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Objectives: Since the advent of cochlear implants,
age at implantation has declined as investigators
report greater benefit the younger a child is im-
planted. Infants younger than 12 mos currently are
excluded from Food and Drug Administration clin-
ical trials, but have been implanted with Food and
Drug Administration-approved devices. With a
chance that an infant without profound hearing loss
could be implanted because of the limitations of the
diagnostic measures used with this population and
the potential for additional anesthetic risks to in-
fants younger than 1-yr-old, it is prudent to evalu-
ate benefit in the youngest cochlear implant recip-
ients. The goals of this research were to investigate
whether significant gains are made by children
implanted before 1-yr-old relative to those im-
planted at later ages, while controlling for potential
covariates, and whether there is behavioral evi-
dence for sensitive periods in spoken language de-
velopment. It was expected that children implanted
before age 1 yr would have more advanced spoken
language skills than children implanted at later
ages; there would be a negative relationship be-
tween age at implantation and rate of spoken lan-
guage development, allowing for an examination of
the effects of sensitive periods in spoken language
development; and these trends would remain de-
spite accounting for participant characteristics and
experiences that might influence spoken language
outcomes.

Design: Ninety-six children with congenital pro-
found sensorineural hearing loss bilaterally and no
additional identified disabilities who were im-
planted before the age of 4 yrs were stratified into
four groups based on age at implantation. Chil-
dren’s spoken language development was followed
for at least 2 yrs after device activation. Spoken
language scores and rate of development were eval-
uated along with four covariates (unaided pure-
tone average, communication mode, gender, and
estimated family income) as a function of age at
implantation.

Results: In general, the developmental trajectories
of children implanted earlier were significantly bet-
ter than those of children implanted later. However,
the advantage of implanting children before 1-yr
old versus waiting until the child was between 1

and 2 yrs was small and only was evident in recep-
tive language development, not expressive lan-
guage or word recognition development. Age at
implantation did not significantly influence the
rate of the word recognition development, but did
influence the rate of both receptive and expressive
language acquisition: children implanted earlier in
life had faster rates of spoken language acquisition
than children implanted later in life.

Conclusions: Although in general earlier cochlear
implantation led to better outcomes, there were few
differences in outcome between the small sample of
six children implanted before 12 mos of age and
those implanted at 13 to 24 mos. Significant perfor-
mance differences remained among the other age
groups despite accounting for potential confounds.
Further, oral language development progressed
faster in children implanted earlier rather than
later in of life (up to age 4 yrs), whereas the rate of
open-set speech recognition development was sim-
ilar. Together, the results suggest that there is a
sensitive period for spoken language during the
first 4 yrs of life, but not necessarily for word
recognition development during the same period.

(Ear & Hearing 2008;29;492–511)

INTRODUCTION

Pediatric cochlear implantation criteria have
changed dramatically since 1980 when the first
individual younger than 18 yrs received a cochlear
implant (CI) (Eisenberg & House, 1982). In 1990,
the US Food and Drug Administration (FDA) first
approved cochlear implantation in children. At that
time, criteria for implantation included bilateral
profound deafness, age 2 yrs or older, and demon-
stration of little or no benefit from amplification
(Staller, et al., 1991). Since that time, candidacy
criteria have broadened to include children as young
as 1 yr with profound hearing loss and some children
have been implanted even before their first birth-
day.

Accumulating evidence suggests that better out-
comes are achieved by congenitally deaf children
who receive CIs earlier rather than later in life.
Fryauf-Bertschy et al. (1997) reported that children
who receive CIs between 2 and 5 yrs of age tend to
have better open-set speech perception than chil-
dren who receive one after 5 yrs of age. Tyler et al.
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(1997) reported higher speech recognition scores in
children implanted before 4 yrs of age than those
implanted after 4 yrs. Nikolopoulos et al. (1999)
followed a group of 126 congenitally deaf CI users up
to 4 yrs postimplantation. They reported a signifi-
cant negative correlation between age at implanta-
tion and performance on closed- and open-set mea-
sures of speech perception, suggesting that earlier
implantation results in better speech perception
outcomes. Finally, in examining speech and lan-
guage development of children implanted in the
second, third, or fourth year of life, Svirsky et al.
(2004) reported that children implanted before age 2
yrs had significant speech perception and language
advantages over children implanted after 2 yrs of
age. Although these data support an “earlier is
better” approach, they also beg the question, How
early is it appropriate to perform cochlear implan-
tation?

Children younger than 12 mos currently are ex-
cluded from FDA clinical trials, but have been im-
planted with FDA-approved devices at centers
around the United States, Europe, and Australia.
Few investigations have been performed on this
population of implant recipients. In a recent report,
Dettman et al. (2007) compared rates of receptive
and expressive language development in infants
implanted between 6 and 12 mos of age (N � 11) and
children implanted between 13 and 24 mos (N � 36)
who completed all six subscales of the Rossetti
Infant-Toddler Language Scale (Rossetti, 1990).
Even when children with cognitive delays were
excluded from the analysis (which included six chil-
dren from the older age-at-implantation group), in-
fants implanted during the first year of life had
significantly faster rates of receptive (1.12) and
expressive (1.01) language development than the
children implanted in the second year of life (recep-
tive: 0.78; expressive: 0.73). Using a clinician-ad-
ministered parental report of auditory skill develop-
ment (the Infant-Toddler Meaningful Auditory
Integration Scale; Zimmerman-Phillips & Osberger,
1997), Waltzman and Roland (2005) reported gains
on the magnitude of 30 points of a maximum of 40
points in infants implanted before 12 mos of age who
had used their devices for 6 mos. Although the
infants were not compared with children implanted
at older ages, large gains were reported by parents
of these very early implanted infants.

At least two issues are particularly relevant when
considering the risks of cochlear implantation in
infants younger than 1 yr. First, is there a chance
that an infant without profound hearing loss could
be implanted because of the limitations of the diag-
nostic measures used with this population? Second,

are there additional anesthetic risks to infants
younger than 1 yr relative to older children?

Identifying Hearing Loss in Infants:
Sensitivity and Specificity Issues

Behavioral audiometric testing is the gold stan-
dard for measuring hearing sensitivity (e.g., Widen,
et al., 2000). Behavioral testing with infants is
conducted clinically using visual reinforcement au-
diometry (VRA). The procedure reinforces head-turn
responses in infants in response to a signal (narrow-
band noise, pure tones, or speech). The procedure
has been used reliably with typically developing
children as young as 5 to 6 mos (Moore, et al., 1977).
VRA is not appropriate for infants younger than
about 5.5 mos because they do not make directed
head turns toward sound sources (Clifton, et al.,
1981). Some infants are delayed in their develop-
ment and are unable to complete VRA at 6 mos of
age. For example, prematurely born infants tend to
perform better on VRA if testing is conducted when
they are 6 to 8 mos corrected age (Moore, et al., 1992;
Widen, 1990) and some infants with neurodevelop-
mental deficits are unable to complete VRA alto-
gether (e.g., Norton, et al., 2000). Therefore, there
are infants in our population of interest who will be
unable to complete VRA. In this situation, audiolo-
gists must rely on objective measures of auditory
function.

Three objective measures of auditory function are
typically used in clinical settings: evoked otoacoustic
emissions testing (OAE), auditory brainstem re-
sponse testing (ABR), and auditory steady-state
response testing (ASSR). Each of these measures
assesses specific portions of the auditory system
rather than the auditory pathway as a whole. Fur-
ther, none of these measures have perfect sensitivity
and specificity. In other words, each measure will, at
times, fail to identify an individual with a hearing
loss when in fact she/he has one and will incorrectly
indicate a hearing loss in an individual who has
normal hearing sensitivity. For our purposes, the
issue is less one of identifying impaired versus
normal hearing, but rather one of identifying pro-
found hearing loss versus not profound hearing loss
(normal hearing or hearing loss that is mild to
severe in degree). Specificity issues are of primary
concern in this line of research, because we are
interested in assessing the risk of implanting in-
fants lacking bilateral profound sensorineural hear-
ing loss.

OAEs, whether transient evoked (TEOAE) or dis-
tortion product (DPOAEs), are believed to measure
the nonlinear response properties of the cochlea,
specifically the outer hair cell system. The underly-
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ing assumption regarding the usefulness of OAEs
for identifying hearing loss is that many losses that
are mild to moderately severe in degree involve
damage to the outer hair cells. Gorga et al. (1997,
1999) measured DPOAEs in 1267 ears of 806 partic-
ipants who ranged in age from 1.3 to 96.5 yrs and
compared the results with each listener’s behavioral
thresholds. In the earlier investigation, Gorga et al.
(1997) examined hearing level as a function DPOAE/
noise ratio (the difference between the amplitude of
the emission and the level of the noise at a given
frequency) for each participant at interoctave fre-
quencies between 0.75 and 8 kHz. DPOAE measure-
ments were better at separating impaired ears from
normal ones at mid and high frequencies than low
frequencies. However, there was a large amount of
overlap between these populations: depending on
frequency, participants with profound hearing
losses (�90 dBHL) had DPOAE/noise ratios between
approximately �10 and �10 dB, as did individuals
with moderate to severe losses; listeners with mild
hearing losses had DPOAE/noise ratios between
approximately �15 and �30 dB and those with
normal hearing had ratios ranging from approxi-
mately 0 to �40 dB. If a strict criterion of �9 dB
DPOAE/noise ratio were used, at least one listener
at 2 kHz, five listeners at 3 kHz, seven listeners at 4
kHz, and three listeners at 6 kHz with profound
hearing loss would be missed (identified as having
normal hearing) and many more listeners with nor-
mal hearing would be mislabeled as having hearing
loss, particularly at 2 kHz. In a follow-up investiga-
tion, Gorga et al. (1999) reported that using a
multivariate analysis (using combinations of multi-
ple frequencies) resulted in better sensitivity and
specificity than using the more typical univariate
analysis (using a single frequency at a time), partic-
ularly for listeners with severe to profound hearing
loss. These data suggest that impaired and normal-
hearing populations’ OAE results overlap and that
although sensitivity and specificity can be improved
with different analysis tools, OAEs are not perfect
for identifying hearing loss, even those that are
profound in degree.

Another large-scale study on the predictive value
of objective measures specifically assessed infants,
our population of interest. Norton et al. (2000)
compared the performance of TEOAEs, DPOAEs,
and ABRs assessed neonatally for predicting hear-
ing status at 8 to 12 mos corrected age. Infants with
reliable VRA results (95.6% of those who returned
for follow-up VRA testing) were included in the
sample (N � 2995). Minimum response levels at 1, 2,
and 4 kHz and speech awareness thresholds (SATs)
from VRA testing were used as gold standards.
TEOAEs and DPOAEs (using moderate-level stim-

uli) were nearly equivalent in predicting auditory
status. In contrast, ABRs resulted in similar perfor-
mance as OAEs for predicting auditory status at 2
kHz, 4 kHz, and for SAT, but ABRs had more
predictive value than OAEs for thresholds at 1 kHz.
In other words, neonatal OAE results (of either type)
were related to hearing sensitivity at 2 and 4 kHz
and to SATs at 8 to 12 mos corrected age, whereas
neonatal ABR results were related to hearing sensi-
tivity at all frequencies tests (1, 2, and 4 kHz) and to
SATs at 8 to 12 mos corrected age. ABRs involve
recording electrophysiological responses to brief
stimuli, typically clicks or tone bursts. The re-
sponses are small in amplitude and thus are aver-
aged over many sweeps. Recording a response relies
on neural synchrony to some degree and click-
evoked ABRs typically reflect hearing sensitivity
between 2 and 4 kHz better than at lower or higher
frequencies. No conditions for any objective mea-
sure resulted in false positive rates of zero, mean-
ing that some normal ears did not produce mea-
surable TEOAE, DPOAE, and/or ABR responses
(Norton et al.).

ASSR is a relatively new clinical tool in which
electrophysiological recordings are made from indi-
viduals in response to pure-tone stimuli that are
amplitude-, frequency-, or both amplitude- and fre-
quency-modulated. ASSR is intended to address
some of the shortcomings of ABR. For example,
frequency-specific ABR recordings to stimuli such as
tone bursts alone or tone bursts combined with noise
maskers are less robust than click-evoked responses
in quiet, making it challenging to obtain frequency-
specific information from ABR recordings. Also, it is
believed that ASSRs can be recorded over a wider
dynamic range than ABRs, because ASSR stimuli
can be presented at effectively higher levels than
those used to elicit ABRs because of the use of longer
sinusoidal stimuli in ASSR versus the brief clicks
used in ABR testing. Finally, ASSR software uses
statistical criteria for determining whether a re-
sponse exists, and thus does not rely on the exper-
tise of the observer in identifying waveforms embed-
ded in the noise of ongoing brain and muscle
activity.

Rance et al. (1998) compared hearing threshold
estimates from click-evoked ABR, ASSR, and behav-
ioral testing in 108 infants and young children
ranging in age from 1 to 49 mos at the time of ASSR
testing. No participant had repeatable waveforms to
ABR testing at the limits of the equipment, 100
dBnHL. As expected, behavioral hearing thresholds
in the low frequencies correlated poorly with the
ABR results: 97% and 78% of ears had residual
hearing based on behavioral testing at 0.25 and 0.5
kHz, respectively, despite no repeatable ABR at
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maximum levels. This proportion decreased to 68%,
43%, and 27% at 1, 2, and 4 kHz, respectively. In
contrast, the proportion of ears with residual hear-
ing and absent ASSRs was smaller: 87%, 12%, 21%,
18%, and 8% at 0.25, 0.5, 1, 2, and 4 kHz, respec-
tively. Therefore, ASSR testing had better specific-
ity than ABR, particularly at 0.5 kHz through 4
kHz. Even though many ears were found to have
residual hearing despite absent ABRs, the amount
of residual hearing was typically limited. Between
85% and 90% of the ears with residual hearing had
losses of 90 dBHL or greater (profound hearing loss)
between 1 and 4 kHz. Still, this means that when
using ABR, 10% to 15% of the sample would be
classified as having a profound hearing loss when in
fact it was moderate to severe in degree. In contrast,
in this sample all the ears with absent ASSRs had
behavioral thresholds greater than 90 dBHL. There-
fore, for our purposes, an absent ASSR resulted in
perfect sensitivity in identifying a profound hearing
loss in this sample. Further, the ASSR threshold
need not even be absent to indicate a profound
hearing loss. An ASSR criterion threshold of 100
dBHL or greater at 1, 2, and 4 kHz resulted in no
false alarms for profound hearing loss. However,
this criterion would result in missing six children
with profound losses at 1 kHz and two at 2 kHz.

In a smaller study, Luts et al. (2004) compared
click-evoked ABR thresholds, ASSR thresholds, and
behavioral thresholds in 10 infants aged 3 to 14 mos
at the time of the first objective test. Both ears were
not tested in every condition for every infant primar-
ily because of time constraints. Despite this, ABR
threshold estimates would have falsely identified 5
of 11 ears with both ABR and behavioral thresholds
as having profound hearing loss at 2 kHz when in
fact the losses ranged from mild (30 dBHL) to severe
(85 dBHL). In those five ears, only one ASSR thresh-
old would have resulted in the same error. There-
fore, ASSR responses resulted in fewer false alarms
than ABR responses.

These data suggest that ASSR threshold esti-
mates are more reflective of true auditory sensitivity
in the severe to profound hearing loss range than
ABR threshold estimates, at least at 1, 2, and 4 kHz.
However, at least one study demonstrated that
ASSR recordings at high stimulus levels (100 dBHL
and above) might be artifact. Gorga et al. (2004)
found reliable ASSR recordings in 10 adults with
profound hearing loss who had no detection of the
ASSR stimuli. These data suggest that ASSR re-
cordings at high stimulus levels might not be accu-
rate predictors of auditory status. However, for our
purposes of identifying infants with profound hear-
ing loss, the ASSR seems to be sufficiently sensitive
and specific.

Taken together, these data on objective measures
of auditory function suggest that combining results
from evoked OAEs, ASSR, and ABR, will provide the
most accurate picture of an infant’s auditory status,
even though each measure is capable of both failing
to identify hearing loss in individuals with hearing
impairment and identifying hearing loss in individ-
uals who have no such loss. New data from John et
al. (2004) suggest that ASSR recordings in infants
older than 1 mo are more accurate than those
recorded in neonates. Therefore, it might be wise to
postpone ASSR testing until the infant is older than
1 mo. Unlike ABR, ASSR recordings can be obtained
from infants and children with auditory neuropathy/
dysynchrony. However, the thresholds obtained
have not been shown to correlate well with hearing
sensitivity in infants and children suspected of hav-
ing auditory neuropathy/dysynchrony (Luts, et al.,
2004; Rance & Briggs, 2002; Rance, et al., 1999).
Therefore, although ASSR seems to be somewhat
more sensitive and specific to profound degrees of
hearing loss than ABR, ABR should still be a part of
the testing protocol with infants to identify infants
with auditory neuropathy/dysynchrony. In a similar
vein, OAE testing should still be part of the test
battery to identify children with auditory neuropa-
thy/dysynchrony.

We do not have perfect measures for evaluating
auditory status in infants. There is always a small
risk of labeling a child with profound bilateral hear-
ing loss who in fact has more hearing than the test
measures suggest. This leaves open the possibility
for implanting an infant without profound bilateral
hearing loss, particularly one who cannot complete
behavioral testing. Considering this small risk, it is
especially important to evaluate whether there are
great speech and language advantages for infants
implanted below the age of 1 yr when many clini-
cians heavily rely on these physiological measures.
If there were no advantage or the advantages were
slight, it might be prudent to postpone cochlear
implantation until the infant is old enough to reli-
ably complete VRA testing.

Anesthetic Risk in Infancy

Potential reasons for alarm • Although the inci-
dence of anesthesia-related complications in chil-
dren and infants has steadily declined in the last 50
yr (Morray, 2002), the incidence of mortality and
morbidity in infants younger than 1 yr is still
significantly higher than for children older than 1 yr
and adults (Cohen, et al., 1990; Keenan, et al., 1994;
Morray, et al., 2000; Olsson & Hallen, 1988; Rackow,
et al., 1961; Tay, et al., 2001; Tiret, et al., 1988).
Most investigators have estimated the rate of life-
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threatening adverse events to be three to four times
higher in infants younger than 1 yr than in children
older than 1 yr (Olsson & Hallen, 1988; Rackow, et
al., 1961; Tay, et al., 2001), with some estimates as
high as an eightfold increase in risk (Keenan et al.,
1994; Tiret et al., 1988). Keenan et al. found that the
incidence of bradycardia during noncardiac surgery
was higher in infants younger than 1 yr (127 per
10,000) than in children in the second, third, or
fourth years of life (98, 65, and 16 per 10,000,
respectively). Also of concern is that in one study,
only 4.1% of anesthesia-related intraoperative inci-
dents recorded electronically by an automated anes-
thesia records and information management system
were voluntarily reported by the administering an-
esthesiologist (Sanborn, et al., 1996). This suggests
that the vast majority of incidents go unreported
and thus are not typically included in studies exam-
ining the incidence of anesthesia-associated critical
events. As far as we know, there is no known
difference in the rate of reporting based on the age of
a patient. Therefore, even with significant underre-
porting of intraoperative anesthesia-related inci-
dents, there seems to be significantly greater anes-
thetic risk to infants undergoing surgery in the first
year of life than children in the second and later
years of life. If age were the only factor related to
anesthetic risk, these findings would be cause for
great alarm. However, recent investigations have
pointed to a number of other factors that influence
anesthesia-related morbidity and mortality.
Potential reasons for tempered alarm: Why the
outlook may not be so bleak for infant cochlear
implant candidates • A number of other surgery-
and patient-related factors (beyond patient age) in-
fluence the risk of anesthesia, including American
Society of Anesthesiology (ASA) physical status;
whether the surgery is emergency or scheduled; and
whether a pediatric anesthesiologist is present. The
ASA physical status indexes a given patient’s level
of risk based on her/his medical condition before
surgery, with larger numbers indicating increased
risk: level 1 refers to healthy patients; level 2 refers
to patients with a mild systemic disease (e.g., mild
diabetes); level 3 refers to patients with severe
systemic disease (e.g., frequent angina); level 4 re-
fers to patients with severe systemic disease with
acute, unstable symptoms (e.g., congestive heart
failure); and level 5 refers to patients who are
approaching death and who are not expected to
survive without the operation. Most children under-
going CI surgery are typically considered ASA phys-
ical status 1 or 2. The anesthetic risk for individuals
in either of these categories is significantly lower
than for individuals classified as ASA 3, 4, or 5
(Keenan, et al., 1994; Olsson & Hallen, 1988; Tay,

et al., 2001; Tiret, et al., 1988). In fact, Morray et al.
(2000) reported that when ASA physical status was
controlled for, patient’s age was no longer the sole
predictor of anesthesia-related mortality.

Keenan and Boyan (1985), Morray (2002), and
Tiret et al. (1988) reported that anesthetic risk was
higher in patients undergoing emergency surgery
than scheduled surgery. However, at least one study
failed to find this (Tay, et al., 2001). Cochlear im-
plantation is considered a scheduled surgery. There-
fore, the anesthetic risk is at least equal to or lower
than that for surgeries that are performed on an
emergency basis.

The proficiency of the individual anesthesiologist
has been shown to significantly influence the risk of
anesthesia in infants (Keenan, et al., 1991, 1994).
Keenan et al. (1991) reported that the incidence of
anesthesia-induced cardiac arrest in infants
younger than 1 yr over a 7-yr period was 19.7 per
10,000 anesthetic procedures when a nonpediatric
anesthesiologist was present, whereas no incidences
were reported when a pediatric anesthesiologist was
present. Keenan and Boyan (1985) speculated that
one explanation for the higher incidence of compli-
cations in emergency procedures is that a pediatric
anesthesiologist may not be available when an in-
fant requires emergency surgery.

A final reason for tempered concern for this pop-
ulation is that at least one study found that the
majority of intraoperative anesthesia-related inci-
dents in infants younger than 1 yr occurred in
infants younger than 1 mo. Including serious com-
plications (e.g., death and cardiac arrest) and less
serious complications (e.g., vomiting) in their anal-
ysis, Cohen et al. (1990) found that infants between
1 and 12 mos of age had the same rate of complica-
tions as older children aged 1 to 5 yrs (7%), whereas
those aged less than 1 mo had a 15% rate of
complications. However, not all studies found this
trend in their samples of infants younger than 1 yr
(e.g., Keenan, et al., 1994). Our population of inter-
est consists of infants aged 6 mos or older at the time
of cochlear implantation. Therefore, if the bulk of
the risk for children younger than 1 yr is due to
children younger than 1 mo, as Cohen et al. suggest,
then the concern for our population decreases.

Despite the observation that “the exact mortality
rate due to anesthesia . . . is unknown, and probably
unknowable” (Keenan & Boyan, 1985, p. 2373), the
results from these studies suggest that the alarm
raised by investigators who found increased anes-
thetic risk in infants younger than 1 yr relative to
older children should be tempered by other risk
factors that covary with age; particularly, ASA phys-
ical status and whether anesthesia is administered
by a pediatric anesthesiologist. Keenan and Boyan
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(1985) examined 163,240 anesthetic administra-
tions and found that 27 cardiac arrests were judged
to be primarily due to anesthesia. The incidence of
cardiac arrest in children younger than 12 yrs was
three times higher than in adults. However, none of
the 27 cardiac arrests occurred in children younger
than 1 yr who were classified as ASA physical status
1 or 2. Taken together, these studies have failed to
find evidence of a difference in anesthetic risk based
on age when the child is relatively healthy (ASA
physical status 1 or 2) and anesthesia is adminis-
tered by a pediatric anesthesiologist. Still, we are
not aware of a large-scale study that has examined
the population of interest to CI researchers and
clinicians: infants classified as ASA physical status
1 or 2 who undergo scheduled surgery. Such a study
would allow us to assess better the actual anesthetic
risk to infants undergoing cochlear implantation.
Without risk data from our population of interest,
the administration of anesthesia to a healthy infant
by a pediatric anesthesiologist is generally accepted
in the field if there is clear evidence that the benefits
of cochlear implantation at 6 mos of age are signif-
icantly greater than those at 12 mos of age. Cur-
rently, the actual level of evidence for benefit in this
very young infant population is low. This investiga-
tion was undertaken to examine whether there is an
advantage for very early cochlear implantation; that
is, cochlear implantation in infants younger than 1
yr. If there were no advantage or the advantage
were slight, it might be prudent to postpone cochlear
implantation until: (1) the child is old enough to
reliably complete VRA testing to avoid the slight
risk of implanting an infant without profound hear-
ing loss; and (2) the child has outgrown the age at
which some investigators have found an increased
risk of complications associated with anesthesia.

The present study examines longitudinal data
from a small group of children who received CIs in
the first year of life and who have no additional
disabilities. Combining what we have learned from
congenitally deaf children who were implanted at
later ages with these new data will result in at least
two potentially important outcomes. First, from a
clinical perspective we will have preliminary out-
comes evidence from which to base decisions regard-
ing very early implantation while considering the
accompanying risks. Second, from a scientific per-
spective we will be able to evaluate converging
evidence that is relevant for the investigation of
sensitive periods in language development. The
goals of this research are to (1) explore whether
significant gains are made by children implanted
before 1 yr of age relative to those implanted at later
ages, while controlling for potential covariates such
as better-ear pure-tone average (PTA), estimated

family income, gender, and communication mode
(CM); and (2) investigate whether there is behav-
ioral evidence for sensitive periods in spoken lan-
guage development. It is anticipated that this inves-
tigation will contribute to the emerging data on this
new population of implant recipients on whom little
is known, while also controlling for potential covari-
ates (at least one of which is a relatively new area of
investigation in this population of children-esti-
mated family income) that might contribute to the
enormous variability in outcomes in children with
CIs.

We expect that at a given postimplantation age,
children implanted before age 1 yr will have more
advanced spoken language skills than children im-
planted at later ages. Further, we predict that there
will be a negative relationship between age at im-
plantation and rate of speech and language develop-
ment and that this will allow us to observe effects of
sensitive periods in spoken language development.
Finally, we expect these trends will remain despite
accounting for participant characteristics and expe-
riences that might influence spoken language out-
comes.

MATERIALS AND METHODS

Participants

The children included in this investigation consti-
tuted a subset of the population of pediatric CI
recipients followed longitudinally at Indiana Uni-
versity Medical Center. Inclusion criteria included
congenital profound sensorineural hearing loss bi-
laterally, no additional identified disability, im-
planted with a current device before age 4 yrs, use of
SPEAK or Continuous Interleaved Sampling stimu-
lation strategies since initial fitting, tested on at
least one of the three outcome measures described
below (note that all the children except six—three
from each of the two middle age-at-implant groups—
completed all three outcome measures), and partic-
ipants for whom we could estimate the family’s
income. This resulted in a total of 96 children. The
children were stratified into four groups according to
age at implantation. Group 1 (N � 6) was implanted
between 6 and 12 mo of age (M � 10.2 mos), group 2
(N � 32) between 13 and 24 mo of age (M � 18.6
mos), group 3 (N � 37) between 25 and 36 mo of age
(M � 29.9 mos), and group 4 (N � 21) between 37
and 48 mo of age (M � 40.8 mos). Figure 1 displays
a scatterplot of age at implantation for all 96 partic-
ipants. Age at implantation was relatively evenly
distributed within each age group. Table 1 displays
demographic information for each group, including
the number of participants, mean age at initial
stimulation, mean unaided best-ear PTA (at 0.5, 1,
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and 2 kHz), proportion of oral communicators, pro-
portion female, and mean estimated family income.
Oral communication (OC) relies on oral speech only
and does not use signing, whereas total communica-
tion (TC) combines oral speech with signing in
English word order. To address the fact that chil-
dren occasionally switched communication methods
during the course of the investigation, we first
calculated the proportion of time a given child used
OC before determining the proportion of OC users.
For example, if a child were tested at five intervals
and used OC at three of those intervals, she/he
would be considered 0.6 OC in the analyses. In any
case, less than 5% of the subjects changed their CM
during the course of this study. PTA and proportion
female varied little across groups. There was a trend
for children implanted at younger ages to have a
higher proportion of OC users than children im-
planted at older ages. Finally, mean estimated fam-
ily income varied over approximately an $8000
range, although there was no systematic variation
related to age at cochlear implantation.

Family Income Estimation

Estimates of family income were included in the
analysis because income is one measure of a family
unit’s socioeconomic status (SES) and there is evi-
dence that SES influences children’s health and
their cognitive and socioemotional development (see
review by Bradley & Corwyn, 2002), including lan-
guage development (Hart & Risley, 1995). Admit-
tedly, there are factors that mediate the relationship
between SES and a child’s development; further,
there are a variety of methods available to capture a
family’s resources, such as obtaining information on
income, occupational status, maternal and/or pater-
nal educational achievement, some combination of
these, and collective SES. This final method is a
community-level SES measurement that addresses
the neighborhood of residence’s influence on a child’s
development. Because the “choice of how to measure
SES remains open” (Bradley & Corwyn, 2002, p.
373), we chose to use median family income at the
time the child was implanted to estimate each fam-
ily’s SES. However, when families enroll in our
research, we do not inquire about their income.
Therefore, we used an indirect measure of each
child’s family income. This was obtained using data
from the 2000 US Census Bureau’s TIGER (Topo-
logically Integrated Geographic Encoding and Ref-
erencing) database (www.census.gov/main/www/
cen2000.html). First, the census tract and block
group were identified for each participant’s street
address at the time of cochlear implantation. The
census tract and block group are successively
smaller geographical areas around a particular
street address. Block group size varies, but is ap-
proximately 2 to 4 blocks in size. In the second step,
we identified the median household income in 1999
associated with each participant’s block group. This
method has a number of advantages over traditional
measures of SES. First, it avoids the potential bias
posed by some questions that patients or their
parents may be reluctant to answer, a problem that
limits the validity of some SES indices. Additionally,
the block group census-based measure is easy to
obtain and greatly reduces nonresponse.

Fig. 1. Scatterplot displaying age at implantation for each
individual participant.

TABLE 1. Demographic information for the four participant groups

Group, based on
age at implant (mo) n

Mean age at
initial stimulation

(mo)

Mean unaided
best-ear PTA

(dB HL)
Proportion oral

comm mode (%)
Proportion
female (%)

Mean estimated
family income

Group 1 (6–12) 6 10.2 116.5 (3.1) 88.2 50.0 $55,639.83
Group 2 (13–24) 32 18.6 111.0 (7.5) 72.6 40.6 $51,287.78
Group 3 (25–36) 37 29.9 110.3 (8.8) 63.3 48.6 $58,122.49
Group 4 (37–48) 21 40.8 107.8 (8.0) 48.7 47.6 $59,814.43

SD values for unaided best-ear PTA are included in parentheses.
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Materials

Mr. Potato Head • The Mr. Potato Head Task
(Robbins, 1994) is a live-voice, auditory-only modi-
fied open-set word recognition test. Mr. Potato Head
is a children’s toy that consists of a “potato” body
and approximately 20 body parts and accessories,
which can be attached to the “potato” body. The
experimenter reviews the names of the body parts
and lets the child play with the pieces briefly. Then,
the child is told to do exactly what the experimenter
says. Children are given auditory-only, sentence-
length instructions related to the toy, and its various
parts. Based on their response to the instructions,
two scores are derived: sentence and key word cor-
rect scores. Only children’s key word correct scores
were used. The key word score is based on the
number of key words (of 20) identified correctly. For
example, one test item is, “He wants green shoes.” In
this example, “green” and “shoes” are the key words.
The child would get one word correct if she/he picked
up or pointed to any pair of shoes or if she/he picked
up or pointed to a green accessory. The child would
get both words correct if she/he picked up or pointed
to the pair of green shoes. Although the task is
technically a closed-set task, because there are so
many response options (20), the key word task is
sometimes called a modified open-set with esti-
mated chance performance equal to 5% correct.
Reynell developmental language scales • The
outcome measure used to assess language devel-
opment was based on the Reynell Developmental
Language Scales (RDLS-III; Edwards, et al.,
1997). Scores observed using the RDLS, expressed
as age-equivalent scores, were used whenever a
child performed above the test’s floor. When the
child’s skills were more rudimentary, predicted
RDLS scores were obtained based on data from the
MacArthur Communicative Development Invento-
ries (MCDI; Fenson, et al., 1993). The predictive
functions were developed in an earlier study
(Stallings, et al., 2000) of 91 pediatric CI users
who were administered both the RDLS and one of
the MCDI forms within the same testing session.
In the current investigation, approximately 16% of
the language data were predicted from the Words
and Gestures version of the MCDI and approxi-
mately 15% were predicted from the Words and
Sentences version of the MCDI. The RDLS as-
sesses expressive and receptive language sepa-
rately. The RDLS and MCDI were chosen to assess
language development because they have been
extensively normed on children with normal hear-
ing and can be applied to users of either OC or TC.
The option of conducting tests in these two modal-
ities is important for measuring the children’s

underlying language abilities, as far as possible,
independently of their ability to understand spo-
ken language or to produce intelligible speech.
The RDLS has been used extensively with deaf
children (including CI users, see e.g., Bollard,
et al., 1999; Svirsky, 2000; Svirsky, et al., 2000)
and is appropriate for a broad age range (1– 8 yr).
Normative data are also available for more than a
1000 hearing children (Edwards, et al., 1997). The
Kuder-Richardson reliability coefficients are 0.97
for the receptive language test and 0.96 for the
expressive language test. Finally, the test format
involves object manipulation and description
based on questions varying in length and gram-
matical complexity, reflecting real-world commu-
nication, and assessing linguistic competence
more accurately than single-word vocabulary
tests. The MCDI offer a valid and efficient means
of assessing early language development, using a
parent report format. Two levels of complexity are
available for the MCDI and are administered
according to the age of the child. The MCDI/Words
and Gestures is designed for 8- to 16-mo olds, and
the MCDI/Words and Sentences is designed for 16-
to 30-mo olds. Consistent with Stallings et al.,
parents were instructed to indicate which words a
child comprehends (either orally or signed) or
produces (either orally or signed).
Procedures • Children were tested before cochlear
implantation and at approximately regular 6-mo
intervals after initial stimulation. Not all children
were tested at every interval because of time con-
straints, lack of ability to maintain attention for all
tests, and missed appointments. The test materials
were administered and scored by licensed speech-
language pathologists with training in working with
deaf children with CIs. Testing was conducted in a
quiet room. The stimuli were presented live-voice at
approximately 70 dB SPL. The Mr. Potato Head test
was administered auditory-only, whereas the RDLS
was administered with auditory and visual
speechreading cues (for those who use OC) or with
auditory, visual speechreading, and sign cues (for
those who use TC). Test instruction was performed
in the child’s primary mode of communication.
Signed and spoken responses were accepted for both
test measures. Parents filled out the MCDI/Words
and Gesture and/or the MCDI/Words and Sentences
questionnaires while attending their child’s testing
session.

Data Analysis

Developmental trajectory analysis • The devel-
opmental trajectories of different age-at-implant
groups were compared using developmental tra-
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jectory analysis (DTA, first described by Svirsky,
et al., 2004, and further refined here). The first
important concept in DTA is that the parameter
under analysis is derived from a comparison be-

tween whole developmental trajectories rather
than from measures taken at a single age. Figures
2 and 3 illustrate the concept behind DTA, as well
as the specific method that was used. As an
example, let groups 1 and 2 be two groups of
children implanted at different age ranges (with 3
and 4 members in each group, respectively, in this
example). The curves for children in groups 1 and
2 are illustrated in the left and center panels of
Figure 2, respectively. The right panel of Figure 2
shows how curves are compared from two individ-
uals, one from group 1 and one from group 2. Each
curve is determined by connecting all successive
pairs of data points for a given individual. In other
words, we are using linear interpolation between
each pair of successive measurements. The figure
illustrates how we are also linearly interpolating
between the origin and the first data point. The
two curves are compared within the age range
that extends from Tmin to Tmax, which are indi-
cated in the x axis of the right panel. Tmin is the
age at which the first postimplant testing session
was held, for at least one of the two children. In
the right panel of Figure 2, the first postimplant
testing session takes place at about 11 mo of age
for one child and 23 mo for the other, so in this
case Tmin is 11 mo. Tmax is the latest age at which

Fig. 3. Calculation of developmental differences for the
example data shown in the left and center panels of Figure 2.
The left column of panels in this figure shows the average
developmental differences between the first member of group
1 (in blue) and each member of group 2. The center and right
columns of panels show the same for the second (in red) and
third members (in green) of group 1, respectively. The arrows
in the top four rows of panels indicate the developmental
difference between the two curves in the corresponding

panel, which are calculated with Eq. (1) and explained at a
conceptual level in Figure 2. Arrows point up or down
depending on whether the member of groups 1 or 2 has
higher outcome measure values through the age comparison
range. The bottom left panel shows the comparison between
subject 1 and group 2, obtained by averaging the develop-
mental differences between subject 1 and each individual
member of group 2 [see Eq. (2) for a precise description]. The
other bottom panels show the same type of comparison for
subjects 2 and 3.

Fig. 2. Left panel, Hypothetical curves for an outcome measure as a function of time in a group of three children implanted at
6 to 12 mos of age. Center panel, Similar to left panel, for a group of four children implanted at 13 to 24 mos. Right panel,
Determination of the “developmental difference” between two children, one implanted at 11 mos and last tested at age 84 mos,
and the other one implanted at 23 mos with a last testing age of 89 mos. The age range T, depicted by the horizontal arrow that
extends from Tmin to Tmax (which are 11 and 84 mos in this example), is the age range over which comparison is done. The vertical
arrows between the two curves represent the difference in outcome measure values for the two children at several ages between
Tmin and Tmax. The average value of these arrows is the developmental difference between the two children and is depicted by
the vertical arrow with the D label. With this method, differences between two developmental curves are boiled down to a single
number. For a precise description of “developmental difference,” see Eq. (1).
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there are available data (either measured or in-
terpolated) for both children. In the example, the
latest data point for the earlier implanted child is
84 mo. The later implanted child does not have
data at 84 mo but he does at 74 and 90 mo of age,
allowing us to obtain interpolated data at mo 84.
Thus, in this example Tmax is 84 mo. The compar-
ison range is indicated by the horizontal arrow
labeled “T.”

So far in this example we have constructed two
developmental curves, one for each child, and we
have chosen the age range over which we will
perform a comparison for this pair of individuals.
The right panel of Figure 2 also shows how the
actual comparison between two children’s devel-
opmental curves is done. There are several arrows
indicating the advantage for one child over the
other one at many different ages between Tmin and
Tmax. In general these values will be different at
different ages but it is possible to obtain an
average value of all these differences, and this
average value is depicted by the thicker arrow in
the figure next to the label “D.” Let us call this
average value the “developmental difference” be-
tween the two children. DTA uses sets of develop-
mental differences obtained in an orderly se-
quence, as explained below. It should be noted
that the vertical arrows in Figure 2 are simply
used to explain the developmental difference con-
cept, but the actual calculation is done with more
precision using Eq. (1), which is also explained
below.

Figure 3 illustrates how we can examine differ-
ences among groups rather than just two individ-
uals. The left column of panels in Figure 3 shows
the calculation of the developmental difference
between the first member of group 1 (named S1)
and each member of group 2; the middle column of
panels shows the same calculation for S2 (the
second member of group 1) and each member of
group 2; and the right column of panels shows
developmental difference calculations for the third
and last member of group 1 (named S3) and each
member of group 2.

The developmental difference, DS1,SA, between
subject S1 from group 1 and subject SA from group
2 (illustrated by the vertical blue arrow in the top
left panel of Fig. 3) is calculated as follows:

DS1,SA �

�
T1,A min

T1,A max

[S1(t) � SA(t)]dt

T1,A max � T1,A min
(1)

As explained above, the upper integration limit T1,A max

is the maximum age value for which both develop-
mental curves (S1 and SA) are defined, and T1,A min

is the age at which the first postimplant testing
session was held for S1 (which is earlier than the
corresponding age for SA). Thus, the developmental
difference, DS1,SA, is not simply the area between
the developmental trajectories S1 and SA. It is that
area divided by (T1,A max � T1,A min), the length of the
integration domain. This is a crucial point and it is
the reason why DS1,SA represents the average size of
the difference between S1 and SA, averaged over the
whole analysis period, as illustrated in the right
panel of Figure 2. In any case, the blue arrow in the
top left panel of Figure 3 represents the developmen-
tal difference between the two curves shown in that
panel, those of subjects S1 and SA. The other panels
in the left column of Figure 3 show the calculation of
the developmental difference between S1 and each
one of the other members of group 2 (SB, SC, and
SD). The bottom left panel of Figure 3 shows how all
these developmental differences are averaged, re-
sulting in a single number that compares subject S1
to group 2 as a whole:

DS1,Group 2 �
1
n �

j�1

n

DS1,Sj, (2)

where n is the number of subjects in group 2.
The panels in the middle and right columns of

Figure 3 show how this process is repeated for S2
and S3, the other members of group 1, obtaining
DS2,Group 2 and DS3,Group 2. The bottom line, then, is
that we obtain measures of developmental differ-
ence between each individual member of group 1,
and group 2 as a whole. Let us name these measures
DSi,Group 2. To test whether the developmental tra-
jectories from group 1 are significantly different
from those of group 2, the following null hypothesis
can be used:

H0: The set of numbers DSi,Group 2 (i � 1 to n) are
a sample taken from a normal distribution with a
mean of zero.

Here, n is the number of curves in group 1, which is
3 in the example illustrated in Figure 2. Hypothesis
H0 can be easily tested using the Student distribu-
tion or (an alternative preferred by many statisti-
cians, particularly for small-sized samples) the Wil-
coxon or exact permutation tests. Finally, DTA can
also be used to measure the average group difference
between two sets of developmental trajectories. This
is done simply by averaging the developmental
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differences DSi,Group 2 for all members of group 1
with respect to the members of group 2:

Average Developmental Difference

�
1
m �

i�1

m

DSi,Group 2 (3)

Here, m is the total number of members of group 1.
DTA also can be used when the two groups to be

compared differ in confounding variables that are
presumed to have an effect on the outcome measure
(such as residual hearing or CM). This may be done
by calculating the “confounding variable differences”
in a way that is similar to the calculation of devel-
opmental differences. First, we calculate the con-
founding variable difference between one subject
from group 1 and each subject from group 2. For
example, the confounding variable difference be-
tween subjects S1 and SA is:

CVS1,SA �

�
T1,A min

T1,A max

[CVS1(t) � CVSA(t)]dt

T1,A max � T1,A min
, (4)

where CVS1(t) and CVSA(t) are the values of the
confounding variable for each subject. If the con-
founding variables are constant during the analysis
period, then CVS1,SA is equal to (CVS1 � CVSA).
Then, the average value of the confounding variable
difference between S1 and group 2 is calculated:

CVS1,Group 2 �
1
n �

j�1

n

CVS1,Sj, (5)

where n is the number of subjects in group 2.
Finally, instead of testing the null hypothesis H0

listed above, a regression is performed (or multiple
regression, if there is more than one confounding
variable) of DSi,Group 2 as a function of CVSi, Group 2. In
the example of a linear case, the regression equation
would be DSi,Group 2 � a � CVSi, Group 2 � b, and the
null hypothesis would be:

H�0: The intercept of the regression function is zero
(or, in other words, the developmental differences
are due exclusively to the effect of the confounding
variable).

The DTA procedure is well suited to answer the
following question: Which group of children shows a
better outcome, averaged throughout the entire fol-
low-up period? This type of analysis is complemen-
tary to that used by Geers et al. (2003), comparing
different age-at-implant groups at the same age,
several years after implantation. The latter indi-

cates whether late-implanted children catch up with
early-implanted children at some point, whereas
DTA is used to evaluate whether one group had an
advantage over the other, averaged over the analy-
sis period. In the present case, the analysis period
falls within the first years of life. All other things
being equal, if a certain age-at-implantation results
in improved speech intelligibility, speech perception
skills, or language development, this age at implan-
tation should be preferred, even if the later-im-
planted group eventually catches up with the earli-
er-implanted group.

In the present study, each comparison was con-
ducted in both directions. For example, the develop-
mental differences resulting from comparing each
child implanted at 13 to 24 mos to the group of
children implanted at 25 to 36 mos were calculated,
and a test was applied to determine whether this set
of differences was significantly different from zero.
Then, the process was repeated for the set of devel-
opmental differences resulting from comparing each
child implanted at 25 to 36 mos with the group of
children implanted at 13 to 24 mos. The most
conservative of the two comparisons was selected to
express the significance of the difference between
the groups. The comparisons themselves were per-
formed by stepwise multiple linear regression of
each one of the outcome measures to examine the
differences between the age-at-implant groups, after
adding the following independent variables to the
regression: unaided best-ear PTA, CM, gender, and
estimated family income.

The programs to implement the DTA method and
to find the average curve in a given age-at-implant
group were written in MATLAB and are available
from the corresponding author.
Hierarchical linear modeling • HLM (Rauden-
bush, et al., 2004) is a tool for statistical modeling of
two- and three-level data structures. It is particu-
larly useful for behavioral data because they tend to
have nested structures. For example, data are
nested in repeated observations within participants,
within age-at-implant groups, and within the covari-
ates. Each sublevel makes up a portion of the hier-
archical linear model and represents the relations
between that level’s factors and its residual variabil-
ity. For our purposes, a two-level hierarchical linear
model was used to examine the differences in the
slopes of the developmental trajectories as a func-
tion of age at implantation while evaluating the
effects of the covariates (CM, family’s income [Inc],
PTA, and gender). A two-level HLM analysis in-
volves a two-step process resulting in a model for
each step. The level-1 model captures the relations
among the participant-level variables. In this first
step, we fit a least-squares line to each developmen-
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tal trajectory curve to obtain slope and intercept
values for each curve. To obtain more accurate
estimates of slopes for changes in Potato Head
scores as a function of time, we only included data
up to the point where a child reached ceiling scores
(90% correct or higher). The level-1 model used in
the first step was

Y � Intercept 1 � Slope(Test age) � Error

The regression parameters obtained in the first
step were then used as “data” in the second step, in
which we performed linear regression for slope as a
function of age at implantation and the covariates.
In other words, the coefficient used in the level-1
model (slope) becomes an outcome variable in the
level-2 model. The model used in the second step
was

Slope � Intercept 2 � B1(Age at implant)

� B2(CM) � B3(Inc) � B4(PTA)

� B5(Gender) � R1

Thus, if coefficient B1 turned out to be signifi-
cantly different from zero, this would mean that age
at implant has an influence on the slope of the
developmental trajectory of the outcome measure
independently of the influence of the confounding
variables (CM, income, PTA, and gender).

It is important to note that, unlike the other
analyses used in this study, the HLM analysis was
performed using age at implant as a continuous
variable. In other words, the analysis was performed
for all 96 subjects without breaking them down into
groups.

RESULTS

The purpose of this study was twofold: (1) to
examine performance of a small group of children
implanted before age 1 yr and to compare their
communicative performance with that of children
implanted at later ages, while controlling for poten-
tial covariates; and (2) to evaluate whether there is
behavioral evidence for sensitive periods in spoken
language development.

Word Recognition

Word recognition performance on the Mr. Potato
Head task is displayed in Figure 4. Panel A displays
the average performance of each age-at-implanta-
tion group up until the point at which there were
data for at least four participants. The longer a
given group of participants is followed, the fewer
children remain in the group, mostly because some
children have not had as long a follow-up period as

others. The requirement of having at least four
participants in each average curve displayed in
Figure 4 helps make that graphical display more
meaningful. For comparison purposes, the average
scores of normal-hearing children obtained by Kirk
et al. (1997) and Robbins and Kirk (1996) are shown
by the thick black line. The arrows along the x axis
in Panel A indicate the average age at implantation
for each group. Panels B to E display both individual
and group data for each age-at-implantation group
separately, along with the normative data from
normal-hearing children. There is a trend for the
average developmental trajectory to change upon
implantation: there is an inflection point in the
curves of the three older age-at-implant groups
within a few months of cochlear implantation after
which the rate of development increases. Further,
there is a trend for children implanted before age 2
yrs to have higher word recognition scores at a given
chronological age than children implanted later
than 2 yr. Although the average implanted child,
regardless of the age at which she/he received the
device, performs more poorly than her/his normal-
hearing peers, there are some children in each group
who perform similar to normal-hearing children on
this word recognition task.

The word recognition data were entered into the
DTA. Recall that the output of the DTA is an
estimate of the average difference in a specific out-
come variable over a specific period of time between
each participant’s developmental trajectory and that
of each participant in every other age at implant
group. Recall that this value is called “Average
Developmental Difference.” Table 2 displays results
from the multiple linear regression analyses. The
top portion of the table shows the results for the
word recognition measure. The Average Develop-
mental Difference values for the children implanted
before age 1 yr and those implanted between ages 1
and 2 yr (group 1 versus 2) were not significantly
different, but they were significantly different from
children implanted between 2 and 3 yr of age (group
1 versus 3). Further, there were significant differ-
ences in Average Developmental Difference values
between children implanted between ages 1 and 2 yr
and those implanted between 2 and 3 yr (group 2
versus 3), and between children implanted between
2 and 3 yr, and those implanted between ages 3 and
4 yr (group 3 versus 4). The significant mean Aver-
age Developmental Difference values varied be-
tween 15 to 18 percentage points with children in
the younger age-at-implant groups achieving higher
scores than those in the older age-at-implant groups.
There are two ways in which the data can be
analyzed: (1) individuals in one group (e.g., group A)
could be compared with the average of the second
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group (e.g., group B); or (2) individuals in group B
could be compared with the average of group A. The
mean Average Developmental Difference values
were identical and reached the same level of signif-
icance regardless of which method was used. There-
fore, only one mean Average Developmental Differ-
ence data column is displayed in Table 2.

The covariates (CM, Inc, PTA, and gender) were
entered into the stepwise multiple linear regression
to determine if they could account for any additional
variability in Average Developmental Difference be-
yond age-at-implantation. In this case it did matter
to some extent which direction the comparisons
were made. Therefore, two data columns appear in
Table 2 under “stepwise.” For word recognition per-
formance, PTA accounted for a significant additional
amount of variability in Average Developmental
Difference (p � 0.05) when comparing groups 2 and
3 (children implanted between 1 and 2 yrs and those
implanted between 2 and 3 yrs) and groups 3 and 4
(children implanted between 2 and 3 yrs and those
implanted between 3 and 4 yrs) when comparing

individual data from the younger age at implant
group with average data from the older age-at-
implant group. CM accounted for a significant addi-
tional amount of variability in Average Developmental
Difference when comparing groups 3 and 4 (children
implanted between 2 and 3 yrs and those implanted
between 3 and 4 yrs) when comparing individual data
from the older age-at-implant group with average data
from the younger age-at-implant group. These results
suggest that some of the group differences in word
recognition ability are partially due to differences in
unaided PTA and the CM the child uses.

Language

Figures 5 and 6 are set up similar to Figure 4, but
display data for the Receptive and Expressive Scales
of the RDLS, respectively. The thick diagonal black
line in each panel displays age-appropriate perfor-
mance, whereas the alternating dotted/dashed lines
show 1 and 2 SDs below the mean for typically
developing, normal-hearing children on the RDLS.

Fig. 4. Panel A shows average word recog-
nition scores on the Mr. Potato Head task for
each age-at-implant group, as well as scores
for typically developing normal-hearing
children, as a function of age. Arrows indi-
cate mean age at implantation for each
group. Panels B to E show individual and
group-averaged scores for each age-at-im-
plant group.
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The vast majority of the children had delayed lan-
guage skills, regardless of the age at which they
received their CIs; however, there was a trend for
more children in the younger age-at-implantation
groups to perform within 2 SDs of the mean of
normal-hearing children than for children in the
older age-at-implantation groups.

As with the word recognition results, the results
from the multiple linear regression analyses for the
language measure are displayed in Table 2. The middle
and bottom portions of the table show the results for
receptive and expressive language, respectively. The
Average Developmental Difference values for all
group comparisons on receptive language were sig-
nificant (p � 0.05). Stepwise multiple linear regres-

sions for receptive language performance revealed
that estimated family income accounted for a signif-
icant additional amount of variability in Average
Developmental Difference (p � 0.05) when compar-
ing groups 1 and 2 (children implanted between 6
and 12 mos and those implanted between 1 and 2
yrs) and groups 1 and 3 (children implanted between
6 and 12 mos and those implanted between 2 and 3
yrs) and when individual data from the younger
age-at-implant group are compared with average
data from the older age-at-implant group. PTA ac-
counted for a significant additional amount of vari-
ance in Average Developmental Difference when
comparing groups 3 and 4 (children implanted be-
tween 2 and 3 yrs of age and those implanted

Fig. 5. Panel A shows average
age equivalent scores on the
Receptive Language section of
the RDLS for each age-at-im-
plant group. Some of these
scores are predicted values
based on the MCDI parent
questionnaire. The thick diago-
nal line shows average scores
for the children used to obtain
the test’s norm. Two lines un-
derneath the diagonal indicate
1 and 2 SDs below the mean for
the same normative sample.
Panels B to E show individual
and group averaged scores for
each age-at-implant group.

TABLE 2. Multiple linear regression analyses on output data from DTA

Outcome measure Group comparison

Average
developmental

difference*

Stepwise

Individual earlier vs. avg. later
implanted

Individual later vs. avg.
earlier implanted

Word recognition Group 1 vs. 2 �10.539 N/A �1.134 (PTA, p � 0.002)
Group 1 vs. 3 15.577† N/A N/A
Group 2 vs. 3 17.971† 20.173† (PTA, p � 0.010) N/A
Group 3 vs. 4 18.364† 19.983† (PTA, p � 0.001) 14.330† (CM, p � 0.016)

Receptive language Group 1 vs. 2 2.499† 1.670 (Income, p � 0.034) N/A
Group 1 vs. 3 7.204† 7.903† (Income, p � 0.023) N/A
Group 2 vs. 3 4.635† N/A 4.877† (PTA, p � 0.040)
Group 3 vs. 4 5.196† 6.060† (PTA, p � 0.025) N/A

Expressive language Group 1 vs. 2 1.727 N/A N/A
Group 1 vs. 3 4.592† N/A N/A
Group 2 vs. 3 3.450† N/A N/A
Group 3 vs. 4 5.239† N/A N/A

Covariates that significantly influenced Average Developmental Difference are indicated along with their p values.
* Average Developmental Difference was identical and reached the same level of significance regardless of if individuals in Group A were compared to the average of Group B or if individuals
from Group B were compared to the average of Group A. Therefore, only one data column is displayed.
† p � 0.05.
N/A, Linear regression model accounted for no additional variance in Average Developmental Difference; DTA, developmental trajectory analysis.
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between 3 and 4 yrs of age) and when individual
data from the younger age-at-implant group are
compared with average data from the older age-at-
implant group. Further, PTA accounted for a signif-
icant additional amount of variance in Average
Developmental Difference when comparing groups 2
and 3 (children implanted between 1 and 2 yrs of age
and those implanted between 2 and 3 yrs of age) and
when individual data from the older age-at-implant
group are compared with average data from the
younger age-at-implant groups. These results sug-
gest that group differences in receptive language
partially are due to differences in PTA and esti-
mated family income.

Similar to the word recognition results, the Average
Developmental Difference values for expressive lan-
guage performance for the children implanted before
age 1 yr and those implanted between age 1 and 2 yrs
(group 1 versus 2) were not significantly different, but
they were significantly different from children im-
planted between ages 2 and 3 yrs (group 1 versus 3).
Further, there were significant differences in Average
Developmental Difference values between children
implanted between ages 1 and 2 yrs and those im-
planted between 2 and 3 yrs (group 2 versus 3) and
between children implanted between 2 and 3 yrs and
those implanted between ages 3 and 4 yrs (group 3
versus 4). No additional variance in expressive lan-
guage Average Developmental Difference could be
accounted for with the covariates in the stepwise
multiple linear regression analyses.

DTA Statistics Summary

Overall the results of the multiple linear regres-
sion analyses on the DTA output suggest that there

are significant differences in the developmental tra-
jectories of children implanted earlier rather than
later in the early childhood years. However, the
advantage of implanting children before 12 mos of
age versus waiting until the child is between ages 1
and 2 yrs only is evident in receptive language skill
development, not in expressive language and word
recognition skill development in our group of chil-
dren. For the most part, PTA and income played a
limited role in accounting for an additional amount
of variance in Average Developmental Difference in
both word recognition and receptive language abil-
ity. CM accounted for additional variance in Aver-
age Developmental Difference in one instance and
gender never accounted for additional variance. Fur-
ther, none of the selected covariates accounted for
differences in the developmental trajectories of ex-
pressive language development among the groups.

Hierarchical Linear Modeling Analysis

Although the DTA analyses examined perfor-
mance differences among children implanted at var-
ious ages, HLM (Raudenbush, et al., 2004) was used
to examine differences in the slopes of the develop-
mental trajectories as a function of age at implanta-
tion while evaluating the effects of covariates. The
slopes of the developmental trajectories reflect the
rate at which children are acquiring a specific skill.
If the slope is equivalent across age-at-implant
groups, this would suggest there is no sensitive
period for developing that specific skill once auditory
input is provided some time during the first 4 yrs of
life. However, if the slopes get increasingly shallow
as the age at implantation gets greater, it would
suggest that there is a sensitive period for develop-

Fig. 6. Expressive language scores,
displayed following the same for-
mat as Figure 5.

HOLT AND SVIRSKY / EAR & HEARING, VOL. 29, NO. 4, 492–511506



ing that specific skill during the first 4 yrs of life.
The two-step process began with fitting a least-
squares line to each curve thereby obtaining a slope
and an intercept for each. The second step involved
performing a linear regression for slope as a function
of age at implantation and the covariates.

Table 3 displays a summary of the HLM analysis.
The results indicate that CM was the only covariate
that had a significant influence on the rate of word
recognition acquisition: children using OC had
faster rates of word recognition acquisition than
children raised in TC environments. Further, age at
implantation did not significantly influence the
slopes of the word recognition developmental trajec-
tories. In contrast, age at implantation did signifi-
cantly influence the rate of both receptive and ex-
pressive language acquisition: children implanted
earlier in life had faster rates of spoken language
acquisition than children implanted later in life.
Estimated family income had a significant effect on
the rate of receptive and expressive language devel-
opment. However, the effect of income was different
for receptive and expressive language development:
children from families with higher estimated in-
comes had faster rates of receptive language devel-
opment, but slower rates of expressive language
development, relative to children from families with
lower estimated incomes.

DISCUSSION

The first goal of this research was to explore
whether significant gains in spoken language skills
are made by children implanted before 1 yr of age
relative to those implanted at later ages, while
controlling for potential covariates. Up through
about 3 yrs of age, our small group of children
implanted between ages 6 and 12 mos failed to show
significant performance differences on two of the
three outcome measures from those implanted in

the second year of life, but did show significantly
higher scores than children implanted at 2 yrs of age
or later. Further, children implanted before age 2
yrs had higher performance than children im-
planted in the third or fourth years of life and
children implanted in the fourth year of life had
significantly poorer performance than children im-
planted earlier. These findings support those of
previous investigators (Fryauf-Bertschy, et al.,
1997; Nikolopoulos, et al., 1999; Svirsky et al., 2004;
Tyler, et al., 1997), while extending the results to a
new population of CI recipients: infants implanted
younger than 1 yr. The results differ to some extent
from those of Dettman et al. (2007) who reported
significantly different rates of receptive and expres-
sive language development in infants implanted in
the first year of life relative to those implanted in
the second year of life. Both our and Dettman et al.’s
participants had significantly better receptive lan-
guage development when implanted at the age of 1
yr, despite using different language measures. On
the other hand, we did not find significant differ-
ences in rates of expressive language development.
Dettman et al. did not evaluate spoken word recog-
nition, so we cannot compare the development of
that skill across the two studies. Dettman et al. had
five more participants in the youngest age-at-im-
plant group than was used in the current investiga-
tion. We also used different language measures.
Both of these factors could have influenced the
somewhat discrepant results.

These new findings suggest that in this small
sample of six children implanted between 6 and 12
mos of age, no significant gains in expressive lan-
guage development and spoken word recognition are
observed by implanting children before their first
birthday than doing so before age 2 yrs. There was,
however, an advantage for receptive language devel-
opment. The majority of the small group implanted
between 6 and 12 mos of age was followed for 2 to 2.5
yrs after cochlear implantation and thus, was only 3
yrs old at the most recent testing interval. There-
fore, it is possible that performance differences
might become evident as the children develop and
gain more experience with their devices, or in stud-
ies with a greater N. Although these measures of
spoken language development have been used ex-
tensively with the pediatric CI population, it is also
possible that other measures might be more sensi-
tive to early performance differences between chil-
dren implanted before 1 yr of age and those im-
planted between 1 and 2 yrs of age. Perhaps the
greatest limitation to this investigation is the small
number of participants in the youngest age-at-im-
plant group. Few infants younger than 12 mos have
been implanted at most CI centers making it diffi-

TABLE 3. Hierarchical linear modeling statistics summary:
least-squares estimates of significant and near-significant fixed
effects

Outcome
measure

Level-1
coefficient

Level-2
predictors Coefficient p

Word
recognition*

Slope Comm. mode 0.53425 0.001
Income 0.00001 0.106
PTA 0.01440 0.111
Age at Implant �0.00580 0.557

Receptive
language

Slope Age at Implant �0.01099 �0.0001
Income 0.00001 �0.0001

Expressive
language

Slope Age at Implant �0.01099 0.026
Income �0.00001 �0.0001

* Scores above 90% that were achieved after reaching ceiling (90%) were removed from the
analysis.
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cult to achieve the power we have become accus-
tomed to in CI research. Our not finding significant
differences in performance on spoken word recogni-
tion and expressive language development between
the children implanted in the first and second years
of life should be interpreted with this power limita-
tion in mind.

Significant performance differences remained
among groups despite accounting for four potential
confounds: better-ear PTA, family’s estimated in-
come, CM, and gender. PTA, estimated family in-
come, and in one case, CM accounted for an addi-
tional significant amount of variance (beyond age at
implantation) in performance among age-at-implant
groups. In this group of children, gender accounted
for no additional variance in outcome. Further, no
covariates accounted for any additional variance in
expressive language development among the groups
of children.

Our second goal was to investigate whether there
is evidence for sensitive periods in spoken language
development. Prelingually deaf children with CIs
provide a rare opportunity to examine sensitive
periods in a natural environment. Because of their
early onset of deafness, the children lacked auditory
input for various lengths of time. Then through
intervention with a CI, children were given access to
auditory input at various ages. These circumstances
provide a unique opportunity to study the effects of
spoken language deprivation and subsequent inter-
vention. Children implanted at later ages (up to 4
yrs), had slower rates of oral language development
than children implanted at earlier ages, suggesting
that there is a sensitive period for spoken language
development within the first 4 yrs of life. In contrast
to the language scores, the rate of increase in open-
set speech recognition was similar regardless of the
age at implantation (up to age 4 yrs), suggesting
that any sensitive period for relatively simple spo-
ken word recognition development may extend be-
yond the first 4 yrs of life.

The behavioral evidence for sensitive periods re-
ported here parallels the evidence for sensitive pe-
riods in the electrophysiological literature. Develop-
ment of the auditory cortex typically extends
through the teenage years (Moore & Guan, 2001). A
review of auditory cortex maturation by Eggermont
and Ponton (2003) shows that maturation begins
structurally with axons in the superficial layer I of
the auditory cortex through 4.5 mos of age and then
moves to layers IV, V, and VI through 5 yrs of age.
Between 5 and 12 yrs of age, layers II and III axons
begin to mature and cortical axons mature only after
12 yrs. Changes in electrophysiological recordings
are believed to reflect the maturation of these struc-
tures: the ABR, P2, and N2 are believed to reflect

maturation of the superficial layer I axons; the
middle latency response and mismatch negativity
are believed to reflect maturation of layers IV, V,
and VI; the maturation of P1 and emergence of N1
are believed to reflect layers II and III axon matu-
ration; and finally, the maturation of N1 is believed
to reflect the maturation of cortical axons. Egger-
mont and Ponton examined the development of
these electrophysiological markers in children who
received CIs. They found that the P1 latency was
delayed in children with CIs relative to their nor-
mal-hearing age-matched peers, but that the P1
latencies were commensurate with hearing-age-
matched peers. The authors suggested that the
middle layers of cortical tissue are in a state of
arrested development without auditory input, but
that once cochlear implantation takes place, the
development of the structures generating the P1
begin to develop at an appropriate rate (although it
is still delayed by approximately the length of deaf-
ness). In two case studies of pediatric CI recipients
who were implanted at age 6 yrs and were either
deaf from birth or from age 3.5 yrs, Ponton and
Eggermont (2001) and Ponton, et al. (1999) reported
that initial maturation of the P1 latency began
maturing at the same rate as normally hearing
children, but that N1 never emerged, suggesting an
“arrest or alteration in the maturation of the layer II
axon neurofilaments” (Ponton & Eggermont, 2003,
p. 251) without auditory input during the sensitive
period of development, believed to be between 3 and
6 yrs of age.

Consistent with Ponton et al.s’ findings, Sharma
et al. (2002) found delayed P1 latencies just after
implantation in cochlear implanted children. Fur-
ther, they found that children implanted after 11 yrs
of age, showed little or no change in the P1 latency
over 1 to 2 yrs of CI experience, but that children
implanted by age 7 yrs showed maturation of (de-
creases in) the latency of P1. More important to the
sensitive periods argument was the finding that
children implanted before age 3.5 yrs showed large
decreases in the latency of P1 over the early months
of CI use.

Taken together, these electrophysiological and
our new behavioral findings suggest that the audi-
tory system is maximally plastic during the first 2 to
3.5 yrs of life. The electrophysiological data suggest
a longer window (�3.5 yrs) than the behavioral data
(�2 yrs). Further, there seems to be some limited
plasticity until 7 yrs of age, after which much slower
and more limited gains are made. Although our
behavioral data can only address effects of auditory
deprivation until age 4 yrs, they do suggest that the
window of opportunity for language acquisition is
not yet closed at that age, but is starting to close.
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Of the covariates examined, CM significantly in-
fluenced the rate of word recognition but not lan-
guage development and estimated family income
had a significant influence on the rate of language
but not word recognition development. One possible
explanation for why CM only influenced word recog-
nition development is that because we were inter-
ested in children’s auditory word recognition abili-
ties, this task was the only one administered
exclusively in the auditory modality. Perhaps the
OC children were at an advantage in the word
recognition task because they were tested in their
everyday mode of communication. The findings on
family income parallel data on normal-hearing, typ-
ically developing children, suggest that even in this
population of children who receive impoverished
spoken language input (at least early in life), the
correlation between SES and rate of language devel-
opment remains. The relationship between SES and
language development might not be a direct one,
though. Data from Hoff (2003) suggesting that the
relationship between SES and rate of language
development might primarily be mediated by factors
related to maternal speech.

Our exploratory results suggest that the benefits
of cochlear implantation in the first year of life
instead of the second are relatively small. However,
this is based on a small sample of six children
followed for 2 to 2.5 yrs postimplantation. It is
possible that other measures of performance might
yield greater performance differences and/or that
following a larger number of children for a longer
period of device use might reveal some additional
performance gains. On the other hand, our review of
the literature suggests that the risk of anesthesia
and the risk of misidentifying children as profoundly
hearing impaired are also relatively low, provided
appropriate measures are taken. These measures
include the administration of several different tests
to confirm the level of hearing impairment (OAE,
ABR, ASSR, and VRA, if possible) and the presence
of a pediatric anesthesiologist during surgery.

Even though children implanted before 1 yr of age
had limited advantages in spoken language skills
with respect to those implanted in the second year of
life, they did show better performance than those
implanted after age 2 yrs. Further, the rate of
language acquisition was significantly faster for
children implanted at earlier than at later ages,
thereby providing evidence of a sensitive period for
language development through the first 4 yrs of life.
This finding has both theoretical and practical im-
plications. From a theoretical perspective, it pro-
vides rare behavioral evidence that corroborates the
physiological evidence suggesting sensitive periods
for language development. From a practical perspec-

tive, it suggests that language acquisition will ap-
proach age-appropriate levels faster the earlier a
child is implanted. It does not suggest that language
development will not occur if children are implanted
in the fourth year of life, but it does suggest that, on
average, their rate of acquisition will be slower and
they will continue to lag behind their normal-hear-
ing peers for a longer time. Language acquisition is
critical for the development of literacy skills and
success in academic settings. Presumably, the ear-
lier a child attains age-appropriate or nearly age-
appropriate language skills, the more prepared
she/he will be to successfully enter school.

Finally, these data suggest that certain patient
variables, particularly better-ear PTA, family’s esti-
mated income, and CM, account for some variability
in cochlear implantation outcomes. The search for
causes of the large intersubject variability in co-
chlear implantation outcomes has often met with
limited success. Some factors that have been re-
ported to account for some of the variability in
outcomes include CM, family size, performance IQ
(Geers, et al., 2003), working memory capacity
(Pisoni & Cleary, 2003; Pisoni & Geers, 2000), and
articulation rate and verbal rehearsal speed (Pisoni
& Cleary, 2003). A family’s estimated income is a
new factor that has not been widely explored in the
CI literature. Our data suggest that income primar-
ily has an influence on children’s rates of language
development rather than on the development of
relatively simple spoken word recognition skills.
Geers et al. (2003) has suggested that the relation-
ship between spoken language outcomes in pediatric
CI users and family SES is mediated by performance
IQ. We did not examine performance IQ or maternal
input to the children in this study, so we cannot
speculate on whether the relationship between esti-
mated family income and language development
rate is mediated by performance IQ as Geers et al.
have suggested, by maternal input as Hoff (2003)
has suggested, or if the relationship is more direct.
In any case, our data do suggest a relationship
between a family’s resources and children’s lan-
guage development rates. However, the relationship
is not straightforward. Children from families with
a higher estimated income had faster rates of recep-
tive language development, but slower rates of ex-
pressive language development, relative to children
from families with lower estimated incomes. It is
possible that children from families with higher
estimated incomes have mothers who provide more
language input (as Hoff suggested) and that this
transfers to receptive language skills first and the
transfer to expressive skills is not yet apparent.
Another explanation could be that children of fami-
lies with lower estimated incomes have mothers who
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provide less language input (as Hoff suggested)
thereby opening up more opportunities for children
to use their expressive language skills.

Although this investigation longitudinally fol-
lowed a large cohort of children with CIs (N � 96),
the primary group of interest—those implanted in
the first year of life—included a small number of
children (N � 6). As discussed before, both the risks
and the benefits of implanting children at 6 to 12
mos as opposed to 13 to 24 mos seem relatively low.
It is important to note that these considerations
change in the case of children who had meningitis
because the cochlear ossification that can result
from this disease makes surgery more difficult. A
diagnosis of meningitis, then, tips the scales in favor
of earlier implantation. Our results do suggest that
there is a clear benefit to implanting before a child’s
second birthday. Not only do children achieve higher
spoken language abilities at earlier ages, they also
show a faster rate of spoken language acquisition,
thereby providing more evidence for early sensitive
periods in spoken language development. As more
families push to have their infants implanted before
the age of 1 yr and as those children have more
experience with their devices, further examination of
the issue of the “best” age at which to implant children
might reveal some additional important findings.
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