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Abstract

Objective—To test the hypothesis that cochlear implantation surgery before 12 months of age
yields better spoken language results than surgery between 12—-18 months of age.

Study Desigh—Language testing administered to children at 4.5 years of age (+ 2 months).

Setting—Schools, speech-language therapy offices, and cochlear implant (Cl) centers in the US
and Canada.

Participants—69 children who received a cochlear implant between ages 6-18 months of age.
All children were learning to communicate via listening and spoken language in English-speaking
families.

Main Outcome Measure—Standard scores on receptive vocabulary, expressive and receptive
language (includes grammar).

Results—Children with CI surgery at 6-11 months (N=27) achieved higher scores on all
measures as compared to those with surgery at 12—-18 months (N=42). Regression analysis
revealed a linear relationship between age of implantation and language outcomes throughout the
6-18 month surgery-age range.

Conclusion—For children in intervention programs emphasizing listening and spoken language,
cochlear implantation before 12 months of age appears to provide a significant advantage for
spoken language achievement observed at 4.5 years of age.

INTRODUCTION

Since the introduction of cochlear implant (Cl) surgery for children there have been many
changes in clinical practice, several of which are attributable to shifts in candidacy criteria
(1-4). One of the most notable changes has been the lowering of the approved surgery age
by the US Food and Drug Administration: to 24 months of age in 1990, then to 18 months in
1998, and then to 12 months in 2000. The impetus for changing the guidelines has been a
steady stream of reports from researchers and clinicians showing better benefit in speech
perception, speech production and language learning for children who receive a Cl at
younger ages.

Address correspondence to: Johanna G. Nicholas, Ph.D., CID at WUSM, Department of Otolaryngology-Head and Neck Surgery,
Campus Box 8115, Washington University School of Medicine, 660 S. Euclid Avenue, St. Louis, MO 63110;
NicholasJ@ent.wustl.edu; FAX: (314) 747-7230; Telephone: (314) 747-7172.

Conflicts of Interest and Sour ce of Funding: The authors have no conflicts of interest to report. This work was supported by NIH/
NIDCD #R01DC004168 (Nicholas).



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Nicholas and Geers

Page 2

The vast majority of children who are born with severe-profound hearing loss have parents
with normal hearing sensitivity. For most parents, the goal of Cl surgery is to facilitate the
development of spoken language in their child. Adequately testing the impact of earlier
implantation on this desired outcome goes beyond measuring the recognition of speech or
imitation of speech sounds. It should focus on the degree to which a child perceives,
internalizes, and utilizes the spoken vocabulary and sentence structure (grammar) of the
surrounding language community. Studies that specifically examine outcomes in receptive
and expressive spoken language reveal that children who receive a Cl between the ages of
12-24 months achieve higher levels of understanding and use of language and/or experience
faster growth rates in language than those who receive a CI just one year later (5-9). There
is a fairly strong consensus in the literature on this point and the next question becomes
whether moving the surgery age below 12 months is warranted.

Why provide the Cl earlier?

There are several compelling reasons why a move to CI surgery under the age of 12 months
might be advantageous. First, recently published studies show that normally-hearing infants
in the first year are life are capable of a wide range of auditory perceptual discriminations
and abilities not previously recognized. These include a preference for human speech over
rhesus vocalizations by 3 months of age (10), the development of word segmentation
abilities between 7.5-10.5 months of age (11), the ability to associate words with salient
persons, common objects and body-parts at 6 months (12-14), and recognition of change in
the identity of a speaker at 7 months (15). Clearly these very early abilities involve some of
the foundational skills of human speech communication.

Second, all of the emerging abilities of infants to process spoken linguistic content depend
upon adequate hearing and attention to the sounds of the infant’s native language
community, likely beginning at birth. To the extent that significant amounts of input and
experience are necessary for language learning to occur, infants will benefit from hearing as
early as possible, in order to take advantage of this important developmental period of
growth. Building upon many studies indicating that there is a critical, or sensitive, window
of development within which spoken language should be available in order to achieve
optimal language acquisition, Gordon and colleagues (16) argue forcefully that there should
be an urgency to early diagnosis and early cochlear implantation of children with severe-
profound hearing loss in order to maximize auditory development and subsequent language
learning.

Finally, the cost savings of very early implantation may be significant over the long term.
Colletti et al. (17) project the costs to individual families and to society of educating a deaf
child receiving a Cl before the age of 12 months as significantly less than for the child
receiving a Cl between 12-23 months of age. The savings to individual families for younger
implantation was more dramatic than the educational or medical system savings and derived
primarily from a reduction in costs associated with missed work and costs of travel, hearing
aids, and therapy prior to Cl surgery.

Risks for infant surgery

Any surgical procedure that is suggested for young infants must be evaluated for additional
surgical and anesthetic risks and complications. A recent review by Cosetti & Roland (18)
concluded that these risks were not appreciably greater for young infants during or
immediately after the cochlear implantation procedure as compared with those for older
children. Empirical papers from multiple cochlear implant centers in the United States and
Europe similarly reveal few problems (19-22) though best outcomes may be observed in
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centers which perform many pediatric implant surgeries and have access to pediatric
anesthesiological services (23).

Previous studies of language outcomes with Cl surgery < 1 year of age

Cochlear implantation surgery involving children younger than 12 months of age is still
considered an “off-label” practice in the United States and therefore is not practiced by all
surgeons and those reports that exist do not involve large numbers of children. Some studies
involve comparison of infants with an age of implantation (AOI) younger than 12 months to
children with an AOI between 12—-24 months and others compare the target group to
normally-hearing children of the same age or to normative test data. Complicating matters of
comparison may be differing modes of communication used in education and testing (speech
only vs speech/sign together), differing ages of onset of deafness, and different pre-implant
residual hearing levels. All of these variables, and others, must be considered when seeking
to isolate and test the effect of early age of implantation. Ideally, groups of children with
different AOIs should be as homogeneous as possible on all other variables that could
compete for explanatory power in comparisons of group differences.

Short-term outcome studies involving CI surgeries before the age of 12 months have
measured speech perception (24), early infant communication (25) and auditory perception
(21-22,26). A 2010 meta-analysis (27) concludes that the published outcome studies as of
that date did not support the increasing practice of providing Cls to children below one year
of age. Studies that specifically test for outcomes in the realm of /anguage development are
still quite rare and involve relatively small numbers of children. Dettman and colleagues
(28) report on the expressive and receptive growth rates of 11 children with AOl at < 12
months of age as compared to a group with AOI at 12.5 — 24 months of age. For both
language domains, those in the youngest AOI group progressed significantly faster than
those in the older group over the first 1-3 years of Cl use. Similarly, Colletti et al. (29)
found that after 10 years of use, a group of 19 children with AOI from 2-11 months were
significantly more likely to score higher on a receptive vocabulary test and significantly
more likely to score at the 75™ percentile or higher on a test of receptive grammar than those
with later surgeries.

Factors Influencing AOI Comparisons

Selecting comparison groups—Grouping children into AOI categories (e.g., 12-23
months versus 24-36 months) for statistical comparison can sometimes obscure the
continuous relation between surgery age and language outcome. Further, means derived
from AOI groupings may be unduly influenced by the distribution of implant age within
each group. For example, when reporting a mean outcome score for children with AOI
within 12-23 months of age the mean of that group may be heavily influenced if either end
of this continuum is overly represented. For this reason, we believe it to be important to
analyze outcome data, when possible, (a) by using very narrow age ranges when grouping
and (b) to also separately consider outcomes as continuous variables. Therefore, we will
limit the comparison in the present paper to small AOI ranges (6-11 vs 12—-18 months of
age). For those who are located in areas with newborn hearing screening and an interest in
the potential benefits of earlier Cl surgery, differences in outcomes between AOI at 6-11
months versus 12—-18 months should be the comparison of most interest. Because we test
children from programs across the United States and Canada, we have data from more
children in these particular AOI ranges than most single-center-based studies.

In addition, we will explore the continuous relation between AOI from 6-18 months and
predicted language outcome scores. In an earlier paper, we presented a regression function
for language quotient scores at age 4.5 as a function of AOI for children with surgery ages
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from 12—-38 months of age. That function predicted scores closer to age-appropriate levels
for each month’s decrease in surgery age from 30 to 12 months (8). In the present study we
will include a similar analysis with a younger but slightly overlapping age range. This will
examine whether the positive effect of each month’s decrease in implant age on expected
outcome continues below 12 months.

Duration of use—Language outcome level has been shown to improve with increased
duration of CI experience (30). When chronological age at testing is the same for all
children, those implanted at younger ages will necessarily have longer durations of CI use.
Therefore, duration of CI use should also be examined for its relation to any outcome
variables.

Number of implants—Increasing numbers of young children with Cls have received two
devices, either simultaneously or with an inter-surgical interval of weeks, months or years
(31). There have been reports in the literature of benefits in sound localization (32) and
speech perception in noise (33) but considerably fewer studies report bilateral benefits for
outcomes in spoken language. Nonetheless, any comparison of Cl outcomes must take this
change in practice into account either in participant selection, statistical control, or both.

Mother’s education level—Studies of children without hearing loss have documented a
significant language advantage related to mothers’ education level, with mean PPVT scores
of 110 for children whose mothers completed college, 101 for those who completed high
school, and 90 for those who had less than a high school education (34). This strong
influence on language learning may also extend to those learning language with the aid of a
CI. It may not be unreasonable to find that some children with Cls who have college-
educated mothers may eventually achieve standard scores above the normative mean of 100.

Objectives of the present study

Given the growing consensus that obtaining a Cl close to a child’s first birthday is better for
spoken language outcomes than obtaining one just a year later, the most interesting new
comparison is between children with surgeries in the months shortly before and after the 12-
month mark. Given the relatively large individual differences that are seen in most studies of
language development (both in hearing and deaf children), significant differences between
two relatively small windows of AOI on either side of the 15t birthday would be quite
meaningful and hold important implications for clinical practice and perhaps, eventually,
federal guidelines for the lower limit for pediatric cochlear implantation. Therefore,
objectives for the present study were:

1. To determine whether significant differences in spoken language exist between
children who receive a 1st Cl at 6-11 months of age versus 12-18 months of age.

2. To examine the role of duration of CI use, mother’s education, and bilateral
implantation in spoken language outcomes.

3. To estimate the implant age below which children can be expected to achieve
language levels commensurate with normally-hearing peers by age 4.5.

MATERIALS AND METHODS

Participants

This study was conducted with a sample of 69 children with cochlear implants drawn from
across the US and Canada. Of those children with Cls, 27 had a first Cl surgery age between
6-11 months of age and 42 between 12-18 months of age. All children were presumed deaf
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since birth, had no significant visual, motor, or cognitive problems and came from families
in which English was the primary language spoken in the household. All had received
listening and spoken language (LSL) intervention since at least the time of CI surgery.

Average characteristics of each of the AOI groups are summarized in Table 1. In addition to
significantly younger AOI, the 6-11 month AOI group had significantly longer duration of
Cl use, younger age at diagnosis of deafness, a smaller proportion of female participants,
and a larger proportion receiving a second CI than the 12-18 month AOI group. The groups
were not significantly different in age at test or mother’s education level. At the time of
testing, 36 children had unilateral and 33 had bilateral implants. Of those with bilateral
implants, 12 received the two Cls in a simultaneous implantation surgery and the remaining
had sequential surgeries with intervals ranging from 1 to 12 months. Approximately 80% of
children had mothers who had graduated from college. Children were excluded from this
study if they had previously experienced an interruption of CI use for more than 30 days.
Children were recruited through schools for deaf children, speech-language therapists, and
cochlear implant centers. Candidates who met the study criteria were identified by on-site
staff and provided with information about the study and a method to volunteer to participate
if interested. The study protocol was approved by the Human Research Protections Office of
the first author’s institution.

Data Collection Procedures

RESULTS

Testing occurred when all children were 4.5 years of age (+ 2 months). Experienced
examiners from the study staff travelled to the school, speech-therapy office, or cochlear
implant center in the child’s home city for testing. All children were administered the
Peabody Picture Vocabulary Test —I11 (PPVT)(35) and the Preschool Language Scale-1V
(PLS)(36). The PPVT is a standardized, age-normed test of receptive vocabulary in which
an examiner says “Show me...” followed by a single word. The child is shown four pictures
and responds by pointing to the one that most accurately depicts or represents the spoken
word. The PLS is a standardized, age-normed test of overall language ability, i.e., covering
semantics, morphology, syntax, and vocabulary and involves both the understanding and
production of language by the child. Test administration was delivered in spoken English
and only spoken language was credited (except for response points as allowed by the testing
protocol, such as PPVT). Standard scores were calculated for receptive vocabulary (PPVT),
receptive and expressive language (Auditory Comprehension and Expressive
Communication Scales of the PLS, respectively). The test norms (based on normally-hearing
children) for both the PPVT and PLS have mean standard scores of 100 and standard
deviations of 15.

Comparison of AOI groups

Mean scores of children in the two groups are shown in Table 2, along with standard
deviations and results of t-tests comparing the mean scores of the groups on each language
test. On every test, the mean of the 6-11 months AOI group was significantly higher than
that of the 12-18 months AOI group. When compared to the tests’ normative data the
percentage of children in the 6-11 months group scoring within the average range or higher
(standard score of 85+) was 93% for receptive vocabulary, 85% for receptive language, and
77% for expressive language. The corresponding percentages for the 12—18 months group
were 77%, 60%, and 57%, respectively.
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Correlations with potential predictors

It was of interest to discover whether factors seen to influence language performance in Cl
studies with children who received Cls at older ages would also be important for the
children in this study. We examined gender, duration of 15t CI use, mother’s education level,
age at diagnosis of HL and whether a child had received 1 versus 2 Cls by the age of 4.5
years (see Table 3). Since scores on the outcome measures were highly inter-correlated
(ranging from .732-.787), we averaged the standard scores on the 3 measures for each child
and used a resulting “Averaged Language Standard Score” (ALSS) in the correlations
below. This ALSS was significantly correlated with age at 15t Cl but not correlated with
number of Cls, age at diagnosis, gender or mother’s education level. Age at diagnosis of
hearing loss was correlated with age of 15t CI (and duration of use). While the number of Cls
was not correlated with language outcome scores, it was negatively correlated with age at 15t
Cl surgery, suggesting that those children in the present sample who received 2 Cls by the
age of 4.5 years received those devices at a younger age. While duration of Cl use was
correlated with AOI, it was not significantly related to the language outcome scores.

Predicting language outcome scores by Age of Implantation

Figures 1, 2, and 3 show the predicted means for receptive vocabulary, receptive language,
and expressive language plotted as a function of age of 15t cochlear implantation. Individual
data points are plotted on these graphs along with the predicted means and the associated
95% confidence interval for each mean. Regression analyses revealed a significant linear
effect of age at surgery on all three types of outcome measures (receptive vocabulary p =.
023, receptive language p = .009, expressive language p = .017) but no significant
curvilinear effects. This means that there was a steady increase in test scores for each
younger age at surgery throughout the entire span of 6—18 months surgical age with no
significant change in slope of benefit within this range. Note that on these tests the mean
standard score for normally-hearing children is 100 and given a standard deviation of 15 the
range for “average” scores is 85—-115. This range is depicted in the graphs with light
shading. For receptive vocabulary (Fig 1) the expected mean score was within the “average
range” for all ages of implantation tested, i.e. through AOI of 18 months. For receptive
language (Fig 2) the expected score was in the average range for all AOI below 18 months
and for expressive language it was for all AOI below 17 months (Fig 3).

DISCUSSION

In this paper we reported on receptive vocabulary, receptive language, and expressive
language scores of 4.5-year-old children who received a Cl at 6-11 months. We compared
those scores with those of age-mates who received a Cl at 12—18 months of age and also
with test norms developed with normally-hearing children with the following objectives:

1 To determine whether significant differences in spoken language exist between
children who receive a 1st Cl at 6-11 months of age versus 12—-18 months of
age.

Significant advantages for cochlear implantation under 12 months of age were observed for
vocabulary, receptive and expressive spoken language.

2 To determine the role of duration of CI use, mother’s education, and bilateral
implantation in spoken language outcomes.

There was no significant advantage for spoken language provided by longer use of a Cl,
higher mother education level or receipt of a second CI.

3 To estimate the implant age below which children can be expected to achieve
language levels commensurate with normally-hearing peers by age 4.5.
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Cl surgery below 12 months was not necessary for scoring within 1 standard deviation of
typically-developing, hearing children by the end of the preschool years. In fact, most (68%)
of our entire sample (implant ages up to 18 months) scored within or above the normal range
(standard score = 85) on the PLS - receptive and expressive language combined -
administered at age 4.5. For the measure of receptive vocabulary (PPVT) the corresponding
percentage was 84%. However this result must be considered in light of the demographics of
these families. Since families who seek a CI for their child “off-label” (i.e., under 12 months
of age) are more likely to be highly educated and have higher incomes than the average
family whose child receives a Cl at older ages, it was necessary to match those broad
demographics in the 12-18 sample as well in order to adequately assess the effects of
surgery age. These demographic factors alone are known to be correlated with higher
language outcomes in normally-hearing children. Therefore, a caution is warranted about
interpreting the generally high language scores exhibited by this sample of children with
Cls.

For this sample of relatively advantaged children (i.e., high maternal education level, strong
educational programs focusing on listening and spoken language), achieving within one
standard deviation of hearing age mates by kindergarten is not entirely unexpected (37). In
fact, many of these children could be considered delayed when compared to typically-
developing children with similar maternal education level. Almost 80% of the mothers of
children in this study had completed college, while only about 20% of those in the
normative samples were in that educational category (35-36). The average standard score
range on the PPVT for children with college-educated mothers is estimated between 96-124
(34). According to those standards, only 65% of the sample exhibited age-appropriate
language outcomes across these three language tests (82% in the 6-11 months group and
55% in the 12-18 month AQI group). When AOI is examined as a continuous variable (see
Figures 1-3), the expected mean scores of only those with AQOI at or below 12 months of
age reach this level of proficiency. While many of these children scored at above-average
language levels as compared with test norms, they are likely commensurate with similarly
advantaged hearing peers. The important message of these results is not the absolute level of
achievement (which will likely not be generalizable to all children) but rather the significant
differences in achievement observed by age of implantation surgery.

It may be worth noting that achievements relative to hearing peers may be easier to achieve
in the preschool years when “academic demands” do not exist and progress through age-
appropriate developmental milestones may be less dependent upon complex language than
they will be later in the school years. Therefore, attainment of scores within and sometimes
even above the average range by these children with early Cls may not necessarily be
maintained relative to hearing peers as children progress through the school years. These
children will face significant and unspecified challenges in the years ahead and may well
benefit from an early head start. While we have also recently published data showing that
many children with Cls who are achieving at below-average levels at age 4.5 do actually
make significant gains relative to normally-hearing peers throughout the early school years
(30) it is our firm belief that the earlier in his or her life that a child can achieve language
skills commensurate with hearing peers the better those later outcomes are likely to be.

Finally, there are special audiological issues to consider with regard to possible cochlear
implant surgery in infants. Current FDA guidelines for candidacy in children 12-23 months
of age indicate a hearing loss equal to or exceeding 90 dB HL in both ears. When
considering implantation of children of even younger ages, audiologists will want to feel
confident about quantification of the child’s residual hearing. Reliable and consistent
audiological results are highly desirable and preferably by both electrophysiological
methods (auditory brainstem audiometry) and behavioral methods. The point at which
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audiological threshold data with behavioral measures (i.e., visual reinforcement audiometry)
are considered accurate is typically not younger than 6 months of age (38). Further,
audiologists should consider providing every child with acoustic stimulation with well-fit
hearing aids for some period of time, at least a trial through the period of CI candidacy
evaluation. This will allow for (a) a period of observation of auditory development (or lack
thereof) with the child’s residual hearing and (b) any possible benefit that might accrue from
having even a small amount of pre-Cl aided hearing before the surgery, which has
sometimes been shown to be helpful in subsequent, post-Cl, auditory development (7,39).

The results of this investigation suggest that for children in intervention programs with an
emphasis on listening and spoken language, receipt of a cochlear implant below 12 months
of age may provide significant additional benefit beyond that achieved by implantation
between 12-18 months of age.
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Figure 1.

Predicted scores for receptive vocabulary (PPVT-111) at 4.5 years of age, based on age at CI
surgery.
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Figure2.

Predicted scores for overall receptive language (PLS-I11, Auditory Comprehension Scale) at
4.5 years of age, based on age at Cl surgery.
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Figure 3.
Predicted scores for overall expressive language (PLS-I11, Expressive Communication

Scale) at 4.5 years of age, based on age at CI surgery.
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Table 1

Participant characteristics and t-test comparison of means.

Age of Implantation Group

6-11 months  12-18 months ~ Mean comparisons &

N =27 N =42 p —value
Age at Test (months) 54.4 (1.5) 54.8 (1.3) #67) =-1.16, ns
Age 1%t Cl surgery (months) 9.6 (1.3) 14.7 (2.5) #66)=-11.15, p< .001
Duration of CI Use (months) 449 40.1 #67)=7.61, p<.001
Age Diagnosis HL (months) 15(2.4) 4.8 (4.5) {65) =-4.01, p<.001

Bilateral Cls  N=17(63%) N=16(38%)  y%(1)=4.07, p< .05

Mother’s Educ (years) 16.2 16.5 #(66) = - 0.51, NS
F =9 (33%) F = 26 (62%) 201y _
Gender M= 18 M=16 x%(1)=5.37, p< .05

a .
two-tailed t-tests
*
N=21

N=41
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Table 2

Means and standard deviations on tests of vocabulary, receptive and expressive language with results of mean
comparisons.

Age of Implantation Group

6-11 months(N =27) 12-18 months(N=42) p-val uet-test”

103.07 94.17

Receptive Vocabulary PPVT-I11 SD = 11.62 SD =14.85 .005
Receptive Language PLS-Aud Comp 8131(13'197633 SDgzoigslol .002
Expressive Language PLS-I11 SE)lgli%492 SDQS%S 57 .016

*
one-tailed
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Table 4

Means (SDs) and #test comparisons between children grouped by unilateral and bilateral (simultaneous and

1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

sequential by age 4.5 years) implantation.

Unilateral (N =36) | Bilateral (N=33) | p-valuet-test”
Receptive Vocabulary: 96.44 (16.25) 98.97 (11.86) ns.
PPVT-1I
Receptive Language: 91.64 (18.51) 100.21 (19.77) ns.
PLS-111 Auditory Comprehension Scale
Expressive L anguage: 91.39 (22.21) 97.67 (19.11) ns.
PLS-I11 Expressive Communication Scale

*
1-tailed test
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