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Objectives: A postlingually implanted adult typically develops hearing
with an intact auditory system, followed by periods of deafness (or near
deafness) and adaptation to the implant. For an early implanted child
whose brain is highly plastic, the auditory system matures with consis-
tent input from a cochlear implant. It is likely that the auditory system
of early implanted cochlear implant users is fundamentally different than
postlingually implanted adults. The purpose of this study is to compare
the basic psychophysical capabilities and limitations of these two pop-
ulations on a spectral resolution task to determine potential effects of
early deprivation and plasticity.

Design: Performance on a spectral resolution task (Spectral-temporally
Modulated Ripple Test [SMRT]) was measured for 20 bilaterally
implanted, prelingually deafened children (between 5 and 13 years of
age) and 20 hearing children within the same age range. Additionally,
15 bilaterally implanted, postlingually deafened adults, and 10 hearing
adults were tested on the same task. Cochlear implant users (adults and
children) were tested bilaterally, and with each ear alone. Hearing listen-
ers (adults and children) were tested with the unprocessed SMRT and
with a vocoded version that simulates an 8-channel cochlear implant.

Results: For children with normal hearing, a positive correlation was
found between age and SMRT score for both the unprocessed and
vocoded versions. Older hearing children performed similarly to hearing
adults in both the unprocessed and vocoded test conditions. However,
for children with cochlear implants, no significant relationship was
found between SMRT score and chronological age, age at implantation,
or years of implant experience. Performance by children with cochlear
implants was poorer than performance by cochlear implanted adults. It
was also found that children implanted sequentially tended to have bet-
ter scores with the first implant compared with the second implant. This
difference was not observed for adults. An additional finding was that
SMRT score was negatively correlated with age for adults with implants.

Conclusions: Results from this study suggest that basic psychophysical
capabilities of early implanted children and postlingually implanted adults
differ when assessed in the sound field using their personal implant pro-
cessors. Because spectral resolution does not improve with age for early
implanted children, it seems likely that the sparse representation of the
signal provided by a cochlear implant limits spectral resolution devel-
opment. These results are supported by the finding that postlingually
implanted adults, whose auditory systems matured before the onset of
hearing loss, perform significantly better than early implanted children
on the spectral resolution test.
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INTRODUCTION

Present day outcomes with cochlear implants have greatly
exceeded early expectations for adults and children with severe

"Department of Otolaryngology, New York University School of Medicine,
New York, New York, USA; and 2USC Tina and Rick Caruso Department
of Otolaryngology, Keck School of Medicine, University of Southern
California, Los Angeles, California, USA.

to profound hearing loss. Originally, cochlear implants were
designed with the intention of providing a useful cue to aid lip-
reading for postlingually deafened individuals (Bilger & Black
1977). Now, many cochlear implant users are able to conduct
normal conversations in quiet environments and even success-
fully communicate on the telephone. Predicted benefits of a
cochlear implant for listeners with severe to profound hearing
loss are now great enough to justify implanting ears with sig-
nificant residual hearing (Vermeire et al. 2008; Dorman & Gif-
ford 2010; Turner et al. 2010).

Advancements in sound processing strategies have been par-
tially responsible for improvements in outcomes with implants.
One early advance in cochlear implant processing was the tran-
sition from compressed analog to continuous interleaved sam-
pling developed by Wilson et al. (1991). Another early advance
came when switching from a feature extraction algorithm (such
as FO/F2, FO/F1/F2, and MPEAK) to one that encoded spectral
information without feature extraction, such as Spectral Max-
ima Sound Processor and Spectral Peak (McDermott et al. 1992;
McKay et al. 1992). More recent advances in coding include the
addition of virtual channels to increase the number of sites of
stimulation (Buechner et al. 2008), enhancing of temporal cues
(Laneau et al. 2004; Vandali et al. 2005; Arnoldner et al. 2007),
improving the algorithms for peak picking (Nogueira et al.
2005), and reducing the spread of excitation with current focus-
ing (Landsberger et al. 2012; Srinivasan et al. 2013; Bierer &
Litvak 2016). Although all of these improvements have been
developed and validated in postlingually deafened adults, many
of these improvements have been provided clinically to prelin-
gually deaf children worldwide without equivalent validation.
This is particularly the case in the United States, where the US
Food and Drug Administration requires formal trials for new
strategies. These trials are laborious and time consuming to
implement with adults and virtually nonexistent with children.
Accordingly, many of these new strategies have not been stud-
ied formally in implanted children in the United States although
many clinics provide newer sound processing strategies for chil-
dren, which is designated as “off-label.”

Children born with severe to profound hearing loss may
require different sound processing strategies than adults to opti-
mize auditory and spoken language performance and develop-
ment. Typically, a postlingually implanted adult is born with an
intact auditory system, followed by periods of deafness (or near
deafness) and adaptation to the implant. As a result, that individu-
al’s auditory system has had to adapt and relearn to interpret audi-
tory input at three different stages. For an early implanted child
whose brain is highly plastic, the auditory system matures with
consistent input from a cochlear implant. Thus, it is possible that
an individual whose entire auditory experience comes from an
implant might derive greater benefit from the implant than a per-
son born with normal hearing and later deafened. Alternatively,
an auditory system that matures using the relatively sparse input
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from the cochlear implant may not be as robust as one that devel-
ops with an intact auditory system. It is therefore likely that the
auditory system of prelingually implanted cochlear implant users
is fundamentally different than that of a postlingually implanted
adult. Furthermore, the limitations and bottlenecks for these two
populations are likely to be different. Stimulation strategies and
fitting procedures developed for postlingually implanted adults
may not be optimal for prelingually implanted users. It might be
important to program cochlear implants differently for children
than adults, or perhaps even develop different algorithms.

Measuring basic psychophysical properties of early
implanted children and late implanted adults seems a viable
approach for gaining insight to the fundamental capabilities of
the different populations. Spectral resolution measures might
provide particularly interesting data because psychophysical
measures of spectral resolution can be made without confounds
of linguistic development. Nevertheless, results on tests of spec-
tral resolution have correlated with speech recognition scores
(Henry et al. 2005; Won et al. 2007; Gifford et al. 2014; Holden
et al. 2016). Despite these findings, the role of spectral resolu-
tion in the development of normal hearing or hearing loss is
not well understood. Eisenberg et al. (2000) found that when
degrading spectral information through a vocoder, children
with normal hearing between 10 and 12 years of age perform
similarly to adults on measures of speech perception, but chil-
dren between 5 and 7 years of age require more spectral infor-
mation to produce equivalent levels of understanding. Kirby
et al. (2015) tested spectral resolution using the Spectral-tem-
porally Modulated Ripple Test (SMRT; Aronoff & Landsberger
2013) on children with normal hearing (aged 6 to 12 years) and
children using hearing aids (aged 6 to 16 years) and found that
spectral resolution performance gradually increased as a func-
tion of age for both groups. Spectral resolution outcomes for the
listeners with hearing loss were lower (i.e., poorer) than for the
listeners with normal hearing.

Another potential difference between early implanted chil-
dren and late implanted adults may be how they use informa-
tion from two ears. Cochlear implants have variable insertions
(Landsberger et al. 2015) and frequently are perceived as per-
ceptually misaligned (Aronoff et al. 2016). This misalignment
might cause spectral interference between ears (Aronoff et al.
2015) and therefore, when both implants are combined, spec-
tral resolution scores may be reduced in postlingually deafened
adults whose auditory systems developed around spectrally
aligned inputs for the second implanted ear. As the auditory
system of an early implanted child develops in response to the
misaligned auditory inputs, he or she may have an advantage
over adults in combining the misaligned spectral content.

An additional consideration is the duration between first and
second implant surgeries. The auditory system will typically
adapt to input from the first implant, but when a second implant
is received, the auditory system will have to readapt to bilateral
input. However, the two ears are rarely equivalent (e.g., differ-
ent hearing losses and different neural survivals) and therefore
would have unequal expected outcomes. To complicate matters,
the choice of which ear to implant first is rarely random. Often,
the first ear implanted is the poorer hearing ear because there is
less risk associated with insertion trauma.

In the present experiment, we examined spectral resolution
using the SMRT for children (5 to 13 years of age) and adults
(18 years old and above) with normal hearing and with bilateral

cochlear implants. The primary hypothesis was that prelingually
implanted children would demonstrate poorer spectral-temporal
ripple discrimination than children with normal hearing, adults
with normal hearing, and postlingually implanted adults. Chil-
dren and adults with normal hearing were further evaluated with a
vocoded version of the SMRT to determine the effect of reduced
spectral information on an otherwise normal auditory system. This
simulation was of particular interest for the children whose audi-
tory systems developed normally but were evaluated with reduced
spectral information. A secondary hypothesis was that sequentially
implanted children, but not adults, would demonstrate better spec-
tral resolution with their first implant than their second implant. A
tertiary hypothesis was that children would derive greater benefit
using bilateral stimulation than adults on the SMRT.

MATERIALS AND METHODS

Subjects

Subjects were stratified by age group (adults and children) and
hearing status (normal hearing and bilateral cochlear implants).
A total of 24 adults and 44 children were enrolled at the Uni-
versity of Southern California (USC) and an additional 3 adults
were enrolled at New York University (NYU). Of the 71 partici-
pants, data from 25 adults and 40 children were included in the
final dataset. Two adults and 1 child with normal hearing did not
pass the audiological criterion (20 dB HL pure-tone thresholds
between 250 and 8000 Hz) and were excluded. Data for 2 chil-
dren with normal hearing (ages 9.6 and 7.9 years) and 1 child with
bilateral cochlear implants (age 6 years) were not included in the
final analysis due to distractibility, and were considered outliers.
Replacements were found for these 3 children. The adult subjects
were comprised of 10 listeners with normal hearing (mean age
34.8 years, range 18 to 59 years) and 15 listeners with cochlear
implants (mean age 59.9 years, range 31 to 75 years). The pediat-
ric subjects consisted of 20 children with normal hearing (mean
age: 9.0 years, range 6.3 to 12.6 years) and 20 bilateral cochlear
implant users (mean age 9.2 years, range 5.8 to 13.1 years). The
average duration between implantations for the adult implant
users was 4.13 years (range 0 to 12 years) and for the pediat-
ric implant users was 1.95 years (range 0 to 5 years). Although
the average duration between implantations was larger for adults
than children, no significant difference between the delay in sec-
ond implantation was detected (Mann-Whitney U=110,n_, =
15,n . =20; p=0.185). Only bilateral cochlear implant users
were recruited so that all subjects could be tested with both ears
in the sound field. For comparison purposes, individual ears were
also assessed for the subjects with cochlear implants.

All adult subjects were consented according to either the
USC or NYU Institutional Review Board. Parents of the pediat-
ric subjects were consented for their children. Additionally, sub-
jects aged 7 to 14 years signed an assent form as recommended
by the USC Institutional Review Board. Children younger than
7 years did not sign an assent form. Instead, the experimenter
explained the experimental procedures and had them confirm
verbally that they understood. A parent or legal representative
signed the consent form to authorize participation of children
as subjects. Subjects were compensated for their time. Consent,
hearing screening for subjects with normal hearing, and testing
on the experimental protocol required less than 1 hr of the sub-
ject’s time. Demographic information is presented in Table 1 for
the adults and children with cochlear implants.
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Stimuli

The SMRT stimuli consist of spectrally-rippled broadband
noise with phase drifts that change in time at a rate of 5 Hz. The
peaks and valleys of the signal are modulated in time to avoid
detection of cues available from attending to a single electrode
or narrow frequency bands. Subjects with normal hearing addi-
tionally were tested in a cochlear implant-simulated condition,
by preprocessing the SMRT stimuli to simulate an eight-chan-
nel continuous interleaved sampling processor (Shannon et al.
1995). The unprocessed signal is divided into eight frequency
bands and low pass filtered to extract the envelope signal. The
envelope of the signal then modulates a noise signal. The modu-
lated signal is band passed with the same filters and mixed. An
eight-channel vocoder was selected to simulate implant-like
performance (Fishman et al. 1997; Friesen et al. 2001; Shannon
et al. 2004). Vocoded stimuli were generated using AngelSim
software (http://angelsim.emilyfufoundation.org/) using the
“8-channel Noise Vocoded Speech” preset in which both analy-
sis and carrier filters ranged in frequency from 200 to 7000 Hz
with a filter slope of 24 dB/octave. Envelope detection for each
channel was performed with a low-pass filter at 400 Hz.

The SMRT stimuli were delivered at 60 dB SPL through an
audiometer and presented in the sound field from a loudspeaker
at 0° azimuth. The subjects were tested in a sound-treated, dou-
ble-wall booth.

Procedure

The SMRT is a three-alternative forced-choice test para-
digm. The subjects were seated in front of either a touchscreen
computer tablet (Dell Venue 8 Pro, Dell, Round Rock, TX) at
USC or a computer screen with a mouse at NYU. Conditions
were randomly assigned (i.e., vocoded or unprocessed for nor-
mal-hearing subjects and left ear, right ear, and bilateral condi-
tions for cochlear implant users). During the task three boxes

numbered 1, 2, and 3 appeared on the screen, lighting up red
when the given stimulus was played. In a trial, subjects heard
3 sounds: 2 reference signals with 20 ripples per octave (RPO)
and a target signal with a lower RPO density. They were asked
to touch the box on the screen that indicated which of the three
stimuli presented was perceived to be different. In the first trial,
the target stimulus was presented at 0.5 RPO. The RPO density
of each target stimulus varied across trials using a 1-up/1-down
adaptive procedure, converging to the 50% threshold (Levitt
1971) with a step size of 0.2 RPO. For each condition (unpro-
cessed and vocoded for normal-hearing listeners; left ear alone,
right ear alone, and both ears together for cochlear implant lis-
teners), three runs of the SMRT were performed and averaged.
The order of the 6 runs for normal-hearing listeners (3 Repeats
x 2 Conditions) and 9 runs for cochlear implant listeners (3
Repeats x 3 Conditions) was randomized separately for each
subject to minimize any biases from the testing order. Before
collecting data, each subject completed a practice trial in the
nonvocoded condition (listeners with normal hearing) or binau-
ral condition (cochlear implant listeners).

RESULTS

SMRT scores for the bilateral listening conditions are pre-
sented in Figure 1 as a function of age for children (left panel) or
as a boxplot for adults (right panel). As indicated by the arrow, the
higher the RPO, the better the spectral resolution. Scores for the
pediatric listeners with normal hearing are plotted with green cir-
cles, and the scores for pediatric cochlear implant users are plotted
with blue squares. Results for the vocoded test for hearing chil-
dren are plotted with red triangles. The best fitting regression lines
for each of the three pediatric datasets are also plotted with the
corresponding colors. Similar to the data presented in Kirby et al.
(2015), a significant positive correlation was detected between age
and SMRT scores (» = 0.597, n = 20; p = 0.0055) for the hearing
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Fig. 1. Bilateral performance on the SMRT is presented for children (left panel) and adults (right panel). In the left (pediatric) panel, SMRT scores (higher is
better) are presented as a function of age. Green circles represent scores for normal hearing children. Red triangles represent scores for the same normal
hearing children with the vocoded SMRT. Blue squares represent scores for children with cochlear implants. Adult SMRT scores are presented with boxplots
(right panel) such that the green box represents the range of scores for the normal hearing adults, the red box represents the scores for normal hearing adults
performing the task with vocoded stimuli, and the blue box represents the scores for adults with cochlear implants. Note that the vertical scales for the two
panels match, allowing for direct comparison of results between adult and pediatric populations. SMRT indicates Spectral-temporally Modulated Ripple Test.
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children. When the SMRT was vocoded, performance decreased.
Nevertheless, the positive correlation between age and SMRT
remained (= 0.663, n = 20; p = 0.00143) for the hearing children.
In contrast, a weak, nonsignificant association was found between
age and SMRT performance for children using bilateral implants
(r=-0.102, n = 20; p = 0.667). Because the best condition for
a few pediatric implant users was unilateral, the correlation was
calculated between age and the best SMRT condition (bilateral or
unilateral, whichever produced the higher score), yielding another
weak, nonsignificant association (» =—0.0897, n =20; p = 0.707).

Performance by the adults with normal hearing (with and
without vocoded stimuli) was similar to that of the children with
normal hearing (with and without vocoded stimuli). With voc-
oding, the average SMRT score was 2.44 (SD: 0.67) for adults
and 2.38 (SD: 1.53) for children. Without vocoding, the average
SMRT score was 9.35 (SD: 0.90) for adults and 8.42 (SD: 2.08)
for children. Paired #-tests failed to detect differences between
adults and children with normal hearing for unprocessed
(#(28) =—1.342; p = 0.19) and vocoded stimuli (#28) =—0.117,;
p = 0.908). A linear regression for the pediatric normal-hear-
ing data predicts that a score of 9.35 (the adult average) on the
SMRT would be reached by age 11.37 years. However, a linear
fit might not be the most appropriate fit (despite the significant
correlation) as presumably performance will asymptote at some
age. A second order polynomial fit would predict that the chil-
dren would reach average adult performance by age 9.97 years
while a logarithmic fit would predict that the average adult per-
formance would be reached at the age of 11.18 years.

SMRT scores by cochlear implanted adults (average: 4.30
RPO) were significantly higher than those for cochlear implanted
children (average: 3.06 RPO; #(33) = 2.679; p = 0.0114), but
smaller than adults with normal hearing (average: 9.45 RPO;
#23) = 8.140; p < 0.0001). It is worth noting that the adults
with implants were older (mean: 59.9 years) than the hearing
adults (mean: 34.8 years). A basic assumption in this experi-
ment was that implanted adults reached auditory maturity and
that age would not affect the results. However, a significant cor-
relation between age and SMRT score for CI adults was found
(r=-0.701,n=15; p =0.003). A scatterplot of the data (Fig. 2)
suggests that SMRT scores may be lower for older adults. If the
data are reanalyzed using only adult CI users under 65 years
old such that all users have mature auditory systems but are
less likely to have suffered from cognitive or auditory decline
associated with aging (Lin et al. 2013), the difference between
adult and pediatric CI users increases from 1.24 to 2.18 RPO

10 | Adults with CI

SMRT Score (RPO)

= 0.48, p = 0.003

25 30 35 40 45 50 55 60 65 70 75 80
Age (Years)
Fig. 2. Bilateral performance on the SMRT is presented for adults with

cochlear implants as a function of age at testing. SMRT indicates Spectral-
temporally Modulated Ripple Test.

and remains statistically significant (#(27) = 5.197; p <0.0001).
It is worth noting that the 2 oldest adults (CA15 and CAO05)
also had the lowest RPO scores and, in fact, were performing on
par with the lowest scoring children. While this finding might
be suggestive of poorer spectral resolution due to aging, it may
also be attributed to early progressive hearing loss of unknown
magnitude as indicated for subject CA15 (Table 1). It is there-
fore possible that the auditory system of this adult CI user never
fully matured, thereby contributing to reduced spectral resolu-
tion as documented by Kirby et al. (2015).

Similar to the pediatric population, for some adults with
implants the SMRT score produced by the better unilateral con-
dition was higher than the bilateral condition. A ¢ test comparing
the best condition (unilateral or bilateral) for adults and chil-
dren also indicated significantly better performance for adults
(1(33) =—2.954; p=0.0056). It is worth noting that the results for
the hearing adults were similar to those reported by Aronoff and
Landsberger (2013). A two-tailed ¢ test failed to detect signifi-
cant differences between the hearing adult data collected for the
present study and the data collected by Aronoft and Landsberger
for the 8-channel vocoded stimuli (#(18) =—1.683; p=0.112) or
for the unprocessed SMRT stimuli (#(18) = 1.665; p =0.115).

In Figure 1, as well as the corresponding analysis, children
with cochlear implants were evaluated as a function of their
chronological age. It is worth considering that performance on
the SMRT may depend less either on chronological age than on
years of experience with a cochlear implant (defined as time
between evaluation and activation of their first implant), or the
age when receiving their first implant. Figure 3 presents SMRT
scores for cochlear implanted children as a function of years of
cochlear implant experience (top panel), and age at implantation
(bottom panel). No significant associations were found between
SMRT scores and years of experience (» = —0.0813, n = 20;
p =0.733) or age at implantation (»=0.101, n=20; p = 0.673).

Comparisons were also conducted between individual ear
and bilateral SMRT scores for the cochlear implant users.
Figure 4 displays the individual ear SMRT scores in reference
to the bilateral data (designated as the dashed blue line on the
graph) for the children (left panel) and adults (right panel).
Sequential (triangles) versus simultaneous (circles) implan-
tation is also shown on the figure. For sequentially implanted
users, the first implant is represented by a solid triangle,
whereas the second implant is represented by a hollow triangle.
All of the adult cochlear implant users were implanted sequen-
tially. Notably, 1 adult subject (CA06) was unable to complete
the SMRT task with the left ear (second implanted ear). For
sequentially implanted subjects, SMRT scores were found to be
better with the first implant for children (Z=—1.988; p = 0.048)
but not for adults (Z = 1.245; p = 0.240). The Wilcoxon Signed
Rank test was used for this analysis because the assumption of
normality was violated for the children when analyzed with
the ¢ test (Shapiro-Wilk Normality test). The time difference
between implantation of the first and second ear and the SMRT
between-ear difference score were not significantly correlated
for either the pediatric (» = 0.433, n = 20; p = 0.0567) or adult
(r=-0.342,n=11; p = 0.303) datasets. Additionally, there were
no significant associations between duration of time with the
second implant and with SMRT scores for the second implant
(children: »=0.258, n=15; p =0.354; adults: r=0.072,n= 11,
p = 0.838) or with bilateral implants (children: » = —0.119,
n=15;p=0.672; adults: »=0.132, n=11; p = 0.698).
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Fig. 3. Bilateral SMRT performance for children with cochlear implants as
a function of years of experience with a cochlear implant (top panel) and
age at implantation (bottom panel). The correlations explain no more than
1% of the variability and none are significant. SMRT indicates Spectral-
temporally Modulated Ripple Test.

For 75% of children with cochlear implants, bilateral listen-
ing produced higher SMRT scores than listening with their bet-
ter ear (defined as the ear providing the higher average SMRT
score), although CP0O1, CP03, CP06, CP13, and CP16 had
improved performance with their better ear than in the bilateral
condition. The average improvement in the bilateral condition
relative to the best ear for children (0.33 RPO, SD: 0.522) was
significant (#(19) =-2.792; p =0.0116). The percentage of adult
cochlear implant listeners for whom the better ear alone yielded
higher SMRT scores than in the bilateral condition was 47%.

Specifically, these listeners were CA03, CA05, CA07, CAQ9,
CA10, CAll, and CA14. One subject (CA05) performed bet-
ter on the SMRT with either ear alone than with both implants
together, while another subject (CA08) was able to discriminate
by at least by 3 RPO better in the bilateral condition than in
the best ear alone. Although the average improvement in the
bilateral condition relative to the best ear for adults (0.49 RPO,
SD: 1.094) was larger than the average improvement observed
for children, it was not found to be significant (#(14) = 1.679; p
=0.115) for adults.

DISCUSSION

Results from adults and children with normal hearing sug-
gest that performance on a spectral resolution task is age depen-
dent. It appears that spectral maturation occurs between the
ages of 9.5 and 11.5 years of age depending on the curve used
to fit the data. However, the data are sparse around this age and
therefore the estimate is approximate. These results are con-
sistent with the SMRT results reported by Kirby et al. (2015).
When the SMRT is measured in children under vocoded condi-
tions, absolute performance drops but the significant correla-
tion between age and SMRT score is maintained. However, no
significant correlations were found for cochlear implanted chil-
dren between SMRT scores and the child’s age, age at implan-
tation, or experience with the implant. These findings suggest
that development of spectral resolution may be hindered in early
deafened children with cochlear implants.

The data collected in this experiment does not directly
address the reasons for why the cochlear implant prevents older
children from performing better on a spectral resolution task
after a period of time and experience with the device. However,
one possible explanation is that the sparser signal provided by a
cochlear implant not only increases the difficulty of the SMRT
task for these children but also adversely affects the develop-
ment of spectral resolution. In contrast, children born with
normal hearing demonstrate positive associations between age
and SMRT score, even when the SMRT stimuli are spectrally
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Fig. 4. Performance on the SMRT task with a single cochlear implant relative to bilateral performance are plotted as a function of age for children (left panel)
and adults (right panel). Each plotted point represents the deviation between the bilateral SMRT and one of the unilateral SMRT conditions. Baseline perfor-
mance (i.e., the bilateral SMRT score for a given user) is set to 0 and is represented by the dashed blue line. Positive values indicate a unilateral SMRT condition
that provides a higher score than the bilateral baseline. Negative values indicate a unilateral SMRT condition that provides a lower score than the bilateral
baseline. For sequentially implanted users, the first implant is represented by a solid triangle and the second implant is represented by a hollow triangle. For
simultaneously implanted users, scores with each implant alone are represented by a grey circle. Note that for one subject (CA06), no SMRT score was mea-
surable for the second implant and therefore no second data implant data point is presented for this subject. SMRT indicates Spectral-temporally Modulated

Ripple Test.
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reduced through an 8-channel vocoder. From these collective
findings, we hypothesize that reduced spectral coding alone
may not constrain the development of spectral processing, but
that early deafness in combination with cochlear implant stimu-
lation likely contributes to these findings. This idea is further
compatible with the finding that postlingually deafened adults
with cochlear implants, whose auditory system originally devel-
oped in response to normal acoustic input, perform better on
the SMRT than cochlear implanted children. However, to test
this hypothesis, a longitudinal study would be required to track
the developmental time course of spectral resolution in young
children with normal hearing and with cochlear implants. Such
a study most likely would require a specialized procedure
designed for assessing spectral resolution in toddlers and per-
haps even infants (Horn et al. 2016).

An alternative explanation for the adult—child differences
may relate to their implant devices. The majority of children in
the study used the Cochlear device (18/20), whereas the major-
ity of adults were Advanced Bionics users (11/15). Although it
was originally assumed that there would be no device differ-
ences, it is possible that the Advanced Bionics device provides
better spectral resolution than the Cochlear device. All of the
Advanced Bionics users (adult and pediatric) in the study had
been fitted with the Optima strategy, a current-steering algo-
rithm that provides up to a possible 135 stimulation locations
from 16 electrode sites in an attempt to improve spectral cod-
ing. All of the Cochlear device users (adult and pediatric) had
been fitted with the ACE strategy, in which only a subset of the
22 electrodes provides stimulation in a sweep of the electrode
array, with no stimulation provided to the other electrodes. As a
result, the ACE processing strategy might in fact benefit spec-
tral resolution by enhancing spectral contrasts.

Kirby et al. (2015) measured SMRT in children with nor-
mal hearing and with moderate hearing loss (using hearing
aids) aged 6 years and older. They reported that SMRT scores
improved with age for both groups. This finding suggests that
whatever the bottleneck is that curtails the development of spec-
tral resolution with cochlear implanted children is not present
for children who perceive the stimuli through acoustic amplifi-
cation. Notably, performance by the children with hearing loss
was typically worse than that of the children with normal hear-
ing in both the Kirby et al. and current studies, but was better
than the cochlear implanted children evaluated in the present
study. A similar experiment was conducted by Sheffield et al.
(2016) in which spectral resolution (using a spectral modu-
lation detection task) was measured for children using both
unprocessed and vocoded stimuli. Consistent with our findings,
they reported a significant relationship between age and spec-
tral resolution results for hearing children with unprocessed and
vocoded stimuli.

Allen and Wightman (1992) measured the ability of children
(aged 4 to 9 years) and adults with normal hearing to perform
spectral pattern discriminations using stimuli that were similar
to a spectral ripple (Henry & Turner 2003; Won et al. 2007).
Although the task was different than the SMRT (and there-
fore results cannot be directly compared to Kirby et al. (2015)
or the present study), they also found that performance on a
spectral task for older children (approximately 9 years of age)
was similar to that of adults, but that the younger children
(approximately 5 years of age) performed significantly worse
on the task. Investigating a spectral ripple discrimination task

in infants with normal hearing, Horn et al. (2016) found that
spectral resolution was worse for infants than for adults.

In a related study, Eisenberg et al. (2000) manipulated the
number of spectral channels in a vocoder to investigate its effect
on speech recognition as a function of age in adults and children
with normal hearing. They found that older children (aged 10 to
12 years) were similarly affected by spectral distortions as the
adults but that younger children (aged 5 to 7 years) required a
greater number of spectral channels to achieve similar results.
These results are compatible with the present findings.

Another interesting finding emerged from this study in terms
of bilateral versus unilateral performance. For the sequentially
implanted children, SMRT scores were significantly better for the
earlier implanted ear. These results are consistent with findings
from other studies showing that sequentially implanted children
tend to perform better with their first implanted ear. Gordon and
Papsin (2009) found monosyllabic word recognition in quiet to
be worse in the second implanted ear than the first implanted ear
if the duration between implants was 2 years or larger. Fitzgerald
et al. (2013) found a significant negative correlation between the
time between implant surgeries and performance on a monosyl-
labic word test in quiet. Illg et al. (2013) reported that the aver-
age monosyllabic recognition in quiet with the second implanted
ear was 26 percentage points lower than the average monosyllabic
score with the first implant when the time between implant sur-
geries was 5 to 7 years, which were the shortest interimplanta-
tion duration evaluated. When the duration between surgeries
was more than 9 years, the average difference between the 2 ears
increased to 54 percentage points on a monosyllabic test in quiet.
Such results also support early simultaneous implantation (Sum-
merfield etal. 2002; Ramsden et al. 2009; Henkin et al. 2014;
Loépez-Torrijo et al. 2015). In the present data, the interval between
sequential implantation did not have an effect on spectral resolu-
tion for children. The correlation between the interimplant inter-
val and differences in SMRT scores for the two ears approached
(p = 0.0567) but failed to reach significance. It has been reported
that a period of time may be required before the child derives ben-
efit from the second implant (Litovsky et al. 2006; Peters et al.
2007). However, the present data do not support this finding; there
was no significant relationship between years of experience with
the second implant and spectral resolution performance in either
the bilateral or second ear alone conditions.

Although no correlation between age and measure of spec-
tral resolution was observed for children with implants, a nega-
tive correlation was observed for age and spectral resolution
for adults with implants. As far as we are aware, this is the first
study to suggest that older adults have poorer spectral resolu-
tion than younger adults. Further studies might be conducted to
specifically examine spectral resolution as a function of age in
which a more appropriate range of ages are recruited to verify
this finding. Nevertheless, these results should not be surprising
as there are several published studies which suggest that audi-
tory performance decreases in older adults even when hearing
ability (as defined by an audiogram) is controlled. For example,
Vermeire et al. (2016) demonstrated that older adults with age-
appropriate hearing thresholds had poorer temporal resolution
(as measured with a gap detection task) than younger audiomet-
rically normal-hearing adults. Similarly, Schvartz-Leyzac and
Chatterjee (2015) demonstrated that older adults with normal
hearing had larger fundamental frequency difference limens
than younger adults with normal hearing.
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In contrast to the results with children, no differences were
detected between first and second implants for adults. It is pos-
sible that the time delay between first and second implants is
less relevant for adults with postlingual hearing loss than it
is for children with prelingual loss. It is worth noting that the
duration between implantations was shorter for the sequentially
implanted children than for the adults; however, this difference
was not found to be statistically significant.

Despite potential misalignments between ears for the two
electrode arrays, the implanted children as a group performed
significantly better when listening with both ears together than
with the better ear alone. This finding suggests the possibil-
ity of bilateral enhancement for spectral processing by early
implanted children despite the likely mismatches in insertions
for the two electrode arrays (Landsberger et al. 2015). These
results also are consistent with other benefits observed for bilat-
erally implanted children (Godar & Litovsky 2010; Grieco-
Calub & Litovsky 2010; Litovsky & Gordon 2016). However,
this bilateral advantage was not shown for the adult implant
subjects in this study. Although this adult—child discrepancy
is not easily explainable, it is possible that the smaller number
of adults tested compared with children failed to produce this
bilateral advantage due to insufficient power. Nevertheless, the
benefit seems to be more variable for adults. One adult subject’s
(CAO08) bilateral SMRT score was more than 3 RPO better than
their better ear SMRT score, while another adult subject (CA0S5)
had worse bilateral scores compared with scores with either the
first or second implant. It may be the case that adults vary in the
ways they fuse the signal from the two implants despite possible
mismatches in electrode insertions. Some adults may overcome
the bilateral misalignments and show a bilateral improvement.
Others may be unable to overcome the bilateral misalignments
and show a bilateral decrement relative to their better ear alone.
A third potential group are adults who may learn to ignore or
tune out the poorer-performing ear and rely primarily on the
better ear during bilateral listening tasks.

Although better spectral resolution is assumed to be desir-
able for children, the clinical ramifications are unclear. Holden
etal. (2016) reported significant correlations for implanted
adults between SMRT score and CNC words in quiet, AzBio
sentences in quiet, AzBio sentences in noise, and HINT sen-
tences in R-Space noise. Similar correlations have been found
for adult implant users on other measures of spectral resolution
(Henry et al. 2005; Won et al. 2007; Gifford et al. 2014; Dren-
nan et al. 2014). It is entirely possible that an early implanted
child may reach a similar level of speech recognition to that of
postlingually deafened adult implant users, despite discrepan-
cies in spectral resolution scores. As the child’s auditory system
develops with a cochlear implant, it is possible that other acous-
tic cues become more salient in the absence of robust spectral
information. Furthermore, while the manuscript reports statis-
tically significant differences between various subject groups
on the SMRT, it remains unclear how large of difference on the
SMRT is clinically relevant. For context, a linear regression of
data extracted from Holden et al. (2016) suggests that at least
for adult CI users, an improvement of 1 RPO on the SMRT
would correspond to understanding 11.2 percentage points more
words on AzBio sentences with an 8 dB SNR. Similarly, a linear
regression of data extracted from Zhou (2017) suggest that an
improvement of 1 RPO corresponds to a 2.63 dB SRT improve-
ment for CUNY sentences with a 10 Hz modulated white noise.

The two important findings from this study are that (1)
pediatric spectral resolution of prelingually implanted children
is poorer than that of postlingually implanted adults, and (2)
spectral resolution performance does not improve as a function
of age in these children. Based on these findings, a process-
ing strategy that is designed specifically for young children to
improve spectral resolution could be particularly beneficial.
Spectral resolution might be improved by changing the num-
ber of channels (Buechner et al. 2008; Zhou & Pfingst 2012)
or reducing the interaction between channels (Srinivasan et al.
2013; Bierer & Litvak 2016). It is also possible, however, that
the auditory system has limited capacity to develop spectral
resolution in response to a cochlear implant and that pediatric
processing strategies should focus on enhancing other cues,
such as temporal coding. Temporal coding might be enhanced
by increasing modulation depths to make temporal modula-
tions more salient (Vandali et al. 2005), explicitly encoding
temporal information by changes in stimulation rate (Arnoldner
et al. 2007), or using analog stimulation to encode the temporal
waveforms (Nogueira & Buechner 2012).
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