years of age, and some plasticity still exists up to age 7. Most of the children in the
present study were implanted before 3.5 years and were within this period of maximum
plasticity when they received Cls. In addition, a number of studies are now identifying
critical changes in infant speech perception that occur during the second year of life as
children learn how to map acoustic/phonetic cues to words (Dietrich et al., 2007; Rost &
McMurray, 2009, 2010). There is also evidence for continued perceptual organization of
speech sounds well into the early school years and beyond (Slawinski, 1998). When
considered in combination with an emerging view that perceptual organization for speech is
highly plastic and slow to develop, the present language and reading results may offer some
support to the notion that it is acceptable to give parents more time to accept the diagnosis of
hearing loss and feel comfortable with their decisions regarding implantation (Geers &
Nicholas, 2012).

Communication Mode—Another contributing factor in performance on various outcome
measures is communication mode. Our demographic information showed that 69% and 50%
of the children implanted under the age of 2 years and between 2 and 3.9 years, respectively,
reported using oral/aural communication. Consistent with Geers, Brenner, and Davidson
(2003), we found that communication mode was highly predictive of speech perception
outcomes. Specifically, children whose educational programs emphasized auditory-oral
communication (OC) were better at perceiving speech than children who used total
communication (TC).

At the same time, the effects of communication mode on measures of higher-level language
ability were mixed. Expressive and receptive language results diverged with respect to the
influence of communication mode. The results for expressive language indicated that
communication mode influenced performance (although statistical results did not quite reach
significance), with OC users demonstrating better expressive language scores than TC users.
Kirk et al. (2002) also demonstrated an advantage of OC over TC on expressive language
outcomes. On the other hand, the receptive language and reading data indicated no
significant difference in communication mode (OC vs TC). This finding is also consistent
with previous literature for receptive language (Holt & Svirsky, 2008; Kirk, Hay-
McCutcheon, Sehgal, & Miyamoto, 2000; Kirk, Miyamoto, Lento, Ying, O'Neill, & Fears,
2002) as well as reading (Connor & Zwolan, 2004). With regards to language
comprehension performance, the limited influence of communication mode on receptive
language is likely due to the receptive measure being administered in the child’s preferred
communication mode. Children who use TC may benefit from the iconicity of signs, which
could influence performance on the CELF Concepts and Directions subtest. The TC group
would not experience that same visual advantage on speech perception or expressive
language measures.

Limitations and Future Directions—There are a number of limitations in the present
work, most of which are related to the difficulties inherent in conducting a retrospective
analyses over a 20-year period, particularly in a period that has undergone so many dramatic
changes in the field of pediatric audiology. Although there was no significant difference in
pre-operative hearing thresholds between the two groups, the possibility exists that some
children had progressive or acquired hearing loss in the first year of life, and thus had an
early advantage over children with more severe hearing loss. Other studies demonstrated the
importance of pre-operative residual hearing on developmental outcomes (Geers &
Nicholas, 2012; Nicholas & Geers, 2006). Therefore, one limitation is that we were unable
to obtain the first diagnostic ABR or audiogram for most of the children because these were
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obtained at centers other than the University of Iowa. Furthermore, many children were
identified prior to the advent of newborn hearing screening. These two factors make it
difficult to establish the severity of hearing loss during infancy. Children with acquired
hearing loss later than 12 months of age were excluded from the present analysis, in an
attempt to control for this confound, but the possibility exists that there could have been a
significant difference in pre-operative thresholds at birth or shortly thereafter.

Another limitation of conducting a retrospective analysis is dropout rate of participants and
incomplete data sets over time. Specifically, as with most longitudinal studies, the number
of subjects available for analysis decreases as the number of years increases. The figures in
this manuscript showing the growth curves demonstrate this as the confidence intervals
become wider at the latter ages in the study. This represents a lack of confidence in the true
growth at those ages. This has been accounted for in the statistical model which assumes
data are missing at random which is a valid assumption for this dataset. The missingness
does not depend on how they would have scored. This means that those scoring poorly have
the same likelihood of having missing data as those who score well. Thus, the results of the
statistical analysis hold if the missing at random assumption is met. We can hypothesize that
the current trend will continue but we will continue to follow the individuals for future
followups in our continued studies.

Furthermore, in retrospective studies with children, it is often challenging to find outcome
measures that are consistent over a number of years. For example, global language
measures, such as the CELF-3, begin at age 6. Although language assessment measures
were available for some participants at younger ages, we could not conduct a growth curve
analysis using these data because they were not from the CELF-3. Similar limitations
existed for speech perception scores; reliable responses on open-set speech perception
measures were not available for many of the children until they were 6 years old. We
acknowledge this limitation of the study, and direct readers to previous literature regarding
growth trajectories of children in the initial years of implant use (Tomblin, Barker, Spencer,
Zhang, & Gantz, 2005).

There are additional factors besides age at implantation that likely predict long-term speech
perception, language, and reading outcomes, which we were unable to account for here. One
variable that has received little to no attention in the literature is the amount of time children
wear the CI on a daily basis. Research on children who are hard of hearing and wear hearing
aids indicates wide variation in daily use time, particularly for younger children (Walker et
al., 2012). Furthermore, increased consistency of daily hearing aid use strengthens the
impact of aided audibility on communication outcomes of preschoolers with moderate-to-
severe hearing loss (Tomblin et al., in revision). There is little reason to expect different
outcomes in children with Cls, although there has been virtually no research in this area.
Future CI technology should include data logging capacities, similar to what is currently
available in most hearing aids. This would allow audiologists to determine the consistency
of CI use in pediatric patients, without having to rely on parent report as a proxy measure. It
would also allow researchers to conduct prospective analyses that include daily use as an
independent predictor variable for outcomes.

Another important predictor variable of language and reading outcomes, in particular, is the
richness of the linguistic input to the child. Previous literature on children with normal
hearing clearly demonstrates the importance of early child-directed speech on language
proficiency at later ages (Fernald et al., in press; Hart & Risley, 1995) . A recent study by
Szagun and Stumper (2012) indicated that the quality of maternal language input had a
stronger influence on language outcomes than age at implantation. Unfortunately, the
current retrospective analysis was unable capture the quality and quantity of early linguistic
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input in parent-child interactions following CI stimulation. Recent advances in technology,
such as the Language ENvironment Analysis system (LENA) allows for automated, full-day
recordings of children’s auditory environments (Gilkerson & Richards, 2008). This device
could be a powerful tool for examining the natural language use of families of children with
CIs. It could also be used prospectively to determine how much linguistic input in the home
accounts for variance in later communication outcomes, relative to the variables of interest
in the present report, namely age at implantation.

We did not assess differences between groups in pragmatics, psychosocial, academics, and
executive function abilities. This is an important point to make in light of the present results
and conclusions. Although there were no long-term significant differences for age at
implantation in language and reading performance, there was a significant or near-
significant difference in the intercept for all test measures, indicating an early advantage for
children who received their CIs at younger ages. This early advantage could have a
cascading influence on early and later psychosocial competence, as well as academics and
executive functions, but would likely be mediated by the influence of language skills. There
has been very little research examining psychosocial adjustment in relation to long-term CI
use. Moog, Geers, Gustus, and Brenner (2011) used a social skills questionnaire to examine
psychosocial development in high schoolers with CIs, but did not consider the relationship
between age at implantation and psychosocial skills. Spencer, Tomblin, and Gantz (2012)
reported on education and vocational outcomes of CI users who were 16 years or older, but
also did not consider these outcomes in relation to age at implantation. Executive function
abilities and CIs have drawn recent interest in the literature (Hauser et al., 2008; Pisoni et
al., 2008), but have not been examined in children with long-term CI experience to test age
at implantation effects. An important future direction in research would be to investigate age
at implantation effects on pragmatic/psychosocial abilities, academic achievement, and
executive functions in children with long-term CI use, including communication skills as a
mediator in the analysis.

Conclusion

In translating these findings to clinical practice, we contend that earlier implantation is
better, but there may be diminishing returns over time. Specifically, for speech perception,
between ages 7 and 13 years, the effect of age at implantation varied with no significant
difference in performance between groups at ages 7, 11 and 13 years. Furthermore, our
findings indicated that there was no significant difference in long-term language and reading
performance between the groups of children implanted under the age of 2 years and between
2 to 3.9 years of age. Thus, children who receive CIs between age 2 and 4 years have the
capacity to approximate the speech perception, language and reading skills of their earlier-
implanted peers. We note, however, that effect sizes varied across test measures and ages
and variance increased between the two groups with increasing chronological age. Future
studies should address what other malleable factors protect children from the negative
effects of later implantation, which will allow researchers and service providers to identify
which children may succeed or struggle in terms of functional outcomes in high school and
beyond.

As clinical trends in pediatric cochlear implantation seem to be advocating for earlier
implantation (prior to 12 months of age), future studies should evaluate the risk versus
benefits of implantation prior to 12 months of age. Before proceeding with implantation, we
advocate for proper behavioral testing to take place that will provide the child’s family and
care providers with a reliable measurement of the child’s residual hearing. The benefits of
preserving residual acoustic hearing with newer hearing preservation cochlear implant
electrodes might outweigh the need to proceed with implantation prior to obtaining reliable
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audiometric measures, although future studies will need to confirm this hypothesis. Until the
risk versus benefit of early implantation is properly assessed, perhaps knowing that the
effects of age at implantation diminish over time on some outcome measures, parents and
professionals might feel less urgency to implant children prior assessment of residual
hearing.
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Figure 1.

In Panel 1A, raw values for speech perception are plotted over time by age at testing for the
younger-implanted group and the older-implanted group. In Panel 1B, modeled values for
speech perception are plotted over time by age at testing for the younger-implanted group
(solid bold line) and for the older-implanted group (dashed bold line). The other lines (solid
and dashed) represent the 95% confidence intervals for the two groups.
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Figure 2.
In Panel 2A, raw values for CELF-3 Concepts and Directions (CELF-3 Receptive) are

plotted over time by age at testing for the younger- and older-implanted groups. In Panel 2B,
modeled values for receptive language are plotted over time by age at testing for the
younger-implanted groups (solid bold line), for the older-implanted group (dashed bold
line), and for normal hearing (dashed bold gray line). The other lines (solid and dashed)
represent the 95% confidence intervals for the two groups.
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Figure 3.
In Panel 3A, raw values for CELF-3 Formulated Sentences (CELF-3 Expressive) are plotted

over time by age at testing for the younger- and older-implanted groups. In Panel 3B,
modeled values for expressive language are plotted over time by age at testing for the
younger-implanted group (solid bold line), for the older-implanted group (dashed bold line),
and for normal hearing (dashed bold gray line). The other lines (solid and dashed) represent
the 95% confidence intervals for the two groups.
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Figure4.

In Panel 4A, raw values for WRMT Passage Comprehension W-scores are plotted over time
by age at testing for the younger- and older-implanted groups. In Panel 4B, modeled values
for Passage Comprehension are plotted over time by age at testing for the younger-
implanted group (solid bold line), for the older-implanted group (dashed bold line), and for
normal hearing (dashed bold gray line). The other lines (solid and dashed) represent the 95%
confidence intervals for the two groups.
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Table 2

Static demographic information. Data is shown in percent. Maternal education level is reported at time of
implantation; Communication mode is reported at most recent appointment.

Groupl Group?2

Mater nal education level

Kindergarten-8 Grade 3 0
9-12" Grade 3 7

High School Diploma 14 15
Some College Coursework 25 37
College Degree 47 34
Post-graduate Degree 8 7

Communication mode

Total (TC) 29 48
Auditory Oral (AO) 69 50
Manual (MA) 3 2
Ethnicity
Asian 3 0
Black 8 4
Hispanic/Latino 3 2
White 84 93
other 3 0
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