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ABSTRACT

Temporal modulation detection ability matures over
many years after birth and may be particularly
sensitive to experience during this period. Profound
hearing loss during early childhood might result in
greater perceptual deficits than a similar loss begin-
ning in adulthood. We tested this idea by measuring
performance in temporal modulation detection in
profoundly deaf children and adults fitted with
cochlear implants (CIs). At least two independent
variables could constrain temporal modulation detec-
tion performance in children with CIs: altered
encoding of modulation information due to the CI-
auditory nerve interface, and atypical development of
central processing of sound information provided by
CIs. The effect of altered encoding was investigated by
testing subjects with one of two different hearing
mechanisms (normal hearing vs. CI) and the effect of
atypical development was studied by testing two
different age groups. All subjects were tested for their
ability to detect acoustic temporal modulations of
sound amplitude. A comparison of the slope, or cutoff
frequency, of the temporal modulation transfer func-

tions (TMTFs) among the four subject groups re-
vealed that temporal resolution was mainly
constrained by hearing mechanism: normal-hearing
listeners could detect smaller amplitude modulations
at high modulation frequencies than CI users. In
contrast, a comparison of the height of the TMTFs
revealed a significant interaction between hearing
mechanism and age group on overall sensitivity to
temporal modulation: sensitivity was significantly
poorer in children with CIs, relative to the other
three groups. Results suggest that there is an age-
specific vulnerability of intensity discrimination or
non-sensory factors, which subsequently affects sensi-
tivity to temporal modulation in prelingually deaf
children who use CIs.
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INTRODUCTION

The number of prelingually deaf children who receive
a cochlear implant (CI) has been rapidly increasing
worldwide. For many of these patients, a CI provides
sufficient auditory input to support the development
of spoken-language skills as the primary modality of
communication (Niparko et al. 2010; Yoshinaga-Itano
et al. 2010). However, some children do not achieve
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this goal (Davidson et al. 2011) and large individual
differences in speech perception and language out-
comes of implanted children are widely reported
(e.g., Geers 2004; Manrique et al. 2004; Niparko
et al. 2010). Where an individual patient falls on this
outcome spectrum is often not apparent until 2–
3 years after CI surgery, when precise clinical mea-
sures of spoken-language abilities have been obtained
over time (Robbins et al. 2004; Ganek et al. 2012).
Although several demographic predictors of CI out-
comes have been identified, such as social-family
factors (Hallberg et al. 2005; Niparko et al. 2010;
Hess et al. 2014), neurocognitive impairments
(Waltzman et al. 2000; Holt and Kirk 2005), and
etiology (Dahl et al. 2003), unexplained variability in
spoken language development in implanted children
remains an important barrier to optimizing clinical
outcomes in this population.

The fact that age at implantation is the most robust
predictor of outcomes in children with prelingual
deafness (PLD) who use CIs suggests that altered
sensory experience may constrain auditory perceptu-
al development in these children (Geers et al. 2003;
Tobey et al. 2003; Nicholas and Geers 2007; Yehudai
et al. 2011). Basic psychoacoustic abilities have
previously been shown to constrain hearing outcomes
of CI users; for example, temporal modulation
detection (Cazals et al. 1994; Fu 2002; Won et al.
2011; Gnansia et al. 2014), spectral-ripple discrimina-
tion (Henry and Turner 2003; Henry et al. 2005; Won
et al. 2007; Won et al. 2010; Anderson et al. 2011),
spectral-ripple detection (Litvak et al. 2007; Saoji
et al. 2009; Anderson et al. 2012), Schroeder-phase
discrimination (Drennan et al. 2008), electrode
discrimination (Henry et al. 2000), and place-pitch
discrimination (Donaldson and Nelson 2000). It
should be noted that most of these previous studies
have been conducted with postlingually deaf adults
with CIs; thus, little is known about the development
of psychoacoustic abilities in children with PLD who
use CIs.

There is ample evidence in the literature that early
atypical auditory stimulation (including hearing loss)
has an impact on development of basic psychoacous-
tic abilities (e.g., Hall and Grose 1994b; Hall et al.
1995; Wilmington et al. 1994; Kidd et al. 2002; Rance
et al. 2004; Halliday and Bishop 2005, 2006). For
example, children with corrected or resolved chronic
middle ear disease demonstrate atypical binaural
processing as evidenced by smaller masking-level
differences than normal-hearing (NH) controls (Hall
and Grose 1994b; Hall et al. 1995). Similarly, patients
with successfully repaired unilateral congenital aural
atresia show atypical performance on some binaural
processing measures (Wilmington et al. 1994). Chil-
dren with prelingual sensorineural hearing loss ap-

pear to be more susceptible to informational masking
than children with NH (Kidd et al. 2002). Children
with sensorineural hearing loss also show atypical
frequency discrimination and modulation detection
compared to NH listeners (Halliday and Bishop 2005,
2006). Thus, early atypical auditory experience may
have wide-ranging, long-term effects on basic psycho-
acoustic abilities.

With regard to CI users, Jung et al. (2012)
compared performance in various types of psycho-
acoustic tasks between children with PLD and
postlingually deaf adults who use CIs. Spectral-ripple
discrimination was similar in the two groups of
subjects, but children with PLD were generally poorer
than adult CI users on the tasks where good temporal
sensitivities are required such as Schroeder-phase
discrimination, melody, and timbre identification.
Sanes and Woolley (2011) have suggested that tem-
poral processing, which develops slowly into late
adolescence, may be particularly affected by atypical
early auditory experience. However, Schroeder-phase
discrimination, melody, and timbre identification
involve both spectral and temporal sensitivities.
Therefore, it is not straightforward to tease apart the
contribution of spectral and temporal sensitivities into
the differences in performance between the two
groups of subjects reported by Jung et al. The current
study was designed to specifically examine the tempo-
ral processing capabilities in children with PLD.

One issue in studying development of temporal
processing is that various non-temporal factors can
influence performance. For instance, gap detection is
influenced by attention and intensity coding (Irwin
et al. 1985; Wightman et al. 1989; Werner et al. 1992;
Buss et al. 2012). The current study used the temporal
modulation transfer function (TMTF) to separate
temporal resolution from non-temporal factors using
the method introduced by Viemeister (1979). Ampli-
tude modulation detection thresholds were measured
at various modulation frequencies to derive the
TMTF. The TMTF can vary independently in both
the position of the function along the vertical axis
(i.e., height of the TMTF) as well as in the shape of the
function (defined by either the cutoff frequency or
slope). TMTF height describes the “modulation
sensitivity” or “efficiency” of the system to encode
temporal modulations and is influenced by temporal
resolution, intensity discrimination, attention, and
motivation (Buss et al. 2012). In contrast, TMTF
shape describes temporal resolution, indicating the
time constant that limits the auditory system’s ability
to encode temporal information (Hall and Grose
1994a). If the TMTF height, but not the slope of the
function, changes during development, it can be
inferred that the developmental change reflects
processes other than temporal resolution (Hall and
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Grose 1994a). With respect to implanted children with
PLD, both hearing mechanism and developmental
change may constrain temporal modulation detec-
tion. The goal of the present study was to understand
how these factors affect temporal resolution and
modulation sensitivity. Thus, TMTFs were investigated
in four groups of subjects: school-aged children with
NH, early-implanted school-aged children with PLD,
NH adults, and postlingually deaf adults with CIs.

MATERIALS AND METHODS

Participants

All experimental procedures relating to the use of human
subjects in this study were approved by the Human
Subject Institutional Review Boards of the University of
Washington and Seattle Children’s Hospital.

CI subjects

Ten children with PLD participated. Their mean age
was 11.9 years (range 7–16 years). All ten children had
received a CI before 3 years of age. Mean duration of CI
use was 9.7 years (range 6–14 years). Table 1 shows
demographic information for this subject group. The
data for 24 postlingually deafened adults were adopted
from a recent study Won et al. (2011). The mean age of
the adult CI subjects was 58.8 years (range 25–78 years).
The mean duration of hearing loss and CI use of the
adult CI subjects were 9.7 and 3.2 years, respectively.
Detailed demographic information for 24 adult CI users
is provided in Table 2. CI subjects were tested acousti-
cally using their own sound processors set to a comfort-
able listening level in the sound field. This acoustic
approach was selected over direct stimulation to ensure
that CI users’ temporal modulation sensitivity was
assessed under realistic, every day, listening conditions.
Children with PLD in this study all underwent routine
clinical mapping by an experienced pediatric CI
audiologist. Although mapping procedures for children
were quite similar to adults, there was some non-
homogeneity in CI devices between and within age
groups. In order to ensure that there were no systematic
differences between CI maps of adults and children,
dynamic ranges were examined for both age groups.
Mean dynamic range did not differ significantly be-
tween age groups. As with long-term adult CI users, the
children in this study had and would be expected to
have similarly stable maps (Robinson et al. 2012).

NH subjects

Seven NH children (mean age 11.1 years, range 8–
14 years) were matched to the children with PLD
based on chronological age. Seven NH adults (mean

age 33.3 years, range 28–39 years) were also tested. All
NH subjects had audiometric thresholds of 20 dB HL
or less at octave frequencies between 250 and
8,000 Hz. Although ages for the NH and CI adults
were not matched, we do not expect that the
difference in ages would have significantly affected
the modulation sensitivity and the shape of TMTFs.1

Procedure

Temporal modulation detection

All testing was performed in a double-walled, sound-
proof booth (IAC). Stimuli were presented in free
field through a loudspeaker positioned at 0° azimuth
and 0° elevation. Subjects sat 1 m from the loudspeak-
er. Subjects were presented with acoustic stimuli that
were 2 s in duration. One of the two 1-s observation
intervals consisted of sinusoidally amplitude modulat-
ed wide band noise, and the other 1-s observation
interval consisted of unmodulated wide band noise.
To create the modulated stimuli, the following
equation was used:

y tð Þ ¼ f tð Þ½ � � 1þ misin 2π f mt
� �� � ð1Þ

in which f(t) is the wideband Gaussian noise
carrier, mi is the modulation index (i.e., modulation
depth), fm is the modulation frequency, and y(t) is a
resulting signal. In Eq. 1, “t” indicates time and “×”
indicates multiplication. The noise carrier was
refreshed for every observation (i.e., created on the
fly). Both the modulated and unmodulated signals
were gated on and off with 10-ms linear ramps, then
concatenated with no gap between the two signals.

A two-interval, two-alternative adaptive forced-
choice procedure was used to measure the modula-
tion detection thresholds (MDTs) for six modulation
frequencies including 10, 50, 100, 150, 200, and
300 Hz. Stimuli were presented at 65 dBA. Subjects
were instructed to choose the interval that contained
the modulated noise. The correct answer was provid-
ed visually after each sound presentation. A two-
down, one-up adaptive procedure was used to mea-
sure the modulation depth (mi) threshold, converging
on 70.7 %. The tracking history started with a
modulation depth of 100 % (i.e., mi = 1) and
decreasing in steps of 4 dB from the first to the
fourth reversal, and 2 dB for the next 10 reversals.
For each tracking history, the final 10 reversals were
averaged to obtain the MDT for that tracking history.
In most cases, about 50 trials were needed for a single
tracking history. In this paper, MDTs are reported in
dB relative to 100 % modulation (i.e., 20log10(mi)).
Subjects completed all six modulation frequencies in
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random order, and then the subjects repeated a new
set of six modulation frequencies with newly created
random order. The sequence of testing was random-
ized within and across subjects. A third adaptive track
was obtained if the difference between the first two
tracks exceeded 3 dB for a given modulation fre-
quency. The final threshold for each modulation
frequency was the mean of these two (or three)
adaptive tracks. This threshold estimation method has
previously been shown to be efficient in reducing the
duration of testing while limiting within-subject per-
formance variability (e.g., Hall and Grose 1994a; and
see Figure 9 in Won et al. 2011). In most children,
however, the difference in MDTs between the first

and second tracks did not exceed 3 dB. Before actual
testing, experimenters played example stimuli for
subjects until they became familiar with the stimuli
and task.

The TMTFs for each subject group were character-
ized using two metrics: the shape (slope or cutoff
frequency) and y-intercept of the functions. To
estimate these metrics, MDTs at six modulation
frequencies were fit with two different functions. The
two fitting functions are presented in Eqs. (2) and (3)
in the “Results.” Because a single subject was tested on
the temporal modulation detection test for six differ-
ent modulation frequencies, some correlations would
exist among MDTs at six modulation frequencies for a

TABLE 1
Demographics for prelingually deafened children with cochlear implants (CIs)

Subject Age (years) Age at implantation (years) Duration of CI use (years) Etiology Implant type Strategy

C2 12 3 9 Connexin 26 Nucleus 24 ACE
C3 10 1 9 Unknown Clarion CII Fidelity120
C4 9 1 8 Unknown Nucleus 24 ACE
C5 16 3 12 Congenital CMV Nucleus 22 ACE
C8 13 2 9 Unknown Nucleus 24 ACE
C9 13 2 11 Connexin 26 Nucleus 24 ACE
C10 14 3 11 Connexin 26 Nucleus 24 ACE
C11 16 2 14 Unknown Nucleus 24 SPEAK
C12 7 1 6 Connexin 26 MedEl Combi40+ CIS
C13 9 1 8 Unknown Nucleus 24 ACE

CMV cytomegalovirus infection

TABLE 2
Demographic information for postlingually deafened adults with cochlear implants from Won et al. (2011)

Subject Age (years)
Duration of hearing
loss (years)a

Duration of implant
use (years) Etiology Implant type Strategy

S01 61 0.3 2 Unknown Nucleus 24 ACE
S03 61 5 11 Genetic Nucleus 22 SPEAK
S04 62 1 3 Unknown Nucleus 24 ACE
S12 49 0 2 Connexin 26 MED-EL Combi40+ CIS
S34 55 1.5 Noise exposure HiRes90K HiResolution
S38 51 9 4 Noise exposure Nucleus 24 ACE
S40 72 5 6 Genetic HiRes90K HiResolution
S41 52 7 5 Hereditary HiRes90K HiResolution
S48 67 10 0.5 Unknown HiRes90K HiResolution
S49 64 4 0.75 Hereditary HiRes90K Fidelity120
S51 56 7 6 Hereditary Clarion CII HiResolution
S52 77 0 0.5 Noise exposure HiRes90K Fidelity120
S53 63 3 7 Unknown Clarion CII Fidelity120
S54 25 0.5 2.5 Unknown HiRes90K HiResolution
S55 65 40 1 Genetic HiRes90K Fidelity120
S58 64 57 7 Noise exposure Clarion CII Fidelity120
S59 47 12 2.5 Noise exposure HiRes90K Fidelity120
S61 78 10 1 Genetic HiRes90K Fidelity120
S62 32 3 1 Unknown HiRes90K Fidelity120
S65 56 2 7 Unknown Clarion CII HiResolution
S66 66 3 2 Unknown HiRes90K Fidelity120
S69 60 30 2 Unknown HiRes90K Fidelity120
S70 59 0 1 Genetic Freedom ACE
S71 70 15 1.5 Genetic HiRes90K Fidelity120

aThe duration of their hearing loss before implantation

392 PARK ET AL.: Development of Modulation Sensitivity in Implanted Children



given subject. Therefore, a nonlinear mixed effects
model (Lindstrom and Bates 1990) was used to assess
the effects of two metrics (the shape and y-intercept of
the TMTFs) among the four groups while controlling
for the correlations across MDTs within subjects.
Statistical analyses were performed using IBM SPSS
statistics version 20 (IBM Inc., USA) and R version
2.15.2 (http://www.r-project.org) and p values less
than 0.05 were considered statistically significant.

Speech perception tests

Speech reception thresholds in steady-state noise were
measured for implanted children. Twelve equally diffi-
cult spondee words were presented in the presence of
speech-shaped, steady-state noise (Turner et al. 2004;
Won et al. 2007). After hearing a spondee word that was
selected in random, subjects were instructed to identify
the word by clicking on the virtual button labeled with
the spondee word. The same testing materials and
procedure were used for both children and adults. The
spondees, two-syllable words with equal emphasis on
each syllable (e.g., “birthday,” “padlock,” “sidewalk”),
were recorded by a female talker (F0 range 212–
250 Hz). Duration of the steady-state noise was 2 s and
the onset of the spondees was 500 ms after the onset of
the noise. A closed-set, 12-alternative forced-choice task
with an one-up, one-down adaptive tracking procedure
was used to determine thresholds converging on 50 %
correct (Levitt 1971). The level of the target speech was
fixed at 65 dBA. The noise level was varied with a step
size of 2-dB. Feedback was not provided. For all subjects,
the adaptive track started with +10 dB signal-to-noise
ratio condition. The threshold for a single adaptive
track was estimated by averaging the signal-to-noise
ratios for the final 10 of 14 reversals. Three adaptive
tracks were repeated to determine the average thresh-
olds. Speech identification in quiet for PLD with CIs was
also evaluated using 50 simple monosyllabic words
(consonant-nucleus vowel-consonant word). A word list
was randomly chosen out of ten lists for each subject
(Peterson and Lehiste 1962) and stimuli were presented
in quiet at 65 dBA. Subjects were instructed to repeat the
word that they heard. A total percent correct score was
calculated after 50 presentations as the percent of words
correctly repeated. Speech perception data were not
collected for all children with PLD due to constraints on
participation schedules.

RESULTS

Characteristics of TMTFs for four subject groups

Figure 1 shows the TMTFs for four subject groups,
plotting mean MDT as a function of modulation
frequency. For all four subject groups, modulation

detection sensitivity decreased as the modulation
frequency was increased. The low-pass filter charac-
teristic of TMTFs is typical for acoustic hearing either
with normal sensitivity or hearing loss (Viemeister
1979; Bacon and Viemeister 1985) and for electric
hearing either with direct stimulation on a single
electrode or acoustic stimulation using the sound
processor (Shannon 1992; Won et al. 2011). When
comparing hearing mechanisms (normal vs. CI),
mean MDTs were poorer in the CI groups relative to
the NH groups across the range of modulation
frequencies. When comparing age groups within the
same hearing mechanism, children showed poorer
MDTs across modulation frequencies than did the
adult groups. This difference between age groups
appeared larger in the CI group than in the NH
group, particularly for low modulation frequencies.

TMTFs for the four subject groups were analyzed
using two different fitting functions, which have
previously been used to characterize the TMTF (Hall
and Grose 1994a; Won et al. 2011). Each equation
includes a coefficient corresponding to TMTF height
as well as TMTF shape. Equation 2 shows an
exponential function with two fitting parameters:

y f m
� ��� �� ¼ A � expb� f m ð2Þ

in which fm is the modulation frequency, |y(fm)| is
the absolute value of the MDT, and × indicates
multiplication. Coefficients A and b are two fitting
parameters. The coefficient b determines the slope of
the function, which describes how MDTs change with
increasing modulation frequency. TMTF shape, char-
acterized in Eq. 2 by slope of the function, ultimately
indicates the time constant that limits the ability of the
system to encode temporal envelope modulations.

FIG. 1. Comparison of the average temporal modulation transfer
functions measured in four subject groups. Error bars indicate 95 %
confidence intervals across the subjects for modulation detection
thresholds at each modulation frequency.
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TMTF height, characterized by the coefficient A,
represents the y-intercept of the function and de-
scribes “efficiency” or “sensitivity” of the system to
encode temporal modulations.

The left panel of Figure 2 shows fitted functions on
averagedMDTs using Eq. 2 for the four different subject
groups. The effects of hearing mechanism and age
groups on the coefficients b and A were examined using
a nonlinear mixed effects model. Table 3 shows the
results from the nonlinear mixed effects model for all
subject groups. The coefficient b was the same for NH
adults and children, and it was similar for CI adults and
children. However, there was a significant difference
between the hearing mechanisms [F(1,47)=82.2,
pG0.001], but there was not a significant effect of age
group within each hearing mechanism [F(1,47)=0.4, p=
0.512 for NH group; F(1, 47)=2.5, p=0.122 for CI
group], indicating that hearing mechanism was the
main determinant for the slope of the fitted TMTF. A
different pattern of results was observed for the
coefficient A. As shown in Table 3, NH adults, NH
children, and CI adults showed a very similar value of
the coefficient A, and there were no statistically
significant differences among three groups [F(2,47)=
1.0, p=0.346]. On the other hand, implanted children
showed an apparently lower value of the coefficient A
than the other three groups [F(1,47)=1759.6, pG0.001].

Due to the modest sample sizes of children in the
present study, they were within the range expected to
provide reasonable power in a linear regression model
(Cohen 1992). Determining sample sizes required for
the current nonlinear model is less straightforward due
to the large number of possible nonlinear functions.
Therefore, we conducted a power analysis based on the
actual sample size. Coefficients A and b in NH children
were significantly different from those in CI children
(p=0.0004 and pG0.0001, respectively), and the powers
associated with these differences were quite high (96.27
and 99.99 %, respectively).

Equation 3 shows the second fitting function that
describes the low-pass filter characteristic of the TMTFs:

y f m
� ��� �� ¼ 20 � log10

k
f m þ α

� �
ð3Þ

in which fm is the modulation frequency, |(y(fm)| is
the absolute value of the MDT, coefficients k and α
are the fitting parameters that describe the function
(Formby and Muir 1988; Hall and Grose 1994a). The
shape of the function was defined by computing the
time constant: π= 1000/(2πfc) ms. Here, fc indicates
low-pass cutoff frequency (i.e., 0.414 × α), the coeffi-
cient for fitted TMTF shape in Eq. 3. As for Eq. 2,
TMTF height was taken as the y-intercept which was
derived by computing 20 × log10(k/α). Fitted func-

tions using Eq. 3 are shown in the right panel of
Figure 2. When this logarithmic function was used,
the results were similar to the results obtained with
the exponential function (Eq. 2): the TMTF slope was
determined by hearing mechanism and the values of
y-intercept for the implanted children were signifi-
cantly lower than those for the three other groups.

Relationship between TMTF and speech
intelligibility

Previous studies have demonstrated a significant
relationship between temporal modulation detection
and speech perception in CI users (Cazals et al. 1994;
Fu 2002; Won et al. 2011; Gnansia et al. 2014). Using
the exponential function (Eq. 2), significant correla-
tions were found between the coefficient b and
consonant-nucleus vowel-consonant monosyllabic
word recognition (r=0.53, p=0.008, N=24) and speech
reception thresholds in steady noise (r=−0.58, p=
0.003, N=24) for postlingually deafened adults with
CIs Won et al. (2011). However, for the same group of
subjects, the coefficient A was not significantly corre-
lated with either speech measure. The same analyses
were performed for children with PLD. Neither
TMTF coefficient was significantly correlated with
any speech tasks in this group of participants.

DISCUSSION

To our knowledge, the present study is the first to
examine development of temporal processing ability in
children with PLD who use CIs. The goal of this initial
investigation was to understand how early atypical
sensory experience with a CI affects temporal process-
ing skills. To this end, the TMTFs for amplitude
modulation detection were obtained and examined as
a function of hearing group (CI or NH) and age (adult,
school age). Differences in TMTF shape were
interpreted as reflecting temporal resolution variability
whereas differences in TMTF height were interpreted as
reflecting modulation sensitivity. While both factors are
involved in temporal processing, studies of normal-
hearing subjects suggest different developmental time
courses for these factors (Hall and Grose 1994a).

Temporal Resolution

CI listeners demonstrated steeper TMTF slopes and
lower cutoff frequencies, suggesting that temporal
resolution was worse for CI listeners relative to NH
listeners. This finding should not be taken as contra-
dictory to the earlier work by Shannon (1992), where
normal or even higher TMTF cutoff frequencies for
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CI listeners were shown, due to the methodological
differences between the two studies. Shannon utilized
direct electrode stimulation whereas the present study
used acoustic stimuli presented via the clinical CI
processor. Although the present study tested modula-
tion frequencies below 300 Hz, which is lower than
the typical envelope cutoff frequency of the CI speech
processors (Zeng et al. 2008), signal processing
through the speech processor is the most likely
candidate to explain the differences in TMTF cutoff
frequency between stimulus presentation methods
(acoustic vs. direct stimulation for CI users).

More importantly to the purposes of the present study,
the limitations of the speech processor should have been
similar in both age groups of CI listeners. The shape of the
TMTF was adult-like in both groups of school-aged
children compared to adults with the same hearing
mechanism. Thus, experience with aCI froman early age
does not appear to impede development of temporal
resolution at least by school-age. This does not rule out
the possibility that temporal resolution develops more
slowly in children with PLD who use CIs than in children
with NH. The age at which TMTF cutoff frequency is
adult-like inNH children, at least 4 years old, is well below
the mean age of the children tested in the present study
(Hall and Grose 1994a). Without testing implanted
children with different lengths of CI experience or

testing the same cohort longitudinally, the precise time-
course for maturation of temporal resolution in CI users
cannot be determined from the present study. This is an
important area for future research.

Previous work has shown that amplitude modulation
detection of acoustic stimuli presented via the sound
processor is significantly correlated with speech percep-
tion in adult CI listeners (Won et al. 2011; Gnansia et al.
2014). The present study is consistent with these earlier
findings. The fact that coefficient b was significantly
correlated with speech perception suggests that tempo-
ral resolution for acoustic stimuli is a significant factor
for speech understanding in adult CI listeners. The lack
of a significant correlation for coefficient A suggests that
sensitivity to amplitude modulation (discussed below) is
less of a factor. Although similar correlations did not
reach significance for children who usedCIs, this should
be interpreted cautiously given the small sample size in
this study. Future research into the relationship between
temporal resolution, modulation sensitivity, and speech
perception in children who use CIs is warranted.

Temporal Modulation Sensitivity

In contrast to TMTF shape and temporal resolution,
results from the present study indicate that temporal

FIG. 2. Fitted functions for the four subject groups using Eqs. 2 and 3.

Table 3
Results across the four subject groups from the nonlinear mixed effects model using the exponential fit (Eq. 2)

|f(x)| = A expbx b estimate (standard error) A estimate (standard error)

NH adults −0.002 (0.000) * 26.56 (1.18) *
NH children −0.002 (0.000) * 24.60 (1.18) *
CI adults −0.009 (0.001) * 24.67 (0.70) *
CI children −0.011 (0.002) * 18.41 (1.12) *

Significance of each parameter estimate for each subject group is indicated by the asterisk

*pG0.001
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modulation sensitivity is delayed in school-aged CI users
relative to NH counterparts. That is, TMTF height is
lower in school-aged CI users relative to adult CI users
whereas TMTF heights of school-aged NH children and
NH adults are similar. Given that implanted children and
adults were both long-term users, underwent similar
psychophysical testing procedures, and did not differ in
map dynamic range, this result is unlikely to be
attributable to systematic biases in length of CI experi-
ence, mapping or loudness scaling between age groups.
Moreover, there were no systematic differences in CI
devices or coding strategies between children with PLD
and postlingually deafened adults (Tables 1 and 2).
Therefore, this finding suggests that the developmental
time course for temporal modulation sensitivity may be
prolonged in implanted children relative toNH children.
In terms of degree, the difference between mean TMTF
height in school-age CI users and adults (6.3 dB) is
comparable to the approximately 6 dB immaturity
reported in 4 year old NH children (Hall and Grose
1994a). In other words, implanted children in this group
demonstrated average TMTF height immaturity similar
to 4 year old NH children. The mean duration of CI use
for the child CI group was 9.7 years with a range between
6 and 14 years. Thus, even considering the “hearing ages”
of the CI listeners, they would be expected to have
developed adult-like modulation sensitivity by this time if
the rate of development was similar to NH children.

As previously discussed, temporal modulation sensitiv-
ity reflects multiple underlying factors including tempo-
ral resolution, intensity resolution, and non-sensory
factors such as attention (Sanes and Woolley 2011).
Thus, the atypical development of modulation sensitivity
in children with CIs could have been explained by any of
these factors. Unfortunately, little is known about how
these factors are affected by early atypical auditory
experience with a CI. In adult listeners, intensity
discrimination is an important factor in temporal
modulation detection performance at low modulation
frequencies for both CI users (Donaldson andViemeister
2000) and NH listeners (Wojtczak and Viemeister 1999).
In NH children, intensity resolution is markedly imma-
ture at birth, and does not become adult-like until 4–
6 years old (Olsho et al. 1987; Werner and Gillenwater
1990; Trehub et al. 1991; Tharpe and Ashmead 2001).
Development of intensity representation reflects matura-
tion of external and middle ear structures as well as
cochlear and auditory nerve development (Abdala and
Keefe 2012). It is possible that atypical auditory nerve
stimulation during early auditory development has an
impact on the development of intensity coding in
children with PLD who use CIs.

Non-sensory factors such as attention could also
explain atypical modulation sensitivity development in
CI listeners. For instance, higher incidences of inatten-
tiveness and behavioral control are reported in pediatric

CI users (Knutson et al. 2000; Beer et al. 2014;
Kronenberger et al. 2013). In addition, auditory depri-
vation has been implicated in reorganization of visual
attention processes to favor a wider spatial distribution
of selective attention (Bavelier et al. 2000, 2001; Proksch
and Bavelier 2002; Rothpletz et al. 2003). Furthermore,
the development of sustained attention in children with
PLD may be positively influenced by the degree of early
auditory access (Quittner et al. 1994; Smith et al. 1998;
Horn et al. 2005). Obviously, children with better
behavioral control, selective and sustained attention
could be expected to be better at any psychoacoustic
task including amplitude modulation detection. With-
out testing attention, and controlling for differences
statistically, it is not feasible to determine whether this
was a factor in the present results.

Characterization of auditory development in children
with PLD who use CIs has most extensively involved
electrophysiologic studies of young CI users. Based on
electrically evoked auditory electrophysiologic data, it has
been shown that latencies of potentials at the level of the
auditory nerve, brainstem, andmidbrainmature at similar
rates in young NH and CI listeners (Gordon et al. 2006).
Similarmaturation rates are seen even after relatively long
periods of deprivation, suggesting that peripheral audito-
ry plasticity is maintained beyond the critical period
typically reported for maximal speech perception and
language development (Thai-Van et al. 2007). In contrast,
longer latency cortical evoked potentials appear to
mature more slowly, or in some cases they do not develop
at all, in CI listeners relative to NH listeners (Ponton and
Eggermont 2001). Therefore, these electrophysiologic
data suggest that there are differential effects of early
atypical auditory experience with a CI on auditory
development based on a peripheral-central gradient
(Eggermont and Moore 2012). While the present study
cannot implicate particular structures along the auditory
pathway, it would seem that the present finding that
modulation sensitivity develops atypically in pediatric CI
listeners is most likely to be mediated by cortical
mechanisms of intensity coding or attention.

CONCLUSIONS

The present study demonstrated that temporal reso-
lution for acoustically presented amplitude modula-
tion is constrained by hearing mechanism but is adult-
like in school-age children regardless of hearing
mechanism. In contrast, sensitivity to amplitude
modulation appears to develop atypically in children
with PLD who use CIs. Given the fact that implanted
children show, on average, speech perception abilities
similar to those observed in implanted adults (Dowell
et al. 2002; Jung et al. 2012), this limitation may not
affect performance on some basic clinical speech
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perception measures. However, given that slow mod-
ulation sensitivity is critical for speech perception
(Drullman et al. 1994), further research is needed to
elucidate underlying factors responsible for matura-
tion of modulation sensitivity in pediatric CI users.
Investigations into development of cortical represen-
tation of intensity in the auditory systems of children
with PLD who use CIs should be encouraged. When
possible, developmental psychoacoustic studies of
pediatric CI users should attempt to control for, or
take into account, differences in attention between
age or hearing mechanism groups.
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